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The seventh edition of Textbook of Interventional Cardiology has 
been more extensively updated than any previous edition. We have 

tried to fully capture the excitement and relentless maturation of the 
field of interventional cardiology. New chapters have been added to 
address radiation safety, interventions for heart failure, and (for many 
patients) the lack of need for hospitalization after interventions. Over 
the years, coronary intervention became increasingly predictable and, 
in many ways, routine, with the progressive maturation of stents and 
leaps forward in our adjunct pharmacologic therapies. In some ways, 
the field of interventional cardiology lost a bit of its pioneering spark 
that had so characterized this discipline from its inception in the 1980s. 
In those heady times, performing balloon angioplasty in the coronary 
artery was unpredictable. The predictability provided by stents was 
replaced with the upredictability of stent thrombosis. Interventional 
cardiologists and scientists had to not only rise to the challenge for each 
individual patient but also discover the vital innovations that would 
perpetuate the prominence and importance of the specialty.

Today, the challenges continue, but they have morphed consider-
ably. The profile of patients who undergo coronary intervention has 
dramatically increased in complexity to include patients with advanced 
age and those with left main stem lesions, chronic occlusions, and what 
would formerly have been considered prohibitive complexity. What-
ever happened to patients with Type A lesions? How can we break the 
maximal SYNTAX score barrier for percutaneous coronary interven-
tion? At the same time, the crisis in health care economics has placed 
an undue burden on interventional cardiologists with respect to time, 
constraints in equipment selection, and fulfilling the responsibility of 
24/7 coverage for such emergencies as acute myocardial infarction. 
There is also the incremental pressure from scorecarding initiatives  
and challenges to the appropriateness or overuse of procedures. But 
hopefully, all of these challenges are outweighed by the immense 

gratification of helping a symptomatic patient with limitations in 
quality of life get back to his or her baseline. Nowhere in medicine is 
this feeling more prevalent than in the transformative field of trans-
catheter aortic valve replacement.

This book is intended to serve as a resource for the interventional 
cardiology community, which not only includes practicing cardiolo-
gists but also the team involved in procedures, referring physicians, 
and those training or who have aspiration to train in this awe-inspiring 
field. We have changed authors for many chapters to provide a sense 
of newness and a fresh perspective, and in every chapter, we have 
sought the authors who are widely regarded as the true experts in the 
field. Going forward, we fully recognize that there needs to be increased 
cooperativity with cardiac surgeons—the rising popularity of hybrid 
and collaborative valve procedures that capitalize on the best parts of 
percutaneous and surgical approaches is clearly indicative of that 
collaboration.

We want to express our genuine and deep appreciation to the 
authors from all over the world who have graciously contributed to this 
new edition. They represent a remarkable brain trust from whom we 
have learned so much in the review of their input. We thank Taylor 
Ball and Dolores Meloni, both at Elsevier, for their first rate, profes-
sional support of this endeavor. And we are especially grateful to the 
interventional community of readers of this book who have supported 
it as the primary reference textbook source for nearly 30 years. That 
represents a large sense of responsibility for us to maintain, and we 
hope to have lived up to that, and perhaps exceeded expectations with 
the seventh edition.

Eric J. Topol, MD
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1

Revascularization of patients with coronary artery disease (CAD) 
has progressed exponentially since Andreas Grüntzig1 performed 

the first balloon angioplasty in 1977. These developments, which have 
been fueled by new technology, have blurred the boundary between 
what was once considered exclusively surgical disease and what can be 
treated percutaneously. Consequently, there is a greater need than ever 
to tailor revascularization appropriately, taking into consideration a 
patient’s comorbidities, coronary anatomy, personal preferences, and 
individual perception of risk. This chapter will explore the increasing 
requirement for a more individualized assessment of patients undergo-
ing revascularization, and it will review the clinical tools currently 
available to assist in this decision-making process.

THE NEED FOR INDIVIDUALIZED  
PATIENT ASSESSMENT

A number of confounding factors have made it imperative that patients 
are assessed as individuals prior to the selection of revascularization 
strategy.

Patient Comorbidities
The demographics of patients presenting to tertiary care services in 
need of revascularization are constantly evolving. This has been largely 
the consequence of increased longevity of the general population, a 
lower threshold to investigate patients who present with symptoms 
suggestive of obstructive CAD, and increased resources that have made 
revascularization via by percutaneous coronary intervention (PCI) or 
coronary artery bypass surgery (CABG) more accessible. Together 
with increased age, patients in need of revascularization are now more 
likely to have comorbidities such as diabetes, hypertension, and hyer-
lipidemia.2,3 These factors are all implicated in accelerating the progres-
sion of CAD, and consequently patients are more likely to present with 
more extensive CAD. The Arterial Revascularization Therapies Studies 
(ARTS) parts I and II were separated by a period of 5 years, and despite 
both studies having the same inclusion criteria, patients in ARTS-II 
had a significantly greater incidence of risk factors and overall increased 
disease complexity (Table 1-1).4

Patient comorbidities must be taken into consideration when 
assessing patients for revascularization because they have the potential 
to significantly influence patient outcomes; moreover, they may have 
a different impact depending on the underlying revascularization strat-
egy selected. Notably, LeGrand and colleagues5 demonstrated that 
patient age was a significant independent predictor of major adverse 
cardiovascular and cerebrovascular events (MACCEs) in patients 
enrolled in the ARTS-I and II studies who were treated with CABG 
but not PCI. More recently, in the randomized all-comers SYNTAX 
trial, increasing age was shown to favor PCI over CABG when adjust-
ments were made for other anatomic and clinical factors.6-8 In addition, 
other anatomic and clinical factors were shown to have an impact on 
long-term mortality, and thereby decision making between CABG and 
PCI (SYNTAX Score II7,8), and this topic is discussed later under 
“SYNTAX-Based Clinical Tools.”

In a collaborative patient-level analysis of 10 randomized trials of 
patients with multivessel disease (MVD) treated with PCI using bare-
metal stenting and CABG, Hlatky and coworkers9 demonstrated com-
parable rates of 5-year mortality between both treatment groups in 
patients without diabetes. Notably, when patients with diabetes were 
viewed as a whole, mortality was significantly higher in those treated 
with PCI, even after multivariate adjustment (Fig. 1-1). In the Future 
Revascularization Evaluation in Patients With Diabetes Mellitus: 
Optimal Management of Multivessel Disease (FREEDOM) trial,10,11 it 
was shown that in patients with diabetes and advanced CAD, CABG 
was superior to PCI in that it significantly reduced rates of death and 
myocardial infarction (MI) but at the expense of a higher rate of stroke 
(Fig. 1-2).11 In addition, using the American College of Cardiology 
Foundation (ACCF) National Cardiovascular Data Registry (NCDR) 
and the Society of Thoracic Surgeons (STS) Adult Cardiac Surgery 
Database, Weintraub and colleagues12 found that subjects who had 
elective intervention for MVD had a long-term survival advantage 
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K E Y  P O I N T S

•	 Changes	in	the	demographics	of	patients	who	present	in	need	of	
revascularization,	advances	in	percutaneous	and	surgical	
revascularization	techniques,	and	results	from	contemporary	
studies	of	percutaneous	versus	surgical	revascularization	have	
made	it	essential	that	patients	be	assessed	as	individuals	prior	to	
selection	of	a	treatment	strategy.

•	 Risk	stratification	plays	an	important	role	in	the	assessment	of	
patients	undergoing	revascularization.

•	 Clinical	tools	used	to	assist	the	heart	team	in	risk	stratifying	patients	
and	deciding	the	most	appropriate	revascularization	modality		
can	be	broadly	divided	into	assessments	based	on	clinical	
comorbidities,	coronary	anatomy,	or	a	combination	of	the	two.

•	 Clinical	tools	based	on	the	Synergy	Between	Percutaneous	
Coronary	Intervention	With	Taxus	and	Cardiac	Surgery	(SYNTAX)	
trial	have	evolved	from	purely	anatomic	factors	(anatomic	SYNTAX	
score)	to	anatomic	factors	augmented	by	clinical	variables	
(culminating	in	the	development	of	the	SYNTAX	Score	II)	and	tools	
to	assess	a	level	of	reasonable	incomplete	revascularization	that	
would	not	have	an	adverse	effect	on	long-term	morbidity	and	
mortality	(residual	SYNTAX	score).	Validation	of	many	of	these	
newly	developed	clinical	tools	is	ongoing.

•	 Clinical	and	anatomic	factors	have	an	impact	on	short-	and	long-	
term	morbidity	and	mortality	following	surgical	or	percutaneous	
revascularization	and	must	be	considered	by	the	heart	team	in	
open	dialogue	with	the	patient	during	the	decision-making	process.

S E C T I O N  I PATIENT SELECTION
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among patients who underwent CABG compared with PCI (Fig. 1-3). 
Findings have been corroborated in the randomized, all-comers 
SYNTAX trial13-16 as discussed later. Consequently, an urgent need 
exists for clinical tools that account for both anatomic and clinical 
factors and comorbidity to assist the heart team in decision making in 
regard to the most appropriate revascularization modality in patients 
with complex CAD.

TECHNOLOGICAL ADVANCES
The introduction in 2002 of drug-eluting stents (DESs) revolutionized 
the practice of interventional cardiology and was driven primarily 
through the dramatic reduction in rates of repeat revascularization.17 
The favorable results observed with DES use promptly resulted in an 
expansion of the indications for PCI, such that bifurcation lesions, 
chronic total occlusions, and MVD were no longer in the exclusive 
domain of surgical revascularization, and these were increasingly 
treated with PCI. Evidence of this expansion can be seen in the chang-
ing baseline lesion characteristics of patients enrolled in all-comers PCI 
trials such as the Sirolimus-Eluting and Paclitaxel-Eluting Stents for 
Coronary Revascularization (SIRTAX) trial,18 the Limus Eluted From 
a Durable Versus Erodable Stent Coating Study (LEADERS),19,20 the 
Clinical Evaluation of the Resolute Zotarolimus-Eluting Coronary 
Stent System in the Treatment of De Novo Lesions in Native Coronary 
Arteries (RESOLUTE),21 and in studies of complex triple-vessel disease 
(3VD) and/or left main (LM) CAD, such as ARTS-I,22 ARTS-II,20 and 
the SYNTAX trial (see Table 1-1).13-16 Further evidence in support of 
this change comes from assessments of real-world clinical practice, 
which indicate that approximately one third of patients with complex 
CAD are now treated with PCI.23 This practice has been coupled with 
the expanding use of PCI, driven largely through advances in PCI 
technology, with more deliverable newer-generation drug-eluting 
stents, lower-profile balloons, new guidewires, adjunctive devices to aid 
stent delivery, crossing and reentry systems to aid total occlusion revas-
cularization, functional assessment of lesions, intravascular ultrasound 

TABLE 1-1 The Changing Baseline Demographics of Patients Enrolled in Drug-Eluting Stent Trials
ALL-COMERS STUDIES

SIRTAX18 LEADERS19 RESOLUTE21 ARTS-I22 ARTS-II149 SYNTAX13

Years of Enrollment 2003-2004 2006-2007 2008 1997-1998 2003 2005-2007

Stent Type DES DES DES BMS DES DES

Demographics

Age,	years	(mean	±	SD) 62	±	11 65	±	11 64.4	±	10.9 61	±	10 63	±	10 65	±	10

Diabetes,	% 20 24 23.5 19 26 26

Hypertension,	% 61 73 71.1 45 67 69

Hypercholesterolemia,	% 59 67 63.9 58 74 78

Previous	myocardial	infarction,	% 29 33 28.9 44 34 32

Left	ventricular	function,	%	(mean	±	SD) 57	±	12 56	±	12 61	±	12 60	±	12 59	±	13

Lesion Characteristics (Per Patient)

Multivessel	disease,	% 59 23 58.4 96 100 92

Bifurcation	lesions,	% 8 22 16.9 35 34 72

Total	occlusions,	% 19 12 16.3 3 17 24

SYNTAX	score	(mean	±	SD) 12	±	7 14	±	9 15	±	9 – 21	±	10 28	±	12

Mean	number	of	diseased	lesions 1.4 1.5 1.5 2.8 3.6 3.6*

Procedural Characteristics (Per Patient)

Mean	number	of	stents 1.2	±	0.5 1.3	±	0.7† 11.9	±	7.5 2.8	±	1.3 3.7	±	1.5 4.6	±	2.3

Total	stent	length,	mm	(mean	±	SD) 25.9	±	15.5 24.7	±	15.5† 34.4	±	24.5 47.6	±	21.7 72.5	±	32.1 86.1	±	47.9

*Treated	lesions.
†Per	lesion.
BMS,	Bare-metal	stent;	DES,	drug-eluting	stent;	SD,	standard	deviation;	SYNTAX,	Synergy	Between	Percutaneous	Coronary	Intervention	with	Taxus	and	Cardiac	Surgery.

FIGURE 1-1	 Cumulative	survival	curve	of	long-term	mortality	stratified	
according	 to	diabetic	 status	among	patients	with	multivessel	disease	
randomized	to	treatment	with	percutaneous	coronary	intervention	(PCI)	
or	coronary	artery	bypass	grafting	(CABG).	The	importance	of	diabetic	
status	 on	 outcomes	 are	 highlighted	 not	 only	 by	 the	 higher	 mortality	
among	patients	with	diabetes	compared	with	nondiabetics	but	also	by	
the	 greater	 impact	 diabetic	 status	 had	 on	 patients	 treated	 with	 PCI	
compared	with	CABG.	 (From	Hlatky	MA,	Boothroyd	DB,	Bravata	DM,	
et	al:	 Coronary	 artery	 bypass	 surgery	 compared	 with	 percutaneous	
coronary	interventions	for	multivessel	disease:	a	collaborative	analysis	
of	individual	patient	data	from	ten	randomised	trials.	Lancet	373[9670]:
1190-1197,	2009.)
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E-FIGURE 1-1	 Devices	that	are	increasingly	available	to	provide	assis-
tance	during	high-risk	percutaneous	coronary	intervention	(PCI)	include	
percutaneous	extracorporeal	circulatory	support	devices	such	as	(A, B)	
the	 TandemHeart	 and	 (C)	 the	 Impella	 device.	 (A)	 The	 TandemHeart	
removes	oxygenated	blood	from	the	left	atrium	and	returns	this	blood	
into	the	peripheral	arterial	circulation;	with	the	(B)	aid	of	a	centrifugal	
pump.	 C,	 The	 Impella	 left	 ventricular	 assist	 device	 is	 a	 miniaturized	
rotary	blood	pump	that	is	placed	retrograde	across	the	aortic	valve,	and	
it	aspirates	(inlet	area)	up	to	2.5	L/min	of	blood	from	the	left	ventricular	
cavity	and	subsequently	expels	this	blood	(outlet	area)	into	the	ascend-
ing	aorta.	(From	Valgimigli	M,	Steendijk	P,	Serruys	PW,	et	al:	Use	of	
Impella	 Recover	 LP	2.5	 left	 ventricular	 assist	 device	 during	 high-risk	
percutaneous	coronary	interventions;	clinical,	haemodynamic	and	bio-
chemical	findings.	EuroIntervention	2[1]:91-100,	2006;	and	Vranckx	
P,	 Meliga	 E,	 De	 Jaegere	 PP,	 et	 al:	 The	 TandemHeart,	 percutaneous	
transseptal	 left	ventricular	assist	device:	a	safeguard	 in	high-risk	per-
cutaneous	coronary	 interventions.	The	six-year	Rotterdam	experience.	
EuroIntervention	4:331,	2008.)
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HISTORIC (PRE-SYNTAX) CLINICAL TRIAL RESULTS
Historically, and prior to the publication of the SYNTAX trial,13-16 
randomized trials to compare CABG and PCI centered on two major 
patient groups: either isolated proximal left anterior descending artery 
(LAD) lesions or complex CAD (3VD and/or LM disease). Although 
results of these studies suggest no differences were found in the hard 
clinical outcomes of death and MI between patients treated with PCI 
or CABG at short- and long-term follow-up (Table 1-2),9,31-35 there was 
profound selection bias in enrollment of patients prior to randomiza-
tion. Specifically between 2% to 12% of screened patients were random-
ized in most trials (Table 1-3), with patients with lesser comorbidities, 
such as impaired left ventricular function, or coronary anatomy (pre-
dominantly single- or double-vessel disease) often “cherry-picked” 
prior to randomization.36-38 Consequently, interpreting and extrapolat-
ing these results to routine clinical practice has been difficult.

SYNTAX Trial
The landmark SYNTAX trial13-16 represents the largest (and only) 
assessment of revascularization with PCI or CABG in all-comers with 
complex CAD. SYNTAX aimed to supply evidence to support the 
somewhat established but not evidence-based practice of performing 
PCI in patients with complex CAD,23 and it also sought to identify 
which patients should only be treated with CABG. Through an all-
comers design, SYNTAX addressed the limitations of the earlier CABG 
versus PCI trials, which were plagued by profound selection bias as 
previously discussed (see Table 1-3),37,38 and in doing so it was antici-
pated that the results would be more relevant to contemporary routine 
clinical practice. Specifically:
• To ensure results were applicable to routine practice, the study was 

designed as an all-comers trial such that there were no specific 
inclusion criteria other than the need to have revascularization of 
de novo 3VD or unprotected left main CAD (in isolation or with 
CAD). Exclusion criteria were limited to prior revascularization, 
ongoing MI, and patients requiring concomitant cardiac surgery.16 
In contrast to the earlier studies, 70.9% of eligible patients were 
enrolled.

• The previously indicated problem of reporting outcomes from all 
patients with complex CAD together, irrespective of disease sever-
ity, was addressed in the SYNTAX trial through the utilization of 
the anatomic SYNTAX score (http://www.syntaxscore.com; Fig. 
1-4),13,39-43 which enabled CAD complexity to be objectively and 
prospectively quantified.

• To ensure assessment of patients on an individual level, all patients 
eligible for enrollment were discussed by the heart team.44 An inter-
ventional cardiologist and cardiac surgeon carried out a careful and 
comprehensive review of the patient in terms of their anginal status, 
comorbidities, and coronary anatomy using the respective Braun-
wald score, European System for Cardiac Operative Risk Evaluation 
(EuroSCORE), and SYNTAX score (discussed under “SYNTAX-
Based Clinical Tools”). The consensus reached from this meeting 
was subsequently used to allocate the patient into one of the three 
arms of the trial. In total 3075 patients were enrolled into one of 
the following:
1. Randomized group (n = 1800 [58.5%]; 897 CABG, 903 PCI): 

These patients had CAD and were equally suitable for revascu-
larization with PCI or CABG. The mean SYNTAX score for this 
group was 26.1 and 28.8 in patients treated with CABG and PCI, 
respectively.

2. Nested CABG registry (n = 1077 [35.0%]): These patients had 
CAD that was considered unsuitable for PCI, clearly reflected 
in the high mean SYNTAX score (37.8) for this group.

3. Nested PCI registry (n = 198 [6.4%]): These patients were 
deemed unsuitable for CABG. The commonest reason for this 
decision was the presence of multiple comorbidities13 reflected 
in the mean EuroSCORE, which was 2 points higher in this 
group than the mean in the randomized group (5.8 vs. 3.8).

(IVUS) guidance to ensure adequate stent expansion, dedicated spe-
cialists for specific anatomic subsets, introduction of new adjunctive 
pharmacologic therapies, and the increasing availability of percutane-
ous extracorporeal circulatory support (E-Fig. 1-1).24-30 From a techni-
cal perspective, a large subset of coronary lesions can now be addressed 
with PCI; however, it is important to emphasize that the percutaneous 
approach to revascularization requires individual patient selection to 
ensure that it is appropriate.

FIGURE 1-2	 Kaplan-Meier	Estimates	of	the	Composite	Primary	Outcome	
of	death,	myocardial	infarction	(MI),	or	stroke	(A)	and	death	from	any	
cause	 (B)	 truncated	 at	 5	 years	 after	 randomization	 in	 the	 FREEDOM	
trial.	 In	 FREEDOM,	 patients	 with	 diabetes	 and	 multivessel	 coronary	
artery	disease	were	assigned	to	undergo	either	percutaneous	coronary	
intervention	(PCI)	with	first-generation	drug-eluting	stents	or	coronary	
artery	bypass	grafting	(CABG).	Patients	were	 followed	for	a	minimum	
of	2	years	(median	among	survivors,	3.8	years),	and	CABG	was	shown	
to	be	superior	to	PCI	with	first-generation	drug-eluting	stents	with	sig-
nificant	 reduced	 rates	 of	 death	 (10.9%	 vs.	 16.3%,	 P	=	 .049)	 and	
MI	(6.0%	vs.	13.9%,	P	<	.001)	but	a	higher	rate	of	stroke	(5.2%	vs.	
2.4%,	 P	 =	 .03).	 (From	 FREEDOM	 Trial	 Investigators:	 Strategies	 for	
multivessel	 revascularization	 in	patients	with	diabetes.	N	Engl	 J	Med	
367[25]:2375-2384,	2012.)
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FIGURE 1-3	 Incidence	of	survival	in	the	coronary	artery	bypass	grafting	(CABG)	and	percutaneous	coronary	intervention	(PCI)	cohorts,	from	unad-
justed	(upper)	and	adjusted	(lower)	analyses.	Cumulative	mortality	with	CABG	and	PCI	and	the	relative	risk	of	CABG	compared	with	PCI	are	shown.	
Data	from	the	American	College	of	Cardiology	Foundation	(ACCF)	and	Society	of	Thoracic	Surgeons	(STS)	Database	Collaboration	on	the	Compara-
tive	Effectiveness	of	Revascularization	Strategies	(ASCERT)	registry,	the	American	College	of	Cardiology	Foundation	National	Cardiovascular	Data	
Registry,	and	the	Society	of	Thoracic	Surgeons	Adult	Cardiac	Surgery	Database	from	2004	through	2008.	(From	Weintraub	WS,	Grau-Sepulveda	
MV,	Weiss	JM,	et	al:	Comparative	effectiveness	of	revascularization	strategies.	N	Engl	J	Med	366[16]:1467-1476,	2012.)
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treated with PCI and CABG in SYNTAX differed according to the 
presence of 3VD or unprotected left main CAD. With 3VD, a low 
SYNTAX score (<23) allowed for similar outcomes between CABG 
and PCI, whereas higher SYNTAX scores (particularly in the high 
SYNTAX score [>32] group) clearly favored CABG. With unprotected 
left main CAD, a low-intermediate SYNTAX score (<33) allowed for 
similar outcomes between CABG and PCI, whereas a high SYNTAX 
score (>32) clearly favored CABG. Furthermore, the SYNTAX Score 
II,7,8 essentially the anatomic SYNTAX score augmented with clinical 
variables shown directly to affect decision making between CABG and 
PCI, was developed in the randomized, all-comers SYNTAX trial and 
allowed for the identification of higher- and lower-risk subjects in all 

Overall, SYNTAX failed to meet the prespecified primary end point 
of noninferiority in terms of 12-month MACCEs, a composite of 
death, stroke, MI, and repeat revascularization (17.8% vs. 12.4%, P = 
.002). Final 5-year reporting of SYNTAX demonstrated significantly 
higher incidence of MACCE with PCI compared with CABG (26.9% 
vs. 37.3%, P < .0001; Fig. 1-5).15

As indicated earlier, analyses of all patients irrespective of disease 
severity does not provide adequate information for clinicians, who are 
faced daily with patients who display a wide variety of CAD complex-
ity. To address this limitation of earlier studies, patient outcomes in 
SYNTAX were stratified according to tertiles of the anatomic SYNTAX 
score. As shown in Figure 1-6, clinical outcomes between patients 

TABLE 1-2 A Summary of Meta-Analyses Prior to Publication of the SYNTAX Trial Reporting Long-Term Outcomes in Patients With 
Isolated Proximal Left Anterior Descending Coronary Artery Disease or Multivessel Disease Randomized to Percutaneous or 
Surgical Revascularization

First 
Author

Number of Patients 
(PCI/CABG)

POBA/ BMS/
DES(%)

Follow-Up 
(Months)

Death (PCI vs. 
CABG)

MI (PCI vs. 
CABG)

Stroke (PCI 
vs. CABG)

Repeat Revasc. 
(PCI vs. CABG)

MACCEs (PCI 
vs. CABG)

Isolated Proximal LAD

Aziz31 1952	(1300/652) 0/91/9 34 2.9%	vs.	3.4% 2%	vs.	1.1% 2.4%	vs.	
3.5%

14.3%	vs.	4.4%* 21.4%	vs.	
11.1%*

Kapoor32 1210	(633/577) 22/59/19 60 9.4%	vs.	7.2% NA NA 33.5%	vs.	7.3%* NA

Multivessel Disease

Hlatky9 7812	(3923/3889) 63/37/0 5.9 10.0%	vs.	
8.4%

16.7%	vs.	
15.4%†

– 24.5%	vs.	9.9%*† 36.4%	vs.	
20.1%*

Daemen34 3051	(1518/1533) 4/96/0 60 8.5%	vs.	8.2% 2.5%	vs.	
2.9%

6.6%	vs.	
6.1%

25.0%	vs.	6.3%* 34.2%	vs.	
19.6%*

Bravata35 9963	(5019/4944) 56/42/2 60 9.3%	vs.	
11.3%

0.6%	vs.	
1.2%*

11.9%	vs.	
10.9%

46.1%	vs.	40.1%	
vs.	9.8%*‡

–

*P	<	.001.
†Composite	with	death.
‡Balloon	angioplasty	versus	PCI	versus	CABG.
BMS,	Bare-metal	stent;	CABG,	coronary	artery	bypass	grafting;	DES,	drug-eluting	stent;	LAD,	 left	anterior	descending	coronary	artery;	MACCE,	major	adverse	cardiovascular	and	cerebro-
vascular	events	(a	composite	of	death,	stroke,	MI,	and	 repeat	 revascularization);	MI,	myocardial	 infarction;	NA,	not	available;	PCI,	percutaneous	coronary	 intervention;	POBA,	plain	old	
balloon	angioplasty;	Revasc.,	revascularization.

TABLE 1-3 A Summary of 15 Randomized Control Trials Comparing Coronary Artery Bypass Grafting Against Percutaneous Coronary 
Intervention in the Pre–SYNTAX Era

Trial
Number of 
Patients Screened % Randomized Stent % 3VD Proximal LAD EF >50% % Diabetes

MASS33 	 142 69 – – 100 100 21

ERACI150 	 127 	 9 – 45 – 100 11

EAST151 	 392 	 4 – 40 70 100 25

GABI152 	 359 	 4 – 18 – – 10

CABRI153 1054 	 3 – 40 – 100 12

BARI154 1829 12 – 41 	 36 100 24

SIMA155 	 121 – – – 100 100 11

LAUSANNE156 	 134 	 3 – 	 0 100 – 12

RITA157 1011 	 4 – 12 – – 	 6

TOULOSE158 	 152 	 3 29 – – 14

AWESOME159 	 454 – + 45 – – –

ERACI-II160 	 450 	 2 + 56 – – 17

ARTS161 1205 	 5 + 32 – 100 19

SOS162 	 988 	 5 + 38 	 45 100 14

MASS	II163 	 408 	 2 + 41 – – –

Summary 8826   5 35   41 100 16

From	Soran	O,	Manchanda	A,	Schueler,	S:	Percutaneous	coronary	intervention	versus	coronary	artery	bypass	surgery	in	multivessel	disease:	a	current	perspective.	Interact	Cardiovasc	Thorac	
Surg	8(6):666-671,	2009.
3VD,	Three-vessel	disease;	CABG,	coronary	artery	bypass	grafting;	EF,	ejection	fraction;	LAD,	left	anterior	descending	artery;	PCI,	percutaneous	coronary	intervention.
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and subconsciously by physicians in everyday clinical practice and is 
in essence behind all clinical decisions made by a physician. Stratifica-
tion of risk is vital when assessing patients for revascularization 
because this treatment is only considered appropriate when “the 
expected benefits, in terms of survival or health outcomes (symptoms, 
functional status, and/or quality of life) exceed the expected negative 
consequences of the procedure.”45 It should, however, be emphasized that 
the SYNTAX-pioneered heart team approach, consisting of at least an 
interventional/clinical cardiologist and a cardiac surgeon,44 carries a 
class I recommendation in international guidelines for assessing risk 
and is subsequently the most appropriate revascularization modality 
in patients with complex CAD.46-49

Qualitative Versus Quantitative Risk Assessment
Qualitative risk stratification is subjective and relies on a clinician’s 
experience. This subjective qualitative assessment also allows risk to be 
calculated and tailored to the expertise of the physician performing the 
procedure, as opposed to a clinician in another region who may use 
different techniques and who may have different equipment available. 
In addition, assessments of patient frailty can be made that are fre-
quently not captured by conventional risk-scoring systems.50 Finally, 
this assessment does not require a calculator or computer and can be 
“computed” subconsciously very quickly. The major disadvantages of 

tertiles of the anatomic SYNTAX score who had a long-term mortality 
that favored either CABG, PCI, or both revascularization modalities 
(discussed under “SYNTAX-Based Clinical Tools”).7,8,13-16

The results of SYNTAX reiterate the importance of assessing 
patients when selecting a revascularization strategy. SYNTAX was able 
to identify those patients in whom either CABG or PCI was appropri-
ate or in whom CABG or PCI was the optimal treatment. Considering 
the distribution of CAD in SYNTAX, overall one third of patients with 
3VD/LM disease were deemed to have CAD that could be treated 
safely and effectively with PCI or CABG, whereas in the remaining two 
thirds, CABG remained the standard of care. Although these results 
helped further delineate the boundaries between a percutaneous and 
surgical revascularization approach in patients with complex CAD, the 
validation of the anatomic SYNTAX score and development of the 
SYNTAX Score II notably facilitated a more objective assessment of 
patients by the heart team as discussed later under “SYNTAX-Based 
Clinical Tools.”

INDIVIDUAL ASSESSMENT FROM  
A PHYSICIAN’S PERSPECTIVE

There is no disputing the need for and potential benefits of selecting a 
revascularization strategy following an individualized patient assess-
ment or risk stratification. Risk stratification is performed routinely 

FIGURE 1-4	 The	SYNTAX	score	algorithm	 is	applied	 to	 each	 individual	 coronary	 lesion	 in	a	 vessel	 larger	 than	1.5	mm	 in	diameter	 that	 has	a	
stenosis	diameter	greater	than	50%;	the	individual	lesion	scores	are	added	together	to	give	the	final	SYNTAX	score.16,39-41	(Modified	from	Serruys	
PW,	Onuma	Y,	Garg	S,	et	al:	Assessment	of	the	SYNTAX	score	in	the	SYNTAX	study.	EuroIntervention	5:50-56,	2009.)

The SYNTAX score algorithm
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2. Arterial segments involved per lesion

Lesion characteristics 

3. Total occlusion

i. Number of segments involved

ii. Age of the total occlusion (>3 months)
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v. First segment beyond the occlusion
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vi. Side branch involvement
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5. Bifurcation
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ii. Angulation between the distal main vessel
    and the side branch <70°

6. Aorto-ostial lesion
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8. Length >20 mm
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11. Diffuse disease/small vessels
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   disease/small vessels
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FIGURE 1-5	 Five-year	Kaplan-Meier	cumulative	event	curves	of	major	adverse	cardiovascular	and	cerebrovascular	events	(a	composite	of	death,	
stroke,	myocardial	infarction	and	repeat	revascularization)	and	its	components	among	the	1800	patients	randomized	to	PCI	or	CABG	in	the	SYNTAX	
Trial.	CABG,	Coronary	artery	bypass	graft	surgery;	PCI,	percutaneous	coronary	 intervention;	MACCE,	major	adverse	cardiac	and	cerebrovascular	
events.	(From	Mohr	FW,	Morice	MC,	Kappetein	AP,	et	al:	Coronary	artery	bypass	graft	surgery	versus	percutaneous	coronary	intervention	in	patients	
with	three-vessel	disease	and	left	main	coronary	disease:	5-year	follow-up	of	the	randomised,	clinical	SYNTAX	trial.	Lancet	381[9867]:629-638,	
2013.)
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FIGURE 1-6	 The	evidence	supporting	the	use	of	the	SYNTAX	score	as	a	tool	to	assist	in	revascularization	decisions.	Five-year	Kaplan-Meier	cumu-
lative	event	curves	of	major	adverse	cardiovascular	and	cerebrovascular	events	(MACCEs,	a	composite	of	death,	stroke,	myocardial	infarction	and	
repeat	revascularization)	among	the	1800	patients	randomized	to	percutaneous	coronary	(PCI)	or	coronary	artery	bypass	graft	surgery	(CABG)	in	
the	SYNTAX	Trial	(A)	and	stratified	by	the	presence	of	unprotected	left	main	coronary	artery	disease	(B)	or	de	novo	three	vessel	disease	(C).	 In	
patients	with	 three-vessel	disease	(C),	 the	 incidence	of	MACCEs	at	5-year	 follow-up	was	similar	among	patients	 treated	with	PCI	and	CABG	for	
low	SYNTAX	scores	(≤22);	for	all	other	SYNTAX	scores	(>22),	outcomes	were	significantly	better	following	CABG.	B,	In	patients	with	unprotected	
left	main	coronary	artery	disease,	clinical	outcomes	were	similar	among	patients	treated	by	PCI	or	CABG	for	all	low	to	intermediate	SYNTAX	scores	
(<33),	whereas	more	complex	disease	(SYNTAX	score	>32)	fared	significantly	better	with	CABG.	(From	Mohr	FW,	Morice	MC,	Kappetein	AP,	et	al:	
Coronary	artery	bypass	graft	surgery	versus	percutaneous	coronary	intervention	in	patients	with	three-vessel	disease	and	left	main	coronary	disease:	
5-year	follow-up	of	the	randomised,	clinical	SYNTAX	trial.	Lancet	381[9867]:629-638,	2013.)
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indicate that it overestimates risk by a factor of two to three, which has 
largely been attributed to improvements in surgical techniques and 
lower perioperative mortality in the decade following its construc-
tion.63,64 The updated EuroSCORE II now addresses many of the limita-
tions of the original EuroSCORE.65-67 The Society of Thoracic Surgeons 
(STS) score is also derived from a large patient database and is periodi-
cally recalibrated to ensure its results are applicable to contemporary 
practice.68

Risk Scores in Contemporary Practice
Numerous risk scores are available to assist clinicians in stratifying risk 
among patients undergoing revascularization. Some scores are appro-
priate for patients prior to the selection of a revascularization strategy, 
whereas some have only been validated in patients undergoing one 
form of revascularization. Nevertheless, the various risk scores can 
largely be categorized according to the variables—clinical, angio-
graphic, or a combination of both—used in the overall estimation of 
risk. Tables 1-4 and 1-5 summarize the different risk scores used in 
contemporary CABG and PCI practice (excluding SYNTAX-based 
tools), and Table 1-6 summarizes SYNTAX-based clinical tools. A 
selection of these is described in more detail below.

Clinical Scores
These risk scores only incorporate clinical variables and do not require 
any data from the angiogram. They offer the advantage of being able 
to be computed relatively quickly, usually at the bedside, and princi-
pally include variables that are not subject to user interpretation, 
thereby ensuring excellent reproducibility.

The EuroSCORE and EuroSCORE II
The EuroSCORE is an established risk model that utilizes 17 clinical 
variables used in cardiothoracic surgical practice for predicting opera-
tive mortality, and it has been validated in many populations around 
the world.52,69-71 In use since 1999, the model was derived from almost 
20,000 consecutive patients from 128 hospitals in eight European 
countries. The additive EuroSCORE assigns an individual score to 17 
clinical variables (Table 1-7) with a low-risk tertile that ranges from 1 
to 2, an intermediate-risk tertile from 3 to 5, and a high-risk tertile of 
6 and higher. Early validation studies, however, suggested that the 
additive EuroSCORE underestimated risk in those at highest risk; this 
led to the development of the logistic EuroSCORE, which uses the 
same clinical variables and requires use of an online calculator (avail-
able at www.euroscore.org) to quantify risk.52,53,64,71 However, the logis-
tic EuroSCORE has been shown to potentially overestimate observed 
mortality, and its accuracy at predicting risk varies in different surgical 
subgroups.64,72

In addition to the EuroSCORE’s assessment and validation in 
patients undergoing surgical revascularization, Kim and colleagues73 
first demonstrated that the high-risk tertile of the additive EuroSCORE 
was an independent predictor of death/MI after unprotected LM 

this method of risk assessment are its dependence on the operator’s 
prior experience, potential personal bias to undertake or withhold 
potential revascularization, and its high interobserver variability.

Quantitative risk stratification can be performed using a variety of 
risk scores that frequently incorporate clinical variables sourced from 
large patient registries,51-58 with the exception of the SYNTAX Score 
II,7,8 which was developed in the all-comers randomized SYNTAX trial 
to reduce unavoidable (but often appropriate) selection bias inherent 
to all registries no matter their size. These risk scores largely incor-
porate objective variables to ensure adequate reproducibility of the 
score; however, those risk scores—such as the American College of 
Cardiology/American Heart Association (ACC/AHA) lesion score59 or 
the anatomic SYNTAX score/newly developed SYNTAX Score II,7,8,40 
which include angiographic variables—continue to have documented 
intraobserver and interobserver variability.41,60 These tools do, however, 
provide a more objective assessment of the patient risk and suitability 
for the most appropriate revascularization modality, which may be 
modified by the heart team consensus. In addition to their role in the 
risk stratification of individual patients, these quantitative risk scores 
have increasing use in the wider context of overall health care. They 
can provide a vital measure of overall patient care and can help identify 
future directions to further improve outcomes. Clinical governance 
and the increasing requirement to publically report clinical perfor-
mance and complications have also propelled the need to risk stratify 
patients, thereby allowing a useful comparison of performance to be 
made between clinicians and institutions against the standards dictated 
by regulatory authorities.61 In addition, calculation of risk using 
accepted risk scores may aid clinicians faced with an increasing need 
to be able to justify their clinical decisions to peers, regulatory bodies, 
and patients.

In comparison with the qualitative risk scores, the use of a finite 
number of variables results in these risk scores lacking the sensitivity 
to accurately predict risk in an individual, such that they are more apt 
at predicting risk for a population of patients with similar comorbidi-
ties. The number of variables included in the score must strike a 
balance between sufficient numbers to enable a meaningful prediction 
of risk to be calculated; however, the number must not be excessive so 
as to prevent use in routine practice. In addition, a minimal number 
of variables reduces the chances of colinearity between independent 
variables, which can result in redundant information being collected56 
while also increasing the chances of “overfitting” the score, and thereby 
reducing the overall accuracy of the results.62

The applicability of a risk score to contemporary practice must also 
take into consideration the time when the score was developed. Risk 
scores rely on large patient databases to derive appropriate weighting 
factors for variables in the score to enable the final calculation of risk. 
It follows that they are developed using retrospective information that 
may no longer be relevant in the era when the risk score is being  
used. The European System for Cardiac Operative Risk Evaluation 
(EuroSCORE), for example, was developed in 1999; however, there 
have been calls for its recalibration because repeated evaluations 

TABLE 1-4 Summary of Contemporary Risk Scores for Assessment of Risk in Patients Undergoing Surgical Revascularization With the 
Exception of the Anatomic SYNTAX Score*

Risk Model

NUMBER OF VARIABLES USED TO CALCULATE SCORE VALIDATED IN PCI/CABG

Clinical Angiographic PCI CABG

EuroSCORE13,51-53,69,70,74-78 17 0 + +
EuroSCORE	II65-67 18 0 − +
ACEF56 3 0 − +
Society	of	Thoracic	Surgery	score58,68,81,98 40 2 − +
Anatomic	SYNTAX	score4,13,41,75,78,88,89,164-171 0 11	(per	lesion) + +

ACEF,	 Age,	 creatinine	 and	 ejection	 fraction;	 AHA/ACC,	 American	 Heart	 Association/American	 College	 of	 Cardiology;	 CABG,	 coronary	 artery	 bypass	 grafting;	 PCI,	 percutaneous	 coronary	
intervention.
*SYNTAX-based	tools	are	shown	in	Table	1-6.

http://www.euroscore.org
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TABLE 1-5 Summary of a Selection of Established and Contemporary Risk Scores Categorized by Anatomic, Clinical, or Combined Types 
for the Assessment of Risk in Patients Proposing to Undergo Percutaneous Coronary Intervention

Clinical Risk Score

NUMBER OF VARIABLES USED TO CALCULATE RISK

PCI Outcomes (Surgical Outcomes in Italics)Clinical Angiographic

Anatomic Scores

ACC/AHA	lesion	
classification*

0 11	(per	lesion) Pre-DES	era:	predictive	of	angiographic	success	of	PCI	and	prognostic	effect	
on	early	and	late	clinical	outcomes.	Conflicting	results	were	yielded	in	the	
DES	era.87,89,172-174

Myocardial Jeopardy Scores

Duke	Jeopardy	Score 0 Coronary	tree	divided	into	six	segments:	LAD,	diagonal,	septal	perforating	branches,	LCx,	OM,	and	PDA;	a	segment	
distal	to	≥70%	is	considered	at	risk.	Each	segment	is	assigned	2	points	with	a	maximum	of	12	points.90,91†

Myocardial	Jeopardy	
Index	(BARI)

0 Distal	terminating	portions	of	LAD,	LCx,	RCA,	and	major	branch	vessels	(diagonals,	OM,	ramus,	PDA	and	LV	
branches)	assigned	units	of	1,	2,	or	3	on	the	basis	of	length	and	vessel	size.	Septal	perforators	are	arbitrarily	
assigned	a	maximum	of	3	units.	Extent	of	jeopardy	defined	by	units	jeopardized	by	≥50%	stenosis	summated	
and	divided	by	total	LV	territory.91,92†

APPROACH	lesion	
score

0 Based	on	principle	from	autopsy	studies	that	the	LAD	generally	subtends	41%	of	the	LV,	with	the	LCx	and	RCA	
supplying	the	remainder,	dependent	on	vessel	dominance.	Score	is	calculated	by	percent	of	myocardium	supplied	
by	a	vessel	or	its	branches	and	jeopardized	territories	supplied	by	vessels	with	≥70%	stenosis	(≥50%	in	the	
LMS);	the	maximum	score	is	100.91†

Clinical Scores

New	Mayo	Clinic	Risk	
Score*

7 0 Procedural	death	and	MACEs	for	PCI;	model	has	been	externally	validated	for	
death56,57	(in-hospital	death	with	CABG).81

Parsonnet	Score 14 0 Independent	predictor	of	long-term	MACEs	after	LMS	PCI	in	two	registry	
populations175,176	(Operative	mortality	after	open-heart	surgery)177

EuroSCORE	(additive	
or	logistic)

17 0 Evidence	for	predicting	death	or	MACCEs	in	high-risk	tertiles	for	PCI73,74,77,178	
(operative	mortality	for	all	forms	of	cardiothoracic	surgery).52,55

NCDR	CathPCI	Risk	
Score*

8 0 Developed	from	181,775	procedures	performed	in	Medicare	patients;	
incidence	of	in-hospital	and	30-day	mortality	after	all	PCI	patient	types	
internally	validated	in	two	separate	cohorts.59

ACEF	score	(age,	
creatinine,	ejection	
fraction)

3 0 Predictor	of	cardiac	death	and	MI	at	1	year	after	PCI;	inferior	to	the	SYNTAX	
score	at	predicting	overall	MACEs	and	repeat	revascularization	in	two	
separate	populations84,112	(operative	mortality	in	elective	cardiac	
operations).56,82

Combined (Anatomic AND Clinical) Risk Scores

EuroHeart	PCI	Score* 10 6 Developed	from	46,000	patients	from	the	Euro	Heart	Survey;	in-hospital	
mortality	in	all	PCI	patient	types;	internally	validated.	The	score	has	strong	
applicability	for	European	practice.99

New	Risk	Classification	
Score	(NERS)

17 Angiographic:	33
Procedural:	4‡

6-month	cardiac	death	and	cumulative	MACEs	after	unprotected	LMS	PCI;	
although	internally	validated,	application	to	larger	all-comers	population	is	
required	(see	text).100

New	York	PCI	Risk	
Score†

8 1 In-hospital	death	after	PCI;	developed	based	on	data	from	46,090	procedures	
in	2002	and	validated	from	50,046	procedures	in	2003179;	excellent	
predictive	ability	in	validation	cohort	(c-statistic	0.905).

The	Texas	Heart	
Institute	Risk	Score*

8 Angiographic:	2
Procedural:	1§

Predictors	of	in-hospital	MACEs	after	PCI	or	CABG;	developed	in	9494	patients	
(BMS	era)	and	validated	in	5545	patients	(DES	era).180

Mayo	Clinic	Risk	
Score*

6 2 In-hospital	death,	Q-wave	myocardial	infarction,	emergent	or	urgent	CABG	or	
CVA	after	PCI;	validated	using	the	NHLBI	registry.181

*Risk	scores	that	include	prediction	of	in-hospital	mortality	or	MACEs.	SYNTAX-based	tools	are	shown	in	Table	1-6.
†All	myocardial	jeopardy	scores	were	validated	in	one	population-based	cohort	consisting	of	more	than	20,000	patients	and	were	predictive	of	1-year	mortality	in	patients	treated	with	PCI	
or	medically.90-92

‡Need	of	intraaortic	balloon	pump,	two-stent	technique,	intravascular	ultrasound	guidance.
§Number	of	stents.
ACC/AHA,	American	College	of	Cardiology/American	Heart	Association;	BMS,	bare-metal	stent;	CABG,	coronary	artery	bypass	grafting;	CVA,	cerebrovascular	accident;	DES,	drug-eluting	stent;	
LAD,	 left	 anterior	descending	artery;	 LCx,	 left	 circumflex	artery;	 LMS,	 left	main	stem;	LV,	 left	 ventricular;	MACCE,	major	adverse	cardiovascular	and	cerebrovascular	 event;	MACE,	major	
adverse	cardiovascular	event;	NCDR,	National	Cardiovascular	Data	Registry;	OM,	obtuse	marginal	artery;	PCI,	percutaneous	coronary	intervention;	PDA,	posterior	descending	artery;	NHLBI,	
National	Heart,	Lung,	and	Blood	Institute;	RCA,	right	coronary	artery.

intervention with sirolimus-eluting stents. Subsequently, Romagnoli 
and coworkers74 applied the additive EuroSCORE to predict in-hospital 
mortality in 1173 consecutive patients undergoing PCI in a single 
high-volume center and correlated the higher-risk tertiles of the 
EuroSCORE with in-hospital mortality; the study population also 
included patients who had undergone unprotected left main PCI. The 
EuroSCORE has since been evaluated in numerous studies of patients 
undergoing PCI, the majority of which specifically enrolled patients 

with LM disease.13,73,75-77 Notably, all studies, irrespective of disease 
severity, have demonstrated the EuroSCORE to be an independent 
predictor of mortality74,76 and/or MACCE at follow-up ranging from 
1 to 3 years.13,73,75-77 Importantly, those studies that also included 
a surgical control group—such as the SYNTAX study, the Revas-
cularization for Unprotected Left Main Coronary Artery Stenosis: 
Comparison of Percutaneous Coronary Angioplasty Versus Surgical 
Revascularization (MAIN-COMPARE) study, and the registry by 
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has been identified as an independent predictor of death, MI, and 
stroke irrespective of revascularization strategy.78 In addition, in 
the same registry, a EuroSCORE of 6 or higher has been shown  
to be an independent predictor of mortality following either PCI  
or CABG.76

More recently, the EuroSCORE II (Table 1-8) was developed to 
improve the risk-prediction model of the original EuroSCORE. Euro-
SCORE II was developed on newer data to reflect more contemporary 
surgical practice given that cardiac surgical mortality has decreased 
significantly in the last 15 years, despite patients being older and sicker, 
and that the previous additive and logistic EuroSCORE models were 
suggested to be representative of outdated surgical practices.65-67,79

The EuroSCORE II was shown to be better calibrated (actual mor-
tality 4.18%, predicted 3.95%) compared with the original EuroSCORE 
model (actual 3.9%, additive predicted 5.8%, logistic predicted 7.57%) 
while preserving discrimination (area under the receiver operating 

Rodés-Cabau and colleagues77—also demonstrated the EuroSCORE 
to be an independent predictor of MACCE in surgical patients.75,78 
Only one study has examined the logistic EuroSCORE in PCI patients, 
however, little differences were found in stratifying risk when com-
pared with the additive EuroSCORE.74

Specifically in the SYNTAX trial, which represents the only ran-
domized study to assess the EuroSCORE, the additive EuroSCORE  
was shown to be an independent predictor of MACCE at 1-year 
follow-up irrespective of the method of revascularization (odds ratio 
[OR] 1.21; 95% confidence interval [CI], 1.12 to 1.32; P < .001) in 705 
patients undergoing LM revascularization.75 Similarly, at intermediate 
follow-up of 23 months, Rodés-Cabau and colleagues77 identified 
a EuroSCORE of 9 or higher as the best predictor of MACCE after  
PCI and CABG among 249 octogenarians with LM disease. In the 
MAIN-COMPARE registry, which enrolled over 1500 patients with 
LM disease followed up for a median of 3.1 years, the EuroSCORE  

TABLE 1-6 Outline of the Anatomic SYNTAX Score and the Progression of SYNTAX-Based Tools
Year Structure Remarks

Anatomic	SYNTAX	
Score4,13-15,41,49,54,58-66,144

2006 Score	of	angiographic	variables	(i.e.,	
anatomic	complexity);	developed	during	
the	design	of	the	SYNTAX	trial13,41	as	a	tool	
to	force	the	heart	team	to	systematically	
analyze	the	coronary	angiogram	and	agree	
equivalent	anatomic	revascularization	
(CABG	and	PCI)	could	be	achieved

First	reported	to	be	useful	for	decision	making	between	CABG	and	PCI	
in	the	SYNTAX	trial	in	200913;	categories	of	anatomic	complexity	
(low,	intermediate,	and	high),	no	clinical	variables,	no	individual	
predictions;	adding	a	functional	component	shown	to	improve	
accuracy13;	noninvasive	multislice	computed	tomography	anatomic	
SYNTAX	score	in	development,30	with	integration	of	a	noninvasive	
functional	component.139

Development Phase: Augmenting the Anatomic SYNTAX Score With Clinical Variables and the Move Toward Individualized Decision Making

ACEF140 2009 Age,	creatinine,	ejection	fraction Predicted	individual	in-hospital	operative	mortality	post	CABG;	shown	
to	be	at	least	comparable	to	the	EuroSCORE	(composed	of	17	
variables)	in	predicting	operative	risk56,82,83;	shown	to	aid	in	
long-term	predictions	of	mortality	after	PCI	or	CABG.56,83

Clinical	SYNTAX	Score117 2010 Amalgamation	of	SYNTAX	score	with	modified	
ACEF	score	(creatinine	replaced	with	CrCl	
shown	to	be	more	predictive	of	mortality111)

Similar	to	the	SYNTAX	score;	categorized	patient	risk;	could	only	
identify	a	high-risk	group	in	PCI-treated	patients;	provided	little	help	
in	decision	making	between	CABG	and	PCI;	not	individualized.

Global	Risk82,113 2010 Amalgamation	of	SYNTAX	score	with	surgical	
EuroSCORE	(composed	of	17	variables)

Similar	to	the	SYNTAX	score;	categorized	patient	risk;	could	identify	a	
low-risk	group	with	comparable	outcomes	with	CABG	and	PCI	in	
LM	and	3VD	patients;	not	individualized;	patients	with	a	high	
EuroSCORE	were	found	to	have	a	prognostic	benefit	in	undergoing	
CABG	compared	with	PCI	irrespective	of	the	SYNTAX	score	provided	
an	acceptable	threshold	of	operative	risk	was	not	exceeded.

Logistic	Clinical	SYNTAX	
Score116,117

2011 Combination	of	age,	SYNTAX	score,	CrCl,	
and	LVEF	shown	to	contain	most	of	the	
prognostic	data	for	1-year	mortality	
predictions	after	PCI

Individual	1-year	mortality	predictions	in	all	PCI	patients	(STEMI,	
NSTEMI)	irrespective	of	clinical	presentation	(except	cardiogenic	
shock);	not	designed	to	help	decision	making	between	CABG	and	
PCI;	cross-validated	in	seven	contemporary	stent	trials	and	more	
than	6000	patients	and	further	externally	validated.113

End Result of This Process Leading to the Development of the SYNTAX Score II

SYNTAX	Score	II114 2012 Augmenting	SYNTAX	score	with	clinical	
variables;	based	on	the	principle	that	age,	
CrCl,	LVEF,	and	SYNTAX	score	contain	
most	of	the	long-term	prognostic	data	in	
CABG	and	PCI	patients;	additional	variables	
added	that	directly	influenced	decision	
making	between	CABG	and	PCI

Individualized	approach;	threshold	of	the	SYNTAX	score	in	guiding	
decision	making	between	CABG	and	PCI	shown	to	alter	based	on	
the	presence	of	other	risk	factors;	validated	in	the	DELTA	Registry7,8	
containing	LM	and	3VD	(25%	of	the	population)	with	almost	a	
third	(30%)	with	highly	complex	disease	(SYNTAX	scores	≥33);	
prospective	validation	studies	are	underway	in	the	EXCEL	trial	(LM),	
and	SYNTAX	II	trial	is	ongoing	(de	novo	three	vessel	disease).

Use of the SYNTAX Score as an Objective Marker of Completeness of Revascularization

Residual	SYNTAX	Score119 2012 Recalculation	of	the	SYNTAX	score	after	PCI Developed	and	validated	in	the	ACUITY129,130	and	SYNTAX129	trials;	a	
residual	SYNTAX	score	greater	than	8	was	shown	to	have	an	
adverse	effect	on	long-term	prognosis	at	up	to	5	years	follow-up;	
further,	prospectively	run	validation	studies	are	awaited.

Post-CABG	SYNTAX	
Score130

2013 Recalculation	of	the	SYNTAX	score	after	CABG	
with	points	deducted	based	on	the	
importance	of	the	diseased	coronary	artery	
segment	(Leaman	score132,133)	that	has	a	
functioning	bypass	graft	anastomosed	
distally

Pilot	study	in	angiographic	substudy	of	the	SYNTAX	trial	demonstrated	
the	feasibility	of	this	approach	in	identifying	subjects	post	CABG	
with	an	adverse	long-term	(5-year)	prognosis103;	validation	studies	
are	awaited.

3VD,	Triple-vessel	disease;	CABG,	coronary	artery	bypass	grafting;	CrCl,	creatinine	clearance;	LM,	 left	main;	LVEF,	 left	ventricular	ejection	 fraction;	NSTEMI,	non–ST-elevation	myocardial	
infarction;	PCI,	percutaneous	coronary	intervention;	STEMI,	non–ST-elevation	myocardial	infarction.
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TABLE 1-7 The Components of the EuroSCORE and Relevant Weighting Factors of the Additive and Logistic EuroSCOREs
Patient Characteristics Additive Logistic β Coefficient

Age Per	5	years	or	part	thereof	over	the	age	of	60	years 1 0.07

Sex Female 1 0.33

Chronic	pulmonary	disease Long-term	use	of	bronchodilators	or	steroids	for	respiratory	disease 1 0.49

Peripheral	arteriopathy *Claudication,	carotid	stenosis	>50%,	previous	or	planned	
intervention	on	the	abdominal	aorta,	limb	arteries,	or	carotids

2 0.66

Neurologic	dysfunction Severely	affected	mobility	or	day-to-day	function 2 0.84

Previous	cardiac	surgery Previous	opening	of	the	pericardium 3 1.00

Serum	creatinine Preoperatively	greater	than	200	µmol/L 2 0.65

Active	endocarditis Antibiotic	therapy	at	time	of	surgery 3 1.10

Critical	preoperative	state *Preoperative	cardiac	arrest,	ventilation,	renal	failure,	inotropic	
support,	intraaortic	balloon	pump	use,	ventricular	arrhythmia

3 0.91

Cardiac-Related Factors

Unstable	angina Rest	pain	that	requires	IV	nitrates 2 0.57

Left	ventricular	function Moderate	(30%	to	50%)
Poor	(<30%)

1
3

0.42
1.09

Recent	MI Within	90	days 2 0.55

Pulmonary	hypertension Systolic	pulmonary	pressure	greater	than	60	mm	Hg 2 0.77

Operation-Related Factors

Emergency Operation	performed	before	the	start	of	next	working	day 2 0.71

Other	than	isolated	CABG Major	cardiac	procedure	other	than	or	in	addition	to	CABG 2 0.54

Surgery	on	thoracic	aorta 3 1.16

Postinfarct	septal	rupture 4 1.46

Constant	β0 −4.79

From	Singh	M,	Rihal	CS,	Lennon	RJ,	et	al:	Bedside	estimation	of	risk	from	percutaneous	coronary	intervention:	the	new	Mayo	Clinic	Risk	Scores.	Mayo	Clinic	Proc	82:701-708,	2007;	and	
Singh	M,	Peterson	ED,	Milford-Beland	S,	et	al:	Validation	of	the	Mayo	Clinic	risk	score	for	in-hospital	mortality	after	percutaneous	coronary	interventions	using	the	National	Cardiovascular	
Data	Registry,	Circ	Cardiovasc	Interv	1:36-44,	2008.
*Any	of	these.
The	logistic	EuroSCORE	can	be	calculated	at	www.euroscore.org.
CABG,	Coronary	artery	bypass	grafting;	IV,	intravenous;	MI,	myocardial	infarction.

TABLE 1-8 Final Risk Factors by Mutivariate Regression for the EuroSCORE II Model
Risk Factor Coefficient Standard Error z P ≥ |z| [95% Confidence Interval]

New York Hospital Association (NYHA)

II 0.1070545 0.1463849 0.73 0.465 [−0.1798547	to	0.3939637]

III 0.2958358 0.141466 2.09 0.037 [0.0185674	to	0.5731042]

IV 0.5597929 0.1697565 3.30 0.001 [0.2270763	to	0.8925095]

CCS4 0.2226147 0.1462888 1.52 0.128 [−0.0641061	to	0.5093356]

IDDM 0.3542749 0.145863 2.43 0.015 [0.0683887	to	0.6401611]

Age 0.0285181 0.0065954 4.32 0.000 [0.0155914	to	0.0414448]

Female 0.2196434 0.0953505 2.30 0.021 [0.0327599	to	0.4065269]

ECA 0.5360268 0.1106046 4.85 0.000 [0.3192458	to	0.7528079]

CPD 0.1886564 0.1232126 1.53 0.126 [−0.0528358	to	0.4301486]

N/M	mob 0.2407181 0.1729494 1.39 0.164 [−0.0982564	to	0.5796927]

Redo 1.118599 0.1226272 9.12 0.000 [0.8782539	to	1.3589440]

Renal Dysfunction

On	dialysis 0.6421508 0.3083468 2.08 0.037 [0.0378021	to	1.2464990]

CC	≤	50 0.8592256 0.1446758 5.94 0.000 [0.5756663	to	1.1427850]

CC	50	to	85 0.303553 0.1240518 2.45 0.014 [0.0604159	to	0.5466901]

Active	endocarditis 0.6194522 0.2046001 3.03 0.002 [0.2184433	to	1.0204610]

Critical 1.086517 0.147657 7.36 0.000 [0.797115	to	1.3759200]

Left Ventricular Function

Moderate 0.3150652 0.1036182 3.04 0.002 [0.1119773	to	0.5181530]

Poor 0.8084096 0.1498233 5.40 0.000 [0.5147614	to	1.1020580]

Very	poor 0.9346919 0.2917754 3.20 0.001 [0.3628227	to	1.5065610]

Recent	MI 0.1528943 0.136257 1.12 0.262 [−0.1141646	to	0.4199531]

http://www.euroscore.org
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Risk Factor Coefficient Standard Error z P ≥ |z| [95% Confidence Interval]

Pulmonary Artery Systolic Pressure

31	to	55	mm	Hg 0.1788899 0.1266713 1.41 0.158 [−0.0693812	to	0.4271611]

≥55 0.3491475 0.1676641 2.08 0.037 [0.0205318	to	0.6777632]

Urgency

Urgent 0.3174673 0.1174178 2.70 0.007 [0.0873326	to	0.5476020]

Emergency 0.7039121 0.1719835 4.09 0.000 [0.3668306	to	1.0409940]

Salvage 1.362947 0.33706 4.04 0.000 [0.7023221	to	2.0235730]

Weight of Procedure

1	non-CABG 0.0062118 0.1463574 0.04 0.966 [−0.2806434	to	0.2930670]

2 0.5521478 0.1268137 4.35 0.000 [0.3035975	to	0.8006980]

3+ 0.9724533 0.1463969 6.64 0.000 [0.6855206	to	1.2593860]

Thoracic	aorta 0.6527205 0.221183 2.95 0.003 [0.2192097	to	1.0862310]

Constant −5.324537 0.1682446 −31.65 0.000 [−5.65429	to	−4.9947830]

From	Nashef	SA,	Roques	F,	Sharples	LD,	et	al:	EuroSCORE	II.	Eur	J	Cardiothorac	Surg	41(4):734-744,	2012.
CABG,	Coronary	artery	bypass	grafting;	CC,	creatinine	clearance;	CCS,	Canadian	Cardiovascular	Society;	IDDM,	insulin-dependent	diabetes	mellitus;	CPD,	chronic	pulmonary	dysfunction;	
Critical,	 critical	 preoperative	 state;	 ECA,	 extracardiac	 arteriopathy;	 N/M	 mob,	 neurologic	 or	 musculoskeletal	 dysfunction	 severely	 affecting	 mobility;	 Redo,	 previous	 cardiac	 surgery;	 MI,	
myocardial	infarction.
Weight	of	procedure:	1,	non-CABG,	single	major	cardiac	procedure	(MCP)	that	is	not	isolated	CABG;	2,	two	MCPs;	3+,	three	or	more	MCPs.	For	age,	Xi	=	1	if	patient	age	is	60	or	younger;	
Xi	increases	by	one	point	per	year	thereafter	(e.g.,	age	60	or	less,	Xi	=	1;	age	61,	Xi	=	2;	age	62,	Xi	=	3,	etc.).

TABLE 1-8 Final Risk Factors by Mutivariate Regression for the EuroSCORE II Model—cont’d

characteristic [ROC] curve of 0.8095). It should be noted, however, 
that regular revalidation of the EuroSCORE II will need to be contin-
ued to identify calibration drift or clinical inconsistencies seen in pre-
vious versions.79,80

In summary, while acknowledging that most of these studies have 
been nonrandomized observational studies, the findings do suggest 
that the EuroSCORE and EuroSCORE II are valuable tools in the 
individual assessment of risk prior to the selection of a revasculariza-
tion strategy.

New Mayo Clinic Risk Score
The new Mayo Clinic Risk Score (MCRS) was designed to replace the 
original MCRS by predominantly excluding angiographic variables, 
namely the presence of left main or multivessel disease, and a few of 
the interaction effects of specific clinical variables (see Table 1-5).

The new MCRS is based solely on baseline clinical and noninvasive 
assessments and incorporates seven preprocedural variables (age, 
serum creatinine, left ventricular ejection fraction [LVEF], MI within 
the past 24 hours, preprocedural shock, congestive heart failure, and 
peripheral vascular disease). The risk score had a c-statistic (area under 
ROC curve) of 0.74 and 0.89 for major adverse cardiovascular events 
(MACEs) and procedural death, respectively, in the population from 
whom the risk model was derived.54,55 The risk score has since been 
validated for in-hospital mortality in the National Cardiovascular Data 
Registry (NCDR)55; however, it has not been validated for MACEs. The 
new MCRS has also been demonstrated to be predictive of in-hospital 
mortality after CABG surgery.81

Value of Age, Creatinine, and Ejection Fraction (ACEF) Score
Ranucci and colleagues56,82 demonstrated in a relatively simple risk 
score consisting of only three clinical variables—age, preoperative 
serum creatinine value, and LVEF—a risk score for assessing operative 
mortality risk in elective cardiac operations. Notably, despite the sim-
plicity of the score, the clinical performance of the ACEF score 
appeared to be comparable to either the additive or the logistic 
EuroSCORE.

The ACEF score is calculated using the following formula:

ACEF Age LVEF if creatinine mg dL= + >[ (%)] [ ( )]1 2

From ACEF, a mortality risk can be calculated from a graphical 
relationship of ACEF with an operative risk or an equation (Fig. 1-7).56,82 

ACEF was developed from an initial dataset of 4557 patients and a 
subsequent validation series of 4091 patients from a single institution. 
The results demonstrated a similar accuracy and calibration for the 
prediction of in-hospital mortality with ACEF when compared with 
other more complicated surgical risk scores such as the EuroSCORE 
and the Cleveland Clinic Score. Subsequent validation studies have 
shown ACEF to have an accuracy level at least comparable to that of 
the EuroSCORE for operative mortality risk stratification in a series of 
29,659 patients undergoing elective cardiac surgery.82,83

In addition, ACEF was applied to PCI patients from the all-comers 
LEADERS population at 1-year follow-up.84 Despite ACEF being dem-
onstrated to be superior to the SYNTAX score alone as a predictor of 
cardiac death and MI after PCI, ACEF was found to be inferior to the 
SYNTAX score at predicting overall MACE rates and the risk of repeat 
revascularization. This reflects the observation that anatomic and clini-
cal variables appear to be necessary requirements for a comprehensive 
risk model in predicting clinical outcomes after PCI.

National Cardiovascular Database Registry CathPCI  
Risk-Prediction Score
The NCDR CathPCI risk-prediction score is the most contemporary 
clinical risk model currently available. It incorporates information 
from nine clinical variables (Table 1-9), which are assigned appropriate 
weighted values and are then added together to give a final score that 
can be translated into risk of in-hospital mortality (Fig. 1-8).57 The 
score was developed using data from over 180,000 patients from the 
voluntary U.S. NCDR database and was validated in over 400,000 
patients from the same database who underwent PCI between March 
2006 and March 2007. Notably, the c-statistic for the prediction of 
in-hospital mortality was consistently above 0.90 for in-hospital mor-
tality, whereas a lower but nevertheless adequate c-statistic of 0.83 was 
seen for 30-day mortality.

Angiography-Based Scores
Two major angiography-based scores have been developed, both of 
which are independent of patient clinical variables, calculated using 
only angiographic data. As alluded to earlier, this introduces a subjec-
tive element to the assessment of risk41,60 and consequently introduces 
a degree of intraobserver and interobserver variability, which is notably 
absent from the clinical scores described above. Finally, these scores 
can only be computed after diagnostic coronary angiography has been 



TABLE 1-9 The National Cardiovascular Database
Variable Scoring Response Categories

Age <60 ≥60,	<70 ≥70,	<80 ≥80

	 Weighted	score 0 4 8 14

Cardiogenic shock No Yes

	 Weighted	score 0 25

Prior CHF No Yes

	 Weighted	score 0 5

Peripheral vascular 
disease

No Yes

	 Weighted	score 0 5

Chronic lung disease No Yes

	 Weighted	score 0 4

GFR (mL/min) <30 30	to	60 60	to	90 >90

	 Weighted	score 18 10 6 0

NYHA Class IV No Yes

	 Weighted	score 0 4

PCI Status (STEMI) Elective Urgent Emergent Salvage

	 Weighted	score 12 15 20 38

PCI Status (no STEMI) Elective Urgent Emergent Salvage

	 Weighted	score 0 8 20 42

Registry	risk	model	from	Peterson	ED,	Dai	D,	DeLong	ER,	et	al:	Contemporary	Mortality	Risk	
Prediction	for	Percutaneous	Coronary	Intervention:	Results	From	588,398	Procedures	in	the	
National	Cardiovascular	Data	Registry.	J	Am	Coll	Cardiol	55:1923-1932,	2010.
CHF,	Congestive	heart	failure;	GFR,	glomerular	filtration	rate;	NYHA,	New	York	Heart	Associa-
tion;	PCI,	percutaneous	coronary	intervention;	STEMI,	ST-elevation	myocardial	infarction.
The	risk	of	in-hospital	mortality	is	derived	using	Figure	1-9.

FIGURE 1-8	 The	predicted	risk	of	in-hospital	mortality	using	the	National	
Cardiovascular	Database	Registry	 risk	score.	(From	Peterson	ED,	Dai	
D,	DeLong	ER,	et	al:	Contemporary	Mortality	Risk	Prediction	for	Percu-
taneous	 Coronary	 Intervention:	 Results	 From	 588,398	 Procedures	 in	
the	National	Cardiovascular	Data	Registry.	J	Am	Coll	Cardiol	55:1923-
1932,	2010.)
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FIGURE 1-7	 Univariate	association	(logistic	 regression)	between	ACEF	score—the	value	of	age,	creatinine,	and	ejection	 fraction—and	mortality	
risk.	(From	Ranucci	M,	Castelvecchio	S,	Menicanti	L,	et	al:	Risk	of	assessing	mortality	risk	in	elective	cardiac	operations:	age,	creatinine,	ejection	
fraction,	and	the	law	of	parsimony.	Circulation	119[24]:3053-3061,	2009.)
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This is further discussed in the section on SYNTAX-based scoring 
tools.

Myocardial Jeopardy Scores
Myocardial jeopardy scores are a method of estimating the amount of 
myocardium at risk based on the assessment of both the severity of the 
coronary artery lesion and the volume of myocardium it supplies. 
Examples of such scores include the Duke Jeopardy Score, the Myo-
cardial Jeopardy Index from the Bypass Angioplasty Revascularization 
Investigation (BARI) score, and the Alberta Provincial Project for 
Outcome Assessment in Coronary Heart Disease (APPROACH) score 
(Fig. 1-9; see Table 1-5). The Duke and BARI scores were developed 
and validated in relatively small populations. All three models have 
since been validated in one population-based cohort consisting of 
more than 20,000 patients and were predictive of 1-year mortality in 
patients treated with PCI or treated medically; within this population, 
all three scores also had similar risk-model performance measures with 
only minor differences in C statistics evident.90-92

It has since been shown that the Duke Jeopardy Score is an inde-
pendent predictor of adverse clinical outcomes, namely death and MI, 
in medically treated patients with acute coronary syndromes (ACSs) 
at up to 1 year in a post hoc study of the Acute Catheterization and 
Urgent Intervention Triage Strategy (ACUITY) trial.93

The BCIS-1 Myocardial Jeopardy Score, a variant of the Duke  
Jeopardy Score that has been reported to be simpler to use, has  

performed, thereby moving assessment further down the treatment 
pathway.

American College of Cardiology/American Heart Association Lesion 
Classification System
The ACC/AHA lesion classification system was one of the first angio-
graphic scoring systems developed. Initially devised in 1986 and modi-
fied in 1990, it uses 11 angiographic variables to categorize lesions into 
four groups: types A, B1, B2, and C (Table 1-10). Historic studies prior 
to the arrival of drug-eluting stents indicated that that the ACC/AHA 
lesion classification did have a prognostic impact on early and late 
outcomes.59,85,86

However, registry data from the DES era has shown conflicting 
results. The German Cypher registry (n = 6755) failed to show any 
definite relationship between clinical outcomes and ACC/AHA lesion 
class at 6 months.87 These results are at variance to the positive relation-
ship identified between ACC/AHA lesion class and clinical outcomes 
in smaller studies of patients with more complex disease.88,89

Specifically, Valgimigli and colleagues88 reported that a higher 
ACC/AHA lesion score (derived by assigning 1, 2, 3, and 4 points to 
type A, B1, B2, and C lesions, respectively) correlated with poor clinical 
outcomes among 306 patients with 3VD undergoing PCI with a DES. 
In addition, data from a small registry (n = 255) was potentially predic-
tive of mortality and MACEs in unprotected left main stem PCI at 
1-year follow-up.89

Anatomic SYNTAX Score
The SYNTAX score represents a comprehensive angiographic scoring 
system that allows the complexity of CAD to be objectively quantified. 

TABLE 1-10 American College of Cardiology/American 
Heart Association Characteristics of Type A, B,  
and C Lesions

Type A Lesions (high success, >85%; low risk)

Discrete	(<10	mm	length)
Concentric
Readily	accessible
Nonangulated	segment	(<45	degrees)
Smooth	contour
Little	or	no	calcification
Less	than	totally	occlusive
Not	ostial	in	location
No	major	branch	involvement
Absence	of	thrombus

Type B Lesions (moderate success, 60% to 85%; moderate risk)

Tubular	(10	to	20	mm	in	length)
Eccentric
Moderate	tortuosity	of	proximal	segment
Moderately	angulated	segment,	45	to	90	degrees
Irregular	contour
Moderate	to	heavy	calcification
Ostial	in	location
Bifurcation	lesions	requiring	double	guidewires
Some	thrombus	present
Total	occlusion	less	than	3	months	old
Type	B	lesions	are	further	subdivided	into	subtypes	B1	(one	type	B	

characteristic)	and	B2	(two	type	B	characteristics)
Type C Lesions (low success, <60%; high risk)

Diffuse	(>2	cm	length)
Excessive	tortuosity	of	proximal	segment
Extremely	angulated	segments	(>90	degrees)
Inability	to	protect	major	side	branches
Degenerated	vein	grafts	with	friable	lesions
Total	occlusion	more	than	3	months	old

Krone	 RJ,	 Laskey	 WK,	 Johnson	 C,	 et	al:	 A	 simplified	 lesion	 classification	 for	 predicting	
success	and	complications	of	coronary	angioplasty.	Registry	Committee	of	the	Society	for	
Cardiac	Angiography	and	Intervention.	Am	J	Cardiol	85:1179-1184,	2000.

FIGURE 1-9	 An	 example	 of	 a	 Myocardial	 Jeopardy	 Score.	 The	
APPROACH	Lesion	Score	illustrating	the	weighting	factors	for	myocardial	
regions	 is	 illustrated.	 LAD,	 Left	 anterior	 descending	 artery;	 RV,	 right	
ventricle;	 PDA,	 posterior	 descending	 artery;	 PL,	 posterolateral.	 (From	
Graham	MM,	Faris	PD,	Ghali	WA,	et	al:	Validation	of	three	myocardial	
jeopardy	scores	 in	a	population-based	cardiac	catheterization	cohort.	
Am	Heart	J	142[2]:254-261,	2001.)
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assess risk by considering both clinical and angiographic variables. In 
view of this, several combined clinical and angiographic risk scores 
have been developed. Other than the STS score, the newer combined 
scores have yet to be validated in large patient populations, such that 
outcome data are currently confined to small, retrospective studies 
with limited follow-up. The most prominent combined risk scores are 
discussed here.

Society of Thoracic Surgery Score
The STS score predicts the risk of operative mortality and morbidity 
after cardiac surgery and is calculated by means of an online calculator 
(www.STS.org) that requests information on 40 clinical and two angio-
graphic variables (presence of LM lesion and number of vessels dis-
eased).58,68 As alluded to earlier, the STS score undergoes periodic 
recalibration, which is vital to ensure that its results remain applicable 
to contemporary practice. In comparison with other clinical models in 
patients undergoing CABG, the STS score has been shown to be supe-
rior to both the MCRS81 and the EuroSCORE.98 Notably, however, no 
evaluation has been done of the STS score in patients undergoing PCI, 
nor has any comparison been made between the STS score and 
angiography-based scores. Consequently, the role of the STS score in 
the assessment of patients undergoing revascularization is confined to 
those in whom surgical revascularization has already been selected.

EuroHeart Score
A logistic regression model comprising 10 clinical variables and 6 
anatomic variables was developed based on the Euro Heart Survey, a 
European PCI registry consisting of over 46,000 patients from 176 
European centers who underwent PCI for differing indications (Fig. 
1-10).99 The risk score was shown to be highly predictive of in-hospital 
mortality (C statistic 0.91); the strengths of the risk model were that it 

recently been shown to have a strong correlation with the myocardial 
ischemic burden as assessed by cardiac magnetic resonance perfusion 
imaging.94,95 A BCIS-1 Jeopardy Score of 10 to 12 and a revasculariza-
tion index (preprocedural minus postprocedural jeopardy scores 
divided by preprocedural jeopardy score, with 1 indicating complete 
revascularization) of 0 to 0.33 were both shown to be highly predictive 
of mortality after contemporary PCI in a single U.K. center experience 
that involved over 600 patients.96

SYNTAX-based tools to assess completeness of revascularization 
(see Table 1-6) after CABG and PCI have been developed and are 
discussed in the section on SYNTAX-based tools.

Combined Risk Scores
The previous discussion has reviewed risk scores that rely on either 
clinical or angiographic variables (with the exception of SYNAX-based 
clinical tools). There is no disputing that for a complete individualized 
patient assessment, both factors must be taken into consideration. 
Moreover, current evidence indicates that clinical and angiography-
based risk scores may be better suited to predict different patient out-
comes. Clinical scores appear to be better at predicting clinical end 
points such as death or MI, whereas angiography-based scores appear 
to be superior for the prediction of angiographic success and the risk 
of repeat revascularization. Of note, Peterson and coworkers57 observed 
only a minimal improvement in the ability of the NCDR CathPCI risk 
score to predict in-hospital mortality following the inclusion of angio-
graphic variables. These findings are in line with previous reports, 
which demonstrated that the MCRS was superior to the ACC/AHA 
lesion classification in the prediction of death, stroke, MI, and emer-
gent CABG but was inferior for the prediction of angiographic failure.97

According to the variables assessed in the risk score, these differ-
ential outcomes have raised interest in combined risk scores, which 

FIGURE 1-10	 EuroHeart	PCI	Score–assigned	integer	scores.	(From	de	Mulder	M,	Gitt	A,	van	Domburg	R,	et	al:	EuroHeart	score	for	the	evaluation	
of	in-hospital	mortality	in	patients	undergoing	percutaneous	coronary	intervention.	Eur	Heart	J	32[11]:1398-1408,	2011.)
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group, suggesting at least from this study that anatomic variables alone 
may be sufficient to be predictive of clinical outcomes in the low-risk 
group. One of the main limitations of NERS is that patient comorbidity 
was significantly less prevalent compared with that of the all-comers 
SYNTAX population,13,16 the latter of which was designed to overcome 
many of the limitations and selection bias inherent in small registries. 
A more simplified NERS II score consisting of 16 variables (seven 
clinical and nine angiographic) has recently been reported to have a 
predictive accuracy similar to that of the original NERS in a multi-
center, prospective registry study in China.101

SYNTAX-Based Tools
The augmentation of the anatomic SYNTAX score with clinical vari-
ables, culminating in the development and validation of SYNTAX 
Score II—in which objective and tailored decision making could be 
made for the individual patient—is detailed in next section.

SYNTAX-BASED CLINICAL TOOLS
In this section we systematically examine the widening applications of 
tools for clinical decision making that are based on the SYNTAX score.

was internally validated within the registry population and that it 
retained its discriminatory power (C statistic 0.90); the model was also 
sufficiently calibrated for the study and validation populations.

New Risk Classification Score
The New Risk Classification Score (NERS)100 is a risk score developed 
to predict outcomes for unprotected left main stem PCI from four 
centers in China (n = 260). Reflecting the long time frame of this 
registry (~10 yr), the patients included either had bare-metal or drug-
eluting stents implanted. The NERS was subsequently validated in a 
different consecutive group of patients within the same registry, all 
treated with drug-eluting stents (n = 337). The NERS consists of 54 
variables (17 clinical, 4 procedural, and 33 angiographic features). A 
substantially higher C statistic was evident for the NERS compared 
with the anatomic SYNTAX score (NERS 0.89 vs. SYNTAX score 0.69), 
indicating that it had an excellent discriminatory ability. When the 
NERS score was separated into two groups of risk (high and low) and 
clinical outcomes were assessed, the high-risk group was demonstrated 
to be significantly more predictive of MACEs compared with the inter-
mediate or high SYNTAX score tertiles (Fig. 1-11). However, in the 
low-risk NERS group, outcomes were similar to the low SYNTAX score 

FIGURE 1-11	 Comparison	of	freedom	from	in-hospital	(A)	and	overall	major	adverse	cardiac	events	(MACEs,	B)	survival	between	New	Risk	Strati-
fication	 (NERS)	groups	and	 in-hospital	 (C)	 and	overall	MACEs	 (D)	 survival	 among	SYNTAX	groups.	 (From	Chen	SL,	Chen	 JP,	Mintz	G,	 et	al:	
Comparison	between	the	NERS	[New	Risk	Stratification]	score	and	the	SYNTAX	(Synergy	Between	Percutaneous	Coronary	Intervention	With	Taxus	
and	Cardiac	Surgery)	score	in	outcome	prediction	for	unprotected	left	main	stenting.	JACC	Cardiovasc	Interv	3[6]:632-641,	2010.)

+
+
+

0.00

0.0

0.2

0.4

C
um

ul
at

iv
e 

su
rv

iv
al

 r
at

e 
fr

ee
 fr

om
in

-h
os

pi
ta

l M
A

C
E

 (
%

)

0.6

0.8

1.0

5.00 10.00

Days after stenting procedure (d)

15.00 20.00 25.00 30.00

SYNTAX-higher, 94%
SYNTAX-intermediate, 90.1%
SYNTAX-lower 100%

SYNTAX-lower vs SYNTAX-higher or
SYNTAX-intermediate, log rank

(mantel-cox): P = .013

C D

+

+
+++

+
+

C
um

ul
at

iv
e 

su
rv

iv
al

 r
at

e 
fr

ee
 fr

om
M

A
C

E
 (

%
)

SYNTAX-higher, 64.7%
SYNTAX-intermediate, 74.6%
SYNTAX-lower 91.0%

0 500 1000 1500 2000

0.0

0.2

0.4

0.6

0.8

1.0

Days after stenting procedure (d)

SYNTAX-lower vs SYNTAX-higher or
SYNTAX-intermediate, log rank

(mantel-cox): P < .001

+

+

0.00

C
um

ul
at

iv
e 

su
rv

iv
al

 r
at

e 
fr

ee
 fr

om
in

-h
os

pi
ta

l M
A

C
E

 (
%

)

0.0

0.2

0.4

0.6

NERS-higher, 89.1%
NERS-lower, 100%

Log rank (mantel-cox): P < .001

0.8

1.0

A
5.00 10.00 15.00

Days after stenting procedure (d)

20.00 25.00 30.00

+

+

C
um

ul
at

iv
e 

su
rv

iv
al

 r
at

e 
fr

ee
 fr

om
M

A
C

E
 (

%
)

B Days after stenting procedure (d)

0 500 1000 1500 2000

0.0

0.2

0.4

0.6

NERS-higher, 45.9%
NERS-lower, 95.7%

Log rank (mantel-cox): P = .001

0.8

1.0



18 SECTION I  PATIENT SELECTION

Functional SYNTAX Score
PCI guided by the assessment of the functional significance of a lesion 
using fractional flow reserve (FFR) has been shown to improve clinical 
outcomes.108 FFR requires the intravenous administration of adenos-
ine to induce maximal hyperemia to allow measurement. The func-
tional SYNTAX score uses the principle of the functional assessment 
of coronary lesions to determine the SYNTAX score, rather than the 
angiographic determination of the SYNTAX score based on visual 
assessment, as is undertaken in conventional SYNTAX score calcula-
tions. In a retrospective subanalysis of almost 500 patients (n = 497) 
from the FFR-guided arm of the Fractional Flow Reserve Versus Angi-
ography for Multivessel Evaluation (FAME) study, the primary benefit 
appeared in reclassifying higher-risk groups into lower-risk categories 
without any adverse sequelae in terms of MACEs and death or MI at 
1 year.30

It should be emphasized that subjects in the FAME study had sub-
stantially less complex CAD (mean SYNTAX score 14.8 ± 6.0) com-
pared with the PCI arm of the SYNTAX trial (mean SYNTAX score 
28.4 ± 11.5), and that subjects with left main CAD were not investi-
gated. Prospective validation studies of the functional SYNTAX score 
in complex CAD were ongoing at the time of this writing (SYNTAX II 
trial [NCT02015832] and FAME 3 [NCT02100722]).

Augmenting the Anatomic SYNTAX Score With Clinical Factors 
and the Personalization of Decision Making: Development of 
SYNTAX Score II
Since the SYNTAX score was developed, limitations of this scoring 
system to aid decision making between CABG and PCI became 
evident—namely, the lack of clinical variables and lack of a personal-
ized approach to decision making. Below is a brief overview of the 
“development phase” leading to SYNTAX Score II, which was designed 
to overcome these limitations (see Table 1-6).

Age, Serum Creatinine, and Ejection Fraction
As described earlier, Ranucci and colleagues56,82,83 developed a simple 
risk model that consisted of only three clinical variables—age, serum 
creatinine, and LVEF—for assessing operative mortality risk in elective 
cardiac operations (ACEF score, see Fig. 1-7). Based on the law of 
parsimony, or “Occam’s razor,” whereby a simple model can explain a 
phenomenon with the same level of accuracy as complex models, 
ACEF was shown to be least comparable to the EuroSCORE (com-
posed of 17 variables)52,53 in predicting in-hospital mortality after 
CABG.56,83

The three risk factors used in ACEF are natural continuous vari-
ables that are objectively defined and not subject to personal estimation 
(e.g., whether the patient has diabetes or extracardiac arteriopathy). In 
addition, the variables of ACEF were known independent risk factors 
for mortality, and it was subsequently shown that the end-organ mani-
festations of the risk factor as identified in ACEF were more important 
for predicting long-term prognosis rather than the actual presence of 
the risk factor.6,82,109,110

Clinical SYNTAX Score/Logistic Clinical SYNTAX Score
Based on the principle of ACEF, the clinical SYNTAX score,84,111,112 and 
subsequently the logistic clinical SYNTAX score (E-Fig. 1-3)113,114 were 
developed and validated. Both the clinical SYNTAX score and logistic 
clinical SYNTAX score combined ACEF with the SYNTAX score and 
were shown to improve mortality predictions, compared with the 
SYNTAX score alone, in subjects with complex CAD.84,111-114 Similar to 
the conventional SYNTAX score, the clinical SYNTAX score relied on 
categorization of risk into low, intermediate, and high groups and was 
able to only identify a high-risk group after PCI.84,111,112 The logistic 
clinical SYNTAX score was designed to individualize risk and provide 
1-year mortality predictions in an all-comers PCI population irrespec-
tive of clinical presentation (except cardiogenic shock).113,114

Anatomic SYNTAX Score
The anatomic SYNTAX score (http://www.syntaxscore.com) has 
emerged as an anatomic-based tool to objectively determine the com-
plexity of CAD and to guide decision making between CABG and 
PCI.39-42 Since the landmark SYNTAX trial13-15 to compare CABG with 
PCI in patients with complex CAD (unprotected left main coronary 
artery [ULMCA] or de novo three- 3VD), numerous validation studies 
have confirmed the clinical validity of the SYNTAX score to identify 
higher-risk subjects and aid decision making between CABG and PCI 
in a broad range of patient types.42,43 The SYNTAX score is now advo-
cated in both the European and U.S. revascularization guidelines46,48,49 
as part of the SYNTAX-pioneered heart team approach.44 In addition, 
the U.S. Food and Drug Association (FDA) mandates the SYNTAX 
score as entry criteria in ongoing contemporary stent and structural 
heart disease trials. Namely, the Evaluation of XIENCE PRIME or 
XIENCE V Everolimus-Eluting Stent System Versus Coronary Artery 
Bypass Surgery for Effectiveness of Left Main Revascularization 
(EXCEL) trial (ClinicalTrials.gov ID# NCT01205776),102 and Safety 
and Efficacy Study of the Medtronic CoreValve System in the Treat-
ment of Severe, Symptomatic Aortic Stenosis in Intermediate-Risk 
Subjects Who Need Aortic Valve Replacement (SURTAVI) trial (ID# 
NCT01586910).

The anatomic SYNTAX score was developed during the design of 
the SYNTAX trial as a tool to force the interventional cardiologist and 
cardiac surgeon to systematically analyze the coronary angiogram and 
to specify the number of coronary lesions that require treatment and 
assess their angiographic location and anatomic complexity.13,39-43 The 
SYNTAX score combines the importance of a diseased coronary artery 
segment in terms of its severity (i.e., obstructive or occlusive), ana-
tomic location, and importance in supplying blood to the myocardium 
(vessel-segment weighting based on the Leaman Score103), adverse lesion 
characteristics (ACC/AHA lesion classification),104 bifurcation lesion 
characteristics (Medina classification105), and total occlusion character-
istics from Recanalization of Total Coronary Occlusions Using a Laser 
Guidewire (the European TOTAL Surveillance Study).106 Each vessel 
segment 1.5 mm in diameter or greater (Fig. 1-12, labeled 1 through 
16) with a 50% or more diameter stenosis by visual estimation is 
awarded a multiplication factor related to coronary lesion location  
and severity (see Fig. 1-12, left). Further characterization of the coro-
nary lesions leads to the addition of more points (see Fig. 1-12, right), 
which includes features of total occlusions (duration, length, blunt 
stumps, presence of bridging collaterals or side branch), bifurcation 
(Medina classification105) or trifurcation (number of diseased branches 
involved), side-branch angulation, aortoostial lesions, severe tortuos-
ity, lesion length greater than 20 mm, heavy calcification, thrombus, 
and diffuse or small-vessel disease. An online SYNTAX score algo-
rithm39 automatically summates each of these features to calculate the 
total SYNTAX score.

Within the SYNTAX trial,13 the distribution of the SYNTAX score 
was found to be normal (gaussian) in the randomized PCI and CABG 
popu lations with the curves almost being superimposable on each 
other (E-Fig. 1-2). When the scores of the randomized SYNTAX popu-
lation were divided into tertiles, the upper boundary of the lowest 
tertile was 22 (low risk), the second tertile ranged from 23 to 32 (inter-
mediate risk), and the lower boundary for the highest tertile was equal 
to or greater than 33 (high risk).

Based primarily on the results of the SYNTAX trial,13-15 current 
European revascularization guidelines46 give subjects with 3VD and 
low SYNTAX scores (0 to 22) a class I recommendation, level of  
evidence (LOE) A, for CABG and a class IIa LOE B recommendation 
for PCI. In subjects with ULMCA disease and low to intermediate 
SYNTAX scores (<33), a class I LOE A recommendation is given 
for CABG and IIb B for PCI. Furthermore, U.S. guidelines now  
give surgical revascularization for ULMCA disease a class I B recom-
mendation48,49 compared with a class I A recommendation in previous 
guidelines.107

http://www.syntaxscore.com


E-FIGURE 1-2	 The	distribution	of	the	SYNTAX	score	in	the	randomized	and	nested	registry	percutaneous	coronary	intervention	(PCI)	and	coronary	
artery	bypass	grafting	(CABG)	populations	from	the	SYNTAX	trial.	Note	how	the	distributions	for	both	the	randomized	PCI	and	CABG	populations	
are	almost	superimposable	on	each	other,	whereas	the	nested	registries	are	shifted	to	the	right.13,42	(Reprinted	with	permission	from	Serruys	PW,	
Onuma	Y,	Garg	S,	et	al:	Assessment	of	the	SYNTAX	score	in	the	SYNTAX	study.	EuroIntervention	5[1]:50-56,	2009.)
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E-FIGURE 1-3	 The	Logistic	Clinical	SYNTAX	Score.	(From	Farooq	V,	Vergouwe	Y,	Généreux	P,	et	al:	Prediction	of	1-year	mortality	in	patients	with	
acute	coronary	syndromes	undergoing	percutaneous	coronary	intervention:	validation	of	the	logistic	clinical	SYNTAX	(Synergy	Between	Percutaneous	
Coronary	Interventions	With	Taxus	and	Cardiac	Surgery)	score.	JACC	Cardiovasc	Interv	6[7]:737-745,	2013.)
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shown to follow the law of parsimony, as seen with the surgical ACEF 
model discussed previously,56,82,83 and the end-organ manifestations of 
the risk factor were found to be more important for predicting prog-
nosis than the actual presence of the risk factor.

Global Risk
In the SYNTAX trial, as well as the SYNTAX score in PCI subjects, it 
was shown that the EuroSCORE52,53 is an independent predictor of 

The logistic clinical SYNTAX score was developed and cross-
validated (internal-external validation procedure115) in over 6000 sub-
jects from seven contemporary coronary stent trials113 and was further 
externally validated in 2627 subjects presenting with non–ST-elevation 
ACS and undergoing PCI from the ACUITY trial.114 Notably, the addi-
tion of six clinical variables, including diabetes, to the logistic clinical 
SYNTAX score led to only a minor incremental benefit in improving 
risk predictions.113,114 Thus the logistic clinical SYNTAX score was 

FIGURE 1-12	 Coronary	 tree	 seg-
ments	and	their	 importance	in	sup-
plying	blood	flow	to	the	left	ventricle	
(vessel	 segment	 weighting	 factors;	
Leaman	 score132,133)	 based	 on	 the	
presence	of	a	right	or	 left	dominant	
system	 (left	 image).103	 A	 multipli-
cation	factor	of	two	is	used	for	non-
occlusive	 lesions	 (50%	 to	 99%	
diameter	 stenosis)	 and	 five	 for	
occlusive	(100%	diameter	stenosis)	
lesions.	 For	 example,	 a	 nonocclu-
sive	 stenotic	 proximal	 left	 anterior	
descending	 coronary	 artery	 (LAD)	
lesion	 (segment	 6)	 would	 have	 a	
weighting	factor	of	3.5	×	2	(7	points)	
and	 an	 occlusive	 proximal	 LAD	
lesion	a	weighting	factor	of	3.5	×	5	
(17.5	points).	Other	adverse	lesion	
characteristics	 considered	 in	 the	
SYNTAX	score	have	an	additive	value	
(right	image).	(Images	courtesy	the	
SYNTAX	Trial	Investigators.)
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“skeleton” with the addition of risk factors that were shown to directly 
affect decision making between CABG and PCI through interaction 
effects (i.e., a risk factor being more predictive of mortality in patients 
undergoing PCI compared with CABG, or vice versa; Fig. 1-14). For 
example, the anatomic SYNTAX score aids decision making between 
CABG and PCI because it is more predictive of clinical outcomes in 
patients undergoing PCI, compared with patients undergoing CABG, 
in whom it is not predictive. Based on this principle, younger age, 
female sex, and reduced LVEF favored CABG compared with PCI on 
long-term prognostic grounds (E-Fig. 1-4). Thus in such patients a 
lower anatomic SYNTAX score would be required for the long-term 
mortality risk to be similar between CABG and PCI. By contrast, older 
age, chronic obstructive pulmonary disease (COPD), or ULMCA 
disease favored PCI compared with CABG (see E-Fig. 1-4) and thus, 
in this type of patient, a higher anatomic SYNTAX score would be 
needed for the long-term mortality risks to be similar.

By adopting the individualized approach of SYNTAX Score II, aug-
mented by clinical variables, it was shown that subsets of patients 
existed in all tertiles of the SYNTAX score in which CABG or PCI 
would confer a mortality benefit or offer a similar long-term prognosis 
(Fig. 1-15).7 A nomogram was developed (Fig. 1-16) that allowed for 
an accurate individualized prediction of 4-year mortality in patients 
proposing to undergo CABG or PCI to objectively aid decision making. 
For example, a 60-year-old man with an anatomic SYNTAX score of 
30, ULMCA disease, a creatinine clearance of 60 mL/min, an LVEF of 
50%, and COPD would have 41 points (predicted 4-year mortality 
16.3%) and 33 points (predicted 4-year mortality 8.7%) to undergo 
CABG and PCI, respectively. The same example, without COPD 
included, would lead to identical points (29 points) and identical 
4-year mortality predictions (6.3%) for CABG and PCI. An online 
version of SYNTAX Score II, version 2.11 using the 4-year data, is now 
available as a download along with the original SYNTAX score calcula-
tor (www.syntaxscore.com).

Diabetics
Notably, diabetes was not included in the final SYNTAX Score II 
despite medically treated diabetes being prestratified at randomization 
as a powered subgroup in the SYNTAX trial and present in over a 
quarter of the study patients (26%), this in spite of diabetes being 
perceived as a specific high-risk group potentially warranting a differ-
ing treatment strategy compared with that considering other risk 
factors.11,46,48,49 The primary reason was that diabetes was shown not to 
be important for decision making between CABG and PCI because it 
lacked an interaction effect, that is, it was equally predictive of mortal-
ity in the CABG and PCI arms after adjustment for other risk factors 
(see Fig. 1-14). As previously discussed in ACEF, the end-organ mani-
festations of diabetes are what affected long-term mortality in CABG 
and PCI populations.6,45,82,83,113 The findings of the lack of inclusion of 
diabetes in SYNTAX Score II are supported by epidemiologic data, in 
which nondiabetics with chronic kidney disease and proteinuria had 
a stronger association with risk of MI and a higher rate of mortality 
compared with diabetics, and that the relative risk of long-term mortal-
ity associated with chronic kidney disease was “much the same irre-
spective of the presence or absence of diabetes.”109,110

Impaired Left Ventricular Ejection Fraction
Within SYNTAX Score II, impaired LVEF favored CABG over PCI on 
long-term prognostic grounds, findings supported by a recent sub-
analysis of the Surgical Treatment of Ischemic Heart Failure (STICH) 
trial118; namely, that in subjects with more advanced ischemic cardio-
myopathy with more extensive CAD and worse myocardial dysfunc-
tion and remodeling, a net longer-term prognostic benefit was seen for 
CABG compared with optimal medical therapy despite the short-term 
(30-day) mortality risk being higher with CABG.

Validation of SYNTAX Score II
Compared with existing revascularization guidelines using the ana-
tomic SYNTAX score,46,48,49 it was shown that if CABG or PCI was 

MACEs in subjects undergoing surgical or percutaneous revasculariza-
tion. Subsequently, it was hypothesized that the amalgamation of the 
anatomic SYNTAX score with the EuroSCORE could improve decision 
making between CABG and PCI (Fig. 1-13).42 The feasibility of this 
“global risk” approach was demonstrated in a registry of 255 subjects 
with left main CAD using tertiles of the SYNTAX score and tertiles  
of the additive EuroSCORE that reflected the study population.116 Sub-
sequently, the global risk was validated in the SYNTAX trial using 
conventional tertiles of the SYNTAX score and EuroSCORE,117 and 
compared with the SYNTAX score alone, it was shown to substantially 
enhance the identification of low-risk patients with ULMCA disease 
or de novo 3VD who could safely and efficaciously be treated with 
CABG or PCI.

One of the unexpected findings from the Global Risk was that 
higher-risk subjects (high additive EuroSCORE ≥6) in all tertiles of 
the SYNTAX score were shown to have a potential prognostic benefit 
from undergoing CABG compared with PCI irrespective of the base-
line SYNTAX score, provided an acceptable threshold of operative risk 
was not exceeded.117 For example, in the 3VD cohort of the SYNTAX 
trial, subjects with a low SYNTAX score (<23) and a high EuroSCORE 
(≥6) had a doubling of 3-year mortality when undergoing PCI (15.9%) 
compared with CABG (8.2%). Hypotheses to explain these findings 
included that the bypass graft would potentially “protect” the entire 
treated coronary vessel from future cardiac events for the life span of 
the graft in high-risk subjects compared with PCI, which would treat 
the individual lesion.37 Based on these observations, it was hypothe-
sized by the investigators that subjects of opposite risk concealed each 
other; for example, low-risk subjects were potentially concealed by 
high-risk subjects, and vice versa, in all tertiles of the SYNTAX score. 
This hypothesis is what prompted the investigators to develop a more 
individualized approach to decision making between CABG and PCI, 
and it is what subsequently led to the development of SYNTAX Score 
II,7 as detailed below.

SYNTAX Score II
As previously discussed, the combination of the anatomic SYNTAX 
score with ACEF contained most of the prognostic information in 
predicting mortality after CABG (excluding the anatomic SYNTAX 
score56,82,83,117) or PCI (including the anatomic SYNTAX score113). 
SYNTAX Score II7,8 augments the purely anatomic SYNTAX score with 
anatomic and clinical factors that were shown to alter the threshold 
value of the anatomic SYNTAX score in order for equipoise to be 
achieved between CABG and PCI for long-term mortality. This was 
accomplished through building SYNTAX Score II on the ACEF 

FIGURE 1-13	 The	 Global	 Risk	 matrix.	 (From	 Serruys	 PW,	 Farooq	 V,	
Vranckx	 P,	 et	al:	 A	 global	 risk	 approach	 to	 identify	 patients	 with	 left	
main	or	3-vessel	disease	who	could	safely	and	efficaciously	be	treated	
with	percutaneous	coronary	 intervention:	 the	SYNTAX	Trial	at	3	years.	
JACC	Cardiovasc	Interv	5[6]:606-617,	2012.)
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E-FIGURE 1-4	 Collective	effect	of	 the	anatomic	SYNTAX	score	and	other	anatomic	and	clinical	variables	on	mortality	predictions	 in	 the	 left	main	
stem	(LMS,	A)	and	three-vessel	disease	(3VD,	B)	cohorts	of	 the	SYNTAX	Trial	(SYNTAX	Score	II).	Scatter	plots	are	 for	 illustrative	purposes	only.	
The	diagonal	line	represents	identical	mortality	predictions	for	coronary	artery	bypass	grafting	(CABG)	and	percutaneous	coronary	intervention	(PCI).	
Individual	predictions	plotted	 to	 the	 left	of	 the	diagonal	 line	 favor	CABG	(actual	percentages	shown	 in	 top	 left	corner)	and	 to	 the	 right	 favor	PCI	
(actual	percentages	shown	in	bottom	right	corner).	(From	Farooq	V,	van	Klaveren	D,	Steyerberg	EW,	et	al:	Anatomical	and	clinical	characteristics	
to	guide	decision	making	between	coronary	artery	bypass	surgery	and	percutaneous	coronary	intervention	for	individual	patients:	development	and	
validation	of	SYNTAX	score	II.	Lancet	381[9867]:639-650,	2013.)
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Disease (DELTA) registry (14 centers in Europe, the United States, and 
South Korea)119 composed of subjects with ULMCA disease with or 
without multivessel disease (26% of the study population had 3VD). 
All variables in SYNTAX Score II interacted in a similar way and 
therefore influenced decision making between CABG and PCI in the 
SYNTAX trial and DELTA registry with the exception of age and LVEF, 

selected based on a higher or lower expected survival (irrespective of 
the margin of difference) with SYNTAX Score II in the SYNTAX trial, 
SYNTAX Score II would only need to be used in 110 patients to have 
one more patient alive at 4 years.8

External validation of SYNTAX Score II7 was performed in the 
multinational Drug-Eluting Stent for Left Main Coronary Artery 

FIGURE 1-14	 Predictor	effects	 for	coronary	artery	bypass	surgery	(CABG)	and	percutaneous	coronary	 intervention	(PCI)	 in	 the	SYNTAX	Score	 II.	
These	are	represented	visually	as	a	log	hazard	ratio	(HR)	for	CABG	and	PCI	on	the	y-axis	for	each	predictor.	Each	predictor	is	expressed	on	the	
x-axis	continuously	(upper)	or	categorically	(lower),	 for	a	person	of	mean	baseline	characteristics.	Diabetes	 is	 included	(highlighted	 in	 red)	 to	
illustrate	 its	absence	of	 interaction	when	 included	 in	 the	analyses.	Note	 the	differing	gradients	of	 the	hazards	 for	PCI	and	CABG,	 leading	 to	 the	
hazards	crossing	at	an	anatomic	SYNTAX	score	of	15.	At	this	crossover	point	of	hazards,	the	mortality	risk	is	comparable	between	CABG	and	PCI.	
This	threshold	of	crossover	of	hazards	will	vary	according	to	the	level	of	other	variables,	namely,	being	lower	for	female	sex,	reduced	left	ventricular	
ejection	 fraction	 (LVEF)	and	younger	age,	and	higher	 for	 chronic	obstructive	pulmonary	disease	 (COPD),	unprotected	 left	main	coronary	artery	
(ULMCA)	disease,	and	older	age.	As	both	peripheral	vascular	disease	(PVD;	P	=	1.00)	and	diabetes	(P	=	 .67)	 lacked	an	 interaction	effect,	as	
indicated	by	almost	parallel	HRs	(i.e.,	a	comparable	increase	in	mortality	risk),	their	presence	would	have	no	impact	on	decision	making	between	
CABG	and	PCI.	(From	Farooq	V,	van	Klaveren	D,	Steyerberg	EW,	et	al:	Anatomical	and	clinical	characteristics	to	guide	decision	making	between	
coronary	artery	 bypass	 surgery	and	percutaneous	 coronary	 intervention	 for	 individual	 patients:	 development	 and	 validation	of	 SYNTAX	 score	 II.	
Lancet	381[9867]:639-650,	2013.)
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FIGURE 1-15	 Mortality	predictions	for	coronary	artery	bypass	grafting	(CABG)	versus	percutaneous	coronary	intervention	(PCI)	for	each	individual	
patient	in	the	randomized	SYNTAX	trial.	The	SYNTAX	trial	included	1800	participants,	separated	into	left	main	stem	(LMS)	cohort	and	three-vessel	
disease	(3VD)	cohort	(upper	panels),	and	by	tertiles	of	the	anatomic	SYNTAX	score	(lower	panels).	The	diagonal	line	represents	identical	mortality	
predictions	for	CABG	and	PCI.	Individual	predictions	plotted	to	the	left	of	the	diagonal	line	favor	CABG	(actual	percentages	shown	in	top	left	corner),	
and	to	the	right	favor	PCI	(actual	percentages	shown	in	bottom	right	corner).	Individual	mortality	predictions	for	CABG	or	PCI	that	could	be	separated	
with	95%	confidence	(P	<	0.05)	are	colored	blue	(actual	percentage	shown	in	parentheses	in	respective	corners).	Mortality	predictions	that	could	
not	be	separated	with	95%	confidence	(P	>	.05)	are	highlighted	in	green	and	identify	patients	with	similar	4-year	mortality.	Percentages	of	patients	
in	 each	 category	 are	 shown.	 (From	 Farooq	 V,	 van	Klaveren	D,	 Steyerberg	 EW,	 et	al:	 Anatomical	 and	 clinical	 characteristics	 to	 guide	 decision	
making	 between	 coronary	 artery	 bypass	 surgery	 and	 percutaneous	 coronary	 intervention	 for	 individual	 patients:	 development	 and	 validation	 of	
SYNTAX	score	II.	Lancet	381[9867]:639-650,	2013.)

FIGURE 1-16	 The	SYNTAX	Score	II	nomogram	for	bedside	application.	Total	number	of	points	for	eight	 factors	can	be	used	to	accurately	predict	
4-year	mortality	for	the	individual	patient	proposing	to	undergo	for	coronary	artery	bypass	grafting	(CABG)	or	percutaneous	coronary	artery	interven-
tion	(PCI).	(From	Farooq	V,	van	Klaveren	D,	Steyerberg	EW,	et	al:	Anatomical	and	clinical	characteristics	to	guide	decision	making	between	coronary	
artery	 bypass	 surgery	 and	 percutaneous	 coronary	 intervention	 for	 individual	 patients:	 development	 and	 validation	 of	 SYNTAX	 score	 II.	 Lancet	
381[9867]:639-650,	2013.)
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PCI procedure, and it provides an objective quantitative measure of 
the degree and complexity of residual stenosis after revascularization. 
More proximal CAD scores higher on the residual SYNTAX score 
because this is dependent on the vessel segment weighting as previ-
ously discussed (see Fig. 1-12), particularly if the obstructive disease 
is more complex.129,130

Généreux and colleagues129 first demonstrated that a residual 
SYNTAX score greater than 8 after PCI was associated with adverse 
1-year mortality in a post hoc analysis of the ACUITY trial, which 
consisted of subjects with moderate to high-risk ACS undergoing PCI 
and substantially less complex CAD (median SYNTAX score 9.0, inter-
quartile range [IQR] 5.0 to 16.0) compared with those in the SYNTAX 
trial (median SYNTAX score 28, IQR 20.0 to 36.0).

The residual SYNTAX score was subsequently validated in the  
randomized, all-comers SYNTAX trial, which comprised subjects  
with complex CAD (ULMCA or de novo 3VD) at the final 5-year 
follow-up.130 The previous findings, of residual SYNTAX score greater 
than 8 being associated with adverse long-term clinical outcomes in 
the ACUITY trial,129 were found to be of equal importance in SYNTAX 
patients who underwent 5-year follow-up. Notably, as the baseline 
SYNTAX score increased, the frequency of a residual SYNTAX score 
greater than 8 increased in unison, with an associated increase in long-
term mortality (Fig. 1-18). In addition, progressively higher residual 
SYNTAX scores were shown to be a surrogate marker of sicker 
patients,128 with greater baseline clinical comorbidity and anatomic 
complexity and consequent adverse long-term clinical outcomes, 
including all-cause mortality.

Stratified analyses in the powered subgroups of ULMCA disease 
and medically treated diabetes showed that a residual SYNTAX score 
greater than 8 was associated with adverse long-term clinical out-
comes, including mortality. Stratified analyses in subjects with reduced 
LVEF also showed the results to be equally applicable, whereas in 
subjects with total occlusions, a more modest effect was shown that did 
not reach statistical significance. The latter perhaps implied that appro-
priate viability assessment was required to ensure that revasculariza-
tion of the total occlusion was appropriate and clinically justified.131

In summary, the residual SYNTAX score allowed for the quantifica-
tion of the degree of revascularization and for determination of an 
objective level of reasonable incomplete revascularization,126 whereby 
a threshold value could be determined (≤8) that would not have a 
negative impact on long-term mortality and other clinical outcomes.

Post–Coronary Artery Bypass Grafting SYNTAX Score
The CABG equivalent of the residual SYNTAX score, the post-CABG 
SYNTAX score, has recently been shown to be linked to adverse 5-year 
clinical outcomes, including mortality, in the angiographic substudy of 
the SYNTAX trial (SYNTAX–LE MANS [Left Main Coronary Artery 
Stenting]; Fig. 1-19).132,133 Because of the inherently differing mecha-
nisms of treatment of CAD with CABG and PCI, calculation of the 
residual SYNTAX score (i.e., the burden of coronary disease removed 
by PCI) differs from that of the post-CABG SYNTAX score (i.e., coro-
nary disease bypassed with a graft). The basic principle of the post-
CABG SYNTAX score is that it deducts points from the “native” 
baseline SYNTAX score based on the level of “protection” conferred 
by the bypass grafts, through deduction of the vessel-segment weight-
ing (Leaman Score,103 see Fig. 1-12) that the bypass graft provides 
(E-Fig. 1-5). Because the post-CABG SYNTAX score is based on vali-
dated physiologic principles of blood flow (Leaman Score103), it does 
not arbitrarily deduct points for the type of bypass graft anastomosed. 
Points related to native coronary disease (e.g., bifurcation disease, cal-
cification, total occlusions, long lesions, diffuse disease, etc.) remain 
unaltered.

Historical evidence to back the findings from the post-CABG 
SYNTAX score being linked to adverse long-term prognosis comes 
from the Coronary Artery Surgery Study (CASS)134 and Rotterdam135 
registries. In both studies, more extensive preoperative CAD was 
linked to the higher prevalence and severity of other clinical risk 
factors and adverse long-term prognosis compared with subjects with 

which had minimal interactions in the DELTA registry—findings that 
may relate to the unavoidable selection bias inherent to all registries 
because decision making between CABG and PCI has already been 
made and would be difficult to control for.120 Even randomized trials 
that lack an all-comers design, with restrictive inclusion and exclusion 
criteria, can potentially make application to clinical practice question-
able.37,38,121 This was exemplified in a recent meta-analysis of random-
ized trials undertaken prior to SYNTAX that compared PCI against 
CABG, where in most trials, 2% to 12% (see Table 1-3) of screened 
subjects were randomized due to the highly restrictive inclusion and 
exclusion criteria.122 In this meta-analysis, CABG was shown to be 
favored in older subjects, and PCI was favored in younger subjects,122 
findings that have since been directly contradicted by SYNTAX Score 
II in the all-comers SYNTAX trial in which the opposite was shown.7 
Hence “randomized” or prospective validation of SYNTAX Score II 
was proposed7 in which further validation would be conducted in 
randomized controlled trials or prospectively run studies.

Further retrospective validation of SYNTAX Score II has recently 
been undertaken in 3896 patients with 3VD and/or ULMCA disease 
undergoing PCI (n = 2190) or CABG (n = 1796) from the Japanese 
Coronary Revascularization Demonstrating Outcome Study in Kyoto 
(CREDO-Kyoto) PCI/CABG multicenter registry.123

Prospective validation of SYNTAX Score II is ongoing in two sepa-
rate studies. The international multicenter EXCEL trial recently com-
pletely recruitment of 1905 patients with ULMCA disease and 
investigator-reported SYNTAX scores less than 33, who were random-
ized to CABG (n = 957) or PCI with contemporary stents (n = 948). 
The primary end point is a composite measure of all-cause death, MI, 
or stroke at 3 years after revascularization.102 As part of the prospective 
validation of SYNTAX Score II, it is currently being been used to 
forecast and compare 4-year mortality in the PCI and CABG arms of 
EXCEL. In the ongoing SYNTAX II trial (NCT02015832), SYNTAX 
Score II is being used as a tool to recruit subjects with de novo 3VD 
(without LM involvement) on the grounds of patient safety—that is, 
subjects with a similar long-term mortality between CABG and PCI—
in conjunction with the heart team. Notably, subjects from all tertiles 
of the SYNTAX score are eligible. The PCI procedure will be guided 
by a functional assessment of all three vessels (functional SYNTAX 
score7), a newer-generation stent platform with a biodegradable 
polymer,30 and IVUS-guided stent implantation.124,125 The PCI and 
CABG arms of the SYNTAX trial15,27 will act as control arms.

Tools for Assessment of Completeness of Revascularization
Interpreting the long-term prognostic impact of incomplete revascu-
larization in patients with complex CAD has historically remained 
difficult.126 The lack of standardized definitions of incomplete revascu-
larization have confounded this issue and have made comparisons 
between studies difficult. In the SYNTAX trial, complete revasculariza-
tion was defined as the treatment of any lesion with more than 50% 
diameter stenosis in vessels 1.5 mm or larger as estimated on the diag-
nostic angiogram during the local heart team conference and deemed 
appropriate for revascularization.127,128 In SYNTAX, incomplete revas-
cularization was shown to be linked to adverse long-term clinical out-
comes, including mortality, in surgical and percutaneously treated 
patients (Fig. 1-17). The residual and post-CABG SYNTAX scores were 
designed to quantify the degree of incomplete revascularization and 
allow for a threshold of incomplete revascularization that would not 
have a negative impact on long-term clinical outcomes (i.e., reasonable 
incomplete revascularization).

Residual SYNTAX Score
The residual SYNTAX score is based on the principle of being a 
measure of the myocardial ischemic burden dependent on the location 
of the coronary disease, its importance in supplying blood to the myo-
cardium, and the anatomic complexity (e.g., calcification, bifurcation, 
long lesion, etc.) associated with the obstructive disease. The residual 
SYNTAX score is essentially the SYNTAX score recalculated after the 



E-FIGURE 1-5	 Application	of	noninvasive	fractional	flow	reserve	(FFR)	
technology	during	multislice	computed	tomography	(MSCT)	in	subject	
with	coronary	artery	disease.	Figures	shown	are	 the	noninvasive	cal-
culated	FFR	in	all	major	epicardial	vessels	and	side	branches.	
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Future Directions
Papadopoulou and colleagues139 first described the feasibility and 
reproducibility of a multislice computed tomography (MSCT)-derived 
SYNTAX score in 80 consecutive patients with symptomatic angina, 
using definitions of the angiographically defined SYNTAX score 
adapted for the MSCT capabilities. The underlying concept was to allow 
for the SYNTAX score to be calculated prior to the intervention to 

less complex CAD. Further, 5-year follow-up of the BARI trial demon-
strated that native coronary disease progression, and not the extent of 
initial revascularization, was the predominant determinant of the 
recurrence of angina and jeopardized myocardium in percutaneous 
and surgically revascularized subjects.136 Finally, coronary artery calci-
fication has been linked to adverse all-cause mortality at 10 years 
independent of other risk factors.137,138 Validation studies of the post-
CABG SYNTAX score were anticipated at the time of this writing.

FIGURE 1-17	 The	residual	SYNTAX	score	(SS)	in	the	SYNTAX	Trial.	Complete	(residual	SS	=	0)	and	incomplete	(tertiles	of	the	residual	SS	[residual	
SS	>0])	revascularization,	stratified	according	to	tertiles	of	the	baseline	SS	(upper).	Kaplan-Meier	curves	show	cumulative	event	rates	through	to	
5	years,	based	on	complete	(residual	SS	=	0)	and	incomplete	(tertiles	of	residual	SS)	revascularization,	in	the	low	(0	to	22),	intermediate	(23	to	
32)	and	high	(≥33)	baseline	SYNTAX	scores	(lower).	Note	the	progressive	increase	in	the	frequency	of	a	residual	SS	above	8	across	the	tertiles	
of	the	baseline	SS	(upper)	and	its	association	with	adverse	long-term	mortality	(lower).	(From	Farooq	V,	Serruys	PW,	Bourantas	CV,	et	al:	Quan-
tification	of	incomplete	revascularization	and	its	association	with	five-year	mortality	in	the	synergy	between	percutaneous	coronary	intervention	with	
taxus	and	cardiac	surgery	(SYNTAX)	trial	validation	of	the	residual	SYNTAX	score.	Circulation	128[2]:141-151,	2013.)
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INDIVIDUAL ASSESSMENT FROM A PATIENT’S 
PERSPECTIVE

The previous discussions have focused entirely on the factors physi-
cians must take into account when making revascularization deci-
sions. However, in the era of increased patient choice and transparency 
and greater patient involvement in decision making, it is vital to also 
consider aspects from a patient’s perspective through the assessment 
of health-related quality of life (QoL). However, data on this key  
topic are limited to only a handful of studies that have assessed PCI  
in patients receiving DESs. Of note, early studies to compare PCI  
using a BMS with CABG have indicated a trend toward improved  

potentially aid decision making and optimize patient management. The 
addition of a noninvasive FFR component (HeartFlow; HeartFlow Inc., 
Redwood City, CA) has the potential to allow for the noninvasive cal-
culation of a functional MSCT SYNTAX score (E-Fig. 1-6). This tech-
nology is based on utilizing computational fluid-dynamic techniques 
applied to MSCT angiography.139 Validation data of the noninvasive 
FFR MSCT has been reported in the Diagnosis of Ischemia-Causing 
Stenoses Obtained via Non-Invasive Fractional Flow Reserve (DIS-
COVER FLOW)42,140 and multicenter Determination of Fractional 
Flow Reserve by Anatomic Computed Tomographic Angiography 
(DeFACTO) trials.141 Work is ongoing in deriving a noninvasive func-
tional MSCT SYNTAX score using this technology.

FIGURE 1-18	 The	post–coronary	artery	bypass	grafting	(CABG)	SYNTAX	score	in	the	angiographic	substudy	of	the	SYNTAX	trial	(SYNTAX-LE	MANS).	
Outcomes	(Kaplan-Meier	curves)	separated	by	the	median	of	the	post-CABG	SYNTAX	score	into	low	(0	to	21,	n	=	58)	and	high	(≥22,	n	=	55)	
score	groups.	At	5	years,	significantly	greater	rates	of	all-cause	mortality	(left	image),	all-cause	death/cerebrovascular	accident	(CVA)/myocardial	
infarction	(MI;	middle	image),	and	major	adverse	cardiovascular	and	cerebrovascular	events	(MACCEs;	right	image)	were	evident	in	the	post-CABG	
high	SYNTAX	score	group	compared	with	the	low	post-CABG	SYNTAX	score	group.	Note	the	peak	in	MACCEs	at	approximately	18	months	secondary	
to	patients	undergoing	scheduled	coronary	angiography,	the	findings	of	which	triggered	repeat	revascularization.	(From	Farooq	V,	Girasis	C,	Magro	
M,	et	al:	 The	coronary	artery	bypass	graft	SYNTAX	score:	 final	 five-year	outcomes	 from	 the	SYNTAX-LE	MANS	 left	main	angiographic	substudy,	
EuroIntervention	9[8]:1009-1010,	2013.)
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E-FIGURE 1-6	 Comparisons	(Kaplan-Meier	analyses)	of	4-year	clinical	outcomes	in	the	SYNTAX	trial	by	completeness	of	revascularization	in	the	
All-Comers	PCI	(A)	and	All-Comers	coronary	artery	bypass	grafting	(B)	populations.	CVA,	Cerebrovascular	accident;	MACCE,	major	adverse	cardiac	
and	cerebrovascular	event;	MI,	myocardial	 infarction;	PCI,	percutaneous	coronary	 intervention.	(From	Farooq	V,	Serruys	PW,	Garcia-Garcia	HM,	
et	al:	The	negative	impact	of	incomplete	angiographic	revascularization	on	clinical	outcomes	and	its	association	with	total	occlusions:	the	SYNTAX	
(Synergy	Between	Percutaneous	Coronary	Intervention	with	Taxus	and	Cardiac	Surgery)	trial.	J	Am	Coll	Cardiol	61[3]:282-294,	2013.)
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outcomes beyond 2 years (Fig. 1-21). It should, however, be empha-
sized that the minimum follow-up of FREEDOM was 2 years, with a 
median follow-up time of 3.8 years among survivors, and although the 
benefits of CABG in FREEDOM were driven by significant reductions 
in all-cause mortality (P = .049) and MI (P < .001), the mortality 
benefit did not emerge until 4 to 5 years after the initial treatment 
where analyses appeared underpowered (see Fig. 1-2).

QoL outcomes with CABG driven largely by higher rates of repeat 
revascularization with BMS use.17 For example, the Stent or Surgery 
(SoS) study142 reported favorable health-related QoL with CABG com-
pared with PCI in terms of reduced angina frequency and physical 
limitation at 6 months, with the superior reduction in angina fre-
quency maintained out to 12 months. Similarly, at 12-months follow-up 
in the Medicine, Angioplasty, or Surgery Study (MASS-II),143 patients 
treated with CABG had a greater improvement in health-related QoL 
compared with those treated with PCI and medical therapy. As alluded 
to previously, analyses derived from data on randomized trials per-
formed in the pre-SYNTAX era should be interpreted with caution, 
principally because of the profound selection bias in these studies (see 
Table 1-3) and that they now represent outdated revascularization 
practices.

Data on QoL from patients treated with a DES and CABG are 
limited to the 12-month results from the SYNTAX trial, 3-year results 
from the ARTS-II study, and a minimum follow-up of 2 years (median 
follow-up time of 3.8 years among survivors) from the FREEDOM 
trial.144-146 Results from the 12-month follow-up of SYNTAX indicate 
that treatment with PCI or CABG leads to a significant improvement 
in QoL compared with baseline measures (Fig. 1-20). In addition, the 
greatest improvement in QoL was seen in those treated with CABG. It 
is noteworthy that the difference in the Seattle Angina Questionnaire 
(SAQ) angina frequency between both groups, which was 1.7 at 6 and 
12 months, is less than that deemed to be clinically relevant (with dif-
ferences of 8 to 10 points suggested to be clinically meaningful for each 
of the SAQ subscales10,146,147) and also less than that observed in other 
studies such as SoS, which showed a 3-point difference at 12 months, 
and Clinical Outcomes Utilizing Revascularization and Aggressive 
Drug Evaluation (COURAGE), which showed a 3- to 6-point differ-
ence (see Fig. 1-20).147

Similarly, data from the ARTS-II study indicated the absence of any 
significant difference in angina status between patients treated with 
DES and CABG from as early as 1 month after the index procedure 
through to the 3-year follow-up; of note, treatment with a BMS in 
ARTS-II led to consistently higher rates of angina.145 More recently, in 
the FREEDOM trial at 2-year follow-up, CABG provided a small 
benefit compared with PCI using a DES (mean treatment benefit 
[MTB] 1.3; 95% CI, 0.3 to 2.2), with CABG and PCI providing similar 

FIGURE 1-19	 Example	of	the	calculation	of	the	post–coronary	artery	bypass	grafting	(CABG)	SYNTAX	score.	Occluded	left	main	(#)	in	a	left	domi-
nant	system	gave	a	native	SYNTAX	score	of	39	(upper	image).	A	patent	left	internal	mammary	artery	(LIMA)	inverse	Y	graft	anastomosed	to	the	
mid	left	anterior	descending	(LAD)	coronary	artery	(upper	white	arrow),	with	sequential	anastomoses	to	the	first,	second,	and	third	obtuse	marginal	
(OM)	branches	(lower	three	white	arrows)	are	shown.	Based	on	the	vessel	segment	weighting	(refer	to	Fig.	1-12	in	text),	17.5	(occluded	proximal	
LAD),	and	12.5	(occluded	proximal	 left	circumflex	artery	[LCx])	points	were	deducted	 from	the	native	SYNTAX	score.	Post-CABG	SYNTAX	score	
was	therefore	39	−	17.5	−	12.5	=	9	points.	(Reprinted	with	permission	from	Farooq	V,	Girasis	C,	Magro	M,	et	al:	The	CABG	SYNTAX	Score:	an	
angiographic	tool	 to	grade	the	complexity	of	coronary	disease	following	coronary	artery	bypass	graft	surgery:	 from	the	SYNTAX	Left	Main	Angio-
graphic	(SYNTAX-LE	MANS)	substudy,	EuroIntervention	8[11]:1277-1285,	2013.)

FIGURE 1-20	 The	change	 in	Seattle	Angina	Questionnaire	angina	 fre-
quency	during	follow-up	of	the	SYNTAX	and	COURAGE	studies.144,147	All	
therapies	lead	to	a	reduction	in	angina	frequency;	however,	the	improve-
ment	is	greatest	following	surgical	revascularization.	It	 is	important	to	
note	 that	 the	 difference	 between	 percutaneous	 coronary	 intervention	
(PCI)	and	coronary	artery	bypass	grafting	(CABG)	in	the	SYNTAX	study	
is	not	considered	clinically	significant;	moreover,	it	is	considerably	less	
than	 the	 difference	 between	 PCI	 and	 optimal	 medical	 therapy	 (OMT)	
and	OMT	alone	in	the	COURAGE	study.	
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E-FIGURE 1-7	 Seattle	Angina	Questionnaire	for	physical	limitations	and	
quality-of-life	in	FREEDOM.	Mean	scores	are	reported	(error	bars	indi-
cate	95%	confidence	intervals	[CIs]).	Scores	for	each	subscale	range	
from	0	to	100	(reported	by	increments	of	10)	with	higher	scores	rep-
resenting	 better	 health	 status	 or	 quality	 of	 life.	 Note	 the	 short-term	
benefits	for	percutaneous	coronary	intervention	(PCI;	physical	limitation	
up	 to	6	mo,	quality	 of	 life	 up	 to	1	mo),	 and	 longer-term	benefits	 for	
coronary	 artery	 bypass	 grafting	 (CABG)	 beyond	 24	 months.	 (From	
Abdallah	MS,	Wang	K,	Magnuson	EA,	et	al:	Quality	of	life	after	PCI	vs	
CABG	 among	 patients	 with	 diabetes	 and	 multivessel	 coronary	 artery	
disease:	 a	 randomized	 clinical	 trial.	 JAMA	 310[15]:1581-1590,	
2013.)
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need of revascularization. Concurrent with this have been the advances 
in percutaneous and surgical technology, which have led to a blurring 
of the classical divisions between which patients and which coronary 
lesions are suitable exclusively for PCI or CABG. This welcome change 
has increased the importance of assessing patients as individuals and 
taking into consideration their comorbidities, angiographic findings, 
and ultimately, their personal preferences and individual perceptions 
of risk prior to establishing a treatment strategy. Unquestionably, both 
SYNTAX and FREEDOM have helped delineate the boundaries on the 
appropriateness of each revascularization modality (CABG or PCI). To 
aid the heart team in quantifying levels of risk and to assist decision 
making between CABG and PCI, numerous risk scores have been 
developed, each of which incorporates different clinical and angio-
graphic parameters. The importance of these clinical tools in contem-
porary practice is in part now emphasized by their inclusion in society 
guidelines on myocardial revascularization.

FIGURE 1-21	 Seattle	 Angina	 Questionnaire	 for	 angina	 frequency	 in	
FREEDOM.	Mean	scores	are	 reported	(error	bars	 indicate	95%	confi-
dence	intervals	[CIs]).	Scores	for	each	subscale	range	from	0	to	100	
(reported	by	 increments	of	10)	with	higher	scores	 representing	better	
health	 status	 or	 quality	 of	 life.	 Note	 the	 benefits	 for	 coronary	 artery	
bypass	grafting	(CABG)	at	12	to	24	months,	without	consistent	differ-
ences	beyond	24	months.	(From	Abdallah	MS,	Wang	K,	Magnuson	EA,	
et	al:	Quality	of	life	after	PCI	vs	CABG	among	patients	with	diabetes	and	
multivessel	coronary	artery	disease:	a	randomized	clinical	 trial.	JAMA	
310[15]:1581-1590,	2013.)
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FIGURE 1-22	 The	temporal	change	in	 the	SF-36	physical	and	mental	
component	during	follow-up	after	revascularization	with	either	percuta-
neous	 coronary	 intervention	 (PCI)	 or	 coronary	 artery	 bypass	 grafting	
(CABG)	in	the	SYNTAX	study.	Of	note,	at	1-month,	a	significantly	better	
outcome	for	both	parameters	was	observed	 in	 those	 treated	with	PCI;	
however,	by	12	months	this	difference	had	eroded	such	that	both	treat-
ments	were	similar.	(Cohen	DJ,	Van	Hout	B,	Serruys	PW,	et	al:	Quality	
of	 life	 after	 PCI	 with	 drug-eluting	 stents	 or	 coronary-artery	 bypass	
surgery.	N	Engl	J	Med	364[11]:1016-1026,	2011.)
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Although these results appear to indicate that CABG offers a small 
magnitude of benefit with regard to QoL, it must be stressed that these 
results are based on study populations, and as with the risk scores 
discussed previously, individual patients may have different concerns 
not captured in these evaluations of QoL. For example, some patients 
may be more willing to accept the increased chances of a repeat pro-
cedure with PCI because this treatment allows them to return to 
normal activity promptly after the procedure; conversely, others may 
be content with the longer convalescence from CABG because this 
offers a suitable trade-off with the subsequently lower risk of adverse 
clinical outcomes.148 Of note, in the SYNTAX study, physical limita-
tions, QoL, and treatment satisfaction were all significantly better with 
PCI compared with CABG at 1 month; however, by 6 months these 
differences were similar (Fig. 1-22). Similarly, in FREEDOM, measures 
of physical limitations and QoL outcomes were significantly better with 
PCI at 1 month (MTB, −8.1 [95% CI, −9.9 to −6.3] and −1.9 [95% CI, 
−3.6 to −0.2], respectively); in addition, measures of physical limita-
tions were significantly better for PCI at 6 months (MTB, −2.3 [95% 
CI, −3.8 to −0.9] and 0.4 [95% CI, −1.1 to 1.8], respectively) and were 
slightly better with CABG at 2 years (MTB, 4.4 [95% CI, 2.7 to 6.1] 
and 2.2 [95% CI, 0.7 to 3.8], respectively; E-Fig. 1-7).

Clearly, an individual patient’s views on these issues cannot be 
captured in a questionnaire but rather through frank discussions 
among the patient, the cardiologist, and the cardiac surgeon. Conse-
quently, the patient’s thoughts, concerns, and individual perception of 
risk must be considered before deciding on the optimal revasculariza-
tion strategy.

CONCLUSIONS
The face of revascularization is changing as a result of greater numbers 
of patients with comorbidities presenting with more extensive CAD in 
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OVERVIEW

Changing Paradigms of Coronary Revascularization
When the era of interventional cardiology began, with the pioneering 
work of Andreas Grüntzig on plain balloon angioplasty, PCI (for a list 
of abbreviations and acronyms, see Table 2-1) was a treatment option 
only for isolated proximal coronary lesions that did not involve the 
ostium or the LMCA stem. In the late 1980s, coronary stents were 
developed with the goal of reducing the risk of restenosis and achieving 
a more predictable acute result of angioplasty, thus avoiding the 
dreaded abrupt closure as a result of dissection. As shown subse-
quently, stents were successful in achieving this goal. Nevertheless, 
they created a new problem: subacute stent thrombosis. After intense 
research on periinterventional and postinterventional antithrombotic 
treatment, the concept of dual- or triple-antiplatelet therapy emerged, 
which significantly reduced the incidence of this complication. The use 
of coronary stents in conjunction with optimized antithrombotic treat-
ment extended the spectrum of coronary lesions for which PCI was 
considered a reasonable treatment option and thereby led to a substan-
tial expansion of interventional techniques. Because of the large 
number of patients who were being treated with coronary stents, re-
stenosis as a result of to neointima formation became a serious problem. 
Although various studies demonstrated that compared with plain 
balloon angioplasty, stents reduced the need for reintervention, re-
stenosis rates continued to be relevant and ranged from just above 10% 

in the simplest lesions to more than 50% with diffuse disease in patients 
with diabetes.

Thus it is not surprising that the community of interventional  
cardiologists celebrated the advent of drug-eluting stents (DESs) as  
a major breakthrough, given that the initial studies suggested resteno-
sis rates of zero. In the meantime, it has become clear that compared 
with bare-metal stents (BMSs), DESs reduce the need for target- 
vessel reintervention by around 80%, thus largely reducing—but not 
eliminating—the problem of restenosis. Subsequently, DESs led to 
another massive expansion of the proportion of patients treated with 
PCI. With the widespread use of these stents for PCI, reports appeared 
that pointed to a new problem that had not been seen with BMSs: late 
stent thrombosis. Yet a thorough reevaluation of the data from ran-
domized studies—with uniform application of definitions for definite, 
probable, and possible stent thrombosis—failed to confirm these alarm-
ing initial reports.1 Nevertheless, a meta-analysis of studies with first-
generation paclitaxel- and sirolimus-eluting stents suggested a slight 
increase in the risk of very late (>1 year) stent thrombosis after the 
placement of DESs compared with BMSs.2 In the meantime, DESs with 
improved design have replaced the first-generation paclitaxel- and 
sirolimus-eluting stents. For the most part, these next-generation  
DESs are more efficacious and safer than first-generation DESs.3,4 Spe-
cifically, a network meta-analysis based on 49 trials that included 
50,844 randomly assigned patients showed a 2-year risk of stent throm-
bosis for the everolimus-eluting stents that was even lower than that 
for BMSs.3,4

Despite the remaining problems of PCI, its use has increased expo-
nentially over the past few decades. Initially, this increase has come at 
the expense of lone medical therapy. More recently, however, with the 
advent of DESs, a shift has been seen in patients with multivessel 
disease and other complex coronary anatomies from CABG to PCI. 
This shift has been facilitated by both physician and patient preference 
for the supposedly easier approach to coronary revascularization, given 
the idea that the problem of restenosis has been largely solved. However, 
reasonable concern exists that this shift has led to the overuse of PCI 
and that in some patients, it may not yield the same outcome as CABG, 
which for a number of indications is an established treatment option 
with a well-documented survival benefit compared with that of medical 
therapy.

The Scope of This Chapter
In comparing PCI with medical treatment alone or with bypass surgery, 
it is important to scrutinize the available evidence that PCI offers at 
least as great a benefit as CABG on the one hand or a greater benefit 
than medical treatment alone on the other. This review summarizes 
and discusses the currently available evidence so as to present a ratio-
nale for clinical decision making.

Pharmacologic therapy and coronary revascularization, by either 
CABG or PCI, are the mainstays of treatment for coronary artery 
disease (CAD). The prime objective of such treatment is improved 
survival (prognostic indication); other reasonable treatment goals  
are relief of symptoms and improved quality of life (symptomatic indi-
cation). In pursuing these goals, the prevention of myocardial infarc-
tion (MI) is a key issue that pertains to both survival and quality of 
life. In deciding on the optimal revascularization strategy in a patient 
with CAD, it is necessary to determine first whether a prognostic  
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K E Y  P O I N T S

•	 When	coronary	revascularization	is	considered,	prognostic	and	
symptomatic	indications	must	be	distinguished.

•	 In	general,	percutaneous	coronary	intervention	(PCI)	for	single-
vessel	disease	is	justified	only	if	an	improvement	of	symptoms	
can	be	anticipated	or	ischemia	that	comprises	more	than	10%	of	
the	left	ventricle	can	be	relieved.

•	 With	multivessel	disease	or	left	main	coronary	artery	(LMCA)	
stenosis,	the	decision	for	PCI	versus	coronary	artery	bypass	
grafting	(CABG)	depends	on	the	complexity	of	the	coronary	artery	
involvement,	which	can	be	gauged	by	the	Synergy	Between	
Percutaneous	Coronary	Intervention	with	Taxus	and	Cardiac	
Surgery	(SYNTAX)	score	and	by	the	surgical	risk.

•	 In	patients	with	LMCA	stenosis	and	a	SYNTAX	score	below	33	or	
with	multivessel	disease	and	a	SYNTAX	score	below	23	in	the	
absence	of	LMCA	stenosis,	the	5-year	outcome	of	PCI	is	similar	to	
that	after	CABG,	provided	that	complete	revascularization	can	be	
achieved.	Thus	PCI	is	an	acceptable	alternative	to	bypass	surgery	
in	many	cases	with	multivessel	disease	or	LMCA	stenosis.

•	 In	patients	with	multivessel	disease	and	diabetes	mellitus,	CABG	is	
the	treatment	of	choice.	Nevertheless,	PCI	may	be	considered	in	
selected	patients	with	a	low	SYNTAX	score.

•	 In	many	instances,	individualized	decisions	must	be	made	jointly	
by	the	cardiac	surgeon	and	the	interventional	cardiologist	at	
institutionalized	meetings	of	the	heart	team.
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Myocardial Infarction With ST-Segment Elevation
In acute MI, as shown by a meta-analysis of the randomized trials in 
this setting, fibrinolysis reduces mortality by 18% compared with con-
servative treatment.5 On top of this benefit, coronary reperfusion by 
primary PCI reduces in-hospital mortality by an additional 37%.6 In 
addition to its effect on survival, PCI compared with fibrinolysis 
reduces the risk of reinfarction and stroke, particularly that of hemor-
rhagic stroke, and the initial benefit is maintained during long-term 
follow-up.7 The greatest survival benefit by PCI is obtained when the 
delay conferred by PCI, compared with fibrinolysis, is shorter than 35 
minutes.6 Nevertheless, even with delays in PCI, compared with fibri-
nolysis, that range between 35 and 120 minutes, a significant survival 
benefit is gained by PCI that is around 24% on average.6 Prespecified 
subgroup analyses of the Facilitated Intervention With Enhanced 
Reperfusion Speed to Stop Events (FINESSE) study suggest that even 
with delays as long as 2.55 to 4 hours, direct PCI is the preferred strat-
egy in terms of safety and efficacy.8 Because fibrinolysis is more effec-
tive within the first 1 to 3 hours after the onset of pain than after greater 
delays, the Strategic Reperfusion Early After Myocardial Infarction 
(STREAM) study compared prehospital fibrinolysis, coupled with 
timely coronary angiography, with primary PCI in patients with 

or symptomatic indication for coronary revascularization exists and 
then to choose the most appropriate revascularization modality. This 
chapter presents criteria for both of these elements in clinical decision 
making and focuses primarily on the prognostic indication for coro-
nary revascularization. Based on a review of the general criteria for 
revascularization, the efficacy and safety of PCI compared with CABG 
are discussed, and the role of PCI in symptomatic indications for  
coronary revascularization is also addressed, predominantly in com-
parison with medical therapy alone. The focus is on stable coronary 
disease. Acute coronary syndromes (ACSs) that include MI are  
touched on only briefly because these are discussed in depth in other 
chapters.

PROGNOSTIC INDICATIONS FOR  
CORONARY REVASCULARIZATION

Clinical Presentation
Several factors must be considered in regard to clinical presentation. 
Among these are ST-segment elevation, cardiac troponin release, and 
ischemic area, which can help the clinician discern the appropriate 
treatment.

TABLE 2-1 List of Acronyms
ACIP:	Asymptomatic	Cardiac	Ischemia	Pilot	study
ACME:	Angioplasty	Compared	to	Medicine
APPROACH:	Alberta	Provincial	Project	for	Outcome	Assessment	in	Coronary	Heart	Disease
ARTS:	Arterial	Revascularization	Therapies	Study
AVERT:	Atorvastatin	Versus	Revascularization	Treatments
AWESOME:	Angina	With	Extremely	Serious	Operative	Mortality	Evaluation
BARI:	Bypass	Angioplasty	Revascularization	Investigation
BARI	2D:	Bypass	Angioplasty	Revascularization	Investigation	in	Type	2	Diabetes
CABRI:	Coronary	Angioplasty	Versus	Bypass	Revascularization	Investigation
CARDia:	Coronary	Artery	Revascularization	in	Diabetes
CARDS:	Collaborative	Atorvastatin	Diabetes	Study
CASS:	Coronary	Artery	Surgery	Study
COMBAT:	Randomized	Comparison	of	Bypass	Surgery	Versus	Angioplasty	Using	Sirolimus-Eluting	Stent	in	Patients	With	Left	Main	Coronary	Artery	Disease
COURAGE:	Clinical	Outcomes	Utilizing	Revascularization	and	Aggressive	Drug	Evaluation
CUSTOMIZE:	Appraise	a	Customized	Strategy	for	Left	Main	Revascularization
DELTA:	Multicenter	Registry	Evaluating	Percutaneous	Coronary	Intervention	Versus	Coronary	Artery	Bypass	Grafting	for	Left	Main	Treatment
EAST:	Emory	Angioplasty	Versus	Surgery	Trial
ECSS:	European	Coronary	Surgery	Study
ERACI:	Argentine	Randomized	Trial	of	Percutaneous	Transluminal	Coronary	Angioplasty	With	Stenting	Versus	Coronary	Artery	Bypass	Surgery	in	Multivessel	

Disease
EXCEL:	Evaluation	of	Xience	Prime	Versus	Coronary	Artery	Bypass	Surgery	for	Effectiveness	of	Left	Main	Revascularization
FAME:	Fractional	Flow	Reserve	Versus	Angiography	for	Multivessel	Evaluation
FINESSE:	Facilitated	Intervention	with	Enhanced	Reperfusion	Speed	to	Stop	Events
FREEDOM:	Future	Revascularization	Evaluation	in	Patients	With	Diabetes	Mellitus:	Optimal	Management	of	Multivessel	Disease
FRISC:	Fragmin	and	Revascularization	During	Instability	in	Coronary	Artery	Disease
GABI:	German	Angioplasty	Bypass	Surgery	Investigation
ICTUS:	Invasive	Versus	Conservative	Treatment	in	Unstable	Coronary	Syndromes
ISAR-SWEET:	Intracoronary	Stenting	and	Antithrombotic	Regimen:	Is	Abciximab	a	Superior	Way	to	Eliminate	Elevated	Thrombotic	Risk	in	Diabetics?
ISAR-LEFT-MAIN:	Intracoronary	Stenting	and	Antithrombotic	Regimen:	Drug-Eluting	Stents	for	Unprotected	Left	Main	Stem	Disease
LE	MANS:	Left	main	coronary	artery	stenting
MAIN-COMPARE:	Revascularization	for	Unprotected	Left	Main	Coronary	Artery	Stenosis:	Comparison	of	Percutaneous	Coronary	Angioplasty	Versus	Surgical	

Revascularization
MASS:	Medicine,	Angioplasty,	or	Surgery	Study
PRECOMBAT:	Premier	of	Randomized	Comparison	of	Bypass	Surgery	Versus	Angioplasty	Using	Sirolimus-Eluting	Stent	in	Patients	With	Left	Main	Coronary	

Artery	Disease
RITA:	Randomized	Intervention	Trial	of	Unstable	Angina
SIMA:	Stenting	Versus	Internal	Mammary	Artery
SoS:	Stent	or	Surgery
SPECT:	Single	photon	emission	computed	tomography
STREAM:	Strategic	Reperfusion	Early	After	Myocardial	Infarction
SYNTAX:	Synergy	Between	Percutaneous	Coronary	Intervention	With	Taxus	and	Cardiac	Surgery
TACTICS:	Treat	Angina	With	Aggrastat	and	Determine	Cost	of	Therapy	With	an	Invasive	or	Conservative	Strategy
TIMI:	Thrombolysis	in	Myocardial	Infarction
VA	Study:	Veterans	Administration	Cooperative	Study
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strategy is linked to various markers of risk, whereas patients without 
these risk markers may be treated according to the same principles as 
patients with stable angina. The risk factors that could be established 
in previous studies include elevated myocardial marker proteins, 
dynamic ST-segment changes, ongoing myocardial ischemia, hemody-
namic instability, and diabetes mellitus.20 Corroborating these earlier 
findings, the meta-analysis of FRISC-II, ICTUS, and RITA 3 demon-
strated that the benefit of routine invasive strategy versus conservative 
strategy increased substantially with increasing ischemic risk; although 
only a minor benefit was reported in low-risk patients, the routine 
invasive strategy afforded a significant, more than 10% absolute reduc-
tion in the 5-year incidence of death and MI in the tertile of patients 
with the highest risk.16

In summary, patients with high-risk ACSs benefit from coronary 
revascularization with respect to the possibility of imminent MI or 
death.

Stable Angina—Severe Angina or Large Ischemic Area
Among patients with chronic stable angina, those with severe angina, 
large or multiple perfusion defects on functional testing, or a low 
threshold for the induction of ischemia (Table 2-2) have a poor prog-
nosis, with an annual mortality risk greater than 3%.20a If these high-
risk features are associated with double- or triple-vessel disease, 
patients benefit from revascularization irrespective of left ventricular 
(LV) function. In an analysis of 5303 patients in the Coronary Artery 
Surgery Study (CASS) registry, surgical benefit was greatest in patients 
who exhibited at least 1 mm of ST-segment depression and could exer-
cise only into stage 1 or less. In the surgical group with triple-vessel 
disease and severe exercise-induced ischemia, 7-year survival was 81%, 
whereas it was 58% in the corresponding medical group.21 Likewise, in 
another registry that included 2023 patients with severe angina and 
two-vessel disease, 6-year survival was 76% in patients treated medi-
cally and 89% in patients treated surgically (P < .001).22 Cox multivari-
ate analyses showed that surgical treatment was a beneficial independent 
predictor of survival for patients with two-vessel coronary disease and 
Canadian Cardiovascular Society class 3 or 4 angina. The Asymptom-
atic Cardiac Ischemia Pilot (ACIP) is a more recent trial that was 
designed to compare the efficacy of medical therapy versus revascular-
ization.23 In ACIP, 558 patients with angiographically documented 
CAD, mostly multivessel disease, and stable CAD were randomly 
assigned to medical therapy, adjusted either to suppress angina or to 
suppress both angina and evidence of ischemia during ambulatory 
electrocardiogram (ECG) monitoring or revascularization with either 
PCI or CABG. Revascularization was significantly more effective in 
relieving ischemia than either of the medical strategies. During 1-year 
follow-up, the ACIP trial appeared to show better outcomes in patients 
treated with revascularization; mortality was 4.4% and 1.6% in the two 
conservative groups, whereas none of the patients in the revasculariza-
tion group had died during the 1-year follow-up period. The apparent 
benefit of revascularization was largely confined to patients with 
double- or triple-vessel disease. Expanding the series done in 2003 and 
2006,24,25 a large observational study of patients who underwent exer-
cise or adenosine myocardial perfusion single photon emission com-
puted tomography (SPECT) analyzed the impact of the extent of 

ST-elevation myocardial infarction (STEMI) who presented within 3 
hours after symptom onset and who were unable to undergo primary 
PCI within 1 hour.9 STREAM did not find any benefit of fibrinolysis 
compared with primary PCI with respect to the 30-day composite 
incidence of death, shock, congestive heart failure (CHF), or reinfarc-
tion or of death alone but did confirm the increased risk of stroke 
associated with fibrinolysis.9 Thus STREAM endorsed a meta-analysis 
of subgroups of earlier studies, indicating that the benefit from PCI, 
compared with fibrinolysis, was largely independent of the time from 
onset of pain to intervention.6

Although it can be performed, CABG in the setting of MI delays 
reperfusion, compared with PCI, and is associated with a high periop-
erative risk. Hence CABG has only a niche indication in this setting. 
In summary, acute MI is an accepted and well-documented prognostic 
indication for PCI.

Acute Coronary Syndromes Without ST-Segment Elevation
A long-standing debate has persisted about two competing treatment 
strategies for acute coronary syndromes without ST-segment eleva-
tion.10 The conservative strategy reserves coronary angiography and 
revascularization to those patients who continue to have a spontaneous 
or inducible myocardial ischemia despite maximal medical therapy. 
On the other hand, the invasive strategy suggests coronary angiogra-
phy and revascularization irrespective of the primary success of 
medical treatment. Various studies have addressed this issue. A meta-
analysis published in 2005 concluded that the invasive strategy, 
although it increased the risk of in-hospital death and MI (early 
hazard), significantly reduced death and MI during the entire 
follow-up—ranging from 6 months to 2 years in various studies—by 
18% (95% confidence interval [CI], 2% to 42%).11 Supporting this 
analysis, the 5-year follow-up of the third Randomized Intervention 
Trial of Unstable Angina (RITA 3) revealed that compared with the 
conservative strategy, the benefit of the invasive strategy with respect 
to death and MI continued to increase with time.12 At 5 years after 
intervention, the incidence of death and MI was 20.0% in the conserva-
tive arm but was 16.6% in the interventional arm (P = .04). Moreover, 
an increased survival benefit of the invasive strategy was reported 
compared with the conservative strategy during the 5-year follow-up 
(88% vs. 85%), which almost reached statistical significance (P = .054). 
The 5-year follow-up of the second Fragmin and Revascularization 
During Instability in Coronary Artery Disease (FRISC-II) also dem-
onstrated a significant reduction in the long-term incidence of death 
and MI by the invasive strategy compared with the conservative strat-
egy (5-year incidence 19.9% vs. 24.5%, P = .009).13 Contrary to RITA 
3 and FRISC-II, the Invasive Versus Conservative Treatment in Unsta-
ble Coronary Syndromes (ICTUS) trial compared a routine invasive 
strategy with a selective invasive strategy and did not show any signifi-
cant differential effect of the two strategies on 5-year survival or sur-
vival free of MI.14 In interpreting this finding, it must be kept in mind 
that the rate of coronary revascularization in the selective invasive arm 
of ICTUS was as high as that in the routine invasive arm of RITA 3. 
Moreover, inclusion of patients in ICTUS was based on a single tropo-
nin measurement, rather than dynamic troponin changes, as recom-
mended by current guidelines.15 Hence ICTUS may have included a 
number of patients without a coronary cause of troponin elevation. 
Despite equipoise in ICTUS, meta-analysis of individual patient data 
from FRISC-II, ICTUS, and RITA-3 found a significant reduction in 
the 5-year incidence of cardiovascular death and MI by the routine 
invasive strategy (hazard ratio [HR], 0.81; 95% CI, 0.71 to 0.93; P = 
.02), which comprised a significant reduction in the incidence of MI 
(HR, 0.77; 95% CI, 0.65 to 0.90; P = .01) and a trend toward a decrease 
in cardiovascular death (HR, 0.83; 95% CI, 0.68 to 0.01; P = .068).16

The benefit from the invasive strategy, compared with the conserva-
tive one, is not uniform across the spectrum of ACSs. The early 
studies—FRISC-II, RITA 3,17-18 and the Treat Angina With Aggrastat 
and Determine Cost of Therapy With an Invasive or Conservative 
Strategy–Thrombolysis in Myocardial Infarction (TACTICS-
TIMI 18)19—have consistently shown that the benefit from the invasive 

TABLE 2-2 Poor Prognosis in Stable Angina (Average Annual 
Mortality Risk >3%)

High-risk	treadmill	score
Stress-induced	large	or	moderate-sized	nuclear	perfusion	defect	

(particularly	if	in	the	anterior	wall)
Stress-induced	multiple	perfusion	defects	with	left	ventricle	dilation	or	

increased	lung	parenchymal	uptake	of	thallium-201	isotope
Echocardiographic	wall-motion	abnormality	involving	more	than	two	

segments,	developing	at	a	low	dose	of	dobutamine	(≤10	µg/kg/min)	
or	at	a	low	heart	rate	(120	beats/min)

Stress-induced	echocardiographic	evidence	of	extensive	ischemia
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if baseline ischemia was 10% or greater (P = .001 [risk-adjusted P = 
.08]). PCI on top of optimal medical therapy increased the likelihood 
of achieving this goal. The findings of this substudy suggest that revas-
cularization is indicated if, in addition to optimal medical therapy, it 
affords at least a 5% reduction in myocardial ischemia.

Thus although adequately powered randomized trials to address the 
impact of severe angina or large perfusion defects on outcome in 
patients with chronic stable angina are lacking, the bulk of the cur-
rently available evidence suggests that these patients benefit from 
revascularization, particularly if more than one vessel is affected.

Coronary Anatomy
Until now our understanding of the anatomic conditions that consti-
tute a survival benefit from coronary revascularization compared with 
medical therapy alone has been largely based on milestone studies 
performed during the 1970s. Soon after CABG was introduced in 1969, 
three randomized trials compared surgical revascularization with lone 
medical therapy: the VA Study, the European Coronary Surgery Study 
(ECSS), and CASS. Although these studies are outdated in many 
respects, including a low use of arterial conduits and limited means  
of pharmacologic risk-factor modification and platelet inhibition, it  
is unlikely that they will ever be replicated. In concert with analyses  
of large registry databases, these early studies established the condi-
tions under which CABG improves survival compared with medical 
therapy (Table 2-3). A meta-analysis of the seven published random-
ized trials of CABG versus medical treatment alone for CAD identified 
left main CAD (diameter of stenosis ≥50%), multivessel disease, and 
involvement of the proximal left anterior descending coronary artery 
(LAD) as significant predictors of a survival benefit from CABG.28 In 
the cumulative experience of the seven studies, the VA study being the 
first, surgical revascularization for left main CAD was associated with 
a 65% relative reduction in mortality compared with medical therapy 
alone.28 Notably, in left main CAD, a survival benefit of surgery was 

FIGURE 2-1	 Hazard	ratio	associated	with	early	revascularization	com-
pared	with	medical	 therapy	at	specific	values	of	percent	myocardium	
ischemic	in	patients	with	less	than	10%	myocardial	scar.	P	values	per	
Cox	proportional	hazards	model.	(From	Hachamovitch	R,	Rozanski	A,	
Shaw	LJ,	et	al:	Impact	of	ischaemia	and	scar	on	the	therapeutic	benefit	
derived	from	myocardial	revascularization	vs.	medical	therapy	among	
patients	undergoing	stress-rest	myocardial	perfusion	scintigraphy.	Eur	
Heart	J	32[8]:1012-1024,	2011.)
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FIGURE 2-2	 Survival	without	myocardial	infarction	depending	on	resid-
ual	ischemic	area.	LV,	Left	ventricle.	(From	Shaw	LJ,	Berman	DS,	Maron	
DJ,	et	al:	Optimal	medical	therapy	with	or	without	percutaneous	coro-
nary	 intervention	 to	 reduce	 ischemic	burden:	 results	 from	 the	Clinical	
Outcomes	Utilizing	Revascularization	and	Aggressive	Drug	Evaluation	
[COURAGE]	 trial	 nuclear	 substudy.	 Circulation	 117[10]:1283-1291,	
2008.)
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inducible myocardial ischemia and of myocardial scar on the potential 
survival benefit of revascularization.26 The study included 13,969 con-
secutive patients: 12,329 were treated medically, and 1226 underwent 
early revascularization (501 CABG, 725 PCI) in the first 90 days after 
scintigraphy. During a median follow-up of 8.9 years, 3893 patients 
(27.9%) died. Hazard ratios for all-cause death that compared early 
revascularization with medical treatment were derived from Cox 
models adjusted for logistic-based propensity scores for revasculariza-
tion, extent of ischemia and scar, and baseline characteristics. In 11,880 
patients without large myocardial scars (<10% fixed myocardial defect), 
a progressive decrease in the hazard ratios was found with increasing 
extent of inducible ischemia (Fig. 2-1). Thus the risk associated with 
conservative treatment increased as a function of percent myocardium 
ischemic, whereas the risk associated with revascularization decreased. 
Equipoise between revascularization and conservative treatment was 
reached at about 10% ischemic myocardium (Fig. 2-1). Only in patients 
with extensive scar (≥10% fixed myocardial defect), the ischemia-
treatment interaction was not significant (P = .469), and an advantage 
of revascularization over conservative treatment could not be estab-
lished. In summary, in the absence of extensive myocardial scars, myo-
cardial revascularization compared with conservative treatment 
improved long-term survival in patients with significant (>10% myo-
cardium) inducible ischemia. Early myocardial revascularization was, 
however, harmful in patients with minimal inducible ischemia.

Consistent results were obtained in a nuclear substudy on 314 
patients in the Clinical Outcomes Utilizing Revascularization and 
Aggressive Drug Evaluation (COURAGE).27 In this substudy, the 
extent of residual posttreatment ischemia—assessed as a percentage of 
the left ventricle by myocardial perfusion SPECT—was a predictor of 
outcome: rates of death or MI ranged from 0% to 39% for patients with 
no residual ischemia to 10% or more residual ischemia despite treat-
ment, (P = .001 [risk-adjusted P = .09]; Fig. 2-2). With respect to 
treatment, a 5% or more reduction in ischemic myocardium lowered 
the risk of death or MI (P = .037 [risk-adjusted P = .26]), particularly 
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follow-up period of 3 years was reported.38 In this registry, 68.9% 
of the stent patients were incompletely revascularized. After adjust-
ment for comorbidities and other baseline characteristics associated 
with increased risk, incompletely revascularized patients were signifi-
cantly more likely to die at any time than completely revascularized 
patients (adjusted HR, 1.15; 95% CI, 1.01 to 1.30). The risk associated 
with incomplete revascularization increased with the number of vessels 
that were not revascularized and was higher with nonrevascularized 
chronic total occlusions than in nonrevascularized nonocclusive 
lesions. Incompletely revascularized patients with total occlusions and 
two or more nonrevascularized vessels were at the highest risk com-
pared with completely revascularized patients (HR, 1.36; 95% CI, 1.12 
to 1.66).

The first analysis of the role of completeness of revascularization 
with drug-eluting stents was a post-hoc analysis of the second Arterial 
Revascularization Therapies Study (ARTS-II), which failed to show a 
significant impact of incomplete revascularization on survival or sur-
vival without MI after placement of sirolimus-eluting stents.39 However, 
this analysis was grossly underpowered. More recently, an analysis that 
included a substantially larger cohort of the SYNTAX study appeared.40 
This analysis comprised the 899 patients randomized to PCI with 
paclitaxel-eluting stents, 890 patients randomized to CABG, and the 
patients who were deemed ineligible for randomization and who were 
included in the nested registries for PCI (n = 198) or CABG (n = 649). 
Consistent with previous studies, complete revascularization substan-
tially reduced the risk of cardiac death during 4-year follow-up com-
pared with incomplete revascularization both in the PCI group (HR, 
0.64; 95% CI, 0.41 to 1.00; P = .049) and in the surgical group (HR, 
0.50; 95% CI, 0.30 to 0.86; P = .01). Although the presence of a chronic 
total occlusion was independently associated with a higher incidence 
of incomplete revascularization, it showed no significant interaction 
with impact of completeness of revascularization on survival.

In a subsequent analysis, the same group quantitated the degree of 
incompleteness of revascularization in the randomized PCI cohort of 
the SYNTAX trial.41 This analysis was based on the SYNTAX score that 
was developed prospectively to gauge the extent and complexity of 
CAD. To assess the degree of incompleteness of revascularization, the 
investigators calculated the SYNTAX score after PCI and thus obtained 
the residual SYNTAX score. A progressively higher residual SYNTAX 
score was shown to be associated with increased 5-year mortality.41 
Although patients with complete revascularization numerically had 
the lowest 5-year mortality, no significant differences were reported in 
5-year mortality between patients with complete and those with minor 
incomplete revascularization (residual SYNTAX score 0, 8.5%; >0 to 4, 
8.7%; >4 to 8, 11.4%; P = .60). In patients with a residual SYNTAX 
score greater than 8, however, 5-year mortality rose to 35.3% (P < .001; 
Fig. 2-3). Multivariable analysis confirmed the residual SYNTAX score 
as an independent predictor of 5-year mortality (HR, 1.65; 95% CI, 
1.41 to 1.92; P < .001). Residual SYNTAX score was also associated 
with the composite of death, MI, and stroke and with major adverse 
cardiovascular and cerebrovascular events (MACCEs): death, MI, 
stroke, and target-vessel revascularization (see Fig. 2-3).

The studies mentioned above have been based on anatomic criteria. 
In the intermediate range of stenoses, however, the anatomic degree—
as judged by visual estimation or even quantitative computerized 
angiography—is poorly correlated with functional relevance, as 
assessed by noninvasive functional imaging or invasive functional 
testing, such as measurement of fractional flow reserve (FFR).42 Recent 
studies with measurement of FFR have indicated that functional testing 
reliably discriminates between coronary stenoses that should be treated 
conservatively and those in need of revascularization.43-45 Moreover, 
basing the PCI strategy on functional, rather than purely anatomic, 
criteria reduces the periinterventional risk46 and improves the long-
term outcome47 of PCI as shown by the Fractional Flow Reserve Versus 
Angiography for Multivessel Evaluation (FAME) study.

A recent meta-analysis of the potential survival benefit of complete 
versus incomplete revascularization addressed not only the impact  
of the revascularization modality but also that of anatomic versus 

reported irrespective of the presence or absence of spontaneous or 
inducible symptoms or signs of ischemia or reduced LV function. The 
same is also true for triple- or double-vessel disease involving the 
proximal LAD.29

In all other conditions, the indication for surgical coronary revas-
cularization depends on a combination of anatomic and clinical crite-
ria. If triple-vessel disease is associated with impaired LV function (LV 
ejection fraction <50%), surgical revascularization improves survival 
irrespective of LAD involvement.30,31 In the presence of severe angina 
or large areas of ischemia on functional testing, surgical revasculariza-
tion of triple- or double-vessel disease is also indicated for both symp-
tomatic and prognostic reasons even in the absence of LV dysfunction.21,22 
Coronary revascularization has never been shown to confer a survival 
benefit in patients with single-vessel disease. This is also true for iso-
lated proximal LAD stenoses. Yusuf and colleagues’ meta-analysis28 
that showed a survival benefit from surgery in patients with LAD 
involvement must be interpreted with the notion that this result was 
obtained in a cohort that had predominantly multivessel disease, and 
no dedicated subgroup analysis was undertaken for isolated LAD  
stenosis. More recently, the randomized Medicine, Angioplasty, or 
Surgery Study (MASS) trial compared medical treatment alone with 
plain balloon angioplasty or CABG in 214 patients with symptomatic, 
isolated, high-grade stenosis of the LAD.32 During a 5-year follow-up, 
no appreciable difference was found among the three treatment arms 
with regard to either death or MI. Although the power to detect small 
differences in event rates was low in MASS, its results are consistent 
with the current judgment that no prognostic indication exists for 
coronary revascularization in stable single-vessel disease. No study 
ever demonstrated that in patients with stable angina, the risk of sub-
sequent MI could be reduced by either bypass surgery or PCI. The 
degree of stenosis is a notoriously poor predictor of subsequent events. 
Although the risk of subsequent MI is higher with high-grade stenoses 
than with low-grade stenoses, the latter are far more frequent. Thus the 
majority of infarctions are triggered by low-grade stenoses. Despite 
recent advances,33,34 our current means of identifying vulnerable 
plaques are limited.

Technical Feasibility
Apart from the extent and distribution of CAD, the probability of 
achieving complete revascularization is an important criterion for the 
choice of the most appropriate revascularization strategy. In CABG, a 
number of studies have demonstrated that patients who are completely 
revascularized have better long-term outcomes than those with incom-
plete revascularization.35 The same is also true for PCI. Several studies 
from the prestent era have confirmed better long-term outcomes after 
complete revascularization than after an incomplete procedure.36,37 The 
reasons for not treating all diseased vessels may include technical 
obstacles such as heavy calcification, tortuous vessels or chronic total 
occlusions, the presence of serious concomitant disease, or the inten-
tion to treat only the “culprit lesion” thought to be responsible for  
the patient’s symptoms. An analysis of a total of 21,945 patients with 
bare-metal stents from New York State’s Percutaneous Coronary  
Inter ventions Reporting System assessed the issue of incomplete revas-
cularization with current practices of coronary revascularization. A 

TABLE 2-3 Conditions in Which Coronary Artery Bypass Grafting 
Improves Survival Compared With Medical Therapy

Left	main	coronary	artery	disease
Triple-	or	double-vessel	disease	involving	the	proximal	left	anterior	

descending	coronary	artery
Triple-	or	double-vessel	disease	in	the	presence	of	severe	angina	or	large	

areas	of	ischemia	on	functional	testing
Triple-vessel	disease	associated	with	impaired	left	ventricle	function



 CHAPTER 2  Evidence-Based Interventional Practice 37

(EAST; n = 392), and the Toulouse monocentric study (n = 152). In 
each of these trials, survival after PCI versus CABG was similar, as was 
the incidence of Q-wave MI, but repeat revascularization was more 
frequently needed after PCI. However, in a meta-analysis based on data 
extracted from the literature, Hoffmann and colleagues49 showed a 
significant survival benefit from surgery compared with PCI of 3% 
absolute at 5 years and of 4% absolute at 8 years. The results of the early 
studies antedating the stent era are, of course, not reflective of the 
current practice of coronary revascularization. Since the early studies, 
major advances have been achieved in PCI, CABG, and medical treat-
ment; these include coronary stents, effective antiplatelet therapy, the 
use of arterial conduits up to complete arterial revascularization, and 
vigorous pharmacologic risk-factor modification. For these reasons, 
the results of randomized trials performed in the prestent era cannot 
be transferred to current practice.

Lessons From Studies With Bare-Metal Stents
Randomized Studies
Five randomized trials compared stenting with CABG for multivessel 
disease: ARTS,50,51 Stent or Surgery (SoS),52 the Argentine Randomized 
Trial of Percutaneous Coronary Angioplasty With Stenting Versus  
Coronary Bypass Surgery in Patients with Multiple-Vessel Disease 
(ERACI-II),53,54 the Medicine, Angioplasty, or Surgery Study (MASS-
II),55 and Angina With Extremely Serious Operative Mortality Evalu-
ation (AWESOME).56 Four major studies were incorporated in a 
meta-analysis based on individual patient data, which confirmed  
the results of the majority of the individual studies.57 This meta-
analysis comprised ARTS, SoS, ERACI-II, and MASS-II but excluded 
AWESOME because the high-risk characteristics of the patients in this 
last trial were clearly different from those of the patient population of 
the other four trials. This meta-analysis confirmed that PCI with stent 
placement was associated with a 1-year incidence of death, MI, or 
stroke similar to that of CABG. Nevertheless, the need for repeat 

functional assessment.48 This meta-analysis comprised 35 studies with 
89,883 patients from subgroups of randomized trials or from observa-
tional studies. Irrespective of the revascularization modality, this meta-
analysis confirmed a consistent survival benefit of complete versus 
incomplete revascularization with both anatomic and functional 
assessment (relative risk [RR] for mortality with complete revascular-
ization, 0.73 [95% CI, 0.67 to 0.79; P < .001], with anatomic definition 
and RR, 0.57 [95% CI, 0.36 to 0.89; P = .014], with functional defini-
tion). Nevertheless, it is noteworthy that the point estimate of the  
relative risk of mortality, comparing complete with incomplete revas-
cularization, was lower with functional complete revascularization 
than with anatomic complete revascularization.48

Given the major impact of the extent of revascularization on long-
term survival, consideration must be given to the likelihood of achiev-
ing complete revascularization. When PCI is unlikely to achieve 
complete revascularization, surgery may offer better prospects, yet this 
may not always be the case; in some instances, poor target vessels for 
CABG may be treated by PCI with higher chances of success.

PROGNOSTIC INDICATION FOR REVASCULARIZATION: 
PERCUTANOUS CORONARY INTERVENTION VERSUS 
CORONARY ARTERY BYPASS GRAFTING

Multivessel Disease
From the late 1980s to the early 1990s, several studies compared plain 
balloon angioplasty with CABG. Among them were three larger  
trials—RITA (n = 1011), the Coronary Angioplasty Versus Bypass 
Revascularization Investigation (CABRI; n = 1154), and the Bypass 
Angioplasty Revascularization Investigation (BARI; n = 1829)—and 
three smaller trials—the German Angioplasty Bypass Surgery Investi-
gation (GABI; n = 358), the Emory Angioplasty Versus Surgery Trial 

FIGURE 2-3	 Five-year	clinical	outcomes	stratified	by	tertiles	of	the	residual	SYNTAX	score.	Hazard	ratios	are	relative	to	complete	revascularization	
(reference	line,	residual	SYNTAX	score	0).	Hazard	ratios	for	tertiles	of	 the	residual	SYNTAX	score	(>0)	are	shown.	The	error	bars	represent	95%	
confidence	intervals.	CVA,	Cerebrovascular	accident;	MACCE,	major	adverse	cardiac	and	cerebrovascular	event;	MI,	myocardial	infarction.	(From	
Farooq	V,	Serruys	PW,	Bourantas	CV,	et	al:	Quantification	of	incomplete	revascularization	and	its	association	with	five-year	mortality	in	the	synergy	
between	percutaneous	 coronary	 intervention	with	 taxus	and	 cardiac	 surgery	 [SYNTAX]	 trial	 validation	of	 the	 residual	 SYNTAX	 score.	Circulation	
128[2]:141-151,	2013.)
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PCI. In the patient-choice subgroup, the 3-year survival was 80% with 
CABG but 98% with PCI. The findings of the AWESOME registry60 
therefore support the findings of the main study. The AWESOME 
investigators specifically addressed the issue of whether PCI is the 
preferred option for repeat intervention in patients with previous 
CABG.61 In the subgroup with previous CABG, 3-year survival rates 
were 73% and 76% with CABG or PCI, respectively, in the randomized 
patients; 71% versus 77% in the physician-directed registry; and 65% 
versus 86% (P = .001) in the patient-choice registry. The authors con-
cluded that PCI is preferable to CABG for many post-CABG patients.

Registries
It has been argued that the randomized studies to compare PCI with 
CABG in multivessel disease comprised only a small proportion of the 
patients presenting at dedicated high-volume centers.62 Therefore it is 
claimed that the results of these trials may not be applicable to the vast 
majority of patients in need of coronary revascularization. It is thus an 
important question whether the absence of a substantial difference in 
survival between PCI and CABG can also be verified in large registries. 
Contrary to the randomized studies that compared PCI bare-metal 
stents to CABG, several large registry analyses from the Cleveland, 
New York, and Rotterdam databases found a significant difference in 
risk-adjusted survival that favored CABG over PCI.63-65 Despite these 
statistically clear-cut results, the implications of the findings in these 
registries must be interpreted cautiously because several limitations 
derive from the nonrandomized nature of these comparisons. Adjust-
ment by proportional hazard models cannot fully substitute for ran-
domization because comprehensive inclusion of all confounders is 
impossible. One important confounder that was not included in any 
of the risk adjustment was subsequently published by the New York 
group38—that is, incomplete revascularization. These investigators 
noted that in their registry, 69% of the patients who received a stent 
had incomplete revascularization. In the same registry, incomplete 
revascularization after PCI had a statistically significant and clinically 
relevant impact on outcome, as discussed above. Between patients 
completely revascularized and those incompletely revascularized, a 
2.1% survival disadvantage was reported in 3 years in the absence of a 
total occlusion, and a 2.7% difference was reported in the presence of 
a nonrecanalized total occlusion.38 The difference between complete 
and incomplete revascularization within the stent group of the New 
York registry was on the same order of magnitude as the difference 
between the stent group and the CABG group in the entire registry. 
The comprehensive analysis from the Duke registry gives additional 
insight.66 This registry comprised 18,481 patients with significant CAD 
between 1986 and 2000 who were assigned by physician preference to 
medical therapy (n = 6862), PCI (n = 6292), or CABG (n = 5327). Each 
group was categorized into three subgroups according to the baseline 
severity of CAD: low severity (predominantly single vessel), intermedi-
ate severity (predominantly two vessel), and high severity (all three 
vessel). Mortality was evaluated by Cox models adjusted for cardiac 
risk, comorbidity, and propensity for selection of a specific treatment. 
In all three anatomic subgroups, revascularization conferred a signifi-
cant survival benefit compared with medical therapy. The extent of this 
survival benefit varied with the degree of CAD and ranged from an 
additional 8 months gained during 15 years in the low-severity group 
to 24 months gained in the high-severity group. In the low- and 
intermediate-severity groups, the benefit from revascularization was 
independent of the treatment modality, with similar results by CABG 
and PCI. In the high-severity subgroup, however, CABG was associ-
ated with a small but significant survival benefit of 8 months during 
15 years. It is noteworthy that the impact of revascularization versus 
medical treatment is substantially larger than the impact of the choice 
of revascularization modality. In summary, registry data that compared 
PCI that used bare-metal stents with CABG suggest a small survival 
benefit of surgery versus PCI in patients with multivessel disease. A 
large proportion of this survival benefit appears to be attributed to 
patients with the most complex anatomy and to those who do not 
achieve complete revascularization with PCI.

revascularization was considerably higher after PCI, although the 
observed gap with CABG surgery has narrowed from the approxi-
mately 30% reported in the prestent era to approximately 14%. Com-
pared with PCI, CABG was associated with a slightly lower frequency 
of recurrent angina (77% vs. 82%; P = .002). Another meta-analysis 
based on aggregate data from ARTS,50,51 SoS,52 ERACI-II,53,54 and Stent-
ing Versus Internal Mammary Artery (SIMA)—a study on isolated 
proximal LAD stenosis—extended the analysis to a follow-up of 3 
years.49 The point estimates for both the 3-year incidence of death and 
nonfatal MI were lower after PCI than after CABG. However, a signifi-
cant difference was found only for nonfatal MI. Moreover, this meta-
analysis confirmed that the 1-year incidence of repeat intervention was 
15% absolute higher after PCI than after CABG but did not demon-
strate any significant further changes from 1 to 3 years. For ARTS, the 
largest trial to compare PCI with CABG for the treatment of multives-
sel disease,50,51 5-year results are available. ARTS included a total of 
1205 patients with at least two de novo lesions located in different 
vessels and territories not including the LMCA. In this study, 600 
patients were randomly assigned to stenting, and 605 were randomly 
assigned to bypass surgery; 67% of the patients had a double-vessel 
disease, and 32% had triple-vessel disease. At 5 years, the incidence of 
death was 8% in the stent group versus 7.6% in the CABG group (RR, 
1.05; 95% CI, 0.71 to 1.55; P = .83). Likewise, no significant difference 
was found in cerebrovascular accident (3.8% vs. 3.5%; RR, 1.10; 95% 
CI, 0.62 to 1.97; P = .76), Q-wave MI (6.7% vs. 5.6%; RR, 1.19; 95% CI, 
0.76 to 1.85; P = .47), non–Q-wave MI (1.8% vs. 0.8%; RR, 2.22; 95% 
CI, 0.78 to 6.35; P = .14), or the composite thereof (18.2% vs. 14.9%; 
RR, 1.22; 95% CI, 0.95 to 1.58; P = .14). However, a significant differ-
ence was reported in the incidence of repeat revascularization (30.3% 
vs. 8.8%; RR, 3.46; 95% CI, 2.61 to 4.60; P < .001). In the stent group, 
10.5% of the revascularizations involved CABG, whereas in the CABG 
group 1.2% of the revascularizations involved CABG. In summary, the 
5-year outcome with respect to the serious end points of death, MI, 
and cerebrovascular accident (CVA) with the surgical and nonsurgical 
approaches was similar. With the primarily catheter-based approach, 
the chance of avoiding CABG during the subsequent 5 years was 90%, 
with a similar outcome with respect to death, CVA, and MI as with the 
surgical approach but at the expense of a 20% higher incidence of 
repeat catheter interventions. Consistent with the long-term results of 
ARTS,50,51 the 10-year results of MASS-II58 showed no significant sur-
vival benefit of CABG over PCI (HR, 1.03; 95% CI, 0.69 to 1.53;  
P = .88), but a substantially increased need for repeat interventions 
was reported with PCI versus CABG (HR, 3.71; 95% CI, 1.82 to 7.52; 
P < .0001).

The studies described so far compared PCI with CABG in cohorts 
that were well suited for both procedures. The important question of 
whether patients at high risk for CABG surgery and refractory myo-
cardial ischemia should undergo PCI as an alternative procedure was 
addressed in AWESOME.56 This multicenter study included patients 
with myocardial ischemia refractory to medical management and the 
presence of one or more risk factors for adverse outcome with CABG, 
including prior open heart surgery, age greater than 70 years, LV ejec-
tion fraction less than 35%, MI within 7 days, or the need for intraaortic 
balloon pumping. Over a 5-year period, 2431 patients met the entry 
criteria. By physician consensus, 1650 patients formed a physician-
directed registry assigned to CABG (n = 692), PCI (n = 651), or further 
medical therapy (n = 307), and 781 were angiographically eligible for 
random allocation. Of the patients who were angiographically accept-
able, 454 consented to randomized assignment between CABG and 
PCI; the remaining 327 constituted a patient-choice registry. At all time 
points during the 5-year follow-up of the randomized study, an insig-
nificant survival benefit of PCI over CABG was reported (97% vs. 95% 
at 30 days and 75% vs. 70% at 5 years).59 Within the first 3 years after 
randomization, more patients randomized to PCI received a subse-
quent revascularization (37% vs. 18%, P < .001), whereas between 3 and 
5 years of follow-up, repeat revascularization was similarly frequent in 
both the PCI group and the CABG group (6% vs. 4%). In the physician-
directed subgroup, the 3-year survival rate was 76% for both CABG and 
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patients, in whom the local cardiac surgeon and interventional cardi-
ologist determined that equivalent anatomic revascularization could 
be achieved with either treatment. At 1 year, the primary end point, 
MACCE, was significantly higher in the PCI group (17.8% vs. 12.4% 
for CABG; P = .002), in large part because of an increased rate of repeat 
revascularization (13.5% vs. 5.9%, P < .001). Apart from reinterven-
tion, no significant differences were found in any of the components 
of the primary end point or a combination thereof except for stroke, 
which was significantly more likely to occur with CABG (2.2% vs. 0.6% 
with PCI; P = .003). Five-year results of SYNTAX have been reported 
(Table 2-4).74 By 5 years, the primary end point, MACCE, was reached 
in 37.3% of the PCI group and in 26.9% of the CABG group (P < .001). 
This difference was largely caused by a difference in the need for rein-
tervention (25.9% vs. 13.7%, P < .001). The composite risk of all-cause 
death, MI, and stroke was also significantly higher in the PCI group 
than in the CABG group (20.8% vs. 16.7%, P = .03). This difference 
was driven by significant difference in cardiac death (9.0 % vs. 5.3%,  
P = .003) and MI (9.7% vs. 3.8%, P < .001) that favored CABG, whereas 
in the PCI group, a trend toward less frequent strokes prevailed (2.4% 
vs. 3.7%, P = .09). In SYNTAX, randomization was stratified according 
to LMCA involvement. In the 1095 patients who belonged to the subset 
defined by three-vessel disease without LMCA stenosis, PCI compared 
with CABG performed less well than in the entire SYNTAX study (see 
Table 2-4).75 Five-year all-cause mortality after PCI in the three-vessel-
disease stratum was significantly higher than that after CABG (14.6% 
vs. 9.2%, P = .006), as was the incidence of MI (10.6% vs. 3.3%, P < 
.001), but no significant difference was reported in stroke rate (3.0% 
vs. 3.4%, P = .66).75 Thus both the 5-year composite of death, MI, and 
stroke—as well as 5-year MACCE after PCI—were significantly infe-
rior to those after CABG (22.0% vs. 14.0%, P < .001; and 37.5% vs. 
24.2%, P < .001, respectively).75 The authors of the SYNTAX trial also 
stratified the study patients to tertiles of the SYNTAX score (see Table 
2-4). In the lowest tertile of SYNTAX scores (those <23), 3-year mor-
tality in the three-vessel-disease subset after PCI was similar to that 
after CABG (10.2% vs. 9.3%, P = .81).75 Likewise, only a statistically 
insignificant numerical increase was found in MACCE with PCI com-
pared with CABG (33.3% vs. 26.8%, P = .45).75 These results in the 
lowest tertile of SYNTAX scores in the three-vessel-disease subset were 
consistent with the results in the corresponding subset of the entire 
study (10.1% vs. 8.9% [P = .64] for death; and 32.1% vs. 28.6% [P = 
.43] for MACCE).74 In the highest tertile of SYNTAX scores (>32), PCI 
was associated with excess 5-year mortality compared with CABG 
both in the three-vessel-disease subset and in the entire study cohort 
(17.8% vs. 8.8% [P = .015] and 19.2% vs. 11.4% [P = .005], respec-
tively).74,75 Similar to the finding in the entire subset with three-vessel 
disease, mortality in the middle tertile was also higher at 5 years after 
PCI than after CABG (16.3% vs. 9.6%, P = .047).74,75 In the two highest 
tertiles of SYNTAX scores of the three-vessel-disease subset, major 
differences were also found in 3-year MACCE rates that favored CABG 
over PCI (see Table 2-4).75

When interpreting the results of SYNTAX, two caveats deserve 
consideration: First, 50 patients of the CABG group, but only 11 of the 
PCI group, were lost to follow-up because of withdrawal of consent.74 
The authors report that a sensitivity analysis showed that the primary 
end point analysis was not significantly affected by this imbalance  
of follow-up.74 Nevertheless, it cannot be excluded that the effect size 
was affected. Second, the paclitaxel-eluting stent used in SYNTAX 
carries a higher risk of late stent thrombosis compared with the con-
temporaneous first-generation sirolimus-eluting stent4,76 and, particu-
larly, compared with modern, new-generation drug-eluting stents.4,77 
Meta-analyses also suggest that the prevention of restenosis by 
paclitaxel-eluting stents is inferior to that of other drug-eluting stent 
types.76,77

Despite these caveats, the SYNTAX study demonstrates that CABG 
is the preferred revascularization strategy in the majority of patients 
suffering from three-vessel disease without LMCA involvement. In this 
setting, compared with PCI, CABG improves survival and reduces the 
risk of MI and the need for reintervention. In patients with SYNTAX 

Lessons From Studies With Drug-Eluting Stents
Registries

ARTS II67—a 45-center, 607-patient registry—intended to compare 
1-year outcomes of the sirolimus-eluting stent against the historical 
results of the two arms of ARTS I.51,52 To achieve the number of treat-
able lesions per patient comparable to ARTS I, patients were stratified 
to ensure that at least one-third had three-vessel disease. Compared 
with ARTS I, ARTS II comprised a higher-risk cohort: 53.5% had 
three-vessel disease, and diabetes was present in 26.2%. Mean stented 
length was 72.5 mm, with 3.7 stents implanted per patient. The 5-year 
incidence68 of death, stroke, or MI was 12.9% in ARTS II, versus 14% 
in the CABG arm of ARTS I (P = .1), and it was 18.1% in the bare-
metal-stent arm of ARTS I (P = .007). The 5-year rate of MACCEs in 
ARTS II of 27.5% was significantly higher than that among patients in 
ARTS I who received CABG (21.1%, P = .02), and it was lower than 
that among ARTS I patients who received bare-metal stents (41.5%, P 
< .001). The authors concluded that at 5 years, the sirolimus-eluting 
stent had a safety record comparable to that of CABG and superior to 
that of bare-metal stents. Nevertheless, surgery still afforded a lower 
need for repeat revascularization, although overall event rates in ARTS 
II approached the surgical results in ARTS I.51,52

Two subsequent analyses based on larger registries subsequently 
challenged the promising results of ARTS II.69,70 By linking several large 
databases, one study analyzed survival data of 185,793 patients 65 years 
of age or older who had two- or three-vessel CAD without acute MI.69 
Out of these patients, 86,244 had undergone CABG, and 103,549 had 
had PCI with a rate of drug-eluting stents of 86%. To reduce treatment-
selection bias, inverse-probability-weighting adjustment was per-
formed with the use of propensity scores. At 4-year follow-up, mortality 
was significantly lower in the CABG group than in the PCI group 
(16.4% vs. 20.8%; RR, 0.79; 95% CI, 0.76 to 0.82), a finding that was 
consistent across multiple subgroups.69 Similar results were obtained 
in an observational study based on New York State’s reporting system.70 
Confirming and extending their earlier studies based on the same 
registry,71 the more recent analysis included patients undergoing the 
revascularization for two- or three-vessel disease without LMCA ste-
nosis in the absence of acute MI.70 To control for treatment-selection 
bias, patients were matched for several pertinent variables that included 
propensity of CABG. Thus 8121 pairs of matched patients were 
obtained. Compared with PCI patients, 5-year survival mortality was 
significantly lower in CABG patients (19.6% vs. 26.4 %; HR, 0.71; 95% 
CI, 0.67 to 0.77; P < .001).70 There was a significant interaction (P 
interaction [Pint] = .01) with age that indicated a greater survival benefit 
of CABG at younger ages, thereby contradicting the results meta-
analysis of randomized studies that compared CABG with PCI using 
bare-metal stents.72 Despite this interaction, a significant survival 
benefit was found in both younger (<60 years) and older patients 
(>80 years), as well as in all other clinical and anatomic subsets 
investigated.

Although the registry data in the era of drug-eluting stents  
continue to find a survival benefit of CABG over PCI, the same limita-
tions apply as for the registry-based analyses with bare-metal stents. 
Apart from unknown confounders, the issue of completeness of  
revascularization was not addressed, which obscures interpretation of 
the results. Moreover, none these registries stratified patients by state-
of-the-art measures of anatomic complexity, such as the SYNTAX 
score.

Randomized Studies
The promising results of ARTS II had to be interpreted cautiously 
because this study does not account for advances in surgical technique 
that may have occurred since the days of ARTS I. Thus randomized 
studies were needed to clarify the role of drug-eluting stents compared 
with CABG for multivessel disease. This issue was the objective of the 
SYNTAX trial,73 a randomized trial that compared PCI with paclitaxel-
eluting stents and CABG for treating patients with previously untreated 
three-vessel or left main CAD or both. The study enrolled 1800 
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treatment option for multivessel CAD. Studies done in the era of plain 
balloon angioplasty, however, are not transferable to current practice. 
As first demonstrated by the studies on abciximab, the increased risk 
of thrombotic complications during early and longer-term follow-up 
can be abrogated by intense antiplatelet therapy.85,86 More recently, the 
Intracoronary Stenting and Antithrombotic Regimen: Is Abciximab a 
Superior Way to Eliminate Elevated Thrombotic Risk in Diabetics 
(ISAR-SWEET) study suggested that a similar effect can be achieved 
by effective pretreatment with clopidogrel.87 In addition, it has been 
shown by various studies that compared with plain balloon angio-
plasty, stents reduce the subsequent incidence of restenosis, although 
this incidence continues to be higher in diabetics than in nondiabet-
ics.80,88,89 Given the major impact of restenosis on survival, it is plausible 
that compared with plain balloon angioplasty, stents may improve the 
long-term outcome of PCI substantially. Finally, the recently improved 
means of achieving tight metabolic control can further improve 
outcome after catheter intervention.90,91

Because coronary revascularization in diabetics differs in many 
respects from that in nondiabetics, the indication for PCI in diabetics 
deserves special attention.

Studies With Bare-Metal Stents
Of the studies that compared bare-metal stents with CABG, the ARTS, 
AWESOME, and ERACI-II researchers reported subgroup analyses for 
diabetics. Of the 1205 patients included in ARTS, 112 diabetics were 
randomly assigned to stent implantation, and 69 were randomly 
assigned to bypass surgery.92 Mortality during 1-year follow-up, 
however, was higher in the stent group (6.3%) than in the surgical group 
(3.1%), although statistical significance was missed (P = .29). Notably, 
in the PCI group, a significant difference was found in event-free sur-
vival between diabetics and nondiabetics (63.4% vs. 76.2%) that was 
not present in the surgical group. The number of diabetics included in 
ARTS was too low to allow for definite conclusions. Likewise, analysis 
of the 90 diabetics in ERACI (without stent) and ERACI-II (with stent) 
and of the 144 diabetics in MASS-II93 randomized to CABG or PCI did 
not allow any firm conclusions because of a lack of power. The 
AWESOME study addressed patients with a high risk for CABG.  
The number of diabetics included in AWESOME was 144 in the 

scores less than 23; however, PCI afforded similar outcomes with 
respect to survival and MACCEs, a finding that was independent of 
LMCA involvement. In this setting, PCI would be the treatment of 
choice because it is associated with less discomfort to the patient and 
less resource consumption.

Special Considerations in Diabetic Patients
Compared with nondiabetic patients, those with diabetes often have a 
more advanced type of coronary atherosclerosis, with diffuse disease 
in small-lumen vessels. With any treatment modality for coronary 
revascularization, diabetic patients have an inferior outcome compared 
with nondiabetics. This was first shown for CABG. In patients with 
diabetes mellitus compared with nondiabetics, CABG is associated 
with a more rapid progression of atherosclerosis in both grafted and 
nongrafted vessels and is also associated with an accelerated degenera-
tion of venous bypass grafts. Nevertheless, the CASS researchers78 
demonstrated that in older diabetic patients, coronary revasculariza-
tion confers a substantial benefit compared with medical therapy 
alone. Likewise, PCI in patients with diabetes is associated with a 
substantially increased risk of adverse short- and long-term outcome 
compared with PCI in nondiabetics. In particular, the risk of restenosis 
after any type of PCI is substantially increased in diabetics compared 
with nondiabetics.79,80 Moreover, whereas restenosis has little impact 
on survival in patients without diabetes, van Belle and coworkers81 
demonstrated that restenosis after plain balloon angioplasty in diabet-
ics has a major impact on 10-year mortality, with a 45% relative 
increase for nonocclusive stenosis and more than a twofold increase 
with occlusive stenosis. The risk of periinterventional death and MI is 
also increased by about twofold after plain balloon angioplasty in dia-
betics compared with nondiabetics.82 Comparing coronary bypass 
surgery with plain balloon angioplasty for multivessel disease, BARI 
reported 5- and 7-year mortalities in diabetics of 34.5% and 44.3%, 
respectively, whereas after bypass surgery, the respective mortalities 
were 19.4% and 23.6% (P = .03 and .01, respectively).83 The findings in 
BARI that were subsequently confirmed by the 8-year analysis of 
EAST84 led to a clinical alert from the National Heart, Lung, and Blood 
Institute for the abandonment of plain balloon angioplasty as a 

TABLE 2-4 5-Year Outcomes in SYNTAX Stratified to Coronary Involvement and SYNTAX Score

SYNTAX Scores

ANY <23 23 TO 32 >32

PCI CABG P PCI CABG P PCI CABG P PCI CABG P

Entire	cohort	(N) 903 897 299 275 310 300 290 315

1°	end	point:	MACCE 37.3% 26.9% <.01 32.1% 28.6% .43 36.0% 28.5% .008 44.0% 26.8% <.001

Death 13.9% 11.4% .10 10.1% 8.9% .64 13.8% 12.7% .68 19.2% 11.4% .005

Death,	MI,	stroke 20.8% 16.7% .03 16.1% 14.9% .81 20.7% 18.0% .42 26.1% 17.1% .007

Repeat	revasc. 25.9% 13.7% <.01 23.0% 16.9% .56 24.1% 12.7% <.001 30.0% 12.1% <.001

Three-vessel	subset	(N) 546 549 181 171 207 208 155 166

1°	end	point:	MACCE 37.5% 24.2% <.001 33.3% 26.8% .21 37.9% 22.6% <.001 41.9% 24.1% <.001

Death 14.6% 9.2% .006 10.2% 9.3% .81 16.3% 9.6% .047 17.8% 8.8% .015

Death,	MI,	stroke 22.0% 14.0% <.001 17.5% 14.8% .56 23.2% 14.7% .035 26.2% 12.5% .002

Repeat	revasc. 25.4% 12.6% <.001 23.1% 14.9% .038 25.1% 11.0% <.001 28.2% 12.6% <.001

LMCA	subset	(N) 357 348 118 104 103 92 135 149

1°	end	point:	MACCE 36.9% 31.0% .12 30.4% 31.5% .74 32.3% 32.7% .88 46.5% 29.7% .003

Death 12.8% 14.6% .53 7.0% 11.3% .28 8.9% 19.3% .04 20.9% 14.1% .11

Death,	MI,	stroke 19.0% 20.8% .52 13.9% 15.2% .71 15.7% 24.9% .11 26.1% 22.1% .40

Repeat	revasc. 26.7% 15.5% <.01 20.3% 23.0% .65 22.2% 16.6% .40 34.1% 11.6% <.001

Data	from	Mohr	FW,	Morice	MC,	Kappetein	AP,	et	al:	Coronary	artery	bypass	graft	surgery	versus	percutaneous	coronary	intervention	in	patients	with	three-vessel	disease	and	left	main	coro-
nary	disease:	5-year	follow-up	of	the	randomised,	clinical	SYNTAX	trial.	Lancet	381(9867):629-638,	2013.
1°,	Primary;	CABG,	coronary	artery	bypass	grafting;	LMCA,	 left	main	coronary	artery;	MACCE,	major	adverse	cardiac	and	cardiovascular	event;	MI,	myocardial	 infarction;	N,	number	of	
patients;	P,	P	value;	PCI,	percutaneous	coronary	intervention;	revasc.,	revascularization.
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treatment.101 With 1900 patients enrolled and a follow-up of 5 years, 
the study was adequately powered. The primary outcome, the 5-year 
composite incidence of death from any cause, nonfatal MI and nonfatal 
stroke occurred less frequently in the CABG group than in the PCI 
group (18.7% vs. 26.6%, absolute difference of 7.9%; 95% CI, 3.3 to 
12.5, P = .005; Fig. 2-4, A).101 This difference was driven by a significant 
5-year survival benefit (10.9% vs. 16.3%, P = .049; see Fig. 2-4, B) and 
by a lower 5-year incidence of MI with CABG compared with PCI 
(6.0% vs. 13.9%, P < .001).101 However, CABG was associated with a 
slight, but statistically significant, increase in the 5-year incidence of 
stroke (5.2% vs. 2.4%, P = .03). CABG also afforded a slightly better 
intermediate-term health status and quality of life than PCI.102 The 
benefit of a CABG was similar in two-vessel and three-vessel disease 
(Fig. 2-5).101 There also was a post-hoc assessment of SYNTAX score 
and a stratification to low (≤22), intermediate (23 to 32), and high 
(≥33) SYNTAX score. In the low range of SYNTAX score, the hazard 
ratio that compared CABG with PCI was close to unity and was statisti-
cally insignificant, whereas at SYNTAX scores above 22, a substantial 
and statistically significant benefit of CABG was found with respect to 
the primary end point (see Fig. 2-5). These findings are difficult to 

randomized study, 89 in the patient-choice registry, and 525 in the 
physician-choice registry.94 In the randomized study, the 4-year mortal-
ity of diabetics after catheter intervention was not significantly different 
from that after bypass surgery, but the point estimates favored catheter 
intervention (19% vs. 28%, P = .27). Similar results were obtained in 
the patient-choice registry (11% vs. 15%, P = .73) and the physician-
choice registry (29% vs. 27%, P = .77). The results of AWESOME 
therefore suggest that in patients with multivessel disease and refrac-
tory angina who have an increased risk with CABG, coronary implanta-
tion of bare-metal stents is a safe alternative to surgical revascularization. 
The Alberta Provincial Project for Outcome Assessment in Coronary 
Heart Disease (APPROACH), the only large registry that addressed 
stent-supported PCI with bypass surgery in patients with diabetes, did 
not reveal any benefit of CABG compared with PCI.95

Studies With Drug-Eluting Stents
Drug-eluting stents (DESs) are particularly appealing in diabetics 
because they offer a solution to the most crucial problem of PCI in this 
patient subset—that is, restenosis. A meta-analysis of the diabetic 
patients in randomized studies that compared DESs with bare-metal 
stents (BMSs) confirmed that in diabetes mellitus, DESs significantly 
reduce the risk of restenosis compared with BMSs96-98 by 37% to 69% 
depending on the stent type.97 Nevertheless, the excess risk of resteno-
sis in diabetics compared with nondiabetics prevailed even with 
DESs.96 No safety issues were reported with respect to the 1-year inci-
dence of death or of the composite of death and nonfatal MI when 
DESs were compared with BMSs in diabetics,97 provided that dual 
antiplatelet therapy is pursued for at least 6 months.98 Based on the 
older studies for PCI in diabetes, it may be anticipated that the reduc-
tion in restenosis by DESs compared with BMSs may confer a survival 
benefit during longer-term follow-up in diabetics.81 Hence the role of 
PCI compared with CABG in the treatment of multivessel disease had 
to be reassessed in the era of DESs.

The Coronary Artery Revascularization in Diabetes (CARDia) trial 
was designed to compare PCI with CABG in patients with diabetes.99 
A total of 510 diabetic patients with multivessel or complex single-
vessel coronary disease were randomized to CABG or PCI with BMSs 
in the first 30% of the patients and subsequently with sirolimus-eluting 
stents. CARDia included a low-risk cohort: three-vessel disease 
accounted for only 62% of the cohort, and only 1% of the lesions 
treated by PCI in CARDia were bifurcations. The primary end point—
the 1-year composite incidence of all-cause mortality, MI, and stroke—
was 10.5% in the CABG group and 13.0% in the PCI group (P = .39); 
all-cause mortality rates were 3.2% and 3.2%; and the rates of repeat 
intervention were 2.0% and 11.8% (P < .001), respectively. Thus the 
1-year rate of MACCEs after CABG was significantly lower than that 
after PCI (11.3% vs. 19.3%; HR, 1.77; 95% CI, 1.11 to 2.82; P = .02). 
With respect to the primary end point, as well as MACCEs, interac-
tions occurred with the stent type that favored DESs over BMSs (P = 
.076 and P = .131, respectively). Nevertheless, the observed 1-year rate 
of MACCEs in the subgroup with sirolimus-eluting stents was 18.0% 
after PCI compared with 12.9% after CABG. In the meantime, 5-year 
outcomes of CARDia were reported.100 Still, no significant differences 
were reported between CABG and PCI in all-cause mortality (12.6% 
vs. 14%; HR, 0.85; 95% CI, 0.53 to 1.37; P = .53) or the composite of 
all-cause mortality, MI, or stroke (20.5% vs. 26.6%; HR, 0.75; 95% CI, 
0.52 to 1.06; P = .11). The need for repeat intervention was, however, 
higher after PCI than after CABG (22.2% vs. 9.2%; HR, 0.41; 95% CI, 
0.26 to 0.65; P = .11). It remains unclear to what extent the increased 
need for intervention after PCI had to be attributed to the use of BMSs 
in some of the patients. CARDia suggested that in diabetic patients 
with less complex CAD, PCI with DESs may be as safe as CABG but 
is associated with a higher need for intervention.

For diabetic patients with multivessel CAD, the Future Revascu-
larization Evaluation in Patients With Diabetes Mellitus: Optimal 
Management of Multivessel Disease (FREEDOM) trial was the land-
mark trial to assess the optimal revascularization strategy with con-
temporary state-of-the art surgical, interventional, and medical 

FIGURE 2-4	 Kaplan-Meier	estimates	of	the	composite	primary	outcome	
and	 death	 in	 the	 FREEDOM	 trial	 comparing	 percutaneous	 coronary	
intervention	(PCI)	with	coronary	artery	bypass	grafting	(CABG)	in	dia-
betic	patients	with	coronary	multivessel	disease.	Shown	are	rates	of	the	
composite	primary	outcome	of	death,	myocardial	 infarction,	or	stroke	
(A)	and	death	from	any	cause	(B)	truncated	at	5	years	after	randomiza-
tion.	The	P	value	was	calculated	by	means	of	the	log-rank	test.	(Repro-
duced	 with	 permission	 from	 Farkouh	 ME,	 Domanski	 M,	 Sleeper	 LA,	
et	al:	Strategies	for	multivessel	revascularization	in	patients	with	diabe-
tes.	N	Engl	J	Med	367[25]:2375-2384,	2012.)
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FIGURE 2-5	 Primary	composite	outcome,	according	to	a	subgroup	of	
the	 FREEDOM	 trial	 that	 compared	percutaneous	 coronary	 intervention	
(PCI)	with	coronary	artery	bypass	grafting	(CABG)	in	diabetic	patients	
with	coronary	multivessel	disease.	Subgroup	analyses	were	performed	
with	 the	 use	 of	 Cox	 proportional	 hazards	 regression.	 CI,	 Confidence	
interval.	(From	Farkouh	ME,	Domanski	M,	Sleeper	LA,	et	al:	Strategies	
for	multivessel	revascularization	in	patients	with	diabetes.	N	Engl	J	Med	
367[25]:2375-2384,	2012.)
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interpret, however, because the P value for interaction did not reach 
statistical significance (Pint = .485).101 Thus the findings of FREEDOM 
demonstrate a substantial benefit of CABG over PCI in the majority of 
diabetic patients with multivessel disease, particularly those with more 
complex coronary anatomies, but they do not completely rule out the 
option of PCI in patients with simple coronary anatomies, such as 
those with SYNTAX scores below 23.

More recently, the 5-year results of the diabetic subset of SYNTAX 
were published.103 In the PCI group, multivariate analysis identified 
diabetes as an independent predictor of MACCEs and of repeat revas-
cularization but not of the composite of all-cause death, MI, or stroke. 
On the contrary, diabetes was not independently associated with any 
end point in the CABG group. In SYNTAX, randomization was strati-
fied for diabetes. Among 452 patients with medically treated diabetes, 
221 were assigned to CABG and 231 were assigned to PCI.103 Concern-
ing the 5-year incidence of MACCE, the primary end point of SYNTAX, 
CABG was superior to PCI (26.3% vs. 34.1%, P = .002).103 To a large 
extent, this was due to a lower need for repeat revascularization (13.4% 
vs. 28.2%, P < .001). The differences in 5-year all-cause death (10.9% 
vs. 12.0%, P = .048) or the composite of all-cause death, MI, or stroke 
(15.9% vs. 19.8%, P = .069) were not significant between CABG and 
PCI. Nevertheless, significant differences that favored CABG were 
found for the 5-year incidence of cardiac death (4.9% vs. 7.7%, P = 
.035) and of MI (3.4% vs. 9.9%; P < .001). Stratifying the diabetic 
subgroup of SYNTAX to anatomic complexity as judged by tertiles of 
SYNTAX scores revealed diverse 5-year outcomes (Fig. 2-6): In the 
lowest tertile of SYNTAX scores (<23), the 5-year incidence of the 
composite of all-cause death, MI, or stroke was similar between CABG 
and PCI (20.1% vs. 19.4%, P = .79). Although there was a significantly 
lower need for reintervention after CABG versus PCI (18.5% vs. 38.5%, 
P = .014), it did not result in a significant difference in 5-year MACCE 
rates (33.7% vs. 42.5%, P = .38). The middle tertile of SYNTAX scores 
(23 to 32) exhibited a similar pattern of outcomes as the lowest tertile. 
In the highest tertile of SYNTAX scores (>32), however, 5-year MACCE 
rates were twice as high after PCI than after CABG (56.7% vs. 25.5%, 
P < .001). This comprised significant differences in the composite of 
all-cause death, MI, or stroke (P = .034) and in repeat revascularization 
(P < .001). In summary, the overall level of risk in the diabetic cohort 
of SYNTAX was higher than in the entire cohort, but on the whole, the 
findings are largely consistent with those in the entire study except  
for a higher risk of restenosis. Specifically, the subgroup analysis of 

diabetics suggests that the noninferiority of PCI compared with CABG 
in patients with SYNTAX scores less than 23, as found in the entire 
study, also applies to people with diabetes, at least as far as the hard 
end points are concerned.

The Collaborative Atorvastatin Diabetes Study (CARDS) was 
another dedicated trial that compared CABG with PCI using drug-
eluting stents in diabetic patients. Although CARDS had a small size 
(N = 198) because of premature termination, 2-year follow-up revealed 
a survival benefit in diabetic patients with severe CAD treated with 
CAGB compared with those treated by PCI with drug-eluting stents.104

Taken together, the four randomized controlled trials that com-
pared CABG with PCI using drug-eluting stents in diabetic patients—
CARDia, FREEDOM, SYNTAX, and CARDS—show a survival benefit 
with CABG, as well as a reduction in the risk of MI and in the need 
for repeat revascularization.105 In a meta-analysis of these trials, the 
relative risk of all-cause mortality comparing CABG with PCI was 0.65 
(95% CI, 0.48 to 0.90; P = .008) at 5-year (or longest) follow-up.105 
However, some degree of heterogeneity was apparent (I2 = 49%), with 
the numerically lowest and insignificant benefit of CABG in CARDia 
and the largest in CARDS. The overall findings of the meta-analysis 
are reproducible in large, unselected patient cohorts. In a registry that 
comprised 2885 multivessel diabetic patients, a propensity-matched 
comparison between patients treated by PCI and those treated by 
CABG revealed higher all-cause mortality with PCI (HR, 1.8; 95% CI, 
1.4 to 2.2; P < .0001), as well as a higher risk of MI (HR, 3.3; 95% CI, 
2.4 to 4.6; P < .0001) and of target-vessel revascularization (HR, 4.5; 
95% CI, 3.4 to 6.1; P < .0001) during 5-year follow-up.106

In summary, based on currently available evidence, CABG is the 
preferred method of revascularization for most diabetic patients with 
coronary multivessel disease. Nevertheless, the risk associated with 
PCI, as well as the benefit of CABG, is not uniform across the spectrum 
of complex CAD. This is suggested by the analysis of outcomes strati-
fied to levels of SYNTAX score and also by the more favorable results 
of PCI in the lower-risk cohort of CARDia. Accordingly, PCI remains 
an option to be considered in low-complexity subsets of multivessel 
disease, such as those with a SYNTAX score less than 23.

Left Main Coronary Artery Disease
Since the early days of Andreas Grüntzig, plain balloon angioplasty has 
been considered contraindicated in unprotected left main stem lesions 
because of the almost inevitable fatality when the procedure fails and 
because CABG had been established as a therapy that reduced mortal-
ity compared with medical treatment alone. With the advent of coro-
nary stents, however, the verdict against catheter treatment of LMCA 
stenosis was challenged. Stents are particularly attractive for percuta-
neous treatment of left main CAD because they reduce acute complica-
tions and restenosis, especially in large-diameter vessels. Moreover, 
stents overcome the elastic recoil within the aortic wall, which repre-
sents a major problem with LMCA percutaneous transluminal coro-
nary angioplasty (PTCA). It was thus not surprising that several groups 
reported favorable results of registries on bare-metal stenting of unpro-
tected LMCA stenosis.107-111

Registries With Drug-Eluting Stents
Several registries have addressed the efficacy and safety of drug-eluting 
stents in the treatment of left main CAD. In 2005, three key studies 
were published that comprised cohorts of 85 to 102 patients treated 
with drug-eluting stents for unprotected left main CAD and historic 
control groups with bare-metal stents of 64 to 121 patients.112-114 These 
studies suggested that drug-eluting stents, compared with bare-metal 
stents, may improve outcome—an assumption that was subsequently 
confirmed by nonrandomized comparisons and a small randomized 
study.115-118 In the Intracoronary Stenting and Antithrombotic Regimen: 
Drug-Eluting Stents for Unprotected Left Main Stem Disease (ISAR-
LEFT-MAIN) study, which comprised 607 patients treated with a 
drug-eluting stent, 2-year mortality was 9.7% and angiographic reste-
nosis was 17.7%, with no significant difference between sirolimus- and 
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the Revascularization for Unprotected Left Main Coronary Artery Ste-
nosis: Comparison of Percutaneous Coronary Angioplasty Versus Sur-
gical Revascularization (MAIN-COMPARE) registry, for which 5-year 
results have been reported.127 The MAIN-COMPARE registry evalu-
ated 2240 patients with unprotected left main CAD who received coro-
nary stents (n = 1102) or underwent CABG (n = 1138). Among the 
PCI-treated patients, 318 received bare-metal stents and 784 received 
drug-eluting stents. Median follow-up was 5.2 years. The 5-year inci-
dences after PCI versus CABG were 11.8% and 13.6% (P = .06) for 
death; 12.2% and 14.7% (P = .03) for the composite of death, Q-wave 
MI, or stroke; and 16.0% versus 4.0% (P < .001) for target-vessel revas-
cularization (TVR). After adjustment for differences in baseline risk 
factors, the corresponding hazard ratios were 1.13 (95% CI, 0.88 to 
1.44; P = .35) for death; 1.07 (95% CI, 0.84 to 1.37; P = .59) for the 
composite of death, Q-wave MI, or stroke; and 5.11 (95% CI, 3.52 to 
7.42; P < .001) for TVR. Comparisons of bare-metal stents with con-
current CABG and of drug-eluting stents with concurrent CABG 
yielded similar results. Hence with respect to clinically important end 
points, CABG for unprotected left main CAD did not afford a superior 
5-year outcome compared with PCI. Yet a higher need for reinterven-
tion had to be faced when therapy was primarily based on PCI instead 
of CABG. After the results of the SYNTAX trial appeared, the investi-
gators of MAIN-COMPARE performed a post-hoc analysis of 5-year 
outcomes stratified to SYNTAX scores.133 After multivariate adjust-
ment, the hazard ratios for death (adjusted HR, 0.52; 95% CI, 0.21 to 
1.28; P = .15) and for death, MI, or stroke (adjusted HR, 0.54; 95% CI, 
0.22 to 1.34; P = .18) favored PCI with SYNTAX scores less than 23, 
whereas with SYNTAX scores greater than 32, they favored CABG 
(adjusted HR for death, 1.46; 95% CI, 0.92 to 2.30; P = .11; adjusted 
HR for the composite outcome, 1.36; 95% CI, 0.87 to 2.12; P = .18; Fig. 
2-7). The interaction P was .047 for death and .08 for the composite 
outcome.

The second largest registry in this field was the Multicenter Registry 
Evaluating Percutaneous Coronary Intervention Versus Coronary 
Artery Bypass Grafting for Left Main Treatment (DELTA), which 
included 1874 patients with unprotected left main coronary artery 
stenosis treated with PCI and 901 treated with CABG.130 At a median 
follow-up of 3.5 years, the adjusted analysis did not reveal any signifi-
cant differences comparing PCI with CABG with respect to the primary 
composite end point of all-cause death, MI, and stroke (adjusted HR, 
1.11; 95% CI, 0.85 to 1.42; P = .47) or with respect to all-cause mortality 
(adjusted HR, 1.16; 95% CI, 0.87 to 1.55; P = .32). Nevertheless, because 
of a higher incidence of TVR with PCI, the risk of the secondary end 
point, MACCE, was higher with PCI than with CABG (adjusted HR, 

paclitaxel-eluting stents.119 Consistent results were reported from a 
multicenter registry.120

In 2006, the first two nonrandomized studies to compare implanta-
tion of drug-eluting stents for unprotected left main CAD with CABG 
were published.121,122 With small sample sizes (N = 173 or 249) and 
short follow-up periods (6 or 12 months), these studies suggested 
similar outcomes of CABG or PCI with respect to survival and survival 
without MI and stroke, but somewhat higher rates of reintervention 
were reported after PCI than after CABG. Subsequently, several non-
randomized studies that compared PCI with drug-eluting stents versus 
CABG reported consistent results.123-132 The largest of these studies was 

FIGURE 2-6	 Five-year	outcomes	 for	diabetic	patients	and	nondiabetic	
patients,	according	to	anatomic	lesion	complexity	as	measured	by	the	
SYNTAX	score.	Results	from	the	SYNTAX	trial	comparing	percutaneous	
coronary	intervention	(PCI)	with	coronary	artery	bypass	grafting	(CABG)	
in	patients	with	three-vessel	disease	or	left	main	coronary	artery	disease	
with	or	without	distal	coronary	artery	stenosis.	Binary	event	rates	of	(A)	
major	 adverse	 cardiac	 or	 cerebrovascular	 event	 (MACCE),	 (B)	 the	
composite	 end	 point	 of	 all-cause	 death/stroke/myocardial	 infarction	
(MI),	and	 (C)	 repeat	 revascularization	 in	diabetic	patients.	Rates	are	
separated	according	to	SYNTAX	score	tertiles,	indicating	low	(0	to	22),	
intermediate	(23	to	32),	and	high	(≥33)	anatomic	lesion	complexity.	
CABG,	Coronary	artery	bypass	grafting	(green	bars);	PCI,	percutaneous	
coronary	intervention	(blue	bars).	(From	Kappetein	AP,	Head	SJ,	Morice	
MC,	et	al:	Treatment	of	complex	coronary	artery	disease	in	patients	with	
diabetes:	 5-year	 results	 comparing	 outcomes	 of	 bypass	 surgery	 and	
percutaneous	coronary	 intervention	 in	 the	SYNTAX	 trial.	Eur	J	Cardio-
thorac	Surg	43[5]:1006-1013,	2013.)
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The key results of SYNTAX left main are corroborated by the 
Leipzig left main multicenter trial, which randomized 201 patients 
with an unprotected LMCA to undergo sirolimus-eluting stenting  
(n = 100) or CABG using predominantly arterial grafts (n = 101).138 At 
1 year, the primary clinical end point of major adverse cardiac events 
(MACEs)—comprising cardiac death, MI, and the need for TVR—was 
reached in 13.9% of patients after surgery as opposed to 19.0% after 
PCI (P = .19 for noninferiority). The combined rates for death and MI 
were comparable (surgery 7.9% vs. stenting 5.0%, noninferiority P < 
.001), but stenting was inferior to surgery for repeat revascularization 
(5.9% vs. 14.0%, noninferiority P = .35). Perioperative complications 
were higher after surgery (4% vs. 30%, P < .001). Like SYNTAX, the 
Leipzig trial suggests equipoise between PCI and CABG with respect 
to prognostically relevant end points.

To date, the largest published dedicated study to compare CABG 
with PCI for unprotected LMCA stenosis is the Premier of Random-
ized Comparison of Bypass Surgery Versus Angioplasty Using 
Sirolimus-Eluting Stent in Patients With Left Main Coronary Artery 
Disease (PRECOMBAT).139 This trial randomly assigned 300 patients 
with unprotected LMCA stenosis to undergo CABG and 300 patients 
to undergo PCI with sirolimus-eluting stents. At 2-year follow-up, the 
primary composite end point of MACCE (death from any cause, MI, 
stroke, or ischemia-driven TVR) was reached in 12.2% of the PCI 

1.64; 95% CI, 1.33 to 2.03; P < .0001). Outcomes of the primary and 
the secondary end point were similar irrespective of sex.134 The 
Appraise a Customized Strategy for Left Main Revascularization (CUS-
TOMIZE) registry, which comprised 894 patients, obtained similar 
results as the DELTA registry.132 In addition, the CUSTOMIZE registry 
suggested that the excess need for reintervention with PCI was con-
fined to patients younger than 75 years but was not present in older 
patients (adjusted Pint = .034).

In summary, the registry data do not support the concept that every 
left main coronary artery stenosis should be treated surgically.

Randomized Studies With Drug-Eluting Stents
In SYNTAX,135-137 705 patients belonged to the prespecified subset with 
left main CAD (see Table 2-4).135-137 During 5-year follow-up,135 the 
incidence of MACCEs did not differ significantly between PCI and 
CABG (36.9% vs. 31.0%, P = .12; see Table 2-4). The composite of 
death, MI, and stroke to 5 years was also similar between the two 
groups (19.0% vs. 20.8%, P = .52), as were mortality (12.6% vs. 14.6%, 
P = .53) and rate of MI (8.2% vs. 4.8%, P = .10). At 5 years, reinterven-
tion was significantly more frequent in the PCI group (26.7% vs. 15.0%, 
P = .01), whereas stroke was significantly more frequent in the CABG 
group (1.5% vs. 4.3%, P = .03). The extent of CAD outside the LMCA 
had a major impact on outcome after PCI versus CABG. As in the 
entire study, the 5-year MACCE rate was excessive after PCI compared 
with CABG in the tertile with SYNTAX scores above 32 (46.5% vs. 
29.7%, P = .003), which included a trend for higher mortality with PCI 
(20.9% vs. 14.1%, P = .11; Fig. 2-8; see also Table 2-4). On the other 
hand, in the combined two lower tertiles of SYNTAX scores (5 through 
32), all-cause mortality after PCI was significantly lower than that after 
CABG (7.9% vs. 15.1%, P = .02), and the 5-year MACCE incidence 
was almost identical between PCI and CABG (31.3% vs. 32.1%, P = 
.74; see Fig. 2-8). Moreover, only a clinically irrelevant and statistically 
insignificant numerical increase was found in the need for intervention 
after PCI compared with CABG (22.6% vs. 18.6%, P = .36). Thus the 
results of the SYNTAX study suggest that PCI is the treatment of choice 
for left main CAD unless extensive disease is present, as judged by 
SYNTAX scores above 32.

FIGURE 2-7	 Adjusted	hazard	ratios	of	percutaneous	coronary	interven-
tion	(PCI)	versus	coronary	artery	bypass	grafting	(CABG)	in	unprotected	
left	main	coronary	artery	stenoses	stratified	to	levels	of	SYNTAX	scores.	
Point	 estimates	 and	 95%	 confidence	 intervals	 (CIs)	 for	 various	 out-
comes	are	shown.	MI,	Myocardial	 infarction;	Pint,	 interaction	P	value.	
(Data	from	Park	DW,	Kim	YH,	Yun	SC,	et	al:	Complexity	of	atheroscle-
rotic	coronary	artery	disease	and	long-term	outcomes	in	patients	with	
unprotected	left	main	disease	treated	with	drug-eluting	stents	or	coro-
nary	 artery	 bypass	 grafting.	 J	 Am	 Coll	 Cardiol	 57[21]:2152-2159,	
2011.)
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FIGURE 2-8	 Five-year	incidences	of	all-cause	death;	of	the	composite	
of	death,	myocardial	infarction	(MI),	and	stroke;	and	of	major	adverse	
cardiac	or	cerebrovascular	events	(MACCEs)	after	percutaneous	coro-
nary	intervention	(PCI)	versus	coronary	artery	bypass	grafting	(CABG)	
in	patients	with	unprotected	left	main	coronary	artery	disease	of	SYNTAX	
trial	stratified	to	levels	of	SYNTAX	score.	A,	SYNTAX	score	less	than	33.	
B,	 SYNTAX	 score	33	or	 greater.	 (Data	 from	Morice	MC,	Serruys	PW,	
Kappetein	 AP,	 et	al:	 Five-year	 outcomes	 in	 patients	 with	 left	 main	
disease	treated	with	either	percutaneous	coronary	intervention	or	coro-
nary	artery	bypass	grafting	in	the	synergy	between	percutaneous	coro-
nary	 intervention	 with	 taxus	 and	 cardiac	 surgery	 trial.	 Circulation	
129[23]:2388-2394,	2014.)
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to exchange the discomfort of surgery for the potential inconvenience 
of repeat revascularization procedures. Concerning specific subsets, 
SYNTAX has taught us that the differential outcome of the two treat-
ment strategies critically depends on the extent of concomitant CAD 
outside the left main artery. With moderate or no disease outside the 
LMCA, PCI leads to better outcomes than CABG, which includes a 
potential survival benefit; whereas with widespread diffuse disease 
outside the LMCA, CABG is more beneficial.

PERCUTANEOUS CORONARY INTERVENTION VERSUS 
MEDICAL THERAPY ALONE

Several studies of the prestent era compared PCI with medical therapy 
alone in single- or double-vessel disease without a prognostic indica-
tion for bypass surgery. Apart from the Angioplasty Compared to 
Medicine (ACME), RITA 2, and Atorvastatin Versus Revascularization 
Treatments (AVERT) studies, a meta-analysis that also included MASS 
and one smaller German trial demonstrated a significant (30%) 

group versus 8.1% of the CABG group (HR, 1.50; 95% CI, 0.90 to 2.52; 
P = .12). The composite rate of death, MI, or stroke at 2 years was 
similar between PCI and CABG (4.4% vs. 4.7%; HR, 0.92; 95% CI, 0.43 
to 1.96; P = .83). However, ischemia-driven TVR occurred more fre-
quently in the PCI group than in the CABG group (9.0% vs. 4.2%; HR, 
2.18; 95% CI, 1.10 to 4.32; P = .02). In line with the Leipzig left main 
artery study and the left main artery cohort of SYNTAX, PRECOM-
BAT demonstrated that in terms of prognostically relevant end points, 
PCI is noninferior to CABG in the treatment of unprotected LMCA 
stenosis. Moreover, the need for repeat revascularization after PCI was 
low in PRECOMBAT with only a small, albeit statistically significant, 
surplus compared with CABG.

A meta-analysis141 of randomized trials summarized 1-year out-
comes of SYNTAX, the Leipzig study, PRECOMBAT, and the smaller 
(N = 105) Left Main Coronary Artery Stenting (LE MANS) study140 
with drug-eluting stents in only 35 of the PCI procedures. No signifi-
cant differences in death (odds ratio [OR] of PCI vs. CABG, 0.74; 95% 
CI, 0.43 to 1.28) or MI were reported (OR, 0.98; 95% CI, 0.54 to 1.78), 
but a lower risk of stroke (OR, 0.15; 95% CI, 0.33 to 0.67) and a higher 
risk of reintervention with PCI (OR, 2.25; 95% CI, 1.53 to 3.28) were 
found. Thus the total rate of MACCEs tended to be higher with PCI 
compared with CABG (OR, 1.28; 95% CI, 0.95 to 1.72). However, the 
odds ratios for MACCEs varied substantially depending on the burden 
of coronary disease, and it favored PCI with isolated left main CAD 
and left main plus single-vessel disease and CABG with left main plus 
multivessel disease (Fig. 2-9). Yet a statistically significant benefit of 
CABG over PCI was only found for left main plus triple-vessel disease 
(10.4% vs. 17.9%, P = .03). A subsequent meta-analysis also included 
registry data and addressed longer follow-ups.142 It showed equipoise 
between CABG and PCI in 5-year survival, an advantage of CABG 
with respect to reintervention, and an advantage of PCI with respect 
to stroke. Up to 4 years, the odds ratios for MACCEs did not show 
significant differences between PCI and CABG, whereas at 5 years, a 
marginally significant benefit of PCI over CABG appeared. The results 
of this meta-analysis must be interpreted cautiously because of the 
mix-up between randomized and nonrandomized studies. From 3 
years onward, SYNTAX was the only randomized trial that contributed 
to this meta-analysis. A more recent meta-analysis integrated both 
direct and indirect evidence by performing a Bayesian cross design and 
network meta-analysis of four randomized trials and eight observa-
tional studies.143 Confirming the result obtained by conventional meta-
analysis designs, the odds ratios of 1-year mortality after PCI versus 
CABG did not reveal significant differences between the two revascu-
larization modalities in randomized clinical trials (OR, 0.99; 95% 
Bayesian credible interval, 0.67 to 1.43), matched cohort studies (OR, 
1.10; 95% Bayesian credible interval, 0.76 to 1.73), or other types of 
cohort studies (OR, 0.93; 95% Bayesian credible interval, 0.58 to 1.35). 
Moreover, the network meta-analysis demonstrated a lower 1-year 
mortality after PCI for unprotected left main CAD than with medical 
therapy alone (OR, 0.31; 95% Bayesian credible interval, 0.19 to 
0.51).143

None of the randomized studies to compare CABG with PCI for 
unprotected left main CAD was adequately powered, and only SYNTAX 
had sufficient length of follow-up. Moreover, nonrandomized compari-
sons can yield only circumstantial evidence. Thus the need still exists 
for a large randomized trial in this field. The ongoing Evaluation of 
Xience Prime Versus Coronary Artery Bypass Surgery for Effectiveness 
of Left Main Revascularization (EXCEL) trial has been designed to 
meet this need with the intent to recruit 2600 patients with unprotected 
left main CAD randomly assigned to CABG or PCI with everolimus-
eluting stents with a follow-up of up to 5 years. As a primary end point, 
the composite measure of all-cause mortality, MI, or stroke will be 
assessed at 3 years.

Until the results of EXCEL become available, currently available 
evidence suggests that PCI with drug-eluting stents is a reasonable 
treatment option for many patients with unprotected left main CAD. 
In general, survival and survival without MI or stroke are at least as 
good as after surgery, and patients may thus decide whether they want 

FIGURE 2-9	 Kaplan-Meier	estimates	of	major	adverse	cardiac	or	cere-
brovascular	 events	 (MACCEs)	 in	 the	 PRECOMBAT	 trial.	 A,	 MACCEs.	
B,	 The	 composite	 of	 death,	 myocardial	 infarction,	 and	 stroke.	 The	
PRECOMBAT	 trial	compared	percutaneous	coronary	 intervention	(PCI)	
with	coronary	artery	bypass	grafting	(CABG)	in	patients	with	unprotected	
left	main	coronary	artery	disease.	The	P	value	was	calculated	by	means	
of	the	log-rank	test.	(From	Park	SJ,	Kim	YH,	Park	DW,	et	al:	Random-
ized	trial	of	stents	versus	bypass	surgery	for	 left	main	coronary	artery	
disease.	N	Engl	J	Med	364[18]:1718-1727,	2011.)
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did not differ significantly between the revascularization group 
(88.3%) and the medical therapy group (87.8%, P = .97). The rates 
of freedom from major cardiovascular events also did not differ  
significantly among the groups: they were 77.2% in the revasculari-
zation group and 75.9% in the medical treatment group (P = .70). 
Taken together, COURAGE and BARI 2D suggest that with OMT, a 
conservative approach that reserves revascularization to patients with 
progression of angina, the development of an acute coronary syn-
drome, or severe ischemia is preferred over a strategy of prompt revas-
cularization. Some caveats against an uncritical generalization of this 
concept must be considered. The first comes from the authors of the 
COURAGE trial. In their nuclear substudy of COURAGE, they dem-
onstrated that the beneficial effect of therapy on prognosis is linked to 
a substantial reduction in stress-induced ischemia to a low residual 
level.27 In their substudy, a reduction of the area of stress-induced 
ischemia of 5% or more and to 10% or less of the left ventricle was 
needed for a prognostic effect, especially if baseline ischemia was 
greater than 10%. Although this was achieved more frequently after 
PCI than after medical therapy alone, a substantial number of PCI 
patients fell short of this goal. This may not be considered an inherent 
limitation of PCI but rather a consequence of a PCI strategy that 
focused on the culprit lesion. Despite the fact that 69% of patients 
assigned to PCI had multivessel disease and 65% had multiple revers-
ible perfusion defects on nuclear imaging, only 36% of the patients 
received more than one stent. Thus in a substantial proportion of 
patients, PCI resulted in incomplete revascularization. With respect to 
the overall outcome of the study, this will have diluted the beneficial 
effect of complete revascularization in some of the patients, as dem-
onstrated in the nuclear substudy of COURAGE.27 The findings of the 
BARI 2D trial also support the concept that revascularization will 
improve prognosis if a relevant area of the left ventricle can be relieved 
from ischemia. In this trial, the low-risk patients stratified as PCI 
candidates derived no benefit from revascularization compared with 
primarily medical treatment, whereas patients stratified as CABG can-
didates fared better with revascularization (major adverse events = 
22.4% vs. 30.5%, P = .01; for interaction between stratum and study 
group, P = .002). Compared with PCI candidates, CABG candidates 
more often had three-vessel disease and a jeopardy score greater than 
50% (ORs were 4.4 and 4.1, respectively). Thus in BARI 2D, the larger 
reduction in ischemia in the CABG group, compared with that in the 
PCI group, resulted in a prognostic benefit. The second caveat comes 
from the observation of a 13% relative reduction in mortality by PCI 
plus OMT compared with OMT alone in the COURAGE trial. 
However, the trial was not sufficiently powered to establish the statisti-
cal significance of this finding.

The most recent trial to assess potential benefits of revascularization 
by PCI in patients with stable CAD was FAME 2,45 which included 
patients with stable angina in whom coronary angiography revealed at 
least one coronary artery stenosis of 50% or greater. All stenoses were 
interrogated by measurement of fractional flow reserve (FFR). Patients 
with at least one functionally relevant stenosis (FFR ≤ 0.80) were ran-
domly assigned to PCI with drug-eluting stents plus the best available 
medical therapy (PCI group) or the best available medical therapy 
alone (medical-therapy group). Patients who did not have any func-
tionally relevant stenoses were included in a registry. The study was 
designed to include 1632 randomized patients. The Data Safety Moni-
toring Committee, however, recommended a premature end to the 
study for a significant difference in event rates that favored PCI. Thus 
recruitment was halted prematurely after inclusion of 1220 patients. 
Out of these, 888 had undergone randomization, and 332 had entered 
the registry. With a mean duration of follow-up of 214 days, the 
primary end point—the composite of death, MI, or urgent 
revascularization—was reached in 4.3% of the PCI group and in 12.7% 
of the medical-therapy group (HR with PCI, 0.32; 95% CI, 0.19 to 0.53; 
P < .001).45 This difference was driven by a lower need for urgent 
revascularization in the PCI group than in the medical therapy group 
(1.6% vs. 11.1%; HR, 0.13; 95% CI, 0.06 to 0.30; P < .001). However, 
no significant differences were reported in mortality (0.2% vs. 0.7%,  

reduction in angina but found a significant increase in the need for 
CABG with PCI compared with medical treatment and trends toward 
increased risk of death, MI, and nonscheduled PCI.144 This meta-
analysis supports the concept that compared with medical therapy 
alone, PCI in patients with stable angina reduces symptoms but may 
be associated with a higher incidence of serious complications, such as 
death and MI. However, it must be considered that none of the studies 
included in this meta-analysis used contemporary interventional tech-
niques, which includes the systematic use of stents with vigorous peri-
interventional and postinterventional antiplatelet treatment, or strict 
risk-factor modification, in particular the administration of statins. 
Modern periinterventional and postinterventional drug therapy would 
have reduced the risk of death and MI, and each of the three elements 
of modern interventional treatment—stents, statins, and antiplatelet 
drugs—would have reduced the need for subsequent unplanned revas-
cularization procedures. Hence it may be anticipated that with modern 
interventional approaches, the complications of catheter intervention 
would have been substantially lower without corrupting the beneficial 
effect of this treatment of angina as compared with medical therapy 
alone. The role of PCI compared with medical therapy alone in patients 
without an established prognostic indication for coronary revascular-
ization therefore needed reassessment in the light of contemporary 
interventional techniques and optimal periinterventional and postint-
erventional treatment.

This was the goal of the randomized COURAGE trial.145 COURAGE 
involved 2287 patients who had objective evidence of myocardial isch-
emia and significant CAD; 1149 patients were assigned to undergo PCI 
with optimal medical therapy (PCI group), and 1138 were to receive 
optimal medical therapy alone (medical therapy group). Patients with 
persistent Canadian Cardiovascular Society (CCS) class IV angina, a 
markedly positive stress test, unprotected left main CAD, or hazardous 
PCI—as in ostial stenosis of the LAD—were not eligible for the study. 
COURAGE was highly successful in applying state-of-the-art preven-
tive and antiischemic pharmacologic treatment. Drug-eluting stents, 
however, were not available except for the last 6 months of the study, 
thus only 2.7% of the COURAGE trial PCI patients received drug-
eluting stents. Among patients randomized to PCI, 6.4% did not have 
the procedure. On the other hand, 32% of the patients assigned to the 
medical therapy group crossed over to PCI during follow-up. Repeat 
PCI was also performed in 21% of the patients in the PCI group. 
During a median follow-up of 4.6 years, the cumulative primary event 
rates, the composite of death from any cause and nonfatal MI, were 
19.0% in the PCI group and 18.5% in the medical therapy group (HR 
for the PCI group was 1.05; 95% CI, 0.87 to 1.27; P = .62).145 Consider-
ing components of the primary end point, 85 deaths occurred in the 
PCI group and 95 occurred in the medical therapy group; spontaneous 
MIs numbered 108 and 109, and those of peri-PCI MI were 35 and 9, 
respectively. At 1 year and 3 years, but not at 5 years, a significantly 
higher proportion of patients in the PCI group were free of angina 
compared with the medical therapy group (66% vs. 58%, P < .001; 72% 
vs. 67%, P = .02; and 74% vs. 72%, P = .35; respectively). The striking 
72% angina-free status at 5 years in the medical therapy group may 
have been attributed to the fact that 43% of these patients began the 
trial with minimal (CCS class I) or no angina, and 32% went on to 
subsequent revascularization for relief of symptoms. Given the failure 
to reduce the risk of death and MI and the marginal symptomatic 
benefit of PCI plus optimal medical therapy (OMT) over OMT alone, 
it was concluded that an initial recommendation of PCI on top of OMT 
offers no important advantage over an initial recommendation of OMT 
alone.

More recently, results consistent with the COURAGE trial were 
reported from the Bypass Angioplasty Revascularization Investigation 
in Type 2 Diabetes (BARI 2D) trial,146 which included 2368 patients 
with both type 2 diabetes and CAD. These patients were stratified as 
potential candidates for CABG (n = 763) or for PCI (n = 1605) and 
were then randomly assigned to prompt revascularization or intense 
medical therapy. Participants were also subrandomized to insulin-
sensitization or insulin-provision therapy. At 5 years, rates of survival 
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between PCI and conservative therapy for stable angina using the New 
York State Cardiac Database.153 Of 9586 patients, 8486 underwent PCI 
(71% with drug-eluting stents) and 1100 were initially treated conser-
vatively. By propensity matching through the use of 20 pertinent 
factors, 933 matched pairs were obtained. During 4-year follow-up, 
patients treated with PCI had an improved outcome compared with 
patients initially treated medically, with a significant reduction in mor-
tality (10.2% vs. 14.5%; P = .02), MI (8.0% vs. 11.3%; P = .007), and 
subsequent revascularization (24.1% vs. 29.1%; P = .005). Adjusted 
hazard ratios of PCI compared with medical treatment were 0.67  
(95% CI, 0.52 to 0.86) for death and MI and 0.68 (95% CI, 0.51 to 0.93) 
for death.

In summary, compared with OMT alone, OMT plus PCI with 
modern devices and interventional techniques more effectively relieves 
symptoms of angina, reduces the risk of unplanned revascularization 
procedures and of spontaneous MIs, and may even improve survival 
of patients with stable angina. The survival benefit appears to be linked 
to effective revascularization of large areas that demonstrate inducible 
ischemia. Hence currently available evidence suggests that patients 
who have an area of stress-induced ischemia involving more than 10% 
of the left ventricle26 or who are not free of symptoms or do not tolerate 
medical therapy should undergo PCI if they are anatomically suited. 
Stable patients who are free of symptoms following antianginal medi-
cation and are free of relevant residual inducible ischemia should be 
managed conservatively.

SUMMARY
When coronary revascularization is considered, prognostic and symp-
tomatic indications must be distinguished. With prognostic indica-
tions, PCI offers an alternative to CABG; with symptomatic indications, 
PCI competes with medical treatment. In the absence of an acute coro-
nary syndrome, PCI for single-vessel disease is justified only if an 
improvement in symptoms can be anticipated or if there is a large area 
(>10% of the LV) of inducible ischemia.

P = .31) or in the incidence of MI (3.4% vs. 3.2%, P = .89). Yet PCI 
reduced the risk of death or MI beyond 7 days (HR with PCI, 0.42; 
95% CI, 0.17 to 1.04; P = .053; Pint = .003 with 7-day landmark). More-
over, in the PCI group, fewer patients suffered from CCS class II to IV 
angina than patients in the medical therapy group (HR, 0.39; 95% CI, 
0.28 to 0.53; P < .001 [at 30 days]; HR, 0.46; 95% CI, 0.28 to 0.74; P = 
.002 [at 6 months]). Confirming the validity of functional testing, the 
event rate was lowest in the registry (3% for the primary end point). 
Thus FAME 2 suggested some advantages of PCI with OMT over OMT 
alone, but it did not demonstrate better survival with PCI or better 
survival without MI.

One of the limitations of COURAGE, BARI 2D, and FAME 2 is the 
limited sample size. This problem may be overcome by meta-analyses. 
A meta-analysis of 17 randomized trials to compare a PCI-based inva-
sive treatment strategy with medical treatment suggested that the PCI-
based invasive strategy improves long-term survival compared with a 
strategy of medical treatment only (OR for all-cause death was 0.80 
[95% CI, 0.64 to 0.99; P = .263] for heterogeneity across trials).147 
Another group performed a meta-analysis of COURAGE and BARI 
2D and six smaller trials (together, 7229 patients) and did not find any 
significant benefit of PCI over conservative treatment for prevention 
of death, MI, unplanned revascularization, and angina.148 These 
researchers subsequently restricted their analysis to studies with objec-
tively documented myocardial ischemia and with greater than 50% use 
of stents and statins. They also included FAME 2,149 yet they reached 
essentially the same results. The most comprehensive recent conven-
tional meta-analysis comprised 12 studies, including COURAGE and 
BARI 2D but not FAME 2, with 37,548 patient-years in 7182 
patients.150,151 PCI compared with conservative treatment was associ-
ated with a significantly lower incident rate ratio (IRR) for spontaneous 
nonprocedural MI (IRR, 0.76; 95% CI, 0.58 to 0.99) at the expense of 
a higher rate of procedural MI (IRR, 4.11; 95% CI, 2.53 to 6.88).151 
Finally, no significant difference was found in the total risk of MI (IRR, 
0.96; 95% CI, 0.74 to 1.21). Consistent with the beneficial effect of PCI 
on spontaneous MI, all-cause mortality (IRR, 0.88; 95% CI, 0.75 to 
1.03) and cardiovascular mortality (IRR, 0.70; 95% CI, 0.44 to 1.09) 
were lower after PCI than with medical treatment alone, and statistical 
significance was only just missed.151 The point estimate for PCI versus 
conservative treatment for mortality paralleled that for spontaneous 
MI but not for procedural MI, indicating that procedural MIs are less 
relevant for survival than spontaneous MIs. In addition to the reduc-
tion in spontaneous MI, the meta-analysis revealed a significantly 
higher freedom from angina after PCI than with medical therapy alone 
(RR, 0.83; 95% CI, 0.72 to 0.94).150

A common conundrum of studies that assess the benefits of PCI 
versus stable angina is the problem that within the spectrum of patients 
with stable angina, the higher-risk patients were underrepresented or 
not included at all. Specifically, this is true for patients with an accepted 
indication for CABG, in whom randomization would have been uneth-
ical. This means that patients who potentially derive the most benefit 
from revascularization by PCI hardly entered any of the studies that 
compared PCI with medical treatment alone. This problem in the 
assessment of the true benefit of PCI in stable angina may be overcome 
by network meta-analysis, as published recently. This network meta-
analysis was based on 95 studies with 93,553 patients with stable coro-
nary disease and assessed outcome data closest to 5 years (Fig. 2-10).152 
PCI with new-generation stents significantly reduced the risk of mor-
tality with rate ratios of 0.75 (95% CI, 0.55 to 0.96) for everolimus-
eluting stents and 0.65 (95% CI, 0.42 to 1.00) for zotarolimus-eluting 
stents.152 With everolimus-eluting stents, a significant reduction of 
MI was also found compared with initial medical treatment (RR, 0.78; 
95% CI, 0.63 to 0.96). Moreover, stent-supported PCI significantly 
reduced the need for subsequent revascularization compared with 
initial medical therapy but to a variable degree. The largest reduction 
was found with new-generation drug-eluting stents (RR, 0.27 [95%  
CI, 0.21 to 0.35] for everolimus-eluting stents and 0.26 [95% CI, 0.17 
to 0.35] for zotarolimus-eluting stents). The findings of the network 
meta-analysis are consistent with a nonrandomized comparison 

FIGURE 2-10	 Summary	 of	 a	 network	 meta-analysis	 based	 on	 95	
studies	with	93,553	patients	with	stable	coronary	disease,	assessing	
outcome	after	initial	revascularization	with	new-generation	drug-eluting	
stents	or	initial	medical	treatment	without	revascularization.	Rate	ratios	
of	percutaneous	coronary	intervention	(PCI)	with	95%	confidence	inter-
vals	(CIs)	are	shown	for	the	everolimus-eluting	stent	(EES)	and	resolute	
zotarolimus-eluting	 stent	 (R-ZES)	 based	 on	 data	 closest	 to	 5	 years.	
(Adapted	from	Windecker	S,	Stortecky	S,	Stefanini	GG,	et	al:	Revascu-
larisation	 versus	 medical	 treatment	 in	 patients	 with	 stable	 coronary	
artery	disease:	network	meta-analysis.	BMJ	348:g3859,	2014.)
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PCI with LMCA involvement may be superior to that with CABG. In 
patients with diabetes mellitus, however, multivessel PCI does not 
achieve a prognostic benefit similar to that of CABG. Despite drug-
eluting stents, vigorous antiplatelet treatment, and tight metabolic 
control, diabetic patients continue to be at increased risk of death, MI, 
and reintervention if treated by PCI. Thus PCI in patients with diabetes 
may be considered only in low-complexity subsets of multivessel 
disease, such as with SYNTAX scores less than 23. Individualized deci-
sions must consider the likelihood of complete revascularization, the 
risk associated with either approach, the patient’s life expectancy based 
on age and comorbidities, and the patient’s preference after thorough 
counseling. In many instances, decisions must be reached jointly by 
the cardiac surgeon and the interventional cardiologist at institutional-
ized meetings of the heart team.

In patients with multivessel disease, with or without left main coro-
nary artery stenosis, the choice of revascularization therapy will depend 
on the complexity of coronary artery involvement. With low complex-
ity, such as with a SYNTAX score below 23, no current evidence sug-
gests that CABG offers a relevant benefit over PCI with drug-eluting 
stents. However, in patients with a high complexity (e.g., SYNTAX 
score >32), current evidence demonstrates a survival benefit of CABG 
over PCI; therefore PCI in such patients should be discouraged. With 
three-vessel disease of intermediate complexity, surgery is preferred 
because of the lower risk of death and MI after CABG. Patients must 
also be informed about the higher need for repeat procedures after PCI, 
which should be weighed against the discomfort of surgery.

Left main coronary artery stenosis is not a contraindication to PCI. 
In fact, at low- to medium-range SYNTAX scores, the outcome after 
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The prevalence of diabetes mellitus is increasing over time and 
parallels the growth of the elderly population and the rise in rates 

of obesity.1 According to the 2013 World Health Organization statistics, 
347 million people worldwide have diabetes.2 In 2012, 29.1 million 
Americans were diagnosed with diabetes, representing 9.3% of the 
adult population in the United States. The number of people with 
undiagnosed diabetes in the United States is also rapidly growing and 
represents an estimated 8.1 million individuals in 2012 compared with 
7 million in 2010.3 Finally, in 2012, 86 million Americans had predia-
betes, and the percentage slightly increased from 35% of the adult 
population in 2010 to 37% in 2012. The costs related to diabetes were 
estimated at $245 billion dollars in the United States in 2012, and after 
adjusting for population age and sex differences, average medical 

expenditures among people with diabetes were 2.3 times higher than 
in the nondiabetic population.3 Diabetes was the seventh leading cause 
of death in the United States in 2010,3 and 50% of people with diabetes 
died of cardiovascular disease (CVD), primarily heart disease and 
stroke.4,5

Type 2 diabetes is by far the most frequent type of diabetes in 
Western countries and is the focus of the present chapter. The screen-
ing for diabetes is important both in CVD prevention and in patients 
with established CVD because diabetes represents one of the most 
important CV risk factors, and adequate glucose control decreases 
microvascular and possibly macrovascular complications of the 
disease.6 The diagnostic criteria of diabetes according to the American 
Diabetes Association (ADA) are reported in Table 3-1.7 Based on a 
combination of hemoglobin A1C (HbA1c) and fasting plasma glucose, 
the diagnosis of diabetes can be made after two consecutive values are 
found to be above the diagnostic criteria. An oral glucose tolerance test 
is recommended in addition if the diagnosis of diabetes is inconclusive 
or for the diagnosis of impaired glucose tolerance.8

PATHOPHYSIOLOGY OF ATHEROSCLEROSIS  
IN DIABETES

In patients with diabetes, CAD is more prevalent, more advanced, and 
occurs at a younger age than with nondiabetic counterparts. Several 
metabolic abnormalities—including chronic hyperglycemia, dyslipid-
emia, oxidative stress, and insulin resistance—have been associated 
with the accelerated atherogenesis observed in people with diabetes 
(Fig. 3-1).9 In addition to metabolic disturbances, diabetes alters the 
function of multiple cell lines, including endothelial cells, smooth 
muscle cells, and platelets. Despite the description of several peculiari-
ties that characterize diabetes-associated atherosclerosis, the exact 
mechanisms underlying the initiation and progression of the athero-
sclerotic process remain elusive.10

Long-standing insulin resistance, characterized by elevated plasma 
glucose and compensatory hyperinsulinemia, has been associated with 
diabetic microvascular and macrovascular complications. The sup-
posed link is via the development of (1) endothelial dysfunction and 
oxidative stress, (2) an inflammatory state, (3) a prothrombotic state, 
and (4) atherosclerotic plaque instability with subsequent risk of 
plaque rupture and occlusive thrombus formation. These proathero-
genic mechanisms observed in diabetic patients may be responsible for 
the higher rate of mortality and reinfarction in patients with CAD, as 
well as for the higher stent thrombosis and stent restenosis after PCI 
observed in the diabetic population.11

CARDIOVASCULAR DISEASE IN DIABETES
A population-based study estimated that in patients older than 40 years, 
diabetes confers an equivalent CV risk to aging 15 years.12 The 2013 
American Heart Association (AHA)/American College of Cardiology 
(ACC) guidelines on cholesterol treatment considered the diabetic 
population as a group of patients at higher risk who would benefit  
from intensive statin therapy in primary prevention, although the 
overall CV risk was considered to be lower than that of nondiabetic 
patients with established CVD.13 Although in Western countries, the 
age-adjusted mortality rates of CAD and stroke have declined over  
the last 20 years, the diabetes “epidemic” led to a 30% increase in the 
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•	 In	individual	older	than	40	years	of	age,	diabetes	mellitus	confers	
a	cardiovascular	(CV)	risk	equivalent	to	aging	15	years.

•	 Although	mortality	rates	from	coronary	artery	disease	(CAD)	have	
declined	in	the	Western	world	during	the	past	30	years	and	
diabetic	individuals	have	also	benefited	from	the	decline,	the	more	
than	twofold	higher	risk	of	dying	from	CAD	in	diabetic	patients	
compared	with	nondiabetic	individuals	has	persisted	over	time.

•	 Whereas	the	beneficial	effect	of	optimal	glycemic	control	on	
microvascular	complications	of	diabetes	has	been	established,	the	
effect	on	macrovascular	complications	remains	controversial.

•	 Glucose	control	in	diabetic	patients	with	CAD	should	be	
individualized:	the	longer	the	diabetes	disease	duration,	the	older	
the	patient,	the	more	advanced	the	CAD,	the	more	important	the	
comorbidities,	the	less	stringent	the	glucose	control	should	be.

•	 CAD	is	more	prevalent,	more	severe,	and	occurs	at	younger	age	in	
patients	with	diabetes	compared	with	their	nondiabetic	
counterparts.	Chronic	hyperglycemia,	dyslipidemia,	oxidative	
stress,	and	insulin	resistance	have	been	associated	with	an	
accelerated	form	of	atherogenesis	observed	in	diabetes,	
characterized	by	a	prothrombotic	state,	enhanced	inflammation,	
and	endothelial	dysfunction.

•	 Although	stress	testing	should	be	performed	in	all	symptomatic	
patients	and	in	those	with	additional	high-risk	features,	a	routine	
screening	for	CAD	in	asymptomatic	patients	is	not	justified.

•	 In	diabetic	patients	with	stable	angina	and	documented	coronary	
artery	disease	not	requiring	immediate	revascularization,	medical	
management	is	a	valuable	alternative.

•	 In	the	individual	diabetic	patient,	the	choice	of	revascularization	
modality—percutaneous	coronary	intervention	(PCI)	or	coronary	
artery	bypass	grafting	(CABG)—should	be	based	on	clinical	
presentation,	comorbidities,	pattern	and	severity	of	coronary	
involvement,	left	ventricular	(LV)	function,	and	estimated	surgical	
mortality.	However,	the	threshold	for	CABG	should	be	lower	in	
diabetic	patients	than	in	their	nondiabetic	counterparts.

•	 Diabetic	patients	with	acute	coronary	syndrome	(ACS)	have	higher	
short-	and	long-term	morbidity	and	mortality	rates	than	their	
nondiabetic	counterparts	and	benefit	from	aggressive	management	
that	includes	early	invasive	strategy,	potent	platelet	inhibition,	and	
primary	angioplasty.
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diabetes-related death rate in the same time span.14 The Framingham 
Heart Study documented a major reduction in CV mortality both in 
diabetic (hazard ratio [HR] 0.31) and nondiabetic (HR 0.38) individu-
als enrolled in the years 1975 through 2001 compared with those 
enrolled in the years 1950 through 1975 (Fig. 3-2).15 The absolute reduc-
tion was dramatic in the diabetic population: mortality rates dropped 
from 24.1 to 6.8 to per 1000 person-years, whereas among nondiabetic 
individuals, it went from 6.3 to 2.4 per 1000 person-years.

Nevertheless, the more than twofold higher risk of dying from CAD 
in men and women with diabetes has persisted over time.16 Autopsy 
and angiographic studies have shown that patients with diabetes more 
frequently have left main coronary artery lesions, multivessel disease, 
and diffuse CAD than their nondiabetic counterparts. A recent angio-
graphic study on patients with angina demonstrated that the greater 

TABLE 3-1 Diagnosis of Diabetes Mellitus According to the 
American Diabetes Association

HbA1C	(glycated	hemoglobin)	greater	than	6.5%*
or
fasting	plasma	glucose	≥126	mg/dL	(7.0	mmol/L)	with	fasting	defined	as	

no	caloric	intake	for	at	least	8	hours
or
two-hour	plasma	glucose	≥200	mg/dL	(11.1	mmol/L)	during	an	oral	

glucose	tolerance	test	performed	as	described	by	the	World	Health	
Organization	using	a	glucose	load	containing	the	equivalent	of	75	g	
anhydrous	glucose	dissolved	in	water

or
in	a	patient	with	classic	symptoms	of	hyperglycemia	or	hyperglycemic	

crisis,	a	random	plasma	glucose	≥200	mg/dL	(11.1	mmol/L)

From	 the	American	Diabetes	 Association:	 Standards	of	medical	 care	 in	 diabetes—2014.	
Diabetes	Care	37(Suppl	1):S14-S80,	2014.
*The	test	should	be	performed	in	a	laboratory	using	a	method	that	is	National	Glycohemo-
globin	Standardization	Program	(NGSP)	certified	and	standardized	to	the	Diabetes	Control	
and	Complications	Trial	(DCCT)	assay.

FIGURE 3-1	 Pathophysiology	of	diabetes	mellitus–associated	coronary	artery	disease.	AT,	Antithrombin;	GP,	glycoprotein;	hs-CRP,	high-sensitivity	
C-reactive	protein;	ICAM-1,	intracellular	adhesion	molecule	1;	IL-6,	interleukin	6;	NO,	nitric	oxide;	PAI-1,	plasminogen	activator	inhibitor	1;	PPAR-γ,	
peroxisome	proliferator-activated	receptor	gamma;	RAGE,	receptor	for	advanced	glycation	end	products	(AGE);	sCD40L,	soluble	CD40	ligand;	TF,	
tissue	 factor;	TNF-α,	 tumor	necrosis	 factor	alpha;	TSP-1,	 thrombospondin	1;	VCAM-1,	vascular	cell	adhesion	molecule	1;	vWF,	von	Willebrand	
factor.	 (Adapted	 from	Roffi	M,	 Topol	 EJ:	Percutaneous	 coronary	 intervention	 in	 diabetic	 patients	with	 non-ST-segment	 elevation	acute	 coronary	
syndromes.	Eur	Heart	J	25:190-198,	2004.)

Diabetes-associated
coronary artery disease

Inflammation
hs-CRP↑, IL-6↑, VCAM-1↑, ICAM-1↑
P-selectin↑, sCD40L↑, TNF-α↑, TSP-1↑ 

Endothelial dysfunction
Hyperglycemia
Free fatty acid
Insulin resistance
RAGE/AGE↑ 
Dyslipidemia
Bioavailability NO↓
Oxidative stress

Associated conditions
Renal dysfunction
Obesity
Peripheral vascular disease

Prothrombotic state
GP IIb/IIIa receptors↑
Platelet factor 4↑
Fibrinogen↑, TF↑, vWF↑
PAI-1↑
Protein C↑, AT III↓

Restenosis
Hyperinsulinemia
RAGE/AGE↑
PPAR-γ modulation
TSP-1↑

Atherosclerotic burden
Diffuse disease
Multivessel disease
Negative remodeling
Plaque instability
Endothelial progenitor cells↓

FIGURE 3-2	 Age-adjusted	cardiovascular	disease	(CVD)	mortality	rates	
among	participants	 in	 the	 Framingham	Heart	 Study	with	and	without	
diabetes	mellitus	by	sex	and	time	period.	Teal	bars	represent	the	years	
1950	to	1975;	purple	bars	represent	1976	to	2001.	(From	Preis	SR,	
Hwang	 SJ,	 Coady	 S,	 et	al:	 Trends	 in	 all-cause	 and	 cardiovascular	
disease	mortality	among	women	and	men	with	and	without	diabetes	
mellitus	 in	 the	 Framingham	 Heart	 Study,	 1950	 to	 2005.	 Circulation	
119:1728-1735,	2009.)
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the impairment of glucose metabolism (i.e., normal vs. impaired 
glucose tolerance vs. newly diagnosed diabetes vs. known diabetes), 
the smaller the average coronary artery diameter and the longer the 
lesions detected. In addition, a retrospective study of 3805 patients 
with diabetes showed a significant association between the HbA1c levels 
and the severity of the CAD according to the Synergy Between Percu-
taneous Coronary Intervention With Taxus and Cardiac Surgery 
(SYNTAX) score.17
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cohort study in West London found that calcium score was superior 
to established risk factors in predicting the presence of silent myocar-
dial ischemia on perfusion scans.22

The value of screening for CAD in asymptomatic diabetic patients 
is a source of controversy. Cardiac testing should be considered in  
the presence of additional features of increased CV risk, such as  
peripheral or cerebrovascular disease, renal disease, albuminuria, 
abnormal resting ECG, microvascular diabetic complications, or addi-
tional CV risk factors.23 In the Detection of Ischemia in Asymptomatic 
Diabetics (DIAD) study, 1123 diabetic participants with no symptoms 
of CAD were randomly assigned to adenosine stress radionuclide  
myocardial perfusion imaging (MPI) or no screening in addition to 
optimal medical treatment.24 At a mean follow-up of 4.8 years, the 
cumulative cardiac death or MI rate was 2.9% (0.6% per year), with  
no difference between the two groups. In the screened group, partici-
pants with normal results (n = 409) or small defects (n = 50) had lower 
event rates than the 33 patients with moderate or large defects on 
perfusion imaging (0.4% per year vs. 2.4% per year; HR, 6.3; 95% CI, 
1.9 to 20.1; P = .001; Fig. 3-3). Nevertheless, the positive predictive 
value (PPV) of having moderate or large defects on perfusion scans 
was only 12%. The overall rate of coronary revascularization was low 
in both groups (5.5% in the screened group and 7.8% in the unscreened 
group). The authors concluded that more aggressive screening for CAD 
did not improve the outcome of asymptomatic diabetic patients over 
optimal medical therapy and lifestyle modification. However, because 
the event rates were lower than estimated, the study was underpow-
ered. In addition, among the 33 patients with moderate to large perfu-
sion defects detected by screening, the rate of coronary angiography 
was only 15%.

In summary, although stress testing should be performed at a lower 
suspicion of CAD in patients with diabetes, compared with their non-
diabetic counterparts, and in those with associated high-risk condi-
tions, a routine screening for CAD in asymptomatic patients is not 
justified.25,26

MYOCARDIAL ISCHEMIA DETECTION IN  
DIABETIC PATIENTS

Diabetic patients have significantly higher rates of silent ischemia and 
silent myocardial infarction (MI) than the general population. It has 
been estimated that as many as 12.5 million diabetic patients in United 
States may have asymptomatic CAD.18-20

Exercise electrocardiography (ECG) testing is a well-established 
and inexpensive test to guide the clinician in the diagnosis and risk 
stratification of diabetic patients with suspected CAD. Sensitivity and 
specificity for the diagnosis of CAD in diabetic and nondiabetic 
patients who present with angina appear comparable.20 In asymptom-
atic patients, an abnormal exercise ECG test may be helpful to identify 
a subgroup of patients with advanced CAD.20 Patients with a negative 
stress test in the presence of normal exercise capacity are at low risk 
for CV events, at least in the short run. Stress nuclear imaging has the 
most extensive literature among the noninvasive modalities for both 
diagnostic and prognostic purposes in diabetes. With respect to stress 
echocardiography, several studies have addressed its prognostic accu-
racy in diabetes, although the data on its diagnostic value are scarce 
(Tables 3-2 and 3-3).20

The assessment of coronary artery calcium is a well-established 
index of atherosclerosis. Electron beam computed tomography (CT) 
and multidetector CT (MDCT) enable measurement of the calcium 
content of coronary arteries, and a scoring system has been developed 
for that purpose. Several studies have identified coronary artery 
calcium score as a strong predictor for CV events and all-cause mortal-
ity in diabetic individuals. The Prospective Evaluation of Diabetic  
Ischaemic Disease by Computed Tomography (PREDICT) study21 
evaluated calcium score as a predictor of CV events in 589 asymptom-
atic individuals with type 2 diabetes prospectively. The risk of a CV 
event increased with increasing category of calcium score. In addition, 
calcium score had greater predictive value for end points than a broad 
range of conventional and novel risk factors. Finally, a prospective 

TABLE 3-2 Summary of Studies Using Stress Testing in the Diagnosis of Suspected Coronary Artery Disease in Patients With 
Symptomatic Diabetes Mellitus

Type of Test Study Subjects (n) Reference Standard Sensitivity (%) Specificity (%) PPV (%) NPV (%)

ECG Lee	et	al.	(2001) 190 Angiography 47 81 85 41

ECG Gheydari	et	al.	(2013) 130 Angiography NA NA 77 NA

DSE Hennessy	et	al.	(1997) 52 Angiography 82 54 84 50

Nuclear Kang	et	al.	(1999) 138 Angiography 86 56 NA NA

Modified	from	Albers	AR,	Krichavsky	MZ,	Balady	GJ:	Stress	testing	in	patients	with	diabetes	mellitus:	diagnostic	and	prognostic	value.	Circulation	2006;113:583-592,	2006.
DSE,	Dobutamine	stress	echocardiography;	ECG,	exercise	electrocardiogram	stress	test;	NA,	not	available;	NPV,	negative	predictive	value;	PPV,	positive	predictive	value.

TABLE 3-3 Summary of Studies Using Stress Testing in the Diagnosis of Coronary Artery Disease in Patients With Asymptomatic Diabetes 
Mellitus

Type of Test Study Subjects (n) Reference Standard Sensitivity (%) Specificity (%) PPV (%) NPV (%)

ECG Blandine	et	al.	(1999) 98 Angiography NA NA 90 NA

ECG Koistinen	et	al.	(1990) 136 Angiography NA NA 94 NA

ECG Bacci	et	al.	(2002) 206 Angiography NA NA 79 NA

ECG Penfornis	et	al.	(2001) 56 Angiography NA NA 60 NA

DSE Penfornis	et	al.	(2001) 56 Angiography NA NA 69 NA

Nuclear Blandine	et	al.	(1999) 103 Angiography NA NA 63 NA

Nuclear Wackers	et	al.	(2004) 1123 None NA NA NA NA

Nuclear Rajagopalan	et	al.	(2005) 1427 Angiography 92 68 89 60

Nuclear Penfornis	et	al.	(2001) 56 Angiography NA NA 75 NA

Modified	from	Albers	AR,	Krichavsky	MZ,	Balady	GJ:	Stress	testing	in	patients	with	diabetes	mellitus:	diagnostic	and	prognostic	value.	Circulation	2006;113:583-592,	2006.
DSE,	Dobutamine	stress	echocardiography;	ECG,	exercise	electrocardiogram	stress	test;	NA,	not	available;	NPV,	negative	predictive	value;	PPV,	positive	predictive	value.
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participant data analysis collaborations”) have been developed, such as 
both direct (head-to-head) randomized controlled trial (RCT) com-
parisons, as well as indirect RCT combinations. This leads to an 
increase of statistical power regarding the diabetic population.28

PERCUTANEOUS CORONARY INTERVENTION
Whereas in-hospital and 30-day outcomes after PCI in diabetic patients 
were frequently found to be comparable with those of their nondiabetic 
counterparts, longer-term outcomes found diabetes to be associated 
with increased target-vessel revascularization (TVR), major adverse 
cardiac and cerebrovascular events (MACCEs), and late mortality even 
in the era of drug-eluting stents.28 A network meta-analysis of 35 RCTs 
compared drug-eluting stents (DESs) with bare-metal stents (BMSs) 
in 3852 diabetic patients and showed that DESs, although they do not 
affect overall mortality or MI rates in diabetic patients, were associated 
with sizable reductions in target-lesion revascularization (TLR), with 
a relative risk ratio (RRR) of 60% to 70%, depending on the type of 
stent used, and an absolute risk reduction of about 16% (Fig. 3-4).29 
Whereas first-generation DES use in diabetes was found to be an 
independent predictor of late stent thrombosis in several studies (Fig. 
3-5),28 this does not seem to be the case with newer-generation DESs.30 
A recent individual participant data analysis from 18 prospective  
RCTs that included 18,441 patients who underwent DES-based PCI, 
of whom 3467 were diabetic, reported significantly higher TLR in 
diabetic patients only in cases of complex lesions (type B2/C) and  
not in simple lesions (type A/B1; type B2/C according to ACC/AHA 
lesion classification and type A/B1 according to ACC/AHA lesions 
classification).31

Sufficient comparative data among DESs for diabetic patients are 
available for the first-generation devices, namely the Cypher (Cordis) 
sirolimus-eluting stent (SES) and the paclitaxel-eluting stent (PES) 
Taxus (Boston Scientific). A meta-analysis of 13 RCTs that included 
2422 diabetic patients and compared PES with SES reported similar 
event rates in terms of TVR (PES 8.6%: 95% confidence interval [CI], 
6.5 to 11.3; SES 7.6%: 95% CI, 5.8 to 9.9) and MACCEs (PES 15.4%: 
95% CI, 12.4 to 19.1; SES 12.9%: 95% CI, 8.5 to 19.2). The same authors 
pooled 16 registries with 10,156 diabetic patients and again reported 
similar TVR (PES 5.8%: 95% CI, 3.9% to 8.5%; SES 7.2%: 95% CI, 4.6% 
to 11.2%) and MACCE rates (PES 10.1%: 95% CI, 7.3% to 13.8%; SES 
11.9%: 95% CI, 8.6% to 16.4%).32 With respect to newer-generation 

REVASCULARIZATION IN DIABETIC PATIENTS WITH 
STABLE CORONARY ARTERY DISEASE

It is estimated that the diabetic population represents 30% to 35% of 
patients undergoing coronary revascularization in the United States.27 
Despite improvements in the management of diabetic patients under-
going coronary revascularization—from a pharmacologic, device, and 
surgical standpoint—diabetes remains an independent predictor of CV 
events following both percutaneous and surgical revascularization.

Quality comparative data are available on medical management 
versus revascularization and on drug-eluting stent (DES)–based PCI 
versus CABG in diabetic patients. Similar to the increase of several 
randomized clinical trials, new meta-analysis designs (“individual 

FIGURE 3-3	 A,	Cumulative	incidence	of	cardiac	events	in	561	partici-
pants	randomized	to	systematic	baseline	screening	with	stress	myocar-
dial	 perfusion	 imaging	 (MPI)	 and	 562	 participants	 randomized	 to	
receive	 no	 screening	 in	 the	 DIAD	 study.	 B,	 Cumulative	 incidence	 of	
cardiac	events	according	to	results	of	systematic	screening	with	stress	
MPI:	normal,	small	defect,	moderate	or	large	defect,	and	nonperfusion	
abnormality.	(From	Young	LH,	Wackers	FJ,	Chyun	DA,	et	al:	Cardiac	
outcomes	after	screening	for	asymptomatic	coronary	artery	disease	in	
patients	with	type	2	diabetes:	the	DIAD	study:	a	randomized	controlled	
trial.	JAMA	301:1547-1555,	2009.)
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FIGURE 3-4	 Cumulative	incidence	of	target-lesion	revascularization	and	
corresponding	hazard	ratios	(95%	confidence	intervals)	for	three	stent	
types	estimated	from	a	network	meta-analysis	for	pairwise	comparisons	
in	patients	with	diabetes.	BMS,	Bare-metal	stent;	PES,	paclitaxel-eluting	
stent	 (Taxus,	Boston	Scientific);	SES,	 sirolimus-eluting	stent	 (Cypher,	
Cordis).	(From	Stettler	C,	Allemann	S,	Wandel	S,	et	al:	Drug	eluting	and	
bare	 metal	 stents	 in	 people	 with	 and	 without	 diabetes:	 collaborative	
network	meta-analysis.	BMJ	337:a1331,	2008.)
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DESs, a subgroup analysis of the diabetic population (n = 414) of the 
head-to-head trial to compare the biolimus-eluting stent (Biomatrix, 
Biosensor) and the Cypher stent showed no difference in death, MI, or 
TVR at 9 months.33 Similarly, a subgroup analysis for the diabetic popu-
lation (n = 1140) of the head-to-head trial that allocated patients to the 
everolimus-eluting stent (Xience, Abbott) and the Taxus stent showed 
no difference in the target lesion failure at 1 year (6.4% vs. 6.9%).34

In summary, current evidence supports the contention that in dia-
betic patients, the use of DESs compared with BMSs dramatically 
reduces the risk of restenosis and repeat revascularization and has no 
harmful effect in terms of MI. Whereas with first-generation DESs, 
diabetic patients had an increase in stent thrombosis rates compared 
with nondiabetic individuals, this does not seem to be the case with 
newer-generation devices. Current European Society of Cardiology 
(ESC) guidelines on myocardial revascularization recommend the DES 
as the device of choice for diabetic patients (class I, level of recom-
mendation A).35 Recent U.S. guidelines for PCI recommended the DES 
as the device of choice (class I, level of recommendation A) for patients 
at high risk of restenosis.36

CORONARY ARTERY BYPASS SURGERY
Paralleling PCI, diabetes still negatively affects outcomes following 
CABG. The impact of diabetes on morbidity and mortality in patients 
undergoing surgical coronary revascularization was addressed in a 
retrospective analysis of the Society of Thoracic Surgery database and 
included 41,663 diabetic patients among a total population of 146,786 
patients.37 At 30 days, the mortality was significantly higher in the 
diabetes group (3.7% vs. 2.7%). Looking into long-term mortality fol-
lowing CABG, a prospective cohort study that included 11,186 con-
secutive diabetic patients and 25,455 nondiabetic patients who 
underwent CABG from 1992 to 2001 detected a significantly higher 
annual mortality rate among diabetic patients (5.5%) compared with 
that of nondiabetic individuals (3.1%).38 In addition to increased peri-
procedural morbidity and mortality, as well as long-term mortality, 
diabetic patients need to undergo repeat revascularization following 
CABG more frequently than their nondiabetic counterparts.39

The use of multiple arterial conduits, including bilateral internal 
mammary artery (BIMA) grafting, has been shown to improve the 

FIGURE 3-5	 Studies	 that	 have	 detected	 diabetes	 mellitus	 or	 insulin-
dependent	diabetes	mellitus	as	an	independent	predictor	of	drug-eluting	
stent	thrombosis.	Reported	is	the	hazard	ratio	or	odds	ratio	of	multivari-
ate	analyses.	DM,	Diabetes	mellitus;	IDDM,	insulin-dependent	diabetes	
mellitus.	 (From	Roffi	M,	Angiolillo	D,	Kappetein	AP:	Current	 concepts	
on	 coronary	 revascularization	 in	 diabetic	 patients.	 Euro	 Heart	 J	 32:
2748-2757,	2011.)
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long-term results of CABG and to reduce the need for repeat revascu-
larization in the diabetic population. The Leipzig experience on 1515 
consecutive patients who underwent BIMA grafting included 519 dia-
betic patients. Multiple regression analysis showed that, in addition to 
repeat operation (odds ratio [OR] 12.7), both non–insulin-dependent 
(OR 4.6) and insulin-dependent diabetes (OR 6.9) were associated with 
a significantly increased risk of sternal infection.40 An analysis of a 
population of 1107 consecutive patients with diabetes showed no dif-
ference in operative mortality (2.4% vs. 3.1%, P = .28), sternal wound 
infection (1.7% vs. 3.1%, P = .18), or total complications (17.1% vs. 
17.1%, P = 1.00) using propensity score-matching in the groups of 
single internal mammary artery (SIMA) or BIMA. Late survival was 
significantly improved with the use of BIMA grafting after 13.1 years 
compared with SIMA grafting after 9.8 years.41 A recent meta-analysis 
of nine observational studies with up to 10-years follow-up that 
included 15,583 patients reported a reduction of mortality (HR, 0.79; 
95% CI, 0.75 to 0.84) with BIMA compared with SIMA (Fig. 3-6).42

The Arterial Revascularisation Trial (ART) randomized 3102 dia-
betic and nondiabetic patients to SIMA or BIMA with a primary 
outcome of survival at 10 years.43 A mean of three grafts were applied 
in both groups, and 41% of the procedures were performed off pump. 
Mortality at 30 days was 1.2% in both groups, whereas at 1 year, it was 
2.3% in the SIMA group and 2.5% in the BIMA group (Fig. 3-7). The 
rates of stroke, MI, and repeat revascularization were all 2% or less at 
1 year and were similar between the two groups. Sternal wound recon-
struction for infection was required in 0.6% and 1.9% of the SIMA and 
BIMA groups, respectively (RR, 3.2; 95% CI, 1.5 to 6.8). The results of 
the ART trial suggest that the use of BIMA grafts is feasible on a routine 
basis. The 10-year outcome analysis of the study will show whether 
BIMA grafting results in lower mortality and the need for repeat inter-
vention. Despite the overall encouraging results of BIMA grafting, a 
cross-sectional observational study on over 1.5 million CABG surger-
ies performed in the United States between 2002 and 2008 showed that 
this revascularization technique was performed in only 3.9% of the 
patient population.44

With respect to the impact of off-pump surgery, an RCT of 4752 
patients (2253 with diabetes) treated with CABG compared the use  
of off-pump with the use of on-pump surgery; the primary outcome 
was a composite of death, nonfatal stroke, nonfatal MI, or new renal 
failure that required dialysis at 30 days.45 No significant difference was 
reported in primary end point (9.8% vs. 10.3%; HR, 0.95; 95% CI, 0.79 
to 1.14); however, the use of off-pump CABG significantly reduced the 
rates of blood-product transfusion (50.7% vs. 63.3%; RR, 0.80; 95% CI, 
0.75 to 0.85; P < .001), reoperation for perioperative bleeding (1.4% vs. 
2.4%; RR, 0.61; 95% CI, 0.40 to 0.93; P = .02), acute kidney injury 
(28.0% vs. 32.1%; RR, 0.87; 95% CI, 0.80 to 0.l96; P = .01), and respira-
tory complications (5.9% vs. 7.5%; RR, 0.79; 95% CI, 0.63 to 0.98; P = 
.03), but it increased the rate of early revascularization (0.7% vs. 0.2%; 
HR, 4.01; 95% CI, 1.34 to 12.0; P = .01). The presence of diabetes did 
not significantly change the observations.

REVASCULARIZATION VERSUS  
MEDICAL MANAGEMENT

The Bypass Angioplasty Revascularization Investigation in Type 2 Dia-
betes (BARI 2D) trial randomly assigned 2368 diabetic patients with 
stable CAD in a two-by-two design to either prompt revascularization 
with intensive medical therapy or intensive medical therapy alone and 
to either insulin-sensitization or insulin-provision therapy.46 Primary 
end points were the 5-year rates of death and of MACCE defined as a 
composite of death, MI, or stroke. Randomization was stratified 
according to the choice of PCI or CABG as the more appropriate 
intervention. Survival did not differ between the revascularization 
group (88.3%) and the medical-therapy group (87.8%). The rates of 
freedom from MACCE also did not differ significantly between the 
groups: it was 77.2% in the revascularization group and 75.9% in the 
medical-treatment group (Fig. 3-8). Whereas in the PCI stratum, no 
significant difference was reported in primary end points between the 
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FIGURE 3-7	 All-cause	mortality	at	1	year	in	the	Arterial	Revascularisa-
tion	Trial	(ART).	BIMA,	Bilateral	internal	mammary	artery;	SIMA,	single	
internal	mammary	artery.	(From	Taggart	DP,	Altman	DG,	Gray	AM,	et	al:	
Randomized	trial	to	compare	bilateral	versus	single	internal	mammary	
coronary	artery	bypass	grafting:	1-year	results	of	the	Arterial	Revascu-
larisation	Trial	[ART].	Euro	Heart	J	31:2470-2481,	2010.)
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FIGURE 3-8	 Freedom	from	major	cardiovascular	events,	revasculariza-
tion	versus	medical	therapy	at	5	years	in	the	BARI	2D	trial.	(From	Frye	
RL,	August	P,	Brooks	MM,	et	al:	A	randomized	trial	of	therapies	for	type	
2	diabetes	and	coronary	artery	disease.	N	Engl	J	Med	360:2503-2515,	
2009.)
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FIGURE 3-6	 Effects	of	bilateral	 internal	mammary	artery	grafting	on	 long-term	survival.	This	 random-effects	meta-analysis	 is	 from	nine	studies.	
Horizontal	lines	indicate	a	95%	confidence	interval	(CI).	The	“unmatched”	group	included	studies	with	no	statistical	matching	method.	The	“quintile”	
group	included	studies	that	used	a	quintile-based	stratification	method	with	propensity	score.	The	“exact”	group	included	studies	with	a	propensity	
score–based	exact	(1	:	1)	matching	method.	BIMA,	Bilateral	internal	mammary	artery;	SIMA,	single	internal	mammary	artery.	(From	Yi	G,	Shine	B,	
Rehman	SM,	et	al:	Effect	of	bilateral	internal	mammary	artery	on	long-term	survival:	a	meta-analysis	approach.	Circulation	130:539-545,	2014.)
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revascularization rates for diabetic patients (6.4% vs. 20.3%, P < .001). 
The more complex the lesions according to the SYNTAX score, the 
greater the disadvantage of PCI in terms of MACCE, driven by an 
increased TVR rate. The 5-year follow-up of the SYNTAX trial in 
diabetic patients showed the persistence of the benefit of CABG over 
PCI: the rates of MACCE were 29.0% in the CABG group versus 46% 
in the PCI group (P < .0001), mainly driven by repeat revascularization 
(35.3% for PCI vs. 14.6% for CABG, P < .001). However, no benefit of 
CABG was observed for the composite end point of death, MI, or 
stroke (23.9% vs. 19.1%, P = .26; Fig. 3-10). The final 5-year follow-up 
of the SYNTAX trial in the total population showed the persistence of 
the benefit of CABG over PCI: the rates of MACCE were 24.2% in the 
CABG group versus 37.5% in the PCI group (P < .0001). The benefit 
of CABG was observed for the composite end point of death, MI, and 
stroke (22.0% vs. 14.0%, P < .001), all-cause death (14.6% vs. 9.2%, 
P = .006), nonfatal MI (39.2% vs. 4.0%, P = .001), and the need for 
repeat revascularization (25.4% vs.12.6%, P < .0001). In the subgroup 
of patients with a low SYNTAX score (0 to 22 points), no differences 
in MACCE (26.8% vs. 33.3%, P = .21) were observed, but significantly 
more repeat revascularization was required (25.4% vs. 12.6%, P = .038). 

revascularization group and the medical-therapy group, in the CABG 
stratum, the rate of MACCE was significantly lower in the revascular-
ization group (22.4%) than in the medical-therapy group (30.5%,  
P = .01; P = .002 for interaction between stratum and study groups).46

Because BARI 2D did not compare PCI and CABG, no conclusion 
can be drawn from that trial on the efficacy of these strategies in dia-
betic patients. Patients randomized in the CABG stratum were at 
higher risk than those randomized in the PCI stratum. With respect 
to the factors that influenced the choice of revascularization in BARI 
2D, multivariate analysis showed that selection of CABG over PCI was 
significantly driven by age greater than 65 years (OR, 1.4) and angio-
graphic factors that included triple-vessel disease (OR, 4.4), left ante-
rior descending coronary artery (LAD) stenosis of 70% or more (OR, 
2.9), proximal LAD stenosis of 50% or more (OR, 1.8), total occlusion 
(OR, 2.4), and multiple type C lesions (OR, 2.1).47

PERCUTANEOUS CORONARY INTERVENTION VERSUS 
CORONARY ARTERY BYPASS GRAFTING IN DIABETIC 
PATIENTS WITH MULTIVESSEL DISEASE

The New York cardiac registries identified 37,212 patients with multi-
vessel CAD who underwent CABG and 22,102 patients with multives-
sel CAD who underwent BMS-based PCI. Over 12,300 patients in the 
CABG group and over 5500 patients in the PCI group had diabetes. 
Among the diabetic patients, multivariate analyses showed a signifi-
cant mortality benefit at 3 years for CABG versus PCI in patients with 
three-vessel disease with proximal and nonproximal LAD involvement 
and in those with two-vessel disease with proximal and nonproximal 
LAD involvement (adjusted HR ranged from 0.59 to 0.71). Only 
among diabetic patients with two-vessel disease and no LAD involve-
ment did the mortality benefit not reach statistical significance (HR, 
0.69; 95% CI, 0.46 to 1.03).48 Another epidemiologic study assessed the 
clinical outcomes of patients with multivessel disease who underwent 
revascularization with CABG (n = 7437) or with a DES (n = 9963) 
between the years 2003 and 2004 in New York state.49 Patients who 
underwent CABG were older, more likely to be male and white, and 
had a lower ejection fraction, prior MI, other coexisting conditions, 
and three-vessel CAD. The outcomes of diabetic patients treated with 
CABG (n = 2844) did not differ from those who underwent PCI (n = 
3256) with respect to the adjusted rate of death (HR, 0.97; P = .75) and 
death or MI (HR, 0.84; P = .07).

The Coronary Artery Revascularization in Diabetes (CARDia) trial 
compared PCI and CABG in 510 diabetic patients with symptomatic 
multivessel CAD. At 1 year of follow-up, the primary end point of 
death, MI, and stroke was 10.5% in the CABG group and 13.0% in the 
PCI group (HR, 1.25; P = .39). The need for repeat revascularization 
was 2.0% in the CABG group and 11.8% in the PCI group (HR, 6.2;  
P < .001). All-cause mortality rates were the same, 3.2%, and the rates 
of death, MI, stroke, or repeat revascularization were 11.3% and 19.3%, 
respectively (HR, 1.77; P = .16; Fig. 3-9).50 In the first phase of the study, 
patients were randomized to either CABG or BMS implantation, and 
thereafter patients were randomized to CABG or DES implantation  
(n = 350). In the patient population randomized after the introduction 
of the DES, the death, MI, stroke, or repeat revascularization rates in 
the CABG and PCI groups were 12.9% and 18.0%, respectively (HR, 
1.41; P = nonsignificant [NS]).

The SYNTAX study randomly assigned 1800 patients (452 with 
diabetes) to receive paclitaxel DES-based PCI (Taxus) or CABG. The 
1-year major adverse cardiac and cerebrovascular event rate (MACCE; 
death, stroke, MI, or repeat revascularization) was higher among dia-
betic patients treated with a DES (26.0%) than with CABG (14.2%;  
P = .003).51 Conversely, no difference was observed in diabetic patients 
in the death, stroke, or MI rate (10.3% for CABG vs. 10.1% for PCI).52 
The presence of diabetes was associated with significantly increased 
mortality after either revascularization treatment. Mortality was higher 
after PCI than after CABG (4.1% vs. 13.5%, P = .04) for diabetic 
patients with highly complex lesions (i.e., SYNTAX score ≥33). Treat-
ment with PCI, rather than CABG, resulted in higher repeat 

FIGURE 3-9	 One-year	Kaplan-Meier	event-free	survival	curves	for	coro-
nary	artery	bypass	grafting	 (CABG)	and	percutaneous	coronary	 inter-
vention	(PCI).	The	primary	outcomes	were	death,	myocardial	infarction	
(MI),	or	 stroke	 (A)	and	death,	MI,	 stroke,	or	 repeat	 revascularization	
(revasc)	in	the	CARDia	trial	(B).	(From	Kapur	A,	Hall	RJ,	Malik	IS,	et	al:	
Randomized	 comparison	 of	 percutaneous	 coronary	 intervention	 with	
coronary	 artery	 bypass	 grafting	 in	 diabetic	 patients.	 1-year	 results	 of	
the	CARDia	trial.	J	Am	Coll	Cardiol	55:432-440,	2010.)
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patients, the choice of revascularization modality should take into 
account multiple parameters that include coronary anatomy, LV func-
tion, coexisting conditions, and estimated surgical risk (Fig. 3-12). 
Surgery should be favored in patients with multivessel coronary  
disease and acceptable surgical risk. Overall, the threshold for surgery 
compared with PCI should be lower in diabetic patients compared  
with their nondiabetic counterparts. According to the 2011 ACC 
Foundation/AHA/Society for Cardiovascular Angiography and Inter-
ventions (SCAI) guidelines,36 CABG is recommended for the revascu-
larization of diabetic patients with complex (SYNTAX score >22) 
multivessel disease (class I, level B) and patients with unprotected left 
main coronary artery disease (class I, level B). PCI is an acceptable 
alternative for patients with an unprotected left main coronary artery 
or multivessel disease with a low SYNTAX score (≤22 points) or for 
patients with a higher risk of adverse surgical long-term outcome 
(Society of Thoracic Surgeons [STS] predicted score of operative mor-
tality ≥5%; class IIa, level B) and also for patients with multivessel 
disease and a low SYNTAX score (≤22 points; class IIa, level B). Those 
recommendations were published before the publication of the 
FREEDOM trial. Accordingly, the ESC guidelines on stable CAD rec-
ommend CABG in patients with diabetes and multivessel or complex 
disease (SYNTAX score >22) to improve survival free from MACCE 
(class I, level A).26 PCI may be considered for symptom control as an 
alternative to CABG in patients with diabetes and less complex multi-
vessel disease (SYNTAX score ≤22; class IIb, level B).

Differences were greater in diabetics (HR, 2.30; 95% CI, 1.50  
to 3.55) compared with nondiabetic patients (HR, 1.51; 95% CI, 1.15 
to 1.96).53

The Future Revascularization Evaluation in Patients With Diabetes 
Mellitus: Optimal Management of Multivessel Disease (FREEDOM) 
trial compared PCI (first-generation DES) with CABG in 1900 diabetic 
patients with multivessel CAD and showed an increased risk of 
MACCE in the PCI group (26.6% vs. 18.7%, P = .005) compared with 
the CABG group after 5 years of follow-up.54 CABG was superior to 
PCI in terms of a reduced overall death rate (16.3% vs. 10.9%, P = .049) 
and a reduced rate of nonfatal MI (13.9% vs. 6.0%, P < .001), but CABG 
was inferior to PCI in terms of a higher rate of stroke at 5 years (2.4% 
in the PCI group and 5.2% in the CABG group, P = .03; Fig. 3-11).

A recent mixed treatment comparison analysis of 68 RCTs in 24,015 
patients with diabetes showed that PCI using cobalt-chromium evero-
limus-eluting stents showed similar mortality with CABG (RR, 1.11; 
95% CI, 0.67 to 1.84), whereas paclitaxel-eluting stents (RR, 1.57; 95% 
CI, 1.15 to 2.19) and sirolimus-eluting stents (RR, 1.43; 95% CI, 1.07 
to 1.97) were associated with increased mortality. In addition, the 
excess repeat revascularization for PCI with cobalt-chromium 
everolimus-eluting stents was not statistically significant (RR, 1.31; 
95% CI, 0.74 to 2.29), although the point estimate favored CABG.55

Although PCI is commonly favored over CABG in patients with 
ongoing myocardial ischemia because of the increased risk when 
surgery is performed in the early phase of infarction, in stable diabetic 

FIGURE 3-10	 Five-year	 outcomes	 of	 percutaneous	 coronary	 intervention	 (PCI)	 versus	 coronary	 artery	 bypass	 grafting	 (CABG)	 in	 diabetic	 and	
nondiabetic	patients.	The	composite	end	point	of	all-cause	death,	stroke,	and	myocardial	 infarction	(MI;	A)	and	 repeat	 revascularization	(B)	 in	
diabetic	patients.	CI,	Confidence	interval;	HR,	hazard	ratio;	t,	time.	(From	Kappetein	AP,	Head	SJ,	Morice	MC,	et	al:	Treatment	of	complex	coronary	
artery	 disease	 in	 patients	 with	 diabetes:	 5-year	 results	 comparing	 outcomes	 of	 bypass	 surgery	 and	 percutaneous	 coronary	 intervention	 in	 the	
SYNTAX	trial.	Euro	J	Cardiothorac	Surg	43:1006-1013,	2013.)
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baseline characteristics, several studies have shown that diabetes 
remains an independent predictor of short-term morbidity and mor-
tality in the setting of ACS.58 As an example, in the CRUSADE registry, 
the in-hospital mortality rates were 6.8% for diabetic patients on 
insulin, 5.4% for diabetic patients not treated with insulin, and 4.4% 
in nondiabetic patients.58 A pooled study of ACS patients enrolled in 
several randomized clinical trials comprised 46,577 ST-elevation myo-
cardial infarction (STEMI) patients and 15,459 non-ST ACS patients. 
The diabetic population (17% of the total) had a higher rate of mortal-
ity at 30 days compared with those who did not have diabetes, both in 
the setting of non-ST ACS (2.1% vs. 1.1%, P < .001) and STEMI (8.5% 
vs. 5.4%, P < .001).59 Adjusted odds ratios for 30-day mortality in 
patients with diabetes after non-ST ACS was 1.78 (95% CI, 1.24 to 
2.56), and it was 1.40 (95% CI, 1.24 to 1.57) for STEMI. At 1 year, 
diabetes at presentation with ACS was associated with significantly 
higher mortality after unstable angina (UA)/non–ST-elevation myo-
cardial infarction (NSTEMI; HR, 1.65; 95% CI, 1.30 to 2.10) or after 
STEMI (HR, 1.22; 95% CI, 1.08 to 1.38; Fig. 3-13).59

DIABETES AND NON–ST-ELEVATION ACUTE 
CORONARY SYNDROMES

The high prevalence of abnormal glucose metabolism in patients with 
CAD, and in particular among those with acute manifestations of the 
disease, has been detected in large-scale surveys on both sides of the 
Atlantic. In the American registry, Can Rapid Risk Stratification of 
Unstable Angina Patients Suppress Adverse Outcomes With Early 
Implementation of the ACC/AHA Guidelines (CRUSADE), the preva-
lence of diabetes was 33% among 46,410 patients who presented with 
non–ST-elevation acute coronary syndromes (non-ST ACS).56 The 
prevalence of known diabetes in the Euro Heart Survey of patients  
with ACS was 32%, whereas using an oral glucose tolerance test, 
impaired glucose tolerance or undiagnosed diabetes were detected in 
36% and 22% of patients, respectively.57 Diabetic patients, more fre-
quently than their nondiabetic counterparts, have characteristics and 
comorbidities that may negatively impact outcomes in the setting of 
acute ACS. Nevertheless, even after accounting for imbalances in 

FIGURE 3-11	 Rates	of	outcomes	among	the	study	patients	according	 to	 treatment	group.	A,	Kaplan-Meier	curves	 for	 the	percutaneous	coronary	
intervention	(PCI)	group	and	the	coronary	artery	bypass	grafting	(CABG)	group	for	death	from	any	cause.	B,	Death,	stroke,	or	myocardial	infarction	
(MI).	The	 two	groups	had	similar	 rates	of	death	 from	any	cause	(relative	 risk	with	PCI	vs.	CABG,	1.24;	95%	confidence	 interval	[CI],	0.78	 to	
1.98)	and	rates	of	death	 from	any	cause,	stroke,	or	MI	(relative	 risk	with	PCI	vs.	CABG,	1.00;	95%	CI,	0.72	 to	1.38).	 In	contrast,	 the	 rate	of	
repeat	revascularization	was	significantly	increased	with	PCI	(relative	risk,	2.29;	95%	CI,	1.67	to	3.14),	as	was	the	overall	rate	of	major	adverse	
cardiac	or	cerebrovascular	events	(relative	risk,	1.44;	95%	CI,	1.15	to	1.81).	(From	Farkouh	ME,	Domanski	M,	Sleeper	LA,	et	al:	Strategies	for	
multivessel	revascularization	in	patients	with	diabetes.	New	Engl	J	Med	367:2375-2384,	2012.)
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with an ACS with routine invasive versus selective invasive strategies 
was similar between diabetic patients (RR, 0.87; 95% CI, 0.73 to 1.03) 
and nondiabetic patients (RR, 0.86; 95% CI, 0.70 to 1.06). The 2011 
ESC guidelines on the management of non-ST ACS recommend an 
early invasive strategy for all diabetic patients who present with ACS.61 
The 2012 ACCF/AHA update for the management of patients with UA/
NSTEMI considered diabetes as a criteria to favor an invasive strategy 
over a conservative one.62

DIABETES AND ST-ELEVATION  
MYOCARDIAL INFARCTION

Paralleling the observations for non-ST ACS, also in the setting of 
STEMI, diabetes is an independent predictor of morbidity and mortal-
ity. A retrospective study that evaluated admission glucose for 141,680 
patients who presented with acute MI demonstrated an association 
between admission glucose levels and 30-day mortality in both dia-
betic and nondiabetic individuals.63 A recent retrospective analysis of 
a Swiss registry of 3565 diabetic and 15,531 nondiabetic patients hos-
pitalized for STEMI showed that in-hospital mortality dramatically 
decreased from 19.9% in 1997 to 9.0% in 2010 among diabetic patients 
(P for trend < .001; Fig. 3-14). However, mortality remained twice as 
high in diabetic patients compared with nondiabetic patients (12.1% 
vs. 6.1%, P < .001), and diabetes was identified as an independent 
predictor of mortality.64 In terms of medical and revascularization 
strategies, the guidelines recommend that diabetic patients be managed 
the same as nondiabetic patients.65

GLUCOSE-LOWERING THERAPY IN THE ACUTE PHASE
In the Diabetes Mellitus, Insulin Glucose Infusion in Acute Myocardial 
Infarction 2 (DIGAMI 2) study, three glucose-lowering strategies were 
compared among 1253 diabetic patients with suspected acute MI: in 
group 1, acute insulin-glucose infusion was titrated to glucose levels 
for 24 hours, followed by insulin-based long-term glucose control; in 
group 2, insulin-glucose infusion was given for 24 hours, followed by 
standard glucose control; and in group 3, routine metabolic manage-
ment was undertaken according to local practice.66 At 2 years, the 
mortality rates among the three groups were comparable, and no sig-
nificant differences in nonfatal MI or stroke were detected. Very 
recently, the 20-year follow-up of the DIGAMI 1 trial, which enrolled 
MI patients who presented with blood glucose concentrations higher 
than 11 mmol/L at hospital admission, showed that the median 

EARLY INVASIVE VERSUS CONSERVATIVE STRATEGY
In diabetic patients with non–ST-elevation ACS, the positive impact of 
an early invasive strategy can be derived from a collaborative meta-
analysis of nine RCTs that included 9904 subjects, 1789 of whom had 
diabetes. An early, routine invasive strategy compared with a selective 
invasive strategy was associated with a reduction of MI in diabetic 
patients (RR, 0.71; 95% CI, 0.55 to 0.92) but not in their nondiabetic 
counterparts (RR, 0.98; 95% CI, 0.74 to 1.29). The absolute risk reduc-
tion in MI was also significantly higher (3.7% vs. 0.1%, P = .02) in 
patients with diabetes compared with patients without diabetes.60 
However, the relative risk for death, nonfatal MI, or rehospitalization 

FIGURE 3-12	 Parameters	 guiding	 the	 choice	 of	 revascularization	 strategy	 in	 diabetic	 patients.	 ACS,	 Acute	 coronary	 syndrome;	CABG,	 coronary	
artery	bypass	grafting;	CAD,	coronary	artery	disease;	EuroSCORE,	European	System	for	Cardiac	Operative	Risk	Evaluation;	PCI,	percutaneous	coro-
nary	intervention;	STEMI,	ST-elevation	myocardial	infarction;	STS,	Society	of	Thoracic	Surgery.	(From	Roffi	M,	Angiolillo	D,	Kappetein	AP:	Current	
concepts	on	coronary	revascularization	in	diabetic	patients,	Euro	Heart	J	32:2748-2757,	2011.)
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independent	Thrombolysis	in	Myocardial	Infarction	(TIMI)	Study	Group	
clinical	 trials	 from	1997	to	2006	were	pooled.	This	included	62,036	
patients	 (46,577	 with	 ST-segment–elevation	 myocardial	 infarction	
[STEMI]	and	15,459	with	unstable	angina/non–STEMI	[UA/NSTEMI]),	
of	whom	10,613	(17.1%)	had	diabetes.	STEMI,	ST-segment–elevation	
myocardial	 infarction;	UA,	unstable	angina;	NSTEMI,	non–ST-segment	
elevation	 myocardial	 infarction.	 (From	 Donahoe	 SM,	 Stewart	 GC,	
McCabe	 CH,	 et	al:	 Diabetes	 and	 mortality	 following	 acute	 coronary	
syndromes.	JAMA	298:765-775,	2007.)
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therapy (75 to 162 mg/day) is recommended as a primary prevention 
strategy in diabetic patients at increased CV risk (i.e., estimated 10-year 
risk >10%), such as most men older than 50 years of age or women 
older than 60 years of age who have at least one additional major CV 
risk factor, which includes family history of CVD, hypertension, 
smoking, dyslipidemia, or albuminuria (class of recommendation I, 
level of evidence C).8

The Clopidogrel for High Atherothrombotic Risk and Ischemic 
Stabilization, Management, and Avoidance (CHARISMA) trial inves-
tigated the safety and efficacy of long-term administration of aspirin 
(75 to 162 mg/day) and clopidogrel (75 mg/day) in comparison with 
aspirin alone in patients with established atherosclerotic disease or 
with multiple CV risk factors.70 In the large diabetic population 
enrolled (n = 6556), mainly a primary prevention cohort, no benefit of 
the combination therapy was observed after a median follow-up of 28 
months, and the bleeding rated increased. The Clopidogrel in Unstable 
Angina to Prevent Recurrent Events (CURE) trial randomized patients 
with ACS who were primarily medically managed to aspirin or aspirin 
and clopidogrel for 9 to 12 months. Diabetic patients (n = 2840) did 
not derive a significant benefit from the combined treatment.71

PRASUGREL AND TICAGRELOR
Prasugrel is a third-generation thienopyridine that inhibits the P2Y12 
receptor more rapidly and more consistently (i.e., with smaller indi-
vidual variation) than standard and higher doses of clopidogrel,  
which is also true in diabetic individuals.72 These properties may be 
particularly important for diabetic patients based on frequently 
encountered resistance to clopidogrel. The Trial to Assess Improve-
ment in Therapeutic Outcomes by Optimizing Platelet Inhibition With 
Prasugrel–Thrombolysis in Myocardial Infarction (TRITON-TIMI 
38)73 randomized 13,608 subjects with ACS (both STEMI and non-ST 
ACS) to clopidogrel or prasugrel for 6 to 15 months. Among them, 
3146 subjects had diabetes, and 776 were treated with insulin on 
admission. The primary end point—a composite of CV death, MI, or 
stroke—was significantly reduced with prasugrel among subjects 
without diabetes and those with diabetes (9.2% vs. 10.6%, HR 0.86,  
P = .02 for nondiabetic patients and 12.2% vs. 17.0%, HR 0.70, P < .001 
for their diabetic counterparts; Fig. 3-15). The beneficial effect of pra-
sugrel was observed among diabetic subjects treated with insulin 
(14.3% vs. 22.2%, HR 0.63, P = .009) and among those on oral hypo-
glycemic drugs (11.5% vs. 15.3%, HR 0.74, P = .009). Nonfatal MI was 
reduced by 18% with prasugrel among subjects without diabetes (7.2% 
vs. 8.7%, P = .006) and by 40% among subjects with diabetes (8.2% vs. 
13.2%, P < .001). In the interaction analyses for treatment benefit, 
diabetic status showed a trend (P = .09) for the primary end point and 
was significant (P = .02) for MI, suggesting a preferential benefit of 
prasugrel in the diabetic population. Although TIMI major bleeds were 
increased among subjects without diabetes on prasugrel (1.6% vs. 
2.4%, HR 1.43, P = .02), the rates were similar among subjects with 
diabetes for clopidogrel and prasugrel (2.6% vs. 2.5%). Net clinical 
benefit with prasugrel was greater for diabetic patients (14.6% vs. 
19.2%, HR 0.74, P = .001) than for nondiabetic individuals (11.5% vs. 
12.3%, HR 0.92, P = .16; P interaction [Pint] = .05). Finally, the rate of 
stent thrombosis, both in the overall population and in the diabetic 
population, was significantly reduced by the allocation to prasugrel 
(0.9% vs. 2.0% and 2.0% vs. 3.5%, respectively).

Ticagrelor is an oral, reversibly binding P2Y12 inhibitor with a 
plasma half-life of 6 to 12 hours. Like prasugrel, ticagrelor has a more 
rapid and consistent onset of action compared with clopidogrel, but it 
also has a faster offset of action with more rapid recovery of platelet 
function.74 In the Platelet Inhibition and Patient Outcomes (PLATO) 
trial, ticagrelor reduced the primary composite end point of CV death, 
MI, or stroke but with similar rates of major bleeding compared with 
clopidogrel in 18,624 patients with ACS (both STEMI and non-ST 
ACS).75,76 In diabetic patients (n = 4662), including 1036 patients on 
insulin, the reduction in the primary composite end point (HR, 0.88; 
95% CI, 0.76 to 1.03; Fig. 3-16), all-cause mortality (HR, 0.82; 95% CI, 

survival time was 7.0 years (interquartile range [IQR] 1.8 to 12.4) in 
the insulin-based intensified glycemic control group (n = 306) and 4.7 
years (IQR 1.0 to 11.4) in the standard group (n = 314; HR, 0.83; 95% 
CI, 0.70 to 0.98).67 The ESC guidelines recommend that in the setting 
of ACS, treatment of elevated blood glucose should avoid both hyper-
glycemia (>180 mg/dL) and hypoglycemia (<90 mg/dL).7,61

ANTITHROMBOTIC THERAPY IN DIABETES
Diabetes patients are characterized by enhanced platelet reactivity and 
a procoagulant state, which exposes them to an increased risk of ath-
erothrombotic events. Diabetic patients treated with antiplatelet agents 
such as aspirin and clopidogrel remain at higher risk of recurrent 
ischemic events in the setting of ACS and PCI. In part, this may be 
related to a reduced responsiveness or resistance, defined as the failure 
of an antiplatelet agent to adequately block its specific target on the 
platelet (i.e., the cyclooxygenase 1 [COX-1] receptor for aspirin and 
the P2Y12 receptor for clopidogrel).

Whereas data on the prevalence of aspirin resistance and its impact 
on CV outcomes in diabetic patients are sparse, most of the evidence 
supports the notion that inadequate response to clopidogrel in this 
patient population is more prevalent, both after a loading dose and at 
a maintenance dose, than in nondiabetic individuals.68 Platelet reactiv-
ity on dual-antiplatelet therapy was found to be particularly elevated 
in diabetic individuals treated with insulin.69 This may also explain why 
studies with first-generation DESs have repeatedly identified diabetes, 
and especially its insulin-requiring form, as an independent predictor 
of stent thrombosis (see Fig. 3-5).

ASPIRIN AND CLOPIDOGREL
Although among diabetic patients, the value of aspirin in a dose 
ranging from 75 to 325 mg/day as secondary prevention has been well 
established, the benefit of aspirin in primary prevention is less well 
documented. The optimal antiplatelet therapy in the primary preven-
tion of CVD in patients with diabetes has still not been established. 
Based on available data, aspirin had a modest reduction of ischemic 
events in the diabetic population, and accordingly, the 2013 ESC guide-
lines on diabetes do not recommend antiplatelet therapy with aspirin 
in patients with diabetes who are at low risk by primary prevention of 
CVD (class III, level of evidence A).7 According to the 2014 updated 
guidelines of the American Diabetes Association (ADA), aspirin 

FIGURE 3-14	 Trends	 in	 in-hospital	 mortality	 stratified	 by	 diabetes	
status.	 (From	 Roffi	 M,	 Radovanovic	 D,	 Erne	 P,	 et	al:	 Gender-related	
mortality	 trends	 among	 diabetic	 patients	 with	 ST-segment	 elevation	
myocardial	infarction:	insights	from	a	nationwide	registry	1997-2010.	
Eur	Heart	J	Acute	Cardiovasc	Care	2:342-349,	2013.)
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GLYCOPROTEIN IIB/IIIA RECEPTOR ANTAGONISTS 
AND ANTICOAGULANTS

In the pre–clopidogrel-loading era, the use of intravenous (IV) platelet 
glycoprotein (GP) IIb/IIIa receptor inhibitors and stents markedly 
reduced both the early hazard and the 1-year mortality in diabetic 
patients undergoing PCI.77,78 However, the introduction of clopidogrel, 
and especially of prasugrel and ticagrelor, has markedly reduced the 
indication for those agents. Accordingly, the value of GP IIb/IIIa in the 
era of potent P2Y12 inhibition and of newer anticoagulants, such as 
bivalirudin, still needs to be defined. Because no trial has specifically 
addressed the value of different anticoagulants in the PCI/ACS setting 
in diabetic patients, the same recommendations are valuable as for  
the nondiabetic population. Anticoagulants of choice have included 
unfractionated heparin, enoxaparin, fondaparinux (with the addition 
of unfractionated heparin at the time of PCI), or bivalirudin.

LONG-TERM DIABETES MANAGEMENT
Adequate glycemic control remains of paramount importance in the 
management of diabetic patients. A meta-analysis of five RCTs that 
included 17,267 participants who received intensive glucose control 
and 15,362 who received conventional therapy showed a significant 
reduction in MI (OR, 0.86; 95% CI, 0.78 to 0.93) but not of stroke (OR, 
0.93; 95% CI, 0.81 to 1.07) or CV mortality (OR, 0.98; 95% CI, 0.77 to 
1.23).79 Although hyperglycemia has been associated with CVD, and 
epidemiologic evidence links lower blood glucose levels to a decrease 
in CV events, the impact of good glycemic control on macrovascular 
events remains controversial—especially following publication of three 
large, long-term clinical studies of glucose control and macrovascular 
disease in patients with type 2 diabetes—the Action to Control Car-
diovascular Risk in Diabetes (ACCORD), Action in Diabetes and Vas-
cular Disease: Preterax and Diamicron Modified Release Controlled 
Evaluation (ADVANCE) and the Veterans Affairs Diabetes Trial 
(VADT).80-82 Overall, these trials suggested no significant reduction in 
CVD outcomes with intensive glycemic control in these populations. 
However, in the ACCORD study, an unexplained increase in all-cause 
mortality in the intensive glycemic control group was detected. 

0.66 to 1.01), and stent thrombosis (HR, 0.65; 95% CI, 0.36 to 1.17) 
with no increase in major bleeding (HR, 0.95; 95% CI, 0.81 to 1.12) 
with ticagrelor was consistent with the overall cohort and without 
significant diabetes status-by-treatment interactions.76 No heterogene-
ity in treatment efficacy was found among patients with or without 
ongoing insulin treatment. Because of the differences in protocols and 
populations enrolled in the TRITON-TIMI 38 and the PLATO studies, 
no comparisons with respect to safety or efficacy of the two molecules 
in diabetic patients can be made at this time. Although the 2011 ACC/
AHA guidelines on UA/NSTEMI did not address prasugrel or 
ticagrelor—because at that time, these drugs were not available in the 
United States—the ESC non-ST ACS guidelines for the same year 
recommended the newer P2Y12 inhibitors, especially prasugrel, in dia-
betic patients for 1 year.61

FIGURE 3-16	 Cumulative	incidence	of	the	primary	composite	of	cardio-
vascular	 death,	 myocardial	 infarction,	 and	 stroke	 in	 the	 PLATO	 trial.	
Randomization	 was	 to	 ticagrelor	 (solid	 lines)	 or	 clopidogrel	 (dotted	
lines)	 and	 the	 presence	 (green	 lines)	 or	 absence	 (purple	 lines)	 of	
diabetes.	(From	James	S,	Angiolillo	DJ,	Cornel	JH,	et	al:	Ticagrelor	vs.	
clopidogrel	in	patients	with	acute	coronary	syndromes	and	diabetes:	a	
substudy	 from	 the	PLATelet	 inhibition	and	patient	Outcomes	 [PLATO]	
trial.	Eur	Heart	J	31:3006-3016,	2010.)
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118:1626-1636,	2008.)
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MULTIFACTORIAL INTERVENTION
Aggressive CV risk-factor modification, including optimal glycemic 
control, cigarette smoking cessation, control of blood pressure and 
cholesterol levels, and weight reduction and exercise, is an essential 
part of diabetes care. According to the 2013 ACC/AHA guidelines on 
cholesterol treatment, individuals with diabetes belong to a clinical 
category in which statin therapy is strongly recommended in primary 
prevention for low-density lipoprotein cholesterol (LDL-C) greater 
than 70 mg/dL.13 Furthermore, high-intensity statin drug regimen 
should be considered in patients with diabetes and a risk of CVD of 
7.5% or more over 10 years. In secondary prevention, a statin drug is 
strongly recommended, such as in those without diabetes. A recently 
published pooled data analysis from 5034 diabetic patients across the 
Clinical Outcomes Utilizing Revascularization and Aggressive Drug 
Evaluation (COURAGE), BARI 2D, and FREEDOM studies showed 
that a significant proportion of patients with CAD did not reach rec-
ommended secondary prevention targets: only 18% of the COURAGE 
patients with diabetes, 23% of the participants in BARI 2D, and 8% of 
patients with diabetes in the FREEDOM study had a combined 
achievement for systolic blood pressure, LDL-C, smoking cessation, 
and HbA1C at 1 year of follow-up.85 The ESC guidelines on diabetes 
made a strong recommendation for lifestyle modifications for the pre-
vention of diabetes, such as smoking cessation, dietary counseling, an 
increased daily fiber intake, control of total and saturated fat intake, 
and moderate to vigorous physical activity of 150 minutes or more per 
week, including aerobic exercise and resistance training.7

Hypothesized mechanisms include hypoglycemia, weight gain, rapid 
lowering of HbA1c level, and medication interactions.83 All three trials 
were carried out in participants with established diabetes (mean dura-
tion 8 to 11 years) and either known CVD or multiple risk factors 
suggesting the presence of established atherosclerosis. Subset analysis 
suggest that a possible benefit from intensive glycemic control on CV 
outcomes may be observed in patients with a shorter duration of 
disease, better glucose control, younger age, no previous CV event, or 
fewer CV risk factors at the time of initiation of the intensified glucose 
control regimen.

Overall, the evidence for a CV benefit of intensive glycemic control 
primarily rests on long-term follow-up of study cohorts treated early in 
the course of type 1 and type 2 diabetes, as well as subset analyses of 
ACCORD, ADVANCE, and VADT. However, the mortality findings in 
ACCORD and subgroup analyses of VADT suggest that the risks of very 
aggressive glycemic control may outweigh its benefits in some patients, 
such as those with very long duration of diabetes, known history of 
severe hypoglycemia, advanced atherosclerosis, and advanced age or 
frailty. Certainly, care providers should be vigilant in preventing  
severe hypoglycemia in patients with advanced disease and should not  
aggressively attempt to achieve near-normal HbA1C levels in patients in 
whom such a target cannot be reasonably achieved easily and safely.84 
Glucose control in diabetic patients with CAD should be according to 
a patient-centered approach: the longer the diabetes disease duration, 
the older the patient, the more advanced the CAD, the more important 
the comorbidities, the less stringent the glucose control should be  
(Fig. 3-17).84

FIGURE 3-17	 Depiction	of	 the	elements	of	decision	making	used	 to	determine	appropriate	efforts	 to	achieve	glycemic	 targets.	Greater	 concerns	
about	a	particular	domain	are	represented	by	increasing	height	of	the	ramp.	Thus	characteristics/predicaments	toward	the	left	justify	more	stringent	
efforts	to	lower	HbA1c,	whereas	those	toward	the	right	are	compatible	with	less	stringent	efforts.	Where	possible,	such	decisions	should	be	made	
in	conjunction	with	the	patient,	reflecting	his	or	her	preferences,	needs,	and	values.	(From	Inzucchi	SE,	Bergenstal	RM,	Buse	JB,	et	al:	Management	
of	hyperglycemia	in	type	2	diabetes:	a	patient-centered	approach:	position	statement	of	the	American	Diabetes	Association	[ADA]	and	the	European	
Association	for	the	Study	of	Diabetes	[EASD].	Diabetes	Care	35:1364-1379,	2012.)
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Noninvasive testing in patients with known or suspected CAD is 
conducted to establish the diagnosis of coronary atherosclerosis 

as the cause of symptoms and/or to determine whether a patient would 
benefit from medical therapy and/or myocardial revascularization. 
Functional tests such as stress electrocardiography, stress echocardiog-
raphy, and stress scintigraphic MPI attempt to quantify the presence 
of ischemia based on electrical, mechanical, and perfusion abnormali-
ties. Over the last decade, CCTA has evolved as a noninvasive alterna-
tive to invasive catheterization for the evaluation of coronary anatomy. 
In general, anatomic tests such as CCTA have greater sensitivity for the 
detection of CAD, whereas functional tests have greater ability to 
predict benefit from revascularization. This chapter provides an over-
view of the methodology and interpretation of these tests with the 
objectives of providing guidelines for appropriate test selection and 
treatment.

STRESS TESTING
Anginal symptoms in patients with obstructive CAD are caused by an 
imbalance between myocardial oxygen supply and oxygen demand. 
Asymptomatic patients with CAD have normal resting blood flow  
even in the presence of epicardial coronary artery stenosis. Myocardial 
perfusion pressure and blood flow are maintained by compensatory 
dilation of the coronary arterioles. During stress, myocardial oxygen 

demand increases but myocardial blood flow cannot increase propor-
tionally, which leads to the development of ischemia. Myocardial isch-
emia results in progressive metabolic and functional alterations that 
include electrical repolarization abnormalities and abnormal regional 
diastolic and systolic myocardial function. On these principles, differ-
ent stress testing modalities attempt to quantify the burden of obstruc-
tive CAD based on the extent of myocardial hypoperfusion, ST-segment 
depression, and wall motion abnormalities. Stress may be accom-
plished by a number of methods that include exercise, pharmacologic 
maneuvers, and even mental tests. Whenever possible, exercise is the 
preferred modality because the information obtained may be more 
easily related to functional limitations. The choice between ECG versus 
echocardiography or MPI is often determined by local availability, 
costs, and patient characteristics. In general, specificity has been 
reported to be higher with stress echocardiography, and sensitivity is 
higher with MPI. Accordingly, many clinicians prefer stress echocar-
diography for individuals with a lower pretest probability of obstruc-
tive CAD and MPI for those with a higher probability. Although 
exercise ECG has lower sensitivity and specificity than stress imaging 
modalities, it is cost-effective and provides comparable prognostic 
information in patients who have a normal resting ECG and are able 
to exercise. One disadvantage of exercise ECG is that it cannot localize 
the ischemic region, which renders it less useful as a guide for targeting 
revascularization. Stress cardiac magnetic resonance (CMR) perfusion 
imaging can provide both perfusion and wall motion information with 
accuracy comparable to stress MPI; however, these modalities are cur-
rently limited to pharmacologic stress in selected reference centers.

Over the last two decades, the prognostic utility of stress testing has 
been increasingly recognized. Exercise capacity, heart rate response, 
and the extent of ST-segment depression, as well as wall motion and 
perfusion abnormalities, are powerful predictors of outcome. Patients 
with decreased exercise tolerance and chronotropic incompetence 
during exercise stress testing have worse outcomes independent of 
other factors. Chronotropic incompetence may be a marker of impaired 
autonomic dysfunction, which has been associated with angiographic 
severity of CAD and increased mortality.

Heart rate recovery is another index that appears to be related to 
autonomic tone. Unlike chronotropic incompetence, heart rate recov-
ery is not significantly affected by the administration of beta-blockers. 
Heart rate recovery is calculated as the difference in heart rate at peak 
versus 1 minute after exercise; a value below 12 beats/minute is con-
sidered abnormal. Patients evaluated for suspected or known CAD 
with an abnormal heart rate recovery have a markedly increased mor-
tality rate independent of other risk factors.1 Although both impaired 
chronotropic response and heart rate recovery are powerful predictors 
of outcomes, it is unknown whether these are modifiable. Moreover, 
their association with mortality may be independent of the presence 
or severity of CAD; therefore they may have limited value in guiding 
therapeutic interventions.

Electrocardiography Stress Testing
Detection of ischemia by ECG stress testing relies on the development 
of abnormal repolarization that manifests as ST-segment depression 
during or immediately after exercise. Exercise ECG testing has modest 
diagnostic accuracy but remains a useful prognostic test. An index 
derived from the exercise ECG test that incorporates exercise time, 

4  Prior Evaluation: Functional Testing and 
Multidetector Computed Tomography
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K E Y  P O I N T S

•	 Functional	tests	such	as	stress	electrocardiography	(ECG),	stress	
echocardiography,	and	stress	nuclear	perfusion	imaging	have	
limited	accuracy	for	the	detection	of	anatomic	disease	but	provide	
important	prognostic	information.

•	 A	normal	exercise	echocardiogram	or	myocardial	perfusion	
imaging	(MPI)	result	is	associated	with	a	low	risk	of	cardiac	
events.	The	extent	of	stress-induced	segmental	wall	motion	and	
perfusion	abnormalities	helps	to	define	which	populations	of	
patients	will	benefit	most	from	revascularization	and	their	
incremental	levels	of	risk.

•	 Positron	emission	tomography	(PET)	is	one	of	the	most	sensitive	
methods	for	the	identification	of	viable	myocardium.	The	detection	
of	gadolinium-delayed	enhancement	by	cardiac	magnetic	
resonance	(CMR)	perfusion	imaging	is	the	most	sensitive	method	
for	identifying	scarred,	nonviable	myocardium.

•	 A	coronary	computed	tomography	angiogram	(CCTA)	study	that	
shows	no	stenosis	virtually	excludes	the	presence	of	coronary	
artery	disease	(CAD).

•	 Appropriate	use	of	various	imaging	modalities	depends	on	patient	
probability	of	disease,	physician	preference,	and	local	imaging	
experience.

•	 American	College	of	Cardiology/American	Heart	Association	
guidelines	are	intended	to	provide	a	practical	standard	to	
individual	clinicians	and	patients	when	considering	one	of	these	
procedures,	based	on	any	number	of	important	local	and	
patient-specific	variables,	while	promoting	optimal	test	utilization	
for	the	population	at	large.
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FIGURE 4-1	 Normal	stress	echo	response.	Images	obtained	at	end	diastole	(ED)	and	end	systole	(ES)	at	rest	and	immediately	after	exercise	stress	
from	the	parasternal	long	axis	(LAX),	short	axis	(SAX),	and	apical	four-chamber	(AP4)	and	two-chamber	(AP2)	windows.	Notice	the	decrease	in	
end-systolic	left	ventricle	cavity	size	after	stress.	

magnitude of ST-segment deviation, and angina—also known as the 
Duke treadmill score—has proven to be a powerful prognosticator of 
events.

Exercise time is measured based on the Bruce protocol and appears 
to be the most important determinant of prognosis.2 The 5-year sur-
vival rates among patients categorized as low, intermediate, and high 
risk were initially reported at 97%, 91%, and 72%, respectively.

Stress Echocardiography
The interpretation of stress echocardiography is based on the identifi-
cation of regional wall motion abnormalities induced by ischemia in 
the presence of obstructive CAD. The test has gained increasing accep-
tance following the introduction of digital acquisition, harmonic 
imaging, and contrast agents, all of which have incrementally contrib-
uted to increased image quality, reproducibility, and accuracy. In stress 
echocardiography, regional wall motion is assessed from parasternal 
long, parasternal short, and apical images using a 17-segment model 
of the left ventricle (LV).3 Each segment is described as either normal, 
hypokinetic, akinetic, or dyskinetic, and the results of the individual 
segments are averaged to calculate a global wall motion score. The 
diagnosis of CAD is based on the detection of either resting or stress-
induced regional wall motion abnormalities (Figs. 4-1 through 4-3). In 
most cases, a resting regional wall motion abnormality implies a prior 
myocardial infarction (MI), whereas a stress-induced regional wall 
motion abnormality implies ischemia caused by obstructive CAD.

Exercise Echocardiography
Exercise stress may be performed with a treadmill, a supine or prone 
bicycle, and even arm ergometry. Treadmill stress echocardiography is 
by far the most commonly used modality in the United States. Both 
treadmill and bicycle ergometry allow evaluation of important func-
tional data such as exercise capacity, blood pressure response, hemo-
dynamic responses to exercise that include the assessment of cardiac 
output and pulmonary pressures, and standard ECG ST-segment anal-
ysis. Several studies have reported sensitivities that range from 71% to 
97% and specificities ranging from 64% to over 90%. The sensitivity of 
exercise echocardiography is lower for the detection of single-vessel 
CAD, in particular in the circumflex coronary artery distribution. 
Quite often, ischemia is only detected in the territory supplied by the 
most stenotic vessel in those patients with multivessel disease, espe-
cially if the test is discontinued at a submaximal workload.

Resting and/or exercise-induced wall motion abnormalities may 
occur in patients with cardiomyopathies, microvascular disease, severe 
hypertension (increased afterload), or valvular disease; they are often 
a cause of false-positive interpretations. Several stress echocardio-
graphic variables have been shown to have important prognostic value 
in patients with known or suspected CAD. A low exercise wall motion 
score or a fall in exercise ejection fraction is highly predictive of an 
increased risk of adverse cardiac events. This prognostic value is equiv-
alent to that of an MPI perfusion defect of more than 15%. The rate of 
cardiac events in individuals with a normal exercise echocardiogram 
has been reported in several studies to be less than 1% per year.
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associated with a low cardiac event rate in patients with suspected CAD 
and in those at clinically determined intermediate or high cardiac risk 
undergoing noncardiac surgery. The presence of stress-induced 
regional wall motion abnormalities, particularly when detected at low 
heart rates, is a strong predictor of cardiac events. Dobutamine echo-
cardiography may be performed for risk assessment in patients after 
MI. In this setting, extensive resting regional wall motion abnormali-
ties, stress-induced ischemia, absence of viability, and worsening LV 
function with stress are associated with an increased risk of adverse 
events.

CONTRAST PERFUSION IMAGING
Echocardiographic contrast agents consist of inert perfluorocarbon 
gases encapsulated in a biodegradable shell. Contrast microbubbles 
have a small diameter (<10 µ), which allows them to cross the pulmo-
nary capillary bed. These agents are commercially available and have 
been approved for endocardial border definition in patients with 

Pharmacologic Stress Echocardiography
Intravenous (IV) dobutamine, dipyridamole, or adenosine may be 
used as pharmacologic stressors with echocardiography. Dobutamine 
is the most commonly used stressor in the United States. It is admin-
istered by continuous infusion at incremental rates starting from 5 µg/
kg up to 50 µg/kg per minute. It is often complemented by handgrip 
exercise and/or IV atropine (0.5 to 2.0 mg) to increase heart rate. 
Dobutamine increases myocardial oxygen demand by increasing con-
tractility and heart rate. Adenosine and dipyridamole are used in many 
centers in Europe and South America. These agents induce ischemia 
by coronary steal. The reported sensitivity and specificity of dobuta-
mine echocardiography for the detection of obstructive CAD are 
equivalent to those reported for exercise echocardiography. The sensi-
tivity is reduced in patients with concentric hypertrophy who experi-
ence cavity obliteration early during the test as well as in those who do 
not reach the target heart rate. Echocardiographic variables obtained 
during pharmacologic stress have also been shown to have significant 
prognostic value.4 A normal dobutamine stress echocardiogram is 

FIGURE 4-2	 Abnormal	stress	echo	response	 in	a	patient	with	severe	multivessel	coronary	artery	disease.	 Images	obtained	at	end	diastole	(ED)	
and	end	systole	(ES)	at	rest	and	immediately	after	exercise	stress	from	the	parasternal	long	axis	(LAX)	and	short	axis	(SAX)	windows.	Notice	the	
end-systolic	dilatation	of	the	left	ventricle	cavity.	

FIGURE 4-3	 Abnormal	stress	echo	response	in	a	patient	with	severe	stenosis	of	the	mid–left	anterior	descending	coronary	artery.	Images	obtained	
at	 end	diastole	 (ED)	and	end	systole	 (ES)	at	 rest	and	 immediately	after	 exercise	stress	 from	 the	apical	 four-chamber	 (AP4)	and	 two-chamber	
(AP2)	windows.	Notice	the	relative	end-systolic	dilatation	of	the	left	ventricle	apical	segments	(arrows).	
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sensitivity that ranged from 50% to 77% and specificity that ranged 
from 55% to 88%.8

The largest multicenter trial to date enrolled 628 subjects and com-
pared MCE with SPECT in patients who also underwent coronary 
angiography. Higher sensitivity was obtained with MCE than with 
SPECT (75.2% vs. 49.1%, respectively), but specificity was lower (52.4% 
vs. 80.6%, respectively) for stenosis of 70% or greater. Similar findings 
were obtained for patients with 50% or greater stenosis. Sensitivity for 
detection of single-vessel disease and proximal disease for 70% or 
greater stenosis was higher for MCE, which may in part be due to the 
higher sensitivity of contrast echocardiography for the detection of 
microvascular abnormalities. These studies seem to agree that MCE 
demonstrates superior sensitivity but lower specificity for detection of 
CAD compared with SPECT in a population with a high incidence of 
cardiovascular (CV) risk factors and intermediate to high prevalence 
of CAD.9

Stress Scintigraphic Myocardial Perfusion Imaging
The assessment of myocardial perfusion imaging (MPI) by nuclear 
scintigraphic methods relies on the administration of a radionuclide 
isotope that is accumulated by the myocardium in proportion to  
blood flow. MPI is performed with either single-photon–emitting 

suboptimal echocardiographic images. When they are exposed to 
ultrasound, these microbubbles act as strong reflectors owing to their 
liquid-gas interface. Myocardial contrast echocardiography (MCE) 
may be used to evaluate myocardial perfusion. Because the LV myo-
cardium has a dense capillary bed, the injection of contrast micro-
bubbles results in myocardial enhancement proportional to the 
myocardial blood volume. During vasodilator stress in the presence of 
a flow-limiting stenosis, capillary blood flow and myocardial blood 
volume is reduced in the segments supplied by the stenotic vessel. This 
may be detected as either a delay in myocardial enhancement following 
contrast injection or a relative reduction in enhancement in ischemic 
compared with normal segments (Fig. 4-4).

Although early studies had shown excellent sensitivity and specific-
ity for MCE,5,6 subsequent multicenter trials have not been able to 
replicate these results. The first of these demonstrated sensitivity that 
ranged from 63% to 75% for MCE versus 63% to 76% for single 
photon emission computed tomography (SPECT) and specificity of 
47% to 59% for MCE versus 53% to 76% for SPECT, but the study 
failed to meet some of the noninferiority end points.7 The Real-Time 
Assessment of Myocardial Perfusion (RAMP-1 and -2) trials studied 
a total of 662 patients and compared MCE to SPECT using coronary 
angiography as the gold standard. The overall accuracy of MCE was 
66% to 71%, and it was noninferior to the SPECT results, with 

FIGURE 4-4	 A	56-year-old	male	smoker	with	hypertension	who	reported	chest	pain	underwent	standard	echocardiography	(SE)	and	myocardial	
contrast	echocardiography	(MCE).	SE	showed	a	wall	motion	abnormality	in	only	one	segment	(apical	septum),	but	MCE	revealed	clear	myocardium	
perfusion	(MP)	defects	(arrows)	in	six	segments	in	the	apical	four-chamber	(AP4C),	apical	two-chamber	(AP2C),	and	apical	three-chamber	(AP3C)	
views.	Angiography	(bottom	right)	revealed	a	completely	occluded	left	anterior	descending	(LAD)	coronary	artery,	which	was	successfully	reopened.	
Cx,	Circumflex	artery;	LMS,	 left	main	stem.	(From	Shah	BN,	Chahal	NS,	Bhattacharyya	S,	et	al:	The	 feasibility	and	clinical	utility	of	myocardial	
contrast	echocardiography	 in	clinical	practice:	 results	 from	the	 incorporation	of	myocardial	perfusion	assessment	 into	clinical	 testing	with	stress	
echocardiography	study.	J	Am	Soc	Echocardiogr	27[5]:520-530,	2014.)
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signals are processed by specialized coincidence circuitry. If the differ-
ence in the time of arrival of these photons is less than a predetermined 
value (typically <10 ns), a signal is recorded. Unlike SPECT imaging, 
PET imaging does not require collimation. Thus the efficiency of PET 
is several magnitudes greater and provides higher resolution, lower 
noise, and lower radiation exposure.

With either SPECT or PET cardiac perfusion studies, images are 
obtained after stress and at rest. For segmentation of the left ventricle, 
a 17-segment model is applied. Images are interpreted visually or by 
using automated quantification based on normalized data. Myocardial 
scar is determined by the presence of a relative perfusion defect (com-
pared with the segment with the highest counts), which persists on 
both stress and resting images. Ischemia is determined by the presence 
of a perfusion defect on stress images that improves or resolves on the 
resting images (Figs. 4-5 through 4-8).

Exercise Scintigraphic Myocardial Perfusion Imaging
Exercise stress is well suited for SPECT MPI. At peak exercise, either 
on a treadmill or bicycle ergometer, patients are injected with the 
radioisotope. Acquisition of the stress images is performed after a few 
minutes to up to 1 hour after exercise, depending on the radioisotope 
used. Resting images are obtained before or after the exercise images 
following the administration of a separate dose of the isotope at rest. 
Different isotopes may be used for resting and for stress imaging—for 
example, thallium-201 injected at rest and technetium-99m sestamibi 
injected at peak stress. The mean reported sensitivity and specificity 
for exercise SPECT is 86% and 74%, respectively.17 Most of the studies 
reported, however, are potentially subject to verification bias. Accord-
ingly, true sensitivity may be overestimated and specificity underesti-
mated. Sensitivity and specificity are higher for the detection of 

or dual-photon–emitting isotopes using SPECT or positron emission 
tomography (PET) imaging systems, respectively. Thallium-201, 
technetium-99m sestamibi, and technetium-99m tetrofosmin are  
isotopes commercially available for SPECT imaging. Currently, 
technetium-99m–based isotopes are preferred for their higher photon 
energy, which results in higher image quality, and their shorter half-
life, which results in lower radiation exposure. In the past few years, 
there have been substantial advances in gamma camera technology. 
SPECT systems have been developed in which the traditional Anger 
camera is replaced with individual cesium iodide (CsI) scintillation 
crystals coupled to solid-state photodiodes or novel semiconductor-
based detectors using cadmium–zinc telluride (CZT). They eliminate 
the need for conventional crystal and photomultiplier tubes by directly 
converting gamma radiation to an electronic pulse. CZT systems 
are significantly smaller than the traditional sodium iodide detectors 
and have shown improved efficiency, which makes it possible to 
obtain higher counts, thus improving signal-to-noise ratio and spatial 
resolution without increasing isotope dose or acquisition time. The 
most obvious direct benefit to patients is reduced radiation exposure 
because of the smaller doses of radioisotope required to obtain 
adequate counts. Several studies have been performed to compare 
these new solid-state cameras to those acquired by a conventional 
gamma camera. All of these studies reported comparable MPI quality 
with the benefit of significantly shorter image acquisition times. 
Some of these studies also evaluated left ventricular ejection fraction 
(LVEF) and volumes and reported similar results between the two 
cameras.10-16

PET imaging systems rely on the simultaneous detection of a pair 
of photons traveling in opposite directions. These photons travel 
toward detectors positioned around the subject, where they interact, 
become absorbed, and thus produce an electrical signal. The detector 

FIGURE 4-5	 Single	photon	emission	computed	tomography	(SPECT)	technetium-99m	sestamibi	exercise	stress	study.	Normal	myocardial	perfusion	
during	stress	and	at	rest	are	shown.	
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cardiac death or MI, for at least 12 months and that this level of risk 
is independent of sex, age, symptom status, and even the presence of 
CAD. Therefore in those patients with abnormal scans—with baseline 
clinical characteristics such as diabetes or severe, extensive SPECT 
perfusion abnormalities—it is possible to define incremental levels of 
risk and to define which populations of patients will benefit most from 
revascularization.

Pharmacologic Scintigraphic Myocardial Perfusion Imaging
In the United States, many patients who are referred for evaluation of 
suspected or known CAD are unable to exercise. Both adenosine and 
dipyridamole are vasodilator agents that, in the absence of epicardial 
artery stenosis, increase myocardial blood flow three to five times over 
baseline. In the presence of a stenosis, a relative perfusion defect may 
be seen, indicating either failure to increase regional blood flow com-
pared with myocardial segments supplied by a normal vessel or reduced 
myocardial blood flow due to coronary steal. For this reason, in some 
patients with multivessel disease and balanced ischemia, pharmaco-
logic stress SPECT studies may appear normal. The average reported 
sensitivity and specificity of adenosine SPECT for the detection of 
CAD are similar to those of exercise SPECT studies, at 90% and 75%, 
respectively. With dipyridamole SPECT, sensitivity is similar (89%) but 
specificity is lower (65%). As previously discussed, verification bias 
may exaggerate true sensitivity and underestimate specificity. The sen-
sitivities and specificities are also higher for multivessel than for single-
vessel disease. Pharmacologic stress SPECT studies may also be 
performed with dobutamine. The mean reported sensitivity and speci-
ficity of this test are 82% and 75%, respectively. Unlike dobutamine 
echocardiography, monitoring of ischemia-induced functional abnor-
malities is difficult during SPECT MPI. For this reason, dobutamine is 

multivessel disease, followed by single-vessel disease in the left anterior 
descending (LAD) artery distribution, right coronary artery (RCA), 
and circumflex artery. False-positive results are often attributed to 
attenuation artifacts from large breasts in women and the diaphragm 
in obese individuals. Excessive bowel radioactivity may also result in 
false-positive or false-negative results. The introduction of ECG-gated 
SPECT imaging has allowed assessment of LV function in addition to 
perfusion. Studies have shown a good correlation for the assessment 
of LVEF between SPECT and other tomographic modalities.18 However, 
LV volumes may be underestimated and ejection fraction overesti-
mated in ventricles with a small LV cavity and hypertrophy of the walls 
because of partial volume effects. The accuracy of SPECT determina-
tion of LV volumes and ejection fraction is also limited in patients with 
extensive perfusion defects and LV aneurysms, where the entire geom-
etry of the LV cavity cannot be defined. However, the additional infor-
mation derived from regional systolic function in gated studies has 
improved the diagnostic accuracy of the test. Artifacts caused by soft 
tissue attenuation may be discriminated from true ischemia or scar by 
the demonstration of normal regional wall motion.

Another recent advancement in SPECT imaging has been the intro-
duction of attenuation correction. Commercially available SPECT 
attenuation correction systems measure the nonhomogeneous attenu-
ation distribution using external collimated radionuclide sources or 
computed tomography (CT) (hybrid systems). The application of 
attenuation correction in patients with excessive subdiaphragmatic 
activity corrects by enhancing the affected regions of the myocardium, 
such as the inferior and posterior LV walls. Several studies have shown 
significant improvements in specificity and modest improvements in 
sensitivity with the use of attenuation correction.19,20

Several studies have shown that a normal exercise stress SPECT 
study predicts a very low likelihood (<1%) of adverse events, such as 

FIGURE 4-6	 Single	photon	emission	computed	tomography	(SPECT)	technetium-99m	sestamibi	exercise	stress	study.	A	large	myocardial	perfusion	
defect	is	evident	in	the	posterolateral	walls	during	stress	(white	arrows)	with	complete	reversibility	on	the	resting	study,	indicating	ischemia.	
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United States are nitrogen-13 ammonia (perfusion) and fluorine-18-2-
fluoro-2-deoxyglucose (18F FDG; metabolic viability). A new PET 
myocardial perfusion tracer, fluorine-18-flurpiridaz (Flurpiridaz-18F), 
has recently been introduced. Owing to its smaller kinetic positron 
energy and consequently short positron range, an 18F-tagged agent can 
take the full advantage of PET spatial resolution. Flurpiridaz-18F has 
a long physical half-life and therefore does not require an on-site cyclo-
tron. Phase I and II clinical studies have been completed with 
Flurpiridaz-18F, and phase III studies are ongoing.22 In a phase II trial, 
PET MPI with Flurpiridaz-18F was safe and was superior to SPECT 
MPI for image quality, interpretative certainty, and overall CAD 
diagnosis.23

In patients with suboptimal SPECT results, follow-up cardiac PET 
has demonstrated superior accuracy. Most PET studies obtained in 
patients with a previous equivocal SPECT result are unequivocally 
classified as normal or mildly positive. PET is one of the most sensitive 
methods for the identification of myocardial viability in patients with 
ischemic LV dysfunction. PET defines viable myocardium as the pres-
ence of a perfusion/metabolism mismatch. Myocardial scar exhibits 
reduced uptake of both tracers, whereas ischemic viable myocardium 
shows preserved metabolic activity (Fig. 4-9). The extent of viability by 
PET has been shown in numerous studies as able to predict functional 
myocardial recovery after revascularization.

CARDIAC MAGNETIC RESONANCE IMAGING
CMR perfusion imaging has become a prominent modality in cardio-
vascular imaging because it provides both structural and functional 
heart disease assessment with high accuracy. It allows accurate deter-
mination of cardiac volume, flow quantification, and wall motion 
analysis both at stress and at rest. CMR myocardial perfusion studies 

not a preferred stressor in most clinical instances. Pharmacologic 
SPECT is a powerful prognosticator in populations of patients with 
suspected CAD and in at-risk patients being evaluated prior to non-
cardiac surgery. The risk of death in patients with normal scans has 
been reported to be low, but it is higher than in patients with a negative 
result from exercise SPECT (1% to 3% per year). This probably reflects 
higher comorbidities in selected populations of patients who cannot 
exercise. In patients undergoing noncardiac surgery, a pharmacologic 
stress test has a significant negative predictive value (NPV) but a low 
positive predictive value (PPV). For that reason, it has been recom-
mended that this test be used in populations at moderate risk, such as 
those with anginal symptoms, prior infarction, or diabetes. The role of 
stress MPI is well accepted for the evaluation of symptoms but has not 
been clearly established for screening asymptomatic patients at risk. In 
the Detection of Ischemia in Asymptomatic Diabetics (DIAD) study, 
a randomized controlled trial (RCT) in which 1123 participants with 
type 2 diabetes and no symptoms of CAD were randomly assigned to 
be screened with adenosine stress MPI or not to be screened, the 
cardiac event rates were low and were not significantly reduced by MPI 
screening for myocardial ischemia over a follow-up period of 4.8 
years.21

Pharmacologic stress imaging may also be performed with PET. Its 
higher spatial resolution, efficiency, and lower attenuation makes PET 
a superior method in certain patient groups, such as obese patients. 
Cardiac PET has also been validated for the quantitative assessment of 
regional myocardial perfusion, LV function, and viability. Current PET 
stress myocardial perfusion protocols require pharmacologic stress 
because of the short half-life of rubidium-82. Given that it can be 
produced on site without a cyclotron, from a column generator, this is 
the preferred radioisotope for the assessment of perfusion in clinical 
practice. Two other radioisotopes approved for cardiac PET use in the 

FIGURE 4-7	 Single	photon	emission	computed	tomography	(SPECT)	technetium-99m	sestamibi	exercise	stress	study.	A	midsize	myocardial	perfu-
sion	defect	is	evident	in	the	anteroseptal	and	apical	walls	during	stress	(white	arrows)	without	reversibility	on	the	resting	study,	indicating	scar.	
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Gadolinium DTPA is an extracellular agent that, during its first pass, 
will enhance the intravascular compartment; this is followed by extra-
cellular deposition. Areas of fibrosis and scarring in the LV accumulate 
gadolinium over time and exhibit “delayed enhancement.” Using a fast 
imaging protocol with steady-state precession (FISP)– based sequence, 
the first-pass enhancement of the myocardium may be visualized by 
CMR perfusion imaging in near real time. CMR perfusion imaging 
makes it possible to identify areas of myocardial hypoenhancement at 
rest in the presence of severely reduced myocardial blood flow (Fig. 
4-10). In most circumstances, resting blood flow is normal in segments 
supplied by stenotic vessels owing to compensatory arteriolar vasodila-
tion. However, adenosine or dipyridamole may induce ischemia in 
these cases by reducing myocardial perfusion pressure. The high spatial 
resolution of CMR perfusion imaging permits the visualization of non-
transmural ischemia or infarction. In a recent multicenter study of 
patients undergoing cardiac catheterization for the evaluation of symp-
toms, CMR perfusion imaging was compared with SPECT MPI. Based 
on receiver operating characteristic (ROC) analysis, CMR perfusion 
imaging at the optimal gadolinium dose (0.1 mmol/kg) performed 
much like SPECT.24 CMR perfusion imaging studies have also shown 
abnormal myocardial perfusion in patients with syndrome X and in 
others with microvascular dysfunction.25 In addition, patients with a 
negative perfusion scan have a low likelihood (<1%) of a major cardiac 
event over the ensuing 2 years.26-28

Accumulating evidence dictates a shift from purely anatomic 
assessment of CAD to an objective functional assessment. Recent evi-
dence with the Fractional Flow Reserve Versus Angiography for Mul-
tivessel Evaluation (FAME) and Deferred Stenting Versus Immediate 
Stenting to Prevent No or Slow Reflow (DEFER) trials have shown that 

can also detect myocardial ischemia and can provide insight into the 
morphology of myocardial tissue. CMR perfusion imaging noninva-
sively differentiates causes, stages, and reversibility of myocardial 
injury. An emerging role for CMR perfusion imaging in the assessment 
of acute chest pain is that it can differentiate among the causes of chest 
pain such as ischemia, myocarditis, pericarditis, aortic dissection, or 
pulmonary embolism. Image quality is preserved even in obese 
patients, which makes this method ideal for obtaining technically dif-
ficult echocardiographic images.

Dobutamine Cardiac Magnetic Resonance
CMR perfusion imaging can evaluate global and regional LV function 
at rest and during bicycle ergometry or pharmacologic stress. Dobuta-
mine is the most commonly used stressor for the evaluation of 
ischemia-induced regional wall motion abnormalities.

The average reported sensitivity and specificity for the detection 
of obstructive CAD are 89% and 84%, respectively. The protocols used 
are similar to those used in echocardiography for the evaluation of 
both ischemia and viability. One of the limitations of dobutamine 
CMR perfusion imaging is the inability to obtain accurate ECG moni-
toring of ST- segment deviation during the test. For this reason many 
centers have favored the use of vasodilator stress and CMR perfusion 
imaging.

Cardiac Magnetic Resonance Perfusion Imaging
An IV paramagnetic agent such as gadolinium diethyl triamine pen-
taacetic acid (DTPA) may be used to evaluate myocardial perfusion. 

FIGURE 4-8	 Positron	emission	tomography	(PET)	cardiac	perfusion	study	using	nitrogen-13	ammonia.	This	study	shows	a	moderate-sized	myo-
cardial	perfusion	defect	in	the	inferior	wall	during	stress	with	complete	reversibility	on	the	rest	study,	indicating	ischemia.	
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MYOCARDIAL VIABILITY ASSESSMENT
Viability assessment is commonly sought prior to revascularization  
for ischemic heart disease. Many imaging modalities can assess the 
viability of ischemic myocardium; these include echocardiography, 
radionuclide imaging, and more recently, CMR perfusion imaging. 
Echocardiographic assessment traditionally depended on incremental 
low-dose dobutamine infusion and subsequent improvement of con-
tractility or a lack thereof. Improvement in regional contractility at 
lower rates of dobutamine (5 to 10 µg/kg/min) in segments that are 
akinetic or hypokinetic at rest predicts functional recovery after revas-
cularization, particularly when those same segments exhibit a reduc-
tion in con tractility at high dobutamine rates (biphasic response). 
Patients with ischemic LV dysfunction and viable myocardium who 
undergo revascularization have better outcomes than those who are 
not revascularized or who have no evidence of viability regardless of 
revascularization. The sensitivity with which dobutamine echocardiog-
raphy predicts recovery of function ranges between 74% and 88%; the 
specificity is between 73% and 87%. Compared with MPI, dobutamine 
stress echocardiography has higher specificity but lower sensitivity and 
overall similar accuracy for predicting functional recovery.34 More 
recently, newer methods of characterizing ventricular function during 
stress echocardiography—namely, assessment of myocardial velocities 
and strain with tissue Doppler imaging (TDI) and speckle-tracking 
echocardiography (STE) and perfusion with MCE—have been devel-
oped and further investigated.35-38

patients who undergo percutaneous coronary intervention (PCI) on 
stenotic lesions with positive fractional flow reserve (FFR) have an 
improved outcome compared with those who have intervention per-
formed based on a visual estimation of lesion severity. The 2-year 
follow-up of the FAME trial shows a significant reduction in major 
cardiac events in patients guided by FFR. CMR perfusion imaging is a 
well-established modality for accurately detecting significant coronary 
stenosis when validated against FFR.29,30

Quantitative analysis of CMR perfusion images can be performed 
to determine the ratio of stress/resting blood flow or myocardial perfu-
sion reserve (MPR). Studies have shown that in patients with obstruc-
tive CAD, MPR increases after PCI.31 Delayed gadolinium-enhanced 
CMR perfusion imaging is a powerful technique for evaluating the 
presence of scar in patients with ischemic LV dysfunction. The extent 
of infarct transmurality as determined by CMR perfusion imaging 
predicts functional recovery in patients referred for revascularization 
(Fig. 4-11).32 Coronary imaging also may be performed with CMR 
perfusion imaging. Although the method is well established for the 
evaluation of congenital coronary anomalies, it is less accurate for 
evaluating CAD. In a recent meta-analysis of 20 studies (989 patients) 
that comprised patients with suspected CAD assessed by MRI, mean 
sensitivity and specificity for the detection of obstructive CAD were 
87.1% (confidence interval [CI], 83.0% to 90.3%) and 70.3% (CI, 58.8% 
to 79.7%)—considerably lower than the respective values found in a 
meta-analysis of 89 studies (7516 patients) assessed by CCTA (97.2% 
[95% CI, 96.2% to 98.0%] and 87.4% [CI, 84.5% to 89.8%]).33

FIGURE 4-9	 Positron	emission	tomography	(PET)	myocardial	viability	study	obtained	in	a	patient	with	ischemic	left	ventricle	dysfunction.	Resting	
ammonia	images	show	an	extensive	inferior	perfusion	defect.	The	fluorodeoxyglucose	(FDG)	images	show	matched	preserved	metabolic	activity	
that	indicates	hypoperfused	but	viable	myocardium.	
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gadolinium imaging by three methods. A recent meta-analysis of 24 
prospective studies (N = 698) evaluated these three CMR perfusion 
imaging techniques and found that late gadolinium enhancement, 
using a 50% transmural extent of infarct, provided the greatest sensitiv-
ity and NPV, whereas low-dose dobutamine CMR perfusion imaging 
(Db-CMRI) yielded the highest specificity and PPV, as well as the 
greatest overall accuracy. EDWT showed good sensitivity but poor 
specificity.40

In general, techniques that detect presence (SPECT, PET, MCE) or 
absence of late gadolinium enhancement CMR perfusion imaging 
(LGE-CMRI) of cellular integrity are likely to be more sensitive but less 
specific than techniques that detect contractile reserve (dobutamine 
echocardiography [Db-E] and Db-CMRI) because a critical myocar-
dial mass must be viable for a functional response to occur.

However, recent large trials that included the Heart Failure Revas-
cularisation Trial (HEART),41 Positron Emission Tomography and 
Recovery Following Revascularization (PARR-2) trial,42 and most 
important, the Surgical Treatment for Ischemic Heart Failure (STICH) 
trial43 have questioned the superiority of revascularization over OMT, 
as well as the benefit of viability assessment, in deciding between surgi-
cal versus medical therapy. In the STICH trial, viability assessment was 
an inclusion criterion, but this was dropped secondary to poor recruit-
ment. Subsequently, 50% of patients underwent viability assessment at 
the discretion of their physician. The main finding of this trial was that 
revascularization did not improve overall survival in ischemic cardio-
myopathy compared with OMT. The viability substudy showed that 
survival of patients with viability was significantly longer than that of 
patients without viability, but patients with viable myocardium who 
underwent coronary artery bypass grafting (CABG) did not show any 
survival benefit compared with those treated with OMT.44 Although 
very informative, this trial raised a few concerns regarding its limita-
tions. It only utilized SPECT and Db-E and did not use any of the other 
available modalities. Furthermore, patients who underwent viability 
testing were less likely to benefit from revascularization because they 
had significantly greater LV dysfunction, LV dilatation, and incidence 

In radionuclide viability imaging, a number of isotopes—including 
thallium and technetium—have been used. However, a combination of 
SPECT and PET imaging has gained popularity because it character-
izes both metabolism (PET) and perfusion (SPECT). Studies have 
shown that a metabolism/perfusion mismatch threshold greater than 
5% identified patients who had significantly improved survival if 
treated by revascularization rather than optimal medical therapy 
(OMT) alone. A limitation of this technique is that it requires two tests, 
which increases the radiation dose to the patient.39

CMR perfusion imaging can determine myocardial viability mea-
surement of end-diastolic wall thickness (EDWT), contractile response 
to low-dose dobutamine, and transmural extent of infarction on late 

FIGURE 4-10	 First-pass	 gadolinium	 diethylene	 triamine	 pentaacetic	
acid	(DTPA)	myocardial	perfusion	study.	From	top	to	bottom:	Sequential	
cross-sectional	 images	obtained	at	 the	base	(left),	middle,	and	apex	
(right).	The	first	row	of	images	was	acquired	before	the	arrival	of	con-
trast.	The	second	row	demonstrates	 the	arrival	of	contrast	 in	 the	right	
ventricle.	 The	 third	 row	shows	 its	 arrival	 in	 the	 left	 ventricular	 cavity,	
and	the	fourth	row	shows	enhancement	of	the	myocardium.	An	area	of	
subendocardial	hypoenhancement	is	evident	(arrows)	in	a	patient	with	
severe	stenosis	of	a	large	marginal	branch.	

BASE MID APEX

FIGURE 4-11	 Mid–left	 ventricle	 cross-sectional	 image	 obtained	 20	
minutes	 after	 injection	 of	 gadolinium	 diethylene	 triamine	 pentaacetic	
acid	(DTPA)	demonstrates	a	large	area	of	subendocardial	fibrosis	(the	
white	rim	is	indicated	by	arrows)	that	involves	50%	of	the	transmural	
thickness	in	the	septum	and	anterior	walls.	



76 SECTION I  PATIENT SELECTION

and 320 slice) scanners and dual-source imaging. However, most 
patients still require beta-blocker administration and cooperation with 
breath-holding instructions during the scan acquisition.

Over the last few years, significant attention has focused on exces-
sive radiation exposure with medical imaging.51 In response, and in 
collaboration with medical imaging leaders, the industry has imple-
mented several strategies to reduce radiation dose during CCTA. These 
include reduction in the volume of coverage, use of lower peak x-ray–
tube currents, and wider adoption of prospective ECG-gated acquisi-
tion. The use of prospective gating is very effective in reducing dose52 
but limits CCTA image acquisition to a predetermined brief phase of 
the cardiac cycle. Thus analysis of LV function cannot be performed 
when this acquisition mode is being used. Patients in whom functional 
analysis is required, or those with rapid or irregular heart rates who 
may require reconstruction of multiple cardiac phases for coronary 
vessel examination, should be imaged using conventional spiral retro-
spective ECG-gated acquisition, which requires higher overall radia-
tion exposure. CCTA is very useful in assessing the origin and course 
of congenitally anomalous coronary arteries and the three-dimensional 
relationship of anomalous coronary arteries with the aorta and pulmo-
nary arterial trunk.53-55 Myocardial bridges and coronary arteriovenous 
fistulas can also be well visualized by CCTA.

Cardiac Computed Tomography Angiography to Evaluate Coronary 
Luminal Stenosis
Figures 4-12 and 4-13 are CCTA studies obtained from a patient with 
normal coronary arteries and another with severe multivessel disease. 
The corresponding invasive angiogram from the latter is shown in 
Figure 4-14. Several single-center and multicenter studies have exam-
ined the accuracy of CCTA for establishing the diagnosis of obstructive 
CAD. Most of these studies have been performed in patients referred 
for diagnostic coronary angiography based on clinical indications. The 
prevalence of obstructive CAD in patients enrolled in these studies 
ranged anywhere from 35% to 80%. Accuracy was defined in these 
studies based on segment-based, vessel-based, and/or patient-based 
analysis. Segment-based analysis has been restricted in many of these 
studies to segments greater than 1.5 mm or greater than 2 mm in 
diameter. In most studies, previously stented segments have been 
excluded. Either a greater than 50% or greater than 70% reduction in 
luminal diameter on invasive coronary angiography was used as the 
reference standard to adjudicate a positive result. On vessel-based anal-
ysis, a positive result was defined as the presence of one or more 
abnormal segments in the specific vessel’s distribution. On patient-
based analysis, a positive result was defined as one or more abnormal 
segments anywhere in the coronary arterial tree.

In a multicenter study56 that enrolled 187 patients with high or 
intermediate risk with an Agatston calcium score below 600, 71% of 
segments were deemed evaluable on multidetector computed tomog-
raphy (MDCT). All nonevaluable segments were censored to be posi-
tive because in clinical practice, they would also lead to the performance 
of angiography. The sensitivity, specificity, PPV, and NPV for detecting 
greater than 50% luminal stenoses in segment-based analysis were 
89%, 65%, 13%, and 99%, respectively. In patient-based analysis, the 
sensitivity, specificity, PPV, and NPV were 98%, 54%, 50%, and 99%, 
respectively. The results of this study suggest that the clinical utility  
of CCTA, given its high NPV, lies primarily in the exclusion of obstruc-
tive CAD.

Prospective multicenter trials have demonstrated improved diag-
nostic characteristics of 64-slice CCTA in comparison to 16-slice 
CCTA.57,58 The Assessment by Coronary Computed Tomographic 
Angiography of Individuals Undergoing Invasive Coronary Angiogra-
phy (ACCURACY)59 trial was a 15-center U.S.-based multicenter study 
that examined 230 patients who underwent CCTA prior to elective 
diagnostic coronary angiography. Researchers observed sensitivity, 
specificity, PPV, and NPV of CCTA to detect a 50% or greater stenosis 
(95%, 83%, 64%, and 99%, respectively) or a 70% or greater stenosis 
(94%, 83%, 48%, and 99%, respectively). It is likely that a discrepancy 
will always exist between CCTA and invasive coronary angiography for 

of previous MI. Each of the trials had limitations, and considerable 
debate remains about the role of revascularization and viability testing 
in these patients. Currently, the role of viability testing is to determine 
which patient with ischemic cardiomyopathy will have a potential for 
functional and clinical improvement. It can aid in better estimating the 
benefits of revascularization versus its risks. Even if evidence is insuf-
ficient to improve overall survival, it may help patients and physicians 
make better choices about revascularization therapies that could 
improve functional status.

Cardiac Computed Tomography
Cardiac computed tomography (CCT) has now been extensively vali-
dated as an accurate noninvasive method of evaluating the coronary 
anatomy. Technical advances available in modern scanners now make 
it possible to obtain adequate image quality in most patients. Image 
acquisition and interpretation can be performed very rapidly, which 
makes this technology suitable for the evaluation of ambulatory 
patients.

Coronary Artery Calcium Scoring
Coronary artery calcium (CAC) scoring quantifies coronary calcifica-
tion using a radiographic density-weighted volume of high attenuation 
regions (>130 Hounsfield units). The prognostic value of CAC has been 
clearly established by Keelan and colleagues,45 who demonstrated that 
a CAC Agatston score greater than 100 was an independent predictor 
(odds ratio [OR] 1.88) of cardiovascular outcomes (death and nonfatal 
MI) at 7 years’ follow-up. Although very high calcium scores impart 
an approximately tenfold increased CV event risk, they do not always 
imply a tight coronary stenosis. The role of CAC for screening asymp-
tomatic individuals is controversial, and the routine incorporation of 
this type of investigation into a comprehensive risk screening with 
C-reactive protein (CRP) and cholesterol measurements is still under 
debate. Some evidence supports the incorporation of CAC into the 
overall risk stratification of older individuals, using clinical algorithms 
such as the Framingham Risk Score. In the South Bay Heart Watch 
study,46 a CAC greater than 300 was associated with a significant 
increase in cardiac event rates compared with that determined by clini-
cal score alone. These data support the belief that CAC can improve 
risk prediction, especially among patients at intermediate Framingham 
risk, in whom clinical decision making is most difficult. Patients with 
low Framingham risk derive no significant additional benefit from 
CAC. Furthermore, it is costly to use CAC to improve cardiovascular 
risk prediction in populations with no cardiac symptoms who are at 
low risk. Some even suggest that its wide clinical implementation may 
in aggregate have a detrimental effect on the quality of life of screened 
populations.47 However, in a published study of 6723 asymptomatic 
patients, CAC was shown to be the strongest predictor of cardiovascu-
lar death, nonfatal MI, angina, and revascularization (total events = 
162) independent of race. In this study, the risk increased 7.7-fold in 
patients with a CAC score between 101 and 300 compared with 0 and 
9.7-fold in patients with a score greater than 300.48 The addition of 
CAC to MPI provides incremental value over and above myocardial 
perfusion findings.40,49 In patients with normal stress perfusion, adding 
a CAC score can improve detection of CAD, particularly in patients 
with a high pretest likelihood, such as those with diabetes.50

Contrast-Enhanced Computed Tomography  
Coronary Angiography
Although the actual acquisition of a CCTA study takes less than 15 
seconds, patient preparation and data interpretation require extensive 
training and extreme attention to detail. Patient selection is important 
because extensive coronary calcification and poor x-ray penetration  
in obese patients may compromise image quality. The frequency of 
artifacts related to diaphragmatic and/or cardiac motion has been sig-
nificantly reduced with the newest wide detector coverage (128, 256, 
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disease.60 In a multicenter study of 541 intermediate-probability 
patients referred for symptoms or CAD risk factors who prospectively 
underwent both CCTA and MPI, the annualized hard event rate was 
1.8% in those with mild or no CAD versus 4.8% in those with 50% or 
greater stenosis by CCTA, and it was 1.1% in those with a normal MPS 
versus 3.8% in those with an abnormal MPS.61 In multivariate analysis, 
CCTA-visualized obstructive plaque and abnormal MPS were inde-
pendent predictors of late events after adjustment for clinical risk 
factors, with significantly improved prediction by the combined use of 
CCTA and MPI compared with either modality alone (log-rank test P 
value < .005). Over the study period, those with concordantly normal 
CCTA and MPS results had an annualized hard event rate of 1%; those 
with concordantly abnormal CCTA and MPS results had a hard event 
rate of 9.0%; and those with discordant CCTA and MPS results with 
either abnormal CCTA or abnormal MPS had event rates of 3.8% and 
3.7%, respectively.

Second-generation 320-row CT scanners enable the acquisition of 
a full cardiac dataset within a single heartbeat. Image acquisition time 
is reduced from 8 to 12 seconds (64-slice CT) to 1 second. Such short 
image acquisition time allows the use of smaller contrast volumes and 
lower radiation doses to the patient, and it permits the inclusion of 

the quantitative assessment of luminal stenosis. Unlike angiography, 
CCTA provides data on both the lumen and vessel wall plaque. Thus 
the results of CCTA are more comparable with those of intravascular 
ultrasound (IVUS). In addition, CCTA provides an infinite number of 
projections because of its three-dimensional nature. Thus in many 
cases, a presumed “false-positive” CCTA finding may represent a 
“false-negative” coronary angiogram, in which adequate projections 
were not obtained. The prognostic utility of CCTA has been examined 
in several single-center studies. Among 169 low- to intermediate-risk 
patients who underwent both exercise treadmill testing and CCTA, the 
presence of obstructive (≥70%) stenosis was associated with both 
ST-segment depression (adjusted OR, 3.38; 95% CI, 1.32 to 8.64; P = 
.001) and elevated-risk Duke treadmill scores (adjusted OR, 4.67; 95% 
CI, 1.97 to 11.03; P < .001). In this study, a graded relationship was 
found between the extent and severity of CAD and the exercise time, 
as well as the likelihood of ST-segment depression. In another study of 
163 low- to intermediate-risk patients who underwent both MPI and 
CCTA, the extent and severity of CAD as measured by a modified 
Duke coronary artery jeopardy score was independently associated 
with a severely abnormal MPI result (OR, 2.25; 95% CI, 1.12 to 4.41; 
P = .02) for the highest risk group as compared with those without 

FIGURE 4-12	 Multidetector	 computed	 tomography	 (MDCT)	 coronary	 angiography	 of	 normal	 coronary	 arteries.	 A,	 Volume-rendered	 maximum-
intensity	 projection	of	 the	aortic	 root	 and	coronary	arteries.	B,	Curved	multiplanar	 reconstruction	of	 the	 left	 anterior	 descending	 (LAD)	 coronary	
artery.	C,	Series	of	cross-sectional	images	obtained	from	the	mid-LAD	at	1-mm	intervals.	
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of a general health evaluation; those with no plaque had no major 
adverse cardiac events (MACEs) over an average observation of 17 
months (± 2), whereas 15 of the 215 individuals with any plaque had 
later unstable angina or underwent revascularization.58,64 However, 
most events occurred within 90 days of the CCTA and were driven by 
revascularization procedures in this open-label trial. Furthermore, 
most events occurred in patients with an abnormal CAC, indicating 
that CCTA provided no significant incremental prognostic value in 
asymptomatic patients.

Accurate assessment of previously stented coronary vessels remains 
an important limitation of CCTA.65 A noninvasive, accurate test for 
in-stent restenosis would be invaluable in patients with postinterven-
tional chest pain. This is particularly true because the widespread  
use of drug-eluting stents reduces the incidence of in-stent restenosis, 
thus reducing the positive yield from repeated invasive coronary  
angiography. In a study that used 16-slice MDCT, only 126 of 232 
stents (54%) could be evaluated.60,66 Smaller stents in vessels less than 
3 mm in diameter were harder to evaluate accurately, and internal 
luminal diameter is often underestimated. Studies performed with 
64-slice scanners have shown improved sensitivity and specificity.61,67 

patient populations previously considered unsuitable for CCTA 
imaging, such as patients with cardiac arrhythmias. The Coronary 
Artery Evaluation Using 320-Row Multidetector CT Angiography 
(CORE-320) pilot experience enrolled 64 subjects to assess radiation 
dose and image quality of the 320-row CT scanner. They found that 
only four subjects had limited image quality. Patient body mass index 
(BMI) was the strongest predictor of poor image quality.62

Ongoing large multicenter trials are attempting to unequivocally 
define how CCTA compares with usual-care functional testing with 
stress testing. One such trial, the Prospective Multicenter Imaging 
Study for Evaluation of Chest Pain (PROMISE), has completed enroll-
ment of over 10,000 patients to determine whether an initial anatomic 
testing strategy using CCTA technology will reduce the primary end 
point (all-cause death, nonfatal MI, major periprocedural complica-
tions, or hospitalization for unstable angina) by 20% when compared 
with an initial functional testing strategy over a follow-up of 2.5 years.63

Although several studies have demonstrated the predictive value of 
low-density plaque components and eccentric remodeling, the benefit 
of CCTA in asymptomatic patients is not yet well established. In one 
study, 1000 asymptomatic patients underwent 64-slice CCTA as part 

FIGURE 4-13	 Multidetector	computed	tomography	(MDCT)	coronary	angiography	of	obstructive	multivessel	disease.	A,	Volume-rendered	maximum-
intensity	 projection	 of	 the	 aortic	 root	 and	 coronary	 arteries.	 B,	 Curved	 multiplanar	 reconstruction	 of	 the	 left	 circumflex	 (LCX)	 coronary	 artery.	
C,	Series	of	cross-sectional	images	obtained	from	the	mid-LCX	at	1-mm	intervals.	Arrows	indicate	areas	of	severe	stenosis	caused	predominantly	
by	noncalcified	(dark)	atherosclerotic	plaques.	

A B
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In a study that used 64-slice scanners,68 CCTA images of 138 grafts, 
native vessels, and anastomotic sites were compared with invasive 
coronary angiograms. The grafts included both venous and arterial 
bypass conduits. All the grafts were “evaluable” by CCTA, with sensitiv-
ity, specificity, PPV, and NPV of 100%, 94%, 92%, and 100%, respec-
tively. Evaluation of the distal anastomosis is often limited by surgical 
clips, which constitute artifacts. Analysis of the native vessels is often 
more difficult in patients with previous CABG owing to poor runoff, 
more extensive calcification, and smaller lumen size. This can poten-
tially limit the diagnostic utility of CCTA in this setting. In patients 
with previous CABG, CCTA should be considered as an alternative to 
invasive angiography when direct catheterization carries a risk, such 
as with suspected atheromas or when a high contrast load should be 
avoided. MDCT may also be useful in symptomatic patients with 
recent CABG in whom graft occlusion is suspected. CCTA is useful  
in defining the three-dimensional location of preexisting coronary 
grafts in relation to the chest wall in patients undergoing repeated 
sternotomy.

Guiding Interventions With Cardiac Computed  
Tomographic Angiography
Because of its three-dimensional capabilities, CCTA has great potential 
as a guide to interventions; it can define the anatomic course, caliber, 
and length of a diseased segment and the extent of calcification in 
patients with chronic total occlusion (CTO) of a coronary vessel.69 In 
addition, MDCT images may be projected side by side with the fluo-
roscopy images in the catheterization laboratory.

Stress Myocardial Computed Tomography Perfusion Imaging
As previously discussed, CCTA has been shown by several multicenter 
studies to have excellent diagnostic accuracy in the detection and 
exclusion of significant CAD. However, one major limitation of coro-
nary CT has been the inability to detect whether lesions are physiologi-
cally or functionally significant. Stress myocardial CT perfusion (CTP) 
imaging is a novel application of coronary CT in which the examina-
tion can provide both anatomic and physiologic assessment of coro-
nary disease. A combined CCTA/CTP approach has been shown to 

Nevertheless, the ability to evaluate the lumen of stented vessels 
depends on the type and diameter of the stent. Practical delineation of 
in-stent stenosis remains difficult in stents with a diameter less than 
3 mm, although CCTA is useful in the evaluation of coronary artery 
bypass grafts (Fig. 4-15).

FIGURE 4-15	 Multidetector	computed	tomography	(MDCT)	coronary	angiography	obtained	in	a	patient	with	previous	coronary	artery	bypass	grafts.	
A,	Volume-rendered	projection	of	the	heart	shows	the	stump	(arrows)	of	an	occluded	bypass	to	the	circumflex	coronary	artery	and	stents	previously	
deployed	 in	 this	vessel.	The	graft	 is	not	visualized	owing	 to	 the	 lack	of	contrast	opacification.	B,	Oblique	sagittal	maximum-intensity	projection	
shows	a	series	of	staples	(arrows)	that	correspond	to	an	occluded	left	internal	thoracic	graft	to	the	left	anterior	descending	(LAD)	coronary	artery.	
C,	Curved	multiplanar	reconstruction	of	a	saphenous	vein	bypass	graft	to	the	LAD.	The	arrows	indicate	a	stent	in	the	proximal	segment	and	show	
the	anastomosis	to	the	distal	LAD.	

A B C

FIGURE 4-14	 Angiographic	 left	 anterior	 projection	of	 the	 left	 coronary	
artery	and	branches	obtained	by	catheterization	in	the	patient	in	Figure	
4-13.	Arrows	indicate	severe	stenotic	lesions	in	the	left	anterior	descend-
ing	and	left	circumflex	coronary	arteries.	
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more than 8 million visits annually in the United States alone. Only a 
minority of these patients will ultimately be diagnosed with cardiac 
ischemia, but most will be admitted to the hospital for investigations 
that cost $10 to $12 billion dollars annually in the United States.79 
Despite this effort and cost, up to 5% of acute coronary syndromes 
(ACSs) are missed.80 To study the efficacy of CCTA in patients with 
acute chest pain, the Rule Out Myocardial Infarction/Ischemia Using 
Computer Assisted Tomography (ROMICAT) trial was conducted, in 
which a CCTA was performed in ED patients with chest pain and 
negative cardiac biomarkers. These researchers found excellent sensi-
tivity and NPV (both 100% for the presence of any atherosclerotic 
plaque) to rule out ACS in 368 subjects.81

The effectiveness of CCTA in ruling out an ACS in the ED was 
studied in three large multicenter randomized trials. The Coronary 
Computed Tomography Angiography for Systematic Triage of Acute 
Chest Pain Patients to Treatment (CT-STAT) study was performed on 
699 subjects with acute chest pain but an inconclusive ED evaluation, 
and patients were randomly allocated to CCTA or MPI. These research-
ers found that CCTA resulted in a 54% reduction in time to diagnosis 
compared with MPI, and costs of care were 38% lower compared with 
those of standard testing. The diagnostic strategies revealed no differ-
ence in MACEs after normal index testing.

The ROMICAT II trial82 was a large, multicenter randomized trial 
that enrolled 1000 patients with low to intermediate likelihood of an 
ACS. The study was powered to a primary end point of length of stay 
in the hospital; secondary end points included time to diagnosis, rate 
of discharge from the ED, and resource utilization. These researchers 
found that patients in the CCTA group had a shorter length of stay in 
the hospital, and almost four times as many patients were discharged 
directly from the ED without hospital admission (47% vs 12%).  
These two studies, CT-STAT and ROMICAT II, also confirmed the 
6-month absence of MACEs in patients who had a normal CCTA 
examination.

A third large, randomized multicenter trial comprised 908 patients 
with a low (0-2) Thrombolysis in Myocardial Infarction (TIMI) score 
that were enrolled in a CCTA group and 462 patients that received 
traditional care. Similar to the ROMICAT II trial, the authors found 
that patients undergoing CT had a higher rate of discharge from the 
ED (50% vs. 23%) and a shorter length of stay in the hospital (differ-
ence 6.8 hr).83

The CT-STAT and ROMICAT studies outlined above also con-
firmed the excellent safety profile of CCTA use in the ED, as well as 
the absence or very low incidence of MACEs in patients who had a 
normal CCTA.

HYBRID IMAGING
Until the advent of CCTA, noninvasive imaging for the detection of 
CAD had mainly relied on functional imaging techniques to assess 
perfusion or wall motion abnormalities as indirect evidence of CAD. 
Functional imaging has been proven to be very valuable in determin-
ing prognosis and establishing the need for revascularization. However, 
neither echocardiography, MPI, nor CMR stress testing can establish 
the presence of mild to moderate CAD. Moreover, decisions regarding 
revascularization cannot rely solely on functional imaging without 
knowledge of the coronary anatomy. CCTA is capable of providing 
detailed information about the coronary anatomy that includes luminal 
stenosis and wall plaque. Because of the latter, it may establish the 
presence of atherosclerosis even earlier than invasive coronary angiog-
raphy. However, the technique is limited in spatial and temporal reso-
lution, making the differentiation between moderate and severe 
luminal stenosis difficult in most cases. In a study of 114 patients who 
underwent both MPI and CCTA, 90% of patients with no visualized 
plaque by CCTA had normal MPS, 45% with any plaque visualized by 
CCTA had abnormal MPI results, and only 50% with any greater than 
50% plaque by CCTA had abnormal MPI results.69,84 The rationale for 
the development of PET-CT or SPECT-CT hybrid systems is that in 
many patients, a knowledge of both coronary anatomy and extent of 

improve the diagnostic accuracy to detect functionally significant 
coronary lesions when compared with CCTA alone, at a dose compa-
rable to nuclear perfusion exams.70 During this exam, contrast attenu-
ation differences in the myocardium are measured and compared 
during rest and stress. A direct relationship exists between the amount 
of iodinated contrast within the myocardium and myocardial attenu-
ation in Hounsfield Units (HU). As such, a relative difference in myo-
cardial perfusion can be visualized as differing attenuations; areas  
of myocardium with decreased blood flow would have a lower 
attenuation—a perfusion defect. Single-center studies have established 
that myocardial CTP imaging can help accurately diagnose CAD com-
pared with various reference standards that include SPECT, invasive 
coronary angiography, MRI, and FFR.71-73 The combination of CCTA 
and myocardial CTP imaging was validated in the multicenter diag-
nostic accuracy CORE-320 study.74 This prospective multicenter study 
also provided the opportunity to independently validate the diagnostic 
performance of CTP imaging and SPECT in the diagnosis of anatomic 
CAD. Sixteen centers enrolled 381 patients, who underwent rest and 
adenosine stress CTP imaging and either exercise or pharmacologic 
stress SPECT before and within 60 days of coronary angiography. The 
per-patient sensitivity and specificity for the diagnosis of CAD (steno-
sis ≥50%) were 88% (202 of 229 patients) and 55% (83 of 152 patients), 
respectively, for CTP imaging and 63% (143 of 229 patients) and 67% 
(102 of 152 patients) for SPECT, with area under the ROC curve values 
of 0.78 (95% CI, 0.74 to 0.82) and 0.69 (95% CI, 0.64 to 0.74; P = .001). 
The sensitivity of CTP imaging for single-vessel and multivessel CAD 
was higher than that of SPECT, with sensitivities for left main, three-
vessel, two-vessel, and one-vessel disease of 92%, 92%, 89%, and 83%, 
respectively, for CTP imaging and 75%, 79%, 68%, and 41%, respec-
tively, for SPECT.74

Coronary Fractional Flow Reserve Computed Tomography
At present, the gold standard assessment of the physiologic significance 
of CAD is invasive FFR. Recently, a series of technologic innovations 
have advanced the possibility of CCTA to enable physiologic evalua-
tion of CAD, thereby creating the potential of this test to provide an 
integrated anatomic-physiologic assessment of CAD. This advances the 
use of computational fluid dynamics to noninvasively calculate FFR 
from a typically acquired CCTA. Three prospective multicenter clinical 
studies have been conducted thus far to evaluate the diagnostic perfor-
mance of fractional flow reserve computed tomography (FFRCT) using 
invasive FFR as the gold standard. In these trials, FFRCT was demon-
strated as superior to CCTA stenosis severity–based diagnosis.75-77 Fur-
thermore, when comparing the susceptibility of FFRCT and CCTA 
visualized stenosis with reduced diagnostic performance in the pres-
ence of common CT artifacts—such as poor contrast opacification, 
high calcium content, and motion artifact—FFRCT demonstrated a 
robustness in accuracy that was not observed for CCTA stenosis.

The multicenter Determination of Fractional Flow Reserve by Ana-
tomic Computed Tomographic Angiography (DeFACTO) study78 
investigated 407 vessels from 252 patients at 17 centers to determine 
the diagnostic performance of FFRCT for lesions of intermediate ste-
nosis severity. In this study, FFRCT was compared with invasive FFR, 
and the researchers found that for these lesions, accuracy, sensitivity, 
specificity, PPV, and NPV of FFRCT were 71%, 74%, 67%, 41%, and 
90%, respectively; whereas accuracy, sensitivity, specificity, PPV, and 
NPV of CT stenosis were 63%, 34%, 72%, 27%, and 78%, respectively. 
FFRCT possesses high diagnostic performance for diagnosis of isch-
emia for lesions of intermediate stenosis severity. Notably, the high 
sensitivity and NPV suggest the ability of FFRCT to effectively and 
noninvasively rule out intermediate lesions that cause ischemia.

Coronary Computed Tomography Angiography  
in Acute Chest Pain
Acute chest pain is one of the leading presenting symptoms of patients 
who come to the emergency department (ED); it is responsible for 
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procedures based on any number of important local and patient-
specific variables, such as symptoms and global risk scores, while pro-
moting optimal test utilization for the population at large.85

RADIATION EXPOSURE RELATIVE  
HEALTH RISKS

Over the last decade, the medical community has raised awareness 
about the potential health care risks associated with radiation exposure 
from medical imaging. Even though most of the evidence that supports 
an increased lifetime incidence of cancer has been obtained from 
observational studies from overexposed children and adolescents, 
cardiac imaging organizations and the medical industry have intro-
duced safer technologies and practices to reduce such risk. Table 4-3 
provides a comparison of the typical radiation exposure and the esti-
mated excess mortality risk attributed to the various tests discussed in 
this chapter. The reader should understand that these estimates use 
data from atomic bomb survivors and assume a linear relationship 
between level of exposure and risk. The validity of the linear relation-
ship theory has not been established; therefore the true risk associated 
with low levels of radiation exposure is unknown. Moreover, radiation 
dose estimates vary widely according to the equipment, protocol, iso-
topes, and patient characteristics.

ischemia is needed to make management decisions. Hybrid systems 
consist of an MDCT and either a SPECT or a PET camera mounted 
next to each other and sharing the same patient table. This facilitates 
the registration of functional and anatomic data in three-dimensional 
space (Fig. 4-16). In oncology, the use of hybrid PET-CT systems has 
largely replaced the use of either modality alone. The benefit of inte-
grating anatomic and functional data is clear, given the small size and 
large possible volume of distribution of metastatic tumors. However, 
in cardiology, the development of the technology has advanced before 
a clinical need has been clearly established.

APPROPRIATE USE CRITERIA
The clinical scenario is most often the deciding factor between ana-
tomic and functional imaging. Anatomy is most helpful to exclude 
disease in asymptomatic or low-likelihood patients, whereas function 
may be most helpful in symptomatic patients. The American College 
of Cardiology Foundation, along with key specialty and subspecialty 
societies, conducted an appropriate use review of common clinical 
presentations for stable ischemic heart disease (SIHD) for which to 
consider use of stress testing and anatomic diagnostic procedures.

Tables 4-1 and 4-2 are intended to provide a practical guide to 
individual clinicians and patients when considering one of these 

FIGURE 4-16	 Hybrid	imaging.	Fusion	of	anatomic	multidetector	computed	tomography	(MDCT)	and	functional	images	(positron	emission	tomog-
raphy	[PET]	rubidium-82)	in	a	patient	with	a	large	apical	myocardial	infarction	(arrows).	Notice	the	thinning	of	the	myocardium,	which	matches	
the	lack	of	perfusion.	

Coronal Sagittal Axial

TABLE 4-1 Multimodality Detection and Risk Assessment of Ischemic Heart Disease Appropriate Use Criteria: Symptomatic Patients

Indication Text Exercise ECG Stress RNI Stress Echo Stress CMR
Calcium 
Scoring CCTA

Invasive Coronary 
Angiography

1 Low	pretest	probability	of	CAD,
ECG	interpretable,	and	able	to	exercise

A R M R R R R

2 Low	pretest	probability	of	CAD,
ECG	uninterpretable,	or	unable	to	exercise

– A A M R M R

3 Intermediate	pretest	probability	of	CAD,
ECG	uninterpretable,	and	able	to	exercise

A A A M R M R

4 Intermediate	pretest	probability	of	CAD,
ECG	uninterpretable,	or	unable	to	exercise

– A A A R A M

5 High	pretest	probability	of	CAD,
ECG	interpretable,	and	able	to	exercise

M A A A R M A

6 High	pretest	probability	of	CAD,
ECG	uninterpretable,	or	unable	to	exercise

– A A A R M A

From	Wolk	MJ,	Bailey	SR,	Doherty	JU,	et	al:	ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS	2013	multimodality	appropriate	use	criteria	for	the	detection	and	risk	assessment	of	stable	
ischemic	heart	disease:	a	report	of	the	American	College	of	Cardiology	Foundation	Appropriate	Use	Criteria	Task	Force,	American	Heart	Association,	American	Society	of	Echocardiography,	
American	Society	of	Nuclear	Cardiology,	Heart	Failure	Society	of	America,	Heart	Rhythm	Society,	Society	for	Cardiovascular	Angiography	and	Interventions,	Society	of	Cardiovascular	Computed	
Tomography,	Society	for	Cardiovascular	Magnetic	Resonance,	and	Society	of	Thoracic	Surgeons.	J	Am	Coll	Cardiol	63(4):380-406,	2014.
A,	Appropriate;	CAD,	coronary	artery	disease;	CCTA,	coronary	computed	 tomography	angiography;	CMR,	cardiac	magnetic	 resonance;	ECG,	electrocardiogram;	Echo,	echocardiography;	
M,	may	be	appropriate;	R,	rarely	appropriate;	RNI,	radionuclide	imaging.
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TABLE 4-2 Multimodality Detection and Risk Assessment of Ischemic Heart Disease Appropriate Use Criteria: Asymptomatic Patients

Indication Text Exercise ECG Stress RNI Stress Echo Stress CMR
Calcium 
Scoring CCTA

Invasive Coronary 
Angiography

7 Low	global	CHD	risk
regardless	of	ECG	interpretability	and	

ability	to	exercise

R R R R R R R

8 Intermediate	global	CHD	risk
ECG	interpretable	and	able	to	exercise

M R R R M R R

9 Intermediate	global	CHD	risk
ECG	uninterpretable	or	unable	to	exercise

– M M R M R R

10 High	global	CHD	risk
ECG	interpretable	and	able	to	exercise

A M M M M M R

11 High	global	CHD	risk
ECG	uninterpretable	or	unable	to	exercise

– M M M M M R

From	Wolk	MJ,	Bailey	SR,	Doherty	JU,	et	al:	ACCF/AHA/ASE/ASNC/HFSA/HRS/SCAI/SCCT/SCMR/STS	2013	multimodality	appropriate	use	criteria	for	the	detection	and	risk	assessment	of	stable	
ischemic	heart	disease:	a	report	of	the	American	College	of	Cardiology	Foundation	Appropriate	Use	Criteria	Task	Force,	American	Heart	Association,	American	Society	of	Echocardiography,	
American	Society	of	Nuclear	Cardiology,	Heart	Failure	Society	of	America,	Heart	Rhythm	Society,	Society	for	Cardiovascular	Angiography	and	Interventions,	Society	of	Cardiovascular	Computed	
Tomography,	Society	for	Cardiovascular	Magnetic	Resonance,	and	Society	of	Thoracic	Surgeons.	J	Am	Coll	Cardiol	63(4):380-406,	2014.
A,	Appropriate;	CCTA,	coronary	computed	 tomography	angiography;	CHD,	coronary	heart	disease;	CMR,	cardiac	magnetic	 resonance;	ECG,	electrocardiogram;	Echo,	echocardiography;	
M,	may	be	appropriate;	R,	rarely	appropriate;	RNI,	radionuclide	imaging.

TABLE 4-3 Estimated Radiation Exposure and Excess Lifetime Cancer Risk Attributable to Common Noninvasive 
Cardiac Diagnostic Studies

Modality System Protocol Isotope
Isotope 
Dose (mCi)

Effective 
Dose (mSv)

Excess 
All-Cancer Risk

Excess Fatal 
Cancer Risk

SPECT-MPI Anger Rest-stress Thallium-201 4.5 31.4 0.31% 0.16%
Rest-stress Thallium-201

Technetium-99m	sestamibi
3.5/25 29.2 0.29% 0.15%

Rest-stress Technetium-99m	sestamibi 37.5 11.3 0.11% 0.06%
Stress	only Technetium-99m	sestamibi 27.5 7.9 0.08% 0.04%

Solid	State Rest-stress Technetium-99m	sestamibi 20 5.8 0.06% 0.03%
Stress	only Technetium-99m	sestamibi 12.5 3.6 0.04% 0.02%

PET-MPI Rest-stress Rubidium-82 100 13.5 0.14% 0.07%
Rest-stress 13N-ammonia 30 2.5 0.03% 0.01%
Rest-stress Flurpiridaz-18F 10 7 0.07% 0.04%

PET-Metabolism 18F-FDG 10 7 0.07% 0.04%
0.00% 0.00%

CT-CAC	score Retrospective 3 0.03% 0.02%
Prospective 1 0.01% 0.01%

CT-CCTA Nongated 18 0.18% 0.09%
Retrospective 12 0.12% 0.06%
Prospective 3 0.03% 0.02%

From	Einstein	AJ,	Moser	KW,	Thompson	RC,	et	al:	Radiation	dose	to	patients	from	cardiac	diagnostic	imaging.	Circulation	116:1290-1305,	2007;	Slomka	PJ,	Berman	DS,	Germano	G:	
New	cardiac	cameras:	single-photon	emission	CT	and	PET.	Semin	Nucl	Med	44:232-251,	2014;	and	Nuclear	Science:	A	Guide	to	the	Nuclear	Science	Wall	Chart,	Contemporary	Physics	
Education	Project	(CPEP),	2003.	Available	online	at	www2.lbl.gov/abc/wallchart/guide.html.
CAC,	Coronary	artery	calcium;	CCTA,	cardiac	computed	tomography	angiography;	CT,	computed	tomography;	FDG,	fluorodeoxyglucose;	MPI,	myocardial	perfusion	imaging;	PET,	positron	
emission	tomography;	SPECT,	single	photon	emission	computed	tomography.

CONCLUSIONS
The objectives of noninvasive cardiac imaging in patients with known 
or suspected CAD are to provide confirmatory evidence that CAD has 
been the cause of symptoms and to offer guidance for the appropriate 
selection of medical therapy and/or revascularization. In most cases, 
the extent of anatomic CAD is directly related to the extent and severity 
of stress-induced myocardial perfusion abnormalities. However, 
abnormal myocardial perfusion may also be associated with vascular 
dysfunction in the setting of nonobstructive CAD. Conversely, normal 
myocardial perfusion may be present in patients with obstructive  
CAD with increased collateral flow. Hence, because the objective of 
myocardial revascularization is to reduce myocardial ischemia, it may 
be concluded that the results of functional imaging tests are more 
important to guide therapeutic decisions in patients with known or 
suspected CAD.

In patients who have been evaluated by both MPI and CCTA, the 
frequency of inducible ischemia is 0%, 5%, 33%, 54%, and 86% for 
CCTA stenosis of 0%, 0% to 60%, 60% to 70%, 70% to 80%, and greater 
than 80%, respectively (P < .0001).59 Thus when severe ischemia is 
present and a false-positive result is unlikely, the likelihood of obstruc-
tive CAD is high. The additional information provided by CCTA in 
such cases is minimal in terms of dictating patient management. On 
the other hand, real-world experience has shown that a significant 
proportion of patients who are evaluated by functional tests have 
inconclusive, false-positive, or false-negative results. Thus anatomic 
demonstration of CAD by CCTA may play an important role as a less 
expensive and safer alternative to diagnostic invasive coronary angiog-
raphy in these cases.

A meta-analysis of comparative studies performed with 64-slice 
CCTA demonstrated diagnostic sensitivities and specificities of 94% 
(93% to 97%) and 85% (80% to 90%).86 From these studies it is clear 
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to 90%.88-90 Specificity is also very high with stress echocardiography. 
The sensitivity of CTP imaging for single-vessel and multivessel CAD 
was higher than that of SPECT, and studies have shown that MRI stress 
perfusion performs just as well. Therefore the strengths of functional 
stress imaging tests are their higher specificity and PPV. Accordingly, 
stress imaging would be most useful as a first diagnostic test for con-
firming obstructive CAD in intermediate- to high-risk patients. The 
clinical scenario is most often the deciding factor between anatomic 
and functional imaging, and appropriateness criteria have been estab-
lished to guide individual clinicians when considering these proce-
dures. Several ongoing prospective multicenter trials are seeking to 
determine the utility of anatomic versus functional imaging tests in 
specific clinical scenarios.

that the strengths of CCTA are its high sensitivity and high NPV, which 
exceeds 95%.87 These characteristics suggest that CCTA would be most 
useful as a first diagnostic test for excluding obstructive CAD in low- to 
intermediate-risk patients. Furthermore, with the advent and techno-
logical advances of CT and magnetic resonance imaging (MRI) to 
diagnose the functional significance of coronary lesions, these modali-
ties are being used with more frequency and confidence in diagnosing 
and managing coronary lesions.

In comparison with CCTA, MPI has a lower sensitivity—in the 
range of 85% to 90%88—and it is even lower for the detection of single-
vessel CAD. The rate of false-positive MPI scans has been reduced with 
the use of technetium-99m radioisotopes, attenuation-correction algo-
rithms, and the incorporation of gated LVEF and regional wall motion 
analysis. The result has been improved specificity in the range of 80% 
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The goal of PCI is the relief of ischemia and restoration of coronary 
blood flow. The treatment of coronary stenosis with stenting 

improves exercise tolerance, reduces antiischemic medications, and 
improves survival in patients with ST-elevation myocardial infarction 
(STEMI). However, in patients with stable CAD, stent placement is  
of no benefit if the angiographic stenoses are not responsible for 
ischemia.

The rationale for physiologic lesion assessment is simple: for lesions 
of intermediate severity, the angiogram cannot be relied on exclusively 
to direct coronary revascularization.1 Coronary angiography produces 
two-dimensional (2-D) luminograms, a silhouette image of the three-
dimensional (3-D) vascular lumen in a given projection. Angiography 
does not truly identify atherosclerosis, a disease within the vessel wall, 
but instead provides a “shadow” without intraluminal details sufficient 
to characterize a plaque. Furthermore, the eccentric shapes of plaques 
do not permit the observer to determine whether such an opening is 
limiting coronary blood flow. The accurate identification of both 
“normal” and “diseased” vessel segments by angiography further com-
plicates the determination of a lesion’s significance in the setting of 
diffuse CAD, which cannot easily be seen on an angiogram. Angio-
graphic artifacts that include contrast streaming, branch overlap, vessel 
foreshortening, calcifications, and ostial origins further make the inter-
pretation of some luminal narrowings unreliable. Despite numerous 
attempts to improve the angiographic imaging of complex anatomy, 
the angiographer is still confronted by a visual dilemma in which no 
single view or multiple views can provide an answer. Moreover, even 
sophisticated imaging modalities such as densitometry, rotational 

angiography, and computed tomography angiography (CTA) with 3-D 
reconstruction (without the computational fluid-dynamic addition of 
FFR computed tomography [FFR-CT]) do not reliably reflect the phys-
iologic significance of a given lesion.2

FUNDAMENTAL CONCEPTS OF CORONARY  
BLOOD FLOW

Coronary blood flow can increase from a resting level to a maximum 
(i.e., coronary reserve), depending on increases in myocardial oxygen 
demand or in response to neurogenic or pharmacologic hyperemic 
stimuli. Normally, large epicardial vessel resistance to blood flow is 
negligible. Most of the regulation of coronary flow occurs in the myo-
cardial precapillary arteriolar resistance vessels. In a normal adult 
artery that supplies normal myocardium, coronary blood flow can 
increase more than threefold. However, several conditions—including 
left ventricular hypertrophy, myocardial ischemia, and diabetes—can 
affect the microcirculation, blunting the maximal absolute increase in 
coronary flow or increasing resting flow above the expected level for 
myocardial oxygen demand at rest. The regulation of coronary vaso-
motor tone and the influence of several mechanisms such as 
α-adrenoreceptor–mediated vasoconstriction have been extensively 
reviewed elsewhere and are beyond the scope of this chapter.3 A sig-
nificant atherosclerotic stenosis produces epicardial conduit resistance 
and, depending on flow, loss of distal pressure. In response to the loss 
of perfusion pressure and flow to the distal (poststenotic) vascular bed, 
the small resistance vessels dilate to maintain satisfactory basal flow 
appropriate for myocardial oxygen demand. Viscous friction, flow 
separation forces, and turbulence at the site of the stenosis produce 
energy loss at the stenosis (Fig. 5-1). Energy (heat) is extracted, which 
reduces pressure distal to the stenosis and thereby produces a pressure 
gradient between the proximal and distal arterial regions. The pressure 
loss or pressure gradient increases with increasing coronary flow in a 
curvilinear manner.4 An absolute poststenotic myocardial perfusion 
pressure threshold exists, below which myocardial ischemia may be 
easily induced.

Coronary Flow and Flow Reserve
As the severity of an epicardial stenosis increases, maximal coronary 
flow becomes attenuated, and coronary flow reserve (CFR) decreases. 
CFR, the ratio of maximal to basal arterial flow, is a combined measure 
of the capacity of the major resistance components—the epicardial 
coronary artery and the supplied vascular bed—to achieve maximal 
blood flow in response to hyperemic stimulation. Although there is no 
true “normal CFR,” a higher CFR implies that both epicardial and 
microvascular bed resistances are low (i.e., normally low resistance; 
Fig. 5-2). However, a lower CFR (<2.0) does not indicate which com-
ponent is affected, a fact that limits the clinical applicability of this 
measurement for lesion assessment. Although early studies in animals 
and humans indicated an absolute “normal” range for CFR of 3.5 to 5, 
the CFR in adult patients undergoing cardiac catheterization with chest 
pain syndromes and CAD risk factors with “angiographically normal” 
vessels was 2.7 (SD ± 0.6), suggesting a degree of patient variability and 
microvascular disease.

CFR may be reduced in patients with normal coronary arteries  
and either essential hypertension or aortic stenosis, in part related to 

5 Intracoronary Pressure and  
Flow Measurements
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K E Y  P O I N T S

•	 Evaluation	of	patients	with	stable	ischemic	heart	disease	
necessitates	that	the	operator	define	ischemia-producing	coronary	
lesions.	Angiography	alone	is	often	insufficient	as	a	singular	tool,	
and	adjunctive	stress	testing	often	is	not	regionally	specific	enough	
to	extrapolate	to	an	individual	coronary	stenosis.	Fractional	flow	
reserve	(FFR)	has	been	proven	to	be	an	accurate	detector	of	the	
ability	of	a	given	stenosis	to	produce	myocardial	ischemia,	and		
as	such,	it	is	an	invaluable	adjunct	to	the	modern-day	
catheterization	lab.

•	 A	coronary	stenosis	that	does	not	produce	an	“ischemic”	FFR	has	
been	shown	to	have	a	favorable	long-term	outcome	when	treated	
with	medical	therapy.	Outcomes	are	not	significantly	improved	
with	coronary	revascularization.

•	 Percutaneous	coronary	intervention	(PCI)	of	only	those	lesions	that	
are	physiologically	significant,	as	shown	by	FFR,	has	been	
prospectively	demonstrated	to	be	clinically	and	economically	
superior	to	angiography-guided	PCI	in	patients	with	multivessel	
coronary	artery	disease	(CAD).

•	 FFR	is	a	highly	useful	adjunctive	modality	in	guiding	decision	
making	within	the	catheterization	lab	for	common	angiographic	
dilemmas,	including	side-branch	stenoses,	left	main	CAD,	or	
multivessel	disease.

•	 At	this	time,	indices	obtained	without	coronary	hyperemia	are	
under	investigation	to	increase	use	of	in-lab	physiologic	lesion	
assessment,	and	outcome	studies	are	in	progress.
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myocardial hypertrophy and an abnormal microvasculature. Further-
more, CFR can be altered by changes in basal and hyperemic flows, 
both of which are influenced by hemodynamics, loading conditions, 
and contractility. For example, tachycardia increases basal flow and 
decreases hyperemic flow, thus reducing CFR by 10% for each 15-beat 
increase in heart rate. In clinical terms, CFR is best used to assess the 
microcirculation in the absence of epicardial artery narrowings.

Intracoronary Pressure Measurements and Fractional  
Flow Reserve
As the limitations of invasive CFR were recognized, the development 
of pressure-sensor guidewires yielded a new concept of lesion assess-
ment. As is the case from the earlier discussion regarding coronary 
flow, resistance to blood flow in a normal epicardial coronary artery is 
negligible, with virtually no energy loss as blood traverses the vessel. 
The aortic pressure thus remains constant throughout the conduit—
including all branch vessels, regardless of their size—in the absence of 
epicardial disease. In the case of epicardial coronary narrowing, the 
resistance to flow and associated energy loss results in a pressure drop 
and is proportional to flow. To maintain resting myocardial perfusion 
at a constant level, a decrease in myocardial resistance compensates for 
any resistance of flow caused by the epicardial narrowing. The pressure 
ratio between normal and poststenotic pressure at constant maximal 
flow can represent an index of the physiologic consequences of a given 
coronary narrowing on the myocardium. Pressure measurements, 
made across a lesion during maximal hyperemia, are termed the myo-
cardial fractional flow reserve, a concept introduced in 1993 by Pijls 
and colleagues.5 FFR is the ratio of the maximal myocardial blood flow 
in the presence of a stenosis relative to expected normal flow in the 
absence of a stenosis, and it can be expressed as a fraction of its normal 
expected value if there were no lesion. Derived from pressure data 
alone for the myocardium, FFR measurement is based on several 
assumptions regarding translesional pressure measured during 
maximal hyperemia.6 The proposed equations have been derived from 
a theoretic model of the coronary circulation and have been validated 
experimentally in instrumented dogs, and later in humans, by com-
parison with myocardial flow measured by positron emission tomog-
raphy (PET).7 During maximal hyperemia (induced pharmacologically), 

FIGURE 5-1	 Left:	Diagram	of	coronary	stenosis	showing	seven	factors	that	produce	resistance	to	flow:	(1)	entrance	angle;	(2)	diseased	segment	
length;	(3)	stenosis	 length;	(4-6)	shape	 factors	of	 lumen	area	(minimum	lumen	diameter,	minimum	lumen	area,	eccentricity	of	stenosis);	and	
(7)	area	of	reference	vessel.	Right:	Total	pressure	loss	across	a	stenosis	is	derived	from	two	sources:	the	frictional	losses	along	the	leading	edge	
of	 the	stenosis	and	 the	 inertial	 losses	stemming	 from	 the	sudden	expansion,	which	causes	flow	separation	and	eddies	(exit	 losses).	Frictional	
losses	are	linearly	related	to	flow	by	Poiseuille’s	law,	and	inertial	losses	(exit	losses)	increase	with	the	square	of	the	flow	(Bernoulli’s	law).	The	
total	change	 in	pressure	gradient	(ΔP)	 is	 the	sum	of	 the	 two:	 the	 loss	coefficients,	 f1	and	 f2,	are	 functions	of	stenosis	geometry	and	rheologic	
properties	of	blood	(viscosity	and	density).	The	graphic	representation	of	this	equation	results	in	a	quadratic	relationship,	in	which	the	curvilinear	
shape	demonstrates	the	presence	of	nonlinear	exit	losses.	If	no	stenosis	is	present,	the	second	term	is	zero,	and	the	curve	becomes	a	straight	line	
(with	a	positive	slope	 that	depends	on	 the	diameter	of	 the	vessel,	based	on	Poiseuille’s	 law).	Aη,	Area	of	 the	normal	segment;	As,	area	of	 the	
stenosis;	L,	length;	Q,	flow.	(Redrawn	from	Kern	MJ,	Samady	H:	Current	concepts	of	integrated	coronary	physiology	in	the	catheterization	labora-
tory.	J	Am	Coll	Cardiol	55(3):173-185,	2010.)
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FIGURE 5-2	 Schematic	representation	of	coronary	flow	reserve	findings.	
Top	panel:	 A	normal	artery	without	 any	 epicardial	 stenosis	or	micro-
vascular	disease	demonstrates	the	ability	to	significantly	increase	coro-
nary	 flow	when	 a	 hyperemic	 agent	 is	 given.	Middle	 panel:	 An	 artery	
with	significant	epicardial	stenosis	that	blunts	the	ability	to	increase	flow	
over	baseline.	Bottom	panel:	The	same	finding	of	an	artery	unable	 to	
increase	its	flow	rate.	However,	the	reason	in	this	case	is	not	epicardial	
stenosis	but	severe	microvascular	disease.	(Redrawn	from	Wilson	RF,	
Lascon	DD:	A	clinician’s	guide	to	assessing	the	physiologic	significance	
of	arterial	stenoses.	Cathet	Cardiovasc	Diagn	29:93-98,	1993.)
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infusion did not alter FFR. The coefficient of variation between two 
consecutive measurements was 4.2%, which is lower than the 17.7% 
for CFR measured with a Doppler wire.

METHODOLOGY OF CORONARY  
PRESSURE MEASUREMENT

General Setup and Guidewire Manipulation
The measurement of coronary pressure is similar to performing an 
angioplasty in that a sensor guidewire is passed through an angioplasty 
Y-connector attached to a guiding catheter, with anticoagulation 
(intravenous [IV] heparin) given beforehand. To minimize measure-
ment variability caused by vessel spasm, intracoronary (IC) nitroglyc-
erin (100 to 200 µg) is given before the guidewire is advanced into the 
artery. For coronary pressure measurements, a guidewire with a pres-
sure sensor can be utilized to measure distal coronary pressure (St. Jude 
Medical, Minneapolis, MN; Volcano Therapeutics, Rancho Cordova, 
CA). The angioplasty sensor guidewires have mechanical properties 
close to standard “workhorse” guidewires and have a pressure sensor 
located 3 cm from the tip, at the junction of the radiopaque and radio-
lucent portions of the wire. The wire tip can be shaped to facilitate 
delivery to the distal vessel. Recently, a novel 0.022″ pressure-sensing 
monorail microcatheter (the Navvus microcatheter from ACIST 
Medical Systems, Eden Prairie, MN) has been made available to 
measure distal coronary pressure over any 0.014″ standard guidewire 
of the operator’s choice. The microcatheter has a pressure sensor asso-
ciated with a marker that sends its signal via a fiberoptic pathway to 
the table-mounted analyzer (Fig. 5-4, C).

All currently available systems have an “auto zero” feature that 
activates when the guidewire/catheter is connected to the analyzer. 
This signal should be zeroed against the “zero” from the guiding cath-
eter transducer. The sensor is then introduced and positioned at the 
tip of the guiding catheter, where the guiding catheter and wire pres-
sures are equalized (or normalized)—a step that electronically assimi-
lates both pressure signals so that they are identical. Next, the sensor 

coronary resistance is at the lowest level and remains constant, so that 
flow is directly related to the measured pressure. The total myocardial 
blood flow (Qn) in an area served by a coronary artery with a stenosis 
is the sum of the flow through the stenosis (Qs) and the collateral flow 
(Qc). Fractional flow reserve is then simply defined as the ratio of the 
measured flow (Qs) to the maximal flow that should be present without 
any stenosis (Qn):

Qs Pd Pv R= − ÷( )

and

Qn Pa Pv R= − ÷( )

where Pd is distal coronary pressure, Pa is aortic pressure, Pv is venous 
pressure (or right atrial pressure), and R is resistance of the myocardial 
vascular bed. In this model, Pv is assumed to be negligible hence

FFR Qs Qn Pd Pv R Pa Pv R= ÷ = − ÷ ÷ − ÷[( ) ] [( ) ]

Given maximal hyperemia, resistance becomes constant and “near 
zero” in both the numerator and denominator, thus

FFR Pd Pa when measured at hyperemia= ÷ .

FFR can thus be estimated as the ratio of the mean distal coronary 
blood pressure to the mean aortic blood pressure. Because each myo-
cardial territory serves as its own control, FFR is a lesion-specific index. 
Furthermore, because FFR is measured only at maximal hyperemia, it 
is independent of microcirculation, heart rate, blood pressure, and 
other hemodynamic variables.

Unlike most other physiologic indexes, FFR has a normal value of 
1.0 for every patient and every coronary artery. FFR has high reproduc-
ibility and low intraindividual variability (Fig. 5-3). Moreover, unlike 
CFR, FFR is independent of sex or CAD risk factors, such as hyperten-
sion and diabetes, and has less variability with common doses of ade-
nosine. De Bruyne and associates8 demonstrated that in humans, FFR 
is independent of hemodynamic conditions. Changes in heart rate 
affected by pacing, changes in contractility affected by dobutamine 
infusion, and changes in blood pressure affected by nitroprusside 

FIGURE 5-3	 A,	Reproducibility	of	 fractional	flow	reserve	(FFR)	by	serial	measurements	in	a	multicenter	study	of	325	patients	in	whom	FFR	was	
measured	twice	within	a	10-minute	interval.	B,	Reproducibility	of	coronary	flow	reserve	(CFR)	in	the	same	patients.	Blue	boxes	represent	baseline	
conditions.	Violet	diamonds	represent	changes	 in	blood	pressure	 induced	by	 infusion	of	nitroprusside.	Blue	 triangles	represent	changes	 in	heart	
rate	induced	by	pacing.	Pink	circles	represent	changes	in	contractility	induced	by	infusion	of	dobutamine.	Despite	variations	in	heart	rate	of	40%,	
blood	pressure	of	35%,	and	contractility	of	50%,	FFR	but	not	CFR	was	unaffected	by	these	changes.	(Data	from	De	Bruyne	B,	Bartunek	J,	Sys	
SU,	et	al:	Simultaneous	coronary	pressure	and	flow	velocity	measurements	in	humans:	feasibility,	reproducibility	and	hemodynamic	dependence	
of	coronary	flow	velocity	reserve,	hyperemic	flow	versus	pressure	slope	index	and	fractional	flow	reserve.	Circulation	94:1842-1849,	1996.)
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Pharmacologic Hyperemic Stimuli
Maximal coronary hyperemia is required for in-lab coronary physio-
logic lesion assessment (Table 5-1). The most widely used maximal 
vasodilator agent at this time is adenosine. Hyperosmolar ionic and 
low-osmolar nonionic contrast media do not produce maximal vaso-
dilation. Nitrates increase volumetric flow, but because these agents 
also dilate the epicardial conductance vessels, the increase in coronary 
flow velocity is less than with adenosine or papaverine. IC nitroprus-
side has similar hyperemic effects compared with IC adenosine. Papav-
erine is no longer used for IC hyperemic stimulation because of the 
occasional Q-T interval prolongation and associated ventricular tachy-
cardia (VT) or VF.

Adenosine
A principal advantage of adenosine is that it has a short half-life, with 
a return to basal flow within 30 to 60 seconds after cessation of infu-
sion. Adenosine is benign in a wide range of dosages (IC and IV). 
Typically, IV adenosine will result in about a 10% drop in mean arterial 
pressure (MAP) and may be accompanied by symptoms of chest 
burning. IC adenosine down the dominant coronary artery will result 
in atrioventricular (AV) block at high enough doses that it will result 
in a significant, although transient, decline in MAP.

IV adenosine has the advantages of simplicity and weight-adjusted 
dosing (140 µg/kg/min) and is required for the evaluation of ostial 
lesions or for the assessment of diffuse disease during pull-back record-
ings. IV administration, however, tends to have a higher incidence of 
side effects such as flushing, chest tightness, bronchospasm, nausea, 
and transient AV block or bradycardia compared with IC dosing. It 
should also be noted that all the validation studies utilizing IV adenos-
ine administered this infusion through a central vein. Administration 
through a peripheral vein may be accompanied by a long latent period 
before the onset of hyperemia without a clear-cut stability of the hyper-
emic phase.

IC adenosine appears to be equivalent to IV infusion for determi-
nation of FFR in most patients. Jeremias and colleagues11 examined 
differences in FFR between IC adenosine (15 to 20 µg in the RCA 
or 18 to 24 µg in the LCA) and IV adenosine (140 µg/kg/min) in 
52 patients with 60 lesions and found a strong linear relationship 
between IC and IV adenosine (regression coefficient [r] = 0.978, P < 
.001). The mean measurement difference for FFR was 0.004 (SD ± 
0.03). A small random scatter in both directions of FFR was noted in 
8.3% of stenoses, where the IC adenosine FFR value was 0.05 greater 
than the IV adenosine FFR value, suggesting a suboptimal IC hyper-
emic response for which a repeated, higher IC adenosine dose may be 
helpful. Changes in heart rate and blood pressure were significantly 
greater with IV adenosine. Two patients with IV adenosine, but none 

is advanced down the vessel and across the stenosis (or to the most 
distal part of the coronary artery for assessment of serial lesions or 
diffuse disease). A pharmacologic hyperemic stimulus (e.g., adenosine, 
discussed later) is then administered through the guiding catheter, or 
it can be given by IV infusion. The mean and phasic pressure signals 
are continuously recorded, and at peak hyperemia—represented by the 
steady-state nadir, or lowest, distal pressure once stable-hyperemia is 
reached—the FFR is calculated as noted earlier (Fig. 5-5).

To study the distribution of abnormalities along a diseased coro-
nary artery (with serial lesions or diffuse disease), the pressure sensor 
can be pulled back slowly during intravenously induced hyperemia. 
Simultaneously observing the location of the wire by fluoroscopy and 
the pressure tracings can pinpoint the location of hemodynamically 
significant atherosclerotic abnormalities. On pulling back the pressure 
sensor in a vessel with diffuse but not focal obstructions, gradual  
pressure recovery along the course of the vessel can be observed. In 
contrast, a vessel with a focal stenosis will demonstrate an abrupt 
increase in pressure proximal to the lesion. By moving the sensor  
back and forth, the exact location of a pressure drop, representing a 
focal obstruction to flow, can be determined. FFR is often measured 
using 6-French guiding catheters, but 5-French guides and diagnostic 
catheters as small as 4 French have been successfully used. In general, 
the smaller the lumen of the catheter, the greater care the operator  
must take at flushing the catheter to optimally achieve an accurate 
aortic pressure signal (Pa). As with any technique in the catheterization 
lab, attention to detail is required to reduce inaccuracies in the mea-
surement of FFR. A more complete description of the application  
and nuances of coronary pressure measurements can be found 
elsewhere.9

Safety of Intracoronary Sensor Wire Measurements
Qian and coworkers10 examined the safety of IC Doppler wire mea-
surements in 906 patients. Of these, 15 patients (1.7%) had severe 
transient bradycardia after administration of IC adenosine, 14 in the 
right coronary artery (RCA) and 1 in the left coronary artery (LCA). 
Nine patients (1%) had coronary spasm during passage of the Doppler 
guidewire, five in the RCA and four in the left anterior descending 
(LAD) coronary artery. Two patients (0.2%) had ventricular fibrillation 
(VF) during the procedure. Hypotension with bradycardia and ven-
tricular asystole occurred in one patient. Transplant recipients had 
more of these complications than did patients undergoing either diag-
nostic or interventional procedures. All complications were easily 
managed, and no long-term adverse consequences were observed. 
These data support the safe clinical practice of sensor-wire measure-
ments with IC adenosine.

FIGURE 5-4	 A,	Certus	wire	from	St	Jude	Medical.	B,	Volcano	Verrata	Wire.	C,	Acist	Navvus	microcatheter.	PTFE,	Polytetrafluoroethylene.	
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FIGURE 5-5	 A,	Top:	The	guidewire	sensor	and	guide	catheter	(red	and	yellow	circles)	are	shown	in	 the	proximal	right	coronary	artery	with	cor-
responding	pressures	depicted	on	the	right,	showing	“equalization”	of	pressures.	Bottom:	The	guidewire	has	been	advanced	across	the	right	coronary	
artery	lesion	and	now	is	in	the	distal	vessel	with	corresponding	pressure	loss	as	depicted	on	the	right.	B,	Fractional	flow	reserve	(FFR)	measure-
ment	across	a	proximal	 left	anterior	descending	coronary	artery	 lesion.	The	red	pressure	 tracing	is	aortic	guide	catheter	pressure,	and	the	green	
tracing	is	coronary	wire	pressure.	Adenosine	is	started,	and	the	tracings	from	right	 to	left	reflect	 the	changes	over	time.	At	 the	yellow	bar,	which	
reflects	the	lowest	distal	coronary	pressure	divided	by	aortic	pressure	(Pd/Pa)	at	steady	state,	the	FFR	is	computed.	FFR	=	Pd/Pa,	or	65/90	(0.72).	
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with IC adenosine, had side effects such as bronchospasm and nausea. 
Despite these doses being correlated with hyperemic effects of IV 
adenosine, many operators use IC doses that are significantly greater 
to ensure maximal hyperemia is achieved.

Regadenoson
Regadenson is a low-affinity α-2A adenosine receptor agonist that 
causes coronary vasodilation and increased myocardial blood flow and 
has been reported to be equivalent to adenosine. It selectively targets 
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coronary pressures and pressure ratios (Pd/Pa, 60 ± 18 and 59 ± 
18 mm Hg; FFR, 0.68 ± 0.18 and 0.68 ± 0.17, respectively; all P = not 
significant [NS]). An additional bolus of IC adenosine given at peak 
dobutamine in nine patients failed to change the FFR. As shown by 
angiography, high-dose IV dobutamine did not modify the area of the 
epicardial stenosis and, much like adenosine, it fully exhausted myo-
cardial resistance regardless of inducible left ventricular dysfunction.

Sodium Nitroprusside
IC nitroprusside may be an alternative to IC adenosine. Parham and 
associates16 examined coronary blood flow velocity, heart rate, and 
blood pressure in unobstructed LAD arteries in 21 patients at rest, after 
IC adenosine (boluses of 30 to 50 µg), and after three serial doses of 
IC nitroprusside (boluses of 0.3, 0.6, and 0.9 µg/kg). IC nitroprusside 
produced equivalent coronary hyperemia with a longer duration 
(~25%) compared with IC adenosine. IC nitroprusside (0.9 µg/kg) 
decreased systolic blood pressure by 20% with minimal change in heart 
rate, whereas IC adenosine had no effect on these parameters. FFR 
measurements with IC nitroprusside were identical to those obtained 
with IC adenosine (r = 0.97). In doses commonly used for the treat-
ment of the no-reflow phenomenon, IC nitroprusside can produce 
sustained coronary hyperemia without detrimental systemic hemody-
namics. Sodium nitroprusside also appears to be a suitable hyperemic 
stimulus for coronary physiologic measurements.

Clinical Validation of Intracoronary Pressure Measurements
To define the threshold of FFR below which inducible ischemia is 
present, Pijls and colleagues6 and De Bruyne and colleagues17 con-
ducted independent but parallel and complementary investigations. 
Pijls’ group studied 60 patients accepted for single-vessel percutaneous 
transluminal coronary angioplasty (PTCA) who had a positive (abnor-
mal or ischemic) exercise test in the preceding 24 hours. FFR was 
measured before and 15 minutes after PTCA, and the exercise test was 
repeated after 1 week. If the second exercise test had reverted to normal 
after PTCA, FFR values were associated with inducible ischemia. All 
except two FFR measurements greater than 0.74 were not associated 
with ischemia, and all FFR measurements of 0.74 or less were related 
to inducible ischemia. In normal coronary arteries, FFR was 0.98 (SD 
± 0.03). De Bruyne’s group studied FFR in 60 patients who each had 
one isolated lesion in one major coronary artery and a maximal exer-
cise test 6 hours before catheterization. ST-segment depression was 
compared with FFR, APVmax (average peak velocity at maximal hyper-
emia), and APVrest. Intersections of sensitivity and specificity curves 
were at 87%, 83%, and 75%, respectively, for FFR of 0.66, ÄPVmax of 
31 mm Hg, and ÄPVrest of 12 mm Hg. No abnormal test was present 
for FFR greater than 0.72. FFR has also been compared with the results 
of dobutamine echocardiography in 75 patients with normal left  

the α-2A receptor in coronary arteries and therefore has fewer adverse 
effects compared with adenosine. Regadenoson has a longer half-life 
of 2 to 3 minutes in the initial phase, 30 minutes in the intermediate 
phase, and 2 hours in the terminal phase, and it may prove to be easier 
to use. With a single infusion bolus of regadenoson (0.4 mg), maximum 
coronary hyperemia is achieved and maintained equivalent to that 
achieved with a constant infusion of adenosine. However, questions 
regarding the amount of time that hyperemia persists after this bolus 
and whether a similar hyperemic effect can be achieved with a second 
bolus demand further investigation. At this time, regadenoson is a 
useful agent for simple measurement of FFR (Fig. 5-6).12-14

Dobutamine
Bartunek and associates15 examined FFR in response to IC adenosine 
and IV dobutamine (10 to 40 µg/kg/min) in 22 patients with single-
vessel CAD. Peak dobutamine infusion produced similar distal 

TABLE 5-1 Pharmacologic Characteristics of Agents Used for Induction of Hyperemia
Drug Dose Plateau (sec) Half-Life (min) Side Effects Comments

Papaverine	IC 15	mg	LCA
10	mg	RCA

30-60 2 Transient	Q-T	interval	prolongation,	
torsades	de	pointes

Rarely	used

Adenosine	IV 140	µg/kg/min 60-120 1-2 Decreased	blood	pressure	(10%	to	
15%),	chest	burning

Avoid	in	patients	with	history	of	
bronchospasm

Adenosine	IC 50-120	µg	LCA
30-60	µg	RCA

5-10 0.5-1 Transient	AV	block	when	injected	into	
the	dominant	artery

Must	repeat	with	escalating	
doses	to	ensure	that	maximal	
hyperemia	is	reached

Dobutamine	IV 20-40	µg/kg/min 60-120 3-5 Tachycardia,	increase	in	blood	pressure May	induce	ischemia

Nitroprusside	IC 0.3-0.9	µg/kg 20 1 Decreased	blood	pressure	(20%)

Regadenoson	IV 0.4	mg 30 2-4* Tachycardia Exact	length	of	hyperemia	and	
ability	to	repeat	bolus	not	
studied	in	the	cardiac	
catheterization	lab	for	FFR

*Half-life	is	triphasic,	with	second	phase	lasting	~30	mins	and	third	phase	lasting	~2	hrs.
AV,	Atrioventricular;	FFR,	fractional	flow	reserve;	IC,	intracoronary;	IV,	intravenous;	LCA,	left	coronary	artery;	RCA,	right	coronary	artery.

FIGURE 5-6	 Linear	 regression	 analysis	 of	 intrapatient	 fractional	 flow	
reserve	 (FFR)	measured	with	 an	 intravenous	 (IV)	 adenosine	 infusion	
and	IV	regadenoson	bolus.	(From	Stolker	JM,	Guzman	L,	Zenni	MM,	et	
al:	TCT-626	comparison	of	intravenous	adenosine	infusion	and	regad-
enoson	bolus	for	calculating	fractional	flow	reserve:	results	of	a	pooled	
analysis.	J	Am	Coll	Cardiol	62[18	S1]:B190,	2013.)
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(13%), with a net decrease in the overall diagnostic accuracy for detect-
ing functionally significant lesions. Their data also showed that the 
optimal diagnostic threshold of stenosis diameter was markedly lower 
in coronary segments that supply a larger myocardial area because FFR 
depends to some extent on the downstream mass. In particular, left 
main stenoses were often underestimated by the classical 50% diameter 
cutoff compared with FFR (Fig. 5-7).

Intracoronary Physiologic Measurements, Intravascular 
Ultrasound, and Optical Coherence Tomography Measurements
Intravascular ultrasound (IVUS) and optical coherence tomography 
(OCT) offer a high degree of anatomic detail that can aid the operator 
in making clinical decisions. The cross-sectional lumen area measured 
by these techniques (i.e., minimal luminal area [MLA]) has been pro-
posed as a surrogate measurement of the functional significance of a 
given stenosis. However, in clinical practice, the anatomic measure-
ments are more complementary than they are similar to FFR because 
FFR is a physiologic assessment, whereas IVUS and OCT are tools to 
measure vessel anatomy and lesion morphology. IVUS and OCT are 

ventricular function and single-vessel CAD; the degree of dobutamine-
induced dyssynergy correlated significantly with the quantitative coro-
nary angiography (QCA) data, but the correlation was markedly better 
with FFR. All but one patient with an FFR greater than 0.75 had a 
normal stress test result.

Among the most important validations of FFR is that of Pijls and 
colleagues,18 who compared FFR with the unique ischemic standard of 
common noninvasive testing modalities in 45 patients with moderate 
coronary stenoses and chest pain syndromes. When the FFR was less 
than 0.75 (21 patients), reversible myocardial ischemia was demon-
strated unequivocally on at least one noninvasive test (bicycle exercise 
testing, thallium scintigraphy, stress echocardiography with dobuta-
mine), and all these positive test results were reversed after PTCA or 
coronary artery bypass grafting (CABG). In 21 of 24 patients with an 
FFR greater than 0.75, all of the tests showed no demonstration of 
ischemia, and no revascularization procedure was performed. Impor-
tantly, no revascularization was required after 14 months of follow-up. 
The sensitivity of FFR in the identification of reversible ischemia was 
88%, the specificity was 100%, the positive predictive value (PPV) was 
100%, the negative predictive value (NPV) was 88%, and the accuracy 
was 93%.

Fractional Flow Reserve and Myocardial Perfusion Imaging
Magnetic resonance (MR) myocardial perfusion imaging (MPI) with 
IV adenosine (140 µg/kg/min) and a first-pass 0.1 mmol/kg gadolin-
ium bolus has been shown to correlate well with FFR in detecting 
reversible ischemia. When tested against an FFR less than 0.75 in 103 
patients with angina (300 coronary artery segments), MRMPI had a 
high sensitivity (91%), specificity (94%), PPV (91%), and NPV (94%) 
for detecting functionally significant coronary heart disease.19

PET-CT MPI shows poor concordance with FFR in identifying 
ischemic territories. In a study of 67 patients (201 vascular territories) 
with angiographic two-vessel or three-vessel coronary disease, PET- 
CT and FFR detected identical ischemic territories in only 42% of 
patients. In the remaining patients, PET-CT tended to significantly 
underestimate or overestimate the number of ischemic regions com-
pared with FFR.20

Managing conflicting data when noninvasive stress imaging, such 
as nuclear perfusion imaging, and FFR produce different results creates 
uncertainty in the mind of the interventionalist. In such cases, the 
operator must reevaluate his or her level of confidence in the accuracy 
of both test modalities. For nuclear perfusion imaging, a number of 
common conditions can produce false-positive and false-negative 
results. For FFR, certain rare situations produce false-positive results 
and almost none produce false-negative results. As recommended by 
the American College of Cardiology (ACC)/American Hospital Asso-
ciation (AHA)/ Society for Cardiovascular Angiography and Interven-
tions (SCAI) guidelines, use of FFR is a class III indication when the 
clinical scenario, angiogram, and ischemic test are concordant. Other-
wise, the FFR serves to alleviate uncertainty when the clinical and 
testing data are at odds with one another. If the operator—for whatever 
reason—elects to use FFR, this decision should be based on FFR’s ability 
to precisely define the ischemic potential of a stenosis in question.

Table 5-2 summarizes the comparison between ischemic stress 
testing and coronary physiologic measurements.

Fractional Flow Reserve and Angiography
Multiple studies have shown only a modest correlation between angio-
graphic severity and FFR. In the largest study to date, Toth and associ-
ates21 reported on over 4000 intermediate lesions in which a slight yet 
statistically significant correlation was found between percent diameter 
stenosis as measured by QCA and FFR, with an r value of 0.38 (P < 
.001). A 50% or greater diameter stenosis had mediocre overall sensi-
tivity (61%), specificity (67%), and diagnostic accuracy (64%) for pre-
dicting an FFR of less than 0.80. Using a stenosis diameter of 70% or 
greater, the measure became highly specific (98%) but poorly sensitive 

TABLE 5-2 Summary of Correlation Between Noninvasive Stress 
Test Results and Physiologic Measurements

Index Ischemic Test N BCV Accuracy (%)

FFR SPECT 763 0.74-0.78 75-95
DSE 58 0.67-0.75 90

CFR SPECT 704 1.7-2 75-92
DSE 58 2 87-88

rCFR SPECT 260 0.64-0.75 75-92
DSE 28 0.75 81

BCV,	Best	cut-off	value	(defined	as	the	value	with	the	highest	sum	of	sensitivity	and	specific-
ity);	CFR,	coronary	flow	reserve;	DSE,	dobutamine	stress	echocardiography;	FFR,	fractional	
flow	 reserve;	 N,	 number	 of	 patients;	 rCFR,	 relative	 coronary	 flow	 reserve;	 SPECT,	 single	
photon	emission	tomography.

FIGURE 5-7	 Correlation	 between	 percent	 diameter	 stenosis	 (DS)	 and	
fractional	 flow	 reserve	 (FFR).	 (Toth	 G,	 Hamilos	 M,	 Pyxaras	 S,	 et	al:	
Evolving	concepts	of	angiogram:	 fractional	flow	reserve	discordances	
in	4000	coronary	stenoses.	Eur	Heart	J	35[40]:2831-2838,	2014.)
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CLINICAL OUTCOMES WITH FRACTIONAL  
FLOW RESERVE–GUIDED PERCUTANEOUS 
CORONARY INTERVENTION

Three prospective randomized trials have demonstrated the safety and 
efficacy of using FFR to guide PCI, and these form the basis of the 
evidence that supports incorporating FFR into daily use in the cathe-
terization lab. The first was Fractional Flow Reserve to Determine the 
Appropriateness of Angioplasty in Moderate Coronary Stenosis called 
the DEFER study (DEFER) trial,29 which randomized 325 patients with 
stable ischemic heart disease and an intermediate angiographic lesion. 
FFR was performed on all the lesions in question; those with an FFR 
less than 0.75 were treated with PCI and those with an FFR of 0.75 or 
greater were eligible for randomization to either PCI or medical 
therapy (i.e., deferral of angioplasty). The patients who received PCI 

highly accurate for vessel sizing and for confirming stent expansion 
and strut apposition.

A study to compare IVUS, QCA, and FFR in 42 patients with 51 
stenoses also demonstrated that QCA alone was not accurate in deter-
mining physiologic lesion significance assessed by either IVUS or 
FFR.22 A correlation was found between IVUS minimal lumen area 
(MLA) less than 3 mm2 and stenosis cross-sectional area (CSA) greater 
than 60% with a measured FFR less than 0.75 (IVUS sensitivity 83%, 
specificity 92%). Several IVUS studies have compared FFR with IVUS 
measurements, for example, MLA. Takagi and colleagues23 found that 
most MLA values less than 4 mm2 were associated with an FFR of less 
than 0.75, although several patients had a nonischemic FFR. The 
reason for this variance is that resistance to flow is based on various 
anatomic factors (entrance angle, length, MLA, eccentricity), of which 
MLA is only one. A 4-mm2 MLA may limit flow in a large proximal 
vessel segment but will not impair flow in a smaller segment of the 
same artery. For assessment of the left main coronary artery (LMCA), 
unlike FFR, the IVUS threshold of “treat” or “do not treat” changes. 
Various IVUS MLAs have been reported to be the cut-off value, 
ranging from 5.9 to 7 mm2 for treatment decisions.24 Most IVUS 
thresholds are derived from clinical outcomes, with different areas 
from different studies. The poor correlation between MLA and FFR 
can be understood from a review of the factors that produce pressure 
loss across a stenosis. The loss of pressure across a stenosis can be 
computed from the two factors that produce the resistance to flow, 
viscous friction (factor 1 is coefficient of friction; factor 2 is coefficient 
of flow separation), and the energy loss in the coefficient of flow separa-
tion and reconstitution to laminar flow. Factor 1 (f1) is not only pro-
portional to the inverse of the cross-sectional area squared but also 
directly proportional to the length of the narrowing:

∆P f /As Q f /As /A Q
Viscous Separation

= +1
2

2
2 2 21 1 1( , ) ( )�� ��� ��� � � η���� ����

where P is the pressure drop across a stenosis, As is the minimal cross-
sectional stenosis area (MCSa), and Q is blood flow (velocity) through 
the tube. Unlike IVUS, FFR represents the net myocardial blood flow 
across the stenosis supplying the specific myocardial bed. For example, 
a 70% stenosis in a vessel subtending a small diagonal or a previously 
infarcted midanterior descending territory will have less physiologic 
impact compared with an identical lesion in a midanterior descending 
territory subtending a normal anterior wall region because of the sig-
nificantly higher flow requirements. Thus it is not uncommon to 
encounter a visual-functional mismatch, wherein the angiography or 
IVUS measurements do not correspond with the FFR and the clini-
cian’s impression of lesion significance; also, the use of IVUS to deter-
mine lesion significance has not been shown to have a strong correlation 
with FFR or perfusion imaging.

Furthermore, the recent Fractional Flow Reserve and Intravascular 
Ultrasound Relationship Study (FIRST) demonstrated that using 
IVUS-MLA to guide intervention in intermediate lesions by calcula-
tion of the MLA was limited in accuracy (64% sensitivity and specific-
ity) and highly variable based on reference vessel characteristics.25 
Previous work has varied greatly when defining an MLA that denotes 
functional significance, and currently the routine use of IVUS in place 
of FFR is not recommended.26 Johnson and coworkers27 summarize the 
results of 25 IVUS or OCT imaging studies correlated to FFR and note 
that the best cut-off value (BCV) for MLA ranged from 1.8 mm2 to 
4.0 mm2 (excluding the left main BCVs of 4.8 to 5.9 mm2) with areas 
under the curve ranging from 0.63 to 0.90. However, although it is true 
that MLA greater than 4 mm2 had an FFR greater than 0.8 in 91% of 
cases with a strong negative correlation, an MLA less than 4 mm2 had 
poor correlation to FFR, with most studies reporting a roughly 50% 
chance of having an FFR less than 0.8 (Figs. 5-8 and 5-9).28

Given these caveats, operators should gain confidence in the higher-
resolution anatomic data derived from modalities such as IVUS and 
OCT while utilizing FFR (as discussed below) to determine the physi-
ologic significance of a given epicardial coronary stenosis and guide 
treatment decision making.

FIGURE 5-8	 Matching	 of	 optical	 coherence	 tomography	 (OCT)	 and	
intravascular	ultrasound	(IVUS)	pullbacks.	A,	Angiographic	view	shows	
an	 intermediate	stenosis	 in	 the	mid–left	anterior	descending	coronary	
artery	(yellow	arrow).	Distal	to	the	lesion	is	a	septal	branch	(St),	proxi-
mal	to	the	lesion	is	a	diagonal	branch	(Dx).	B,	Longitudinal	OCT	and	
IVUS	 reconstructions	 show	 the	 two	 side	 branches	 (St	 and	 Dx)	 and		
the	 stenosis.	 Corresponding	 cross-sectional	 OCT	 and	 IVUS	 images:		
C,	Diagonal	branch;	D,	Reference	cross	section;	E,	Minimum	luminal	
area;	F,	Septal	branch.	FFR,	fractional	flow	reserve.	(From	Gonzalo	N,	
Escaned	 J,	 Alfonso	 F,	 et	al:	 Morphometric	 assessment	 of	 coronary	
stenosis	 relevance	with	optical	coherence	 tomography:	a	comparison	
with	 fractional	 flow	 reserve	 and	 intravascular	 ultrasound.	 J	 Am	 Coll	
Cardiol	59[12]:1080-1089,	2012.)
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with angiographic disease in one, two, or three vessels that was suitable 
for PCI. After performing FFR, all patients with lesions that had an 
FFR less than 0.80 were randomized to either receive PCI or medical 
therapy. A composite of death from any cause, nonfatal MI, or 
unplanned hospitalization leading to urgent revascularization during 
a 2-year follow-up was the primary end point. Outcomes are shown in 
Figure 5-12.

The following is a discussion of the major findings from these trials.

Deferring Percutaneous Coronary Intervention for Nonsignificant 
Fractional Flow Reserve
From the DEFER study, we learned that at 5 years, the risk of death or 
MI was no different between the deferred and treated (performed) 

for an FFR less than 0.75 comprised a reference group, and all patients 
were followed for 5 years. Outcomes are shown in Figure 5-10.

The Fractional Flow Reserve Versus Angiography for Guiding Cor-
onary Intervention (FAME) trial30 was a prospective randomized trial 
that enrolled 1005 patients with multivessel CAD (at least two vessels 
with a 50% angiographic stenosis). Patients were randomized to a 
strategy of revascularization: the angiographically guided group had a 
drug-eluting stent placed in all prospectively identified lesions, and the 
FFR-guided group had a drug-eluting stent placed in only those lesions 
that produced an FFR of less than 0.80. The primary end point was a 
combined end point of death, nonfatal myocardial infarction (MI), and 
repeat revascularization at 1 year. Outcomes are shown in Figure 5-11.

The Fractional Flow Reserve–Guided PCI Versus Medical Therapy 
in Stable Coronary Disease (FAME 2) trial31 enrolled 1220 patients 

FIGURE 5-9	 Relation	between	FFR	and	OCT	and	 IVUS	measurements.	A	 to	C,	 Fractional	 flow	 reserve	 (FFR)	and	optical	 coherence	 tomography	
(OCT)	measurements.	D	to	F,	FFR	and	intravascular	ultrasound	(IVUS)	measurements.	AS%,	Percent	area	stenosis;	IVUS,	intravascular	ultrasound;	
MLA,	minimum	lumen	area;	MLD,	minimum	lumen	diameter;	OCT,	optical	coherence	tomography.	(From	Gonzalo	N,	Escaned	J,	Alfonso	F,	et	al:	
Morphometric	assessment	of	coronary	stenosis	relevance	with	optical	coherence	tomography:	a	comparison	with	fractional	flow	reserve	and	intra-
vascular	ultrasound.	J	Am	Coll	Cardiol	59[12]:1080-1089,	2012.)
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FIGURE 5-10	 Graphs	showing	the	5-year	results	from	the	DEFER	trial.	A,	Kaplan-Meyer	freedom	from	events	for	three	treatment	groups.	B,	Overall	
event	 rates	 for	 the	 three	 groups.	 The	 y-axis	 depicts	 the	 percentage	 of	 patients	with	major	 adverse	 cardiac	 events	 (MACEs):	 death,	myocardial	
infarction,	coronary	artery	bypass	surgery,	or	percutaneous	coronary	intervention.	The	DEFER	group	(n	=	91)	consisted	of	those	patients	found	to	
have	 an	 intermediate	 coronary	 stenosis	 in	 which	 the	 measured	 fractional	 flow	 reserve	 (FFR)	 was	 greater	 than	 0.75,	 and	 no	 angioplasty	 was	
performed	 (MACE	=	20%).	 The	PERFORM	group	 (n	=	90)	consisted	of	 those	patients	with	an	 intermediate	 coronary	 stenosis	with	 FFR	values	
greater	 than	0.75	 in	whom	angioplasty	was	performed	(MACE	=	28%).	The	 reference	group	(n	=	144)	comprised	patients	whose	 lesions	had	
measured	FFR	values	less	than	0.75	in	whom	angioplasty	was	performed	(MACE	=	37%).	(From	Pijls	NH,	van	Schaardenburgh	P,	Manoharan	
G,	 et	al:	 Percutaneous	 coronary	 intervention	 of	 functionally	 nonsignificant	 stenosis:	 5-year	 follow-up	 of	 the	 DEFER	 Study.	 J	 Am	 Coll	 Cardiol	
49(21):2105-2111,	2007.)
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FIGURE 5-11	 Two-year	Kaplan-Meier	curves	show	individual	and	combined	outcomes	of	the	patients	from	the	FAME	trial.	A,	Freedom	from	major	
adverse	cardiac	events	(MACEs).	B,	Overall	survival.	C,	Freedom	from	death	or	myocardial	infarction	(MI).	D,	Freedom	from	revascularization	by	
percutaneous	coronary	intervention	(PCI)	or	coronary	artery	bypass	grafting	(CABG).	FFR,	fractional	flow	reserve.	(From	Tonino	PA,	De	Bruyne	B,	
Pijls	NH,	et	al:	Fractional	flow	reserve	versus	angiography	for	guiding	percutaneous	coronary	intervention.	N	Eng	J	Med	360[3]:213-224,	2009.)
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In a more complex group of patients with multivessel lesions, in the 
FAME trial, there were 513 lesions with an FFR greater than 0.80 (i.e., 
deferred PCI) in 509 patients. In a 2-year follow-up, nine late MIs were 
reported, of which eight were related to either a stent in another lesion 
or a new lesion, and thus a 0.2% rate of late MI was reported in FFR-
negative lesions that did not receive a stent. Furthermore, of those same 
513 lesions in 509 patients, 53 repeat revascularizations were reported. 
However, 37 of those involved restenosis in a stent or a new lesion. This 
left only 10 lesions that had clearly progressed over the 2 years needing 
revascularization—a rate of 2%.

Finally, the FAME 2 trial had a registry arm that consisted of those 
lesions that had FFR values greater than 0.80. These patients had a low 
rate of the primary end point of death (0), MI (1.8%), or urgent revas-
cularization (2.4%) throughout the follow-up period. This group rep-
resents one of the most recent randomized cohorts with no PCI and 
“modern” medical therapy, but it still reproduces consistent findings 
compared with patients enrolled in the DEFER trial in the late 1990s.

Taken together, these data strongly support the hypothesis that 
lesions in patients with stable CAD whose FFR is nonphysiologically 
significant (i.e., >0.80) have an exceptionally good prognosis without 
PCI, and the recommendation is that these lesions receive treatment 
with OMT alone.

Percutaneous Coronary Intervention Versus Medical Therapy for 
Significant Fractional Flow Reserve
FAME 2 studied 764 lesions with an angiographic stenosis of greater 
than 50% that had a corresponding FFR less than 0.80 (mean of 0.68 
± 0.15). Within this cohort were 3 deaths (0.7%), 14 MIs (3.2%), and 
49 urgent revascularization (11.1%) end points. In the corresponding 
group that received revascularization for these FFR-significant lesions, 
only 1 death occurred (0.2%), 15 MIs were reported (3.4%), and 7 
patients needed urgent revascularization (1.6%). A landmark analysis 
(Fig. 5-13) suggested a higher rate of acute coronary syndromes (ACSs) 
in the medical-therapy arm starting 1 week after randomization. These 
data strongly suggest that lesions with abnormal FFR values do not 
have the good long-term prognosis that those with normal FFR values 
have and that PCI of these lesions significantly improves patient 
outcomes.

groups (3.3% vs. 7.9%).29 Furthermore, the end point was much more 
frequently encountered in the group with the significant FFR and 
subsequent revascularization (15.7%), suggesting that lesions with an 
FFR of 0.75 or greater had a very good 5-year prognosis that was not 
improved with PCI. Specifically, in the group with deferred revascu-
larization, three cardiac deaths and no MIs were reported over the 
course of the 5-year follow-up, and in the group that received PCI 
(despite an FFR > 0.75), two cardiac deaths and six MIs were reported 
during the same period.

FIGURE 5-12	 FAME	2	asked	the	question,	 Is	optimal	medical	 therapy	
(OMT)	better	than	percutaneous	coronary	intervention	(PCI)	plus	OMT	
for	patients	with	abnormal	fractional	flow	reserve	(FFR;	i.e.,	ischemia)?	
Kaplan-Meier	 curves	 for	 FAME	 2	 patients	 show	 that	 medical	 therapy	
had	 a	 more	 than	 tenfold	 incidence	 of	 major	 adverse	 cardiac	 events	
(MACEs)	 compared	 with	 the	 PCI	 group,	 which	 was	 similar	 to	 the	
nonischemic	registry	group.	(From	De	Bruyne	B,	Pijls	NH,	Kalesan	B,	
et	al:	 Fractional	 flow	 reserve-guided	 PCI	 versus	 medical	 therapy	 in	
stable	coronary	disease.	N	Engl	J	Med	367[11]:991-1001,	2012.)
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rate of graft closure compared with those vessels with severe stenoses. 
This was shown by Botman and colleagues34, who prospectively studied 
525 lesions in 153 patients referred for bypass surgery on clinical 
grounds. FFR was performed on all lesions to be grafted, and the 
surgeon was blinded to the results. Repeat angiogram was performed 
1 year after CABG, and at this early time, 21.4% of grafts on function-
ally insignificant lesions (FFR > 0.75) were occluded, compared with 
8.9% of grafts on vessels with an FFR less than 0.75. As shown in Figure 
5-15, the rate of graft closure correlated with functional severity of the 
lesion. Although the highest percentage of occluded grafts was found 
in the group placed on vessels with less than 50% stenosis, a high 
percentage of graft failure was still seen in the group with 50% to 70% 
stenosis. Thus FFR-guided bypass is a reasonable strategy to predict 
bypass graft patency and has superiority over the strategy of grafting 
all vessels with lesions with 50% or more stenosis.

In a prospective study of 150 patients with multivessel disease 
referred for CABG, FFR was performed on all vessels considered for 
bypass. If FFR proved functionally significant (FFR < 0.75) disease in 
three vessels or in two vessels with proximal LAD involvement, CABG 
was performed. Otherwise, patients underwent FFR-guided PCI. Ulti-
mately, only 58% of patients underwent CABG and 42% received PCI. 
After a 2-year follow-up, no difference was found in event-free survival, 
including repeat revascularization, which shows that an individually 
tailored approach to patients with multivessel disease can be accom-
plished by determining the hemodynamic significance of each lesion.35

FFR-guided bypass was compared with angiography-guided bypass 
surgery in a retrospective review of 627 patients with stable CAD 
referred for CABG with at least one angiographically intermediate 
stenosis. In 31% of patients, FFR had been performed to determine 
whether an intermediate stenosis should be grafted or not.36 In this 
group, the incidence of three-vessel disease was downgraded after FFR 
from 94% to 86%, and use of FFR was associated with a smaller number 
of anastomoses and rates of on-pump surgery. At 3 years, no difference 
in adverse events was found compared with those patients who under-
went angiography-guided CABG, and the rate of angina was lower in 
the FFR group (31% vs. 47%, P < .001), possibly owing to a higher ratio 
of arterial-venous anastomosis (Fig. 5-16).

Whereas the Synergy Between Percutaneous Coronary Interven-
tion With Taxus and Cardiac Surgery (SYNTAX) score has become 
incorporated into everyday practice as a useful tool to assist the 

Fractional Flow Reserve in Daily Clinical Practice
FFR optimizes the benefit of PCI by providing objective evidence of 
coronary ischemia for individual coronary lesions that require revas-
cularization irrespective of each operator’s threshold to revasculariza-
tion by visual assessment. It is best used when decisions regarding the 
need for PCI are ambiguous based on the angiogram and available 
noninvasive data (i.e., intermediate angiographic stenosis). FFR is 
especially useful when noninvasive testing is absent, equivocal, or does 
not provide objective evidence of ischemia in the myocardial segment 
subtended by the targeted lesion.

Studies have shown that routine use of FFR, even in those consid-
ered angiographically unambiguous, frequently leads to changes in the 
number and location of lesions that are functionally significant, and 
therefore it directs the clinician to what the appropriate treatment 
should be. In an analysis of the FAME trial, lesions with 50% to 70% 
diameter narrowing were hemodynamically significant based on FFR 
in only 35% of cases. In lesions with 71% to 90% narrowing, for which 
most operators would perform PCI, 20% were not hemodynamically 
significant by FFR. In two recently published studies of patients under-
going diagnostic angiography with routine FFR, clinicians were led to 
change their initial angiography-guided management decisions of 
medical therapy, PCI, or CABG in 26%32 and 43%33 of patients after 
taking the FFR data into consideration. Van Belle and coworkers32 
found that the 1-year rate of major adverse cardiac events (MACEs) 
for those whose final FFR-based treatment had differed from the a 
priori angiography-based decision was as good (11.2%) as in patients 
in whom the FFR concurred with the a priori decision (11.9%, P = .78). 
In the prospective study by Curzen and colleagues33 in which all patent 
coronary arteries had FFR measured, not just those with angiographic 
lesions, the number and localization of functional stenoses changed in 
32% of patients. Van Belle et al (Fig. 5-14) also show changes in strat-
egy when FFR is used after angiography for decision making.

Multivessel Coronary Artery Disease and Coronary Artery 
Bypass Grafting Implications
Although the surgical practice of grafting all vessels with angiographic 
stenosis of greater than 50% has been a long-standing standard, CABG 
of vessels with hemodynamically insignificant stenosis have a higher 

FIGURE 5-14	 Outcome	impact	of	coronary	revascularization	strategy	reclassification	with	fractional	flow	reserve	(FFR)	at	time	of	diagnostic	angi-
ography:	insights	from	a	large	French	multicenter	FFR	registry.	A,	Reclassification	of	the	revascularization	strategy	according	to	the	revascularization	
strategy	a	priori.	Despite	minor	overall	changes,	a	change	in	strategy	has	been	observed	in	43%	of	all	patients	(correlation	statistic	[κ],	0.22;	
95%	confidence	 interval,	0.17	 to	0.27).	B,	Details	of	 the	final	 revascularization	strategy	applied	 in	each	group	a	priori.	CABG,	Coronary	artery	
bypass	surgery;	PCI,	percutaneous	coronary	intervention.	(From	Van	Belle	E,	Rioufol	G,	Pouillot	C,	et	al:	Outcome	impact	of	coronary	revascular-
ization	strategy	 reclassification	with	 fractional	flow	reserve	at	 time	of	diagnostic	angiography:	 insights	 from	a	 large	French	multicenter	 fractional	
flow	reserve	registry.	Circulation	129[2]:173-185,	2014.)
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FIGURE 5-15	 A,	The	relation	between	 functional	stenosis	severity	established	by	 fractional	flow	reserve	(FFR)	measurements	and	graft	 failure	at	
angiographic	follow-up	after	1	year.	B,	The	relation	between	angiographic	stenosis	severity	prior	 to	bypass	grafting	and	graft	 failure	after	angio-
graphic	 follow-up	at	1	year.	 (From	Botman	CJ,	Schonberger	J,	Koolen	S,	et	al:	Does	stenosis	severity	of	native	vessels	 influence	bypass	graft	
patency?	A	prospective	fractional	flow	reserve-guided	study.	Ann	Thorac	Surg	83[6]:2093-2097,	2007.)
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FIGURE 5-16	 A,	 Fractional	 flow	
reserve	(FFR)–guided	versus	angiog-
raphy	(Angio)-guided	coronary	artery	
bypass	graft	surgery.	Rates	of	patients	
with	 multivessel	 disease	 before	 (i)	
and	 after	 (ii)	 FFR	 measurement	 and	
rates	of	patients	with	one,	two	to	three,	
and	 four	 or	 more	 anastomoses	 (iii)	
are	shown.	B,	Occlusion-free	survival	
of	grafts	with	angiographic	follow-up:	
occlusion-free	survival	of	all	grafts	are	
shown	 in	 panel	 a	 (log	 rank,	6.297;	
P	 =	 .012);	 arterial	 grafts	 only	 are	
shown	 in	 panel	 b	 (log	 rank,	 3.45;	
P	 =	 .063).	 (Toth	 G,	 De	 Bruyne	 B,	
Casselman	 F,	 et	al:	 Fractional	 flow	
reserve–guided	 versus	 angiography-
guided	 coronary	 artery	 bypass	 graft	
surgery.	 Circulation	 128[13]:1405-
1411,	2013.)
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decision making of how best to revascularize patients with multivessel 
disease, it remains solely dependent on angiographic determinants of 
coronary lesions. When the SYNTAX score was applied to those 
patients in the FAME trial, 497 patients were divided into tertiles  
based on their angiographic SYNTAX score (34% in the low-risk 
SYNTAX score group, 34% in the intermediate-risk SYNTAX score 
group, and 32% in the high-risk SYNTAX score group). When the 
functional data were then added to the SYNTAX score, lesions that had 
an FFR greater than 0.80 were no longer considered. This allowed a 
significant reclassification of patients to the same risk tertiles, with 59% 
of them now falling into the lowest-risk SYNTAX score group, 21% in 
the intermediate-risk group, and only 20% in the highest-risk group 
(Fig. 5-17).37

Taken together, these studies strongly support the utilization of 
routine measurement of FFR in patients with multivessel disease to 
provide optimal outcomes, best revascularization strategies, and best 
decision making.

Cost-Effectiveness of a Routine Fractional Flow  
Reserve–Based Strategy
Measurement of FFR for any given coronary stenosis increases the 
utilization of materials within the lab. As costs for individual proce-
dures becomes more important in the modern era, additive costs for a 
guide catheter, pressure wire/sensor, and pharmacologic stimuli for 
hyperemia may be a burden. Utilizing a computer modeling algorithm 
that compared evaluating intermediate coronary lesions with nuclear 
stress testing, stenting, or FFR assessment, Fearon and associates38 
found that FFR was less expensive than either of the other strategies 
($1795 less than nuclear stress testing and $3830 less than stenting). 
Leesar and colleagues39 evaluated the cost-effectiveness of utilizing FFR 
in patients with unstable angina compared with a nuclear stress-testing 
strategy and found that an FFR strategy for these patients resulted in 
overall lower costs. Finally, using the FAME trial, an extensive eco-
nomic evaluation was performed in a prospective manner.40 In the 
patients with multivessel coronary disease, the FFR-guided revascular-
ization strategy not only improved patient outcomes but also resulted 
in a significant decrease in resource utilization (Fig. 5-18). Thus FFR 
has consistently been shown to be a cost-effective strategy despite its 
increase in up-front expenses within the lab.

Left Main Coronary Artery Disease
LMCA stenosis maybe among the most difficult angiographic subsets 
to interpret and carries the most significant clinical impact on the 

FIGURE 5-17	 A,	Percentage	of	patients	from	the	FAME	trial	with	corresponding	SYNTAX	scores	based	upon	“traditional”	angiographic	SYNTAX	score	
assessment.	B,	When	those	lesions	with	a	fractional	flow	reserve	(FFR)	greater	than	0.80	were	excluded	from	the	calculations,	a	marked	change	
was	noted	in	the	distribution	of	SYNTAX	scoring	with	a	marked	increase	in	the	number	of	patients	in	the	lowest	tertile	and	a	corresponding	decrease	
in	the	number	of	patients	in	the	medium	and	high	tertiles.	FSS,	Functional	syntax	score;	SS,	syntax	score.	(Modified	from	Nam	CW,	Mangiacapra	
F,	Entjes	R,	 et	al:	 Functional	SYNTAX	score	 for	 risk	assessment	 in	multivessel	 coronary	artery	disease.	 J	Am	Coll	Cardiol	58(12):1211-1218,	
2011.)
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FIGURE 5-18	 Cost-effectiveness	 of	 fractional	 flow	 reserve	 (FFR).	 The	
graph	shows	the	improvement	of	patient-level	outcomes	on	the	x-axis	
and	 the	costs	on	 the	y-axis.	Each	point	 represents	a	patient	 from	 the	
FAME	 trial;	 almost	all	 points	 fall	 into	 the	 lower	 right	 quadrant,	which	
reflects	an	improved	outcome	at	a	lower	cost	with	FFR-guided	multives-
sel	 revascularization	as	opposed	 to	an	angiographically	guided	strat-
egy.	ICER,	Incremental	cost-effectiveness	ratio;	Increm.,	incremental;	Q,	
quality;	QALY,	quality	adjusted	life	years.	
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patient’s life. LMCA stenosis may involve the aortic-ostial junction, 
midbody, or distal LMCA, which may involve the LAD or circumflex 
(CFX) ostium. From a technical perspective, when assessing ostial LM 
narrowings, FFR can be used if the operator works to avoid guide 
catheter damping by disengaging the guide from the ostium, using IV 
rather than IC adenosine to achieve consistent hyperemia. Specifically, 
before the guiding catheter is seated, the guiding catheter and wire 
pressures should be matched (equalized) within the ascending aorta. 
Next, the guiding catheter is seated, and the pressure wire is advanced 
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into the LAD or the CFX artery. The guiding catheter is then disen-
gaged, and IV adenosine infusion is initiated. After 1 to 2 minutes, the 
FFR is calculated, and thereafter the wire can be pulled back slowly to 
identify the exact location of the pressure drop. In case of a distal nar-
rowing of the LMCA, this procedure may be performed twice, once 
with the pressure wire in the LAD artery and then again in the CFX 
artery.

Numerous studies support FFR use for assessment of LMCA steno-
ses (Table 5-3). In the largest of such studies, Hamilos and coworkers41 
examined 5-year outcomes in 213 patients with an angiographically 
equivocal LMCA stenosis in whom revascularization decisions were 
guided by FFR. When FFR was 0.80 or greater, patients were treated 
medically or another stenosis was treated by coronary angioplasty 
(nonsurgical group; n = 138). When FFR was less than 0.80, CABG 
surgery was performed (surgical group; n = 75). The 5-year survival 
and event-free survival rates were similar with 90% (74% in the non-
surgical [FFR ≥ 0.80]) group—and 85% (82% in the surgical [FFR < 
0.80] group [P = .48; Fig. 5-19]). It is worth noting that only 23% of 
patients with greater than 50% diameter stenosis in the LMCA had a 
hemodynamically significant FFR.

TABLE 5-3 Left Main Coronary Artery Revascularization Outcomes and Fractional Flow Reserve

First Author

N

FFR Cutoff Value
FU Mean Duration 
(Months)

OVERALL SURVIVAL

Total DEFER Group Surgical Group DEFER Group (%) Surgical Group (%)

Bech46 54 24 30 0.75 29	±	15 100 97

Jasti47 51 37 14 0.75 25	±	11 100 100

Jimenez-Navarro48 27 20 7 0.75 26	±	12 100 86

Legutko49 38 20 18 0.75 24	±	12 100 89

Suemaru50 15 8 7 0.75 33	±	10 100 100

Lindstaedt51 51 24 27 0.75 29	±	16 100 81

Hamilos41 213 138 75 0.80 35	±	12 90 86

Total	(or	mean) 449 271 178 – 28	±	13 95* 89

From	Puri	R,	Kapadia	SR,	Nicholls	SJ,	et	al:	Optimizing	outcomes	during	left	main	percutaneous	coronary	intervention	with	intravascular	ultrasound	and	fractional	flow	reserve	the	current	
state	of	evidence.	J	Am	Coll	Cardiol	Interv	5:697-707,	2012.
*P	=	nonsignificant	compared	with	surgical	group.
FFR,	Fractional	flow	reserve;	FU,	duration	of	follow-up.

FIGURE 5-19	 Outcomes	in	patients	with	intermediate	left	main	coronary	artery	disease	based	on	treatment	guided	by	fractional	flow	reserve	(FFR)	
assessment.	A,	Survival	curves	for	patients	who	received	medical	therapy	(FFR	>	0.80)	and	coronary	artery	bypass	grafting	(CABG;	FFR	<	0.80)	
over	5	years.	B,	Major	adverse	cardiac	event	(MACE)	rates	in	patients	treated	with	medical	therapy	(FFR	>	0.80)	and	CABG	(FFR	<	0.80)	over	5	
years.	(From	Hamilos	M,	Muller	O,	Cuisset	T,	et	al:	Long-term	clinical	outcome	after	fractional	flow	reserve–guided	treatment	in	patients	with	angio-
graphically	equivocal	left	main	coronary	artery	stenosis.	Circulation	120:1505-1512,	2009.)
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Complex Left Main Coronary Artery Lesion Assessment (Left 
Main Coronary Artery Plus Downstream Lesions) With 
Fractional Flow Reserve
Whereas FFR of simple LMCA lesions has been shown to be predictive 
of clinical events, the measurement of FFR in complex LMCA lesions 
(LMCA plus downstream branch lesions) requires the operator to 
better understand the relationship between the multiple stenoses 
within the left coronary system and how they affect one another.

Basic tenets of FFR require maximal flow to be achieved across the 
target vessel. The LMCA transmits flow to the majority of the left 
ventricle through both the LAD and CFX branches and in proportion 
to the size of their associated viable myocardial beds. The myocardial 
bed for the LMCA is then the sum of both the LAD and LCX territories 
(Fig. 5-20). In the presence of a significant LAD stenosis, flow across 
the LAD may be reduced and could possibly limit maximal hyperemia, 
reducing total LMCA flow and hence LMCA FFR accuracy. This situ-
ation is the same as two lesions in series, which would be the LMCA 
and the LAD (or CFX) narrowing. The complex LMCA plus LAD 
stenosis could produce an “apparent” LMCA FFR (FFRapp) that is 
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higher than the true LMCA FFR (FFRtrue) because the LMCA bed flow 
is decreased as a result of the LAD stenosis. The same consideration 
would apply in the setting of a CFX narrowing. The higher LMCA 
FFRapp is not a concern if either the LAD or CFX are not hemodynami-
cally significant. As Yong and colleagues42 have shown (discussed later 
in this section), the apparent and true LMCA FFR will be very close 
to one another.

When measuring simple FFR across lesions in the LMCA and sub-
sequent major vessel, it is simplest to measure the effect of both lesions 
by placing the pressure transducer distal to the most distal lesion in 
question. If the FFR at that level is greater than 0.80, neither lesion is 
physiologically significant. If the FFR is less than 0.80, a pressure pull-
back during hyperemia is performed, noting the largest pressure gradi-
ent (ΔP) and then the lesion in the LAD or LMCA with the largest ΔP 
is treated, and FFR is repeated on the remaining lesion. The downside 
of this approach is that once a significant LAD lesion is removed (i.e., 
stented), the LMCA FFR may become significant, which mandates 
further revascularization by stenting or CABG. Thus performing a PCI 
of a downstream lesion solely to measure the LMCA FFR may not be 
the best option.

Yong and colleagues42 used balloon angioplasty catheters in an 
animal model to create variable stenoses in the LMCA and then in the 
LAD. Pressure guidewires were positioned in the LAD and CFX arter-
ies. With increasing LAD severity, the difference between FFRtrue in the 
LMCA alone and the LMCA FFRapp was greater than 0.03 units only 
when the epicardial FFR (FFRepicardial) was less than 0.60, meaning that 
for practical purposes, only a severe and proximal LAD stenosis is 
likely to influence the true LMCA FFR. Subsequently, these observa-
tions were confirmed in a series of patients. In 16 patients post elective 
coronary intervention of either the LAD or CFX artery, an intermedi-
ate left main stenosis was created with variable LAD stenoses using a 
balloon inflated within the newly placed stent. Sixty-seven pairs of 
LMCA FFR assessments were obtained before and after an LAD 
balloon stenosis was created with a pressure wire in the nonstenosed 
downstream vessel. The investigators found that the FFRapp was mod-
estly higher than the FFRtrue in the absence of downstream stenosis 
(FFR 0.82 vs. 0.80, P < .001). The difference between FFRtrue and FFRapp 
correlated with the FFR (r = 0.36, P < .001). This difference was only 

FIGURE 5-20	 Schematic	example	of	physiologic	measurements	 from	an	animal	model	of	 the	 left	main	(LM)	coronary	artery	with	or	without	 left	
anterior	descending	(LAD)	coronary	artery	stenosis.	A,	True	fractional	flow	reserve	(FFRtrue)	of	the	left	main	coronary	artery	obtained	during	balloon	
inflation;	no	stenosis	was	evident	in	the	LAD	(FFR	true	=	distal	pressure	[Pd])	in	the	circumflex	(CFX)	artery	divided	by	proximal	arterial	pressure	
(Pa).	B,	FFR	apparent	(FFRapp)	obtained	during	balloon	inflation	in	the	LAD	(FFRapp	=	CFX	Pd/Pa	during	downstream	balloon	inflation).	FFRepicardial	
represents	FFR	of	the	LM	plus	the	LAD	(FFRepicardial	=	LAD	Pd/Pa	during	LAD	balloon	inflation).	(Modified	from	Yong	AS,	Daniels	D,	De	Bruyne	B,	
et	al:	Fractional	flow	reserve	assessment	of	left	main	stenosis	in	the	presence	of	downstream	coronary	stenoses,	Circ	Cardiovasc	Interv	6[2]:161-
165,	2013.)
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FIGURE 5-21	 Impact	 of	 downstream	 left	 anterior	 descending	 (LAD)	
coronary	artery	on	the	left	main	coronary	artery	(LMCA)	fractional	flow	
reserve	 (FFR).	 A	 plot	 of	 the	 difference	between	 true	 FFR	 (FFRtrue)	 and	
apparent	 FFR	 (FFRapp)	 versus	a	 composite	 FFR	of	 the	 LMCA	and	ste-
nosed	 downstream	 vessel	 (FFRepicardial)	 is	 shown.	 Dashed	 lines	 and	
dotted	lines	indicate	bias	and	95%	confidence	interval	of	the	agreement,	
respectively.	IVUS,	intravascular	ultrasound.	(From	Yong	AS,	Daniels	D,	
De	 Bruyne	 B,	 et	al:	 Fractional	 flow	 reserve	 assessment	 of	 left	 main	
stenosis	 in	 the	presence	of	downstream	coronary	stenoses.	Circ	Car-
diovasc	Interv	6[2]:161-165,	2013.)
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significant when FFR was very severely low. Among the 67 measure-
ments, only two (3%) had a difference between FFRtrue and FFRapp of 
greater than 0.05, and the FFR was less than 0.2 in both cases. From 
the studies by Yong and colleagues42 for a complex LMCA with down-
stream disease, when FFR less than 0.60, FFRapp may be questioned, 
and IVUS assessment with a threshold of less than 6.0 mm2 is recom-
mended (Fig. 5-21).
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pressure just distal to that just proximal to each stenosis, and FFRtrue, 
the ratio of the pressures distal and proximal to each stenosis but  
after removal of the other one, have been compared in instrumented 
dogs and in humans.43,44 FFRtrue was more overestimated by FFRapp than 
by FFRpred. It was clearly demonstrated that the interaction between 
two stenoses is such that the FFR of each lesion cannot be calculated 
by the equation for isolated stenoses applied to each separately; 
however, the FFR for each lesion can be predicted by more complete 
equations that take into account Pa, Pm, Pd, and Pw. Although calcula-
tion of the exact FFR for each lesion separately is possible, it remains 
largely academic. In clinical practice, the use of the pressure pull-back 
recording is particularly well suited to identify the various regions of 
a vessel with large pressure gradients that may benefit from treatment. 
The one stenosis with the largest gradient can be treated first, after 
which the FFR can be remeasured for the remaining stenoses to deter-
mine the need for further treatment (see case examples in Figs. 5-22 
and 5-23).

Serial (Multiple) Lesions in a Single Vessel
If multiple stenoses are present in the same vessel, the hyperemic flow 
and pressure gradient through the first stenosis will be attenuated by 
the presence of the second one and vice versa. Each stenosis will mask 
the true effect of its serial counterpart by limiting the achievable 
maximum hyperemia. This fluid-dynamic interaction between two 
serial stenoses depends on the sequence, severity, and distance between 
the lesions, as well as the flow rate. If the distance between the two 
lesions is greater than six times the vessel diameter, the stenoses gener-
ally behave independently, and the overall pressure gradient is the  
sum of the individual pressure losses at any given flow rate. When 
addressing two stenoses in series, equations have been derived to 
mathematically predict the FFR (FFRpred) of each stenosis separately 
(i.e., as if the other one were removed), using arterial pressure (Pa), 
pressure between the two stenoses (Pm), distal coronary pressure  
(Pd), and coronary occlusive pressure (Pw). FFRapp, the ratio of the 
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A

FIGURE 5-22	 Case	example	of	a	patient	who	presented	to	the	catheterization	laboratory	complaining	of	angina-like	symptoms.	A,	Top:	Right	anterior	
oblique	(RAO)	cranial	angiogram	shows	multiple	lesions	(a	through	d)	within	the	left	anterior	descending	(LAD)	coronary	artery.	Bottom:	A	pull-
back	curve	through	the	LAD	during	intravenous	adenosine	administration	(points	a	through	d	represent	the	lesions	identified	in	A).	

Continued
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B,	Top:	RAO	cranial	angiogram	after	treatment	of	lesions	d	and	c	with	stents.	Bottom:	Fractional	flow	reserve	(FFR)	of	the	
LAD	after	stenting,	with	the	wire	distal	to	the	last	stent.	The	FFR	of	0.86	reflects	the	fact	that	the	ostial	and	middle	lesions	(a	and	b)	did	not	need	
to	be	treated.	

FIGURE 5-22, cont’d
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FIGURE 5-23	 Example	of	a	patient	with	serial	lesions	in	the	left	anterior	descending	coronary	artery	(LAD).	A,	Multiple	LAD	artery	lesions	(one	to	
four)	were	seen	on	angiography	in	a	patient	with	a	positive	stress	test	 for	anterior	 ischemia.	B,	Fractional	flow	reserve	(FFR)	assessment	of	 the	
LAD	 beyond	 all	 the	 lesions	 show	 a	 physiologically	 significant	 gradient	 in	 the	 vessel	 (FFR	=	 0.73).	 C,	 Pull-back	 recording	 during	 continuous	
hyperemia	demonstrates	 the	 relative	changes	 in	FFR	at	 lesions	1	 to	4.	The	 largest	change	 in	 the	pressure	gradient	 is	seen	 to	occur	at	 lesion	3	
only.	D,	Right	anterior	oblique	(RAO)	angiogram	of	the	LAD	following	stenting	of	lesion	3	with	a	final	FFR	across	all	lesions	of	0.88.	
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another coronary artery (group II). In group I, the pressure gradient 
between the aorta and the distal coronary artery was minimal at rest 
(1 ± 1 mm Hg) and during maximal hyperemia (3 ± 3 mm Hg). Cor-
responding values were significantly larger in group II (5 ± 4 and 10 ± 
8 mm Hg, respectively; both P < .001). The FFR was near unity (0.97 
± 0.02; range, 0.92 to 1) in group I, indicating no resistance to flow in 
truly normal coronary arteries; but it was significantly lower (0.89 ± 
0.08; range, 0.69 to 1) in group II, indicating a higher resistance to flow. 
This resistance to flow contributes to myocardial ischemia and has 
consequences for decision making during PCI. As for patients with 
several discrete stenoses within one coronary artery, similar consider-
ations can be applied for patients with diffuse CAD or long lesions. The 
pressure pull-back recording at maximum hyperemia provides the nec-
essary information to decide whether and where stent implantation 
may be useful. The location of a focal pressure drop superimposed on 
the diffuse disease can be identified as an appropriate location for 
treatment. In some cases, the gradual decline of pressure along the 
vessel occurs over a very long segment, such that interventional treat-
ment is not possible (Fig. 5-24). Medical treatment (or CABG) can 
then be elected.

Diffuse Coronary Disease
A diffusely diseased atherosclerotic coronary artery can be viewed as 
a series of branching units that divert and gradually distribute flow 
along the longitudinally narrowing conduit length. The perfusion pres-
sure gradually diminishes along this artery. FFR is reduced but is 
unassociated with a focal stenotic pressure loss. Therefore in the dif-
fusely diseased vessel, mechanical therapy directed at a presumed 
“culprit” stenosis to reverse such abnormal physiology would be  
ineffective in restoring normal coronary perfusion. A continuous-
pressure pullback from a distal location to a proximal location will 
identify any specific area of focal angiographic narrowing and will 
confirm the presence of diffuse atherosclerosis. Diffuse atherosclerosis, 
as opposed to a focal narrowing, is characterized by a continuous  
and gradual pressure recovery without localized abrupt increase in 
pressure related to an isolated region. De Bruyne and coworkers45 
demonstrated the influence of diffuse atherosclerosis that often remains 
invisible at angiography. FFR measurements were obtained from 37 
arteries in 10 individuals without atherosclerosis (group I) and from 
106 nonstenotic arteries in 62 patients with arteriographic stenoses in 
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FIGURE 5-24	 A	pull-back	curve	created	in	a	patient	with	diffuse	disease	
throughout	 the	 left	 anterior	descending	coronary	artery.	 The	 fractional	
flow	reserve	for	this	vessel	is	0.67,	which	reflects	ischemia-producing	
lesions.	However,	the	gradual	decrease	in	gradient	from	pressure	distal	
to	 the	 stenosis	 (Pd)	 to	 arterial	 pressure	 (Pa)	 is	 reflective	 of	 severe,	
diffuse	narrowing	in	the	major	portion	of	the	vessel.	This	gradual	change	
in	the	pressure	curve	shows	that	an	extremely	long	segment	is	respon-
sible	for	the	ischemia	and	is	most	likely	not	best	treated	with	multiple	
stents	(i.e.,	“full	metal	jacket”).	(Courtesy	B.	De	Bruyne,	Aalst,	Belgium.)
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Ostial Lesions and Jailed Side Branches
The assessment of ostial narrowings, particularly in side branches 
“jailed” within stents, remains difficult with current angiographic tech-
niques because of image foreshortening, the overlap orientation rela-
tive to the parent branch, and, in the case of jailed vessels, stent struts 
across the branch.

Koo and colleagues52 compared FFR with the stenosis severity as 
measured by QCA for 94 jailed side-branch lesions. Only 20 (27%) of 
73 lesions with 75% or greater stenosis were functionally significant by 
FFR. Reassuringly, no lesion with less than 75% angiographic stenosis 
had an FFR less than 0.75. These results suggest that most of these 
lesions do not have functional significance and thus may not need 
intervention. Similar findings have been reported for native ostial and 
branch stenoses found during routine coronary angiography.53,54

Fractional Flow Reserve in Acute Coronary Syndromes
After an acute MI, the predictive ability of FFR has some theoretic 
limitations because the microvascular bed in the infarct zone may  
not necessarily have a uniform and constant response to a phar-
macologic hyperemic stimulus. Transient microvascular dysfunction 
impairs maximal coronary hyperemia to varying degrees, reducing  
the flow across a stenosis and elevating the measured FFR across 
lesions. It has been questioned to what extent this might affect the 
accuracy of FFR for both culprit and nonculprit lesions around the 
time of an ACS.

In an acute STEMI, FFR of most nonculprit lesions has been shown 
to be accurate, with the caveat that diffuse microvascular impairment 
may falsely elevate the apparent FFR. Therefore in this setting, a low 
FFR indicates hemodynamic significance of the nonculprit lesion, but 
a normal FFR may not be definitive. Ntalianis and associates55 mea-
sured the FFR of 112 nonculprit lesions during an acute MI (75 patients 
with STEMI, 26 with non-STEMI [NSTEMI]) and again 35 (SD ± 24) 
days later. Only two lesions had a clinically meaningful change in 
which the FFR was greater than 0.80 during the acute episode and less 
than 0.75 at follow-up.

De Bruyne and associates56 and Samady and colleagues57 obtained 
FFR measurements of culprit vessels three or more days after acute MI 
and compared them with subsequent single photon emission com-
puted tomography (SPECT) imaging to identify true positives and 
negatives. Both studies showed that an FFR below 0.75 had high sen-
sitivity, specificity, and overall accuracy for detecting reversible isch-
emia on truly positive or negative SPECT imaging results, and they 
both reached the same BCV for FFR of 0.78. Furthermore, data from 
the FAME trial showed that among the 173 patients who had ACS prior 
to enrollment, an impressive 30% overall reduction in MACE was 
reported when FFR was applied to the revascularization decision 
making.58 Trials that have evaluated the use of FFR in ACS are sum-
marized in Table 5-4. Taken together, these studies strongly show that 
when used appropriately, FFR can be a useful tool in assessing patients 
after an acute MI.

FUTURE APPLICATIONS AND RESEARCH: 
INTRACORONARY PHYSIOLOGIC MEASUREMENTS

Simultaneous Measurement of Flow Velocity and Transstenotic 
Pressure Gradient
Although the maximal flow and, consequently, the maximal transste-
notic gradient are determined also by factors independent of the ste-
nosis resistance, the pressure gradient–flow velocity relationship is 
intimately correlated with the stenosis hemodynamics. A method to 
assess the coronary vasculature that is easy to perform and currently 
poses the greatest clinical usefulness is the index of microcirculatory 
resistance (IMR). This index relies on using distal pressure and ther-
modilution flow, as assessed by the inverse of the arrival (transit) time 
of a room-temperature saline bolus to the distal coronary artery 
segment. By measuring the mean transit time at rest and comparing it 
with the mean transit time at peak hyperemia, a thermodilution CFR 
can be calculated. The ability to measure distal pressure and estimate 
flow using the thermodilution technique (example shown in Fig. 5-25) 
with a single wire also allows independent assessment of the microvas-
culature by calculating the IMR. Although principally a research tool, 
assessment of IMR permits a unique characterization of the microcir-
culation, and this has been shown to be prognostic in patients after 
STEMI.59,60

Hyperemic microvascular resistance (HMR) is defined as the ratio 
of mean distal coronary pressure to flow velocity. Hyperemia is under-
estimated in the presence of coronary stenosis, compared with actual 
microvascular resistance, because of the lack of collateral flow contri-
bution. To test whether HMR can accurately identify microvascular 
function abnormalities, the association between HMR and noninva-
sive testing was examined in 228 patients with 299 lesions.61 Intracoro-
nary distal pressure flow velocity assessed during intracoronary 
adenosine hyperemia (20 to 40 µg) determined hyperemic stenosis 
resistance (HSR) and HMR. HMR values greater than 1.9 mm Hg/cm/
second were defined as “high.” The odds ratio (OR) for myocardial 
ischemia with high IMR compared with low IMR was 2.6 (P < .001). 
The authors concluded that increased risk of myocardial ischemia in 
the presence of high HMR is reflective of an increase in actual myo-
cardial resistance, identifying pertinent pathophysiologic alteration in 
the microvasculature.

Periprocedural MI (PMI) may involve a significant number of 
patients after PCI and is associated with poor outcome. In the predic-
tion of periprocedural events, no single laboratory test can be useful. 
Ng and colleagues62 hypothesized that impaired baseline coronary 
microvascular reserve (IMR) results in the inability to tolerate ischemic 
insults—that is, the IMR may predict the occurrence of PMI. The 
investigators used the pressure-temperature sensor wire to measure 
IMR before PCI in 50 patients, 10 of whom had PMIs. Univariate 
predictors of PMI included the pre-PCI IMR (P = .003) and the number 
of stents. A pre-PCI IMR of 27 units or more had 80% sensitivity  
and 85% specificity for PMI (“C” is the statistical notation used as a 
correlative statistic. not see statistic 0.80). The pre-PCI IMR was 
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TABLE 5-4 Fractional Flow Reserve and Acute Coronary Syndrome Trials

First Author N
Vessel 
Assessed

Usefullness 
of FFR Summary

Tamita64 33	STEMI AMI Culprit	
vessel

Unreliable Mean	FFR	after	successful	PCI	was	higher	(0.95	±	0.04)	than	in	the	
reference	group	of	stable	angina	patients	(0.90	±	0.04,	P	=	.002)	
despite	identical	IVUS	parameters,	likely	reflecting	microvascular	
stunning	and	dysfunction.

Ntalianis55 75	STEMI,	26	
NSTEMI

AMI Nonculprit	
vessel

Reliable Nonculprit	lesions	(n	=	112)	were	measured	acutely	and	35	±	24	days	
later.	Only	two	had	clinically	meaningful	change	(FFR	>	0.80	during	the	
acute	episode	and	FFR	<	0.75	at	follow-up).

De	Bruyne56 57	AMI	with	
viable	
myocardium	
on	left	
venogram

Recent	MI Culprit	
vessel

Reliable FFR	after	acute	MI	(≥6	days,	mean	20	days)	was	compared	with	SPECT	
before	and	after	PCI.	FFR	<	0.75	had	high	sensitivity	(87%)	and	
specificity	(100%)	for	detecting	ischemia	on	true	positive/negative	
SPECT	(BCV	for	FFR,	0.78).	An	inverse	correlation	was	found	between	
FFR	and	LVEF;	for	a	similar	degree	of	stenosis,	FFR	depends	on	mass	
of	viable	myocardium.

Samady57 36	STEMI,	12	
NSTEMI

Recent	MI Culprit	
vessel

Reliable FFR	after	acute	MI	(STEMI	≥3	days,	NSTEMI	≥2	days,	mean	3.7	days)	
was	compared	with	SPECT	at	11	weeks.	FFR	≤0.75	had	high	sensitivity	
(88%),	specificity	(93%),	and	overall	accuracy	(91%)	for	detecting	
reversibility	on	true	positive/negative	SPECT.	BCV	for	FFR	was	0.78.

Potvin65 125	ACS,	60	
SIHD,	16	
Atypical	CP

Recent	MI Nonculprit	
vessel

FFR-guided	
PCI	=	good	
clinical	
outcomes

Patients	(n	=	201	consecutive,	62%	UA,	NSTEMI,	or	>24	hr	after	STEMI)	
had	~50%	stenosis	in	which	PCI	was	deferred	based	on	FFR	≥	0.75;	
no	differences	were	found	in	clinical	outcomes	between	those	with	ACS	
and	stable	angina	patients.

Fischer66 35	ACS Recent	MI FFR-guided	
PCI	=	good	
clinical	
outcomes

FFR-guided	PCI	of	intermediate	lesions	(50%-70%)	was	studied,	
deferring	PCI	for	FFR	≥0.75	in	patients	with	recent	ACS;	MACE	rates	
were	similar	at	12	mo	compared	with	patients	without	ACS.

Leesar39 70	UA/NSTEMI UA/NSTEMI Culprit	
vessel

FFR-guided	
PCI	=	good	
clinical	
outcomes

Recent	NSTE-ACS	with	intermediate	single-vessel	lesion	was	randomized	
to	immediate	FFR-guided	PCI	versus	postangio	SPECT.	FFR-guided	
treatment	reduced	hospital	stay	and	cost	with	no	increase	in	procedure	
time,	radiation	exposure,	or	clinical	event	rates	at	1	year.

Sels58 326	UA/NSTEMI UA/NSTEMI Culprit	+	
nonculprit	
vessel

FFR-guided	
PCI	=	good	
clinical	
outcomes

FAME	studied	FFR-guided	PCI	versus	angiography-guided	PCI	for	
multivessel	disease;	in	a	subset	of	patients	with	recent	NSTE-ACS,	the	
MACE	rate	was	significantly	lower	with	FFR-guided	PCI.

ACS,	Acute	coronary	syndrome;	AMI,	acute	MI;	BCV,	best	cut-off	value;	CP,	chest	pain;	FFR,	fractional	flow	reserve;	IVUS,	intravascular	ultrasound;	LVEF,	left	ventricle	ejection	fraction;	MACE,	
major	adverse	cardiac	event;	MI,	myocardial	infarction;	NSTE,	non-ST	elevation;	PCI,	percutaneous	coronary	intervention;	SIHD,	stable	ischemic	heart	disease;	SPECT,	single	photon	emission	
computed	tomography;	STEMI,	ST-elevation	myocardial	infarction;	UA,	unstable	angina.

FIGURE 5-25	 Simultaneous	measurement	of	pressure	and	flow	(by	thermodilution).	The	upper	portion	of	the	figure	shows	pressures	proximal	(Pa)	
and	distal	 (Pd)	at	 rest	 (left)	 and	during	hyperemia	 (right).	 The	 lower	portion	of	 the	 figure	depicts	 the	 thermodilution	 curves	at	 rest	 and	during	
hyperemia	(Hyp)	with	the	associated	average	transit	times	at	baseline	and	at	hyperemia	circled.	These	values	are	used	to	calculate	the	coronary	
flow	reserve	(CFR)	and	the	index	of	microcirculatory	resistance	(IMR),	as	seen	on	the	right	side	of	the	panel.	FFR,	Fractional	flow	reserve.	(From	
Martin	KC,	Yeung	AC,	Fearon	WF:	Invasive	assessment	of	the	coronary	microcirculation.	Circulation	113[17]:2054-2061,	2006.)
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independently associated with a 23-fold risk of developing PMI. The 
authors indicated that the status of coronary microcirculation does 
play a role in determining susceptibility to PMI during elective PCI 
and may guide adjunctive preventive therapies.

Nonhyperemic Indices of Coronary Stenosis Significance
Utilization of an adenosine-free or adenosine-independent pressure-
derived index of coronary stenosis severity is a desirable feature among 
those working in the cardiac catheterization lab. The assessment of 
stenosis severity by FFR requires that coronary resistance be stable and 
minimal, which is usually achieved by the administration of adenosine. 
Through the use of wave-intensity analysis, Sen and coworkers63 found 
a period of diastole in which equilibration or balance is reached 
between pressure waves from the aorta and distal microcirculatory 
reflection; hence it is wave free. This wave-free period (WFP) occurs 
75% of the way through diastole to just before systole and is a period 
during which the resistance is fixed and potentially minimal. The use 
of the WFP resistance, as compared with the FFR, provided a measure 
of instantaneous wave-free pressure ratio (iFR). In the Adenosine Vaso-
dilator Independent Stenosis Evaluation (ADVISE) study, 157 stenoses 
were assessed with pressure and flow distal to the stenosis with 118 
stenoses assessed as a second segment of the research using pressure 
alone. The intracoronary resistance at rest during the WFP was similar 
in variability and magnitude to that during FFR, and the iFR correlated 
closely with FFR (r = 0.90). However, there were limitations to this 
analysis despite having high sensitivity, specificity, NPV, and PPV, 
including the fact that the iFR at rest was different than the iFR during 
hyperemia. Subsequently, Petraco and associates67 demonstrated that 
at iFR cutpoints of greater than 0.93 or less than 0.86, the correlation 
was strong with normal and abnormal FFR values (using 0.80 as an 
FFR cutpoint). Thus potentially one third of the patients with inter-
mediate stenosis could be assessed without the need for hyperemic 
stimulus.

The RESOLVE study68 compared the diagnostic accuracy of the iFR 
and resting coronary artery pressure with the aortic pressure ratio Pd/
Pa with respect to the FFR in a core laboratory. The iFR, Pd/Pa, and 
FFR were measured in 1768 patients from 15 clinical sites. The core 
lab was used to analyze the data, and thresholds corresponding to 90% 
accuracy in predicting ischemic versus nonischemic FFR were then 
identified. In 1974 lesions, the optimal iFR to predict an FFR less than 
0.8 was 0.92 with an accuracy of 80%. For the resting Pd/Pa ratio, the 
cutpoint was 0.92 with an overall accuracy of 92% with no significant 
differences between iFR and Pd/Pa. Both measures have 90% accuracy 
to predict positive or negative FFR in 65% and 48% of lesions, respec-
tively. These data suggest that resting indices of lesion severity demon-
strated an overall accuracy with FFR of about 80%, which can be 
improved to 90% in a subset of lesions. Clinical outcome studies are 
required to determine whether the use of iFR or Pd/Pa might obviate 
the need for hyperemia in selected patients and are currently underway 
(Fig. 5-26).

CONCLUSION
The technological advances in the field of interventional cardiology 
and the use of coronary physiology continue to provide valuable criti-
cal diagnostic assistance to the catheterization lab operator to make 
meaningful patient care decisions. Invasive assessment of FFR is 
increasingly being integrated into some laboratories for routine assess-
ment of angiographically intermediate lesions with strong outcome 
data to support this practice. The physiologic assessment of inter-
mediate stenoses in patients with complex CAD, including left main 
CAD and multivessel disease, has improved the outcomes of patients 
with these complex anatomic subsets. FFR has been especially useful 
with the replacement of surgical revascularization by percutaneous 
revascularization in recent years, and it can help operators achieve 
complete resolution of coronary ischemia, similar to complete surgical 
revascularization. Future advances in coronary physiology will give 
practitioners the ability to (1) evaluate the contribution of microvas-
cular disease to a patient’s symptoms, (2) target therapies that can 
improve microvascular dysfunction, and (3) evaluate endothelial dys-
function as a precursor to the atherosclerotic process. Conscientious 
operators use FFR and IVUS for appropriate decision making and best 
outcomes in patients undergoing modern, complex PCI.
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Alterations of kidney function are commonly encountered in the 
interventional cardiology setting. Sudden changes in kidney func-

tion are a common complication of cardiac catheterization and PCI, 
primarily because of contrast-induced acute kidney injury (CI-AKI), 
also known as contrast-induced nephropathy. Chronically decreased 
kidney function is also prevalent in patients with cardiovascular 
disease and is a strong predisposing risk factor for AKI. Transient rises 
in serum creatinine levels, a common marker for the development of 
mild kidney dysfunction, occur in more than 15% of patients who 
undergo these procedures. Although many of these rises are unlikely 
to be clinically significant, even mild AKI after cardiac catheterization 
and PCI is associated with longer hospital stays, greater inpatient costs, 
and worse short- and long-term mortality.

Significantly, recent diagnostic and therapeutic advances have 
improved our ability to identify those patients who are at highest risk 
for developing CI-AKI and to minimize its occurrence. In this chapter 
we provide a summary of these data with an additional focus on 
patients with CKD who undergo PCI, given its strong association with 
CI-AKI and subsequent cardiovascular complications. We discuss the 
role of nonpharmacologic and pharmacologic strategies for reducing 
the likelihood that AKI will develop in high-risk patients. Finally, we 
briefly comment on three groups of patients who represent growing 
segments of the population commonly encountered in the catheteriza-
tion laboratory: patients with ESRD, recipients of transplanted kidneys, 
and patients with heart failure.

PATHOPHYSIOLOGY OF CONTRAST-INDUCED ACUTE 
KIDNEY INJURY

The most common reason for CI-AKI after cardiac catheterization and 
PCI is related to the use of intravascular contrast agents. However, 
despite their widespread use in imaging studies, the mechanism of 
kidney injury caused by contrast agents has not been fully elucidated.1 
Most studies suggest that both direct toxic injury to the renal tubules 
and ischemic injury to the renal medulla from vasomotor changes and 
decreased perfusion are responsible. The latter appears to be mediated 
partly by the development of reactive oxygen species, such as superox-
ide, and has important implications for treatment with scavenging 
agents.2 Diabetes mellitus and hemodynamic instability may also exac-
erbate contrast-induced nephropathy, specifically by impeding vasodi-
latory responses in the renal vasculature.3 However, these mechanisms 
are often insufficient in the absence of reduced baseline renal function.

Medications and hemodynamic alterations are two of the many 
factors that can exacerbate the development of AKI after cardiac cath-
eterization and PCI (Table 6-1). Many medications can contribute to 
kidney toxicity directly or indirectly, by decreasing microvascular per-
fusion in the renal medulla, potentially extending areas of ischemic 
injury. These agents (Table 6-2) should be monitored closely, because 
they can exacerbate CI-AKI. Toxicities of other medications may be 
enhanced by CI-AKI.4 For example, metformin can cause lactic acido-
sis in the setting of kidney dysfunction and AKI; this has led the Food 
and Drug Administration (FDA) to recommend withholding it on the 
day of exposure to contrast agents and for 48 to 72 hours after. Addi-
tionally, volume depletion and hemodynamic changes from heart 
failure or cardiogenic shock may aggravate CI-AKI by decreasing renal 
perfusion and predisposing the renal medulla to ischemic injury.

A much less common but well-recognized cause of AKI after 
cardiac catheterization and PCI is renal atheroembolic disease. This 
disease process is part of the larger cholesterol embolization syndrome, 
which can result from the embolism of minor atheromatous debris 
from the aorta or other large vessels and its movement into small arter-
ies in different vascular beds. Traumatic injury from catheter manipu-
lation is thought to be the most common cause of atheroembolic 
disease. Notably, however, anticoagulants such as warfarin and heparin, 
given their potential to prevent proper healing of atheromas in the 
aorta after instrumentation, have been implicated in case reports as 
causative agents in renal atheroembolic disease.5,6 The clinical spec-
trum of renal atheroembolic disease includes blue toe syndrome, livedo 
reticularis, visual deficits, and abdominal pain from mesenteric isch-
emia.7 Laboratory abnormalities include elevated eosinophil counts in 
the blood and eosinophiluria. AKI is believed to be caused by distal 
and partial occlusion of the small arteries that leads to ischemic 
atrophy, as opposed to large areas of infarction.5 Treatment for renal 
atheroembolic disease is largely supportive.

EPIDEMIOLOGY OF ACUTE KIDNEY INJURY

Definitions of Acute Kidney Injury
Several definitions have been used to identify AKI, which has resulted 
in wide variation in estimates of its incidence. The interventional  
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•	 Acute	kidney	injury	(AKI)	after	cardiac	catheterization	and	
percutaneous	coronary	intervention	(PCI)	is	common,	primarily	
because	of	exposure	to	contrast	agents,	and	it	is	associated	with	
worse	clinical	outcomes.

•	 The	prevalence	of	chronic	kidney	disease	(CKD)	and	diabetes	
mellitus	is	rising.	Both	are	key	risk	factors	for	AKI	after	cardiac	
catheterization	and	PCI.

•	 The	presence	of	CKD	and	end-stage	renal	disease	(ESRD)	are	
associated	with	worse	short-	and	long-term	outcomes	even	after	
successful	PCI,	including	higher	rates	of	restenosis	and	repeat	
revascularization.	The	use	of	coronary	stenting	with	drug-eluting	
stents	may	diminish	these	risks.

•	 Beyond	the	use	of	serum	creatinine	level,	calculation	of	the	
glomerular	filtration	rate	and	a	simple	risk	score	can	help	to	
identify	high-risk	patients	prior	to	their	procedures.

•	 Established	keys	to	preventing	AKI	after	cardiac	catheterization	and	
PCI	include	periprocedural	hydration	and	the	use	of	low-osmolar	
or	isoosmolar	contrast	agents.

•	 Intraprocedural	strategies	should	consistently	be	used	to	minimize	
the	volume	of	contrast	agent	exposure	as	much	as	possible.
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cardiology and radiology literature has traditionally defined contrast-
induced acute kidney injury as a rise in serum creatinine of at least 
0.5 mg/dL or a 25% increase from baseline within 48 to 72 hours after 
contrast administration.8,9 However, these definitions differ from those 
in the cardiothoracic and nephrology literature, which seek to evaluate 
AKI in a variety of settings not limited to contrast exposure.10 For 
example, the Society of Thoracic Surgeons defines postoperative renal 
insufficiency as a twofold or greater elevation of creatinine that must 
exceed 2.0 mg/dL, whereas kidney failure is defined as AKI that requires 
dialysis.11

In an attempt to standardize the definition across disciplines, the 
nephrology community has adopted graded criteria for AKI that are 
similar in principle to the staging system applied to CKD. The most 
recent practice guidelines from the Kidney Disease Improving Global 
Outcomes (KDIGO) working group synthesized elements of the previ-
ous Acute Kidney Injury Network (AKIN) group criteria and Acute 
Dialysis Quality Initiative (ADQI) group (risk, injury, failure, loss, and 
end-stage renal failure [RIFLE]) criteria to grade AKI based on urine 
output or change in creatinine (Table 6-3).12-14 The mildest stage of 
AKI, stage 1, was defined as the rapid development of kidney dysfunc-
tion, including either a rise in serum creatinine (absolute rise ≥0.3 mg/
dL [≥26.4 µmol/L] within 48 hours or a relative rise of 50% or more 

TABLE 6-1 Risk Factors for the Development of Contrast-
Induced Nephropathy

Clinical Factors

Chronic	kidney	disease
Diabetes	mellitus
Advanced	age
Female	gender
Peripheral	vascular	disease
Hypertension
Ejection	fraction	less	than	40%

Presenting Factors

Acute	coronary	syndrome
Hypotension
Heart	failure
Volume	depletion
Concomitant	nephrotoxic	medications
Anemia
Procedural	factors
Intraaortic	balloon	pump	placement
Multivessel	disease
Contrast	amount
Contrast	type

TABLE 6-2 Concomitant Drugs to Monitor With Exposure to 
Contrast Agents

Drugs That Influence Renal Hemodynamics

Nonsteroidal	antiinflammatory	drugs	(NSAIDs)
Cyclooxygenase	2	(COX-2)	inhibitors
Nesiritide
Angiotensin-converting	enzyme	(ACE)	inhibitors
Angiotensin	receptor	blockers
Dipyrimadole

Drugs That Cause Tubular Toxicity

Diuretics,	including	mannitol
Antibiotics,	including	aminoglycosides,	vancomycin,	amphotericin	B
Immunosuppressants,	including	tacrolimus	and	cyclosporine	A

Drugs With Potentially Enhanced Toxicity After  
Contrast-Induced Nephropathy

Metformin
Statins

Adapted	from	Erley	C:	Concomitant	drugs	with	exposure	to	contrast	media,	Kidney	Int	Suppl	
(100):S20-S24,	2006.

TABLE 6-3 Comparison of RIFLE and AKIN Criteria for Diagnosis and Classification of Acute Kidney Injury
AKIN RIFLE

Serum creatinine (Cr) Urine output (common to both) Class Serum creatinine or glomerular filtration rate (GFR)

Stage 1:	increase	of	≥0.3	mg/dL	or	
increase	to	1.5×	to	2×	baseline	Cr

<0.5	mL/kg/hr	for	at	least	6	hours Risk Increase	to	1.5×	baseline	Cr	or	decrease	in	GFR	by	>25%

Stage 2:	increased	to	2×	to	3×	
baseline	Cr

<0.5	mL/kg/hr	for	>12	hours Injury Increase	to	2×	baseline	Cr	or	decrease	in	GFR	by	>50%

Stage 3:	increased	to	>3×	baseline	
Cr	or	≥4.0	mg/dL	with	an	acute	
increase	of	≥0.5	mg/dL	or	on	RRT

<0.3	mL/kg/hr	for	24	hours	or	
anuria	for	12	hours

Failure Increase	to	3×	baseline	or	Cr	>4	mg/dL	with	an	acute	
increase	of	>0.5	mg/dL	or	decrease	in	GFR	by	>75%

Loss Persistent	acute	renal	failure	or	complete	loss	of	kidney	
function	for	>4	weeks

ESRD ESRD	for	>3	months

Adapted	from	Kidney	Disease	Improving	Global	Outcomes	(KDIGO):	Clinical	Practice	Guideline	for	Acute	Kidney	Injury.	Kidney	Int	Suppl	2(1):21,	2012.
AKIN,	Acute	Kidney	Injury	Network;	ESRD,	end-stage	renal	disease;	RIFLE,	risk,	injury,	failure,	loss,	and	end-stage	renal	failure;	RRT,	renal	replacement	therapy.

from baseline in 7 days or less) or a reduction in urine output to less 
than 0.5 mL/kg/hour for 6 to 12 hours. The severity of AKI can be 
further staged by the magnitude of increase in serum creatinine or 
reduction in urine output and the need for renal replacement therapy 
(i.e., stages 2 or 3).12 The time frame for alteration in serum creatinine 
or urine output after contrast exposure was not specified because the 
authors acknowledged that changes can often be detected within 12 
hours but may not manifest fully for up to 5 days.

An important acknowledgement in the KDIGO guidelines was that 
some cases of AKI after contrast exposure may be due to unrelated 
factors, such as drug toxicity or hemodynamic instability. Accordingly, 
the KDIGO guidelines recommended that other causes of AKI should 
be evaluated before assuming it is due to contrast-induced injury. This 
caveat is an important difference from the definition of CI-AKI tradi-
tionally used in the interventional cardiology and radiology literature 
that includes all cases of AKI after contrast exposure, regardless of 
etiology. The criteria proposed in the KDIGO guidelines have been 
embraced in the cardiology community and are used in most current 
studies of AKI in the cardiology literature.15,16

Incidence and Prognosis of Acute Kidney Injury
The incidence of AKI depends on both the population studied and the 
definition used. Using the KDIGO definition (a rise in serum creati-
nine levels of 0.3 mg/dL or at least a 50% increase from baseline), the 
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well-established relationship between CKD and cardiovascular disease. 
Until recently, defining patients with CKD was problematic owing to 
a multitude of nonstandardized definitions and inaccurate assessments 
of eGFR.

The National Kidney Foundation now specifically defines chronic 
kidney disease as the presence of sustained abnormalities of kidney 
function manifest by either a reduced GFR or the presence of kidney 
damage.30 Kidney damage is defined by structural or functional abnor-
malities of the kidney in the presence or absence of decreased GFR 
manifest by either pathologic abnormalities (assessed by kidney biopsy) 
or markers of kidney damage that include laboratory abnormalities (in 
the composition of blood or urine) and radiographic abnormalities (on 
imaging tests).30 Once GFR has been assessed, patients with CKD can 
be stratified into one of five stages (Table 6-5) in order of increasing 
impairment (in mL/min/1.73 m2): stage 1 (eGFR ≥90), stage 2 (eGFR 
60 to 89), stage 3a (eGFR 30 to 44), stage 3b (eGFR 45 to 59), stage 4 
(eGFR 15 to 29), and stage 5 (eGFR <15). Patients with eGFRs of 
60 mL/min/1.73 m2 or more are considered to have CKD if they meet 
additional criteria that demonstrate evidence of kidney damage based 
on pathologic, laboratory, or imaging tests. Such markers of kidney 
damage include microalbuminuria, proteinuria, abnormalities of the 
urinary sediment, pathologic findings, or abnormal radiologic find-
ings. In all cases, the definition of CKD requires that kidney disease 
has persisted for 3 months or longer.

Estimation of Glomerular Filtration Rate
It is important to note that a normal serum creatinine level does not 
necessarily reflect normal kidney function, and standard reference 
ranges for “normal” often misclassify patients with early disease (Fig. 
6-1).31 Such errors result from the fact that serum creatinine level alone 
does not accurately reflect the level of GFR because of nonlinear rela-
tionships that vary according to age, gender, race, and lean body mass. 
Both direct and indirect measures of GFR are available: Direct mea-
surements of GFR may be more accurate, but they are impractical in 
routine clinical practice. Indirect measurements of GFR are obtained 
by incorporating serum creatinine values into formulas such as the 
Cockcroft-Gault equation or Modification of Diet in Renal Disease 
(MDRD) study equation.30 Although the MDRD study equation has 

reported incidence from the National Cardiovascular Data Registry 
(NCDR) was 7% in the general population15 and 16% in those present-
ing with acute myocardial infarction (MI).16 In most cases, AKI after 
cardiac catheterization and PCI is completely reversible, with a typical 
clinical course consistent with acute tubular necrosis and nonoliguric 
AKI. Abnormalities in serum creatinine levels start within 24 to 48 
hours after the procedure, peak at 5 days, and then completely recover 
within 2 to 4 weeks.17 The need for renal replacement therapy with 
hemodialysis or peritoneal dialysis is rare (1% to 4%).18 Among those 
who do require renal replacement therapy, less than 50% require it long 
term.19 The requirement for renal replacement therapy appears to be 
more likely in the setting of renal atheroembolic disease, which has a 
more progressive course than CI-AKI and a lower likelihood of recov-
ery. Notably, the development of AKI after cardiac catheterization and 
PCI has been associated with several clinical outcomes unrelated to 
kidney disease, including longer hospital stays and greater inpatient 
costs.20 Recent reports also suggest that the development of CI-AKI 
predicts short- and long-term mortality.21-24 What remains unclear 
from this literature, however, is whether the development of AKI after 
PCI is simply a marker of greater disease acuity or additional comor-
bidities such as diabetes mellitus.

RISK FACTORS FOR CONTRAST-INDUCED ACUTE 
KIDNEY INJURY

The most powerful predictor of AKI following cardiac catheterization 
is the presence of preexisting CKD. Most cases of CI-AKI with long-
term complications occur in patients who have preexisting evidence  
of advanced CKD, and the risk of developing AKI following PCI 
increases with increasing severity of CKD: 8% for patients with an 
estimated glomerular filtration rate (eGFR) between 45 and 60 mL/
min/1.73 m2, 12.9% for patients with an eGFR between 30 and 
45 mL/min/1.73 m2, and 26.6% for patients with an eGFR less than 
30 mL/min/1.73 m2.15 In addition to CKD, certain key risk factors for 
CI-AKI must be recognized on preprocedural evaluation; this includes 
advanced age, diabetes mellitus, and heart failure. Several bedside tools 
have been created to predict a patient’s risk of developing CI-AKI after 
cardiac catheterization and PCI.25-28 Historically, the most commonly 
used risk models have been heavily influenced by total contrast expo-
sure, a variable that can only be determined after the completion of the 
procedure.25 An ideal risk model, however, would allow clinicians to 
prospectively identify patients at high risk for CI-AKI before cardiac 
catheterization. Recently, Gurm and colleagues26 used a cohort of 
68,573 PCI procedures in Michigan to develop an easy-to-use online 
calculator (https://bmc2.org/calculators/cin) that utilizes only prepro-
cedural variables to accurately estimate a patient’s risk of CI-AKI and 
a new requirement for dialysis (Table 6-4). Risk models allow clinicians 
to discuss the potential benefits and risks of cardiac catheterization 
more precisely and can help focus the use of certain preventive strate-
gies on patients at highest risk.

CHRONIC KIDNEY DISEASE

Epidemiology and Classification
The population of patients with CKD worldwide is growing at a tre-
mendous rate. Recent studies estimate the prevalence of CKD in the 
general adult population of the United States to be 14%, and the rate 
is 35% in patients 60 years of age or older.29 Consequently, these high-
risk patients are now encountered much more frequently in the cardiac 
catheterization laboratory. In one recent registry, for example, 29% of 
patients who underwent PCI had at least mild CKD.15 For the inter-
ventional cardiologist, identifying these patients is important for two 
reasons: First, this group represents those patients at highest risk for 
developing kidney dysfunction following PCI, and they require specific 
preventive therapies prior to their procedures. Second, patients with 
CKD at baseline are also more likely to have worse cardiovascular 
outcomes after their procedures. This latter finding is due in part to the 

TABLE 6-4 BMC2 Contrast-Induced Acute Kidney Injury 
Risk-Prediction Model, Reduced Version

Patient Presentation

Percutaneous	coronary	intervention	(PCI)	indication
PCI	status
Coronary	artery	disease	presentation
Cardiogenic	shock
Heart	failure	within	2	weeks
Pre-PCI	left	ventricular	ejection	fraction

Clinical History

Diabetes	mellitus	and	type	of	therapy

Patient Characteristics

Age
Weight
Height

Preprocedural Laboratory Assessment

Serum	creatinine
Hemoglobin
Troponin	I
Troponin	T
Creatine	kinase	MB

Adapted	from	Gurm	HS,	Seth	M,	Kooiman	J,	Share	D:	A	novel	tool	for	reliable	and	accurate	
prediction	of	renal	complications	in	patients	undergoing	percutaneous	coronary	intervention.	
J	Am	Coll	Cardiol	61(22):2242-2248,	2013,	doi:10.1016/j.jacc.2013.03.026.
BMC2,	Blue	Cross	Blue	Shield	of	Michigan	Cardiovascular	Consortium.

https://bmc2.org/calculators/cin


 CHAPTER 6  Contrast-Induced Acute Kidney Injury and the Role of Chronic Kidney Disease in Percutaneous Coronary Intervention  111

modification and intervention among CKD patients than in the general 
population despite established awareness of their high cardiovascular 
risk, a concept referred to as therapeutic nihilism.43

Planning for Hemodialysis
Because many patients with advanced CKD ultimately require hemo-
dialysis, particular care should be taken to preserve arterial and venous 
targets that may be used to create a vascular access site for hemodialysis 
in the future. Although little evidence is available on the long-term 
implications of radial access and instrumentation of the arterial system 
of the upper extremity for coronary angiography using contemporary 
equipment, some concern exists in the nephrology community that 
this may compromise success rates of future arteriovenous fistulas and 
grafts, whose function is essential for patients who progress to ESRD. 
Although this topic needs to be investigated, it would be reasonable to 
preferentially choose a femoral approach in patients with advanced 
CKD when no contraindications are present and patients are otherwise 
not at high risk for bleeding.

MINIMIZING THE RISK OF ACUTE KIDNEY INJURY
Patients with CKD often have existing comorbidities that may compli-
cate their procedure and postprocedure management. As always, 
developing a systematic approach that reviews the patient’s history, 
physical examination, and laboratory studies is critical (Fig. 6-2). As 
described earlier, the clinician must pay particular attention to accurate 
assessment of the degree of CKD at baseline in addition to several 
clinical risk factors that have been consistently associated with poor 
outcomes in patients with CKD such as diabetes mellitus, concomitant 
medication use, and volume depletion or hemodynamic instability. The 
approaches below are designed to minimize the risk of CI-AKI after 
cardiac catheterization and PCI.

Periprocedural Strategies
Most strategies to reduce the risk of procedural complications in 
patients with CKD must be considered even before cardiac catheteriza-
tion and PCI begin. These include measures to carefully prepare the 
patient with adequate hydration and the use of specific drug therapies.

Periprocedural Hydration
The most important preventative strategy to lower the risk of CI-AKI 
is to ensure adequate hydration at the time of contrast administration. 
Patients are at risk for dehydration given that they have traditionally 
been asked to avoid oral intake starting at midnight on the night before 

generally been purported to have less bias, both formulas have limita-
tions in accuracy, especially for patients with normal kidney function.32 
In addition, these formulas do not perform well for many other indi-
viduals who were not well represented in the cohorts from which these 
equations were developed, including those who (1) have very high  
or low muscle mass, weight, or age; (2) are severely ill or hospitalized; 
(3) ingest no meat or large amounts of meat; or (4) are from minority 
racial and ethnic groups, such as Asians or Hispanics.32

Serum cystatin C level has been suggested as a superior alternative 
to serum creatinine level in estimating GFR in patients with CKD 
because cystatin C has a more constant rate of production.32,33 However, 
serum levels of cystatin C may also be influenced by age, gender, and 
muscle mass.34 Although cystatin C has been used in research studies 
for many years, it has not been widely adopted in clinical practice 
because it provides only a marginal improvement in the accuracy and 
staging of CKD over current methods that use serum creatinine levels. 
Additionally, many clinical laboratories are not yet equipped to perform 
this test. In the setting of acute coronary syndrome (ACS), conservative 
estimation of kidney function using serum creatinine level with the 
Cockcroft-Gault equation is critically important for drug dosage 
adjustments. Appropriate dosing of anticoagulants and antiplatelet 
medications during PCI is crucial to prevent bleeding complications, 
particularly in women and older adult patients who are at higher risk.35

Cardiovascular Risk
Patients with CKD are at particularly high risk for death and adverse 
cardiovascular events following interventional procedures.36-39 The risk 
of adverse outcomes is progressive, with an independent, graded asso-
ciation between reduced eGFR and risk of hospitalizations, cardiovas-
cular events, and death.36,38,39 Consequently, the National Kidney 
Foundation, American Heart Association, and the Eighth Joint 
National Committee on Prevention, Detection, Evaluation, and Treat-
ment of High Blood Pressure have classified the presence of CKD as a 
cardiovascular risk factor.30,37,40 Mechanisms by which CKD increases 
cardiovascular risk are unclear and are under investigation. The pro-
gressive increase in cardiovascular risk associated with declining 
kidney function is largely explained by a larger burden of traditional 
risk factors.41 However, CKD is also associated with many nontradi-
tional risk factors that include albuminuria, proteinuria, homocystein-
emia, elevated uric acid levels, anemia, dysregulation of mineral 
metabolism and arterial calcification, oxidative stress, inflammation, 
malnutrition, endothelial dysfunction, insulin resistance, and condi-
tions that promote coagulation, all of which are associated with accel-
erated atherosclerosis.30,37,42 Finally, another contributing factor may 
be the paradox of lower rates of appropriate therapy with risk-factor 

TABLE 6-5 Stages of Chronic Kidney Disease, Action Recommendations, and Prevalence
CKD Stages Description GFR mL/min per 1.73 m2 Action Recommendation Prevalence (%)

1 Kidney	damage	with	normal	
or	increased	GFR

≥90 Diagnosis	and	treatment
Treatment	of	coexisting	conditions
Slowing	progression
CVD	risk	reduction

2.3

2 Kidney	damage	with	mild	
decrease	in	GFR

60-89 Estimation	of	progression 2.5

3A Kidney	damage	with	mild	to	
moderate	decrease	in	GFR

45-59 Evaluation	and	treatment	of	complications 4.6

3B Kidney	damage	with	moderate	
to	severe	decrease	in	GFR

30-44 Evaluation	and	treatment	of	complications
Referral	to	nephrologist

1.6

4 Kidney	damage	with	severe	
decrease	in	GFR

15-29 Referral	to	nephrologist
Consideration	for	renal	replacement	therapy

0.4

5 Kidney	failure <15 Replacement	(if	uremia	present) 0.1

Adapted	 from	National	Kidney	Foundation	Kidney	Disease	Outcome	Quality	 Initiative	Advisory	B:	K/DOQI	clinical	practice	guidelines	 for	chronic	kidney	disease:	evaluation,	classification,	
and	stratification.	Kidney	Disease	Outcome	Quality	 Initiative.	Am	J	Kidney	Dis	39:S1-S246,	2002;	Kidney	Disease	 Improving	Global	Outcomes	(KDIGO):	Clinical	Practice	Guideline	 for	
Chronic	Kidney	Disease.	Kidney	Int	Suppl	3(1):14,	31,	2013.
CKD,	Chronic	kidney	disease;	CVD,	cardiovascular	disease;	GFR,	glomerular	filtration	rate.
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may modestly reduce the incidence of CI-AKI, particularly among 
patients with diabetes mellitus and those receiving large doses of con-
trast agents, when compared with 0.45% saline.46

From a practical standpoint, a quick assessment of the adequacy of 
hydration is possible prior to contrast injection by assessing the left 
ventricular end-diastolic pressure (LVEDP) with a pigtail or multipur-
pose catheter. If the patient appears to be dehydrated based on his or 
her hemodynamic parameters, fluid boluses may be given prior to 
contrast agent exposure, and a continuous saline infusion can be con-
sidered. In the Prevention of Contrast Renal Injury with Different 
Hydration Strategies (POSEIDON) trial, Brar and colleagues47 showed 
that a sliding-scale IV saline infusion protocol based on LVEDP (5 mL/
kg/hr for a LVEDP <13 mm Hg, 3 mL/kg/hr for a LVEDP of 13 to 18, 
and 1.5 mL/kg/hr for a LVEDP >18 mm Hg) during and for 4 hours 
after cardiac catheterization significantly decreased the incidence of 
CI-AKI compared with a standard hydration strategy (1.5 mL/kg/hr 
regardless of LVEDP) in high-risk patients. This simple and intuitive 
hydration strategy would be reasonable to consider for all patients with 
CKD or other risk factors for CI-AKI (see Fig. 6-2).

Recently, great interest has been shown in the use of sodium bicar-
bonate infusions to hydrate patients with CKD during the periproce-
dural period. Sodium bicarbonate may relieve oxidative stress, which 
is thought to be a potential mechanism of action by which CI-AKI 
occurs. Although some early clinical trials suggested a benefit of 
sodium bicarbonate over sodium chloride infusion, most recent studies 
have not demonstrated any significant difference in the incidence of 
CI-AKI between these hydration strategies.45,48-52 Also, in contrast to 
readily available sodium chloride solutions at most medical facilities, 
commercially manufactured sodium bicarbonate solutions may not be 
readily available. Relying on pharmacists to make a volume of sodium 
bicarbonate solution for each patient with CKD who will undergo a 
cardiac catheterization is more time consuming, labor intensive, and 
prone to error than administering manufactured solutions of sodium 
chloride. Thus without a consistent benefit observed in clinical trials, 
it is difficult to justify the routine administration of sodium bicarbon-
ate in patients with CKD undergoing cardiac catheterization.

Medications
Several medications have been investigated as potential preventative 
therapies for CI-AKI. The most extensively studied agent is 
N-acetylcysteine, which has been evaluated in more than 20 random-
ized clinical trials.53 The premise behind the use of N-acetylcysteine is 
that it acts as a scavenger of reactive oxygen species and promotes 
vasodilatory effects in the renal medulla. The first major trial, reported 
by Tepel and colleagues,54 evaluated its use in 83 patients who received 
IV contrast agents for computed tomography (CT). This study found 
an approximately 90% relative risk reduction in CI-AKI with the use 
of N-acetylcysteine. However, a recent large, multicenter, randomized 
trial by the Acetylcysteine for Contrast-Induced Nephropathy Trial 
(ACT) investigators studied 2308 patients with a least one risk factor 
for CI-AKI undergoing elective coronary or peripheral vascular angi-
ography and found no difference in the incidence of CI-AKI or the 
need for dialysis at 30 days in patients treated with N-acetylcysteine 
versus placebo.55 These findings were consistent across high-risk sub-
groups of patients with diabetes and moderate to severe CKD who had 
previously been thought to derive the most benefit from this preventa-
tive strategy.56 Additional studies of periprocedural N-acetylcysteine in 
patients with acute coronary syndromes, another high-risk subset of 
patients, have shown no consistent benefit.57,58 Though N-acetylcysteine 
is a relatively benign intervention, the balance of evidence does not 
favor its routine use to prevent CI-AKI.59 Some continue to recom-
mend its use, largely given a benefit seen in some limited trials and the 
low cost and safety of the intervention.12 Further studies, such as the 
ongoing Prevention of Serious Adverse Events Following Angiography 
(PRESERVE) trial, may provide some additional clarity about the 
potential benefits of N-acetylcysteine in certain subsets of patients.60

Statins have antioxidant, antiinflammatory, and antithrombotic 
effects that are thought to be nephroprotective. Several recent trials 

their procedure. However, this paradigm has been challenged recently 
as evidence supporting preprocedural oral hydration has emerged. A 
recent meta-analysis of six small clinical trials that compared prepro-
cedural oral and intravenous (IV) volume expansion strategies showed 
no difference in the incidence of CI-AKI.44 Despite clear practical 
advantages, oral hydration regimens have not been widely accepted 
into clinical practice, likely because of the theoretic increased risk for 
aspiration with moderate sedation and the lack of evidence from large 
clinical trials.

For those patients suspected to be dehydrated or at greater risk of 
CI-AKI because of CKD, it is important to initiate IV fluid early while 
carefully monitoring for heart failure in those sensitive to rapid volume 
changes. The best-studied fluid regimen in clinical trials has been 0.9% 
normal saline infusions at a rate of 1 mL/kg/hr for 6 to 12 hours prior 
to the procedure and continuing after the procedure.45 Data from a 
large trial suggest that administration of isotonic 0.9% normal saline 

FIGURE 6-1	 Relationship	of	measured	serum	creatinine	levels	to	mea-
sured	 glomerular	 filtration	 rates	 in	 the	 Modification	 of	 Diet	 in	 Renal	
Disease	Study,	by	men	(A)	and	women	(B).	(Adapted	from	Levey	AS,	
Bosch	 JP,	 Lewis	 JB,	 et	al:	 A	more	accurate	method	 to	 estimate	 glo-
merular	filtration	rate	from	serum	creatintine:	a	new	prediction	equation.	
Modification	of	Diet	in	Renal	Disease	Study	Group.	Ann	Intern	Med	130:
464,	1999.)
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were randomized to pretreatment with 10 mg of rosuvastatin 2 days 
before and 3 days after contrast administration had a significantly 
lower incidence of CI-AKI than patients who did not receive a statin 
until 3 days after contrast administration (2.3% vs. 3.9%).64 Currently, 
most patients who undergo coronary angiography will already have 
some indication for statin therapy, so it may be reasonable to pretreat 

have shown lower rates of CI-AKI in statin-naïve patients when they 
are treated with high-dose statins before coronary angiography.61-64 The 
largest trial was the Rosuvastatin to Prevent Contrast-Induced Acute 
Kidney Injury in Patients With Diabetes (TRACK-D) trial, which 
studied 2998 statin-naïve patients with diabetes mellitus and CKD 
undergoing coronary angiography or PCI and found that patients who 

FIGURE 6-2	 Strategies	to	reduce	the	risk	of	contrast-induced	acute	kidney	injury	in	patients	undergoing	cardiac	catheterization.	CV,	Cardiovascular;	
eGFR,	estimated	glomerular	filtration	rate;	LVEDP,	left	ventricular	end-diastolic	pressure.	(Adapted	from	Howe	M,	Gurm	HS:	A	practical	approach	
to	preventing	renal	complications	in	the	catheterization	laboratory.	Intervent	Cardiol	Clin	3:429-439,	2014.)
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of hemofiltration in 114 patients with severe CKD who underwent 
PCI. Hemofiltration has the advantage of avoiding hypovolemia and 
can provide high-volume hydration without concerns of intravascular 
congestion. In this extremely high-risk group, the use of hemofiltration 
starting at least 4 to 6 hours prior to PCI was associated with improved 
clinical outcomes that included lower rates of renal replacement 
therapy, as well as reduced in-hospital and 1-year mortality. However, 
these findings have not been consistently replicated, and a recent meta-
analysis by Cruz and colleagues78 showed no benefit of hemofiltration 
compared with standard medical therapy. Nonetheless, some tertiary 
care centers continue to utilize this intervention in their highest-risk 
patients.

Finally, remote ischemic conditioning, either with sequential blood 
pressure cuff inflations or repeated intracoronary balloon inflations, is 
another nonpharmacologic strategy that has been studied for protec-
tive effects. The results of exploratory trials have been favorable, 
although the results need to be validated in larger trials.79,80 Also, the 
underlying mechanism of the effects on the kidney of transient isch-
emia in a remote organ are not clear and require further investigation.

Intraprocedural Strategies
Intraprocedural strategies for approaching patients with CKD largely 
depend on three things: (1) the choice of contrast agent, (2) minimiz-
ing the volume that is used as much as possible, and (3) avoiding use 
of potentially nephrotoxic medications. Although useful, these strate-
gies must always be used without sacrificing the operator’s ability to 
adequately and safely perform the procedure. This requires a careful 
balance to weigh the clinical risks and benefits of different approaches. 
For example, appropriate visualization of the lesion and adjacent coro-
nary anatomy is essential for success during PCI and should not be 
sacrificed.

General strategies to consider during the case include the use of 
smaller guiding catheters when possible because these are associated 
with lower volumes of contrast agents.81 It is also important to mini-
mize use of contrast agents during the diagnostic portion of the case 
if ad hoc PCI is performed. This can be done by potentially avoiding 
left ventriculograms and by using noninvasive tests, such as echocar-
diography, to evaluate systolic wall motion and function. The use of 
biplanar coronary angiography, which allows the operator to obtain 
two simultaneous views with one injection during cineangiography, is 
another commonly used tool. The use of automated contrast injector 
systems has been promoted as a strategy to reduce contrast use, but 
studies have shown that the small reduction in total contrast volume 
does not reduce adverse outcomes related to kidney function.82 Other 
proposed intraprocedural strategies to limit CI-AKI include both coro-
nary sinus cannulation with extracorporeal column filtration and 
intraprocedural hypothermia. Although the feasibility of the coronary 
cannulation system has been demonstrated in a swine model and in 
small human studies,83-85 these results have not been widely validated. 
Intraprocedural hypothermia has also not been shown to be effective 
for the prevention of CI-AKI.86

The Choice and Use of Contrast Agents
The choice of contrast agent is an important intraprocedural consider-
ation that has evolved considerably over the last several years with the 
development of low-osmolar and isoosmolar contrast agents. Tradi-
tional iodine-based contrast agents were hypertonic, including ionic 
compounds such as diatrizoate, which frequently caused mild hemo-
dynamic changes in addition to CI-AKI. Given their substantially 
lower costs in recent years, most laboratories have switched to the 
routine use of low-osmolar, nonionic contrast agents (iopamidol, 
iohexol, ioxaglate), which improve hemodynamic effects and patient 
comfort. One important effect of low-osmolar agents is a reduction in 
CI-AKI. In a meta-analysis that included data from 25 trials, the risk 
of CI-AKI was 39% lower in patients who received low-osmolar con-
trast agents compared with those who received hyperosmolar contrast 
agents.87 This benefit appeared to be even more pronounced in patients 

patients who have risk factors for CI-AKI (i.e., CKD, ACS, and conges-
tive heart failure [CHF]) with a high-potency statin unless a clear 
contraindication is present.

Another important medication that has been studied extensively in 
randomized clinical trials is fenoldopam, which works as a dopamine-
receptor agonist and is believed to preserve renal blood flow despite 
insults from contrast agent exposure. A series of small clinical studies 
had suggested significant benefit in terms of the reduction of CI-AKI, 
particularly in high-risk patients.65,66 However, enthusiasm for the use 
of fenoldopam has fallen since publication of a large, multicenter trial 
by Stone and colleagues in 2003.67 In this study, no benefit was seen 
with fenoldopam in 315 patients who had eGFRs below 60 mL/min 
and underwent cardiac catheterization.

Ascorbic acid has antioxidant properties that have led to investiga-
tion into its use for preventing CI-AKI. A recent meta-analysis of nine 
small, randomized controlled trials of 1536 patients treated with ascor-
bic acid (usually 1 to 3 g the night before, the day of, and daily for 1 
to 2 days after cardiac catheterization) showed a 33% relative risk 
reduction of CI-AKI compared with that of patients given placebo or 
an alternative therapy.68 This finding should be confirmed with larger 
clinical trials, but ascorbic acid is a well-tolerated, low-risk, inexpen-
sive therapy that may be worth considering for selected patients. Addi-
tional agents that have been studied include iloprost, theophylline (or 
aminophylline), probucol, captopril, dopamine, atrial and brain natri-
uretic peptides, calcium channel blockers, and prostaglandin E1. Most 
of these agents have either been studied only in small trials (iloprost69) 
or have yielded largely conflicting results (theophylline70,71); thus their 
routine use cannot be recommended. Medications that should be 
avoided unless otherwise indicated include mannitol or furosemide for 
forced diuresis (without matched hydration or hemodynamic monitor-
ing), given their potential to result in volume depletion and to exacer-
bate AKI.72

Other Strategies
Several other nonpharmacologic strategies have been suggested as 
approaches for minimizing AKI after cardiac catheterization and PCI. 
However, many of these require intense resources, and their use is 
limited to the highest-risk patients. The use of furosemide-induced 
high-volume diuresis with automated matched hydration using the 
RenalGuard System (PLC Medical Systems, Franklin, MA) has shown 
promise in reducing CI-AKI in high-risk patients with CKD. The 
system directly measures urine output in real time using a standard 
Foley catheter, and it simultaneously infuses an equivalent volume  
of IV normal saline. Patients are given a priming bolus of 250 mL of 
0.9% normal saline 90 minutes prior to contrast administration, fol-
lowed by 0.25 to 0.5 mg/kg of IV furosemide (50 mg maximum). They 
are continued on an IV saline infusion at a rate that is automatically 
adjusted to maintain a urine output rate greater than 300 mL/hour 
throughout the procedure and for 4 hours after final contrast admin-
istration. In the randomized, multicenter Renal Insufficiency After 
Contrast Media Administration Trial II (REMEDIAL II; N = 292), 
Briguori and colleagues73 reported a significant reduction in CI-AKI 
(11% vs. 20.5%) and in-hospital dialysis (0.7% vs. 4.1%) in high-risk 
patients with CKD who were treated with the RenalGuard System 
compared with sodium bicarbonate and N-acetylcysteine. In the 
smaller Induced Diuresis With Matched Hydration Compared to  
Standard Hydration for Contrast-Induced Nephropathy Prevention 
(MYTHOS) trial (N = 170), Marenzi and colleagues74 reported a simi-
larly impressive reduction in CI-AKI (4.6% vs. 18%) as well as fewer 
in-hospital clinical complications.

Another preventative approach that has been suggested for high-
risk patients is the use of hemodialysis or hemofiltration after or during 
contrast agent exposure. Although contrast agents can be effectively 
removed from the blood by hemodialysis, clinical studies have not 
consistently demonstrated a benefit.75,76 One explanation for this has 
been that it may result in hemodynamic or inflammatory changes that 
are in turn nephrotoxic and thus offset the removal of contrast agents. 
To better address this issue, Marenzi and colleagues77 studied the use 



 CHAPTER 6  Contrast-Induced Acute Kidney Injury and the Role of Chronic Kidney Disease in Percutaneous Coronary Intervention  115

cause of death in patients with ESRD, and 11% of cardiac deaths can 
be directly attributed to acute MI.100 The 2-year mortality rate after 
acute MI among patients with ESRD on hemodialysis is 74%, or three 
times the mortality rate after MI in the general population.100,102 This 
excess cardiovascular mortality risk ranges from 500-fold higher in 
individuals aged 25 to 35 to fivefold higher in individuals older than 
85 years.103

In most patients who are chronically on dialysis, routine dialysis 
postprocedurally is not needed after exposure to contrast agents.76,104 
However, the studies in this area have involved only a select group of 
patients. So although it appears that most patients can be maintained 
on their routine schedules for dialysis, special care and attention may 
be needed for specific groups, such as those with poor cardiac function 
or evidence of residual renal function, which is more common among 
patients treated with peritoneal dialysis. Preservation of residual renal 
function is vital to successful treatment with peritoneal dialysis: once 
residual renal function is lost, patients often require hemodialysis.

An additional concern regarding patients with advanced CKD and 
ESRD is the anatomy of their coronary arteries, which are frequently 
diffusely diseased with a heavy atherosclerotic burden.105 These issues 
can raise technical challenges in the delivery of coronary devices 
during routine PCI, particularly for those with ESRD where extensive 
coronary calcification is common. Additional strategies, such as rota-
tional atherectomy, may be required under some circumstances for 
plaque modification prior to coronary stent delivery.

After PCI, the presence of CKD and ESRD has also been associated 
with higher rates of major adverse cardiovascular events, including 
restenosis and repeat target-vessel revascularization (TVR). In the era 
before routine stenting, restenosis was a substantial problem, with 
rates as high as 80% in patients with ESRD. Although the likelihood 
of these complications has diminished with newer devices, the risk still 
appears to be increased.106,107 For example, Rubenstein and colleagues107 
demonstrated that CKD was independently predictive of worse out-
comes, including repeat revascularization, in a cohort of 3334 patients 
who underwent PCI during a period when coronary stenting and 
atherectomy were being introduced. Within this study population, 
there also appeared to be no difference between patients with CKD and 
ESRD.107 Evidence is accumulating to support the intuitive notion that 
drug-eluting stents may minimize the risk of restenosis even further 
in patients with CKD and ESRD.108-111 In the Randomized Comparison 
of Xience V and Multi-Link Vision Coronary Stents in the Same Mul-
tivessel Patient With Chronic Kidney Disease (RENAL-DES) study, 
Tomai and colleagues112 studied 215 patients with CKD and multives-
sel coronary artery disease. This unique intraindividual randomized 
study found a significantly lower rate of ischemia-driven TVR at 1 year 
(2.7% vs. 11.4%) in vessels treated with drug-eluting stents compared 
with those treated with bare-metal stents. Despite these promising 
results, optimal therapy among patients with CKD requires further 
investigation.

Determining the risks and benefits of PCI versus surgical revascu-
larization in this population is also critical. This is a controversial  
area, and clinical trials have been unable to directly inform this issue 
because most have excluded patients with significant CKD and ESRD. 
In the absence of adequate clinical trial data, this decision is often 
individualized and relies on the goals of treatment, the likelihood of 
technical success with PCI, and the patient’s operative risk with bypass 
surgery.113-115 These patients may benefit from more collaborative dis-
cussions with multidisciplinary “heart teams” that include input by 
nephrologists.

Finally, it is important for the interventional cardiologist to appro-
priately select and dose adjunctive drug therapy in patients with CKD 
and ESRD. The risks and benefits of many drugs routinely used as 
adjunctive therapy in PCI, including glycoprotein IIb/IIIa inhibitors 
and bivalirudin, must be carefully weighed in this population because 
of the diminished renal clearance of such agents in these patients and 
the potential to increase the risk for bleeding.116-118 Even statins, which 
are usually a pillar of medical therapy for primary and secondary 
prevention of cardiovascular disease in most patients, have not been 

with preexisting kidney disease who experienced a 50% relative risk 
reduction. The introduction of iodixanol, an isoosmolar contrast agent, 
has raised the question of whether the incidence of CI-AKI can be 
further reduced. In a widely cited study of patients with CKD and 
diabetes mellitus, the use of isoosmolar contrast agents reduced the 
incidence of CI-AKI by over 90% when compared with low-osmolar 
contrast agents.88 An additional study compared these two types of 
contrast agents in patients undergoing high-risk PCI.89 However, more 
recent clinical trials and registry analyses have shown no difference in 
outcomes.90-94 Because the data comparing isoosmolar and low-osmolar 
contrast agents are not consistent, current PCI guidelines do not make 
formal recommendations regarding the choice of low-osmolar or 
isoosmolar contrast agents.

Finally, some investigators have begun to use alternative, noniodin-
ated contrast agents such as gadolinium, particularly in peripheral 
angiography. Although case reports of its use in the coronary circula-
tion do exist, many questions remain regarding the overall safety and 
feasibility of this approach, particularly given the high serum osmolal-
ity of these agents and the risk of nephrogenic systemic fibrosis in 
patients with severe kidney impairment.95-97

Regardless of the selection of a contrast agent, it is imperative to 
use the least amount of volume required for adequate visualization of 
the coronary artery and technical success of the procedure. In patients 
at particularly high risk, the suggested maximum allowable contrast 
dose (MACD, which is equal to three times the GFR estimated by the 
Cockroft-Gault equation) should be calculated before the procedure so 
that the interventional cardiologist and the catheterization laboratory 
team can be aware of its use during the procedure. Specific catheteriza-
tion techniques have been described that vastly reduce the requirement 
for contrast in the renal-impaired patient to less than 10 mL (and even 
occasionally 0 mL in a case that involved prior diagnostic images as a 
roadmap and intravascular ultrasound) for both diagnostic and inter-
ventional procedures.98 Recent contrast exposure for other radiologic 
studies should also be considered when determining the MACD before 
the procedure because it is increasingly common for patients to have 
multiple contrast-related procedures during a hospitalization. Many 
patients who come for coronary angiography have already received a 
large dose of contrast exposure within the previous 24 to 48 hours. 
Recent performance measures have suggested recording total contrast 
exposure for the admission prior to every procedure. This can alert 
operators to patients who may warrant more judicious use of contrast 
than their risk profile might otherwise suggest or who may benefit 
from a delay in their procedure to decrease adverse kidney outcomes.99 
Staging nonurgent procedures is a potential approach in many settings 
and will minimize the risk of patients developing CI-AKI. Unfortu-
nately, few data are available on the optimal timing between sequential 
procedures.

SPECIAL POPULATIONS

End-Stage Renal Disease
Patients with ESRD who undergo cardiac catheterization and PCI rep-
resent an important group that may be at risk for intraprocedural, as 
well as short- and long-term, complications. Most patients with CKD 
will die of other nonrenal causes, especially cardiovascular disease, 
before they progress to ESRD. However, the number of patients with 
ESRD is growing rapidly, and these patients are increasingly encoun-
tered in the cardiac catheterization lab. In the United States, both the 
incidence and prevalence of ESRD have doubled in the past decade, 
and they are expected to increase significantly in the future.100 In 2011, 
over 615,000 people required dialysis or transplantation for ESRD  
in the United States; however, by 2030, estimates suggest that this 
number will increase to more than 2 million.100 The dramatically 
increased rates of cardiovascular disease and accelerated atherosclero-
sis have long been recognized in ESRD.101 Approximately 42% of deaths 
among patients with ESRD are due to cardiovascular events. Sudden 
cardiac death, which is often precipitated by MI, is the most common 
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patient positioning for catheterization, and the relief of excess portal 
pressure in these patients may reduce the risk of CI-AKI.120 Limited 
gentle hydration (e.g., 100 mL/hr for 2 to 4 hours) following cardiac 
catheterization may be considered in heart failure patients with low left 
ventricular end-diastolic pressures, and measures to limit contrast 
volume (e.g., biplanar angiography, selective angiographic views, non-
invasive left ventricular functional assessment) are encouraged.

THE FUTURE
Assessment of AKI using serum markers of renal clearance, including 
serum creatinine and cystatin C, is inherently problematic and leads to 
the poor sensitivity and specificity observed when compared with 
biopsy-proven kidney injury. In fact, measures of structural injury are 
better markers of AKI and are able to detect smaller tubular insults than 
the current methods of relying on serum creatinine–based changes in 
renal clearance (i.e., function). In search of such improved biomarkers 
for detecting AKI, several new ones have been identified, with most of 
the current interest focused on a small handful of promising biomark-
ers: neutrophil gelatinase–associated lipocalin, interleukin-18, liver-
type fatty acid binding protein, and kidney injury molecule 1.10,33,121 
Some early results are encouraging, but they have yet to be validated; 
therefore these tests cannot be recommended for routine clinical use.122 
Once validated in large studies that support their diagnostic and predic-
tive capacities, however, such biomarkers are likely to complement 
assessment of AKI by changes in serum creatinine.

This evolution of kidney assessment moves closer to the paradigm 
within the field of cardiology, in which structural anatomic injury is 
assessed separately from overall physiologic function. Sudden changes 
in these new biomarkers will be used to detect AKI similar to how 
serum troponin and creatine kinase are used to evaluate acute coronary 
syndromes. Likewise, overall function will be assessed with estimating 
equations using serum creatinine (with or without new biomarkers, 
such as cystatin C), similar to the way in which ventricular function is 
evaluated with an ejection fraction and other measurements. In addi-
tion to clarifying the role of various alterations of the kidney, this 
evolution has the potential to improve clinical outcomes by helping to 
identify more successful treatments.10

shown to decrease adverse clinical events in patients with ESRD and 
are no longer routinely recommended in some guidelines.119

Patients With Transplanted Kidneys
As the number of patients with transplanted kidneys increases, it is 
important to recognize the precautions that should be taken to avoid 
injuring the transplanted organs during cardiac catheterization. First, 
it is important to identify the location and laterality of the vascular 
anastomosis of the transplanted kidney. The anastomosis is commonly 
at the level of the external iliac artery and vein, but it can also be at the 
internal iliac artery and vein or at the aorta and inferior vena cava. 
When planning arterial and venous access, instrumentation of the 
vessels that supply the transplanted kidney should be avoided. If this 
is not possible, fluoroscopy should be used to make sure that wires and 
catheters are steered away from the vascular anastomoses. Addition-
ally, contrast should be used judiciously because the consequences of 
CI-AKI could be devastating. It would be reasonable to have a lower 
threshold to implement the more aggressive preventative strategies 
outlined earlier, regardless of the eGFR, because these patients have 
only one functioning kidney. Extra care should also be taken to make 
sure that medications are dosed appropriately for kidney function and 
that potential drug interactions are anticipated before the start of the 
procedure because immunosuppressants can interact with many 
cardiac medications. Finally, because patients with transplanted organs 
are immunosuppressed, to lower the risk of infection, it is important 
to avoid leaving indwelling arterial and venous catheters and to avoid 
using vascular closure devices.

Congestive Heart Failure and the Risk of Acute Kidney Injury
Patients with advanced heart failure (New York Heart Association 
[NYHA] classes III and IV) are among the highest-risk populations for 
the development of CI-AKI, with an incidence of 38.5% and an odds 
ratio of 2.25 (95% confidence interval [CI], 1.68 to 3.01) compared 
with those who do not have advanced heart failure.25 These patients 
pose a particularly difficult management dilemma because the use of 
volume-loading strategies is generally discouraged. Gentle diuresis of 
patients with pulmonary edema is often necessary to allow supine 
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Fluoroscopy-guided interventional cardiovascular procedures 
provide substantial benefit to patients by relieving symptoms, 

improving quality of life, and replacing the need for open surgical 
procedures. Procedure risks may also be substantial and include stroke, 
myocardial infarction (MI), renal failure, and death. The ionizing 
radiation required for fluoroscopic guidance also carries risk, particu-
larly for prolonged procedures and obese patients. These radiation risks 
include radiogenic cancer and skin injury, although many other pro-
cedural risks are significantly greater than the radiation risks. Never-
theless, it is important to apply the basic principles of radiation 
protection for medical exposure to patients. These principles are 
justification—that is, use of radiation should provide more benefit than 
harm to the patient, and the procedure should be medically indicated—
and optimization, meaning the patient dose should be managed to be 
commensurate with the medical purpose, and unnecessary radiation 
exposure should be avoided.1 To follow these principles, practitioners 
who use fluoroscopy should be familiar with radiation risk and should 
know how to manage radiation appropriately.

RADIATION RISK
Two types of health effects result from radiation exposure, stochastic 
and deterministic. Stochastic effects include cancer and genetic muta-
tions. These effects are caused by damage to cell DNA. Because an effect 

may result from misrepair of a single cell, stochastic effects are inde-
pendent of the amount of radiation exposure and are thought to have 
no lower threshold limit. Deterministic effects are tissue reactions from 
radiation exposure. The severity of tissue reactions increases with dose, 
and a minimum dose exists below which no observable effect occurs. 
Tissue reactions of concern related to fluoroscopy use include skin 
burns, hair loss, and cataracts.

Radiation-induced cancer risk has been studied extensively in 
many different exposed populations, including survivors of the atomic 
bomb detonations over Hiroshima and Nagasaki in World War II, 
patients receiving medical treatments, and workers exposed to radia-
tion. Although the relationship between cancer induction and radia-
tion exposure has been well established for high doses, cancer risk at 
low dose levels, such as those encountered in diagnostic imaging or 
from natural sources, is uncertain. Because the latent period for most 
cancers is long, and the natural incidence of cancer is high, it is difficult 
to determine cancer risk levels for whole-body doses less than approxi-
mately 100 mSv (which is equivalent to the radiation delivered during 
several complex percutaneous cardiac interventions [PCIs]). As a 
result, a model is used to estimate cancer risk at low doses from 
observed high-dose cancer rates. The commonly accepted linear non-
threshold model predicts a fatal cancer risk of 5% per Sv whole-body 
exposure for a working-age adult.2 Typical effective dose values (esti-
mation of whole-body dose from a partial body exposure) are 15 mSv 
for PCI, 7 mSv for diagnostic coronary angiography, 7 mSv for chest 
computed tomography (CT), and 0.1 mSv for a chest radiography 
exam.3 For comparison, natural background radiation levels in the 
United States average about 3 mSv per year.4

Genetic mutations from radiation exposure have been found in 
animal studies, but no human study has demonstrated any effect. 
Although radiation-induced heritable effects were initially thought to 
be a significant radiation risk, it is now accepted that the genetic risk 
is minimal.

Skin injury from radiation exposure has been thoroughly character-
ized for radiation therapy patients. Although fluoroscopy x-ray energies 
are lower than high-energy radiation therapy x-ray beams, skin effects 
and threshold dose levels are similar to that of orthovoltage radiation 
therapy (50 to 250 kilovolt peak [kVp]; Table 7-1). Transient erythema 
may occur within 24 hours after a radiation dose of 2 Gy or more. 
Between 2 and 8 weeks from an exposure, epilation may occur with 
main erythema present for doses greater than 5 Gy, and desquamation 
may occur for doses greater than 10 Gy. Longer term, for doses greater 
than 15 Gy, dermal atrophy and secondary ulceration may occur that 
may require surgical treatment.5 Examples of fluoroscopic skin injuries 
are shown in Figures 7-1 and 7-2. It should be noted that time intervals 
and dose thresholds given in Table 7-1 are approximate and will vary 
depending on the patient’s health, location of the exposed area, and 
condition of the lesion. Other factors may also be associated with 
increased skin response to irradiation, including diseases such as dia-
betes mellitus and hyperthyroidism and also ataxia, telangiectasia, con-
nective tissue diseases, and exposure to various chemotherapy agents.6

Although rare, skin injury following fluoroscopy-guided interven-
tional procedures has been reported.5,7 Many of these injuries involve 
complex cardiology procedures such as PCI for the recanalization of 
chronic total vascular occlusions and radiofrequency ablations. A rise 
in the number of reports to the Food and Drug Administration (FDA) 
in the early 1990s led to the release of a public health advisory in 1994.8 
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K E Y  P O I N T S

•	 Interventional	cardiologists	who	use	fluoroscopy	should	be	familiar	
with	radiation	risks	and	should	know	how	to	manage	radiation	
appropriately.

•	 Incidents	of	patient	skin	injury	following	fluoroscopy-guided	
interventional	procedures	have	been	reported.	Many	reported	skin	
effects	resulting	from	fluoroscopic	procedures	were	inadvertent,	
and	the	physician	was	unaware	of	the	radiation	dose	and	
consequences.

•	 Interventional	cardiologists	must	receive	training	in	selection	of	
appropriate	fluoroscopic	equipment	configuration	and	utilization	of	
dose-management	tools.	This	training	should	include	both	general	
radiation	dose-management	practices	and	specific	practices	for	the	
model	of	fluoroscopic	equipment	and	personnel	radiation	
protection	tools	they	will	use.

•	 Strategies	for	minimizing	patient	radiation	dose	include	using	a	
low	dose	rate	and	a	low	frame	rate	for	fluoroscopy,	keeping	the	
image	receptor	close	to	the	patient,	using	collimation	and	
moderate	x-ray	beam	angles,	and	minimizing	fluoroscopy	time	
and	image	acquisition.

•	 The	cumulative	radiation	dose	display	provided	by	the	fluoroscopic	
equipment	should	be	utilized	to	keep	track	of	patient	dose.

•	 If	reference	point	air	kerma	(kinetic	energy	released	in	material)	
exceeds	5	Gy	for	a	procedure,	the	interventional	cardiologist	
should	inform	the	patient	that	a	radiation	skin	effect	may	occur.

•	 Personnel	present	during	fluoroscopy	procedures	should	use	x-ray	
shielding	and	should	move	back	from	the	patient	during	
fluoroscopy	to	reduce	their	radiation	exposure.
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dose-rate settings as needed in a limited fashion for a specific imaging 
task, such as placing a guidewire or deploying a stent, where high 
spatial resolution and low image noise are needed. Further details 
about fluoroscopic equipment components will be covered in the next 
section of this chapter.

Staff training is an important component of procedure optimiza-
tion. Operators of fluoroscopic systems are in charge of the amount of 
radiation used during a procedure, which affects the dose to the 
patient, to themselves, and to other staff in the procedure room. It is 
important that operators receive training on how to select appropriate 
equipment configurations and how to utilize dose-management tools. 
Additional information regarding the components of this training are 
provided in this chapter.

FLUOROSCOPIC IMAGING EQUIPMENT
Because fluoroscopy-guided interventional procedures have the poten-
tial to deliver patient radiation dose levels that can cause skin injury, 
it is important that the fluoroscopic equipment used be suitable for the 
task. Several key equipment features are desirable to ensure proper 
management of patient and staff radiation dose. Some of these features 
include digital image acquisition, variable-rate pulsed fluoroscopy, 
added x-ray beam filtration, and patient radiation dose display.10 Safe 
and effective patient care in complex interventional procedures is best 
realized when appropriate equipment is used. Fluoroscopy systems that 
comply with International Electrotechnical Commission (IEC)11 stan-
dard IEC-60601-2-43 for interventional equipment include these and 
other elements appropriate for interventional procedures.

Image Chain Components
The basic components of a fluoroscopic imaging chain are an x-ray 
generator, tube, and beam filter; a collimator; the patient; a grid; and 

Injury may also result from multiple procedures, even if individual 
sessions are below the threshold for skin effects. When exposure of the 
same skin location occurs over several episodes, injury threshold doses 
will depend on the dose level and the time interval between proce-
dures.5 It should be noted that many reported skin effects resulting 
from fluoroscopic procedures were inadvertent, and the physician was 
unaware of the radiation dose delivered.9 As a result, patients were not 
made aware of the potential for skin injury, which caused a delay in 
the diagnosis of their wound.7 Skin biopsy should not be performed in 
areas of suspected radiation skin injury because this leads to a delay  
in healing and/or to secondary infections.6 Recording of patient dose, 
communication with the patient, and follow-up for significant dose 
levels are important radiation management methods that will be dis-
cussed later in this chapter.

RADIATION MANAGEMENT
Procedure optimization includes limiting radiation dose to a level that 
is as low as possible to accomplish the clinical task. This process 
requires attention to imaging equipment configuration and to radia-
tion dose management practices. Interventional fluoroscopy systems 
contain many components that work together to form an image. For 
the most part, adjusting components to increase radiation dose will 
result in improved image quality. Although at first glance, achieving 
excellent image quality may appear to be the aim of procedure optimi-
zation, this objective will generally result in an unnecessary dose. 
Instead, the appropriate image quality level that is clinically acceptable 
should be the goal so that an appropriate radiation dose can be used. 
Some tasks within an interventional procedure can be accomplished 
using an image with reduced radiation dose and image quality. When-
ever possible, equipment configurations with a lower dose rate should 
be selected. This is best accomplished by adjusting initial settings to  
a low dose rate before a procedure begins, then selecting higher 

TABLE 7-1 Tissue Reactions From Single-Delivery Radiation Dose to Skin of the Neck, Torso, Pelvis, Buttocks, or Arms*

Band
Single-Site Acute 
Skin-Dose Range (Gy)†,§,||

NCI Skin 
Reaction Grade

APPROXIMATE TIME OF ONSET OF EFFECTS†,‡

Prompt <2 Weeks Early 2-8 Weeks Mid-Term 6-52 Weeks Long Term >40 Weeks

A1 0-2 Not	applicable No	observable	effects	expected	at	any	time

A2 2-5 1 Transient	erythema Epilation Recovery	from	hair	loss None	expected

B 5-10 1-2 Transient	erythema Erythema,	epilation Recovery;	at	higher	
doses,	prolonged	
erythema,	permanent	
partial	epilation

Recovery;	at	higher	
doses,	dermal	
atrophy	or	induration

C 10-15 2-3 Transient	erythema Erythema,	epilation;	
possible	dry	or	
moist	desquamation,	
recovery	from	
desquamation

Prolonged	erythema,	
permanent	epilation

Telangiectasia,¶	dermal	
atrophy	or	induration,	
skin	likely	to	be	
weak

D >15 3-4 Transient	erythema;	
after	very	high	
doses:	edema	and	
acute	ulceration,	
long-term	surgical	
intervention	likely	
to	be	required

Erythema,	epilation;	
moist	desquamation

Dermal	atrophy;	
secondary	ulceration	
due	to	failure	of	
moist	desquamation	
to	heal,	surgical	
intervention	likely	to	
be	required;	at	higher	
doses,	dermal	
necrosis,	surgical	
intervention	likely	to	
be	required

Telangiectasia,¶	dermal	
atrophy,	induration;	
possible	late	skin	
breakdown;	wound	
can	be	persistent	and	
may	progress	into	a	
deeper	lesion;	
surgical	intervention	
likely	to	be	required

NCRP:	Report	168:	Radiation	dose	management	for	fluoroscopically	guided	interventional	procedures.	Bethesda,	MD:	National	Council	on	Radiation	Protection	and	Measurements,	2010.
*This	table	is	applicable	to	the	normal	range	of	patient	radiosensitivities	in	the	absence	of	mitigating	or	aggravating	physical	or	clinical	factors;	this	table	does	not	apply	to	the	skin	of	the	
scalp.
†The	dose	range	and	approximate	time	period	are	not	rigid	boundaries.	Also,	signs	and	symptoms	can	be	expected	to	appear	earlier	as	the	skin	dose	increases.
‡Abrasion	or	infection	of	the	irradiated	area	is	likely	to	exacerbate	radiation	effects.
§Skin	dose	refers	to	actual	skin	dose	(including	backscatter).	This	quantity	is	not	air	kerma	at	the	reference	point	(Ka,r).
||Skin	dosimetry	based	on	Ka,r	or	air	kerma	area	product	(PKA)	is	unlikely	to	be	more	accurate	than	±50%.
¶Refers	to	radiation-induced	telangiectasia.	Telangiectasia	associated	with	an	area	of	initial	moist	desquamation	or	the	healing	of	ulceration	may	be	present	earlier.
NCI,	National	Cancer	Institute.



 CHAPTER 7  Radiation Safety During Cardiovascular Procedures  121

production process is relatively inefficient, with less than 1% of the 
energy input into the x-ray tube converted into x-rays; most of the 
energy is converted into heat, and x-ray tube heat can build up quickly 
during clinical procedures that require the capture of multiple images. 
To achieve a large heat capacity, angiography x-ray tubes are equipped 
with high-speed anode rotation (over 10,000 rotations/min) and a 
circulating water or oil heat exchanger with cooling fans. The instan-
taneous heat capacity of the x-ray tube may become a limiting factor 
for the selection of technique factors when imaging thick body parts 
and large patients, particularly when using mobile C-arm fluoroscopy 
systems. Many systems include an indicator of the thermal condition 
of the anode, which notifies the operator when the heat level is 
approaching threshold values.

X-ray tubes for fluoroscopy systems typically contain two focal 
spots: the small focal spot (SF) is selected for all fluoroscopy and image 
acquisition of thin body parts; the large focal spot (LF) is required for 
imaging thicker body parts, for which higher kilovolt peak and tube 
current are needed. The smaller the focal spot, the less geometric blur 
occurs for better spatial resolution (Fig. 7-4). However, concentrating 
the focal spot into a smaller area results in increased heat concentration 
that could reach temperatures hot enough to melt the anode material. 
Therefore the larger focal spot size is needed for cine acquisition 
imaging.

The x-ray beam travels through a sheet of aluminum several mil-
limeters thick before it exits the collimator assembly. This aluminum 
filtration material is present to attenuate low-energy X-rays from the 
beam, which are generally absorbed in the first few centimeters of 
patient tissue without being transmitted to the image receptor; this 
contributes to patient skin dose with little impact on image formation. 
Federal regulations specify a minimum thickness of filtration material 
be used for all fluoroscopy systems.12 Additional filtration material, 
typically copper, is included in angiography and interventional fluo-
roscopy systems to further reduce patient skin dose. The filtration 
thickness may be fixed for a given program setting or it may be con-
figured to vary automatically with changes in patient attenuation.

The collimator contains radiopaque shutter blades with two levels 
of control, primary and secondary, that define the shape of the x-ray 
beam. The primary collimator control automatically limits the x-ray 
beam field of view as operator changes are made in the magnification 
(zoom) mode selection or source-image receptor distance. The second-
ary collimator control allows the operator to further reduce the size of 
the x-ray beam to the area of clinical interest. Most fluoroscopy systems 

the image receptor, processor, and displays (Fig. 7-3). The operator 
controls the fluoroscopy system through the exposure foot switch, 
table-side controls, and configuration selection; the operator monitors 
the output of the system on the image display and on the radiation use 
display.

The x-ray generator provides electrical power to the x-ray tube that 
allows for adjustment of x-ray beam kilovolt peak and tube current  
(in milliamperes [mA]). The x-ray beam produced is generally pulsed 
at a rate of 1 to 30 pulses per second with pulse widths between 3  
and 20 ms. Another important feature of an x-ray generator is auto-
matic exposure rate control (AERC), which acts to keep the x-ray flux 
at the image receptor at a constant level as it is panned over body parts 
of differing thickness and attenuation. This is achieved by automati-
cally adjusting the kilovolt peak, tube current, pulse width, and beam 
filtration settings through a feedback signal from the image receptor 
to maintain the x-ray exposure level at the entrance to the image 
receptor.

Within the x-ray tube, x-rays are produced by accelerating electrons 
emitted from a filament (cathode) toward a rotating tungsten disk 
(anode). The housing that surrounds the x-ray tube contains lead 
shielding that absorbs x-rays not directed out the exit port. The x-ray 

FIGURE 7-1	 Radiation	injury	in	a	60-year-old	man	resulting	from	coro-
nary	angioplasty.	Images	show	a	time	sequence	of	the	injury.	A,	At	30	
weeks	after	 exposure,	a	central	area	of	deep	necrosis	 surrounded	by	
indurated	and	depigmented	skin	within	an	area	of	prolonged	erythema	
is	 shown.	B,	 At	38	weeks	after	 exposure,	area	of	 deep	necrosis	has	
increased	in	size.	(From	Balter	S,	Hopewell	JW,	Miller	DL,	et	al:	Fluo-
roscopically	 guided	 interventional	 procedures:	 a	 review	 of	 radiation	
effects	on	patients’	skin	and	hair.	Radiology	254[2]:326-341,	Fig.	8A,	
2010.)

A

B

FIGURE 7-2	 Radiation	injury	in	a	60-year-old	woman	resulting	from	a	
coronary	 angioplasty.	 At	 18	 months	 after	 exposure,	 erythema	 with	
dusky	coloration	is	shown.	
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FIGURE 7-3	 Block	diagram	of	a	fluoroscopic	imaging	system.	The	imaging	chain	components	(generator,	x-ray	tube,	x-ray	beam	filter,	collimator,	
image	receptor,	and	gantry)	are	controlled	by	the	operator	through	the	configuration	selection,	footswitch,	and	table-side	controls	through	system	
control	logic	via	automatic	dose-rate	feedback.	The	radiation	use	display	and	image	display	are	available	for	use	by	the	operator.	
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FIGURE 7-4	 Focal	spot	size	and	geometric	magnification	effect	on	spatial	resolution.	Using	a	small	focal	(SF)	spot	and	low	geometric	magnifica-
tion	(Mag	1.5)	maximizes	the	visibility	of	the	bars	in	this	high-subject-contrast	test	pattern.	The	effects	of	using	a	large	focal	(LF)	spot	are	seen	
in	the	lower	left	image,	increasing	geometric	magnification	(Mag	2)	is	seen	in	the	upper	right	image,	and	the	incorporation	of	both	are	shown	in	
the	lower	right	image.	
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require the highest air kerma rates, generally between 300 and 
500 mGy/min using frame rates of 1 to 4 fps.

PATIENT RADIATION DOSE MANAGEMENT
Comprehensive patient radiation dose management requires consider-
ation of both x-ray system technical parameters and the operator’s 
procedural skills. As a result, formal training of physician and nonphy-
sician staff should be considered essential. All staff should become 
familiar with concepts and practices that lead to a safe and effective 
clinical practice.14-17 Staff education should include a combination of 
didactic and practical training. Practical, hands-on training in particu-
lar provides a controlled environment to teach and learn general con-
cepts and specific practices that lead to safe radiation practices. All new 
staff should receive organized, formal, and documented training. All 
staff should receive incremental training when new x-ray equipment 
or features are introduced into the practice. Such training should 
broadly cover applicable x-ray imaging physics and image creation, 
best practices to ensure patient radiation safety, and best practices to 
ensure staff radiation safety, and it should be specific to the clinical 
practice and equipment.

Factors That Contribute to High Skin Dose
The two primary factors that determine skin dose are x-ray system 
output dose rate (air kerma rate) and duration of exposure. Each  
of these primary factors has several associated components. Dose  
rate is determined by a combination of x-ray system configuration, 
operator selection of operational mode, and patient thickness.18 Expo-
nential attenuation of the x-ray beam by the patient dictates that the 
x-ray tube output, and thereby the patient dose rate, increases rapidly 
as the x-ray beam path length through the patient increases. The 
instantaneous dose rate for large patients can be 10 or more times 
greater than that for small patients. Because x-ray intensity decreases 
as the square of the distance from the source increases, maintaining 
appropriate radiographic distances can significantly influence patient 
skin dose. The duration of x-ray exposure directly influences skin dose 
and varies substantially among patient procedures. X-ray duration 
varies greatly between procedure types and even among patients 
undergoing similar procedures.19,20 It is critically important that non-
target anatomy is not in the x-ray beam. In particular, ensure that  
the patient’s arms are never between the x-ray tube and the patient’s 
thorax.

Radiation Dose Measurement
All modern interventional fluoroscopy systems display radiation dose 
metrics in the procedure room. These metrics include air kerma (K, in 
mGy) and air kerma area product (PKA, in Gy cm2 and µGy m2). Air 
kerma is a measurement of primary x-ray beam intensity. In the pro-
cedure room, the air kerma is reported at a fixed point in space that 
approximates, although not exactly, the location of the patient’s skin. 
When the x-ray beam is on, the instantaneous air kerma rate is 
reported, and when the x-ray beam is off, the procedure’s cumulative 
air kerma is reported. The air kerma area product is the integrated x-ray 
intensity over the field of view. It can be approximated as the product 
of the air kerma and the x-ray field area. Because the x-ray beam size 
is generally constant for cardiovascular procedures, air kerma and air 
kerma area product provide equivalent indicators of patient radiation 
burden. However, neither is a good indicator of actual patient skin 
dose, and neither should be used as such. Converting these metrics to 
an estimate of skin dose is an area of active academic research and 
implementation by the manufacturers (Fig. 7-5).21 The newest inter-
ventional x-ray systems may offer advanced features that approximate 
actual patient skin dose during a procedure, thereby providing the 
operator some guidance to help avoid radiation skin injury during 
complex procedures. Traditionally, x-ray fluoroscopy time was used to 
monitor patient radiation burden. However, fluoroscopy time has 

used for interventional procedures also contain equalization filters. 
These filters, also called contour filters or wedge filters, are partially 
radiolucent blades used to provide modest beam attenuation, which 
serves to reduce x-ray intensity in areas with low patient attenuation 
that may otherwise lead to areas of white glare in the images. Use of 
secondary collimation and equalization filters are an important tool to 
improve image quality and also reduce patient dose.

The image receptor used for most modern fluoroscopy systems is a 
flat-panel digital detector. A grid is mounted in front of the image 
receptor to reduce the scatter contribution to the image. Most detectors 
for fluoroscopy are of the indirect conversion type, in which a cesium 
iodide phosphor layer absorbs incident x-rays and produces light 
photons. The light photons are then detected and converted to a stored 
charge by a matrix array of photodiodes to create a digital image. Flat-
panel fluoroscopy detectors are available in square or rectangular 
formats with sizes that range from 17 to 40 cm square; typical pixel 
spacing is between 0.14 and 0.20 mm. Selection of magnification 
modes is also possible, although spatial resolution may not change. For 
large fields of view or high–frame-rate imaging, pixel binning (typically 
2 by 2) to reduce data transfer rates can reduce spatial resolution. 
Although spatial resolution is decreased, image noise is also decreased 
because of the large effective pixel size. Spatial resolution may also be 
limited by the resolution of the display monitor; if this is the case, a 
digital zoom can be used to better visualize detail.

Image processing is commonly applied to fluoroscopy and acquired 
images prior to display and archive. Processing is applied to increase 
image contrast, improve spatial resolution, and decrease the appear-
ance of image noise. Adjustment of image-processing parameter set-
tings allows for fine-tuning of image appearance to the clinical 
application and user preference. However, it should be noted that 
image quality improvements from image processing usually require a 
compromise in some other image quality characteristic. Most fluoros-
copy systems acquire cine images with a pixel matrix size of approxi-
mately 1024 by 1024. However, when images are archived, the matrix 
size is typically decreased to 512 by 512. As a result, images viewed on 
the acquisition display monitor will generally provide the best spatial 
resolution.

Imaging Modes
Fluoroscopy systems used for interventional cardiovascular proce-
dures typically have three imaging modes: (1) fluoroscopy, (2) acquisi-
tion or cine mode, and (3) digital subtraction angiography (DSA). 
Fluoroscopy is used for real-time visualization of moving structures or 
interventional devices for relatively long periods of time (seconds to 
minutes); therefore the dose rates with fluoroscopy are the lowest of all 
the imaging modes. Generally, the operator can select from several 
different dose rates and frame rates so that the lowest dose rate accept-
able for the clinical task can be used. Federal regulations limit the 
maximum patient entrance air kerma rate to 88 mGy/min under test 
conditions.12 Typical patient entrance air kerma rates for fluoroscopy 
can be highly variable but are generally 20 to 35 mGy/min13 with a 
frame rate of 7.5 to 15 feet per second (fps).

Acquisition or cine mode is used to acquire quality images for diag-
nostic and archival purposes. Consequently, cine dose rates are typi-
cally 10 to 20 times higher than those used for fluoroscopy, with no 
maximum regulatory limit. Similar to fluoroscopy, many systems 
provide several different dose rates for cine acquisition to allow for 
dose reduction when possible. Cine acquisition frame rates are also 
selectable, with 15 fps being the typical rate and patient entrance air 
kerma rates between 150 and 250 mGy/min.13 Note that the maximum 
air kerma rate for large patients can exceed 1000 mGy/min.

Digital subtraction angiography is used for imaging noncardiac, 
stationary vessels. In DSA, a precontrast mask image is logarithmically 
subtracted from an image obtained at the same location after contrast 
media has been injected. The result is an image in which overlying 
bone and soft tissue are removed, leaving only vasculature. The process 
of subtracting images increases the appearance of noise, so DSA images 
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required. Strategies for optimizing x-ray system settings to minimize 
patient radiation dose are summarized in Table 7-2.

For all x-ray imaging, it is important to minimize the time the x-ray 
beam is on to minimize the dose. Activate fluoroscopy only when 
necessary, and cease as soon as the live imaging is no longer needed 
clinically. For most cardiac operational modes, the dose rate associated 
with acquisition imaging is 10 to 20 times greater than that for fluoro-
scopic imaging. One method to reduce patient dose is to preferentially 
use and store fluoroscopic images obtained at a relatively low radiation 
dose rate, rather than acquisition imaging, when high-quality images 
are not required. Importantly, never use acquisition imaging to over-
come poor fluoroscopic image quality. If fluoroscopic image quality is 
clinically inadequate, switch to a fluoroscopy mode with a higher radia-
tion dose rate.

Especially for large patients, use of relatively shallow (posteroante-
rior) x-ray projection angles can help minimize the x-ray path length 
through the patient and thereby reduce the dose rate.31,32 To help mini-
mize skin dose, ensure that the patient’s skin is positioned as far as 
reasonably possible away from the x-ray source and that the image 
receptor is positioned as close as reasonably possible to the patient 
(minimize the “air gap” between the patient and the image detector; 
Fig. 7-6). For patient safety, it is particularly important to ensure that 
the patient’s arms are not in the x-ray beam.

Particularly for complex procedures, including ablation proce-
dures, there is often a clinically preferred x-ray beam projection angle 
that is conducive to visualization of the anatomy. This can lead to  
high localized skin dose. When clinically possible, the effect can be 
reduced by using multiple x-ray projection angles such that the dose 
is distributed over a larger skin area. In this case, the projection angle 
must be changed enough (~15°) to avoid overlap of the irradiated  
skin areas.

important limitations for use as a dose metric. Specifically, it does  
not account for exposure from acquisition imaging or variation of fluo-
roscopy dose rate. Therefore fluoroscopy time is a poor indicator of 
patient radiation burden or skin dose and should not be used as a 
primary dose metric. Fluoroscopy time can be considered a useful 
secondary dose metric as a surrogate for procedure complexity or 
operator proficiency.

Best Practices for Patient Dose Management
Before starting a procedure, the patient record should be reviewed for 
prior instances of radiation exposure that could contribute to increased 
risk of radiation skin injury. No standard period of time exists over 
which the look-back should occur. Cellular injury from radiation com-
mences immediately upon exposure, and repair mechanisms begin 
shortly thereafter.22,23 If the radiation dose is sufficiently high, tissue 
damage can manifest over a period of several hours to several weeks 
after exposure.5,24,25 Both cellular and tissue repair occur in the minutes, 
hours, days, and months following high exposure. When possible, mul-
tiple potentially high skin-dose procedures should be scheduled at least 
several weeks apart to minimize the potential for cumulative skin 
effects. When clinically necessary, repeat exposures over a period of a 
few days should be performed judiciously and should assume that the 
potential for radiation skin injury is cumulative.

Modern interventional x-ray systems include many features 
designed to result in a relatively low patient skin dose while still provid-
ing a clinically adequate image quality. System optimization for dose 
should be a collaborative effort between the clinical practice and the 
x-ray equipment manufacturer and should include a combination of a 
low detector-input dose, use of x-ray beam spectral filters, and a low 
frame rate.26,27 Most invasive cardiac procedures can be performed 
using 7.5 fps fluoroscopy and 15 fps acquisition imaging. Operational 
modes should be created specifically for the variety of clinical tasks 
encountered in the invasive cardiology labs. Specific modes should be 
used for adult cardiac catheterization and ablation procedures, recog-
nizing that the dose from catheterization procedures has approximately 
equal contributions from fluoroscopy and acquisition imaging and that 
the dose from ablation procedures is nearly entirely from fluoroscopy. 
Specific pediatric modes should be created with reduced detector input 
dose and should specify removal of the antiscatter grid for small 
patients (<20 kg).28,29 System configuration and clinical use should rec-
ognize that some portions of procedures may require improved image 
quality. For these instances, it is useful to provide an operational mode 
that includes a higher radiation dose rate. As a matter of routine, the 
x-ray system should default to the lowest reasonable radiation dose rate 
mode, and the operator should be provided the option to temporarily 
switch to a higher dose-rate mode when improved image quality is 

FIGURE 7-5	 Sample	patient	skin	dose	maps	 for	seven	different	patient	exams.	The	area	of	highest	skin	dose	 is	shown	 in	 red.	Decreasing	skin	
dose	is	indicated	by	yellow,	green,	and	light	blue.	(From	Johnson	PB,	Borrego	D,	Balter	S,	et	al:	Skin	dose	mapping	for	fluoroscopically	guided	
interventions.	Med	Phys	38[10]:5490-5499,	Fig.	4,	2011.)

TABLE 7-2 Strategies for Optimizing X-Ray System Settings to 
Minimize Patient Radiation Dose

Decrease	frame	rate For	at	least	most	fluoroscopic	imaging,	7.5	fps	
is	adequate;	for	acquisition	(cine)	imaging,	
15	fps	is	adequate.

Decrease	detector	
target	dose

Work	with	the	x-ray	system	manufacturer	to	
specify	a	lower	dose	target	at	the	image	
receptor.

Increase	use	of	x-ray	
spectral	filtration

Ensure	that	both	fluoroscopy	and	acquisition	
programs	use	x-ray	beam	spectral	filters.	A	
minimum	of	0.1	mm	copper	should	be	used	
for	acquisition	imaging	to	reduce	skin	dose	
while	maintaining	image	quality.30
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By default, x-ray systems are typically configured to modify the 
patient entrance air kerma rate with changes to the size of the primary 
field of view (magnification mode). Smaller fields of view (higher mag-
nifications) are associated with increased patient skin-dose rates. 
Systems should be configured to operate using the most clinically 
useful x-ray beam size. This is typically a 20-cm diagonal field of view 
(at the image detector) for catheterization procedures and a 25-cm or 
larger field for ablation procedures. Magnification modes should be 
used sparingly as necessary to support the clinical procedure. The 
operator should be familiar with and should use secondary collimator 
control. Secondary collimators reduce the x-ray beam area and thereby 
reduce patient dose and x-ray scatter to the operator and to the image 
receptor. Particularly for large patients, x-ray scatter to the image 
receptor contributes to reduced image contrast; therefore decreasing 
the size of the x-ray beam area with the secondary collimators can 
result in a notable improvement in image quality. Furthermore, systems 
equipped with a large screen monitor may be configured to use the 
wide display mode for increased dose optimization. By using a larger 
field of view with collimation and zooming the image to a wide display, 
the use of magnification mode can be avoided.33 Strategies to minimize 
patient radiation dose during a procedure are summarized in Table 7-3.

Active monitoring of the cumulative air kerma should be incorpo-
rated into the clinical practice for all procedures. Intraprocedure 
announcement of air kerma starting at 3 Gy and then in increments of 
1 Gy thereafter is recommended.10 After the procedure, air kerma and 
air kerma area product values should be included in the patient record 
for future reference. Each practice should routinely audit patient radia-
tion dose metrics to recognize trends in patient dose and to facilitate 
relevant quality improvement. Detailed recommendations for a facili-
ty’s quality assurance–peer review (QA-PR) process and recommenda-
tions for administrative practices for the evaluation of known or 
suspected radiation injuries can be found in the reference section.34

Patients for whom the air kerma exceeded 5 Gy should receive 
postprocedure instruction and appropriate follow-up. Informing such 
patients that they received a substantial dose of radiation and asking 
them to have a family member check their back in 1 month are simple 

FIGURE 7-6	 A,	 Good	 imaging	 geometry	 with	 the	
table	 elevated	 and	 a	 small	 air	 gap	 (<10	cm).	
B,	 Poor	 imaging	 geometry	 with	 a	 short	 distance	
between	the	x-ray	tube	and	patient	(table	too	low)	
and	a	great	distance	between	the	patient	and	image	
receptor	 (air	 gap).	 (Photographs	 courtesy	 Mayo	
Clinic,	Rochester,	MN.)

A B

TABLE 7-3 Intraprocedure Strategies to Minimize Patient 
Radiation Dose

Default	to	low-dose-
rate	fluoroscopy.

Configure	the	x-ray	system	to	use	the	lowest	
reasonable	fluoroscopy	dose	rate.	Table-side	
controls	provide	access	to	modes	with	a	higher	
dose	rate	when	a	higher	quality	fluoroscopic	
image	is	required.

Be	attentive	to	x-ray	
geometry.

Maintaining	a	long	x-ray	source–patient	distance	
and	a	short	patient–image	receptor	distance	
can	substantially	reduce	patient	skin	dose.

Activate	x-ray	
imaging	
judiciously.

Activate	x-ray	only	when	clinically	indicated,	and	
cease	irradiation	immediately	after	clinical	
utility	has	passed.

Use	moderate	x-ray	
beam	angles.

When	possible,	use	less	x-ray	beam	angulation	
to	decrease	the	path	length	through	the	patient,	
thereby	decreasing	x-ray	attenuation	and	
reducing	dose	rate.

Use	secondary	
collimators.

The	patient	will	receive	less	radiation,	operator	
dose	from	scatter	will	go	down,	and	the	quality	
of	images	of	large	patients	will	improve.

Never	use	acquisition	
imaging	to	
overcome	poor	
fluoroscopic	image	
quality.

Acquisition	dose	rates	can	be	as	much	as	20×	
greater	than	for	fluoroscopy.	When	necessary	
to	improve	image	quality,	temporarily	switch	to	
a	higher	dose	rate	fluoroscopy	mode.

and effective first-level assessment steps. The patient should report the 
appearance of a red patch the size of a hand to the physician who 
performed the procedure. The physician should then arrange to see the 
patient to continue evaluation and management. Physicians should 
also consider prospectively contacting patients who received a substan-
tial dose 1 to 2 months after the index procedure. Physicians should 
regard any such signs as being of radiogenic origin until an alternative 
diagnosis is established.
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exposure to the eye from scatter includes leaded eyewear and ceiling-
suspended upper body shields. Additional information on lens-dose 
reduction is included later in this section.

For pregnant personnel, a lower dose limit is applied to minimize 
radiation exposure of the embryo/fetus. To monitor the conceptus 
dose, a radiation monitor is provided when a worker has declared her 
pregnancy. This monitor is worn at the waist level under a protective 
apron and is exchanged on a monthly basis. Because current data do 
not suggest a significant increased risk to the fetus of pregnant person-
nel in the cardiac catheterization laboratory, it is not necessary—nor 
is it legal—to restrict pregnant workers from working in fluoroscopy 
procedure areas.41 However, additional radiation safety precautions 
and monitoring of radiation exposure among pregnant personnel are 
warranted.

Sources of Personnel Radiation Exposure
Radiation exposure during fluoroscopy procedures comes from three 
sources: (1) the primary x-ray beam, (2) scattered x-rays, and (3) x-ray 
tube leakage x-rays. Occupational exposure to the primary beam may 
occur when the operator manipulates devices positioned within the 
imaging field of view. Dose rates in this region are in the range of 5 to 
20 mGy/hour at the surface, where the x-ray beam exits the patient 
during fluoroscopy. Dose rates to the operator’s hands when they are 
placed in the unattenuated x-ray beam (patient-entrance side) can 
exceed 5000 mGy/hour. Scattered x-rays are produced when tissue is 
exposed to the primary x-ray beam, and the rays travel in all directions 
from the point of origin. Scatter dose rates are typically 1 to 10 mGy/
hour at the operator’s position. The third source of radiation is from 
leakage x-rays emitted from the x-ray tube in areas other than the 
primary beam port. Leakage is several orders of magnitude lower than 
scatter-dose rates.

In general, scatter levels decrease in proportion to the inverse 
squared distance from the irradiated patient tissue volume. However, 
it should be noted that the radiation distribution surrounding the 
patient is not uniform. Figure 7-7 shows a typical scatter isodose plot 
for a C-arm. For a lateral x-ray beam, note that radiation intensity is 
concentrated in the area near the x-ray tube. This distribution is caused 
by higher levels of scattered x-rays produced at the primary beam 
patient-input port. Forward scattered rays from the first few centime-
ters of tissue depth are heavily attenuated by the rest of the patient 
tissue, which results in higher radiation levels in the direction back 
toward the x-ray tube.

Personal Protective Equipment
X-ray scatter from the patient is the primary source of radiation dose 
to in-room personnel, and it should be minimized to reduce the likeli-
hood of long-term health effects. Occupational radiation dose can be 
minimized through a combination of radiation safety devices and prac-
tices. These are often summarized by the concepts of reducing time 
duration of exposure, increasing distance from the scatter source (the 
patient), and use of shielding to block x-ray scatter. In addition, it is 
important to recognize that the occupational radiation dose rate that 
originates from the patient is directly proportional to dose rate to the 
patient. A primary step to reducing occupational dose is to reduce 
patient dose. For most interventional cardiac lab personnel, the amount 
of time spent in the procedure room is determined by the number and 
type of procedures performed and is not readily controlled on an 
individual basis. The inverse square law dictates that the intensity of 
radiation decreases in proportion to the square of the distance from 
the source. When the x-ray beam is on, personnel should position 
themselves as far as reasonably possible from the patient. It is recog-
nized, however, that patient care necessitates that some personnel 
remain close to the patient during exposure. Therefore the most impor-
tant concept for personnel radiation dose reduction is shielding.

Shielding refers to placement of any device between the patient and 
personnel with the purpose of absorbing x-ray scatter. All in-room 

Straightforward procedures, including diagnostic procedures, are 
typically not associated with a high skin dose that could lead to skin 
injury. However, it is important to practice low-dose radiation tech-
niques during all procedures to master the skills necessary to maintain 
low skin dose during difficult procedures. It is important that all pro-
cedure room staff understand radiographic imaging and radiation 
safety principles, and physicians should foster a collaborative effort to 
ensure patient radiation safety.

STAFF RADIATION PROTECTION
Studies that report measurements of staff radiation dose during cardiac 
catheterization procedures show that high levels are possible.35 Particu-
lar concern has been noted with regard to radiation doses to the lens 
of the eye,36 the hands,37 and lower extremities38 of the operator. It is 
possible for personnel to reduce occupational radiation exposure with 
careful attention to their actions during the procedure; such actions 
include knowledge of the sources of radiation exposure and methods 
that can be used to decrease exposure levels.

Occupational Dose Monitoring
Radiation monitors are worn by personnel who work in fluoroscopy 
procedure rooms to determine their individual occupational exposure 
level. In order to provide an estimate of personnel radiation risk when 
protective aprons are worn, the use of two radiation monitors is recom-
mended.10 One monitor is worn under the apron at the waist or chest 
level, and a second monitor is worn outside the apron at the neck. The 
values from both monitors are used to estimate effective dose, and the 
neck monitor provides an estimate of the dose to the lens and thyroid 
if protective glasses and a thyroid shield are not worn. Because the 
exposure reading under the apron will be much lower than the reading 
at the neck, it is essential that the monitors be clearly labeled to avoid 
accidental exchange.

Dose limits to personnel are set by regulatory agencies to prevent 
tissue reactions and to limit the risk of stochastic effects. Table 7-4  
lists the current National Council on Radiation Protection and Mea-
surements (NCRP) dose limits for occupational workers. When atten-
tion is paid to radiation safety and optimal work habits practices, a 
fluoroscopy operator’s effective dose is likely to be between 2 and 
4 mSv per year.39

Fluoroscopy operators should take special note of dose limits for 
the lens of the eye. Until recently, it has been generally accepted that 
radiation-induced cataracts do not form below a threshold lens dose 
of 2 to 5 Gy. This threshold provided the basis for the maximum per-
missible dose of 150 mSv per year for the lens. However, new data on 
the radiosensitivity of the eye indicate that the threshold dose may be 
significantly lower, and the International Commission on Radiological 
Protection (ICRP) has recommended a lower lens-dose limit of 20 mSv 
per year averaged over 5 years, with no single year exceeding 50 mSv.40 
Although U.S. regulatory agencies have not adopted a lower lens-dose 
limit, careful attention to radiation protection of the eye is warranted 
to minimize cataract risk. Protective shielding to reduce radiation 

TABLE 7-4 Occupational Dose Limits
Dose Quantity Dose Limit

Effective Dose
Annual 50	mSv
Cumulative 10	mSv	×	age	in	years

Equivalent Dose (Annual)
Lens	of	the	eye 150	mSv
Skin,	hands,	and	feet 500	mSv
Embryo	and	fetus,	equivalent	dose	(monthly)	

once	pregnancy	is	known
0.5	mSv

From	National	 Council	 on	 Radiation	 Protection	 and	Measurements	 (NCRP):	 Report	 116:	
Limitation	of	exposure	to	ionizing	radiation,	Bethesda,	MD,	1993,	NCRP.
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personnel are required to wear a protective garment over the trunk of 
the body. A typical 0.5 mm lead-equivalent garment blocks about 98% 
of the x-ray scatter incident upon it. Radiation shields or drapes 
attached to the patient table provide excellent protection of the lower 
body (Fig. 7-8). Use of optional vertical extension of these drapes 
provides additional protection to the operator’s midsection for femoral-
access procedures, but they interfere with the patient for radial-access 
procedures. Ceiling-mounted, leaded-glass upper body shields can 
provide up to 80% protection of the upper body, including the other-
wise unprotected neck and head.20,42 For femoral artery–access proce-
dures, the upper body shield should be positioned nominally 
perpendicular to the patient head-foot direction, tight to the patient 
abdomen, and just superior to the access point to minimize the angular 
size of the gap in protection under the shield occupied by the patient. 
For radial-access procedures, the upper body shield is best positioned 
nominally parallel to the patient’s head-foot direction and close to the 
patient’s arm. For upper body shields, flexible extensions attached to 
the bottom of the leaded-glass shield provide a soft and contoured 
contact between the shield and patient. A good guideline for use of the 
upper body shield is that the operator should have to look through the 
shield to see the volume of the patient being irradiated. Floor-mounted 
mobile shields should be available for protection of in-room personnel, 
particularly nursing staff. Physician operators should wear leaded 
glasses to reduce the dose to the lens of the eye and thereby minimize 
lifetime risk of radiation-induced cataracts.40,43 Glasses with a large 
surface area, including side shields, are most effective.44

Disposable radiation-absorbing towels or drapes can provide up to 
60% upper body protection in situations where the upper body shield 
cannot be readily used, including in the hybrid operating room.20,45 
These must be thoughtfully positioned to maximize protection. Other 
novel radiation protection devices are commercially available and may 
also be considered.46,47 Generally, these novel systems are floor mounted 
or suspended and are designed to provide whole-body protection, 
thereby removing the weight burden of a protective garment.48-50 Other 
novel technologies, such as robot-guided interventional systems, 
provide an opportunity for both operator radiation protection and 
ergonomic comfort.51,52 Strategies to reduce occupational radiation 
dose are summarized in Table 7-5.

FIGURE 7-7	 Scatter	 isodose	curves	 for	a	fluoroscopic	system.	Scatter	 levels	at	a	height	of	1	m	 is	shown	 for	a	vertical	 (left)	and	 lateral	 (right)	
orientation.	Isodose	lines	are	in	units	of	Gy	per	Gy	m2	of	patient	PKA.	(Courtesy	Siemens	Medical	Systems.)

100 cm, vertical position 100 cm, lateral position

FIGURE 7-8	 Personnel	 radiation	 safety	 devices:	 a)	 portable	 leaded-
glass	shield;	b)	lower	body	shield;	c)	vertical	extension	to	lower	body	
shield;	d)	upper	body	shield	with	patient	contour	extensions;	e)	sterile,	
disposable	 radiation-absorbing	 drape;	 and	 f)	 leaded-glass	 safety	
glasses.	 The	 lines	on	 the	 floor	 (g)	 indicate	 distance	 from	 the	patient	
corresponding	 to	2×	changes	 in	scatter	dose	 rate,	providing	a	visual	
reminder	of	the	protective	effects	of	increased	distance	from	the	scatter	
source.	Mandatory	lead-equivalent	garments	and	thyroid	shield	are	not	
shown.	(Photograph	courtesy	Mayo	Clinic,	Rochester,	MN.)
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TABLE 7-5 Strategies to Reduce Occupational Radiation Dose
Reduce	patient	dose. Occupational	radiation	dose	is	proportional	to	patient	dose.	Efforts	to	reduce	patient	dose	will	positively	affect	

occupational	dose.

Use	x-ray	shields	judiciously. Operators:	When	properly	used,	the	ceiling	mounted	upper	body	shield	can	substantially	reduce	operator	dose.
Nursing	staff:	Remain	behind	a	lead	barrier	when	possible.

Wear	your	radiation	monitoring	badge. Consistent	use	of	the	radiation	monitoring	badge	is	the	best	way	to	know	how	well	your	occupational	
dose-reduction	efforts	are	working.

Maintain	situational	awareness. Operators:	Do	not	activate	the	x-ray	unnecessarily	when	a	nurse	or	technologist	is	tending	to	the	patient.
In-room	staff:	When	possible,	step	back	from	the	patient	when	the	x-ray	beam	is	on.

Wear	leaded	glasses. Operators	should	wear	leaded	glasses	with	large	side	shields	to	reduce	the	dose	to	the	lens	of	the	eye	and	
thereby	reduce	the	lifetime	risk	of	developing	cataracts.
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Of the more than 30 million surgical procedures performed annu-
ally in the United States that require the use of general anesthesia, 

approximately one third involve patients who are at risk for or have 
known coronary artery disease. Given the physiologic stresses that 
accompany surgery, the perioperative period is a time of substantially 
heightened risk for adverse cardiac events. Current evidence suggests 
that the routine use of coronary revascularization in the preoperative 
setting is unlikely to reduce the incidence of subsequent cardiac events. 
Nevertheless, selected patients at particularly increased risk for cardiac 
complications related to noncardiac surgery may benefit from preop-
erative PCI. Additionally, up to 12% of individuals who undergo coro-
nary stenting require unanticipated noncardiac surgery within the 

subsequent year. For these patients, decisions that regard the manage-
ment of antiplatelet therapy require careful consideration of the com-
peting risks of perioperative bleeding and stent thrombosis.

This chapter will provide a clinically oriented review of preopera-
tive PCI that includes the indications for coronary angiography and 
revascularization prior to upcoming surgery, the utility of various 
medical and interventional strategies to reduce perioperative risk 
among patients with known or suspected coronary disease, technical 
approaches to performing angioplasty and stenting prior to noncardiac 
surgery, and strategies for managing patients with recent stent place-
ment who subsequently require unanticipated noncardiac surgery.

PERIOPERATIVE MYOCARDIAL INFARCTION
As with myocardial infarction (MI) outside the context of surgery, PMI 
can result either from atherosclerotic plaque rupture with thrombotic 
occlusion of the involved coronary artery (type 1 MI) or from a tran-
sient stress-induced mismatch of myocardial oxygen supply and 
demand, possibly in the setting of a fixed coronary artery stenosis or 
occlusion (type 2 MI).1,2 Thrombosis of a previously implanted coro-
nary stent represents another potential mechanism for PMI.3-5 In the 
vast majority of instances, PMI does not occur during the surgical 
procedure but rather within the first 48 hours following surgery. This 
period is associated with multiple hemodynamic stresses and hemato-
logic alterations that can predispose to plaque rupture, myocardial 
oxygen supply-demand mismatch, and a hypercoagulable state (Fig. 
8-1).6,7 The risk of MI can remain elevated for several weeks following 
major surgery.8

PMI, whether clinically apparent or silent, is associated with 
increased mortality in both the short and long term. In-hospital sur-
vival rates for PMI typically exceed 90%; however, even smaller infarcts 
detected following noncardiac surgery are associated with substantial 
increases in intermediate and late-term mortality independent of  
other clinical factors.9 In a study of over 15,000 patients undergoing 
noncardiac surgery, even small elevations in troponin T (0.02 ng/mL) 
were associated with a fourfold increase in 30-day mortality, and 
higher levels (≥0.30 ng/mL) were linked to a sixteenfold escalation in 
30-day death.10 Among 2502 individuals who underwent carotid end-
arterectomy or stenting in the randomized Carotid Revascularization 
Endarterectomy Versus Stenting Trial (CREST), PMI was associated 
with an independent greater than threefold increase in 4-year all-cause 
mortality.11

INDICATIONS FOR PREOPERATIVE  
CORONARY ANGIOGRAPHY

For clinically stable patients, the current appropriate use criteria (AUC) 
for diagnostic catheterization offer quite limited indications for per-
forming coronary angiography prior to noncardiac surgery (Fig. 8-2).12 
In accordance with current U.S. and European guideline statements, 
the indications for performing coronary angiography as part of a pre-
operative assessment are identical to those in the nonoperative 
setting.13,14 Specific instances when preoperative coronary angiography 
should be considered include:
1. Noninvasive test results suggesting a high risk of adverse outcomes, 

such as extensive (multivessel distribution) myocardial ischemia, 
prior to high-risk surgery
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K E Y  P O I N T S

•	 Perioperative	myocardial	infarction	(PMI)	can	result	from	either	
coronary	plaque	rupture	or	a	myocardial	oxygen	supply-demand	
mismatch	related	to	a	preexisting	coronary	stenosis.	This	typically	
occurs	in	the	first	48	hours	following	surgery,	and	even	if	clinically	
silent,	it	is	a	powerful	predictor	of	future	adverse	cardiac	events.

•	 Routine	administration	of	beta-blockers	prior	to	noncardiac	surgery	
for	all	at-risk	patients	who	are	not	on	chronic	beta-blocker	therapy	
can	be	harmful	and	is	no	longer	recommended.

•	 The	indications	for	performing	preoperative	coronary	angiography	
are	limited	and	are	the	same	as	in	the	nonoperative	setting.

•	 Because	no	prospective	trial	has	demonstrated	short-	or	long-term	
benefits	from	a	strategy	of	routine	preoperative	revascularization	
among	patients	with	coronary	disease,	the	indications	for	
preoperative	percutaneous	coronary	intervention	(PCI)	are	very	
limited.	The	use	of	PCI	to	“get	a	patient	through”	noncardiac	
surgery	is	unproven	and	potentially	harmful.

•	 Noncardiac	surgery	performed	within	4	to	6	weeks	of	stent	
implantation	is	associated	with	a	substantial	risk	of	major	adverse	
cardiac	events	(MACEs).	Surgery	should	be	delayed	if	possible	for	
2	weeks	after	balloon	angioplasty,	4	to	6	weeks	after	bare-metal	
stenting,	and	12	months	following	drug-eluting	placement.

•	 Among	patients	with	recent	stent	placement	who	subsequently	
require	unanticipated	noncardiac	surgery,	the	decision	whether	to	
continue	or	suspend	antiplatelet	therapy	for	surgery	requires	
individualized	assessment	of	the	competing	risks	of	bleeding	
complications	and	stent	thrombosis.	This	decision	should	be	
made	with	multidisciplinary	input	from	the	cardiologist,	surgeon,	
and	other	involved	subspecialists.

•	 Perioperative	“bridging,”	in	which	a	parenteral	glycoprotein	IIb/IIIa	
receptor	antagonist	is	administered	during	the	interval	between	
P2Y12	receptor	inhibitor	discontinuation	and	surgery,	is	a	potential	
strategy	to	reduce	ischemic	events	among	individuals	at	high	risk	
for	stent	thrombosis.

•	 Prompt	recognition	and	treatment	of	postoperative	cardiac	
complications	is	a	critical	element	in	optimizing	surgical	outcomes.

•	 Randomized	trials	are	lacking	and	are	greatly	needed	to	clarify	
issues	fundamental	to	the	management	of	patients	with	coronary	
stents	who	require	subsequent	noncardiac	surgery,	such	as	the	
proper	timing	of	surgery	and	perioperative	management	of	
antiplatelet	medications.
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sparingly if at all. Likewise, the current AUC document for coronary 
revascularization does not consider upcoming noncardiac surgery  
as a rationale to supersede otherwise inappropriate indications for 
revascularization.15

PHARMACOLOGIC THERAPY
Because all individuals with known or suspected coronary disease  
have the potential to benefit from appropriate pharmacologic therapy 
at the time of surgery regardless of whether preoperative coronary 
revascularization is undertaken, current principles regarding the  
use of perioperative beta-blocker and statin therapy will briefly be 
reviewed.

Beta-Blockers
The routine use of perioperative beta-blocker therapy in all at-risk 
surgical patients to reduce cardiac events, once considered dogma, has 
come under scrutiny and is no longer recommended. Beta-blockers are 
thought to ameliorate cardiac stress in the perioperative setting by a 
number of mechanisms, including reduction of adrenergic stimulation, 
improvements in the balance of myocardial oxygen demand and 
supply, diminution of arrhythmic potential, and potential antiinflam-
matory and plaque-stabilizing effects.16 Two relatively small trials pub-
lished in the 1990s demonstrated significant reductions in mortality 
associated with perioperative beta-blocker therapy among patients at 
risk for coronary events.17,18 The emergence of strong evidence that 
challenged the veracity of data from at least one of these initial Dutch 
Echocardiographic Cardiac Risk Evaluation Applying Stress Echocar-
diography (DECREASE)-I trials—coupled with ensuing studies that 
failed to demonstrate consistent benefit, and in some instances dis-
played harm, from routine perioperative beta-blocker therapy—has 
raised serious questions regarding therapeutic efficacy.19-22

The Patients Undergoing Noncardiac Surgery (POISE) trial,23 cur-
rently the largest randomized trial of perioperative beta-blocker 
therapy with data that are considered secure and valid, examined  

2. The presence of Canadian Cardiovascular Society Class III or IV 
angina not responsive to appropriate medical therapy

3. The presence of unstable angina or recent MI
It must be emphasized that, given the absence of prospective data 
indicating that surgical risk can be favorably influenced by preopera-
tive coronary revascularization, the concept that PCI or coronary 
artery bypass grafting (CABG) should be undertaken to “get the  
patient through” a subsequent noncardiac surgery is not supported  
by evidence-based standards. The American College of Cardiology 
(ACC)/American Hospital Association (AHA) consensus guidelines 
assert that preoperative coronary revascularization is “appropriate for 
only a small subset of patients at very high risk” and should be used 

FIGURE 8-1	 Pathophysiologic	 events	 contributing	 to	 the	 genesis	 of	
perioperative	myocardial	infarction	(MI).	BP,	Blood	pressure;	HR,	heart	
rate;	STEMI,	non-ST-segment	elevation	myocardial	infarction.	
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FIGURE 8-2	 Appropriate	use	criteria	for	preoperative	coronary	angiography	for	patients	without	prior	noninvasive	stress	testing.	From	the	Appropriate	
Use	 Criteria	 for	 Diagnostic	 Catheterization	 guidelines.	 (From	Patel	MR,	 Bailey	 SR,	 Bonow	RO,	 et	al:	 ACCF/SCAI/AATS/AHA/ASE/ASNC/HFSA/HRS/
SCCM/SCCT/SCMR/STS	 2012	 appropriate	 use	 criteria	 for	 diagnostic	 catheterization:	 a	 report	 of	 the	 American	 College	 of	 Cardiology	 Foundation	
Appropriate	Use	Criteria	Task	Force,	Society	for	Cardiovascular	Angiography	and	Interventions,	American	Association	for	Thoracic	Surgery,	American	
Heart	Association,	American	Society	of	Echocardiography,	American	Society	of	Nuclear	Cardiology,	Heart	Failure	Society	of	America,	Heart	Rhythm	
Society,	Society	of	Critical	Care	Medicine,	Society	of	Cardiovascular	Computed	Tomography,	Society	for	Cardiovascular	Magnetic	Resonance,	and	
Society	of	Thoracic	Surgeons.	J	Am	Coll	Cardiol	59[22]:1995-2027,	2012.)
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and mortality compared with medically managed coronary disease.30a 
Whereas a history of remote coronary bypass grafting may be protec-
tive during future surgical procedures, the role of CABG undertaken 
as a preemptive measure among patients discovered to have severe 
coronary artery disease during a preoperative risk assessment remains 
unproven. Performance of CABG can substantially delay subsequent 
noncardiac surgery, and prophylactic CABG may not be feasible if the 
required noncardiac surgical procedure is urgent. Attempting to 
perform noncardiac surgery very shortly after CABG may be associ-
ated with further increased operative risks. For example, in one obser-
vational study, patients undergoing vascular surgery within 1 month 
of CABG demonstrated a fivefold increase in operative mortality com-
pared with matched controls who underwent vascular surgery without 
preceding CABG (20.6 vs. 3.9%, P < .005).31

Percutaneous Coronary Intervention

Risks of Preoperative Percutaneous Coronary Intervention
Decision analyses have suggested that coronary angiography and inter-
vention prior to vascular surgery should be carried out only when the 
risk of the vascular surgery is relatively high (>5%) and the anticipated 
risk of angiography and revascularization is relatively low (<3%). 
Unfortunately, the mere presence of peripheral vascular disease is asso-
ciated with an increased risk of adverse events during PCI. In a pooled 
analysis of 19,867 patients enrolled in eight large PCI trials, patients 
with concomitant peripheral arterial disease experienced a greater 
than twofold increase in procedural, 6-month, and 1-year mortality.31a 
Likewise, peripheral arterial disease consistently has emerged as an 
independent predictor of mortality following PCI in large registries 
and risk-prediction models.31b

Observational Studies of Preoperative Percutaneous  
Coronary Intervention
A variety of retrospective analyses extending from the prestent era to 
current practice have addressed the relationship between preoperative 
PCI and the likelihood of adverse cardiac events during subsequent 
noncardiac surgery (Tables 8-1 through 8-3). Conclusions that can be 
drawn from these studies are limited, however, because most reports 
suffer from small size, retrospective design, frequent absence of stan-
dardized indications to determine which patients were referred for 
PCI, a wide variety of noncardiac surgical procedures, variable timing 
between preoperative PCI and subsequent noncardiac surgery (days  
to years), and most important, the lack of control groups. Also,  
because in most reports, patients who died following PCI did not go 

8351 patients at risk for or with known coronary artery disease. 
Extended-release metoprolol started 2 to 4 hours before noncardiac 
surgery was associated with a reduction of cardiovascular death, MI, 
or cardiac arrest at 30 days; however, this advantage was offset by 
significantly increased frequencies of both all-cause mortality and 
stroke among individuals treated with beta-blockers rather than 
placebo. In a recent meta-analysis that included only data from trials 
not discredited by evidence of misconduct, initiation of beta-blocker 
therapy prior to noncardiac surgery was associated with a 27% 
increased risk of 30-day mortality, as well as significantly increased 
incidences of stroke and hypotension.20 Two contemporary registries 
that in aggregate examined more than 80,000 individuals undergoing 
noncardiac surgery showed that benefit from perioperative beta-
blocker therapy was inconsistent and was confined only to higher-risk 
individuals.24,25 Although beta-blockers may protect the myocardium 
from adrenergic stressors, therapy can also produce unwanted brady-
cardia, hypotension, and impaired myocardial capacity to adaptively 
respond to surgical events such as blood loss or systemic vasodilation. 
Based on current data, the lone class I recommendation for beta-
blockade in the present ACC/AHA guidelines states that “beta-blockers 
should be continued in patients undergoing surgery who are [already] 
receiving beta-blockers” for appropriate indications. The routine 
administration of high-dose beta-blockers in the absence of dose titra-
tion is now contraindicated (class III) for patients undergoing noncar-
diac surgery who are not already taking beta-blockers.

Statin Therapy
Proposed mechanisms by which statins may reduce perioperative 
cardiac complications relate to the plaque-stabilizing effects of these 
agents, including their antiinflammatory and antithrombotic proper-
ties, and the favorable influences these drugs exert on plaque-related 
endothelial dysfunction.26 The withdrawal of statin therapy in the peri-
operative period has been associated with increased cardiac events.27 
A meta-analysis of 15 trials of perioperative statin therapy among 
patients undergoing cardiac or noncardiac surgery indicated that statin 
use was associated with a significant reduction in the risk of periopera-
tive MI (relative risk [RR], 0.53; 95% confidence interval [CI], 0.38 to 
0.74) but not death (RR, 0.62; 95% CI, 0.34 to 1.14).28 Unfortunately, 
as with the beta-blocker literature, the two major randomized trials of 
perioperative statin therapy—DECREASE-III and -IV—have fallen 
under the same specter of misconduct as other publications in the 
DECREASE family.29,30 Current ACC/AHA guidelines recommend, 
with a class I indication, that patients currently taking statins who are 
scheduled for noncardiac surgery should continue therapy. In addition, 
the guidelines provide class II support for statin use among patients 
undergoing vascular surgery, with or without clinical risk factors, and 
for patients undergoing intermediate-risk procedures who have at least 
one clinical risk factor for coronary disease.13

PREOPERATIVE CORONARY REVASCULARIZATION
Because perioperative MI is often related to the presence of preexisting 
coronary stenosis, coronary revascularization prior to surgery conceiv-
ably could represent a means to limit the occurrence of ischemic events 
during and after surgery. Randomized trials, however, have failed to 
demonstrate clinical benefit from a strategy of routine coronary revas-
cularization prior to noncardiac surgery, and the indications for pre-
operative CABG or PCI are currently quite limited.

Coronary Artery Bypass Grafting
Noncardiac surgery appears safe for individuals with remote CABG 
who subsequently require a major noncardiac surgical procedure. 
Among patients followed in the Coronary Artery Surgery Study 
(CASS) registry who required high-risk noncardiac surgery during 
follow-up, prior CABG was associated with reduced postoperative MI 

TABLE 8-1 Complication Rates of Noncardiac Surgery Following 
Balloon Angioplasty

First Author, 
(Year) N

MI 
(%)

Death 
(%)

Interval Between 
Angioplasty and Surgery

Allen	(1991)32 148 0.7 2.7 11	months

Huber	(1992)33 50 5.6 1.9 9	days

Elmore	(1993)34 14 0 0 10	days

Jones	(1993)35 108 3.7 0.9 14	days

Gottlieb	(1998)36 194 0.5 0.5 11	days

Posner	(1999)37 686 2.2 2.6 1	year

Hassan	(2001)38 251 0.8 0.8 21	months

Brilakis	(2005)39 350 0.6 0.3 <2	months

Leibowitz	(2006)40 122 2.9
6.8

14.7
9.1

Early	(0	to	14	days)
Late	(14	to	62	days)

Adapted	(and	expanded)	from	Fleisher	LA,	Beckman	JA,	Brown	KA,	et	al:	2009	ACCF/AHA	
focused	update	on	perioperative	beta	blockade	incorporated	into	the	ACC/AHA	2007	guide-
lines	on	perioperative	cardiovascular	evaluation	and	care	for	noncardiac	surgery:	a	report	
of	 the	American	College	of	Cardiology	Foundation/American	Heart	Association	Task	Force	
on	Practice	Guidelines.	Circulation	120(21):e169-276,	2009.
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TABLE 8-2 Complication Rates of Noncardiac Surgery Following Coronary Bare-Metal Stent Placement
First Author (Year) N MI (%) Death (%) Major Bleeding (%) Comments

Kaluza	(2000)4 40 17.5 20 27.5 All	deaths	and	MI	occurred	when	surgery	was	performed	<2	weeks	after	
stenting.

Wilson	(2003)5 207 1.4 2.9 33 All	deaths	and	MI	occurred	when	surgery	was	performed	<6	weeks	after	
stenting.

Sharma	(2004)41 47 NR 17.0 25.6 A	fivefold	increase	in	mortality	was	noted	when	surgery	was	performed	
early	(<3	weeks)	versus	late	(>3	weeks)	after	stenting.

Reddy	(2005)42 56 10.7 7.1 5.4 Death	or	MI	occurred	in	38%	who	had	surgery	within	2	weeks	of	
stenting	but	in	none	who	had	surgery	after	6	weeks.

Leibowitz	(2006)40 94 7.4 13.8 16 Significantly	more	adverse	events	occurred	when	surgery	was	performed	
within	2	weeks	of	PCI.

Vicenzi	(2006)*43 103 11.7 4.9 3.9 When	surgery	was	performed	early	(<35	days)	rather	than	late	(>90	
days)	after	stenting,	2.1-fold	more	events	were	reported.

Schouten	(2007)*44 192 2.6 0 23 MACE	rate	was	13.3%	versus	0.6%	when	surgery	was	performed	early	
(<30	days)	versus	late	(>30	days)	after	stenting.

Brotman	(2007)*45 114 1.8 0 NR MACE	rate	was	low.

Kim	(2008)46 101 0 0 NR No	MACEs	occurred.

Nuttall	(2008)47 899 2.0 3.4 4.8 MACE	rate	was	more	than	threefold	greater	when	surgery	was	
performed	early	(<30	days)	rather	than	late	(>30	days)	after	stenting.

Cruden	(2010)48 1383 0.7 0.6 NR Surgery	was	done	late	(median	503	days)	post	stent.

CREDO-Kyoto	(2012)49 1103 0.6 3.0 3.2 Surgery	occurred	within	3	years	of	PCI.

Adapted	and	expanded	from	Fleisher	LA,	Beckman	JA,	Brown	KA,	et	al:	2009	ACCF/AHA	focused	update	on	perioperative	beta	blockade	incorporated	into	the	ACC/AHA	2007	guidelines	on	
perioperative	 cardiovascular	 evaluation	 and	 care	 for	 noncardiac	 surgery:	 a	 report	 of	 the	 American	College	 of	 Cardiology	 Foundation/American	Heart	 Association	 Task	 Force	 on	Practice	
Guidelines.	Circulation	120(21):e169-276,	2009.
*Studies	marked	by	an	asterisk	included	patients	with	bare-metal	or	drug-eluting	stents.	Unmarked	studies	include	data	only	for	patients	who	received	bare-metal	stents.
MACE,	Major	adverse	cardiac	event;	MI,	myocardial	infarction;	NR,	not	reported;	PCI,	percutaneous	coronary	intervention.

TABLE 8-3 Complication Rates of Noncardiac Surgery Following Coronary Drug-Eluting Stent Placement
First Author (Year) N MI (%) Death (%) Major Bleeding (%) Comments

Assali	(2009)50 78 5.1 2.6 16.7 Frequency	of	MACE	did	not	differ	significantly	between	those	with	early	
(<1	yr)	versus	late	(>1	yr)	NCS	following	DES	placement.

Rabbitts	(2008)51 520 2.7 2.7 14.8 Frequency	of	MACE	was	not	significantly	associated	with	the	time	
between	PCI	and	NCS.

Rhee	(2008)52 141 1.4 3.5 NR Only	patients	undergoing	NCS	<1	year	post	DES	were	included.	The	
strongest	MACE	predictor	was	discontinuance	of	clopidogrel	≥7	days	
preoperatively.

Godot	(2008)53 96 12.5 2.1 0 Frequency	of	MACE	was	not	significantly	associated	with	the	time	
between	PCI	and	NCS.

Compton	(2006)54 38 0 0 NR No	MACE	was	noted	in	this	small	series.	Clopidogrel	was	stopped	
prior	to	NCS	in	60%	of	patients.

Kim	(2008)46 138 1.4 0.7 NR The	adverse	events	occurred	6,	264,	and	367	days	after	stent	
placement.

Anwarruddin	(2009)55 481 4.1 5.0 NR MACE	rate	was	highest	during	the	first	30	days	after	PCI.

Berger	(2010)3 206 1.5 0.5 NR All	surgery	was	done	within	1	year	of	DES	placement.

Cruden	(2010)48 570 1.2 0.5 NR Surgery	was	done	late	(median	371	days)	post	stent.

CREDO-Kyoto	(2012)49 1295 0.6 2.5 2.1 Surgery	was	done	within	3	years	of	PCI.

DES,	Drug-eluting	stent;	MACE,	major	adverse	cardiac	events;	MI,	myocardial	 infarction;	N,	number	of	patients;	NCS,	noncardiac	surgery;	NR,	not	 reported;	PCI,	percutaneous	coronary	
intervention.

on to noncardiac surgery and thus were not included in follow-up,  
the true complication rates from a strategy of preoperative PCI were 
underreported.

Among studies of preoperative balloon angioplasty performed in 
the prestent era, in-hospital mortality following subsequent noncardiac 
surgery ranged from 0% to 2.7% for patients who underwent surgery 
following either recent (within 2 weeks) or remote (up to 29 months) 
preoperative angioplasty. Higher perioperative mortality rates (ranging 
from 2.9% to 20%) were initially reported in studies that examined 
outcomes following coronary bare-metal or drug-eluting stent 

implantation prior to noncardiac surgery, although the incidence of 
adverse outcomes appears to have fallen over time.

Randomized Trials of Preoperative Revascularization
Two randomized trials have examined the role of coronary revascular-
ization as a means to reduce the likelihood of perioperative events 
among individuals with coronary artery disease scheduled to undergo 
vascular surgery.56,57 Despite their modest size (<200 subjects in the 
two studies combined underwent PCI) and documentation of investi-
gator misconduct in one of the two studies (DECREASE-V),20 these 
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The DECREASE-V pilot study was designed to evaluate the effec-
tiveness of prophylactic coronary revascularization prior to major vas-
cular surgery among a higher-risk group of patients than those enrolled 
in the CARP trial.57 A total of 101 patients with extensive myocardial 
ischemia on noninvasive stress imaging were randomized to either 
revascularization (65% had PCI, 35% had CABG) or no revasculariza-
tion prior to vascular surgery. Within this small cohort, preoperative 
coronary revascularization was not associated with significant differ-
ences in the occurrence of death or MI either at 30 days or 1 year 
following noncardiac surgery.

Despite their potential shortcomings, the CARP and DECREASE-V 
results lend support to the concept that performing prophylactic coro-
nary revascularization for the purpose of “getting a patient through” 
noncardiac surgery is generally not appropriate. At present, preopera-
tive PCI should be considered only among patients who have an indi-
cation for coronary revascularization unrelated to the noncardiac 
surgery, particularly those with medically refractory angina, unstable 
angina, or recent MI. For these limited patient groups at the highest 
risk for adverse cardiac events, sufficient data regarding the efficacy 
and safety of preoperative revascularization are lacking, and the poten-
tial risks and benefits of preoperative revascularization need to be 
carefully weighed on an individual basis. Multidisciplinary communi-
cation involving the patient’s primary care physician, cardiologist, 
cardiac surgeon, anesthesiologist, and surgeon intending to perform 
the noncardiac procedure can be crucial in determining a rational 
preoperative strategy. Such a discussion can allow consideration of 
issues such as the anticipated risks and benefits of preoperative PCI or 
CABG; the risks, necessity, and urgency of the planned noncardiac 
surgical procedure; and the potential risks that antiplatelet agents  
such as aspirin or P2Y12 receptor–blocker therapy may pose during the 
operation.

Technical Aspects of Preoperative Percutaneous  
Coronary Intervention
When the decision has been made to perform preoperative PCI, several 
important technical considerations exist. Foremost is the length of 
delay that is permissible between PCI and the subsequent noncardiac 
surgical procedure, which often dictates whether stand-alone balloon 
angioplasty, bare-metal stenting, or drug-eluting stent implantation is 
performed (Fig. 8-4).

Balloon Angioplasty
Because of less reliable short- and long-term results, balloon angio-
plasty without stent placement has become an infrequently used strat-
egy for most patients undergoing PCI. Stand-alone balloon angioplasty 
may, however, have a role in the preoperative setting because this 
approach does not introduce the possibility of perioperative stent 
thrombosis, nor does it mandate the use of P2Y12 receptor–blocker 
therapy, permitting surgery with little delay following PCI (see Table 
8-1). Current ACC/AHA guidelines recommend delaying surgery for 
2 to 4 weeks following balloon angioplasty to allow for initial healing 
at the site of vessel injury and to overcome the usual time frame during 
which acute vessel closure and recoil typically occur. Surgery should 
not be delayed for more than 8 to 12 weeks following angioplasty 
because restenosis becomes a potential concern after this interval. Thus 
for a patient in whom PCI is deemed necessary prior to surgery, but 
delaying surgery for more than 2 weeks is undesirable, balloon angio-
plasty without stenting may represent a reasonable option. It should be 
kept in mind, however, that abrupt vessel closure or an inadequate 
angiographic result can occur in up to 10% to 20% of attempts at stand-
alone balloon angioplasty and that unplanned stenting may become 
necessary.

Bare-Metal Stents
Among patients undergoing PCI, routine stent implantation is associ-
ated with improved immediate and late results compared with balloon 
angioplasty alone. In the face of noncardiac surgery, however, the 

trials have become the foundation for current recommendations that 
are critical of preoperative coronary revascularization.

The Coronary Artery Revascularization Prophylaxis (CARP) trial 
compared the strategy of preoperative coronary revascularization to 
that of stand-alone medical therapy for the reduction of early and late 
cardiac events following major vascular surgery.56 The trial enrolled 
510 patients scheduled for vascular surgery at one of 18 Veterans 
Affairs (VA) Medical Centers. Patients were eligible if angiography-
proven coronary artery disease with a 70% or more stenosis in at least 
one major epicardial coronary artery was present, and they were ran-
domized to either coronary revascularization followed by vascular 
surgery or to vascular surgery without preceding coronary revascular-
ization. Among the group randomized to coronary revascularization, 
41% of patients underwent CABG, and 59% were treated with PCI.

The majority of patients enrolled in the CARP trial were at low to 
intermediate rather than high risk for perioperative coronary events. 
The median age was 66 years, and whereas 42% had a prior MI, only 
38% noted the presence of angina at the time of study entry. Most 
patients had one- or two-vessel coronary disease with preserved left 
ventricular (LV) function, and those with left main stenosis of 50% or 
greater, a left ventricular ejection fraction (LVEF) of less than 20%, or 
severe aortic stenosis were excluded. The results of the CARP trial 
indicated that preoperative revascularization was not associated with 
any apparent benefit over conservative therapy. Although patients 
assigned to coronary revascularization had a significantly longer delay 
between randomization and vascular surgery (54 vs. 18 days), neither 
preoperative PCI nor CABG was associated with a reduction in the 
occurrence of adverse cardiac events or overall survival following vas-
cular surgery at 30-day or 2.7-year follow-up (Fig. 8-3). One criticism 
of the CARP trial was that the process of preoperative risk stratification 
used in the study did not follow the ACC/AHA preoperative guide-
lines, in which coronary angiography is generally considered only after 
noninvasive testing has demonstrated moderate or severe inducible 
ischemia. In the CARP study, noninvasive testing was not mandated, 
and less than 50% of enrolled subjects underwent a stress imaging 
study that documented moderate or severe ischemia prior to coronary 
angiography.

FIGURE 8-3	 Kaplan-Meier	 survival	 curve	 for	 patients	 enrolled	 in	 the	
CARP	trial.	There	was	no	difference	in	early	or	 late	mortality	 following	
noncardiac	surgery	among	patients	with	coronary	artery	disease	who	
were	 randomized	 to	 undergo	 preoperative	 coronary	 revascularization	
rather	 than	conservative	 therapy.	(From	McFalls	EO,	Ward	HB,	Moritz	
TE,	 et	al:	Coronary-artery	 revascularization	before	 elective	major	 vas-
cular	surgery,	New	Engl	J	Med	351[27]:2795-2804,	2004.)
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UNANTICIPATED SURGERY AFTER STENTING
Even if DES use is avoided among patients with impending surgery, 
roughly 4% to 12% of patients who receive a DES will require an 
unplanned surgical procedure during the first 12 months after stent 
placement.3,43,49,67,69,70 For these individuals, the decision whether to 
continue or suspend antiplatelet therapy during surgery involves a 
presumptive trade-off between perioperative ischemic events and 
bleeding complications. The likelihood of ischemic events, particularly 
stent thrombosis, appears especially high if surgery is performed 
within the first 4 to 6 weeks following either BMS or DES placement. 
After 6 weeks, perioperative cardiac event rates fall substantially and 
in most analyses reach a stable nadir after 6 to 12 months after stent 
placement (Fig. 8-5). Although early stoppage of antiplatelet therapy is 
among the strongest predictors of stent thrombosis, it remains uncer-
tain to what degree and under what circumstances continuation of 
DAPT in the perioperative setting reduces ischemic cardiac events.71 
Maintenance of aspirin and/or P2Y12 receptor–blocker therapy 
during major noncardiac surgery, however, is associated with a well-
documented increased likelihood of hemorrhagic complications.72,73 
Whether the increased bleeding risk associated with DAPT continua-
tion during surgery is offset by a reduced incidence of cardiac ischemic 
events or stent thrombosis among patients with previous stent place-
ment remains a subject of active investigation.

Cardiac Events With Unplanned Surgery
When surgery must be performed within 6 weeks following PCI, the 
likelihood of cardiac adverse events is substantial. In a Scottish registry 
of 1953 individuals who underwent noncardiac surgery following 
coronary BMS or DES placement, when surgery was performed within 
42 days of stenting, the incidence of perioperative death or cardiac 
ischemic events was quite high (42.4%, vs. 12.8% when surgery was 
performed after 42 days; P <.001).48 Mortality rates fell after 6 weeks 
but remained fourfold greater when surgery was performed between 
42 days and 1 year compared with after 1 year post PCI. Notably,  
no association was found between stent type (BMS vs. DES) and 
adverse events. Among 41,989 VA patients who underwent noncardiac 
surgery within 24 months of coronary stenting, MACE rates fell from 
11.6% when surgery was performed within 6 weeks of stenting to  
6.4% when surgery was undertaken 6 weeks to 6 months after stent 

presence of a recently placed coronary stent introduces the possibility 
of stent thrombosis during the perioperative period, an event associ-
ated with substantial morbidity and mortality. Antiplatelet therapy 
with aspirin and a P2Y12 receptor blocker is recommended for at least 
4 weeks following placement of a bare-metal stent (BMS) to reduce the 
likelihood of stent thrombosis while stent endothelialization occurs. 
When noncardiac surgery is undertaken soon (within 4 to 6 weeks) 
after coronary stent implantation, the risk of adverse cardiac events is 
substantial, and MACE rates range from 10% to 30% in various regis-
tries. Consequently, noncardiac surgery should be delayed for 6 weeks 
following BMS implantation, if possible, to permit at least partial endo-
thelialization of the stent, as well as completion of a full course of P2Y12 
receptor antagonist therapy.

Drug-Eluting Stents
Drug-eluting stents (DESs) have further reduced the likelihood of 
restenosis following PCI compared with BMSs yet are poorly suited for 
use in the preoperative setting. By inhibiting cellular proliferation, 
DESs limit the development of fibrointimal hyperplasia and clinical 
restenosis, but at the same time they inhibit the protective process of 
stent endothelialization.58 Therefore stent thrombosis remains a 
concern for months to years (instead of weeks) following DES implan-
tation, making interruption of dual-antiplatelet therapy (DAPT) for 
noncardiac surgery problematic.59,60 Current ACC/AHA guidelines for 
perioperative care recommend delaying elective noncardiac surgery 
when possible for at least 12 months following DES placement. Hence, 
prior to all PCI procedures, patients should routinely be asked whether 
any noncardiac surgical procedure is planned or likely within the next 
year, and if so, balloon angioplasty or bare-metal stenting should be 
performed in lieu of DES placement if the impending surgery cannot 
be postponed.

With the introduction of second-generation DESs, the likelihood 
of stent thrombosis now appears no greater than that with BMSs, and 
DAPT durations of less than a year may be safe in some instances.61-65 
Three large, randomized controlled trials that examined contemporary 
DES platforms demonstrated no difference in late ischemic events fol-
lowing DES placement when DAPT was continued for only 3 or 6 
months rather than for longer durations of 12 or 24 months.66-68 The 
impact of this observation on perioperative stent thrombosis requires 
further evaluation because none of these trials specifically examined 
patients undergoing noncardiac surgery.

FIGURE 8-4	 Algorithm	 outlining	 device	 selec-
tion	 for	 preoperative	 percutaneous	 coronary	
intervention	(PCI).	

Proceed to
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PCI not
indicated
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Balloon angioplasty
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Elective surgery
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at least one antiplatelet drug (aspirin and/or P2Y12 receptor antagonist) 
was observed among 10.6% of individuals during the first year.76,77 
Almost all interruptions in DAPT occurred beyond 1 month following 
stent placement, 76% were related to the need for an invasive proce-
dure, and most stoppages were temporary (mean duration of 7 days). 
Antiplatelet drug discontinuation was not associated with increased 
1-year MACE rates in this population (4.1%. vs. 5.5% for interrupted 
vs. uninterrupted DAPT therapy, respectively). In an industry-
sponsored registry of 4896 patients who received a zotarolimus-eluting 
stent, DAPT interruption or discontinuation was documented among 
21.8% of subjects during the first 12 months.78 Most instances of DAPT 
stoppage were physician recommended and occurred after 6 months; 
however, 15.5% of interruptions occurred within the first month fol-
lowing stent placement, and 42.2% of all interruptions were under-
taken prior to a medical, dental, or surgical procedure. DAPT 
interruption within the first month was associated with a substantial 
rate of definite or probable stent thrombosis (3.6%) and cardiac death 
or target-vessel MI (6.8%), but antiplatelet drug interruption after 1 
month was not associated with an increased risk of stent thrombosis 
or adverse clinical events. DAPT usage was likewise tracked following 
BMS or DES implantation among 5018 individuals in the Patterns of 
Non-Adherence to Anti-Platelet Regimens in Stented Patients (PARIS) 
registry.79 Within 2 years of stent placement, 10.5% of patients had 
interruption of at least one antiplatelet drug (aspirin and/or a P2Y12 

placement and to 4.2% when surgery was delayed by more than 6 
months.75 The three factors most strongly associated with MACE were 
nonelective surgery, history of MI in the 6 months preceding surgery, 
and higher cardiac risk index score. Event rates did not differ by stent 
type (bare metal vs. drug eluting), and after both BMS and DES place-
ment, the risk of perioperative cardiac events remained stable after  
6 months.

In another large group of 2725 patients who underwent stent place-
ment prior to noncardiac surgery, MACE rates were likewise high 
when surgery was performed within 45 days of PCI (6.7% following 
BMS, 20.0% following DES).74 Adverse event rates following BMS 
placement fell to 2.6% between 45 to 180 days post PCI and rose again 
after 180 days, possibly related to the occurrence of in-stent restenosis 
among some individuals. Following DES placement, surgical MACE 
rates remained greater than 3.0% until 180 days post PCI.

Antiplatelet Drug Interruption Prior to Surgery
Several large, “real world” registries have specifically examined the 
incidence and implications of DAPT interruption following DES place-
ment in current practice and suggest that the risks associated with 
antiplatelet drug stoppage prior to noncardiac surgery may be less than 
previously thought. Among 1622 patients in a Spanish registry who 
received either a first- or second-generation DES, discontinuation of 

FIGURE 8-5	 Death	and	cardiac	 ischemic	 event	 rates	by	 interval	 between	stent	 placement	and	noncardiac	 surgery,	 as	 reported	 in	 several	 large	
registries.	A,	Wijeysundera	et	al.74	B,	CREDO-Kyoto	PCI/CABG	registry	cohort-2	investigators.49	C,	Cruden	et	al.48	D,	Hawn	et	al.75	BMS,	Bare-metal	
stent;	DES,	drug-eluting	stent;	MACE,	major	adverse	cardiac	event.	
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account: First, the amount of time that has elapsed since the stent was 
placed must be considered, because continuation of DAPT appears 
especially important when surgery cannot be deferred for 4 to 6 weeks 
following BMS or 6 to 12 months after DES implantation. If P2Y12 
receptor–blocker therapy must be stopped, ACC/AHA guidelines urge 
that “aspirin be continued if possible and the P2Y12 platelet receptor-
inhibitor therapy be restarted as soon as possible after the surgery,” and 
the American College of Chest Physicians similarly recommend con-
tinuing aspirin around the time of noncardiac surgery among patients 
at moderate to high risk for cardiovascular events.13,95 A meta-analysis 
of multiple cases of late or very late DES thrombosis supports the 
concept that short-term discontinuation of thienopyridine therapy 
may be safer if aspirin is continued.96 Second, the patient-specific risk 
of stent thrombosis should be considered, and it should be determined 
whether the patient possesses any additional risk factors for stent 
thrombosis such as recent MI, renal insufficiency, diabetes, or “off 
label” stent use, all of which have been associated with an increased 
propensity for stent thrombosis.97-99 Third, the potential consequences 
of stent thrombosis for the particular patient merit consideration. For 
instance, stent occlusion may be especially devastating for patients 
with preexisting left ventricular dysfunction or in circumstances when 
the stent is located in a vessel with a large territory of supply. Fourth, 
the potential risks and consequences of excess surgical bleeding for the 
proposed operation are important factors. For operations that involve 
closed spaces, for example, temporary cessation of antiplatelet therapy 
is usually mandatory.

When the decision is made to discontinue P2Y12 receptor–
antagonist therapy in advance of surgery, pharmacokinetic and clinical 
data suggest that clopidogrel and ticagrelor be stopped 5 days and 
prasugrel 7 days before the operation to allow adequate time for recov-
ery of platelet function.100-102 Likewise, these agents should be restarted 
with an appropriate bolus as soon as possible following surgery.

EMERGING STRATEGIES

Perioperative Bridging
Among patients receiving DAPT who are considered to be at particu-
larly elevated risk for stent thrombosis but for whom antiplatelet agents 
must be stopped prior to surgery, perioperative bridging—in which a 
parenteral glycoprotein (GP) IIb/IIIa receptor antagonist is adminis-
tered during the later part of the interval between cessation of the 
P2Y12 receptor inhibitor and surgery—has been proposed as a means 
to reduce the risk of perioperative stent thrombosis (Fig. 8-6).103-105 
The small-molecule GP IIb/IIIa receptor antagonists eptifibatide and 
tirofiban both have relatively short physiologic half-lives with near 

receptor blocker) prior to a surgical procedure. Although it did not 
achieve statistical significance, a trend toward increased MACE among 
patients with DAPT interruption for surgery was observed (hazard 
ratio [HR], 1.41; 95% CI, 0.94 to 2.12; P = .10), and target-lesion revas-
cularization (TLR) was significantly greater among individuals who 
had DAPT interrupted compared with the overall cohort (HR, 1.97; 
95% CI, 1.23 to 3.17).

The intentional withdrawal of antiplatelet therapy prior to surgery 
has been identified as a significant risk factor for stent thrombosis and 
MACE in some studies but not in others. Among 1134 consecutive 
patients with coronary stents who underwent noncardiac surgery at 
one of 47 French centers, 10.4% suffered a postoperative major adverse 
cardiac or cerebrovascular event, and such events were independently 
associated with cessation of antiplatelet therapy 5 or more days prior 
to surgery.80 Conversely, in a Japanese registry of 2398 patients who 
underwent surgery within 3 years of coronary BMS or DES placement, 
continuation of DAPT during surgery was associated with neither a 
decrease in the rates of perioperative death, MI, or stent thrombosis 
nor an increase in bleeding events.49

Antiplatelet Therapy and Surgical Bleeding Risk
Substantial variability currently exists in perioperative antiplatelet drug 
management among physicians, which reflects the lack of adequate 
studies and conclusive recommendations.81-83 For “closed space” 
procedures—including intracranial, spinal, and retinal surgery—even 
small amounts bleeding into a confined area can have devastating 
consequences, and cessation of all antiplatelet agents is typically con-
sidered mandatory. Otherwise, decisions regarding antiplatelet therapy 
among patients with coronary stents are typically made on a case-by-
case basis by which the risks and consequences of bleeding and stent 
thrombosis are weighed.

In a large retrospective evaluation of nearly 50,000 patients who 
underwent a variety of surgical procedures, aspirin use was associated 
with a 1.5-fold increase in overall bleeding complications.84 Despite the 
increase in overall bleeding, no increase was found in fatal bleeding 
among aspirin users except during intracranial surgery and transure-
thral prostatectomy. In a randomized trial of 220 high-risk patients 
undergoing noncardiac surgery, perioperative aspirin therapy resulted 
in an 80% relative reduction in postoperative MACE compared with 
placebo, without an increase in bleeding events.85 However, in the large 
POISE-2 trial 10,010 patients at risk for vascular complications were 
randomized to aspirin or placebo immediately prior to noncardiac 
surgery, and the administration of aspirin significantly increased the 
risk of major bleeding compared with placebo (HR, 1.23; 95% CI, 1.01 
to 1.49) but had no significant effect on the rate of perioperative death 
or nonfatal MI (HR, 0.99; 95% CI, 0.86 to 1.15).86 Smaller studies of 
perioperative clopidogrel use with noncardiac and cardiac surgery 
have demonstrated similar findings, with greater likelihoods of peri-
operative bleeding events and blood transfusions but no increase in 
bleeding-related mortality.87-92 Even if not associated with increased 
surgical mortality rates, the excess bleeding that occurs with continu-
ation of antiplatelet agents can render surgery more cumbersome and 
technically demanding, often leading surgeons to strongly favor stop-
page of antiplatelet drugs whenever possible.93

SUMMARY AND RECOMMENDATIONS
Given the lack of randomized trials, the variability of findings among 
retrospective studies, and inconsistencies among current subspecialty 
guideline statements, the decision whether to suspend or continue 
antiplatelet therapy during noncardiac surgery requires an individual-
ized approach.94 Consideration of the potential risks and consequences 
of perioperative stent thrombosis versus bleeding complications should 
be carried out on a patient-by-patient basis (Table 8-4). Communica-
tion between the surgeon and cardiologist is crucial. In considering 
whether to stop or continue aspirin and/or P2Y12 receptor–blocker 
therapy prior to surgery, the following factors should be taken into 

TABLE 8-4 Considerations for Management of Antiplatelet 
Therapy Prior to Noncardiac Surgery for Individuals 
With a Coronary Stent

Favors Continuing Antiplatelet Therapy Favors Interrupting Therapy

Recent	stent	placement	(BMS	within	past	
4	to	6	weeks,	DES	within	past	6	to		
12	months)

Remote	stent	placement

Higher	risk	of	stent	thrombosis	(e.g.,	
multiple	stents	and/or	complex	stent	
anatomy,	recent	MI)

Minimal	risk	factors	for	
stent	thrombosis

Consequences	of	stent	thrombosis	high	
(e.g.,	poor	baseline	LVEF,	large	
myocardial	territory	subtended	by	stent)

Consequences	of	bleeding	
are	severe	(e.g.,	“closed	
space”	surgery)

Surgical	procedure	with	low	bleeding	risk Surgical	procedure	with	
higher	likelihood	of	
substantial	bleeding

BMS,	Bare-metal	stent;	DES,	drug-eluting	stent;	LVEF,	 left	ventricular	ejection	 fraction;	MI,	
myocardial	infarction.
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or placebo for 2 to 7 days prior to surgery.116 Cangrelor therapy was 
associated with consistent inhibition of platelet reactivity during the 
treatment period as assessed by point-of-care testing without an asso-
ciated increase in major bleeding events, although minor bleeding  
was more frequent in the treatment group. The efficacy of cangrelor  
in preventing perioperative ischemic events remains to be established 
in larger trials. Pending further data, a bridging strategy might be 
considered for patients who are at particularly high risk for stent 
thrombosis, such as when surgery is required within 1 month of stent 
placement, or when the consequences of stent thrombosis would be 
dire—for example, in a vessel that supplies a large myocardial territory, 
such as an unprotected left main stent or a stent in a sole patent bypass 
graft.

Newer Antiplatelet Agents
It remains uncertain whether newer-generation oral platelet antago-
nists provide any advantages over clopidogrel for the prevention of 
ischemic and bleeding complications in the perioperative setting  
(see Table 8-5). Among 368 patients enrolled in the Trial to Assess 
Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibi-
tion With Prasugrel–Thrombolysis in Myocardial Infarction (TRITON-
TIMI 38) trial who underwent CABG surgery, prasugrel therapy was 
associated with significantly increased rates of major and minor bleed-
ing events compared with clopidogrel even when the drug was stopped 

complete recovery of platelet function within several hours of drug 
cessation, and they represent suitable bridging agents (Table 8-5).106,107 
Because a continuous intravenous (IV) infusion of drug is required, a 
bridging strategy requires hospitalization.

Although theoretically attractive, published experience with peri-
operative bridging is predominantly confined to nonrandomized case 
series.108-113 In a meta-analysis of eight studies of perioperative bridging 
that included 280 patients, the overall incidence of stent thrombosis 
was 1.3% with an in-hospital mortality rate of 3.5%, a major bleeding 
rate of 7.4%, and a need for blood transfusions among 13.9% of 
patients.114 Thus stent thrombosis and bleeding events still can occur 
despite bridging, and given the absence of control groups in any of 
these studies, the relative efficacy and safety of this approach compared 
with simply interrupting DAPT without interval bridging remains 
unknown.

Cangrelor, a reversible P2Y12 receptor antagonist that is adminis-
tered intravenously, has a very rapid onset of action and a half-life of 
only 3 to 6 minutes with recovery of platelet function within 60 
minutes; this renders the drug a potentially attractive perioperative 
bridging agent.115 In the Maintenance of Platelet Inhibition with Can-
grelor After Discontinuation of Thienopyridines in Patients Undergo-
ing Surgery (BRIDGE) trial, 210 patients with recent coronary stent 
placement who were awaiting CABG surgery had oral P2Y12 receptor–
antagonist therapy discontinued 5 to 7 days preoperatively and were 
randomized to receive either a continuous infusion of either cangrelor 

FIGURE 8-6	 Proposed	bridging	protocol	for	patients	on	dual-antiplatelet	therapy	with	aspirin	and	a	P2Y12	receptor	inhibitor	referred	for	noncardiac	
surgery.	GPI,	Glycoprotein	IIb/IIIa	receptor	inhibitor.	–,	Time	before	surgery;	+,	time	after	completion	of	surgery.	(From	Capodanno	D,	Angiolillo	DJ:	
Management	of	antiplatelet	therapy	in	patients	with	coronary	artery	disease	requiring	cardiac	and	noncardiac	surgery.	Circulation	128[25]:2785-
2798,	2013.)

Low-dose aspirin continued throughout

STOP
prasugrel

–7

*If oral administration is not possible. 
†With a 300- to 600-mg loading dose as soon as oral administation is possible; prasugrel and ticagrelor are discouraged.
‡Tirofiban: 0.1 µg/kg/min; if creatinine clearance <50 mL/min, adjust to 0.05 µg/kg/min. Eptifibatide: 2.0 µg/kg/min; if creatinine clearance is <50 mL/min, adjust
  to 1.0 µg/kg/min.
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(tirofiban, eptifibatide)
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clopidogrel†
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TABLE 8-5 Pharmacokinetics of Antiplatelet Agents

Drug
Route of 
Administration

Reversible Platelet 
Inhibition?

Time to Peak Activity 
After Loading Dose* Elimination Half-Life*

Time to Platelet Recovery 
After Discontinuation*

Ticlopidine Oral No 3-4	days 4-5	days 5	days

Clopidogrel Oral No 2-6	hours 8	hours 5	days

Prasugrel Oral No 2-4	hours 8	hours 7	days

Ticagrelor Oral Yes 2-4	hours 8	hours 5	days

Cangrelor Intravenous Yes <10	minutes 3	minutes <60	minutes

Tirofiban Intravenous Yes <10	minutes 2	hours 3-4	hours

Eptifibatide Intravenous Yes <10	minutes 2.5	hours 4	hours

*Times	are	approximate	and	demonstrate	interindividual	variability.
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POSTOPERATIVE CARE
Although prevention of operative complications through proper 
patient selection and management remains the cornerstone of achiev-
ing low surgical mortality rates, prompt recognition and treatment of 
postoperative complications when they do occur represents another 
critical element in optimizing surgical outcomes. In a provocative mul-
ticenter study of over 84,000 patients who underwent inpatient general 
or vascular surgery, major surgical complication rates were similar 
among various hospitals. Ultimate mortality rates among patients with 
major complications, however, varied dramatically from 12.5% among 
hospitals in the lowest mortality quintile to 21.4% among hospitals in 
the highest mortality quintile.134 These findings suggest that variations 
in mortality rates among hospitals may not result primarily from dif-
ferences in initial surgical complication rates but from the care that 
patients receive after complications have occurred.

Because the vast majority of perioperative cardiac events occur 
within the first 24 to 48 hours following surgery, close surveillance of 
patients at increased risk for such events is essential during the early 
postoperative period. Continuous telemetry monitoring and routine 
assessment of serum troponin levels are recommended for patients 
with signs or symptoms suggestive of myocardial ischemia or MI 
during this interval. If aspirin and/or P2Y12 receptor–blocker therapy 
was suspended prior to surgery, these agents should be resumed as 
soon as safely possible because the prothrombotic milieu engendered 
by surgery persists into the postoperative period. If an acute ST-segment 
elevation MI does occur early postoperatively, primary PCI is the treat-
ment of choice. Thrombolytic therapy is contraindicated after all but 
the most minor surgical procedures because of the potential for hem-
orrhagic complications related to the surgical site. For this reason, 
patients at heightened risk for perioperative MI—including those with 
prior DES placement and those in whom DAPT must be suspended 
prior to surgery—should have their surgical procedure performed at 
an institution with the on-site ability to perform primary PCI on a 
continuous basis. Among patients who require emergency PCI in the 
very early postoperative period, bleeding complications related to the 
surgical site remain a concern; however, angioplasty can be performed 
safely in most instances with the use of only aspirin and a single  
dose of unfractionated heparin or a bolus and brief infusion of 
bivalirudin.

up to 7 days prior to surgery.117 Ticagrelor is an orally administered 
nonthienopyridine platelet antagonist that, unlike clopidogrel and pra-
sugrel, binds reversibly to the P2Y12 receptor.102,118 Among a small 
subgroup of patients who required CABG in an early dose-finding 
trial, major bleeding events were less common among those random-
ized to ticagrelor, rather than to clopidogrel, when surgery was per-
formed within 5 days of drug cessation (36% vs. 64%) with little 
difference when surgery was delayed beyond 5 days (50% vs. 60%).119 
In a subgroup analysis that included 1261 patients who underwent 
CABG in the randomized Platelet Inhibition and Patient Outcomes 
(PLATO) trial, among patients who had surgery within 7 days of 
receiving study drug, ticagrelor was associated with a 50% relative 
reduction in total and cardiovascular mortality compared with clopi-
dogrel, and fewer deaths occurred from cardiovascular, bleeding, and 
infectious complications.120,121

Platelet Function Testing
Because substantial individual variability exists in the degree of platelet 
inhibition and speed of platelet recovery following cessation of oral 
antiplatelet therapy, some patients are left vulnerable to ischemic 
events for a longer duration while awaiting surgery. In addition, a 
rebound state of hypercoagulability may occur shortly after cessation 
of antiplatelet therapy, which renders patients especially susceptible to 
thrombotic events, although this concept remains controversial.122-126 
A variety of assays are available to rapidly assess the level of platelet 
inhibition on a patient-specific basis, and these may be of value in 
determining the ideal timing for surgery following discontinuation of 
antiplatelet therapy.127-129 To date, only a few small studies have exam-
ined the relationship of platelet function testing and operative bleeding 
events, all in CABG surgery.130-132 Both the European Society of Cardi-
ology (ESC) and the Society of Thoracic Surgery (STS) have given the 
premise of point-of-care testing of platelet inhibition for determining 
timing of surgery a class II recommendation in their most recent 
guidelines; however, the ideal assay and specific platelet reactivity cut-
points to optimize clinical outcomes remain unknown.133 Although 
intuitively attractive, the concept of using platelet function testing fol-
lowing antiplatelet therapy cessation to determine timing of surgery 
requires evaluation in larger scale clinical trials among post-PCI 
patients before its widespread use can be strongly recommended.
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OVERVIEW
Cardiovascular disease (CVD) remains the leading cause of death 
regardless of sex and race. Until recently, information has been extrap-
olated from large studies and registries and has been applied to all 
populations irrespective of sex, race, or ethnicity. However, a growing 
body of literature shows sex and race differences in CVD manifesta-
tions and treatment effects. In this chapter, we will explore some  
of these differences as they pertain specifically to interventional 
cardiology.

SEX
CVD is the leading cause of mortality and morbidity among women 
in the United States. It claims the lives of more women than the next 
five major causes of death combined. CVD occurs about 10 years later 
in women than in men, and this has in part contributed to the mis-
conception that CVD is predominately a man’s condition. Increasing 
data show worse outcomes in women after a cardiovascular event, 
which may be explained by differences in comorbidities and patho-
physiology as well as disparities in treatment.1

Characteristics and Outcomes of Women  
Undergoing Intervention
More than 1.3 million PCIs are performed annually in the United 
States, with an estimated 33% performed in women. Compared with 
men, women undergoing PCI are 5 years older and have a higher 
prevalence of hypertension, diabetes, and other comorbidities.2 They 
are less likely to have a history of myocardial infarction (MI), PCI, or 
coronary artery bypass graft (CABG) surgery. Women were more likely 
to present with an NSTEMI or unstable angina, whereas men are more 

likely to present with a STEMI.3 Compared with men, women have 
similar lesion types but less multivessel disease and substantially 
smaller vessels.4,5 Despite a lower prevalence of left ventricular dys-
function at baseline, women tend to have a higher incidence of conges-
tive heart failure (CHF), and they have more functional impairment 
after revascularization than men.6

Early reports of patients undergoing balloon angioplasty showed 
lower procedural success rates in women. In addition, early registry 
data found that women had higher in-hospital mortality after PCI even 
after adjusting for baseline comorbidities.5 However, more recent 
studies report similar procedural success rates in both groups, with an 
increase in the number of women undergoing PCI over the last several 
decades.5,7,8 These studies demonstrate that both in-hospital and long-
term mortality rates after PCI are similar between men and women 
despite women being older and having more complex lesion types 
(Tables 9-1 and 9-2). This is likely due to heightened awareness of the 
effects of CVD on women, as well as advances within the field (i.e., 
newer-generation stents and balloons, smaller sheath sizes and cathe-
ters, and advances in adjunctive pharmacotherapies).5,8,9 In addition, 
much controversy has surrounded less frequent use of diagnostic cath-
eterization and delays in PCI in women compared with men.10 These 
issues will be addressed further in the section on ACS later in the 
chapter.

Sex and Devices
No sex-based comparisons were made in the earlier randomized clini-
cal trials comparing BMSs with balloon angioplasty. Restenosis and 
revascularization rates were not well defined for women after bare-
metal stenting because of the small sample of women in prospective 
trials with systematic angiographic follow-up. Even though women 
tend to have smaller vessel size, shorter lesions, and a higher preva-
lence of diabetes, some intriguing initial studies reported that women 
had similar or lower target-vessel revascularization (TVR) rates com-
pared with their male counterparts after PCI.11 However, systematic 
angiographic and clinical follow-up has not validated these findings. 
In the DES era, both sirolimus and taxus stents have shown favorable 
outcomes in women. The Sirolimus-Eluting Stent in De-Novo Native 
Coronary Lesions trial (SIRIUS) and the TAXUS IV trial demon-
strated the superiority of DESs with reduction in restenosis, TVR, and 
major adverse cardiac events (MACEs) at 1-year follow-up in women 
and men.12 In TAXUS IV,13,14 patients with severe coronary artery ste-
nosis were randomized to DES (paclitaxel) versus BMS. Women 
accounted for 27.9% of the study population. Restenosis rates were 
similar in women and men treated with the TAXUS stent (7.6% vs. 
8.6%, P = .80), as were measurements of late luminal loss (0.23 mm vs. 
0.22 mm, P = .90). Compared with BMSs, women treated with the 
TAXUS stent had a significant reduction in 9-month restenosis (29.2% 
vs. 8.6%, P < .001) and 1-year target-lesion revascularization (TLR) 
rates (14.9% vs. 7.6%, P = .02). Of note, women had higher unadjusted 
TLR rates compared with men at 1 year; however, female sex was not 
an independent predictor of TLR (odds radio [OR], 1.72; 95% confi-
dence interval [CI], 0.68 to 4.37; P = .25).14a A pooled analysis from 
four randomized sirolimus versus BMS trials was done to assess for sex 
differences.14 In 1748 patients, 497 of whom were women, sirolimus-
coated stents were associated with a significant reduction in the rates 
of in-segment binary restenosis in women (6.3% vs. 43.8%) as well as 
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•	 Women	who	present	for	percutaneous	coronary	intervention	(PCI)	
are	older	and	have	more	comorbidities	compared	with	men.	
Women	and	men	have	similar	short-term	and	long-term	benefits	
with	bare-metal	stents	(BMSs)	and	drug-eluting	stents	(DESs).	
Moreover,	women	and	men	have	similar	mortality	rates	after	PCI.	
However,	women	have	higher	rates	of	vascular	complications	and	
bleeding	after	PCI.

•	 Women	who	present	with	unstable	angina	or	non–ST-elevation	
myocardial	infarction	(NSTEMI)	with	negative	biomarkers	are	less	
likely	to	benefit	from	an	invasive	strategy	and	should	be	risk	
stratified	with	stress	testing.

•	 Women	and	men	derive	similar	benefit	from	glycoprotein	(GP)	IIb/
IIIa	inhibitors,	P2Y12	inhibitors,	and	direct	thrombin	inhibitors.

•	 Women	and	men	derive	similar	benefit	from	primary	PCI	for	
ST-elevation	MI	(STEMI).

•	 Race-specific	analyses	of	PCI	are	limited.	However,	black	patients	
who	present	for	PCI	are	younger	and	are	more	likely	to	be	women,	
they	have	comorbidities,	and	they	present	with	an	acute	coronary	
syndrome	(ACS).



142 SECTION I  PATIENT SELECTION

TABLE 9-1 Odds of In-Hospital Death and Myocardial Infarction After Percutaneous Coronary Interventions, by Sex
Study Women/Men (N) Women (%) Men (%) Adjusted Odds Ratio (95% CI)

Peterson 2001

In-hospital	death 35,571/74,137 1.8 1.0 1.07	(0.9	to	1.2)
In-hospital	MI 1.5 1.2 1.25	(1.1	to	1.4)

Jacobs 2002

In-hospital	death 895/1629 2.2 1.3 1.6	(0.76	to	3.35)
In-hospital	MI 0.2 0.7

Lansky 2002

In-hospital	death 2077/5295 1.4 0.7 2.28	(1.15	to	4.55)

Watanabe 2001

In-hospital	death 29,227/53,556 1.2 0.6 1.65	(1.33	to	2.04)

Malenka 2002

In-hospital	death 3983/8057 1.04 0.79 1.24	(0.96	to	1.60)
In-hospital	MI 1.71 1.36 1.02	(0.85	to	1.24)

CI,	Confidence	interval;	MI,	myocardial	infarction.

TABLE 9-2 Long-Term Percutaneous Coronary Intervention Outcomes in Acute Coronary Syndrome Patients, by Sex
Study Women/Men (N) Women (%) Men (%) Adjusted Odds Ratio (95% CI)

Jacobs 2002

1-year	death 895/1629 6.5 4.3 1.26	(0.85	to	1.87)
1-year	death/MI 11.1 9.0 1.14	(0.86	to	1.50)

Lansky 2002 No	difference	between	sexes	was	noted;	
however	OR	was	not	reported.1-year	death 2077/5295 4.4 3.3

1-year	MACE 29.2 32.7

Mehili 2000

1-year	death 1001/3263 4.0 4.1 0.99	(0.54	to	1.13)
1-year	MACE 6.0 5.8 —

Chiu 2004

1-year	death 5301/12,738 7 5 1.14	(0.93	to	1.41)
1-year	MACE — — 1.05	(0.97	to	1.13)

CI,	Confidence	interval;	MACE,	major	adverse	cardiac	event;	MI,	myocardial	infarction;	OR,	odds	ratio.

TABLE 9-3 Vascular Complications, by Sex

Study Women/Men (N)
Women 
(%)

Men 
(%) P value

Chiu 2004

Blood	transfusion 5301/12,738 12 4 <.001
Major	hematoma 5 2 <.001
Pseudoaneurysm 0.6 0.3 .005

Lansky 2002

Major	hematoma 562/1520 2.5 1.5 .005
Retroperitoneal	bleed 0.5 0.2 .05
Surgical	repair 3.8 2.4 .001

Welty 2001

Vascular	injury 2101/3888 1.6 0.6 .001

Peterson 2001

Vascular	injury 35,571/74,137 5.4 2.7 .001

in men (6.4% vs. 35.6%), which resulted in significant reduction in 
1-year MACE rates (P < .0001). A recent pooled analysis of 11,557 
women in 26 trials showed decreased mortality, MI, in-stent thrombo-
sis, and TVR in those treated with a DES versus a BMS. In addition, a 
significant benefit was found with newer-generation over early-
generation DESs.15 Few sex-based studies on the efficacy of directional 
coronary atherectomy (DCA) exist. DCA is no longer used, but from 
a historical perspective, it appears to have been associated with lower 
procedural success and more bleeding complications in women.16 
Likewise, large devices such as the excimer laser are also associated 
with higher coronary perforation rates and increased morbidity in 
women.16 No sex-specific data on rotational atherectomy, cutting 
balloon angioplasty, extraction atherectomy, or gamma brachytherapy 
are available, although the value of these techniques outside of spe-
cialized circumstances is currently debated for the population as a 
whole.

VASCULAR COMPLICATIONS
Women experience greater vascular and bleeding complications during 
PCI. Compared with men, they have an increased risk of major hema-
toma, retroperitoneal bleeding, bleeding that requires transfusion, and 
vascular injury that requires surgery after PCI.9,17,18 Much of this may 
be explained by smaller vessel size, lower body mass index, and differ-
ences in platelet biology, drug distribution, and bioavailability. With 
the development of weight-adjusted heparin dosing, introduction of 

smaller sheath sizes, and early sheath removal, vascular complications 
have decreased.18 However, even in the current era, women continue 
to have a 1.5 to 4 times higher risk of vascular complications compared 
with men.14a,17,18 Table 9-3 shows different vascular complication rates 
by sex as reported in recently published large studies. Given that 
women have higher rates of vascular complications, they might be ideal 
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an invasive versus a noninvasive strategy (relative risk [RR], 0.46; 95% 
CI, 0.38 to 0.55).22 However, a study of 184 women from the Fifth 
Organization to Assess Strategies in Acute Ischemic Syndromes 
(OASIS-5) trial randomized to a routine invasive strategy versus a 
selective invasive strategy—defined as catheterization for patients with 
refractory ischemia, hemodynamic instability, or new ST elevations—
showed no difference in the rates of death, MI, or stroke (hazard ratio 
[HR], 1.46; 95% CI, 0.73 to 2.94). A meta-analysis of 2692 women, 
which included this study group, showed no significant difference in 
the composite outcome of death or MI (OR, 1.18; 95% CI, 0.92 to 1.53) 
between the two treatment groups and demonstrated a trend toward 
higher mortality in those who received a routine invasive strategy (OR, 
1.51; 95% CI, 1.00 to 2.29).23 Of interest, women who present with 
NSTEMI or unstable angina are more likely to have elevated C-reactive 
protein (CRP) and brain natriuretic peptide (BNP), whereas men are 
more likely to have elevated creatine kinase MB (CK-MB) and tropo-
nin.24 Surprisingly, sex differences are apparent in acute MI plaque 
morphology. Autopsies reveal more plaque erosion than plaque rupture 
in women after fatal MI compared with men (Fig. 9-1, A and B).25 Also, 
women appear to have more distal microvascular embolization com-
pared with men during fatal MI.26

The overall superiority of primary PCI over fibrinolytic therapy for 
women presenting with a STEMI has been demonstrated.27 In fact, 
likely because of more comorbidities in women at presentation, the 
absolute benefit with primary PCI is greater for women than for men. 
An estimated 56 deaths are prevented for every 1000 women treated 
with primary PCI compared with 42 deaths per 1000 men. Sex-
associated differences are also apparent in the amount of myocardial 
salvage after primary PCI for STEMI, with greater salvage in women 
than in men.28 This may be attributed to sex-specific tolerance of 
hypoxia demonstrated in a number of basic science experiments. Sex-
specific data regarding primary stenting versus primary balloon angio-
plasty in STEMI is also available. Women who presented with a STEMI 
benefitted from primary stenting with less reinfarction, TVR, and TLR. 
The Controlled Abciximab and Device Investigation to Lower Late 
Angioplasty Complications (CADILLAC) trial randomized 2082 
patients, of whom 27% were women, to BMS versus primary balloon 

candidates for radial access. Preliminary Data From the Study of 
Access Site for Enhancement of PCI for Women (SAFE-PCI) showed 
that the radial approach significantly decreased complications and 
bleeding rates compared with the femoral approach for women under-
going diagnostic left heart catheterizations. A trend was also seen 
toward decreased bleeding and complications for a subgroup who 
received PCI. Of note, an approximately 6% crossover to the femoral 
approach was reported, mostly as a result of radial artery spasm; this 
is consistent with a crossover of 7% for the population as a whole.19 
Data are sparse on sex differences in vascular complications related to 
arterial vascular closure devices. However, subgroup analyses of a 
number of studies have shown that the odds of a vascular complication 
related to a closure device is two to eight times higher in women than 
in men. Again, this is thought to be related to women’s smaller arterial 
luminal diameter.20

Sex Differences in Acute Coronary Syndrome
Numerous randomized trials have shown the benefit of an invasive 
strategy over conservative treatment in NSTEMI; however, the benefits 
for women in previous subgroup analyses has been less certain. A 
meta-analysis of eight large ACS trials that included 3075 women and 
7075 men found that, similar to men, an invasive strategy was safe  
and effective in terms of the composite end point of death, MI, or 
rehospitalization (OR, 0.67; 95% CI, 0.50 to 0.88) in women who had 
positive biomarkers.21 However, in women with negative biomarkers, 
an invasive strategy was associated with a trend toward higher rates of 
death and MI (OR, 1.35; 95% CI, 0.78 to 2.35), suggesting potential 
harm. The American College of Cardiology (ACC)/American Heart 
Association (AHA) now gives a Class IB recommendation for an initial 
conservative approach for low-risk women (i.e., those with negative 
biomarkers). A more recent study of 46,455 patients in the Swedish 
Web-System for Enhancement and Development of Evidence-Based 
Care in Heart Disease Evaluated According to Recommended Thera-
pies (SWEDEHEART) registry, which included 14,819 women—all of 
whom presented with NSTEMI and had positive biomarkers—showed 
a marked mortality reduction for both men and women treated with 

FIGURE 9-1	 A	and	B,	Plaque	ulcer	with	hemorrhagic	core.	C	through	F,	Plaque	erosion.	Note	the	lack	of	continuity	between	the	thrombus	and	the	
plaque.	(From	Arbustini	E,	Dall	Bello	B,	Morbini	P,	et	al:	Plaque	erosion	is	a	major	substrate	for	coronary	thrombosis	in	acute	myocardial	infarc-
tion.	Heart	82[3]:269-272,	1999.)
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catheterization (adjusted OR, 0.86; 95% CI, 0.82 to 0.91) or PCI 
(adjusted OR, 0.91; 95% CI, 0.86 to 0.96).35 Women were also less likely 
to be discharged on guideline-based medical therapies such as aspirin 
(adjusted OR, 0.91; 95% CI, 0.85 to 0.98), angiotensin converting 
enzyme (ACE) inhibitors (adjusted OR, 0.93; 95% CI, 0.88 to 0.98), 
and statins (adjusted OR, 0.92; 95% CI, 0.88 to 0.98). This is despite 
evidence that women derive the same benefit from these medications 
as men do. The CRUSADE registry confirms the unfortunate presence 
of continued treatment disparities between men and women. Another 
study that used the American College of Cardiology National Cardio-
vascular Data Registry (ACC-NCDR) registry looked at sex differences 
among patients with ACS (both NSTEMI and STEMI) and again 
showed disparities in treatment.36 Of 199,690 patients, despite fewer 
high-risk criteria, the 55,691 women had greater in-hospital complica-
tions. For example, although the adjusted mortality among women and 
men was similar (OR, 0.97; 95% CI, 0.88 to 1.07; P = .52), women had 
higher rates of CHF (OR, 0.80; 95% CI, 0.69 to 0.92; P = .002), bleeding 
(OR, 0.55; 95% CI, 0.52 to 0.58; P < .01), and cardiogenic shock (OR, 
0.82; 95% CI, 0.75 to 0.89; P < .01). Moreover, they found that women 
were less likely to receive aspirin (OR, 1.16; 95% CI, 1.13 to 1.20; P < 
.01) at admission and were less likely to be discharged on statins (OR, 
1.10; 95% CI, 1.07 to 1.13; P < .01) or aspirin (OR, 1.17; 95% CI, 1.13 
to 1.21; P < .01). Older age of female patients, symptom differences, 
and delay in presentation after acute MI have been suggested as possible 
explanations. Although these factors may explain initial treatment dif-
ferences, they do not explain treatment disparities once the diagnosis 
has been made. These findings call for significant improvements in the 
care of ACS patients and highlight the importance of continued inves-
tigations into perceptual barriers that contribute to these differences.

Sex-Specific Causes of Acute Coronary Syndrome

Stress Cardiomyopathy
Stress cardiomyopathy, or Takotsubo cardiomopathy, results in often 
severe left ventricular dysfunction with a classical apical ballooning 
pattern. Commonly associated with sudden emotional or physical 
stress, patients present with signs and symptoms of MI without demon-
strable epicardial CAD. The diagnosis of stress cardiomyopathy is 
based on “1) transient hypokinesis, akinesis, or dyskinesis in the left 
ventricular mid segments with or without apical involvement; regional 
wall motion abnormalities that extend beyond a single epicardial vas-
cular distribution; and frequently, but not always, a stressful trigger; 2) 
the absence of obstructive coronary disease or angiographic evidence 
of acute plaque rupture; 3) new electrocardiographic (ECG) abnor-
malities (ST-segment elevation and/or T-wave inversion) or modest 
elevation in cardiac troponin; and 4) the absence of pheochromocy-
toma and myocarditis.”37 Of stress cardiomyopathy cases, 80% to 100% 
are women in the sixth or seventh decade of life, but it has not yet been 
elucidated why the condition disproportionately affects postmeno-
pausal women. Hormonal changes have been implicated, given that 
estrogen deficiency appears to attenuate the levels of cardioprotective 
substances in the body that in part regulate catecholamine surges. 
Estrogen deficiency may also increase the level of oxidative stress.37

The pathophysiology of stress cardiomyopathy is also unclear. It has 
been suggested that multivessel epicardial coronary spasm or sponta-
neously resolved plaque rupture results in stunned myocardium. 
However, the regional distribution of wall motion abnormality is often 
out of proportion to the level of cardiac enzyme elevation observed, 
and in the case of plaque rupture, it is frequently inconsistent with a 
single coronary vessel.37 A catecholamine surge causing myocardial 
and neurogenic stunning is possible, although elevated catecholamine 
levels are often not seen in these patients.37 Microvascular dysfunction 
has also been identified in a number of patients with this condition, 
but it is difficult to establish a causal relationship given that apical bal-
looning can result in microvascular dysfunction.37 Given that left ven-
tricular dysfunction frequently resolves spontaneously within several 
weeks and recurrence is exceedingly rare,38,39 there is no standardized 
treatment for this condition. Some experts argue that beta-blockers are 

angioplasty with or without a GP IIb/IIIa inhibitor and found superior 
efficacy and safety with primary stenting, with or without abciximab, 
compared with balloon angioplasty.14a In women, primary stenting 
resulted in a reduction in the 1-year composite of death, reinfarction, 
ischemia-driven TVR, or disabling stroke from 28.1% to 19.1% (P = 
.01) compared with percutaneous transluminal coronary angioplasty 
(PTCA) alone. Much controversy surrounds potential differences in 
mortality rates between women and men after STEMI (Table 9-4). A 
higher in-hospital mortality is apparent among women undergoing PCI 
for STEMI compared with men. This is in contrast to unstable angina 
and NSTEMI, in which no mortality difference is apparent when 
adjusting for other factors. A large study that used the Nationwide 
Inpatient Sample of 11,717 women and 24,028 men found a 5.2% 
in-hospital mortality rate in women compared with a 2.7% mortality 
rate in men. Even after adjusting for age, hypertension, institutional 
volume, and pulmonary disease, women had higher mortality (OR, 
1.47; 95% CI, 1.23 to 1.75).29 This has been replicated in a number of 
other studies.30-32 However, no difference in mortality rates is apparent 
between the two groups at 30 days or 1 year (see Table 9-4). Of note, 
female sex is an independent risk factor for the development of cardio-
genic shock as a complication of MI; however, no sex difference in 
mortality is apparent for patients with cardiogenic shock after adjust-
ment for age. Thus the ACC/AHA STEMI guidelines recommend PCI 
or CABG for patients younger than 75 years who are in cardiogenic 
shock and have lesions amenable to revascularization regardless of sex.6

Much has been reported on sex differences in the diagnosis and 
treatment of ACS. Women with a higher Killip class present to the 
hospital later than men, and the initial presentation of coronary artery 
disease (CAD) in women is often sudden cardiac death (SCD) or acute 
MI. Women who present with an MI are less likely to undergo primary 
angioplasty within 90 minutes or to receive pharmacologic treatment 
on admission and are also less likely to be on accepted medical treat-
ment upon discharge.33,34 In 2005, the Can Rapid Risk Stratification of 
Unstable Angina Patients Suppress Adverse Outcomes With Early 
Implementation of the American College of Cardiology/American 
Heart Association Guidelines (CRUSADE) investigators published 
data on sex differences in patients with NSTEMI from a large registry 
of over 35,000 patients, of which 41% were women. They found that 
women were less likely to receive guideline-based therapies such as 
heparin (adjusted OR, 0.91; 95% CI, 0.86 to 0.97) at presentation. 
Moreover, women were less likely to undergo diagnostic left heart 

TABLE 9-4 Short-Term and Long-Term Percutaneous Coronary 
Intervention Outcomes in Patients With Myocardial 
Infarction, by Sex

PCI-MI 
Studies

Women/
Men (N)

Women 
(%)

Men 
(%)

Adjusted Rates Odds 
Ratio (95% CI)

Watanabe 2001

In-hospital	
death

11,717/	
24,028

5.2 2.7 1.47	(1.23	to	1.75)

Vakili 2001

In-hospital	
death

317/727 7.9 2.3 2.69	(1.4	to	5.2)

Mehili 2000

30-day	death 502/1435 8.4 8.5 —
1-year	death 13.8 12.9 0.65	(0.49	to	0.87)

Lansky 2005

30-day	death 562/1520 4.6 1.1 —
1-year	death 7.6 3.0 1.11	(0.53	to	2.36)

Antonucci 2001

6-month	
death

230/789 12 7 1.25	(0.63	to	2.47)

CI,	Confidence	interval;	MI,	myocardial	infarction;	PCI,	percutaneous	coronary	intervention.
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for the renal and carotid arteries is apparent (Fig. 9-3). FMD dispro-
portionately affects women and is seen almost exclusively in the female 
subset of patients with SCAD.43 Imaging of the carotid and renal arter-
ies of SCAD patients has revealed a number of cases of FMD,41,43 
therefore if a diagnosis of SCAD is made, patients should also be evalu-
ated for FMD.

Microvascular Angina
Microvascular angina is defined as chest pain and elevated cardiac 
biomarkers without angiographic evidence of significant atherosclero-
sis.44 The condition is most commonly seen in perimenopausal and 

contraindicated because of the resulting unopposed activation of 
alpha-adrenoreceptors. Also, no clear indication exists for other stan-
dard ACS therapies, such as aspirin and heparin, given the unclear 
mechanism of stress cardiomyopathy.

Spontaneous Coronary Artery Dissection
Spontaneous coronary artery dissection (SCAD) is an increasingly rec-
ognized cause of ACS identified predominantly in young (mean age, 
30 to 45 years), healthy females. Dissection of the coronary intimal or 
medial layer or rupture of the vaso vasorum can lead to intramural 
hematoma formation, which can ultimately result in various degrees 
of coronary occlusion.40,41 The mid to distal vessel is most often 
involved. The possibility of SCAD should be raised in patients who 
present with ACS with features of (1) age younger than 50 years, (2) 
absence of traditional cardiovascular risk factors, (3) little or no typical 
atherosclerotic changes, (4) peripartum state, (5) history of fibromus-
cular dysplasia or a connective tissue disorder, or (6) recent intensive 
exercise or emotional stress. Approximately half of the patients in one 
series presented with STEMI with the majority of the rest presenting 
with an NSTEMI.41 Saw and colleagues42 have classified SCAD into 
three types: type 1 shows evident arterial wall staining; type 2 shows 
diffuse stenosis of varying severity; and type 3 mimics atherosclerosis. 
If the patient’s presentation is clinically and angiographically consistent 
with type 1 SCAD, no further confirmatory test is necessary. If type 2 
or type 3 SCAD is suspected, intravascular ultrasound (IVUS) or 
optical coherence tomography (OCT) can be used to better evaluate 
the vessel (Fig. 9-2).40 Although OCT has greater spatial resolution, it 
is more costly and not as widely used as IVUS in the clinical setting. 
Although conservative management and CABG have resulted in 
minimal in-hospital morbidity, PCI has been complicated by technical 
failure in up to 35% of patients.41 Experts currently recommend con-
servative management with standard ACS therapies. However, caution 
must be exercised with antithrombotic agents; although they can 
decrease thrombus burden, the risk of bleeding into the false lumen  
is increased. If patients experience recurrent or ongoing ischemia 
despite conservative management, revascularization or referral for 
CABG may become necessary. OCT or IVUS should be considered  
to ensure proper stent alignment and positioning. Although the mor-
tality rate is relatively low (95% survival at 2 years),40 the estimated risk 
of recurrent SCAD at 10 years is approximately 30%.41 Of interest, a 
sizeable number of SCAD patients have coexisting fibromuscular dys-
plasia (FMD), a nonatherosclerotic, noninflammatory vascular condi-
tion that can affect any vascular bed in the body, although a predilection 

FIGURE 9-2	 A	and	B,	Coronary	angiogram	shows	mild	stenosis	of	the	mid	circumflex	artery	by	spontaneous	coronary	artery	dissection	with	intra-
mural	 hematoma	on	 optical	 coherence	 tomography.	 (From	Saw	 J:	 Spontaneous	 coronary	 artery	 dissection.	 Can	 J	Cardiol	 29[9]:1027-1033,	
2013.	Image	courtesy	Dr.	Deborah	Kwon.)

*
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FIGURE 9-3	 Fibromuscular	dysplasia	of	the	renal	arteries.	(From	Naderi	
S,	Cho	LS:	Cardiovascular	disease	 in	women:	prevention,	symptoms,	
diagnosis,	 pathogenesis.	 Cleve	 Clin	 J	 Med	 80[9]:577-587,	 2013.	
Image	courtesy	Dr.	Heather	Gornik.)
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SEX DIFFERENCES IN ADJUNCTIVE 
PHARMACOTHERAPY

Antiplatelet Therapy
Various forms of antiplatelet therapy have been recommended as first-
line treatment of CAD in patients of both sexes. The differences in 
these adjunctive therapies are outlined here.

Aspirin
Aspirin remains the mainstay of antiplatelet therapy in patients with 
CAD. It acts by irreversibly inactivating cyclooxygenase (COX), which 
causes inhibition of platelet thromboxane A2 synthesis and ultimately 
leads to inhibition of thromboxane-mediated platelet aggregation. 
Although its role in primary prevention in women is controversial, the 
efficacy of aspirin in secondary prevention has been well established. 
An early prospective primary-prevention cohort study of 87,678 
healthy women aged 34 to 65 years found that 325 mg of aspirin one 
to six times a week was associated with a significant reduction in MI 
(P = .005).51 However, a randomized primary-prevention trial of 39,876 
women who received 100 mg aspirin administered every other day 
found no cardiovascular risk reduction (RR, 0.91; 95% CI, 0.80 to 
1.15).52 Aspirin did, however, reduce the risk of ischemic stroke by 24%, 
and a subgroup analysis of women over the age of 65 showed a consis-
tent cardiovascular risk reduction with aspirin. A meta-analysis of six 
randomized controlled trials of primary prevention in 51,342 women 
and 44,144 men demonstrated sex-specific benefits. In women, aspirin 
decreased the rate of ischemic stroke (OR, 0.76; 95% CI, 0.63 to 0.93; 
P = .0008) but showed no benefit in reducing MI. In contrast, men had 
a reduction in MI (OR, 0.68; 95% CI, 0.54 to 0.86; P = .001), but no 
significant reduction in the incidence of stroke was observed.53 The 
treatment variability has been attributed to baseline clinical differences 
and to unique sex-specific responses to aspirin therapy. Both men and 
women showed similar platelet inhibition in the COX-1 direct pathway 
after aspirin therapy. In aggregation assays that were indirectly depen-
dent on the COX-1 pathway, compared with men, women had a modest 
increase in platelet reactivity after aspirin therapy.54

Aspirin resistance appears to be more common in women than in 
men. A study of 326 patients with CVD assessed the prevalence and 
clinical significance of aspirin resistance by optical platelet aggrega-
tion.55 Of these patients, 17 were aspirin resistant, defined as having a 
mean platelet aggregation of 70% or more with 10 µM adenosine 
diphosphate (ADP) and 20% or greater with 0.5 mg/mL arachidonic 
acid. Women were more likely to be aspirin resistant. The much larger 
Heart Outcome Prevention Evaluation (HOPE) trial assessed the rela-
tionship between aspirin resistance and the risk of adverse cardiovas-
cular outcomes.56 Patients in the study had a history of CAD, stroke, 
peripheral vascular disease, or diabetes in addition to at least one other 
cardiovascular risk factor. Aspirin resistance was determined by mea-
suring urinary levels of 11-dehydro-thromboxane B2 (TXB2), a stable 
metabolite of thromboxane A2. Higher baseline urinary levels of 
11-dehydro-TXB2 were associated with increased MI, stroke, and CVD 
mortality rates (P = 01). Female sex was independently associated with 
higher baseline levels of 11-dehydro-TXB2 level, indicating that women 
may be more aspirin resistant (P = .0004). Despite these data, aspirin for 
secondary prevention in women has been well established, making 
underutilization of aspirin in this group extremely concerning. In a large 
secondary prevention trial in women, only 83% of those with estab-
lished CAD or CVD received aspirin therapy.57 Even among patients 
with unstable angina, women were less likely to receive aspirin therapy. 
These findings are replicated in large registries and speak to the treat-
ment gap that still exists in practice.58 Despite advances with proven 
medical therapy after PCI, aspirin, ACE inhibitors, beta-blockers, and 
statins continue to be underutilized in all patients, particularly women.58

P2Y12 Inhibitors
P2Y12 inhibitors work by preventing activation of the P2Y12 receptor, 
which promotes platelet aggregation. When given in addition to 

postmenopausal women younger than those who classically present 
with CVD and is often characterized by lingering, dull chest pain after 
exertion. Given the ECG changes commonly seen, the condition is 
thought to be caused by ischemia of the microvascular bed.45 Micro-
vascular dysfunction caused by insulin resistance, abnormal vasocon-
striction and impaired vasodilation of the microvascular bed, increased 
systemic inflammation, and abnormal pain response have all been 
cited as potentially contributing to the etiology of microvascular 
angina.44 Estrogen deficiency may play a central role in the significantly 
increased burden of microvascular disease seen in women. Some 
studies suggest relief of symptoms in women who receive hormone 
therapy (HT), although concerns for adverse cardiovascular outcomes 
in women who receive HT has limited further investigation. Studies 
have also shown worse cardiovascular outcomes, higher angina-related 
hospitalization rates, and repeat heart catheterizations in women with 
microvascular angina.46 The diagnosis must be made by indirect means 
because no safe and minimally invasive technique exists by which to 
directly observe the microvasculature given that current coronary 
angiography techniques cannot visualize vessels smaller than 0.5 mm.47 
Because the coronary microvasculature controls total coronary resis-
tance and therefore regulates myocardial blood flow, measuring myo-
cardial blood flow at maximum vasodilation, termed coronary flow 
reserve (CFR), can indirectly evaluate the degree of microvascular dys-
function.48 CFR can be measured by invasive means in the catheteriza-
tion lab after maximum hyperemia is induced by adenosine or another 
such vasodilatory agent.49 It should be noted that CFR measurements 
performed in this invasive manner are greatly affected by hemody-
namic changes and can have poor reproducibility.48 In terms of non-
invasive imaging, perfusion magnetic resonance imaging (MRI) or 
positron emission tomography (PET) is often performed (Fig. 9-4). 
Once a diagnosis has been made, lifestyle modification, antianginal 
agents, ACE inhibitors, and statins have been suggested for therapy.47 
Pain-management techniques are also suggested given the increased 
pain sensitivity observed in women with this condition. More recently, 
ranolazine has shown promise in small groups of patients with this 
condition.50

FIGURE 9-4	 Magnetic	resonance	imaging	(MRI)	of	a	patient	with	micro-
vascular	disease.	(From	Naderi	S,	Cho	LS:	Cardiovascular	disease	in	
women:	prevention,	symptoms,	diagnosis,	pathogenesis.	Cleve	Clin	J	
Med	80[9]:577-587,	2013.	Image	courtesy	Dr.	Deborah	Kwon.)



 CHAPTER 9  Sex and Ethnicity Issues in Interventional Cardiology  147

Antithrombin Agents

Unfractionated Heparin
Unfractionated heparin (UFH) has long been used as the main antico-
agulation therapy in PCI. In the early days of PCI, empiric heparin 
dosing was used. However, activated clotting time (ACT) levels after a 
fixed dose of UFH vary substantially because of differences in body size, 
concomitant use of other medications, and increased heparin resistance 
in ACS. Weight-based dosing is particularly essential in women given 
their higher risk of bleeding.16 A weight-adjusted heparin dosing of 70 
to 100 U/kg should be given to achieve an ACT of 250 to 300 seconds 
with the HemoTec device and 300 to 350 seconds with the Hemochron 
device.65 The UFH bolus should be reduced to 50 to 70 U/kg when GP 
IIb/IIIa inhibitors are given, to achieve a target ACT of 200 seconds 
with either the HemoTec device or the Hemochron device.

Low-Molecular-Weight Heparin
The efficacy and safety of enoxaparin, a low-molecular-weight heparin 
(LMWH), in patients with an ACS undergoing PCI has been studied in 
two noninferiority trials.66,67 The Aggrastat to Zocor (A-to-Z) study 
enrolled 3987 patients (29% women) and the Superior Yield of the New 
Strategy of Enoxaparin Revascularization and Glycoprotein IIb/IIIa 
Inhibitors (SYNERGY) study enrolled 9978 patients (34% women) and 
found no statistical benefit of enoxaparin over standard UFH in PCI. In 
the A-to-Z trial, no statistically significant difference was found in the 
primary composite end point of death, MI, or refractory ischemia in 
women treated with enoxaparin versus UFH.66 In the SYNERGY trial, 
patients with ACS who were treated with an early invasive strategy were 
given either enoxaparin or UFH. At 30 days, no statistically significant 
difference in death or MI was found in women treated with enoxaparin 
versus UFH (13.5% vs. 12.9%, P = .59).67 Some evidence suggests that 
LMWH causes more bleeding than UFH in women, but no difference 
is apparent in bleeding risk in men versus women treated with LMWH.

Direct Thrombin Inhibitors
The direct thrombin inhibitor bivalirudin has emerged as an alternative 
antithrombotic therapy during PCI. The Randomized Evaluation in 
PCI Linking Angiomax to Reduced Clinical Events (REPLACE-2) trial 
enrolled 6010 patients, of whom 1537 were women, and demonstrated 
that bivalirudin with a provisional GP IIb/IIIa inhibitor was equivalent 
to heparin and GP IIb/IIIa inhibition with regard to MACE and was 
associated with less bleeding among patients undergoing PCI.68 In a 
prospective analysis of sex, no difference was seen in the individual or 
composite end point of death, MI, or urgent revascularization at 30 days 
or 6 months between men and women with bivalirudin or heparin and 
a GP IIb/IIIa inhibitor.17 No statistically significant difference was found 
in the composite of death, MI, or urgent revascularization at 30 days in 
women treated with heparin and a GP IIb/IIIa inhibitor versus bivaliru-
din (7.5% vs. 6.7%, P = .58). Major bleeding occurred in 5.9% of women 
in the heparin and GP IIb/IIIa inhibitor arm compared with 3.7% in the 
bivalirudin group (P = .04). Similarly, a decrease in minor bleeding 
(28.2% vs. 16.0%, P < .001) and access-site bleeding was reported with 
bivalirudin (4.1% vs. 1.6%, P = .003). Thus for female patients undergo-
ing PCI, as in men, bivalirudin appears to provide lower bleeding events 
compared with heparin and a GP IIb/IIIa inhibitor.

RACE AND ETHNICITY
Currently, minorities make up 30% of the U.S. population, and this is 
projected to increase to 47.5% of the population by 2050. Studies 
regarding race and ethnicity in medicine are fraught with difficulties, 
but numerous studies suggest disparities in cardiovascular care and 
outcomes.

Disparities in Coronary Artery Disease
Heart disease is the leading cause of death for all racial and ethnic 
groups in the U.S. population. However, blacks have the highest heart 

aspirin, these agents reduce the rates of subacute stent thrombosis  
after stent implantation. The PCI-Clopidogrel in Unstable Angina to 
Prevent Recurrent Events (CURE) study enrolled 2658 ACS patients 
treated with PCI, of whom 30.2% were women, and assigned them to 
either long-term or short-term clopidogrel plus aspirin. They found 
that clopidogrel for up to 12 months was superior to aspirin alone.59 A 
trend toward benefit was seen in women (RR, 0.77; 95% CI, 0.52 to 
1.15) compared with the statistically significant benefit seen in men 
(RR, 0.65; 95% CI, 0.48 to 0.87). In the Clopidogrel for Reduction  
of Events During Observation (CREDO) trial, 2116 patients were 
enrolled, of whom 29% were women, and long-term treatment with 
clopidogrel for up to 12 months after elective PCI compared with 
short-term clopidogrel was associated with a 27% RR reduction in the 
primary end point of death, MI, or stroke.60 In women, a 32% RR 
reduction in the primary end point was reported; however, it did not 
reach statistical significance (RR reduction, 32.1%; 95% CI, 58.9 to 
12.1). No sex-specific data are available with regard to clopidogrel 
loading dose. In the Intracoronary Stenting and Antithrombotic 
Regimen Rapid Early Action for Coronary Treatment (ISAR-REACT) 
trial, which enrolled 2159 low-risk patients for PCI pretreated with 
600 mg of clopidogrel and assigned to either abciximab or placebo, no 
additional benefit to GP IIb/IIIa inhibition was found.61 In this study, 
women composed 24% of the population. Patients with ACS, insulin-
dependent diabetes, and other high-risk criteria were excluded from 
this trial. Death, MI, and TVR at 30 days did not differ between the 
abciximab and placebo groups in either the entire population (4.0% vs. 
4.0%, P = nonsignificant [NS]) or in the female subset (3.0% vs. 3.0%, 
P = NS).

Data for the new P2Y12 inhibitors, such as prasugrel and ticagrelor, 
also suggest similar efficacy in both men and women. In the Platelet 
Inhibition and Patient Outcomes (PLATO) trial, women appeared to 
have a similar benefit as men when comparing ticagrelor to clopidogrel 
in terms of the primary composite end point of cardiovascular death, 
MI, and stroke in women (11.2% vs. 13.2% [adjusted HR, 0.88; 95% 
CI, 0.74 to 1.06]) and in men (9.4% vs. 11.1% [adjusted HR, 0.86; 95% 
CI, 0.76 to 0.97]). A benefit was also seen in terms of all-cause death 
in women (5.8% vs. 6.8% [adjusted HR, 0.90; 95% CI, 0.69 to 1.16)] 
and in men (4.0% vs. 5.7% [adjusted HR, 0.80; 95% CI, 0.67 to 0.96)] 
and definite stent thrombosis in women (1.2% vs. 1.4% [adjusted HR, 
0.71; 95% CI, 0.36 to 1.38)] and in men (1.4% vs. 2.1% [adjusted HR, 
0.63; 95% CI, 0.45 to 0.89]). No sex-specific difference was found in 
bleeding complications between women (adjusted HR, 1.01; 95% CI, 
0.83 to 1.23) and men (adjusted HR, 1.10; 95% CI, 0.98 to 1.24).62 
In the Trial to Assess Therapeutic Outcomes by Optimizing Platelet 
Inhibition with Prasugrel–Thrombolysis in Myocardial Infarction 
(TRITON-TIMI) 38 trial, prasugrel was compared with clopidogrel in 
the management of patients who present with MI. A significant benefit 
of prasugrel over clopidogrel was seen in both men and women in 
terms of the combined primary end point of CV death, nonfatal MI, 
and nonfatal stroke.63

Glycoprotein IIb/IIIa Inhibitors
GP IIb/IIIa inhibitors prevent the interplatelet bridging mediated by 
fibrinogen. Many of the trials that show the efficacy of these drugs were 
performed prior to the development of the P2Y12 agents.18 With the 
advent of dual-antiplatelet therapy (DAPT) with aspirin and P2Y12 
inhibitors, the routine use of GP IIb/IIIa inhibitors in ACS has largely 
fallen out of favor given the excess bleeding risk and the lack of sub-
stantial benefit from triple-antiplatelet therapy. However, such thera-
pies are still used in the modern era in certain high-risk patients. Even 
though GP IIb/IIIa inhibitors are associated with higher rates of both 
minor and major bleeding in women compared with men, the benefit 
derived is similar between the two groups.18 The CRUSADE registry 
not only showed excess bleeding for women in the trial overall but also 
for women treated with a GP IIb/IIIa inhibitor (15.7% vs. 7.3%, P < 
.0001).64 It also identified women as a vulnerable group more suscep-
tible to excess dosing; therefore caution should be used when admin-
istering these agents to female patients.
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and less specialist care, and physicians treating blacks have had  
less rigorous clinical training.75 Another contributing factor is the 
high prevalence of left ventricular hypertrophy (LVH) together with 
increased endothelin-1 levels in black Americans.76 Endothelin-1, a 
potent vasoconstrictor, is stimulated by transforming growth factor 
beta (TGF-β), which is increased in blacks with hypertension. The 
combination of LVH and endothelial dysfunction in conjunction with 
CAD may contribute to greater mortality rates. It should be noted that 
despite the recent interest in the field, race-specific PCI analyses are 
still rare.

Acute Coronary Syndrome
Black patients who present with ACS in the United States are likely to 
be younger and to have hypertension, diabetes, heart failure, and renal 
insufficiency. They are also less likely to have insurance coverage or 
specialist care.77 The investigators of CRUSADE, a large NSTEMI reg-
istry, found that black patients were more likely to receive older ACS 
treatments such as aspirin, beta-blockers, or ACE inhibitors but were 
significantly less likely to receive what was then considered newer  
ACS therapies such as GP IIb/IIIa inhibitors, clopidogrel, and statin 
therapy.77 Also, blacks were less likely to receive cardiac catheterization, 
revascularization, or smoking-cessation counseling. In-hospital death 
and postadmission MI were similar between black and white patients 
in the United States (adjusted OR, 0.92; 95% CI, 0.81 to 1.05), consis-
tent with findings from the National Registry of Myocardial Infarction 
(NRMI).31 These data hold true when looking specifically at patients 
who present with a STEMI, and black Americans are less likely to 
undergo cardiac catheterization and revascularization following a 
STEMI.78,79 The NRMI found that racial and ethnic minorities tended 
to be younger at presentation, and insurance status differed signifi-
cantly among the groups studied.78 They found that door-to-drug time 
and door-to-balloon time were significantly longer for minority 
patients. This finding persisted even after adjusting for age, sex, insur-
ance status, clinical characteristics, time of arrival, time since symptom 
onset, and hospital characteristics. In the fully adjusted model, door-
to-balloon time was 8.7 minutes longer in blacks compared with whites 
(P < .001) and 3.7 minutes longer for Hispanics compared with whites 
(P = .002).78 Similarly, a fully adjusted model of door-to-drug time 
showed a 5.1-minute increase in blacks (P < .001), a 1.3-minute 
increase in Hispanic Americans (P = .006), and a 1.7-minute increase 
in Asian Americans (P = .01) compared with their white counterparts. 
Even though a substantial portion of the racial and ethnic disparities 
in time to treatment is accounted for by the hospital at which a patient 
is admitted, racial and ethnic treatment disparities persist despite 
adjusting for these factors. In a large fibrinolysis trial, the 30-day sur-
vival rates were similar between blacks and whites, but black Ameri-
cans had a higher rate of in-hospital stroke (OR, 1.75; 95% CI, 1.19 to 
2.59) and more major bleeding events (OR, 1.32; 95% CI, 1.13 to 
1.55).80 According to the NRMI data, in-hospital mortality rates for 
STEMI patients are similar between black Americans and their white 
counterparts.31 However, at 5 years, the death rate was significantly 
higher among blacks despite their younger age (OR, 1.63; 95% CI, 1.41 
to 1.90).80 Several factors may explain the decreased rates of catheter-
ization and revascularization in blacks, and it certainly suggests that 
access to care may play a role, with evidence that black Americans  
with ACS are more likely to be treated in low-volume hospitals.81 
Although some race-specific data are available regarding differential 

disease–related mortality, with a rate that is 1.6 times that of their white 
counterparts (Table 9-5).1 Furthermore, disease onset is 5 years earlier 
in blacks. Research indicates increasing rates of ischemic heart disease 
in other minority groups, namely Asian, Hispanic, and Native Ameri-
cans. Despite the increased incidence of CAD among blacks, the pres-
ence of obstructive epicardial CAD on angiography is seen less often 
in blacks than in whites. Paradoxically, the prevalence of complications 
from atherosclerosis is greater in blacks despite a lower incidence of 
obstructive CAD. This is most likely due to increased rates of hyperten-
sion, diabetes, and smoking and not to inherent differences in the 
pathophysiology of CAD. Of note, data from the National Health and 
Nutrition Examination survey showed that blacks have a higher preva-
lence of peripheral arterial disease than their white counterparts 
(adjusted OR, 2.39; 95% CI, 1.11 to 5.12).69 This finding was confirmed 
by the Genetic Epidemiology of Network Angiopathy (GENOA) study, 
which showed that this difference persisted in black men and women 
despite adjusting for risk factors (adjusted OR was 4.7 [95% CI, 1.4 to 
16] for black men, and it was 2.2 [95% CI, 1.2 to 4.2] for black women).70

Characteristics of Racial and Ethnic Minorities Undergoing 
Intervention (Table 9-6)

Black patients undergoing PCI are younger, more likely to be female, 
and have more comorbidities—such as hypertension, diabetes, and 
chronic renal insufficiency—than their white counterparts. They are 
more likely to undergo urgent, rather than elective, PCI, although 
immediate procedural success and short-term rates of death and MI 
appear similar between black and white Americans.71,72 However, some 
have reported lower long-term survival after PCI in blacks.73 In a large 
PCI registry, adjusted mortality rate was increased among blacks at  
2 years (OR, 1.87; 95% CI, 1.15 to 3.04),74 findings consistent with 
another large, single-center PCI registry (OR, 1.45; 95% CI, 1.14 to 
1.84).71 These findings are likely multifactorial and are potentially due 
to a lack of access to quality health care for blacks. Studies have shown 
that in the United States blacks receive fewer preventive health services 

TABLE 9-5 Cardiovascular Disease in the United States: American Heart Association 2010 Heart and Stroke Statistics
Total White Male White Female Black Male Black Female Hispanic Male Hispanic Female

Prevalence 81.1	M 38.1% 34.4% 44.6% 46.9% 28.5% 34.5%

Mortality 831	K 340	K 372	K 47.9	K 50.9	K — —

From	Writing	Group	Members:	Heart	disease	and	stroke	statistics—2010	update:	a	report	from	the	American	Heart	Association.	Circulation	121:e46-e215,	2010.
M,	Million;	K,	thousand.

TABLE 9-6 Short-Term and Long-Term Percutaneous Coronary 
Intervention Outcomes in Black Americans

Study
Total Patients 
(% Black)

Adjusted Event Rate 
Comparing Blacks With 
Whites (OR, 95% CI)

Maynard 2001

In-hospital	death 24,625	(11%) 0.97	(0.83	to	1.12)
2-year	death 1.11	(1.05	to	1.17)

Leborgne 2004

1-year	death 10,561	(12%) 1.35	(1.06	to	1.71)

Slater 2003

1-year	death,	MI,	or	CABG 4,618	(9.7%) 0.65	(0.36	to	1.14)
2-year	death,	MI,	or	CABG 1.47	(1.06	to	2.04)

Chen 2005

1-year	death	or	MI 8,832	(8.0%) 1.45	(1.14	to	1.84)

Writing	Group	Members:	Heart	disease	and	stroke	statistics—2010	update:	a	report	 from	
the	American	Heart	Association,	Circulation	121:e46-e215,	2010.
CABG,	 Coronary	 artery	 bypass	 graft;	 CI,	 confidence	 interval;	 MI,	 myocardial	 infarction;	
OR,	odds	ratio.



 CHAPTER 9  Sex and Ethnicity Issues in Interventional Cardiology  149

standardized patients revealed that cardiologists were more likely 
to refer white men and women and black men for cardiac catheter-
ization than black women despite their exhibiting the same symp-
toms. In the report they concluded that even though a “myriad of 
sources contribute to these (treatment) disparities, some evidence 
suggests that bias, prejudice, and stereotyping on the part of the 
health care providers may contribute to differences in care.”

• The organization and finances of the health care systems that 
minorities have access to have also been cited. For instance, a lack 
of interpretive services prevents many non–English speaking 
patients from adequately making decisions regarding their care. 
Fragmentation of health care with individuals receiving different 
tiers of care may also play a role. Although patients may have equal 
access to care, the quality of the care received may not be uniform.

To work toward eliminating disparities in care, the Institute of Medi-
cine of the National Academies has recommended a comprehensive, 
multilevel strategy that includes training and educating health care 
providers, implementing policy and regulatory strategies that address 
health plans and health services, and promoting better use of clinical 
practice guidelines.

CONCLUSION
Much has been learned in the last few years regarding sex and racial 
differences in the presentation, management, and outcomes of patients 
with CAD. Much more remains to be learned regarding disparities in 
cardiovascular care, which requires ongoing research and education to 
bridge the divide.

antihypertensive medication response, to our knowledge, no such data 
exist on the efficacy of adjunctive PCI pharmacotherapy.

Social Aspects of Health Care Disparities
Disparities persist in health care because of complex social, political, 
physiologic, and genetic variation. Although it is important to note that 
patients from ethnic minority groups are more likely to be treated in 
low-volume hospitals and to refuse invasive procedures than their 
white counterparts, these factors do not fully account for the treatment 
disparities seen.82 In reviewing over 100 studies, the National Institute 
of Medicine’s 2001 report83 found that patients from minority groups 
are less likely to receive the needed services, compared with their white 
counterparts, even after accounting for issues related to access to health 
care. Assuming each group had similar comorbidities and access to 
health care, the committee considered three sets of factors as likely 
contributors to these treatment differences:
• Data suggest that minorities seek care later than their white coun-

terparts and that they may refuse recommended care. It is thought 
that this might be due to a number of factors that include the 
patient’s inability to relate to the provider, mistrust and poor prior 
interactions with the health care system, misunderstanding of 
instructions, and a lack of knowledge of how to utilize health care 
services. This, however, does not fully explain racial and ethnic 
disparities and accounts for only a small proportion of the differ-
ences seen.

• Inherent stereotypes and discrimination exist in medicine, whether 
it is conscious or unconscious. A study of white and black American 
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•	 Dual-antiplatelet	therapy	(DAPT)	with	aspirin	and	a	P2Y12	receptor	
inhibitor	is	the	cornerstone	of	therapy	after	percutaneous	coronary	
intervention	(PCI).

•	 The	thienopyridines—ticlopidine,	clopidogrel,	and	prasugrel—are	
P2Y12	inhibitors	that	are	prodrugs	and	therefore	require	conversion	
into	an	active	metabolite	to	exert	their	antiplatelet	effect.	This	active	
metabolite	irreversibly	binds	and	antagonizes	the	P2Y12	receptor	for	
the	life	span	of	the	platelet.

•	 Compared	with	clopidogrel,	prasugrel	reduces	ischemic	events	in	
thienopyridine-naïve	patients	undergoing	PCI	but	is	associated	with	
a	higher	risk	of	bleeding.	Net	clinical	benefit	is	greatest	in	patients	
without	a	history	of	stroke	or	transient	ischemic	attack	(TIA)	who	are	
older	than	75	years	of	age	and	weigh	over	60	kg.	Compared	with	
prasugrel	administered	after	coronary	angiography,	pretreatment	with	
prasugrel	in	invasively	managed	patients	with	non–ST-elevation	
acute	coronary	syndrome	(NSTE-ACS)	increases	major	bleeding,	
does	not	reduce	ischemia,	and	should	be	avoided.

•	 Ticagrelor	is	a	direct,	reversibly	acting	nonthienopyridine	P2Y12	
antagonist.	In	patients	with	acute	coronary	syndrome	(ACS),	
including	those	treated	with	an	invasive	strategy,	ticagrelor	reduced	
ischemic	events	and	cardiovascular	mortality	compared	with	
clopidogrel.	Although	overall	bleeding	was	not	increased	with	
ticagrelor,	the	risk	of	non–coronary	artery	bypass	grafting	(CABG)-
related	bleeding	was	increased.

•	 Substantial	interindividual	variability	is	evident	in	the	antiplatelet	
effect	of	clopidogrel.	High	on-treatment	platelet	reactivity	despite	
clopidogrel	therapy	can	identify	patients	at	risk	for	ischemic	events	
after	PCI.	The	clinical	benefit	of	individualized	antiplatelet	strategies	
based	on	platelet	function	testing	has	yet	to	be	demonstrated	in	
randomized	clinical	trials.

•	 Several	genetic	polymorphisms	reduce	the	enzymatic	activity	of	
CYP2C19,	which	is	critical	for	the	conversion	of	clopidogrel	to	its	
active	metabolite.	When	treated	with	clopidogrel,	carriers	of	these	
alleles	with	reduced	function,	especially	those	with	two	copies	(poor	
metabolizers),	are	at	higher	risk	of	thrombotic	events	after	PCI	
compared	with	patients	with	normal	alleles.	The	CYP2C19	genotype	
does	not	influence	the	clinical	efficacy	of	prasugrel	or	ticagrelor.

•	 The	effects	of	thrombin,	the	most	potent	platelet	activator,	are	
mediated	primarily	through	the	protease-activated	receptor	1	
(PAR-1)	receptor.	The	net	clinical	benefit	of	the	PAR-1	antagonist,	
vorapaxar,	is	favorable	in	the	setting	of	secondary	prevention	in	
patients	with	prior	myocardial	infarction	(MI)	in	combination	with	
standard	antiplatelet	therapy	but	is	not	approved	for	use	in	the	
setting	of	PCI	because	of	a	lack	of	ischemic	efficacy	and	increased	
bleeding.

•	 In	the	modern	era	of	pretreatment	with	P2Y12	inhibitors,	the	benefit	
of	glycoprotein	(GP)	IIb/IIIa	inhibition	appears	to	be	restricted	to	
high-risk	patients	with	ACS	who	have	elevated	cardiac	biomarkers.

10 Platelet Inhibitor Agents

S E C T I O N  II PHARMACOLOGIC INTERVENTION

MATTHEW J. PRICE I DOMINICK J. ANGIOLILLO

K E Y  P O I N T S

BASIC PRINCIPLES OF ANTIPLATELET THERAPY
Platelets play a critical role in normal hemostasis and in the pathogen-
esis of atherothrombotic disease processes. Platelets provide an initial 
hemostatic plug at the site of vascular injury and promote pathophysi-
ologic thrombosis, which in turn precipitates MI, stroke, and periph-
eral vascular occlusion; therefore antiplatelet agents are key in 
cardiovascular disease management. In particular, the main goal of 
antiplatelet treatment strategies is to reduce the risk of recurrent ath-
erothrombotic events without excessive bleeding complications. 
However, because both pathologic and physiologic functions of plate-
lets are due to the same mechanism, it is difficult to separate therapeu-
tic benefits from potential harmful effects.

Platelet plug formation at sites of vascular injury occurs in three 
stages: (1) the initiation phase involves platelet adhesion; (2) the exten-
sion phase includes activation, additional recruitment, and aggrega-
tion; and (3) the perpetuation phase is characterized by platelet 
stimulation and stabilization of clot.1 Circulating platelets are quiescent 
under normal circumstances and do not bind to the intact endothe-
lium. However, endothelial damage leads to the exposure of circulating 
platelets to the subendothelial extracellular matrix (ECM) and triggers 

platelet recruitment and adhesion (Fig. 10-1).2 In the initial phase of 
primary hemostasis, the tethering of platelets at sites of vascular injury 
is mediated by the GP Ib-IX-V receptor complex, which binds von 
Willebrand factor (vWF). Subendothelial collagen exposed by damaged 
vessels engages platelets via GP VI and GP Ia/IIa receptors. These 
interactions allow the arrest and activation of adherent platelets. In the 
extension phase, additional platelets are recruited and activated via 
soluble agonists. These platelet-activating factors include adenosine 
diphosphate (ADP), thromboxane A2 (TXA2), epinephrine, serotonin, 
collagen, and thrombin. Signaling via ADP receptors contributes to 
platelet activation during both protective hemostasis and pathologic 
thrombosis. Two ADP receptors are expressed by platelets: P2Y1 
couples to Gαq and contributes to initial aggregation, and P2Y12 
couples to Gα12 and decreases cyclic adenosine monophosphate 
(cAMP), stabilizing the platelet aggregate.3 P2Y12 receptor signaling 
also stimulates surface expression of P-selectin and secretion of TXA2, 
which is produced de novo and, like ADP, is released from adherent 
platelets. Generated from arachidonic acid through conversion by 
cyclooxygenase 1 (COX-1) and thromboxane synthase, TXA2 binds 
platelet receptors TPα and TPβ; however, its effects in platelets are 
mediated primarily through TPα. ADP and TXA2 are secreted from 
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ASPIRIN

Mechanism of Action
Aspirin irreversibly inactivates the cyclooxygenase activity of prosta-
glandin H (PGH) synthase 1 and 2, also referred to as COX-1 and 
COX-2. PGH synthase 1 and 2 convert arachidonic acid to PGH2, 
which acts as a substrate for the generation of several prostanoids, 
including TXA2 and prostacyclin (PGI2). Aspirin enters the COX 
channel and acetylates the amino acid serine at positions 529 and 516 
of COX-1 and COX-2, respectively, thereby preventing arachidonic 
acid access to the catalytic site of the enzyme through steric hindrance. 
Mature platelets express only COX-1 and are the primary sources of 
TXA2, which is released by the platelet in response to a variety of 
agonists and induces platelet aggregation through the G protein–
coupled TXA2 receptor, TP. Other cells, including the vascular endo-
thelium, express both COX-1 and COX-2. COX-1 is responsible for 
the production of cytoprotective prostaglandins PGE2 and PGI2 in the 
gastric mucosa, and COX-2 is the main source of vascular PGI2. Unlike 
mature platelets, gastric mucosal cells can synthesize COX-1 and there-
fore recover the ability to produce prostaglandins within hours after 
aspirin exposure. Compared with COX-1, higher levels of aspirin are 
required to inhibit COX-2; therefore low-dose aspirin is sufficient to 
inhibit platelet TXA2 production but insufficient to affect the genera-
tion of vascular PGI2, which is a platelet inhibitor and vasodilator. 
In addition to its primary effect on platelet aggregation through 

adherent platelets, contribute to the recruitment of circulating plate-
lets, and promote alterations in platelet shape and granule secretion; 
thus platelet activation is amplified and sustained during the extension 
phase. Thrombin, generated at the site of vascular injury, represents the 
most potent platelet activator4 and contributes to the formation of the 
hemostatic plug and platelet thrombus growth. Thrombin also directly 
activates platelets through stimulation of the protease-activated recep-
tors (PARs). Human platelets express two PARs for thrombin, PAR-1 
and PAR-4. Thrombin facilitates the production of fibrin from fibrino-
gen and thus contributes to the formation and stabilization of the 
hemostatic plug.4 The final common pathway is activation of the inte-
grin GP IIb/IIIa, which allows platelets to bind fibrinogen with high 
affinity, leading to platelet aggregates.5 In the perpetuation phase, the 
platelet-rich thrombus and coagulation cascades reinforce one another 
and culminate in the generation of a stable platelet-fibrin–rich plug at 
the sites of injury.

The mechanisms by which antiplatelet drugs interfere with platelet 
function involve targeting enzymes or receptors critical for synthesis 
or targeting the action of important mediators of these functional 
responses. Current and investigational oral antiplatelet therapies target 
key platelet-signaling pathways (Fig. 10-2). This chapter reviews the 
mechanisms of action, efficacy, and safety of antiplatelet agents that 
inhibit key platelet-signaling pathways and their components—
including the TXA2 pathway, the P2Y12 and PAR-1 receptors, phospho-
diesterase III, and the GP IIb/IIIa receptor—and focuses on their roles 
in PCI.

FIGURE 10-1	 Platelet-mediated	thrombosis.	The	interaction	between	von	Willebrand	factor	(vWF)	and	the	platelet	receptor	glycoprotein	(GP)	Ib-V-IX	
mediates	platelet	 tethering	to	the	subendothelium	at	 the	sites	of	 injury.	GP	VI	binds	collagen	with	low	affinity,	which	triggers	intracellular	signals	
that	shift	platelet	integrins	to	a	high-affinity	state	and	induce	the	release	of	the	secondary	mediators	adenosine	diphosphate	(ADP)	and	thromboxane	
A2	(TXA2).	In	parallel,	tissue	factor	(TF)	locally	triggers	thrombin	formation,	which	also	contributes	to	platelet	activation	via	binding	to	the	platelet	
protease-activated	 receptor	 1	 (PAR-1).	 Ultimately,	 the	 integrin	 GP	 IIb/IIIa,	 which	 is	 the	 final	 common	 pathway	 mediating	 platelet	 aggregation,	
transforms	from	a	resting	to	an	activated	phase,	which	allows	it	to	bind	fibrinogen	with	high	affinity	and	leads	to	platelet	aggregates.	In	the	perpetu-
ation	phase,	the	platelet-rich	thrombus	and	coagulation	cascades	reinforce	one	another,	which	contributes	to	thrombus	growth	and	culminates	in	
the	generation	of	a	stable	platelet-fibrin–rich	plug	at	the	sites	of	injury.	(Adapted	from	Varga-Szabo	D,	Pleines	I,	Nieswandt	B:	Cell	adhesion	mecha-
nisms	in	platelets.	Arterioscler	Thromb	Vasc	Biol	28:403-412,	2008.)
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effective platelet inhibition in aspirin-naïve subjects; however, loading 
doses greater than 300 mg do not provide additional pharmacody-
namic benefit at 2 hours after ingestion.

The American College of Cardiology Foundation (ACCF)/Ameri-
can Heart Association (AHA)/Society for Cardiovascular Angiography 
and Interventions (SCAI) 2011 PCI guidelines state that patients not 
already taking daily long-term aspirin therapy should be administered 
325 mg nonenteric aspirin before PCI (class I, level of evidence [LOE] 
B), and patients already on daily aspirin therapy should take 81 mg to 
325 mg before PCI (class I, LOE B).

Aspirin Dose After Percutaneous Coronary Intervention
In healthy individuals, maintenance aspirin dosages as low as 30 mg 
daily are adequate to completely inhibit serum TXB2 production, a 

inhibition of the PGH synthase COX-1 activity, it has been suggested 
that aspirin also exerts antiplatelet effects via COX-1–independent 
pathways.6

Pharmacokinetics and Pharmacodynamics
Aspirin is rapidly absorbed in the stomach and small intestine and 
achieves peak plasma levels in 30 to 40 minutes. Esterases in the gas-
trointestinal mucosa and liver hydrolyze aspirin into salicylic acid, 
which then interacts with platelets in the portal circulation. The half-
life is short, approximately 20 to 30 minutes, but the pharmacodynamic 
effect is prolonged given the permanent inactivation of platelet COX-1 
activity. Low-dose aspirin requires several days to effectively suppress 
TXA2 production; therefore a loading dose is needed to quickly achieve 

FIGURE 10-2	 Sites	of	action	of	current	and	emerging	antiplatelet	agents.	Platelet	adherence	to	the	endothelium	occurs	at	the	sites	of	vascular	injury	
through	the	binding	of	glycoprotein	(GP)	receptors	 to	exposed	extracellular	matrix	proteins	(collagen	and	von	Willebrand	factor	[vWF]).	Platelet	
activation	occurs	via	complex	intracellular	signaling	processes	and	causes	the	production	and	release	of	multiple	agonists,	including	thromboxane	
A2	(TXA2)	and	adenosine	diphosphate	(ADP)	and	also	causes	local	production	of	thrombin.	These	factors	bind	to	their	respective	G	protein–coupled	
receptors,	mediating	paracrine	and	autocrine	platelet	activation.	Further,	they	potentiate	each	other’s	actions	(P2Y12	signaling	modulates	thrombin	
generation).	The	major	platelet	 integrin	GP	 IIb/IIIa	mediates	 the	final	common	step	of	platelet	activation	by	undergoing	a	conformational	shape	
change	and	binding	fibrinogen	and	vWF,	 leading	 to	platelet	aggregation.	The	net	 result	of	 these	 interactions	 is	 thrombus	formation	mediated	by	
platelet-platelet	 interactions	with	 fibrin.	Current	 and	 emerging	 therapies	 that	 inhibit	 platelet	 receptors,	 integrins,	 and	proteins	 involved	 in	platelet	
activation	include	thromboxane	inhibitors,	ADP	receptor	antagonists,	GP	IIb/IIIa	inhibitors,	and	the	novel	PAR	antagonists	and	adhesion	antagonists.	
Reversibly	 acting	 agents	 are	 indicated	 by	 brackets.	 5-HT2A,	 5-Hydroxytryptamine	 2A	 receptor;	 COX,	 cyclooxygenase;	 PAR,	 protease-activated	
receptor;	TNF,	tumor	necrosis	factor.	(From	Angiolillo	DJ,	Capodanno	D,	Goto	S:	Platelet	thrombin	receptor	antagonism	and	atherothrombosis.	Eur	
Heart	J	31:17-28,	2010.)
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GP IIb/IIIa receptor activation through activation of a serine-threonine 
protein kinase B (PKB/Akt) and RAP1B guanosine triphosphate (GTP) 
binding protein. Inhibition of adenylyl cyclase decreases intracellular 
levels of cAMP, a key cofactor for the phosphorylation of vasodilator-
stimulated phosphoprotein (VASP). Dephosphorylated VASP helps 
promote the conformational change of the GP IIb/IIIa receptor to its 
active state. Therefore through its action on cAMP levels, P2Y12 activa-
tion drives the dephosphorylation of VASP and in turn drives GP IIb/
IIIa activation (Table 10-1).

Thienopyridines
The thienopyridines—ticlopidine, clopidogrel, and prasugrel—are pro-
drugs that require biotransformation into an active metabolite to exert 
their antiplatelet effect. The active metabolite irreversibly binds and 
antagonizes the P2Y12 receptor for the platelet’s life span (7 to 10 days). 
Differences in the rapidity and magnitude of platelet inhibition between 
the thienopyridines are predominantly the result of differences in 
prodrug metabolism that affect the efficiency of active metabolite for-
mation. Because the interaction between the active metabolite and the 
P2Y12 receptor is irreversible, a substantial waiting period for platelet 
functional recovery is required after thienopyridine exposure, which 
appears to be related to the magnitude of the initial inhibition.11-13

Ticlopidine
Ticlopidine was the first thienopyridine to be introduced into clinical 
practice. It has a slow onset of action, is poorly tolerated, and its use is 
associated with blood dyscrasias. The incidence of neutropenia has 
been reported to be 2.4%, peaking at 4 to 6 weeks after the start of 
therapy; the incidence of aplastic anemia is 1 in 4000 to 8000 patients; 
and the incidence of thrombotic thrombocytopenic purpura is approx-
imately 1 in 2000 to 4000 patients. The onset of hematologic disorders 
is rare after 3 months of therapy; therefore hematologic monitoring is 
required before initiation and for the first 3 months of exposure. The 
Stent Anticoagulation Restenosis Study (STARS)14 demonstrated that 
the combination of aspirin and ticlopidine significantly reduced the 
rate of death, angiographically evident stent thrombosis, MI, or revas-
cularization at 30 days by 85% compared with aspirin alone and by 
80% compared with the combination of aspirin and warfarin. Ticlopi-
dine has been widely replaced by clopidogrel, given its better tolerabil-
ity and lack of blood-monitoring requirements.

Clopidogrel
Metabolism
Clopidogrel is a prodrug that requires hepatic conversion into an active 
metabolite to exert its antiplatelet effect (Fig. 10-3). Approximately 
85% of absorbed clopidogrel is hydrolyzed by human carboxylesterase1 
in the liver into an inactive carboxylic acid metabolite, so only a frac-
tion of absorbed clopidogrel is available for conversion into the active 
metabolite by the cytochrome P450 (CYP) system. Hepatic biotrans-
formation of absorbed clopidogrel into the active metabolite is thought 
to occur through a two-step process. The thiophene ring of clopidogrel 
is first oxidized to 2-oxo-clopidogrel, which is then hydrolyzed to a 
highly labile active metabolite (R-130964) that forms a disulfide bond 
with the P2Y12 receptor as platelets pass through the liver. The first 
metabolic step involves the isoenzymes CYP2C19, CYP2B6, and 
CYP1A2; the second step involves the isoenzymes CYP2C19, CYP2B6, 
CYP3A4, CYP3A5, and CYP2C9. An alternative pathway for the oxi-
dative biotransformation of clopidogrel that does not involve CYP2C19 
has been suggested.15 In this formulation, CYP-catalyzed oxidation of 
clopidogrel to 2-oxo-clopidogrel is mediated by CYP1A2, CYP2B6, 
and CYP3A, and conversion of 2-oxo-clopidogrel to the thiol active 
metabolite is mediated by the esterase paraoxonase 1 (PON-1). The 
catalytic activity of PON-1 is proposed to be the rate-determining step 
for the active metabolite formation of clopidogrel. However, this alter-
native pathway has not been independently validated; paraoxonase 
may catalyze the formation of a minor isomer of the active metabolite, 
rather than the major isomer, and several studies have shown no  

marker of platelet thromboxane production. Collaborative meta-
analyses of the clinical benefit of long-term aspirin regimens in high-
risk patients show that dosages greater than 75 to 150 mg daily are no 
more effective in reducing ischemic events but are associated with a 
greater risk of bleeding. However, patients undergoing PCI and receiv-
ing stents are not represented in these studies. The ACCF/AHA/SCAI 
2011 PCI guidelines7 state that after PCI, it is reasonable to use aspirin 
81 mg per day in preference to higher maintenance doses (class IIa, 
LOE B).

The impact of different aspirin dosages on ischemia and bleeding 
in stented patients was examined in a post hoc observational analysis8 
of the PCI cohort of the Clopidogrel in Unstable Angina to Prevent 
Recurrent Ischemic Events (CURE) trial. This analysis suggests that 
doses of aspirin below 200 mg might be optimal after PCI with a bare-
metal stent (BMS). The study stratified the 2658 patients who under-
went PCI for acute coronary syndrome in the CURE trial9 into three 
groups: high-dose (≥200 mg), medium-dose (>100 mg to <200 mg), 
and low-dose aspirin (≤100 mg). No differences were found in the 
unadjusted or adjusted rates of death, MI, or stroke among the groups 
(high dose vs. low dose, adjusted hazard ratio [HR] 1.00; 95% confi-
dence interval [CI]; 0.67 to 1.48; medium dose vs. low dose, adjusted 
HR 1.09; 95% CI, 0.73 to 1.60). Unadjusted and adjusted rates of major 
bleeding were significantly greater with high-dose aspirin compared 
with low-dose aspirin (adjusted HR 2.03; 95% CI, 1.15 to 3.57).

The Clopidogrel and Aspirin Optimal Dose Usage to Reduce Recur-
rent Events—Seventh Organization to Assess Strategies in Ischemic 
Syndromes (CURRENT–OASIS 7)10 examined the safety and efficacy 
of higher-dose aspirin (300 to 325 mg daily) compared with lower-
dose aspirin (75 to 100 mg daily) in 25,086 patients with ACS treated 
with an invasive strategy. All patients received an aspirin loading dose 
of 300 mg or more the day of randomization, and patients were also 
randomized in a two-by-two factorial design to standard-dose or 
double-dose clopidogrel. In the overall cohort, the rate of cardiovascu-
lar death, MI, or stroke at 30 days was not different between higher-
dose and lower-dose aspirin regimens (4.2% vs. 4.4%, HR 0.97; 95% 
CI, 0.86 to 1.09; P = .61). The incidence of major bleeding as defined 
by the trial was not different among groups (2.3% vs. 2.3%, HR 0.99; 
95% CI, 0.84 to 1.17; P = .9). Minor bleeding was more frequent with 
higher-dose aspirin (5.0% vs. 4.4%, HR 1.13; 95% CI, 100 to 1.27; P = 
.04), as was gastrointestinal (GI) bleeding (0.4% vs. 0.2%, P = .04). The 
findings were similar among those patients who underwent PCI, 
approximately 42% of whom received a drug-eluting stent (DES), and 
no difference was found in the incidence of stent thrombosis within 
the PCI cohort. Therefore a treatment strategy of lower-dose aspirin in 
invasively managed patients with ACS for 30 days appears to provide 
ischemic outcomes similar to higher-dose aspirin with less minor 
bleeding and less GI bleeding. However, longer treatment durations 
have not been examined in a randomized fashion.

P2Y12 INHIBITORS

Basic Principles
The platelet P2Y12 receptor plays a central role in amplifying the effect 
of various stimuli on platelet activation, and it promotes thrombus 
growth and stability. It is an inhibitory G protein–coupled receptor 
(Gα12) activated by ADP, which is released from dense granules after 
platelet activation from a variety of stimuli. ADP binding to the P2Y12 
receptor leads to a series of intracellular signaling events that result in 
further granule release and amplification of platelet activation, confor-
mational changes of the GP IIb/IIIa receptor, and stabilization of the 
platelet aggregate. P2Y12 activation further amplifies other responses to 
platelet activation including P-selectin expression, microparticle for-
mation, procoagulant changes in the surface membrane, and potentia-
tion of shear stress–induced platelet aggregation. The intracellular 
effect of P2Y12 receptor activation is mediated by signal transduction 
via a secondary messenger system that activates phosphoinositide 
3-kinase (PI3K) and inhibits adenylyl cyclase. PI3K activation leads to 
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TABLE 10-1 Key Randomized Clinical Trials of P2Y12 Inhibitors in Patients Undergoing Invasive Management for Acute Coronary 
Syndrome, Percutaneous Coronary Intervention, or Both

Trial Name N
Population 
Studied Intervention Control

Primary End 
Point F/U Treatment Effect†

Clopidogrel

PCI-CURE* 2658 NSTE-ACS Clopidogrel	300	mg	
LD,	then	75	mg/
day	+	ASA

Clopidogrel	
open-label	for	28	
days	+	ASA

CV	death,	MI,	or	
revasc.

9	mo RR	0.70
[0.50-0.97]
P	=	.03

CREDO 2116 Stable	CAD	and	
unstable	angina

Clopidogrel	300	mg	
pre-PCI,	then	
75	mg/day	+	ASA

Clopidogrel	75	mg/
day	for	28	days	
+	ASA

CV	death,	MI,	or	
stroke

1	yr RRR	26.9%
[3.9%-44.4%]
P	=	.02

PCI-CLARITY* 1863 STEMI	treated	
with	fibrinolytics	
w/PCI	2	to	8	
days	later

Clopidogrel	300	mg	
before	PCI,	then	
75	mg/day	+	ASA

Open-label	
clopidogrel	
starting	at	time	of	
PCI	+	ASA

CV	death,	MI,	or	
stroke

30	day OR,	0.54
[0.35-0.85]
P	=	.008

CURRENT–
OASIS	7

25,807 NSTE-ACS	and	
STEMI	with	
intended	PCI

Clopidogrel	600	mg	
before	
angiography,	
150	mg/day	for	6	
days,	then	
75	mg/day	+	ASA

Clopidogrel	
300	mg	before	
angiography,	
then	75	mg/day	
+	ASA

CV	death,	MI,	or	
stroke

30	day Overall	cohort:
HR	0.94
[0.83-1.06]
P	=	.30
PCI	cohort:*
(n	=	17,263)
HR	0.86
[0.74-0.99]
P	=	.04*

GRAVITAS 2214 Patients	with	high	
on-treatment	
reactivity	to	
standard	
clopidogrel	12	
to	24	hours	
after	PCI

Clopidogrel	600	mg	
LD,	then	150	mg/
day	+	ASA

Clopidogrel	75	mg	
+	ASA

CV	death,	
nonfatal	MI,	
stent	
thrombosis

6	mo HR	1.01
[0.58-1.76]
P	=	.97

Prasugrel

TRITON–TIMI	
38

13,608 NSTE-ACS	and	
STEMI	with	
planned	PCI

Prasugrel	60-mg	
LD,	then	10	mg/
day	MD	+	ASA

Clopidogrel	
300-mg	LD,	then	
75	mg/day	MD	+	
ASA

CV	death,	MI,	or	
stroke

450	day HR	0.81
[0.73-0.90]
P	<	.001

ACCOAST 4003 NSTE-ACS	
planned	for	
coronary	
angiography

Pretreatment	with	
prasugrel	30-mg	
LD,	additional	
30-mg	LD/10-mg	
MD	if	PCI	
performed

Pretreatment	with	
placebo,	60-mg	
LD/10-mg	MD	if	
PCI	performed

CV	death	MI,	
stroke,	urgent	
revasc.,	or	GP	
IIb/IIIa	bailout	
at	7	days

30	day HR	1.02	[0.84-1.25],	
P	=	.81

Ticagrelor

PLATO	
Invasive

13,408	
(PCI	in	
77%)

NSTE-ACS	and	
STEMI,	intended	
early	invasive	
management

Ticagrelor	180-mg	
LD,	then	90	mg	
bid	+	ASA

Clopidogrel	300-	to	
600-mg	LD,	then	
75	mg/day	+	
ASA

CV	death,	MI,	or	
stroke

12	mo HR	0.84
[0.75-0.94]
P	=	.0025

ATLANTIC 1862 STEMI 180-mg	LD	in	the	
ambulance,	
90	mg	bid	
thereafter	+	ASA

Placebo	in	the	
ambulance,	
180-mg	LD	in	
the	catheterization	
laboratory,	
90	mg	bid	
thereafter	+	ASA

Co-primary:	
Lack	of	
ST-segment	
resolution;	
TIMI	flow	<	3	
in	infarct-
related	artery

In-hospital ST-segment	resolution:	
OR	0.93	[0.69-1.25],	
P	=	.63

TIMI	flow:	OR	0.97	
[0.75-1.25],	P	=	.82

ASA	+	clopidogrel	
600	mg	post	PCI

Death,	MI,	or	
revasc.

48	hr OR	0.87
[0.71-1.07]
P	=	.17

ASA	+	clopidogrel	
600	mg	pre-PCI

Death,	MI,	or	
revasc.

48	hr OR	1.05
[0.88-1.24]
P	=	.59

ACCOAST,	Comparison	of	Prasugrel	at	the	Time	of	Percutaneous	Coronary	Intervention	or	as	Pretreatment	at	the	Time	of	Diagnosis	in	Patients	With	Non-ST	Elevation	Myocardial	Infarction;	
ACS,	acute	coronary	syndrome;	ATLANTIC,	Administration	of	Ticagrelor	 in	 the	Cath	Lab	or	 in	 the	Ambulance	for	New	ST-Elevation	Myocardial	 Infarction	to	Open	the	Coronary	Artery;	ASA,	
aspirin;	CAD,	cardiovascular	disease;	CI,	confidence	interval;	CLARITY,	Clopidogrel	as	Adjunctive	Reperfusion	Therapy;	CREDO,	Clopidogrel	for	the	Reduction	of	Events	During	Observation;	
CURE,	Clopidogrel	in	Unstable	Angina	to	Prevent	Recurrent	Ischemic	Events;	CURRENT–OASIS	7,	Clopidogrel	and	Aspirin	Optimal	Dose	Usage	to	Reduce	Recurrent	Events–Seventh	Organiza-
tion	to	Assess	Strategies	in	Ischemic	Syndromes;	CV,	cardiovascular;	F/U,	duration	of	follow-up;	GP,	glycoprotein;	GRAVITAS,	Gauging	Responsiveness	With	a	VerifyNow	Assay–Impact	on	
Thrombosis	and	Safety;	HR,	hazard	ratio;	LD,	loading	dose;	MD,	maintenance	dose;	MI,	myocardial	infarction;	NSTE-ACS,	non–ST	elevation	acute	coronary	syndrome;	OR,	odds	ratio;	PCI,	
percutaneous	coronary	intervention;	PLATO,	Platelet	Inhibition	and	Patient	Outcomes;	revasc.,	revascularization;	RR,	risk	reduction;	RRR,	relative	risk	reduction;	STEMI,	ST-elevation	myocardial	
infarction;	TIMI,	thrombolysis	in	myocardial	infarction;	TRITON–TIMI	38,	Therapeutic	Outcomes	by	Optimizing	Platelet	Inhibition	with	Prasugrel–Thrombolysis	in	Myocardial	Infarction	38.
*Postrandomization	analysis	of	a	larger	clinical	trial.
†Numbers	in	brackets	represent	95%	confidence	intervals.
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NSTE-ACS to aspirin and clopidogrel (300-mg LD followed by 75 mg 
daily) or aspirin alone for 3 to 12 months.31 The composite end point 
of cardiovascular death, nonfatal MI, or stroke occurred in 9.3% of 
patients in the clopidogrel group and in 11.4% of patients in the 
placebo group (P < .001). Clopidogrel therapy was associated with an 
increased rate of major bleeding as defined by the trial (3.7% vs. 2.7%, 
P = .001). In the population of patients enrolled in CURE who under-
went PCI (17% of the overall cohort, 82% of whom received a BMS), 
pretreatment with clopidogrel for a median of 6 days reduced the rate 
of cardiovascular death, MI, or urgent target-vessel revascularization 
within 30 days from 6.4% to 4.5% (P = .03).

ST-ELEVATION MYOCARDIAL INFARCTION. The Clopidogrel as Adjunc-
tive Reperfusion Therapy–Thrombolysis in Myocardial Infarction 
(CLARITY–TIMI 28) trial32 randomized 3491 patients 75 years of age 
and younger who received aspirin and fibrinolytic therapy within 12 
hours of an ST-elevation MI (STEMI) to clopidogrel 300 mg followed 
by 75 mg daily or placebo. All patients underwent mandated angiog-
raphy 2 to 8 days later. Clopidogrel significantly reduced the rates of 
occluded infarct–related artery, death, or recurrent MI before angiog-
raphy (15.0% vs. 21.7%, P < .001) without increasing TIMI-defined 
major bleeding, minor bleeding, or intracranial hemorrhage. A pre-
specified analysis of patients who underwent PCI demonstrated that 
clopidogrel significantly reduced ischemic events from randomization 
through 30 days, from PCI through 30 days, and from randomization 
to PCI.33 This trial supports the use of clopidogrel in patients 75 years 
and younger who present with STEMI and are treated with aspirin and 
fibrinolysis.

Pretreatment for Percutaneous Coronary Intervention
The rationale for clopidogrel pretreatment is based on the slow onset 
of a substantial pharmacodynamic effect even after a clopidogrel 
loading dose. The Clopidogrel for the Reduction of Events During 

influence of genetic polymorphisms of PON1 on clopidogrel active 
metabolite levels or on clopidogrel’s antiplatelet effects.16

Pharmacodynamics
A daily dose of clopidogrel 75 mg requires 3 to 7 days to reach steady-
state platelet inhibition, whereas a loading dose (LD) provides a rapid 
onset of action. However, the clinical benefit of a 300-mg LD may not 
be seen for 6 hours to as long as 15 hours after administration.17,18 
Larger doses provide higher circulating levels of active metabolite, 
more rapid onset, and more intense inhibition.19,20 Peak inhibition after 
a 600-mg LD occurs at 4 to 6 hours after exposure.19,21 A 900-mg LD 
may or may not provide more rapid and additional suppression of 
platelet function compared with a 600-mg dose because the intestinal 
absorption of clopidogrel may be limited at doses greater than 
600 mg.19,20 A maintenance dose regimen of 150 mg daily is associated 
with greater inhibition than a dose of 75 mg daily.22,23 Variability is 
wide among individuals in regard to the antiplatelet effect of clopido-
grel after either a loading dose or a maintenance dose. Higher doses of 
clopidogrel reduce, but do not eliminate, this variability. The pharma-
codynamic response to clopidogrel has been associated with CYP2C19 
genotype, age, diabetes mellitus, body mass index, sex, ACS presenta-
tion, active smoking, renal dysfunction, pretreatment reactivity, and 
concomitant therapy with calcium channel blockers or proton pump 
inhibitors.24-27 However, clinical characteristics and the CYP2C19 gen-
otype only partly explain the variability in on-treatment reactivity.16,25,28 
The level of ADP-induced platelet reactivity measured by several ex 
vivo platelet function tests have been associated with clinical outcomes 
in clopidogrel-treated patients undergoing PCI.29,30

Clinical Studies
NON–ST-ELEVATION ACUTE CORONARY SYNDROME. The longer-term 

ischemic benefit of clopidogrel in patients who present with ACS was 
established by the CURE trial, which randomized 12,562 patients with 

FIGURE 10-3	 Comparative	metabolism	of	clopidogrel	and	prasugrel.	Both	are	prodrugs	 that	 require	biotransformation	 into	 their	 respective	active	
metabolites	to	exert	an	antiplatelet	effect.	Clopidogrel	undergoes	a	two-step	process	mediated	by	CYP450	isoenzymes	with	involvement	of	CYP2C19	
and	CYP2B6	in	both	steps.	A	substantial	portion	of	absorbed	clopidogrel	is	shunted	into	a	dead-end	pathway	by	esterases.	Prasugrel	undergoes	
a	one-step	oxidation	after	the	formation	of	a	thiolactone	intermediate.	The	greater	inhibitory	effect	of	prasugrel	compared	with	clopidogrel	is	believed	
to	be	attributable	to	differences	in	the	efficiency	of	active	metabolite	formation.	(From	Giusti	B,	Abbate	R:	Response	to	antiplatelet	treatment:	from	
genes	to	outcome.	Lancet	376:1278-1281,	2010.)
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daily thereafter. Patients were also randomized to high-dose aspirin or 
low-dose aspirin in a two-by-two factorial design. The primary end 
point—a composite of cardiovascular death, MI, or stroke at 30 days—
was no different with double-dose clopidogrel or standard-dose clopi-
dogrel (4.2% vs. 4.4%, P = .30). Major bleeding, as defined by the trial, 
was significantly greater in the patients randomized to double-dose 
clopidogrel (2.5% vs. 2.0%, HR 1.24; 95% CI, 1.05 to 1.46; P = .01); 
however, no differences were noted in fatal bleeding, CABG-related 
bleeding, or TIMI-criteria major bleeding. Within the subgroup of 
patients who underwent PCI, high-dose clopidogrel was associated 
with a 13% relative risk reduction in the primary end point (3.9% vs. 
4.5%, P = .04).39 However, the interaction test between patients who 
underwent PCI and those who did not failed to reach the prespecified 
threshold for statistical significance; therefore the possibility that the 
results of the PCI subgroup are a chance finding cannot be excluded.38

The GRAVITAS trial40 tested whether an additional clopidogrel 
loading dose followed by a 6-month course of clopidogrel 150 mg daily 
would reduce thrombotic events compared with clopidogrel 75 mg 
daily in patients who had undergone PCI with a DES and displayed 
high on-treatment reactivity according to ex vivo platelet function 
testing 12 to 24 hours after the intervention. Unlike the population 
examined by the CURRENT–OASIS 7 trial, the predominant indica-
tion for PCI in the enrolled population was stable CAD or low-risk 
unstable angina (UA). No difference was reported in the rate of car-
diovascular death, nonfatal MI, or stent thrombosis at 6 months 
between groups (2.3% vs. 2.3%, P = .9). The incidence of severe or 
moderate bleeding per the Global Utilization of Streptokinase and t-PA 
for Occluded Coronary Arteries (GUSTO) criteria was not increased 
with the high-dose regimen (1.4% vs. 2.3%, P = .10). The higher-dose 
clopidogrel regimen had a significant but only modest effect on platelet 
inhibition in patients with high on-treatment reactivity to standard 
dosing, which may partly explain the similar outcomes of the two 
groups.

Duration of Therapy
The small but incremental risk of late thrombosis with DES use has 
raised uncertainty about the optimal duration of DAPT after PCI. 
Observational studies have shown that discontinuation of antiplatelet 
therapy after DES placement has been associated with late and very 
late stent thrombosis, but the interpretation of these studies is limited 
by study design and the presence of potentially unmeasured confound-
ers. Randomized trials from the BMS era demonstrate the benefit of 
prolonged aspirin and clopidogrel over the first year after PCI.17,41 
Patients who have undergone PCI could possibly receive benefits from 
very long-term clopidogrel because of a reduction in atherosclerosis-
mediated events rather than stent-mediated events.

The Clopidogrel for High Atherothrombotic Risk and Ischemic 
Stabilization, Management, and Avoidance (CHARISMA) trial com-
pared aspirin and clopidogrel with aspirin alone over a median treat-
ment duration of 28 months in 15,603 patients with either clinically 
evident cardiovascular disease or multiple risk factors.42 Although no 
difference was apparent in the rate of cardiovascular death, MI, or 
stroke between treatment groups in the overall cohort, a post hoc 
analysis showed that aspirin and clopidogrel appeared to provide a 
significant 17% relative risk reduction in the rate of the composite 
ischemic end point in patients with a prior MI, ischemic stroke, or 
symptomatic peripheral arterial disease (PAD).43 In contrast, a ran-
domized study of 2701 patients who underwent DES placement and 
were free of major adverse cardiovascular or cerebrovascular events 
(MACCEs) at 1 year observed no significant ischemic benefit for 
extended aspirin and clopidogrel therapy compared with aspirin 
alone.44 These findings will be confirmed or rebutted by the Dual 
Antiplatelet Therapy (DAPT) trial (ClinicalTrials.gov identifier 
NCT00977938), which will randomize more than 20,000 patients 
treated with either a DES or BMS who are event free 12 months after 
the procedure to receive either aspirin and a thienopyridine or aspirin 
and placebo for an additional 18 months. Current ACC/AHA/SCAI 
guidelines state that all patients who receive a DES should be given 

Observation (CREDO) trial randomized 2116 patients with stable 
coronary artery disease (CAD), unstable angina, or recent ACS to  
a clopidogrel 300 mg loading dose or placebo 3 to 24 hours before PCI. 
All patients received clopidogrel 75 mg daily for 28 days thereafter; 
patients in the control arm did not receive a loading dose. Pretreatment 
did not significantly reduce the primary composite end point of death, 
MI, and urgent target revascularization at 28 days (6.8% vs. 8.3%, P = 
.23). Post hoc analysis suggested that longer durations of pretreatment 
were associated with improved outcomes, but little benefit was achieved 
when the treatment duration was less than 12 hours.18 A prospectively 
planned analysis of the 1863 patients in CLARITY–TIMI 28 who 
underwent PCI after mandated angiography showed that pretreatment 
for a median duration of 3 days in patients with STEMI treated with 
aspirin and fibrinolysis significantly reduced the incidence of cardio-
vascular death, MI, or stroke following PCI (3.6% vs. 6.2%, P = .008) 
and from randomization through 30 days (7.5% vs. 12.0%, P = .001).33 
Unfortunately, the use of a 300-mg loading dose in CREDO, PCI-
CURE, and the Effect of Clopidogrel Pretreatment Before Percutane-
ous Coronary Intervention in Patients With ST-Elevation Myocardial 
Infarction Treated With Fibrinolytics (PCI-CLARITY) studies and the 
prolonged duration of pretreatment in PCI-CURE and PCI-CLARITY 
limit their applicability to current practice patterns for both elective 
and urgent PCI. The ischemic benefit of a shorter pretreatment dura-
tion of high-dose clopidogrel before PCI has not been examined in a 
large, randomized, placebo-controlled trial. Post hoc analysis of the 
Intracoronary Stenting and Antithrombotic Regimen–Rapid Early 
Action for Coronary Treatment (ISAR-REACT) trial, which compared 
abciximab with placebo in elective PCI patients treated with clopido-
grel 600 mg for at least 2 hours before intervention, showed no incre-
mental benefit from durations of pretreatment greater than 2 to 3 
hours.34 The PRAGUE-835 study randomized 1028 patients undergoing 
coronary angiography and potential ad hoc PCI for stable angina to 
either clopidogrel 600 mg more than 6 hours before angiography or 
clopidogrel 600 mg in the catheterization laboratory only in the case 
of PCI. No differences were found in the rate of death, MI, stroke, or 
reintervention among groups at 7 days, not in the entire population or 
in the subgroup undergoing PCI (0.8% vs. 1.0%, P = .7; 1.3% vs. 2.8%, 
P = .4, respectively), but bleeding was increased in the pretreatment 
group (3.5% vs. 1.4%, P = .025). The findings of this small trial support 
a strategy of “on the table” clopidogrel loading before ad hoc PCI in 
elective patients, although the findings must be interpreted within the 
context of the relatively small sample size and very low event rates. The 
findings are supported by another smaller trial, Antiplatelet Therapy 
for Reduction of Myocardial Damage During Angioplasty (ARMYDA) 
PRELOAD, which randomized 409 patients (39% with ACS) to a 
600-mg clopidogrel loading dose 4 to 8 hours before PCI or a 600-mg 
LD given in the catheterization laboratory after coronary angiography 
and before PCI.36 The rates of major adverse cardiovascular events 
(MACEs) at 30 days were similar between groups and occurred in 
10.8% of patients pretreated, compared with 8.8% in the patients 
receiving clopidogrel, in the laboratory (P = .7). No differences in the 
rates of bleeding were reported.

Dosing Strategies
Pharmacodynamic studies have demonstrated that higher clopidogrel 
loading doses and maintenance doses provide more rapid onset of 
action and greater levels of inhibition compared with a 300-mg loading 
dose and a 75-mg maintenance dose, respectively.19-21,37 Two large ran-
domized studies, CURRENT–OASIS 7 and GRAVITAS (Gauging 
Responsiveness With a VerifyNow Assay–Impact on Thrombosis and 
Safety), have examined the efficacy and safety of higher-dose clopido-
grel in patients managed invasively or undergoing PCI.

The CURRENT–OASIS 7 trial38 examined the ischemic benefit of 
a higher-dose strategy in 25,086 patients with NSTE-ACS and 
ST-elevation ACS undergoing an early invasive strategy, of whom 
17,263 underwent PCI. Before angiography, patients were randomized 
to receive either a 600-mg loading dose, followed by 150 mg daily for 
6 days and 75 mg daily thereafter, or a 300-mg LD followed by 75 mg 
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suggest may have been because of the presence of a disproportionate 
number of patients with prior cancer in the placebo arm. A subsequent, 
large meta-analysis of randomized trials that assigned patients to 
extended thienopyridine use (>6 mo), which included the DAPT trial, 
did not demonstrate any effect of thienopyridine treatment on noncar-
diovascular mortality.47 Whereas continued thienopyridine therapy 
from 12 through 30 months after DES implantation reduced both 
stent-related and non–stent-related ischemic events in the DAPT trial, 
this was balanced by an increased risk in the primary safety end point, 
moderate or severe GUSTO bleeding (1.6% vs. 2.5%, P = .001). 
However, moderate bleeding events drove this difference, and no 
increase in fatal bleeding was reported. Therefore the findings of the 
DAPT trial support continued thienopyridine treatment beyond 12 
months in patients who receive a DES, irrespective of stent type, in 
those who are not at high risk for bleeding.

The Role of CYP2C19
The antiplatelet effect of clopidogrel is dependent on the generation of 
an active metabolite through the hepatic CYP450 system. Patients who 
are carriers for genetic polymorphisms that reduce the catalytic activity 
of CYP2C19 have lower clopidogrel active metabolite levels and dimin-
ished platelet inhibition with treatment. Approximately 5% to 12% of 
the variability in ADP-induced platelet reactivity appears to be 
explained by carriage of the reduced function CYP2C19*2 allele.25,28 
The sensitivity of active metabolite generation to changes in the cata-
lytic activity of CYP2C19 may be attributed to the important contribu-
tion of this enzyme to both steps in clopidogrel biotransformation. 
Decreased CYP2C19 function could lead to a bottleneck at the level of 
hepatic activation, thereby shunting the prodrug into the pathway that 
leads to an inactive carboxylic acid metabolite.

Predicted Metabolic Phenotype
Patients can be classified on the basis of the predicted metabolic phe-
notype of the CYP2C19 genotype. The single-nucleotide polymor-
phisms that affect enzyme activity are described using the established 
“star allele” nomenclature. The CYP2C19*1 allele denotes the lack of 
known polymorphisms and therefore is considered to be a wild type. 
CYP2C19*2 is the most common reduced-function allele, with an 
allelic frequency of approximately 13% in whites, 18% in blacks, and 
30% in Asians. CYP2C19*3 is the second most common reduced-
function allele; it has an allelic frequency of approximately 10% in 
Asians but is rare in other ethnicities. Much less common reduced-
function alleles include *4, *5, *6, *7, *8, and *10. In addition, the *17 
variant is associated with increased gene transcription and increased 
catalytic activity of the enzyme. The combination of two alleles (geno-
type) can be used to predict the metabolic phenotype of a particular 
individual (Table 10-2). Metabolic phenotype is associated with the 
pharmacokinetics and pharmacodynamics of clopidogrel. In a study of 
healthy volunteers, ultra-rapid metabolizers had the highest exposure 
to active metabolite and the greatest platelet inhibition, and poor 
metabolizers had the lowest exposure and least platelet inhibition with 
both loading and maintenance doses.48 The frequency of poor metabo-
lizers is approximately 2% in the white population.

clopidogrel 75 mg daily for at least 12 months if they are not at high 
risk of bleeding; for patients who receive a BMS, clopidogrel should be 
given for a minimum of 1 month, ideally up to 12 months, unless the 
patient is at increased risk of bleeding, in which case it should be given 
for a minimum of 2 weeks.7 In the setting of ACS, for post-PCI patients 
who receive a stent (BMS or DES), a daily maintenance dose should 
be given for at least 12 months and for up to 15 months unless the risk 
of bleeding outweighs the anticipated net benefit afforded by a thieno-
pyridine, and continuation beyond 15 months may be considered in 
patients undergoing DES placement.45

DAPT was the first randomized, clinical trial to be adequately 
powered to test the safety and efficacy of prolonged dual-antiplatelet 
therapy on stent-related outcomes in patients treated with a DES.46 A 
total of 9961 patients who had undergone DES placement and were 
MACE free at 12 months after the procedure and receiving DAPT with 
a thienopyridine and aspirin were randomly assigned to either con-
tinue the thienopyridine for an additional 18 months or to receive 
placebo; all patients continued to receive aspirin. Among the enrolled 
patients, 60% had been treated with a next-generation DES (47% 
everolimus-eluting and 13% zotarolimus-eluting stents). Continued 
DAPT significantly reduced the rate of the coprimary end point of 
definite or probable stent thrombosis (1.4% vs. 0.4%, HR 0.29; 95% CI, 
0.17 to 0.48; P < .001), as well as definite stent thrombosis (1.2% vs. 
0.3%, HR 0.26; 95% CI, 0.14 to 0.45; P < .001; Fig. 10-4). The treatment 
effect of continued DAPT on stent thrombosis was consistent across 
DES types (P interaction [Pint] = .79). The rate of MI was also signifi-
cantly reduced by continued DAPT (4.1% vs. 2.1%, HR 0.47; 95% CI, 
0.37 to 0.61; P < .001); MIs not related to stent thrombosis accounted 
for about 55% of this treatment effect. The second coprimary end 
point, a composite of MACCEs, was significantly reduced with contin-
ued DAPT (5.9% vs. 3.4%, HR 0.71; 95% CI, 0.59 to 0.85; P < .001). 
An increase in noncardiovascular mortality was observed (1.0% vs. 
0.5%, HR 2.23; 95% CI, 1.32 to 3.78; P = .002), which the investigators 

FIGURE 10-4	 Cumulative	incidence	of	definite	or	probable	stent	throm-
bosis	 in	 the	Dual	Antiplatelet	 Therapy	Trial.	At	12	months	after	drug-
eluting	stent	 implantation,	continued	aspirin	and	thienopyridine	for	an	
additional	18	months	significantly	reduced	the	rate	of	stent	thrombosis	
compared	 with	 aspirin	 alone.	 (From	 the	 DAPT	 Study	 Investigators:	
Twelve	 or	 30	 months	 of	 dual	 antiplatelet	 therapy	 after	 drug-eluting	
stents.	N	Engl	J	Med	371[23]:2155-2166,	2014.)
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TABLE 10-2 Classification of Predicted Metabolic Phenotype 
According to CYP2C19 Genotype

CYP2C19 Genotype Predicted Phenotype

*17/*17 Ultra-rapid	metabolizer

*1/*17 Ultra-rapid	metabolizer

*1/*1 Extensive	metabolizer

*1/*2–*8 Intermediate	metabolizer

*17/*2–*8 Intermediate	metabolizer/unknown

*2–*8/*2–*8 Poor	metabolizer
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intestinal epithelial cells, and its increased expression or function can 
influence the bioavailability of drugs that are its substrate. Healthy 
subjects homozygous for the 3435 C->T polymorphism have a 
decreased pharmacodynamic effect of clopidogrel.56 The results of 
clinical outcomes studies are inconsistent. A genetic substudy of the 
Trial to Assess Improvement in the Therapeutic Outcomes by Optimiz-
ing Platelet Inhibition With Prasugrel–Thrombolysis in Myocardial 
Infarction (TRITON–TIMI 38) study reported that ABCB1 3435 TT 
homozygotes had a significantly increased risk of adverse cardiovascu-
lar events during treatment with clopidogrel after PCI for ACS, whereas 
event rates were highest in ABCB1 3435 CC homozygotes in the genetic 
substudy of the Platelet Inhibition and Patient Outcomes (PLATO) 
trial.56,57

Proton Pump Inhibitors
Proton pump inhibitors (PPIs) are extensively metabolized by 
CYP2C19 and CYP3A4. The different PPIs inhibit CYP2C19 activity 
to varying degrees. Omeprazole, lansoprazole, and esomeprazole dem-
onstrate more potent inhibition by ex vivo assays, and lesser inhibition 
is observed with pantoprazole and rabeprazole. PPIs interfere with the 
pharmacodynamic effect of clopidogrel. In the Omeprazole Clopido-
grel Aspirin (OCLA) study, 124 patients who had undergone coronary 
stent implantation received aspirin and clopidogrel (300 mg in a 
loading dose followed by 75 mg daily) and were randomized to either 
omeprazole 20 mg daily or placebo for 7 days.58 Omeprazole signifi-
cantly decreased the inhibitory effect of clopidogrel as assessed by 
VASP phosphorylation analysis. Administering the two drugs 12 hours 
apart does not mitigate the clopidogrel-PPI interaction.59 A pharma-
codynamic interaction does not appear to occur with pantoprazole.59,60 
Large retrospective cohort and population-based studies have reported 
an association between concomitant PPI and clopidogrel use with an 
increased risk of recurrent cardiovascular events, including MI.61,62 
Although these analyses adjust for baseline differences among treat-
ment groups, unmeasured confounders may, in part, explain these 
observations because patients treated with PPIs after PCI have substan-
tially more comorbidities than those not treated with PPIs. Post hoc 
analysis of the TRITON–TIMI 38 randomized trial found no associa-
tion between PPI use and the risk of cardiovascular death, MI, or 
stroke in patients treated with clopdiogrel.63

The Clopidogrel and the Optimization of Gastrointestinal Events 
Trial (COGENT)64 was a multicenter, randomized, phase III study of 
the safety and efficacy of a fixed-dose combination of clopidogrel 
75 mg or omeprazole 20 mg in patients at high risk for GI bleeding 
who required aspirin and clopidogrel therapy for at least 12 months. 
The primary end point was the time to first occurrence of an upper GI 
clinical event; the primary cardiovascular end point was a composite 
of cardiovascular death, nonfatal MI, coronary revascularization, or 
ischemic stroke. The study was not powered a priori for the cardiovas-
cular end point, and it was halted prematurely for lack of funding.  
A total of 3873 patients were randomized, of whom approximately  
42% had a history of ACS. At 180 days, the rate of the composite GI 
end point was significantly lower in the combination clopidogrel-
omeprazole group compared with the group who received clopidogrel 
alone (1.1% vs. 2.9%, HR 0.34; 95% CI, 0.18 to 0.63; P < .001), and no 
difference was apparent in the incidence of cardiovascular events (4.9% 
vs. 5.7%, HR 0.99; 95% CI, 0.68 to 1.44; P = .96). The cardiovascular 
end point was driven predominantly by the need for coronary revas-
cularization (generally not a platelet-driven phenomenon); cardiovas-
cular death or MI occurred in only 23 patients in the omeprazole group 
and in 20 patients in the placebo group. Given the possibility of a 44% 
increased hazard for cardiovascular events in the low-risk group that 
was studied, the COGENT results may not rule out a clinically mean-
ingful difference in cardiovascular events with the use of omeprazole 
in patients administered clopidogrel for its labeled indications.65 The 
findings of a meta-analysis of 13 studies involving 48,674 clopidogrel-
treated patients suggested that the clinical impact of concomitant PPI 
use might be significant only in patients with high baseline cardiovas-
cular risk.66 An ACCF/American College of Gastroenterology/AHA 

CYP2C19 and Clinical Outcomes
A collaborative meta-analysis of nine studies involving 9685 patients, 
91% of whom had a PCI, reported a significantly increased risk of the 
composite end point of cardiovascular death, MI, or ischemic stroke 
in carriers of at least one reduced-function CYP2C19 allele (HR 1.57; 
95% CI, 1.13 to 2.16; P = .006) and in patients with two reduced-
function CYP2C19 alleles (HR 1.76; 95% CI, 1.24 to 2.50; P = .002). 
Carriers of at least one reduced-function CYP2C19 allele had an 
increased risk of stent thrombosis (HR 2.81; 95% CI, 1.81 to 4.37; P < 
.0001); this risk was especially strong in patients with two reduced-
function alleles (HR 3.97; 95% CI, 1.75 to 9.02; P = .001). The influence 
of CYP2C19 genotype on outcomes is less apparent in populations 
treated with clopidogrel for indications other than PCI. In the genetic 
substudy of the Atrial Fibrillation Clopidogrel Trial With Irbesartan 
for Prevention of Vascular Events (ACTIVE A), a randomized com-
parison of aspirin and clopidogrel compared with aspirin alone for  
the prevention of thromboembolic events in atrial fibrillation (AF), the 
primary outcome was similar in carriers and noncarriers of the 
CYP2C19*2 reduced-function alleles. Similarly, in the CURE trial, in 
which only 14% of patients who presented with ACS underwent PCI, 
no difference was reported in ischemic outcomes according to 
CYP2C19 genotype.49

U.S. Food and Drug Administration’s Boxed Warning
The U.S. Food and Drug Administration (FDA) mandated a warning 
in the clopidogrel package insert in the fall of 2009 that highlights the 
impact of CYP2C19 on the exposure to clopidogrel active metabolite, 
platelet inhibition, and clinical outcomes. This warning emphasizes 
that the effectiveness of clopidogrel is dependent on bioactivation by 
CYP2C19 and that poor metabolizers generate less active metabolite 
and have less platelet inhibition with the recommended dosage of 
clopidogrel (i.e., 300-mg loading and 75-mg daily maintenance doses). 
Furthermore, the warning states that compared with patients with 
normal CYP2C19 function, cardiovascular event rates are higher in 
poor metabolizers with ACS and those who are undergoing PCI when 
treated with recommended doses of clopidogrel. The warning goes on 
to state that tests are available to identify a patient’s CYP2C19 geno-
type, that these tests can be used as an aid in determining therapeutic 
strategy, and that alternative treatment or treatment strategies should 
be considered in patients identified as poor metabolizers of CYP2C19. 
A subsequent ACCF/AHA Clopidogrel Clinical Alert stated that the 
evidence base was insufficient to recommend routine genetic testing, 
but testing to determine whether a patient is a poor metabolizer may 
be considered before starting clopidogrel therapy in patients believed 
to be at moderate or high risk for poor outcomes, for example, those 
undergoing elective high-risk PCI. The alert also noted that if genotyp-
ing identifies a poor metabolizer, other antiplatelet therapies, particu-
larly prasugrel for coronary patients, should be considered, taking into 
account the balance of potential ischemic benefit with the known 
increased risk of bleeding.50

Other Genetic Polymorphisms
PON1. An alternative model for the bioactivation of clopidogrel 

posits a central role for the paraoxonase-1 enzyme (PON-1) in hydro-
lyzing 2-oxo-clopidogrel into the thiol active metabolite. A genetic 
variant that lowers the activity of PON-1 (Q192R) and may reduce the 
efficiency of clopidogrel bioactivation has been identified. Carriage of 
two PON1 loss-of-function alleles was associated with definite stent 
thrombosis in a prospective cohort of 1982 patients with ACS (HR 
10.20; 95% CI, 4.39 to 71.43; P < .001).15 However, subsequent studies 
have raised the possibility that paraoxonase-1 is involved in the forma-
tion of a minor thiol metabolite isomer,51,52 rather than the major 
clopidogrel active metabolite, and an association between PON1 geno-
type and on-treatment platelet reactivity or clinical outcomes after PCI 
has not been confirmed in several other clinical studies.16,53-55

ABCB1. P-glycoprotein is an adenosine triphosphate (ATP)–depen-
dent efflux pump encoded by the ABCB1 gene. It is expressed in the 
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patients receiving prasugrel (P < .001). The treatment effect of prasu-
grel was driven primarily by a reduction in the rate of nonfatal MI. The 
benefit of prasugrel was similar in patients with NSTE-ACS (HR 0.82; 
95% CI, 0.73 to 0.93; P = .002) or STEMI (HR 0.79; 95% CI, 0.65 to 
0.97; P = .02). The rate of definite or probable stent thrombosis was 
also significantly reduced with prasugrel (1.13% vs. 2.35%, HR 0.48; 
95% CI, 0.36 to 0.64; P < .001). Key elements of the TRITON–TIMI 
38 study design that may have impacted the findings were the timing 
of study drug administration and the clopidogrel dosing strategy to 
which prasugrel was compared (clopidogrel 300-mg loading dose at 
the time of PCI). Prespecified landmark analyses for efficacy were 
performed from randomization to day 3 and from day 3 to the end of 
the trial to separate the events that could be attributed to the loading 
dose of the study drug. These analyses demonstrated that in addition 
to an early benefit, prasugrel provided a significant reduction in the 
rates of MI and stent thrombosis after 3 days, supporting the hypoth-
esis that prasugrel is superior to clopidogrel during the chronic phase 
of management after PCI (nonfatal MI: HR 0.69; 95% CI, 0.58 to 0.83; 
P < .001; stent thrombosis: HR 0.45; 95% CI, 0.32 to 0.64; P < .001).74 
Further, a landmark analysis75 also showed that prasugrel reduced stent 
thrombosis both early (≤30 days, 0.64% vs. 1.56%, P < .001) and late 
(>30 days, 0.49% vs. 0.82%, P = .03). Although prasugrel provided a 
significant benefit with regard to ischemic outcomes, a significant 
hazard for major bleeding was also observed (HR 1.32; 95% CI, 1.03 
to 1.68; P = .03), including fatal bleeding. A determination of net clini-
cal outcome (combination of ischemic and bleeding events) may be 
helpful to assess the overall benefit of prasugrel for a particular patient, 
assuming that the components of this composite—death from any 
cause, nonfatal MI, stroke, and major non–CABG-related bleeding—
can be considered of equivalent importance to the physician and the 
patient. In TRITON–TIMI 38, patients with a prior history of stroke 
or transient ischemic attack (TIA) experienced net harm from prasu-
grel because of a lack of ischemic benefit and a strong trend toward 
excessive major bleeding, including intracranial hemorrhage, and 
patients 75 years of age and older who weighed less than 60 kg expe-
rienced no net clinical benefit because of modest ischemic benefit 
balanced by an increased risk of bleeding; therefore prasugrel is con-
traindicated in patients with a history of stroke or TIA. It can be 
considered in patients 75 years of age and older who have an increased 
ischemic risk (e.g., diabetes or prior MI) in whom the potential isch-
emic benefit may outweigh any increased risk of major bleeding, and 
a maintenance dose adjustment to 5 mg may be considered in patients 
who weigh less than 60 kg because pharmacokinetic modeling suggests 
that active metabolite exposure with this dose is similar to the 10-mg 
dose in heavier patients.

In TRITON–TIMI 38, subjects with prior exposure to a thienopyri-
dine were excluded, and patients with NSTE-ACS received study drug 
(prasugrel LD or placebo) only after coronary anatomy was docu-
mented by angiography. The safety and efficacy of pretreatment with 
prasugrel prior to PCI were explored in the Comparison of Prasugrel 
at the Time of Percutaneous Coronary Intervention or as Pretreatment 
at the Time of Diagnosis in Patients with Non-ST Elevation Myocardial 
Infarction (ACCOAST) trial.75a In this trial, 4033 patients with NSTE-
ACS and elevated troponin who were scheduled for coronary angiog-
raphy were randomly assigned to either pretreatment with prasugrel 
in a 30-mg LD or placebo. If PCI was indicated at the time of angiog-
raphy, an additional prasugrel 30-mg LD was administered to the pre-
treatment group, and a prasugrel 60-mg LD was administered to the 
control group. Approximately one quarter of the enrolled patients were 
at high risk (Global Registry of Acute Coronary Events [GRACE] score 
≥140), and the time between pretreatment and coronary angiography 
was slightly greater than 4 hours. The primary end point—cardiovascular 
death, MI, stroke, urgent revascularization, or GP IIb/IIIa bailout at 7 
days—was no different between study groups, whereas TIMI major 
bleeding was significantly increased in the pretreatment group (at day 
7, HR 1.90; 95% CI, 1.19 to 3.02; P = .006]). Therefore the results of 
the ACCOAST trial do not support pretreatment with prasugrel in the 
setting of NSTE-ACS.

2010 expert consensus document on the concomitant use of PPIs and 
thienopyridines states that clinical decisions regarding concomitant 
use of PPIs and thienopyridines must balance overall risks and benefits, 
considering both cardiovascular and GI complications.67 Patients with 
ACS and prior upper GI bleeding are at substantial cardiovascular risk, 
so DAPT with concomitant use of a PPI may provide the optimal 
balance of risk and benefit. Among stable patients undergoing coro-
nary revascularization, a history of GI bleeding should inform the 
choice of revascularization method; if a coronary stent is selected to 
treat such patients, the risk-benefit trade-off may favor concomitant 
use of DAPT plus a PPI.

Prasugrel

Metabolism
Prasugrel is a thienopyridine, like ticlopidine and clopidogrel, but its 
biotransformation into the active metabolite is substantially more effi-
cient (see Fig. 10-3). Hydrolysis by human carboxylesterase 2 during 
absorption forms a thiolactone precursor, which is then oxidized in a 
single CYP-dependent step to the active metabolite. CYP3A4/5 and 
CYP2B6 are major contributors to this process, whereas CYP2C19 and 
CYP2C9 play a minor role; oxidation by intestinal CYP3A also occurs.68 
The biotransformation of prasugrel is more efficient than that of clopi-
dogrel because of the lack of a competing metabolic pathway to an 
inactive metabolite. The greater magnitude of inhibition of platelet 
aggregation (IPA) achieved by prasugrel 60 mg compared with clopi-
dogrel 600 mg is caused by differences in active metabolite exposure.69 
The area under the concentration-time curve of the prasugrel active 
metabolite is dose proportionate between 10 and 60 mg. Genetic poly-
morphisms that reduce the catalytic activity of CYP2C19 have no effect 
on active metabolite formation, the achieved level of platelet inhibition, 
or clinical outcomes in patients with ACS treated with PCI.68,70

Pharmacodynamics
Compared with clopidogrel, a prasugrel 60-mg loading dose followed 
by 10 mg daily provides a more rapid onset of action, significantly 
greater P2Y12 inhibition, and less interindividual variability in the 
extent of inhibition. Prasugrel 60 mg achieves greater than twice the 
mean IPA at 4 hours after administration compared with a clopidogrel 
300-mg loading dose in patients with stable coronary artery disease 
(ADP 5 mmol/L, 74% vs. 37%; ADP 20 mmol/L, 68% vs. 30%), and 
the stronger effect on IPA can be detected as early as 15 to 30 minutes 
after administration.71 Prasugrel 10 mg daily provides a greater level of 
IPA compared with clopidogrel 75 mg daily (ADP 5 mmol/L, 59% vs. 
31%; ADP 20 mmol/L, 58% vs. 31%).71 A randomized pharmacody-
namic study demonstrated that a prasugrel 60-mg load followed by 
10 mg daily also provides a greater level of platelet inhibition than 
clopidogrel 600 mg followed by 150 mg daily.72 The variability in inhi-
bition among individuals is substantially less with prasugrel 10 or 
60 mg compared with clopidogrel. However, prasugrel maintenance 
doses of less than 10 mg daily are associated with greater degrees of 
interindividual variability in the extent of inhibition.71

Clinical Studies
The clinical efficacy and safety of prasugrel in ACS were examined in 
TRITON–TIMI 38.73 In this phase III, randomized, active-control, 
time-to-event trial, 13,608 patients with moderate- to high-risk ACS 
undergoing treatment with PCI were assigned a prasugrel 60-mg 
loading dose followed by 10 mg daily or a clopidogrel 300-mg LD fol-
lowed by 75 mg daily for 6 to 15 months. The primary efficacy end 
point was a composite of death from cardiovascular causes, nonfatal 
MI, or stroke. To be eligible, patients were required to be naïve to 
thienopyridine therapy. Randomization to the study drug occurred 
after diagnostic coronary angiography and determination that PCI was 
to be performed except in the case of STEMI, when randomization was 
allowed before the assessment of coronary anatomy. Over a median 
duration of therapy of 14.5 months, the primary composite end point 
occurred in 12.1% of the patients receiving clopidogrel and in 9.9% of 
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Clinical Studies
The PLATO trial randomized 18,624 patients with ACS with or without 
ST elevation to either ticagrelor or clopidogrel.80 The primary efficacy 
end point was a composite of death from cardiovascular causes, MI,  
or stroke; the major safety end point was major bleeding as defined  
by the trial, which was more inclusive than TIMI-defined major bleed-
ing. Initial patient management could be conservative or invasive,  
and patient randomization was stratified by the intent for early inva-
sive management as indicated by the investigator. Unlike TRITON–
TIMI 38, PLATO included both thienopyridine-naïve patients and 
thienopyridine-treated patients. At 12 months, ticagrelor led to a sig-
nificant reduction in the primary composite end point compared with 
clopidogrel (9.8% vs. 11.7%, HR 0.84; 95% CI, 0.77 to 0.92; P < .001). 
A similar relative reduction in the primary end point was observed in 
the 13,408 patients treated with a planned invasive strategy, 44% of 
whom had received clopidogrel before randomization and allocation 
to the study drug.81 Ticagrelor significantly reduced cardiovascular 
mortality by an absolute risk reduction of 1.1% and reduced all-cause 
mortality by 1.4%; however, the statistical validity of this latter finding 
may be questioned because this end point was analyzed in a hierarchi-
cal fashion after the rate of stroke, which was not statistically signifi-
cant between study arms. No increase in all-cause major bleeding was 
reported with ticagrelor. The rate of fatal intracerebral hemorrhage was 
significantly greater with ticagrelor therapy, but this was balanced by 
a higher rate of nonintracranial fatal bleeding with clopidogrel, result-
ing in an overall similar rate of fatal bleeding with the two therapies. 
Non–CABG-related TIMI major bleeding was significantly more fre-
quent with ticagrelor (HR 1.25; 95% CI, 1.03 to 1.53; P = .03). In 
subgroup analyses according to region, ticagrelor did not provide an 
ischemic benefit in the North American cohort (HR 1.25; 95% CI, 0.93 
to 1.67; Pint = .045). A potential explanation for this interaction was an 
observed attenuation of the treatment effect of ticagrelor with high-
dose aspirin, which was more commonly used in North America.82 To 
that end, the U.S. prescribing information for ticagrelor states that 
maintenance doses of aspirin above 100 mg reduce the effectiveness of 
ticagrelor and should be avoided.

The timing of ticagrelor therapy in STEMI patients was further 
examined in the Administration of Ticagrelor in the Cath Lab or in 
the Ambulance for New ST-Elevation Myocardial Infarction to Open 
the Coronary Artery (ATLANTIC) trial, in which a total of 1862 
STEMI patients were randomly assigned to receive a ticagrelor LD 
either upstream in the ambulance or in the hospital within the cardiac 
catheterization laboratory. The time from randomization to coronary 
angiography was rapid (48 min), and the mean duration of pretreat-
ment for the in-ambulance group was 31 minutes. In-ambulance 
ticagrelor did not reduce the incidence of either of the coprimary end 
points (absence of ST-segment resolution and less than TIMI grade 3 
flow in the infarct-related artery), nor did it affect the rates of major 
adverse cardiovascular events (MACEs) or bleeding. The rate of early 
stent thrombosis was significantly lower with upstream treatment, but 
this finding must be considered exploratory and hypothesis generating 
because the results of the overall trial were negative.

Adverse Effects
Ticagrelor has been associated with dyspnea, hyperuricemia, and ven-
tricular pauses, possibly attributable to interference with adenosine 
degradation and inhibition of erythrocyte adenosine reuptake. The 
reversible interaction with the P2Y12 receptor of sensory neurons may 
also contribute to the perception of breathlessness,83 although this is 
speculative. Holter monitoring in a subgroup of patients in the PLATO 
trial demonstrated that ticagrelor led to an infrequent but greater rate 
of ventricular pauses of 3 or more seconds in the first week of therapy 
but did not result in significantly increased syncope or pacemaker 
implantation compared with clopidogrel. An increased rate of the com-
plaint of dyspnea has been consistently observed in phase II and III 
studies. In the Dose Confirmation Study Assessing Anti-Platelet Effects 
of AZD6140 Versus Clopidogrel in Non–ST-Segment Elevation Myo-
cardial Infarction (DISPERSE-2),84 10.5% of patients who received 

Nonthienopyridines

Ticagrelor
Ticagrelor, a cyclopentyltriazolopyrimidine, is a reversibly binding oral 
P2Y12 receptor antagonist (Fig. 10-5). It interacts with the P2Y12 recep-
tor at a ligand binding site separate from that for ADP or the thieno-
pyridines and therefore antagonizes ADP-mediated P2Y12 receptor 
activation noncompetitively.76 In addition to P2Y12 receptor antago-
nism, ticagrelor inhibits the adenosine transporter ENT-1 (type 1 
equilibrative nucleoside transporter), thereby inhibiting cellular uptake 
of adenosine and increasing its concentration and biologic activity.77

Pharmacology and Metabolism
Unlike the thienopyridines, ticagrelor does not require metabolic con-
version to an active form to antagonize the P2Y12 receptor. Peak plasma 
concentration is attained at a median of 90 minutes after administra-
tion. The parent compound is metabolized primarily by CYP3A iso-
enzymes into a metabolite that has a similar potency in inhibiting the 
P2Y12 receptor; this metabolite is present at approximately 40% of the 
parent concentration. Elimination of ticagrelor is mainly through 
hepatic metabolism, and the primary route of elimination of the active 
metabolite is likely through biliary excretion. CYP3A inhibitors such 
as ketoconazole or diltiazem increase plasma concentrations of ticagre-
lor, and ticagrelor increases the exposure to drugs that are CYP3A 
substrates, such as simvastatin. The CYP2C19 genotype has no effect 
on ticagrelor pharmacodynamics.78 The mean half-lives of ticagrelor 
and its active metabolite are 7.2 hours and 8.5 hours, respectively.

Pharmacodynamics
Compared with clopidogrel, ticagrelor has a rapid onset of action, 
achieves more intensive P2Y12 inhibition, and has a relatively faster 
offset of antiplatelet effect.79 A ticagrelor 180-mg LD provides an IPA 
with ADP 20 mmol/L of 41% at 30 minutes and 88% at 2 hours after 
administration compared with 8% and 41% after a clopidogrel 600-mg 
LD, respectively. Maintenance-dose ticagrelor 90 mg twice daily pro-
vides an IPA with ADP 20 mmol/L of approximately 75% compared 
with 50% with clopidogrel 75 mg daily. The extent of inhibition is 
similar 24 hours after discontinuation of either clopidogrel or ticagre-
lor because of faster offset with ticagrelor, and the IPA for ticagrelor 
on day 3 after the last dose is comparable with that for clopidogrel at 
day 5.

FIGURE 10-5	 Chemical	structure	of	ticagrelor.	
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(58%) and to a lesser degree in the feces (35%). The pharmacokinetic/
pharmacodynamic relationship for the parent compound and metabo-
lites are unchanged in renal impairment. In healthy volunteers, a 30- 
µg/kg bolus followed by a 4-µg/kg/minute infusion provided extensive 
IPA by 2 minutes after the bolus dose, and 80% of subjects returned to 
near-baseline platelet activity within 60 minutes.87 In a phase II study 
of patients undergoing elective PCI, a dose of 4 µg/kg/minute achieved 
greater than 95% IPA within 15 minutes of administration.88

CLINICAL STUDIES. Three randomized clinical trials have assessed the 
safety and efficacy of cangrelor during urgent and nonurgent PCI 
(Table 10-3). The Cangrelor Versus Standard Therapy to Achieve 
Optimal Management of Platelet Inhibition (CHAMPION)-PCI and 
CHAMPION-PLATFORM trials compared cangrelor with clopidogrel 
administered before or after PCI, respectively.89,90 Cangrelor was not 
superior to clopidogrel in either trial with respect to the primary end 
point of death from any cause, MI, or ischemia-driven revasculariza-
tion at 48 hours. The median times from hospital admission to PCI in 
CHAMPION-PCI and CHAMPION-PLATFORM were only 6.3 and 
7.9 hours, respectively, which may have affected the ability to detect a 
periprocedural MI in those NSTE-ACS patients with elevated bio-
markers at presentation; this is because increased biomarker levels may 
reflect the initial thrombotic event rather than being a result of the 
procedure. When the universal definition of MI was applied to a post 
hoc, pooled analysis of the CHAMPION-PCI and CHAMPION-
PLATFORM trials, a significant reduction was reported in the primary 
end point of death, MI, and ischemia-driven revascularization with 
cangrelor (odds ratio [OR] 0.82; 95% CI, 0.68 to 0.99; P = .037).91

The CHAMPION-PHOENIX trial randomly assigned 11,145 
patients with stable CAD or ACS undergoing PCI to receive either a 
bolus and infusion of cangrelor followed by transition to clopidogrel 
or a clopidogrel 300- or 600-mg LD at the time of PCI (see Table 
10-3).50 The primary end point was a composite of death, MI, ischemia-
driven revascularization, or stent thrombosis at 48 hours. The defini-
tion of periprocedural MI involved an assessment of patients’ baseline 
biomarker status, and if abnormal, additional clinical evidence of isch-
emia. Stent thrombosis included both intraprocedural stent thrombo-
sis and definite stent thrombosis according to the Academic Research 
Consortium (ARC) definition. An independent and blinded angio-
graphic core laboratory evaluated all procedures to determine any 
procedural complications. Cangrelor significantly reduced the primary 
efficacy end point (4.7% vs 5.9%, OR 0.78; 95% CI, 0.66 to 0.93; P = 
.005), driven by reductions in stent thrombosis and MI. The treatment 
effect of cangrelor was consistent across the subgroups of stable CAD, 
NSTE-ACS, STEMI, and whether the patient received clopidogrel in a 
300-mg or 600-mg LD. With respect to safety, the rates of the primary 
safety end point—GUSTO severe bleeding—were not significantly dif-
ferent among the groups.

ticagrelor 90 mg twice daily reported dyspnea, compared with 6.4% of 
patients who received clopidogrel (P = .07). In PLATO, dyspnea was 
reported in 13.5% of ticagrelor-treated patients compared with 7.8% of 
clopidogrel-treated patients (P < .001). In a randomized, double-blind 
phase II study that actively monitored the complaint of dyspnea in 123 
patients with stable coronary artery disease, 38.6%, 9.3%, and 8.3% of 
patients in the ticagrelor, clopidogrel, and placebo groups reported 
dyspnea, respectively (P < .001). Most cases of dyspnea occurred within 
1 week of starting ticagrelor and were not associated with adverse 
changes in cardiac or pulmonary function.85

Cangrelor
PHARMACOLOGY AND METABOLISM. Cangrelor is a nonthienopyridine 

adenosine triphosphate (ATP) analogue.86 It is administered intra-
venously and is a rapid and direct-acting reversible inhibitor of the 
P2Y12 receptor that has a half-life of approximately 3 minutes (Fig. 
10-6). Cangrelor is metabolized through dephosphorylation by ecto-
endonucleatase (CD39) to form a nucleoside (AR-C69712XX), which 
is the major circulating metabolite. AR-C69712XX is further metabo-
lized into several products and is primarily eliminated in the urine 

FIGURE 10-6	 Chemical	structure	of	cangrelor.	
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TABLE 10-3 The Phase III Clinical Trials of Cangrelor

Trial N
Prior Thienopyridine 
Exposure Comparator End Point Duration Outcome*

CHAMPION-PCI 8,877 Prior	exposure	
allowed

Clopidogrel	600	mg	within	
30	min	prior	to	PCI

Death,	MI,	or	IDR 48	hr OR	0.87
[0.71-1.07]
P	=	.17

CHAMPION-PLATFORM 5,362 Naïve	patients	only Clopidogrel	600	mg	at	end	of	PCI Death,	MI,	or	IDR 48	hr OR	1.05
[0.88-1.24]
P	=	.59

CHAMPION-PHOENIX 10,942 Naïve	patients	only Clopidogrel	300	or	600	mg,	
dose	and	timing	per	operator

Death,	MI	(universal	
definition),	IDR,	or	ST

48	hr OR	0.78
[0.66-0.93]
P	=	.005

Adapted	from	Walsh	JA	3rd,	Price	MJ:	Cangrelor	for	treatment	of	arterial	thrombosis,	Expert	Opin	Pharmacother	15:565-572,	2014.
*Figures	in	brackets	represent	95%	confidence	intervals.
CHAMPION,	Cangrelor	Versus	Standard	Therapy	to	Achieve	Optimal	Management	of	Platelet	Inhibition;	CI,	confidence	interval;	IDR,	ischemia	driven	revascularization;	MI,	myocardial	infarc-
tion;	OR,	odds	ratio;	PCI,	percutaneous	coronary	intervention;	ST,	stent	thrombosis.
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Vorapaxar
Vorapaxar is a synthetic tricyclic 3-phenylpyridine analogue of himba-
cine (Fig. 10-8). It is a high-affinity, orally active, low-molecular-
weight, nonpeptide competitive PAR-1 antagonist that is slowly 
eliminated, with a half-life of approximately 5 to 11 days. Recovery of 

ADVERSE EFFECTS. Pooled analysis of patient-level data from the 
CHAMPION trials92 demonstrated that cangrelor bolus and infusion 
during PCI does not increase GUSTO severe or TIMI major bleeding 
rates, nor does it increase the need for any blood transfusion. However, 
cangrelor was associated with increased bleeding according to more 
sensitive indices such as Acute Catheterization and Urgent Interven-
tion Triage Strategy (ACUITY) major bleeding (4.2% vs 2.8%, P < 
.0001) and led to a greater rate of less severe bleeding events (GUSTO 
mild and TIMI minor bleeding). The rate of ACUITY major bleeding, 
excluding hematomas greater than 5 cm, was significantly more fre-
quent with cangrelor, but the absolute difference was small (1.3% vs. 
1.0%, P = .007). Cangrelor was associated with a higher rate of dyspnea 
compared with placebo (1.1% vs. 0.4%, P < .0001), which led to drug 
cessation in 0.1% of cases.

In sum, cangrelor is a novel, intravenous (IV) ATP analogue that 
has been evaluated in several phase III studies involving over 25,000 
patients undergoing PCI for stable CAD or ACS. The drug is well toler-
ated, although transient dyspnea may rarely occur. Cangrelor reduces 
ischemic events compared with conventional clopidogrel therapy in 
thienopyridine-naïve patients undergoing PCI, driven by reductions in 
MI according to the universal definition and in stent thrombosis, with 
rates similar to placebo of major bleeding and blood transfusions but 
at the cost of more minor bleeding events.86 At present, cangrelor is 
not approved for use in the United States.

Thrombin Receptor Antagonists

Basic Principles
Thrombin exerts a multitude of effects on thrombosis, hemostasis, and 
inflammation. Generated at sites of vascular injury, it is the effector 
protease of the coagulation cascade, converting circulating fibrinogen 
to fibrin monomer, which polymerizes to form fibrin, the fibrous 
matrix of thrombus. Thrombin promotes edema by increasing the  
permeability of the vascular endothelium, induces vasoconstriction in 
the absence of the endothelium through its action on smooth muscle 
cells, and stimulates prostaglandin and cytokine production by endo-
thelial cells. Thrombin is also the most potent agonist for platelet acti-
vation and provokes shape change, granule secretion, synthesis and 
release of TXA2, mobilization of P-selectin and CD40 to the platelet 
surface, and activation of the GP IIb/IIIa receptor.4 The cellular effects 
of thrombin are mediated primarily by the activation of protease-
activated receptors (PARs). The two platelet thrombin receptors in 
humans are PAR-1 and PAR-4, but PAR-1 is more important, mediat-
ing platelet activation at low thrombin concentrations, whereas PAR-4 
mediates platelet activation only at high thrombin concentrations. 
PARs are unique in that each receptor carries its own ligand that is 
active only after cleavage. Thrombin binds the N-terminus of the 
PAR-1 receptor with high affinity at an extracellular, hirudin-like site 
and then cleaves the receptor between residues Arg 41 and Ser 42; this 
unmasks a new N-terminus beginning with the sequence SFLLRN 
(serine, phenylalanine, leucine, leucine, arginine, asparagine). This 
N-terminus functions as a tethered ligand that docks intramolecularly 
with the body of the receptor and activates it. The inability of PAR-4 
to activate platelets at low thrombin concentrations is likely caused by 
the absence of an extracellular hirudin-like domain. The PAR-1 recep-
tor is an attractive candidate for targeted inhibition in patients with 
cardiovascular disease. PAR-mediated signaling appears to be a more 
important contributor to thrombosis compared with hemostasis. In 
addition, platelet PAR antagonism maintains the fibrin-generating  
and protein-C functions of thrombin and does not appear to interfere 
with other platelet-signaling pathways such as those mediated by col-
lagen and ADP (Fig. 10-7). Therefore unlike other platelet receptor 
inhibitors, PAR-1 antagonists have been suggested to have a wider 
therapeutic window between ischemia reduction and bleeding risk. 
Although many PAR-1 antagonists have been developed and investi-
gated in early phase clinical testing, only vorapaxar has been approved 
for clinical use.

FIGURE 10-7	 Rationale	for	protease-activated	receptor	(PAR)	inhibition	
in	the	treatment	of	cardiovascular	disease.	Thrombin	acts	as	a	platelet	
agonist	through	its	activation	of	the	platelet	PAR-1	and	PAR-4	receptors;	
it	is	the	main	effector	protease	of	the	coagulation	cascade	and	triggers	
fibrin	formation,	and	within	the	environment	of	the	normal	endothelium,	
it	 activates	 protein	 C	 to	 terminate	 its	 own	 production.	 Fibrin(ogen)	
appears	to	be	more	important	than	thrombin-induced	platelet	activation	
for	 hemostasis.	 PAR-1	 is	 the	 primary	 mediator	 of	 thrombin-induced	
platelet	activation,	and	PAR-1	antagonists	may	have	a	wide	therapeutic	
window	for	platelet-dependent	processes—such	as	acute	coronary	syn-
drome	 and	 stent	 thrombosis—by	 leaving	 the	 fibrin	 generation	 and	
protein-C	 functions	 of	 thrombin	 intact.	 Vorapaxar	 and	 atopaxar	 are	
PAR-1	inhibitors	currently	under	clinical	investigation.	(From	Angiolillo	
DJ,	Capodanno	D,	Goto	S:	Platelet	thrombin	receptor	antagonism	and	
atherothrombosis.	Eur	Heart	J	31:17-28,	2010.)
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FIGURE 10-8	 Chemical	structure	of	vorapaxar.	
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Pharmacodynamic studies have shown that the addition of cilostazol 
to aspirin and clopidogrel (triple-antiplatelet therapy) results in greater 
ADP-induced platelet inhibition compared with aspirin and clopido-
grel alone.96 Adjunctive cilostazol therapy in addition to aspirin and 
clopidogrel has been associated with a reduced risk of stent thrombo-
sis, restenosis, and MACEs without increased bleeding complications 
in patients undergoing PCI, including those treated with a DES.97,98 
These benefits have been more marked in complex settings such as in 
patients with diabetes mellitus and long lesions. The clinical studies of 
cilostazol in the PCI setting have been conducted primarily in Asia. 
The most common side effects of cilostazol include headache, tachy-
cardia, palpitations, soft stools, and diarrhea, and these may lead to 
drug discontinuation in up to 15% of cases. Cilostazol should be 
avoided in patients with congestive heart failure of any severity, with 
or without preserved left ventricular systolic function, because of an 
increased mortality risk with PDE inhibitors.

Glycoprotein IIb/IIIa Inhibitors
The GP IIb/IIIa receptor is an integrin, a heterodimer consisting of 
noncovalently associated alpha and beta subunits, which mediate the 
final common pathway of platelet aggregation. In specific, the GP IIb/
IIIa receptor consists of the αIIb and β3 subunits. By competing with 
fibrinogen and vWF for GP IIb/IIIa binding, GP IIb/IIIa antagonists 
interfere with platelet cross-linking and platelet-derived thrombus for-
mation (Fig. 10-9). Because the GP IIb/IIIa receptor represents the 
final common pathway leading to platelet aggregation, these agents are 
very effective in inhibiting platelets. Investigations of oral GP IIb/IIIa 
inhibitors have been stopped because of their lack of benefit and 
increased mortality in patients with ACS and in those undergoing PCI. 
The reasons for these negative outcomes remain elusive. Currently, 
only parenteral GP IIb/IIIa inhibitors are approved for clinical use and 
are recommended only in the setting of patients with ACS who are 
undergoing PCI. Although GP IIb/IIIa inhibitors have reduced MACEs 
(death, MI, and urgent revascularization) by 35% to 50% in patients 
undergoing PCI, their broad use has been limited because of their 
association with an increased risk of bleeding.99

Pharmacology
Three parenteral GP IIb/IIIa antagonists have been approved for clini-
cal use: abciximab, eptifibatide, and tirofiban (Table 10-4).

Abicximab
Abciximab is a large chimeric monoclonal antibody with a high 
binding affinity that results in a prolonged pharmacologic effect. In 
particular, it is a monoclonal antibody that is a fragment antigen 
binding (Fab) fragment of a chimeric human–mouse genetic recon-
struction of 7E3. The Fc portion of the antibody was removed to 
decrease immunogenicity, and the Fab portion was attached to the 
constant regions of a human immunoglobulin (Ig). Abciximab binding 
is specific for the β3-subunit and explains its ability to bind other β3-
receptors such as vitronectin (αVβ3). Unlike the small-molecule GP 
IIb/III inhibitors eptifibatide and tirofiban, abciximab interacts with 
the GP IIb/IIIa receptor at sites distinct from the ligand-binding RGD 
sequence site and exerts its inhibitory effect noncompetitively. Its 
plasma half-life is biphasic, with an initial half-life of less than 10 
minutes and a second-phase half-life of approximately 30 minutes. 
However, because of its high affinity for the GP IIb/IIIa receptor, it has 
a biologic half-life of 12 to 24 hours; and because of its slow clearance 
from the body, it has a functional half-life of up to 7 days. Platelet-
associated abciximab can be detected for more than 14 days after the 
infusion has been stopped. The recommended dose for abciximab is a 
0.25 mg/kg bolus followed by an IV infusion with 0.125 µg/kg/minute 
for 12 hours. No renal adjustments are required.

Epitifibatide
Unlike abciximab, the small-molecule agents eptifibatide and tirofiban 
do not induce an immune response and have a lower affinity for the 

platelet function to 50% or more of baseline occurred at 4 weeks after 
treatment discontinuation in healthy volunteers.

After the promising findings from early phase clinical investiga-
tions, vorapaxar was tested in two large-scale phase III clinical trials: 
Thrombin Receptor Antagonist for Clinical Event Reduction in Acute 
Coronary Syndrome (TRACER) and Thrombin Receptor Antagonist  
in Secondary Prevention of Atherothrombotic Ischemic Events–
Thrombolysis in Myocardial Infarction (TRA 2P–TIMI 50).93,94 After a 
safety review in January 2011, the Data and Safety Monitoring Board 
recommended halting the TRACER trial and discontinuing the drug in 
the ongoing TRA 2P trial in patients with prior stroke, in whom there 
was an observed excess of intracranial hemorrhage with vorapaxar.

TRACER tested the safety and efficacy of vorapaxar in combination 
with standard antiplatelet therapy in patients with NSTE-ACS. A total 
of 12,944 patients were randomly assigned to receive either vorapaxar 
(40-mg LD followed by 2.5 mg daily) or placebo in addition to stan-
dard antiplatelet therapy. Concomitant clopidogrel therapy was admin-
istered in 92%, and aspirin was administered in 99% of the enrolled 
patients.93 The primary end point was a composite of death from car-
diovascular causes, MI, stroke, recurrent ischemia with rehospitaliza-
tion, or urgent coronary revascularization. In the patients assigned to 
vorapaxar, a nonsignificant decrease was found in the primary efficacy 
end point at 2 years (18.5% vs. 19.9%, HR 0.92; 95% CI, 0.85 to 1.01; 
P = .07) at the cost of a significant (35%) increase in the rate of GUSTO 
moderate or severe bleeding (7.2% vs. 5.2%, HR 1.35; 95% CI, 1.16 to 
1.58; P < .001) and a threefold increase in the rate of intracranial bleed-
ing (0.6% vs 0.2%, HR 3.39; 95% CI, 1.78 to 6.45; P < .001).

The TRA 2P–TIMI 50 trial evaluated the role of vorapaxar in the 
secondary prevention of cardiovascular events in patients with known 
atherothrombotic disease (i.e., history of prior MI, ischemic stroke, or 
PAD).94 A total of 26,449 patients were randomly assigned to receive 
either vorapaxar 2.5 mg daily or placebo in addition to standard-of-
care therapy, including aspirin and/or a thienopyridine. Concomitant 
aspirin was administered in 94% of enrolled patients, and clopidogrel 
was given in a majority of the patients with a qualifying diagnosis of 
MI. After a median follow-up of 30 months, vorapaxar significantly 
reduced the primary end point (a composite of death from cardiovas-
cular causes, MI, or stroke) compared with placebo (HR 0.87; 95% CI, 
0.80 to 0.94; P < .001), driven by a 17% reduction in the rate of MI. 
However, vorapaxar increased the rate of GUSTO moderate or severe 
bleeding (HR 1.66; 95% CI, 1.43 to 1.93; P < .001), as well as intracra-
nial bleeding (HR 1.94; 95% CI, 1.39 to 2.70; P < .001). In the subgroup 
of patients with prior stroke, vorapaxar was associated with higher 
rates of major bleeding and intracranial hemorrhage without any 
improvement in ischemic outcomes. The benefit of vorapaxar over 
placebo in reducing the primary end point was enhanced in the large 
subgroup of patients with prior MI (HR 0.80; 95% CI, 0.72 to 0.89; P 
< .0001) and was consistent across timing and types of MI.95 Despite 
an increase in total bleeding (HR 1.61; 95% CI, 1.31 to 1.97; P < .0001), 
intracranial and fatal bleeding were not significantly higher in the 
vorapaxar group among patients with prior MI, and an overall benefit 
was seen in net clinical outcome.

The FDA approved vorapaxar for clinical use in 2014. In specific, 
vorapaxar at a dose of 2.5 mg once daily is indicated for the reduction 
of thrombotic cardiovascular events in patients with a history of MI or 
with PAD, and it must be used in addition to antiplatelet therapy 
(aspirin and/or clopidogrel) as per the standard of care. Vorapaxar is 
contraindicated in patients with a history of stroke, TIA, or intracranial 
hemorrhage and in those with active pathologic bleeding.

Phosphodiesterase Inhibitors

Cilostazol
Cilostazol, a selective phosphodiesterase type 3 (PDE-3) inhibitor, 
increases cAMP levels in multiple cell lines—including platelets,  
endothelial cells, and smooth muscle cells—and results in both  
vasodilatory and antiplatelet effects. It was approved by the FDA in 
1998 for the treatment of symptoms of intermittent claudication. 
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eptifibatide is mostly eliminated through renal mechanisms, a lower 
infusion dose (1 µg/kg/min) is recommended in patients with creati-
nine clearance less than 50 mL/minute. Recovery of platelet aggrega-
tion occurs within 4 hours of completion of the infusion.

Tirofiban
Tirofiban is a tyrosine-derived non–peptide inhibitor that mimics the 
RGD sequence and is highly specific for the GP IIb/IIIa receptor. Tiro-
fiban is associated with a rapid onset and a short duration of action, 
with a plasma half-life of approximately 2 hours. Like eptifibatide, 
substantial recovery of platelet aggregation is present within 4 hours 
of completion of infusion. Tirofiban was previously administered as a 
10 µg/kg bolus followed by infusion 0.15 µg/kg/minute for 18 to 24 
hours. Several studies have documented that this treatment regimen 
achieves suboptimal levels of platelet inhibition for up to 4 to 6 hours, 
which likely accounted for its inferior clinical results in the PCI setting. 
For this reason, a high-dose bolus regimen (25 µg/kg) that achieves 
more optimal platelet inhibition has been tested and has shown anti-
platelet efficacy comparable to the other GP IIb/IIIa inhibitors. The 
FDA has approved a high-bolus-dose tirofiban regimen, as well as a 
shorter duration of infusion, for patients undergoing PCI. Because 
tirofiban is mostly eliminated through renal mechanisms, dosage 
adjustment is required for patients with renal insufficiency.

Thrombocytopenia
Patients treated with GP IIb/IIIa inhibitors have a higher incidence  
of thrombocytopenia. Severe thrombocytopenia is more commonly 
associated with abciximab and requires immediate cessation of ther-
apy. The mechanism of thrombocytopenia is unknown; however, 
regardless of its etiology, thrombocytopenia in patients undergoing 
PCI is associated with more ischemic events, bleeding complications, 
and transfusions. The platelet count typically falls within hours of  
GP IIb/IIIa administration. Readministration of abciximab, but not 
eptifibatide and tirofiban, is associated with a slightly increased risk of 
thrombocytopenia.

GP IIb/IIIa receptor. Eptifibatide is a reversibly interacting and highly 
selective heptapeptide with a rapid onset and a short plasma half-life 
of 2 to 2.5 hours. Its molecular design is based on barbourin, a member 
of the disintegrin family, which contains a novel Lys-Gly-Asp (KGD) 
sequence, making it highly specific for the GP IIb/IIIa receptor. In  
the setting of PCI, a double-bolus and infusion regimen is recom-
mended (180 µg/kg, followed by a second, 180 µg/kg bolus, followed 
by 2 µg/kg/min for a minimum of 12 hr); peak plasma levels are estab-
lished shortly after the bolus dose, and a slightly lower concentration 
is subsequently maintained throughout the infusion period. Because 

FIGURE 10-9	 Structure	of	the	glycoprotein	(GP)	IIb/IIIa	receptor.	The	GP	
IIb/IIIa	receptor	is	an	integrin,	a	heterodimer	consisting	of	noncovalently	
associated	 alpha	 and	 beta	 subunits	 that	 mediate	 the	 final	 common	
pathway	of	platelet	aggregation.	The	GP	IIb/IIIa	receptor	consists	of	the	
αIIb	and	β3	subunits.	The	α-subunit	 is	a	136-kD	molecule	with	light	
and	heavy	chains;	the	light	chain	contains	a	short	cytoplasmic	tail,	a	
transmembrane	region,	and	a	short	extracellular	domain,	whereas	the	
heavy	chain	is	entirely	extracellular.	The	β-subunit	is	an	84.5-kD	mol-
ecule	with	a	short	intracellular	tail,	a	transmembrane	region,	and	a	large	
extracellular	 domain.	 Platelet	 activation	 leads	 to	 a	 conformational	
change	in	the	GP	IIb/IIIa	receptor,	which	markedly	increases	its	affinity	
for	its	ligands	through	its	binding	sites.	On	the	GP	IIb/IIIa	receptor	are	
two	 main	 binding	 sites:	 One	 recognizes	 the	 amino	 acid	 sequence	
arginine–glycine–aspartic	acid	(Arg-Gly-Asp,	or	RGD)	found	on	multiple	
ligands	(fibronectin,	von	Willebrand	factor	[vWF],	and	vitronectin)	but	
most	important	on	fibrinogen,	the	major	GP	IIb/IIIa	ligand,	in	which	the	
RGD	sequence	occurs	twice.	The	other	peptide	sequence	is	the	lysine–
glutamine–alanine–glycine–aspartic	acid–valine	(Lys-Gln-Ala-Gly-Asp-
Val	[KQAGDV])	sequence,	which	is	only	located	at	the	carboxyl	terminus	
of	 the	 γ-chain	 of	 fibrinogen.	 (From	 Topol	 EJ,	 Byzova	 TV,	 Plow	 EF:	
Platelet	GP	IIB/IIIa	blockers.	Lancet	353:227-231,	1999.)
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TABLE 10-4 Characteristics of the Glycoprotein IIb/IIIa Inhibitors
Abciximab Eptifibatide Tirofiban

Molecule Fab	7E3 Synthetic	
peptide

Nonpeptide	
mimetic

Molecular	weight ~50,000 ~800 ~500

Stoichiometry	(drug	
to	GP	IIb/IIIa)

~1.5	:	1 ≫100	:	1 ≫100	:	1

Binding Noncompetitive Competitive Competitive

Half-life Plasma:	10	to	
15	hr

Plasma:	2	to	
2.5	hr

Plasma:	2	
to	2.5	hr

Biologic:	12	to	
24	hr

Biologic	=	
plasma

Biologic	=	
plasma

PCI	dosing Bolus: Bolus: Bolus:
0.25	mg/kg	

(10	to	
60	min)

180	µg/kg	
(10	min)	+	
180	µg/kg

25	µg/kg	
(30	min)

Infusion: Infusion: Infusion:
0.125	µg/kg/

min	(12	hr)
2	µg/kg/min	

(24	to	
48	hr)

0.10	µg/
kg/min	
(48	hr)

Renal	adjustment No Bolus: Bolus:
180	µg/kg 12.5	µg/kg	

(30	min)
Infusion: Infusion:
1	µg/kg/min	

(24	to	
48	hr)

0.10	µg/
kg/min	
(48	hr)

Fab,	 Fragment	 antigen	 binding;	 GP,	 glycoprotein;	 PCI,	 percutaneous	 coronary	
intervention.
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the primary end point of death, MI, or target-vessel revascularization 
at 30 days, but the benefit of abciximab treatment was limited only to 
those patients who presented with elevated troponin. Overall, these 
findings, and those from retrospective analyses of other studies, 
suggest that in the modern era of interventional cardiology using  
high clopidogrel dosing regimens, GP IIb/IIIa inhibition should be 
reserved only for high-risk patients with ACS and elevated cardiac 
biomarkers.

Timing of Glycoprotein IIb/IIIa Administration
Two different timing strategies for the administration of GP IIb/IIIa 
inhibitors have been used in the large, randomized GP IIb/IIIa trials: 
before angiography (upstream treatment) or in the cardiac catheteriza-
tion laboratory in patients about to undergo PCI (provisional treat-
ment). These two strategies were compared in the Early Glycoprotein 
IIb/IIIa Inhibition in Non–ST Segment Elevation Acute Coronary Syn-
drome (EARLY-ACS) trial,107 which randomized 9492 invasively 
managed patients with NSTE-ACS to either routine upstream eptifiba-
tide or placebo infusion and provisional eptifibatide after angiography. 
No differences were found between the groups in the primary end 
point, and patients in the early eptifibatide group had significantly 
higher rates of bleeding and transfusion. These findings do not support 
the routine use of upstream GP IIb/IIIa inhibition compared with ad 
hoc GP IIb/IIIa inhibition in patients with ACS undergoing PCI.

Glycoprotein IIb/IIIa Inhibitors in Primary Percutaneous  
Coronary Intervention
The use of GP IIb/IIIa inhibitors, in particular abciximab, in STEMI 
patients undergoing primary PCI is supported by a meta-analysis  
of 11 randomized trials that involved a total 27,115 patients. In this 
meta-analysis, the administration of abciximab was associated with a 
significant reduction in the rate of reinfarction, as well as mortality 
rates, at 30 days.108 However, most of the studies included in the 
meta-analysis were conducted in patients who had not been pretreated 
with clopidogrel. In the Third Bavarian Reperfusion Alternatives Eval-
uation (BRAVE 3), 800 patients with acute STEMI within 24 hours 
from symptom onset, all of whom were treated with clopidogrel 
600 mg, were randomly assigned to receive either upstream abciximab 
or placebo.109 Abciximab was not associated with a reduction in the 
primary end point, infarct size, or ischemic end points at 30 days, 
which argued against the routine use of upstream abciximab in 
clopidogrel-pretreated patients undergoing primary PCI. Strategies of 
facilitated PCI have been developed on the basis of the premise that 
time to reperfusion is a critical determinant of outcome. A series of 
small pilot investigations with GP IIb/IIIa inhibitors that measured 
surrogate markers of ischemic benefit, such as angiographic flow or 
ST-segment resolution, showed promising results. This series set the 
basis for larger studies to clarify the safety and efficacy of different 
regimens of facilitated PCI using GP IIb/IIIa inhibitors alone or in 
combination with a reduced-dose fibrinolytic. In the Facilitated Inter-
vention with Enhanced Reperfusion Speed to Stop Events (FINESSE) 
trial,110 2452 patients with STEMI who presented within 6 hours 
after symptom onset were randomized to receive PCI facilitated with 
early abciximab and half-dose reteplase (combination facilitated), 
PCI with early abciximab alone (abciximab facilitated), or primary 
PCI with abciximab at the time of the procedure. The primary end 
point—composite of death from all causes, ventricular fibrillation 
occurring more than 48 hours after randomization, cardiogenic  
shock, and congestive heart failure during the first 90 days after 
randomization—occurred in 9.8%, 10.5%, and 10.7% of the patients in 
the combination-facilitated, abciximab-facilitated, and primary PCI 
groups, respectively (P = .55) without significant differences in mortal-
ity. These results do not support the use of a facilitated pharmacologic 
strategy for reperfusion, with either abciximab alone or abciximab plus 
reduced-dose reteplase, in anticipation of urgent PCI for patients who 
present early with STEMI.110

Although the GP IIb/IIIa inhibitors are approved for IV use, several 
studies have assessed the efficacy of intracoronary (IC) administration 

Pivotal Clinical Trials With Glycoprotein IIb/IIIa Inhibitors
Before the era of pretreatment with high loading doses of clopidogrel, 
the safety and efficacy of GP IIb/IIIa inhibition was tested in several 
clinical studies that included patients with ACS and those with stable 
CAD. The landmark trial that demonstrated the efficacy of GP IIb/IIIa 
inhibition in the PCI setting was the Evaluation of IIb/IIIa Platelet 
Receptor Antagonist 7E3 in Preventing Ischemic Complications 
(EPIC).100 In this study, high-risk patients undergoing balloon angio-
plasty were randomized to abciximab bolus and infusion, abciximab 
bolus alone, or placebo. The group treated with abciximab bolus and 
infusion had a 35% lower rate of death, MI, or unplanned urgent 
revascularization at 30 days compared with the placebo group. No 
significant benefit with abciximab bolus alone was observed, suggest-
ing that a shorter duration of platelet inhibition was insufficient to 
favorably affect clinical outcomes. Major bleeding complications 
occurred in a very high proportion of patients treated with abciximab. 
A series of procedural modifications—including front-wall arterial 
puncture, reducing arterial sheath size (from 8 to 6 Fr), reducing 
heparin dosing (target activated clotting time [ACT] of 200 to 250 
seconds rather than >300 seconds), early sheath removal, and aban-
doning the use of routine venous sheaths—markedly reduced major 
bleeding complications (~1% to 1.5% in later trials). After the EPIC 
trial, the Evaluation of Percutaneous Transluminal Coronary Angio-
plasty (PTCA) to Improve Long-Term Outcome With Abciximab GP 
IIb/IIIa Blockade (EPILOG)101 was conducted in patients undergoing 
balloon angioplasty who were at a lower risk than the patients in  
EPIC. In EPILOG, abciximab was given with lower doses of weight-
adjusted heparin and with weight-adjusted infusions of abciximab. 
This study was stopped prematurely because of a significant reduction 
in the incidence of death or MI in patients treated with abciximab  
and in the setting of acceptable bleeding rates. Similar results were 
reported in the Evaluation of Platelet GP IIb/IIIa Inhibition in Stent-
ing (EPISTENT),102 which was the first randomized trial to examine 
the use of GP IIb/IIIa inhibitors—in this case, abciximab—among 
patients undergoing stent placement. The Enhanced Suppression of 
the Platelet IIb/IIIa Receptor with Integrilin Therapy (ESPRIT)103 trial 
conducted in patients undergoing coronary stenting using eptifibatide 
was also terminated early because of the superior efficacy of eptifiba-
tide. Major bleeding was rare but occurred more frequently in 
eptifibatide-treated patients compared with placebo-treated patients. 
On the basis of these trials, GP IIb/IIIa inhibitors became a corner-
stone in the treatment of patients undergoing PCI because of their 
ability to improve short- and long-term outcomes, mostly by reducing 
the occurrence of periprocedural MI. Subsequently, however, it was 
shown that a GP IIb/IIIa inhibitor may no longer benefit patients if 
they had been pretreated with high-dose clopidogrel, particularly 
those with stable CAD or in the absence of elevated cardiac enzymes. 
The first Intracoronary Stenting and Antithrombotic Regimen–Rapid 
Early Action for Coronary Treatment (ISAR-REACT) trial104 showed 
that in 2159 low- to intermediate-risk patients undergoing elective 
PCI, all of whom had been pretreated for at least 2 hours with a 
600-mg loading dose of clopidogrel, no benefit of abciximab therapy 
was found, compared with placebo, with respect to the incidence of 
death, MI, and urgent target-vessel revascularization at 30 days (P = 
.8). The findings were similar in the Intracoronary Stenting and Anti-
thrombotic Regimen—Is Abciximab a Superior Way to Eliminate 
Elevated Thrombotic Risk in Diabetics? (ISAR-SWEET) trial,105 the 
first dedicated randomized trial to evaluate GP IIb/IIIa blockade in 
patients with diabetes scheduled for elective PCI. Overall, these 
studies suggest that GP IIb/IIIa inhibitors offer no clinical benefit in 
low- to intermediate-risk patients scheduled for PCI, including those 
with diabetes, if they have been pretreated with clopidogrel. The ISAR-
REACT 2 trial106 assessed the incremental benefit of GP IIb/IIIa inhib-
itors for patients with ACS in the current era of treatment with a high 
loading dose of clopidogrel before PCI. This trial randomized 2022 
patients with ACS pretreated with clopidogrel 600 mg for at least 2 
hours to either abciximab or placebo in the catheterization laboratory 
at the time of PCI. Abciximab significantly reduced the incidence of 
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Platelet Function Testing
The pharmacodynamic effect of an antiplatelet agent can be defined by 
the response before and after exposure (i.e., the IPA) or by the absolute 
level of platelet reactivity on therapy, termed on-treatment reactivity 
(Table 10-6). On-treatment reactivity has been proposed as a better 
measure of thrombotic risk because of the variability in platelet reactiv-
ity before treatment.29 The results of several ex vivo platelet function 
tests have been associated with clinical outcomes after PCI in 
clopidogrel-treated patients (Table 10-7). Diagnostic cutoffs to identify 
at-risk patients using the various tests have been proposed using 
receiver-operator characteristic (ROC) curve analysis.29 In a large, mul-
ticenter, observational study of more than 8500 patients undergoing 
PCI with drug-eluting stents, patients with high on-treatment platelet 
reactivity despite clopidogrel therapy had a significantly greater 1-year 
risk of the primary end point of definite or probable stent thrombosis 
(adjusted HR 2.49; 95% CI, 1.43 to 4.1) and the secondary end point 
of MI (HR 1.42; 95% CI, 1.09 to 1.86), whereas the adjusted risk of 
clinically relevant bleeding was significantly decreased (HR 0.73; 95% 
CI, 0.61 to 0.89).117

The results of two small randomized trials suggested that intensified 
antiplatelet therapy with additional clopidogrel or adjunctive GP IIb/
IIIa receptor antagonist therapy in patients with high on-clopidogrel 
reactivity, may reduce periprocedural ischemic events.118,119 Two larger 
randomized trials have tested the hypothesis that adjustment of anti-
platelet therapy around the time of PCI based on platelet function 
testing may reduce ischemic events.

GRAVITAS
The Gauging Responsiveness With a VerifyNow Assay—Impact on 
Thrombosis and Safety (GRAVITAS) trial was a multicenter, double-
blinded, active control trial that randomly assigned 2214 patients with 
high on-treatment reactivity after PCI to either high-dose clopidogrel 
(additional 600-mg LD followed by a 150-mg daily maintenance dose 
[MD]) or standard-dose clopidogrel (75-mg MD).120 Few patients 
enrolled in the trial had non–ST-elevation MI (NSTEMI) or STEMI. 
At 6 months, the rate of death from cardiovascular causes, MI, or stent 
thrombosis did not differ between the groups (2.3% vs. 2.3%, HR 1.01; 
95% CI, 0.58 to 1.76; P = .97). High-dose therapy was not associated 
with increased GUSTO severe or moderate bleeding compared with 
standard-dose therapy (1.4% vs. 2.3%, HR 0.59; 95% CI, 0.31 to 1.11; 
P = .10). Lower-than-expected event rates reduced the power of the 
study to detect differences in outcomes between the study groups. 
Therefore a strategy of a clopidogrel 150-mg MD did not appear to 
provide therapeutic benefit in patients noted to have high on-treatment 
reactivity to standard dosing after PCI, particularly in patients with 
stable angina or ischemia. On pharmacodynamic analysis, the high-
dose regimen provided only a 22% absolute reduction in the rate of 
high on-treatment reactivity. In a post hoc analysis, those patients who 
achieved lower levels of on-treatment reactivity after PCI or over 
follow-up (P2Y12 reaction units [PRUs] <208) had a significantly lower 
adjusted risk of cardiovascular events.121 Only a minority of patients 
who received a clopidogrel 150-mg MD achieved this threshold for 
reactivity, suggesting that an insufficient antiplatelet effect of the study 
intervention may in part have contributed to the lack of clinical efficacy 
observed in the overall trial.122

ARCTIC
The Conventional Antiplatelet Strategy Versus a Monitoring-Guided 
Strategy for Drug-Eluting Stent Implantation and of Treatment Inter-
ruption Versus Continuation One Year After Stenting (ARCTIC) 
trial123 was a randomized, multicenter, open-label trial that tested 
whether the incorporation of platelet function testing into antiplatelet 
therapy decision making would be superior to conventional manage-
ment without platelet function testing in reducing ischemic events  
in patients undergoing PCI. Patients in the platelet function testing 
arm were assessed for both clopidogrel and aspirin responsiveness 
prior to PCI and again 2 to 4 weeks after the procedure. The choice of 

in patients with STEMI undergoing primary PCI. A meta-analysis  
of small-sample studies110a suggests a benefit of IC use of GP IIb/IIIa 
inhibitors; however, this finding was not supported by the large Abcix-
imab Intracoronary Versus Intravenous Drug Application in 
ST-Elevation Myocardial Infarction (AIDA-STEMI) trial.111 In this 
trial, a total of 2065 patients with STEMI undergoing primary PCI were 
randomly assigned to an IC or IV abciximab bolus during the PCI 
procedure, followed by an IV infusion. No difference was found 
between groups in the primary end point of all-cause mortality, recur-
rent infarction, or new congestive heart failure at 90 days, nor were 
there significant differences in the secondary end points of early 
ST-segment resolution, TIMI flow grade, or enzymatic infarct size. In 
the Intracoronary Abciximab and Aspiration Thrombectomy in 
Patients With Large Anterior Myocardial Infarction (INFUSE-AMI)112 
trial, IC abciximab delivered through a specialized drug-delivery cath-
eter reduced infarct size compared with no abciximab in 452 patients 
with large, anterior MIs undergoing primary PCI with bivalirudin 
anticoagulation.

Triple-Antithrombotic Therapy: Considerations for the  
Patient With Atrial Fibrillation Undergoing Percutaneous 
Coronary Infarction
Atrial fibrillation (AF) represents the most common cardiac arrhyth-
mia, and chronic oral anticoagulation (OAC) is strongly recommended 
to prevent cerebrovascular events among patients with high thrombo-
embolic risk.113 Notably, because the prevalence of both AF and CAD 
increase with age, these conditions frequently coexist: nearly 30% of 
patients with AF have concomitant CAD. Management of these 
patients has become an emerging clinical problem with the ever-
growing elderly population. In particular, many of these patients may 
undergo PCI and may therefore require concomitant use of dual-
antiplatelet therapy (DAPT), including aspirin and a P2Y12 receptor 
inhibitor in addition to OAC, also known as triple-antithrombotic 
therapy (TAT). However, the use of TAT comes at the expense of an 
increased risk of bleeding complications. Data are limited on the 
optimal antithrombotic treatment regimen for these patients, and the 
conundrum of the optimal antithrombotic treatment regimen for 
patients with AF undergoing PCI is further exacerbated by the intro-
duction into clinical practice of the novel oral anticoagulants (NOACs). 
Although the NOACs have shown favorable safety and efficacy profiles 
in patients with AF, data are limited on how to combine these agents 
with standard antiplatelet treatment regimens. To date most informa-
tion on clinical outcomes derive from studies using vitamin K antago-
nists. Guidelines recommend treating patients with low-dose aspirin 
(81 mg) and clopidogrel (75 mg) and maintaining an international 
normalized ratio (INR) in the lower therapeutic range (2.0 to 2.5) to 
minimize bleeding complications. The novel P2Y12 receptor inhibitors 
prasugrel and ticagrelor are not recommended in this setting because 
this would increase the risk of bleeding complications, and they have 
not been studied in the setting of concomitant anticoagulation. In the 
Use of Clopidogrel With or Without Aspirin in Patients Taking Oral 
Anticoagulant Therapy and Undergoing Percutaneous Coronary Inter-
vention (WOEST) study,114 patients undergoing PCI were randomly 
assigned to triple therapy or clopidogrel monotherapy and a vitamin 
K antagonist. The dual-therapy regimen was associated with signifi-
cantly lower bleeding events and improved ischemic outcomes com-
pared with the triple-therapy regimen. However, few patients in this 
trial were treated for complex multivessel disease, and larger studies 
are warranted to support these findings. Several large-scale random-
ized clinical trials are planned or are ongoing and include the use of 
NOACs to better define the optimal antithrombotic treatment regimen 
in AF patients undergoing PCI. Expert consensus documents have 
been developed to provide guidance to physicians on how to best 
manage these patients; these are summarized in Table 10-5.115,116 In 
summary, the management of AF patients undergoing PCI should take 
into consideration the thrombotic and bleeding risks of an individual 
patient.
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TABLE 10-5 Practical Considerations on Antithrombotic Management for Patients With Atrial Fibrillation Undergoing Percutaneous 
Coronary Intervention

Categories Considerations

Periprocedural	management 1.	 Avoid	unnecessary	PCI.
2.	 Consider	radial	access	to	reduce	periprocedural	bleeding.
3.	 Select	the	appropriate	stent.

a)	 BMS	is	preferred	to	first-generation	DES	(sirolimus-	or	paclitaxel-eluting	stents).
b)	 Second-generation	DES	(zotarolimus-	or	everolimus-eluting	stents)	is	preferred	to	first-generation	DES.

4.	 Intraprocedural	anticoagulation
a)	 In	patient	with	high	thromboembolic	risk,	temporary	discontinuation	of	warfarin	followed	by	bridging	therapy	(UFH,	

LMWH,	or	direct	thrombin	inhibitor)	is	recommended.
b)	 Uninterrupted	OAC	therapy	could	replace	heparin	bridging,	except	in	those	undergoing	coronary	procedures	with	a	

high	risk	of	perforation	(e.g.,	chronic	total	occlusion).
c)	 Consider	bivalirudin	in	patients	at	high	risk	of	bleeding.
d)	 Additional	UFH	on	top	of	chronic	OAC	treatment	with	therapeutic	INR	levels	(2	to	3)	is	not	necessary	and	can	trigger	

bleeding	complications.
e)	 Try	to	avoid	glycoprotein	IIb/IIIa	inhibitors.

GENERAL PRINCIPLES IN SELECTING ANTITHROMBOTIC AGENTS

Antiplatelet	agents 1.	 Low-dose	aspirin	(<100	mg/day)	and	clopidogrel	(75	mg/day)	are	the	standard	of	care.
2.	 Prasugrel	or	ticagrelor	are	not	recommended	on	top	of	OAC.

Anticoagulants 1.	 OAC	with	warfarin	(targeting	an	INR	between	2.0	and	2.5)	remains	the	standard	of	care.
2.	 NOACs	are	not	recommended.

LONG-TERM ANTITHROMBOTIC STRATEGIES

In the Setting of Elective PCI

North	American	perspectives 1.	 Low	risk	of	both	stent	thrombosis	and	bleeding:	TAT	1	or	more	months	after	placement	of	BMS	or	6	or	more	months	
after	placement	of	DES,	followed	by	OAC	plus	single	antiplatelet	agent	(aspirin	or	clopidogrel)	up	to	12	months,	and	
then	OAC	only	thereafter.

2.	 High	risk	of	stent	thrombosis,	low	risk	of	bleeding:	TAT	6	or	more	months	after	placement	of	BMS	or	12	months	after	
placement	of	DES,	followed	by	OAC	plus	single	antiplatelet	agent	(aspirin	or	clopidogrel),	and	then	OAC	only	thereafter.

3.	 High	risk	of	bleeding	(regardless	of	the	risk	of	stent	thrombosis):	TAT	1	or	more	months	after	placement	of	BMS,	
followed	by	OAC	plus	single	antiplatelet	agent	up	to	12	months,	and	then	OAC	only	thereafter.

European	perspectives 1.	 Patients	with	low/intermediate	risk	of	bleeding	(HAS-BLED	<3):	BMS–TAT	(low-intensity	OAC	with	INR	2.0	to	2.5,	
low-dose	aspirin,	and	clopidogrel	75	mg	qd)	for	more	than	1	month	with	gastric	protection,	followed	by	OAC	(INR	2.0	
to	3.0)	thereafter.

2.	 Patients	with	high	risk	of	bleeding	(HAS-BLED	≥3):	BMS–TAT	(same	as	1)	for	2	to	4	weeks,	followed	by	OAC	thereafter.
3.	 Patients	receiving	DES:	Duration	of	TAT	(aspirin,	OAC	[INR	2.0	to	2.5]	and	clopidogrel)	according	to	stent	types	

(paclitaxel-eluting	stents	≥6	mo,	limus-eluting	stents	≥3	mo),	followed	by	OAC	and	aspirin	up	to	12	months,	then	OAC	
(INR	2.0	to	3.0)	thereafter.

In the Setting of ACS

Common	guidelines 12	months	of	DAPT	after	an	ACS	event	irrespective	of	treatment	(either	medical	or	PCI	with	BMS	or	DES).

North	American	perspectives Patients	with	high	risk	of	thrombotic	events,	low	risk	of	bleeding:	DAPT	for	12	months.

European	perspectives 1.	 Patients	with	low	or	intermediate	bleeding	risk:	TAT	for	6	or	more	months,	followed	by	DAT	with	low-intensity	OAC	(INR	
2.0	to	2.5)	and	single-antiplatelet	therapy	(clopidogrel	or	low-dose	aspirin)	up	to	12	months,	and	then	OAC	thereafter.

2.	 Patients	with	a	high	risk	of	bleeding:	TAT	for	4	weeks,	drop	aspirin	(or	clopidogrel)	for	up	to	12	months,	and	continue	
OAC	(INR	2.0	to	3.0)	thereafter.

3.	 Patients	undergoing	PCI:	BMS	is	strongly	recommended;	GP	IIb/IIIa	inhibitors	need	to	be	reserved	for	bail-out	in	those	
with	INR	greater	than	2.0.

Gastrointestinal	protection Concomitant	use	of	a	PPI	on	top	of	OAC	is	recommended	(except	for	those	who	have	CYP2C19	interaction	with	clopidogrel,	
such	as	with	omeprazole	and	esomeprazole).

Management	of	bleeding 1.	 Treatment	for	the	patient	with	a	high	INR	should	be	focused	on	reversing	the	anticoagulation	effect	(stop	OAC	
immediately	and	administer	vitamin	K	intravenously	and	fresh-frozen	plasma	or	prothrombin	complex	concentrate).

2.	 No	reversing	agents	are	used	for	P2Y12	receptor	inhibitors	(clopidogrel,	prasugrel,	or	ticagrelor).
3.	 Reversing	agent	(antidote)	for	NOACs	are	under	investigation.
4.	 Use	platelet	concentrate	(no	proven	data).

Adapted	 from	Faxon	DP,	Eikelboom	JW,	Berger	PB,	et	al:	Antithrombotic	 therapy	 in	patients	with	atrial	fibrillation	undergoing	coronary	stenting:	a	North	American	perspective:	executive	
summary.	Circ	Cardiovasc	 Interv	4(5):522-534,	2011;	and	Lip	GY,	Huber	K,	Andreotti	 F,	 et	al:	Antithrombotic	management	of	atrial	 fibrillation	patients	presenting	with	acute	 coronary	
syndrome	and/or	undergoing	coronary	stenting:	executive	summary—a	Consensus	Document	of	the	European	Society	of	Cardiology	Working	Group	on	Thrombosis,	endorsed	by	the	European	
Heart	Rhythm	Association	(EHRA)	and	the	European	Association	of	Percutaneous	Cardiovascular	Interventions	(EAPCI).	Eur	Heart	J	31(11):1311-1318,	2010.
ACS,	Acute	coronary	syndrome;	BMS,	bare-metal	stent;	CYP2C19,	cytochrome	P450	2C19;	DAPT,	dual-antiplatelet	therapy;	DAT,	dual-antithrombotic	therapy;	DES,	drug-eluting	stent;	GP,	
glycoprotein;	 INR,	international	normalized	ratio;	HAS-BLED	(score),	hypertension,	abnormal	liver/renal	 function,	stroke	history,	bleeding	predisposition,	labile	INRs,	elderly	(age	>65	yr),	
drugs/alcohol	usage;	LMWH,	low-molecular-weight	heparin;	NOAC,	novel	oral	anticoagulant;	OAC,	oral	anticoagulation;	PCI,	percutaneous	coronary	intervention;	PPI,	proton	pump	inhibitor;	
UFH,	unfractionated	heparin;	TAT,	triple-antithrombotic	therapy.

antiplatelet therapy in either the platelet function testing or conven-
tional management arms was according to operator discretion, 
although general recommendations were provided for adjustment in 
the platelet function testing group. Approximately three-quarters of the 
enrolled patients presented with stable angina or ischemia. Among the 

patients with high on-treatment reactivity in whom the operators 
chose to adjust therapy, the most frequent interventions were admin-
istration of GP IIb/IIIa inhibitors at the time of the procedure and a 
clopidogrel 150-mg MD after the procedure. At 1-year follow-up, the 
rate of the primary end point—death, MI, stroke or TIA, urgent 
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TABLE 10-6 Terminology Commonly Used to Describe the Antiplatelet Effect of P2Y12 Inhibitors
Term Sampling Requirements Definition

High	on-treatment	reactivity
High	residual	platelet	reactivity
High	posttreatment	reactivity

Single	blood	sample	after	P2Y12	
inhibitor	exposure	or	on	
maintenance	therapy

Platelet	reactivity	while	on	P2Y12	inhibitor	therapy	(e.g.,	
percent	aggregation,	PRU,	PRI	percent,	AU⋅min)	above	
a	particular	threshold

Nonresponsiveness Blood	sample	before	and	after	
P2Y12	inhibitor	exposure

Change	in	platelet	reactivity	before	and	after	P2Y12	
inhibitor	exposure	below	a	particular	threshold

AU,	Aggregation	unit;	PRI,	platelet	reactivity	index;	PRU,	P2Y12	reaction	units.

TABLE 10-7 Methods to Measure the Effect of P2Y12 Antagonists on Platelet Function
Assay Methodology Units of Measurement/Expression of Results

LTA Transmission	of	light	through	platelet-rich	sample	
compared	with	platelet-poor	sample	after	exposure	
to	ADP

•	 Maximal	aggregation	(%)—Measurement	of	on-treatment	reactivity
•	 Final	(late)	aggregation	(%)—Aggregation	5	to	6	minutes	after	

induction	of	ADP;	measurement	of	on-treatment	reactivity
•	 IPA	(%)—Relative	change	in	aggregation	before	and	after	exposure
•	 Δ	Platelet	aggregation	(%)—Absolute	change	in	aggregation	before	and	

after	exposure)

VASP Phosphorylation	status	of	VASP	measured	by	flow	
cytometry	after	incubation	with	ADP,	PGE1,	or	both

•	 Platelet	reactivity	index	(%)—ratio	of	PGE1-stimulated	VASP	
phosphorylation	to	ADP–	+	PGE1–stimulated	VASP	phosphorylation	(i.e.,	
a	measure	of	the	reduction	of	phosphorylated	VASP	induced	by	ADP)

VerifyNow Agglutination	of	fibrinogen-coated	beads	by	platelets	
in	the	presence	of	ADP	(20	mmol)	and	PGE1

•	 P2Y12	reaction	units	(PRUs)—measurement	of	on-treatment	reactivity
•	 %—One	minus	the	ratio	of	ADP-induced	aggregation	with	iso-TRAP–

induced	aggregation;	surrogate	measure	of	IPA

Multiplate	
analyzer	(MEA)

Change	in	electrical	conductance	between	a	pair	of	
electrodes	as	platelets	adhere	after	exposure	to	ADP

•	 AU—Measurement	of	on-treatment	reactivity

Plateletworks Ratio	of	single	platelet	counts	by	cell	counter	after	
stimulation	with	ADP	versus	baseline	(no	ADP)

•	 %—Measurement	of	on-treatment	reactivity

Each	test	listed	has	been	associated	with	clinical	outcomes	in	clopidogrel-treated	patients	in	at	least	one	study.
ADP,	Adenosine	diphosphate;	AU,	aggregation	unit;	IPA,	inhibition	of	platelet	aggregation;	LTA,	light	transmittance	aggregometry;	MEA,	multiple	electrode	aggregometry;	PRI,	platelet	reactivity	
index;	TRAP,	thrombin-receptor	activating	peptide;	VASP,	vasodilator-stimulated	phosphoprotein	phosphorylation	analysis.

coronary revascularization, or stent thrombosis—did not differ 
between treatment groups (34.6% vs. 31.1%, HR 1.13; 95% CI, 0.98 to 
1.29), driven by troponin-defined periprocedural MI (single troponin 
3× the upper limit of normal [ULN] measured 6 hours after PCI). The 
rates of stent thrombosis were low and were similar between groups 
(0.7% vs. 1.0%, HR 1.34; 95% CI, 0.56 to 3.18).

Synthesizing the Randomized Trials Incorporating Platelet  
Function Testing
Several tentative conclusions can be drawn from these trials. First, a 
clopidogrel 150-mg daily MD does not provide a sufficient pharmaco-
dynamic effect in many patients with high on-treatment platelet reac-
tivity after PCI.124 Second, although high on-treatment reactivity is 
associated with cardiovascular outcomes after nonurgent PCI,117 the 
absolute rate of postdischarge events is low irrespective of on-treatment 
reactivity, and routine intensification of antiplatelet therapy according 
to platelet function does not provide clinical benefit in this patient 

population. Third, patients who present with ACS—who have greater 
rates of recurrent thrombotic events—were not well represented in 
either GRAVITAS or ARCTIC, and the role of platelet function testing 
in this patient population has not been fully addressed.125

CONCLUSION
Dual-antiplatelet therapy with aspirin and a P2Y12 receptor antagonist 
improves outcomes in patients undergoing coronary stent implanta-
tion. There is now an ever-increasing array of options for platelet 
inhibitor therapy during and after PCI, including newer thienopyri-
dines, oral and IV nonthienopyridines, and triple therapy with oral 
PAR-1 antagonists, cilostazol, or IV GP IIb/IIIa inhibitors. Genotyping 
and platelet function testing may provide further insight into the 
optimal treatment strategy for PCI patients. A comprehensive under-
standing of the mechanistic underpinnings and trial data for each of 
these agents and approaches is essential for best clinical practice.
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The last two decades have witnessed the introduction of a number 
of new pharmacologic agents aimed at improving patient out-

comes after PCI. Optimizing ischemic prevention while minimizing 
bleeding complications remains the cornerstone of contemporary 
pharmacologic practice. Notably, this period has seen improvements 
in PCI with the use of radial artery access, more potent antiplatelet 
P2Y12 receptor inhibitors, and the availability of bleeding risk calcula-
tors (i.e., Can Rapid Risk Stratification of Unstable Angina Patients 
Suppress Adverse Outcomes With Early Implementation of the Ameri-
can College of Cardiology/American Heart Association Guidelines? 
[CRUSADE]); these advances, together with improvements in drug-
eluting stent technology, have helped minimize the bleeding and isch-
emic risks during PCI.

Heparin, enoxaparin, and bivalirudin are the most widespread anti-
coagulant agents used in current PCI practice, and these form the  
basis of recommendations from major society guidelines. This chapter 
will discuss the current biologic basis of atherothrombosis and its key 
effector, thrombin; the pharmacology of the anticoagulant agents in 
current use; and the targets for future therapy. Also reviewed will be 
the landmark trials that support anticoagulant use in STEMI, non–
ST-elevation myocardial infarction (NSTEMI), and elective PCI.

THE BIOLOGY OF ATHEROTHROMBOSIS
The coagulation cascade reflects the complex interplay among the 
coagulation proteins, platelets, and cellular phospholipid membranes 

of not only vascular endothelial cells but of a wide range of inflamma-
tory cells that include monocytes and vascular smooth muscle cells.1 
The subsequent discussion will focus on the coagulation factors that 
serve as targets, although modern antithrombotic regimens, additional 
effects on platelet-mediated thrombosis, and vascular tissue function 
should not be ignored.

The Central Role of Thrombin
Disruption of endothelial integrity and expression of prothrombotic 
molecules such as tissue factor (TF) lead to the activation of the soluble 
coagulation proteins (Fig. 11-1). This amplifying cascade converges on 
the generation of activated factor X (FXa) and the prothrombinase 
complex, which leads to the conversion of thrombin from its parent 
molecule, prothrombin. Thrombin generation leads to multiple effects 
that influence the formation of thrombosis.2 Specifically, thrombin 
catalyses the conversion of fibrin from fibrinogen; this enables clot 
formation and also activates factors V, VIII, and X; thus it promotes its 
own generation. In addition, via its direct effects on protease-activated 
receptors (PARs) 1 and 4, thrombin promotes platelet activation that 
leads to the expression of CD40 ligand, P-selectin, and the GP IIb/IIIa 
receptor as well as to the secretion of vasoactive agents that include 
adenosine diphosphate (ADP), serotonin, and thromboxane A2 
(TXA2). Direct effects of thrombin on endothelial cells and smooth 
muscle cells result in the expression of adhesion molecules that enables 
platelet and leukocyte attachment, and its effect on endothelial mem-
brane permeability contributes to the transmigration of the cellular- 
and cytokine-mediated inflammatory response within the vascular 
wall. Thrombin promotes vasodilation in the intact endothelium, and 
it contributes to vasoconstriction where the endothelium is damaged 
or denuded. Thrombin also appears to promote fibroblast cytokine 
production and is mitogenic (Fig. 11-2).3

However, thrombin has a short circulating half-life, and in the 
context of a normal endothelial barrier, the effects of thrombin are 
tightly controlled by a negative-feedback mechanism. Antithrombin is 
a single-chain plasma glycoprotein produced by the liver. As an inhibi-
tor of coagulation, this molecule has the ability to bind to thrombin 
and activated factors X (FXa) and IX (FIXa) in equimolar concentra-
tions. Antithrombin’s action is increased over a thousandfold by the 
binding of pentasaccharide-chain containing heparins. The pentasac-
charide sequence enables the binding of heparins to antithrombin and 
augments the binding affinity for thrombin and the other clotting 
factors. Antithrombin is also activated by the glycosaminoglycan 
heparin sulfate found on the surface of endothelial cells. However, 
other pathways for the inhibition of thrombin exist and include the 
binding of thrombin to thrombomodulin and to protein C together 
with protein S. This inactivates the upstream coagulation proteins, 
factors Va and VIIIa, and promotes the release of tissue plasminogen 
activator (TPA).

Hence thrombin plays a central effector role in the vascular response 
to balloon- and stent-induced vascular injury and remains an impor-
tant therapeutic target for the prevention of ischemic complications 
during PCI. A schematic of the structure of the thrombin molecule is 
presented in Figure 11-3. Separate substrate recognition sites are 
involved in the binding of heparin, fibrinogen, and thrombomodulin, 
and the catalytic site is responsible for the serine protease activity that 
is blocked by the direct thrombin inhibitors.3,4
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K E Y  P O I N T S

•	 Unfractionated	heparin	(UFH),	enoxaparin,	fondaparinux,	and	
bivalirudin	are	the	anticoagulants	with	established	efficacy	in	
contemporary	percutaneous	coronary	intervention	(PCI)		
practice.

•	 Platelets	and	coagulation	play	a	synergistic	role	in	the	generation	
of	thrombus.	Improved	antithrombin	approaches	reduce	the	
dependence	on	antiplatelet	therapy	for	achieving	suppression	of	
ischemic	events.

•	 Although	the	impact	of	ischemic	events	on	late	mortality	is	well	
appreciated,	a	robust	link	between	bleeding	events	and	late	
mortality	is	evident.	These	factors	bear	careful	consideration	when	
weighing	efficacy	and	safety	considerations	among	antithrombotic	
therapies.

•	 A	large	collection	of	clinical	trial	data	now	exists	that	compares	
the	different	anticoagulants	in	various	clinical	settings,	from	
elective	PCI	through	to	ST-elevation	myocardial	infarction	(STEMI);	
however,	substantial	heterogeneity	exists	in	the	trial	protocols	and	
inclusion	criteria,	and	these	require	careful	consideration	when	
choosing	among	agents.

•	 Multiple	factors	need	to	be	considered	when	selecting	an	agent,	
such	as	indication	for	PCI,	patient	bleeding	risk,	renal	function,	
concomitant	use	of	the	newer	antiplatelet	P2Y12	agents	and	
glycoprotein	(GP)	IIb/IIIa	inhibitors,	familiarity	with	the	
anticoagulant,	hospital	protocol,	and	current	European	Society	of	
Cardiology	and	American	College	of	Cardiology	guidelines.
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ADVERSE EVENTS FOLLOWING PERCUTANEOUS 
CORONARY INTERVENTION

Improvements in interventional techniques and refinements in anti-
thrombotic therapies have led to a substantial decline in the incidence 
of ischemic complications following PCI.5 Hence further iterations in 
antithrombotic strategies can be considered a double-edged sword, 
with improved prevention of ischemic complications potentially 
leading to an increase in bleeding complications associated with 
increased mortality, stroke, nonfatal myocardial infarction (MI), and 
stent thrombosis. The contemporary definition of PCI-related MI 
includes a troponin elevation more than five times the 99th percentile 
in patients with normal values before PCI or a rise greater than 20% if 
the baseline values are elevated and are stable or falling (Table 11-1).6 
Accompanying the troponin elevation must be at least one of the fol-
lowing three factors: (1) new symptoms or electrocardiographic (ECG) 
changes, (2) angiographic findings consistent with a procedural com-
plication, or (3) imaging findings consistent with new ischemia. This 
definition has limitations, however, because the levels of post-PCI 

FIGURE 11-1	 Schematic	 representation	 of	 the	 relationship	 between	
coagulation	 and	 arterial	 thrombosis.	 Specific	 targets	 for	 therapy	 are	
highlighted.	 LMWH,	 Low-molecular-weight	 heparin;	 TF,	 tissue	 factor;	
UFH,	unfractionated	heparin.	
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troponin elevation whereby long-term prognosis is affected has not 
been established. The troponin values in this definition are arbitrarily 
chosen and lack clinical utility to predict outcome.

More recently, definitions of clinically meaningful postprocedural MI 
have been proposed that are more in line with levels of myocardial 
injury used to define post–coronary artery bypass graft (CABG) MI.7 
These so-called clinically relevant values in patients with normal base-
line biomarkers include a post-PCI creatinine kinase myocardial band 
(CK-MB) elevation 10 or more times the upper limit of normal (ULN) 
and a lower threshold five or more times the ULN in the presence of 
new Q-waves or left bundle branch block (LBBB). For patients with 
elevated CK-MB prior to PCI that is either stable or falling, an incre-
ment 10 or more times the ULN from the most recent level is consid-
ered diagnostic. The definition for those whose CK-MB level is not 
stable or falling includes a further rise above the most recently mea-
sured value of 10 or more times the ULN plus new ST elevation or 
depression plus signs consistent with a clinically relevant MI, such as 
new or worsening heart failure or hypotension.

Historical definitions of PCI-related MI have included CK elevation 
(2 times the ULN) but underestimated the incidence of periprocedural 
MI by 40% to 50%.8 In an analysis of patients enrolled in the Random-
ized Evaluation in PCI Linking Angiomax to Reduced Clinical Events 
(REPLACE)-2 study, CK-MB elevation greater than or equal to three 
times the ULN was associated with a 3.5-fold excess risk of mortality 
at 12 months and accounted for 13.2% of all mortality seen by 12 
months (Fig. 11-4).9

In one study, an isolated post-PCI troponin elevation, compared 
with no elevation, in patients with normal preprocedural values carried 
a small but increased risk of 30-day mortality (0.3% vs. 0.1%); however, 
this was not an independent predictor of long-term mortality.8 Pre-PCI 
troponin elevation—as well as age, diabetes, and a history of congestive 
heart failure (CHF) and stroke—were all independent predictors of 
long-term mortality.

Non–CABG related bleeding within 30-days of PCI is strongly 
associated with increased mortality, stroke, non-fatal MI, and stent 
thrombosis (Table 11-2).10,11 Factors that contribute to these outcomes 
include reduced myocardial oxygen delivery as a result of hypotension 
and anemia, cessation of antithrombotic and antiischemic agents, 
increased myocardial oxygen demand from the systemic inflammatory 
response syndrome, and the adverse effects of the storage lesion in the 
transfusion of red blood cells.12,13 The bleeding rates after PCI in 
patients with acute coronary syndromes (ACSs) have been estimated 
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FIGURE 11-3	 Thrombin	binding	sites.	
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TABLE 11-1 End Point Definitions of Bleeding and Ischemia 
Commonly Used in Clinical Trials of Antithrombotic 
Agents in Percutaneous Coronary Intervention

End Point Definition

Myocardial	infarction	
(post	PCI)

Troponin	elevation	more	than	5	times	the	99th	
percentile	of	the	ULN	in	patients	with	normal	
baseline	values	or	a	rise	more	than	20%	if	
baseline	values	are	elevated.	In	addition,	at	
least	one	of	the	following	must	accompany	
the	troponin	elevation:	supportive	symptoms,	
new	ECG	changes,	angiographic	findings,	or	
imaging	findings.

SCAI	definition:	Clinically	meaningful	MI
CK-MB	rise	more	than10	times	the	ULN	or	

more	than	5	times	the	ULN	with	new	
pathologic	Q-waves	in	at	least	two	
contiguous	leads	or	new	persistent	LBBB

OR
In	the	absence	of	baseline	CK-MB,	a	cTn	rise	

more	than	70	times	the	ULN	or	a	rise	more	
than	35	times	the	ULN	plus	new	pathologic	
Q-waves	in	at	least	two	contiguous	leads	or	
new	persistent	LBBB

Myocardial	infarction	
(post	CABG)

Troponin	elevation	more	than	10	times	the	
99th	percentile	in	patients	with	normal	
baseline	values;	in	addition,	at	least	one	of	
the	following	must	accompany	the	troponin	
elevation:	ECG	changes	(LBBB	or	new	Q	
waves),	angiographic	findings,	or	imaging	
findings

Myocardial	infarction	
(not	periprocedural)

Detection	of	a	rise	and/or	fall	of	a	cardiac	
biomarker	(preferably	troponin)	with	at	least	
one	value	above	the	99th	percentile	with	at	
least	one	of	the	following:	symptoms,	ECG	
changes,	imaging	findings,	or	angiographic	
findings

TIMI	major	bleeding Intracerebral	hemorrhage	or	any	bleeding	
associated	with	a	more	than	5g/dL	fall	in	
hemoglobin	or	a	15%	absolute	decrease	in	
hematocrit*

TIMI	minor	bleeding Any	bleeding	event	associated	with	a	more	
than	3	g/dL	fall	in	hemoglobin	or	a	10%	
absolute	decline	in	hematocrit	or	a	more	
than	4	g/dL	fall	in	hemoglobin	or	a	12%	
absolute	decline	in	hematocrit	in	the	absence	
of	overt	bleeding*

Major	bleeding	
(REPLACE-2	
definition)

Intracerebral	hemorrhage	or	any	bleeding	event	
associated	with	a	more	than	3	g/dL	fall	in	
hemoglobin,	a	more	than	4	g/dL	fall	in	
hemoglobin	in	the	absence	of	overt	bleeding,	
or	any	red	cell	transfusion	of	two	or	more	
units*

Severe	or	life-
threatening	bleeding	
(GUSTO	definition)

Intracerebral	hemorrhage	or	bleeding	that	
causes	hemodynamic	compromise	or	
requires	intervention

Minor	bleeding	
(GUSTO	definition)

Bleeding	that	requires	transfusion	but	does	not	
cause	hemodynamic	compromise

*All	calculations	of	drops	in	hemoglobin	are	adjusted	for	any	transfusion	by	the	Landefeld	
index.
CABG,	Coronary	 artery	 bypass	grafting;	CK-MB,	 creatinine	 kinase	myocardial	 band;	 cTn,	
cardiac	troponin;	ECG,	electrocardiography;	GUSTO,	global	utilization	of	streptokinase	and	
tissue	plasminogen	activator	for	occluded	coronary	arteries;	LBBB,	left	bundle	branch	block;	
MI,	myocardial	 infarction;	PCI,	percutaneous	coronary	 intervention;	REPLACE-2,	Random-
ized	 Evaluation	 in	 PCI	 Linking	 Angiomax	 to	 Reduced	 Clinical	 Events;	 SCAI,	 Society	 for	
Cardiovascular	Angiography	and	Interventions;	TIMI,	thrombolysis	in	myocardial	infarction;	
ULN,	upper	limit	of	normal.

FIGURE 11-4	 The	relationship	among	ischemic	events,	bleeding	events,	
and	 late	 mortality.	 TIMI,	 Thrombolysis	 in	 myocardial	 infarction;	 ULN,	
upper	limit	of	normal.	
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affinity for antithrombin. This binding augments antithrombin’s enzy-
matic inactivation of thrombin, FXa, and FIXa, but its effects on 
thrombin are the most pronounced.14 UFH is considered an indirect 
antithrombin because its action requires the simultaneous binding to 
antithrombin and thrombin. Up to two thirds of UFH preparations 
contain shorter molecules (<18 saccharides) that lack sufficient length 
to simultaneously span antithrombin and thrombin, and they do not 
exhibit antithrombin activity. However, the anti-FXa effects of heparin 
are not dependent on simultaneous binding of both antithrombin and 
FXa, and therefore antithrombin effects are observed across a wider 
range of saccharide chain lengths.

The elimination of UFH is initially through rapid but saturable 
metabolism within endothelial cells and macrophages (zero-order 
kinetics) followed by slower renal clearance (first-order kinetics). The 
plasma half-life depends in the dose administered and is approximately 
1 hour at doses of 100 IU/kg. In the context of excessive dosing or 
bleeding, UFH can be reversed by the administration of protamine; 
however, the clinical efficacy and safety of this strategy has not been 
well established.

Limitations of UFH include the activation of platelets, a depen-
dence on antithrombin levels, nonspecific binding to plasma proteins, 
and an inability to inhibit clot-bound thrombin. In addition, direct 
binding to platelet factor IV can contribute to heparin-induced throm-
bocytopenia (HIT) in 1% to 3% of treated patients. Platelet activation 
by heparin is evidenced by an increase in the expression of platelet 
surface adhesion molecules.15

Enoxaparin
The low-molecular-weight heparins (LMWHs) are produced by chem-
ical or enzymatic depolymerization of UFH, which results in heparin 
fragments with a mean molecular weight approximately 30% of most 
UFH preparations. However, the molecular size of the heparin mole-
cules still varies; therefore anticoagulant characteristics remain hetero-
geneous, although they are more predictable when compared with 
heparin.16 The principal effect of the LMWHs is the inhibition of anti-
FXa via antithrombin. In comparison with UFH, the LMWHs have a 
longer half-life and demonstrate a more consistent dose response. 
Reduced platelet activation and fewer platelet factor IV interactions 
result in less HIT. Clearance is by renal excretion, however, and the 
biologic half-life is increased in people with renal failure (Table 11-4).

In one study, adequate levels of anti-FXa where observed among 
patients 2 to 8 hours following subcutaneous dosing of enoxaparin 
1 mg/kg twice daily as well as in those receiving an additional 0.3 mg/
kg intravenous (IV) dose 8 to 12 hours following subcutaneous dosing 
at 1.0 mg/kg.17 Other investigators have suggested that doses as low as 
0.5 mg/kg of IV enoxaparin may be safe and efficacious and may also 
enable easier sheath management, although a quarter of the patients 

to be as high as 10%, and various risk calculators have been devel-
oped.10 However, the definition of bleeding in the major PCI trials has 
varied over the last 20 years, which makes comparisons among trials 
more difficult. Many trials use their own definitions of bleeding, along 
with the commonly used thrombolysis in myocardial infarction (TIMI) 
and global utilization of streptokinase and tissue plasminogen activator 
for occluded coronary arteries (GUSTO) definitions, both originally 
developed to monitor bleeding complications in fibrinolytic trials. This 
lack of uniformity has made it more difficult to judge the effectiveness 
of anticoagulant therapies among trials. More recently, however, an 
Academic Consortium definition of bleeding has been created in an 
attempt to standardize trial data and better evaluate the safety and 
efficacy of antithrombotic therapies (Table 11-3).11

PHARMACOLOGY OF ANTICOAGULANT AGENTS  
USED IN CURRENT ERA PERCUTANEOUS  
CORONARY INTERVENTION

Unfractionated Heparin
Unfractionated heparin (UFH) is heterogeneous group glycosamino-
glycans of various lengths (5000 to 30,000 Da) that exhibit a high 

TABLE 11-2 Clinical Factors Associated With Myocardial Infarction and Non–Coronary Artery Bypass Grafting–Related Bleeding Within 
30 Days Among Patients With Acute Coronary Syndrome Undergoing Early Invasive Management

MYOCARDIAL INFARCTION NON-CABG MAJOR BLEEDING

Clinical Factor OR (95% CI) P value Clinical Factor OR (95% CI) P value

Biomarker	elevation 1.66	(1.40-1.97) <.001 Male	sex 0.42	(0.36-0.50) <.001

Family	history	of	CAD 1.48	(1.27-1.73) <.001 Anemia
(Hct	<	39%	in	males	and	<	36%	in	females)

1.96	(1.63-2.36) <.001

Age	per	5	years 1.08	(1.04-1.11) <.001 Age	per	5	years 1.14	(1.10-1.19) <.001

ST-segment	deviation	≥	1.0	mm 1.38	(1.18-1.61) <.001 ST-segment	deviation	≥	1.0	mm 1.31	(1.10-1.54) <.01

Prior	MI 1.28	(1.08-1.50) <.001 Prior	PCI 0.70	(0.58-0.84) <.01

Creatinine	per	0.1	mg/dL 1.08	(1.05-1.10) <.001

White	cell	count	per 1.08	(1.05-1.11) <.001

Prior	CVA 1.60	(1.21-2.10) <.001

CABG,	Coronary	artery	bypass	grafting;	CAD,	coronary	artery	disease;	CI,	confidence	interval;	CVA,	cerebrovascular	accident;	Hct,	hematocrit;	MI,	myocardial	infarction;	OR,	odds	ratio;	PCI,	
percutaneous	coronary	intervention.

TABLE 11-3 Academic Research Consortium Definition of Bleeding
Type Definition

0 No	bleeding

1 Bleeding	that	is	not	actionable	(no	investigations,	treatment,	or	
hospitalization	is	required);	may	include	episodes	of	
self-discontinuation	of	medical	therapy	by	the	patient

2 Any	overt	actionable	sign	of	hemorrhage	that	does	not	fit	criteria	
for	type	3,	4,	or	5	but	does	at	least	one	of	the	following:		
(1)	requires	nonsurgical	medical	intervention,	(2)	leads	to	
hospitalization	or	increased	level	of	care,	or	(3)	prompts	
evaluation

3 3a:	Overt	bleeding	with	Hb	drop	of	3	to	5	g/dL,*	any	transfusion	
with	overt	bleeding

3b:	Overt	bleeding	with	Hb	of	≥5	g/dL,*	cardiac	tamponade,	
bleeding	that	requires	surgical	intervention	or	vasoactive	agents

3c:	Intracranial	hemorrhage	(does	not	include	microbleeds	or	
hemorrhagic	transformation),	intraocular	bleed	that	
compromises	vision

4 CABG-related	bleeding

5 5a:	Probable	fatal	bleeding
5b:	Definite	fatal	bleeding

*Provided	Hb	fall	is	related	to	the	bleed.
CABG,	Coronary	artery	bypass	grafting;	Hb,	hemoglobin.
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measures are recommended in the context of active bleeding. Monitor-
ing is not routinely required with the use of bivalirudin, however, the 
ACT and PT are prolonged in a nonlinear fashion. If needed, however, 
the dose-linear escarin clotting time can be used to monitor bivaliru-
din’s activity.

NEW PHARMACOLOGIC TARGETS
Multiple novel targets in the coagulation cascade have the potential for 
pharmacologic inhibition and prevention of thrombus formation, 
although few have reached phase III clinical trials for use in PCI; nev-
ertheless, the potential for future development remains.

Agents that target the tissue–factor VIIa complex involved in the 
initiation phase of coagulation include tifacogin and active site– 
inhibited recombinant FVIIa.14 Tifacogin is a recombinant form of 
tissue factor pathway inhibitor whose use has been limited so far to  
the treatment of severe sepsis. Both remain only theoretic targets for 
the use in PCI.

Agents that target the coagulation proteases in the amplification 
phase include FIXa inhibitors (pegnivacogin), FVIIa inhibitors (TB-
402), and joint FVa/FVIIIa inhibitors (drotrecogin, recomodulin, and 
solulin).14 Pegnivacogin is a first in its class of molecule, known as an 
aptamer.20 Aptamers are oligonucleotide RNA molecules capable of not 
only binding target proteins with high affinity and specificity but also 
allowing complementary antidote binding that can reverse their phar-
macologic activity.21 The Randomized, Partially Blinded, Multicenter, 
Active-Controlled, Dose-Ranging Study Assessing the Safety, Efficacy, 
and Pharmacodynamics of the REG1 Anticoagulation System Com-
pared to Unfractionated Heparin or Low Molecular Weight Heparin 
in Subjects With Acute Coronary Syndromes (RADAR) was a phase 
IIb dose-finding randomized trial that comprised 640 patients with 
NSTEMI to assess the optimal level of reversal agent, known as ani-
vamersen, required to allow safe femoral sheath removal.22 The ongoing 
Study to Determine the Efficacy and Safety of REG1 Compared to 
Bivalirudin in Patients Undergoing PCI (REGULATE PCI) is a large 
phase III clinical trial to assess whether pegnivacogin can result in 
fewer ischemic events than bivalirudin in patients undergoing PCI 
with stable angina and NSTEMI.

The direct FXa inhibitor otamixaban was studied in the large phase 
III clinical trial Anticoagulation With Otamixaban and Ischemic 
Events in Non-ST Elevation Acute Coronary Syndromes (TAO).23 This 
double-blind, active, controlled superiority trial randomized 13,229 
patients with NSTEMI to either otamixaban or UFH plus downstream 
eptifibatide. No reduction was seen in the primary efficacy outcome; 
however, increased TIMI major and minor bleeding was noted with 
otamixaban (3.1% vs. 1.5%, P < .01), and otamixaban is no longer 
recommended based on the findings of this trial. The other orally active 
FXa inhibitors, rivaroxaban and apixaban, have been studied in patients 

in this study also received a GP IIb/IIIa inhibitor.18 Some evidence 
suggests that enoxaparin may be reversed by the IV administration of 
protamine, but these data are limited.

Fondaparinux
Fondaparinux, a pentasaccharide, is a synthetic molecule that mimics 
the biologically active sequence of heparin in its interaction with anti-
thrombin. Given that these molecules are short, their principal effect 
is the inactivation of FXa.19 Similarly, these agents have relatively long 
half-lives and therefore offer once-daily dosing regimens. These agents 
are not reversed by protamine and require the administration of factor 
VII concentrates. Fondaparinux does not affect activated partial 
thromboplastin time (APTT), prothrombin time (PT), or activated 
clotting time (ACT), and routine monitoring is not performed. 
However, anti-FXa assays may be measured if monitoring is required, 
and fondaparinux may be used as the calibrator.

Direct Thrombin Inhibitors
The direct thrombin inhibitor hirudin, a 65–amino acid protein, is the 
prototypical molecule of this class.19 Hirudin forms a stable noncova-
lent complex with thrombin by inhibiting the catalytic site and the 
anion binding exosite in a two-step process.4 Generally the direct 
thrombin inhibitor molecules are smaller than the indirect thrombin 
inhibitors, and they demonstrate greater efficacy for the inhibition of 
clot-bound thrombin.19

The hirudin-thrombin interaction offers a method for categorizing 
the other direct thrombin inhibitors, which have been divided into 
univalent and bivalent molecules. The univalent molecules—dabigatran, 
argatroban, and melagatran—inhibit only the catalytic site and inacti-
vate only fibrin-bound thrombin. The bivalent molecules, recombinant 
hirudin and bivalirudin, bind to the catalytic site and to at least one of 
the exosites. Whereas the interaction between hirudin and thrombin 
is irreversible, the inhibition provided by bivalirudin is more transient. 
Bivalirudin is a synthetic 20–amino acid molecule with a shorter half-
life than hirudin, and bivalirudin is the only direct thrombin inhibitor 
in current use for PCI (see Table 11-4). With the exception of argatro-
ban, these agents are cleared renally, and clearance is attenuated in the 
setting of reduced renal function. In the setting of excessive dosing or 
bleeding, these agents can be removed by hemofiltration. Bivalirudin 
also undergoes proteolysis within the plasma, which contributes to its 
shorter half-life and relatively constant elimination characteristics even 
among patients with mild to moderate renal impairment. Nevertheless, 
dose attenuation is required among patients with creatinine clearance 
below 30 mL/min. These agents are not reversed by protamine and 
have no specific antidote. Nonspecific measures—such as transfusion 
of blood products, including fresh frozen plasma (FFP)—and local 

TABLE 11-4 Pharmacokinetic Characteristics of Commonly Used Anticoagulants
Property Unfractionated Heparin Enoxaparin Fondaparinux Bivalirudin

Mean	molecular	weight	(Da) 15,000 5000 1728 2180

Dependence	on	antithrombin Yes Yes Yes No

Anti-FXa,	anti-FIIa	activity Yes 2-4 No	anti-FXa	activity No	anti-FXa	activity

Half-life ~60	min ~240	min 17-21	hr 25	min

Bioavailability +	to	+++ ++++ ++++	(Subcutaneous) ++++
Subcutaneous	absorption ++ ++++ ++++ −
Binding	to	plasma	proteins +++ + + −
Binding	to	platelets/macrophages ++ + − −
Antigenicity/HIT ++ + −/+	(Very	rare) −
Clearance Renal Renal Renal Renal/proteolysis

Protamine	neutralization ++++ ++ − −

FIIa,	Activated	factor	II;	FXa,	activated	factor	X;	HIT,	heparin-induced	thrombocytopenia.
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This, however, was not reflected by an increase in ischemic end points 
at 30 days.

Limitations of EUROMAX were its open-label use of the study 
drugs and that the primary end point was changed part way through 
recruitment in an effort to reach significance. The definition of major 
bleeding in this trial included the use of any blood product, and in a 
patient population that may have coexisting anemia, the potential for 
bias is present with an open-label design.

One moderate-sized, single-center, nonblinded randomized trial to 
compare bivalirudin with UFH has called into question the value of 
routine bivalirudin in the setting of PPCI.26 How Effective Are Anti-
thrombotic Therapies in Primary Percutaneous Coronary Interven-
tion? (HEAT-PPCI), an open-label trial of 1829 patients undergoing 
PPCI for STEMI, found a statistically significant increase in the stent 
thrombosis rate, reinfarction rate, and unplanned TVR rate in patients 
receiving bivalirudin. No differences in bleeding outcomes were 
reported between the two groups. The predominant route of arterial 
access was radial (~81%); ticagrelor was used in just over 60% of 
patients in both groups, and GP IIb/IIIa was used in around 14%. This 
may explain why bivalirudin failed to achieve superiority as it has  
in other trials, in which it was compared against heparin plus a GP  
IIb/IIIa inhibitor.

The Acute Myocardial Infarction Treated With Primary Angio-
plasty and Intravenous Enoxaparin or Unfractionated Heparin to 
Lower Ischemic and Bleeding Events at Short- and Long-Term 
Follow-Up (ATOLL) included 910 patients in a randomized open-label 
trial design.27 Pre-PCI hospital or ambulance administration of either 
enoxaparin or UFH occurred in 71% of both study arms.

Patients who received enoxaparin were administered an IV bolus 
of 0.5 mg/kg, and if the procedure was prolonged by more than 2 hours 
or the clinician required stronger anticoagulation, an additional 
0.25 mg/kg was administered. No dose adjustment was made for 
patients with renal failure, and patients who required ongoing antico-
agulation for other reasons were given enoxaparin 1 mg/kg subcutane-
ously twice daily with a dose adjustment for renal failure. Radial access 
was used in approximately two thirds of patients; however, 93% of 
patients received clopidogrel.

The primary composite end point of death, complication of MI, or 
major bleeding was nonsignificantly lower with enoxaparin (28% vs. 
34%, P = .063). The main secondary end point, to evaluate ischemic 
risk—a composite of death, recurrent ACS, or urgent revascularization—
was significantly reduced in the enoxaparin group (7% vs. 11%, P = 
.015). No difference in mortality or bleeding by 30 days was seen, and 
clopidogrel was the sole P2Y12 antagonist. It should be noted that pre-
hospitalization administration may be challenging in certain hospital 
networks.

The Sixth Organisation for the Assessment of Strategies for Isch-
emic Syndromes (OASIS-6) was a large, randomized, double-blind 
trial of fondaparinux versus UFH in STEMI patients.28 In addition to 
patients managed with PPCI (~31% of the study population), the  
study included patients managed with fibrinolysis (~45%) and with 
CABG (~1%). Prerandomization use of UFH and GP IIb/IIIa inhibi-
tors was permitted and occurred in 20.8% of patients randomized to 
fondaparinux.

The study’s primary outcome of death or MI for all patients was 
significantly reduced at 30 days with fondaparinux (9.7% vs. 11.2%,  
P = .08). However, subgroup analysis of the patients who received PPCI 
did not reveal a mortality difference at 30 days (fondaparinux 4.5% vs. 
UFH 3.9%, P = .36). In addition, no difference was found in the rate 
of severe bleeding between the two groups, and concerns regarding 
excess catheter thrombosis with fondaparinux alone were largely 
avoided with the use of additional heparin during the procedure.

Summary
Based on the current available trial data and clinical guidelines,  
no clear consensus has been reached in regard to the most optimal 
anticoagulant in STEMI patients for PPCI. Formal randomized trials 
to examine the dose of UFH have not been undertaken, although 

after treatment for an ACS but have not been formally assessed in the 
peri-PCI setting.

ANTICOAGULANT THERAPY IN STEMI, NSTEMI,  
AND ELECTIVE PERCUTANEOUS  
CORONARY INTERVENTION

ST-Elevation Myocardial Infarction (STEMI)
Sudden and complete thrombotic occlusion of an epicardial coronary 
artery underpins the need for urgent restoration of blood flow in 
patients with STEMI. In contrast to fibrinolysis, the use of anticoagu-
lant therapy in primary PCI (PPCI) is aimed at offsetting the throm-
botic risk of mechanical coronary intervention. Clinical trial data 
support several pharmacologic approaches that include UFH, LMWH, 
or bivalirudin in STEMI patients. This section will outline the major 
trials of recent times that have driven changes in clinical practice.

The Harmonizing Outcomes With Revascularization and Stents in 
Acute Myocardial Infarction (HORIZONS-AMI) trial studied the role 
of bivalirudin monotherapy versus heparin and GP IIb/IIIa inhibition 
among patients with STEMI undergoing PPCI.24 This open-label trial 
was the first randomized study of bivalirudin in such patients, and it 
preceded the introduction of prasugrel, ticagrelor, and mainstream use 
of radial artery vascular access. Significantly in the 3602 patients ran-
domized, a 41% reduction in major bleeding was reported in the bivali-
rudin arm (bivalirudin 4.9% vs. heparin–GP IIb/IIIa 8.3%; P < .001), 
one of the trial’s two primary end points. Notably, no difference was 
found in major adverse cardiac events (MACEs: death, reinfarction, 
target-vessel revascularization [TVR] for ischemia, or stroke) between 
the two arms. The statistically significant reduction in major bleeding 
with bivalirudin, however, accounted for a reduction in the other 
primary end point of the trial, net adverse clinical events (NACEs; 
12.1% vs. 9.2%, respectively; P = .005), a composite of major bleeding 
and MACEs.

A slight increase in early stent thrombosis was reported in the 
bivalirudin arm, although this did not translate to an increase in late 
mortality; both cardiac mortality (2.1% vs. 3.8%, respectively; P = 
.005) and all-cause mortality (3.5% vs. 4.8%, respectively; P = .037) 
favored bivalirudin at 12 months. The open-label nature of the trial, 
along with approximately 65% of the bivalirudin arm receiving UFH 
at some point, highlighted shortcomings of the trial design. All-cause 
mortality was sustained at 3 years in favor of bivalirudin (5.9% vs. 
7.7%, P = .03).

The introduction of radial-access PCI, the more potent P2Y12 inhib-
itors ticagrelor and prasugrel, and a reduction in the use of GP IIb/IIIa 
inhibitors led to the European Ambulance Acute Coronary Syndrome 
Angiography (EUROMAX) trial.25 This trial was a pre-PCI hospital-led 
protocol of ambulance or peripheral hospital initiation of either bivali-
rudin or UFH (with or without GP IIb/IIIa inhibitors) in 2198 patients 
with STEMI. This open-label trial used radial arterial access in around 
47% of patients and ticagrelor or prasugrel in around 60% of patients. 
The primary composite of death from any cause and non-CABG major 
bleeding at 30 days favored bivalirudin (5.1% vs. 8.5%, P = .001). As 
seen in HORIZONS-AMI, a statistically significant reduction in major 
bleeding (2.6% vs. 6.0%, P < .001) and an increase in early (<24 hr) 
stent thrombosis was seen with bivalirudin (1.6% vs. 0.5%, P = .02), 
but it did not maintain significance at 30 days with the latter. Of note, 
no differences in death (either from cardiac or noncardiac causes) or 
major adverse cardiovascular or cerebrovascular events (MACCEs; a 
composite of death, reinfarction, ischemia-driven reinfarction, or 
stroke) were reported between the two groups.

This study was noteworthy for its large size and for its being per-
formed in an era of radial access with new P2Y12 agents; in addition, 
it supported some of the findings from HORIZONS-AMI—namely, 
that bivalirudin reduces bleeding and improves net clinical outcome. 
A small increase in early stent thrombosis in the bivalirudin group  
was again seen despite the extended use of bivalirudin for 4 hours  
after the procedure and the use of newer, more potent P2Y12 inhibitors. 
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planned PCI.34 This trial comprised 13,819 patients enrolled across 450 
centers in 17 countries, and 53% of patients underwent PCI. The main 
finding of ACUITY was that bivalirudin alone, compared with heparin 
plus a GP IIb/IIIa inhibitor, resulted in a significantly reduced rate of 
major bleeding (3.0% vs. 5.7%). This subsequently resulted in a supe-
rior net clinical outcome end point, defined as the composite ischemic 
end point and major bleeding (bivalirudin, 10.1%, vs. UHF/GP IIb/IIIa 
inhibition, 11.7%; P = .02; Fig. 11-5).

In contrast to ACUITY, ISAR-REACT 4 was a trial that only 
enrolled NSTEMI patients. This double-blind randomized trial of 1721 
patients compared bivalirudin with the combination of UFH and 
abciximab in patients with a planned early invasive approach. Notably, 
all patients received clopidogrel, and most coronary angiograms were 
performed through the femoral artery. The primary end point—a com-
posite of death, recurrent MI, urgent TVR, or major bleeding at 30 
days—was similar between both groups (10.9% vs. 11.0%; P = .94). 
However, a significant reduction in major bleeding was observed in 
patients treated with bivalirudin (2.6% vs. 4.6%; P = .02).

Summary
A large body of heterogeneous, and at times conflicting, clinical trial 
evidence exists for the use of various anticoagulant agents in patients 
with NSTEMI in whom an invasive approach has been planned. Some 
trial data are confounded by variables such as the open-label trial 
design, predominant femoral artery access, use of clopidogrel, and 
prerandomization use of anticoagulant agents. The choice of antico-
agulant agent will depend on factors such as bleeding risk, choice of 
antiplatelet P2Y12 inhibition, renal function, local hospital protocols, 
drug availability, and cost.

Percutaneous Coronary Intervention for Stable Coronary  
Artery Disease
The rationale for anticoagulation in patients with stable angina pre-
senting for elective PCI is to (1) prevent thrombus formation on the 
coronary guidewire and PCI catheter, (2) allow adequate thrombin 
inhibition where intracoronary thrombus is present (seen in up to 65% 
of patients with stable angina), and (3) to balance the prothrombotic 
and inflammatory responses of stenting.14,20 Two moderate-sized ran-
domized controlled trials (RCTs) have been undertaken that have chal-
lenged this dogma, both trials of heparin versus placebo in patients 
presenting for elective PCI.

The Efficacy and Safety of Triple Antiplatelet Therapy With and 
Without Concomitant Anticoagulation During Elective Percutaneous 
Coronary Intervention (REMOVE) trial randomized 159 patients 
undergoing elective PCI to eptifibatide alone or eptifibatide plus UFH. 
All patients received aspirin and clopidogrel.36 The primary end point 
of bleeding (measured by the Landefeld bleeding severity index) was 
significantly reduced in the group who did not receive heparin (3.0% 
vs. 3.9%, P = .03). No difference was found in the composite end point 
of death and ischemic and bleeding end points. Limitations to 
REMOVE included the trial protocol having to be amended as a result 
of spontaneous thrombus formation during bifurcation-lesion PCI.

REMOVE was followed up by the larger Coronary Interventions 
Antiplatelet-Based Only (CIAO) trial.37 This double-blind RCT com-
pared the safety and efficacy of antiplatelet therapy alone versus use of 
UFH in 700 patients who presented for elective PCI of uncomplicated 
lesions. Of note, patients with high-risk angiographic characteristics 
such as calcification, long lesions, small vessels, bifurcation lesions, and 
vein graft lesions were excluded. Antiplatelet therapy consisted of 
aspirin and either ticlopidine or clopidogrel. All procedures were per-
formed via femoral artery access, and GP IIb/IIIa inhibitors were not 
used. No difference was found in the 30-day primary end point (death, 
MI, or TVR) between the heparin and placebo groups (3.7% vs. 2.0%, 
respectively; P = .17), although less bleeding was reported in the 
placebo group; however, the absolute number of bleeding events was 
small, and significance was only reached in the Safety and Efficacy of 
Enoxaparin in PCI Patients, an International Randomized Evaluation 

bivalirudin and enoxaparin appear to be preferred; however, factors 
such as hospital protocols, physician familiarity, and cost will influence 
decision making. Further blinded large-scale trials in the future may 
provide insights into optimizing the critical balance of bleeding and 
ischemic risk in STEMI patients.

Non–ST-Elevation Myocardial Infarction (NSTEMI)
It is well recognized that anticoagulation should accompany antiplate-
let agents in patients with NSTEMI who present for invasive manage-
ment, as seen in multiple small randomized trials and meta-analyses 
that predominantly compared UFH with placebo. The main agents in 
current clinical use with established efficacy are UFH, enoxaparin, 
fondaparinux, and bivalirudin.

Fondaparinux is the anticoagulant with the most favorable efficacy-
to-safety profile based on a subgroup analysis of the OASIS-5 trial.29 
This trial included 20,078 patients with unstable angina or NSTEMI 
who were randomized to receive fondaparinux or enoxaparin. PCI was 
performed in 6889 patients in whom no differences were present in 
regard to ischemic complications; however, bleeding events were sig-
nificantly lower in the fondaparinux group at 48 hours (enoxaparin, 
3.4% vs. fondaparinux, 1.4%; P < .001), and this reduction in bleeding 
was only statistically significant in patients with a glomerular filtration 
rate (GFR) less than 58 mL/min/1.73 m2.30 An important finding of 
OASIS-5 was an increased rate of guiding catheter thrombosis in the 
fondaparinux group (0.9% vs. 0.4%) despite the amendment to allow 
a 200 IU flush of UFH. Despite this, however, in the PCI group, the 
rate of death, MI, stroke, major bleeding, or any procedural complica-
tion was significantly lower at 9 days in the fondaparinux group (16.6% 
vs. 20.6%, P < .001).

The optimal dose of adjunctive heparin for patients with NSTEMI 
undergoing PCI who receive fondaparinux was studied in the 
Fondaparinux Trial With Unfractionated Heparin During Revascular-
ization in Acute Coronary Syndromes OASIS-8 (FUTURA OASIS-8), 
which compared standard-dose UFH (85 U/kg or 60U/kg with GP IIb/
IIIa use) or fixed low-dose UFH (50 U/kg) in 2026 patients.31 The 
primary outcome of PCI-related major and minor bleeding was similar 
between the groups (standard dose, 5.8%, vs. low dose, 4.7%; P = .27); 
however, the key secondary outcome of death, MI, and TVR was 
higher in the low-dose group (4.5% vs. 2.9%, P = .06). Standard heparin 
dosing is therefore recommended as adjunctive therapy during PCI for 
those anticoagulated with fondaparinux.

UFH and enoxaparin have been compared in several trials. Supe-
rior Yield of the New Strategy of Enoxaparin Revascularization and 
Glycoprotein IIb/IIIa Inhibitors (SYNERGY) was a prospective open-
label trial of 10,027 patients with NSTEMI in which PCI was per-
formed in about 47% of patients. Approximately 62% of patients 
received clopidogrel.32 The primary end point of death or nonfatal MI 
was similar between enoxaparin and heparin (14.0% vs. 14.5%, P = 
0.96). However, the increase in TIMI major (non-CABG related) 
bleeding events was significant (2.4% vs. 1.8%, P = .03). Important 
limitations to the findings of SYNERGY were that 75% of patients 
received antithrombin therapy prior to enrollment. In the patients who 
did not receive prerandomization antithrombin therapy or in whom 
the prerandomization therapy was the same as the randomly assigned 
therapy, a reduction in the primary end point was reported with enoxa-
parin (13.3% vs. 15.9%,) along with similar rates of bleeding. A meta-
analysis that included 13 trials of patients with NSTEMI and elective 
PCI found no difference in all-cause mortality in those treated with 
enoxaparin compared with those treated with heparin.33

Bivalirudin in NSTEMI has been studied in two major trials, Acute 
Catheterization and Urgent Intervention Triage Strategy (ACUITY) 
and Intracoronary Stenting and Antithrombosis Research Rapid Early 
Action for Coronary Treatment 4 (ISAR-REACT 4).34,35 ACUITY was 
an open-label, randomized, multicenter trial that compared heparin 
plus a GP IIb/IIIa inhibitor, bivalirudin plus a GP IIb/IIIa inhibitor, 
and bivalirudin alone in patients with unstable angina (~42%) or 
NSTEMI (~58%) who were undergoing an early invasive strategy with 
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within the first 48 hours was lowest in the 0.5 mg/kg enoxaparin group 
(5.9%); it was 6.5% in the 0.75 mg/kg enoxaparin group and 8.5% in 
the UFH group (Fig. 11-6). A statistically significant reduction was 
noted between the 0.5 mg/kg and UFH groups (P = .01), whereas the 
difference between the 0.5 mg/kg and 0.75 mg/kg enoxaparin groups 
met the prespecified criteria for noninferiority. In patients who did not 
receive GP IIb/IIIa inhibitors, even less bleeding was reported in the 
patients who received enoxaparin. No differences in ischemic end 
points were reported among the three groups, although the trial was 
not sufficiently powered to determine these effects.

Bivalirudin has been studied in elective PCI in a subgroup of ISAR-
REACT 3 that comprised approximately 82% of the study population. 
As mentioned, this large trial compared bivalirudin and UFH at high 
doses (140 U/kg) in patients pretreated with 600 mg clopidogrel and 
showed no difference in net clinical benefit between the two agents, 
although a significant reduction was seen in major bleeding with 
bivalirudin.

Summary
Anticoagulation remains the standard of care during elective PCI 
based on the atherothrombotic potential of stable plaque and the 

(STEEPLE) bleeding-score assessment, not in TIMI, ACUITY, or 
GUSTO bleeding scores.

Given the pathobiologic basis for the important role of thrombin 
inhibition in elective PCI and the shortcomings of the REMOVE and 
CIAO trials, anticoagulation has become the standard of care for 
patients who present for elective PCI. The choice of agent is less clear 
because only one large RCT was specifically designed for patients 
undergoing elective PCI.

STEEPLE was an open-label multicenter trial that enrolled 3528 
patients; it was designed to assess the safety of IV enoxaparin (0.75 or 
0.5 mg/kg regardless of the use of GP IIb/IIIa inhibitors) versus UFH 
(IV bolus 70 to 100 IU followed by adjustment according to an ACT 
between 300 to 350 seconds).38 The dose of UFH was reduced with the 
use of GP IIb/IIIa inhibitors (bolus intravenous dose of 50 to 70 IU 
and target ACT 200 to 300 seconds). Approximately 94% of patients 
had received a thienopyridine on the day of PCI. All arterial access was 
via the femoral artery, and sheath removal for the 0.75 mg/kg enoxa-
parin group occurred 4 to 6 hours after PCI but was done immediately 
for the 0.5 mg/kg enoxaparin group. Sheath removal for the UFH 
group occurred when the ACT was between 150 and 180 seconds. The 
primary end point of non-CABG–related major and minor bleeding 

FIGURE 11-5	 Ischemic	(A)	and	bleeding	(B)	outcomes	with	bivalirudin	versus	bivalirudin/glycoprotein	IIb/IIIa	inhibition	(GPI)	versus	unfractionated	
heparin	(UFH)	or	low-molecular-weight	heparin	(LMWH)/GPI	in	the	ACUITY	trial.	CABG,	Coronary	artery	bypass	grafting;	Enox,	enoxaparin;	revasc.,	
revascularization.	
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suggest that PCI can proceed without additional dosing when the 
procedure is occurring within 8 hours of the subcutaneous dose, 
whereas an additional IV bolus of 0.3 mg/kg is recommended when 
the delay will be from 8 to 12 hours. Outside this window, a dose of 
0.75 mg/kg by IV should be administered regardless of GP IIb/IIIa 
inhibition use based on the SYNERGY study. Among patients receiv-
ing infusions of bivalirudin, an addition bolus of 0.5 mg/kg and an 
increase in the infusion rate to 1.75 mg/kg was shown to be safe and 
efficacious in the ACUITY study, again regardless of GP IIb/IIIa use 
(Table 11-5). Observations from the ACUITY study also suggest that 
patients who receive bivalirudin after initial heparin or enoxaparin 
continued to experience a reduced rate of bleeding complications 
without compromise to ischemic benefits.

Patients With Renal Impairment
Increased ischemic and bleeding events are observed among patients 
with renal dysfunction. Analyses of the RCT experience with bivaliru-
din suggests the relative benefits of this agent are preserved in terms 
of bleeding complications and ischemic complications.34,39-40 Hence in 
absolute terms, among patients with at least moderate renal dysfunc-
tion (creatinine clearance <60 mL/min), bivalirudin is associated with 
a greater absolute benefit with respect to bleeding without an excess 
risk of ischemic events (Fig. 11-7). With enoxaparin and fondaparinux, 
limited data are available from small studies that have examined the 
relative risks and benefits in the context of renal impairment; however, 
reports of relative safety must be confirmed in larger studies.

Diabetic Patients
Subgroup analysis of RCTs appears to indicate that abciximab provides 
substantial benefits in terms of reduced repeat revascularization and 

prothrombotic effect of stenting. This is despite two RCTs of 
REPLACE-2 and CIAO that challenged this assertion, although both 
trials have limitations. The choice of anticoagulation is more difficult 
because of the paucity of large RCTs with the currently available agents. 
Evidence from STEEPLE suggests that enoxaparin may be superior to 
heparin; however, radial arterial access and the newer-generation 
P2Y12 antiplatelet agents were not in use, which limited this trial’s 
applicability to current practice.

SPECIAL PATIENT GROUPS
With the broad array of therapies available, weighing the limitations 
and benefits of each approach is often difficult. In many patients, the 
use of UFH remains a safe and efficacious choice, especially in the 
context of pretreatment with a P2Y12 inhibitor and the planned used 
of GP IIb/IIIa inhibition. However, in specific high-risk populations, 
the decision to use an alternative antithrombotic strategy may be 
considered.

Patients Transitioning From “Upstream” Management to the 
Catheterization Lab
Extrapolation of the clinical experience with UFH suggests that the 
degree of anticoagulation required during PCI is greater than that 
required during the medical management of ACS patients. As a result, 
strategies have evolved to optimize the antithrombin therapies among 
ACS patients proceeding to PCI while already receiving one of these 
agents. Among patients being treated with heparin, an ACT-guided 
approach is recommended, with an additional 20 to 50 U/kg IV 
administered to achieve an ACT greater than 200 to 250 seconds when 
concomitant GP IIb/IIIa inhibition is planned and more than 300 to 
350 seconds when heparin is the sole agent. Data with enoxaparin 

FIGURE 11-6	 Protocol-defined	major	bleeding	and	 ischemic	events	 in	 the	STEEPLE	 trial.	CABG,	Coronary	artery	bypass	grafting;	GUSTO,	global	
utilization	of	 streptokinase	and	 tissue	plasminogen	activator	 for	 occluded	 coronary	arteries;	MI,	myocardial	 infarction;	NS,	 nonsignificant;	 TIMI,	
thrombolysis	in	myocardial	infarction;	URV,	urgent	revascularization.	
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concomitant GP IIb/IIIa use in these studies will limit the interpreta-
tion of this data.

Patients With Heparin-Induced Thrombocytopenia
Heparin-induced thrombocytopenia (HIT) precludes the use of UFH 
during PCI. Whereas the rate of HIT is less frequent with the LMWHs, 
cross-reactivity with these agents is observed and may be associated 
with increased rates of ischemic and bleeding complications. 

mortality among diabetic patients, with comparable effects observed 
with tirofiban. Clinical trial evidence with bivalirudin supports similar 
conclusions. In the REPLACE-2 study, bivalirudin and provisional GP 
IIb/IIIa inhibition was compared with heparin and GP IIb/IIIa inhibi-
tion; bivalirudin-treated diabetic patients experienced a lower but non-
significant (NS) rate of mortality at 12 months (2.3% vs. 3.9%, P = NS). 
No difference in the rate of 30-day bleeding and ischemic outcomes 
was observed.41 Whereas the effects of enoxaparin-based strategies 
among diabetic patients have yet to be reported, a substantial rate of 

TABLE 11-5 Dosing of Currently Available Antithrombin Agents
Unfractionated Heparin Enoxaparin Fondaparinux Bivalirudin

No	prior	treatment 60-100	U/kg	IV* 0.5-0.75	mg/kg	IV 2.5	mg	SC 0.75	mg/kg	IV	with	
1.75	mg/kg/hr	infusion

Upstream	ACS	management 60	IU/kg	IV	and	800-1000	IU/hr	
infusion

1.0	mg/kg	SC	BID UFH	bolus	recommended	
(see	text)

0.1	mg/kg	IV	with	
0.25	mg/kg/hr	infusion

Additional	bolus	prior	to	PCI 20-50	IU/kg* <8	hr	since	last	dose:	None
8-12	hr	since	last	SC	dose:	

0.3	mg/kg	IV

2.5	mg	IV	with	a	GP	IIb/IIIa	
inhibitor	or	5	mg	IV	without	
a	GP	IIb/IIIa	inhibitor

0.5	mg/kg	IV	bolus

Infusion	during	PCI None None None 1.75	mg/kg/hr	infusion

*Targeting	 an	 activated	 clotting	 time	 (ACT)	 greater	 than	 200	 seconds	 with	 concomitant	 glycoprotein	 IIb/IIIa	 inhibition	 or	 ACT	 greater	 than	 300	 to	 350	 seconds	 without	 concomitant		
glycoprotein	IIb/IIIa	inhibition.
ACS,	Acute	coronary	syndrome;	BID,	twice	daily;	GP,	glycoprotein;	IV,	intravenous;	PCI,	percutaneous	coronary	intervention;	SC,	subcutaneous;	UFH,	unfractionated	heparin.

FIGURE 11-7	 Relationship	between	renal	function	and	outcomes	with	bivalirudin.	DTI,	Direct	thrombin	inhibitor;	eGFR,	estimated	glomerular	filtration	
rate;	GP,	glycoprotein;	MI,	myocardial	infarction;	UFH,	unfractionated	heparin.	
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robust data are found with bivalirudin, given the study designs used in 
the REPLACE-2, ACUITY, and HORIZONS-AMI studies. Whereas 
pretreatment with thienopyridines did not appear to influence this 
relationship, success with more potent oral agents, such as prasugrel 
and ticagrelor, may provide a further rationale for glyocoprotein 
sparing, although this should be formally examined in optimally 
designed clinical trials.44 Given reductions in drug costs and costs 
associated with bleeding, the bivalirudin strategy is economically 
attractive.45 The increased bleeding risk among older adults and among 
female patients also favors greater absolute benefits with bivalirudin in 
this context. However, therapies associated with reduced bleeding but 
comparable ischemic outcomes may be of limited value in the context 
of radial access PCI, in which bleeding risks are substantially lower. 
With increased emphasis on reducing procedural cost, some centers 
have moved to formally assessing the bleeding risk score and are using 
bivalirudin solely for patients at higher bleeding risk.46

CONCLUSION
Substantial clinical trial evidence now supports the use of novel coagu-
lants among patients undergoing PCI. These agents generally demon-
strate improved efficacy and safety when compared with heparin and 
enable less use of GP IIb/IIIa inhibition.

Fondaparinux has been used successfully to treat HIT, but the need for 
intraprocedural heparin with this agent precludes its use in PCI. Bivali-
rudin is well suited to the management of HIT patients who require 
PCI.42 A registry of 52 HIT patients who received bivalirudin prior to 
PCI reported a 96% rate of freedom from death, Q-wave MI, and 
emergent CABG. Thrombocytopenia (platelet count <50 109/L) was 
not observed among these patients, which suggests bivalirudin is also 
an alternative anticoagulation strategy within this infrequent but high-
risk subgroup.43

GLYCOPROTEIN IIB/IIIA SPARING, COMBINATION 
APPROACHES, AND ECONOMIC CONSIDERATIONS

When required, combination antithrombotic strategies that include 
pretreatment with P2Y12 inhibitors, IV GP IIb/IIIa inhibition, and 
either the direct or indirect thrombin inhibitors appear to be safe. 
However, given the cost of GP IIb/IIIa inhibition and the increased risk 
of bleeding events, efforts to refine the antithrombotic approach and 
define patient subsets that may not derive incremental benefits from 
these agents have continued. Optimization of anticoagulant therapies 
may mitigate the dependence on potent platelet inhibition. To date, 
with respect to antithrombin therapy and GP IIb/IIIa sparing, the most 
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EPIDEMIOLOGY
CAD is the primary cause of premature death in the Western world 
(Fig. 12-1). A person is born with an LDL-C level of 0.8 mmol/L, which 
increases throughout life (Fig. 12-2, A). Several epidemiologic studies 
have demonstrated a relationship between elevated total cholesterol 
and LDL-C and an increased risk of death or nonfatal myocardial 
infarction (MI).1-4 The relationship between cholesterol and risk of 
CAD is linear, with no apparent threshold below which risk declines 
(see Fig. 12-2, B), which suggests that interventions that reduce cho-
lesterol the most are also likely to have the greatest impact on CAD 
risk reduction.5 The central role of cholesterol in the pathophysiology 
of CAD has pushed lipid-lowering therapy to the forefront of medical 
management of this condition.

The largest observational study to date involved over 1 million 
person-years worth of observation and more that 10,000 cases of fatal 
or nonfatal MI; it has shed further light on the relevance of simultane-
ous assessment of triglycerides (TGs), high-density lipoprotein choles-
terol (HDL-C), and non–HDL-cholesterol (non–HDL-C). Non–HDL-C 
consists of very low-density lipoprotein (VLDL), intermediate-density 
lipoprotein (IDL), and LDL-C.6 After adjustment for non–HDL-C and 
HDL-C, no association has been found between TG and risk of CAD 
(Fig. 12-3). In contrast, the inverse association between HDL-C and 
risk persists with some attenuation above 70 mg/dL. One practical 
implication of this observation is that among individuals with an 
HDL-C greater than 70 mg/dL, use of the total cholesterol (TC)/
HDL-C ratio underestimates cardiovascular (CV) risk derived from 
risk calculators. As with LDL-C, a positive relationship has been 
observed between non–HDL-C and risk of CAD with little attenuation. 
Because non–HDL-C captures all atherogenic lipoproteins, not just 
LDL, it is proportionally about one third more strongly associated with 
coronary heart disease (CHD) than LDL-C for each standard devia-
tion.6 No difference has been observed between fasting and nonfasting 
levels and risk, suggesting that lipid measurements can be simplified 
by using non–HDL-C (the difference between TC and HDL-C) and 
HDL-C levels. Data suggest that TGs are unlikely to be causative 
factors but rather are markers of risk and that risk is conferred by the 
concomitant low levels of HDL-C and high levels of non–HDL-C. 
These latter two factors, rather than TGs, should be the targets of  
treatment in people with elevated TG levels, providing independent 

support for the U.K. National Cholesterol Education Programme 
(NCEP) goals.

The LDL-C level incompletely measures atherogenic lipoproteins. 
Measurement of the concentration of apolipoprotein B (apo B), a direct 
measurement of the concentration of proatherogenic particles (e.g., 
LDL-C, VLDL, IDL), and measurement of apo AI, the major protein 
in HDL particles, provide an alternative approaches to risk prediction. 
The debate regarding the choice of the best lipid parameter has intensi-
fied because of apparently conflicting evidence between prospective 
studies.6-8 In approximately 100,000 individuals with about half a 
million person-years worth of follow-up, it is now clear that overall 
apo B (the major lipoprotein) in atherogenic particles is equivalent to 
non–HDL-C and that apo AI, the major protein in HDL particles, is 
equivalent to HDL-C (Fig. 12-4); this suggests that the choice of assays 
should be informed by availability and cost.

Lipoprotein(a), or Lp(a), consists of one apo B particle bonded to 
a protein apolipoprotein. Lp(a) is hepatically synthesized under genetic 
control, which makes it the most reproducible biomarker known.9 
Elevated Lp(a) levels potentially increase the risk of cardiovascular 
disease (CVD) via two main mechanisms: first, through a prothrombotic/
antifibrinolytic effect because Lp(a) possesses structural homology 
with plasminogen and plasmin, and second, through accelerated ath-
erogenesis due to intimal deposition of Lp(a) cholesterol. Observa-
tional data from 126,634 individuals suggest a curvilinear association 
between levels and risk of CAD and stroke that persists even after 
adjustment for conventional risk factors and other lipid fractions (Fig. 
12-5).10 It is likely that this factor is causally related and specific for 
CVD because no association exists with nonvascular deaths (a prereq-
uisite of the Bradford-Hill criteria for causality). Mendelian random-
ization has provided consistent data for an association of Lp(a) 
genotype with Lp(a) levels and, in turn, between genotypes and CAD 
risk.11 Further strong evidence for a causal relationship is provided by 
gene chip analysis of single-nucleotide polymorphisms in the large 
Precocious Coronary Artery Disease (PROCARDIS) cohort of patients 
with and without CAD.12 Two Lp(a) gene variants were identified that 
were strongly associated with both increased Lp(a) levels and an 
increased risk of CAD. After adjusting for Lp(a) levels, the association 
between the LPA genotype and CAD risk disappeared, which further 
supports a causal association.

INTERNATIONAL GUIDELINES
The NCEP, launched in 1985 in the United Kingdom, was the first step 
toward providing consensus criteria for the measurement, detection, 
and treatment of patients with hypercholesterolemia.13 Dietary modi-
fication was the cornerstone of therapy with drug therapy reserved  
for those at especially high risk or for those in whom lifestyle interven-
tion had failed. Total cholesterol levels of 200 mg/dL (5.2 mmol/L)  
and 240 mg/dL (6.2 mmol/L) were deemed to be the relevant age-
dependent thresholds for intervention.

Over the last 30 years, a number of national and international 
guidelines have been developed that have to varying degrees incorpo-
rated new data as they have become available. Arguably the two most 
important of these guidelines are the ACC/AHA 2013 guidelines on 
the prevention of atherosclerotic cardiovascular disease and the 2011 
ESC/European Atherosclerosis Society (EAS) guidelines for the man-
agement of dyslipidemias.14,15
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•	 Epidemiologic	studies	suggest	a	linear	relationship	between	
cholesterol	and	risk	for	coronary	artery	disease	(CAD).

•	 A	linear	relationship	exists	between	the	magnitude	of	low-density	
lipoprotein	cholesterol	(LDL-C)	reduction	and	clinical	benefit.

•	 Randomized	trials	have	shown	that	intensive	statin	therapy	
reduces	major	cardiovascular	events	by	16%	and	heart	failure	by	
27%	compared	with	moderate	statin	therapy.

•	 In	patients	with	CAD,	LDL-C	should	be	lowered	to	less	than	
1.8	mmol/L	or	by	50%	(European	Society	of	Cardiology	[ESC]	
2011	guidelines)	and	LDL-C	should	be	lowered	by	50%	with	a	
high-intensity	statin	(American	College	of	Cardiology	[ACC]/
American	Heart	Association	[AHA]	2013	guidelines).
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A fundamental difference is that the ACC/AHA guidance abandons 
lipid levels as a therapeutic target in favor of a percentage reduction in 
LDL-C in order to achieve a reduction in risk, citing lack of treatment-
to-target RCT quality evidence to support this approach. The ESC/EAS 
has acknowledged the available observational data and meta-analyses 
from over 150,000 subjects, which highlight the log-linear relationship 
of LDL-C levels and other key lipid fractions—such as non–HDL-C, 
TG-rich lipoproteins, remnants that contribute to “residual risk”—with 
CVD risk, and such measurements feature heavily in their guidance. 
Additionally the loss of LDL-C monitoring may well leave some indi-
viduals, such as those with familial hypercholesterolemia (FH) and 
CAD, at very high absolute risk despite achieving a 50% reduction in 
LDL-C. Furthermore, without monitoring LDL-C, we miss the oppor-
tunity to assess efficacy and compliance.

The two guidelines share a number of core similarities, and both 
agree with the following:
• LDL-C is a major causal factor in the development of atheroscle-

rotic CVD.
• Lifestyle and behavior modification should be actively pursued, but 

drug therapy—primarily with statins—should be initiated early in 
those at elevated risk.

• Patients with established CVD, diabetes mellitus, or familial hyper-
cholesterolemia and those stratified to a high-risk category after 
global risk assessment all benefit from a lipid-lowering strategy.
However, a number of key differences exist between the guidelines 

that merit discussion. Notably, the recommendations of the two guide-
lines are different. Because the 2011 ESC/EAS guidelines comprehen-
sively assessed all sources of data—as opposed to the 2013 ACC/AHA 
guidelines, which stringently included only randomized-controlled 
trial (RCT) data—its scope is broader in that it addresses a wider range 
of conditions, such as those with significant hypertriglyceridemia, and 
scenarios, such as those with statin intolerance (Table 12-1). Addition-
ally, the interpretation of the level of evidence (LOE) in both guidelines 
is different (Table 12-2).

At the heart of any prevention-focused guideline is appropriate risk 
stratification. The tools and criteria used to identify those at elevated 
risk are substantially different. The ESC/EAS combines the Systematic 
Coronary Risk Evaluation (SCORE) predictor-derived risk together 
with LDL-C levels to determine therapy for primary prevention. The 
mixed-pool model used by the ACC/AHA has not been fully validated 
and is not applicable to a number of populations, such as those of Asian 
origin. It classifies a large proportion of subjects as being high risk 
when compared with the SCORE risk calculator used by the ESC/EAS. 
For instance, a 10-year mixed-pool risk for CVD death of 7.5%—a key 
threshold in the ACC/AHA guidelines—corresponds to only a 2.5% 
risk using the SCORE risk predictor. This difference in categorization 
has far-reaching implications: using the ACC/AHA guidelines, almost 
two thirds of the Evaluation of 7E3 for the Prevention of Ischemic 
Complications (EPIC)–Norfolk prospective population study would be 
eligible for commencement on statin therapy.16 Similarly, in the United 
States, 48.6% of healthy individuals would now be eligible for statins 
in primary prevention, including almost 88% of men and 54% of 
women aged 60 to 75 years.17 For secondary prevention, the ESC/EAS 
guidance allows findings from imaging studies to be taken into con-
sideration when identifying those with established CVD in the absence 
of a prior clinical history, whereas the ACC/AHA guidelines do not.

FIGURE 12-1	 Lipid-rich	atherosclerotic	plaque	in	a	coronary	artery.	

FIGURE 12-2	 A,	 The	change	 in	 low-density	 lipoprotein	 (LDL)	choles-
terol	levels	throughout	life.	B,	The	relationship	between	cholesterol	and	
long-term	risk	of	coronary	heart	disease.	(A,	Data	from	Freedman	DS,	
Srinivasan	SE,	Cresanta	JL,	et	al:	Cardiovascular	risk	factors	from	birth	
to	7	years	of	age:	the	Bogalusa	Heart	Study.	Serum	lipids	and	lipopro-
teins.	Pediatrics	80[Pt	2]:789-796,	1987;	and	Webber	LS,	Srinivasan	
SE,	Wattigney	WA,	Berenson	GD:	Tracking	of	serum	lipids	and	lipopro-
teins	 from	 childhood	 to	 adulthood.	 The	 Bogalusa	 Heart	 Study.	 Am	 J	
Epidemiol	133:884-899,	1991;	B,	Data	from	Law	MR,	Wald	NJ:	Risk	
factor	thresholds:	their	existence	under	scrutiny,	BMJ	324:1570-1576,	
2002.)
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of niacin (3 g/day) was associated with a significant reduction in CAD 
death and MI (25.6% vs. 30.1%, P < .005).20 Benefit was not evident 
after the second year of therapy. The Stockholm Ischaemic Heart 
Disease Prevention trial evaluated the combination of niacin (3 g/day) 
and clofibrate (2 g/day).21 Total mortality and notably CAD mortality 
were significantly reduced in the lipid-lowering therapy group (16.8% 
and 21.9% vs. the control group rates of 26.4% and 29.7%; P < .05 and 
P < .01, respectively). A significant reduction in nonfatal MI was 
reported at 44 months (6.8% vs. 13.6%, P < .01). No significant benefit 
from gemfibrozil therapy was observed in the secondary prevention 
arm of the Helsinki Heart Study.22 However, gemfibrozil therapy did 
reduce the rates of MI and CAD death in men in the secondary preven-
tion Veterans Affairs High-Density Lipoprotein Cholesterol Interven-
tion Trial (VA-HIT).23

Early Nonstatin Lipid-Lowering Trials
In the Lipid Research Clinics Coronary Primary Prevention Trial 
(LRC-CPPT), cholestyramine therapy resulted in a 13% reduction in 
LDL-C and a significant 19% reduction in fatal and nonfatal MI at 7 
years (Table 12-3).18 During the first 2 years of the trial, higher event 
rates occurred in the cholestyramine group compared with the placebo 
group. The Coronary Drug Project evaluated the effects of estrogen, 
dextrothyroxine, clofibrate, and niacin on recurrent disease in men. 
Clofibrate resulted in an 8% reduction in total cholesterol and a 25% 
reduction in triglycerides but no significant reduction on the combined 
end point of cardiac death and nonfatal MI at 5 years.19 Subjects who 
were assigned to niacin treatment achieved a 10% reduction in total 
cholesterol and a 25% reduction in triglyceride levels. At 5 years, a dose 

FIGURE 12-3	 Relationship	among	usual	levels	of	triglyceride,	high-density	lipoprotein	cholesterol	(HDL-C),	and	non–HDL-C	and	incident	coronary	
artery	 disease.	 (Emerging	Risk	 Factors	 Collaboration:	Major	 lipids,	 apolipoproteins,	 and	 risk	 of	 vascular	 disease.	 JAMA	302[18]:1993-2000,	
2009.)
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FIGURE 12-4	 Relationship	 between	 cholesterol	
content	or	lipoprotein	level	and	risk	of	incident	coro-
nary	 artery	 disease.	 Apo,	 Apolipoprotein;	 HDL-C,	
high-density	 lipoprotein	 cholesterol;	 SD,	 standard	
deviation.	 (Emerging	 Risk	 Factors	 Collaboration:	
Major	 lipids,	apolipoproteins,	and	 risk	of	 vascular	
disease.	JAMA	302[18]:1993-2000,	2009.)
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Early Secondary Prevention Statin Trials
During a decade of clinical research, successive trials using statins have 
demonstrated the benefit of lowering serum cholesterol in a wide range 
of clinical conditions compared with diet alone. The first of these trials 
was the Scandinavian Simvastatin Survival Study (4S), which random-
ized 4444 patients with angina pectoris or previous MI and serum 
cholesterol levels of 215 to 312 mg/dL (5.5 to 8.0 mmol/L) to a lipid-
lowering diet or to treatment with simvastatin (average dose of 20 mg/
day).24 Over 5 years, simvastatin produced mean reductions in total 
cholesterol and LDL-C levels of 25% and 35%, respectively. Statin 
therapy was associated with an absolute 4% reduction in mortality and 
a relative risk reduction in all-cause mortality of 30% (P = .0003). 
Significant reductions were also observed for CAD death (42%), a 
major CAD event (34%), and the need for revascularization (37%). 
This was the first trial in the modern era that provided definitive proof 
that lipid-lowering therapy was safe and reduced the risk of cardiac 
death and nonfatal MI. The Cholesterol and Recurrent Events (CARE) 
trial quickly followed 4S with consistent findings, demonstrating a 
reduction in major coronary events with pravastatin (40 mg) versus 
placebo, as well as reductions in the rates of revascularization and 
stroke, in patients with normal cholesterol levels.25 The Long-Term 
Intervention with Pravastatin in Ischaemic Disease (LIPID) trial (N = 
9014) was the largest of the three early secondary prevention trials and 
confirmed the mortality findings of 4S in a population with an overall 
lower total baseline cholesterol level.26 LIPID demonstrated that among 
patients with a history of MI or hospitalization for unstable angina and 
initial plasma total cholesterol levels of 155 to 271 mg/dL (3.97 to 
6.95 mmol/L), pravastatin (40 mg/day) reduced CAD death by 1.9% 
and resulted in a 24% relative risk reduction (P < .001). Similarly, 
overall mortality was reduced (22%), as were rates for recurrent MI 

FIGURE 12-5	 Shape	 of	 the	 association	 between	 usual	 lipoprotein(a)	
levels	with	risk	of	coronary	artery	disease	with	and	without	adjustment	
for	 risk	 factors.	CI,	Confidence	 interval.	 (From	Emerging	Risk	 Factors	
Collaboration:	 Lipoprotein(a)	 concentration	 and	 the	 risk	 of	 coronary	
heart	disease,	stroke,	and	nonvascular	mortality.	 JAMA	302[4]:412-
423,	2009.)
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TABLE 12-1 Comparison of Individuals Who Should Be Targeted for Lipid Modification
ACC/AHA (2013) Guidelines for the Treatment of Blood Cholesterol to Reduce 
Atherosclerotic CVD Risk in Adults ESC/EAS (2011) Guidelines for the Management of Dyslipidemias

Clinical Risk Categories Treatment Clinical Risk Categories Treatment

Those	with	clinical	ASCVD High-intensity	statin	therapy;	if	50%	
reduction	is	not	reached,	drug	
combination	may	be	considered

Those	with	CVD LDL-C	<1.8	mmol/L	or	50%	
reduction	in	LDL-C

Diabetes	mellitus	(types	1	and	2)	
without	ASCVD	but	with	LDL-C	between	
1.8	and	4.9	mmol/L

High	risk:	high-intensity	statin	
therapy

Low	risk:	moderate-intensity	statin	
therapy

Diabetes	mellitus	type	1	or	2	with	
target	organ	damage

LDL-C	<1.8	mmol/L	or	50%	
reduction	in	LDL-C

Those	with	primary	elevation	of	LDL-C	
>4.9	mmol/L

High-intensity	statin	therapy	aimed	
at	achieving	at	least	a	50%	
reduction	of	LDL-C

Familial	dyslipidemia	(FH,	FCH,	or	
chylomicronemia)

LDL-C	<2.5	mmol/L	or	maximal	
reduction	in	LDL-C	with	any	
possible	drug	combination	
plus	LDL	apheresis

If	none	of	the	above	but	with	an	
estimated	10-year	ASCVD	risk	of	7.5%	
or	more	using	a	pooled	populations	
risk	calculator

If	assessment	is	risk	based	or	treatment	
decision	is	uncertain,	assessment	of	
one	or	more	of	family	history,	hsCRP,	
CAC	SCORE,	or	ABPI	may	be	considered	
(class	Ib,	LOE	E),	contribution	of		
apo	B,	CKD,	microalbuminuria,	or	
cardiorespiratory	fitness	is	uncertain	
(LOE	N)	and	CIMT	is	not	recommended	
for	routine	assessment	of	individual	
patients	(LOE	N)

Moderate-	to	high-intensity	statin	
therapy	is	reasonable	if	ASCVD	
risk	>7.5%.

If	risk	of	a	CVD	event	is	5%	to	
7.5%,	it	is	reasonable	to	consider	
moderate-intensity	statin	therapy.

If	none	of	the	above,	estimate	
10-year	risk	of	a	first	fatal	
atherosclerotic	CV	event	(SCORE);		
a	SCORE	>10%	is	considered	very	
high	risk,	5%	to	10%	is	considered	
high	risk,	and	1%	to	5%	is	
moderate	risk;	risk	can	be	modified	
if	additional	information	is	available	
on	TGs,	social	deprivation,	central	
obesity,	Lp(a),	FH,	subclinical	
atherosclerosis,	CKD,	family	history	
of	premature	CVD	(women	×1.7,	
men	×2),	very	high	HDL-C,	family	
history	of	longevity

Very	high-risk	LDL-C	
<1.8	mmol/L	or	50%	
reduction	in	LDL-C,	high-risk	
LDL-C	<2.5	mmol/L,	
moderate	risk	LDL-C	
<3.0	mmol/L

ABPI,	 Ankle-brachial	 pressure	 index;	 ACC,	 American	 College	 of	 Cardiology;	 AHA,	 American	 Heart	 Association;	 apo	 B,	 apolipoprotein	 B;	 ASCVD,	 atherosclerotic	 cardiovascular	 disease;	
CAC,	coronary	artery	calcium;	CIMT,	carotid	intima	media	thickness;	CKD,	chronic	kidney	disease;	CV,	cardiovascular;	CVD,	cardiovascular	disease;	EAS,	European	Atherosclerosis	Society;	
ESC,	European	Society	of	Cardiology;	FCH,	familial	combined	hyperlipidemia;	FH,	familial	hypercholesterolemia;	HDL-C,	high-density	lipoprotein	cholesterol;	hsCRP,	high-sensitivity	C-reactive	
protein;	LDL-C,	low-density	lipoprotein	cholesterol;	LOE,	level	of	evidence;	Lp(a),	lipoprotein	A;	SCORE,	Systematic	Coronary	Risk	Evaluation;	TG,	triglyceride.
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TABLE 12-3 Early Trials of Lipid Lowering With Nonstatin Regimens
Trial Therapy Lipid Differential Outcome Treatment Versus Controls P Value

Lipid	Research	Clinics–Coronary	
Primary	Prevention	Trial	(LRC-CPPT)

Cholestyramine −9%	TC CAD	death	or	MI	7%	vs.	8.60% <.05
−13%	LDL-C

Coronary	Drug	Project Clofibrate −8%	TC CAD	death	14.1%	vs.	16.20% .06
−25%	TG

Niacin −10%	TC CAD	death	15.9%	vs.	16.20% .5
−25%	TG

Stockholm	Ischemic	Heart	Disease Niacin	+	clofibrate −13%	TC CAD	death	16.8%	vs.	26.40% <.01
−19%	TG

Helsinki	Heart Gemfibrozil −10%	TC CAD	death	or	MI	7.4%	vs.	6.3% .14
−41%	TG

Veterans	Affairs	High-Density	Lipoprotein	
Cholesterol	Intervention	Trial	(VA-HIT)

Gemfibrozil −4%	TC CAD	death	17.3%	vs.	21.70% .006
−31%	TG

Bezafibrate	Infarction	Prevention	(BIP) Bezafibrate −4%	TC CAD	death	or	MI	13.6%	vs.	15% .26
−21%	TG

CAD,	Coronary	artery	disease;	LDL-C,	low-density	lipoprotein	cholesterol;	MI,	myocardial	infarction;	TC,	total	cholesterol;	TG,	triglycerides.

TABLE 12-2 Gradation of Evidence Base
ACC/AHA Guidelines ESC/EAS Guidelines

Use	a	high-intensity	statin	for	men	and	women	<75	years	with	clinical	ASCVD	unless	
contraindicated	(class	I,	LOE	A).

If	a	high-intensity	statin	is	contraindicated	or	a	risk	of	statin	adverse	events	is	present,	
use	moderate-intensity	statin	(class	I,	LOE	A).

If	clinical	ASCVD	and	patient	is	aged	>75	years,	evaluate	benefits	and	risks	of	
moderate-	or	high-intensity	statin	treatment.	It	is	reasonable	to	continue	statin	
treatment	started	before	age	75	(class	IIa,	LOE	E).

If	LDL-C	is	>4.9	mmol/L	or	TG	is	>5.68	mmol/L,	evaluate	for	secondary	causes	of	
dyslipidemia	(class	I,	LOE	B).

If	aged	>21	and	LDL-C	>4.9	mmol/L,	treat	with	high-intensity	statin	unless	
contraindicated	then	use	moderate-intensity	statin	(class	I,	LOE	B).

If	aged	>21	and	untreated	primary	LDL-C	>4.9	mmol/L,	it	is	reasonable	to	intensify	
statin	treatment	to	achieve	≥50%	↓	in	LDL-C	(class	IIa,	LOE	E).

If	aged	>21	years	with	untreated	LDL-C	>4.9	mmol/L,	addition	of	a	nonstatin	
cholesterol-reducing	drug	may	be	considered	after	maximal	intensity	statin	treatment	
is	achieved	to	further	lower	LDL-C.	Evaluate	risks	and	benefits	(class	IIb,	LOE	E).

Moderate-intensity	statin	treatment	is	recommended	for	all	people	with	type	1	or	2	DM	
aged	between	40	and	75	years	(class	I,	LOE	A).

High-intensity	statin	treatment	is	reasonable	if	aged	40	to	75	years	with	type	1	or	2	
DM	and	10-year	ASCVD	risk	is	>7.5%	(class	IIa,	LOE	E).

In	adults	with	type	1	or	2	DM	aged	<40	or	>75	years,	it	is	reasonable	to	consider	the	
benefits	and	risks	of	statin	treatment	(class	IIa,	LOE	E).

Use	pooled	cohort	equations	to	estimate	10-	year	ASCVD	risk	(class	I,	LOE	E).
If	10-year	ASCVD	risk	is	>7.5%	and	patient	is	aged	40	to	75	years,	treat	with	

moderate-	to	high-intensity	statin	(class	I,	LOE	A).
If	10-year	ASCVD	risk	is	between	5%	and	7.5%	and	age	is	40	to	75	years,	it	is	

reasonable	to	offer	moderate-intensity	statin	treatment	(class	IIa,	LOE	C).
Decisions	about	treatment	should	be	discussed	with	the	patient	(class	IIa,	LOE	E).
In	those	who	would	not	otherwise	qualify	for	statin	treatment,	it	is	reasonable	to	

consider	additional	risk	factors:	evidence	of	genetic	dyslipidemia,	family	history	of	
premature	CVD	(<55	yr,	first-degree	males;	<65	yr,	first-degree	females),	hsCRP	
>2,	CAC	>300	or	>75th	percentile,	ABPI	<0.9,	↑	lifetime	risk	(class	IIb,	LOE	E).

Those	with	known	CVD,	type	2	DM	or	type	1	DM	with	target-organ	
damage,	moderate-to-severe	CKD,	or	a	SCORE	level	>10%,	
the	LDL-C	goal	is	<1.8	mmol/L	or	a	50%	reduction	(class	I,	
LOE	A).

In	patients	at	high	CVD	risk	as	defined	by	markedly	elevated	single	
risk	factors	(FH	or	hypertension)	or	a	SCORE	level	of	5%	to	
10%,	the	LDL-C	target	is	<2.5	mmol/L	(class	IIa,	LOE	A).

In	patients	at	moderate	CVD	risk	as	defined	by	a	SCORE	level	of	
1%	to	5%,	an	LDL-C	target	of	<3.0	mmol/L	(class	IIa,	LOE	C)

LDL-C	is	recommended	as	a	target	for	treatment	(class	I,	LOE	A).
Total	cholesterol	to	be	considered	a	target	if	LDL-C	is	not	available	

(class	IIa,	LOE	A).
TGs	should	be	measured	during	treatment	if	initially	high	(class	

IIa,	LOE	B).
Non–HDL-C	to	be	considered	a	secondary	target	in	DM,	MetS	

(class	IIa,	LOE	B).
Apo	B	to	be	considered	a	secondary	target	(class	IIa,	LOE	B).
HDL-C	is	not	recommended	as	a	target	of	treatment	(class	III,		

LOE	C).
Apo	B/Apo	A1	and	non–HDL-C/HDL-C	are	not	recommended	as	

targets	(class	III,	LOE	C).

ABPI,	Ankle-brachial	pressure	index;	ACC,	American	College	of	Cardiology;	AHA,	American	Heart	Association;	Apo,	apolipoprotein;	ASCVD,	atherosclerotic	cardiovascular	disease;	CAC,	coro-
nary	 artery	 calcium;	 CKD,	 chronic	 kidney	 disease;	 CVD,	 cardiovascular	 disease;	 DM,	 diabetes	 mellitus;	 EAS,	 European	 Atherosclerosis	 Society;	 ESC,	 European	 Society	 of	 Cardiology;	
FH,	familiar	hyperlipidemia;	HDL-C,	high-density	lipoprotein	cholesterol;	hsCRP,	high-sensitivity	C-reactive	protein;	LDL-C,	low-density	lipoprotein	cholesterol;	LOE,	level	of	evidence;	MetS,	
metabolic	syndrome;	SCORE,	Systematic	Coronary	Risk	Evaluation;	TG,	triglyceride.

(29%), stroke (19%), and coronary revascularization (20%). These 
three trials demonstrated the cumulative benefit of statins across a 
range of baseline cholesterol values.

Heart Protection Study and Cholesterol Treatment Trial 
Meta-Analysis
The large Heart Protection Study (HPS) demonstrated that the magni-
tude of benefit from statin therapy (simvastatin 40 mg) was similar at 

each level of baseline LDL-C, including subjects with an LDL-C level 
below 100 mg/dL (2.56 mmol/L).27 HPS studied over 20,000 patients 
who were able to tolerate simvastatin (after a run-in phase) over 5 years 
and assessed the on-treatment effect, rather than the intention-to-treat 
effect, of a standard dose of a statin rather than a specific cholesterol 
or LDL-C target. HPS, however, included a range of patients with CAD: 
those with prior vascular disease, such as peripheral vascular disease 
(PVD) or stroke, and subjects without prior clinical manifestations of 
vascular disease who were considered at high risk because of diabetes.28 
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6-month period after ACS. The Myocardial Ischemia Reduction with 
Acute Cholesterol Lowering (MIRACL) trial provided the first evi-
dence that statin therapy initiated early after ACS reduces adverse 
clinical events within 16 weeks.30 However, the higher-than-usual dose 
of statin (atorvastatin 80 mg) and lack of an active comparator coupled 
with an absence of long-term safety data limited the widespread appli-
cability of its findings.

PROVE IT–TIMI 22 Trial
The Pravastatin or Atorvastatin Evaluation and Infection Therapy–
Thrombolysis In Myocardial Infarction 22 (PROVE IT–TIMI 22) trial 
was the first large-scale trial of statin therapy to compare two active 
comparators. In the PROVE IT–TIMI 22 trial,31 patients who had been 
hospitalized for ACS within the preceding 10 days (N = 4162) were 
randomized to 40 mg of pravastatin (i.e., standard therapy) or 80 mg 
of atorvastatin daily (intensive therapy). The primary end point was a 
composite of death from any cause, MI, unstable angina requiring 
rehospitalization, revascularization (performed at least 30 days after 
randomization), and stroke.

In this trial, the median LDL-C level achieved during treatment  
was 95 mg/dL (2.46 mmol/L) in the standard-therapy group and 
62 mg/dL (1.60 mmol/L) in the high-dose group (P < .001). Kaplan-
Meier estimates of the rates of the primary end point at 2 years  
were 26.3% for standard therapy and 22.4% for intensive therapy, 
reflecting a 16% reduction in the hazard ratio in favor of intensive 
therapy (P = .005). Muscle-related side effects were low and were not 
significantly different between groups, and no cases of rhabdomyolysis 
were reported.

The A to Z Trial
The Aggrastat to Zocor (A-to-Z) trial compared the early initiation of 
an intensive statin regimen against the delayed initiation of a less-
intensive regimen in patients with ACS.32 Patients with ACS (N = 4497) 
received 40 mg of simvastatin for 1 month, followed by 80 mg there-
after, which was compared with placebo for 4 months followed by 
20 mg of simvastatin. The primary end point was a composite of CV 
death, nonfatal MI, readmission for ACS, and stroke. In the delayed 
initiation, less intensive therapy group, the median LDL-C level at 1 
month on placebo was 122 mg/dL (3.16 mmol/L) and at 8 months on 

The implications of this trial for clinical practice were that physicians 
did not need to treat to specific targets because subjects with vascular 
disease all derived similar proportional reductions in risk with simv-
astatin (40 mg). Preliminary evidence indicated that some overall 
benefit existed for statin therapy in different circumstances, such as in 
different ages and sexes and with various levels of established risk 
factors, but additional data involving several thousand more patients 
were needed to provide large-scale evidence of benefit in individual 
subgroups.

The Cholesterol Treatment Trial (CTT) collaborators set out to 
undertake a prospective meta-analysis of mortality and morbidity 
from all relevant large-scale randomized trials of statin therapy.29 Data 
on 90,056 individuals were combined. During a mean follow-up of 5 
years, a significant 12% reduction was observed in all-cause mortality 
per 38.6-mg/dL (1-mmol/L) reduction in LDL-C, a 19% reduction in 
coronary mortality, a 24% reduction in the need for revascularization, 
and a 17% reduction in stroke. Overall, a 38.6-mg/dL (1-mmol/L) 
reduction in LDL-C was associated with a 21% to 23% reduction in 
any major vascular event (Fig. 12-6). Notably, a similar proportional 
benefit was observed across age groups, sexes, baseline lipid levels 
(including TGs and HDL-C), and equally among those with prior CAD 
and CV risk factors and in those without. The CTT meta-analysis col-
lected data on 5103 new cases of cancer and found no evidence that 
statins increased the overall incidence of any form of cancer (hazard 
ratio [HR], 1.0; P = .9).

These data demonstrate that compared with placebo, statin therapy 
is safe and reduces the 5-year incidence of major coronary events, 
coronary revascularization, and stroke among those at high risk for 
vascular disease or with preexisting disease. This magnitude of benefit 
is related to the magnitude of LDL-C reduction and is independent of 
the initial lipid profile or other presenting characteristics. The absolute 
benefit correlates chiefly with an individual’s absolute risk of CV 
events, which reinforces the need to consider long-term statin therapy 
for all individuals at high risk for any type of major vascular event.

Intensive Statin Therapy for Acute Coronary Syndrome
The early trials looking at treatment of acute coronary syndrome 
(ACS)—4S, CARE, and LIPID—excluded patients within the first 4- to 

FIGURE 12-6	 Updated	 Cholesterol	 Treatment	 Trial	 (CTT)	
meta-analysis,	 including	the	Treating	to	New	Targets	(TNT),	
Incremental	Decrease	in	Endpoints	Through	Aggressive	Lipid	
Lowering	(IDEAL),	and	Management	of	Elevated	Cholesterol	
in	 the	Primary	Prevention	Group	of	Adult	Japanese	(MEGA)	
trials	 showing	 the	 linear	 relationship	 between	 low-density	
lipoprotein	(LDL)	cholesterol	reduction	and	clinical	risk	reduc-
tion.	SE,	Standard	error.	(Modified	from	Baigent	C,	Keech	A,	
Kearney	PM,	et	al:	Efficacy	and	safety	of	cholesterol-lowering	
treatment:	 prospective	 meta-analysis	 of	 data	 from	 90,056	
participants	 in	14	 randomised	 trials	of	statins.	Lancet	366:
1267-1278,	2005.)
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IDEAL Trial
The Incremental Decrease in Endpoints Through Aggressive Lipid 
Lowering (IDEAL) trial was a randomized, open-label trial that com-
pared a strategy of achieving an approximately 35% reduction in 
LDL-C using the 20-mg/40-mg dose of simvastatin versus a strategy 
of achieving a 55% reduction in LDL-C using 80 mg of atorvastatin in 
patients with a history of prior MI. Patients were recruited months to 
years after the index MI, making IDEAL comparable in design to the 
4S and CARE trials.24,25 Approximately 70% of patients were on statin 
therapy before trial entry, and about 50% of participants had been 
previously enrolled in the 4S trial. The primary end point was coronary 
death, nonfatal MI, or resuscitated cardiac arrest. IDEAL enrolled 8888 
patients and had a mean follow-up period of 4.8 years. During 
follow-up, the mean LDL-C level was 104 mg/dL (2.69 mmol/L) in the 
20-mg/40-mg simvastatin group and 82 mg/dL (2.12 mmol/L) in the 
80-mg atorvastatin group. Major coronary events tended to be lower 
with intensive therapy (HR, 0.89; P = .07) but did not achieve statistical 
significance. Major CV events and any coronary event were signifi-
cantly reduced by 13% (P = .02) and 16% (P < .001), respectively, in 
the 80-mg atorvastatin group. No excess risk of noncardiovascular 
death was found with intensive therapy (HR, 0.92; P = .47), and with 
the exception of transient elevations in liver transaminase levels, no 
significant differences were found between treatments.

The results of the TNT and IDEAL trials further established the 
important role for intensive statin therapy in the management of 
patients with stable CAD and extended the observations from PROVE 
IT–TIMI 22 in ACS patients to those with stable disease. The IDEAL 
trial disproved the earlier concerns raised by TNT that intensive statin 
therapy might be associated with an increased risk of noncardiovascu-
lar mortality and provided further safety data on 80 mg of atorvastatin 
in more than 20,000 patient-years of follow-up. Some observers have 
questioned the importance of TNT and IDEAL, citing that the benefit 
of intensive therapy in these trials tended to be driven by the so-called 
soft end points, such as recurrent MI or revascularization—compared, 
for instance, with the landmark 4S trial, in which total mortality was 
reduced in the statin group compared with placebo. However, in the 
decade since 4S was completed, the management of CAD has improved 
dramatically with greater use of additional cardioprotective medication 
and greater use of revascularization. It is therefore unlikely that a sig-
nificant benefit in all-cause mortality would be observed with intensive 
therapy compared with standard therapy unless a much larger trial 
(perhaps requiring about 50,000 patients) with a longer follow-up is 
conducted.

SEARCH Trial
The Study of the Effectiveness of Additional Reductions in Cholesterol 
and Homocysteine (SEARCH) trial is the largest and the most recent 
of the trials in stable coronary disease and randomized 12,064 partici-
pants to simvastatin 20 mg versus 80 mg and accrued events over 6.7 
years of follow-up.37 The trial had a lower threshold of total cholesterol 
(TC) such that individuals had to have a TC of at least 3.5 mmol/L if 
they were on statin therapy or 4.5 mmol/L if they were statin naïve. At 
trial entry, baseline TC was 4.23 mmol/L and LDL-C was 2.50 mmol/L. 
The average LDL-C difference between more versus less intensive 
therapy was 0.35 mmol/L, which resulted in a nonsignificant 6% 
reduction in any major vascular event (HR, 0.94; 95% CI, 0.88 to 1.01). 
Similarly, no significant reductions were seen in stroke, coronary 
death, or coronary revascularizations. The only end point to show 
significant benefit was nonfatal MI, in which a 1.1% absolute reduction 
in risk was observed (7.7% vs. 6.6%).

Although consistent with other lower-is-better trials, the data 
would suggest that simvastatin 80 mg is a far weaker LDL-C–lowering 
regimen than that tested in the TNT and IDEAL trials. Notably, by 
virtue of size and duration, this trial demonstrated the significant 
increased risk observed from simvastatin 80 mg not observed with 
other high-intensity statins. Creatine kinase (CK) elevations greater 
than five times the ULN and up to ten times the ULN occurred in 1.3% 
versus 0.5% in the simvastatin 80 mg versus 20 mg doses, respectively, 

20 mg of simvastatin, it was 77 mg/dL (1.99 mmol/L). In the early 
initiation, intensive therapy group, the median LDL-C concentration 
achieved at 1 month on 40 mg of simvastatin was 68 mg/dL 
(1.76 mmol/L), and at 8 months on 80 mg of simvastatin, it was 63 mg/
dL (1.63 mmol/L). Overall, 16.7% in the placebo-plus-simvastatin 
group experienced the primary end point, compared with 14.4% in the 
simvastatin-only group (40 mg/80 mg), reflecting an HR of 0.89 (P = 
0.14). Myopathy (i.e., creatine kinase >10 times the upper limit of 
normal [ULN] with muscle symptoms) occurred in 9 patients (0.4%) 
receiving 80 mg of simvastatin, in no patients receiving lower doses of 
simvastatin, and in 1 patient receiving placebo (P = .02).

The PROVE IT–TIMI 22 and A-to-Z trials compared similar inten-
sive and moderate statin therapy after ACS with apparently disparate 
results. An analysis comparing and contrasting the two trials observed 
differences between the trials in baseline demographic characteristics, 
geographic locations, and use of percutaneous coronary intervention 
(PCI).33 The LDL-C level difference was greater early in the A-to-Z trial 
than in PROVE IT (≤4 months), but the difference was less late in the 
trials. Significant C-reactive protein (CRP) reduction also occurred 
earlier in PROVE IT. With common end points, an early favorable 
separation of event curves was seen in PROVE IT but not in the A to 
Z trial. Clinical end point rates and reductions were similar in both 
trials after 4 months; factors that might explain this disparity include 
the statin regimen in the early phase, leading to differences in the 
magnitude of LDL-C lowering and CRP levels, and differences in the 
early use of PCI. In summary, the results of these trials support a 
strategy of early, intensive statin therapy coupled with revasculariza-
tion when appropriate in patients after ACS.33

Intensive Statin Therapy in Stable Coronary Artery Disease
Despite the landmark results from PROVE IT, which led to the NCEP 
recommending an optional LDL-C goal of less than 70 mg/dL in high-
risk patients, several questions arose, such as whether intensive statin 
therapy was safe over a longer period and whether intensive statin 
therapy was as beneficial in subjects with stable CAD as in ACS 
patients.34 The Treating to New Targets (TNT) trial and the Incremen-
tal Decrease in Endpoints Through Aggressive Lipid Lowering (IDEAL) 
trial addressed these issues and provided approximately 50,000 patient-
years of data on the safety and efficacy of intensive statin therapy.35,36

The TNT Trial
The TNT trial compared a strategy of intensive lipid lowering using 
80 mg of atorvastatin with 10 mg of atorvastatin in patients with stable 
CAD in 10,001 subjects over 5.5 years.35 The definition of CAD in the 
trial population included patients with previous MI, those with stable 
angina with objective evidence of atherosclerotic CAD, or patients who 
had undergone revascularization. After an open-label run-in phase 
with 10 mg of atorvastatin for 8 weeks, patients were randomized to 
10 or 80 mg of atorvastatin (i.e., double-blind period). The primary 
end point of TNT was the time to occurrence of a major cardiovascular 
event, defined as CAD death, nonfatal MI, resuscitated cardiac arrest, 
and fatal or nonfatal stroke. During the open-label phase, LDL-C levels 
fell from 152 mg/dL (3.9 mmol/L) to a mean of 98 mg/dL (2.6 mmol/L). 
Among those randomized to 80 mg of atorvastatin after the open-label 
phase, LDL-C fell further by 21.4% to a mean of 77 mg/dL (2 mmol/L). 
A significant further reduction in triglycerides was observed with the 
80-mg dose, but no significant difference was reported in HDL-C levels 
between doses. The primary end point occurred in 8.7% of the 80-mg 
atorvastatin group and in 10.9% of the 10-mg atorvastatin group, 
reflecting a 22% risk reduction (HR, 0.78; P < .001). Clinical benefit 
appeared within 6 months against a background of aggressive medical 
therapy. This benefit was largely driven by significant reductions in 
nonfatal MI (HR, 0.78; 95% confidence interval [CI], 0.66 to 0.93; P = 
.004) and fatal or nonfatal stroke (HR, 0.75; P = .02). A trend in favor 
of CV death was also observed but was not significant. Overall, inten-
sive therapy was found to be safe, with no increased risk of adverse 
effects.
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33 fewer fifth events.41 Taken together, these data support the value of 
long-term atheroprotection with intensive lipid lowering over time and 
also highlight the need for continuation of therapy.

In their second round of analyses, the CTT investigators provided 
individual participant data on five trials and 39,612 individuals.42 
Overall, more intensive statin therapy resulted in a 0.53 mmol/L lower-
ing of LDL-C and a 15% risk reduction in first major vascular event 
(relative risk [RR], 0.85; 95% CI, 0.82 to 0.89), with considerable het-
erogeneity between studies (P < .0001). However, when studies were 
standardized per mmol/L lowering of LDL-C, the corresponding risk 
reduction overall was 28% (RR, 0.72; 95% CI, 0.66 to 0.78) with no 
significant evidence of heterogeneity across studies. Taken together, 
these data suggest that the differences observed among studies reflect 
the relative efficacies of the more versus less intensive statin-lowering 
regimens. Of importance, there was no lower threshold for LDL-C in 
which a 1 mmol/L additional lowering of LDL-C with intensive therapy 
over and above standard therapy was not beneficial. For instance, even 
among those with a baseline LDL-C less than 2.0 mmol/L, a further 
1 mmol/L lowering resulted in a 29% risk reduction (RR, 0.71; 95% CI, 
0.52 to 0.98), which was similar to the benefit observed among those 
with an LDL-C greater than 3.5 mmol/L (P = .2; Fig. 12-7) .

Early Benefits of Intensive Statin Therapy for Acute  
Coronary Syndrome
The risk of adverse clinical events is greatest in the first 6 months after 
an index ACS event. The early trials of statin therapy in patients with 
stable CAD suggested that the benefits of statin therapy appeared only 
after 1 to 2 years.24,25 Although plaque rupture is a feature of ACS, it 
has become apparent that ACS is a pancoronary process with multiple 
vulnerable or ruptured plaques. Although angioplasty and stenting 
treat a culprit lesion effectively, potent systemic therapy is required to 
passivate other vulnerable sites.43 The PROVE IT trial, conducted in 
patients enrolled within 10 days of experiencing an ACS, demonstrated 
the superiority of intensive statin therapy versus standard statin therapy 
in patients over a period of 2 years, but it was unclear whether this 
benefit was related principally to a very early benefit, to a late benefit 
after patients had stabilized, or to a combination of the two. Using a 
composite end point of death, MI, or rehospitalization for recurrent 
ACS (i.e., the common end point in ACS trials), the benefit of intensive 
statin therapy was assessed in the first 30 days after ACS and in more 
stable patients from 6 months through end of the trial.44 This particular 
analysis demonstrated that the composite end point occurred in 15.7% 
of patients assigned to 80 mg of atorvastatin and in 20.0% of patients 
assigned to 40 mg of pravastatin, reflecting a risk reduction of 24%  
(P = .0002).

Benefit in favor of 80 mg of atorvastatin was observed as early as 
15 days after randomization and was significant by day 30. The com-
posite end point occurred in 3.0% of the intensive-therapy group and 
in 4.2% of the standard-therapy group at 30 days, reflecting a 28% risk 
reduction at 30 days (P = .046) with 80 mg of atorvastatin (Fig. 12-8). 
In addition to greater reductions in LDL levels, 80 mg of atorvastatin 
reduced CRP levels to a greater extent than did 40 mg of pravastatin 
independent of effects on LDL (1.6 mg/L vs. 2.3 mg/L, P < .0001). 
Commencing 6 months after ACS to the end of the trial, the composite 
end point occurred in 9.6% of the intensive-therapy group and in 
13.1% of the standard-therapy group, representing a 28% further risk 
reduction (P = .003) in favor of high-dose atorvastatin (80 mg). This 
suggests that among patients who tolerate high-dose statin therapy, 
continuation of high-dose therapy is beneficial and provides early and 
late benefits. PROVE IT demonstrated that high-dose statin therapy 
lowers LDL-C and CRP concentrations at 30 days and is associated 
with a reduction in clinical events. In contrast, the A-to-Z trial showed 
a greater difference in resulting LDL levels between intensive statin 
regimens versus moderate statin regimens, but it revealed no difference 
in CRP levels at 30 days and, significantly, no early benefit was 
observed.32,33 Despite matching for LDL-C at day 30, subjects allocated 
atorvastatin were less likely to have had an MI or recurrent ACS in the 

and elevations were more than 40 times the ULN in 0.4% versus 0%, 
respectively. Myopathy was also more common and occurred at a rate 
of 90 of 10,000 individuals exposed versus 3 of 10,000 people exposed. 
These data have resulted in both the U.S. Food and Drug Administra-
tion (FDA) and the European Medicines Agency (EMEA) issuing 
warnings of increased risk of myopathy with simvastatin 80 mg. Ath-
erosclerosis is a chronic disease, and patients who are commenced on 
statins require this treatment for the remainder of their lives. The 
benefits of intensive therapy observed over about 5 years are likely to 
translate into even greater reductions in the number of events over a 
longer period, providing significant benefits for individuals and health 
care systems.

Meta-Analysis of Intensive Versus Standard Therapy
The four intensive versus standard therapy trials—PROVE IT–TIMI 
22, A-to-Z, TNT, and IDEAL—used different end points to assess  
clinical benefit and were each underpowered to assess the historical 
end point of CAD death or nonfatal MI.31,32,35,36 A literature-based 
meta-analysis was conducted to obtain consistent large-scale evidence 
across trials.38 All eligible trials were required to have at least 1000 
participants and a treatment duration of at least 2 years. The four  
trials discussed previously—PROVE IT–TIMI 22, A-to-Z, TNT, and 
IDEAL—were identified and provided information on 27,548 patients 
and approximately 120,000 patient-years of follow-up data. A separate 
meta-analysis of the same four trials also assessed the effect of intensive 
versus standard therapy for reductions in hospitalization with heart 
failure.39 The average, pooled baseline LDL-C level in the four trials 
was 130 mg/dL (3.3 mmol/L), which was reduced on average to 
101 mg/dL (2.59 mmol/L). With intensive therapy, the average LDL-C 
level was lowered further to 75 mg/dL (1.92 mmol/L).38 This additional 
reduction in LDL-C was associated with a 16% reduction in the risk 
of CAD death or MI (odds ratio [OR], 0.84; P = .00003). Similarly, a 
reduction was seen in the risk of any major CV event by 16% (P < 
.0001). The trend was favorable toward reduction in CAD death (OR, 
0.88; P = .054), and no excess risk in noncardiovascular mortality was 
observed (OR, 1.03; P = .73). Reductions were observed for stroke (OR, 
0.82; P = .012) and for hospitalization for congestive heart failure 
(CHF; OR, 0.73; P < .001).39 The modest effects overall on all-cause 
mortality may, in part, reflect contemporary background therapy and 
also the differential risk between patients with stable CAD and ACS. 
There is clear evidence of an all-cause mortality benefit within 2 years 
of ACS from an individual participant meta-analysis of the PROVE 
IT–TIMI 22 and the A-to-Z trials.40 Over approximately 20,000 person-
years worth of follow-up, intensive statin therapy reduced all-cause 
mortality by 23% (HR, 0.77; 95% CI, 0.63 to 0.95) and in absolute terms 
by 1.3% (number needed to treat [NNT], 77 over 2 years to prevent 
one death from any cause) from 4.9% to 3.6%. Statin therapy is now 
recommended for all patients with established atherosclerotic vascular 
disease. This meta-analysis extends the earlier findings (i.e., the CTT 
meta-analysis) and demonstrates that beyond standard therapy, addi-
tional intensive LDL-C reduction provides a further 16% reduction in 
risk of CAD, nonfatal MI, or any major CV event, an approximate 50% 
reduction compared with placebo.

Given the chronic, lifelong nature of these diseases, these benefits 
throughout an individual’s life would be expected to translate into 
greater absolute benefits by preventing recurrent, multiple events. In 
addition, analytic techniques that take only time to first event into 
account underestimate the overall benefits of any treatment regimen; 
as therapies reduce the second and third events among those on more 
intensive treatments, the real benefit and cost-effectiveness of more 
intensive regimens are even greater. For instance, in the PROVE IT–
TIMI 22 trial, over 2 years for every 2000 individuals treated, an addi-
tional 65 events could be averted by intensive therapy (P = .009).40 
Similar, consistent observations were made in the TNT trial in stable 
CAD, in which beyond the first event, intensive statin therapy for 
approximately every 5000 individuals treated for 5 years resulted in 166 
fewer second events, 92 fewer third events, 55 fewer fourth events, and 
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FIGURE 12-7	 Effects	on	major	vascular	events	per	1.0	mmol/L	reduction	in	low-density	lipoprotein	cholesterol	(LDL-C)	by	baseline	LDL-C	concen-
tration	on	the	less	intensive	or	control	regimen.	CI,	Confidence	interval;	RR,	relative	risk.	(Data	from	Cholesterol	Treatment	Trialists’	[CTT]	Collabora-
tion:	Efficacy	and	safety	of	more	intensive	lowering	of	LDL	cholesterol:	a	meta-analysis	of	data	from	170,000	participants	in	26	randomised	trials.	
Lancet	376[9753]:1670-1681,	2010.)
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FIGURE 12-8	 Early	 benefit	 of	 intensive	 standard	 statin	
therapy	within	30	days	after	acute	coronary	syndrome	
(ACS)	in	the	Pravastatin	or	Atorvastatin	Evaluation	and	
Infection	 Therapy	 (PROVE	 IT)	 trial.	 MI,	 Myocardial	
infarction;	RR,	 relative	 risk.	 (Data	 from	PROVE	 IT–TIMI	
22	 Investigators:	 Early	 and	 late	 benefits	 of	 high-dose	
atorvastatin	in	patients	with	acute	coronary	syndromes:	
results	 from	 the	 PROVE	 IT–TIMI	 22	 trial.	 J	 Am	 Coll	
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was −6.1 mm3 (P < .001 vs. baseline). Change in total atheroma volume 
showed a 6.8% median reduction (P < .001 vs. baseline).

SATURN
The largest of the high-intensity statin IVUS regression/progression 
studies was the Effect of Two Intensive Statin Regimens on Progression 
of Coronary Disease (SATURN),50 in which 1039 patients with coro-
nary disease were randomized to atorvastatin 80 mg or rosuvastatin 
40 mg. After 2 years, 75% had baseline and follow-up IVUS data avail-
able: baseline LDL-C levels of 120 mg/dL fell to 70.2 and 62.6 in the 
atorvastatin 80 mg and rosuvastatin 40 mg groups, respectively. The 
primary end point of percentage atheroma volume regressed in 
approximately two thirds of each treatment group but with no signifi-
cant difference between groups. In subjects receiving atorvastatin 
80 mg, the percentage of change in atheroma volume from baseline 
was −0.99% (P < .001), and in those allocated to rosuvastatin 40 mg, 
it was −1.22%. The secondary end point of normalized total atheroma 
volume was significantly lower in the rosuvastatin group than in the 
atorvastatin group. The frequency and size of regression was greater 
than demonstrated previously, and greater regression was seen in those 
with higher HDL-C levels. The magnitude of regression in SATURN 
was greater than that seen in REVERSAL and ASTEROID, and it is 
important to note that the HDL-C levels were much higher in SATURN. 
In both groups, the incidence of adverse events, such as MI, stroke, 
and surgical revascularization, were extremely low and did not differ 
between groups.

These studies using IVUS confirm that standard statin therapy does 
not arrest the progression of atherosclerosis and that more intensive 
therapy is required to stop or even regress preexisting disease burden. 
An analysis of the data available from 4137 patients in six clinical trials 
that used serial IVUS reveals a strong relationship between baseline 
percentage or total atheroma volume with the risk of major adverse 
cardiovascular events (MACEs; Fig. 12-9, A).51 Additionally, these data 
demonstrate a lowered risk of MACEs in those with plaque burden 
regression, the converse being true for those with disease progression 
(see Fig. 12-9).

Mechanisms of Benefit

Intensity of Low-Density Lipoprotein Reduction
Given the prior epidemiologic data and clear evidence that a statin is 
better than placebo and that an intensive statin regimen is better than 
a standard-dose statin regimen, subjects with CAD who achieved the 
lowest levels of LDL-C would be expected to be at lowest risk for recur-
rent events. In the CTT meta-analysis, when all trials were considered 
and a regression line was forced through zero, a linear relationship 
between lower LDL-C levels and risk reduction was observed. The 
current intensive statin therapy versus moderate statin therapy trials 
also fit this regression model and suggest that the greater the LDL-C 
difference between two strategies, the greater the clinical benefit (see 
Fig. 12-6).

However, the long-term efficacy of statin therapy in patients achiev-
ing very low LDL-C levels (<100 mg/dL) remained poorly assessed 
until recently. In an analysis from PROVE IT–TIMI 22, the relationship 
between achieved LDL-C levels and clinical outcomes with 80 mg of 
atorvastatin was assessed by dividing these patients into subgroups by 
achieved LDL-C levels at 4 months (>80 to 100, >60 to 80, >40 to 60, 
≤40 mg/dL) and correlating this with risk of subsequent adverse 
events.52 Among almost 2000 subjects for whom 4-month LDL-C data 
were available, about 90% had LDL-C levels below 100 mg/dL 
(2.59 mmol/L). Compared with the reference group (LDL-C level of 
80 to 100 mg/dL), the hazard of death, MI, stroke, recurrent ischemia, 
and revascularization was lower among patients with LDL-C levels 
between 40 and 60 (HR, 0.76) and was lowest among those with LDL-C 
levels less than or equal to 40 mg/dL (HR, 0.61). No increased risk of 
adverse events was found at these low levels of LDL-C. It is not neces-
sary to reduce the dose of a statin if the resultant LDL-C levels fall well 
below guideline recommendations. These results suggest the possibility 

previous 30 days, suggesting that the early benefit is related to effects 
beyond the concentration of LDL-C and that lowering CRP levels may 
reduce inflammation and may be more important than lipid lowering 
with respect to early benefits.45

A meta-analysis of 13 randomized trials of early statin therapy for 
management of ACS assessed the early benefit of statin therapy using 
cumulative data on 17,963 patients.46 Only five of the trials enrolled 
more than 1000 patients, and of these, only three trials had follow-up 
periods of more than 4 months, and only two trials followed up patients 
for more than 1 year. This meta-analysis assessed major CV events, 
including stroke. In particular, the latter end point requires about 2 
years to demonstrate a clinical benefit and might have attenuated any 
observed early composite benefits on CVD. In this analysis, early com-
posite benefit was not observed at 1 month after ACS (HR, 1.02) but 
appeared by 4 months (HR, 0.84) and was significant by 6 months  
(HR, 0.76).

Intensive Statin Therapy and Atherosclerotic Burden
Given the clinical impact of statin therapy on CV event reduction in 
patients with CAD, it is intuitive to expect that statins would reverse 
the atherosclerosis disease burden. Several trials used angiography to 
assess the impact of standard-dose statin therapy on the extent of 
angiographic disease. Although standard doses of statins reduced 
LDL-C levels by 20% to 30%, they failed to demonstrate regression of 
disease burden but rather consistently showed that in the presence of 
CAD, statins reduce the rate of progression of disease.47

REVERSAL Trial
The Reversing Atherosclerosis With Aggressive Lipid Lowering 
(REVERSAL) trial compared the effects of two statin regimens admin-
istered for 18 months in 654 patients, of whom 502 had serial intra-
vascular ultrasound (IVUS) measurements. Patients were randomized 
to a moderate lipid-lowering regimen consisting of 40 mg of pravas-
tatin or an intensive lipid-lowering regimen consisting of 80 mg of 
atorvastatin.48 The primary efficacy parameter was the percentage of 
change in atheroma volume; secondary efficacy parameters included 
change in total atheroma volume, change in percentage of atheroma 
volume, and change in atheroma volume in the most severely diseased 
10-mm vessel subsegment.

The baseline LDL-C concentration fell from 150.2 mg/dL 
(3.89 mmol/L) in both treatment groups to 110 mg/dL (2.85 mmol/L) 
in the pravastatin group and to 79 mg/dL (2.05 mmol/L) in the atorv-
astatin group (P < .001). CRP levels decreased 5.2% with pravastatin 
and 36.4% with atorvastatin (P < .001). In subjects receiving standard 
therapy, the percentage of change in atheroma volume from baseline 
was 2.7% (P < .001), and in those allocated to intensive therapy, it was 
−0.4% (P = .98; for the difference between groups, P = .02). Similar 
differences between groups were observed for secondary efficacy 
parameters, including change in total atheroma volume (P = .02), 
change in percentage of atheroma volume (P < .001), and change in 
atheroma volume in the most severely diseased 10-mm vessel subseg-
ment (P < .01).

ASTEROID
A Study to Evaluate the Effect of Rosuvastatin on Intravascular 
Ultrasound-Derived Coronary Atheroma Burden (ASTEROID) 
assessed whether intensive statin therapy with 40 mg of rosuvastatin 
could cause regression of atherosclerosis in patients with CAD assessed 
by IVUS.49 A motorized IVUS pullback was used to assess coronary 
atheroma burden at baseline and after 24 months of treatment in 507 
patients, of whom 349 had serial IVUS measurements. The mean (stan-
dard deviation [SD]) baseline LDL-C level of 130.4 mg/dL declined to 
60.8 mg/dL; mean HDL-C level at baseline was 43.1 mg/dL, increasing 
to 49.0 mg/dL; and the median concentration of triglycerides fell from 
135 mg/dL to 109 mg/dL. The mean change in percentage of atheroma 
volume from baseline for the entire vessel was −0.98%. The mean 
change in atheroma volume in the most diseased 10-mm subsegment 
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minimal correlation between LDL-C and CRP levels, an identical dif-
ference in the age-adjusted rates of events was also observed among 
patients in whom statin therapy resulted in CRP levels of less than 
2 mg/L, compared with those in whom statin therapy resulted in 
higher CRP values (2.8 vs. 3.9 events per 100 person-years, P = .006). 
Patients who had achieved LDL-C levels below 70 mg/dL and CRP 
levels below 2 mg/L had the lowest risk of recurrent events, whereas 
those with LDL-C levels above 70 mg/dL and CRP levels above 2 mg/L 
had the highest risk. Hazard ratios for recurrent events among patients 
whose values were above 70 mg/dL for LDL-C and below 2 mg/L for 
CRP, those whose values were below 70 mg/dL for LDL and above 
2 mg/L for CRP, and those whose values were above 70 mg/dL for 
LDL-C and above 2 mg/L for CRP—compared with those whose 
values of achieved LDL-C were less than 70 mg/dL and whose CRP 

that further LDL-C lowering beyond the goal of less than 70 mg/dL 
(1.8 mmol/L) may translate into additional clinical benefit.

Reduction in C-Reactive Protein Levels
Statins possess pleiotropic effects mediated by hydroxymethyl glutaryl–
coenzyme A (HMG-CoA) reductase but are not dependent on lower-
ing of LDL-C levels (Fig. 12-10). All statins lower CRP levels, partly in 
relation to the statin dose. In PROVE IT, the median baseline levels of 
CRP were similar in the 80-mg atorvastatin and 40-mg pravastatin 
groups at trial entry, but they were significantly lower in the atorvas-
tatin group than in the pravastatin group at 30 days, 4 months, and the 
end of the trial. Although the levels of LDL-C and CRP were reduced 
by statin therapy at 30 days, the correlation between the achieved 
values was weak (Correlation Coefficient r 0.16; P = .001). Despite the 

FIGURE 12-9	 Baseline	plaque	burden	and	cardiovascular	events	(CVEs)	and	change	in	plaque	burden	and	CVEs.	(Data	from	Nicholls	SJ,	Hsu	A,	
Wolski	 K,	 et	al:	 Intravascular	 ultrasound–derived	measures	 of	 coronary	 atherosclerotic	 plaque	 burden	and	 clinical	 outcome.	 J	 Am	Coll	 Cardiol	
55[21]:2399-2407,	2010.)
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FIGURE 12-10	 Inhibition	of	hydroxymethyl	glutaryl–coenzyme	A	(HMG-CoA)	reductase	leads	to	effects	mediated	by	low-density	lipoprotein	choles-
terol	(LDL-C)	through	the	liver	and	non–lipid-related	effects	in	the	vessel	wall.	PP,	Pyrophosphate;	RhO,	a	small	GTPase	protein.	(From	Ray	KK,	
Cannon	CP:	The	potential	relevance	of	the	multiple	lipid-independent	[pleiotropic]	effects	of	statins	in	the	management	of	acute	coronary	syndromes.	
J	Am	Coll	Cardiol	46:1425-1433,	2005.)
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2 mg/L to rosuvastatin 20 mg or placebo. Reductions of LDL-C levels 
by 50% and in hsCRP levels by 37% were seen in those receiving rosu-
vastatin. The trial was stopped early at a median of 1.9 years of 
follow-up given its positive result. The combined primary end point of 
MI, cerebrovascular accident (CVA), arterial revascularization, hospi-
talization for unstable angina, or CV death was significantly reduced 
in those who received rosuvastatin, and this effect was seen in all sub-
groups, including those with Framingham risk scores of less than 10%, 
LDC-C below 100 mg/dL, and those with elevated hsCRP levels but 
no other major risk factors.

These primary and secondary prevention data demonstrate that 
using statin therapy to achieve target levels of both LDL-C and CRP 
decreases the risk of MI and CAD death in both populations. Whether 
CRP is causally related to risk or is a marker remains unclear, but 
several lines of evidence suggest that it is an important player in medi-
ating CV risk (Fig. 12-12). These data support the hypothesis that 
therapies designed to reduce inflammation after ACS may improve CV 
outcomes.

Apolipoproteins
Observational data from individuals free from CVD does not support 
using apolipoproteins over and above traditional lipids. Although the 
clinical benefits of statins appear to be predominantly related to 
LDL-C–mediated effects, other lipid markers—such as the concentra-
tion of apolipoprotein B (apo B), non–HDL-C, TC/HDL ratio, or apo 
B/apo A-I ratio—provide alternative approaches. In statin trials, data 
conflict about on-treatment lipid values alone that explain the totality 
of the benefits of statin therapy. In the Air Force/Texas Coronary Ath-
erosclerosis Prevention Study (AFCAPS/TexCAPS) trial,55 on-treatment 
apo B values appeared to be a superior marker of on-treatment efficacy 
compared with LDL-C levels, and the on-treatment apo B/apo A-I ratio 
appeared to explain the entire benefit of statin therapy in this trial. In 
contrast, the much larger LIPID trial56 suggested that the proportion 
of the treatment effect explained by reductions in LDL-C was 52%, 
compared with 67% for apo B, suggesting that non–lipid-related effects 
may also contribute to the long-term benefit of statins.

In the PROVE IT–TIMI 22 trial, non–HDL-C provided similar 
information to apo B, and neither non–HDL-C nor the apo B/apo AI 
or TC/HDL ratios improved risk prediction over and above LDL-C. 
Risk prediction was improved, however, by the addition of hsCRP to 
any lipid component. In contrast to the lipid findings in PROVE IT–
TIMI 22, in the larger combined dataset of stable patients in the TNT 
and IDEAL trials, both non–HDL-C and apo B were significantly asso-
ciated with risk in multivariable models containing LDL-C, whereas 
the latter was attenuated and nonsignificant in the same models.57 
Overall, no meaningful differences were found between apo B and 
non–HDL-C, nor were any meaningful differences found in the ratio 
of TC/HDL over apo B/apo AI, although these factors were not for-
mally tested in risk-prediction models. Reconciling these apparently 
disparate findings is difficult in the absence of access to primary data. 
However, one explanation may reside with the high preponderance of 
individuals with metabolic syndrome, at least in the TNT trial, which 
indicated that insulin resistance may contribute to higher levels of 
VLDL and IDL and small, dense LDL-C, such that LDL-C less closely 
approximates to non–HDL-C or apo B. What is clear is that there is 
little conclusive evidence to suggest that apo B should be measured as 
an alternative to non–HDL-C (the optional secondary NCEP III target) 
in routine clinical practice.

Oxidized Low-Density Lipoprotein
Oxidized phospholipids (OxPLs) exist within atherosclerotic plaques 
and are bound by Lp(a) in plasma. Circulating levels of oxidized LDL 
are strongly associated with angiographically documented CAD and 
therefore may contribute to the pathogenesis of atherosclerosis.58 In the 
MIRACL trial,59 high-dose atorvastatin reduced the total apo B–
containing OxPLs and apo B levels by approximately 30%. When nor-
malized per apo B 100, compared with placebo, atorvastatin increased 
the OxPL/apo B level (9.5% vs. −3.9%, P < .0001). These data suggest 

was less than 2 mg/L (i.e., reference group)—were 1.3, 1.4, and 1.9, 
respectively (for trend across groups, P < .001; Fig. 12-11, A). Similar 
data have emerged from the Justification for the Use of Statins in 
Primary Prevention: An Intervention Trial Evaluating Rosuvastatin 
trial (JUPITER)53 and A-to-Z54 trials, showing that subjects who 
achieve a low CRP level with high-dose statin therapy are at lower risk 
for recurrent events (see Fig. 12-11, B).

The JUPITER trial randomized 17,802 patients with an LDL-C of 
less than 130 mg/dL and a high-sensitivity CRP (hsCRP) of more than 

FIGURE 12-11	 Clinical	 benefit	 of	 achieving	 the	 dual	 goals	 of	 low-
density	 lipoprotein	 (LDL)	 less	 than	 70	mg/dL	 and	 C-reactive	 protein	
(CRP)	 levels	 of	 less	 than	 2	mg/L	 with	 statin	 therapy	 in	 the	 PROVE	
IT-TIMI	 22	 trial	 (A)	 and	 the	 A	 to	 Z	 trial	 (B),	 showing	 the	 benefit	 of	
achieving	dual	goals.	MI,	Myocardial	infarction.	(A,	From	the	Pravas-
tatin	or	Atorvastatin	Evaluation	and	Infection	Therapy–Thrombolysis	in	
Myocardial	Infarction	22	(PROVE	IT–TIMI	22)	Investigators:	C-reactive	
protein	levels	and	outcomes	after	statin	therapy.	N	Engl	J	Med	352:20-
28,	 2005;	 B,	 From	 Morrow	 DA,	 de	 Lemos	 JA,	 Sabatine	 MS,	 et	al:	
Clinical	relevance	of	C-reactive	protein	during	follow-up	of	patients	with	
acute	 coronary	 syndromes	 in	 the	 Aggrastat-to-Zocor	 Trial.	 Circulation	
114:281-288,	2006.)
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FIGURE 12-12	 Schematic	 of	 putative	 mechanisms	 by	 which	
C-reactive	protein	(CRP)	may	mediate	cardiovascular	(CV)	risk.	
BMI,	Body	mass	 index;	BP,	blood	pressure;	HDL,	high-density	
lipoprotein;	 IL-6,	 interleukin	 6;	 LDL,	 low-density	 lipoprotein;	
NFκB,	nuclear	factor	kappa	B;	NO,	nitric	oxide;	TF,	tissue	factor;	
TG,	triglyceride.	
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that atorvastatin treatment results in enrichment of OxPLs on a smaller 
pool of apo B particles, which may contribute to the reduction in 
ischemic events after ACS observed in MIRACL.

Genetic variation controlling proinflammatory pathways, oxidized 
LDL-C formation, and the presence of CAD have been clearly linked.60 
In a recent study, almost 500 patients undergoing coronary angiogra-
phy were genotyped for interleukin 1 (IL-1) locus variants—key drivers 
of proinflammatory pathways—and had levels of OxPL/apo B mea-
sured. A composite genotype termed interleukin 1 positive (IL-1+) was 
defined by an IL-1 gene cluster polymorphism associated with higher 
levels of proinflammatory cytokines, with all other IL-1 genotypes 
being termed IL-1 negative (IL-1−).

In the IL-1+ cohort, the highest quartile of OxPL/apo B was signifi-
cantly associated with a higher CAD risk compared with the lowest 
quartile (OR 2.84), the magnitude of this effect being greater in patients 
aged less than 60 years (OR 7.03). However, this association was not 
seen in IL-1− patients. In IL-1+ patients aged less than 60 years, hsCRP, 
Lp(a), and OxPL/apo B were independent predictors of CAD. This 
strongly suggests that the risk from elevated levels of oxidized LDL-C 
is highest in those who are younger and in those who have an IL-1β 
proinflammatory profile.61 IL-1+ patients above the median OxPL/apo 
B had significantly earlier presentations to the cardiac catheterization 
laboratory and worse 4-year event-free survival.

The ongoing Canakinumab Antiinflammatory Thrombosis Out-
comes Study (CANTOS) trial61a randomized patients with stable CAD 
and high hsCRP to a monoclonal antibody to IL-1β and will likely shed 
further light on inflammatory pathways as a novel therapeutic focus 
because it targets the upstream part of the inflammatory cascade. If 
this treatment is shown to reduce CVD events, it will be the first anti-
inflammatory treatment to show clinical benefit. Recently, two treat-
ments targeted phospholipase A2, including the soluble and the 
lipoprotein-associated forms, but have failed to show any significant 
benefit with respect to CVD reduction.62

Raising High-Density Lipoprotein Cholesterol Levels
HDL as a carrier of increased cellular cholesterol in the reverse cho-
lesterol transport pathway is believed to provide protection against 
atherosclerosis (Fig. 12-13). In reverse cholesterol transport, peripheral 
tissues (e.g., vessel-wall macrophages) remove their excess cholesterol 
through the adenosine triphosphate (ATP)–binding cassette trans-
porter A1 (ABCA1) to poorly lipidated apo A-I, forming pre-HDL. 
HDL consists of a heterogeneous class of lipoproteins that contain 
approximately equal amounts of lipid and protein. The various HDL 
subclasses differ in quantitative and qualitative contents of lipids, apo-
lipoproteins, enzymes, and lipid transfer proteins, resulting in differ-
ences in shape, density, size, charge, and antigenicity. Assessment of 
HDL-C measures the cholesterol content of all these HDL subclasses 
and is therefore a crude marker of reverse cholesterol transport. The 
American National Cholesterol Education Program considers HDL-C 

to be an optional secondary target of lipid treatment, whereas the 
European Consensus Panel recommends a minimum target for HDL 
of 40 mg/dL (1.03 mmol/L) in certain patients, such as those with 
diabetes, but the relevance of the latter recommendation is unclear in 
light of limited data from clinical trials.34,35

Most strategies to specifically target an increase in HDL-C have 
been disappointing. Most notably, niacin failed to improve outcomes 
in both Atherothrombosis Intervention in Metabolic Syndrome with 
Low HDL/High Triglycerides: Impact on Global Health Outcomes 
study (AIM-HIGH)62a and Heart Protection Study 2–Treatment of 
HDL to Reduce the Incidence of Vascular Events study (HPS2-
THRIVE)62b despite promising initial data from the old Coronary Drug 
Project. The cholesteryl ester transfer protein (CETP) class notwith-
standing (described below), HDL-C increases with other routinely 
used agents thus far have been modest at best.

Apo A-I Milano is an apo A-I variant that was first identified in the 
1980s, having been found in Italian families with very low HDL-C but 
no increase in CAD. Recombinant apo A-I Milano infusions in animal 
models was associated with impressive regression of atheroma within 
short time spans. In 2003, infusion of a recombinant form of apo A-I 
to a small number of early post-MI patients suggested a trend toward 
atheroma regression on IVUS studies within just 5 weeks.63 However, 
further efforts with this agent have been hampered by challenging 
manufacturing, and no subsequent trials have been performed.

Further trials using apo A-I harvested from human plasma and also 
autotransfusion of the patient’s own delipidated HDL have suggested 
some promise but are not ready for large-scale clinical trials.64,65 Several 
companies are looking to develop apo A-I Milano with the focus on 
improving HDL function rather than achieving significant differences 
in HDL-C.

The novel oral inducer of apo A-I synthesis, RVX-208, has under-
gone a short-term preliminary safety and efficacy analysis in patients 
already receiving statins. A dose-dependent modest increase in apo AI, 
HDL-C, and large HDL particles was observed, but further data on 
clinical end points using different time horizons are still required.66 In 
a small IVUS trial, RVX-208 failed to show a significant difference in 
total atheroma versus placebo against a backdrop of intensive stain 
therapy.67

The recent Effect of CER-001 on Atherosclerosis in Acute Coro-
nary Syndrome Patients–Efficacy and Safety (CHI-SQUARE) trial68 
attempted an alternative approach by infusing a novel engineered lipo-
protein particle, CER-001, that mimics pre–β-HDL. At the dose used 
in the trial, CER-001 infusions did not impact coronary atheroma 
burden as measured on IVUS and quantitative coronary angiography 
(QCA) when compared with placebo.

Cholesterol Ester Transfer Protein Inhibition
Humans with CETP deficiency caused by molecular defects in the 
CETP gene have markedly elevated plasma levels of HDL-C and apo 
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were observed.70 The adverse events now seem to be related to an 
“off-target” drug-specific effect, with the observation that torcetrapib 
raises blood pressure and activates the renin-angiotensin system; this 
also occurs in animal species that lack CETP activity, which further 
supports an off-target effect.71 The potential for HDL-C raising has 
received further impetus with observations that anacetrapib not only 
raises HDL-C by 138% but produces a near 40% lowering of LDL-C  
but does not result in adverse effects on blood pressure.72,73 The Study 
to Assess the Tolerability and Efficacy of Anacetrapib in Patients With 
Coronary Heart Disease (CHD) or CHD Risk-Equivalent (DEFINE)74 
demonstrated anacetrapib to have an acceptable side-effect profile. 
Further evaluation of this trial cohort following anacetrapib cessation 
reveals similar acceptable safety, albeit with profoundly prolonged 
durations required for drug clearance, with drug levels still detectable  
4 years after last dosing.75 The ongoing Randomized Evaluation of 
the Effects of Anacetrapib Through Lipid-Modification (REVEAL) of 

AI, suggesting that CETP inhibition may increase HDL-C levels. To 
date, four CEPT inhibitors have been evaluated in humans: torcetrapib, 
dalcetrapib, anacetrapib, and evacetrapib.

Preliminary data from phase II trials to assess the relative efficacy  
of torcetrapib demonstrated significant increases in HDL-C levels. 
However, in December 2006, Pfizer halted the development of torcetra-
pib because of a 60% observed increase in deaths in a Study Examining 
Torcetrapib/Atorvastatin and Atorvastatin Effects on Clinical CV 
Events in Patients With Heart Disease (ILLUMINATE).69 Exploratory 
analyses from the Investigation of Lipid Level Management Using  
Coronary Ultrasound to Assess Reduction of Atherosclerosis by  
CETP Inhibition and HDL Elevation (ILLUSTRATE), which used 
IVUS to follow up on patients randomized to torcetrapib/atorvastatin 
or atorvastatin monotherapy, suggest there is no harm associated  
with higher levels of HDL-C, and among those who achieved higher 
HDL-C levels, regression of atherosclerosis and a lower event rate  

FIGURE 12-13	 The	reverse	cholesterol	transport	pathway	of	high-density	lipoprotein	(HDL).	Lipid-poor	pre–β-HDL	cholesterol,	rich	in	apolipoprotein	
AI	(apo	AI),	is	synthesized	by	the	liver	or	intestinal	mucosa	and	is	released	into	the	circulation,	where	it	promotes	the	transfer	of	excess	cellular-free	
cholesterol	 (FC)	 from	macrophages	 to	apo	AI	by	 interacting	with	 the	adenosine	 triphosphate	 (ATP)-binding	cassette	 transporter	A1	 (ABCA1)	 in	
arterial	wall	macrophages.	Plasma	lecithin-cholesterol	acyltransferase	(LCAT)	converts	free	cholesterol	in	pre–β-HDL	cholesterol	to	cholesteryl	ester	
(CE),	resulting	in	the	maturation	of	pre–β-HDL	cholesterol	to	mature	α-HDL	cholesterol.	The	α-HDL	cholesterol	is	transported	to	the	liver	by	a	direct	
or	indirect	pathway.	In	the	direct	pathway,	selective	uptake	of	CE	by	hepatocytes	occurs	with	the	scavenger	receptor,	class	B,	type	1	(SR-B1).	In	
the	indirect	pathway,	HDL	cholesterol	CE	is	exchanged	for	triglycerides	in	apo	B–rich	particles	(B),	low-density	lipoprotein	cholesterol	(LDL-C),	and	
very-low-density	 lipoprotein	 (VLDL)	 cholesterol	 through	 cholesteryl	 ester	 transfer	 protein	 (CETP),	with	 the	 uptake	 of	 CE	by	 the	 liver	 through	 the	
low-density	 lipoprotein	 receptor	 (LDLR).	 Cholesterol	 returned	 to	 the	 liver	 is	 secreted	 as	 bile	 acids	 and	 cholesterol.	 Acquired	 triglycerides	 in	 the	
modified	HDL	cholesterol	particle	are	subjected	 to	hydrolysis	by	hepatic	 lipase	(HL)	and	 thereby	regenerate	small	HDL	cholesterol	particles	and	
pre–β-HDL	 cholesterol	 for	 participation	 in	 reverse	 cholesterol	 transport.	 ABCA,	 ATP-binding	 cassette	 transporter;	 B,	 apolipoprotein	 B	 (apo	 B);	
C-II,	apolipoprotein	C-II	(apo	C-II);	E,	apolipoprotein-E–rich	particles;	LPL,	lipoprotein	lipase;	LRP,	low	density	lipoprotein	receptor-related	protein;	
PL,	plasma	lecithin;	SR-A/B,	scavenger	receptor	type	A/B.	(Modified	from	Brewer	HB	Jr:	Increasing	HDL	cholesterol	levels.	N	Engl	J	Med	350:1491-
1494,	2004.)
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carotid atherosclerosis further supported these observations by dem-
onstrating regression of atherosclerosis within 12 months.86

However, recent large-scale trials to evaluate niacin have yielded 
disappointing results. The AIM-HIGH trial of 3414 patients with 
established CVD was terminated early at 3 years because of a lack of 
efficacy. In addition to background lipid-lowering therapy, patients 
were randomized to extended-release niacin or placebo. As back-
ground therapy, all patients received simvastatin (40 to 80 mg) plus 
ezetimibe 10 mg, if required, in order to achieve an LDL-C level of 40 
to 80 mg/dL (1.03 to 2.07 mmol/L). Following reductions in LDL-C 
from 74 mg/dL to 62 mg/dL and an increase in HDL-C from 35 mg/dL 
to 42 mg/dL in the niacin-treated group, no significant difference was 
seen in the primary end point—composite of death from CHD, nonfa-
tal MI, ischemic stroke, hospitalization for an ACS, or symptom-driven 
coronary or cerebral revascularization—between the two groups.87

Published full-outcomes data from the larger (n = 25,673) HPS2-
THRIVE are still pending; however, salient information from the nega-
tive trial was disseminated at the American College of Cardiology’s 
Scientific Sessions 2013. Similar to AIM-HIGH, all patents with occlu-
sive arterial disease received simvastatin 40 mg and, if required, ezeti-
mibe 10 mg. The active-arm participants received niacin in combination 
with laropiprant, a prostaglandin receptor antagonist that reduces 
niacin-related flushing symptoms, and the comparator arm received 
placebo. The primary end point—combined coronary death, nonfatal 
MI, stroke, or coronary revascularization—was similar in both groups. 
An excess number of adverse events was reported in the niacin group; 
however, over 10,000 participants were of Chinese origin, a group that 
has historically tolerated niacin and statin therapy less well.88

Despite these negative results, it is important to consider the real-
world use of niacin. Clinicians do not routinely use niacin in well-
treated patients with LDL-C levels below 70 mg/dL unless further 
progression of disease is evident. Niacin is often used in patients who 
cannot tolerate high-intensity statins, or any statins whatsoever, in 
order to achieve a 20% reduction in LDL-C or in patients with FH  
who have high LDL-C despite statin therapy and thus remain at high 
CVD risk.

Fibrates
Data for fibrates conflict. Although some studies, such as VA-HIT and 
the Helsinki Heart study, have shown benefit in specific populations, 
more recent trials have suggested little benefit. Overall, the positive 
effects of fibrates on the lipid profile are modest when compared with 
statins (Fig. 12-14). This was demonstrated in the Fenofibrate Interven-
tion and Event Lowering in Diabetes (FIELD) study,89 in which long-
term treatment with fenofibrate to raise HDL-C concentrations and 
lower TG levels was assessed in subjects with type 2 diabetes and total 
blood cholesterol concentrations of less than 251 mg/dL (6.5 mmol/L). 
Overall, the FIELD trial failed to demonstrate a significant benefit of 
an agent that predominantly reduces TG levels and raises HDL levels 
modestly in a high-risk population. This finding might have resulted 
from an unequal, increased use of statin therapy in subjects allocated 
to placebo.

The Action to Control Cardiovascular Risk in Diabetes (ACCORD) 
trial90 assessed whether adding a fibrate to statin therapy reduced CV 
risk among diabetics. In this trial, the baseline LDL-C was 2.59 mmol/L, 
TG was 2.12 mmol/L, and HDL-C was 0.98 mmol/L. LDL-C fell in 
both the placebo group (to 2.07 mmol/L) and in the fenofibrate group 
(to 2.10 mmol/L) with little difference between treatments. TG levels 
fell to 1.92 mmol/L in the placebo group and to 1.66 mmol/L in the 
fenofibrate group (P < .001). HDL-C rose to 1.05 mmol/L in the 
placebo group and to 1.07 mmol/L in the fenofibrate group (P = .01). 
This trial is significant for providing important information on safety 
because no significant differences were found in transaminase levels or 
creatine kinase (CK) levels greater than 10 times the ULN between 
treatment groups. This reinforces the safety of fenofibrate when com-
bined with a statin. The effect of fenofibrate on the combined end point 
of fatal and nonfatal CAD or stroke was an 8% reduction, but this did 
not reach statistical significance (HR, 0.92; 95% CI, 0.79 to 1.08).

30,000 patients receiving atorvastatin background therapy with anace-
trapib against placebo is currently ongoing (Clinical Trials.gov identi-
fier NCT01252953).

The Vascular Effects and Safety of Dalcetrapib in Patients With  
or at Risk of Coronary Heart Disease (dal-VESSEL)76 and the Safety 
and Efficacy of Dalcetrapib on Atherosclerotic Disease Using Novel  
Noninvasive Multimodality Imaging (dal-PLAQUE)77 studies demon-
strated the tolerability and safety of dalcetrapib. A Study of RO4607381 
in Stable Coronary Heart Disease Patients With Recent Acute Coro-
nary Syndrome (dal-OUTCOMES),78 which comprised over 15,000 
post-ACS patients randomized to dalcetrapib or placebo, was termi-
nated early for futility. Despite significantly favorable effects on the 
lipid profile, the primary efficacy composite end point of death from 
CHD, nonfatal MI, ischemic stroke, unstable angina, or cardiac arrest 
with resuscitation was not significantly different between the active or 
comparator groups. The Effect of Cholesteryl Ester Transfer Protein 
Inhibition on Lipids, Lipoproteins, and Markers of HDL Function 
After an Acute Coronary Syndrome (dal-ACUTE) trial79 was designed 
to investigate the short- to medium-term effects of CETP inhibition 
with dalcetrapib on HDL-C, apo AI, HDL function, and inflammatory 
biomarkers in the immediate post-MI period. This is the largest trial 
to date to look at the effects of HDL-raising interventions on choles-
terol efflux. Three hundred patients were randomized to dalcetrapib or 
placebo within 1 week of an ACS, and the primary end point was 
HDL-C percent after 4 weeks. Secondary end points included apolipo-
protein levels, markers of HDL function, and inflammation. Choles-
terol efflux was raised by almost 10%, HDL-C by 32%, and apo AI by 
11%. Overall the trial suggests that CETP inhibition creates functional 
HDL-C that is effective at mediating cholesterol efflux. It has been 
previously demonstrated that cholesterol efflux capacity has a strong 
inverse association with carotid intima media thickness (CIMT) and 
the likelihood of angiographic CAD independent of the HDL-C level.80

Important molecular differences exist between dalcetrapib and 
anacetrapib. Anacetrapib physically forms a tertiary complex among 
HDL2 particles and apo B–containing lipoproteins, whereas dalcetra-
pib is a modulator that works in the CETP tunnel, and its binding 
causes conformational changes in CETP that allows it to bind to HDL2 
particles but not to apo B. Whether these differences contribute to 
cardiovascular outcomes is a hypothesis that will be answered in the 
immediate future with the completion of large phase III trials.

Evacetrapib has demonstrated similarly impressive increases in 
HDL-C and appears to have an acceptable safety and tolerability 
profile.81,82 By contrast to anacetrapib, evacetrapib levels are almost 
undetectable after a 4- to 6-week washout period. Clinical outcomes 
data are currently lacking but should be addressed by the phase III 
Study of Evacetrapib in High-Risk Vascular Disease (ACCELERATE) 
trial (ClinicalTrials.gov identifier NCT01687998).

Niacin
A variety of studies have assessed the relative merit of raising HDL-C 
levels using niacin (discussed previously). A meta-analysis of these 
data suggests that there is a 1.7% reduction per 1% rise in HDL-C levels 
with niacin.83 Niacin raises HDL-C by levels of approximately 28%, but 
its use has been limited by adverse effects, notably flushing mediated 
by prostaglandins. Using ultrasound and measurements of carotid 
intima media thickness, niacin has been shown to attenuate and may 
reverse atherosclerosis.84 In a trial assessing carotid intima media 
thickness (Arterial Biology for the Investigation of the Treatment 
Effects of Reducing Cholesterol 6-HDL and LDL Treatment Strategies 
in Atherosclerosis [ARBITER 6–HALTS]),85 niacin reduced the pro-
gression of atherosclerosis compared with ezetimibe, which was associ-
ated with progression (P = .01). This is particularly interesting, and 
niacin and ezetimibe both produce about a 20% reduction in LDL-C. 
This suggests that differences between agents with respect to athero-
sclerosis may relate more to niacin’s 30% rise in HDL-C and a 20% 
lowering of Lp(a). Magnetic resonance imaging (MRI) techniques to 
image carotid plaques have similarly shown that niacin reduces ath-
eroma burden. An MRI trial to assess the effect of 2 g of niacin on 
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Ezetimibe and Colesevelam
Ezetimibe is a compound that binds to the Niemann-Pick receptor in 
the intestine and reduces the absorption of cholesterol esters. Numer-
ous studies have demonstrated its excellent tolerability and a 20% 
reduction in LDL-C when administered in addition to statin therapy 
or as monotherapy. This agent may also be particularly useful in the 
so-called high-absorber, low-synthesizer groups, in which subjects 
respond poorly to statins with little or no change in LDL-C. The  
Study of Heart and Renal Protection (SHARP) trial notwithstanding, 
which examined ezetimibe in combination with low-dose simvastatin 
against placebo only in those with advanced kidney disease,93 there 
is no trial evidence of significant CV benefit with ezetimibe. The  
Examining Outcomes in Subjects With Acute Coronary Syndrome: 
Vytorin (Ezetimibe/Simvastatin) Versus Simvastatin (IMPROVE-IT) 
trial assessed the incremental benefit of ezetimibe over statin therapy 
with respect to clinical outcomes in patients with ACS and compared 
simvastatin to simvastatin plus ezetimibe; this trial has completed and 
is due to report. Colesevelam is a bile acid absorption inhibitor that 
can be used as monotherapy or in combination therapy with statins. 
As the bile acid pool becomes depleted, the hepatic enzyme cholesterol 
7-α-hydroxylase is upregulated, which increases the conversion of cho-
lesterol to bile acids. This causes an increased demand for cholesterol 
in the liver cells, resulting in the dual effect of decreasing transcription 
and activity of the cholesterol biosynthetic enzyme HMG-CoA reduc-
tase and increasing the number of hepatic LDL receptors. These 

A meta-analysis of 18 fibrate trials, including a mixture of primary 
and secondary preventions, provided useful new information (see Fig. 
12-14).91 It showed a 19% relative risk reduction in nonfatal MI, no 
effect on stroke, no effect on CV death, and no effect on all-cause 
mortality (RR, 1.0; 95% CI, 0.93 to 1.08). A reduction was seen in the 
need for revascularization, and a trend toward increased risk of non-
cardiovascular deaths was also observed. Taken together, these data 
suggest modest benefits on nonfatal MI and revascularization only. 
Among people with an elevated TG greater than 2 mmol/L, a propor-
tionately greater reduction in coronary events was observed (32% 
lower vs. 19%; P interaction = .03); a similar trend was observed in 
individuals with a baseline HDL less than 1 mmol/L (23% vs. 14%), 
although this difference was not statistically significant. These results 
are derived from access to trial-level data only, rather than to individual-
level data, and require further validation, such as that intended in the 
third cycle of the Cholesterol Treatment Trialists Collaboration, which 
will weigh the benefit of fibrates by changes in TG, HDL-C, and non–
HDL-C. In a meta-analysis of five trials, the relative risk reduction in 
vascular events was greater among those with an atherogenic dyslipid-
emia profile at baseline (high TG, low HDL; OR 0.65 vs. 0.94). In 
contrast to the data for fibrates, RCT data from the Collaborative 
Atorvastatin Diabetes Study (CARDS) trial92 and subgroups of other 
major RCTs and the CTT meta-analysis firmly establish the benefit of 
statins as first-line therapy for the prevention of CVD among those 
with diabetes irrespective of their baseline lipid profiles.29

FIGURE 12-14	 Effect	 of	 lipid	 level	 differences	 between	 fibrate	 treatment	 and	 placebo	 groups.	 CI,	 Confidence	 interval;	 IV,	 inverse	 variance;	
SD,	statistical	deviation.	(Data	 from	Jun	M,	Foote	C,	Lv	J,	et	al:	Effects	of	fibrates	on	cardiovascular	outcomes:	a	systematic	 review	and	meta-
analysis.	Lancet	375[9729]:1875-1884,	2010.)
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date, the only compound currently viable for human clinical use is 
lomitapide. Published results are only available for small numbers of 
patients in phase I and II studies, and clinical outcomes data are as yet 
lacking.100 Reductions of LDL-C levels of between 14% and 65% have 
been demonstrated, and this effect is additive with other lipid-lowering 
agents such as atorvastatin and ezetimibe. Commonly seen side effects 
are predominately gastrointestinal in nature, likely owing to raised 
enterocyte TG levels. Lomitapide is CYP3A4 metabolized, hence 
caution should be taken when the drug is coprescribed with simvas-
tatin or warfarin. Lomitapide is currently licensed by the FDA for 
adjunctive treatment of FH.

PCSK-9 Inhibition
PCSK-9 is a glycoprotein that is expressed at its highest levels in the 
liver, intestine, and kidney. In humans, this protein degrades the LDL 
receptor, thus preventing the clearance of LDL-C or apo B–containing 
lipoproteins from the liver; this leads to higher levels of circulating 
LDL-C. Nonfunctioning mutations in the PCSK9 gene (prevalence of 
~2% to 3%) lead to lower circulating levels of LDL-C and, in turn, to 
a lower risk of CAD in black and northern European populations.101,102 
These individuals have lifelong lower LDL-C levels that range from 
28% in blacks to 12% in northern Europeans. Notably, the observed 
risk of CAD was much greater than would have been expected for the 
degree of LDL-C reduction (88% and 28% in blacks and northern 
Europeans, respectively). Statins lead to an increase in the expression 
of PCSK-9 in a dose-dependent fashion, which perhaps explains why 
doubling the dose only affords a further 6% reduction in LDL-C. Since 
the discovery of PCSK9 in 2003, the pace of development and testing 
of PCSK-9 inhibitors has been rapid. Multiple agents are being evalu-
ated in phase I through III trials, both as monotherapy and in combina-
tion with statin or ezetimibe therapy (Table 12-4).

The Open Label Study of Long-Term Evaluation Against LDL-C 
(OSLER; n = 1104) has provided promising results.103 Participants who 
received the anti–PCSK-9 monoclonal antibody AMG 145 on a four-
times weekly basis demonstrated an LDL-C reduction of over 50% at 
1 year with a favorable safety and tolerability profile. Those who dis-
continued the agent returned to baseline levels of LDL-C. AMG 145 
also caused a substantial reduction in LDL-C in those with FH.104 Thus 
far, the adverse effect profile appears similar to that of a placebo.105 
AMG 145 has also been demonstrated to significantly lower LDL-C in 
a traditionally difficult-to-treat group of patients, those with homozy-
gous hypercholesterolemia with defective (but not in those with nega-
tive) LDL receptor activity.106

In the largest evaluation of PCSK-9 inhibitors to date, the Effect of 
Evolocumab or Ezetimibe Added to Moderate- or High-Intensity 
Statin Therapy on LDL-C Lowering in Patients With Hypercholester-
olemia (LAPLACE-2; n = 2067), evolocumab added to a moderate- or 
high-intensity statin regimen in a primary hypercholesterolemia and 
mixed dyslipidemia population resulted in substantial reductions in 
LDL-C levels when compared against placebo (Fig. 12-15).107 The addi-
tion of evolocumab to either moderate- or high-intensity statins 
resulted in 86% to 94% of patients achieving LDL-C levels of less than 
70 mg/dL within 12 weeks. Further follow-up clinical outcome studies 
are ongoing.

An added benefit of PCSK-9 inhibition demonstrated in LAPLACE–
TIMI 57 (LDL-C Assessment With PCSK9 Monoclonal Antibody Inhi-
bition Combined With Statin Therapy) appears to be Lp(a) reduction 
by almost a third.108 Given that most other agents either have failed to 
affect clinical outcomes through Lp(a) reduction, have little effect, or 
raise Lp(a), this is potentially an important therapeutic avenue for 
affecting this key lipid fraction.

Impressive reductions have been seen with the monoclonal agent 
alirocumab, which is currently being extensively investigated.109 The 
global phase III ODYSSEY program is expected to enroll more than 
23,000 patients and currently includes 14 clinical trials of alirocumab 
both in combination with other lipid-lowering agents and as mono-
therapy. The trial populations are similar to previous trials with other 
agents, and results will be comparable. The primary phase III study end 

compensatory effects result in increased clearance of LDL-C from 
blood, resulting in decreased serum LDL-C levels. The average LDL-C 
reduction is on the order of 18% with a rise in HDL-C of 3%.94 
Common adverse effects include flatulence and constipation, and a less 
common adverse effect is elevation of triglycerides. Few data are avail-
able to assess the impact of colesevelam on mortality and morbidity, 
but it maybe a useful adjunctive therapy given its favorable tolerability 
profile, glucose-lowering effect, and minimal propensity for drug-drug 
interactions.

Glitazones
Glitazones are a class of agents that stimulate the peroxisome 
proliferator-activated receptor γ (PPAR-γ), improve glycemic control, 
and have favorable effects on dyslipidemia, particularly in reducing 
triglycerides and raising HDL-C levels.

The Prospective Pioglitazone Clinical Trial in Macrovascular Events 
(PROACTIVE) was a placebo-controlled trial that assessed the benefit 
of the PPAR-γ agonist pioglitazone in subjects with stable type 2 diabe-
tes with evidence of macrovascular disease.95 Compared with placebo, 
pioglitazone was associated with an 11.4% versus 1.8% reduction in 
triglycerides (P < .0001). Significantly, pioglitazone raised HDL-C 
levels by 19%, compared with 10.1% in the placebo group (P < .0001), 
and it reduced the LDL/HDL ratio by 9.5%, compared with 4.2% (P < 
.0001). The primary end point of mortality, nonfatal MI, stroke, ACS, 
coronary or peripheral arterial revascularization, and above-the-knee 
amputation tended to be lower in patients allocated to pioglitazone 
(HR, 0.9; P = .095). The secondary end point of mortality, nonfatal MI, 
and stroke was reduced by 16% among patients allocated to piogli-
tazone (P = .027). Pioglitazone slows progression of the surrogate 
marker, carotid intima media thickness, independently of improve-
ments in hyperglycemia, insulin resistance, dyslipidemia, and systemic 
inflammation, which suggests a possible direct vascular effect.96

A meta-analysis of 16,390 individuals in pioglitazone trials found 
an 18% reduction in risk of death, MI, or stroke (95% CI, 0.72 to 0.94)  
but a 41% (95% CI, 1.141 to 1.76) increased risk of heart failure.97 In 
the Efficacy Study of Pioglitazone Compared to Glimepiride on Coro-
nary Atherosclerotic Disease Progression in Subjects With Type 2 Dia-
betes Mellitus (PERISCOPE), the rate of progression of atherosclerosis 
was lower in pioglitazone-treated subjects compared with those receiv-
ing glimepiride.98 Whereas the difference in HbA1c in favor of piogli-
tazone was 0.19% lower, HDL-C was 4.6 mg/dL higher, and TG was 
19.6 mg/dL lower. Thus much of the favorable effect of pioglitazone on 
atheroma progression is likely related to its beneficial effects on lipids, 
given the modest differences in HbA1c.

The favorable data for pioglitazone are distinctly contradictory to 
the safety data for rosiglitazone, which was called into consideration 
by a meta-analysis of randomized trials that suggested an increased 
risk of MI. In the most recent iteration of 56 trials that comprised 
35,531 patients, rosiglitazone significantly increased the risk of MI by 
28% (95% CI, 1.02 to 1.63) but had no effect on CV mortality (OR, 
1.03; 95% CI, 0.78 to 1.36).99 Rosiglitazone has been removed from the 
market in Europe, and in the United States, it has been put under strict 
restriction to be used only if all other antidiabetic medications have 
failed.

NOVEL TARGETS FOR THERAPY

Microsomal Triglyceride Transfer Protein Inhibitors
Microsomal triglyceride transfer protein inhibitors are a new class of 
approved drugs that reduce LDL-C through the inhibition of VLDL 
production. Microsomal transfer protein (MTP) is a key component 
of the pathway that mediates chylomicron and VLDL formation by 
facilitating transfer of lipids into apo B-100 or apo B-48 in the liver 
and intestine. Inherited MTP deficiency is associated with the rare 
condition abetalipoproteinemia. The finding of markedly low levels of 
apo B and serum cholesterol in patients with abetalipoproteinemia 
promoted interest in MTP inhibition as a novel therapeutic target. To 
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concentration reductions of up to 61% at the highest dose.134 Patients 
with severe hypercholesterolemia with CAD or at high risk of CAD 
who were already receiving maximally tolerated lipid-lowering therapy 
exhibited LDL-C reductions of 36.9% with mipomersen.135 Hard clini-
cal outcomes data with mipomersen, either as monotherapy or adjunc-
tive therapy, are still awaited; however, these initial data provide an 
important proof of concept for LDL-C modulation using a novel 
approach. Common adverse effects with mipomersen include injection 
site reactions, flulike symptoms, and elevations in alanine transferase 
levels that return to normal after drug cessation.

Thyroid Hormone Analogues
In individuals with hypothyroidism, thyroxine reduces LDL-C levels 
by increasing the expression of the LDL receptor. The SRB1 receptor 
in the liver increases the clearance of cholesterol and its excretion in 
bile. Eprotirome is a thyroid hormone analogue that has minimal 
uptake in extrahepatic tissues and a greater affinity for the T3 β-receptor 

point is the percent mean reduction in LDL-C at 24 weeks, giving 
measures of efficacy and safety. In addition, several other lipid markers 
are being assessed. Other approaches to inhibition of PCSK-9 under 
investigation include use of inhibitory adnectins and small interfering 
RNAs.131

Antisense to Apolipoprotein B
Mipomersen is an antisense oligonucleotide designed to reduce apo 
B-100 synthesis by binding to the messenger ribonucleic acid (mRNA) 
for apo B-100, which results in subsequent degradation by ribonucle-
ase H and a reduction in apo B-100 and thus in LDL-C.

A number of small phase III trials of mipomersen have reported 
safety and efficacy data in different patient cohorts. Homozygous  
and heterozygous FH patients on lipid-lowering therapy experience 
LDL-C reductions of 24.7% and 28%, respectively, when receiving 
mipomersen.132,133 In patients with mild to moderate hypercholes-
terolemia, mipomersen monotherapy was associated with LDL-C 

FIGURE 12-15	 Summary	statistics	for	baseline	and	mean	of	weeks	10	and	12	low-density	lipoprotein	cholesterol	(LDL-C)	values	with	evolocumab	
plus	statin	 therapy.	(Data	 from	Robinson	JG,	Nedergaard	BS,	Rogers	WJ,	et	al:	Effect	of	evolocumab	or	ezetimibe	added	to	moderate-	or	high-
intensity	statin	 therapy	on	LDL-C	lowering	in	patients	with	hypercholesterolemia:	 the	LAPLACE-2	randomized	clinical	 trial.	JAMA	311[18]:1870-
1882,	2014.)
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CONCLUSION
All patients with CAD benefit from statin therapy, with no apparent 
threshold below which benefit is absent. Intensive statin therapy 
reduces cardiovascular events and atherosclerotic disease progression 
compared with standard therapy and therefore should be considered 
the standard of care for patients with CAD. In addition to important 
reductions of LDL-C levels, intensive statin therapy reduces inflam-
mation, which appears to be particularly important with regard to  
the early benefits observed in patients with ACS and perhaps makes 
significant contributions thereafter to long-term risk reduction. 
Beyond statin therapy, data for other agents that favorably alter lipid 
profiles are emerging but await validation in large-scale outcomes 
studies.

in the liver, compared with the T3 α-receptor in the heart, which 
modulates the cardiac effects of T3.

Three phase III studies using this agent have been conducted. In a 
12-week dose-ranging trial, this compound reduced LDL-C from 
3.6 mmol/L to 2.4 mmol/L in statin-treated subjects at the highest 
dose.136 Similar proportional reductions were observed in apo B, TG, 
and Lp(a). In primary hypercholesterolemia, eprotirome monotherapy 
was associated with serum LDL-C reductions of up to 31%.137 Although 
no significant cardiac or bone adverse effects have been reported in 
human studies, the largest planned trial to date was terminated early 
after reports of cartilage damage in canines.138 Significant elevations in 
hepatic enzymes of three to seven times the ULN were seen in this 
human trial at 6 weeks. Other thyromimetic agents, such as sobeti-
rome, are also currently being explored.
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Atherosclerotic plaque rupture with subsequent thrombus forma-
tion through an intricate series of interactions among the  

coronary artery endothelium, exposed subendothelium, circulating 
platelets, and coagulation factors that lead to occlusion of an epicar-
dial coronary artery are the pathophysiologic underpinnings of 
STEMI. The “open artery” hypothesis postulates that early reperfusion 
of the occluded artery translates into myocardial salvage and ulti-
mately improved survival, and this is the basis of reperfusion therapy. 
The evidence for the benefit of thrombolytic therapy as a reperfusion 
strategy in STEMI is indisputable. Pivotal placebo-controlled ran-
domized trials of patients with STEMI from the 1980s, beginning with 
the Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto Mio-
cardico (GISSI) study and the Second International Study of Infarct 
Survival (ISIS-2), proved the value of early thrombolysis by reducing 
mortality by approximately 30% (Table 13-1).1 These studies catalyzed 
the acceptance of thrombolysis as standard therapy for reperfusion in 
patients with acute myocardial infarction (AMI) and ushered in the 
thrombolytic era, a term that characterizes the revolution in attitude 
among the medical community toward this disease. Although pri-
mary PCI has superseded thrombolysis as the preferred reperfusion 
strategy in most instances, the recently updated American College of 
Cardiology Foundation/American Heart Association (ACCF/AHA) 
STEMI guidelines continue to favor thrombolytic therapy over  
primary PCI as the primary reperfusion strategy in patients who  
(1) present within 12 hours of symptom onset, (2) have no invasive 
option (i.e., a catheterization laboratory is unavailable, vascular access 
issues are present) or face a delay of more than 120 minutes from first 
medical contact to primary PCI, (3) are not in cardiogenic shock, and 
(4) have no contraindications to thrombolytic therapy (Table 13-2).2 
However, because of concerns about bleeding complications, incom-
plete patency, and early reocclusion rates with thrombolytic therapy—
combined with the fact that more primary PCIs are safely and 

successfully being performed at smaller hospitals without on-site car-
diac surgery back-up—thrombolytic therapy has been surpassed by 
primary PCI as the treatment modality for STEMI associated with 
better clinical outcomes (Fig. 13-1).3-6 Whereas PCI has evolved into 
the preferred reperfusion strategy, particularly at high-volume experi-
enced centers, it is not universally available. Despite a 44% relative 
increase in the number of PCI-capable hospitals in the United States 
from 2001 to 2006, only 79.9% of the U.S. population lived within a 
60-minute drive of a PCI-capable hospital in 2006.7 Moreover, data 
from the National Registry of Myocardial Infarction (NRMI-3/4) sug-
gest that door-to-balloon times remain poor, with a median time of 
180 minutes for patients transferred from one hospital to another for 
primary PCI, even within the framework of the current STEMI guide-
lines; this indicates that a substantial number of patients still experi-
ence an inordinate delay in mechanical reperfusion therapy in current 
practice.8 This was further evidenced by a cohort study of 68,439 
patients who presented to PCI-capable hospitals with STEMI between 
1999 and 2002, which suggested that most STEMI patients received 
reperfusion therapy (68.7% PCI and 54.2% fibrinolysis) during off 
hours (weekdays 5 PM to 7 AM and weekends) and that these patients 
experienced significant delays in PCI but not in thrombolytic ther-
apy.9 Moreover, De Luca and colleagues10 showed that every 30 min-
utes of delay in primary PCI results in a 7.5% increase in 1-year 
mortality. Therefore thrombolytic therapy remains an important tool 
in the therapeutic armamentarium for treating STEMI, albeit with 
significant limitations. This chapter reviews the historic basis of 
thrombolytic intervention, summarizes current thrombolytic agents 
and adjunctive therapies, and highlights the evidence for its current 
role in reperfusion therapy for STEMI, laying the groundwork for 
future progress in this field.

THROMBOLYTIC AGENTS
Thrombolytic therapy was born in 1933, when Tillett and Garner11 
described the fibrinolytic activity of β-hemolytic streptococci, which 
led to the first therapeutic attempt by Tillett and Sherry12 in 1948 to 
dissolve a fibrinous pleural effusion. Over 20 years later, in 1971, the 
results of the first randomized controlled trial demonstrating the 
benefit of thrombolytic therapy using streptokinase in AMI were pub-
lished.13 In 1981, Rentrop and colleagues14 showed that intracoronary 
streptokinase was effective in the lysis of coronary thrombi with the 
use of coronary angiography, and Markis and coworkers15 demon-
strated myocardial salvage with the same therapy, thus providing proof 
of the validity of the concept. Shortly thereafter, human tissue plas-
minogen activator (tPA) was isolated from a melanoma cell line16 and 
was demonstrated to be effective in reducing mortality in AMI.17 
Current thrombolytic therapy comprises a class of agents known as 
plasminogen activators, which directly or indirectly convert the proen-
zyme plasminogen into plasmin. Plasmin is a nonspecific serine pro-
tease that catalyzes the degradation of fibrin, fibrinogen, prothrombin, 
and factors V and VII, thus disrupting the coagulation cascade and 
thrombus generation.18 Plasminogen activators include the fibrin-
specific agents such as alteplase (tissue-type plasminogen activator 
[t-PA]), single-chain urokinase plasminogen activator (scu-PA), 
tenecteplase (TNK), and staphylokinase (SAK)—which enzymatically 
convert plasminogen into plasmin—as well as the non–fibrin-specific 
agents such as streptokinase, anistreplase (anisoylated plasminogen 

13 Thrombolytic Intervention
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K E Y  P O I N T S

•	 Thrombolytic	therapy	remains	the	preferred	reperfusion	strategy	in	
patients	with	ST-elevation	myocardial	infarction	(STEMI)	who	
present	within	12	hours	of	symptom	onset	when	timely	primary	
percutaneous	coronary	intervention	(PCI)	is	not	available	and	no	
contraindications	to	thrombolysis	are	present.

•	 Adjunctive	antiplatelet	and	antithrombotic	therapies	are	critical	to	
the	maintenance	of	epicardial	vessel	patency	and	to	the	reduction	
of	downstream	microvascular	obstruction	in	patients	treated	with	
thrombolytics,	and	they	offer	proven	survival	benefits.

•	 The	routine	use	of	thrombolytics	as	adjunctive	therapy	in	primary	
PCI	is	not	supported	by	clinical	evidence	and	should	generally	be	
avoided.

•	 Early	routine	coronary	angiography	and	PCI	following	primary	
thrombolytic	therapy	for	STEMI	should	be	performed	in	all	high-risk	
patients,	and	it	should	be	considered	in	all	patients	following	
successful	thrombolysis.

•	 Despite	the	growing	availability	of	primary	PCI,	thrombolytic	
therapy	will	be	the	most	common	and	important	reperfusion	
strategy	for	STEMI	given	the	growing	burden	of	cardiovascular	
disease	worldwide,	particularly	in	developing	nations.
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MAJOR HISTORICAL COMPARATIVE  
THROMBOLYTIC TRIALS

The GISSI-2/International trial with 20,891 patients with STEMI 
within 6 hours of symptom onset randomly assigned to either alteplase 
or streptokinase demonstrated no difference in mortality between 
streptokinase and alteplase with or without subcutaneous heparin 
(intravenous [IV] heparin was rarely used in this trial) but showed a 
higher rate of ischemic stroke in the alteplase group.19 The ISIS-3 trial 
with 41,299 patients randomized to alteplase, streptokinase, or anistre-
plase demonstrated equivalence in mortality reduction among the 
three agents but found that streptokinase was associated with the 
lowest overall rates of stroke (1.1%) and intracerebral hemorrhage 
(0.3%).20 IV heparin was not used in this trial; however, it has been 
borne out collectively through other studies of the fibrin-specific plas-
minogen activators that adjunctive heparin, although not critical to 
achieve thrombolysis, is important to sustain infarct vessel patency 
through the avoidance of recurrent thrombosis. The Global Utilization 
of Streptokinase and Tissue Plasminogen Activator for Occluded Cor-
onary Arteries I (GUSTO-I) trial with 41,021 patients promulgated the 
benefit of “accelerated” alteplase plus IV heparin in STEMI, leading to 
a 15% relative and 1% absolute reduction in mortality (or 1 life saved 
per 100 patients treated).21 This study included an angiographic com-
ponent, which led to the major finding that early and complete infarct 
vessel patency was tightly linked to a reduction in mortality.22 The 
Reteplase (r-PA) Angiographic Phase I International Dose-Finding 
Study (RAPID-I) suggested a nonsignificant 30-day mortality benefit 
with reteplase compared with alteplase (1.9% vs. 3.9%), and the 
RAPID-II trial showed a significant improvement in coronary artery 
patency defined as thrombolysis in myocardial infarction (TIMI)  
grade 2 flow within 90 minutes that favored reteplase over alteplase 
(85.2% vs. 77.2%, P = .03).23,24 The GUSTO-III trial involved 15,021 
patients but failed to show true equivalence of reteplase to “accelerated” 
alteplase, although it demonstrated a trend toward equivalence, espe-
cially for death and disabling stroke. These findings, combined with the 
more convenient double-bolus administration, rendered reteplase a 
viable option for thrombolysis.25 The Assessment of the Safety and 
Efficacy of a New Thrombolytic 2 (ASSENT-2) trial of 16,949 patients 
randomized to receive either tenecteplase or alteplase found similar 
mortality rates, but the highly fibrin-specific tenecteplase was notable 
for significantly less bleeding compared with alteplase.26 Although this 
result was tempered by a relatively high rate of intracerebral hemor-
rhage in both groups, lower rates of overall bleeding (26.1% vs. 28.4%, 
P < .0003) and blood transfusions (4.3% vs. 5.5%, P = .0002) were 
observed with tenecteplase compared with alteplase. Currently, throm-
bolytic agent selection at most hospitals in the United States is guided 
by hospital formulary and drug availability given the lack of any strik-
ing differences in the efficacy or safety of the approved thrombolytics.

TIMING OF THROMBOLYTIC THERAPY

Early Treatment
The degree of myocardial salvage following AMI is clearly related to 
timely reperfusion, reinforcing the “time is myocardium” principle 

streptokinase activator complex [APSAC]), and urokinase. Reteplase 
(recombinant plasminogen activator [r-PA]) and lanoteplase (novel 
plasminogen activator [n-PA]) have intermediate fibrin specificity. 
Currently, four thrombolytic agents are approved for use by the U.S. 
Food and Drug Administration (FDA) and are used most commonly 
worldwide: streptokinase, alteplase, reteplase, and tenecteplase. The last 
three agents were developed via recombinant deoxyribonucleic acid 
(DNA) technology to improve fibrin specificity and to increase the 
duration of activity to enable bolus dosing.18 The major thrombolytic 
agents are briefly reviewed with regard to mechanism of action and 
thrombolytic profile (Table 13-3). Several novel fibrin-specific agents, 
monteplase (MT-PA), palmiteplase (YM866), and amediplase (K[2] 
tu-PA)—as well as a novel thrombin-activated plasminogen analogue, 
BB-10153, which would theoretically be activated only at the site of a 
developing thrombus—were evaluated in preclinical studies and small-
scale human trials, but the efficacy of these agents has yet to be evalu-
ated in larger phase III studies.

TABLE 13-1 Summary of Initial Randomized Clinical Trials for Thrombolytic Therapy in ST-Elevation Myocardial Infarction
Trial (N) No. of Sites Agent Dose/Duration Enrollment Dates Placebo/Blinding Age Criteria (y) Symptom Duration (hr)

GISSI-1	(11,806) 176 SK 1.5	MU/1	hr 2/84–6/85 No All <12

ISIS-2	(17,187) 417 SK 1.5	MU/1	hr 3/85–12/87 Yes All <24

AIMS	(1258) 39 APSAC 30	U/5	min 9/85–10/87 Yes <75 <6

ASSET	(5011) 52 tPA 100	mg/3	hr 11/86–2/88 Yes <75 <6

Modified	from	Table	2	in	Kiernan	TJ,	Gersh	BJ:	Thrombolysis	in	acute	myocardial	infarction:	current	status.	Med	Clin	North	Am	91(4):617-637,	2007.
AIMS,	Anistreplase	Intervention	Mortality	Study;	APSAC,	anisoylated	plasminogen	streptokinase	activator	complex;	ASSET,	Anglo-Scandinavian	Study	of	Early	Thrombolysis;	GISSI-1,	Gruppo	
Italiano	per	lo	Studio	della	Sopravvivenza	nell’Infarto	Miocardico;	ISIS-2,	Second	International	Study	of	Infarct	Survival;MU,	million	units;	SK,	streptokinase;	tPA,	tissue	plasminogen	activator.

TABLE 13-2 Contraindications to Thrombolytic Therapy in 
Patients With ST-Elevation Myocardial Infarction*

ABSOLUTE CONTRAINDICATIONS

1.	 Any	prior	intracerebral	hemorrhage
2.	 Known	structural	cerebral	vascular	lesion	(e.g.,	arteriovenous	

malformation)
3.	 Known	malignant	intracranial	neoplasm	(primary	or	metastatic)
4.	 Ischemic	stroke	within	3	months,	except	acute	ischemic	stroke	within	

4.5	hours
5.	 Suspected	aortic	dissection
6.	 Active	bleeding	or	bleeding	diathesis	(excluding	menses)
7.	 Significant	closed-head	or	facial	trauma	within	3	months
8.	 Intracranial	or	intraspinal	surgery	within	2	months
9.	 Severe	uncontrolled	hypertension	(unresponsive	to	emergency	

therapy)
10.	 For	streptokinase,	prior	treatment	within	the	previous	6	months

RELATIVE CONTRAINDICATIONS

1.	 History	of	chronic,	severe,	poorly	controlled	hypertension
2.	 Systolic	blood	pressure	>180	mm	Hg	or	diastolic	blood	pressure	

>110	mm	Hg	on	presentation
3.	 History	of	ischemic	stroke	more	than	3	months	prior
4.	 Dementia
5.	 Known	intracranial	pathology	other	than	those	in	absolute	

contraindications
6.	 Traumatic	or	prolonged	(>10	min)	cardiopulmonary	resuscitation
7.	 Major	surgery	within	the	prior	3	weeks
8.	 Internal	bleeding	within	the	prior	2	to	4	weeks
9.	 Noncompressible	vascular	punctures

10.	 Pregnancy
11.	 Active	peptic	ulcer
12.	 Oral	anticoagulant	therapy

From	Table	6	in	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.	J	Am	
Coll	Cardiol	61(40):e78-e140,	2013.
*This	table	should	be	used	only	for	assistance	in	clinical	decision	making	and	may	not	be	
all	inclusive.
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implementation of systems for rapid prehospital diagnosis and training 
of personnel in the appropriate administration of thrombolytic agents 
and adjunctive therapies have limited the widespread acceptance and 
adoption of prehospital fibrinolysis.33,34 Therefore the 2013 update to 
the ACCF/AHA guidelines for STEMI management endorses the need 
for further research regarding the implementation of prehospital 
thrombolysis but stops short of recommending its use.2

There appears to be an early and sustained difference in favor of 
primary PCI versus thrombolysis as a function of time to reperfusion. 
A pooled analysis of 22 randomized clinical trials that included 6763 
patients with STEMI who presented within 12 hours of symptom onset 
showed a 37% reduction in 30-day mortality (adjusted OR 0.63; 95% 
CI, 0.42 to 0.84) in patients randomized to primary PCI compared with 

with the 2- to 3-hour time point representing the critical window to 
minimize morbidity and mortality from this disease process (Fig. 
13-2).27,28 A meta-analysis of six randomized controlled trials of pre-
hospital and in-hospital thrombolysis for AMI that included 6434 
patients showed reduced time to thrombolysis (104 vs. 162 min, P = 
.007) and reduced all-cause hospital mortality (odds ratio [OR], 0.83; 
95% confidence interval [CI] 0.70 to 0.98) with prehospital fibrinoly-
sis.29 Subsequent randomized trials have reproduced these findings in 
populations in the United States and in Europe and have demonstrated 
the feasibility of safe and effective prehospital fibrinolysis administered 
by paramedics.30-32 Current ACCF/AHA guidelines for STEMI man-
agement recognize the potential benefit of prehospital fibrinolysis by 
appropriately trained personnel,2 but logistical challenges that include 

FIGURE 13-1	 Odds	ratios	(95%	confidence	interval)	of	short-term	death	(A),	nonfatal	reinfarction	(B),	and	combined	death,	nonfatal	reinfarction,	
and	stroke	(C)	for	patients	treated	with	percutaneous	coronary	intervention	(also	known	as	percutaneous	transluminal	coronary	angioplasty	[PTCA])	
versus	thrombolytic	therapy	for	ST-elevation	myocardial	infarction.	(From	Keeley	EC,	Boura	JA,	Grines	CL:	Primary	angioplasty	versus	intravenous	
thrombolytic	therapy	for	acute	myocardial	infarction:	a	quantitative	review	of	23	randomised	trials.	Lancet	361[9351]:13-20,	2003.)
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TABLE 13-3 Characteristics of Thrombolytic Agents
Streptokinase Tenecteplase Alteplase Reteplase

Source Group	C	streptococci Recombinant,	human Recombinant,	human Recombinant,	human	mutant	tPA

Molecular	weight	(kDa) 47 57* 63	to	70 39

Fibrin	specificity No Yes Yes Yes

Metabolism Hepatic Hepatic Hepatic Renal

Half-life	(min) 18	to	23 20	to	24 3	to	4 14

Mode	of	action Activator	complex Direct Direct Direct

Antigenicity Yes No No No

Estimated	hospital	cost	
per	dose	(USD)†

$300/1.5	MU $2200 $2200/100	mg $2200/20	MU

Modified	from	Granger	CB,	Califf	RM,	Topol	EJ:	Thrombolytic	therapy	for	acute	myocardial	infarction.	A	review.	Drugs	44(3):293-325,	1992.
*Turcasso	NM,	Nappi	JM:	Tenecteplase	for	treatment	of	acute	myocardial	infarction.	Ann	Pharmacother	35(10):1233-1240,	2001.
†Costs	list	U.S.	prices	of	usual	dose.
MU,	Million	units;	tPA,	tissue	plasminogen	activator;	USD,	United	States	dollars.
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to cardiac death or recurrent AMI persisted out to 5 years (hazard ratio 
[HR] 0.40; 95% CI, 0.19 to 0.82).37 Even if transfer to another facility is 
required, the benefit of PCI over thrombolysis with regard to the com-
bined reduction in death, reinfarction, and disabling stroke at 30 days 
(driven primarily by reinfarction) is sustained in those patients with 
STEMI who present within 12 hours of symptom onset.3,38 Further-
more, in the referral hospital substudy of the Danish Trial in Acute 
Myocardial Infarction 2 (DANAMI-2), patients with STEMI trans-
ferred to a PCI-capable hospital for primary PCI within 120 minutes 
had improvements in reinfarction (13% vs. 18.5%, HR 0.66; 95% CI, 
0.49 to 0.89) and mortality (26.7% vs. 33.3%, HR 0.78; 95% CI, 0.63 to 
0.97) out to 8 years of follow-up.39 However, the net benefit of primary 
PCI over thrombolysis may be neutralized if the door-to-balloon 
(DTB) time for PCI is 60 minutes longer than door-to-needle (DTN) 
time for thrombolysis, given that every 30-minute delay in the interval 
from symptom onset to balloon inflation is associated with a 7.5% 
increased risk of death at 1 year.10 Hence the 2013 ACCF/AHA STEMI 
guidelines recommend that in-hospital thrombolytic therapy should be 
administered to those patients who present to a non–PCI-capable hos-
pital within 12 hours of symptom onset if transfer for primary PCI (the 
preferred reperfusion strategy) cannot be completed in a timely 
fashion—that is, time from arrival at the non–PCI-capable hospital to 
leaving for the PCI-capable hospital (door-in-door-out [DIDO] time) 
of 30 minutes or less or anticipated first medical contact to device time 
of 120 minutes of less—and there is no evidence of severe heart failure 
or cardiogenic shock (Fig. 13-4).2

In 30% to 40% of patients who fail thrombolysis (<70% ST-segment 
resolution at 90 min or ongoing chest pain), rescue PCI should be 
performed, given the benefit of this strategy (Fig. 13-5).40-42 Accumu-
lating evidence also supports the benefit of performing routine cardiac 
catheterization and PCI within 24 hours or earlier regardless of  
the success of thrombolysis (Fig. 13-6).43-46 This pharmacoinvasive 
approach is discussed in more detail later in this chapter; the facilitated 
PCI approach, with early administration of a thrombolytic agent in 
anticipation of mechanical revascularization, is also discussed later in 
this chapter and also in Chapter 20, Percutaneous Coronary Interven-
tion in Acute ST-Segment Elevation Myocardial Infarction.

those randomized to thrombolysis regardless of presentation delay up 
to 12 hours or a PCI-related delay up to 2 hours (Fig. 13-3).5 Further-
more, the absolute mortality reduction in the PCI group increased 
from 1.3% in those who presented within an hour after symptom onset 
to 4.2% for those who presented 6 to 12 hours after symptom onset. 
Primary PCI is also superior to both prehospital and in-hospital 
thrombolysis with regard to 30-day mortality, 1-year mortality, rein-
farction, and myocardial salvage.35,36 In addition, long-term follow up 
of the Swedish Early Decision Reperfusion Strategy (SWEDES) trial 
showed that the benefit of primary PCI over fibrinolysis with respect 

FIGURE 13-2	 Mortality	reduction	as	a	function	of	time	with	reperfusion	
therapy	and	 the	potential	 for	myocardial	 salvage.	 This	 illustrates	 that	
unless	 patients	 present	 very	 early	 in	 the	 course	 of	 an	 ST-elevation	
myocardial	infarction,	thrombolysis	before	percutaneous	coronary	inter-
vention	would	have	 little	benefit.	(Adapted	 from	Stone	GW,	Gersh	BJ:	
Facilitated	 angioplasty:	 paradise	 lost.	 Lancet	 367[9510]:543-546,	
2006.)
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FIGURE 13-3	 Odds	 ratios	 (ORs)	 for	30-day	death	 in	a	pooled	analysis	of	22	 randomized	 trials	of	primary	percutaneous	coronary	 intervention	
(PPCI)	compared	with	fibrinolysis	 (FL)	according	 to	presentation	delay	 (left	panel)	and	PCI-related	delay	 (right	panel).	CI,	Confidence	 interval.	
(From	 the	Primary	Coronary	Angioplasty	vs.	Thrombolysis	Group:	Does	 time	matter?	A	pooled	analysis	of	 randomized	clinical	 trials	comparing	
primary	percutaneous	coronary	intervention	and	in-hospital	fibrinolysis	in	acute	myocardial	infarction	patients.	Eur	Heart	J	27[7]:779-788,	2006.)
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ADJUNCTIVE THERAPIES
One of the remaining challenges of contemporary reperfusion therapy 
is to achieve tissue-level perfusion rather than simply restoring the 
patency of the infarct-related epicardial coronary artery. Microcircula-
tory reperfusion after thrombolysis is critical, and strategies to reduce 
platelet aggregation, maintain endothelial integrity, and prevent the 
downstream effects of an embolized thrombus and atherosclerotic 
debris through the use of potent anticoagulant, antithrombotic, and 
antiplatelet agents have led to several important clinical trials. To that 
end, adjunctive therapies aimed at improving epicardial and microcir-
culatory patency while preserving myocardial function are discussed 
below.

Aspirin
The standard adjuvant pharmacotherapy for all patients with AMI 
undergoing thrombolysis should include a loading dose of 162 to 
325 mg of aspirin in the absence of a documented allergy.2,20,50,51 The 
benefit of aspirin therapy in ISIS-2 resulted in 25 lives saved per 1000 
patients treated, as well as 10 prevented nonfatal reinfarctions and 3 
strokes prevented per 1000 patients treated.52 These findings appeared 

Late Treatment
Large mega-trials have suggested that most of the benefit of thrombo-
lytic therapy is largely confined to the first 12 hours following symptom 
onset and that many of the complications, such as serious bleeding and 
latent myocardial rupture, occur with late thrombolysis. Two specific 
trials, the Estudio Multicentrico Estreptoquinasa Republica Americas 
Sud (EMERAS [South American Multicenter Streptokinase Study])47 
and the Late Assessment of Thrombolytic Efficacy (LATE) trial,48 
addressed the issue of late thrombolysis and showed no demonstrable 
survival benefit beyond the 12-hour mark with streptokinase or 
alteplase, respectively, with excessive serious bleeding complications  
in the latter trial. The Fibrinolytic Therapy Trialists’ Collaboration 
performed a pooled analysis of 52,892 patients enrolled into eight 
placebo-controlled trials (excluding LATE) and showed significant 
benefit up to but not beyond 12 hours from symptom onset.49 The 
available data provide cogent evidence that there is a “golden” first hour 
and a “dim” twelfth hour after symptom onset, which illustrates the 
narrow therapeutic window for thrombolytic therapy (Fig. 13-7). 
Health care systems should develop and implement plans to minimize 
the delays in patient triage and facilitate timely initiation of reperfusion 
therapy.

FIGURE 13-4	 Reperfusion	therapy	for	patients	with	ST-elevation	myocardial	infarction	(STEMI).	The	bold	arrows	and	boxes	are	the	preferred	strate-
gies.	Performance	of	percutaneous	coronary	intervention	(PCI)	is	dictated	by	an	anatomically	appropriate	culprit	stenosis.	CABG,	Coronary	artery	
bypass	graft;	DIDO,	door-in-door-out;	FMC,	first	medical	contact;	LOE,	level	of	evidence.	(From	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.	J	Am	Coll	Cardiol	61[4]:e78-e140,	2013.)
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(COMMIT)55 of 45,852 patients, clopidogrel was shown to significantly 
reduce death (7.5% vs. 8.1%, P = .03; Fig. 13-8) and the combined end 
point of death, reinfarction, and stroke (9.2% vs. 10.1%, P = .002) when 
given to aspirin-treated patients before thrombolytic therapy for 
STEMI (Fig. 13-9). The Clopidogrel as Adjunctive Reperfusion Therapy 
(CLARITY)–TIMI 28 trial56 also supported the benefit of clopidogrel 
pretreatment before thrombolysis in patients aged 75 years or younger 
with STEMI and demonstrated reduced rates of death and recurrent 
MI or ischemia at 30 days (Figs. 13-10 and 13-11) and significant 
improvement in coronary blood flow at 48 hours with no excess bleed-
ing with clopidogrel. Furthermore, in the subset of patients undergoing 
PCI within 2 to 8 days after thrombolysis, pretreatment with clopido-
grel (300 mg loading dose followed by 75 mg daily thereafter) at the 
time of thrombolysis compared with placebo significantly reduced the 
combined end point of CV death, MI, and stroke through 30 days 
(7.5% vs. 12%, P = .001) with no significant increase in bleeding.57 The 
Harmonizing Outcomes With Revascularization and Stents in Acute 

to be durable at 10 years of follow-up, making the duration of aspirin 
therapy in this setting indefinite.53 Furthermore, in the CURRENT-
OASIS 7 trial,54 a maintenance dose of 81 mg/day was noninferior to 300 
to 325 mg/day with regard to a composite of cardiovascular (CV) death, 
MI, or stroke at 30 days in patients with acute coronary syndromes 
(ACSs) undergoing early PCI. On the basis of this study and others, the 
2013 ACCF/AHA STEMI guidelines give a class IIa recommendation to 
an aspirin maintenance dose of 81 mg/day instead of higher doses.2

Thienopyridines
A loading dose of 300 mg of clopidogrel (75 mg in patients ≥75 years 
of age) at or before the time of thrombolysis followed by 75 mg daily 
for a minimum of 1 year is standard adjuvant therapy (along with 
aspirin) in STEMI patients treated with thrombolytics, and it probably 
works by maintaining infarct artery patency after thrombolysis.2 
In the Clopidogrel and Metoprolol in Myocardial Infarction Trial 

FIGURE 13-5	 Odds	 ratios	 for	death	(A)	and	death	or	 reinfarction	(B)	with	 rescue	percutaneous	coronary	 intervention	(PCI)	versus	conservative	
(Cons.)	management	of	ST-elevation	myocardial	infarction	at	30	days.	CI,	Confidence	interval;	LIMI,	Limburg	Myocardial	Infarction	Trial;	MA,	meta-
analysis;	 MERLIN,	 Middlesborough	 Early	 Revascularization	 to	 Limit	 Infarction;	 PTCA,	 percutaneous	 transluminal	 coronary	 angioplasty;	 REACT,	
Rescue	 Angioplasty	 Versus	 Conservative	 Therapy	 or	 Repeat	 Thrombolysis	 Trial;	 RESCUE,	 Randomized	 Evaluation	 of	 Salvage	 Angioplasty	 with	
Combined	Utilization	of	Endpoints.	(From	Collet	JP,	Montalescot	G,	Le	May	M,	et	al:	Percutaneous	coronary	intervention	after	fibrinolysis:	a	multiple	
meta-analyses	approach	according	to	the	type	of	strategy.	J	Am	Coll	Cardiol	48[7]:1326-1335,	2006.)
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no difference in mortality was observed. However, this study suggested 
a net harm among patients with a history of cerebrovascular disease, 
those aged 75 years and older, and in patients weighing less than 60 kg. 
Although the FDA has approved prasugrel for use in the management 
of ACS with PCI, it remains to be seen whether prasugrel will demon-
strate sufficient benefit and safety to be useful as adjunctive therapy 
with thrombolysis.

Ticagrelor is a novel nonthienopyridine P2Y12 receptor antagonist 
that reversibly inhibits adenosine diphosphate (ADP)–stimulated 
platelet activation with more rapid and potent activity than clopidogrel 
in preclinical studies.60 The Platelet Inhibition and Patient Outcomes 
(PLATO) study,61 a randomized controlled trial that included 18,624 
patients, showed a benefit of ticagrelor compared with clopidogrel in 
the management of ACS with PCI, with a reduction in vascular death, 
MI, and stroke at 12 months (9.8% vs. 11.7%, P = .001). There was no 
difference in overall bleeding, but a higher rate of nonprocedural 

Myocardial Infarction (HORIZONS-AMI)58 and Clopidogrel Optimal 
Loading Dose Usage to Reduce Recurrent Events/Optimal Antiplatelet 
Strategy for Interventions (CURRENT–OASIS 7)54 trials have demon-
strated the efficacy and safety of a 600-mg loading dose of clopidogrel 
in the treatment of ACS managed with an invasive reperfusion strategy, 
but no studies to date have evaluated this dosing strategy in combina-
tion with thrombolytic therapy.

Prasugrel, a novel thienopyridine P2Y12 receptor antagonist with 
more potent platelet inhibition and possibly less resistance to platelet 
inhibition was shown to reduce the rate of CV death, nonfatal MI, and 
nonfatal stroke at 1 year compared with clopidogrel (9.9% vs. 12.1%, 
P < .001) in the Trial to Assess Improvement in Therapeutic Outcomes 
by Optimizing Platelet Inhibition With Prasugrel (TRITON)–TIMI 38 
trial,59 which included 13,608 patients with moderate- to high-risk 
ACS managed with PCI. Higher rates of bleeding were also observed 
with prasugrel compared with clopidogrel (2.4% vs. 1.8%, P = .03), and 

FIGURE 13-6	 Odds	ratios	for	death	(A)	and	death	or	reinfarction	(B)	with	systematic	versus	ischemia-guided	percutaneous	coronary	intervention	
(PCI)	after	ST-elevation	myocardial	infarction.	CAPITAL-MI,	Combined	Angioplasty	and	Pharmacologic	Intervention	Versus	Thrombolytics	Alone	in	
Acute	Myocardial	Infarction;	CI,	confidence	interval;	Cons.,	conservative;	GRACIA-1,	Randomized	Trial	Comparing	Stenting	Within	24	Hours	of	Throm-
bolysis	Versus	Ischemia-Guided	Approach	to	Thrombolyzed	Acute	Myocardial	Infarction	With	ST-Segment	Elevation;	MA,	meta-analysis;	PTCA,	per-
cutaneous	transluminal	coronary	angioplasty;	SIAM,	Comparison	of	Invasive	and	Conservative	Strategies	After	Treatment	with	Streptokinase	in	Acute	
Myocardial	Infarction;	TAMI,	Thrombolysis	and	Angioplasty	in	Myocardial	Infarction.	(Collet	JP,	Montalescot	G,	Le	May	M,	et	al:	Percutaneous	coronary	
intervention	after	fibrinolysis:	a	multiple	meta-analyses	approach	according	to	the	type	of	strategy.	J	Am	Coll	Cardiol	48[7]:1326-1335,	2006.)
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cangrelor with half-dose alteplase appeared to result in a similar rate 
of complete reperfusion compared with full-dose alteplase. Whether 
cangrelor is more effective and/or safe than oral P2Y12 receptor antago-
nists as an adjuvant to thrombolysis awaits further study.

No meaningful studies have compared ticlopidine with placebo as 
adjunctive therapy in STEMI patients undergoing thrombolysis. The 
Ticlopidine Versus Aspirin After Myocardial Infarction (STAMI)63 trial 
did address the role of ticlopidine in secondary prevention of CV 
events in STEMI patients treated with thrombolysis but found no dif-
ference compared with aspirin monotherapy.

Heparin
In the absence of heparin-induced thrombocytopenia or known allergy 
to heparin, unfractionated heparin (UFH), low molecular-weight-
heparin (LMWH), or fondaparinux should also be part of the standard 

bleeding was observed with ticagrelor (4.5% vs. 3.8%, P = .03), which 
included intracerebral hemorrhage. Ticagrelor is now FDA approved 
for the treatment of ACS and to prevent stent thrombosis with PCI but 
has not been evaluated as an adjuvant therapy with thrombolysis.

Adjuvant therapy with the intravenous P2Y12 receptor antagonist 
cangrelor has also been explored. The Safety, Tolerability, and Effect on 
Patency in Acute Myocardial Infarction (STEP-AMI) angiographic 
trial62 of 92 patients with STEMI randomized patients to aspirin and 
heparin with either cangrelor, full-dose alteplase, or half-dose alteplase 
with one of three doses of cangrelor. Although stopped early by the 
sponsor because of a change in the priority of drug development, 

FIGURE 13-7	 Percent	 mortality	 reduction	 derived	 from	 thrombolytic	
therapy	as	a	function	of	time	from	symptom	onset	to	initiation	of	therapy	
with	clinical	trials	noted	from	which	these	data	are	extrapolated.	A	greater	
than	50%	reduction	in	mortality	is	noted	during	the	first	“golden	hour,”	
after	which	the	mortality	benefit	declines	to	a	plateau	of	approximately	
25%	reduction	until	12	hours,	after	which	there	is	no	apparent	survival	
benefit	with	thrombolytic	therapy.	AIMS,	Anistreplase	Intervention	Mortal-
ity	 Study;	 ASSET,	 Anglo-Scandinavian	 Study	 of	 Early	 Thrombolysis;	
EMERAS,	Estudio	Multicentrico	Estreptoquinasa	Republicas	de	America	
Del	Sur;	EMIP,	European	Myocardial	Infarction	Project;	GISSI-1,	Gruppo	
Italiano	per	lo	Studio	della	Sopravvivenza	nell’Infarto	Miocardico;	ISIS-2,	
Second	 International	Study	of	 Infarct	 Survival;	 LATE,	 Late	Assessment	
of	Thrombolytic	Efficacy;	MITI,	Myocardial	Infarction	and	Triage	Interven-
tion	 Project.	 (Lincoff	 AM,	 Topol	 EJ:	 The	 illusion	 of	 reperfusion.	 Does	
anyone	achieve	optimal	reperfusion	during	acute	myocardial	infarction?	
Circulation	88[3]:1361-1374,	1993.)

0

10

20

30

40

50

60

R
ed

uc
tio

n 
in

 m
or

ta
lit

y 
(%

)

0 1 6 12
Hours

GISSI-1, ISIS-2
ASSET, AIMS,
LATE, EMERAS

LATE,
EMERAS

MITI
EMIP
GISSI-1
ISIS-2

24

FIGURE 13-8	 Death	 rates	 from	 the	 COMMIT	 trial	 with	 the	 addition	 of	
clopidogrel	to	aspirin	in	45,852	patients	with	ST-elevation	myocardial	
infarction.	(Chen	ZM,	Jiang	LX,	Chen	YP,	et	al:	Addition	of	clopidogrel	to	
aspirin	in	45,852	patients	with	acute	myocardial	infarction:	randomised	
placebo-controlled	trial.	Lancet	366[9497]:1607-1621,	2005.)
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FIGURE 13-9 	 Combined	 end	 point	 of	 death,	 reinfarction,	 and	 stroke	
from	 the	 COMMIT	 trial	 with	 the	 addition	 of	 clopidogrel	 to	 aspirin	 in	
45,852	 patients	 with	 ST-elevation	 myocardial	 infarction.	 (Chen	 ZM,	
Jiang	LX,	Chen	YP,	et	al:	Addition	of	clopidogrel	to	aspirin	in	45,852	
patients	 with	 acute	 myocardial	 infarction:	 randomised	 placebo-
controlled	trial.	Lancet	366[9497]:1607-1621,	2005.)
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FIGURE 13-10 	 Cumulative	 incidence	 of	 the	 combined	 end	 point	 of	
cardiovascular	death,	recurrent	myocardial	infarction,	or	recurrent	isch-
emia	 leading	 to	 the	 need	 for	 urgent	 revascularization.	 (Sabatine	MS,	
Cannon	CP,	Gibson	CM,	 et	al:	 Addition	 of	 clopidogrel	 to	 aspirin	 and	
fibrinolytic	therapy	for	myocardial	infarction	with	ST-segment	elevation.	
N	Engl	J	Med	352[12]:1179-1189,	2005.)
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ST-segment resolution at 180 minutes and early angiographic patency 
in 483 patients with AMI using (1) full-dose tenecteplase plus either 
UFH or enoxaparin or (2) half-dose tenecteplase with abciximab plus 
either UFH or enoxaparin. This study demonstrated a reduction in 
death and nonfatal MI at 30 days in the full-dose tenecteplase-plus-
enoxaparin group compared with the full-dose tenecteplase plus UFH 
group (4.4% vs. 15.9%, P = .005) without any difference in TIMI major 
hemorrhage (1.9% vs. 2.4%). Furthermore, no difference was reported 
in death or nonfatal MI at 30 days in the group who received 
tenecteplase plus abciximab and enoxaparin compared with those who 
received tenecteplase plus abciximab and UFH, although bleeding in 
both combination-therapy groups was higher than in the full-dose 
tenecteplase groups.

Validating the benefit of enoxaparin in reducing reinfarction, the 
Enoxaparin and Thrombolysis Reperfusion for Acute Myocardial 
Infarction Treatment (ExTRACT)–TIMI 25 trial67 compared enoxapa-
rin with UFH in 20,506 patients with STEMI undergoing fibrinolysis 
and demonstrated a 17% relative risk reduction in the primary end 
point of death or nonfatal reinfarction at 30 days (9.9% in the enoxa-
parin group vs. 12.0% in UFH group, P < .001). This observed benefit 
was driven primarily by a reduction in nonfatal reinfarction and was 
sustained at 1-year follow-up with no significant reduction in mortal-
ity.68 However, this benefit occurred at the cost of a significant increase 
in major bleeding in those treated with enoxaparin (2.1% in the enoxa-
parin group vs. 1.4% in the UFH group, P < .001). The Clinical Trial 
of Reviparin and Metabolic Modulation in Acute Myocardial Infarc-
tion Treatment Evaluation (CREATE)69 of more than 15,000 patients 
with STEMI treated with thrombolytic therapy randomized to the 
adjunctive use of the LMWH reviparin or placebo demonstrated 
benefit in favor of reviparin in the primary composite end point of 
death, reinfarction, or stroke at 7 days (9.6% vs. 11%, P = .005), 

adjuvant pharmacotherapy for patients with AMI treated with throm-
bolysis, given the thrombin-mediated prothrombotic state created. All 
are given for a minimum of 48 hours and a maximum of 8 days or until 
revascularization. The ACCF/AHA STEMI guidelines recommend 
UFH given as a weight-adjusted IV bolus followed by an infusion 
titrated to keep the activated partial thromboplastin time (aPTT) 
between 1.5 and 2.0 times control (class I recommendation).2

LMWH is an alternative to UFH as adjunctive therapy for throm-
bolysis and is given as an IV bolus followed 15 minutes later by sub-
cutaneous injection, with the dose adjusted according to age, weight, 
and renal function.2 Several clinical trials have shown the noninferior-
ity of LMWH compared with UFH with regard to death and nonfatal 
reinfarction. The ASSENT-3 trial64 assessed two different combination 
strategies: (1) half-dose tenecteplase plus low-dose UFH and abciximab 
and (2) full-dose tenecteplase plus enoxaparin; the investigators com-
pared these strategies with standard tenecteplase with UFH in 6095 
patients. This study demonstrated an impressive reduction in reinfarc-
tion in both tenecteplase combination-therapy groups, confirming 
both the potency of the half-dose thrombolytics–abciximab combina-
tion and the efficacy of enoxaparin in this setting. However, this benefit 
was tempered by an increased rate of bleeding complications that 
required blood transfusions in both of the combination-therapy groups 
compared with the tenecteplase-plus-heparin group. Also disconcert-
ing was the relatively high rate of intracerebral hemorrhage in all three 
groups of the study (0.8% to 0.9%), particularly in older adults. The 
trial did provide encouraging data for the use of tenecteplase plus 
enoxaparin, rather than heparin, to reduce the short-term outcome of 
reinfarction, even though long-term follow-up at 1 year showed no 
difference among the treatment groups in terms of mortality.65

The Enoxaparin as Adjunctive Antithrombin Therapy for ST- 
Elevation Myocardial Infarction (ENTIRE)–TIMI 23 trial66 evaluated 

FIGURE 13-11 	 Odds	ratios	for	individual	and	composite	clinical	end	points	through	30	days	from	the	CLARITY–TIMI	28	trial.	CV,	Cardiovascular;	
MI,	myocardial	 infarction.	(Sabatine	MS,	Cannon	CP,	Gibson	CM,	et	al:	Addition	of	clopidogrel	 to	aspirin	and	fibrinolytic	 therapy	 for	myocardial	
infarction	with	ST-segment	elevation.	N	Engl	J	Med	352[12]:1179-1189,	2005.)
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recurrent MI but not mortality, with no such benefit observed with 
univalent agents such as argatroban.73 Hirudin was tested against UFH 
in two thrombolytic regimens, including streptokinase and alteplase, 
in the Global Use of Strategies to Open Occluded Coronary Arteries 
in Acute Coronary Syndromes (GUSTO IIb) trial74 with 4000 STEMI 
patients; hirudin demonstrated a favorable interaction with streptoki-
nase (but not alteplase) in reducing 30-day death or reinfarction. This 
study illustrated the crucial role of thrombin generation after strepto-
kinase administration and its relationship to outcomes. The largest 
dedicated trial using a direct thrombin inhibitor was the Hirulog and 
Early Reperfusion or Occlusion 2 (HERO-2) trial,75 in which 17,073 
patients with STEMI were treated with streptokinase plus either 
heparin or bivalirudin. This multicenter international trial demon-
strated a relatively high overall mortality (10.9% in the streptokinase-
plus-heparin group vs. 10.8% in the streptokinase-plus-bivalirudin 
group). The reasons for this remain unclear but may have been related 
to the use of streptokinase as the thrombolytic agent, the relatively late 
entry of patients from the time of symptom onset, and underutilization 
of reperfusion therapies for reinfarction across multiple study sites.76 
Whereas it did show a significant reduction in reinfarction (1.6% in 
the streptokinase-plus-bivalirudin group vs. 2.3% in the streptokinase-
plus-heparin group, P = 0.001), a trend toward increased intracerebral 
hemorrhage and blood transfusions was noted in the streptokinase-
plus-bivalirudin group. According to the 2013 update to the ACCF/
AHA STEMI guidelines, bivalirudin is an acceptable alternative to 
UFH as adjunctive therapy to thrombolysis in patients with heparin-
induced thrombocytopenia.2 Although recent trials have established 
the safety and efficacy of bivalirudin as adjunctive therapy to PCI in 
the management of ACS, no studies have evaluated this agent in com-
bination with newer-generation thrombolytic agents in the treatment 
of STEMI.77,78

Glycoprotein IIb/IIIa Inhibitors
The rationale for more potent adjunctive therapies for thrombolysis 
originated from angiographic studies of thrombolysis monotherapy 
that showed incomplete clot dissolution. This is thought to occur 
because of platelet activation in the setting of fibrinolysis, which results 
in residual platelet-rich thrombus that is resistant to pharmacologic 
thrombolysis. Hence maximal platelet inhibition remains an important 
target for adjunctive therapy to thrombolysis in the management of 

although this too was offset by a small but significant increase in severe 
bleeding.

In their meta-analysis of randomized trials of LMWH versus UFH 
with thrombolytic therapy in STEMI, Eikelboom and colleagues70,71 
suggested a benefit of LMWH in terms of preventing reinfarction at 30 
days, although no benefit was appreciated with regard to death (Fig. 
13-12). These findings were confirmed by a subsequent meta-analysis 
by De Luca and Marino72 of eight randomized trials that showed a 
reduction in reinfarction at 30 days with LMWH compared with UFH 
(3.2% vs. 4.8%, OR 0.65; 95% CI, 0.58 to 0.64). However, as highlighted 
earlier, this must be weighed against the risk of bleeding with caution 
in approaching older patients (>75 years old) and those with significant 
renal dysfunction, both of whom are more likely to bleed. Eikelboom 
and colleagues70 found no increase in major bleeding with LMWH 
compared with UFH (3.3% vs. 2.5%, OR 1.30; 95% CI, 0.98 to 1.72), 
although the increase in minor bleeding was significant (22.8% vs. 
19.4%, OR 1.26; 95% CI, 1.12 to 1.43), and De Luca and Marino72 found 
a higher risk of major bleeding complications (2.4% vs. 1.8%, OR 1.37; 
95% CI, 1.16 to 1.61). Furthermore, increasing evidence underscores 
the importance of bleeding that adversely affects the prognosis of 
patients with ACS, as reflected by the directly proportional relationship 
observed between risk of death and severity of bleeding in these 
patients.71 Therefore the decision to use LMWH instead of UFH should 
be individualized to the patient.

Direct Thrombin Inhibitors
The deficiencies of UFH and LMWH have led to studies of direct 
thrombin inhibitors such as hirudin and its synthetic peptide congener 
bivalirudin as adjuncts to thrombolytic therapy. The clot-bound 
thrombin is quarantined from the inhibition of heparin, where it 
amplifies its own generation through a positive feedback loop and 
activates platelets through thromboxane-independent mechanisms, 
making it an important effector of thrombus formation. Unlike heparin 
and LMWH, which potentiate the inhibitory effect of antithrombin III 
on soluble thrombin and can be highly variable from patient to patient 
(and even within the same patient), direct thrombin inhibitors directly 
bind and inactivate both soluble and bound thrombin.

A meta-analysis including five trials of thrombolytic therapy in 
STEMI (N = 9947) showed that bivalent direct thrombin inhibitors, 
including hirudin (lepirudin) and bivalirudin, reduced the rates of 

FIGURE 13-12	 Rates	of	reinfarction	in	patients	treated	with	unfractionated	heparin	(UFH)	versus	low-molecular-weight	heparin	(LMWH)	as	adjuncts	
to	thrombolysis	in	ST-elevation	myocardial	infarction	(STEMI).	CI,	Confidence	interval.	(Eikelboom	JW,	Quinlan	DJ,	Mehta	SR,	et	al:	Unfractionated	
and	 low-molecular-weight	heparin	as	adjuncts	 to	 thrombolysis	 in	aspirin-treated	patients	with	ST-elevation	acute	myocardial	 infarction:	a	meta-
analysis	of	the	randomized	trials.	Circulation	112[25]:3855-3867,	2005.)
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FIGURE 13-13	 GUSTO	V	trial	data.	 Intracranial	hemorrhage	and	treat-
ment	by	age	interaction.	OR,	odds	ratio.	(From	the	GUSTO	V	Investiga-
tors:	Reperfusion	therapy	for	acute	myocardial	infarction	with	fibrinolytic	
therapy	or	combination	reduced	fibrinolytic	therapy	and	platelet	glyco-
protein	 IIb/IIIa	 inhibition:	 the	 GUSTO	 V	 randomised	 trial.	 Lancet	 357
[9272]:1905-1914,	2001.)
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and ST-segment resolution over tenecteplase monotherapy. However, 
this was at the expense of increased major bleeding and blood transfu-
sions, which limits this as a useful strategy. Furthermore, the dose-
confirmation arm of the Integrilin and Low-Dose Thrombolysis in 
Acute Myocardial Infarction (INTRO AMI) trial randomized 305 
patients with STEMI to half-dose alteplase plus double-bolus eptifiba-
tide with 30 minutes between boluses and low-dose infusion (group I) 
or half-dose alteplase plus double-bolus eptifibatide with 10 minutes 
between boluses (group II) and high-dose infusion versus full-dose 
alteplase (group III).85 Group II had improved arterial flow with no 
differences in ST-segment resolution, death, reinfarction, need for 
revascularization, TIMI major bleeding, or intracranial hemorrhage.

Therefore large-scale trials showing a survival benefit with the 
adjunctive use of the small molecule GP IIb/IIIa inhibitors with throm-
bolysis as primary reperfusion therapy are still lacking. Limited data 
are available with regard to the role of the GP IIb/IIIa inhibitors in 
rescue PCI following failed full-dose thrombolytic therapy; the exces-
sive bleeding (despite lower heparin doses) seen in the subjects in the 
GUSTO-III subgroup who underwent rescue angioplasty with abcix-
imab is of particular concern.86 A small series from the stenting era 
suggests that short-term clinical outcomes may be improved with this 
strategy with no significant trade-offs in terms of bleeding complica-
tions, although caution is certainly warranted.87

Factor Xa Inhibitors
The OASIS-6 trial88 evaluated the adjunctive use of a selective factor Xa 
inhibitor, fondaparinux, versus UFH in 12,092 patients with STEMI 
and found no benefit in those undergoing primary PCI. However, this 
study did demonstrate a significant reduction in death and reinfarction 
at 30 days and at 3 to 6 months in those undergoing thrombolysis 
treated with fondaparinux and found no increase in severe bleeding 
after 9 days of therapy.88,89 Unfortunately, an increased frequency of 
guide catheter thrombosis was observed with fondaparinux. Combined 
with the OASIS-5 trial in the non-STEMI population, in whom a mor-
tality benefit was seen at 3 and 6 months with less major bleeding with 
fondaparinux compared with enoxaparin, there appears to be promise 
for fondaparinux across the spectrum of patients with ACS.90 The avail-
able evidence has garnered a class I recommendation for the use of 
fondaparinux as adjunctive antithrombotic therapy in thrombolysis-
treated patients as an alternative to UFH or LMWH.2 However, 
fondaparinux should not be used as the sole anticoagulant for PCI given 
the increased incidence of guide catheter thrombosis, and it is contra-
indicated in patients with a creatinine clearance below 30 mL/minute.

FACILITATED PERCUTANEOUS  
CORONARY INTERVENTION

Considerable attention has been given to the concept of facilitated PCI, 
which refers to the use of upstream pharmacologic therapy to serve as 
a “bridge” to primary PCI, given that survival is improved if TIMI 
grade 3 flow is present before mechanical reperfusion.91 The use of 
full-dose thrombolytic therapy before PCI for STEMI was unhelpful 
and even harmful in the early major trials that combined thrombolytic 
therapy with immediate angioplasty.92 This was thought to be largely 
because of the prothrombotic effect of plasminogen activators and the 
showering of platelet-rich microthrombi into the microcirculation, 
leading to poorer outcomes. Notably, these early trials were conducted 
before the routine use of intensive antiplatelet therapy (including GP 
IIb/IIIa inhibitors and thienopyridines) and stents, which have 
improved outcomes with contemporary PCI for STEMI. One of the 
largest facilitated PCI trials to date, the Assessment of the Safety and 
Efficacy of a New Treatment Strategy for Acute Myocardial Infarction 
(ASSENT-4),93 assessed the role of full-dose tenecteplase with primary 
PCI. This study was stopped prematurely because of higher in-hospital 
mortality in the facilitated PCI group compared with the primary PCI 
group (6% vs. 3%, P = .01), with the occurrence of significantly more 
frequent ischemic complications such as reinfarction and repeat 

STEMI. The combination of a thrombolytic agent at a half dose  
with a full-dose glycoprotein (GP) IIb/IIIa inhibitor was attractive in 
light of a number of studies that indicated better infarct vessel patency, 
more complete angiographic clot dissolution, and more ST-segment 
resolution.

Most of the available data for the use of the GP IIb/IIIa inhibitors 
as adjunctive therapy in STEMI involve abciximab and are demon-
strated by the GUSTO V trial,79 which evaluated the combination of 
half-dose reteplase plus abciximab compared with full-dose reteplase 
in 16,588 patients. The primary end point of 30-day mortality was 
slightly better with combination therapy (5.6% vs. 5.9%, P = .45), which 
fulfilled noninferiority criteria and represented the first combination 
reperfusion strategy validated as “at least as good as” full-dose throm-
bolytic therapy. However, an increase in bleeding complications 
required blood transfusions in 4% of the patients treated with full-dose 
reteplase and in 5.7% of the combination-treated patients, and most of 
this bleeding occurred in older patients who also had a significantly 
increased risk of intracerebral hemorrhage (Fig. 13-13). The main find-
ings of the trial suggested that combination therapy may be useful in 
younger patients (<75 years old), particularly in those with anterior 
MI. Disappointingly, long-term data highlighted that there was no 
difference in 1-year mortality between the two strategies.80 A meta-
analysis by De Luca and colleagues81 summarized the use of abciximab 
in this context and showed that as adjunctive therapy for thrombolysis 
for STEMI, it had no mortality benefit at 30 days or long term com-
pared with primary angioplasty for STEMI. They also showed that 
although there were similar reductions in reinfarction at 30 days, the 
bleeding trade-offs with abciximab were significant.

Regarding the small-molecule GP IIb/IIIa inhibitor tirofiban, in the 
small, randomized dose-finding study Fibrinolytic and Aggrastat for 
ST-Elevation Resolution (FASTER)–TIMI 24,82 the combination of 
tenecteplase plus tirofiban versus tenecteplase alone demonstrated 
more rapid and complete ST-segment resolution without an increase 
in major bleeding. The Safety and Efficacy of a Conjunctive Strategy 
for Reperfusion Enhancement (SASTRE)83 investigators demonstrated 
higher rates of TIMI grade 3 flow and TIMI grade 3 myocardial perfu-
sion, which translated to better clinical outcomes and no increased 
bleeding risk, when tirofiban was used as an adjunct to reperfusion 
therapy both with half-dose thrombolysis (alteplase) and with primary 
PCI in 144 patients. The Integrilin and Tenecteplase in Acute Myocar-
dial Infarction (INTEGRITI)84 trial evaluated tenecteplase with com-
binations of eptifibatide in STEMI and showed that double-bolus 
eptifibatide plus half-dose tenecteplase improved arterial patency  
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to rescue PCI; that is, it should be attempted in those patients who fail 
thrombolysis and have significant myocardial territory in jeopardy.2 
Facilitated PCI is reviewed in more depth in Chapter 20.

PHARMACOINVASIVE STRATEGY
A growing body of evidence supports the role of routine systematic 
coronary angiography with PCI following primary thrombolytic 
therapy for STEMI in selected patients. This pharmacoinvasive strategy 
is distinct from facilitated PCI in that thrombolytics are not adminis-
tered as adjunctive or facilitative therapy at reduced doses in combina-
tion with other adjunctive pharmacologic agents when primary PCI is 
planned and available in a timely fashion. Instead, thrombolytics are 
administered as the primary reperfusion strategy when timely primary 
PCI is not available, and routine early (more than 2 to 3 hr after throm-
bolytic administration) coronary angiography with provisional PCI is 
implemented to avoid recurrent ischemia related to incomplete recana-
lization and propagation of platelet-rich thrombus following fibrinoly-
sis. This strategy is attractive given that many patients with STEMI do 
not have access to primary PCI within 120 minutes of their first contact 
with medical care, and it may be important in the management of 
STEMI patients who may live some distance from PCI-capable centers.

The Combined Abciximab Reteplase Stent Study in Acute Myocar-
dial Infarction (CARESS-in-AMI) trial44 compared routine coronary 
angiography and immediate PCI with ischemia-guided coronary angi-
ography following treatment with half-dose reteplase and adjunctive 
abciximab, UFH, and aspirin in 600 patients with STEMI who pre-
sented to non–PCI-capable hospitals with at least one high-risk feature, 
defined as extensive ST-segment elevation, new-onset left bundle 
branch block, previous MI, a Killip class greater than 2, or a left ven-
tricular ejection fraction (LVEF) of 35% or less. The mean time from 
symptom onset to thrombolysis was 165 minutes for both groups. PCI 
was performed in 85.6% of patients in the immediate PCI group com-
pared with 30.3% in the standard care or rescue PCI group, with 
median times from thrombolysis to angiography of 125 and 200 
minutes, respectively (P < .0001). The primary end point of all-cause 
death, reinfarction, or refractory ischemia at 30 days occurred in 4.4% 
of the immediate PCI group versus 10.7% of the standard care group, 
with no difference in bleeding (3.4% vs. 2.3%, P = .47) or stroke (0.7% 
vs. 1.3%, P = .50) between the two groups. This observed benefit was 
driven primarily by reductions in reinfarction and recurrent ischemia, 
with a trend toward reduced mortality in the immediate PCI group 
(Fig. 13-16).

The Trial of Routine Angioplasty and Stenting After Fibrinolysis to 
Enhance Reperfusion in Acute Myocardial Infarction (TRANSFER-
AMI) study102 randomized 1059 patients with STEMI with at least one 
high-risk feature, who presented to non–PCI-capable hospitals to 
undergo immediate transfer and PCI within 6 hours of thrombolytic 
therapy (routine PCI group) or standard treatment with rescue PCI 
(standard group) following primary reperfusion therapy with full-dose 
tenecteplase and adjunctive aspirin and UFH or enoxaparin; clopido-
grel loading therapy was also encouraged.43 High-risk features for 
enrollment into this trial were defined as 2 mm or more of ST-segment 
elevation or depression in two anterior leads, systolic blood pressure 
below 100 mm Hg, heart rate greater than 100 beats/min, Killip class 
2 to 3, or 1 mm or more ST-segment elevation in right-sided lead V4 
indicative of right ventricular involvement for inferior MIs. The median 
time from onset of symptoms to thrombolysis was approximately 2 
hours in both groups, whereas the median time from tenecteplase 
administration to angiography was 2.8 hours in the routine PCI group 
and 32.5 hours in the standard treatment group (P < .001). PCI was 
performed in 84.9% of the routine PCI group versus 67.4% of the 
standard treatment group, and more patients in the routine PCI group 
received clopidogrel (90.3% vs. 81.4%, respectively; P < .001) and 
β-blockers (90.1% vs. 85.4%, respectively; P = .02). The primary end 
point—a composite of death, reinfarction, recurrent ischemia, new or 
worsening heart failure, or cardiogenic shock at 30 days—occurred in 
11.0% of the routine early PCI group and in 17.2% of the standard 

target-vessel revascularization in the facilitated group. The strategy of 
using half-dose thrombolytic therapy plus a full-dose GP IIb/IIIa 
inhibitor before PCI would seem especially attractive, given the benefit 
of the GP IIb/IIIa inhibitor in those undergoing primary PCI. The 
prematurely terminated (because of lack of enrollment) trial Address-
ing the Value of Facilitated Angioplasty After Combination Therapy or 
Eptifibatide Monotherapy in Acute Myocardial Infarction (ADVANCE 
MI)94 tested this strategy by comparing eptifibatide plus half-dose 
tenecteplase to eptifibatide plus placebo before primary PCI for STEMI. 
This study suggested that eptifibatide plus half-dose tenecteplase was 
associated with adverse clinical outcomes and higher bleeding rates 
despite demonstrating improved pre-PCI coronary flow. The Bavarian 
Reperfusion Alternatives Evaluation (BRAVE) trial95 addressed the use 
of upstream abciximab plus half-dose reteplase versus abciximab 
monotherapy in 253 patients undergoing PCI for STEMI. This trial 
found no reduction in infarct size by single-photon emission computed 
tomography (performed between 5 and 10 days after randomization), 
with nonsignificant trends toward more adverse cardiac events at 6 
months and more major bleeding in the abciximab-plus-reteplase 
group. The more recent Leipzig Immediate Prehospital Facilitated 
Angioplasty in ST-Segment Myocardial Infarction (LIPSIA-STEMI)96 
trial failed to show a benefit of facilitated PCI with full-dose tenecteplase 
pre-treatment versus primary PCI alone with regard to the primary 
end point of infarct size by magnetic resonance imaging, infarct size 
by biomarker release, resolution of ST-segment elevation, or clinical 
end points among 162 patients with long transfer delays to PCI (median 
overall symptom onset to first balloon inflation times of 158 min in 
the facilitated PCI group and 131 min in the primary PCI group).

The Facilitated Intervention With Enhanced Reperfusion Speed to 
Stop Events (FINESSE) trial97 is the largest study to date to evaluate 
facilitated PCI using thrombolytic therapy. This double-blind interna-
tional placebo-controlled trial randomized 2452 patients with STEMI 
undergoing PCI to half-dose reteplase plus abciximab pretreatment 
(combination-facilitated PCI), abciximab pretreatment (abciximab-
facilitated PCI), or abciximab started at the time of PCI (primary PCI). 
The combination-facilitated PCI group demonstrated more rapid 
ST-segment resolution compared with the abciximab-facilitated PCI 
and primary PCI groups (43.9% vs. 33.1% and 31.0%, P = .01 and P = 
.003, respectively). However, at 90 days of follow-up, no differences 
were observed between the three groups with regard to the primary 
composite end point of all-cause death, ventricular fibrillation within 
48 hours, and new-onset congestive heart failure (9.8%, 10.5%, and 
10.7%, respectively, P = .55) or mortality (5.2%, 5.5%, and 4.5%, respec-
tively, P = .49). Significantly higher rates of all bleeding, intracerebral 
hemorrhage, and transfusions were observed in the facilitated PCI 
groups. Specifically, TIMI major or minor bleeding occurred in 14.5% 
of the combination-facilitated group compared with 10.1% in the 
abciximab-facilitated group and 6.9% in the primary PCI groups (P < 
.001 for combination-facilitated PCI vs. primary PCI). A 1-year 
follow-up analysis of the FINESSE trial recapitulated the outcomes 
observed at 90 days.98 Notably, a retrospective post hoc analysis of this 
study suggested a mortality benefit of the combination-facilitated PCI 
in high-risk patients as defined by a TIMI risk score of 3 or higher who 
presented to non-PCI hospitals within 4 hours of symptom onset.99 
This suggested a possible role for facilitated PCI in carefully selected 
patients.

A meta-analysis of 17 trials of 4504 patients with STEMI by Keeley 
and coworkers100 and a more recent meta-analysis of six trials that 
included 2684 patients by De Luca and Marino101 (including the 
FINESSE trial) summarized the lack of benefit of the facilitated PCI 
strategy and demonstrated that despite achieving initial improvements 
in early metrics of reperfusion, short-term outcomes are not improved, 
and rates of target-vessel revascularization, reinfarction, stroke, bleed-
ing, and death may be increased with the facilitated approach (Figs. 
13-14 and 13-15). In light of these observations, the 2013 ACCF/AHA 
STEMI guidelines recommend that, because of an increased bleeding 
risk, very early catheterization (within 2 to 3 hr) with intent to perform 
revascularization after thrombolytic administration should be limited 
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FIGURE 13-15	 Combination	 facilitated	percutaneous	coronary	 intervention	 (PCI)	and	 risk	of	major	bleeding	 complications	 compared	with	 early	
glycoprotein	IIb/IIIa	inhibitor	administration	from	a	meta-analysis	of	trials	of	facilitated	PCI	with	odds	ratios	(ORs)	and	95%	confidence	intervals	
(CIs).	The	size	of	the	data	markers	(squares)	is	approximately	proportional	to	the	statistical	weight	of	each	trial.	(Adapted	from	De	Luca	G,	Marino	
P:	Facilitated	angioplasty	with	combo	 therapy	among	patients	with	ST-segment	elevation	myocardial	 infarction:	a	meta-analysis	of	 randomized	
trials.	Am	J	Emerg	Med	27[6]:683-690,	2009.)
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FIGURE 13-14	 Combination	 facilitated	percutaneous	coronary	 intervention	 (PCI)	and	benefits	 in	mortality	 (upper	graph)	and	 reinfarction	 (lower	
graph)	at	30-day	follow-up	compared	with	early	glycoprotein	IIb/IIIa	 inhibitor	administration	from	a	meta-analysis	of	 trials	of	 facilitated	PCI	with	
odds	ratios	(ORs)	and	95%	confidence	intervals	(CIs).	The	size	of	the	data	markers	(squares)	is	approximately	proportional	to	the	statistical	weight	
of	each	trial.	(Adapted	from	De	Luca	G,	Marino	P:	Facilitated	angioplasty	with	combo	therapy	among	patients	with	ST-segment	elevation	myocardial	
infarction:	a	meta-analysis	of	randomized	trials.	Am	J	Emerg	Med	27[6]:683-690,	2009.)
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treatment group (P = .004), with no significant difference in significant 
bleeding between the two groups. Reduction in reinfarction was also 
observed in the routine PCI group at 6 months of follow-up. No dif-
ference was reported in the rates of death or reinfarction (10.3% vs. 
11.6%, P = .50), hospital readmission (15.4% vs. 16.5%, P = .64), or 
subsequent revascularization with either PCI or coronary artery bypass 

grafting (CABG) after index hospitalization (6.9% vs. 8.7%, P = .30) 
between the two groups at 1 year with excellent (98%) follow-up. An 
economic analysis also showed no difference in costs between the two 
treatment strategies.102

The Norwegian Study on District Treatment of ST-Elevation  
Myocardial Infarction (NORDISTEMI)103 compared a strategy of 
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immediate transfer for PCI with an ischemia-guided approach after 
thrombolysis with full-dose tenecteplase in 276 patients with long 
transfer distances to PCI (expected delay from first medical contact to 
PCI of >90 min). This study showed a reduction in the primary com-
bined end point of death, reinfarction, stroke, or new myocardial isch-
emia in the immediate PCI group at 30 days (relative risk [RR] 0.49; 
95% CI, 0.27 to 0.89; P = .03) with a nonsignificant trend toward benefit 
with this approach at 12 months (HR 0.72; 95% CI, 0.44 to 1.18; P = 
.19). No difference in bleeding was found between the two treatment 
groups. Notably, this study demonstrated a benefit for immediate PCI 
following thrombolysis despite allowing for more liberal use of coro-
nary angiography and PCI in the ischemia-guided group, with 95% of 
subjects in this group undergoing angiography (mean of 5.5 days after 
receiving tenecteplase) compared with 99% in the immediate-PCI 
group (mean of 130 min after receiving tenecteplase). Additionally, use 
of clopidogrel loading and enoxaparin was universal, with no differ-
ence in the use of other evidence-based therapies between the two 
treatment groups.

The pharmacoinvasive approach was also recently compared with 
delayed primary PCI in the Strategic Reperfusion Early After Myocar-
dial Infarction (STREAM) study,46 which randomized 1892 patients 
who presented with STEMI within 3 hours of symptom onset and were 
unable to undergo PCI within 60 minutes of symptom onset to pre-
hospital thrombolysis with full-dose tenecteplase followed by routine 
coronary angiography within 6 to 24 hours or to primary PCI. The 
median delay from symptom onset to arrival in the cardiac catheteriza-
tion laboratory was 600 minutes in the thrombolysis group and 170 
minutes in the primary PCI group; the median time from symptom 
onset to tenecteplase infusion in the thrombolysis group was 100 
minutes. The composite primary end point of death from any cause, 
shock, congestive heart failure, or reinfarction at 30 days occurred in 
12.4% of patients in the thrombolysis group and in 14.3% of patients 
in the primary PCI group (RR 0.86; 95% CI, 0.68 to 1.09; P = .21). More 
strokes occurred in the thrombolysis group (1.6% vs. 0.5%; P = .03), 
driven primarily by an excess in intracranial hemorrhage among older 
adult subjects at the start of the trial (1.0% vs. 0.2%; P = .04). This 
resulted in a protocol amendment mandating a 50% tenecteplase dose 
reduction in patients over the age of 75. Thereafter, no difference was 
observed in the occurrence of intracranial hemorrhage between the 
two study groups (0.5% vs. 0.3%; P = .45). No differences in extracra-
nial bleeding were noted between the groups. Of interest, whereas the 
vast majority of patients in both groups were treated with PCI, more 
patients in the thrombolysis group were ultimately treated with surgi-
cal revascularization (4.7% vs. 2.1%; P = .002). This study suggests that 
the pharmacoinvasive strategy of early full-dose thrombolysis followed 
by routine coronary angiography is an effective reperfusion strategy, 
with a statistically nonsignificant trend toward benefit versus delayed 
primary PCI, but it is associated with an increased risk of intracranial 
bleeding.

Two contemporary systematic reviews and meta-analyses of ran-
domized trials to compare thrombolysis coupled with a routine inva-
sive strategy with ischemia-guided provisional coronary angiography 
following thrombolysis have demonstrated a consistent benefit for the 
pharmacoinvasive approach in reducing both reinfarction and death 
at 6 months and 1 year.104-105 One study of 197 patients with a mean 
follow-up time of 7.9 years (±3.4 yr; maximum, 11.2 yr) showed a 
persistent and significant reduction in the composite of death, reinfarc-
tion, target-lesion revascularization, and ischemic events with the 
pharmacoinvasive approach (HR 0.61; 95% CI, 0.42 to 0.88; P = .008).106 
In aggregate, these data support the use of a pharmacoinvasive strategy 
with primary thrombolysis followed by routine early angiography and 
PCI in high-risk STEMI patients who present to non–PCI-capable 
hospitals. This strategy may also enable more rapid reperfusion with 
initiation of prehospital therapy in cases that may require prolonged 
transport times to PCI-capable centers.107 The pharmacoinvasive strat-
egy was given a class IIa recommendation in the 2013 update to the 
ACCF/AHA STEMI guidelines.2

FIGURE 13-16	 Kaplan-Meier	curves	for	the	primary	composite	end	point	
(A),	death	(B),	reinfarction	(C),	and	refractory	ischemia	in	the	CARESS-
in-AMI	 trial.	 PCI,	 Percutaneous	 coronary	 intervention.	 (Di	 Mario	 C,	
Dudek	 D,	 Piscione	 F,	 et	al:	 Immediate	 angioplasty	 versus	 standard	
therapy	 with	 rescue	 angioplasty	 after	 thrombolysis	 in	 the	 Combined	
Abciximab	 REteplase	 Stent	 Study	 in	 Acute	 Myocardial	 Infarction	
(CARESS-in-AMI):	an	open,	prospective,	randomised,	multicentre	trial.	
Lancet	371[9612]:559-568,	2008.)
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ushered in the modern era of reperfusion therapy as the primary treat-
ment modality in AMI. Whereas thrombolytics were once the main-
stay of reperfusion therapy in STEMI, timely primary PCI has evolved 
to become the favored and recommended reperfusion strategy. 
However, many patients with STEMI do not have access to primary 
PCI within the critical time interval in which outcomes are maximally 
preserved with mechanical reperfusion, which underscores the contin-
ued importance of thrombolytic therapy in the management of STEMI. 
Outcomes with thrombolytics will only improve as new thrombolytic 
agents are engineered with greater specificity for the actively forming 
thrombus, potentially reducing the risk of bleeding; more potent 
adjunctive antiplatelet and antithrombotic therapies will possibly 
reduce thrombolytic-mediated platelet aggregation and distal emboli-
zation of thrombus. Furthermore, a pharmacoinvasive approach using 
thrombolytic therapy as the primary reperfusion strategy with routine 
subsequent coronary angiography has the potential to improve out-
comes in patients with STEMI who do not have access to timely 
primary PCI. Such a strategy is particularly attractive in light of the fact 
that the global burden of CVD will continue to grow and will dispro-
portionately affect developing nations, where timely primary PCI may 
not be readily available. Along with innovations in pharmacology and 
postthrombolytic management, systems of care will continue to evolve 
to facilitate rapid and appropriate risk stratification and initiation of 
reperfusion therapy. Whatever strategy is used, prompt restoration of 
both epicardial and microcirculatory flow to limit myonecrosis, pre-
serve left ventricular function, and improve survival is crucial. Throm-
bolytic agents will continue to play an important role in the management 
of STEMI, particularly as CVD affects a growing population through-
out the world and access to primary PCI remains limited.

INTERNATIONAL PERSPECTIVE
Cardiovascular disease (CVD) remains a major cause of mortality and 
morbidity globally, and the burden of CVD is only expected to increase 
in the future. The World Health Organization estimates that by 2030, 
23.3 million people will die from CVD. Low-income and middle-
income countries are disproportionately affected by the global CVD 
epidemic, with more than 80% of all CVD deaths around the world 
occurring in these nations. Many individuals will die younger, often in 
their productive years, which will result in a significant economic 
impact, both at the individual family level and at the national level, 
hampering ongoing economic development.108 Given that STEMI will 
continue to account for a significant proportion of the growing inter-
national CVD burden, and most patients in low-income and middle-
income countries—as well as significant numbers in the high-income 
nations—will not have timely access to primary PCI, thrombolysis will 
serve as the primary reperfusion strategy for the majority of patients 
with STEMI worldwide. Developing systems for the early recognition 
and triage of these patients with prompt administration of thrombo-
lytic therapy (unless timely primary PCI is available) and appropriate 
postthrombolytic care will be critical in reducing the tremendous 
global burden of CVD.

SUMMARY
Despite a deeper understanding of the pathophysiology of AMI, as well 
as the vast improvements in both the pharmacologic and mechanical 
reperfusion tools available, outcomes with STEMI remain suboptimal. 
Thrombolytic therapy revolutionized the management of STEMI and 
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For several decades, beta-blockers, calcium-channel blockers, and 
ACE inhibitors have been beneficial in a wide spectrum of coronary 

artery disease (CAD)—stable and unstable angina, ST-elevation  
myocardial infarction (STEMI), and non–ST-elevation myocardial 
infarction (NSTEMI). Multiple clinical trials since the 1980s have  
demonstrated benefits of these agents, which work either by reducing 
myocardial oxygen demand or by promoting favorable myocardial 
remodeling.

This chapter will discuss the basic pharmacology of these agents, 
followed by an in-depth discussion of randomized trials that have used 
them. Finally, we will discuss ongoing research and will also provide 
treatment recommendations.

BETA-ADRENERGIC RECEPTORS
Beta-receptors belong to a well-characterized family of receptors 
known as G protein–coupled receptors.1 The pathway involves binding 
of an agonist, such as catecholamines for beta-receptors, to an extracel-
lular receptor. Receptor activation causes a coupled G protein to stimu-
late adenylyl cyclase, which increases intracellular concentrations of 
cyclic adenosine monophosphate (cAMP). In turn, cAMP activates 
several AMP-dependent protein kinases, which phosphorylate other 
proteins and result in a cellular response.

The cellular response for beta-receptors differs according to three 
major subtypes: β1, β2, and β3. Whereas stimulation of β2-receptors 
causes bronchodilation and peripheral vasodilation, stimulation of β1-
receptors predominantly affects the heart, increasing contractility, 
heart rate, and lipolysis. The β3-receptor increases heat production in 
brown adipose tissue and increases lipolysis in both brown and white 
adipose tissue.2,3 Notably, the β3-receptor likely plays a role in obesity 
and insulin resistance and may promote endothelial nitric oxide syn-
thase and nitric oxide bioavailability.3-15

Beta-Adrenergic Receptor Blockers
Beta-blockers act by directly competing with binding of catecholamines 
to β-adrenergic receptors. These agents differ in their selectivity, lipid 
solubility, metabolism, and partial-agonist ability (intrinsic sympatho-
mimetic ability [ISA]; Table 14-1). Although some data suggest that 
these differences might impact efficacy in certain conditions, such as 
chronic congestive heart failure (CHF), these differences mainly affect 
side effects, contraindications, and frequency of dosing. For example, 
nonselective agents may increase bronchospasm in asthmatic patients, 
whereas lipophilic agents may have more central nervous system (CNS) 
effects such as sedation and depression. Type of metabolism will affect 
plasma half-life in patients with renal or hepatic insufficiency. Beta-
blockers with ISA slow heart rate less than beta-blockers without ISA; 
also, beta-blockers with ISA are less likely to decrease high-density 
lipoprotein cholesterol (HDL-C) or to increase triglycerides.

Despite these pharmacokinetic differences, efficacy in CAD arises 
primarily from β1-receptor antagonism. In acute MI, for example, the 
catecholamine storm decreases the fibrillation threshold, increases 
myocardial oxygen consumption, and promotes myocardial necrosis. 
By decreasing heart rate and contractility, blockade of the β1-receptor 
lowers myocardial stress, which decreases necrosis. Beta-blockade also 
raises the fibrillation threshold. By antagonizing lipolysis, beta-blockers 
reduce concentrations of free fatty acids and cause greater use of 
glucose and less use of oxygen. Although controversial, beta-blockers—
in particular carvedilol—may also inhibit platelet aggregation, but the 
mechanism could be membrane interaction instead of β-receptor 
antagonism.16

Given these beneficial effects, it is not surprising that numerous 
clinical trials have demonstrated the benefits of beta-blockers in acute 
coronary syndromes (ACSs). Nonetheless, prudence is still required 
because beta-blockers decrease inotropy and slow atrioventricular con-
duction, which can harm certain subgroups of patients.

Unstable Angina Pectoris
Because beta-blockers potently reduce myocardial oxygen demand and 
possibly reduce inflammation in ACSs,17 treating unstable angina with 
beta-blockers has much intuitive appeal. A few small randomized trials 
have supported this. Gottlieb and colleagues18 randomized patients 
with unstable angina to 4 weeks of propranolol or placebo. All patients 
received calcium-channel blockers and/or nitrates. Although incidence 
of death, MI, or need for urgent coronary artery bypass grafting 
(CABG) did not differ between the groups, propranolol significantly 
reduced frequency and severity of recurrent ischemia. In the Holland 
Interuniversity Nifedipine and Metoprolol Trial (HINT),19 338 patients 
with unstable angina not pretreated with a beta-blocker randomly 
received nifedipine alone, metoprolol alone, or nifedipine and meto-
prolol. The odds ratios (ORs) for recurrent ischemia or MI by 48 hours 
were 1.15 for nifedipine (95% confidence interval [CI], 0.83 to 1.64), 
0.76 for metoprolol (95% CI, 0.49 to 1.16), and 0.80 for both (95% CI, 
0.53 to 1.19). Not surprisingly, small numbers limited the power of this 
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•	 Beta-blockers	provide	long-term	mortality	reduction	after	
myocardial	infarction	(MI).

•	 Although	beta-blockers	are	beneficial,	they	should	be	used	
carefully	immediately	after	MI	to	avoid	cardiogenic	shock	in	
susceptible	patients.

•	 Calcium-channel	blockers	are	reasonable	alternatives	to	beta-
blockers	after	MI	in	the	few	patients	with	strong	contraindications	
to	beta-blockers.

•	 Angiotensin-converting	enzyme	(ACE)	inhibitors	provide	mortality	
reduction	in	patients	after	MI,	especially	in	those	with	left	
ventricular	(LV)	dysfunction.

•	 Genomic	studies	have	demonstrated	differential	response	of	some	
populations	to	these	agents,	and	further	studies	might	help	us	
target	individuals	with	specific	agents	in	the	future.
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intervention (PCI), fewer data exist for effect of beta-blockade as a 
specific adjunct to PCI. In fact, most data for adjunctive benefit arise 
from nonrandomized registries.

Sharma and colleagues24 evaluated 1675 consecutive patients 
undergoing PCI, none of whom had a previous MI; the authors did not 
specify how many patients presented with unstable angina. Creatine 
kinase myocardial band (CK-MB) elevation occurred in 13.2% of 
patients on beta-blockers before the procedure compared with 22.1% 
of patients not on beta-blockers (P < .001). On multivariate analysis, 
beta-blockers remained an independent predictor of lower CK-MB 
release. Over a mean 15 months of follow-up, patients on preproce-
dural beta-blockers had a mortality of 0.8% compared with 2.0% for 
patients not on preprocedural beta-blockers (P = .04). Chan and col-
leagues25 evaluated 4553 consecutive patients without acute or recent 
MI who underwent PCI according to whether they had been treated 
with beta-blockers at the time of the PCI. Of these patients, 2056 (45%) 
were on beta-blockers at the time of the intervention. Mortality was 
lower at 30 days for patients who received beta-blockers (1.3% vs. 0.8%, 
P = .13) and at 1 year (6.0% vs. 3.9%, P = .0014). After adjusting for 
differences in the baseline characteristics by propensity analysis, beta-
blocker therapy remained independently predictive of 1 year survival 
(HR, 0.63; 95% CI, 0.46 to 0.87; P = .0054).

Along with these mortality data, other data suggest a benefit of 
beta-blockers on restenosis. Jackson and colleagues26 followed 4840 
people who underwent PCI according to whether they received beta-
blockers on discharge. Patients treated with beta-blockers had a 5-year 
clinical restenosis rate of 12% versus 14% (adjusted OR, 0.83; P = .046). 
These data are controversial, however, because a small randomized trial 
of adjunctive carvedilol failed to reduce restenosis in patients undergo-
ing atherectomy.27

In another small randomized trial, Wang and colleagues28 examined 
the effect of intracoronary (IC) propranolol during PCI. In this trial, 
investigators randomized 150 patients undergoing PCI to placebo or 
propranolol (15 µg/kg) injected into the distal coronary artery via the 
balloon catheter positioned across the stenosis. CK-MB elevation 
occurred in 17% of propranolol patients compared with 36% of placebo 
patients (P = .01). The incidence of death, MI, or urgent revasculariza-
tion by 30 days occurred in 18% of propranolol patients compared with 
40% of placebo patients (P = .004). The relative risk (RR) of MI did not 
differ between patients on prior beta-blocker therapy and those not on 
prior therapy.

Uretsky and colleagues29 also examined the effect of IC beta-
blockers during PCI by randomizing 400 patients to IC propranolol  
or placebo combined with systemic eptifibatide. At 1 year, the com-
posite end point of death, postprocedural MI, urgent target-lesion 
revascularization (TLR), or MI after hospitalization occurred in 21.5% 
of propranolol patients and in 32.5% of placebo patients (P < .01), 

study, and these differences were not statistically significant. Hohnloser 
and associates20 examined effects of esmolol, a short-acting (half-life 
9 min) intravenous (IV) beta-blocker in a randomized, placebo-
controlled trial of 113 patients. Investigators increased esmolol until 
they reduced the double-product by about 25%; thereafter, the esmolol 
infusion continued for up to 72 hours. Acute MI or urgent revascular-
ization occurred in 9 patients treated with placebo compared with 3 
patients treated with esmolol (P = .06). In a more recent randomized 
trial, Brunner and colleagues21 randomized 116 patients with unstable 
angina to placebo or carvedilol at 25 mg twice a day. Patients received 
48-hour Holter monitoring to document ischemia. Carvedilol reduced 
ischemic time by 76% (204 vs. 49 min, P < .05) with a 66% reduction 
in number of ischemic episodes (24 vs. 8, P < .05).

Some retrospective data from recent studies also demonstrate 
benefit of beta-blockers in unstable angina. Ellis and associates22 pooled 
data from five randomized trials of abciximab during percutaneous 
coronary intervention: Evaluation of the 7E3 for the Prevention of 
Ischaemic Complications (EPIC) trial, Evaluation in PTCA to Improve 
Long-Term Outcome With Abciximab GP IIb/IIIa Blockade (EPILOG), 
Evaluation of Platelet IIb/IIIa Inhibitor for Stenting (EPISTENT), c7E3 
FAB Antiplatelet Therapy in Unstable Refractory Angina (CAPTURE), 
and ReoPro and Primary PTCA Organization and Randomized Trial 
(RAPPORT). Except for RAPPORT, which had STEMI patients, the 
other four trials included patients with unstable angina or NSTEMI. 
All-cause mortality by 30 days occurred in 0.6% of patients receiving 
beta-blockers compared with 2.0% for patients who did not receive 
beta-blockers. After adjusting for baseline characteristics and propen-
sity score to receive beta-blockers, beta-blockers remained predictive 
of lower mortality (hazard ratio [HR], 0.25; 95% CI, 0.11 to 0.57; P = 
.001). This mortality difference persisted at 6 months (1.7% vs. 3.7%; 
adjusted HR, 0.53; 95% CI, 0.29 to 0.94; P = .03). Among patients with 
unstable angina, beta-blockers reduced mortality at 3 months (1.6% to 
0.6%, P = .029) and at 6 months (3.1% to 1.4%, P = .009).

Similarly, investigators found a mortality benefit of beta-blockers 
in patients enrolled in the Can Rapid Risk Stratification of Unstable 
Angina Patients Suppress Adverse Outcomes with Early Implementa-
tion of the American College of Cardiology/American Heart Associa-
tion Guidelines (CRUSADE) initiative.23 In 72,054 patients with 
NSTEMI at 509 U.S. hospitals from 2001 through 2004, acute beta-
blocker use was associated with a lower hospital mortality (adjusted 
OR, 0.66; 95% CI, 0.60 to 0.72; P < .01). Notably, nearly all patient 
subgroups benefited, including patients aged 80 years and older.

Percutaneous Coronary Intervention
Although trials have evaluated adjunctive beta-blockade in patients 
with unstable angina or MI undergoing percutaneous coronary 

TABLE 14-1 Beta-Blockers
Type Dose (mg) Frequency (Q) Excretion Lipid Solubility ISA

Selective β1

Acebutolol 200-600 12	hr Kidney Moderate Low
Atenolol 25-200 24	hr Kidney None None
Betaxolol 20-40 24	hr Kidney Moderate Low
Metoprolol
Long-acting	metoprolol

50-400 12	hr
24	hr

Liver Moderate None

Nonselective β
Labetolol	(α,	β1,	β2) 600-2400 6-8	hr Liver None None
Nadolol 80-240 24	hr Kidney Low None
Pindolol 15-45 8-12	hr Kidney Moderate Moderate
Propranolol
Long-acting	propranolol

80-320 4-6	hr
12	hr

Liver High None

Timolol 15-45 12	hr Liver Moderate None

Adapted	from	Griffin	B,	Topol	E,	Nair	D,	Ashley	K:	Manual	of	cardiovascular	medicine,	ed	3,	Philadelphia,	2008;	Lippincott,	Williams,	&	Wilkins.
ISA,	Intrinsic	sympathomimetic	ability.
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therapy of aspirin, anticoagulant therapy (mostly unfractionated 
heparin [UFH]), and thrombolysis.

Patient Selection
The scale of the trial was impressive. Between August of 1999 and 
February of 2005, COMMIT enrolled 45,852 patients in 1250 Chinese 
hospitals. Inclusion criteria comprised left bundle branch block (LBBB, 
presumably new), ST-segment elevation, or ST depression within 24 
hours of ischemic symptoms. Exclusion criteria comprised patients 
scheduled for primary PCI (because of combined aspirin and clopido-
grel use that would have interfered with the other study arm) or those 
with conditions considered high risk for beta-blocker therapy: systolic 
blood pressure less than 100 mm Hg or heart rate below 50 beats/
minute, heart block, or cardiogenic shock. Notably, moderate heart 
failure (Killip class II or III) was not a contraindication, unlike trials 
such as MIAMI.32

Study Protocol
Patients randomized to metoprolol received a 5 mg IV dose followed 
by second and third dose as long as systolic blood pressure was above 
90 mm Hg and heart rate was above 50 beats/minute after each dose. 
Patients then received 50 mg metoprolol 15 minutes after the last IV 
dose, repeated every 6 hours for 24 hours, followed by 200 mg 
controlled-release metoprolol once daily for up to 4 weeks.

End Points
The COMMIT trial had two primary end points: all-cause mortality 
until discharge or until day 28 and the composite of death, reinfarction, 
or cardiac arrest. Secondary end points included cardiogenic shock, 
cardiac arrest, and reinfarction. Prespecified subgroup analyses 
included effects of metoprolol on primary outcomes according to hos-
pital days and the following subgroups: age, sex, time from symptom 
onset, fibrinolysis, Killip class, heart rate, systolic blood pressure, and 
shock risk index (absolute risk of shock calculated from a Cox regres-
sion model using baseline prognostic characteristics).

Results
Not surprisingly, the large sample size of COMMIT ensured that base-
line characteristics between groups were similar (Fig. 14-1). The mean 
age was 61 years; 26% were older than 70, and 72% were male. ST-
segment elevation occurred in 87%, LBBB in 6%, and ST depression 
in 7%. Time from symptom onset to treatment was evenly distributed 
over 24 hours, and approximately one third of patients were treated 
within 6 hours, one third within 6 to 13 hours, and one third within 
13 to 24 hours. Although most patients had no signs or symptoms of 
CHF, a sizable percentage (24%) were Killip class II or III on presenta-
tion. Again, this contrasts with early beta-blocker trials that enrolled 
lower-risk patients with no evidence of CHF. In COMMIT, 54% of 
patients received thrombolysis, and most of these patients received 
urokinase. Of those who presented within 12 hours, 68% received 
thrombolysis; it is unknown how many of the remaining patients did 
not receive thrombolytics because of clear contraindications. Notably, 
slightly fewer metoprolol-treated patients received ACE inhibitors 
(67.2% vs. 69.3%, P < .0001).

The primary composite outcome of death, reinfarction, or cardiac 
arrest did not differ between metoprolol-treated patients (9.4%) and 
placebo-treated patients (9.9%; OR, 0.96%; 95% CI, 0.90 to 1.01; P = 
.10; Fig. 14-2). Similarly, the co–primary outcome of death did not 
differ between metoprolol (7.7%) and placebo (7.8%) patients (see Fig. 
14-1). Given the prior clinical data that support early beta-blockade in 
acute MI, reasons for these counterintuitive results require a careful 
dissection; in particular, did beta-blockade reduce any particular clini-
cal events, and did beta-blockade benefit some patients much more 
than others?

Beta-blockade significantly reduced any reinfarction (2.0% for 
metoprolol vs. 2.5% for placebo, P = .001) and risk of ventricular fibril-
lation (2.5% vs. 3.0%, P = .001). Treatment, however, increased risk of 
cardiogenic shock by 30% (5.0% vs. 3.9%, P < .0001). Therefore, 

driven primarily by lower periprocedural MI (12.5% propranolol  
vs. 21.5% placebo; RR reduction 0.43; 95% CI, 0.08 to 0.65;  
P = .018).

In a unique study design, Park and colleagues30 randomly assigned 
70 patients undergoing elective PCI to either placebo or the short-
acting beta-blocker landiolol as a 1-minute IC infusion before and after 
first balloon inflation, followed by a 6-hour IV infusion. The troponin 
I (TnI) level at 24 hours trended lower in the landiolol group compared 
with placebo (0.5 ± 1.14 vs. 1.27 ± 2.48, P = .07), although it is unclear 
whether this difference, if verified in a larger cohort, would be clinically 
meaningful.

Acute Myocardial Infarction

Early Trials: The MIAMI and ISIS-1 Trials
The data for beta-blockade in acute MI come from 26 small trials  
and two large trials: the First International Study of Infarct Survival 
(ISIS-1) trial31 and the Metoprolol in Acute Myocardial Infarction 
(MIAMI) trial.32

The MIAMI Trial
Patients with acute MI within 24 hours of symptom onset (n = 5778) 
were randomized to receive IV metoprolol (15 mg) or placebo followed 
by oral metoprolol (200 mg daily) or placebo for 15 days. Beta-blockade 
reduced Q-wave infarction significantly, from 53.9% to 50.9% (P = 
.024), with a nonsignificant reduction in mortality (4.9% to 4.3%, P = 
.29). However, the MIAMI trial was significantly limited in its applica-
bility to the modern era; patients enrolled in MIAMI were low risk 
(e.g., all Killip class I), and the trial occurred in the prereperfusion era 
before routine ACE inhibition and statin treatment.

The ISIS-1 Trial
Although ISIS-1 was similarly limited by lack of reperfusion, its larger 
size and power are important. ISIS-1 randomized 16,207 patients with 
suspected acute MI (mean 5-hour symptom onset) to control or to IV 
atenolol (5 to 10 mg) followed by 100 mg oral atenolol daily for 7 days. 
Treatment with atenolol significantly reduced vascular mortality from 
4.57% to 3.89% (P < .04) from day 0 to day 7. Atenolol-treated patients 
also had a significantly lower vascular mortality by 1 year (10.7% vs. 
12.0%, P < .01), although much of this late difference might have arisen 
because patients randomized to atenolol were more likely to be dis-
charged on beta-blockers compared with controls.

Recent Data: COMMIT and Other Trials
Given that most data for beta-blockade in acute MI are several decades 
old, benefit for beta-blockade in the current era—with aggressive use 
of antiplatelet therapy, thrombolysis, or primary angioplasty, statin 
therapy, and antialdosterone therapy—has remained uncertain, and 
physicians have hoped for trials with modern background therapy to 
assess the true value of beta-blockade. This uncertainty has remained 
relevant because of persistent fears that beta-blockers may exacerbate 
the condition of some acute MI patients, particularly those with signs 
and symptoms of CHF.

Recently, Ibanez and colleagues33 randomized 270 patients of Killip 
class II or less with anterior STEMI to receive an IV beta-blocker or a 
placebo before primary PCI. In this small group of selected patients, 
infarct size estimated by creatine kinase curves was smaller in the IV 
beta-blocker group.

More definitive data come from the large-scale randomized  
trial Clopidogrel and Metoprolol in Myocardial Infarction Trial 
(COMMIT).34 In fact, COMMIT was the largest trial ever to investigate 
beta-blockers in acute MI. As such, it is exceptionally important to 
understand the trial in depth and its implications for patient 
management.

The COMMIT trial, also known as the Second Chinese Cardiac 
Study (CCS-2), was a placebo-controlled randomized trial with a two-
by-two factorial design that randomized acute MI patients to metopro-
lol or placebo, as well as to clopidogrel or placebo, with a background 
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Meta-Analysis Using COMMIT Patients
As the COMMIT investigators mentioned, patients in COMMIT had 
a significantly higher risk of shock and mortality compared with 
patients enrolled in prior trials. Therefore, the investigators examined 
the effect of beta-blockade on patients in COMMIT similar to the low-
risk patients enrolled in MIAMI (i.e., heart rate > 65 beats/min, Killip 
class I, systolic blood pressure > 105 mm Hg). They also pooled these 
patients with patients from MIAMI, ISIS-1, and 26 small trials (Fig. 
14-3). The magnitude of benefit in low-risk COMMIT patients (6.4% 
to 5.7%) was similar to that of MIAMI patients (4.9% to 4.3%). In the 
analysis of pooled patients (~52,000), beta-blockade significantly 
reduced cardiac arrest (3.1% vs. 3.6%, P = .002), reinfarction (2.3% vs. 
2.8%, P = .0002), and mortality (4.8% vs. 5.5%, P = .0006).

Recommendations for Beta-Blockade During Acute  
Myocardial Infarction
Given COMMIT’s applicability to the modern era and its enormous 
size—almost twice as many patients as all others combined—the 
COMMIT data must form the core basis for any recommendations. 
Accordingly, early IV beta-blocker therapy for acute MI cannot be 
recommended for all patients. Nevertheless, the neutrality of the 
primary end points was driven by excess of cardiogenic shock in 
patients at increased baseline risk of developing shock. Therefore it is 
rational to consider early beta-blockade in patients at low risk for 
shock: age younger than 70 years, heart rate below 110 beats/minute, 
systolic blood pressure above 120 mm Hg, and Killip class I. This is, of 
course, not supported on a strict scientific basis because such a group 
was not prespecified, although a recent analysis from the Global Reg-
istry of Acute Coronary Events (GRACE) also confirms some hazard 

although beta-blockade significantly reduced arrhythmic death by 22% 
(1.7% for metoprolol vs. 2.2% for placebo, P = .0002), beta-blockade 
significantly increased death secondary to cardiogenic shock by 29% 
(2.2% vs. 1.7%, P = .0002). Therefore benefit in reducing arrhythmic 
death was counteracted by harm in increasing cardiogenic shock. In 
absolute terms, metoprolol prevented 5 episodes of ventricular fibril-
lation and 5 episodes of reinfarction per 1000 treated, but it caused 11 
episodes of cardiogenic shock per 1000 treated. Of interest, these 
effects had differential time courses. In particular, a 10 per 1000 excess 
risk for cardiogenic shock was noted within the first 24 hours. By 
contrast, reductions in risk of reinfarction and ventricular fibrillation 
began approximately 48 hours after treatment initiation.

Propensity of metoprolol to cause cardiogenic shock differed 
according to baseline characteristics. Metoprolol caused a much higher 
excess of cardiogenic shock in the various subgroups: 56.9 per 1000 for 
patients in Killip class III; 34.6 per 1000 for patients who presented 
with a heart rate greater than 110 beats/minute; 23.3 per 1000 for 
patients presenting with systolic blood pressure below 120 mm Hg; 
and 23.1 per 1000 for patients aged 70 years or older. Not surprisingly, 
these differences translated into a much higher risk of cardiogenic 
shock with metoprolol according to baseline risk of shock: 3.7 per 1000 
(low risk) versus 16.2 per 1000 (medium risk) versus 56.9 per 1000 
(high risk; P < .0001).

This differential effect on cardiogenic shock translated into a dif-
ferential effect on mortality according to patients’ baseline risk of 
shock. For patients at high risk of cardiogenic shock, metoprolol 
caused an absolute increase of 24.8 deaths per 1000 treated. Conversely, 
treatment caused an absolute decrease of 4.2 and 4.3 deaths per 1000 
for medium-risk and low-risk patients, respectively.

FIGURE 14-2	 Death	in	COMMIT.	SE,	Standard	error.	
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FIGURE 14-1	 Death,	 reinfarction,	 or	 cardiac	 arrest	 in	 COMMIT.	 SE,	
Standard	error.	
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furthermore, all patients received ACE inhibitors for 48 hours prior to 
randomization. Similarly, an analysis of the Valsartan in Acute Myo-
cardial Infarction Trial (VALIANT)—which randomized 14,703 MI 
patients with heart failure to valsartan, captopril, or both—demonstrated 
a long-term survival advantage to patients on beta-blockers.38

Patient Selection: Role of Genomics
Because beta-blockade does not uniformly benefit patients after MI, as 
the COMMIT trial demonstrated, beta-blockers may harm certain 
subgroups while benefiting others. Therefore clinical trials remain 
blunt and crude instruments at best. Suppose, for example, a condition 
has 100% mortality, and a treatment demonstrates a large absolute 
reduction in mortality; for example, 40%. Thus, 4 of 10 patients given 
the treatment survive compared with 0 of 10 patients given placebo. 
That means that 6 treated patients did not receive benefit. This conun-
drum presented by clinical trials argues for a finer instrument to deter-
mine which patients will benefit.

Given recent advances in pharmacogenomics, characterization of 
patients’ genetic polymorphisms may be a useful instrument to select 
the best candidates for beta-blocker therapy. Lanfear and colleagues39 
studied polymorphisms in the β1- and β2-receptors among patients 
(N = 597) on beta-blocker therapy after an ACS. No relationship 
existed between β1-receptor polymorphisms and mortality in patients 
treated and not treated with beta-blockers. Polymorphisms in β2-
receptors, however, correlated significantly to mortality in patients 
discharged on beta-blockers. In particular, Kaplan-Meier 3-year mor-
tality rates were 6%, 11%, and 16% for three different polymorphisms 
(GG, CG, and CC genotypes, respectively, for polymorphism Gln-
27Glu with HR 0.24 [95% CI, 0.09 to 0.68] for GG vs. CC, P = .004). 
Similarly, Cresci and colleagues40 recently described differential effects 
of polymorphisms in the ADRB1, ADRB2, ADRA2C, and the GRK5 

of indiscriminate early IV beta-blockers.35 A stronger recommendation 
can be made for waiting at least 24 hours to determine clinical stability 
before beginning beta-blockade. Because the cardiogenic shock hazard 
arises within 24 hours, it is possible that waiting could circumvent this 
hazard because it would allow those who are fittest for beta-blockade 
to emerge, thus giving these patients the reinfarction and cardiac arrest 
benefits, which emerge more slowly over the hospital course.

Chronic Therapy After Myocardial Infarction
ISIS-1 demonstrated a sustained benefit of beta-blockade for patients 
with acute MI; 1-year mortality for atenolol-treated patients was 10.7% 
versus 12.0% for placebo patients (P < .01). Given that patients ran-
domized to atenolol in this trial were more likely to be discharged on 
atenolol, the further separation in survival curves at 1 year suggests a 
beneficial effect of beta-blockade given regularly after MI. Pooled data 
from all long-term trials of beta-blockade after MI also show a signifi-
cant protective effect.36 Long-term beta-blockade reduced sudden 
death from 5.2% to 3.6% (P < .0001), reinfarction from 7.3% to 5.5% 
(P < .0001), and mortality from 9.5% to 7.5% (P < .0001) over a 
follow-up period of 1 to 3 years.

The Effect of Carvedilol on Outcome After Myocardial Infarction 
in Patients With Left-Ventricular Dysfunction (CAPRICORN) trial 
supported this benefit for patients with recent MI and systolic dysfunc-
tion.37 CAPRICORN randomized 1959 patients with acute MI and 
left ventricular ejection fraction (LVEF) of 40 or less to carvedilol 
6.25 mg twice daily (starting during hospitalization) or placebo. Carve-
dilol was titrated up to 25 mg twice daily over 4 to 6 weeks. After a 
mean follow-up of 15 months, carvedilol treatment reduced all-cause 
mortality from 15% to 12% (HR, 0.77; 95% CI, 0.60 to 0.98; P = .03). 
Importantly, the CAPRICORN trial represented modern therapy  
with aggressive reperfusion, antiplatelet therapy, and anticoagulation; 

FIGURE 14-3	 Meta-analysis	using	COMMIT	data.	CI,	Confidence	interval;	SE,	standard	error.	
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include the Secondary Prevention Reinfarction Israeli Nifedipine  
Trial (SPRINT-II), the First Danish Study Group on Verapamil in 
Myocardial Infarction Trial (DAVIT), and three small diltiazem trials.46 
None of these trials showed any significant difference in reinfarction 
or mortality with calcium-channel blockade; in fact, SPRINT-II was 
stopped prematurely because of increased mortality in the nifedipine 
group.

Data are limited and are only usable to generate hypothesis. In a 
Japanese trial, investigators randomized 1090 patients after acute MI 
to beta-blocker or calcium-channel blocker therapy.47 At a mean 
follow-up of 455 days, patients treated with calcium-channel blockers 
did not have a different incidence of cardiovascular death (1.1% vs. 
1.7%), reinfarction (1.3% vs. 0.9%), or nonfatal stroke (0.2% vs. 0.7%). 
Interestingly, the calcium-channel group had a significantly lower inci-
dence of CHF (1.1% vs. 4.2%, P = .001) and coronary spasm (0.2% vs. 
1.2%, P = .027). Obviously, more data in other populations are required 
to verify these differences.

Recommendations for Acute Coronary Syndromes
Given the lack of large trials that demonstrate benefit in acute MI, 
calcium-channel blockers should not be administered routinely,  
particularly for patients presenting with STEMI. A prominent  
exception is the patient who presents with ST-segment elevation fol-
lowing cocaine intoxication. Given the prominent role of coronary 
vasospasm after cocaine use and the possible exacerbation with beta-
blockade, it is reasonable to administer calcium-channel blockers for 
these patients.

For patients with unstable angina or NSTEMI, the American 
College of Cardiology (ACC)/American Heart Association (AHA) 
guidelines48 endorse a class I recommendation for some with ACS: 
“patients with continuing or frequently recurring ischemia when beta-
blockers are contraindicated, a nondihydropyridine calcium antagonist 
(e.g., verapamil or diltiazem), followed by oral therapy, as initial 
therapy in the absence of severe LV dysfunction or other contraindica-
tions (Level of Evidence: B).” Furthermore, these guidelines endorse a 
class IIa recommendation for other ACS patients with recurrent isch-
emia already on beta-blockers and nitrates: “oral long-acting calcium 
antagonists for recurrent ischemia in the absence of contraindications 
and when beta-blockers and nitrates are fully used (Level of Evidence: 
C).” The guidelines also clearly indicate that short-acting dihydropyri-
dines (e.g., nifedipine) are contraindicated because of their propensity 
to decrease blood pressure abruptly and worsen ischemia/infarction.

Chronic Therapy After Myocardial Infarction

Early Trials
Like the data for acute treatment, many studies that have investigated 
chronic treatment are limited by being more than a decade old. These 

genes in ACS patients in a race-specific manner. A β2-receptor poly-
morphism, Gly16Arg, displayed a relationship between genotypes and 
mortality: 3-year Kaplan-Meier mortality rates of 10% for the GG and 
GA genotypes compared with 20% for the AA genotype (HR 0.44 [95% 
CI, 0.22 to 0.85] for GG vs. AA and 0.48 [95% CI, 0.27 to 0.86] for GA 
vs. AA, P = .005 for overall comparison). Significantly, these polymor-
phisms did not correlate with mortality in patients not treated with 
beta-blockers, indicating a specific interaction of the polymorphisms 
with beta-blocker treatment. Although the mechanism of this interac-
tion is unknown, it is possible that these polymorphisms alter LV 
remodeling in response to beta-blockade, as has been described for 
β1-receptor polymorphisms.41,42 Similarly, polymorphisms in the per-
oxisome proliferator-activated receptor-α (PPARα) gene, which can 
alter LV remodeling, can interact with beta-blocker therapy, affecting 
rehospitalization rates after an ACS.43

Polymorphisms can also interact differentially with beta-blockers 
in the presence of diabetes. Beitelshees and colleagues44 followed ACS 
patients (N = 468) with the −866G>A polymorphism in the mitochon-
drial uncoupling protein 2 (UCP-2) gene. Among diabetic patients 
with the GG genotype, beta-blocker use reduced cardiac rehospitaliza-
tion by 80%, whereas beta-blocker use increased cardiac rehospitaliza-
tion elevenfold among A-carrier patients with diabetes.

Although small, these studies suggest that genomic profiling might 
help tailor beta-blocker therapy in patients with ACSs, thereby maxi-
mizing benefit and reducing risk. Furthermore, advances in high-
throughput genotyping suggest that widespread application is feasible.

CALCIUM CHANNELS
Intracellular calcium concentrations are tightly regulated by calcium 
exchangers, ion pumps, and channels. At baseline, cytoplasmic calcium 
ion concentrations exist at very low levels (<100 nM) compared with 
extracellular concentrations (>1 mM). When calcium channels open 
at the plasma membrane or endoplasmic reticular level, intracellular 
concentrations of calcium rapidly rise; adenosine triphosphate  
(ATP)–dependent ion pumps and sodium/calcium exchangers restore 
equilibrium.

Calcium channels exist as three major subgroups: voltage depen-
dent, stretch operated, and receptor operated. The voltage-dependent 
receptors exist as three subtypes: N type, L type, and T type. The L-type 
and T-type channels are important to cardiovascular medicine and are 
inhibited by calcium-channel blockers. L-type channels exist through-
out the cardiovascular system in cardiac and smooth muscles; they 
mediate the slow inward current (plateau phase) of the action potential 
and might play a role in activation of pathologic hypertrophy.45 T-type 
channels are found mainly in sinus nodal tissue, and few are found in 
ventricular myocardium.

Calcium-Channel Blockers
The three main classes of calcium-channel blockers include dihydro-
pyridines, phenylalkylamines, and benzothiazepines (Table 14-2). 
These classes differ in their vasodilatory and chronotropic effects. In 
particular, phenylalkylamines (e.g., verapamil) and benzothiazepines 
(e.g., diltiazem) decrease atrioventricular and sinoatrial conduction, 
whereas dihydropyridines (e.g., amlodipine) do not. On the other 
hand, dihydropyridines are more potent vasodilators. Nifedipine, in 
particular, can cause profound peripheral vasodilation, resulting in 
reflex tachycardia. Despite these differences, all classes of calcium-
channel blockers have been shown to reduce infarct size in animal 
models. Some have speculated that calcium-channel blockers protect 
myocardium via coronary vasodilation and decreased ischemic calcium 
overload.

Acute Myocardial Infarction
Obviously, most data for calcium-channel blockade after acute MI are 
more than a decade old. The pivotal trials for early treatment of MI 

TABLE 14-2 Calcium Channel Blockers

Type
Vasodilatory 
Effects

Conduction 
Effects

Negative 
Inotropy

Phenylalkylamine

Verapamil +++ ++++ +++
Benzothiazepine

Diltiazem ++ +++ ++
Dihydropyridine

Amlodipine +++ + +
Felodipine ++++ + 0
Isradipine +++ ++ 0
Nicardipine ++++ + 0
Nifedipine ++++ + +
Nisoldipine +++ + +

0,	No	activity;	++++,	most	potent.



228 SECTION II  PHARMACOLOGIC INTERVENTION

with baseline blood pressures above mean had significantly reduced 
atheroma progression compared with placebo (P < .001).

The INVEST Trial
The International Verapamil-Trandolapril Study (INVEST) compared 
a calcium-channel blocker strategy to a non–calcium-channel blocker 
strategy for treatment of hypertension in CAD patients.52 The trial 
randomized patients to baseline therapy of long-acting verapamil or 
atenolol. Patients not meeting Joint National Committee VII (JNC-7) 
blood pressure goals received trandolapril and/or hydrochlorothiazide. 
The primary end point was incidence of death, MI, or stroke.

The 22,576 enrolled patients all had documented CAD, and about 
32% had a history of MI. Because secondary hypertensive therapy was 
not specified, secondary agents differed between the groups. The vera-
pamil arm received more trandolapril than the atenolol arm (62.9% vs. 
52.4%, P < .001) but received less hydrochlorothiazide (43.7% vs. 
60.3%, P < .001). At a mean follow-up of 2.7 years, the primary end 
point did not differ between verapamil and atenolol arms (9.93% for 
verapamil vs. 10.17% for atenolol; RR, 0.98; 95% CI, 0.90 to 1.06, P = 
0.57). Also, the primary end point did not differ according to treatment 
arm for patients with a history of MI (13.67% for verapamil vs. 14.38% 
for atenolol; RR, 0.95; 95% CI, 0.85 to 1.07).

Thus the INVEST and CAMELOT trials confirm that long-term 
calcium-channel blockade is safe and efficacious in high-risk patients, 
even those with a history of MI. The JNC-7 guidelines recommend  
that post-MI patients receive ACE inhibitors and beta-blockers; 
calcium-channel blockers have been given a “compelling indication” 
for patients with diabetes or high CAD risk. Most patients, of course, 
require multiple medications for blood pressure control, and all these 
data suggest that calcium-channel blockers are a reasonable part of the 
treatment plan.53 Moreover, any concerns about an interaction with 
other agents, such as clopidogrel via the cytochrome P-450 enzymes, 
appear unfounded.54

Percutaneous Coronary Intervention
As an adjunct to PCI, calcium-channel blockers have shown beneficial 
effects on myocardial perfusion, particularly during a no-reflow state, 
and on restenosis. No-reflow phenomenon is slow epicardial flow and 
inadequate myocardial perfusion despite a patent epicardial vessel. 
Although the mechanisms of the no-reflow phenomenon are incom-
pletely understood, many investigators believe that it occurs because 
of widespread microvascular dysfunction from overwhelming throm-
boembolism and reperfusion injury.

Because calcium-channel blockers are potent coronary vasodila-
tors, investigators have used these agents in no-reflow states in hopes 
of opening the plugged microvasculature. Small studies support this 
idea. In a single-center, nonrandomized study, Hang and colleagues55 
administered IC verapamil to 50 acute MI patients undergoing primary 
PCI and compared these patients with 50 historic controls. Myocardial 
perfusion, as measured by thrombolysis in myocardial infarction 
(TIMI) perfusion grade, significantly differed with verapamil admin-
istration. Specifically, 42% of verapamil-treated patients had TIMI 
grade 3 flow compared with only 14% of control subjects (P = .004). 
Moreover, verapamil treatment was an independent predictor of TIMI 
grade (OR, 0.26; 95% CI, 0.12 to 0.58; P = .001).

Umemura and colleagues56 confirmed this benefit of verapamil in 
patients with acute MI undergoing primary PCI. They performed 
Tc99m tetrofosmin single photon emission computed tomographic 
(SPECT) imaging before, immediately after, and 1 month after PCI in 
101 acute MI patients. A no-reflow state occurred in 32 patients (31%). 
Verapamil administration independently predicted not only post-PCI 
TIMI grade 3 flow (OR, 22.4; P = .002) but also lower infarct size by 1 
month according to SPECT imaging.

Corroborating both of these studies, Huang and colleagues57 ran-
domized 102 patients with no-reflow phenomenon in primary PCI to 
receive IC diltiazem, verapamil, or nitroglycerin and found more com-
plete ST-segment resolution at 3 hours and a lower peak troponin T 

trials started calcium-channel blockade weeks to months after MI and 
continued these agents long term. Data for nifedipine suggest harm, 
and trials evaluating verapamil and diltiazem show a nonsignificant 
reduction in noninfarction, although one large diltiazem trial showed 
this trend only in patients without CHF.49 Taken together, the nifedip-
ine trials demonstrate excess mortality with treatment; it is important 
to note that these trials had small numbers of events and used short-
acting nifedipine, not controlled-release nifedipine. When the vera-
pamil and diltiazem data are combined, treatment reduced reinfarction 
by 22% (95% CI, 33 to 0.8; P < .01).50

Recent Trials
Several antihypertensive trials of calcium-channel blockers have dem-
onstrated similar outcomes with calcium-channel blockers compared 
with other agents. Some of these trials have enrolled patients with a 
history of MI and provide reassuring data.

The CAMELOT Trial
The Comparison of Amlodipine Versus Enalapril to Limit Occurrences 
of Thrombosis (CAMELOT) study randomized 1991 patients with 
angiographically documented CAD (>20%) to amlodipine 5 to 10 mg 
daily, enalapril 10 to 20 mg daily, or to placebo.51 Uniquely, these 
patients had “normal” blood pressure at baseline (~129/77). The 
primary outcome was incidence of adverse cardiovascular and cere-
brovascular events that included cardiovascular death, resuscitated 
cardiac arrest, nonfatal MI, coronary revascularization, hospitalization 
for CHF, hospitalization for angina pectoris, stroke or transient isch-
emic attack (TIA), and any new diagnosis of peripheral vascular 
disease. The trial had an intravascular ultrasound (IVUS) substudy 
with the end point being percent change in atheroma volume. The 
mean age of the patients was about 57 years, and 38% of the entire 
population had a history of MI.

The primary end point occurred in 23.1% of placebo patients com-
pared with 20.2% of enalapril patients and 16.6% of amlodipine 
patients, with significant differences between both the enalapril and 
amlodipine groups compared with placebo (Fig. 14-4). The amlodipine 
group had a statistical trend for fewer cardiovascular events compared 
with the enalapril group (HR, 0.81; 95% CI, 0.63 to 1.04; P = .10), and 
amlodipine treatment resulted in significantly fewer hospitalizations 
for angina (HR, 0.59; 95% CI, 0.42 to 0.84; P = .003). Of interest, 
amlodipine also displayed a trend for reduced atheroma progression 
compared with placebo (P = .12); also, amlodipine-treated patients 

FIGURE 14-4	 Cumulative	events	in	the	CAMELOT	trial.	
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Percutaneous Coronary Intervention
As an adjunctive agent to PCI, ACE inhibitors might reduce peripro-
cedural injury according to some small trials. For example, Mangia-
capra and colleagues64 randomly assigned 40 patients undergoing 
elective PCI to IC enalaprilat or placebo. Patients pretreated with enal-
aprilat had lower peak troponin T levels. However, the small scale of 
this trial limits generalizing the findings.

Experimental animal models suggest that ACE inhibitors might 
reduce restenosis after coronary intervention with bare-metal stents,65 
although few clinical data exist to support this benefit. For example, 
Okimoto and colleagues66 randomized 253 patients after coronary 
intervention to quinapril or placebo. Binary angiographic restenosis 
occurred in 34.3% of the quinapril group compared with 47.7% of the 
placebo group (P < .05). Similarly, Deftereos and colleagues67 random-
ized 86 patients to quinapril or placebo after PCI and found a reduction 
in restenosis (9.3% vs. 25.6%, P = .047). Conversely, in the largest 
randomized trial of ACE inhibition after PCI, investigators found no 
reduction in restenosis.68 With the introduction of drug-eluting stents, 
quality evidence regarding the true efficacy of ACE inhibitors in reduc-
ing restenosis will remain elusive.

Acute Myocardial Infarction
Numerous trials have demonstrated benefit of ACE inhibitors after MI. 
More than two decades ago, several investigators provided evidence 
that ACE inhibitors greatly attenuate unfavorable remodeling after MI. 
For instance, Pfeffer and colleagues69 showed decreased end-diastolic 
volumes and pressures in patients given captopril after anterior MI, 
and large clinical trials confirmed benefit in a wide range of patients 
after MI.

The Survival and Ventricular Enlargement (SAVE) trial70 random-
ized 2231 patients with an LVEF of 40% or less to captopril or placebo 
within 3 to 16 days of MI. Captopril significantly reduced recurrent MI 
(RR, 25%; 95% CI, 5 to 40; P = .015), severe heart failure (RR, 22%; 
95% CI, 4 to 37; P = .019), and all-cause mortality (20% vs. 25%, P = 
.019). The Chinese Cardiac Study (CCS-1) also randomized patients 
(N = 14,962) after acute MI to captopril or placebo.71 Captopril signifi-
cantly reduced death or heart failure (21.5% vs. 23.1%, P = .02). Con-
firming a class effect for ACE inhibitors, the Acute Infarction Ramipril 
Efficacy (AIRE) trial demonstrated that ramipril reduced mortality 
(RR, 27%; 95% CI, 11 to 40; P = .002).72 Similarly, the Gruppo Italiano 
per lo Studio della Sopravvivenza nell’infarto Miocardico (GISSI-3), 
Survival of Myocardial Infarction Long-Term Evaluation (SMILE), and 
Trandolapril Cardiac Evaluation (TRACE) trials demonstrated compa-
rable benefits of lisinopril, zofenopril, and trandolapril, respectively.73-75

Complementing these trials was the largest and most definitive 
trial, ISIS-4. In this extraordinary trial, 58,050 patients within 24 hours 
of MI (median 8 hours) were randomized in a 2 × 2 × 2 factorial study 
to controlled-release mononitrate versus placebo, IV magnesium 
versus placebo, and 1 month of oral captopril (6.25 mg titrated up to 
50 mg twice daily).76 At 5 weeks, captopril reduced mortality signifi-
cantly (7.19% vs. 7.69%, P = .02). Although the absolute benefit for the 
entire cohort was modest, higher-risk groups, such as those presenting 
with heart failure or a history of previous MI, benefited more (up to 
10 fewer deaths per 1000 treated).

Although ACE inhibitors remain the first-line therapy in the angio-
tensin pathway to treat patients after MI, angiotensin-receptor blockers 
(ARBs) are important alternatives. In the VALIANT trial, 14,808 
patients with recent MI and LV dysfunction were randomized to cap-
topril, the ARB valsartan, or both. The primary end point, all-cause 
mortality, did not differ between captopril and valsartan, and combin-
ing the two conferred no additional benefit.77

CONCLUSION
Although the COMMIT trial suggests caution for acute IV beta-
blockade after MI, the data are strong for the benefit of beta-blockers 

level with diltiazem or verapamil compared with nitroglycerin. Finally, 
a recent meta-analysis found a lower 30-day wall motion index score 
and 2-month major adverse cardiac event (MACE) rate in ACS patients 
given IC verapamil during PCI.58

In addition to improving no-reflow states, calcium-channel block-
ers might also lower the incidence of restenosis. Although thus far the 
most effective agents for reducing neointimal hyperplasia have been 
sirolimus and paclitaxel, some data do exist for a beneficial effect of 
calcium-channel blockers in reducing restenosis. For example, recent 
data for benidipine, a dihydropyridine calcium-channel blocker, 
showed that proliferation of vascular smooth muscle cells (VSMCs) in 
culture was significantly reduced by benidipine.59

The reduction in VSMC proliferation may lead to less neointimal 
hyperplasia. Yamazaki and colleagues60 showed this by randomizing 63 
patients after successful coronary intervention with bare-metal stents 
to amlodipine 5 mg/day or quinapril 10 mg/day. Investigators per-
formed quantitative coronary angiography before and immediately 
after stenting and 3 to 6 months later. Approximately 50% of each 
group also received IVUS at follow-up. Amlodipine-treated patients 
had a significantly larger minimal lumen diameter at follow-up (1.52 
± 0.53 vs. 1.88 ± 0.64 mm, P < .01) and a significantly smaller neointi-
mal area (1.9 ± 0.5 vs. 2.7 ± 0.8 mm2, P < .01).

This reduction in neointimal proliferation appears to lead to fewer 
clinical events, as demonstrated by the most recent clinical trial of 
calcium-channel blockade after PCI, the Verapamil Slow-Release for 
Prevention of Cardiovascular Events After Angioplasty (VESPA) 
trial.61 The VESPA investigators randomized 700 patients after PCI 
using bare-metal stents to verapamil 240 mg twice daily for 6 months 
or placebo. Most patients (83%) received stents, and follow-up was 
excellent: 95% had complete clinical follow-up, and 94% received angi-
ography at 6 months. The primary end point—a composite of death, 
MI, or target-vessel revascularization (TVR) by 1 year—was 19.3% for 
placebo patients compared with 29.3% for verapamil patients (RR, 
0.66; 95% CI, 0.48 to 0.89; P = .002). The end point was driven by a 
lower risk of TVR (26.2% for placebo vs. 17.5% for verapamil; RR, 0.67; 
95% CI, 0.49 to 0.93; P = .006). Furthermore, verapamil reduced the 
incidence of restenosis by 75% or more (13.7% vs. 7.8%; RR, 0.57; 95% 
CI, 0.35 to 0.92; P = .014). Despite these promising animal and clinical 
data, they are limited, and VESPA is a single small trial; furthermore, 
the advent of drug-eluting stents has significantly dampened enthusi-
asm for systemic therapies such as calcium-channel blockade.

Angiotensin-Converting Enzyme
Angiotensin-converting enzyme (ACE) plays an important role in the 
renin-angiotensin-aldosterone system. When the kidneys sense a 
decrease in blood volume, the juxtaglomerular apparatus secretes 
renin, which catalyzes the conversion of angiotensinogen (hepatically 
produced) to angiotensin I. ACE, secreted by pulmonary and renal 
endothelial cells, converts angiotensin I to angiotensin II and also 
degrades bradykinin and other vasoactive peptides. Angiotensin II 
increases sympathetic activity, promotes aldosterone and antidiuretic 
hormone (ADH) release, and increases arteriolar vasoconstriction. 
Although these actions are helpful counterregulatory mechanisms 
(e.g., acute blood loss), chronic activation of this system promotes 
atherosclerosis, cardiomyopathy, and nephropathy.62

Angiotensin-Converting Enzyme Inhibitors
ACE inhibitors decrease the production of angiotensin II and prevent 
the degradation of bradykinin. Reduction of angiotensin II lowers 
arteriolar resistance, which lowers blood pressure and increases stroke 
volume and cardiac output. In addition to direct hemodynamic effects, 
ACE inhibitors have pleiotropic actions that promote favorable ven-
tricular remodeling. For example, ACE-I inhibition prevents hypertro-
phy and apoptosis of cardiac myocytes and decreases myocardial 
fibrosis through lower collagen type 1 production and altered matrix 
metalloproteinase activity.63
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evidence supports routine administration of ACE inhibitors after MI, 
particularly in those with LV dysfunction. Coupling these therapies 
with other well-established ones, such as antiplatelet agents and  
statins, is important for maximizing benefit for the patient and the 
public.

in the subacute and chronic treatment of patients with MI. Indeed, 
strong recommendations can be made for using beta-blockers in all 
post-MI patients, particularly those with LV dysfunction. Similarly, in 
stable patients after MI, calcium-channel blockers can be a useful 
adjunct for hypertension and angina treatment. Finally, overwhelming 
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Coronary balloon angioplasty, currently referred to as plain old 
balloon angioplasty (POBA), ushered in catheter-based cardiac 

treatment as a commodity. When POBA was introduced in 1977, it was 
not the first such therapy (Table 15-1), but it placed itself on top of a 
list of therapeutic interventions that became routine in catheterization 
laboratories around the world. The only three clinically relevant tech-
niques prior to that were atrial septostomy (first reported in 1966), 
closure of a patent ductus arteriosus (1966), and closure of an atrial 
shunt (1974). Other important techniques prompted and fostered by 
POBA are ablations in electrophysiology (1982), mitral valve balloon 
dilation (1984), coronary stenting (1986), left atrial appendage closure 
(2001), percutaneous aortic valve replacement (2002), and (poten-
tially) percutaneous mitral valve replacement (2012).

HISTORY OF CORONARY BALLOON ANGIOPLASTY
Serendipity led a young and ambitious physician, Andreas Roland 
Grüntzig (Fig. 15-1), not only to invent balloon angioplasty when 
hardly anybody else was even contemplating it but also to go about it 
in a cautious and methodological way that was hard to criticize.

The long history of the development of cardiac catheterization 
started with the Egyptians inserting tubes into the urethra.1 In 1844, 

live cardiac catheterization was first performed by Claude Bernard in 
France with a thermometer inserted through the carotid artery into 
the left ventricle of a horse. The development of x-rays by Wilhelm 
Röntgen in 1895 and Werner Forssmann’s self-experimentation in 1929, 
when he advanced a urologist’s plastic tube through a cut-down in his 
left arm to his right atrium, are the backbones of modern human 
cardiac catheterization; both happened in Germany. In the United 
States, André Cournand and Dickinson Richards subsequently began 
to use cardiac catheterization for diagnostic purposes by performing 
invasive measurements. Coronary angiography was brought about 
from the United States by a fortuitous selective contrast medium injec-
tion into a right coronary artery by Mason Sones in 1958. It was per-
fected in the United States by Kurt Amplatz and, in particular, by 
Melvin Judkins, who developed a truly nonsurgical percutaneous 
approach benefitting from the elegant vessel access described by Sven 
Seldinger in Sweden.2 The first catheter-based therapeutic procedures 
for arteries were performed in the early sixties by Charles Dotter in the 
United States.3 He dilated stenoses in leg vessels by telescoping increas-
ing catheter diameters through the narrowing. Eberhard Zeitler 
imported the technique to Germany and accumulated a significant 
number of patients successfully treated within a few years. He intro-
duced Grüntzig to catheter-based vascular therapy when he hosted 
him for a short visit in Engelskirchen, Germany, in 1971.

The Man Behind Coronary Angioplasty
Andreas Grüntzig, whose early life and career is detailed in Box 15-1, 
spent a year at the Zürich University Hospital radiology department, 
from August 1971 to July 1972, and transferred from the angiology 
unit to the cardiology unit in October 1973. There he was promoted 
to chief resident in cardiology in March 1974 and to staff cardiologist 
in August 1974 by Wilhelm Rutishauser, the unit chief (see Table 15-2). 
This likely represents the fastest and most successful fellowship in 
cardiology of all time. The next promotion to senior staff cardiologist 
had to wait until 1980, shortly before Grüntzig left for Emory Univer-
sity in Atlanta, Georgia, in the United States. Grüntzig was finally 
nominated as full professor of cardiology and radiology there. Before 
in Zürich, he had been mobbed (the term had yet to be defined in that 
context) by jealous peers and envious superiors; this had slowed down 
but not stopped the evolution of POBA.

The shortcomings of the Dotter technique were its relative crude-
ness and the fact that the arterial entry hole of the catheter had to be 
as large as the final lumen achieved. This dismayed Grüntzig, so he 
experimented with balloons—the logical concept to introduce some-
thing small and delicate that became large and aggressive only where 
and when needed. Latex used for balloons at that time did not allow 
pressure to build up; instead, the balloons simply gained volume. 
Werner Porstmann experimented with balloons to the same end in 
Berlin, East Germany, at that time and tried to overcome this problem 
by “inflating” a latex balloon with liquid within a longitudinally sliced 

K E Y  P O I N T S

•	 Coronary	balloon	angioplasty	has	stood	the	test	of	time.	The	
world’s	first	patient	is	still	enjoying	good	health	with	no	need	for	
coronary	bypass	surgery	after	more	than	37	years.

•	 The	slow	start	of	balloon	angioplasty	was	due	more	to	the	use	of	
coronary	angiography	at	a	late	stage	in	the	disease	state,	which	
typically	revealed	advanced	triple-vessel	disease	not	well	suited	for	
catheter-based	treatment	then	or	today.

•	 The	most	important	adjunct	to	the	balloon,	guiding	catheter,		
and	guidewire	trio	was	the	coronary	stent.	It	drastically	reduced	
the	risk	for	abrupt	closure	and,	in	its	drug-eluting	version,	the	
restenosis	risk.

•	 Coronary	balloon	angioplasty	did	not	initiate	catheter-based	
cardiac	therapy	but	transformed	it	into	a	commodity	that	fostered	
other	such	therapies,	including	electrophysiologic	ablation,	shunt	
closure,	and	valve	treatments	and	culminating	in	the	current	
spectacular	era	of	percutaneous	valve	implantations.

•	 Coronary	balloon	angioplasty	has	also	facilitated	catheter-based	
treatments	in	a	variety	of	other	disciplines,	such	as	
gastroenterology,	gynecology,	neurology,	and	urology.

•	 Coronary	balloon	angioplasty	has	provided	the	basis	for	the	most	
important	clinical,	educational,	and	industrial	medical	segment	of	
modern	therapy	in	the	Western	world.

15 The History of Balloon Angioplasty
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that it remains constant in form, which preserves the cylindrical shape 
even under increasing pressure; the initial double-lumen catheters 
were partially constructed at home by Grüntzig, his assistant Maria 
Schlumpf, and their respective spouses Michaela and Walter. It is note-
worthy that Hopff died in 1977, the year of the first clinical percutane-
ous coronary intervention (PCI) case.

Late in 1973, Grüntzig performed the first clinical peripheral artery 
balloon angioplasty. As he already had moved from the angiology to 
the cardiology unit, he was understandably tempted to carry over the 
promising results of peripheral balloon angioplasty to the coronary 
field. Coronary artery disease (CAD) was as much in the focus of 
medicine then as it is today, with the possibility of revascularization by 
coronary artery bypass grafting (CABG) less than 10 years old at the 
time. Many considered the idea of tampering with the coronary arter-
ies of the beating heart of an awake human as heresy. Besides the lack 
of logistic support from Grüntzig’s superiors, there was a more impor-
tant reason why PCI numbers picked up slowly: At the time in Europe 

catheter, which contained the balloon during inflation.5 However, at 
deflation, the closing slits of the catheter tended to catch on the vessel 
wall or dissection flaps, leading to deleterious effects in the form of an 
unintended atherectomy when withdrawing the catheter. Grüntzig 
found the solution with the help of retired plastics expert Heinrich 
Hopff, who still worked part-time at the Technical University just 
across the street from Grüntzig’s office at the Zürich University Hos-
pital (then called Cantonal Hospital). Grüntzig was quite resourceful 
in picking the brains of professionals and getting their practical help: 
he soon learned that polyvinyl chloride (PVC) can be heat-treated such 

TABLE 15-1 Evolution of Interventional Cardiology
Year Physician Procedure

1953 Rubio-Alvarez Pulmonary	wire	valvuloplasty

1966 Rashkind Atrial	septostomy

1966 Porstmann Patent	ductus	arteriosus	closure

1972 Galiano Coronary	wire	recanalization	in	acute	
myocardial	infarction

1974 King Atrial	septal	defect	closure

1975 Gianturco Coil	occlusion	of	shunt

1977 Grüntzig Percutaneous coronary intervention (PCI)
1979 Semb Pulmonary	balloon	valvuloplasty

1981 Singer Coarctation	angioplasty

1982 Gallagher His	bundle	ablation

1983 Lababidi Aortic	balloon	valvuloplasty

1984 Inoue Mitral	balloon	valvuloplasty

1986 Puel Coronary	stent	implantation

1987 Simpson Coronary	atherectomy	(debulking)

1990 Palacios Pericardial	balloon	fenestration

1994 Sigwart Transluminal	ablation	of	septal	hypertrophy

1996 Condado Brachytherapy	against	coronary	restenosis

1997 Oesterle Percutaneous	transmyocardial	laser	
revascularization

2000 Bonhoeffer Percutaneous	pulmonary	valve	replacement

2001 Sievert Closure	of	left	atrial	appendage

2002 Cribier Percutaneous	aortic	valve	replacement

2003 Feldman Percutaneous	mitral	valve	repair

2012 Sondergaard Percutaneous	mitral	valve	replacement

FIGURE 15-1	 Rotational	wire	thrombectomy	by	Andreas	Grüntzig	(right	
lower	inset).	A	household	drill	(right	upper	inset)	rotated	a	wire	with	a	
C-bend.	This	formed	a	“thrashing	olive”	(left	inset)	that	was	pulled	back	
through	a	thrombotic	occlusion	of	a	dog-leg	artery,	 thereby	achieving	
recanalization.	(Courtesy	Maria	Schlumpf.)

BOX 15-1 Early Life and Career of Andreas Grüntzig
Andreas	 Grüntzig	 was	 born	 on	 June	 25,	 1939,	 in	 Dresden,	 Germany.	
Important	stages	of	his	life	are	detailed	in	Table	15-2.4	His	mother	was	a	
piano	teacher	and	his	father	was	a	geographer	and	meteorologist,	but	his	
father’s	skills	would	be	abused	and	his	life	wasted	by	the	Third	Reich	before	
World	War	II	was	over.	Grüntzig’s	mother,	henceforth	a	widow,	struggled	to	
raise	two	talented	and	ambitious	sons	and	planned	a	permanent	emigration	
to	Argentina.	It	turned	out	to	be	a	rather	short	stay	(1950-1952),	and	the	
family	returned	to	Leipzig,	East	Germany.	Both	sons	attended	high	school	
and	allegedly	were	 slated	 for	blue	collar	professions	by	 the	East	German	
regime,	but	that	was	not	what	their	mother	had	in	mind.	In	1957,	about	4	
years	before	the	Wall	went	up,	the	threesome	fled	the	dull	postwar	German	
Democratic	Republic	 to	Heidelberg	 in	West	Germany,	where	 the	 two	sons	
studied	medicine.	Johannes,	the	elder	son,	became	an	academic	ophthal-
mologist;	Andreas	attended	medical	school	from	1958	through	1964	and	
became	the	father	of	balloon	angioplasty.

Andreas	Grüntzig	planned	 to	be	an	 internist	 after	 training	 in	Germany	
and	England	in	a	variety	of	specialties,	including	epidemiology.	He	applied	
at	the	Zürich	University	Hospital	in	Switzerland	to	train	under	Robert	Hegglin,	
one	of	the	leading	clinicians	in	Europe	at	the	time	and	the	author	of	the	then	
most	coveted	textbook	of	internal	medicine	in	the	German	language.	Hegglin	
was	impressed	by	the	young	applicant,	and	a	contract	was	issued.	However,	
just	3	weeks	after	Grüntzig	started	his	job	in	Zürich	in	1969,	Hegglin	suc-
cumbed	to	a	ruptured	aortic	aneurysm,	so	one	great	man	literally	took	over	
from	another	great	man.	A	professional	orphan,	Grüntzig	was	“adopted”	by	
Alfred	Bollinger,	head	of	 the	newly	built	unit	 for	angiology,	a	discipline	 in	
some	European	countries	that	encompasses	everything	but	open	surgery	for	
peripheral	vessels,	just	as	cardiology	does	for	the	heart.	Grüntzig	combined	
his	knowledge	in	internal	medicine	and	epidemiology	with	rapidly	acquired	
skills	in	clinical	angiology,	oscillography,	and	plethysmography	to	become	
a	prominent	driving	force	in	the	angiology	unit	in	no	time.

Before	 embarking	 on	 catheter-based	 revascularization	 therapies,	
Grüntzig	came	up	with	a	technique	to	quantify	leg	ischemia	during	exercise	
by	correlating	it	with	prolonged	relaxation	times	of	the	Achilles	tendon	reflex.4	
The	photometric	 technique	he	used	had	been	developed	 to	diagnose	and	
assess	hypothyroidism,	but	he	adapted	it	 for	peripheral	artery	disease.	He	
called	this	diagnostic	tool	claudicometry.	It	did	not	make	its	way	into	every-
day	practice.	Oscillography	and	the	upsurging	Doppler	ankle	pressure	mea-
surements	were	more	practical	and	more	appealing;	however,	claudicometry	
was	the	basis	of	later	studies	on	the	contractility	of	the	heart	muscle	under	
exercise	stress.

In	1971,	 in	an	effort	 to	 recanalize	arteries,	Grüntzig	shaped	a	C-bend	
on	a	straight	wire	close	to	its	tip,	passed	it	through	a	dog’s	hind	leg	artery	
obstructed	by	an	injected	thrombus,	and	removed	the	thrombus	by	swirling	
the	wire	with	the	help	of	a	household	drill	attached	to	its	outside	end	(see	
Fig.	15-1).	The	rapidly	rotating	C-bend	on	the	wire	looked	on	fluoroscopy	
like	an	olive	commensurate	in	size	with	the	vessel	diameter.	It	hashed	the	
thrombus	on	pull-back,	sending	innocuous	tiny	fragments	to	the	periphery.	
The	vessel	was	subsequently	recanalized	and	looked	normal.	Some	initial	
experiments	with	laser	equipment	followed	in	1975	but	could	not	compete	
with	the	self-made	balloon	catheters	already	in	clinical	use	at	the	time.
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bulky guiding catheter of the time, he failed to properly cannulate the 
left main stem coronary artery, and a balloon catheter was never intro-
duced. The patient succumbed to his untreatable disease 2 days later.

During his quest to find a suitable first patient, Grüntzig traveled 
to San Francisco, California, in May of 1977, where he joined the team 
of Richard Myler, an invasive cardiologist, and Elias Hanna, a cardiac 
surgeon, to perform four cases of intraoperative balloon dilations, the 
first one on May 9, 1977. Subsequent angiograms proved patent, both 
the dilated segments and the simultaneously placed bypass grafts. 
Myler had invited Grüntzig after being intrigued by a poster Grüntzig 
had presented at the November 1976 American Heart Association 
meeting. It portrayed coronary balloon angioplasty in eight closed-
chest dogs with promising follow-up histology.

First-in-Man Coronary Angioplasty
It took another 6 months until the ideal patient was finally found. 
Grüntzig had just returned from another week in San Francisco, 
looking in vain for a patient on whom to perform the first-in-man PCI 
there, when I presented him with a patient his age (38 years): a heavy 
smoker in good general health who suddenly had been caught by 
exertional and rest angina episodes that were poorly controlled by 
nitrates and beta-blockers prescribed at a peripheral hospital. He was 
transferred to Grüntzig’s hospital in Zürich on September 13, 1977, 
and underwent an exercise stress test (a test avoided nowadays in such 
an unstable situation). It showed transient, massive anterior ST-segment 
elevation accompanied by chest pain. On September 14, 1977, coro-
nary angiography revealed a tight proximal stenosis of the left anterior 
descending (LAD) coronary artery.

Grüntzig looked at the coronary angiogram I presented to him, 
beamed at me, and took me straight to the patient to talk to him. Today 
this would be called gaining “informed consent.” Both the patient and 
I recall that Grüntzig was quite frank about the possibility that the 
proposed world premiere PCI procedure could end up with the need 
for emergency CABG. In fact, the patient had been informed the day 
before that CABG was going to be his treatment, and he literally 
jumped at the chance to avoid it. Sharing a room with patients who 
had undergone CABG, he had been frightened by their tales of post-
operative sufferings and scars. The PCI procedure was slated for the 
following day, September 16, 1977. The support of Åke Senning, the 
chief of cardiac surgery and a pioneer in his own right; Marko Turina, 
Senning’s associate; and Walter Siegenthaler, Grüntzig’s supreme boss, 
had remained valid since the go-ahead granted more than a year prior. 
And there was no such thing as a medical ethical committee to bother 
with at that time in the country of Switzerland.

About 10 people, just about twice as many as usual, crowded the 
catheterization laboratory. The roller pump to perfuse the central 
lumen of the balloon catheter was readied. It was not going to be used 
for this case or for any elective PCI case ever. The lesion was easily 
crossed, and the balloon inflation that lasted for just seconds was toler-
ated without any symptoms or change in heart rhythm or systemic 
pressure. Looking at the fuzzy contrast injection run on fluoroscopy 
with the poor resolution of the time following the world’s first thera-
peutic coronary balloon inflation, someone in the room pointed out a 
stenosis of the first diagonal branch taking off immediately distal to 
the lesion (Fig. 15-2). Grüntzig, pleased with the nice distal pressure 
recorded at the tip of the nonsteerable balloon catheter (Fig. 15-3), 
thought to see it, too, and retracted and readvanced the balloon cath-
eter. Its soft wire tip effortlessly entered the diagonal branch. There 
Grüntzig executed another inflation. Only when the 35-mm film was 
processed did he realize that there had been absolutely no need for this. 
Although this case was not only the birth of PCI but also of surgical 
standby, there was no permanent presence of a surgeon in the room. 
Three different cardiac surgeons did drop in and out, hardly realizing 
that what they were witnessing was going to be bigger than CABG.

The case was over in virtually no time, and the angiographic result 
looked appealing (see Fig. 15-2), but two odd things are worth noting: 
First, the patient left the catheterization laboratory with a right bundle 

as elsewhere, coronary angiography was considered indicated only for 
patients whose CAD had proved truly refractory to several antianginal 
drugs for an extended period of time. Hence coronary angiograms, 
once they were finally done, typically revealed triple-vessel disease with 
compromised left ventricular (LV) function. PCI initially targeted early 
disease.

For almost 2 years, Grüntzig was ready to start PCI but could not 
find a suitable patient. A couple of weeks after the first coronary 
balloon catheter had been delivered to him by the local Schneider 
company, producer of his peripheral balloon catheters in parallel to the 
American company Cook, a first PCI case was attempted on March 22, 
1976.4 But it did not get far. A 73-year-old man cared for in the inten-
sive care unit for the better of 2 weeks for refractory unstable angina 
with recurrent myocardial infarction (MI) was presented to Grüntzig. 
Cardiac surgery had turned him down for good for poor general 
health, including advanced triple-vessel CAD, poor LV function, and 
complete occlusion of the descending aorta. Although far from what 
Grüntzig considered a good first case, he reluctantly agreed to an 
attempt with PCI. Having to access through an arm artery with the 

TABLE 15-2 Chronicle of Andreas Roland Grüntzig’s Life 
(1939-1985)

June	25,	1939 Birth	in	Dresden,	Germany

1945 Primary	school,	Rochlitz,	East	Germany

1950 Moved	temporarily	to	Argentina

1952 High	school	and	college,	Leipzig,	East	Germany

1957 College	graduation	(classical	languages),	Leipzig,	
East	Germany

1957 Escape	to	Heidelberg,	West	Germany

1957 College	graduation,	Heidelberg,	West	Germany

1958 Medical	school,	Heidelberg,	West	Germany

1964 Medical	doctor	degree,	Heidelberg,	West	Germany

1964 Surgery,	Mannheim,	West	Germany

1964 Gynecology,	Hannover,	West	Germany

1965 Internal	medicine,	Bad-Harzburg,	West	Germany

1965 Vascular	surgery,	Ludwigshafen,	West	Germany

1966 Social	medicine,	Heidelberg,	West	Germany

1967 Epidemiology,	London,	United	Kingdom

1968 Internal	medicine,	Darmstadt,	West	Germany

Zürich, Switzerland

October	1969 Angiology

January	1971 Internal	medicine

August	1971 Radiology

July	1972 Internal	medicine

October	1973 Cardiology	resident

March	1974 Cardiology	chief	resident

August	1974 Cardiology	staff

May	1977 Traveled	to	San	Francisco	to	perform	the	first	
intraoperative	coronary	balloon	dilation

September	16,	1977 First-in-man	PCI	performed	in	Zürich,	Switzerland

November,	1977 Private	lecturer	(associate	professor)

August	1980 Senior	staff

United States

October	1980 Professor	of	cardiology	and	radiology,	Atlanta,	
Georgia

October	27,	1985 Death	as	pilot	in	a	plane	crash,	Forsyth,	Georgia

Meier	B:	The	first	angioplasties	 in	Zurich.	 In	Bertrand	ME,	editor:	The	evolution	of	cardiac	
catheterization	and	 interventional	 cardiology,	 St.	 Albans,	UK,	2006,	 Latric	Press	and	 the	
European	Society	of	Cardiology,	pp	61-74.
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1 month later and on the day 10 years later. A clinically prompted 
coronary angiography occurred 23 years later (3 instances) and 37 
years later (see Fig. 15-2). In fact, the patient was going to quit smoking 
immediately after his historic treatment in 1977 but also decided to 
stop all his medications after a few months. His was of the conviction 
that medications taken for a long time lose their effect. When symp-
toms recurred for the first time after 23 years, he restarted medication, 
this time with acetylsalicylic acid and a statin. However, having lost his 
symptoms after a repeat intervention, he again stopped the medication. 
After his third PCI 37 years later, he appeared quite agreeable to stay 
on a platelet inhibitor (prasugrel) and a statin (rosuvastatin) for good, 
although we have yet to see the last of this.

branch block in the electrocardiogram (ECG) and only reverted to his 
normal ECG pattern several hours later. Second, an exercise stress test 
performed 2 days later still revealed transient ST-segment elevations 
in the anterior leads, albeit less pronounced than before the procedure. 
People, including Grüntzig, thought that right bundle branch block 
and ST-segment elevations during the early exercise stress test came 
with the technique; however, both findings turned out to be exquisite 
rarities.

The patient was discharged on anti–vitamin K oral anticoagulation 
and a beta-blocker, notably one with intrinsic mimetic activity since 
withdrawn from the market; acetylsalicylic acid was not yet in the 
game. Routine follow-up coronary angiographies were done about  

FIGURE 15-2	 The	world’s	first	coronary	artery	lesion	treated	by	percutaneous	coronary	intervention	(PCI)	and	its	37-year	follow-up,	right	anterior	
oblique	projection.	A,	Lesion	before	the	first	intervention	(circle).	B,	Result	after	the	balloon	angioplasty.	C,	Preplanned	elective	follow-up	1	month	
later	showing	a	good	result	(circle).	D,	On	the	very	day	of	the	10-year	anniversary	of	the	initial	intervention,	elective	follow-up	performed	by	Spencer	
King	in	Atlanta	with	a	4-Fr	multipurpose	catheter	showed	a	good	long-term	result.	E,	Coronary	angiogram	performed	in	Bern,	Switzerland,	because	
of	recurrent	chest	pain	23	years	after	the	initial	intervention.	A	lesion	that	appears	to	be	insignificant	lies	just	proximal	to	the	initial	one.	In	part	not	
to	 spoil	 the	 immaculate	 follow-up,	 the	patient	was	 reassured,	and	no	 intervention	was	done.	F,	 Symptoms	persisted	and	 the	patient	 requested	
another	angiogram	5	months	later.	The	new	lesion	still	 looked	borderline,	and	fractional	flow	reserve	(FFR)	was	normal.	The	patient	 insisted	on	
treatment	 this	 time.	G,	Result	after	balloon	angioplasty	accepted	by	 the	operator,	but	not	by	 the	patient,	who	demanded	a	stent.	H,	Result	after	
bare-metal	stent	placement	(drug-eluting	stents	were	not	yet	available).	 I,	Symptoms	 recurred	after	2	months	and	were	more	severe	 than	ever;	
repeat	angiography	at	3	months	showed	tight	in-stent	restenosis.	J,	Result	after	balloon	angioplasty.	K,	New	lesion	at	the	proximal	end	of	the	stent	
led	 to	 typical	exertional	angina	another	14	years	 later,	now	37	years	after	 the	historical	first	 intervention.	L,	Result	after	 implantation	of	a	drug-
eluting	stent	covering	the	original	lesion	and	the	bare-metal	stent	placed	in	2000.	
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December 7, 2000: Angina

December 7, 2000: Post balloon

November 6, 2014: Angina

November 6, 2014: Post drug-eluting stent

September 9, 2000: Angina

September 9, 2000: Post balloon

September 9, 2000: Post bare-metal stentSeptember 16, 1987: Asymptomatic

September 16, 1977: Post balloon

October 20, 1977: Asymptomatic
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1978 annual convention of the Swiss Society of Cardiology would have 
been rejected had it not been for Wilhelm Rutishauser, a tutor of 
Grüntzig’s who happened to preside over the society at that time. 
Moreover, Grüntzig himself estimated that PCI might someday attain 
a share of some 15% of coronary revascularization patients, leaving 
85% to CABG. Today that relation is just about reversed. Many errone-
ously assume that this exclusively testifies to the great development of 
PCI from a primitive and limited procedure to an elegant and widely 
applicable one. In fact, the dominance of PCI over CABG in numbers 
is more due to the change in the indications for invasive workup of a 
suspicion of CAD. In the 1970s, around the world coronary angiogra-
phy was considered dangerous, expensive, and a last resort in CAD 
management, but this has gradually and drastically changed. The 
advent of PCI certainly helped to render coronary angiography a 
readily available first-line diagnostic tool for CAD. Using it in a timely 
manner typically reveals situations amenable to PCI. The technique 
itself has basically maintained the same indications over almost four 
decades: a few isolated lesions with at the most one chronic total occlu-
sion. Add to this the inoperable patients for general health or age. In 
fact, world case number two—performed by Grüntzig in Frankfurt, 
Germany, together with Martin Kaltenbach on October 18, 1977—and 
world case number four were patients with left main coronary artery 
stenoses. This indication projected a technically easy approach (proxi-
mal lesion) for the nonsteerable fixed-wire balloon of the time. It would 
have prevailed in selected cases had it not been for the fact that two of 
the early left main patients died during the first months of follow-up. 
Their autopsies showed no left main occlusion, which is in keeping 
with the fact that there were virtually no follow-up lesion occlusions 
after POBA (with the exception of recanalized previous total occlu-
sions). Nonetheless, it disqualified left main stenosis for PCI in most 
centers for almost two decades; stenting put it back on the agenda.

Attempts at expanding the indication range to advanced triple-
vessel disease never went far. Before stents, the risk of an abrupt closure 
(about 7% per lesion) accumulated unacceptably if too many lesions 
were approached simultaneously. This was drastically curbed by stents. 
Yet, even with drug-eluting stents, the most recent randomized trial 
proved PCI inferior to CABG in advanced triple-vessel disease,6 par-
ticularly in diabetic patients.7 Of course, complex cases can be per-
formed more swiftly and successfully today, compared with what was 
possible with the initial relatively crude equipment. The fact that 
single-vessel PCI still amounts for about three quarters of all PCI 
procedures worldwide underscores that early and simple CAD cases 
remain the backbone of PCI.

During early follow-up, the patient, who had had a rather difficult 
childhood and was experiencing marriage troubles, changed spouse, 
profession, and lifestyle. He became some kind of a public figure  
in Switzerland. This was less because of his occasional television 
appearances as the world’s first PCI patient and more because he made 
a remarkable career as a professional card game instructor and expert 
of Swiss country music. Figure 15-3 shows him around his first proce-
dure in 1977 and the day after his (so far) last procedure in 2014, just 
coming out of a negative exercise stress test, the results of which are 
shown in Figure 15-4.

CLINICAL ADOPTION AND EVOLUTION OF PLAIN OLD 
BALLOON ANGIOPLASTY

The massive underestimation of the potential of POBA subsequently 
turning into PCI with default stenting is best exemplified by the fact 
that Grüntzig’s first abstract on the clinical use of PCI submitted to the 

FIGURE 15-3	 The	world’s	first	percutaneous	coronary	intervention	(PCI)	
patient	at	 the	 time	of	 the	procedure	 in	1977	(age	38	years)	and	37	
years	later,	the	day	after	his	most	recent	PCI	(age	75	years).	The	inset	
shows	the	original	Grüntzig	coronary	artery	dilation	balloon	used.	

1977 2014

FIGURE 15-4	 Maximal	exercise	stress	test	the	day	after	implantation	of	a	drug-eluting	stent	into	the	lesion	at	the	historic	site	in	the	proximal	left	
anterior	descending	coronary	artery	and	into	an	additional	lesion	in	the	proximal	right	coronary	artery.	A,	Resting	electrocardiogram	(ECG)	depicts	
the	right	bundle	branch	block	 that	 temporarily	appeared	37	years	earlier	as	a	consequence	of	 the	historic	first	procedure	and	relapsed	for	good	
about	30	years	later.	B,	Computer	rendering	of	two	ECG	leads	at	increasing	exercise	(top	three	rows)	and	during	recovery	(bottom	row)	reveals	
no	signs	of	ischemia.	

A B
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in human beings. Fluoroscopy at the time provided poor resolution, 
and the deficient live-picture quality was a significant challenge for 
PCI. Early video recorders lacked any usable still-frame capability, and 
replay produced angiographic runs even more fuzzy than the live ones. 
During PCI intervention it was virtually impossible to optically assess 
the result after balloon dilation. Waiting repeatedly for 20 minutes or 
more to process the cine films was impractical. Hence, the catheter 
lumen initially designed for arterial perfusion was exclusively used to 
assess the pressure distal to the lesion before and, more importantly, 
after PCI. A distal pressure of less than 20 mm Hg inferior or equal to 
the proximal pressure (obtained from the guiding catheter tip) docu-
mented an adequate hemodynamic result. Moreover, watching this 
pressure for 10 or more minutes showed either a stable situation or an 
insidiously dropping distal pressure. The latter was a harbinger of an 
obstructive dissection (rarely visible on the hazy fluoroscopy pictures) 
with a cul-de-sac slowly filling up with blood. Overall, abrupt closures 
amounted to about 7% after POBA (not all of them clinically relevant 
because of collaterals or preinfarcted myocardium), but the risk of 
abrupt closure approached 50% in lesions with obviously decreasing 
distal pressure at the end of balloon dilation. The only thing that could 
be done about it was reinflating the balloon for a longer period. Long 
inflations were often not well tolerated by the patient because of angina, 
dropping blood pressure, or malignant arrhythmia. Perfusion balloons 
were used in such cases.12-14 The autoperfusion principle was enabled 
with proximal sideholes in the balloon catheter shaft, through which 
blood crossed the balloon to perfuse the distal territory through the 
hole in the tip.

The guiding catheters of the time were 9 Fr (1 Fr = 1 Charrière unit, 
or 0.3 mm). The initial balloon catheter shafts were bulky and required 
space because of their double-lumen construction. This left little room 
in the guiding catheter, and contrast medium injections were difficult. 
Manufacturers succeeded in diminishing the balloon catheter shaft 
diameters, and the guiding catheter sizes could then be progressively 
reduced, first to 8 Fr, then to 7 Fr, and finally to 6 Fr, the current stan-
dard (Fig. 15-6). Coronary ostial obstruction (wedging) often required 
sideholes in 7- to 9-Fr catheters to avoid flow obstruction in the can-
nulated coronary artery. All major manufacturers offered prefabricated 
sideholes, or such holes were made by hand (Fig. 15-7). This problem 
virtually disappeared with 6-Fr guiding catheters. The size reduction 
of the equipment did not end there, rather it culminated around 1990 
in PCIs performed through a diagnostic 4-Fr coronary catheter using 
a fixed-wire balloon (Fig. 15-8).15

Initially, more often than not, the balloon catheter had to be 
removed from the guiding catheter to obtain adequate contrast visual-
ization of the treated lesion. With the initial fixed-wire Grüntzig 
balloon catheter, if another inflation was needed, the lesion had to be 
renegotiated with this unsteerable instrument. John Simpson used an 
over-the-wire system in PCI,16 and after the introduction of truly steer-
able guidewires,17 complete removal of the balloon catheter out of the 
guiding catheter while maintaining the guidewire position using a long 
guidewire (first suggested by Martin Kaltenbach18) was possible. Tassilo 
Bonzel19 and Paul Yock came up with the idea of running only the distal 
portion of the balloon catheter over the guidewire exiting the balloon 
catheter shaft through a sidehole. The Monorail system—as I named 
it, referring to the Monorail train concept fashionable in the eighties 
(Fig. 15-9)—has since become the default technology for practically all 
PCI equipment. It allows the interventionalist to easily remove or 
exchange balloon catheters over a normal-length coronary guidewire 
kept in place across the lesion.

An important safety feature was the introduction of soft-tip cath-
eters by Robert van Tassel20 (Fig. 15-10). Another advance was the 
increasing selection of preshaped guiding catheters (Fig. 15-11), which 
reduced the common need for shaping guiding catheters with a hot-air 
gun or hot-water steam. Continuous improvements and simplifications 
were made in the indeflator device used for pressure filling and voiding 
of coronary balloons.21 The pressure gauges were initially limited to 20 
bar or less but later had to be adapted to balloons withstanding up to 
40 bar.

POBA spread to other countries quite rapidly; the first cases were 
performed in the United States on March 1, 1978, simultaneously by 
Richard Myler in San Francisco and Simon Sterzer in New York City.8 
The skeptical attitude of referring physicians, and cardiac surgeons and 
internists in particular, resulted in slow growth for PCI. Grüntzig per-
formed just over 170 procedures in the first 3 years at the University 
Hospital of Zürich. Notably, none of these patients died in the hospital, 
although a number of patients, close to 10% initially, required emer-
gency CABG, starting with patient number seven.

From its infancy, POBA brought about new terms such as surgical 
standby, coronary restenosis, and live demonstration. The latter referred 
to courses given by Grüntzig, first all by himself in Zürich and later 
with peers and at different locations, demonstrating the PCI cases from 
A to Z. The first PCI courses in Zürich took place on August 7 through 
10, 1978 (28 participants), April 9 through 12, 1979 (104 participants), 
January 2 through 5, 1980 (171 participants), and August 3 through 7, 
1980 (212 participants). On that last occasion, the combined world 
experience with POBA was estimated at about 800 cases (Fig. 15-5).9 
The first PCI live video broadcast from one city to another—from 
Atlanta, Georgia (USA) to Geneva, Switzerland—occurred on June 23, 
1992, after Grüntzig’s death.

Technical Modifications
It is worth noting that in the 1970s, the only place to buy a coronary 
balloon catheter in the world was the Schneider Medintag Company, 
a tiny shop at 62 Clausiusstrasse in Zürich, Switzerland. In the years 
preceding the introduction of the coronary stent by Jacques Puel in 
France in 1986,10,11 some significant technical improvements to the 
three essential components—guiding catheter, balloon catheter, and 
guidewire—occurred, and the clinical data were scrutinized by regis-
tries and even in some randomized trials. Grüntzig had performed all 
his peripheral balloon angioplasties with balloons inserted over a 
guidewire and continued to do so after the initiation of PCI. While 
miniaturizing the equipment for coronary use, he anticipated from 
experiences with dog experiments—and from advice he received from 
one of his mentors, Wilhelm Rutishauser—that continuous distal per-
fusion with arterial blood during balloon inflation would be necessary 
to prevent ventricular fibrillation and death. Hence a central lumen of 
the catheter reserved for this was required, and it could not be blocked 
by a guidewire. The solution was to attach a guidewire stub to the tip 
of the balloon and reserve the balloon shaft for two separate channels. 
The first one was used for balloon filling and emptying, the second one 
for injecting arterial blood harvested from an artery (the opposite 
femoral artery was planned for this in patients) or for distal pressure 
measurements. The latter purpose prevailed after it had been proved 
that arterial perfusion was not required for short coronary occlusions 

FIGURE 15-5	 Live	courses	on	coronary	angioplasty	in	Zürich,	Switzer-
land,	 and	 respective	 worldwide	 recorded	 cases	 from	 1978	 through	
1980.	(From	Rutishauser	W:	A	Swiss	perspective	of	percutaneous	coro-
nary	interventions:	historic	aspects.	Cardiovasc	Med	4:293-306,	2001.)
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Attempts to make the tip of a fixed wire on a balloon shapeable 
from the outside during coronary negotiation were abandoned for  
lack of success.22 A similar fate befell tapered and step-up balloon sil-
houettes, tandem balloons placed serially on a single catheter, and 
cutting balloons eqiupped with longitudinal cutting blades. One inge-
nious but unsuccessful balloon modification, called the Fogarty linear 
extrusion balloon,23 used an invaginated balloon placed proximal to a 
stenosis; the balloon was filled under pressure, thereby making it 
extrude while creeping through the lesion and dilating it.

For patient surveillance during PCI, the distal pressure measure-
ments fell into oblivion as fluoroscopy improved and high-resolution 
still frames became available. The replacement of urographin by low-
osmolar nonionic contrast media not only improved patient safety  
but virtually eliminated dye-induced bradycardia. The initially man-
datory right heart catheterization for monitoring of the pulmonary 
artery pressure and rapid access to pacing, if needed, was also aban-
doned over time. For swift pacing accessibility, coronary pacing was 
described,24 but most operators still prefer to use right heart pacing 
on the rare occasions that it becomes necessary. The idea of recording 
the intracoronary ECG from the guidewire to depict ischemia more 
conspicuously and specifically24 was proposed but never became stan-
dard. Femoral puncture closure devices (Fig. 15-12)25,26 made life 
easier for operators and patients, albeit without significantly impacting 
safety.27-29

FIGURE 15-6	 Decremental	size	of	guiding	catheters	 in	French	(Fr)	size	over	 time	and	 its	 relation	 to	a	 typical	coronary	artery	ostial	diameter	of	
3.5	mm.	
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FIGURE 15-7	 Sidehole	carving.	Holes	could	be	produced	with	a	simple	
blade	(left	panels)	to	avoid	flow	obstruction	in	a	coronary	artery	because	
of	wedging	of	the	guiding	catheter	(right	panel).	
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Surgical Standby
Surgical standby, meaning that cardiac surgery had to be preinformed 
about a PCI case and available at any time during the case, was a  
sine qua non for decades and has remained one even up to now in 
some institutions. However, even before the coronary stent, it was 
proved that surgical standby does not significantly enhance overall 
safety.30 Not infrequently, patients were sent to emergency surgery 
for a small area of ischemia produced by a failed PCI attempt. The 
added surgery did not salvage that area because of the time elapsed 

FIGURE 15-8	 Ace	balloon.	 Fixed-wire	balloon	enables	percutaneous	coronary	 intervention	 through	a	4-Fr	diagnostic	 catheter.	 (From	Moles	VP,	
Meier	B,	Urban	P,	et	al:	Percutaneous	transluminal	coronary	angioplasty	through	4	French	diagnostic	catheters.	Cathet	Cardiovasc	Diagn	25:98-
100,	1991.)

FIGURE 15-9	 Monorail	balloon	shaft	and	guidewire	concept	(top	panel)	
and	its	analogy	to	the	Monorail	train	(bottom	panel).	

FIGURE 15-10	 Soft-tip	 coronary	 catheters	 minimize	 the	 risk	 of	 ostial	
dissection.	 (From	 Van	 Tassel	 R,	 Gobel	 F,	 MacCarter	 D,	 Vlodaver	 Z.	
Histologic	evidence	of	angiographic	catheter-induced	vascular	trauma:	
a	 comparison	 of	 conventional	 and	 deformable	 soft-tip	 catheters.	 Tex	
Heart	Inst	J	15(1):39-43,	1988.)

FIGURE 15-11	 Typical	 and	 ever-growing	 array	 of	 guiding	 catheter	
shapes.	(Courtesy	Angiomed,	Karlsruhe,	Germany.)

until revascularization, and surgical complications were added to the 
hospital course. By the time coronary stents were introduced, which 
reduced acute vessel occlusion during PCI from about 7% to 1%, the 
percentage of patients going to emergency surgery after failed PCI  
had already fallen to 1% to 2%; currently, it is less than 0.5%. Eliminat-
ing the organized surgical standby requirement tremendously facili-
tated the organization of a busy catheterization unit and reduced 
quarrels among teams (invasive cardiology, cardiac surgery, anesthesi-
ology, and intensive care unit) to those rare cases where a patient had 
to be rushed to surgery at a difficult time. The so-called heart team was 
laid to rest until the recent revival in the realm of percutaneous valve 
replacement.

Clinical Results
The success rate, defined as improvement of the lesion without impor-
tant complication, increased from the initial 70%31 to over 95% with 
improved material and experience in selecting patients. These data 
were monitored initially by registries.32-36

Restenosis
The problem of restenosis was a major blemish that would be partially 
alleviated by stents and practically eliminated by drug-eluting stents. 
Many drug regimens were tried in vain. The restenosis rates, initially 
between 20% and 30%, got worse as busy operators began to dilate 
more stenoses less, compared with their initial practice, to dilate less 
stenoses more. POBA operators knew that if the patient left the hospi-
tal without an abrupt closure, it was extremely unlikely that he or she 
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stenting went unheard at first,52,53 but to date the stent reigns supreme, 
whereas the other new devices have all but disappeared. The sole 
exception is rotablation, which still solves an occasional case in which 
sleek modern balloons cannot pass or their tolerated pressure of 40 bar 
or more cannot crack the lesion. Radiofrequency heated balloons, 
meant mainly to curb restenosis, never made it to clinical use.54 Local 
catheter-based radiotherapy (brachytherapy) did make it to clinical 
use55 but has largely been replaced by drug-eluting stents.

Comparison to Bypass Surgery
Comparisons with CABG,56 some randomized,57,58 were accumulating; 
one of these focused on patients with diabetes.59 Such comparisons 
invariably showed inferiority of PCI mostly because of an increased 
need for reintervention; however, this did not appreciably slow down 
the conquest of PCI.

Special Subgroups
Two subgroups were looked at separately, POBA for acute MI and 
POBA for chronic total occlusion.

Acute Myocardial Infarction
The heavy logistics, in particular those imposed by the need for surgi-
cal standby, were the main reason that PCI recanalization of an 
occluded coronary artery during acute MI (primary PCI) was not 
attempted or was at least not published. Finally, reports using PCI 
instead, as a complement, or as a bail-out procedure in conjunction 
with intracoronary or systemic thrombolysis emerged.60-64 Three of 
them were randomized trials.65-67 Two of them had warned against PCI 
as an adjunct to systemic thrombolysis, then the gold standard treat-
ment for acute MI.66,67 They seemed to put acute PCI to permanent rest 
much to the relief of interventional cardiologists on night duty (or their 
spouses for that matter), until data from Geoffrey Hartzler rekindled 
the interest and showed that POBA for acute MI had indeed been 
buried alive.68-71 Ever since, PCI has all but supplanted thrombolysis 
wherever catheterization laboratories are at hand.

would suffer a later vessel occlusion, even in the event of restenosis. 
Restenosis was not a resurgence of the original plaque; rather it was 
lumen loss by neointimal growth. Neointima had no tendency what-
soever for spontaneous rupture and vessel thrombosis. This fact led to 
the suggestion to also treat mild lesions with balloon angioplasty to 
promote plaque sealing.37 This concept was based on the fact that 
abrupt closure of mild lesions was extremely rare, and late closures 
were practically inexistent. Moreover, after POBA of mild lesions, 
restenosis was rare. The initial bare-metal stents had a thrombosis rate 
over the first year of 1% to 2% followed by close to 1% per year for 
several years. Currently, with a stent thrombosis record of modern 
drug-eluting stents of less than 1% over the first 4 years, the plaque-
sealing concept is back in discussion.

When the restenosis rate of POBA was initially compared with that 
of the new bare-metal stents, the worst POBA restenosis rates (30%  
to 50%) were typically used to exaggerate the difference to the typical  
10% of bare-metal stents. In reality, the need for reintervention had 
already been in the single digits before the advent of stents, at least 
when looking at the selected patients of the randomized stent trials 
(Fig. 15-13).38

Considering the shortcomings of POBA, it was understandable that 
many, including Grüntzig, were avidly searching for improvements or 
replacements of the technique. Parallel with the coronary stent that 
finally became a default complement to balloon angioplasty, a number 
of other techniques were clinically evaluated39 that included direc-
tional atherectomy,40 rotablation,41 and low-42 or high-speed43-46 rota-
tional atherectomy. All the techniques meant to remove material were 
subsumed under the term debulking techniques. The most complex of 
these used laser energy (called hot tips when used for chronic total 
occlusions).47-50 Ultrasound heat was also tried,51 but neither method 
prevailed.

Initially, new devices were considered superior to stenting for all 
the wrong reasons. The stent was typically used only as a bail-out 
technique when POBA or any of the other new devices had failed. 
Hence the results of stented patients yielded an infarction rate of 20% 
or more and thus looked noncompetitive. Other new devices had pro-
duced results that were comparable to, albeit not better than, those of 
POBA; yet they were only used in selected elective cases. Early attempts 
at setting straight the skewed general opinion about new devices and 

FIGURE 15-12	 Graphic	depiction	of	the	concept	of	the	AngioSeal	device	
(St.	Jude	Medical,	St.	Paul,	MN),	designed	by	Kenneth	Kensey	and	one	
of	the	first	to	be	successfully	applied	for	percutaneous	femoral	arterial	
puncture	site	closure.	The	anchor	provides	counterforce	 to	squeeze	a	
collagen	plug,	which	is	threaded	over	a	suture	onto	the	puncture	hole	
in	the	artery.	The	suture	is	cut	off	at	the	skin	surface	and	is	resorbable,	
as	are	the	remainder	of	the	implanted	parts.	(From	Aker	UT,	Kensey	KR,	
Heuser	RR,	et	al:	Immediate	arterial	hemostasis	after	cardiac	catheter-
ization:	 initial	 experience	with	 a	 new	puncture	 closure	 device.	 Cathet	
Cardiovasc	Diagn	31:228-332,	1994.)
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FIGURE 15-13	 Need	 for	 reintervention	 (repeat	 percutaneous	 coronary	
intervention	 [PCI])	 in	 the	 balloon	 arm	 of	 29	 randomized	 trials	 that	
comprised	9918	patients	and	compared	plain	old	balloon	angioplasty	
to	 bare-metal	 stenting	 according	 to	 the	 percentage	 of	 stents	 used.	
Whereas	it	is	16%	with	no	stents	used,	this	rapidly	drops	to	less	than	
10%	with	less	than	20%	stenting.	The	authors	conclude	that	“the	ideal	
rate	 of	 stenting	 is	 difficult	 to	 determine,	 but	 our	 analysis	 suggests	
diminishing	 returns	once	a	provisional	stenting	 rate	exceeds	approxi-
matively	20%	 to	40%”	 (shaded	area).	 (From	Brophy	JM,	Belisle	P,	
Joseph	L:	Evidence	for	use	of	coronary	stents.	A	hierarchical	bayesian	
meta-analysis.	Ann	Intern	Med	138:777-786,	2003.)
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Chronic Total Occlusion
The first chronic total occlusions (CTOs) were tackled by Grüntzig 
with his primitive balloon, when patients with an initial stenosis came 
in for PCI at the end of a long waiting period, with progression to  
a silent occlusion having occurred in the meantime. Because these 
occlusions were relatively fresh, technical success was quite rewarding. 
By attempts at older occlusions with steerable wires, it became evident 
that technical success was at best 50%. On the other hand, complica-
tions were quite rare; the most common problem of POBA at that time 
was abrupt vessel closure, hardly an issue with a vessel that was closed 
at the start. Indications were logically restricted to occlusions with 
visible collaterals to the distal bed. The debate is ongoing as to how 
long such collaterals remain recruitable in cases of reocclusion after 
successful opening of a CTO. Some reports on massive infarction after 
reocclusion of a recanalized CTO are one of the reasons to discourage 
operators to attempt them in the first place. In my experience, this can 
only happen when significant collaterals were severed during the 
process, which is more common with stenting, in which intimal flaps 
get pasted to the wall and may plug up collateral entrances. The intro-
duction of hydrophilic guidewires and more sophisticated technical 
approaches, such as retrograde recanalizations through collaterals, has 
boosted the technical success rate but has also increased cost and risk.

Today, some subspecialized PCI operators attempt difficult CTOs 
with all the available new gear, while most restrict themselves to recent 
and short CTOs. Registries and randomized trials vary in their conclu-
sions: some attest no clinical benefit to PCI of CTOs,72 whereas others 
document benefit.73 On top of the benefit of perfusing normally sub-
tended viable myocardium is the potential of reversed collaterals from 
the recanalized vessel in case of later occlusion of the initial donor 
vessel.

CONCLUSION
PCI in the form of POBA got off the ground quite laboriously. None-
theless, it has matured to become not only one of the most common 
medical interventions worldwide but also an important industrial, 
educational, and even a health-politics factor. The stent was instrumen-
tal to its success (Fig. 15-14). Notably, an initial randomized trial 
showed that default stenting was clinically inferior to POBA (Fig. 
15-15).74 This did not hinder the conversion of PCI into default stent-
ing and the results of current drug-eluting stents are outstanding. I am 
quite sure that although Grüntzig may have frowned on stents briefly, 
he ultimately would have signed on as he had signed on to the launch 
of PCI, a gargantuan medical achievement.

FIGURE 15-14	 Evolution	of	percutaneous	coronary	intervention	(PCI)	from	the	first	case	with	hypothetic	extrapolations	for	the	future.	BVS,	Bioab-
sorbable	vascular	scaffold.	
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FIGURE 15-15	 Five-year	 clinical	 follow-up	of	 the	BeNeStent	 (Belgium	
Netherlands	Stent)	I	randomized	comparison	of	coronary	balloon	angio-
plasty	or	bare-metal	stenting.	The	results	point	to	inferiority	of	stenting.	
CVA,	Cerebrovascular	accident;	FE,	Fisher	exact	test;	LR,	log	rank	test;	
MI,	myocardial	infarction;	RR,	relative	risk.	(From	Kiemeneij	F,	Serruys	
PW,	 Macaya	 C,	 et	al:	 Continued	 benefit	 of	 coronary	 stenting	 versus	
balloon	 angioplasty:	 five-year	 clinical	 follow-up	 of	 Benestent-I	 trial.		
J	Am	Coll	Cardiol	37:1598-1603,	2001.)
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The history of percutaneous coronary intervention (PCI) can be 
described as a series of transformative steps that began with the 

introduction of coronary balloon angioplasty. Development of the 
implantable metallic stent enabled PCI to become a durable approach 
for the vast majority of patients with coronary artery disease (CAD) 
and one that most operators can apply safely. From balloons to ather-
ectomy to lasers to bare-metal and now drug-eluting stents, the  

evolution of interventional cardiology has progressively and uncom-
promisingly advanced through the insights and inventions of thou-
sands of physicians and scientists, coupled with the recognition of the 
importance of optimal adjunctive pharmacotherapy, on the foundation 
of thousands of randomized controlled trials (RCTs) and registries 
from around the world, which provide an unparalleled evidence base 
for daily clinical decision making. This chapter will trace the evolution 
and development of the coronary stent from its initial applications to 
treat balloon angioplasty failures to its widespread global adoption for 
the treatment of patients with ischemic coronary heart disease.

BARE-METAL STENT OVERVIEW

Limitations of Balloon Angioplasty and Development of the 
Coronary Stent
The performance of the first successful balloon angioplasty by Andreas 
Grüntzig on September 16, 1977, in Zurich, Switzerland, was a land-
mark event that heralded the inception of percutaneous management 
of obstructive CAD. Although this initial procedure set the stage for 
the millions of PCI procedures that have taken place since, stand-alone 
balloon angioplasty was a highly unpredictable experience. Although 
the majority of vessels tolerate the focal plaque dissections caused by 
balloon dilation and heal sufficiently to result in an adequate lumen, 
the injury to the vessel wall may unpredictably result in severe dissec-
tions, which along with acute recoil and chronic constrictive remodel-
ing result in balloon angioplasty’s two major limitations: abrupt closure, 
which occurs acutely or within the first several days after angioplasty; 
and restenosis, which occurs later—within months and even years, 
albeit rarely, after the procedure. The coronary stent was thus devised 
as an endoluminal scaffold to create a larger initial lumen to seal dis-
sections and resist recoil and late vascular remodeling, thereby improv-
ing upon the early and late results of balloon angioplasty.

The first implantation of stents in human coronary arteries occurred 
in 1986 when Ulrich Sigwart, Jacques Puel, and colleagues1 placed the 
Wallstent sheathed self-expanding metallic mesh scaffold (Medinvent, 
Lausanne, Switzerland) in the peripheral and coronary arteries of eight 
patients. Further experience with this device demonstrated high rates 
of thrombotic occlusion and late mortality,2 although patients without 
thrombosis had a 6-month angiographic restenosis rate of only 14%, 
suggesting for the first time that stenting could improve late patency 
in addition to stabilizing the acute results obtained after conventional 
balloon angioplasty. Contemporaneously, Cesare Gianturco and Gary 
Roubin developed a balloon-expandable coil stent that consisted of a 
wrapped stainless steel wire resembling a clamshell. Completion of a 
phase II study using the Gianturco-Roubin stent to reverse postangio-
plasty acute or threatened vessel closure3 led to U.S. Food and Drug 
Administration (FDA) approval for this indication in June 1993. 
However, high rates of restenosis with this device relegated its use 
mainly for bailout of occlusive dissections and recoil after balloon 
angioplasty.

While these stents were being developed and tested, in 1984, Julio 
Palmaz designed a balloon-expandable stainless steel slotted-tube 
stent. In this stent design, rectangular slots were cut into a 15-mm long 
thin-walled stainless steel tube, such that balloon inflation within the 
stent deformed these rectangular slots into diamond-shaped windows, 
or “cells.” Although this design allowed for relatively straightforward 
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•	 Bare-metal	stents	(BMSs)	overcome	many	of	the	drawbacks	of	
balloon	angioplasty	but	are	limited	by	restenosis,	which	develops	
in	20%	to	40%	of	cases.

•	 Drug-eluting	stents	(DESs)	consist	of	a	metallic	stent	coated	with	
a	drug	carrier	vehicle,	usually	a	polymer,	that	controls	the	dose	
and	timing	of	the	elution	of	an	antiproliferative	agent,	and	they	
have	been	shown	to	significantly	reduce	in-stent	late	loss,	
resulting	in	reduced	rates	of	angiographic	and	clinical	restenosis.

•	 First-generation	DESs,	including	sirolimus-	and	paclitaxel-eluting	
stents,	have	resulted	in	similar	rates	of	mortality	and	myocardial	
infarction	(MI)	as	BMSs	in	a	broad	spectrum	of	patients	and	
lesions;	however,	concern	over	an	increased	rate	of	late	stent	
thrombosis	led	to	reliance	on	extended	dual-antiplatelet	therapy	
(DAPT),	and	studies	have	demonstrated	an	increase	in	stent	
thrombosis	and	MI	beyond	1	year	with	these	devices.

•	 Second-generation	DESs	have	been	developed	to	overcome	the	
drawbacks	of	their	predecessors,	principally	by	using	improved	
stent	platforms	with	thinner	struts	and	enhanced	deliverability	and	
more	biocompatible	or	bioabsorbable	polymers	compared	with	
first-generation	devices.

•	 Not	only	have	second-generation	DESs	been	shown	to	be	safer	
and	more	effective	than	first-generation	DESs,	they	may	also	be	
safer	than	BMSs.	The	enhanced	safety	of	these	second-generation	
stents	is	especially	apparent	in	specific	high-risk	and	complex	
situations,	including	acute	MI,	bifurcation	lesions,	chronic	total	
occlusions,	diabetic	patients,	and	saphenous	vein	grafts.	The	
utility	of	DESs	compared	with	bypass	surgery	has	also	become	
accepted	in	some	but	not	all	cases	of	left	main	and	multivessel	
disease.

•	 The	improved	safety	profile	of	second-generation	DESs	has	
challenged	the	notion	of	prolonged	DAPT	after	DES	implantation.	
Evidence	has	emerged	that	in	low-risk	patients,	3-	or	6-month	
DAPT	after	second-generation	DES	implantation	may	be	as	effective	
as	and	safer	than	DAPT	continued	for	1	year.	However,	in	patients	
with	a	low	risk	of	bleeding	and	high	risk	of	atherothrombotic	events,	
prolonged	DAPT	for	several	years	or	longer	after	stent	implantation	
may	reduce	the	ongoing	risk	of	very	late	stent	thrombosis	and	may	
prevent	MI	arising	from	untreated	atherosclerosis.

•	 Even	with	the	improvements	with	current	generation	DESs,	adverse	
ischemic	events	that	arise	from	the	stent	site	continue	to	accrue	at	
late	follow-up	because	of	neoatherosclerosis,	strut	fractures,	
compliance	mismatch,	and	altered	vascular	physiology.	In	this	
regard,	fully	bioabsorbable	stents	may	further	improve	long-term	
outcomes,	a	hypothesis	being	tested	in	several	ongoing	large-
scale	randomized	trials.
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rate of subacute vessel closure. These results led to approval of the 
Palmaz-Schatz stent by the U.S. Food and Drug Administration (FDA) 
in 1994. Long-term follow-up up to 15 years has subsequently demon-
strated a low (but not zero) rate of clinical and angiographic recur-
rences from years 1 to 5 after coronary stent implantation,7,8 with slight 
and progressive decrements in luminal size thereafter that extend 
beyond 10 years.9 The mechanisms of this late progression of disease 
are not entirely known, but as will be discussed later, it is usually 
described as “atherosclerotic transformation of neointimal hyperpla-
sia,” otherwise known as neoatherosclerosis.

Despite the success of the Palmaz-Schatz stent in improving the 
early and late results of conventional balloon angioplasty, widespread 
adoption of stent technology was initially hindered by high rates of 
subacute stent thrombosis (ST) that necessitated an intense anti-
thrombotic and antiplatelet regimen consisting of aspirin, dextran, 
dipyridamole, heparin, and warfarin. Further refinements in the stent 
procedure and in periprocedural pharmacotherapy regimens were thus 
required. Colombo and colleagues10 demonstrated reduced rates of ST 
with more aggressive intravascular ultrasound (IVUS)-guided deploy-
ment techniques including routine high-pressure adjunctive dilatation 
(>14 atmospheres), along with the use of aspirin and a second anti-
platelet agent (the thienopyridine ticlopidine) rather than prolonged 
warfarin therapy. These modifications significantly reduced the inci-
dence of ST to approximately 1% to 2%, along with a marked reduction 
in bleeding and femoral arterial complications.11 The confirmation of 
these initial findings in several RCTs definitively established the supe-
riority of DAPT with aspirin and ticlopidine over anticoagulation with 
warfarin for prevention of ST, and this facilitated widespread adoption 
of coronary stenting by the late 1990s.12-15

STENT DESIGN: IMPACT ON PERFORMANCE AND 
CLINICAL OUTCOMES

Classification
Coronary stents may be classified based on their composition, such as 
metallic or polymeric; configuration, slotted tube versus coiled wire for 
example; bioabsorption, either inert (biostable or durable) or degrad-
able (bioabsorbable); coatings, either none or such passive coatings as 
heparin or polytetrafluoroethylene (PTFE) or bioactive coatings such 
as those that elute rapamycin or paclitaxel; and mode of implantation, 

deployment and greater resistance to recoil than the clamshell design, 
the rigidity of this stent made it difficult to deliver in the coronary 
vasculature.

The first coronary Palmaz-Schatz stent was placed in a patient by 
Eduardo Sousa in São Paulo, Brazil in 1987. In 1989, a design modifica-
tion was suggested by Richard Schatz that consisted of the placement 
of a 1-mm central articulating bridge to connect two rigid 7-mm 
slotted segments,4 thus creating the 15-mm Palmaz-Schatz stent 
(Johnson & Johnson Interventional Systems, Warren, NJ; Fig. 16-1). 
The Palmaz-Schatz stent was subsequently investigated in two land-
mark randomized trials to compare balloon angioplasty with elective 
stenting. In the Stent Restenosis Study (STRESS)5 and the Comparison 
of Balloon-Expandable-Stent Implantation With Balloon Angioplasty 
in Patients With Coronary Artery Disease (BENESTENT-1) study,6 
routine use of the Palmaz-Schatz stent was associated with a 20% to 
30% reduction in clinical and angiographic restenosis within 6 to 12 
months compared with conventional balloon angioplasty (Fig. 16-2). 
The Palmaz-Schatz stent also resulted in markedly improved initial 
angiographic results, with a larger postprocedural minimal luminal 
diameter and fewer residual dissections, which translated into a lower 

FIGURE 16-1	 The	Palmaz-Schatz	 stent.	Note	 the	articulation	between	
the	two	slotted	tubes.	

FIGURE 16-2	 The	pivotal	early	stent	versus	percutaneous	transluminal	coronary	angioplasty	studies.	BA,	Balloon	angioplasty;	MACE,	major	adverse	
cardiovascular	event;	TLR,	target-lesion	revascularization.	
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reduce surface reactivity and thrombosis,18 although until recently, 
most polymers used were found to provoke intense inflammatory reac-
tions.23 With the advent of drug-eluting stents came a renewed interest 
in the study of stent coatings, primarily to act as drug-carrier vehicles. 
However, concerns regarding the long-term safety of DESs and the 
requirement for extended duration DAPT have led to the development 
of new stent coatings that are either more biocompatible or are bioab-
sorbable. Finally, covered stents—that is, metallic stents covered by a 
distensible, microporous PTFE membrane—are of unquestioned clini-
cal utility in treating life-threatening perforations. They are also used 
for excluding giant aneurysms, pseudoaneurysms, and clinically sig-
nificant fistulae (see Chapter 28, Procedural Complications of Percu-
taneous Coronary Intervention). More recent is the application of 
polyethylene terephthalate (PET) mesh–covered stents (MGuard, 
Inspire MD, Tel Aviv, Israel) to minimize the risk of distal embolization 
in patients with ST-segment elevation myocardial infarction (STEMI; 
see Chapter 20, Percutaneous Coronary Intervention in Acute 
ST-Segment Elevation Myocardial Infarction).

BALLOON-EXPANDABLE VERSUS  
SELF-EXPANDING STENTS

Balloon-expandable stents (BESs) are mounted onto a delivery balloon 
and delivered into the coronary artery in their collapsed state. Once 
the stent is in the desired location, inflation of the delivery balloon 
expands the stent against the arterial wall, after which the stent delivery 
system is removed. Almost all stents implanted in human coronary 
arteries are balloon expandable. Self-expanding stents incorporate 
either specific geometric designs or nitinol shape-retaining metal to 
achieve a preset diameter and are released from a resisting sheath once 
placed in position. Whereas self-expanding stents are more flexible 
than their balloon-expandable counterparts, greater rates of restenosis 
have been observed with this design, presumably from chronic vascu-
lar injury, and this limits their use in coronary arteries.24 Recently, a 
renewed interest in self-expanding stents with reduced outward 

that is, whether the stent is self-expanding or balloon expandable. In 
theory, the ideal coronary stent would be made of a nonthrombogenic 
material and would have sufficient flexibility in its unexpanded state 
to allow passage through small guiding catheters and tortuous vessels. 
It would also have an expanded configuration to provide uniform scaf-
folding of the vessel wall with low recoil and maximal radial strength, 
and it would be conformable on bends. In addition, the ideal stent 
would be sufficiently radiopaque to allow fluoroscopic visualization to 
guide accurate placement and management should restenosis occur, 
but it would not be so opaque as to angiographically obscure important 
vascular details.

Stent Composition
In the early stent experience, the most widely used material was 316L 
stainless steel. More recently, cobalt-chromium and platinum-
chromium alloys have been used to allow lower-profile thin stent struts 
(75 to 82 µm vs. 100 to 150 µm in most stainless steel stents) that 
maintain strength and visibility. Most self-expanding stents utilize 
nitinol, a nickel-titanium alloy, which after being baked at a high  
temperature maintains shape memory for a predetermined size and 
configuration.

Other than gold, which has been shown to increase restenosis, little 
evidence suggests that thrombosis or restenosis rates vary with the 
specific stent metal, although the final stages of surface finishing, 
smoothing, and purification or passivation may affect early thrombotic 
and late restenotic processes.16 Interest is growing in polymeric and 
metallic fully biodegradable stents (bioabsorbable stents), which theo-
retically offer the advantages of increased longitudinal flexibility, com-
patibility with noninvasive imaging, and complete bioresorption over 
a period of months to a year or longer with the potential to restore 
underlying vascular reactivity (see Chapter 34, Bioabsorbable Stents).

Stent Configuration and Design
Stents can be assigned to one of three distinct subcategories based on 
design and construction elements: (1) wire coils, (2) slotted tubes/
multicellular structures, and (3) modular designs. The vast majority of 
stents in current use are either slotted tube/multicellular or modular 
in design. Within these subcategories, stents are often classified as 
having open cells or closed cells based upon the design of the connect-
ing links between adjacent stent struts. Open-cell designs tend to have 
varying cell sizes and shapes, which provide increased flexibility, deliv-
erability, and side-branch access with staggered cross-linking elements 
to provide radial strength. Closed-cell designs typically incorporate a 
repeating unicellular element that provides more uniform wall cover-
age with less tendency for plaque prolapse, but this is done at the 
expense of flexibility and side-branch access.

Stent design may significantly impact acute and late vascular 
responses. Stents that possess better conformability, less rigidity, and 
greater circularity experimentally produce less vascular injury, throm-
bosis, and neointimal hyperplasia.17,18 Clinical studies have suggested 
that thin stent struts may be associated with reduced neointimal hyper-
plasia and lower rates of restenosis.19 In addition, an experimental 
study using an ex vivo modified Chandler loop to generate pulsatile 
flow found that thick-strutted stents (162 µm) are significantly more 
thrombogenic than otherwise identical thin-strutted stents (81 µm).20 
Stent design may also significantly impact longitudinal integrity of the 
stent, which principally depends on the number of connectors between 
hoops.21 Longitudinal distortion may manifest as length change, strut 
overlap, or strut separation, which can obstruct the lumen and predis-
pose to ST or restenosis.22

Stent Coatings
A variety of coatings have been used to attempt to reduce the throm-
bogenicity or restenosis of metallic stents (Table 16-1). Experimental 
studies have demonstrated that coating stents with inert polymers may 

TABLE 16-1 Stent Coatings Designed to Reduce 
Thrombogenicity

Heparin

•	 Multiple	formulations	that	incorporate	heparin	bonding	through	covalent	
or	ionic	bonds	or	heparin	complexes	(Carmeda	BioActive	Surface	
[CBAS]	covalently	heparin-bonded	Palmaz-Schatz	and	Bx	Velocity	
stents,	Jomed	Corline	Heparin	surface	[CHS],	heparin-coated	Jostent)

Carbon

•	 Turbostratic	(Sorin	Carbostent)
•	 Silicon	carbide	(Biotronik	Tenax)
•	 Diamond-like	films	(Phytis	Diamond	and	PlasmaChem	BioDiamond)

Phosphorylcholine

•	 Biocompatibles’	BiodivYsio	stent
•	 Medtronic’s	Endeavor	drug-eluting	stent

Other Technologies

•	 Ionic	oxygen	penetration	into	stent	(Iberhospitex	Bioinert)
•	 CD34	antibody	to	capture	endothelial	progenitor	cells	(Orbus-Neich	

Genous	technology)
•	 Trifluoroethanol	(Polyzene-F	coated	stent)
•	 Nanolayer	protein	coating	(SurModics	Finale	coating	on	the	Protex	

stent)
•	 Nitric	oxide	scavengers,	including	titanium-nitric	oxide	(Hexacath	Titan	

stent)
•	 Single-knitted	polyethylene	terephthalate	(PET)	fiber	mesh	(MGuard)
•	 BioLinx	polymer	(Medtronic	Resolute	drug-eluting	stent)
•	 Abciximab	and	other	glycoprotein	IIb/IIIa	inhibitors
•	 Activated	protein	C
•	 Hirudin	and	bivalirudin
•	 Prostacyclin
•	 Gold
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the balloon angioplasty era. As such, coronary restenosis became 
known as the “Achilles heel” of coronary stenting, with significant 
resources devoted to its prevention and treatment (see Chapter 33, 
Restenosis).

DESs maintain the mechanical advantages of a BMS while deliver-
ing an antirestenotic pharmacologic therapy locally to the arterial wall, 
and they have been shown to effectively and safely reduce the amount 
of in-stent tissue that accumulates after stent implantation, resulting in 
significantly reduced rates of clinical and angiographic restenosis. 
These devices were designed specifically to prevent the neointimal 
hyperplasia that results after conventional BMS placement, and they 
have been highly successful in this regard. In numerous randomized 
trials, the reduction in neointimal hyperplasia that occurs with a DES, 
compared with a BMS, has been shown to result in a 50% to 75% 
reduction in binary angiographic restenosis and target-lesion revascu-
larization (TLR).35-37 The initial results of the pivotal randomized trials 
that led to device approval have been replicated and validated in 
numerous subsequent trials and real-world registries across the spec-
trum of disease and lesion subtypes.38,39

Components of Drug-Eluting Stents
The three critical components of a DES that must be optimized to 
ensure its safety and efficacy are (1) the stent itself, including its deliv-
ery system; (2) the pharmacologic agent being delivered; and (3) the 
drug carrier vehicle, which controls the drug dose and pharmacoki-
netic release rate (Fig. 16-3).

Drug-Eluting Stent Designs
The stent component of early DES platforms was typically that of the 
predicate BMS without design modifications; that is, relatively thick 
strut designs composed of stainless steel. Indeed, first-generation DES 
designs often appropriated approved and “off-the shelf ” stent designs 
in order to expedite device development and regulatory approval. Sub-
sequent DESs have incorporated newer materials, thinner struts, and 
more flexible designs with resultant improvements in device delivery 
and performance.40,41 Additionally, newer dedicated DES designs have 
included modifications aimed at either optimizing local drug delivery 
while reducing total drug dose (e.g., drug delivery limited to the ablu-
minal direction) or modifying the stent surface to facilitate direct drug 
delivery and/or arterial healing following implantation (without a drug 
carrier vehicle per se). The latest evolution has been the introduction 
of drug-eluting bioabsorbable stents, wherein the stent frame is com-
posed of a bioabsorbable polymer or metal that provides a scaffolding 
function for 6 to 12 months and then completely resorbs over the  
next 1 to 2 years, recapitulating the underlying vessel anatomy and 
physiology.

Basic Drug-Eluting Stent Pharmacology
Following promising cell culture and in vitro development, the antire-
stenotic properties of a wide range of pharmacologic agents have been 
tested in humans (Fig. 16-4). Among these, the two most clinically 
effective classes of agents are the rapamycin analogue family of drugs 

expansion force for the treatment of patients with acute coronary syn-
dromes or vulnerable plaque has surfaced.25-27

INDICATIONS FOR CORONARY STENTING AND 
COMPARISON WITH BALLOON ANGIOPLASTY

Stenting After Failed Balloon Angioplasty
Stents may be used either on a routine (planned) basis or after failed 
balloon angioplasty for acute or threatened vessel closure (“bail-out” 
stenting). One of the major benefits of stenting—indeed, the initial 
reason for the genesis of stents—is the ability to reverse abrupt closure 
due to dissection and recoil, thus eliminating the need for high-risk 
emergency bypass surgery.28 These data—coupled with the fact that 
compared with balloon angioplasty, routine stent implantation pro-
vides superior acute results and greater event-free survival in almost 
every patient and lesion subtype studied to date—have for the most 
part relegated balloon dilation to the rare lesion that is too small to 
stent (<2.0 mm), or to which a stent cannot be delivered because of 
excessive vessel tortuosity or calcification, or in patients who cannot 
tolerate thienopyridines or when those are contraindicated.

Routine Stenting During Percutaneous Coronary Intervention
The utility of routine stent implantation as a modality to reduce acute 
vessel closure and late restenosis was first demonstrated in the STRESS 
and BENESTENT-1 trials, which enrolled patients undergoing PCI of 
discrete, focal lesions.5,6 As a result, the types of lesions treated in these 
trials—discrete de novo lesions coverable by one stent, with a reference 
vessel diameter (RVD) of 3.0 to 4.0 mm—became known as “Stress/
Benestent” lesions to differentiate them from more complex stenoses. 
Despite initial concerns regarding diminished safety and efficacy of 
coronary stents, which were also more costly than balloon angioplasty 
alone, and with more generalized use of these devices,29 numerous 
randomized trials and observational studies that compared stenting 
with balloon angioplasty demonstrated an advantage to coronary 
stenting over conventional balloon angioplasty across a wide range of 
patient and lesion subsets.30-32

DRUG-ELUTING STENTS: OVERVIEW

Limitations of Bare-Metal Stenting
By the late 1990s, stent implantation had become the predominant 
treatment for most patients with CAD as a result of more predictable 
acute and late angiographic results compared with those of conven-
tional balloon angioplasty, atherectomy, and laser therapy. Improve-
ments in procedural technique, including IVUS guidance, more 
effective antiplatelet regimens, and the introduction of increasingly 
lower profile, more flexible, more deliverable devices additionally con-
tributed to the ascendancy of stenting. With improvements in stent 
deliverability and reductions in rates of subacute ST to less than 1%, 
restenosis emerged as the major persistent limitation of coronary stent-
ing. Although coronary stents increase acute luminal diameters to a 
greater extent than balloon angioplasty, with greater acute gain, the 
greater vascular injury caused by stent implantation compared with 
balloon angioplasty elicits an exaggerated degree of neointimal hyper-
plasia that results in greater decreases in luminal diameter (i.e., late 
loss [LL]).5,6 Of note, however, comparing stents with balloon angio-
plasty, the mean incremental gain in luminal dimensions with stenting 
is statistically greater than the mean incremental increase in LL, result-
ing in a larger net gain in minimal luminal dimensions. This observa-
tion led Kuntz and colleagues33,34 to formulate the “bigger is better” 
concept: the greater the acute gain, the greater the late gain and the 
lower the ultimate rate of restenosis. Nonetheless, even with optimal 
stent implantation, restenosis after BMS implantation still occurred in 
approximately 20% to 40% of patients within 6 to 12 months, in part 
because more complex patient and lesion subsets were treated than in FIGURE 16-3	 Components	of	a	drug-eluting	stent.	
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sections of this chapter. Whereas the polymer is instrumental in regu-
lating the pharmacokinetics of drug delivery to the arterial wall, which 
is necessary for reduced neointimal hyperplasia, the polymer may elicit 
deleterious vascular responses. Specifically, histopathologic studies 
have demonstrated hypersensitivity and eosinophilic inflammatory 
reactions and delayed endothelialization with DES use that were not 
previously seen with BMSs.51-53 Whether these maladaptive vascular 
responses are directly related to the polymer and/or to toxic reactions 
from the drug itself is speculative, but in animal models these effects 
can be attenuated by modification of the polymer vehicle.54 It is believed 
that in selected patients, excessive inflammation and delayed endothe-
lialization play a role in the development of late stent malapposition, 
aneurysm formation, ST, and restenosis.51,55 For these reasons, great 
interest has been shown in the development of inert and biocompatible 
polymers, bioabsorbable polymers (BPs), and even polymer-free DESs. 
For example, fluorinated copolymers that coat some second-generation 
DESs have been shown to possess thrombosis-resistant properties in 
blood-contact applications and have also been shown to reduce platelet 
adhesion compared with an otherwise identical BMS.20,56 On the other 
hand, optimizing bioresorbable polymer (BP) performance entails 
consideration of biocompatibility, composition, and degradation time 
of the polymer, which can be affected by the use of long polymer 
chains, decreased polymer hydrophobicity, and greater polymer crys-
tallinity.57 Polymer degradation can also be associated with significant 
inflammatory reactions and a persistent immune-mediated response 
to monomer breakdown product.58

Generational Classification of Drug-Eluting Stents
Given the rapid evolution of DES technologies, DESs are often classi-
fied into several generations of development (Table 16-2). First-
generation devices include the two DESs that were initially approved 
for clinical use by most regulatory bodies, each of which utilized an 
early thick-strut stainless steel stent platform—which would be subop-
timal by today’s standards—with a durable polymer not specifically 
designed for biocompatibility (and prone to inflammation) to deliver 
either sirolimus or paclitaxel. Second-generation devices, currently used 
in the majority of DES procedures, have incorporated more deliver-
able, thinner-strut stents mostly made from cobalt-chromium or 
platinum-chromium alloys with more biocompatible polymers that 
elute, in most cases, rapamycin analogues. In addition, a variety of 
BP-based DESs have been developed that are widely used in Europe 
and Asia but that have not yet been approved for use in the United 
States. Future-generation devices will continue to undergo iteration, 
with further modifications of the base stent, delivery polymers, and use 
of biodegradable/bioabsorbable or polymer-free drug delivery vehicles. 
Finally, more than 50,000 patients outside the United States have 
undergone implantation of an everolimus-eluting stent with a poly-L-
lactic acid (PLLA) backbone, and large-scale trials are ongoing to 
compare these devices to metallic DESs.

First-Generation Drug-Eluting Stents
The Cypher Sirolimus-Eluting Stent
Although the Cypher stent (Cordis/Johnson & Johnson) was the first 
important DES, the interest in this device is mainly historic because of 
discontinuation of its manufacture in 2011. The Cypher sirolimus-
eluting stent (SES) was initially approved in Europe in 2002 and in the 
United States in 2003. Sirolimus is a highly lipophilic, naturally occur-
ring macrocyclic lactone first isolated from Streptomyces hygroscopicus 
found in a soil sample from Easter Island, and it was initially developed 
as an antifungal agent. Shortly thereafter it was discovered that siroli-
mus also possessed potent immunosuppressive properties, and it was 
initially approved by the FDA as Rapamune (Pfizer, New York) for 
prevention of renal transplant rejection in 1999. The primary mecha-
nism of action of sirolimus’s inhibition of neointimal hyperplasia is 
thought to be related to its ability to bind to FKBP12 in cells; the 
sirolimus-FKBP12 complex then binds to and inhibits activation of 
mTOR, thus preventing progression of the cell cycle from the late G1 

and paclitaxel. The principal mechanism of action of rapamycin, also 
known as sirolimus, and its analogues—including zotarolimus, evero-
limus, biolimus A9, and novolimus—is inhibition of the mammalian 
target of rapamycin (mTOR), which prevents cell-cycle progression 
from the G1 to the S phase.42 Also, mTOR is localized on platelet 
membranes, where it mediates platelet activation and aggregation. 
Inhibition of mTOR by sirolimus analogues has been shown to inhibit 
platelet aggregation and prevent platelet spreading on fibrinogen that 
coats the cover slips, and it produces platelet diasaggregation under 
shear flow conditions.43 In addition, rapamycin or rapamycin ana-
logues are able to inhibit mTOR-dependent clot retraction.44 Although 
they vary somewhat in lipophilicity and potency, most rapamycin ana-
logues have been clinically comparable in their safety and efficacy 
profiles. Two other rapamycin analogues that have in the past (but not 
the present) been used on DES platforms, tacrolimus and pimecroli-
mus, have a different mechanism of action: they bind directly to 
FK-binding protein (BP) 506 (FKBP506) and thereby inhibit the cal-
cineurin receptor with downregulation of cytokines and inhibit smooth 
muscle cell activity45; unlike the mTOR inhibitors, these agents have 
not shown significant antirestenotic potential.

The other agent that has been used effectively not only in DESs  
but also on drug-eluting balloons (DEBs) is paclitaxel. By interfering 
with microtubule function, paclitaxel has multifunctional antiprolif-
erative and antiinflammatory properties, it prevents smooth muscle 
migration, blocks cytokine and growth factor release and activity, 
interferes with secretory processes, is antiangiogenic, and impacts 
signal transduction.46-48 At low doses similar to those in DES applica-
tions, paclitaxel affects the G0-G1 and G1-S phases of the cell cycle (G1 
arrest), resulting in cytostasis without cell death.46,49

Drug-Eluting Stent Polymers and Drug Carrier Systems
The inability to predictably deliver a specific dose of active drug over 
the right time frame to the arterial wall led to the failure of early DES 
programs.50 To ensure accurate drug dosing, a drug delivery vehicle 
became necessary, which for most first-generation stents was a durable 
(nonerodable) polymer. A wide range of polymer systems have since 
been developed and are DES specific; these are discussed in subsequent 

FIGURE 16-4	 Potential	antirestenotic	agents	for	use	with	a	drug-eluting	
stent.	PCNA,	Proliferating	cell	nuclear	antigen.	(Modified	from	Baim	and	
Grossman).
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Serial angiography and IVUS have now been performed at 7 years  
and have shown continued vessel patency without further late loss  
(Fig. 16-5).

Following the success of SES in this initial study, several RCTs  
(Table 16-3),36,62,63 meta-analyses,38 and observational registries64 com-
paring Cypher with its BMS counterpart have been performed across 
a wide range of patient indications and lesion subsets. In April of  
2003, following the completion of the pivotal randomized Sirolimus-
Coated Bx Velocity Balloon-Expandable Stent in the Treatment of 
Patients With De Novo Coronary Artery Lesions (SIRIUS) trial,36 the 
Cypher SES became the first DES approved by the FDA. To date, this 
stent has been one of the most studied devices in modern history,  
with at least 20 randomized trials performed to compare the use of a 
commercialized Cypher SES to bare-metal stenting across a range of 

to the S phase.42 The SES was demonstrated to have a marked effect on 
suppression of neointimal hyperplasia with low toxicity following 
implantation in initial small and large animal studies.59,60

The base stent platform for the Cypher SES was the Bx Velocity 
stent, a slotted tube with a closed-cell design constructed from 316L 
stainless steel. Human experience with the Cypher SES was reported 
from the first-in-man (FIM) study initiated in 1999 in 45 patients  
with symptomatic de novo lesions less than 18 mm in length with a 
reference vessel diameter (RVD) of 3.0 to 3.5 mm in native coronary 
arteries at the Instituto Dante Pazzanese de Cardiologia in São Paulo, 
Brazil, and at the Thoraxcenter in Rotterdam, The Netherlands. In this 
study, SES demonstrated marked suppression of neointimal hyperpla-
sia as measured by intravascular ultrasound (IVUS) and quantitative 
coronary angiography (QCA) at 4 months and at 1, 2, and 4 years.61 

FIGURE 16-5	 Seven-year	follow-up	of	one	of	the	initial	sirolimus-eluting	stent	(SES)	implantations	from	the	Instituto	Dante	Pazzanese	de	Cardiologia	
in	São	Paulo,	Brazil.	
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TABLE 16-2 Generational Classification of Major Durable Polymer–Based Drug-Eluting Stents
Generation Drug Polymer Stent

First Sirolimus or Paclitaxel
Not Specifically Designed for 
Biocompatibility Early BMS Platforms

Cypher Sirolimus Biostable	mix	of	poly-n-butyl	methacrylate	
and	polyethylene–vinyl	acetate

Bx	Velocity	(stainless	steel)

Taxus	Express Paclitaxel Styrene-isobutylene-styrene Express	(stainless	steel)

Taxus	Liberté Paclitaxel Styrene-isobutylene-styrene Liberté	(stainless	steel)

Second Rapamycin Analogues Biocompatible Polymers More Flexible, Thinner Strut BMS

Endeavor Zotarolimus Phosphorylcholine Driver	(cobalt-chromium	alloy)

Resolute Zotarolimus BioLinx	polymer	(hydrophobic	and	
hydrophilic	trilayer)

Integrity	(cobalt-chromium	alloy)

Xience	V,	Xience	Prime,	Xience	Expedition Everolimus Vinylidene	fluoride	and	hexafluoropropylene Vision	(cobalt-chromium	alloy)

Promus	Element,	Promus	Premier Everolimus Vinylidene	fluoride	and	hexafluoropropylene Omega	(platinum-chromium	alloy)

BMS,	Bare-metal	stent.
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TABLE 16-3 Randomized Controlled Trials Comparing Sirolimus-Eluting Stents With Bare-Metal Stents

Trial/Authors Study Cohort

Number Randomized 
(Planned Angiographic 
Follow-Up)

Latest Follow-Up 
to Date Principal Findings

RAVEL62 Single	de	novo	native	
coronary	lesions

238	(all) 5	years At	6	months,	late	loss	was	significantly	lower	with	the	SES	
than	with	the	BMS	(−0.01	mm	vs.	0.80	mm,	P	<	.001);	
no	restenosis	was	seen	in	the	SES	group	at	6	months.

SIRIUS36 Single	de	novo	native	
coronary	lesions

1058	(~850) 5	years The	9-month	rate	of	TVF	was	significantly	reduced	with	the	
SES	versus	the	BMS	(8.6%	vs.	21.0%,	P	<	.001)	driven	
by	a	reduction	in	TLR.	At	5	years,	this	reduction	was	
maintained	with	the	SES	(9.4%	vs.	24.2%,	P	<	.001)	
with	similar	rates	of	death,	MI,	and	ST.

C-SIRIUS63 Single	de	novo	native	
coronary	lesions

100	(all) 5	years	(in	pooled	
analyses)

SES	was	associated	with	greater	8-month	in-stent	minimum	
lumen	diameter	(2.46	mm	with	SES	use	vs.	1.49	mm	with	
a	BMS,	P	<	.001).

E-SIRIUS401 Single	de	novo	native	
coronary	lesions

352	(all) 5	years	(in	pooled	
analyses)

At	8	months,	minimum	lumen	diameter	was	greater	with	the	
SES	than	with	the	BMS	(2.22	mm	vs.	1.33	mm,	P	<	.001).

MULTI-STRATEGY191 STEMI 745	(none) 8	months At	8	months,	the	SES	was	associated	with	a	reduction	in		
TVR	compared	with	the	BMS	(3.2%	vs.	10.2%,	P	<	
.001);	no	differences	were	observed	between	stent	types		
in	death	or	MI.

TYPHOON192 STEMI 712	(200) 1	year One-year	TVF	was	lower	with	the	SES	versus	the	BMS	(7.3%	
vs.	14.3%,	P	=	.004).	No	differences	were	found	between	
the	SES	and	BMS	with	respect	to	death,	MI,	or	ST.

MISSION!193 STEMI 310	(all) 3	years The	SES	was	associated	with	lower	in-segment	late	lumen	
loss	at	9	months	compared	with	the	BMS	(0.12	mm	vs.	
0.56	mm,	P	<	.001).	At	3	years,	differences	in	TLR	were	
attenuated	(6.3%	vs.	12.5%,	P	=	.06).

SESAMI194 STEMI 320	(all) 3	years SES	was	associated	with	lower	1-year	binary	restenosis	
compared	with	BMS	(9.3%	vs.	21.3%,	P	=	.032).	TLR	was	
lower	at	3	years,	with	no	differences	in	death,	MI,	or	ST.

PASEO202 STEMI 270	(90	PES;	none) 4	years Compared	with	the	BMS,	the	SES	was	associated	with	lower	
TLR	at	1	year	(14.4%	vs.	3.3%,	P	=	.016)	that	was	
maintained	at	4	years.

STRATEGY195 STEMI 175	(all) 5	years At	8	months,	TLR	was	lower	with	the	SES	compared	with	the	
BMS	(6%	vs.	20%,	P	=	.006).	This	benefit	was	maintained	
at	5-year	follow-up	with	no	excess	in	ST	with	the	SES.

Diaz	de	la	Llera402 STEMI 120	(none) 1	year SES	use	was	associated	with	a	nonsignificantly	different	rate	
of	the	primary	end	point	of	cardiac	death,	MI,	or	TLR	
compared	with	use	of	a	BMS	(6.7%	vs.	11.%,	P	=	.40).

SCORPIUS403 Diabetic	patients 200	(all) 1	year In-segment	late	lumen	loss	was	lower	with	the	SES	compared	
with	the	BMS	(0.18	mm	vs.	0.74	mm,	P	<	.001)	and	had	
lower	MACE	rates.

DIABETES303 Diabetic	patients 160	(all) 2	years SES	use	was	associated	with	lower	late	lumen	loss	at	9	
months	(0.06	mm	vs.	0.47	mm,	P	<	.001).	At	2	years,	
the	SES	was	associated	with	a	lower	rate	of	TLR	compared	
with	the	BMS	(7.7%	vs.	35.0%,	P	<	.001).

DECODE404 Diabetic	patients 83	(all) 1	year Mean	in-stent	late	lumen	loss	at	6	months	was	lower	with	
the	SES	compared	with	the	BMS	(0.23	mm	vs.	1.10	mm,	
P	<	.001).

SCANDSTENT405 Complex	CAD 322	(all) 3	years SES	use	was	associated	with	greater	MLD	at	6	months	than	
BMS	use	(2.48	mm	vs.	1.65	mm,	P	<	.001).	At	3	years,	
TLR	was	significantly	reduced	with	the	SES	(4.9%	vs.	
33.8%,	P	<	.001).

PRISON	II256 CTO 200	(all) 4	years The	SES	had	significantly	lower	6-month	binary	in-segment	
restenosis	rates	than	the	BMS	(7%	vs.	36%,	P	<	.001).	At	
4	years,	significant	reductions	in	TLR	were	maintained	with	
the	SES.

SES	SMART406 Small	vessels 257	(all) 2	years At	8	months,	binary	in-segment	restenosis	was	lower	with	
the	SES	compared	with	the	BMS	(9.8%	vs.	53.1%,	P	<	
.001).	At	2	years,	lower	rates	of	TLR	and	MI	were	
observed	with	the	SES	compared	with	the	BMS.

RRISC270 SVG 75	(all) 3	years Six-month	in-stent	late	lumen	loss	was	lower	with	the	SES	
compared	with	BMS	(0.38	mm	vs.	0.79	mm,	P	=	.001).	
At	3	years,	similar	rates	of	TVR	were	observed	with	both	
stent	types,	with	11	deaths	observed	with	the	SES	versus	
no	deaths	with	the	BMS.
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was derived. The base BMS for the current Taxus stent is the newer 
Liberté stent, a more flexible, thinner-strutted, open-cell stainless steel 
slotted-tube stent. Depending on the relative ratio of paclitaxel to 
polymer, the stent may be formulated with varying release kinetics. The 
clinically available formulation of the Taxus PES is the slow-release 
(SR) formulation, although the moderate-release (MR) formulation 
has also been tested in clinical trials. The SR stent has relatively more 
polymer to drug (paclitaxel concentration of 1 µg/mm2), with a coating 
thickness of 18 µm and approximately 8% in vivo paclitaxel elution in 
30 days. The drug is eluted in a rapid burst phase over the initial 48 
hours, followed by a slow, sustained release for the next 10 to 30 days, 
with more than 90% of the drug sequestered in the bulk of the polymer 
matrix below the surface without pathways to the external environ-
ment and thus permanently retained on the stent. In a series of porcine 
experiments at 30, 90, 180, and 360 days involving a total of 350 swine 
and 800 stents, both SR and MR Taxus stent formulations were shown 
to be vasculocompatible, with early development of a thin, mature 
neointima with low levels of inflammation, microthrombi, and peri-
stent amorphous material deposition and no evidence of cytotoxicity 
with complete healing and endothelialization within 90 days (data on 
file, Boston Scientific).

The clinical safety and efficacy of the Taxus PES compared with the 
BMS has been tested in at least 12 randomized trials (Table 16-4). Col-
lectively, these trials have demonstrated consistent reductions in mea-
sures of neointimal hyperplasia as assessed by angiography and IVUS, 
with resultant reductions in clinical restenosis end points with PES 
compared with BMS. Longer-term follow-up with this device has 
extended to 5 years and beyond, particularly for the four major PES 
trials of the SR stent (TAXUS I, II, IV, and V). In these analyses, treat-
ment with a PES resulted in sustained reductions in clinical restenosis 
end points with similar rates of death and MI found in both PES and 
BMS arms.70 However, as with the Cypher, these and other studies have 
demonstrated an ongoing risk of ST beyond the first year after Taxus 
stent implantation.66,67,71 The introduction of safer and more effective 
DESs has led to a marked decrease in Taxus use, currently in fewer 
than 10% of all worldwide implants. The currently available PES device 
is the Ion stent (Boston Scientific), which uses the same drug and 
polymer formulation as the Taxus Express SR but with an improved 
stent platform. It is most commonly used in small vessels and to treat 
restenosis of rapamycin-analogue DESs.

Comparisons of First-Generation Drug-Eluting Stents
Following the approval of the Taxus PES for commercial use, a series 
of comparisons between the two approved devices, the Cypher SES and 
Taxus PES, ensued to determine whether superiority could be estab-
lished for a particular DES. A total of 21 randomized comparisons of 
different sizes have been performed to date in numerous patient and 
lesion cohorts and have included a variety of IVUS, angiographic, and 
clinical end points (Table 16-5).

In summary, the totality of evidence appears to indicate similar 
performance of SESs and PESs in routine de novo coronary artery 

patient indications and lesion subsets. Collectively, these trials demon-
strated that the Cypher SES resulted in a near abolition of in-stent late 
lumen loss (averaging ~0.15 mm across studies, compared with 0.8 mm 
to 1.0 mm with most BMSs), with an approximate 70% to 80% reduc-
tion in angiographic restenosis and target lesion revascularization 
(TLR) compared with bare-metal comparators. Longer-term follow-up 
with this device has extended to 5 years and beyond, particularly from 
the four major SES trials: SIRIUS, a Randomized Study With the 
Sirolimus-Eluting Velocity Balloon Expandable Stent (RAVEL), the 
Canadian Study of the Sirolimus-Eluting Stent in the Treatment of 
Patients With Long De Novo Lesions in Small Native Coronary Arteries 
(C-SIRIUS), and the Study of the Bx Velocity Stent in Patients With 
De Novo Coronary Artery Lesions (E-SIRIUS). In these analyses, treat-
ment with SES has resulted in sustained reductions in clinical restenosis 
end points with similar rates of death and MI found in both SES and 
BMS arms,65 although as discussed below, subsequent studies have 
shown an ongoing propensity for very late (>1 yr) ST with the Cypher 
DES.66,67 This led to the development of safer second-generation DES 
and ultimately to the discontinuation of the Cypher stent.

The Taxus Paclitaxel-Eluting Stent
Paclitaxel, a highly lipophilic diterpenoid compound, was first isolated 
in 1963 from the Pacific yew tree (Taxus brevifolia) and was subse-
quently developed for its potent antineoplastic properties. Paclitaxel is 
insoluble in water and thus was combined with an intravenous (IV) 
oil-based Cremophor for IV injection as the oncologic compound 
Taxol. The principal action of paclitaxel is to interfere with microtubule 
dynamics and prevent depolymerization. Because microtubules are 
ubiquitous, paclitaxel has widespread multicellular and multifunc-
tional activities with dose-dependent effects. Paclitaxel has antiprolif-
erative and antiinflammatory properties and it prevents smooth muscle 
migration, blocks cytokine and growth factor release and activity, 
interferes with secretory processes, is antiangiogenic, and impacts 
signal transduction.46-48 Although cytotoxic at high doses, at low doses 
similar to those in DES applications, paclitaxel affects the G0-G1 and 
G1-S phases of the cell cycle (G1 arrest) and results in cytostasis 
without cell death, probably via induction of TP53/CDKN1A tumor 
suppression genes.46,49 Systemic paclitaxel was shown to inhibit reste-
nosis in a rat carotid injury model at levels more than a hundredfold 
lower than that required for tumor cytotoxicity.47 Neointimal area was 
greatly reduced in a rabbit balloon injury experiment using local pacli-
taxel administration,46 and stent-based paclitaxel elution from polymer-
based systems has been shown to profoundly reduce intimal hyperplasia 
in rabbit iliac arteries for up to 6 months with dose-dependent efficacy 
and toxicity.68,69

The Taxus (Boston Scientific, Natick, MA) paclitaxel-eluting stent 
(PES) consists of paclitaxel contained within a polyolefin derivative 
biostable polymer—styrene-isobutylene-styrene, referred to as SIBS 
(Translute; Boston Scientific)—originally coated on the Nir stent and 
subsequently on the Express open-cell slotted-tube stainless steel stent 
platform, the device from which most of the RCT data for this stent 

Trial/Authors Study Cohort

Number Randomized 
(Planned Angiographic 
Follow-Up)

Latest Follow-Up 
to Date Principal Findings

Pache	et	al407 Unselected 500	(all) 1	year SES	had	lower	angiographic	restenosis	rates	than	a	thin-strut	
BMS	(8.3%	vs.	25.5%,	P	<	.001)	with	a	lower	incidence	
of	TVR.

Ortolani	et	al408 Unselected 104	(all) 1	year SES	had	lower	in-stent	late	loss	compared	with	a	thin-strut	
cobalt-chromium	BMS	(0.18	mm	vs.	0.51	mm,	P	<	
.001).	At	1	year,	rates	of	TLR	were	lower	with	the	SES	but	
were	not	statistically	different.

BMS,	Bare-metal	stent;	CAD,	coronary	artery	disease;	CTO,	chronic	 total	occlusion;	MACE,	major	adverse	cardiovascular	event;	MI,	myocardial	 infarction;	MLD,	mean	 luminal	diameter;	
PES,	paclitaxel-eluting	stent;	SES,	sirolimus-eluting	stent;	ST,	stent	thrombosis;	STEMI,	ST-segment	elevation	myocardial	infarction;	SVG,	saphenous	vein	graft;	TLR,	target-lesion	revascu-
larization;	TVF,	target-vessel	failure	(cardiac	death,	MI,	or	TVR);	TVR,	target-vessel	revascularization.

TABLE 16-3 Randomized Controlled Trials Comparing Sirolimus-Eluting Stents With Bare-Metal Stents—cont’d
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TABLE 16-4 Randomized Controlled Trials to Compare Paclitaxel-Eluting Stents With Bare-Metal Stents

Trial/Authors Study Cohort

Number Randomized 
(Planned Angiographic 
Follow-Up)

Latest Follow-Up 
to Date Principal Findings

TAXUS	I409 Single	de	novo	or	
restenotic	lesions

61	(all) 5	years	(in	pooled	
analyses)

Six-month	percent	diameter	stenosis	was	lower	with	the	PES	
compared	with	the	BMS	(13.6%	vs.	27.3%,	P	<	.001),	with	
improvements	in	IVUS	findings	with	the	PES	as	well.

TAXUS	II410 Single	de	novo	
native	coronary	
lesions

536	(all) 5	years Six-month	net	volume	obstruction	was	lower	with	the	slow-
release	PES	versus	the	BMS	(7.9%	vs.	23.2%,	P	<	.001)	
and	the	moderate-release	PES	compared	with	the	BMS.	
Reductions	in	TLR	were	maintained	at	5	years	with	both	PES	
formulations,	with	no	differences	in	death,	MI,	or	ST.

TAXUS	IV70 Single	de	novo	
native	coronary	
lesions

1314	(732) 5	years PES	use	was	associated	with	lower	TLR	compared	with	the	BMS	
at	9	months	(4.7%	vs.	12.0%,	P	<	.001)	and	had	lower	
rates	of	angiographic	restenosis.	Reductions	in	TLR	were	
maintained	at	5	years	with	no	differences	in	death,	MI,	or	ST.

TAXUS	V411 Single	lesions,	
including	complex	
lesions

1156	(all) 5	years PES	reduced	9-month	TVR	compared	with	BMS	(12.1%	vs.	
17.3%,	P	=	.02),	with	reductions	in	angiographic	restenosis	
overall	and	among	patients	with	complex	disease.	At	5	years,	
reductions	in	clinical	restenosis	have	been	maintained	with	
similar	rates	of	death,	MI,	and	ST.

TAXUS	VI412 Single,	long,	
complex	lesions

448	(all) 5	years 9-month	TVR	was	lower	with	the	PES	moderate-release	design	
compared	with	the	BMS	(9.1%	vs.	19.4%,	P	=	.0027)	with	
lower	rates	of	angiographic	restenosis.	At	5	years,	TVR	rates	
were	similar	between	stents,	although	TLR	was	lower	with	the	
PES	moderate-release	design.

HORIZONS-AMI413 STEMI 3006	(1800) 3	years The	PES	was	associated	with	lower	rates	of	TLR	compared	with	
the	BMS	at	1	year	(4.5%	vs.	7.5%,	P	=	.002),	and	binary	
restenosis	at	13	months	was	lower	(10.0%	vs.	22.9%,	P	<	
.001).	The	reduction	in	TLR	was	maintained	at	3	years	with	
no	significant	differences	in	death,	MI,	or	ST.

PASSION196 STEMI 619	(none) 2	years Both	the	PES	and	the	BMS	were	associated	with	nonsignificantly	
different	rates	of	the	primary	end	point	of	TLF	(8.8%	vs.	
12.8%,	P	=	.09)	at	1	year,	a	finding	that	was	maintained	at	
2	years.

PASEO202 STEMI 270	including	90	
SESs	(none)

4	years The	PES	was	associated	with	lower	TLR	at	1	year	compared	
with	the	BMS	(4.4%	vs.	14.4%,	P	=	.023),	and	this	
reduction	was	maintained	at	4	years.

HAAMU-STENT197 STEMI 164	(all) 1	year Angiographic	end	points	were	improved	with	the	PES	compared	
with	the	BMS,	with	a	trend	toward	lower	TVR	at	1	year	(3.7%	
vs.	11%,	P	=	.07).

SELECTION198 STEMI 80	(all) 7	months Volume	of	neointimal	hyperplasia	by	IVUS	was	lower	with	the	
PES	compared	with	the	BMS	(4.6%	vs.	20%,	P	<	.01)	
with	no	differences	in	late	malapposition	seen	between	the	
stent	types.

Erglis	et	al244 Left	main	stenosis 103	(all) 6	months PES	use	was	associated	with	a	lower	rate	of	binary	
angiographic	restenosis	at	6	months	compared	with	BMS	use	
(6%	vs.	22%,	P	=	.021).	IVUS	measures	were	also	improved	
with	the	PES.

SOS271 SVG 80	(all) Median	1.5	years Binary	angiographic	restenosis	was	lower	with	the	PES	
compared	with	the	BMS	(9%	vs.	51%,	P	<	.001),	although	
similar	rates	of	MI	and	death	were	observed.

BMS,	 Bare-metal	 stent;	 IVUS,	 intravascular	 ultrasound;	MI,	myocardial	 infarction;	 PES,	 paclitaxel-eluting	 stent	 (slow-release);	 SES,	 sirolimus-eluting	 stent;	 ST,	 stent	 thrombosis;	 STEMI,	
ST-segment	 elevation	 myocardial	 infarction;	 SVG,	 saphenous	 vein	 grafts;	 TLR,	 target-lesion	 revascularization;	 TLF,	 target-lesion	 failure	 (cardiac	 death,	 MI,	 or	 TVR);	 TVR,	 target-vessel	
revascularization.

ongoing propensity of these devices for an increased risk of very late 
ST.77,78 This safety concern was initially raised by a report of four cases 
of angiographically confirmed ST late after elective implantation of an 
SES or PES,79 and then it was ignited by a meta-analysis performed on 
aggregate data presented in 2006 during the European Society of Car-
diology annual meeting in Barcelona.80 That meta-analysis, in which 
data from trial programs comparing SESs or PESs with BMSs were 
pooled, suggested an increased risk of mortality and MI with first-
generation DESs compared with BMSs.80 This concern was further 
fueled by additional real-world studies that showed an increased risk 
of late ST and MI in patients treated with a first-generation DES after 

lesions despite less neointimal hyperplasia with SESs as assessed by 
IVUS and angiography.72-75 Among pooled analyses of more complex 
or “higher-risk” lesion subsets, there may be a clinical benefit to the 
Cypher SES because of its more potent suppression of neointimal 
hyperplasia, but validation of these findings would be required in a 
large-scale, adequately powered clinical trial before being considered 
definitive.76

Limitations of First-Generation Drug-Eluting Stent
Although individual pivotal trials did not raise major safety issues 
related to first-generation DESs, subsequent studies revealed an 
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TABLE 16-5 Randomized Controlled Trials Comparing Sirolimus-Eluting Stents and Paclitaxel-Eluting Stents

Trial/Authors Study Cohort

Number Randomized 
(Planned Angiographic 
Follow-Up)

Latest 
Follow-Up  
to Date Principal Findings

REALITY72 One	to	two	de	novo	
coronary	lesions

1386	(all) 1	yr Despite	lower	late	loss	with	SES	use,	rates	of	binary	angiographic	
restenosis	were	similar	with	the	SES	and	PES	(9.1%	vs.	11.1%,	
P	=	.31),	with	similar	rates	of	MACE	at	1	year.

Zhang	et	al414 De	novo	coronary	
lesions

673	including	224	to	
Firebird	stents	(none)

1	yr At	1	year,	MACE	rates	were	similar	between	the	SES	and	PES	
(8.4%	vs.	11.2%).

SORT	OUT	II74 Unselected 2098	(none) 1.5	yr No	significant	differences	were	found	between	the	SES	and	PES	in	
MACE	(9.3%	vs.	11.2%)	or	other	end	points,	including	death,	
MI,	or	ST.

SIRTAX415 Unselected 1012	(~50%) 5	yr SES	use	was	associated	with	a	lower	MACE	rate	at	9	months	
compared	with	the	PES	(6.2%	vs.	10.8%,	P	=	.009).	However,	
at	5	years,	the	rates	were	similar	with	an	accrual	of	events	in	
both	stent	groups.

TAXi416 Unselected 202	(none) 3	yr The	6-month	MACE	rate	was	similar	with	the	SES	and	PES	(6%	vs.	
4%,	P	=	.8)	with	similar	findings	at	3	years.

DES-DIABETES73 Diabetic	patients 400	(all) 2	yr Six-month	in-segment	restenosis	was	lower	with	the	SES	compared	
with	the	PES	(3.4%	vs.	18.2%,	P	<	.001).	At	2	years,	TLR	
remained	lower	with	the	SES	(3.5%	vs.	11.0%,	P	=	.004).

ISAR-DIABETES220 Diabetic	patients 250	(all) 5	yr	(in	pooled	
analyses)

In-segment	late	lumen	loss	was	lower	with	the	SES	compared	with	
the	PES	(0.43	mm	vs.	0.67	mm,	P	=	.002),	with	
nonsignificantly	different	rates	of	TLR	at	9	months	(6.4%	vs.	
12.0%,	P	=.13).

Kim	et	al417 Diabetic	patients 169	(all) 6	mo Late	lumen	loss	was	similar	with	the	SES	and	PES	(0.26	mm	vs.	
0.39	mm,	P	=	.36),	and	rates	of	TLR	were	similar	at	6	months.

DiabeDES418 Diabetic	patients 153	(all) 8	mo In-stent	late	lumen	loss	was	lower	with	the	SES	compared	with	the	
PES	(0.23	mm	vs.	0.52	mm,	P	=	.025).	The	rates	of	TLR	and	
MACE	were	similar	with	both	stents.

CORPAL419 Lesions	at	high	risk	
for	restenosis

652	(all) 15	mo Angiographic	restenosis	rates	were	similar	with	the	SES	and	PES,	
with	similar	rates	of	TLR.

ISAR–LEFT	
MAIN245

Left	main	stenosis 607	(all) 2	yr Similar	rates	of	angiographic	restenosis	were	observed	with	the	SES	
and	PES	(19.4%	vs.	16.0%,	P	=	.30),	with	no	differences	
observed	in	death,	MI,	or	TLR.

LONG	DES	II420 Long	lesions 500	(all) 9	mo In-segment	binary	restenosis	was	lower	with	the	SES	compared	with	
the	PES	(3.3%	vs.	14.6%,	P	<	.001),	with	lower	9-month	TLR.

Han	et	al421 Multivessel	CAD 416	(all) 19.5	mo MACE	rates	were	similar	with	the	SES	and	PES	over	the	follow-up	
period	(6.4%	vs.	8.8%),	with	no	differences	in	minimum	lumen	
diameter.

ISAR-SMART	3422 Small	vessels 360	(all) 5	yr	(in	pooled	
analyses)

Late	lumen	loss	at	6	to	8	months	was	greater	with	the	PES	
compared	with	the	SES	(0.56	mm	vs.	0.25	mm,	P	<	.001)	with	
greater	TLR	(14.7%	vs.	6.6%,	P	=	.008).

Pan	et	al423 Bifurcation	lesions 205	(all) 2	yr SES	use	was	associated	with	lower	rates	of	binary	angiographic	
restenosis,	less	late	lumen	loss,	and	lower	TLR	at	2	years	
compared	with	PES	use	(4%	vs.	13%,	P	<	.021).

Petronio	et	al75 Complex	lesions 100	(all) 9	mo By	IVUS,	the	area	of	neointimal	hyperplasia	was	significantly	lower	
with	the	SES	than	with	the	PES	(7.4%	vs.	15.4%,	P	<	.001)	at	
9	months.

Cervinka	et	al424 Complex	CAD 70	(all) 6	mo IVUS-assessed	neointimal	hyperplasia	volume	was	lower	with	the	
SES	compared	with	the	PES	(4.1	mm3	vs.	17.4	mm3,	P	=	.001).

ISAR-DESIRE384 BMS	restenosis 300	including	100	
balloon	angioplasty	
patients	(all)

5	yr	(in	pooled	
analyses)

Angiographic	restenosis	was	lower	with	both	the	SES	(14.3%)	and	
the	PES	(21.7%)	compared	with	balloon	angioplasty	at	6	months	
(44.6%).	TVR	was	lower	with	the	SES	compared	with	the	PES	
(8%	vs.	19%,	P	=	.02).

ISAR-DESIRE-2393 SES	restenosis 450	(all) 1	yr No	differences	were	found	in	late	lumen	loss	(0.40	vs.	0.38,	P	=	
.85)	or	other	angiographic	or	clinical	end	points	with	the	SES	or	
PES	for	the	treatment	of	SES	restenosis.

PROSIT425 STEMI 308	(all) 1	yr In-segment	restenosis	was	lower	with	the	SES	compared	with	the	
PES	(5.9%	vs.	14.8%,	P	=	.03),	with	similar	TLR	and	MACE	
rates.

PASEO202 STEMI 270	including	90	BMS	
(none)

4	yr Similar	reductions	in	TLR	were	seen	with	the	SES	and	PES	(relative	
to	the	BMS),	and	this	was	maintained	throughout	the	follow-up	
period.

BMS,	Bare-metal	stent;	CAD,	coronary	artery	disease;	 IVUS,	 intravascular	ultrasound;	MACE,	major	adverse	cardiovascular	event;	MI,	myocardial	 infarction;	PES,	paclitaxel-eluting	stent;	
SES,	sirolimus-eluting	stent;	ST,	stent	thrombosis;	STEMI,	ST-elevation	myocardial	infarction;	TLR,	target-lesion	revascularization.
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discontinuation of DAPT77 and a steady accrual of ST at a rate of 0.6% 
per year with no evidence of plateau after 4-year follow-up.67 In addi-
tion, human autopsy studies and pathologic studies in animal models 
suggested that the permanent polymer coating in first-generation DESs 
could be associated with chronic inflammation, chronic fibrin deposi-
tion, late hypersensitivity reactions, and delayed arterial healing, 
potentially increasing the risk of very late ST in some patients.53,81 
These findings entailed a dramatic reduction of DES utilization in the 
United States, which dropped from 90% before 2006 to 64% in the 
following years.82

In view of the rare incidence of ST and the conflicting evidence, 
several pooled analyses and meta-analyses were performed to address 
the safety of first-generation DESs (Table 16-6).83-87 These studies col-
lectively did not suggest an increased risk of mortality or MI with DESs 
compared with BMSs, but some of them confirmed an increased risk 
of late or very late ST with both SESs and PESs compared with BMSs.83,87 
Of note, SESs but not PESs were associated with a reduction of ST 
during the first year compared with BMSs, but this was offset by an 
increased risk of very late ST with SESs after the first year.85 The slightly 
increased risk of ST with first-generation DESs likely offset any poten-
tial long-term benefit of these devices in improving MI and survival 
by reducing restenosis.88

Second-Generation Drug-Eluting Stents
Following the initial development and approval of the SES and the  
PES, further iterations in DES technology resulted from a desire to 
improve upon both the deliverability and efficacy of first-generation 
DESs and to address some of the safety limitations of these devices. In 
general, most second-generation DESs have incorporated superior 
stent platforms and more biocompatible durable polymers or BPs, 
principally with rapamycin-analogue drugs in comparison with first-
generation DESs. Polymer-free stents have also been developed that 
offer the potential of controlled drug release without the vascular  
toxicity associated with the presence of the polymer. Finally, the intro-
duction of bioabsorbable stents represents a new paradigm in the 

treatment of CAD, providing drug elution and a temporary vascular 
scaffolding function for 6 to 12 months, followed by complete biore-
sorption within 1 to 2 years, theoretically restoring the underlying 
coronary anatomy and physiology and preventing very late (>1 year) 
adverse reactions from polymers, neoatherosclerosis, and other 
mechanisms.

Durable Polymer-Based Second-Generation Drug-Eluting Stents
Pivotal randomized trials have been completed with four second-
generation, permanent, polymer-based DESs: the Xience V, Xience 
Prime, and Xience Expedition (Abbott Vascular, Santa Clara, CA), 
which are cobalt-chromium stents that elute everolimus from a fluori-
nated copolymer (CoCr-EES); the Promus Element and Promus Pre-
mier (Boston Scientific, Natick, MA), which are platinum-chromium 
stents that elute everolimus from a fluorinated copolymer (PtCr-EES); 
the Endeavor (Medtronic, Santa Rosa, CA), a phosphorylcholine 
polymer-based stent that elutes zotarolimus relatively rapidly, mostly 
over several weeks (PC-ZES); and the Resolute (Medtronic), which 
uses a composite BioLinx polymer that possesses hydrophilic and 
hydrophobic properties to release zotarolimus slowly over 4 months 
(Re-ZES). All four polymer-based stents release a rapamycin-analogue 
that binds to cytosolic FKBP12 and subsequently to mTOR, thereby 
blocking the stimulatory effects of growth factors and cytokines 
released after vascular injury. However, the underlying stent platform 
and polymers vary significantly, as do the drug pharmacokinetics and 
pharmacodynamics, which has resulted in the unique angiographic 
and clinical profiles of these devices.

Cobalt-Chromium Everolimus-Eluting Stents: Xience
In the CoCr-EES, everolimus (100 µg/cm2) is released from a thin 
(7.8 µm), nonadhesive, durable, biocompatible fluorinated copolymer 
consisting of vinylidene fluoride and hexafluoropropylene monomers, 
coated onto a low-profile (81 µm strut thickness), flexible cobalt-
chromium stent, which has additionally undergone several iterations. 
The release kinetics are similar to those seen with sirolimus from the 

TABLE 16-6 Meta-Analyses Comparing First-Generation Drug-Eluting Stents With Bare-Metal Stents
First Author Stent Comparators Number of Trials N Principal Findings

Ellis83 PES	vs.	BMS 4 3,445 No	significant	difference	was	apparent	in	the	3-year	rates	of	death,	
MI,	or	ST	between	the	PES	and	the	BMS.	However,	in	the	period	
between	6	months	and	3	years,	PES	use	was	associated	with	
significantly	higher	rates	of	ST.

Kastrati84 SES	vs.	BMS 14 4,958 No	significant	difference	was	apparent	in	the	risk	of	death,	MI,	or	ST	
between	the	SES	and	the	BMS	after	a	follow-up	ranging	from	12	to	
58	months.

Spaulding86 SES	vs.	BMS 4 1,748 No	significant	difference	was	apparent	in	the	4-year	rates	of	death,	
MI,	or	ST	between	the	PES	and	the	BMS.	Compared	with	the	BMS,	
SES	use	was	associated	with	an	increased	risk	of	mortality	in	
diabetic	patients.

Stone87 SES	vs.	BMS
PES	vs.	BMS

4
5

1,748
3,513

No	significant	difference	was	found	in	the	4-year	rates	of	death,	MI,	
or	ST	between	the	PES	versus	the	BMS	or	the	SES	versus	the	BMS;	
rates	of	very	late	ST	were	higher	with	the	PES	and	the	SES	
compared	with	the	BMS.

Mauri85 SES
BMS

4
4

1,748 No	significant	difference	was	apparent	in	the	4-year	rates	of	death,	
MI,	or	stent	thrombosis	between	PES	vs.	BMS	or	SES	vs.	BMS.

Stettler426 SES	vs.	PES	vs.	BMS 38 18,023 No	differences	in	rates	of	mortality	or	ST	were	found	between	any	DES	
and	BMS.	PES	use	was	associated	with	higher	rates	of	late	definite	
ST	compared	with	the	SES	and	the	BMS.	SES	use	was	associated	
with	lower	rates	of	MI	compared	with	the	PES	and	the	BMS.

Kirtane38 DES	vs.	BMS 22	RCT
34	observational	studies

9,470
182,901

In	RCTs,	no	significant	difference	in	mortality	or	MI	was	found	
between	the	DES	and	the	BMS	at	long-term	follow-up.	However,	in	
observational	studies,	DES	use	was	associated	with	significantly	
lower	rates	of	death	or	MI	compared	with	BMS	use.

BMS,	 Bare-metal	 stents;	 DES,	 drug-eluting	 stents;	 MI,	 myocardial	 infarction,	 PES,	 paclitaxel-eluting	 stent;	 RCT,	 randomized	 controlled	 trial;	 SES,	 sirolimus-eluting	 stents;	 ST,	 stent	
thrombosis.



 CHAPTER 16  Bare-Metal and Drug-Eluting Coronary Stents 255

At 1-year follow-up, use of the CoCr-EES resulted in nonsignificantly 
different rates of the primary end point of TLR (4.3% in the CoCr-EES 
group vs. 5.0% in the SES group). The cumulative incidence of definite 
ST was similarly low between the two groups (0.32% vs. 0.38%, P = 
.77). Finally, in the Basel Stent Kosten Effektivitäts Trial–Prospective 
Validation Examination II (BASKET-PROVE II) trial,100 2314 all-
comer patients with lesions in coronary arteries with diameters of 
3 mm or greater were randomly allocated to receive a CoCr-EES, SES, 
or BMS. At 2-year follow-up, no significant difference was apparent 
between the CoCr-EES and the SES in the rates of the primary end 
point (a composite of death or MI), as well as in the rates of TVR  
or ST.

In summary, in a broad cross section of patients undergoing PCI, 
the CoCr-EES has shown marked improvements in safety and efficacy 
outcomes compared with the PES, and it has shown modest improve-
ments compared with the SES. In view of the limited power of these 
randomized trials in detecting differences in low-frequency end points, 
several meta-analyses have been performed. In a meta-analysis in 
which 13 RCTs with 17,101 patients were included, CoCr-EES use was 
associated with significant reductions in MI, TVR, and definite/
probable ST compared with pooled PES, SES, and Re-ZES after a 
median follow-up of 21 months.126 However, the treatment effects for 
each end point varied by DES comparator, with the largest difference 
being apparent for the CoCr-EES versus the PES; the difference was 
intermediate for the CoCr-EES versus the Re-ZES and was smallest for 
the CoCr-EES versus the SES. In another meta-analysis that included 
11 trials with 16,775 patients and focused on time-related differences 
in the risk of definite ST, CoCr-EES use was associated with signifi-
cantly lower rates of early, late, 1-year, and 2-year definite ST compared 
with pooled PES, SES, and Re-ZES use, with no interaction apparent 
between the overall relative risk of definite ST and any DES compara-
tor.127 These findings have been corroborated in a third meta-analysis 
that included eight trials with 11,167 patients in which follow-up 
ranged from 9 to 36 months.128

The reduced risk of ST apparent in these meta-analyses with the 
CoCr-EES, compared with a first-generation DES, has since been con-
firmed in real-world observational studies. Specifically, in 1342 pro-
pensity score–matched pairs of patients followed for a median of 1.5 
years, the CoCr-EES was associated with significantly lower rates of 
definite ST and MI compared with the SES.129 Moreover, in a large all-
comers study that included 12,339 patients, the CoCr-EES was found 
to have significantly lower rates of definite ST than either the SES or 
PES up to a 4-year follow-up, with differences in ST being most pro-
nounced beyond the first year after stent implantation.130

Cobalt-Chromium Everolimus-Eluting Stent Versus Bare-Metal Stent
When second-generation DESs reached the clinical arena, the natural 
comparator of these new devices were first generation DESs. As a 
consequence, few studies have compared second generation DESs with 
the BMS. However, the CoCr-EES has been compared with a BMS in 
four randomized controlled trials: the SPIRIT FIRST Clinical Trial of 
the Abbott Vascular Xience V Everolimus-Eluting Coronary Stent 
System, BASKET-PROVE, Xience or Vision Stents for the Manage-
ment of Angina in the Elderly (XIMA), and Everolimus-Eluting Stent 
Versus Bare-Metal Stent in ST-Segment Elevation Myocardial Infarc-
tion (EXAMINATION).100,111-113 In addition, the CoCr-EES has been 
compared with the BMS in the Prolonging Dual Antiplatelet Treatment 
After Grading Stent-Induced Intimal Hyperplasia Study (PRODIGY) 
trial,131 in which 2013 patients were randomly assigned to receive 
6-month DAPT versus 12-month DAPT and either a CoCr-EES, BMS, 
PES, or PC-ZES. SPIRIT FIRST was a small randomized trial that 
showed significantly lower rates of restenosis and in-stent late loss with 
the CoCr-EES compared with the BMS at 6-month angiographic 
follow-up.113 In the large-scale randomized BASKET-PROVE trial, 
2-year rates of the primary end point of death or MI were 3.2% with a 
CoCr-EES and 4.8% with a BMS (P = .37).100 However, rates of TVR 
were significantly higher with a BMS than with a CoCr-EES (10.3% vs. 
3.7%, respectively, P = .002).

SES (~80% of the drug released at 30 days, with none detectable after 
120 days). The polymer is elastomeric and experiences minimal 
bonding, webbing, or tearing upon expansion. Fluoropolymers have 
been demonstrated to resist platelet and thrombus deposition in blood-
contact applications.56,89 The EES fluoropolymer has also been demon-
strated to be noninflammatory in porcine experiments. The low-profile 
stent struts facilitate rapid reendothelialization90 and are fracture resis-
tant. Preclinical studies have demonstrated more rapid coverage of the 
stent struts with functional endothelialization with a CoCr-EES com-
pared with an SES, PES, or PC-ZES.54

To date, the CoCr-EES has been the second-generation DES that 
has received the most extensive investigation, with at least 34 RCTs 
performed and 45,298 randomized patients included (Table 16-7). The 
CoCr-EES was compared with the PES in six trials with 7313 ran-
domized patients,41,91-95 with the SES in 10 trials with 11,931 random-
ized patients,96-105 with the Re-ZES in three trials with 4333 randomized 
patients,106-108 with the PtCr-EES in two trials with 4515 randomized 
patients,109,110 and with the BMS in four trials with 3037 patients.100,111-113 
In addition, the CoCr-EES is the only second-generation durable 
polymer–based DES that has been compared with BP-based DESs in 
RCTs powered for clinical end points, including three trials with 8233 
patients in which the CoCr-EES was compared with BP-based biolimus-
eluting stents (BP-BESs)114-116 and five trials with 6103 patients in 
which the CoCr-EES was compared with different types of BP-based 
SESs.117-121

Cobalt-Chromium Everolimus-Eluting Stents Versus First-Generation 
Drug-Eluting Stents
Among the six trials to compare the CoCr-EES with a PES (see Table 
16-7),41,92-95 two large-scale trials sufficiently powered for clinical end 
points were conducted.41,92 In the large-scale Prospective Randomized 
Trial of Everolimus-Eluting Stents Compared to Paclitaxel-Eluting 
Stents in Patients With Coronary Artery Disease (SPIRIT IV),41 3687 
patients with stable CAD undergoing PCI of up to three lesions in three 
vessels were randomized to CoCr-EES versus PES (Express platform). 
The primary end point of target-lesion failure (TLF; composite of 
cardiac death, target-vessel MI, or ischemia-driven TLR) at 1 year was 
reduced by 39% (3.9% vs. 6.6%, P = .0008). Compared with the PES, 
the CoCr-EES also reduced the 1-year rates of ST (0.3% vs. 1.1%, P = 
.003), MI (1.9% vs. 3.1%, P = .02), and TLR (2.3% vs. 4.5%, P = .0008). 
These results have been sustained at 3 years follow-up.122 In the Ran-
domized Controlled Trial of Everolimus-Eluting Stents and Paclitaxel-
Eluting Stents for Coronary Revascularization in Daily Practice 
(COMPARE),92 1800 unrestricted “all-comer” patients were random-
ized to the CoCr-EES versus the PES (Liberté platform). At 1 year, the 
primary end point of major adverse cardiovascular events (MACEs)—
death, MI, or target-vessel revascularization (TVR)—was reduced by 
31% with the CoCr-EES (6.2% vs. 9.1%, P = .02), driven by reductions 
in ST (0.7% vs. 2.6%, P = .002), MI (2.8% vs. 5.4%, P = .007), and TLR 
(1.7% vs. 4.8%, P = .0002). These results have been sustained up to 
5-year follow-up.123

Among the 10 randomized trials to compare the CoCr-EES with 
the SES (see Table 16-7),96-101,103-105,124 three large-scale trials have been 
conducted.99,100,124 In the Scandinavian Organization for Randomized 
Trials With Clinical Outcome IV (SORT OUT IV) trial,99 2774 
unselected patients in Denmark were randomized to a CoCr-EES 
versus an SES and were followed through the Danish Civil Registration 
System and Western Denmark Heart Registry. The primary 9-month 
end point of the composite of cardiac death, MI, definite ST, or TVR 
occurred in a comparable proportion of patients in both groups, 
although the overall event rates were lower than expected. Definite ST 
occurred in fewer CoCr-EES than SES patients (0.1% vs. 0.7%, P = .05). 
At 5-year follow-up, the CoCr-EES was associated with significantly 
lower rates of MACEs (4.8% vs. 7.0%, P = .02) and definite ST (0.4% 
vs. 2.0%, P = .0004) compared with the SES.125 In the large-scale Real 
Safety and Efficacy of Three-Month Dual Antiplatelet Therapy Follow-
ing Endeavor Zotarolimus-Eluting Stent Implantation (RESET)124 trial, 
3197 unselected patients were randomized to the CoCr-EES or the SES. 
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TABLE 16-7 Randomized Controlled Trials With Food and Drug Administration–Approved Second-Generation Drug-Eluting Stents

Study Study Cohort
Number of 
Randomized Patients

Latest Follow-Up 
to Date Principal Findings

CoCr-EES Versus 
PES

COMPARE92,123 All	comers 1800 5	yr Comparison	of	the	CoCr-EES	and	PES	showed	in	lower	1-year	
rates	of	the	primary	end	point,	a	composite	of	death,	MI,	or	
TVR	(6.2%	vs.	9.1%,	P	=	.02).	CoCr-EES	use	also	resulted	in	
lower	rates	of	MI,	ST,	and	TLR.	At	5	years,	the	primary	
composite	end	point	occurred	in	18.4%	of	CoCr-EES	patients	
versus	25.1%	of	PES	patients	(P	=	.0005).

EXECUTIVE93 MVD,	otherwise	
noncomplex	CAD

200 9	mo Compared	with	the	PES,	the	CoCr-EES	showed	lower	9-month	
rates	of	angiographic	in-stent	late	loss	(0.11	±	0.27	mm	vs.	
0.36	±	0.39	mm,	P	=	.008).

SPIRIT	II94,427 Noncomplex	CAD;	
up	to	two	lesions

300 5	yr Compared	with	the	PES,	the	CoCr-EES	showed	lower	6-month	
rates	of	angiographic	in-stent	late	loss	(0.11	±	0.27	mm	vs.	
0.36	±	0.39	mm,	P	<	.0001).

SPIRIT	III95,346 Noncomplex	CAD;	
up	to	two	lesions

1002 5	yr Compared	with	the	PES,	the	CoCr-EES	showed	lower	8-month	
rates	of	angiographic	in-segment	late	loss	(0.14	±	0.41	mm	
vs.	0.28	±	0.48	mm,	P	=	.004),	noninferior	9-month	rates	of	
TVF	(7.2%	vs.	9.0%,	P	=	.31),	and	reduced	MACE	rates	at	1	
year	(5.7%	vs.	9.9%,	P	=	.01)	and	5	years	(13.2%	vs.	
20.7%,	P	=	.007).

SPIRIT	IV41,122 Noncomplex	CAD;	
up	to	three	lesions

3687 3	yr Compared	with	the	PES,	the	CoCr-EES	showed	lower	1-year	rates	
of	TLF	(3.9%	vs.	6.6%,	P	=	.0008)	and	ischemia-driven	TLR	
(2.3%	vs.	4.5%,	P	=	.0008)	with	noninferior	rates	of	cardiac	
death	or	target-vessel	MI	(2.2%	vs.	3.2%,	P	=	.09).	CoCr-EES	
use	also	resulted	in	lower	rates	of	MI	and	ST.	At	3	years,	TLF	
occurred	in	9.2%	of	CoCr-EES	patients	versus	11.7%	of	PES	
patients	(P	=	.02).

SPIRIT	V	
DIABETIC91

Diabetes	mellitus 324 1	yr Compared	with	the	PES,	the	CoCr-EES	resulted	in	lower	9-month	
rates	of	angiographic	in-stent	late	loss	(0.19	±	0.37	mm	vs.	
0.39	±	0.49	mm,	P	=	.0001).

CoCr-EES Versus 
SES

CIBELES103 Chronic	total	
occlusion

207 9	mo Noninferiority	was	present	for	the	primary	end	point	of	in-segment	
late	loss	at	9	months	(CoCr-EES	0.19	±	0.69	mm	vs.	SES	
0.29	±	0.60	mm,	PNI	<	.01).	Binary	restenosis	occurred	in	
10.8%	of	patients	treated	with	an	SES	and	in	9.1%	of	patients	
treated	with	a	CoCr-EES.

EXCELLENT105 Noncomplex	CAD 1443 9	mo Noninferiority	was	present	for	the	primary	end	point	of	in-segment	
late	loss	at	9	months	(CoCr-EES	0.10	±	0.36	mm	vs.	SES	
0.05	±	0.34	mm,	PNI	=	.02).	MACEs	occurred	in	only	~3.0%	
of	patients	in	both	groups	at	9	months.

ESSENCE	
DIABETES101

Diabetes 300 1	yr Compared	with	the	SES,	the	CoCr-EES	showed	lower	8-month	
angiographic	in-segment	late	loss	(mean	0.23	mm	vs.	
0.37	mm,	P	=	.02)	and	lower	binary	restenosis	(0.9%	vs.	
6.5%,	P	=	.04).

ISAR-TEST-497,428 Simple	and	
complex	CAD

1304 3	yr Compared	with	the	SES,	the	CoCr-EES	showed	nonsignificantly	
different	rates	of	in-segment	late	loss	at	24	months	(0.29	±	
0.51	mm	vs.	0.31	±	0.58	mm,	P	=	.59).	TLF	at	3	years	was	
not	significantly	different	between	the	CoCr-EES	and	the	SES	
(19.6%	vs.	22.3%,	P	=	.26),	although	TLR	tended	to	be	less	
frequent	with	the	CoCr-EES	(12.8%	vs.	15.5%,	P	=	.15).

LONG	DES	III104 Long	lesion	
(≥25	mm)

450 9	mo In-segment	late	loss	was	significantly	greater	with	the	CoCr-EES	
than	with	the	SES	(0.17±	0.41	mm	vs.	0.09	±	0.30	mm,	
PNI	=	.96,	PSUP	=	.04).	However,	in-stent	late	loss	(0.22	±	
0.43	mm	vs.	0.18	±	0.28	mm,	P	=	.29)	was	similar	between	
the	two.	The	incidence	of	death,	MI,	ST,	and	TLR	was	not	
statistically	different.

RESET429 All	comers 3197 1	yr Compared	with	the	SES,	the	CoCr-EES	had	nonsignificantly	
different	rates	of	TLR	at	1	year	(4.3%	vs.	5.0%,	PNI	=	.0001).	
Definite	ST	was	similar	between	the	two	groups	(0.32%	vs.	
0.38%,	P	=	.77).

SEA-SIDE96 Bifurcations 150 18	mo Compared	with	the	SES,	the	CoCr-EES	showed	similar	procedural	
results	in	the	main	vessel	and	better	results	in	the	side	branch.	
At	18	months	the	incidence	of	MACEs	(death,	MI,	TVR)	was	
12%	with	CoCr-EES	and	9%	with	SES	use	(P	=	.60).
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Study Study Cohort
Number of 
Randomized Patients

Latest Follow-Up 
to Date Principal Findings

SORT	OUT	IV99,125 All	comers 2774 5	yr CoCr-EES	use	resulted	in	nonsignificantly	different	9-month	MACE	
rates	(cardiac	death,	MI,	definite	ST,	or	TVR)	compared	with	
SES	(4.9%	vs.	5.2%,	P	=	.71).	At	5	years,	MACE	rates	were	
14.1%	with	CoCr-EES	versus	17.4%	with	SES	(P	=	.02).	
Definite	ST	was	0.4%	with	CoCr-EES	versus	2.0%	with	SES		
(P	=	.0004).

XAMI98 STEMI 625 1	yr Compared	with	SES,	the	CoCr-EES	had	significantly	lower	1-year	
rates	of	the	primary	composite	end	point	of	cardiac	death,	MI,	
or	TVR	(4.0%	vs.	7.7%,	P	=	.048),	and	the	1-year	incidence	
of	definite/probable	ST	was	1.2%	for	the	CoCr-EES	versus	
2.7%	for	the	SES	(P	=	.21).

CoCr-EES Versus 
Re-ZES

RESOLUTE107,159 All	comers 2292 4	yr CoCr-EES	versus	Re-ZES	use	resulted	in	comparable	1-year	rates	
of	TLF	(8.3%	vs.	8.2%,	P	=	.92)	and	TLR	(3.4%	vs.	3.9%,	
P	=	.50),	although	less	definite	ST	(0.3%	vs.	1.2%,	P	=	.01)	
and	definite/probable	ST	was	reported	(0.7%	vs.	1.6%,	P	=	
.05).	At	4	years,	TLF	and	TLR	were	similar	between	the	two	
groups.	Definite	ST	was	0.7%	with	the	CoCr-EES	versus	1.5%	
with	the	Re-ZES	(P	=	.07).

TWENTE108,160 All	comers	with	the	
exception	of	
patients	with	
STEMI

1391 2	yr CoCr-EES	versus	Re-ZES	use	resulted	in	comparable	1-year	rates	
of	TVF	(8.1%	vs.	8.2%,	PNI	<	.001).	Definite	ST	was	0.0%	
with	CoCr-EES	and	0.58%	with	Re-ZES	(P	=	.12).	Similar	
results	were	apparent	at	2	years.

ISAR–LEFT	MAIN106 Left	main 750 1	yr CoCr-EES	versus	Re-ZES	use	was	noninferior	for	the	composite	
end	point	of	death,	MI,	and	TLR	(14.3%	vs.	17.5%,	P	=	.25).	
Definite/probable	ST	was	0.6%	with	the	CoCr-EES	versus	0.9%	
with	the	Re-ZES	(P	=	.99).

CoCr-EES Versus 
BMS

PRODIGY430 All	comers 1003 2	yr At	2-year	follow-up,	the	CoCr-EES	was	associated	with	
significantly	lower	rates	of	ST	compared	with	the	BMS	(1.00%	
vs.	4.6%,	P	=	.0001).

BASKET-PROVE100† All	comers	with	
lesions	in	
coronary	arteries	
with	diameter	
≥3	mm

2314 2	yr At	2-year	follow-up,	the	CoCr-EES	had	similar	rates	of	cardiac	
death	and	MI	compared	with	the	SES	or	the	BMS	(3.2%	vs.	
2.6%	vs.	4.8%;	P	=	NS	for	all	comparisons).	Rates	of	TVR	
were	3.1%	with	the	CoCr-EES,	3.7%	with	the	SES,	and	8.9%	
with	the	BMS.	Rates	of	definite	ST	were	0.6%	with	the	
CoCr-EES,	0.8%	with	the	SES,	and	1.2%	with	the	BMS.

EXAMINATION112,205 STEMI 1498 2	yr For	the	primary	end	point	of	death,	MI,	and	any	
revascularization,	no	significant	difference	was	apparent	
between	the	CoCr-EES	and	the	BMS	at	1	year.	The	CoCr	EES	
was	associated	with	significantly	lower	1-year	rates	of	definite	
ST	compared	with	the	BMS	(0.5%	vs.	1.9%,	respectively,	P	=	
.018).	Similar	results	were	apparent	at	2	years.

XIMA111 Elderly	patients 800 1	yr For	the	primary	end	point	of	death,	MI,	CVA,	TVR,	or	major	
hemorrhage,	no	significant	difference	was	apparent	between		
the	CoCr-EES	and	the	BMS	at	1	year	(14.3%	vs.	18.7%,	
respectively,	P	=	.09).	CoCr-EES	use	was	associated	with	
significantly	lower	1-year	rates	of	TVR	(2.0%	vs.	7.0%,		
P	=	.001)	and	MI	(4.3%	vs.	8.7%,	P	=	.01)	compared	with	
the	BMS.

SPIRIT	FIRST113,431 Noncomplex	CAD 60 5	ys The	primary	end	point	of	in-stent	late	loss	at	6	months	was	
significantly	lower	with	the	CoCr-EES	compared	with	the	BMS	
(0.10	±	0.21	mm	vs.	0.87	±	0.37	mm,	P	<	.001).	No	
significant	difference	was	apparent	in	MACE	rates	at	5	years.

CoCr-EES Versus 
PtCr-EES

PLATINUM110,139 Noncomplex	CAD;	
up	to	two	lesions

1530 3	yr For	the	primary	end	point	of	TLF,	the	PtCr-EES	was	noninferior	to	
the	CoCr-EES	at	1	year	(3.4%	for	PtCr-EES	vs.	2.9%	for	
CoCr-EES,	PNI	=	.001).	Similar	results	were	apparent	at	3	years	
with	no	significant	difference	in	death,	MI,	or	ischemia-driven	
TLR	between	the	two	stents.

PLATINUM+109 All	comers 2980 1	yr For	the	primary	end	point	of	TVF,	the	PtCr-EES	was	noninferior	to	
the	CoCr-EES	at	1	year	(4.6%	for	PtCr-EES	vs.	3.2%	for	
CoCr-EES,	PNI	=	.01).

TABLE 16-7 Randomized Controlled Trials With Food and Drug Administration–Approved Second-Generation Drug-Eluting Stents—cont’d
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Study Study Cohort
Number of 
Randomized Patients

Latest Follow-Up 
to Date Principal Findings

Re-ZES Versus 
PtCr-EES

DUTCH	PEERS138 All	comers 1811 1	yr For	the	primary	end	point	of	TVF,	PtCr-EES	was	noninferior	to	
Re-ZES	at	1	year	(5.0%	for	PtCr-EES	vs.	6.0%	for	Re-ZES,		
PNI	=	.006).

HOST-ASSURE161 All	comers 3750 1	yr For	the	primary	end	point	of	TLF,	PtCr-EES	was	noninferior	to	
Re-ZES	at	1	year	(2.9%	for	both	PtCr-EES	and	Re-ZES,		
PNI	=	.02).

Re-ZES Versus SES

ESSENCE	
DIABETES	II432

Diabetes	mellitus 256 9	mo Re-ZES	was	noninferior	to	SES	for	the	primary	end	point	of	
9-month	late	loss	(0.34	±	0.30	mm	vs.	0.39	±	0.43	mm.	
PNI	<	.001).	The	trial	was	prematurely	stopped	because	of	
discontinuation	of	SES	manufacturing.

†CoCr-EES	was	compared	with	BMS	and	SES.
BMS,	Bare-metal	stent	stent;	CAD,	coronary	artery	disease;	CoCr-EES,	cobalt-chromium	everolimus-eluting	stent;	CVA,	cerebrovascular	accident;	MACE,	major	adverse	cardiac	events	(cardiac	
death,	MI,	or	TLR);	MI,	myocardial	infarction;	MVD,	multivessel	disease;	NS,	nonsignificant;	PES,	paclitaxel-eluting	stents;	PNI,	P	value	for	noninferiority;	PSUP,	P	value	for	superiority;	PtCr-
EES,	platinum-chromium	everolimus-eluting	stents;	Re-ZES,	Resolute	zotarolimus-eluting	stents;	TLF,	target-lesion	failure	(cardiac	death,	target-lesion	MI	or	TLR);	TLR,	target-lesion	revas-
cularization;	TVF,	target-vessel	failure	(cardiac	death,	target	vessel	MI	or	TVR);	TVR,	target-vessel	revascularization;	SES,	sirolimus-eluting	stents;	ST,	stent	thrombosis;	STEMI,	ST-segment	
elevation	myocardial	infarction.

TABLE 16-7 Randomized Controlled Trials With Food and Drug Administration–Approved Second-Generation Drug-Eluting Stents—cont’d

The XIMA trial was a prospective RCT that compared the CoCr-
EES with the BMS in 800 patients aged 80 years and older.111 The 
primary end point—a composite of death, MI, cerebrovascular acci-
dent (CVA), TVR, or major hemorrhage—occurred in 18.7% of 
patients treated with a BMS versus 14.3% of patients treated with a 
CoCr-EES (P = .09). No difference was found in the risk of death (7.2% 
vs. 8.5%, respectively; P = .50), major hemorrhage (1.7% vs. 2.3%; P = 
.61), or CVA (1.2% vs. 1.5%; P = .77). In contrast, MI (8.7% vs. 4.3%; 
P = .01) and TVR (7.0% vs. 2.0%; P = .001) occurred more often in 
patients in the BMS group compared with those in the CoCr-EES 
group. Finally, the EXAMINATION trial was a prospective, multi-
center trial that randomly assigned 1498 patients with STEMI to either 
a CoCr-EES or a BMS.112 Details of this study will be discussed later 
(see Acute ST-Segment Elevation Myocardial Infarction). These five 
trials have been recently pooled in an individual patient-level meta-
analysis that included 4896 randomized patients.132 Compared with the 
BMS, after a median follow-up of 2 years, the CoCr-EES was associated 
with significantly lower rates of cardiac mortality (hazard ratio [HR] 
0.67; 95% confidence interval [CI], 0.49 to 0.91), MI (HR 0.71; 95% 
CI, 0.55 to 0.92), definite/probable ST (HR 0.48; 95% CI, 0.31 to 0.73), 
and TVR (HR 0.29; 95% CI, 0.20 to 0.41), demonstrating that best-in-
class second-generation DES has improved safety, including survival, 
compared with BMS.

Cobalt-Chromium Everolimus-Eluting Stents Versus Second-Generation 
Drug-Eluting Stents
At least 12 randomized trials have compared the CoCr-EES with other 
second-generation DESs.* The details of these trials are included under 
the following subsections that describe each of these second-genera-
tion devices.

Platinum-Chromium Everolimus-Eluting Stent (Promus  
Element/Premier)
The platinum-chromium everolimus-eluting stent (PtCr-EES) is made 
of a platinum-chromium alloy with an 81-µm strut thickness, high 
radial strength, and moderate radiopacity somewhat greater than that 
of the CoCr-EES. The PtCr-EES uses the same durable, biocompatible, 
inert fluorocopolymer (~7 µm thick) and antiproliferative agent 
(everolimus at 100 µg/cm2 concentration) as the CoCr-EES but with a 
modified scaffold design that aims to provide improved deliverability, 

*References	97,	106-110,	116,	118,	119,	121,	133,	134.

vessel conformability, side-branch access, radial strength, and fracture 
resistance. The PtCr-EES provides comparable everolimus release 
kinetics, arterial tissue levels, and vascular responses as the CoCr-EES 
in a nondiseased porcine coronary artery model.135

The vascular response to the PtCr-EES was assessed in a small clini-
cal study that recruited 73 patients with a single coronary lesion with 
an RVD of 2.5 mm or greater and a lesion length of 24 mm or less.136 
Surveillance coronary angiography performed at 9 months after PCI 
showed an in-stent late loss of 0.17 mm (± 0.25), which was compa-
rable with that of the CoCr-EES reported in the SPIRIT trials (0.10 ± 
0.21 mm at 6 mo in SPIRIT FIRST,113 0.11 ± 0.27 mm at 6 mo in 
SPIRIT II,137 and 0.16 ± 0.41 mm at 8 mo in SPIRIT III96). The percent-
age of volume obstruction determined by IVUS with a PtCr-EES at 
9-month follow-up was 7.2% (± 6.2), also comparable to that reported 
with the CoCr-EES (8.0 ± 10.4% at 6 mo in SPIRIT FIRST,113 2.5 ± 4.7% 
at 6 mo in SPIRIT II,94 and 6.9 ± 6.4% at 8 mo in SPIRIT III95).

The safety and efficacy of the PtCr-EES was assessed in four RCTs, 
which compared it with either the CoCr-EES—in a Prospective, Ran-
domized, Multicenter Trial to Assess an Everolimus-Eluting Coronary 
Stent System for the Treatment of Up to Two de Novo Coronary Artery 
Lesions (PLATINUM)110 and a Trial to Assess the Everolimus-Eluting 
Coronary Stent System (Promus Element) for Coronary Revasculari-
zation (PLATINUM Plus)109—or the Re-ZES in the Harmonizing 
Optimal Strategy for Treatment of Coronary Artery Stenosis–Safety 
and Effectiveness of Drug-Eluting Stents and Antiplatelet Regimen 
(HOST-ASSURE)137 and the Third-Generation Zotarolimus-Eluting 
and Everolimus-Eluting Stents in All-Comer Patients Requiring a Per-
cutaneous Coronary Intervention (DUTCH PEERS),138 which will be 
discussed later. PLATINUM was a large-scale international, multi-
center, prospective, single-blind randomized trial in which 1530 
patients with up to two de novo coronary lesions were randomized to 
either a PtCr-EES or a CoCr-EES.110 At the 1-year follow-up, rates of 
TLF (target vessel–related cardiac death, target vessel–related MI, or 
ischemia-driven TLR) were 2.9% in patients assigned to a CoCr-EES 
versus 3.4% in those assigned to a PtCr-EES (P for noniferiority [PNI] 
= .001). In addition, no significant differences were observed between 
the CoCr-EES and the PtCr-EES in cardiac death or MI (2.5% vs. 2.0%, 
respectively, P = .56), TLR (1.9% vs. 1.9%, P = .99), or definite/probable 
ST (0.4% vs. 0.4%, P = 1). Similar results were apparent when follow-up 
was extended up to 3 years, with no significant differences between a 
CoCr-EES and a PtCr-EES in the risk of mortality (4.3% vs. 3.7%, 
respectively, P = .62), cardiac mortality (1.9% vs. 1.2%, P = .27), MI 
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Phosphorylcholine Zotarolimus-Eluting Stent (Endeavor)
The PC-ZES elutes zotarolimus (10 µg/mm stent length) from a thin 
layer (5.3 µm) of the biocompatible polymer phosphorylcholine from 
a flexible, low-profile (91 µm strut thickness) cobalt-chromium stent. 
Phosphorylcholine is a naturally occurring phospholipid found in the 
membranes of red blood cells, and it is resistant to platelet adhesion.142 
The potencies of zotarolimus, everolimus, and sirolimus are roughly 
comparable, and zotarolimus is somewhat more lipophilic. However, 
the release rate of zotarolimus from the Endeavor (~90% within 7 days, 
100% within 30 days) is significantly faster than everolimus and siro-
limus released from the Xience V and Cypher stents, respectively.

In the First-in-Human Study of the Endeavor ABT-578-Eluting 
Phosphorylcholine-Encapsulated Stent System in De Novo Native 
Coronary Artery Lesions (ENDEAVOR I) FIM study,143 the PC-ZES 
was implanted in 100 patients with noncomplex coronary lesions. 
Although TLR was required in only 1% of patients at 1 year, mean 
in-stent late lumen loss was 0.33 mm at 4 months and 0.61 mm at 12 
months. Although significantly less than the 0.8 to 1.0 mm mean 
in-stent late loss typically experienced with the BMS, this degree of late 
loss would be expected to result in greater rates of binary restenosis 
and TLR compared with greater potency DESs such as the SES, CoCr-
EES, and Re-ZES, which achieve greater suppression of neointimal 
hyperplasia.144,145 The PC-ZES was subsequently compared with an 
otherwise identical BMS in the Randomized Controlled Trial to Evalu-
ate the Safety and Efficacy of the Medtronic AVE ABT-578 Eluting 
Driver Coronary Stent in De Novo Native Coronary Artery Lesions 
(ENDEAVOR II) trial146,147 in 1197 randomized patients with noncom-
plex CAD. As described in Table 16-8, compared with the BMS, the 
PC-ZES resulted in significantly reduced rates of TVF and TLR at 9 
months, results that were sustained for 5 years.148 Although the 
9-month rate of angiographic in-stent late loss was 0.61 mm (±0.46), 
this was sufficient to reduce in-segment binary restenosis to 13.2% 
from 35.0% with a BMS (P < .0001).

To assess whether this degree of late loss suppression was sufficient 
to prevent clinical restenosis, a series of trials were performed in which 

(2.5% vs. 2.3%, P = .81), ischemia-driven TLR (4.9% vs. 3.5%, P = .21), 
or definite/probable ST (0.5% vs. 0.7%, P = .76).139

PLATINUM Plus was a prospective, multicenter, noninferiority 
trial that enrolled 2980 all-comer patients to either a PtCr-EES or a 
CoCr-EES.109 At 1-year follow-up, the primary end point of target-
vessel failure (TVF)—a composite of cardiac death, target-vessel MI, 
or TVR—occurred in 4.6% of patients in the PtCr-EES group com-
pared with 3.2% of patients in the CoCr-EES group (PNI = .01), with 
similar rates of the individual components of the primary end point in 
both groups. Definite/probable ST was 0.8% in the PtCr-EES group 
and 0.5% in the CoCr-EES group (P = .44).

Several reports have suggested that the Promus Element stent plat-
form is particularly susceptible to longitudinal stent deformation,22 an 
infrequent complication after stent placement that appears as a reduc-
tion or increase in stent length with strut overlap, separation, malap-
position, and/or luminal obstruction.21 When longitudinal stent 
deformation occurs, it can predispose to ST or restenosis and may 
obstruct passage of devices.22 Stent distortion may occur after stent 
deployment or during positioning of a postdilation balloon, thrombec-
tomy device, or IVUS catheter, or it may be due to guide catheter 
compression when the stent is deployed in an ostial or proximal loca-
tion. Stent deformation may be more frequent with the Promus 
Element than with other second-generation DESs because the Promus 
Element has fewer connectors between hoops, a design intended to 
confer great longitudinal flexibility and deliverability.140 Bench testing 
has demonstrated that the Promus Element platform (Omega) has less 
longitudinal strength compared with the platforms of the SES, PES, or 
CoCr-EES.21 Subsequently, the design of the Promus Element was 
modified by the addition of connectors between the hoops in the 
proximal segment of the stent (the most common site of longitudinal 
deformation), leading to a new PtCr-EES design, the Promus Premier. 
In bench testing, deformation with the Promus Premier was signifi-
cantly less than with the Promus Element and was similar to other stent 
platforms,141 and in practice, longitudinal stent deformation has infre-
quently been reported with this device.

TABLE 16-8 Randomized Controlled Trials of Endeavor Zotarolimus-Eluting Stents

Trial Study Cohort
PC-ZES 
Versus

Number Randomized 
(Planned Angiographic 
Follow-Up)

Latest 
Follow-Up 
to Date Principal Findings

CATOS433 CTO SES 160	(all) 9	mo The	PC-ZES	was	noninferior	to	the	SES	with	respect	to	
the	primary	end	point	of	in-segment	binary	restenosis	
(14.1%	vs.	13.7%,	PNI	<	.001).	No	significant	
between-group	differences	were	found	in	TVF	(10.0%	
vs.	17.5%;	P	=.17)	or	in-stent	thrombosis	rates	
(0.0%	vs.	1.3%;	P	=	.32).

DiabeDES	III434 Diabetes	mellitus SES 127	(105) 10	mo The	PC-ZES	was	associated	with	significantly	higher	
10-month	late	loss	compared	with	the	SES	(0.74	±	
0.45	mm	vs.	0.14	±	0.37	mm,	P	<	.001).	Neointimal	
hyperplasia	determined	by	IVUS	was	significantly	
greater	with	the	PC-ZES	compared	with	the	SES	(0.0	
vs.	16.5	mm2,	P	<	.001).

ENDEAVOR	II148,214 Noncomplex	CAD BMS 1197	(600) 5	yr Compared	with	BMS	use,	the	PC-ZES	reduced	the	
9-month	rates	of	TVF	(the	primary	end	point;	15.1%	
vs.	7.9%,	P	<	.0001),	TLR	(11.8%	vs.	4.6%,	P	<	
.0001),	in-stent	late	loss	(1.03	±	0.58	to	0.61	±	
0.46	mm,	P	<	.001),	and	in-segment	binary	
restenosis	(35.0%	vs.	13.2%,	P	<	.0001).	The	rate	
of	ST	was	0.5%	with	the	PC-ZES	versus	1.2%	with	the	
BMS	(P	=	.22).	At	5	years,	TLR	was	reduced	with	the	
PC-ZES	(16.5%	vs.	7.4%,	P	<	.0001).

ENDEAVOR	III149,435 Noncomplex	CAD SES 436	(all) 5	yr Compared	with	the	SES,	the	PC-ZES	had	higher	8-month	
rates	of	in-stent	late	loss	(0.60	±	0.48	mm	vs.	0.15	±	
0.34	mm,	P	<	.001)	and	in-segment	binary	restenosis	
(11.7%	vs.	4.3%,	P	=	.04).	At	5	years,	MACE	rates	
were	14.0%	with	the	PC-ZES	versus	22.2%	with	the	
BMS	(P	=	.05).

Continued
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Trial Study Cohort
PC-ZES 
Versus

Number Randomized 
(Planned Angiographic 
Follow-Up)

Latest 
Follow-Up 
to Date Principal Findings

ENDEAVOR	IV436,437 Noncomplex	CAD PES 1548	(328) 5	yr Compared	with	the	PES,	the	PC-ZES	was	noninferior	for	
the	primary	end	point	of	TVF	at	9	months	(6.6%	vs.	
7.1%,	respectively;	PNI	<	.0001,	PSUP	=	.69).	The	
PC-ZES	compared	with	the	PES	resulted	in	higher	rates	
of	angiographic	in-stent	late	loss	(0.67	±	0.49	mm	vs.	
0.42	±	0.50	mm,	P	<	.001)	and	a	trend	toward	
greater	in-segment	restenosis	(15.3%	vs.	10.4%;	P	=	
.28)	at	8	months	but	comparable	rates	of	TLR	at	1	
year	(4.5%	vs.	3.2%;	P	=	.23)	and	5	years	(7.7%	
vs.	8.6%,	P	=	.70).	The	rates	of	cardiac	death	or	MI	in	
PC-ZES	versus	PES	patients	was	2.1%	versus	3.1%,	
respectively,	at	1	year	(P	=	.20)	and	was	6.4%	versus	
9.2%,	respectively,	at	5	years	(P	=	.049).	Definite	
probable	ST	after	5	years	occurred	in	1.4%	of	PC-ZES	
patients	versus	1.9%	of	PES	patients	(P	=	.42).

EXCELLA	II438 Noncomplex	CAD NES 210	(All) 9	mo PC-ZES	resulted	in	significantly	higher	rates	of	in-stent	late	
lumen	loss	compared	with	NES	(0.63	±	0.42	mm	vs.	
0.11	±	0.32	mm,	P	<	.0001).	No	significant	difference	
was	found	between	stent	groups	in	the	device-orientated	
composite	end	point	of	cardiac	death,	MI,	and	clinically	
indicated	TLR	(5.6%	vs	2.8%,	P	=	.45).

KOMER151 STEMI SES	and	PES 611	(348) 1	yr For	the	primary	composite	end	point	of	cardiac	death,	
MI,	and	ischemia-driven	TLR,	no	significant	difference	
was	apparent	between	PC-ZES,	SES,	and	PES	at	1	year	
(5.9%	vs.	3.4%	vs.	5.7%,	respectively;	P	=	.46).	A	
trend	was	seen	toward	lower	1-year	rates	of	ischemia-
driven	TLR	in	the	SES	group	(0.0%)	compared	with	the	
PC-ZES	(2.5%)	and	PES	(1.5%)	groups	(P	=	.09).

ISAR-TEST-2150,342 Simple	and	
complex	CAD

SES 674	(all) 2	yr PC-ZES	versus	SES	use	resulted	in	higher	6-	to	8-month	
rates	of	late	loss	(0.58	±	0.55	mm	vs.	0.24	±	
0.51	mm,	P	<	.001)	and	binary	restenosis	(19.3%	
vs.	12.0%,	P	<	.01)	and	higher	1-year	rates	of	TLR	
(19.3%	vs.	7.2%,	P	<	.01).	At	2	years,	late	loss	was	
greater	with	the	SES	compared	with	the	PC-ZES	such	
that	the	differences	in	binary	restenosis	(20.9%	vs.	
18.6%)	and	TLR	(14.3%	vs.	10.7%)	were	not	as	
pronounced	as	in	the	first	year.	The	rates	of	death,	MI,	
and	ST	were	not	significantly	different	between	the	two	
stents	at	9	months	or	2	years.

NAPLES152 Diabetes	mellitus SES	and	PES 226	(none) 3	yr At	3	years,	PC-ZES	use	was	associated	with	significantly	
higher	rates	of	death,	MI,	or	clinically	driven	TVR	
compared	with	both	the	SES	and	PES	(35.6%	with	
PC-ZES,	13.2%	with	SES,	17.5%	with	PES,	P	=	
.006).	No	significant	difference	was	apparent	between	
the	SES	and	the	PES	in	any	clinical	end	point.

PROTECT156,157 All	comers	with	
no	more	than	
four	lesions

SES 8800	(none) 5	yr For	the	primary	end	point	of	definite/probable	ST,	no	
evidence	of	superiority	of	the	PC-ZES	versus	the	SES	
was	apparent	at	3	years	(1.4%	with	PC-ZES	vs.	1.8%	
with	SES,	P	=	.22).	However,	the	PC-ZES	was	
associated	with	significantly	lower	rates	of	definite	
probable	ST	compared	with	the	SES	when	follow-up	
was	extended	at	5	years	(1.67%	vs.	2.83%,	P	=	
.0007).

SORT	OUT	III154,155 All	comers SES 2333	(none) 5	yr The	PC-ZES	versus	the	SES	resulted	in	higher	9-month	
and	18-month	rates	of	cardiac	death,	MI,	or	TVR	(6%	
vs.	3%,	P	=	.0002,	and	10%	vs.	5%,	P	<	.0001),	
MI	(2%	vs.	<	1%,	P	=	.006,	and	2%	vs.	1%,	P	=	
.03),	ST	(1%	vs.	<1%,	P	=	.048,	and	1%	vs.	1%,	
P	=	.13),	and	TLR	(4%	vs.	1%,	P	<	.0001,	and	6%	
vs.	1%,	P	<	.0001).	Mortality	was	higher	at	18	
months	after	PC-ZES	(4%	vs.	3%,	P	=	.035).	
However,	between	1	and	5	years,	MACE	(9.0%	vs,	
11.6,	P	=	.07)	and	ST	(0.1%	vs.	1.8%,	P	=	.003)	
rates	were	lower	with	the	PC-ZES	than	with	the	SES,	
such	that	at	5	years,	no	significant	difference	in	clinical	
events	was	apparent	between	the	two	devices.

TABLE 16-8 Randomized Controlled Trials of Endeavor Zotarolimus-Eluting Stents—cont’d
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Trial Study Cohort
PC-ZES 
Versus

Number Randomized 
(Planned Angiographic 
Follow-Up)

Latest 
Follow-Up 
to Date Principal Findings

ZEST439,440 Simple	and	
complex	CAD

SES	and	PES 2645	(all) 2	yr For	the	primary	end	point	of	TVF	at	12	months,	the	
PC-ZES	was	noninferior	to	the	SES	(10.2%	vs.	8.3%,	
PNI	=	.01,	PSUP	=	.17)	and	was	superior	to	the	PES	
(10.2%	vs.	14.1%,	P	=	.01).	In-segment	binary	
restenosis	at	9	months	occurred	in	12.1%,	2.4%,	and	
12.4%	of	PC-ZES,	SES,	and	PES	patients	(P	<	.001).	
At	24	months,	the	rates	of	TVF	with	the	PES,	PC-ZES,	
and	SES	were	15.3%,	11.2%,	and	9.9%	(P	=	.43	
and	.01	for	PC-ZES	vs.	SES	and	PES,	respectively).	No	
significant	differences	were	found	in	the	rates	of	death,	
MI,	or	ST	at	2	years	between	the	three	stents,	although	
there	was	a	significant	difference	in	TVR	(8.6%	vs.	
6.0%	vs.	3.1%,	P	=	.03	and	.01	for	PC-ZES	vs.	SES	
and	PES,	respectively).

ZEST-AMI153 STEMI SES	and	PES 328	(all) 1	yr For	the	primary	composite	end	point	of	death,	MI,	and	
ischemia-driven	TVR,	no	significant	difference	was	
apparent	between	the	PC-ZES,	SES,	and	PES	at	1	year	
(11.3%	vs.	8.2%	vs.	8.2%,	respectively,	P	=	.83).	
In-segment	late	loss	was	0.28	±	0.42	mm	with	the	
SES	versus	0.46	±	0.48	mm	with	the	PC-ZES	versus	
0.47	±	0.50	mm	with	the	PES	(P	=	.029).	At	8-month	
follow-up,	restenosis	rates	were	2.7%	with	the	SES	
versus	15.9%	with	the	PC-ZES	versus	12.3%	with	the	
PES	(P	=	.027).

BMS,	Bare-metal	stent;	CAD,	coronary	artery	disease;	CTO,	chronic	total	obstruction;	IVUS,	intravascular	ultrasound;	MACE,	major	adverse	cardiovascular	event;	MI,	myocardial	infarction;	
NES,	novolimus-eluting	stent;	PC-ZES,	zotarolimus-eluting	stent	(Endeavor	platform);	PES,	paclitaxel-eluting	stent;	SES,	sirolimus-eluting	stent;	PNI,	P	value	for	noninferiority;	PSUP,	P	value	
for	superiority;	TLR,	 target-lesion	 revascularization;	TVF,	 target-vessel	 failure	(death,	MI,	or	TVR);	TVR,	 target-vessel	 revascularization;	ST,	stent	 thrombosis;	STEMI,	ST-segment	elevation	
myocardial	infarction.

TABLE 16-8 Randomized Controlled Trials of Endeavor Zotarolimus-Eluting Stents—cont’d

the PC-ZES was compared with other DESs (see Table 16-8). In the 
Medtronic Endeavor III Drug-Eluting Coronary Stent System Clinical 
Trial (ENDEAVOR III),149 the rates of late loss and restenosis were 
significantly greater with the PC-ZES than with the SES; indeed, in this 
trial, the PC-ZES failed to meet its primary end point. However, at 
5-year follow-up, the PC-ZES was associated with lower rates of all-
cause death (a trend was apparent for cardiac death) and significantly 
lower rates of MI compared with SES. In contrast, no significant dif-
ference was apparent between the PC-ZES and the SES in the rates of 
TVR and definite ST. These findings were corroborated in the Efficacy 
of Three Different Limus Agent–Eluting Stents to Prevent Restenosis 
(ISAR-TEST-2) trial,150 which found no significant difference between 
the SES and the PC-ZES in the rates of death, MI, or definite ST. The 
Randomized Comparison of Zotarolimus- and Paclitaxel-Eluting 
Stents in Patients With Coronary Artery Disease (ENDEAVOR IV) 
trial40 randomized 1548 patients to either a PC-ZES or a PES. In this 
trial, the PC-ZES was associated with a greater late loss and angio-
graphic restenosis compared with the PES, although 9-month rates of 
TVF were comparable between the two devices. However, similar to 
the ENDEAVOR III experience, at 5-year follow-up, the PC-ZES was 
associated with similar rates of TLR and significantly lower rates of 
cardiac death or MI compared with the PES.

Whereas the results of these trials ultimately led to device approval 
for the PC-ZES, these studies were insufficiently powered to detect 
differences in hard clinical end points, and several other trials have 
been conducted with mixed results, specifically regarding the safety  
of the PC-ZES. No significant differences in cardiac mortality, MI, 
TVR, and ST were apparent between the SES, PES, and PC-ZES in the 
Korean Multicenter Endeavor (KOMER) trial,151 whereas significantly 
higher rates of MACE and definite ST were apparent with the PC-ZES 
compared with the SES in the Novel Approaches for Preventing or 
Limiting Events in Diabetic Patients (NAPLES-DIABETES) trial152 and 
in the Comparison of the Efficacy and Safety of Zotarolimus-Eluting 
Stent With Sirolimus-Eluting and Paclitaxel-Eluting Stent for Coronary 

Lesions (ZEST) trial,153 respectively (see Table 16-8). Although these 
trials led to potential concerns regarding the overall performance of 
the PC-ZES, two larger trials have examined these issues in more detail. 
The 2332-patient Randomized Clinical Comparison of the Endeavor 
and the Cypher Coronary Stents in Nonselected Angina Pectoris 
Patients (SORT OUT III) trial154 reported significantly lower rates of 
all-cause mortality, MI, and definite ST with the SES compared with 
the PC-ZES at shorter-term follow-up (1 year). However, at 5-year 
follow-up, MACE rates were similar between the two devices (17% with 
the PC-ZES vs. 15.6% with the SES, P = .40) because of time-related 
differences in clinical outcomes that favored the SES during the first 
year of follow-up (8.0% with the PC-ZES vs. 3.9% with the SES, P < 
.0001) but favored the PC-ZES between 1 and 5 years (9.0% vs. 11.6%, 
P = .07).155 As shown in Figure 16-6, definite ST was more frequent 
with the PC-ZES than with the SES at the 1-year follow-up (1.1% vs. 
0.3%, P = .036), whereas the opposite result was apparent in the period 
between 1 and 5 years (0.1% with the PC-ZES vs. 1.8% with the SES, 
P = .03).

Considered collectively, these trials demonstrate that despite greater 
late loss in the period of angiographic surveillance, the PC-ZES is safe 
and effective over long-term follow-up, compared with the first-
generation DES, and is more effective than the BMS. In this regard, 
early angiographic measures might be less predictive of late-term out-
comes, as suggested by several studies that have shown a better safety 
and efficacy profile with the PC-ZES compared with the first-generation 
DES after the first year of follow-up. With this background, the large 
multicenter Patient-Related Outcomes With Endeavor Versus Cypher 
Stenting Trial (PROTECT) was recently reported in which 8791 
patients with CAD were randomized to either a PC-ZES or an SES, 
representing the only comparative DES trial prospectively powered to 
show differences in ST.156 At a 3-year follow-up, no significant differ-
ence was apparent between the two devices with regard to the primary 
end point of definite/probable ST (1.4% for the PC-ZES vs. 1.8% for 
the SES, P = .22). No significant differences were reported between 
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Twente (TWENTE),108 and the Intracoronary Stenting and Antithrom-
botic Regimen: Drug-Eluting Stents for Unprotected Left Main Stem 
Disease (ISAR–LEFT MAIN)106-108—or the PtCr-EES in the DUTCH 
PEERS138 and HOST-ASSURE trials.137

In the RESOLUTE107 all-comers trial, 2292 unselected patients were 
randomized to the Re-ZES versus the CoCr-EES (see Table 16-7). 
Angiographic follow-up was planned in a subset of 460 patients at 13 
months, after the 12-month assessment of the major clinical end 
points. Compared with the CoCr-EES, the Re-ZES was noninferior  
for the primary 1-year end point of TLF (8.2% vs. 8.3%, PNI < .001). 
No significant differences were reported between the two devices in 
the 1-year rates of death, cardiac death, MI, or TLR. However, the 
CoCr-EES did result in significantly lower 1-year rates of definite  
ST (0.3% with the CoCr-EES vs. 1.2% with the Re-ZES, P = .01) and 
definite or probable ST (0.7% with the CoCr-EES vs. 1.6% with the 
Re-ZES, P = .05; see Table 16-7). At 13 months, restenosis occurred 
infrequently with both stents, although in-segment late loss was  
slightly greater with the Re-ZES compared with the CoCr-EES (0.15 ± 
0.43 mm vs. 0.06 ± 0.40 mm, P = .04). When clinical follow-up was 
extended to 4 years, the results between the two stents were similar.159 
Specifically, the rates of TLF (15.2% with the Re-ZES vs. 14.6% with 
the CoCr-EES, P = .68), cardiac death (5.4% vs. 4.7%, P = .44), target-
vessel MI (5.3% vs. 5.4%, P = 1.00), and clinically indicated TLR (7.0% 
vs. 6.5%, P = .62) were similar between the Re-ZES and the CoCr-EES. 
In addition, the difference in definite ST, which was apparent at 1 year, 
was no longer statistically significant, although a trend was still main-
tained (0.7% with the CoCr-EES vs. 1.4% with the Re-ZES, P = .07).

In the TWENTE trial, 1391 patients were randomly assigned to 
receive either a CoCr-EES or an Re-ZES.108 At a 1-year follow-up, rates 
of TVF—cardiac death, MI, or clinically driven TVR, the primary end 
point of the study—were 8.1% in the CoCr-EES group and 8.2% in the 
Re-ZES group (PNI = .001). No significant difference was found in the 
rate of TVF components between the two devices. Definite/probable 
ST rates were relatively low and were similar for the Re-ZES and CoCr-
EES (0.9% and 1.2%, respectively, P = .59). Definite ST rates were also 
low in both stent groups (0.58% with the Re-ZES and 0% with the 
CoCr-EES, P = .12). At a 2-year follow-up, no significant difference 
was apparent between the two stent groups with respect to the primary 
end point of TVF (10.8% for the Re-ZES vs. 11.6% for the CoCr-EES, 
P = .65) despite fewer TLRs in patients treated with the CoCr-EES 
(4.9% vs. 2.6%, P = .03).160 Similar results were apparent in the Prospec-
tive Randomized Trial of Everolimus- and Zotarolimus-Eluting Stents 
for Treatment of Unprotected Left Main Coronary Artery Disease 
(ISAR–LEFT MAIN-2) trial,106 discussed further in the subsection on 
left main and multivessel disease. (See Chapter 23, Percutaneous Coro-
nary Intervention for Unprotected Left Main Coronary Artery Steno-
sis, and Chapter 24, Complex and Multivessel Percutaneous Coronary 
Intervention.)

Two RCTs have compared the Re-ZES with the PtCr-EES. In the 
1811-patient DUTCH PEERS trial,138 the primary end point of TVF 
(cardiac death, target-vessel MI, or TVR) at 1 year was 6% in the 
Re-ZES group and 5% in the PtCr-EES group, thus meeting the estab-
lished criteria of noninferiority of the Re-ZES versus the PtCr-EES  
(PNI = .006). No significant difference was apparent in individual com-
ponents of the primary end point or in the rate of definite ST (0.3% vs. 
0.7%, P = .34, respectively). In the HOST-ASSURE trial,161 3750 all-
comer patients were randomized to either the Re-ZES or the PtCr-EES. 
At 1-year follow-up, the Re-ZES was noninferior to the PtCr-EES for 
the primary end point of TLF (cardiac death, target-vessel MI, and 
ischemia-driven TLR), which was 2.9% for both the Re-ZES and the 
PtCr-EES (PNI = .02). No significant difference was apparent in indi-
vidual components of the primary end point, and definite ST rates were 
similar (0.3% vs. 0.2%, P = .34).

In summary, these trials have collectively established the overall 
similar efficacy and safety profiles of the Re-ZES, CoCr-EES, and PtCr-
EES. All of these trials, however, have been insufficiently powered to 
detect small differences in low-frequency end points such as ST. In 
addition, four out of the five randomized trials that compared the 

the two devices in the 3-year rates of death or MI, but a significant 
difference in the risk of TLR favored the SES (3.5% with the SES vs. 
5.6% with the PC-ZES, P < .0001). However, at a 5-year follow-up, 
definite/probable ST continued to accrue in the SES arm, such that  
the PC-ZES was associated with significantly lower 5-year rates of 
definite/probable ST compared with the SES (1.7% vs. 2.8%, respec-
tively, P = .0007).157 As shown in Figure 16-6, landmark analyses 
suggested time-related differences in ST between the two devices  
such that the PC-ZES was associated with slightly greater rates of 
definite/probable ST during the first year (1.1% with the PC-ZES vs. 
0.7% with the SES, P = .056) but with significantly lower rates of 
definite/probable ST in the period between 1 and 5 years (0.6% with 
the PC-ZES vs. 2.1% with the SES, P < .001). In addition, the PC-ZES 
was associated with significantly lower 5-year rates of overall MI (5.0% 
vs. 6.6%, P = .002) and target-vessel MI (4.2% vs. 5.5%, P = .027) 
compared with the SES.

Re-ZES (Resolute)
In the Re-ZES, zotarolimus is eluted from the thin-strut cobalt-alloy 
BMS platform, which has undergone several iterations to increase 
deliverability and flexibility. Instead of the phosphorylcholine coating 
of the Endeavor stent, the Resolute stent uses a proprietary BioLinx 
tripolymer coating (4.1-µm thickness) that consists of a hydrophilic 
endoluminal component and a hydrophobic component adjacent to 
the metal stent surface. This polymer serves to slow the elution of 
zotarolimus relative to the Endeavor PC polymer, such that 60% of the 
drug is eluted by 30 days and 100% is eluted by 180 days, making this 
the slowest rapamycin analogue–eluting DES.

In the Clinical Evaluation of the Resolute Zotarolimus-Eluting 
Coronary Stent System in the Treatment of De Novo Lesions in Native 
Coronary Arteries (RESOLUTE)158 trial, the Re-ZES stent was 
implanted in 139 patients with noncomplex CAD. The primary end 
point of in-stent late lumen loss at 9 months was 0.22 mm (± 0.27), 
and the in-segment binary restenosis rate was 2.1%, both significantly 
less than that seen with its bare-metal comparator platform. MACE, 
TLR, and Academic Research Consortium (ARC) definite/probable ST 
at 12 months occurred in 8.7%, 0.7%, and 0% of patients, respectively. 
Following these favorable results, the efficacy and safety of the Re-ZES 
were investigated in five RCTs that compared this device either with 
the CoCr-EES—in the RESOLUTE all-comers trial, The Real-Word 
Endeavor Resolute Versus Xience V Drug-Eluting Stent Study in 

FIGURE 16-6	 Stent	thrombosis	rates	before	and	after	1	year	in	the	SORT	
OUT	 III	 trial	 (left	 panel)	 and	 in	 the	PROTECT	 trial	 (right	 panel).	 ARC,	
Academic	 Research	 Consortium;	 SES,	 sirolimus-eluting	 stent;	 ZES,	
zotarolimus-eluting	stent	(Endeavor	platform).	
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late ST compared with the SES, with a significant reduction also in the 
risk of late MI. Overall, these findings are consistent with the notion 
that bioabsorption of the polymer after elution of the antiproliferative 
drug may minimize the risk of late adverse events. BP-BESs were also 
studied in the COMFORTABLE-AMI trial,163 a prospective multi-
center trial that randomly assigned 1161 patients with ST-segment 
elevation MI to either a BP-BES or a BMS. The results of this trial are 
discussed later.

The Nobori BP-BES has been investigated in six randomized 
trials—Nobori I phase I,167 Nobori I phase II,168 Nobori Japan,102 SORT 
OUT V,169 COMPARE II,116 and NEXT134—with 9099 randomized 
patients. In the small Randomized Comparison of Nobori, Biolimus 
A9-Eluting Coronary Stent with a Taxus Paclitaxel-Eluting Coronary 
Stent in Patients With Stenosis in Native Coronary Arteries (Nobori I) 
phase I167 (N = 120) and phase II trials168 (N = 243), the BP-BES was 
shown to be noninferior compared with the PES for the primary end 
point of 9-month late lumen loss, with demonstration of superiority in 
Nobori I phase II. Similarly, in the somewhat larger Nobori Japan trial 
(Randomized Comparison of the Nobori Biolimus A9-Eluting Stent 
With the Sirolimus-Eluting Stent in Patients With Stenosis in Native 
Coronary Arteries; N = 326), the Nobori was shown to be noninferior 
compared with the SES for the composite primary end point of cardiac 
death, MI, or TVR at 9-month follow-up.102 However, in the SORT 
OUT V trial, a large-scale prospective randomized trial that compared 
the Nobori (n = 1229) with the Cypher (n = 1239),169 the Nobori failed 
to reach the primary hypothesis of noninferiority for the primary end 
point of cardiac death, MI, definite ST, or TVR at 9 months (4.1% with 
the BP-BES vs. 3.1% with the SES, PNI = .06). In addition, a significant 
difference in the risk of ST in favor of the SES was apparent at 1 year 
(0.7% with the BP-BES vs. 0.2% with the SES, P = .03). These early 
differences were mitigated at 3-year follow-up with no significant dif-
ferences in MACE rates (10.1% with the Nobori vs. 11.2% with the 
Cypher, P = .41) or ST (1.4% with the Nobori vs. 1.0% with the Cypher, 
P = .45).170 Of note, six episodes of definite ST occurred between 2 and 
3 years with the Cypher, whereas only one occurred with the Nobori.

In summary the Nobori and the BioMatrix have been compared 
with first-generation DESs in a total of five RCTs, and although some 
of them have shown improved safety with similar efficacy of the 
BP-BES compared with either the PES or SES, others have not con-
firmed this association.

Bioabsorbable Polymer Biolimus-Eluting Stents (BioMatrix/Nobori) and 
Comparisons With Second-Generation Drug-Eluting Stents
Among the second-generation durable polymer–based DESs, the 
CoCr-EES is the only one that has been compared with the BES in 
three RCTs: COMPARE II,116 NEXT,134 and BASKET-PROVE II.114 
Abluminal Biodegradable Polymer Biolimus-Eluting Stent Versus 
Durable Polymer Everolimus-Eluting Stent (COMPARE II)116 was a 
prospective, multicenter, controlled, randomized trial that compared 
the BP-BES with the CoCr-EES in 2707 all-comer patients. At 1-year 
follow-up, the BP-BES was shown to be noninferior to the CoCr-EES 
for the primary end point of cardiac death, MI, or TVR (5.2% with the 
BP-BES vs. 4.8% with the CoCr-EES, PNI < .0001). No significant dif-
ference was found between the two devices in the rates of the individual 
components of the primary end point, and rates of ST were similar 
(0.4% vs. 0.7%, respectively; P = .37). Similar results were apparent at 
the 3-year follow-up.171 The Nobori Biolimus-Eluting Versus Xience/
Promus Everolimus-Eluting Stent Trial (NEXT)134 was a controlled, 
multicenter noninferiority trial that randomly assigned 3235 patients 
to either the BP-BES or the CoCr-EES. At 1-year follow-up, the BP-BES 
was noninferior compared with the CoCr-EES for the primary end 
point of TLR (4.2% with the BES vs. 4.2% with the CoCr-EES, PNI < 
.0001). Episodes of ST were rare in both groups, but they were numeri-
cally higher with the BP-BES than with the CoCr-EES (0.25% with the 
BES vs. 0.06% with the CoCr-EES, P = .18). The BP-BES was also 
noninferior to the CoCr-EES for the primary angiographic end point 
of in-segment late loss (0.03 ± 0.39 mm vs. 0.06 ± 0.45 mm, respec-
tively, PNI < .0001). These results were sustained at 2 years.115 Finally, 

Re-ZES with the other second-generation DESs—ISAR–LEFT 
MAIN-2, TWENTE, DUTCH PEERS, and HOST-ASSURE—turned 
out to be insufficiently powered also in relation to their respective 
primary study end points because of observed event rates that were 
lower than expected. Nonetheless, the current amalgamation of data 
regarding the Re-ZES supports its use as a consistently high-performing 
second-generation durable-polymer DES platform.

Bioabsorbable Polymer–Based Second-Generation  
Drug-Eluting Stents
Through drug elution and complete bioabsorption of the polymer, 
bioabsorbable polymer–based drug-eluting stents (BP-DESs) offer the 
potential to couple DES efficacy with the late safety profile of the BMS. 
In most BP-DESs, the polymer is coreleased with the drug and leaves 
behind a bare platform, or only a basecoat, that is potentially free of 
inflammatory stimuli triggered by the permanent polymers that coated 
first-generation DESs. Most BP coatings are composed of poly-L-lactic 
acid (PLLA) or polyglycolic acid (PLGA), which are absorbed over a 
variable amount of time. A variety of BP-DES has been recently devel-
oped, which differs by the stent platform, the composition and struc-
ture of the polymer and the kinetics of polymer bioabsorption, and the 
eluted drug (Fig. 16-7). Among these devices, the one that has received 
the most extensive investigation so far is the bioabsorbable polymer 
biolimus-eluting stent (BP-BES).

Bioabsorbable Polymer Biolimus-Eluting Stent (BioMatrix/Nobori) and 
Comparisons With First-Generation Drug-Eluting Stents
The BP-BES, which is manufactured as either BioMatrix (Biosensors, 
Newport Beach CA) or Nobori (Terumo Clinical Supply, Kakamiga-
hara, Japan), elutes biolimus A9 (15.6 µg/mm), a semisynthetic rapa-
mycin analogue with similar potency but greater lipophilicity than 
sirolimus, from the stainless steel S-stent platform (120- to 125-µm 
strut thickness). BioMatrix and Nobori use similar stent platforms, 
polymers, and drugs with only slight differences in the delivery system, 
delivery balloon, and stent-coating process. The delivery polymer is 
made of PLLA, which is applied solely to the abluminal stent surface 
(11 to 20 µm thick) and is metabolized via the Krebs cycle into carbon 
dioxide and water after a 6- to 9-month period. Conceptually, such a 
stent might not be prone to late inflammatory reactions, as are occa-
sionally seen with durable polymers, and thus results in improved 
outcomes after 1 year.

As shown in Table 16-9, the BioMatrix BP-BES was investigated  
in the Limus Eluted From a Durable Versus Erodable Stent Coating 
Study (LEADERS)162 and in the Comparison of Biolimus Eluted 
From an Erodible Stent Coating With Bare-Metal Stents in Acute 
ST-Elevation Myocardial Infarction (COMFORTABLE-AMI) trial,163 
with a total of 2868 randomized patients. In the LEADERS trial, 1707 
all-comer patients—55% of whom had ACSs—were randomized to a 
BP-BES versus an SES.162 The BP-BES was noninferior to the SES for 
the primary 9-month composite end point of cardiac death, MI, or 
TVR and demonstrated similar rates of TLR and ST. A total of 427 
patients were allocated to angiographic follow-up at 9 months, which 
demonstrated that the BP-BES was noninferior to the SES for the 
primary angiographic end point of in-stent diameter stenosis (mean 
20.9% vs. 23.3%, PNI = .001, PSUP = .26). At 4-year follow-up, not only 
did the BP-BES maintain noninferiority compared with the SES, but it 
was also associated with significantly lower rates of very late definite 
ST with a positive interaction between the risk of ST and the time of 
its occurrence.164 These findings were confirmed in a meta-analysis165 
of patient-level data from the LEADERS,162 Rapamycin-Eluting Stents 
With Different Polymer Coating to Reduce Restenosis (ISAR-
TEST-3),166 and Intracoronary Stenting and Angiographic Results: Test 
Efficacy of Three Limus-Eluting Stents (ISAR-TEST-4) trials97 to 
compare different types of BP-DES—namely, the BP-BES and the 
Yukon Choice PC-SES (Translumina, Germany)—with a first-
generation SES. At 4-year follow-up, the risks of TLR and definite ST 
were significantly lower with the BP-DES compared with the SES. Of 
note, the BP-DES was associated with a significant reduction of very 
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per-protocol analysis (PNI = .09). The three stent groups did not differ 
in event rates beyond 1 year.

In summary, although no major differences emerged between the 
BP-DES and the CoCr-EES in these three trials, no evidence suggested 
that the BP-DES provided any late safety advantages compared with 
the CoCr-EES, and larger trials are required to determine whether the 
BP-DES matches the safety and efficacy profile of the CoCr-EES.

in BASKET-PROVE II, 2291 patients who required coronary stents 
3.0 mm or more in diameter were randomized to a biolimus-A9–
eluting BP-DES, CoCr-EES, or BMS.114 The primary composite end 
point of cardiac death, MI, or clinically indicated TVR within 2 years 
occurred in 6.8% of patients with the CoCr-EES, in 7.6% with the 
BP-BES, and in 12.7% with the BMS. The BP-BES was noninferior to 
the CoCr-EES by intention-to-treat analysis (PNI = .042) but not in a 

FIGURE 16-7	 Main	characteristics	of	drug-eluting	stents	coated	with	bioabsorbable	polymers	with	a	kinetics	of	bioabsorption	longer	(A)	or	shorter	
(B)	than	6	months.	CoCr,	Chromium	cobalt;	PCL,	poli	(ε-caprolactone);	PDLLA,	poly-D,L-lactic	acid;	PLA,	polylactic	acid;	PLGA,	polyglycolic	acid;	
PLLA,	poly-L-lactic	acid;	PtCr,	platinum	chromium;	PVP,	poly(N-vinyl-2-pyrrolidone);	SS,	stainless	steel.	
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TABLE 16-9 Randomized Controlled Trials of Bioabsorbable Polymer-Based Drug-Eluting Stents

Trial Study Cohort
Stent 
Comparators

Number 
Randomized

Latest 
Follow-Up 
to Date Brand Results of the Primary End Point

BASKET–PROVE	II114 All	comers	with	
lesions	in	
coronary	
arteries	≥3	mm

BP-BES
BMS
CoCr-EES

2314 2	yr Nobori
ProKinetic
Xience

The	BP-BES	was	noninferior	to	the	
CoCr-EES	with	respect	to	the	primary	
end	point	of	cardiac	death,	MI,	or	
clinically	indicated	TVR	at	2	years	in	the	
intention-to-treat	analysis	but	not	in	a	
per-protocol	analysis.

BIOFLOW	II121 Noncomplex	CAD BP-SES
CoCr-EES

452 9	mo Orsiro
Xience

The	BP-SES	was	noninferior	to	the	
CoCr-EES	with	respect	to	the	primary	
end	point	of	in-stent	late	lumen	loss	
(0.10	±	0.32	mm	vs.	0.11	±	
0.29	mm,	respectively,	PNI	<	.0001).	
No	significant	between-group	differences	
were	found	in	the	rate	of	TLF	(6.5%	vs.	
8.0%,	P	=	.58).	No	episodes	of	ST	
were	reported	in	either	group.

BIOSCIENCE119 Minimum	
exclusion	
criteria

BP-SES
CoCr-EES

2119 12	mo Orsiro
Xience

The	BP-SES	was	noninferior	to	the	
CoCr-EES	with	respect	to	the	primary	
end	point	of	TLF	(6.5%	vs.	6.6%,	
respectively;	PNI	<	.0004).

CARE	II441 Noncomplex	CAD BP-Sparrow	SES
Sparrow-BMS
Driver

138 9	mo Sparrow	
limus

Sparrow	
BMS

Driver

The	Sparrow	SES	was	superior	to	both	the	
Sparrow-BMS	and	the	Driver	with	respect	
to	the	primary	end	point	of	in-stent	late	
lumen	loss	at	6	months	(0.29	±	
0.45	mm	with	Sparrow	SES	vs.	0.86	±	
0.54	mm	with	Sparrow	BMS	vs.	0.94	±	
0.39	mm	with	Driver,	P	<	.0001).

CENTURY	II120 Noncomplex	CAD BP-SES
CoCr-EES

1123 9	mo Ultimaster
Xience

The	Ultimaster	was	noninferior	to	the	
CoCr-EES	for	the	primary	end	point	of	
TLF	(4.1%	with	BP-SES	vs.	5.4%	with	
CoCr-EES,	PNI	<	.0001).

COMFORTABLE-AMI163 STEMI BP-BES
BMS

1161 1	yr BioMatrix
Gazelle

The	BP-BES	was	superior	to	the	BMS	with	
respect	to	the	primary	end	point	of	
cardiac	death,	target-vessel	MI,	or	
ischemia-driven	TLR	at	1	year	(4.3%	
with	BP-BES	vs.	8.7%	with	BMS,	P	=	
.004).	Rates	of	cardiac	death	were	not	
significantly	different	between	the	two	
devices,	whereas	BP-BES	use	was	
associated	with	significantly	lower	rates	
of	target-vessel	MI	and	ischemia-driven	
TLR.

COMPARE	II116,171 All	comers CoCr-EES
BP-BES

2707 3	years Nobori
Xience

The	BP-BES	was	noninferior	to	the	
CoCr-EES	for	the	primary	end	point	of	
cardiac	death,	MI,	or	TVR	at	1	year	
(5.2%	with	BP-PES	vs.	4.8%	with	
CoCr-EES,	PNI	<	.0001).	No	significant	
difference	was	apparent	in	the	individual	
components	of	the	primary	end	point.	
Similar	results	were	apparent	at	3	years.

CORACTO442 CTO BP-SES
BMS

95 2	years Coracto
Constant

The	BP-SES	was	superior	to	the	BMS	for	
the	primary	end	point	of	in-stent	LLL	at	
6	months	(0.77	±	0.63	mm	with	
BP-SES	vs.	1.82	±	0.82	mm	with	BMS,	
P	<	.0001).	In	segment	restenosis	was	
17.4%	with	the	the	BP-SES	versus	
60.0%	with	the	BMS	(P	<	.0001).	No	
significant	difference	was	found	in	the	
risk	of	death	or	MI	between	the	two	
stents.

DESSOLVE	II174,443 Noncomplex	CAD BP-SES
PC-ZES

184 2	yr MiStent
Endeavor

The	BP-SES	was	superior	to	the	PC-ZES	
for	the	primary	end	point	of	in-stent	LLL	
at	9	months	(0.27	±	0.46	mm	vs.	0.58	
±	0.41	mm,	P	<	.001).	No	significant	
difference	was	found	in	the	risk	of	death,	
MI,	or	TVR	between	the	two	stents	at	2	
years.

Continued
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Trial Study Cohort
Stent 
Comparators

Number 
Randomized

Latest 
Follow-Up 
to Date Brand Results of the Primary End Point

EUCATAX444,445 Noncomplex	CAD BP-PES
BMS

422 2	yr Eucatax
Equivalent	

BMS

The	BP-PES	was	superior	to	the	BMS	for	
the	primary	end	point	of	cardiac	death,	
MI,	or	TVR	at	1	year	(9.5%	with	BP-PES	
vs.	17.1%	with	BMS,	P	=	.02).

EVOLUTION446,447 Noncomplex	CAD BP-SES
SES

1923 2	yr Excel
Cypher

The	BP-SES	was	noninferior	to	the	SES	for	
the	primary	end	point	of	cardiac	death,	
MI,	or	ischemia-driven	TVR	at	1	year	
(0.89%	with	BP-SES	vs.	1.34%	with	
SES,	P	=	.25).	No	significant	difference	
was	apparent	in	the	rates	of	the	
individual	components	of	the	primary	
end	point.

EVOLVE	I133 Noncomplex	CAD HD	BP-EES
LD	BP-EES
PtCr-EES

291 6	mo Synergy	HD
Synergy	LD
Promus	

Element

The	BP-EES	was	noninferior	to	the	
PtCr-EES	for	the	primary	end	point	of	
cardiac	death,	target-vessel	MI,	or	TVR	
at	30	days	(0.0%	with	PtCr-EES,	1.1%	
with	Synergy	HD,	and	3.1%	with	
Synergy	LD,	PNI	<	.0001).	At	6	months,	
in-stent	LLL	was	0.15	±	0.34	mm	for	
the	PtCr-EES,	0.10	±	0.25	mm	for	the	
Synergy	HD,	and	0.13	±	0.26	mm	for	
the	Synergy	LD	(P	<	0.01).

EVOLVE	II175 Noncomplex	CAD BP-EES
PtCr-EES

1684 12	mo Synergy
Promus	

Element

The	BP-EES	was	noninferior	to	the	
PtCr-EES	for	the	primary	end	point	of	TLF	
(6.7%	with	BP-EES	vs.	6.2%	with	
PtCr-EES;	PNI	=	.0003).

EXCELLA	II438 Noncomplex	CAD BP-NES
PC-ZES

146 6	mo Elixir	DESyne
Endeavor

The	BP-NES	was	superior	to	the	PC-ZES	
for	the	primary	end	point	of	in-stent	LLL	
at	9	months	(0.11	±	0.32	mm	with	
BP-NES	vs.	0.63	±	0.42	mm	with	
PC-ZES,	P	<	.0001).	No	significant	
difference	was	found	in	the	risk	of	death,	
MI,	or	TVR	between	the	two	devices.

INSPIRON-I448 Noncomplex	CAD BP-SES
BMS

58 2	yr Inspiron
Cronus449

The	Inspiron	was	superior	to	the	Cronus	
for	the	primary	end	point	of	in-stent	LLL	
at	6	months	(0.22	mm	with	Inspiron	
vs.	0.84	mm	with	Cronus,	P	<	.001).	
At	2	years,	the	Inspiron	was	associated	
with	lower	rates	of	TLR	compared	with	
the	Cronus	(0.0%	vs.	21.1%,	P	=	.02).

ISAR-TEST-3117,166 Noncomplex	CAD BP-SES
SES
PF-SES

404 2	yr Yukon	C
Cypher
Yukon117

The	BP-SES	was	noninferior	to	the	SES	for	
the	primary	end	point	of	in-stent	LLL	at	
8	months	(0.17	±	0.45	mm	with	
BP-SES	vs.	0.23	±	0.46	mm	with	SES,	
PNI	<	.001).	The	PF-SES	did	not	meet	
the	prespecified	criteria	for	noninferiority	
(in-stent	LLL	=	0.47	±	0.56	mm,	
PNI	=	.94).

ISAR-TEST-497,428 Noncomplex	CAD BP-SES
CoCr-EES
SES

2603 3	yr Yukon	C
Xience
Cypher

The	BP-SES	was	noninferior	to	pooled	
CoCr-EES	and	SES	data	for	the	primary	
end	point	of	cardiac	death,	MI,	or	TLR	at	
1	year	(13.8%	vs.	14.4%,	respectively,	
P	=	.005).	Rates	of	cardiac	death,	MI,	
TLR,	and	ST	were	similar	among	the	
three	stent	groups.

LEADERS162,164 All	comers BP-BES
SES

1707 4	yr BioMatrix
Cypher

The	BP-BES	was	noninferior	to	the	SES	for	
the	primary	end	point	of	cardiac	death,	
MI,	or	clinically	indicated	TVR	at	9	
months	(9%	with	BP-BES	vs.	11%	with	
SES,	PNI	=	.003).	Noninferiority	was	
sustained	at	4	years,	with	significantly	
lower	rates	of	very	late	ST	with	the	
BP-BES	compared	with	the	SES	(0.4%	
vs.	2.0%,	P	=	.004).

TABLE 16-9 Randomized Controlled Trials of Bioabsorbable Polymer-Based Drug-Eluting Stents—cont’d
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Trial Study Cohort
Stent 
Comparators

Number 
Randomized

Latest 
Follow-Up 
to Date Brand Results of the Primary End Point

NEXT115,134 All	comers BP-BES
CoCr-EES

3235 2	yr Nobori
Xience

The	BP-BES	was	noninferior	to	the	
CoCr-EES	for	the	primary	end	point	of	
TLR	at	1	year	(4.2%	in	both	groups,	PNI	
<	.0001).	Rates	of	cardiac	death,	MI,	
and	ST	were	similar	between	the	two	
stent	groups.	Noninferiority	was	
sustained	at	2-year	follow-up.

NOBORI	I	phase	I167,450 Noncomplex	CAD BP-BES
PES

120 5	yr Nobori
Taxus

The	BP-BES	was	noninferior	to	the	PES	for	
the	primary	end	point	of	in-stent	LLL	at	
6	months	(0.15	±	0.27	mm	vs.	0.32	±	
0.33	mm,	respectively,	P	=	.06).	No	
significant	difference	was	apparent	
between	the	two	stents	in	the	risk	of	
death,	MI,	or	TVR	up	to	the	5-year	
follow-up.

NOBORI	I	phase	II168,451 Noncomplex	CAD BP-BES
PES

243 3	yr Nobori
Taxus

The	BP-BES	was	superior	to	the	PES	for	
the	primary	end	point	of	in-stent	LLL	at	
9	months	(0.11	±	0.30	mm	vs.	0.32	±	
0.50	mm,	respectively,	P	=	.001).	No	
significant	difference	was	found	in	the	
risk	of	death,	MI,	TLR,	or	ST	between	the	
two	devices	up	to	the	3-year	follow-up.

NOBORI	JAPAN102,429 Noncomplex	CAD BP-BES
SES

326 3	yr Nobori
Cypher

The	BP-BES	was	noninferior	to	the	SES	for	
the	primary	end	point	of	cardiac	death,	
MI,	or	TVR	at	9	months	(7.4%	vs.	
6.3%,	respectively,	PNI	<	.001).	Similar	
results	were	apparent	at	3	years.

NOYA	I452,453 Noncomplex	CAD BP-SES
SES

300 2	yr Noya
Firebird	2

The	BP-SES	was	noninferior	to	the	SES	for	
the	primary	end	point	of	in-stent	LLL	at	
9	months	(0.11	±	0.18	mm	vs.	0.14	±	
0.23	mm,	respectively,	PNI	<	.001).	No	
significant	difference	was	apparent	in	the	
risk	of	cardiac	death,	MI,	TLR,	or	ST	
between	the	two	devices	at	2	years.

OCTDESI454 Noncomplex	CAD BP-PES
PES

60 6	mo HD	Jacktax
LD	Jacktax
Taxus	Liberté

The	Jactax	(both	HD	and	LD)	resulted	in	
similar	strut	coverage	as	the	Taxus	
Liberté	at	6	months	(7.0	±	12.2%	for	
Jactax	HD,	4.6	±	7.3%	for	Jactax	LD,	
and	5.3	±	14.7%	for	Taxus	Liberté,	P	=	
0.81).	No	deaths,	MI,	or	ST	were	
reported	through	1	year	in	either	stent	
group.

PAINT455 Noncomplex	CAD BP-PES
BP-SES
BMS

274 1	yr Infinnium
Supralimus
Milennium	

Matrix

The	BP-PES	and	BP-SES	were	superior	to	
the	BMS	for	the	primary	end	point	of	
in-stent	LLL	(0.54	±	0.44	mm	with	
BP-PES	vs.	0.32	±	0.43	mm	with	
BP-SES	vs.	0.90	±	0.45	mm	with	BMS,	
P	<	.001).	No	significant	difference	was	
found	in	the	risk	of	death	or	MI	between	
the	three	stents,	whereas	TVR	was	
significantly	lower	with	the	BP-BES	and	
BP-SES	than	with	the	BMS	(5.6%	with	
BP-PES,	5.8%	with	BP-SES,	and	17.6%	
with	BMS,	P	<	.01).

REMEDEE173 Noncomplex	CAD BP-SES-CD34	ab
PES

183 9	mo Combo
Taxus	Liberté

The	BP-SES-CD34	ab	was	noninferior	to	
the	SES	for	the	primary	end	point	of	
in-stent	LLL	(0.39	±	0.45	mm	vs.	0.44	
±	0.56	mm,	respectively,	PNI	=	.001).	
At	1	year,	no	significant	difference	was	
found	in	the	risk	of	death,	MI,	TLR,	or	ST	
between	the	two	devices.

TABLE 16-9 Randomized Controlled Trials of Bioabsorbable Polymer-Based Drug-Eluting Stents—cont’d

Continued
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Trial Study Cohort
Stent 
Comparators

Number 
Randomized

Latest 
Follow-Up 
to Date Brand Results of the Primary End Point

SORT	OUT	V169,170 All	comers BP-BES
SES

2468 3	years Nobori
Cypher

The	BP-BES	failed	to	achieve	noninferiority	
compared	with	the	SES	for	the	primary	
end	point	of	cardiac	death,	MI,	definite	
ST,	or	TVR	at	9	months	(4.1%	with	
BP-BES	vs.	3.1%	with	SES,	PNI	=	.06).	
In	addition,	the	BP-BES	was	associated	
with	significantly	higher	1-year	rates	of	
definite	ST	than	the	SES	(0.7%	vs.	
0.2%,	respectively,	P	=	.03).	However,	
no	significant	differences	were	apparent	
in	MACE	and	ST	between	the	two	
devices	at	the	3-year	follow-up.

TARGET	I118,456 Noncomplex	CAD BP-SES
CoCr-EES

460 2	years FireHawk
Xience

The	BP-SES	was	noninferior	to	the	
CoCr-EES	for	the	primary	end	point	of	
in-stent	LLL	at	9	months	(0.13	±	
0.24	mm	vs.	0.13	±	0.18	mm,	
respectively,	PNI	<	.0001).	No	significant	
difference	was	found	in	the	rates	of	TLF	
between	the	two	devices	up	to	2	years.

ab,	Antibody;	BES,	biolimus-eluting	stents;	BMS,	bare-metal	stent	stents;	BP,	bioabsorbable	polymer;	CAD,	coronary	artery	disease;	CoCr-EES,	cobalt-chromium	everolimus-eluting	stent;	
CTO,	chronic	total	obstruction;	EES,	everolimus-eluting	stent;	HD,	high	dose;	LD,	low	dose;	LLL,	late	lumen	loss;	MACE,	major	adverse	cardiovascular	events	(death,	MI,	TVR);	MI,	myocardial	
infarction;	NES,	novolimus-eluting	stent;	PC-ZES,	zotarolimus-eluting	stent	(Endeavor	platform);	PES,	paclitaxel-eluting	stent;	PF,	polymer	free;	PNI,	P	value	for	noninferiority;	PtCr,	platinum	
chromium;	 SES,	 sirolimus-eluting	 stent;	 ST,	 stent	 thrombosis;	 TLR,	 target-lesion	 revascularization;	 TLF,	 target-lesion	 failure	 (cardiac	 death,	 target	 lesion	MI,	 or	 TLR);	 TVR,	 target-vessel	
revascularization.

TABLE 16-9 Randomized Controlled Trials of Bioabsorbable Polymer-Based Drug-Eluting Stents—cont’d

Other Bioabsorbable Polymer–Based Drug-Eluting Stents
A variety of other BP-DESs have been designed and studied to varying 
degrees (see Fig. 16-7). Some BP-DESs are no longer manufactured 
(CoStar, Xtent, Nevo) either because of disappointing clinical results172 
or for commercial reasons. As shown in Table 16-9, most of these 
devices have undergone small-sized RCTs powered for angiographic 
end points. With respect to the sirolimus-based BP-DES, the Combo 
(OrbusNeich, Hong Kong) and MiStent (Micell Technologies, Durham, 
NC) SESs have shown promising angiographic outcomes.173,174 The 
Yukon Choice PC SES was studied in the ISAR-TEST-3 and -4 trials 
and has been demonstrated to be noninferior to both the CoCr- 
EES and the SES for the composite end point of cardiac death, target-
vessel MI, or TLR (see “Bioabsorbable Polymer Biolimus-Eluting Stent 
[BioMatrix/Nobori] and Comparisons With First-Generation Drug-
Eluting Stents” section).97,166 Additionally, the Orsiro (Biotronik AG, 
Germany) BP-SES has been shown to be noninferior to the CoCr-EES 
for in-stent late lumen loss at 9 months.121 More recently, in the large-
scale Randomized Comparison of a Sirolimus-Eluting Stent With  
Biodegradable Polymer Versus an Everolimus-Eluting Stent With a 
Durable Polymer for Percutaneous Coronary Revascularization (BIO-
SCIENCE) trial,119 2119 patients with few exclusion criteria were ran-
domly allocated to receive either the Orsiro or a CoCr-EES. At 1-year 
follow-up, TLF was 6.5% with the Orsiro and 6.6% with the CoCr-EES 
(PNI < .0004) with ST rates of 0.9% versus 0.4% (P = .16). In a prespeci-
fied analysis of the primary end point, the Orsiro was associated with 
significantly lower rates of TLF compared with the CoCr-EES in 
patients who presented with STEMI. Finally, in the recently reported 
Clinical Evaluation of New Terumo Drug-Eluting Coronary Stent 
System in the Treatment of Patients With Coronary Artery Disease 
(CENTURY II) trial,120 1123 patients were randomly allocated to either 
a CoCr-EES or the Ultimaster (Terumo Clinical Supply, Kakamiga-
hara, Japan) stent, a BP-based SES. At 9 months, the primary end 
point—a composite of cardiac death, target-vessel MI, and TLR—did 
not significantly differ between the two stents (4.14% with the BP-SES 
vs. 5.38% with the CoCr-EES, P = .66).

The platinum-chromium PLGA-based everolimus-eluting Synergy 
stent (Boston Scientific) is characterized by very thin struts (74 µm) 
and a 4-µm thick abluminal coating of PLGA polymer, which is com-
pletely absorbed within 4 months. In the Prospective Randomized 

Multicenter Single-Blind Noninferiority Trial to Assess the Safety and 
Performance of the Evolution Everolimus-Eluting Monorail Coronary 
Stent System for the Treatment of a De Novo Atherosclerotic Lesion 
(EVOLVE) trial,133 in which 291 patients were randomized, this stent—
at both full and half concentration doses of everolimus—was shown to 
be noninferior to the durable polymer PtCr-EES for the primary end 
point of angiographic late lumen loss (mean 0.10, 0.13, and 0.15 mm, 
respectively). In addition, at 6-month follow-up, clinical event rates 
were comparable among the three stent groups. The Prospective Mul-
ticenter Trial to Assess the Safety and Effectiveness of the Synergy 
Everolimus-Eluting Platinum Chromium Coronary Stent System for 
the Treatment of Atherosclerotic Lesions (EVOLVE II)175 was a 1684-
patient multicenter randomized trial in which the Synergy stent 
(100 µg everolimus/cm2) was compared with the durable polymer 
PtCr-EES (Promus Element). At 1 year, the Synergy and Promus 
Element demonstrated similar rates of TLF (6.5% vs. 6.7% respectively, 
PNI = .0005), with similar rates of the individual components of this 
end point. ST rates were similarly low with both stents, and no stent 
thromboses were observed with the Synergy stent beyond 30 days. 
Longer-term follow-up from this trial and additional studies in higher-
risk patients than those enrolled in EVOLVE II will allow a more 
complete assessment of the safety and efficacy profile with this stent 
compared with a durable polymer EES.

Safety and Efficacy of Drug-Eluting and Bare-Metal Stents: 
Synthesizing the Data Through Meta-Analyses
DESs are among the most-studied devices used in medicine today, and 
abundant assessments of comparative device efficacy have been per-
formed through a multitude of randomized trials adequately powered 
for both surrogate and clinical end points. However, with the one 
exception of the PROTECT trial,156 these trials have been insufficiently 
powered to detect differences in infrequent safety end points such  
as death, MI, or ST. In addition, several large head-to-head trials of 
DESs have had lower than expected clinical event rates, which further 
limits their ability to reliably discriminate differences between stent  
types.106,108,109,116,134,137,138 Furthermore, few studies have directly com-
pared second-generation DESs with each other or with BMSs. In rec-
ognition of these issues, network meta-analyses have been performed 
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been of limited size, were underpowered for clinical end points, and 
reported conflicting results (Table 16-10). In view of these limitations, 
a meta-analysis that included eight RCTs with 6178 patients comparing 
pooled polymer-free DESs with SESs, PESs, or Re-ZESs was recently 
reported.183 In that meta-analysis, the polymer-free DES appeared to 
be safe and effective, but it did not provide any advantages compared 
with the other permanent polymer-based DESs. Larger-scale studies 
are planned with several of these devices.

Conclusions
In summary, significant progress has been made with second-
generation DESs compared with their first-generation counterparts in 
terms of enhanced deliverability, antirestenotic efficacy, and safety. 
Nonetheless, progressive iterations of stent platforms, drug delivery 
systems (including the absence of polymer), and drugs are being 
explored in an attempt to further improve clinical outcomes with these 
devices.

STENTS IN SPECIFIC SITUATIONS

Acute ST-Segment Elevation Myocardial Infarction
Acute ST-segment elevation myocardial infarction (STEMI) is caused 
in most cases by rupture of a thin-cap fibroatheroma, a lesion consisting 
of a lipid-rich necrotic core and an overlying thin (<65 µm), inflamed 
fibrous cap.184 Tissue factor and other prothrombotic constituents 
are released and result in thrombotic occlusion of the coronary vessel 
and subsequent myocardial necrosis. Timely reperfusion with PCI 
results in improved myocardial salvage and reduced rates of recurrent 
ischemia, reinfarction, stroke, and death compared with fibrinolytic 
therapy.185 As shown in Figure 16-11, compared with balloon angio-
plasty, implanting a BMS in STEMI further reduces TVR but not death 
or reinfarction.186 Stent implantation in or adjacent to a fibroatheroma 
may result in delayed endothelialization,187 and the highest rates of 
ST have been reported after stent implantation in STEMI, although  
this risk can be somewhat ameliorated with more potent antiplatelet 
agents.188,189

The safety and efficacy of DES in STEMI have been reported from 
at least 20 randomized trials in 11,924 patients and from at least 18 
registries in 26,521 patients (Table 16-11). Considering that in five 
trials, three or more different DESs have been compared with each 
other or versus BMSs,100,131,151,153,190 collectively, 15 RCTs have compared 
first-generation DESs with BMSs,100,131,190-201 and seven have compared 
first-generation DESs to each other,† four compared second-generation 
DESs with BMSs,100,112,131,163 and six compared second-generation DESs 
against first-generation DESs.92,98,100,131,151,153 In general, these studies 
have established the efficacy and safety of the DES compared with the 
BMS, with lower rates of TVR and similar rates of death and MI. 
However, these individual studies were insufficiently powered to detect 
differences in safety end points across stent platforms, and therefore 
several meta-analyses have been performed to pool data. In the Drug-
Eluting Stent in Primary Angioplasty (DESERT) cooperation,204 indi-
vidual patient data were collected from 11 randomized trials that 
included 6298 patients randomized to either a first-generation DES  
(n = 3980) or a BMS (n = 2318). Compared with the BMS, first-
generation DESs were associated with similar rates of death, MI, and 
ST but lower rates of TVR at a mean follow-up of 1201 days. However, 
first-generation DESs were associated with higher rates of very late ST 
and reinfarction.

Given the safety concerns of the first-generation DES, particularly 
in the high-risk cohort of patients undergoing STEMI PCI, several 
studies have examined whether second-generation DESs have further 
improved the outcomes of patients with STEMI. In the EXAMINA-
TION trial, 1504 patients who presented with STEMI within 48 hours 
from symptom onset were randomized to either a CoCr-EES (n = 751) 

to investigate relative differences in safety and efficacy among the 
various devices. Network meta-analysis and mixed treated compari-
sons are novel research methods capable of comparing different thera-
pies using a common reference treatment.176

In an analysis of 49 RCTs in which 50,844 patients were enrolled 
and assigned to receive FDA-approved stents, Palmerini and col-
leagues177 reported that (1) at 1- and 2-year follow-up, the risk of defi-
nite ST was significantly lower with a CoCr-EES than with a BMS, a 
result not apparent with other DESs; (2) the reduction in ST with a 
CoCr-EES compared with a BMS was apparent both at 30 days and 
between 31 days and 1 year; and (3) the CoCr-EES was also associated 
with significantly lower 1-year rates of definite ST compared with other 
first- and second-generation DESs, including the PES, SES, PC-ZES, 
and Re-ZES (Fig. 16-8).

In a broader network meta-analysis that included 77 RCTs with 
117,762 patient-years of follow-up, study selection was not restricted 
to FDA-approved devices, nor was it restricted to RCTs that reported 
ST using the ARC criteria. Bangalore and colleagues178 reported com-
parable mortality rates with first-generation DESs, second-generation 
DESs, and BMSs. However, rates of MI were significantly lower with 
the SES, Re-ZES, and CoCr-EES (but not with the PES) compared with 
the BMS. Data on ST were consistent with the previous network meta-
analysis, finding the lowest rates with the CoCr-EES. In addition, each 
DES reduced long-term TVR compared with BMSs, but the magnitude 
of the effect varied in relation to the type of DES, such that the CoCr-
EES, SES, and Re-ZES had greater efficacy in reducing TVR than did 
the PES or PC-ZES.

Several network meta-analyses have also investigated the relative 
safety and efficacy of BP-based DESs versus other second-generation 
DESs and BMSs.179-182 An analysis that included 89 randomized trials 
with 85,490 patients resulted in three major findings. First, BP-BESs 
were associated with significantly lower 1-year rates of cardiac death 
or MI, MI, and TVR compared with BMSs; lower 1-year rates of TVR 
were seen compared with PC-ZESs; and long-term outcomes were 
improved compared with BMSs and PESs. Second, BP-BESs were asso-
ciated with higher rates of 1-year and long-term definite ST compared 
with CoCr-EESs, with a trend that suggested lower rates of MI with 
CoCr-EESs compared with BP-BESs. Third, significant time-related 
differences in ST were apparent among different stent types; the CoCr-
EES was associated with the lowest rates of ST in the early and late 
periods, and the PES and SES had the highest risks of very late ST (Fig. 
16-9).182 In another network meta-analysis that included 126 random-
ized trials with 258,544 patient-years of follow-up, pooled BP-DES data 
showed similar efficacy as second-generation DESs in reducing TVR 
but had higher rates of ST than CoCr-EESs.179 Similar findings have 
been observed in two other network meta-analyses.180,181

In summary, whereas most individual studies have not been ade-
quately powered to assess overall DES safety, network meta-analyses 
have confirmed that second-generation durable polymer–based DESs 
are both highly efficacious and have demonstrable safety advantages 
over first-generation DES platforms and even over BMSs. Meta-
analyses to date have not demonstrated a safety advantage of BP-based 
DESs over second-generation durable polymer-based DESs. Longer-
term follow-up from other studies (e.g., EVOLVE II) will provide 
important additional data in this regard.

Polymer-Free Drug-Eluting Stents
Polymer-free DESs feature the attractive combination of antiprolifera-
tive drug elution without a polymer coating. Polymer-free elution 
mechanisms include use of a nonpolymeric coating intermediate; 
surface modification techniques to adhere the drug onto the stent, with 
or without covalent bonding or chemical precipitation; use of reser-
voirs (grooves or wells) within the stent struts; and filling the inside of 
a hollow stent with drug that can diffuse out through holes drilled in 
the struts. As shown in Figure 16-10, several polymer-free DESs have 
been developed with different characteristics and novel mechanisms to 
control drug elution. However, clinical studies with these devices have †References	73,	100,	131,	151,	153,	202,	203.
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FIGURE 16-8	 Network	meta-analysis	including	49	randomized	controlled	trials	and	50,844	patients,	which	shows	time-related	differences	between	
various	drug-eluting	and	bare-metal	stents	(BMSs).	Only	statistically	significant	differences	are	shown.	CI,	Confidence	interval;	CoCr-EES,	cobalt-
chromium	everolimus-eluting	stent;	OR,	odds	ratio;	PC-ZES,	phosphorylcholine	polymer–based	zotarolimus-eluting	stents;	PES,	paclitaxel-eluting	
stent;	 PtCr-EES,	 platinum-chromium	 everolimus-eluting	 stent;	 Re-ZES,	 Resolute	 zotarolimus-eluting	 stent;	 SES,	 sirolimus-eluting	 stent;	 ST,	 stent	
thrombosis.	
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FIGURE 16-9	 Network	meta-analysis	including	89	randomized	controlled	trials	and	85,490	patients,	which	shows	time-related	differences	between	
biolimus-eluting	 stents	 versus	 other	 drug-eluting	 stents	 and	 bare-metal	 stents	 (BMSs).	 BP-BES,	 Bioabsorbable	 polymer-based	 biolimus-eluting	
stent;	CI,	 confidence	 interval;	CoCr-EES,	 cobalt-chromium	everolimus-eluting	stents;	OR,	odds	 ratio;	PC-ZES,	phosphorylcholine	polymer–based	
zotarolimus-eluting	stents;	PES,	paclitaxel-eluting	stents;	PtCr-EES,	platinum-chromium	everolimus-eluting	stents;	Re-ZES,	Resolute	zotarolimus-
eluting	stents;	SES,	sirolimus-eluting	stent;	ST,	stent	thrombosis.	
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with STEMI within 24 hours from symptom onset were randomized 
to either the BP-BES (n = 575) or to the equivalent BMS (n = 582). 
Compared with a BMS, the BP-BES resulted in a significantly lower 
1-year rate of the primary end point, a composite of cardiac death,  
MI, or ischemia-driven TLR (4.3% in the BP-BES group vs. 8.7% in 
the BMS group, P = .04). The difference was largely driven by a lower 
risk of target-vessel reinfarction and ischemia-driven TVR, and no 
differences in ST were noted. These results were confirmed at 2-year 
follow-up.206

Given the availability of multiple studies to examine the perfor-
mance of different DESs and BMSs in STEMI, the relative safety and 
efficacy of these devices has been further investigated in two network 
meta-analyses. In a meta-analysis that combined 22 trials and included 
12,453 randomized patients treated with CoCr-EESs, PESs, SESs, and 
PC-ZESs, use of the CoCr-EES was associated with significantly lower 
rates of cardiac death or MI and ST than use of a BMS.207 The difference 
in ST was apparent as early as 30 days and was maintained up to 2 
years. CoCr-EESs were also associated with significantly lower rates of 
1-year ST than PESs, and SESs were associated with significantly lower 
rates of cardiac death and MI than BMSs at 1 year but not at long-term 
follow-up. CoCr-EESs, PESs, and SESs had significantly lower rates of 
1-year TVR than BMSs, with the SES also showing lower rates of TVR 
than the PES. Similar results were found in a confirmatory network 
meta-analysis.208 In summary, although first-generation DESs have sig-
nificantly improved the outcomes of patients with STEMI by signifi-
cantly reducing the risk of TVR, they have been associated with 
increased rates of very late ST and reinfarction.204 By reducing both 

or the equivalent BMS (n = 747).112 At 1-year follow-up, the primary 
composite end point of all-cause death, MI, or any revascularization 
did not differ between the two groups (11.9% in the CoCr-EES group 
vs. 14.2% in the BMS group, P = .19). However, CoCr-EES use resulted 
in significantly lower rates of both TVR and definite ST compared with 
the BMS. Similar results have been confirmed at 2-year follow-up.205 
In the Xience V Stent Versus Cypher Stent in Primary PCI for Acute 
Myocardial Infarction (XAMI)98 trial, 625 patients with STEMI were 
randomized to either a CoCr-EES (n = 404) or an SES (n = 221). At 1 
year, the CoCr-EES was found to be noninferior to the SES for the 
primary end point of cardiac death, MI, or any TVR with a MACE rate 
of 4% for the CoCr-EES versus 7.7% for the SES. The PC-ZES has been 
compared with both the PES and SES in the Comparison of the Efficacy 
and Safety of Zotarolimus-Eluting Stent Versus Sirolimus-Eluting Stent 
Versus Paclitaxel-Eluting Stent for Acute Myocardial Infarction 
Patients (ZEST-AMI)98,153 and KOMER151 trials. The ZEST-AMI trial 
included 328 patients randomly assigned to a PC-ZES (n = 108), SES 
(n = 110), or PES (n = 110).153 At 1-year follow-up, the primary end 
point—a composite of cardiac death, MI, and ischemia-driven TVR—
did not differ among the three groups. Similar results were apparent in 
the KOMER trial,151 in which 611 patients with STEMI undergoing 
primary PCI were randomized to a PC-ZES (n = 205), SES (n = 204), 
or PES (n = 202). The cumulative 1-year rate of MACE was 5.9% in the 
PC-ZES group, 3.4% in the SES group, and 5.7% in the PES group.

Among the bioabsorbable polymer-based DESs, the BP-BES is the 
only one that has been extensively investigated in patients with STEMI. 
In the COMFORTABLE-AMI trial,163 1157 patients who presented 

FIGURE 16-10	 Main	characteristics	of	polymer-free	drug-eluting	stents.	
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of 0.0054 inches (137 µm)

Optima
(CID)

Integrated turbostratic carbon
coating (Carbofilm) with
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TABLE 16-10 Randomized Controlled Trials of Polymer-Free Drug-Eluting Stents

First Author/Trial Study Cohort
Stent 
Comparators

Number 
Randomized

Latest 
Follow-Up 
to Date Brand Results of the Primary End Point

Carrié457 Noncomplex	CAD PF-AES
PES

323 1	yr Cre8
Taxus	Liberté

The	PF-AES	was	superior	to	the	PES	for	the	
primary	end	point	of	in-stent	LLL	at	6	
months	(0.14	±	0.36	mm	vs.	0.34	±	
0.40	mm,	respectively,	P	<	.0001).	At	
1	year,	rates	of	cardiac	death,	MI,	TLR,	
and	ST	did	not	significantly	differ	between	
the	two	devices.

Dang458 STEMI PF-PES
SES

105 1	yr Yinyi
Partner

At	1	year,	the	PF-PES	and	the	SES	had	
similar	rates	of	cardiac	death,	MI,	or	TLR.	
The	two	groups	had	also	comparable	
angiographic	outcomes	and	similar	rates	
of	in-stent	restenosis	(8.6%	for	PF-PES	
vs.	5.0%	for	SES).

ISAR-TEST459,460 Noncomplex	CAD PF-SES
PES

450 5	yr Yukon
Taxus	Liberté

The	PF-SES	was	noninferior	to	the	PES	for	
the	primary	end	point	of	in-stent	LLL	at		
9	months	(0.48	±	0.61	mm	vs.	0.48	±	
0.58	mm,	respectively,	PNI	=	.02).	At	
5	years,	rates	of	cardiac	death,	MI,	TLR,	
and	ST	did	not	differ	significantly	between	
the	two	devices.

ISAR-TEST-2150,342 Noncomplex	CAD PF	Dual	DES*
SES
PC-ZES

1007 2	yr Yukon	platform
Cypher
Endeavor

The	6-month	rates	of	binary	restenosis	in	
the	Dual	DES	group	were	significantly	
lower	compared	with	the	PC-ZES	group	
(11.0%	vs.	19.3%,	respectively,	P	=	
.002)	and	similar	to	the	SES	group	
(12.0%,	P	=	.68).	Also,	TLR	with	the	
Dual	DES	was	significantly	lower	
compared	with	the	PC-ZES	and	was	
similar	to	the	SES.	Between	1	and	2	
years,	Dual	DES	use	was	associated	with	
significantly	lower	rates	of	TLR	compared	
with	the	SES,	but	similar	to	PC-ZES.

ISAR-TEST-3117,166 Noncomplex	CAD PF-SES
BP-SES
SES

605 2	yr Yukon	C
BP-Yukon
Cypher

The	PF-SES	did	not	meet	the	criteria	of	
noninferiority	of	LLL	at	6	months	
compared	with	the	SES	(0.47	±	0.56	mm	
vs.	0.23	±	0.46	mm,	respectively,	PNI	=	
.94).	No	differences	in	safety	outcomes	
were	reported	among	the	three	stent	
groups	up	to	2	years.

ISAR-TEST-5461 Minimal	exclusion	
criteria	including	
patients	with	
unprotected	left	
main	disease	or	
cardiogenic	shock

Dual	DES
PC-ZES

3002 1	yr Yukon	platform
Endeavor

The	Dual	DES	was	noninferior	to	the	ZES	for	
the	primary	end	point	of	cardiac	death,	
MI,	or	TLR	at	1	year	(13.1%	vs.	13.5%,	
respectively,	PNI	=	.006).	Rates	of	in-stent	
binary	angiographic	restenosis	were	
similar	between	the	two	stents.

LYPSIA	Yukon462,463 Diabetes	mellitus PF-SES
PES

240 5	yr Yukon
Taxus

The	PF-SES	did	not	meet	the	criteria	of	
noninferiority	of	LLL	at	9	months	
compared	with	the	PES	(0.63	±	0.62	mm	
vs.	0.45	±	0.60	mm,	respectively).	No	
significant	differences	were	reported	
between	the	groups	in	the	risk	of	death,	
MI,	TLR,	or	ST	up	to	5	years.

Zhang464 Minimal	exclusion	
criteria	including	
patients	with	
unprotected	left	
main	disease

PF-PES
BP-SES
SES

989 2	yr Yinyi
Excel
Partner

The	PF-PES	and	the	BP-SES	were	
noninferior	to	the	SES	for	the	primary	end	
point	of	cardiac	death,	MI,	or	TVR	at	2	
years	(6.2%	with	PF-PES	vs.	6.6%	with	
BP-SES	vs.	7.2%	with	SES).	No	
significant	differences	were	reported	
among	groups	in	the	risk	of	ST.

*This	stent	elutes	both	sirolimus	and	probucol.
AES,	Amphilimus-eluting	stents;	BP,	bioabsorbable	polymer;	CAD,	coronary	artery	disease;	DES,	drug-eluting	stent;	LLL,	late	lumen	loss;	MI,	myocardial	infarction;	PC-ZES,	phosphorylcholine	
polymer–based	zotarolimus-eluting	stent;	PES,	paclitaxel-eluting	stent;	PF,	polymer	 free;	PNI,	P	value	 for	noninferiority;	STEMI,	ST-segment	elevation	MI;	SES,	sirolimus-eluting	stents;	ST,	
stent	thrombosis;	TLR,	target	lesion	revascularization;	TVR,	target-vessel	revascularization.
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FIGURE 16-11	 Meta-analysis	from	13	randomized	controlled	trials	to	compare	the	bare-metal	stent	(BMS)	with	balloon	angioplasty	in	acute	myo-
cardial	infarction	in	6922	patients.	CI,	Confidence	interval;	PTCA,	percutaneous	transluminal	coronary	angioplasty;	RR,	risk	ratio;	TVR,	target-vessel	
revascularization.	
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TABLE 16-11 Comparative Randomized Trials of Drug-Eluting Stents in St-Segment Elevation Acute Myocardial Infarction

First Author/Study
Stent 
Comparators

Number 
Randomized

Latest 
Follow-Up Results of the Primary End Point

Diaz	de	Llera402 SES
BMS

114 1	yr The	SES	was	associated	with	a	trend	toward	reduced	1-year	rates	of	TVR	compared	
with	the	BMS	(0%	SES	vs.	5.7%	BMS,	P	=	.064).

EXAMINATION112,205 CoCr-EES
BMS

1504 2	yr The	CoCr-EES	and	BMS	had	similar	rates	of	the	primary	end	point	of	all-cause	death,	
MI,	or	any	revascularization	at	1	year	(11.9%	CoCr-EES	vs.	14.2%	BMS,	P	=	.19).	
The	CoCr-EES	was	associated	with	significantly	lower	1-year	rates	of	definite	ST	
compared	with	the	BMS	(0.5%	vs.	1.9%,	respectively,	P	=	.019).	Similar	results	
were	apparent	at	2	years.

GRACIA-3200 PES
BMS

419 1	yr No	significant	difference	was	found	in	the	risk	of	in-segment	binary	restenosis	between	
the	PES	and	BMS	at	1	year	(10.1%	vs.	11.3%;	respectively;	P	=	.89).	In-segment	
LLL	was	significantly	lower	with	the	PES	compared	with	the	BMS	(0.04	±	0.05	mm	
vs.	0.27	±	0.05	mm,	P	=	.003)

HAAMU197 PES
BMS

164 1	yr The	PES	was	associated	with	a	significantly	lower	LLL	compared	with	the	BMS	at	6	
months	(0.26	±	0.45	mm	vs.	0.73	±	0.56	mm,	P	<	.001).

HORIZONS-AMI413,465 PES
BMS

3006 3	yr The	PES	was	associated	with	significantly	lower	1-year	rates	of	ischemia-driven	TVR	
(5.8%	vs.	8.7%;	P	=	.006).	No	significant	difference	was	found	in	the	risk	of	
death,	reinfarction,	or	ST	between	the	two	devices.

Juwana203 PES
SES

397 1	yr SES	was	associated	with	a	significantly	lower	LLL	compared	with	PES	at	1	year	(0.01	
±	0.42	mm	vs.	0.21	±	0.50	mm,	P	=	.001).	No	significant	difference	was	found	in	
the	risk	of	death,	MI,	or	ST	between	the	two	devices.

KOMER151 PES
SES
PC-ZES

611 18	mo No	significant	difference	was	found	in	the	risk	of	death,	MI,	or	ST	between	the	PES,	SES,	
and	PC-ZES	(5.7%	vs.	3.4%	vs.	5.9%,	respectively;	P	=	.46).	A	trend	toward	lower	
rates	of	ischemia-driven	TLR	was	seen	with	the	SES	compared	with	either	the	PES	or	
the	PC-ZES	at	18	months	(0.5%	SES	vs.	1.5%	PES	vs.	3.4%	PC-ZES,	P	=	.09).

MISSION!193,466 SES
BMS

310 5	yr The	SES	was	associated	with	a	significantly	lower	LLL	compared	with	the	BMS	at	9	
months	(0.12	±	0.43	mm	vs.	0.68	±	0.57	mm,	P	<	.001).	No	significant	
difference	was	found	in	the	risk	of	death,	MI,	or	ST	between	the	two	devices.

MULTISTRATEGY191,467 SES
BMS

744 3	yr The	SES	was	associated	with	significantly	lower	1-year	rates	of	all-cause	death,	MI,	
and	clinically	driven	TVR	(7.8%	vs.	14.5%,	P	=	.004).	No	significant	difference	
was	found	in	the	risk	of	ST	between	the	two	stents.

Pasceri199 SES
BMS

65 1	yr No	significant	difference	was	reported	in	the	risk	of	death,	MI,	TVR,	or	ST	between	the	
SES	and	the	BMS	at	1	year.

PASEO202,468 PES
SES
BMS

270 4	yr The	PES	and	the	SES	were	associated	with	significantly	lower	1-year	rates	of	TLR	
compared	with	the	BMS	(4.4%	PES	vs.	3.3%	SES	vs.	14.4%	BMS,	P	=	.03	for	PES	
vs.	BMS,	and	P	=	.016	for	SES	vs.	BMS).	No	significant	difference	was	found	in	the	
risk	of	death,	MI,	or	ST	among	the	three	devices.

PASSION196,469,470 PES
BMS

619 5	yr A	trend	was	seen	toward	lower	rates	of	cardiac	death,	MI,	or	TLR	with	the	PES	
compared	with	the	BMS	(8.8%	vs.	12.8%;	P	=	.09).	No	significant	difference	was	
found	in	the	risk	of	ST	between	the	two	stents.

PROSIT425,471 PES
SES

308 3	yr A	trend	was	seen	toward	lower	rates	of	all-cause	death,	MI,	ST,	or	TLR	with	the	SES	
compared	with	the	PES	at	1	year	(5.8%	vs.	11.7%;	P	=	.07).	In-segment	LLL	was	
0.09	±	0.45	mm	with	the	SES	versus	0.33	±	0.68	mm	with	the	PES;	(P	=	.002)	
on	6-month	follow-up	angiography.	Similar	results	were	apparent	at	3	years.
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First Author/Study
Stent 
Comparators

Number 
Randomized

Latest 
Follow-Up Results of the Primary End Point

SELECTION198 PES
BMS

76 7	mo The	percentage	of	the	stent	volume	obstruction	by	neointimal	hyperplasia	measured	by	
IVUS	was	significantly	lower	with	the	PES	compared	with	the	BMS	at	7	months	
(4.6%	vs.	20%;	P	<	.01).	The	PES	was	also	associated	with	significantly	lower	
rates	of	death,	MI,	and	TLR	compared	with	the	BMS.

SESAMI194,472,473 SES
BMS

320 5	yr The	SES	was	associated	with	significantly	lower	1-year	rates	of	binary	restenosis	
(9.3%	vs.	21.3%,	P	=	.032),	and	TLR	(4.3%	vs.	11.2%;	P	=	.02)	compared	with	
the	BMS.	No	significant	difference	was	found	in	the	risk	of	death,	MI,	or	ST	between	
the	two	devices	up	to	5	years.

STRATEGY195,474 SES
BMS

175 5	yr The	SES	plus	a	high-dose	bolus	of	tirofiban	was	associated	with	significantly	lower	
1-year	rates	of	death,	MI,	stroke,	and	binary	restenosis	compared	with	the	BMS	plus	
abciximab	(19%	vs.	50%,	P	<	.001).	Similar	results	were	apparent	at	5	years,	but	
the	difference	between	the	two	groups	tended	to	be	attenuated	(29.9%	SES	vs.	
43.2%	BMS,	P	=	.067).

TYPHOON192,475 SES
BMS

712 4	yr The	rate	of	the	primary	end	point—a	composite	of	cardiac	death,	MI,	or	TVR—was	
significantly	lower	with	the	SES	than	with	the	BMS	(7.3%	vs.	14.3%,	P	=	.004).	No	
significant	differences	were	found	in	the	risk	of	death	or	MI	between	the	two	stent	
groups,	but	rates	of	TVR	were	lower	with	the	SES	compared	with	the	BMS	(5.6%	vs.	
13.4%,	respectively;	P	<	.001).	Similar	results	were	apparent	at	4	years.

XAMI98 CoCr-EES
SES

625 1	yr The	CoCr-EES	was	noninferior	to	the	SES	for	the	primary	end	point	of	cardiac	death,	
MI,	or	TVR	at	1	year	(4.0%	vs.	5.3%,	respectively,	PNI	=	.048)

ZEST-AMI153 PES
SES
PC-ZES

328 1	yr At	1	year,	the	incidence	of	the	primary	end	point—a	composite	of	death,	MI,	or	
TVR—was	11.3%	with	the	PC-ZES	and	8.2%	both	for	the	SES	and	the	PES	(P	=	
.83).	Individual	components	of	the	primary	end	point	did	not	differ	among	the	three	
groups.

BMS,	Bare-metal	stent	stent;	CoCr-EES,	cobalt-chromium	everolimus-eluting	stent;	IVUS,	intravascular	ultrasound;	LLL,	late	lumen	loss;	MI,	myocardial	infarction;	PC-ZES,	phosphorylcholine	
polymer–based	 zotarolimus-eluting	 stent;	 PES,	 paclitaxel-eluting	 stent;	 SES,	 sirolimus-eluting	 stent;	 ST,	 stent	 thrombosis;	 TLR,	 target-lesion	 revascularization;	 TVR,	 target-vessel	
revascularization.

TABLE 16-11 Comparative Randomized Trials of Drug-Eluting Stents in St-Segment Elevation Acute Myocardial Infarction—cont’d

TVR and ST, second-generation DESs have further improved the out-
comes of patients with STEMI, with a possible additional benefit in 
terms of cardiac mortality and reinfarction compared with the PES and 
the BMS.

Stents to Reduce Distal Embolization in ST-Elevation 
Myocardial Infarction
Beyond the use of DESs in STEMI, several novel STEMI-specific stent 
devices are currently under investigation. These devices aim to reduce 
the impact of distal embolization of thrombus during STEMI PCI, an 
event that has been associated with a higher incidence of periproce-
dural complications, greater infarct size, and increased mortality.209 A 
novel BMS covered with a PET micronet mesh (MGuard, Inspire MD, 
Tel Aviv, Israel) may trap friable thrombotic and atheromatous material 
between the micronet and vessel wall, thereby preventing distal embo-
lization.210 This device was investigated in the Prospective, Random-
ized, Multicenter Evaluation of a Polyethylene Terephthalate Micronet 
Mesh-Covered Stent (MGuard) in ST-Segment Elevation Myocardial 
Infarction (MASTER),211 in which 433 patients with STEMI who pre-
sented within 12 hours from symptom onset were randomized. The 
MGuard resulted in increased rates of post-PCI Thrombolysis in  
Myocardial Infarction (TIMI) grade 3 flow and a significant improve-
ment in the primary end point of complete ST-segment resolution 
compared with a commercially available BMS or DES. A larger multi-
center clinical study, MGuard Prime Stent System Clinical Trial in 
Patients With Acute ST-Elevation Myocardial Infarction (MASTER II), 
was initiated to further evaluate the efficacy and safety of this device 
for patients undergoing PCI in STEMI, but unfortunately, it was pre-
maturely terminated because of slow enrollment after 310 of 1114 
planned patients were recruited. A drug-eluting version of this device 
is under development.

One other device that is actively undergoing investigation in  
STEMI PCI is a self-expanding BMS (Stentys; Stentys Corporation, 
Paris, France) that compared with balloon-expandable stents aims  

to reduce deployment pressure and improve acute and late stent appo-
sition, as thrombus between the vessel wall and the stent resolves. In 
the 80-patient Randomized Comparison Between the Stentys Self-
Expanding Coronary Stent and a Balloon-Expandable Stent in Acute 
Myocardial Infarction (APPOSITION II),27 which compared the 
Stentys with a BMS, a lower number of malapposed stent struts was 
observed at three days with the self-expanding device, with a similar 
frequency of MACE at 6 months. Unfortunately, the larger Stentys 
Coronary Stent System Clinical Trial in Patients With Acute Myocar-
dial Infarction (APPOSITION V) trial was prematurely terminated 
because of slow enrollment after only 300 of 880 patients were enrolled. 
The failure to complete recruitment in both MASTER-II and APPOSI-
TION V reflects the increasing use of DESs and declining use of BMSs 
in STEMI.

Diabetes Mellitus
Patients with diabetes have higher rates of angiographic and clinical 
restenosis after BMS implantation than those without diabetes.212,213 In 
general, the pivotal trials in which DESs were compared with BMSs 
revealed comparable relative safety and efficacy with DES use in 
patients with diabetes compared with those without diabetes although 
with greater absolute reductions in TLR and TVR in diabetic patients 
given their higher baseline risk.214-216 Most prior studies have shown 
comparable rates of in-stent late loss with the PES in patients with 
versus those without diabetes,217 suggesting that the multiple pathways 
by which paclitaxel interferes with restenosis (by affecting microtubu-
lar function) makes its action relatively independent of the diabetic 
state.218 Considerable controversy surrounds whether the greater sup-
pression of late loss from stents that elute potent rapamycin analogues, 
such as the SES or EES, is preserved in patients with diabetes, given 
that the effect of rapamycin in interfering with the cell cycle is regu-
lated by glycosylation-dependent enzymes.219 In this regard, several 
small- to moderate-sized studies have provided conflicting results. For 
example, among 379 patients with diabetes randomized to the SES 
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Left Main and Multivessel Disease
Although they are distinctly different conditions, revascularization 
decisions for patients with left main and multivessel disease (MVD) 
are often considered together because historically the default strategy 
has been CABG. Patients with MVD treated with PCI have higher 
restenosis and ST rates than those with single-vessel disease, especially 
when diffuse disease, small vessels, and bifurcation lesions that require 
treatment are present. In contrast, whereas restenosis and thrombosis 
are relatively rare after stenting the relatively short, large-caliber left 
main segment, PCI failure in the left main coronary artery jeopardizes 
a sufficiently large amount of myocardium such as to entail a high risk 
of mortality.

Prior to the introduction of DES technology, meta-analyses of trials 
to compare PCI with CABG in patients with MVD demonstrated 
similar rates of death, MI, or stroke with PCI using BMS or balloon 
angioplasty alone, but higher rates of repeat revascularization were 
reported.229 However, BMSs were used in only four of these trials in 
3051 patients,230-233 and no study utilized DESs. In light of the demon-
strable efficacy of DESs in reducing revascularization procedures com-
pared with BMSs, the SYNTAX trial234 was undertaken wherein 1800 
patients with triple-vessel disease (n = 1095) and/or left main disease 
(n = 705) were randomized to either a PES or CABG using broader 
inclusion criteria compared with previous trials. The primary end 
point of the SYNTAX trial—the 1-year composite rate of all-cause 
mortality, stroke, MI, or unplanned repeat revascularization—occurred 
significantly less commonly with CABG than with PES (Fig. 16-13, 
left), largely because of greater rates of repeat revascularization with 
PCI compared with CABG. Conversely, the 1-year rate of stroke was 
lower with PCI, and the composite rates of death, MI, or stroke were 
similar in both arms at 1 year. However, as shown in Figure 16-13 (right 
panel), 5-year follow-up from the SYNTAX trial demonstrated a more 
marked advantage that favored CABG with respect to the primary 
composite end point (26.9% in the CABG group vs. 37.3% in the PCI 
group, P < .0001).235 In addition, rates of MI (3.8% in the CABG group 
vs. 9.7% in the PCI group, P < .0001) and TVR (13.7% vs. 25.9%, P < 
.0001) were significantly lower with CABG compared with PCI, 
whereas the risk of death or stroke was not significantly different 

versus the PES in the Sirolimus Versus Paclitaxel-Eluting Stents in De 
Novo Coronary Artery Lesions (REALITY)72 trial, the rates of reste-
nosis and clinical events were comparable with both stents. In contrast, 
in the randomized 250-patient Paclitaxel-Eluting or Sirolimus-Eluting 
Stents to Prevent Restenosis in Diabetic Patients (ISAR-DIABETES) 
trial,220 compared with the PES, use of the SES resulted in a greater 
reduction in late loss at 6 months, but rates of TLR were nonsignifi-
cantly different at 9 months.

This issue has been comprehensively addressed by a pooled patient-
level analysis from the SPIRIT II through IV and COMPARE trials, in 
which 6789 patients were randomized to the CoCr-EES or the PES 
(Express or Liberté platforms). A total of 1869 patients (25%) had 
diabetes. In patients without diabetes, CoCr-EES use was associated 
with a marked reduction in the 1-year composite rate of cardiac death, 
MI, or ischemia-driven TLR when compared with the PES.221 The 
CoCr-EES also markedly reduced the individual rates of MI, ST, and 
TLR compared with the PES. In contrast, among patients with diabetes, 
the rates of composite adverse events at 1 year and their components 
were almost identical between the two stent types, and a significant 
interaction was observed between diabetes and stent platform. In a 
network meta-analysis that included 42 trials with 22,844 patient-years 
of follow-up, all DESs (the SES, PES, CoCr-EES, and Re-ZES) signifi-
cantly reduced the risk of TVR compared with the BMS in diabetic 
patients, but the magnitude of this effect varied with the type of stent.222 
In fact, the SES and CoCr-EES appeared more efficacious than the PES 
and Re-ZES in reducing the risk of TVR, with an 87% probability that 
the CoCr-EES was associated with the lowest rate of TVR. There was 
no increased risk of death or MI with any DES compared to the BMS. 
Finally, the CoCr-EES had a 62% probability to be the stent associated 
with the lowest risk of any ST.

Beyond stent selection during PCI in diabetic patients, the most 
critical revascularization decision in patients with diabetes mellitus is 
the mode of revascularization; that is, whether to perform PCI or coro-
nary artery bypass grafting (CABG). Prior studies have demonstrated 
higher rates of repeat revascularization procedures among diabetic 
patients treated with a BMS compared with those who underwent 
CABG, although the rates of death, MI, and stroke have been similar.223 
The use of a DES for diabetic patients was examined in the Coronary 
Artery Revascularization in Diabetes (CARDia)224 trial, which ran-
domized 510 patients with diabetes mellitus and multivessel disease to 
PCI with either an SES (69%) or a BMS (31%) versus CABG. The 
primary end point of all-cause death, MI, or stroke at 1 year occurred 
in 10.5% of patients with CABG versus 13.0% with PCI (P = .39); 
among the SES subgroup, the 1-year event rates were 12.4% versus 
11.6%, respectively (P = .82). Whereas CARDia was too underpowered 
to be definitive, the Future Revascularization Evaluation in Patients 
With Diabetes Mellitus: Optimal Management of Multivessel Disease 
(FREEDOM)225 trial enrolled 1900 patients with diabetes mellitus and 
multivessel CAD to CABG versus PCI with a first- generation DES (an 
SES or PES). As shown in Figure 16-12, the 5-year rate of the primary 
end point was significantly higher among PCI patients compared with 
CABG patients (26.6% vs. 18.7%, respectively, P = .005). This difference 
was driven by a significant reduction in the risk of all-cause death (P 
= .049) and MI (P < .001) with CABG compared with PCI. However, 
stroke rates were significantly higher in the CABG group (5.2% vs. 
2.4% in the PCI group, P = .03), a finding consistent with other reports 
not restricted to a diabetic population.226,227 The relevance of these 
findings is uncertain, given the improved outcomes with currently 
used second-generation DES platforms. Moreover, whether diabetes 
independently modifies the relative outcomes after revascularization 
with PCI, compared with CABG, is a matter of debate. In the random-
ized Synergy Between Percutaneous Coronary Intervention with Taxus 
and Cardiac Surgery (SYNTAX) trial to compare PES use against 
CABG in patients with triple-vessel disease or left main CAD, patients 
with diabetes were at higher risk for 4-year mortality after both PCI 
and CABG. However, the presence of diabetes did not discriminate 
between the relative benefits of CABG versus PCI after considering 
other clinical and anatomic features.228

FIGURE 16-12	 Five-year	 results	 from	 the	 FREEDOM	 trial,226	 in	 which	
1900	patients	with	 diabetes	mellitus	 and	multivessel	 coronary	 artery	
disease	were	randomized	to	percutaneous	coronary	intervention	(PCI)	
versus	 coronary	 artery	 bypass	 graft	 surgery	 (CABG).	 MI,	 Myocardial	
infarction.	
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improved outcomes relative to PCI varied depending on whether 
patients presented with triple-vessel disease or left main disease, with 
greater equipoise seen among patients with left main disease and those 
with less extensive disease as a whole.236,237 However, given the modest 
sample sizes of these post hoc subgroups, these findings should be 
considered hypothesis-generating only.

Recently, a new score for risk stratification of patients with multi-
vessel or left main CAD has been developed by fitting multivariable 
models to the 4-year mortality results of the SYNTAX trial: the 
SYNTAX score II.228 This individualized score demonstrates how the 
threshold of SYNTAX score favoring CABG, rather than PCI, can vary 
in relation to the presence or absence of additional clinical and angio-
graphic variables that modify the overall trial observations favoring 
one or the other revascularization modality. Specifically, in the pres-
ence of variables that favor CABG—such as young age, female sex,  
and low left ventricular ejection fraction (LVEF)—lower SYNTAX 
scores are required to achieve equipoise in mortality between the two 
revascularization strategies, whereas in the presence of variables that 

between the two treatment strategies. A borderline interaction (Pint = 
.10) was present such that the primary 5-year major adverse cardiovas-
cular and cerebrovascular event (MACCE) end point in the three-
vessel disease subgroup was 50% higher in patients assigned to PCI 
than in those assigned to CABG (24.2% in the CABG group vs. 37.5% 
in the PCI group, P < .0001), whereas no significant difference was 
apparent between the two strategies of revascularization in the sub-
group of patients with left main disease (31.0% in the CABG group vs. 
36.9% in the PCI group, P = .12).

Further substratification of the SYNTAX results was performed 
based on angiographically assessed lesion complexity. In these analy-
ses, 5-year rates of the primary end point did not significantly differ 
among treatment groups in patients in the lower SYNTAX score tertile 
(≤22) but were significantly higher with PCI than with CABG in 
patients in the intermediate (23 to 32) and upper (≥33) SYNTAX score 
tertiles, driven by a better survival, lower MI rates, and less TVR with 
CABG compared with PCI. As shown in Tables 16-12 and 16-13, 
however, the threshold of the SYNTAX score beyond which CABG 

FIGURE 16-13	 Results	from	1	year	(left)234	and	5	years	(right)235	from	the	SYNTAX	trial,	in	which	1800	patients	with	triple-vessel	and/or	left	main	
disease	were	randomized	to	a	paclitaxel-eluting	stent	(PES)	or	coronary	artery	bypass	graft	surgery	(CABG).	MACCE,	Major	adverse	cardiovascular	
or	cerebrovascular	event	(death,	myocardial	infarction	[MI],	stroke,	or	unplanned	repeat	revascularization).	P	=	NS	(not	significant)	unless	otherwise	
noted.	
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TABLE 16-12 Five-Year Outcomes From the SYNTAX Trial236 In Patients With Triple-Vessel Disease Stratified by SYNTAX Score Tertiles
LOW SYNTAX TERTILE (≤22) INTERMEDIATE SYNTAX TERTILE (23-32) HIGH SYNTAX TERTILE (≥33)

PES
(n = 181)

CABG
(n = 171) P value

PES
(n = 207)

CABG
(n = 208) P value

PES
(n = 155)

CABG
(n = 166) P value

MACCE 33.3% 26.8% .21 37.9% 22.6% <.001 41.9% 24.1% <.001

•	 Death,	MI,	or	stroke 17.5% 14.8% .56 23.2% 14.7% .035 26.2% 12.5% .02

•	 Death 10.2% 9.3% .81 16.3% 9.6% .047 17.8% 8.8% .015

•	 MI 8.8% 4.9% .20 13.8% 3.1% <.001 8.7% 1.9% .008

•	 Stroke 1.8% 3.9% .24 2.5% 3.6% .53 5.1% 2.6% .31

•	 Revascularization 23.1% 14.9% .038 25.1% 11.0% <.001 28.2% 12.6% <.001

CABG,	 Coronary	 artery	 bypass	 graft	 surgery;	 MACCE,	 major	 adverse	 cardiovascular	 or	 cerebrovascular	 event	 (death,	 MI,	 stroke,	 or	 revascularization);	 MI,	 myocardial	 infarction;	 PES,	
paclitaxel-eluting	stent;	SYNTAX,	Synergy	Between	Percutaneous	Coronary	Intervention	With	Taxus	and	Cardiac	Surgery.
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disease (particularly those with lesser degrees of coexistent disease), 
have fueled a renewed interest in the percutaneous treatment of left 
main disease.

To date, four randomized trials to compare CABG against PCI with 
a first-generation DES have been performed in patients with left main 
disease, including the left main subset analysis from SYNTAX.237,246-248 
In a meta-analysis of these four trials (1611 randomized patients)249 
with data reported to 1 year, no significant differences in the risk of 
death or MI were apparent between the two strategies of revasculariza-
tion. PCI, however, was associated with significantly higher rates of 
TVR (11.4% vs. 5.4%, P < .001) but significantly lower rates of stroke 
(1.7% vs. 0.1%, P = .01) compared with CABG. In the SYNTAX trial 
left main cohort (n = 705) with results to 5 years, no significant differ-
ence was found in the rate of the composite primary end point of death, 
MI, stroke, or clinically driven repeat revascularization (36.9% with a 
PES vs. 31.0% with CABG, P = .12).250 However, the results with PES 
were at least as good as CABG in patients with a low or intermediate 
SYNTAX score (≤32), whereas the results with CABG were superior 
in those with a high SYNTAX score (≥33). On the basis of these find-
ings, the most recent United States and European Union guidelines 
have elevated PCI of the left main to either a class IIa or IIb recom-
mendation depending on the relative risk and complexity of both PCI 
versus CABG.239,240 The results of PCI in patients with left main disease, 
especially those with concomitant complex CAD, may be further opti-
mized by use of better stents and pharmacotherapy than were used in 
SYNTAX41,251 and with the regular use of IVUS and fractional flow 
reserve (FFR) guidance,252,253 which were rarely utilized in SYNTAX. 
Many of these issues are being addressed in the ongoing large-scale 
Evaluation of Xience Prime Versus Coronary Artery Bypass Surgery 
for Effectiveness of Left Main Revascularization (EXCEL) and Nordic-
Baltic-British Left Main Revascularization Study (NOBLE) trials, 
which randomized patients with unprotected left main disease and a 
low- to moderate-complexity CAD to PCI with a second-generation 
DES versus CABG.

Chronic Total Occlusions
Clinical and angiographic restenosis rates after both balloon angio-
plasty and stent implantation are increased following PCI of a chronic 
total occlusion (CTO) compared with nonoccluded stenoses, which is 
due principally to an increased incidence of diabetes and greater lesion 
length, plaque mass, and calcification254,255 (see Chapter 25, Chronic 
Total Occlusion). As such, it has been hypothesized that the benefits of 
DES in reducing clinical restenosis, compared with BMS, would be 
strongly evident in the treatment of CTO lesions. In a 200-patient ran-
domized trial of the SES versus the BMS, the use of an SES resulted in 
significant reductions in binary angiographic restenosis (7% vs. 36%, P 
< .001) and TLR (4% vs. 19%, P < .001), with reductions in clinical 
restenosis maintained at up to 4 years of clinical follow-up.256 A large 
number of retrospective, nonrandomized and historically controlled 

favor PCI—such as old age, presence of left main disease, or chronic 
obstructive pulmonary disease (COPD)—equipoise between the two 
treatments is achieved with higher SYNTAX scores.

An updated meta-analysis of CABG versus PCI in MVD included 
a total of six trials with 6055 randomized patients and has been recently 
reported.238 To reflect current practice, only randomized trials with one 
or more arterial grafts used in at least 90% of patients and one or more 
stents used in at least 70% of cases were included. After a median 
follow-up of 4.1 years, CABG was associated with significantly lower 
rates of mortality compared with PCI (risk ratio [RR] 0.73; 95% CI, 
0.62 to 0.86; P < .01). In addition, CABG was also associated with 
significantly lower rates of MI (RR 0.58; 95% CI, 0.48 to 0.72; P < .001) 
and TVR (RR 0.29; 95% CI, 0.21 to 0.41; P < .001). In contrast, rates 
of stroke were significantly higher with CABG compared with PCI, as 
suggested by other recent meta-analyses.226,227 Currently, most guide-
lines generally recommend CABG, rather than PCI, for patients with 
MVD and a SYNTAX score above 22.239,240 However, a major limitation 
of the current evidence base is the fact that all prior randomized trials 
compared CABG with a first-generation DES. In SYNTAX, 10% of 
patients treated with a PES had ST by 5 years, and MACEs reported in 
8.1% of patients were attributable to ST.241 As previously discussed, 
second-generation DESs have markedly improved the safety profile of 
DES use, and the CoCr-EES in particular may reduce ST by 70% com-
pared with the PES.95,177

Prior to the introduction of DES technology, no randomized trials 
had been done of PCI versus CABG in patients with unprotected left 
main disease because observational studies had shown a high rate of 
procedural failure and late sudden cardiac death with balloon angio-
plasty,242 and restenosis and MACE rates were unacceptably high with 
BMS use in this anatomic subgroup.243 Erglis and colleagues244 sub-
sequently randomized 103 patients with left main disease to implanta-
tion of a BMS versus a PES and demonstrated that PES use resulted  
in significantly lower 6-month rates of binary restenosis (6% vs. 22%, 
P = .02) and MACEs (13% vs. 30%, P = .04). Additional comparisons 
between stent types have been performed in the Intracoronary Stenting 
and Antithrombotic Regimen: Drug-Eluting Stents for Unprotected 
Left Main Stem Disease (ISAR–LEFT MAIN) and ISAR–LEFT MAIN 
2 trials. The first trial randomized 650 patients with left main disease 
to a PES versus an SES245 and found comparable 1-year rates of com-
posite death, MI, or TLR (13.6% vs. 15.8%, P = .44); definite ST (0.3% 
vs. 0.7%, P = .57); and restenosis (16.0% vs. 19.4% P = .30) with the 
two stent types. In the ISAR–LEFT MAIN 2 trial,106 650 patients with 
left main disease were randomized to either the Re-ZES or the CoCr-
EES. At 1-year follow-up, the cumulative incidence of the primary end 
point—a composite of death, MI, and TLR—was 17.5% in the Re-ZES 
group and 14.3% in the CoCr-EES group (P = .25). Three patients in 
the Re-ZES group (0.9%) and two patients in the CoCr-EES group 
(0.6%) experienced definite/probable ST (P = .99). These results, in 
addition to the SYNTAX subgroup analyses that demonstrated com-
parable outcomes with PCI and CABG for patients with left main 

TABLE 16-13 Five-Year Outcomes From the SYNTAX Trial237 in Patients With Left Main Disease Stratified by SYNTAX Score Tertiles
LOW AND INTERMEDIATE SYNTAX TERTILE (≤32) HIGH SYNTAX TERTILE (≥33)

PES
(n = 221)

CABG
(n = 196) P value

PES
(n = 135)

CABG
(n = 149) P value

MACCE 31.3% 32.1% 0.74 46.5% 29.7% .003

Death,	MI,	or	stroke 14.8% 19.8% 0.16 26.1% 22.1% .40

Death 7.9% 15.1% 0.02 20.9% 14.1% .11

MI 6.1% 3.8% 0.33 11.7% 6.1% .13

Stroke 1.4% 3.9% 0.11 1.6% 4.9% .13

Revascularization 22.6% 18.6% 0.35 34.1% 11.6% <.001

CABG,	Coronary	artery	bypass	graft	surgery;	MACCE,	major	adverse	cardiac	or	cerebrovascular	event	(death,	MI,	stroke,	or	 revascularization);	MI,	myocardial	 infarction;	PES,	paclitaxel-
eluting	stent;	SYNTAX,	Synergy	Between	Percutaneous	Coronary	Intervention	with	Taxus	and	Cardiac	Surgery.
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long-term advantages for the treatment of bifurcation disease com-
pared with a provisional single-stent approach.

Saphenous Vein Grafts
The most common cause of recurrent ischemia following CABG 
surgery is atheromatous degeneration within the body of a saphenous 
vein graft (SVG), and BMSs have been associated with improved out-
comes compared with balloon angioplasty in SVG intervention.268,269 
Whereas DESs have the potential to further lower rates of restenosis 
of the target lesion within SVGs, the “tolerated late loss” within SVG 
lesions is typically greater than in native coronary vessels because of 
the large caliber of most SVGs, and disease progression at nontarget 
sites within SVGs is frequent (see Chapter 26, Bypass Graft Interven-
tion). Two small, randomized trials of DESs versus BMSs for critical 
SVG stenoses have been conducted in patients with SVG lesions and 
demonstrated lower rates of angiographic restenosis with DESs.270,271 
With extended follow-up to a median of 32 months in one of these 
studies, however, the antirestenotic advantage of the SES compared 
with the BMS was lost, and the SES was associated with higher mortal-
ity.272 In the larger Drug-Eluting Versus Bare-Metal Stents in Saphe-
nous Vein Graft Lesions (ISAR-CABG) trial, 610 patients were allocated 
to either a DES (a PES, SES, or BP-SES) or a BMS.273 At 1-year follow-up, 
the primary end point—a composite of death, MI, or TLR—was sig-
nificantly reduced with the DES compared with the BMS (15% vs. 22%, 
respectively, P = .02). The difference in the primary end point was 
driven by a significant reduction of TLR with DES compared with BMS 
(7% vs. 13%, P = .01), whereas no significant difference in the risk of 
death or MI was apparent between treatment groups. Finally, a small 
pilot study of prophylactic “sealing” of moderate, noncritical SVG 
lesions with a PES to prevent disease progression within SVGs was 
superior to medical therapy alone, suggesting a possible preventive role 
for the DES in degenerating SVG lesions prior to their becoming criti-
cal.274 A large randomized trial is required, however, before such an 
approach can be recommended in less severe SVG stenoses.

STENT FAILURE MECHANISMS AND MANAGEMENT

Stent Thrombosis
The most feared complication following stent placement is ST, which 
in more than 40% of patients presents as a large MI and results in death 
within 30 days in 10% to 25% of patients.275,276 Whereas it was initially 
believed that ST with a BMS was largely confined to the first 30 days 
following PCI, more recent analyses confirm that even with a BMS, ST 
can occur years after the initial stent implantation.277 Treatment for ST 
is almost always emergent repeat PCI, although optimal reperfusion is 
only achieved in two thirds of patients.278 Moreover, approximately 
20% of patients with a first ST experience a recurrent ST episode within 
2 years.279 Thus understanding and preventing this complication is of 
paramount importance.

The most widely utilized definition and timing classification of ST 
was developed by the ARC280 with definite or probable ST considered 
by most to represent the best tradeoff between sensitivity and specific-
ity (Table 16-14). ST is considered to be acute if it occurs within the 
first 24 hours, subacute if it occurs between 1 and 30 days, early if it 
occurs within the first 30 days, late if occurs between 30 days and 1 
year, and very late if it occurs after 1 year. ST is also classified as primary 
if it is directly related to an implanted stent or secondary if it occurs at 
the stent site after an intervening TLR procedure for restenosis. The 
ARC definitions specifically pertain to out-of-lab ST; intraprocedural 
ST (IPST)—that is, ST that occurs within the cardiac catheterization 
laboratory during or immediately after the index PCI procedure 
itself—is not captured within the ARC definitions. IPST has been 
strongly associated with death, MI, and out-of-lab (ARC) ST281 and 
should be considered and tracked as a separate entity.

The mechanisms that underlie ST are multifactorial and include 
patient-, lesion-, procedure-, and stent-related factors. ST occurs more 

comparisons of the DES and BMS have similarly demonstrated approx-
imately 60% reductions in clinical restenosis end points with DES 
compared with BMS. However, despite similar hazards of mortality and 
MI with DES compared with BMS in a meta-analysis aggregating this 
data, a trend toward increased ST was observed with first-generation 
DESs (RR 2.79; 95% CI, 0.98 to 7.97; P = .06), which merits concern.257 
More recently, 207 patients with CTO lesions were randomized to 
either a CoCr-EES or SES.103 In-stent late loss at 9 months was 0.29 mm 
(±0.60) in patients treated with an SES versus 0.13 mm (±0.69) in 
patients with a CoCr-EES (PNI < .01). A trend was also seen toward 
lower 1-year rates of major adverse events (15.9% vs. 11.1%, P = .33), as 
well as lower rates of definite/probable ST (3.0% vs. 0.0%, P = .07), with 
a CoCr-EES compared with an SES. Similarly, observational studies 
have shown improved outcomes with a second-generation DES com-
pared with a first-generation DES for the treatment of CTO lesions.258

Bifurcation Lesions
Bifurcation lesions represent 20% or more of stenoses undergoing 
angioplasty, and PCI of coronary bifurcation lesions is associated with 
increased procedural complications and worsened long-term out-
comes (see Chapter 22, Bifurcations and Branch Vessel Stenting). 
Because of higher rates of clinical restenosis at bifurcation lesions, the 
use of a DES for the main vessel of a bifurcation lesion has become 
standard of care for bifurcation disease. A strategy of provisional stent-
ing of the side branch is the generally accepted current approach to 
bifurcation disease unless significant high-grade and lengthy disease is 
present within the side branch.259,260 A variety of strategies for the treat-
ment of bifurcation disease with drug-eluting balloons (DEBs) are also 
currently undergoing evaluation,261,262 but current data using DEBs in 
native coronary stenoses have been mixed (see Chapter 17, Drug-
Coated Balloons).

Several dedicated drug-eluting bifurcation stent systems have been 
designed and are under investigation. Bifurcation stent systems can be 
classified as those that facilitate access to the side branch to simplify 
the PCI procedure or novel stents designed to address the unique 
geometric challenges of the bifurcated stenosis. Initial experiences with 
the Axxess (Devax, Lake Forest, CA) self-expanding nitinol stent, 
coated with the bioabsorbable polymer PLLA and eluting the antipro-
liferative rapamycin analogue biolimus A9, have demonstrated low 
rates of restenosis of both the main vessel and side branch in both true 
bifurcation lesions and in the distal bifurcation of the left main coro-
nary artery (LMCA).263,264 This “reverse cone” stent is designed to adapt 
to and cover the main parent vessel and the bifurcation carina and is 
used in conjunction with a dedicated DES of one or both branches 
when necessary. Preliminary data have also been published on the use 
of the Stentys paclitaxel-eluting side branch access stent265 and the 
Taxus Petal dedicated bifurcation stent.266 Finally, the results of the 
TRYTON Bifurcation Trial: A Randomized Comparison of a Provi-
sional One-Stent Versus a Dedicated Two-Stent Strategy for True 
Bifurcation Coronary Lesions,267 in which 704 patients with true bifur-
cation lesions were randomized to either the Tryton bifurcation two-
stent approach versus a provisional one-stent approach, have been 
recently presented. The Tryton BMS, made from a cobalt-chromium 
alloy, provides scaffolding within the side branch with minimal cover-
age in the main vessel. After deployment of the Tryton stent system, a 
conventional DES is placed in the main vessel and the procedure is 
completed with a final kissing balloon inflation (facilitated culotte 
technique). At 9-month follow-up, the primary end point of the 
study—a composite of cardiac death, target-vessel MI, and ischemia-
driven TVR—was 17.4% in the Tryton group versus 12.8% in the 
provisional group (P = .11), which did not meet the criteria for non-
inferiority because of a greater rate of periprocedural MI with the 
Tryton. However, side-branch stenosis diameter was significantly lower 
in the Tryton group than in the provisional group (31.6% vs. 38.6%, 
respectively, P = .002), and outcomes tended to be improved with the 
Tryton in large side branches. Further clinical data are awaited to 
determine whether the use of dedicated bifurcation stents offer 



280 SECTION III  CORONARY INTERVENTION

rates of definite/probable ST (0.6% vs. 1.0%, P = .003), MI (2.5% vs. 
3.7%; P = .004), and MACEs (3.1% vs. 4.7%; P = .002).293

In contrast, late and very late ST (Fig. 16-14) have been associated 
with delayed arterial healing, chronic inflammation with chronic fibrin 
deposition, neoatherosclerosis,53,294 late strut fractures,295 and late 
acquired stent malapposition (reflecting underlying vascular toxicity 
from the drug and/or polymer).296,297 Although late and very late ST 
also occurs with BMSs,277 for many years the ongoing and increased 
risk of ST after first-generation DES use has remained a concern.66,67,80 
In contrast, emerging data from randomized trials,112 observational 
studies,130 and meta-analyses177,178 suggest that second-generation DESs 
may be as safe as, if not safer than, BMSs, representing a major para-
digm shift.298 In particular, durable fluoropolymer-coated CoCr-EESs 
may be associated with the lowest rates of ST not only compared with 
other DESs but even when compared with BMSs.

Dual-Antiplatelet Therapy and Stent Thrombosis
Five randomized trials have demonstrated that ST and MACEs within 
30 days of BMS implantation are markedly reduced by addition of the 
thienopyridine ticlopidine to aspirin,12-15,299 and in this regard clopido-
grel has efficacy comparable to that of ticlopidine with an enhanced 
safety profile.300 In patients with ACSs, the rates of ST have also been 
reduced with more potent thienopyridines such as prasugrel and 
ticagrelor.188,189 Whereas observational studies have uniformly docu-
mented that premature thienopyridine discontinuation (generally 
<3 mo) after DES placement is strongly associated with ST,301,302 
whether prolonged DAPT beyond this time will enhance freedom from 
ST and/or death and MI is controversial; some studies support this 
hypothesis,303,304 but others do not.301,305

Several randomized trials have not shown benefit of a longer course 
of DAPT compared with a shorter course, and some studies also 
suggest an increased risk of bleeding. Specifically, in the Correlation of 
Clopidogrel Therapy Discontinuation in Real-World Patients Treated 
With Drug-Eluting Stent Implantation and Late Coronary Arterial 
Thrombotic Events (REAL-LATE) and Evaluation of the Long-Term 
Safety After Zotarolimus-Eluting Stent, Sirolimus-Eluting Stent, or 
Paclitaxel-Eluting Stent Implantation for Coronary Lesions–Late  
Coronary Arterial Thrombotic Events (ZEST-LATE) trials,306 2701 
patients who were event free 1 year after DES placement were ran-
domly allocated to continue aspirin and clopidogrel versus aspirin 
alone. After a median follow-up of 19.2 months, the primary end 
point—a composite of cardiac death or MI—did not significantly differ 
between groups (1.8% with DAPT vs. 1.2% with aspirin alone, P = .17). 
Similar results were apparent in the Optimal Duration of Clopidogrel 
Therapy After Drug-Eluting Stent Implantation to Reduce Late Coro-
nary Arterial Thrombotic Events (DES-LATE) trial (Fig. 16-15),307 an 
extension of the REAL-LATE and ZEST-LATE trials that included 

frequently in complex patients and complex lesions, especially in 
patients with ACSs and thrombotic lesions (possibly because of stent 
implantation within or adjacent to a necrotic core),282 diabetes and 
renal insufficiency, diffuse disease, small vessels, and bifurcation 
lesions that require multiple stents.275,276,283-286 A recent study has sug-
gested an independent association between the risk of ST and the 
SYNTAX score.287 Different mechanisms are involved in the risk of 
early, late, and very late ST.

In general, early ST is related to procedural factors such as stent 
underexpansion, edge dissection, and residual disease at the stent 
margins.288-290 In this regard, the routine use of intravascular imaging 
such as IVUS may help optimize the procedural results, further 
decreasing the risk of ST. This is consistent with the results of a large, 
nonrandomized propensity-adjusted study that suggested lower 30-day 
and 1-year rates of ST with IVUS guidance compared with angiogra-
phy guidance291 and with the results of a substudy of the Assessment 
of Dual Antiplatelet Therapy With Drug-Eluting Stents (ADAPT-
DES)292 trial, a prospective, multicenter, nonrandomized all-comers 
study in 8582 consecutive patients designed to determine the fre-
quency, timing, and correlates of ST and adverse clinical events after 
DES implantation. Specifically, in a propensity-adjusted analysis from 
ADAPT DES, IVUS guidance compared with angiographic guidance 
was associated with significantly lower propensity-adjusted 1-year 

TABLE 16-14 Academic Research Consortium Definitions of 
Stent Thrombosis

Classification Definition

Definite An	acute	coronary	syndrome	with	angiographic	or	
autopsy	evidence	of	thrombus	or	occlusion	within	
or	adjacent	to	a	stent

Probable Unexplained	death	within	30	days	after	stent	
implantation	or	acute	myocardial	infarction	
involving	the	target-vessel	territory	without	
angiographic	confirmation

Possible Any	unexplained	death	beyond	30	days	after	the	
procedure

Timing

Acute Within	24	hours	(excluding	events	within	the	
catheterization	laboratory)

Subacute From	1	to	30	days

Early Within	30	days	(excluding	events	within	the	
catheterization	laboratory)

Late From	30	days	to	1	year

Very	late After	1	year

FIGURE 16-14	 A	high-grade	stenosis	 is	present	 in	 the	midportion	of	 the	 left	 circumflex	artery	 (left	panel).	An	excellent	angiographic	 result	was	
obtained	after	placement	of	 two	15-mm	long	2.5-mm	diameter	sirolimus-eluting	stents	(middle	panel).	The	patient	was	asymptomatic	until	3.5	
years	later,	when	he	presented	with	acute	myocardial	infarction	due	to	thrombotic	occlusion	within	the	previously	implanted	stents	(right	panel).	

A Before
After two drug-
eluting stents

Late stent thrombosis
at 3.5 yearsB C
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trial, which randomized 9961 DES patients who were free from MACE 
and bleeding events 1 year after SES, PES, EES, or ZES implantation to 
aspirin alone or aspirin plus a thienopyridine (either clopidogrel or 
prasugrel) for an additional 18 months. Among DES-treated patients, 
continuance of DAPT was associated with reductions in ST (0.4% vs. 
1.4%, P < .001) and MI (2.1% vs. 4.1%, P < .001). Of note, 45% of the 
benefit in reducing MI was by prevention of ST, whereas 55% of the 
benefit derived from preventing MI from nontreated sites (secondary 
prevention). The reduction in ST with prolonged DAPT was present 
with all stents, although the absolute reduction was least with the 
CoCr-EES (0.4% absolute reduction over 18 months), and no reduc-
tion in MACCEs was reported with use of the CoCr-EES. The ischemic 
benefits of prolonged DAPT in this trial were offset by increases in 
moderate/severe bleeding complications (2.5% vs. 1.6%, P = .001). 
Additionally, a strong trend was observed toward increased all-cause 
mortality among patients randomized to extended-duration DAPT 
(2.0% vs. 1.5%, P = .05), which was explained by an excess of bleeding-, 
trauma-, and cancer-related deaths among patients randomized to 
extended-duration DAPT. Of note, the DAPT trial also included a BMS 
arm of 1687 patients who were event free at 12 months and were also 
randomized to aspirin alone compared with continued DAPT for an 
additional 18 months; results of this sub stratum of the trial were largely 
consistent with the overall findings and demonstrated numeric—
although as expected, not statistically significant—reductions in ST 
with extended-duration DAPT compared with cessation at 1 year.319 
Other ongoing trials to compare different DAPT durations are sum-
marized in Table 16-15. Taken together, these trials show that although 
prolonged DAPT is not absolutely mandatory beyond 3 to 6 months, 

5045 randomized patients, and in the smaller Double Randomization 
of a Monitoring Adjusted Antiplatelet Treatment Versus a Common 
Antiplatelet Treatment for DES Implantation and Interruption Versus 
Continuation of Double Antiplatelet Therapy (ARCTIC-Interruption) 
trial308 that included 1259 randomized patients. On this background, 
four randomized trials tested the hypothesis that a course of DAPT 
shorter than 1 year (3 or 6 months) could be noninferior to 1-year or 
longer DAPT duration.131,309-311 All these trials consistently reported 
similar rates of ischemic events between the two strategies of DAPT 
duration, and some studies also reported an increased risk of bleeding 
with long (≥1 year) versus short (≤6 months) DAPT duration.131 These 
four trials have been amalgamated in a meta-analysis that included 
8649 randomized patients with at least 1 year of follow-up.312 In this 
analysis, the risk of cardiac death, MI, or ST did not differ between 
long versus short DAPT duration. In contrast, short DAPT duration 
was associated with significantly lower rates of bleeding compared with 
long DAPT duration. Several other moderate-sized to large trials have 
demonstrated similar findings.313-315 Finally, observational registries 
that included real-world patients and post hoc analyses of randomized 
trials have suggested that interruption of DAPT more than 3 months 
after implantation of a second-generation DES (Xience or Resolute) is 
not associated with an increased hazard of ST.316,317

The largest randomized trial to examine the issue of prolonged 
DAPT was the Prospective, Multicenter, Randomized Double-Blind 
Trial to Assess the Effectiveness and Safety of 12 Versus 30 Months of 
Dual Antiplatelet Therapy in Subjects Undergoing Percutaneous Coro-
nary Intervention With Either Drug-Eluting Stent or Bare Metal Stent 
Placement for the Treatment of Coronary Artery Lesions (DAPT)318 

FIGURE 16-15	 Outcomes	in	the	DES-LATE	randomized	trial	2	years	after	randomizing	5045	patients	who	were	free	from	adverse	cardiovascular	
events	 at	 least	 1	 year	 after	DES	 implantation	 to	 aspirin	 alone	 versus	 aspirin	 plus	 clopidogrel.307	 CI,	 Confidence	 interval;	HR,	 hazard	 ratio;	MI,	
myocardial	infarction;	TIMI,	Thrombolysis	in	Myocardial	Infarction	(grade).	
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TABLE 16-15 Ongoing Randomized Controlled Trials Comparing Different Durations of Dual-Antiplatelet Therapy After Drug-Eluting 
Stent Implantation

Study N Months of DAPT Stent Type Primary End Point Months of Follow-Up

DAPT-STEMI 1100 6	vs.	12 DES All	cause	death,	MI,	any	revascularization,	stroke,	
or	major	bleeding

24

NOBORI-DAPT 4590 6	vs.	18 BES All-cause	death,	MI,	stroke,	or	major	bleeding 18

OPTIDUAL307a 1966 12	vs.	48 DES MI,	stroke,	or	severe	bleeding 48

BES,	Biolimus-eluting	stent;	DAPT,	dual-antiplatelet	therapy;	DES,	drug-eluting	stent;	MI,	myocardial	infarction;	ST,	stent	thrombosis;	ZES,	zotarolimus-eluting	stent.
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strut fractures.353-355 Some studies,356 but not all,357,358 have found an 
association between nickel allergy and restenosis after BMS or DES 
use. Genetic mutations in the genes that encode mTOR or polymor-
phisms in the genes that encode proteins involved in paclitaxel metab-
olism may result in resistance to SESs and PESs respectively.359,360 Other 
genetic polymorphisms have also been associated with restenosis.361,362 
Excessive inflammation from first-generation DES polymers—
specifically, eosinophilic reactions to PESs and granulomatous reac-
tions to SESs—may provoke late restenosis.52,363 And of course, the 
antiproliferative effects of the DES depend on both the drug (with 
rapamycin analogues being inherently more potent than paclitaxel) 
and the release kinetics (with extended release of rapamycin analogues 
beyond 1 month being necessary for maximal efficacy). The role of 
neoatherosclerosis as a cause of restenosis has been previously dis-
cussed.335,364 As discussed earlier, newer generation stents—especially 
the CoCr-EES and Re-ZES—have been shown to have enhanced effi-
cacy and safety. In addition, by facilitating the operator’s ability to 
achieve larger lumen areas, IVUS may reduce restenosis and improve 
clinical outcomes after DES and BMS use.365-367 No single randomized 
trial, however, has been adequately powered to demonstrate a reduc-
tion in TLR with IVUS after DES implantation, although the Angiog-
raphy Versus IVUS Optimization (AVIO)368 trial demonstrated that the 
postprocedural minimal luminal diameter was significantly greater in 
DES with IVUS guidance.

Patients who develop in-stent restenosis are at high risk for recur-
rence after percutaneous treatment, especially if the pattern of reste-
nosis is diffuse.369,370 IVUS imaging is highly useful in patients with 
restenosis to differentiate neointimal hyperplasia from stent underex-
pansion, geographic miss, strut fracture, and other rare occurrences 
such as chronic recoil and stent embolization, which require directed 
approaches to successfully manage.371 Radiofrequency IVUS, optical 
coherence tomography (OCT), and near-infrared spectroscopy can 
identify neoatherosclerosis as a cause of restenosis or ST, either with 
or without plaque rupture.372-374

Treatment of Restenosis
Isolated restenosis at the stent edge can often be effectively treated with 
only balloon angioplasty or with an additional short stent. Treatment 
options for diffuse BMS restenosis due to neointimal hyperplasia have 
been extensively studied. In the BMS era, neither cutting balloons, 
directional or rotational atherectomy, or repeat BMS proved better 
than balloon angioplasty for diffuse in-stent restenosis (ISR).375 Vascu-
lar brachytherapy with either locally applied beta or gamma radiation 
was effective in reducing recurrent restenosis within 1 year376,377 but 
was logistically complex, and the resultant vascular toxicity with pro-
longed inflammation and obliteration of normal cell lines resulted in 
high rates of late ST, especially when new BMSs were implanted, and 
restenosis.378,379 Subsequently, two multicenter randomized trials dem-
onstrated that SESs and PESs significantly reduce angiographic reste-
nosis and improve event-free survival at 9 months compared with 
either beta or gamma vascular brachytherapy in patients with BMS 
restenosis.380,381 With follow-up to 2 to 3 years in these two trials,382,383 
event-free survival was reduced with the PES and was noninferior with 
the SES compared with brachytherapy. In the Intracoronary Stenting 
or Angioplasty for Restenosis Reduction–Drug-Eluting Stents for 
In-Stent Restenosis (ISAR-DESIRE) trial,384 300 patients with BMS 
restenosis were randomized to balloon angioplasty alone, an SES, or a 
PES. Angiographic follow-up at 6 months showed recurrent restenosis 
after balloon angioplasty in 44.6% of patients, versus 14.3% for the SES 
(P < .001) and 21.7% for the PES (P = .001), with TVR rates of 33%, 
8%, and 19%, respectively (P < .001 and P = .02 compared with balloon 
angioplasty, respectively). Based on the results of these trials, DESs 
have supplanted brachytherapy and other approaches for treatment of 
nearly all cases of BMS restenosis as a result of intimal hyperplasia, 
except possibly isolated edge stenoses.

Implanting a second stent, even a DES, to treat BMS restenosis is 
not inherently desirable because of the obligate reduction in luminal 
diameter with layered devices. As a result, drug-eluting balloons have 

some benefit may be gained by continuing DAPT for several years in 
the prevention of late ST and MI (arising both from the stent site and 
elsewhere); however, such therapy should be utilized only in patients 
in whom the benefits of reducing long-term atherothrombotic compli-
cations would be expected to outweigh the increased risks of 
bleeding.

Restenosis
By increasing acute luminal gain33,34 and eliminating late recoil and 
negative vessel remodeling,320 BMS use reduced the rate of restenosis 
compared with balloon angioplasty.5,6 However, stents induce more 
arterial injury than balloon angioplasty, and this results in a greater 
absolute amount of neointimal hyperplasia developing over the first 6 
to 12 months after the procedure,321 thereby resulting in binary angio-
graphic restenosis in 10% to more than 50% of lesions (depending on 
patient and lesion complexity). Whereas restenosis most commonly 
presents with stable angina and exercise-induced ischemia within 1 
year of stent implantation, it has become increasingly recognized that 
restenosis presents as an ACS in as many as 25% of patients, occasion-
ally even with STEMI.321,322

Numerous studies have demonstrated that the most reproducible 
determinants of restenosis after BMS implantation are the presence of 
diabetes mellitus, especially if insulin is required; small RVD; and long 
lesion length.212,213,323-326 Other factors associated with restenosis are 
treatment of ostial and/or calcified lesions, true bifurcation lesions that 
require main vessel and side-branch stents, CTOs, and SVGs.327 The 
same factors are associated with higher rates of DES restenosis. 
However, angiographic and clinical restenosis after DES—as well as 
death, MI, and ST—occurs less frequently in FDA-approved “on-label” 
lesions (generally noncomplex lesions for which safety and efficacy 
have been established in large-scale randomized trials) than in less 
well-studied and more complex “off-label” lesions.328,329 In nearly all 
cases, DES use has been shown to reduce TLR compared with BMS 
use,38,330,331 including SVG lesions, with a recent randomized trial273 
showing lower rates of restenosis with DESs compared with BMSs in 
this subset of lesions.

The timing of early angiographic restenosis after BMS peaks within 
approximately 6 months; thereafter, continued organization of the 
extracellular matrix results in slight luminal enlargement, and serial 
angiographic and IVUS studies have rarely shown late restenosis.332,333 
However, during 10-year follow-up after BMS implantation, the 
minimal luminal diameter continues to slowly decrease,334 and late 
neoatherosclerosis with plaque rupture can present as restenosis years 
later.335 A monotonically increasing amount of angiographic late loss 
has also been described for several years after SES and EES use, 
although this is perhaps somewhat less with PES use.335-339 These obser-
vations imply the existence of low-grade chronic vascular inflamma-
tion from either the polymer or the lack of healing. In the largest 
randomized trial to examine this issue, the Sirolimus-Eluting Versus 
Paclitaxel-Eluting Stents for Coronary Revascularization (SIRTAX) 
trial,340 1012 patients were randomized to a PES or an SES and were 
followed for 5 years, with angiographic follow-up performed system-
atically at 8 months and 5 years. Incremental late loss between these 
two periods occurred with both stents, although more so with the  
SES than with the PES. At 1 year, the rate of TLR was less with the SES 
than with the PES, a benefit that was somewhat mitigated at 5 years. 
The degree to which routine angiographic follow-up triggered late  
TLR procedures and therefore confounded the clinical results is 
unknown.341 As a result of this ongoing late loss, the BMS, PES, and 
SES demonstrate an incrementally increasing rate of stent-site specific 
TLF events during long-term follow-up.67,337,342-345 The same observa-
tions have been made with the best second-generation DESs, such as 
the CoCr-EES.122,346

The causes of restenosis after stenting are multifactorial. In addition 
to excessive late neointimal hyperplasia, restenosis after BMS and  
DES use has been associated with stent underexpansion,347-349 edge 
dissections and residual untreated disease,350,351 geographic miss,352 and 
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0.59 mm; P = .85), binary restenosis (19.6% vs. 20.6%; P = .69), or TLR 
(16.6% vs. 14.6%; P = .52).

DES restenosis has also been treated with DEBs. In a small study 
that included 50 patients with DES restenosis, DEBs were superior to 
plain old balloon angioplasty (POBA) for angiographic and clinical 
outcomes.394 The efficacy of DEBs for the treatment of DES restenosis 
has been subsequently confirmed in a multicenter randomized trial 
that included 110 patients.395 More recently, the Randomized Trial of 
Paclitaxel-Eluting Balloon, Paclitaxel-Eluting Stent, and Plain Balloon 
Angioplasty for Restenosis in Limus-Eluting Coronary Stents (ISAR-
DESIRE-3) trial396 randomized 402 patients with DES restenosis 1 : 1 : 1 
to a PES, a Sequent Please paclitaxel-eluting balloon, or POBA. At 
8-month follow-up, paclitaxel-eluting balloons were superior to BMSs 
and noninferior to PESs for the primary end point of diameter stenosis 
(38.0% with paclitaxel-eluting balloons vs. 54.1% with POBA vs. 37.4% 
with the PES, P value for superiority [PSUP] < .0001 and PNI = .007). 
Finally, in the Restenosis Intrastent of Drug-Eluting Stents: Paclitaxel-
Eluting Balloon Versus Everolimus-Eluting Stent (RIBS IV) study,397 
309 patients with DES restenosis were randomized to the Sequent 
Please paclitaxel-eluting balloon or a CoCr-EES. At 9-month angio-
graphic follow-up, the in-segment stenosis diameter was significantly 
lower with the EES (P = .009), and a strong trend was present for less 
binary restenosis with EES use (11% vs. 19%, P = .06). At 1 year the 
rates of TLR (4% vs. 13%, P = .008) and MACE (cardiac death, MI, or 
TVR; 10% vs. 18%, P = .04) were significantly lower with the EES, 
establishing a potent second-generation DES as the treatment of choice 
for most patients with restenosis of previously implanted DESs.

CONCLUSIONS AND FUTURE DIRECTIONS
The development and evolution of the coronary stent has resulted in 
remarkable progress in less invasive treatment of CAD. The evolution 
from BMSs to first-generation DESs further reduced restenosis at the 
cost of an increased rate of very late ST and MI and a dependence on 
longer-term DAPT. Best-in-class second-generation DESs have elimi-
nated these very late risks, resulting in devices that are more effective 
and possibly even safer than BMSs, although the optimal duration of 
DAPT after all stents is still debated. Novel DESs are under active 
development to enhance the rate and completeness of endothelializa-
tion to further reduce reliance on DAPT and enhance long-term 
safety,398 as are polymer-free systems. Dual-agent DESs may also confer 
improved safety and efficacy. Fully bioabsorbable stents399,400 may rep-
resent the greatest opportunity for further major improvement in out-
comes, offering the potential to reduce or eliminate the problems that 
can arise from a permanent metallic cage and durable polymers, 
including neoatherosclerosis, late strut fractures, compliance mis-
match, altered vascular physiology, and the inability of the vessel to 
remodel to accommodate plaque progression (see Chapter 34, Biore-
sorbable Coronary Scaffolds). In the future, stents will continue to 
improve in deliverability and ease of use, and further advances in 
adjunctive drugs and devices will enable PCI for the most complex 
patients and coronary anatomies.

been investigated as a treatment for BMS in-stent restenosis (see 
Chapter 17). Three small, randomized trials with angiographic end 
points suggested that the Paccocath (Bayer HealthCare, Germany) 
paclitaxel-eluting balloon was more effective than balloon angioplasty 
alone and at least as effective as a PES for the treatment of BMS 
restenosis.385-387 In the Restenosis Intrastent of Bare Metal Stents: 
Paclitaxel-Eluting Balloon Versus Everolimus-Eluting Stent (RIBS 
V)388 trial, 189 patients with BMS restenosis were randomized to 
receive the CoCr-EES or the Sequent Please (B. Braun Vascular 
Systems, Germany) paclitaxel-eluting balloon. The mean in-segment 
diameter stenosis at 9 months was less with the CoCr-EES than with 
the DEB (13% ± 17% vs. 25% ± 20%, P < .001), and restenosis tended 
to be reduced with EES use, although no differences were reported in 
the 1-year MACE rates, which were low in both arms. Given the supe-
rior angiographic results in this trial, which was underpowered for 
MACE, most cases of BMS restenosis should be treated with a potent 
second-generation DES unless the RVD is very small, in which case a 
DEB may be a preferable first choice.

Compared with BMS restenosis, DES restenosis tends to be focal 
and is diffuse in less than 25% of patients. However, recurrence rates 
after treatment of DES restenosis are higher than after treatment of 
BMS restenosis.389,390 If the DES restenosis is isolated to the margin of 
the stent or is focal within the stent, either balloon angioplasty or 
implantation of a short DES of the same type is often selected. Manage-
ment of diffuse DES restenosis has been less well studied. In the Pro-
spective Randomized Trial of Sirolimus-Eluting Stents Compared to 
Balloon Angioplasty for Restenosis of Drug-Eluting Coronary Stents 
(CRISTAL),391 197 patients with diffuse restenosis (mean length 
~14 mm) of either an SES or a PES were randomized to treatment  
with an SES or balloon angioplasty. Follow-up at 12 months demon-
strated a significantly larger minimal luminal diameter (MLD) with an 
SES compared with balloon angioplasty only (2.14 ± 0.62 mm vs. 1.71 
± 0.55 mm, P < .0001), with a trend toward less TLR (5.9% vs. 13.1%, 
P = .10). If IVUS demonstrates adequate stent expansion, many opera-
tors consider diffuse ISR after DES implantation to represent “drug 
failure” and will treat with a different class of agent (e.g., a PES after 
SES failure). Consistent with this hypothesis are data from the Reste-
nosis Intrastent: Balloon Angioplasty Versus Drug-Eluting Stent (RIBS 
III)392 registry, a nonrandomized, multicenter registry that included 
363 consecutive patients with DES ISR who were treated with either a 
different DES (switch strategy) or a conventional strategy that included 
balloon angioplasty, a BMS, or the same DES. After a median follow-up 
of 2 years, the switch strategy was associated with significantly lower 
restenosis rates compared with the conventional strategy. Notably, the 
use of a second-generation DES compared with a first-generation DES, 
as well as IVUS guidance compared with angiography guidance, 
resulted in better long-term outcomes. However, these findings were 
not confirmed in the Intracoronary Stenting and Angiographic Results: 
Drug Eluting Stents for In-Stent Restenosis (ISAR-DESIRE-2) trial,393 
in which 450 patients with SES restenosis were randomized to an SES 
or a PES. At 6- to 8-month follow-up, no differences were observed 
between the SES and PES in late loss (0.40 ± 0.65 mm vs. 0.38 ± 
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Coronary angioplasty was introduced into clinical use by Andreas 
Grüntzig in 1977.1 In the field of coronary intervention, the most 

important advance has been the introduction of stents. Stenting over-
comes the weaknesses of balloon angioplasty alone, which include 
acute recoil and dissection, as well as longer-term negative vessel 
remodeling, but not restenosis because of continued or increased neo-
intimal proliferation with stents. Local intravascular drug delivery by 
drug-eluting stents (DESs) that elute paclitaxel, sirolimus, and their 
associated analogues have successfully addressed this cellular basis of 
restenosis in the coronary territory. However, stents cannot be 
implanted or may be suboptimal at coronary sites where neointimal 
proliferation may limit the long-term benefit of angioplasty, such as in 
small vessels and bifurcations. Moreover, DESs that use sirolimus and 
its analogues have not been found to be effective in the treatment of 
atherosclerotic disease of the femoropopliteal territory. In the coronary 
arteries, sometimes delayed or incomplete reendothelialization with 
the need for long-term dual-antiplatelet therapy to reduce the risk of 
late stent thrombosis can limit the use of this technology in certain 
patients at risk for hemorrhagic complications, or it can limit the need 
for planned surgery. Sustained drug release seems to be essential for 
stent-based local drug delivery owing to the inhomogeneous drug 
distribution from DESs to the arterial wall,2 the time course of the 
inflammation related to the initial trauma of the procedure, and the 
provocation of neointimal hyperplasia due to the implanted prosthesis 
and any associated polymeric coating. About 75% to 85% of the stented 
vessel wall area is not covered by the stent struts, resulting in low tissue 
levels of the antiproliferative agent in these areas. Cell culture experi-
ments indicate that low drug concentrations require much longer 
exposure times to achieve sufficient inhibition of cell proliferation than 
do higher concentrations.3 Therefore high drug concentrations on the 
stent struts, including a controlled and sustained release, are manda-
tory for stent-based local drug delivery,4 with the consequence of 
delayed and incomplete reendothelialization of the stent struts. Autopsy 
studies show that even beyond 40 months, some DESs can demonstrate 
incomplete endothelial coverage.5 Furthermore, the polymeric matri-
ces on the stent that are meant to control the release kinetics of the 
antiproliferative drug can induce inflammation and thrombosis.6 On 
the other hand, incomplete suppression of neointimal hyperplasia  
at the stent margins or between the struts may limit the efficacy of 

DESs.2 Alternative approaches to overcome the limitations of DESs 
have included modifying the sustained drug release from stent struts 
to allow for earlier reendothelialization, using bioerodable polymers or 
nonpolymeric release mechanisms (such as surface-modified stent 
struts), and using thinner struts that require less coverage.

Antiproliferative taxanes, such as paclitaxel, seem to be suitable for 
the prevention of local intravascular restenosis because of their high 
lipophilicity and tight binding to various cell constituents compared 
with sirolimus and its analogues; this results in effective local retention 
at the site of delivery.3 The addition of a contrast agent surprisingly 
resulted in a solubility of taxanes far beyond the concentrations applied 
in previous investigations.7 In the porcine coronary model, the intra-
coronary bolus administration of a taxane–contrast medium formula-
tion led to a significant reduction of neointimal formation after 
experimental coronary stent implantation despite the short application 
time.8,9 Paclitaxel in a contrast agent was better tolerated and led to 
higher local tissue concentrations than diluted Taxol, indicating the 
impact of additional compounds for local drug transfer.10 The surpris-
ing discovery was that sustained drug release is not a precondition for 
long-lasting restenosis inhibition. In 2001, the basic premise of a more 
lesion- than vessel-specific method of intramural drug delivery became 
embodied in the concept of a drug-coated balloon.11 By coating pacli-
taxel onto the surface of a conventional angioplasty balloon used to 
dilate the stenotic artery, an exclusively local effect could theoretically 
be achieved, with the drug transferred to the dilated segment as the 
balloon was inflated. In this way, an effective local drug concentration 
is achieved with very low systemic exposure. However, several proper-
ties of the balloon coating are crucial for ensuring effective drug deliv-
ery to the target site: (1) its form on the balloon surface; (2) the 
homogeneity of distribution along the surface of the balloon; (3) its 
stability during production, handling, and storage; (4) the degree of 
premature loss while transiting to the target vessel segment; (5) the 
ability to release during balloon expansion; (6) the transfer efficiency 
to the vessel wall; and (7) the amount of particulate material released 
to the distal circulation.

PRECLINICAL DATA
Using various coating procedures, Speck and colleagues coated con-
ventional coronary balloon catheters with different doses of paclitaxel 
and studied their pharmacokinetics in a porcine coronary model.10 
The paclitaxel dose was variable on the coated balloons, between 1.3 
to 3 µg/mm2, corresponding to a total dose of approximately 220 
to 650 µg paclitaxel, depending on the balloon size. About 10% of 
the initial amount of paclitaxel on the balloon was lost while the  
catheter was being advanced to the lesion through the hemostatic valve 
and the guiding catheter, and about 80% of the dose was released 
during inflation. Most of the dose released at the target site is distrib-
uted as particulate distally in the bloodstream, with less than 20% 
being directly taken up into the vessel wall. In this way, paclitaxel-
coated balloons deliver drug to the target site in a very short time, and 
the dosing is higher than that released by stents over the course of 
several weeks elution. At 5-week follow-up, the implantation of bare-
metal stents (BMSs) premounted on paclitaxel-coated balloons was 
found to have caused a marked dose-dependent and statistically sig-
nificant reduction in late lumen loss and an equally impressive statisti-
cally significant increase in minimal lumen diameter compared with 
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•	 Drug-coated	balloon	catheters	are	the	most	advanced	proven	
alternative	to	drug-eluting	stents	for	local	intravascular	drug	
delivery.

•	 Preclinical	data	indicate	effective	inhibition	of	restenosis;	however,	
there	is	no	uniform	class	effect	on	drug-coated	balloons.

•	 Randomized	clinical	trials	have	shown	the	efficacy	and	safety	of	
these	devices	in	the	treatment	of	coronary	in-stent	restenosis	and	
treatment	of	de	novo	and	nonstented	restenotic	lesions	in	the	
superficial	femoral	artery	(SFA).

•	 The	role	of	drug-coated	balloons	in	other	indications	such	as	
coronary	de	novo	disease,	SFA	in-stent	restenosis,	and	below	the	
knee	has	to	be	further	determined.
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coated with 480 µg paclitaxel, and the rate was 12% (± 18%); and treat-
ment group III used 6.4 mg paclitaxel dissolved in 50 mL iopromide 
370 + 5 mL ethanol), and the rate was 18% (± 20%; P < .05). Cremers 
and coworkers subsequently evaluated the effects of various inflation 
times (10, 60, and 2 × 60 seconds) on the efficacy of restenosis inhibi-
tion and the safety of different doses (5 µg; 2 × 5 µg paclitaxel/mm2 
balloon surface) in pigs. Treatment with a drug-coated balloon (5 µg 
paclitaxel/mm2 balloon surface with iopromide) for 10 seconds reduced 
the neointimal area to the same extent as contact with the vessel wall 
for two times 60 seconds (by 57% and 56%, respectively, compared 
with control). Furthermore, neointimal proliferation and all other 
parameters that characterize in-stent restenosis were not further 
decreased by inflating two drug-coated balloons (each containing 5 µg 
paclitaxel/mm2 balloon surface) in the same vessel segment for 60 
seconds each. These results suggest that balloons coated with the 
paclitaxel-iopromide formulation release most of the drug rapidly 
during the first seconds of inflation. Thus the initial contact of the 
coated balloon membrane with the vessel wall appears to produce the 
desired effect of inhibiting neointimal proliferation. The results of this 
study indicate that it may be sufficient to inflate the balloon for a few 
seconds only to achieve adequate protection from restenosis. The 
results also show that doses of up to 10 µg paclitaxel/mm2 balloon 
surface applied by the inflation of two drug-coated balloons does not 
appear to be linked with clinical toxicity, such as increasing the risk of 
thrombosis or aneurysm.15 In addition, persistence of detectable drug 
in the vessel has been demonstrated to at least 30 days.16

Since this initial research was published, several manufacturers have 
started commercializing or developing drug-coated balloons. Cur-
rently, paclitaxel is the drug of choice, the typical dosage being 3 µg/
mm2 of balloon surface. The critical factor enabling successful drug 
transfer is the formulation used to coat the balloon. Current products 
range from those with no additive and very tight binding of the drug 
to the balloon membrane to those applied in conjunction with contrast 
agents or other beneficial additives. A number of these developers have 
undertaken extensive research into this issue and with the assumption 
that the formulation will be critical to successful product performance 
and adoption (Table 17-1). The matrix coating of the SeQuent Please 

controls. Quantitative coronary angiography revealed no edge effects 
or signs of malapposition or aneurysm. Histomorphometry showed a 
statistically significant increase in lumen diameter and lumen area and 
a corresponding decrease in maximal neointimal thickness and neo-
intimal area in the vessels treated with paclitaxel-coated balloons (a 
reduction of neointimal area by 63% in the paclitaxel-coated balloon 
group vs. the uncoated balloon group).11 Furthermore, the drug is 
more evenly distributed on the vessel surface compared with that deliv-
ered by a DES.12 However, studies suggest that the amount of paclitaxel 
in the arterial tissue varies widely depending on the dose of drug on 
the balloon and particularly on the coating formulation. An adequate 
inhibition of neointimal proliferation was observed when balloons 
were coated with paclitaxel mixed with the contrast agent iopromide 
dissolved in acetone; the effect was markedly lower when ethyl acetate 
was used as a solvent without iopromide. The difference in efficacy of 
these two coating formulations may be primarily explained by the 
presence of the hydrophilic iodinated contrast medium in the case of 
the acetone version, thus suggesting that a proper solubilizing agent is 
important.13

Paclitaxel admixed with a small amount of the hydrophilic contrast 
medium iopromide had also been registered under the name Pacco-
cath (Charite University Hospital, Berlin, Germany). These balloons 
were standard angioplasty balloons coated with a more uniform pacli-
taxel dose of 3 µg/mm2 of balloon surface. The situation in the periph-
eral arteries is not directly comparable with that in the coronary 
arteries, and treatment is much more complex in several respects. 
Specifically, the incidence of restenosis in the SFA is considerably 
higher and can reach up to 50% within the first 6 months after inter-
vention in longer lesions.13a Given the clinical need, it was very encour-
aging when Albrecht and colleagues14 developed early preclinical data 
that demonstrated local intraarterial administration of paclitaxel using 
drug-coated balloons or an admixture of paclitaxel to contrast medium 
could inhibit in-stent stenosis of peripheral arteries in the porcine 
overstretch model: in-stent stenosis in the control group was 38%  
(± 20%, uncoated balloons). In the treatment groups, it was reduced: 
treatment group I used balloons coated with 330 µg paclitaxel, and 
in-stent stenosis was 18% (± 22%); treatment group II used balloons 

TABLE 17-1 Paclitaxel-Coated Balloons Currently on the Market or in Development
Company/Origin Product Drug Formulation Indication Development/Launch Status

University	(Charité,	
Germany)

Paccocath	(prototype) Paclitaxel	with	iopromide	
(Ultravist)

CAD/PAD Not	pursued

B.	Braun	Melsungen	AG	
(Germany)

SeQuent	Please Modified	Paccocath CAD CE	(since	2009)

Medrad	Interventional/
Possis	(U.S.)

Cotavance Modified	Paccocath PAD CE	(since	2011),	withdrawn

Eurocor	GmbH	
(Germany)

Dior	I Rough	balloon	surface CAD CE	(since	2007)
Dior	II Mixture	of	paclitaxel	and	shellac

Lutonix,	Inc.	(U.S.) Moxy Paclitaxel,	matrix	not	disclosed CAD/PAD CE	(since	2011)
FDA	(since	2014)

Medtronic	Invatec,	
S.p.A.	(Italy)

In.Pact	(four	different	
catheters)

Paclitaxel,	hydrophilic	FreePac CAD/PAD CE	(since	2009)

Aachen	Resonance	
GmbH	(Germany)

Elutax	I Structured	balloon	surface CAD CE	(since	2008)
Elutax	II Coating	=	two	layers	of	paclitaxel	

(elastic	and	drug	depot)
CAD/PAD

Cook	Group,	Inc.	(U.S.) Advance	18	PTX Paclitaxel,	matrix	not	disclosed PAD Late-stage	development

Biotronik	AG	(Germany) Pantera	Lux Paclitaxel	and	BTHC	matrix CAD
PAD

CE	(since	2010)
CE	(since	2014)

Angioscore	(U.S.) Coated	AngioSculpt Paclitaxel,	matrix	not	disclosed CAD/PAD Late-stage	development

Cordis	(U.S.) Not	disclosed Sirolimus,	matrix	not	disclosed ? ?

Minvasys	(France) Not	disclosed Paclitaxel	and	BTHC	matrix ? CE	(since	?)

Boston	Scientific	(U.S.) Ranger Paclitaxel	and	BTHC	matrix ? CE	(since	2014)

BTHC,	Butyryl-trihexyl	citrate;	CE,	CE	Mark	approval	in	Europe;	CAD,	coronary	artery	disease;	FDA,	U.S.	Food	and	Drug	Administration;	PAD,	peripheral	artery	disease.
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dependency study in the porcine model of coronary artery overstretch 
showed almost maximal tissue paclitaxel concentrations after balloon 
inflation times of 30 seconds and demonstrated release of 75% of the 
drug from the balloon surface, which resulted in an up to twentyfold 
higher tissue concentration compared with the first-generation Dior. 
Two weeks after overstretch injury, histomorphometry showed signifi-
cantly smaller neointimal hyperplasia and neointimal thickness in the 
Dior group compared with the conventional uncoated balloon group. 
As a result, the area of the coronary artery lumen was larger in the 
Dior-treated arteries compared with those treated with the conven-
tional balloon (1.20 ± 0.27 mm2 vs. 0.5 ± 0.22 mm2, P < .001).22

Elutax (Aachen Resonance, Germany) uses pure paclitaxel without 
a matrix coated on a structured balloon surface, and preclinical data 
on the Moxy paclitaxel-coated balloon catheter (Lutonix, Inc., USA) 
were recently published. It has a paclitaxel dose of 2 µg/mm2 using 
polysorbate and sorbitol as excipients, resulting in paclitaxel tissue 
concentrations of 58.8 ng/mg at 1 hour and 0.3 ng/mg at 30 days. The 
treated arteries showed a long-term dose-dependent drug effect.23

Pantera Lux (Biotronik AG, Berlin, Germany) uses butyryl-trihexyl 
citrate (BTHC) as a carrier for paclitaxel. BTHC is used in different 
medical devices and cosmetics and is approved for blood contact in 
blood bags.24 The same excipient is used with lower paclitaxel doses for 
the Danubio (Minvasys, Paris, France) and the Ranger DCB (Boston 
Scientific, Marlborough, MA).

A different, alternative mode of local drug delivery into the target 
artery segment has been developed using the Genie balloon (Acrostak 
Corp., Winterthur, Switzerland). Paclitaxel is delivered by a system 
consisting of a balloon with a distal and proximal occlusive segment 
and a central segment that allows transfer of paclitaxel to the vessel 
wall by infusion of paclitaxel solution into the vascular chamber 
created between the balloons.25 Preclinical investigations in the coro-
nary arteries of pigs demonstrated that the administration via Genie 
of 10 µM paclitaxel (Taxol, diluted paclitaxel in a mixture of 50% 
cremophor and 50% ethanol [2.9 ± 1.6 mL 10 µM paclitaxel in this 
study equals 24.8 ± 13.7 µg paclitaxel]) markedly reduced LLL (0.9 ± 
0.1 mm) compared with controls (2.2 ± 0.2 mm, P < .001). The histo-
logic examination showed a statistically significant increase in the 
lumen area (5.2 ± 1.0 mm2) and a corresponding decrease in maximal 
neointimal thickness (0.1 ± 0.01 mm) and neointimal area (1.0 ± 
0.1 mm2) in the stented artery treated with paclitaxel versus the control 
group (3.0 ± 0.3 mm2, 0.3 ± 0.04 mm, 2.4 ± 0.2 mm2).24 These preclini-
cal results suggest that a solid form (crystalline or amorphous) of 
paclitaxel is not a requisite for effectiveness.

Preclinical data with a paclitaxel-coated scoring balloon (Angio-
Score, Fremont, CA) showed increased luminal areas of 6.8 (± 1.6) 
mm2 compared with uncoated scoring balloons (2.3 ± 1.5 mm2; P = 
.001).26 This concept of drug-coated specialty balloons dedicated to 
plaque modification may allow for better initial lumen gain and a 
reduced risk of dissections, leading to less stent usage.

The lipophilic nature of the antiproliferative drug zotarolimus 
makes it a potential candidate for drug-coated balloon applications. A 
coronary study in pigs aimed to evaluate the safety and efficacy of a 
novel zotarolimus-coated balloon in comparison with a zotarolimus-
eluting stent, and in both zotarolimus groups, a clear reduction was 
noted in the neointimal area compared with the control group, which 
did not receive any drug on the balloon or the stent. The effect  
of neointimal inhibition was slightly more pronounced with the 
zotarolimus-coated balloon (control 4.32 ± 1.45 mm2, zotarolimus-
coated balloon 2.79 ± 1.43 mm2, and zotarolimus-eluting stent 3.32 ± 
1.11 mm2; P = .001). The inflammation score was significantly reduced 
in vessels treated with the zotarolimus-coated balloon.27 Currently, 
sirolimus as an alternative for a drug-coated balloon (DCB) is under 
investigation.28

CLINICAL DATA ON DRUG-COATED BALLOONS
At the time of this publication, only one DCB device has been approved 
for human use in the United States, the Bard Lutonix device, with 

balloon catheter (B. Braun Melsungen AG, Germany) for percutaneous 
transluminal coronary angioplasty (PTCA) consists of a mixture of 
paclitaxel and iopromide, identical in composition to Paccocath. The 
preclinical data compare very well with the results from the Paccocath 
program. Buszman and colleagues reported histologic results showing 
the Cotavance coating (Bayer-Schering, Berlin, Germany), an iterative 
coating formula based on Paccocath, to be superior to an uncoated 
balloon in treating coronary artery and SFA lesions in pigs. In an addi-
tional pilot study, single or overlapping Cotavance balloons were com-
pared with single nonoverlapping balloons coated with a contrast 
medium (iopromide) without paclitaxel in a healthy porcine iliofemo-
ral stent model. Balloon angioplasty was followed by self-expandable 
BMS implantation. After 28 days, Cotavance balloons decreased neo-
intimal proliferation in a dose-dependent manner when assessed by 
quantitative angiography (late lumen loss [LLL] with Cotavance single 
1.5 ± 0.7 mm vs. Cotavance overlap 0.7 ± 0.6 mm compared with 
contrast-coated control 1.7 ± 0.4 mm).17,18 Unfortunately, this balloon 
is no longer produced, nor is it available for use.

FreePac (Medtronic Invatec, Italy) is a proprietary hydrophilic 
coating formulation in which urea serves as the matrix substance. Urea 
is a nontoxic, ubiquitous endogenous compound commonly used in 
pharmacy; it is meant to enhance the release of paclitaxel during the 
short time of contact with the vessel wall. In the porcine coronary 
model, similar amounts of paclitaxel were transferred to the vessel wall 
with the Paccocath coating (214 ± 106 µg paclitaxel) and the FreePac 
coating (175 ± 101 µg paclitaxel) 15 to 25 minutes after stent implanta-
tion. Twenty-eight days after balloon dilation, the original Paccocath 
coating caused the known strong inhibition of neointimal formation 
in the porcine coronary model (minimal lumen diameter [MLD]: 2.7 
± 0.3 mm; LLL, 0.3 ± 0.2 mm). The FreePac coating was equally effica-
cious and equally well tolerated (MLD: 2.7 ± 0.2 mm; LLL, 0.4 ± 
0.2 mm).19 The aim of another preclinical study was to determine the 
minimum effective dose and local toxicity at extremely high doses of 
the FreePac formulation. The balloons were coated with 1 to 9 µg 
paclitaxel/mm2 balloon surface. In the highest-dose group, three bal-
loons each coated with 9 µg paclitaxel/mm2 balloon surface were 
expanded in the same vessel segment. FreePac paclitaxel-coated 
balloon catheters efficaciously inhibited neointimal proliferation start-
ing with the lowest dose tested (1 µg/mm2) and were well tolerated up 
to three times the preferred dose of 3 µg/mm2. Stent occlusions 
observed at the highest dose level and repeated treatment (3 × 9 µg/
mm2) indicate that the limit of tolerance was reached.19

As early as 2007, a paclitaxel-coated balloon catheter, Dior (Eurocor 
GmbH, Germany), received approval in Europe (CE Mark). A study of 
first-generation Dior balloon catheters reported a tissue paclitaxel con-
centration of the dilated segment in porcine arteries 1.5 hours after 
dilation of 1.82 µmol/L (± 1.60), which decreased significantly to 0.73 
(± 0.27; P = .03), 0.62 (± 0.34), and 0.44 µmol/L (± 0.31) at 12, 24, and 
48 hours, respectively.20 In a direct comparison with the Paccocath 
balloon, the roughened Dior balloon failed to produce statistically 
significant effects on angiographic measures of stenosis or morpho-
metric parameters such as maximal neointimal thickness and luminal 
area. Use of the matrix-coated Paccocath balloon led to a highly sig-
nificant (P < .01) reduction in all parameters, indicating improved 
neointimal proliferation compared with both uncoated control and 
Dior balloons at 28-day follow-up.21 Only about 50% of the drug 
coating was released from the roughened balloons during the recom-
mended balloon inflation time of 45 to 60 seconds. In contrast, the 
iopromide matrix was found to release the full amount of the drug 
(4.5% ± 0.7 % of the total paclitaxel dose on balloons after the proce-
dure), which may contribute to its superiority in inhibiting restenosis. 
The second-generation Dior II balloon is a coronary dilation balloon 
for human use with a paclitaxel coating of 3.0 µg/mm2 on the balloon 
surface, which is applied using a completely different coating tech-
nique: The drug is mixed with shellac composed of a network of 
hydroxy fatty acid esters and sesquiterpene acid esters with a molecular 
weight of about 1000. The 1 : 1 mixture of paclitaxel and shellac is 
coated onto regular balloon catheters. A balloon inflation time 
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determined by angiography at 6 months, the Paccocath group demon-
strated a clear advantage in the primary end point of less in-segment 
LLL (0.74 ± 0.86 vs. 0.03 ± 0.48 mm; P = .002), as well as in the 6-month 
secondary end points of MLD and binary restenosis. An additional 56 
patients with coronary ISR were randomized, and the combined cohort 
of 108 patients was followed for 5 years.31 The primary end point of 
6-month angiographic in-segment LLL was similar to that in the origi-
nal report, with in-segment binary restenosis of only 6% for the DCB 
group compared with 51% for the standard balloon group; no differ-
ential effects were found by gender or diabetes mellitus. Further, a 
sustained clinical effect of Paccocath was noted up to 5 years, as mani-
fest by a significant reduction in target-lesion revascularization (TLR); 
no subacute thrombosis or other safety issues were seen in the DCB 
group.32 Another group of investigators initiated a series of studies 
called PEPCAD (Paclitaxel-Eluting PTCA Catheter in Coronary 
Disease) to test the same DCB Paccocath formulation (SeQuent Please, 
licensed by B. Braun) using a variety of coronary therapy comparisons. 
PEPCAD II was a multicenter, randomized trial of the SeQuent Please 
DCB versus the Taxus Liberté DES in 131 patients with coronary ISR.33 
In the two groups of patients with reference vessels averaging 3.0 mm 
in diameter, the primary end point of 6-month in-segment LLL was 
significantly less with the DCB compared with the DES (0.17 ± 0.42 
vs. 0.38 ± 0.61 mm; P = .03). At 12 months, TLR trended in favor of 
the DCB (6% vs. 15%; P = 0.15), suggesting that the DCB was at least 
as effective as the DES for coronary ISR and without the need for repeat 
stent implantation.33,34 Meanwhile, eight randomized trials have been 
published studying the SeQuent Please DCB in BMS ISR32,33,35 and DES 
ISR.36-40 Based on these trials, the 2014 European Society of Cardiology 
(ESC)/European Association for Cardio-Thoracic Surgery (EACTS) 
guidelines on myocardial revascularization state, with a class I level A 
recommendation, that DCBs are recommended for the treatment of 
ISR (within a BMS or DES).41

A nonrandomized single-center trial investigated the treatment of 
coronary in-stent restenosis with the urea paclitaxel coated In.Pact 
Falcon DCB (Medtronic Invatec, Italy). A total of 26 restenotic BMSs 
in 23 patients with lesions 22.8 (± 11.1) mm in length and a reference 
vessel diameter of 2.64 (± 0.31) mm were treated. Up to 6 months and 
including the 6-month angiographic control, only one TLR was neces-
sary; in total, the rate of major adverse cardiovascular events (MACEs) 
up to the 6-month follow-up was 4.3%. In-stent LLL was 0.07 (± 0.37) 
mm and in-segment LLL was 0.02 (± 0.50) mm. Binary restenosis was 
present in one patient (4.3%).42

Coronary De Novo Disease
Initial concepts for the use of DCB in de novo coronary disease 
included the combination with a BMS to create a “polymer-free” DES. 
However, results from the PEPCAD III trial to compare such a 
BMS-DCB combination with the Cypher sirolimus-eluting stent 
(Cordis/Johnson & Johnson, Miami Lakes, FL) revealed this concept 
as an inferior approach. The primary angiographic end point of 
9-month in-stent LLL was significantly better for the DES compared 
with the BMS-DCB combination (0.16 ± 0.39 vs. 0.41 ± 0.51 mm; P = 
.001), although there was less difference for in-segment LLL. The 
9-month clinical efficacy end points of TLR and target-vessel revascu-
larization (TVR) favored the DES approach; however, the difference in 
total MACEs was not significant (15% vs 18%).43,44 Other approaches 
that combined BMS and DCB as stand-alone devices in the same lesion 
also failed.45-48 These results have been partially explained by subopti-
mal PCI technique and inferior DCB coatings.21,49 Nevertheless, even 
with optimized PCI technique and mature coatings, no benefit was 
found compared with current generation DESs.50,51 A Prospective, 
Randomized Trial Evaluating a Paclitaxel-Eluting Balloon in Patients 
Treated With Endothelial Progenitor Cell Capturing Stents for De  
Novo Coronary Artery Disease (PERfECT STENT)51 randomized 120 
patients with implantation of the CD34 antibody–coated Genous stent 
(OrbusNeich, Hong Kong). In-segment LLL was reduced from 
0.61 mm to 0.16 mm by postdilation with a longer SeQuent Please 
DCB (P < .001). Furthermore, binary restenosis (23.2% vs. 5.1%), TLR 

another release imminent for the Medtronic In.Pact device. In Europe, 
regulatory approval currently exists for several coronary and also 
peripheral devices. In spite of the multiple device approvals, there is a 
comparative paucity of data in the literature regarding the clinical 
safety and utility of DCBs as a stand-alone therapy or in combination 
with other modalities. The use of DCBs in combination with BMSs or 
debulking devices has both positive and negative potential: the poten-
tial for a better, more secure initial patency comes with questions of 
efficacy, given the potential for edge effect and geographic miss, as well 
as safety.

Human Pharmacokinetics of Current  
Drug-Coated-Balloon Technology
Data on the current first generation of DCBs suggest that the amount 
of drug delivered by the coated balloon to the vessel wall is a minor 
fraction of the total dose loaded and that the majority of the drug is 
distributed into the bloodstream either before or during balloon infla-
tion. Therefore defining the possible systemic dose of drug delivered 
with this technology is important, especially given the requirement to 
use larger, longer, and possibly multiple coated balloons in certain 
peripheral vascular applications. In a pharmacokinetic study,29 14 
patients treated at two sites for femoropopliteal disease with DCB had 
blood sampling at multiple time intervals before and after treatment 
with balloons ranging up to 10 cm, with monitoring of vital signs and 
electrocardiography (ECG) analysis, which demonstrated no untoward 
effects. Mean blood levels of paclitaxel in the immediate postinterven-
tion phase were roughly an order of magnitude less than the mean 
chemotherapeutic levels, and blood levels at 2 hours in more than half 
the samples were below the lower limit of quantification. Although the 
study was small, with a considerable heterogeneity of both patients and 
balloon sizes, a reasonable safety margin of systemic paclitaxel was 
demonstrated. Still to be determined is what, if any, systemic effects 
the use of longer or multiple balloons in more extensive SFA disease 
will have.

Data From the Coronary Application of Drug-Coated Balloons
Although a DES is overwhelmingly the device of choice for most coro-
nary lesions, and their efficacy and safety continue to improve to 
remarkable degrees, specific challenges remain to their delivery and 
use in specific coronary territories such as bifurcations, small vessels, 
saphenous vein grafts, long lesions, and diabetic disease, all of which 
have less robust outcomes with DES use than do simpler lesions. In 
addition, the current need for prolonged dual-antiplatelet therapy 
(DAPT) can be clinically challenging for some patients with medica-
tion intolerance or bleeding tendencies. Although improved antiplate-
let medication duration appears to be shortening and is also available 
to address the possible consequences of nonresponders to clopidogrel, 
antiplatelet efficacy often is traded for increased bleeding risk. DCBs 
have the potential to improve outcomes regarding difficult vascular 
stent territories with a more limited duration of DAPT.

Whereas all of the mechanisms of DCB efficacy have yet to be 
determined, several randomized clinical studies suggest efficacy of the 
technology in both coronary and peripheral territories. However, it is 
important to note that not all DCBs have the same formulation, and 
this can have implications for clinical effectiveness.21 In the discussion 
of clinical trial results below, specifics as to the formulations used are 
designated for the DCB tested to the extent that they are known.

Coronary In-Stent Restenosis
DCB use in humans was first described in a 2006 publication.30 In this 
multicenter study, 52 patients with coronary in-stent restenosis (ISR) 
were randomized to receive angioplasty with either an uncoated 
balloon or a 3 µg/mm2 iopromide-paclitaxel–coated balloon (Pacco-
cath); aspirin and clopidogrel were given for 1 month, followed by 
aspirin alone. Baseline demographics, angiography, and short-term 
procedural outcomes were not different between the two groups. As 
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correct “formula” of drug dose and duration when accounting for stent 
provocation of intimal hyperplasia in this unique vessel. However, the 
24-month patency data for the Zilver PTX treatment cohort did show 
a durable effect with this device.63

The development of DCB technology holds the promise of improved 
outcomes without a permanent stent prosthesis. The first human  
examination of a DCB in a noncoronary territory, the Local Taxane 
With Short Exposure for Reduction of Restenosis in Distal Arteries 
(THUNDER) trial, a multicenter European study that involved the 
three-way randomization of 154 patients with lesions of the femo-
ropopliteal segment to standard balloon angioplasty (control), an 
iopromide-paclitaxel–coated (3 µg/mm2, Paccocath) balloon, or to 
paclitaxel mixed with iopromide contrast (0.171 mg/cm3) and used for 
a standard balloon procedure up to a maximum dose of 17.1 mg.65 
With a moderate mean lesion length of about 7.5 cm, a marked reduc-
tion was seen in the iopromide-paclitaxel balloon group for the primary 
end point of 6-month angiographic LLL compared with both the 
control balloon and paclitaxel in contrast groups (0.4 ± 1.2 vs. 1.7 ± 
1.8 vs. 2.2 ± 1.6 mm; P < .001 for DCB vs. control). TLR at 6 months 
was reduced in the DCB group compared with the control group (4% 
vs. 29%; P = .001); again, no effect was seen with the paclitaxel and 
contrast groups (29%; P = .41). Notably, vis-à-vis the prior DES con-
cerns, the comparative benefits of DCBs were sustained at 24-month 
and 5-year follow-ups.66 A second study using the same coating tech-
nology produced remarkably similar results. In the Femoral-Paclitaxel 
(Fem-Pac)67 trial, 87 patients underwent 1 : 1 randomization between 
control balloon angioplasty and iopromide-paclitaxel–coated balloon 
angioplasty in relatively short (~6 cm) lesions in the femoropopliteal 
arteries. For the primary end point of LLL, the coated balloon arm 
showed results that were superior to those of the control balloon at 6 
months (0.5 ± 1.1 vs. 1.0 ± 1.1 mm; P = .031), with significantly fewer 
TLR events (6.7% vs. 33%; P = .002); this difference in TLR was sus-
tained beyond 18 months. Of note, no safety issues related to the 
balloon coating were manifest in either study.

In the Lutonix Paclitaxel-Coated Balloon for the Prevention of 
Femoropopliteal Restenosis (LEVANT I)68 study, 101 patients with 
femoropopliteal disease were assigned to either a balloon-only strategy 
or a stent-assisted strategy if it was felt that a bail-out stent would  
be required after initial PTA predilation. Thereafter each group was 
randomized to treatment with either the Lutonix DCB coated with 
2 µg/mm2 paclitaxel and a polysorbate/sorbitol carrier or standard 
PTA balloon. With a reasonable mean lesion length of about 8 cm, at 
6 months, the DCB groups—both PTA and stent—demonstrated sig-
nificantly better primary end point LLL compared with that of the PTA 
group (0.46 ± 1.13 mm vs. 1.09 ± 1.07 mm, P = .016).

In the United States, 543 patients were enrolled in the Lutonix/Bard 
LEVANT II pivotal trial aimed at FDA approval; in this trial, 476 sub-
jects were randomized 2 : 1 to Lutonix DCB (n = 316) and PTA (n = 
160). Target lesion length was 6.1 cm, including 21% total occlusions. 
At 1 year, freedom from the primary safety end point—perioperative 
death, index limb amputation or reintervention, or limb-related 
death—was 84% for DCB and 79% for PTA (P = .005 intention to treat 
(ITT); P = .08 per protocol). Primary patency (freedom from target 
lesion binary restenosis defined by Doppler ultrasound plus TLR) was 
65.2% for DCB and 52.6% for PTA (P = .015 ITT; P = .11 per protocol). 
Of interest, no difference in target lesion reintervention was observed 
at 1 year (38.0% vs. 37.5%; P = .5).68b

In the Paclitaxel-Coated Balloons in Femoral Indication to Defeat 
Restenosis (PACIFIER) trial,69 patients with symptomatic femoropop-
liteal atherosclerotic disease were randomized to In.Pact Pacific or 
uncoated balloons (n = 91). Average lesion length was 7.0 (± 5.3) and 
6.6 (± 5.5) cm for DCB and control arms, respectively. At 6 months, 
LLL was −0.01 mm for DCB versus 0.65 mm for PTA (P = .001) with 
fewer binary restenoses (9% vs. 32%) and fewer major adverse events 
(7% vs. 35%).

In the Invatec/Medtronic In.Pact SFA trial aiming for FDA approval, 
331 patients with claudication or rest pain due to superficial femoral 
lesions were enrolled with a mean lesion length of 8.9 cm (150 subjects 

(15.5% vs. 4.8%), and MACE (17.2% vs. 4.8%) were significantly less 
frequent.

PEPCAD I was a nonrandomized study that investigated the safety 
and efficacy of the SeQuent Please DCB with provisional BMS implan-
tation in small-vessel (mean reference vessel diameter, 2.36 mm) de 
novo lesions in 120 patients.52 At the 6-month follow-up, in-segment 
LLL was significantly less with DCB alone compared with DCB plus a 
stent (0.18 and 0.73 mm, respectively); the majority of the restenosis 
was noted at the stent edges, ostensibly where DCB coverage was 
inadequate. Although this trial was not adequately powered to assess 
stent thrombosis, vessel thrombosis occurred less frequently in the 
DCB-alone group despite a shorter duration of dual antiplatelet therapy 
(1 vs. 3 months). In patients with additional BMS implantation, geo-
graphic mismatch between coated balloon dilation and stent implanta-
tion was frequently associated with the occurrence of restenosis.43,53

As a consequence of these findings, a DCB-only strategy has been 
proposed that includes a rigorous approach to establish the concept of 
leaving nothing behind. It includes a careful lesion preparation with a 
balloon/vessel ratio of 0.8 : 1.0. Depending on the result after predila-
tion, the operator can decide whether to proceed with DCB only in 
case of an acceptable angiographic result or use a stent or scaffold in 
case of a major dissection (type C or higher), significant residual ste-
nosis, or reduced flow. The strengths of this concept include a low need 
for stent implantation and a shortening of DAPT (4 weeks in DCB 
stand-alone procedures).54,55

This strategy has been investigated successfully in two large regis-
tries56,57 and in the randomized Balloon Elution and Late Loss Optimi-
zation (BELLO) study,58 in which 182 patients with small coronary 
vessel disease were treated with either an In.Pact Falcon balloon, apply-
ing the DCB-only approach, or with a Taxus stent. The primary end 
point, LLL at 6 months, was significantly lower in the DCB arm (0.08 
± 0.38 mm vs. 0.29 ± 0.44 mm; P = .001), demonstrating superiority 
of the DCB-only approach over DES implantation in terms of angio-
graphic end points.

Clinical Data From the Peripheral Vascular Application of 
Drug-Coated Balloons
There are a variety of vascular beds for which the DCB technology 
could be applied, but the focus has largely been on the femoropopliteal 
and, more recently, the infrapopliteal territories. These vascular terri-
tories are the most relevant, with the greatest demonstrated need for 
reduced restenosis rates. The contiguous SFA and popliteal artery 
(femoropopliteal) are responsible for most lifestyle-limiting claudica-
tion. Taken together, these vessels are the longest nonaortic conduits 
in the body (at times >300 mm in length) and carry a significant ath-
erosclerotic burden; they are often significantly calcified and chroni-
cally occluded throughout their length. As important as their biologic 
descriptors are their physical ones: the vessel is subject not only to the 
potential for external compression but also other complex forces 
during hip and knee flexion (bending, torsion, and axial elongation/
shortening). Balloon angioplasty has proved to be inferior to stent 
implantation for moderate-length lesions (<13 cm),59,60 but 1-year 
patency rates even with stents are still suboptimal at 63% and are  
worse for longer lesions. Until recently, DESs have not proved to be 
effective in reducing restenosis in the femoropopliteal territory; at least 
two trials with self-expanding nitinol stents coated with either siroli-
mus61 or everolimus using a durable polymer failed to show efficacy.62 
However, a third trial evaluated the Zilver PTX stent, which uses pacli-
taxel without a polymer, and demonstrated effectiveness compared 
with angioplasty alone (percutaneous transluminal angioplasty [PTA]) 
and BMS, but in a relatively constrained (~5- to 6-cm) lesion length.63 
Many involved in this field believe that among the explanations for the 
failure to date of most of the attempts at DES placement in the femo-
ropopliteal region is the tendency for stents to fracture because of the 
forces mentioned earlier; this appeared to be associated with restenosis 
in an early nonrandomized analysis,64 the ongoing irritant of a rigid 
stent interacting with a vessel constantly in motion, and the lack of the 
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THE FUTURE OF DRUG-COATED-BALLOON 
TECHNOLOGY

Although some data support the efficacy of DCBs in both the coronary 
and peripheral circulations, some of the coronary trial outcomes have 
been less than robust, and it seems to be becoming clearer that it is not 
only the specific coating formulation that is important in clinical effi-
cacy but also the interaction of the DCB and newly implanted stents, 
which is still not well understood. Most of the current efforts in DCB 
development are focused on addressing the potential limitations of the 
technology. The safety and efficacy of these technologies in certain 
applications—such as overlapping balloons, visceral vessel applica-
tions, and in use with adjunctive therapies, including atherectomy and 
stents—will need to be assessed. Notably, the risk of particulate embo-
lization of the coating and any unintended effects will need to be better 
elucidated, especially in visceral applications. In addition, as the mech-
anism of action of DCBs becomes better understood, the opportunities 
to modify various aspects of the technology will increase, including 
improvements in the antiproliferative agents used, which in combina-
tion with different carrier molecules might further extend the tissue 
residence of the agents and result in more directed deposition of drug 
into the vessel, with reduced wash-off and distal embolization. Despite 
the many devices and manufacturers involved with DCBs, a paucity of 
large-scale clinical datasets on the safety and effectiveness of this tech-
nology remains. Fortunately, multiple clinical studies are either under-
way or are being planned in the near future in Europe that involve 
coronary, femoropopliteal, and infrapopliteal applications.

SUMMARY
Both the preclinical and clinical data to date, albeit with some mixed 
results in selected coronary applications, support the early effectiveness 
and safety of DCBs in several vascular territories and validate the 
concept that the balloon delivery of a short burst of an antiproliferative 
agent to a targeted vessel segment is feasible. At the time of this pub-
lication, accepted indications for DCB are the treatment of coronary 
in-stent restenosis and the treatment of de novo and restenotic lesions 
in the superficial femoral artery.

at 13 European centers and 181 subjects at 44 U.S. sites). At 1 year, the 
DCB group was superior to PTA in terms of primary patency  
(82% vs. 54%), clinically driven TLR (2.4% vs. 21%), primary sustained 
clinical improvement (upgrade in Rutherford classification ≥1 class 
in amputation- and TVR-free surviving patients; 85% vs. 69%),  
primary safety end point (freedom from 30-day device- and procedure-
related death and from target limb major amputation and clinically 
driven TVR through 12 months; 96% vs. 77%), and MACE (death, 
clinically driven TVR, target limb major amputation, and thrombosis; 
6% vs. 24%).66

Although differences in outcomes between these two pivotal femo-
ropopliteal trials are apparent, differences in patient and lesion com-
plexity, end point determination and time point of reporting, effects of 
evaluator blinding, and so on make direct comparison between trials 
problematic and should be taken with some circumspection.

Below-the-knee (BTK) intervention in patients with critical limb 
ischemia has been studied in small, single-center studies with and 
without randomization, all of which appeared to demonstrate benefit 
in terms of patency and/or TLR.70,71 However a well-done large, 
multicenter, randomized, controlled European effort—the Invatec/
Medtronic Study of IN.PACT Amphiron Drug-Eluting Balloon Versus 
Standard PTA for the Treatment of Below-the-Knee Critical Limb  
Ischemia (IN.PACT DEEP) trial72—failed to show a beneficial drug 
effect. Although there were some baseline differences in lesion length 
(favoring DCB), impaired inflow (favoring PTA), and prior target  
limb revascularization (favoring PTA), the groups appeared to be rea-
sonably similar. The primary efficacy end points of clinically driven 
TLR (9.2% vs. 13.1%; P = NS) and LLL (0.61± 0.78 vs. 0.62 ± 0.78; 
P = NS) were no different between DCB and PTA. However, a small 
difference was reported in the primary safety end point (17.7% vs. 
15.8%, P = .021) driven primarily by more frequent major amputations 
in the DCB arm (8.8% vs. 3.6%; P = .080). As a result of the outcomes 
in this trial, the In.Pact Deep DCB was voluntarily removed from the 
market in 2013. There is another trial in this population currently 
recruiting subjects by Lutonix/Bard in the United States. Until these 
results are known, the efficacy and safety of DCBs in infrapopliteal 
disease will remain speculative, as will the causes of the failure of 
In.Pact Deep.
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Angina pectoris affects approximately 9 million of the 16.3 million 
people with a diagnosis of CAD in the United States, and the 

prevalence increases with age for both established and symptomatic 
coronary disease (Figs. 18-1 and 18-2).1 In combating this disease, U.S. 
physicians performed an estimated 6.8 million inpatient cardiovascu-
lar procedures in 2007, an increase of 27% over the previous decade, 
including approximately 622,000 percutaneous coronary revascular-
ization procedures. The mean hospital charge for percutaneous coro-
nary intervention (PCI) was $56,015 in 2008,1 with average costs near 
$20,000 for a typical procedure and overnight hospitalization. Although 
costly, appropriate revascularization in patients with chronic angina 
renders important prognostic benefits and contributed an estimated 
5% to the total observed reduction in coronary heart disease mortality 
between 1980 and 2002.2 Despite this measurable success in addressing 
established disease, the incidence and costs associated with symptom-
atic CAD continue to grow throughout the world and contribute an 
ever-increasing proportion to the overall morbidity, mortality, and lost 
economic productivity in both developed and developing regions. 
Revascularization is intuitively central to the treatment paradigm for 
CAD. A mismatch between myocardial oxygen supply and demand is 
the predominant mechanism implicated in the development of symp-
toms associated with obstructive CAD. Generally, epicardial coronary 
lesions that comprise at least a 50% to 79% diameter obstruction (70% 
to 90% by cross-sectional area measurement) are associated with 
impaired flow and resultant ischemia. When correlated with clinical or 
objective evidence of ischemia, such lesions are attractive targets for 
symptom management. However, the realm of patients with symptoms 
or signs of ischemia may also include those with abnormal coronary 
endothelial function, coronary vasospasm, microvascular dysfunction, 
and even silent, asymptomatic myocardial ischemia. In addition, 
symptoms reminiscent of ischemic angina may be a manifestation of 
a noncardiovascular process, such as gastrointestinal, musculoskeletal, 

or neuropsychiatric pathology—generally, anything from the navel to 
the nose—whereas other patients, especially women and older adults, 
may present with symptoms such as fatigue, chronic “soreness,” or 
dyspnea, which may not be immediately recognized as an expression 
of cardiovascular disease (Tables 18-1 and 18-2).3 Individuals with 
significant ischemia may also remain seemingly unaffected by symp-
toms because of self-regulation of activity, essentially avoiding activi-
ties that have previously caused discomfort. Careful attention to 
individual patient presentation and characteristics, then, is essential for 
proper diagnostic triage and management. Once recognized, the goals 
and methods of treatment for this heterogeneous syndrome include 

18  Elective Intervention for Stable Angina or 
Silent Ischemia

GREGORY W. BARSNESS I DAVID E. KANDZARI

K E Y  P O I N T S

•	 Chronic	angina	is	a	growing	worldwide	problem	with	significant	
economic	and	societal	costs.

•	 By	reducing	the	ischemic	burden,	percutaneous	coronary	
revascularization	provides	important	clinical	benefit	in	patients	with	
established	obstructive	coronary	artery	disease	(CAD).	The	
foremost	effect	is	prompt	symptom	control	and	improved	exercise	
tolerance.	Direct	evidence	for	improvement	in	survival	or	definitive	
reduction	of	major	cardiovascular	events	is	lacking	in	the	broad	
population	of	patients	with	chronic,	stable	symptomatic	CAD.

•	 Optimal	medical	therapy	(OMT)	is	an	essential	component	of	the	
successful	treatment	of	patients	with	established	CAD	and	those		
at	risk.

•	 Along	with	OMT,	secondary	prevention	strategies	of	diet,	exercise,	
and	smoking	cessation	are	required	elements	in	the	treatment	of	
patients	with	CAD,	and	they	provide	an	important	and	measurable	
benefit	in	this	population.

•	 Patients	at	elevated	risk	for	adverse	events—including	those	with	
left	ventricular	dysfunction,	chronic	kidney	disease,	diabetes	
mellitus,	and	an	extensive	ischemic	burden—have	greater	
potential	for	measurable	prognostic	benefit	with	revascularization	
in	addition	to	OMT.

FIGURE 18-1	 U.S.	 prevalence	 of	 cardiovascular	 disease	 by	 age	 and	
sex.	Data	include	coronary	disease,	heart	failure,	stroke,	and	hyperten-
sion.	(From	Roger	VL,	Go	AS,	Lloyd-Jones	DM,	et	al:	Heart	disease	and	
stroke	statistics—2011	update:	a	report	from	the	American	Heart	Asso-
ciation.	Circulation	123[4]:e18-e209,	2011.)
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FIGURE 18-2	 Incidence	of	stable	angina	pectoris	from	the	Framingham	
Heart	 Study	 (1980	 to	2003)	stratified	by	age	and	sex.	 (From	Roger	
VL,	 Go	 AS,	 Lloyd-Jones	 DM,	 et	al:	 Heart	 Disease	 and	 Stroke	
Statistics—2011	update:	a	report	From	the	American	Heart	Association.	
Circulation	123[4]:e18-e209,	2011.)
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REVASCULARIZATION IN PATIENTS WITH CHRONIC 
STABLE ANGINA

The principles and practice of modern coronary revascularization 
strategies are rooted in the conduct and results of studies performed 
in the 1970s and 1980s. These historic investigations set the framework 
for our current understanding of the role of both surgical and percu-
taneous coronary revascularization in the treatment armamentarium 
of chronic symptomatic ischemic CAD. Whereas these studies pro-
vided important insight into the outcome of revascularization and 
medical therapy using the methodology of the time, great strides have 
subsequently been made in all areas of treatment, thus decreasing the 
applicability of these trials to guide therapy in the prevailing health 
care environment. Today, OMT has been clearly established as the 
cornerstone of treatment for CAD. The impact of medical therapy has 
grown with the introduction of advanced antiplatelet therapy, statins, 
and angiotensin-converting enzyme (ACE) and receptor inhibition, 
among other established and evolving therapies that provide important 
moderation of the inexorable progression of coronary disease. Indeed, 
appropriate application of evidence-based therapy has had important 
societal health implications, with a resultant measurable reduction in 
adverse cardiac events over the past several decades. Although appro-
priate revascularization in patients with chronic angina contributed an 
estimated 5% to this observed reduction in cardiac mortality between 
1980 and 2002, a much larger 50% of the total reduction is attributed 
to improvement in the risk-factor profiles of those populations in 
jeopardy, largely thanks to improved agents and the greater application 
of this medical therapy.2 Whereas PCI is an important adjunct for 
symptom control and has established value in reducing both subse-
quent morbidity and mortality after acute coronary syndromes (ACSs), 
both PCI and surgical revascularization are palliative procedures, and 
lesion progression accounts for significant recurrent morbidity. Recent 
studies demonstrate the impact of lesion progression and the need for 
aggressive concomitant medical therapy in the setting of PCI. Mahn-
Won and colleagues7 retrospectively studied 507 patients who under-
went PCI and found that 16% of them underwent clinically driven 
repeat PCI to treat preexisting nonculprit coronary lesions during the 
3-year study period. During the first year after initial PCI, 7.7% of 

TABLE 18-1 Potential Nonischemic Diagnoses in Patients with 
Chest Pain

Nonischemic Cardiovascular

Aortic	dissection,	pericarditis

Pulmonary

Embolus,	pneumothorax,	pneumonia,	pleuritis

Gastrointestinal

Esophageal,	esophagitis,	spasm,	reflux,	cholecystitis,	choledocholithiasis,	
cholangitis,	peptic	ulcer,	pancreatitis

Chest Wall

Costochondritis,	fibrositis,	rib	fracture,	sternoclavicular	arthritis,	biliary	
herpes	zoster

Psychiatric

Anxiety,	hyperventilation,	panic	disorder,	affective	disorders,	somatiform	
disorder

From	Gibbons	RJ,	Abrams	J,	Chatterjee	K,	et	al:	ACC/AHA	2002	guideline	update	 for	 the	
management	 of	 patients	with	 chronic	 stable	 angina:	 a	 report	 of	 the	 American	College	 of	
Cardiology/American	 Heart	 Association	 Task	 Force	 on	 Practice	 Guidelines	 (Committee	 to	
Update	the	1999	Guidelines	for	the	Management	of	Patients	with	Chronic	Stable	Angina).	
Circulation	107:149-158,	2003.

TABLE 18-2 Ischemic Provocation or Exacerbating Factors
Increased Oxygen Demand Decreased Oxygen Supply

NONCARDIAC CONDITIONS

Hyperthermia
Hyperthyroidism
Sympathomimetic	toxicity	(e.g.,	from	

cocaine)
Hypertension
Anxiety
Arteriovenous	fistula

Anemia
Hypoxemia
Sickle	cell	disease
Sympathomimetic	toxicity
Hyperviscosity
Polycythemia

CARDIAC CONDITIONS

Hypertrophic	cardiomyopathy
Aortic	stenosis
Dilated	cardiomyopathy
Tachycardia

Hypertrophic	cardiomyopathy
Aortic	stenosis

From	Gibbons	RJ,	Abrams	J,	Chatterjee	K,	et	al:	ACC/AHA	2002	guideline	update	 for	 the	
management	 of	 patients	with	 chronic	 stable	 angina:	 a	 report	 of	 the	 American	College	 of	
Cardiology/American	 Heart	 Association	 Task	 Force	 on	 Practice	 Guidelines	 (Committee	 to	
Update	the	1999	Guidelines	for	the	Management	of	Patients	with	Chronic	Stable	Angina).	
Circulation	107:149-158,	2003.

FIGURE 18-3	 Factors	 with	 potential	 influence	 on	 clinical	 response	 to	
treatment.	 These	 include	 specific	 intended	 effects,	 such	 as	 ischemia	
reduction	 after	 percutaneous	 coronary	 intervention,	 and	 nonspecific	
effects,	often	described	as	“the	placebo	effect.”	These	effects	occur	within	
the	context	of	 the	natural	history	of	 the	clinical	condition	 itself,	along	
with	the	normal	“moderation”	of	effects,	or	regression	toward	the	mean	
outcome,	 that	 occurs	 within	 populations.	 (Adapted	 from	 Bonetti	 PO,	
Holmes	DR,	Lerman	A,	Barsness	GW:	Enhanced	external	counterpulsa-
tion	for	 ischemic	heart	disease.	What’s	behind	the	curtain?	J	Am	Coll	
Cardiol	41[11]:1918-1925,	2003.)
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reduction in both morbidity and mortality, although anticipated ben-
efits depend on patient characteristics and the treatment modality 
used. Percutaneous revascularization has, as its principal benefit, the 
relief of angina. Symptom relief is the direct effect of a reduction in 
ischemic burden, although additional complex factors no doubt play a 
role, especially in the setting of residual disease or incomplete abroga-
tion of ischemia (Fig. 18-3).4 Whereas improved survival and reduc-
tion of major cardiovascular events are important therapeutic 
objectives, limited data are available to support a major role for percu-
taneous revascularization in reducing adverse events in the broader 
population of patients with stable ischemic coronary disease (Fig. 
18-4).5 In fact, a clear survival advantage for revascularization over 
medical therapy alone has generally been limited to patients at high 
clinical or anatomic risk, specifically those high-risk patients undergo-
ing surgical revascularization for severe symptomatic triple-vessel 
disease, left main CAD, left ventricular (LV) dysfunction, and mani-
festations of severe ischemia.6 Numerous advances in the care of 
patients with established coronary disease have occurred in the interim, 
however, with the development of advanced medical therapies and 
surgical and percutaneous revascularization techniques. In the setting 
of appropriate and optimal medical therapy, percutaneous revascular-
ization remains an important adjunct for symptom relief and for 
reduction of ischemic burden.
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comorbidity, and risk. The main indications for revascularization  
are to improve symptoms that persist despite OMT and to improve 
prognosis. Although they generally suggest a benefit for revasculariza-
tion, most randomized trials that compare medical therapy with per-
cutaneous revascularization are limited by their historical nature and 
entry bias. It is generally agreed that PCI affords rapid and effective 
symptom relief, a concept borne out in several trials and in a recent 
meta-analysis9 of 14 trials that demonstrated a statistically significant 
benefit in angina relief with PCI compared with medical therapy  
(OR, 1.69; 95% CI, 1.24 to 2.30). Notably, important heterogeneity was 
found across the trials, with substantially less benefit noted in  
more contemporary trials of PCI versus OMT, such as the Clinical 
Outcomes Utilizing Revascularization and Aggressive Drug Evaluation 
(COURAGE) trial,10 published in 2007 (OR, 1.10; 95% CI, 0.81 to 
1.49), and the Occluded Artery Trial (OAT),11 published in 2006 (OR, 
0.83; 95% CI, 0.47 to 1.47). Using meta-regression analysis of the treat-
ment effects of PCI relative to medical therapy, Wijeysundera and 
colleagues9 were able to document an inverse relationship between 
freedom from angina and the number of “evidence-based” medications 
utilized during the conduct of a trial (Fig. 18-5). Subgroup analysis of 
the COURAGE trial12 confirmed a diminution of angina benefit over 
time for patients treated with PCI as an initial strategy. Although a 
statistically significant difference was found in rates of freedom from 
angina between the OMT-alone and the OMT-plus-PCI groups at 3 

patients in this cohort underwent non–culprit lesion PCI, with the rate 
increasing to 16% at 3 years. Greater extent of disease, as manifest by 
a larger baseline number of significant coronary lesions, independently 
predicted repeat PCI (odds ratio [OR], 2.29; 95% confidence interval 
[CI], 1.5 to 3.5; P < .001), as did the baseline risk factors of low levels 
of high-density lipoprotein (<40 mg/dL; OR, 2.01; 95% CI, 1.01 to 3.98; 
P = .046), hypercholesterolemia (total cholesterol > 200 mg/dL; OR, 
1.46; 95% CI, 1.22 to 1.97; P = .04), history of PCI (OR, 1.24; 95% CI, 
1.09 to 1.60; P = .003), and increased triglyceride levels (OR, 1.003; 
95% CI, 1.001 to 1.007; P = .038). An additional natural history study8 
of patients who underwent intravascular ultrasound evaluation after 
PCI for an acute coronary syndrome found that fully one half of major 
subsequent adverse events at 3 years occurred at nonculprit sites. Ade-
quate medical therapy and risk modification, then, are essential in the 
periinterventional and postinterventional setting to reduce subsequent 
mortality and morbidity, including symptom recurrence and need for 
repeat procedures associated with lesion progression and new lesion 
development.

ADDITION OF REVASCULARIZATION TO OPTIMAL 
MEDICAL THERAPY

The selection of treatment strategies in patients with chronic stable 
angina depends on symptom status, anatomic complexity, clinical 

FIGURE 18-4	 Point	 estimates,	 95%	 confidence	 intervals	
(CIs),	and	summary	statistics	 in	11	studies	 that	enrolled	
patients	from	1992	through	2001.	A,	For	risk	of	all-cause	
death	after	treatment	with	percutaneous	coronary	interven-
tion	(PCI)	or	medical	therapy.	B,	For	risk	of	cardiac	death	
or	 myocardial	 infarction	 after	 PCI	 or	 medical	 therapy.	
(From	Katritsis	DG,	Ioannidis	JPA:	Percutaneous	coronary	
intervention	versus	conservative	therapy	in	nonacute	coro-
nary	artery	disease:	a	meta-analysis.	Circulation	111[22]:
2906-2912,	2005.)
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significant heterogeneity of patient groups and treatments, inclusion 
of patients with recent ACSs, and significant variability in treatments 
across studies and time periods. Another meta-analysis14 that com-
pared revascularization (surgical or percutaneous) with medical 
therapy over a 30-year period from 1977 to 2007 confirmed a signifi-
cant reduction in all-cause mortality associated with revascularization 
(OR, 0.74; 95% CI, 0.63 to 0.88). When this study was stratified by 
revascularization type, the investigators were also able to show a reduc-
tion in mortality with both surgical (OR, 0.62; 95% CI, 0.50 to 0.77) 
and percutaneous (OR, 0.82; 95% CI, 0.68 to 0.99) revascularization 
approaches compared with OMT. However, this meta-analysis, like the 
others, included trials that encompassed a broad array of patient popu-
lations, including those with recent ACSs; it was also limited by the 
historic nature of treatment algorithms spanning the 30-year study 
period. In a 20-year network analysis that took into account the evolu-
tion of interventional approaches over time, Trikalinos and colleagues15 
were unable to document a beneficial effect of PCI-based strategies on 
rates of death or MI compared with contemporaneous medical therapy. 
As previously noted, a major hurdle in the assessment of survival 
benefits associated with revascularization trials is the relatively low 
overall event rate. Whereas annualized mortality associated with 
chronic CAD remains approximately 1% to 3% in contemporary 
series,14,16,17 the risk of adverse events increases with the degree of LV 
dysfunction,18 ischemic burden,19 and functional limitation (Table 
18-3).20 In addition, risk is increased in the presence of diabetes mel-
litus, chronic kidney disease, and greater severity of ischemic symp-
toms16 and anatomic complexity.21 It is not surprising then that a 
gradient of benefit can be observed for revascularization compared 
with medical therapy, with greater benefit identified in those patients 
at greatest risk, whether due to anatomic complexity (Fig. 18-7)21 or 
severity of ischemic substrate (Fig. 18-8).22 Note that in the large cohort 
of patients identified in the Duke database with coronary stenoses of 
>75% (n = 18,481) who were treated with an initial strategy of revas-
cularization (either surgical or percutaneous), significant benefit could 
be demonstrated across the spectrum of disease complexity compared 
with those patients treated initially with medical therapy alone.21

Recent prospective trials have helped to elucidate the potential 
benefit of percutaneous revascularization across the spectrum of clini-
cal and anatomic risk, along with the continued importance of OMT. 
The Clinical Outcomes Utilizing Revascularization and Aggressive 
Drug Evaluation (COURAGE) trial10 is the largest trial yet performed 
to evaluate whether PCI provides additional clinical benefit over OMT 
alone. This trial randomized 2287 patients to OMT or OMT with early 
PCI, utilizing predominantly bare-metal stents. OMT was intended to 
include antiplatelet therapy, beta-blockade with metoprolol, ACE inhi-
bition or angiotensin receptor blocker (ARB) therapy, and antiischemic 
measures that included amlodipine and/or nitrate therapy. Diet, exer-
cise, and smoking cessation were also encouraged. All patients under-
went entry angiographic evaluation, and those with more than 70% 
diameter stenosis in at least one epicardial coronary artery with evi-
dence of ischemia or more than 80% stenosis and typical anginal symp-
toms were eligible for inclusion if coronary anatomy was felt to be 
suitable for PCI. Exclusion criteria included persistent Canadian Car-
diovascular Society (CCS) class IV angina, markedly positive stress 
evaluation, significant heart failure symptoms, left ventricular ejection 
fraction (LVEF) below 30%, or revascularization within the previous 6 
months. At a mean follow-up of 4.6 years, no significant difference was 
seen in the primary end point of death or MI between the PCI and 
medical treatment groups (OR, 1.05; 95% CI, 0.87 to 1.27; P = .62), nor 
was any difference found in overall mortality (7.6% vs. 8.3%, P = .38) 
or freedom from angina (74% vs. 72%, P = .35). However, in patients 
treated with PCI in addition to OMT, freedom from angina was sig-
nificantly greater up to 3 years, and the medical therapy cohort exhib-
ited a “catch up” pattern only after the initial 2 years of follow-up (Fig. 
18-9).12 Additional early benefits associated with percutaneous inter-
vention included a reduced need for follow-up revascularization 
during the first year (21% vs. 33%, P < .001) with a concomitant reduc-
tion in the need for antiischemic drug therapy. These results support 

months (42% vs. 53%, P < .001), this difference was no longer evident 
at 3 years (56% vs. 59%, P = .30). Although potential reasons for this 
convergence of angina rates during follow-up are numerous and 
include crossover to revascularization from the medical arm, ascer-
tainment bias due to small follow-up populations, and a host of other 
factors (see Fig. 18-3),4 an important finding is that in both groups, 
patients with the most significant anginal burden at baseline obtained 
the greatest benefit from PCI. In aggregate, these data support a robust, 
reliable antianginal benefit for PCI in patients with persistent symp-
toms despite medical therapy.

The benefit of percutaneous revascularization on the hard end 
points of death and myocardial infarction (MI) is more controversial, 
and the complexities are greater. The relatively low event rates among 
stable patients with coronary disease, particularly those healthy enough 
and eligible to be enrolled in randomized prospective trials, limits the 
discriminatory ability of individual clinical trials to identify treatment 
effects. Even large meta-analytic studies, limited by significant hetero-
geneity of patient groups and inclusion of antiquated therapies (balloon 
angioplasty and limited medical options), have provided conflicting 
results. A meta-analysis by Katritsis and colleagues5 incorporated data 
from 11 randomized trials of PCI compared with medical therapy in 
patients with documented CAD in the absence of a recent ACS. With 
2950 patients included in the analysis, no significant difference could 
be identified between PCI and medical therapy in rates of overall death 
(see Fig. 18-4, A), cardiac death and MI (see Fig. 18-4, B), or subse-
quent revascularization. A more recent meta-analysis by Schömig and 
colleagues13 of 17 trials involving 7513 patients with chronic stable 
angina randomized over a 17-year period to PCI or OMT alone again 
found no significant benefit for PCI over medical therapy with regard 
to rates of nonfatal MI (Fig. 18-6). However, with selection of cardiac 
mortality, rather than overall mortality, as an end point, this analysis 
did suggest a potential advantage for a PCI-based therapeutic strategy 
for improving long-term outcome (see Fig. 18-6, B). Further analysis 
suggested that this benefit was most pronounced in patients who had 
suffered a recent MI (<4 weeks prior); they had about a 35% reduction 
in the odds of death compared with an estimated risk reduction of 17% 
for patients with truly stable coronary disease. Both of these meta-
analyses, however, were limited by several factors that included 

FIGURE 18-5	 Meta-regression	 demonstrates	 an	 inverse	 relationship	
between	 freedom	 from	 angina	 and	 adherence	 to	 optimal	 evidence-
based	medical	regimens	within	individual	trial	components	of	the	meta-
analysis.	In	more	contemporary	trials,	evidence-based	medication	was	
used	 more	 frequently,	 and	 the	 measurable	 symptom-relief	 benefit	 of	
percutaneous	 coronary	 intervention	 (PCI)	 was	 diminished.	 OR,	 Odds	
ratio.	 (From	 Wijeysundera	 HC,	 Nallamothu	 BK,	 Krumholz	 HM,	 et	al:	
Meta-analysis:	 effects	 of	 percutaneous	 coronary	 intervention	 versus	
medical	 therapy	 on	 angina	 relief.	 Ann	 Intern	 Med	 152[6]:370-379,	
2010.)

−3.00

1.50

2.00

0.50

1.00

−0.50

0.00

−1.50

−1.00

−2.50

−2.00

Lo
g 

O
R

 o
f f

re
ed

om
 fr

om
 a

ng
in

a

1 2 3
Evidence-based medications, n

4



302 SECTION III  CORONARY INTERVENTION

FIGURE 18-6	 Odds	 ratios	with	95%	confidence	 intervals	 among	17	 randomized	 trials	 of	 percutaneous	 coronary	 intervention	 (PCI)	 or	medical	
therapy	with	an	average	follow-up	period	of	51	months,	along	with	summary	statistics.	A,	Risk	of	cardiac	death.	B,	Risk	of	nonfatal	myocardial	
infarction.	(From	Schömig	A,	Mehilli	J,	de	Waha	A,	et	al:	A	meta-analysis	of	17	randomized	trials	of	a	percutaneous	coronary	intervention-based	
strategy	in	patients	with	stable	coronary	artery	disease.	J	Am	Coll	Cardiol	52[11]:894-904,	2008.)
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TABLE 18-3 Risk Stratification in Patients with Angina
High Risk (>3% Annual Mortality Rate)

•	 Severe	resting	LV	dysfunction	(LVEF	<35%)
•	 High-risk	treadmill	score	(score	≤−11)
•	 Severe	exercise	LV	dysfunction	(exercise	LVEF	<35%)
•	 Stress-induced	large	perfusion	defect	(particularly	if	anterior)
•	 Stress-induced	multiple	perfusion	defects	of	moderate	size
•	 Large,	fixed	perfusion	defect	with	LV	dilation	or	increased	lung	uptake	

(thallium-201)
•	 Stress-induced	moderate	perfusion	defect	with	LV	dilation	or	increased	

lung	uptake
•	 Echocardiographic	wall	motion	abnormality	in	more	than	two	

segments	that	develops	at	a	low	dose	of	dobutamine	(≤10	µg/kg/min)	
or	at	a	low	heart	rate	(<120	beats/min)

•	 Stress	echocardiographic	evidence	of	extensive	ischemia

Intermediate Risk (1% to 3% Annual Mortality Rate)

•	 Mild/moderate	resting	LV	dysfunction	(LVEF	35%	to	49%)
•	 Intermediate-risk	treadmill	score	(−11	to	5)
•	 Stress-induced	moderate	perfusion	defect	without	LV	dilation	or	

increased	lung	intake
•	 Limited	stress	echocardiographic	ischemia	that	involves	two	or	fewer	

segments	with	a	wall	motion	abnormality	only	at	higher	doses	of	
dobutamine

Low Risk (<1% Annual Mortality Rate)

•	 Low-risk	treadmill	score	(score	≥5)
•	 Normal	or	small	myocardial	perfusion	defect	at	rest	or	with	stress
•	 Normal	stress	echocardiographic	wall	motion	or	no	change	of	limited	

resting	wall	motion	abnormalities	during	stress

From	 Patel	 MR,	 Dehmer	 GJ,	 Hirshfeld	 JW,	 et	al:	 ACCF/SCAI/STS/AATS/AHA/ASNC	 2009	
Appropriateness	criteria	for	coronary	revascularization:	a	report	of	the	American	College	of	
Cardiology	Foundation	Appropriateness	Criteria	Task	Force,	Society	for	Cardiovascular	Angi-
ography	and	Interventions,	Society	of	Thoracic	Surgeons,	American	Association	for	Thoracic	
Surgery,	 American	 Heart	 Association,	 and	 the	 American	 Society	 of	 Nuclear	 Cardiology:	
endorsed	by	the	American	Society	of	Echocardiography,	the	Heart	Failure	Society	of	America,	
and	the	Society	of	Cardiovascular	Computed	Tomography.	Circulation	119(9):1330-1352,	
2009.
LV,	Left	ventricle;	LVEF,	left	ventricular	ejection	fraction.

FIGURE 18-7	 Adjusted	long-term	survival	estimates	for	patients	treated	
with	 an	 initial	 medical	 revascularization	 (solid	 lines)	 or	 surgical	 or	
percutaneous	 revascularization	 (dotted	 lines)	 approach,	 stratified	 by	
extent	of	coronary	artery	disease	(CAD)	as	defined	by	tertiles	of	the	Duke	
Coronary	 Artery	 Disease	 Severity	 Index.	 High-severity	 CAD	 anatomy	
encompasses	 those	patients	with	significant	(50%	to	75%	stenosis)	
left	main	and/or	three-vessel	disease;	low-severity	CAD	includes	patients	
with	single-vessel	disease	or	noncritical	 (<95%	stenosis)	 two-vessel	
disease;	and	intermediate-severity	CAD	comprises	patients	with	critical	
proximal	 left	 anterior	 descending	 (LAD)	 disease	 and	 the	 remaining	
two-vessel	disease	anatomic	subgroups.	(Adapted	from	Smith	PK,	Califf	
RM,	 Tuttle	 RH,	 et	al:	 Selection	 of	 surgical	 or	 percutaneous	 coronary	
intervention	 provides	 differential	 longevity	 benefit.	 Ann	 Thorac	 Surg	
82[4]:1420-1429,	2006.)
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FIGURE 18-8	 Log	hazard	ratio	for	10,627	patients	undergoing	revas-
cularization	or	medical	therapy	for	ischemic	coronary	artery	disease	as	
a	function	of	extent	of	myocardial	ischemia.	The	intersection	of	curves	
at	an	approximate	point	of	inducible	ischemia	of	10%	or	more	of	the	
myocardium	represents	 the	 retrospectively	 identified	 threshold	 for	sur-
vival	benefit	associated	with	revascularization.	(Adapted	from	Hacham-
ovitch	R,	Hayes	SW,	Friedman	JD,	et	al:	Comparison	of	the	short-term	
survival	 benefit	 associated	 with	 revascularization	 compared	 with	
medical	therapy	in	patients	with	no	prior	coronary	artery	disease	under-
going	 stress	 myocardial	 perfusion	 single	 photon	 emission	 computed	
tomography.	Circulation	107[23]:2900-2907,	2003.)
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the widespread use of OMT in patients with established CAD and 
suggest that in this setting, early PCI is not associated with reduced 
long-term event rates. Whereas an initial strategy of OMT alone was 
not associated with increased rates of death or MI, it was associated 
with a significant crossover rate of 30% within the first year of 
follow-up.23 In addition, enrolled patients were at relatively low risk, 
with one-, two-, and three-vessel coronary disease rates of 31%, 39%, 
and 30%, respectively, and only a 31% incidence of proximal left ante-
rior descending (LAD) disease. Patients also had relatively preserved 
LV function, and those with left main CAD were not included. Finally, 
compliance rates with medical therapy at 5 years ranged from 85% for 
beta-blockade to 95% for aspirin or clopidogrel,10 rates that far exceeded 
the less than 40% compliance noted in community-based registry 
studies such as the 40,000-patient “real world” Reduction of Athero-
thrombosis for Continued Health (REACH) registry.24

The COURAGE nuclear substudy19 evaluated a small but relatively 
high-risk patient subset of the overall trial. Based on previous work 
that demonstrated the prognostic benefit of coronary revascularization 
in patients with a significant burden of ischemic myocardium,22,25 the 
authors initiated an exploratory evaluation that involved 314 consecu-
tive study patients who underwent serial rest/stress myocardial perfu-
sion imaging (MPI) studies. Based on comparisons of pretreatment 
ischemic burden and studies performed at 6 to 18 months after ran-
domization, patients in the PCI-plus-OMT group experienced a 
greater degree of ischemia reduction (≥5% reduction in ischemic myo-
cardium) than those treated with OMT alone (33% vs. 19%, P = .0004). 
The degree of ischemia resolution was also greater in patients with 
more ischemia at baseline. Importantly, low levels of residual ischemia 
at follow-up were associated with improved symptom status and better 
unadjusted survival free of MI (P = .037), suggesting an important 
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Health Effectiveness with Medical and Invasive Approaches (ISCH-
EMIA) is designed to randomize approximately 8000 patients with at 
least moderate ischemia by noninvasive stress imaging to either a 
routine invasive strategy with revascularization and OMT or to a con-
servative strategy of OMT with diagnostic angiography and revascu-
larization reserved for failure of OMT (clinicaltrials.gov identifier 
NCT01471522). The primary end point of the trial is the composite of 
cardiovascular death and nonfatal MI over 4-year follow-up in addi-
tion to secondary end points related to angina status and disease-
specific quality of life. Clearly, further study is needed in this area.

SELECTION OF REVASCULARIZATION STRATEGY
In patients who have persistent anginal symptoms despite aggressive 
medical therapy or high-risk features of CAD, revascularization with 
coronary artery bypass grafting (CABG) or stent-based PCI is an 
appropriate consideration. The selection of a specific revascularization 
strategy depends on numerous factors that include the extent and 
complexity of the coronary anatomy, presence and severity of comor-
bidities, patient and physician preference, and available scientific evi-
dence. As technology has advanced in the application of both CABG 
and PCI, this discussion has evolved dramatically. However, whereas 
the goals of therapy for both PCI and CABG involve providing symp-
tomatic and prognostic improvement, the methods of achieving  
these goals continue to be fundamentally different and help to explain 
the major difference in outcome between the two strategies, that is,  
the need for more subsequent repeat revascularization in patients 
undergoing PCI. Because coronary disease is a progressive, incurable 
condition, both PCI and CABG provide only palliation. Surgical revas-
cularization, however, addresses obstructive coronary disease by pro-
viding a perfusion conduit that circumvents a long segment of proximal 
disease. This allows greater protection from the inexorable develop-
ment of new and progressive lesions compared with the focal treatment 
strategy associated with stent placement. In addition, surgical revascu-
larization is associated with more extensive revascularization and a 
greater likelihood of successful revascularization of all affected territo-
ries (full anatomic revascularization),28 with potential implications for 
improved survival at follow-up.28,29 For patients with single-vessel, 
non–left main CAD and indications for revascularization, few contem-
porary data are available to suggest the superiority of CABG over PCI. 
Revascularization in patients with single-vessel disease generally 
entails less risk of major morbidity or mortality than that in patients 
with multivessel disease, and outcomes with PCI have been as good  

prognostic role for aggressive ischemia reduction in these patients. As 
with all large randomized trials, the generalizability of these findings 
is limited by the type of patients enrolled and the already outmoded 
forms of therapy provided (drug-eluting stents were largely unavailable 
during recruitment, as were many novel medical therapeutics, includ-
ing ranolazine). However, the results of this trial provide additional 
support for the importance of a foundation of OMT while providing 
confidence in the benefit of percutaneous revascularization as an 
adjunctive method of symptom and ischemia control. The Bypass 
Angioplasty Revascularization Investigation in Type 2 Diabetes (BARI 
2D)26 trial addressed a similar question; it enrolled 2368 patients with 
type 2 diabetes mellitus to early revascularization (coronary bypass 
surgery or PCI, at the discretion of the treating physician) with OMT 
and later revascularization as needed for symptom relief. Along with 
OMT, patients were assigned exercise and risk-factor modification pro-
grams with frequent assessment and modification of glycemic control. 
Patients were included in the trial if they had stable CAD (CCS class 
I or II in 82%), a positive stress test, and coronary anatomy suitable for 
revascularization. Exclusion criteria included the need for immediate 
revascularization, left main CAD, significant heart failure, or prior 
revascularization within a year of study entry. Like the COURAGE 
trial, the primary end point of 5-year all-cause mortality was similar 
between the groups (hazard ratio [HR], 0.5; 95% CI, −2.0 to 3.1; P = 
.97). Also reminiscent of the COURAGE results, 42% of patients origi-
nally assigned to OMT alone crossed over to subsequent revasculariza-
tion, reinforcing the role of adjunctive revascularization in managing 
symptoms. Of interest, because the choice of revascularization was left 
to the discretion of the treating physician and patient, patients with 
more extensive disease were generally treated with surgical, rather than 
percutaneous, revascularization. In this group of high-risk patients 
with diabetes mellitus, surgical revascularization offered a significant 
reduction in nonfatal infarction, with no such advantage noted in those 
patients selected for PCI over pharmacologic therapy.27 Overall, the 
results of BARI 2D—like those of the COURAGE trial—support the 
use of OMT for the treatment of CAD, with revascularization provid-
ing prompt symptomatic benefit and reduced need for subsequent 
revascularization, particularly in those patients at greater risk and with 
symptoms that persist despite aggressive pharmacologic therapy. In 
addition, exploratory subset analysis of both the COURAGE and BARI 
2D studies leaves open the possibility that prompt revascularization 
may provide important prognostic benefit in patients at increased risk 
because of complex coronary anatomy or an extensive ischemic sub-
strate. Alternatively, the ongoing International Study of Comparative 

FIGURE 18-9	 Changes	in	the	angina	frequency	scale	of	the	Seattle	Angina	Questionnaire	over	time	in	the	COURAGE	Trial.	Data	shown	are	for	the	
COURAGE	 trial	 cohorts	 of	 percutaneous	 revascularization	with	 optimal	medical	 therapy	 (percutaneous	 coronary	 intervention	 [PCI]	 plus	 optimal	
medical	therapy	[OMT])	and	OMT	alone.	The	early	anginal	benefit	demonstrated	with	PCI	plus	OMT	is	reduced	over	time	because	patients	in	the	
OMT	group	experience	progressively	greater	freedom	from	angina	over	the	initial	3	years	of	follow-up.	(Adapted	from	Weintraub	WS,	Spertus	JA,	
Kolm	P,	et	al:	Effect	of	PCI	on	quality	of	life	in	patients	with	stable	coronary	disease.	N	Engl	J	Med	359[7]:677-687,	2008.)
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Given the comparable safety of stent-based PCI and CABG in the 
broad population of patients who present for multivessel revasculariza-
tion, the further evolution of drug-eluting stent (DES) technology has 
provided the impetus for further comparative studies. Following the 
initial positive experience in nonrandomized historical comparisons 
of outcome after DES, the large Synergy Between Percutaneous Coro-
nary Intervention With TAXUS and Cardiac Surgery (SYNTAX) trial 
was initiated.36 It randomized 1800 patients with three-vessel and/or 
left main CAD to paclitaxel-eluting stent placement or CABG. The trial 
was designed as an all-comers noninferiority trial to evaluate long-
term outcomes in patients undergoing revascularization for severe 
CAD. Inclusion criteria comprised patients with previously untreated 
lesions of 50% or greater diameter stenosis with stable or unstable 
angina or atypical chest pain. If asymptomatic, patients were required 
to have positive evidence of myocardial ischemia. Exclusion criteria 
comprised previous PCI or CABG, acute MI, or the need for concomi-
tant cardiac surgery. At 12 months, the primary end point of major 
cardiac and cerebrovascular events (MACCEs) was higher in the group 
of patients who underwent PCI (17.8% vs. 12.4%, P = .002), largely the 
result of an increased rate of repeat revascularization in the PCI arm 
(13.5% vs. 5.9%, P < .001) despite a mean of 4.6 stents (SD ± 2.3) placed 
per patient. The trial therefore failed to demonstrate noninferiority for 
paclitaxel stent-based PCI compared with CABG in this high-risk 
cohort, although the safety end points were reassuringly similar 
between groups. In fact, no difference was found between the PCI and 
CABG groups for the composite of all-cause death, MI, and stroke at 
12 months (7.6% vs. 7.7%), and no difference was noted in the indi-
vidual components of death and MI. However, an excess of stroke was 
noted after CABG compared with PCI (2.2% vs. 0.6%). By 5 years of 
follow-up, MACCE rates remained higher in patients randomized to 
PCI (37.3% vs. 26.9%, P < .0001) due primarily to a persistent excess 
of repeat revascularization (25.9% vs. 13.7%, P < .0001) but also to a 
newly apparent excess of MI (9.7% vs. 3.8%, P < .0001). Significantly, 
the differences in all-cause death (13.9% vs. 11.4%) and stroke (2.4% 
vs. 3.7%) were found to be statistically insignificant between PCI and 
CABG patients at 5-year follow-up.37

Because the SYNTAX trial failed to meet noninferiority for the 
primary MACCE end point at 1 year, additional analysis must be 
regarded as exploratory and hypothesis generating. Still, the available 
information regarding the high-risk subsets of patients with left main 
CAD and those with diabetes mellitus is of particular interest because 
both of these groups have historically done poorly with percutaneous 
revascularization. Among 705 patients with left main CAD in the 
SYNTAX trial,38 1-year MACCE rates were similar among the PCI- and 
CABG-treated groups (15.8% vs. 13.7%, P = .44), including similar 
rates of death (4.2% vs. 4.4%, P = .24) or MI (4.3% vs. 4.1%); however, 
as in the overall trial, the rate of stroke was higher in the CABG group 

as, or better than, those with surgical revascularization. Historically, 
however, proximal LAD disease has been considered the purview of 
the surgeon, with randomized and registry data suggesting a survival 
advantage with surgery in this group (Fig. 18-10).30 However, more 
recent meta-analytic studies31,32 and 10-year follow-up of one random-
ized trial33 have failed to confirm a survival benefit for CABG over PCI 
for the treatment of LAD disease in the modern era. As with other 
lesion subsets, a PCI-based strategy is associated with increased sub-
sequent repeat revascularization, even with the routine application of 
coronary stents.33

Now of largely historic interest, the 1980s and 1990s saw the initia-
tion and completion of several multicenter randomized trials to 
compare percutaneous transluminal coronary angioplasty (PTCA) 
with CABG in patients with multivessel disease. Among nearly 5000 
patients with multivessel coronary disease amenable to either angio-
plasty or bypass surgery, no difference in death or MI, quality of life, 
or employment status was demonstrated in these trials; this suggests 
that the main disadvantage to a primary strategy of angioplasty was 
the increased need for repeat revascularization. PCI, then, was felt to 
be a reasonable initial revascularization choice in the setting of pre-
served ventricular function and technically favorable anatomy.34 Ret-
rospective database evaluations also confirmed the safety of both 
modes of revascularization in the majority of patients while document-
ing a gradient of benefit associated with PTCA or CABG that was 
dependent on, and correlated directly with, the extent and location of 
coronary stenoses (see Fig. 18-10).30

The evolution of surgical and percutaneous therapies, however, 
demands recurrent evaluation of comparative outcomes that utilize the 
best pharmacologic and revascularization practices. Contemporary 
studies of revascularization in patients with multivessel disease have 
compared a predominantly stent-based PCI strategy with contempo-
rary surgical techniques, including the judicious use of internal tho-
racic arterial conduits. The equivalent prognostic impact of bare-metal 
stent (BMS) placement or CABG for the treatment of multivessel 
disease was confirmed in a pooled patient-level meta-analysis of 5-year 
data from 3051 patients enrolled in the Arterial Revascularization 
Therapies Study (ARTS); the Argentine Randomized Trial of Coronary 
Angioplasty With Stenting Versus Coronary Bypass Surgery in Patients 
with Multivessel Disease (ERACI-II); the Medicine, Angioplasty, or 
Surgery Study for Multivessel Coronary Artery Disease (MASS-II); 
and Stent or Surgery (SoS) trials.35 In this analysis, the 5-year cumula-
tive incidences of death, MI, and stroke were similar among patients 
randomized to PCI with BMS compared with CABG (16.7% vs. 16.9%; 
HR, 1.04; 95% CI, 0.86 to 1.27; P = .69). Repeat revascularization, 
however, occurred significantly more often in patients assigned to PCI 
(29.0% vs. 7.9%; HR, 0.23; 95% CI, 0.18 to 0.29) compared with CABG, 
with a persistent separation of the curves over time (Fig. 18-11).

FIGURE 18-10	 Relationship	 of	 graded	 coronary	 anatomy.	 This	
includes	the	number	of	vessels	with	at	least	75%	stenosis	(VD),	
severity	 of	 disease	 (≥95%	 stenosis),	 presence	 of	 left	 anterior	
descending	(LAD)	coronary	artery	disease	(CAD),	and	differential	
mortality	 hazard	 after	 either	 coronary	 artery	 bypass	 grafting	
(CABG)	 or	 percutaneous	 transluminal	 coronary	 angioplasty	
(PTCA).	 A	 gradient	 of	 outcome	 effect	 is	 identified	 because	
increased	severity	of	CAD	is	associated	with	improved	outcome	
in	CABG-treated	patients	compared	with	the	outcome	associated	
with	 percutaneous	 coronary	 intervention	 (PCI)	 in	 patients	 with	
similar	 high-severity	 disease.	 Y	 indicates	 yes;	 N	 indicates	 no.	
Prox,	Proximal.	(Adapted	from	Jones	RH,	Kesler	K,	Phillips	HR	
3rd,	et	al:	Long-term	survival	benefits	of	coronary	artery	bypass	
grafting	and	percutaneous	 transluminal	angioplasty	 in	patients	
with	coronary	artery	disease.	J	Thorac	Cardiovasc	Surg	111[5]:
1013-1025,	1996.)
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FIGURE 18-11	 Kaplan-Meier	5-year	event-free	survival	estimates	from	a	pooled	patient-level	meta-analysis	of	revascularization	with	coronary	artery	
bypass	grafting	(CABG)	or	percutaneous	coronary	intervention	(PCI)	with	bare-metal	stents.	A,	Overall	survival.	B,	Survival	free	of	stroke	or	myo-
cardial	infarction.	C,	Survival	free	of	repeat	revascularization.	D,	Survival	free	of	major	adverse	cardiac	and	cerebrovascular	events.	(From	Daemen	
J,	Boersma	E,	Flather	M,	et	al:	Long-term	safety	and	efficacy	of	percutaneous	coronary	intervention	with	stenting	and	coronary	artery	bypass	surgery	
for	multivessel	coronary	artery	disease:	a	meta-analysis	with	5-year	patient-level	data	from	the	ARTS,	ERACI-II,	MASS-II,	and	SoS	trials.	Circulation	
118[11]:1146-1154,	2008.)
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More recently, the Future Revascularization Evaluation in Patients 
With Diabetes Mellitus: Optimal Management of Multivessel Disease 
(FREEDOM) trial40 has provided further insight into revascularization 
strategies in diabetic patients with multivessel coronary disease. In this 
trial, 1900 patients were randomized to PCI or CABG to evaluate the 
primary end point of all-cause mortality, nonfatal MI, or nonfatal 
stroke over a median follow-up period of 3.8 years. At 5 years, the 
primary outcome occurred more frequently in the PCI group com-
pared with the CABG group (26.6% vs. 18.7%, P = .005). The benefit 
of CABG was driven by differences in rates of both MI (P < .001) and 
death from any cause (P = .049). Stroke was more frequent in the 
CABG group, with 5-year rates of 2.4% in the PCI group and 5.2% in 
the CABG group (P = .03). In a secondary analysis, between 6 months 
and 2 years following index revascularization, CABG provided greater 
improvements in health status measured by angina relief, physical 
function, and overall quality of life than treatment with PCI.41 However, 
both revascularization strategies resulted in substantial and sustained 
improvements in quality of life and functional status, and the magni-
tude of benefit with CABG over PCI was modest. Beyond 2 years, no 

than in the PCI group (2.7% vs. 0.3%, P = .009). When scored for 
anatomic complexity (see “Tools for Selection of Therapy” section), 
outcomes for those patients with low or intermediate SYNTAX scores 
were similar between the PCI and CABG groups. However, in patients 
in the highest tertile of SYNTAX score, adverse outcomes were signifi-
cantly higher in those treated with PCI, driven primarily by increased 
requirements for repeat revascularization. Another exploratory analy-
sis that involved patients with treated diabetes mellitus39 demonstrated 
significantly higher event rates in patients undergoing PCI for left main 
CAD and/or three-vessel disease, related to a marked increase in the 
need for repeat revascularization in this group (20.3% vs. 6.4%, P < 
.001) at 1 year. Whereas outcomes were similar between treatment 
groups for both patients with and without diabetes mellitus in the 
lower tertiles of SYNTAX score, an excess mortality risk was observed 
in patients with diabetes mellitus in the highest SYNTAX tertile (≥33). 
The favorable outcomes for both patients with and without diabetes 
mellitus in the lower SYNTAX tertiles offer an opportunity for further 
evaluation of the safety and feasibility of PCI in these patient 
subgroups.
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Asymptomatic Cardiac Ischemic Pilot (ACIP) trial.44 In ACIP, 558 
patients with coronary disease suitable for revascularization, silent 
ischemia on Holter monitor, and ischemia on exercise testing were 
randomized to medical treatment of angina, medical treatment of 
angina and ambulatory ischemic episodes, or revascularization. At 
both 1- and 2-year25 follow-up, survival was best in the routine revas-
cularization arm and was worst in the angina-guided arm, suggesting 
that amelioration of silent ischemia through prompt revascularization 
may provide important clinical benefit (Fig. 18-12). Unfortunately, 
further data in this regard have not been forthcoming, leaving physi-
cians with as many questions as answers for the appropriate diagnostic 
and therapeutic strategies in patients suspected to suffer from silent 
ischemia.

TOOLS FOR SELECTION OF THERAPY
The growing number and scope of prospective trials on revasculariza-
tion has provided an important objective structure to guide general 
discussion of treatment algorithms. However, revascularization deci-
sions for individual patients continue to rely on the subjective “read” 
by practicing physicians of what is best for the patient. Beyond the 
essential institution of OMT and risk-factor modification programs  
for all patients, determination of whether to offer revascularization—
and if so, what type—is often based on the subjective compilation of 
baseline clinical characteristics and presentation features. Factors such 
as anginal status, age, sex, and risk-factor profile provide important 
clues regarding the selection of optimal treatment. In addition, indi-
vidual patient desires and experience, as well as the bias of treating 
physicians, play a significant role in shading discussions and ultimate 
treatment choice. Several comparative tools are now available to assist 
physicians and patients in discussing revascularization options. These 
tools provide guidance through the integration of certain anatomic, 

difference was seen in health status assessments, in part due to the 
higher rate of repeat revascularization with PCI.

REVASCULARIZATION IN PATIENTS WITH  
SILENT ISCHEMIA

A primary goal of percutaneous revascularization is the control of 
medically refractory symptoms. However, in patients with asymptom-
atic myocardial ischemia, the only reasonable rationale for proceeding 
to revascularization is to improve prognosis through amelioration of 
the ischemic burden. Indeed, substantial evidence supports the prog-
nostic hazard associated with silent myocardial ischemia, which may 
be present in 2% to 4% of the general population and travels in the 
company of numerous risk factors and markers of adverse outcome. 
Patients with diabetes mellitus, prior MI or ACS, chronic renal failure, 
sudden death episodes, and typical/atypical anginal symptoms may all 
exhibit evidence of asymptomatic myocardial ischemia on Holter 
monitor or exercise treadmill testing; prognosis may be impaired in 
these groups of patients. Unfortunately, it remains unclear when or in 
whom it is appropriate to screen for silent ischemia. The Detection of 
Ischemia in Asymptomatic Diabetics (DIAD) trial42 was a randomized 
trial to assess the clinical impact of screening for CAD in asymptom-
atic adults with diabetes mellitus. The study enrolled 1123 patients, of 
whom 522 were randomly assigned to adenosine-stress radionuclide 
MPI and 562 to routine care and follow-up. Of the screening group, 
22% had documented silent myocardial ischemia, and 6% exhibited a 
significant degree of ischemia. At 5-year follow-up, the overall cardiac 
event rate was 2.9% (0.6% per year) and was not significantly different 
between the screened group and the group that was not screened (2.7% 
vs. 3.0%, P = .73). Among the small group of patients who underwent 
initial screening and had a significant degree of demonstrable isch-
emia, event rates were significantly higher than in the overall popula-
tion (2.4% per year vs. 0.4% per year, P = .001). This trial demonstrated 
the low yield associated with screening asymptomatic patients, even 
those with high clinical risk profiles. In addition, although this trial 
was not intended to evaluate the benefit of revascularization for asymp-
tomatic ischemia and did not regulate additional diagnostic or thera-
peutic measures beyond protocol-specified nuclear stress imaging, the 
impact of screening was very minor. Perhaps most remarkable was the 
dynamic nature of the documented ischemia. At 3-year follow-up, 79% 
of the patients identified as having asymptomatic myocardial ischemia 
at baseline no longer exhibited evidence of ischemia, but 10% of 
patients without previously documented ischemia had an abnormal 
study during that time. Although the potential benefit of diagnostic 
strategies to evaluate for silent ischemia is unclear, very few data 
remain regarding the role of revascularization in patients with docu-
mented silent ischemia. The best inferential data for the potential prog-
nostic benefit of revascularization in this clinical setting involve the 
documentation of an association between degree of myocardial isch-
emia and poor outcome. Zellweger and colleagues43 identified just such 
an association among 3664 consecutive asymptomatic patients under-
going MPI. During an average of 1.9 years of follow-up, 38 patients 
suffered death or MI. Patients with greater degrees of ischemia at 
baseline had statistically greater event rates: patients who exhibited 
more than 7.5% ischemic myocardium suffered event rates in excess of 
3% per year. Hachamovitch and colleagues22 similarly followed 10,627 
patients without a history of coronary disease who had undergone 
MPI. At a mean follow-up of nearly 2 years, cardiac death was observed 
in 1.4% of patients. These investigators discovered a statistically signifi-
cant benefit associated with revascularization compared with OMT in 
patients with an ischemic burden approaching 10% or more of the 
myocardium, whereas OMT held the edge with lower levels of isch-
emia (see Fig. 18-8). The nuclear substudy of the COURAGE trial, 
discussed earlier,19 also provides fascinating insight into the potential 
for amelioration of myocardial ischemia to affect outcome.

The most direct evidence of a potential role for revascularization  
in patients with asymptomatic ischemia was documented in the 

FIGURE 18-12	 Two-year	cumulative	rates	of	death	or	myocardial	infarc-
tion.	Data	are	from	558	patients	with	ischemia	on	ambulatory	monitor-
ing	and	stress	 testing	 treated	with	 revascularization,	 revascularization	
in	the	presence	of	documented	ischemia,	or	angina-guided	revascular-
ization.	 The	 outcome	 of	 the	 planned	 revascularization	 strategy	 was	
significantly	different	from	that	of	the	angina-guided	strategy,	with	a	61%	
relative	risk	reduction	(P	<	.01).	The	27%	relative	risk	reduction	between	
the	angina-guided	and	ischemia-guided	arms	was	not	significant,	nor	
was	the	difference	between	the	revascularization	and	ischemia-guided	
strategies.	(From	Davies	RF,	Goldberg	AD,	Forman	S,	et	al:	Asymptom-
atic	Cardiac	Ischemia	Pilot	[ACIP]	study	two-year	follow-up:	outcomes	
of	 patients	 randomized	 to	 initial	 strategies	 of	medical	 therapy	 versus	
revascularization.	Circulation	95[8]:2037-2043,	1997.)
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FIGURE 18-13	 Appropriateness	 ratings	 for	 asymptomatic	patients	without	 prior	 coronary	bypass	with	 low-risk	 findings	on	noninvasive	 imaging	
study.	A,	Appropriate;	CTO,	chronic	total	occlusion;	I,	inappropriate;	Int.,	intermediate;	Max,	maximum;	Med.,	medical;	min,	minimum;	prox.	LAD,	
proximal	left	anterior	descending	artery;	Rx,	treatment;	U,	uncertain;	vz.,	vessel.	(From	Patel	MR,	Dehmer	GJ,	Hirshfeld	JW,	et	al:	ACCF/SCAI/STS/
AATS/AHA/ASNC	2009	appropriateness	criteria	for	coronary	revascularization:	a	report	of	the	American	College	of	Cardiology	Foundation	Appropri-
ateness	 Criteria	 Task	 Force,	 Society	 for	 Cardiovascular	 Angiography	 and	 Interventions,	 Society	 of	 Thoracic	 Surgeons,	 American	 Association	 for	
Thoracic	Surgery,	American	Heart	Association,	and	the	American	Society	of	Nuclear	Cardiology:	endorsed	by	the	American	Society	of	Echocardiog-
raphy,	the	Heart	Failure	Society	of	America,	and	the	Society	of	Cardiovascular	Computed	Tomography.	Circulation	119[9]:1330-1352,	2009.)
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functional, and/or baseline clinical components. Some scores, such as 
the Mayo Clinic risk score45 and the National Cardiovascular Data 
Registry (NCDR) risk score,46 were developed to aid in risk assessment 
after PCI, whereas others—such as the Society of Thoracic Surgeons 
(STS) score (see the online risk calculator at http://riskcalc.sts.org/
STSWebRiskCalc273),47 the EuroSCORE48 (see the online risk calcula-
tor at www.euroscore.org/calc.html), and the age, creatinine, and ejec-
tion fraction (ACEF)49 score—have been validated as independent 
predictors of adverse events in patients undergoing CABG. Although 
several of these scores have subsequently been evaluated for prognostic 
ability in patients who present for either PCI or CABG,38,49,50 they have 
not proved useful in determining optimal treatment selection. The 
SYNTAX score,51 on the other hand, was developed to provide prog-
nostic information regarding outcome after either PCI or CABG in 
patients with multivessel disease based on the functional impact of 
angiographically documented coronary disease. The SYNTAX score is 
a quantitative score that provides a cumulative measure of the extent 
and complexity of angiographically evident CAD, taking into account 
the number, location, and characteristics of lesions identified angio-
graphically, as well as the extent of myocardium subserved. Among 
patients with three-vessel and/or left main CAD randomized in the 
SYNTAX trial,36 those who were treated with paclitaxel-eluting stent 
PCI exhibited increasing MACCE rates at 2 years in direct relationship 
to increased disease complexity as defined by the baseline SYNTAX 
score. This effect was not identified in patients treated with an initial 
strategy of CABG. Although MACCE rates were not statistically dif-
ferent between patients treated in the PCI or CABG arms when the 
baseline SYNTAX score was low (0 to 22) or intermediate (23 to 32), 
patients with high SYNTAX scores (>32) experienced lower MACCE 
rates when treated with CABG compared with those who underwent 
PCI.52 Because the SYNTAX score has not shown discriminative ability 
for risk prognostication among patients undergoing CABG, a mode of 
revascularization less affected by the complexity of disease, the primary 
impact of this score is to aid in the identification of patients at undue 

risk for MACCE after PCI who might therefore benefit from treatment 
with CABG. Whether incorporation of additional clinical demograph-
ics into the SYNTAX model enhances the discriminative value and risk 
prediction is a focus of ongoing study.53

Risk scores can provide statistical insight into the population-based 
risks associated with percutaneous or surgical revascularization, but 
they are unable to identify specific risks for an individual patient. To 
provide additional assistance in risk stratification and treatment selec-
tion, some national bodies have recently undertaken an initiative to 
provide guidance through the publication of appropriateness criteria. 
These documents are essentially an extension of evidence-based guide-
line documents and serve to fill the gap between known scientific 
findings and individual patient variability. In the case of the American 
College of Cardiology Foundation (ACCF)/Society for Cardiovascular 
Angiography and Interventions (SCAI)/Society of Thoracic Surgeons 
(STS)/American Association for Thoracic Surgery (AATS)/American 
Heart Association (AHA)/and American Society of Nuclear Cardiol-
ogy (ASNC) 2009 Appropriateness Criteria for Coronary Revascular-
ization,20,54 nominated technical panelists use a compendium of 
currently available evidence and current consensus to evaluate the 
likely benefit and risk associated with revascularization across a broad 
range of specific patient subtypes. These scenarios are rated on a scale 
of 1 to 9, first by individual panelists and then collectively. After final 
review, each scenario is scored as either appropriate (scores 7 to 9: 
revascularization is generally acceptable and reasonable and is likely  
to improve the patient’s outcome), uncertain (scores 4 to 6: revascular-
ization may be acceptable or reasonable, but further research is neces-
sary for this patient scenario), or inappropriate (scores 1 to 3: 
revascularization is not generally accepted or reasonable in this situa-
tion and is unlikely to provide prognostic or clinical benefit). In this 
way, recommendations found in the appropriateness criteria can facili-
tate discussions with patients, family, and members of the medical 
team regarding the likely benefits of revascularization strategies (Figs. 
18-13 through 18-16).

http://riskcalc.sts.org/STSWebRiskCalc273
http://riskcalc.sts.org/STSWebRiskCalc273
http://www.euroscore.org/calc.html
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FIGURE 18-14	 Appropriateness	ratings	for	patients	without	prior	coronary	bypass	with	intermediate-risk	findings	on	noninvasive	imaging	study	and	
Canadian	Cardiovascular	Society	(CCS)	class	I	or	II	angina.	A,	Appropriate;	CTO,	chronic	total	occlusion;	I,	inappropriate;	Int.,	intermediate;	Max,	
maximum;	Med.,	medical;	min,	minimum;	prox.	LAD,	proximal	left	anterior	descending	artery;	Rx,	treatment;	U,	uncertain;	vz.,	vessel.	(From	Patel	
MR,	Dehmer	GJ,	Hirshfeld	JW,	et	al:	ACCF/SCAI/STS/AATS/AHA/ASNC	2009	appropriateness	criteria	for	coronary	revascularization:	a	report	of	the	
American	College	of	Cardiology	Foundation	Appropriateness	Criteria	Task	Force,	Society	for	Cardiovascular	Angiography	and	Interventions,	Society	
of	Thoracic	Surgeons,	American	Association	 for	Thoracic	Surgery,	American	Heart	Association,	and	 the	American	Society	of	Nuclear	Cardiology:	
endorsed	by	the	American	Society	of	Echocardiography,	the	Heart	Failure	Society	of	America,	and	the	Society	of	Cardiovascular	Computed	Tomog-
raphy.	Circulation	119[9]:1330-1352,	2009.)
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FIGURE 18-15	 Appropriateness	ratings	for	patients	without	prior	coronary	bypass	with	high-risk	findings	on	noninvasive	imaging	study	and	Canadian	
Cardiovascular	Society	(CCS)	class	III	or	IV	angina.	A,	Appropriate;	CTO,	chronic	total	occlusion;	I,	inappropriate;	Int.,	intermediate;	Max,	maximum;	
Med.,	medical;	min,	minimum;	prox.	LAD,	proximal	left	anterior	descending	artery;	Rx,	treatment;	U,	uncertain;	vz.,	vessel.	(From	Patel	MR,	Dehmer	
GJ,	 Hirshfeld	 JW,	 et	al:	 ACCF/SCAI/STS/AATS/AHA/ASNC	 2009	 appropriateness	 criteria	 for	 coronary	 revascularization:	 a	 report	 of	 the	 American	
College	of	Cardiology	Foundation	Appropriateness	Criteria	Task	Force,	Society	for	Cardiovascular	Angiography	and	Interventions,	Society	of	Thoracic	
Surgeons,	American	Association	for	Thoracic	Surgery,	American	Heart	Association,	and	the	American	Society	of	Nuclear	Cardiology:	Endorsed	by	
the	American	Society	of	Echocardiography,	the	Heart	Failure	Society	of	America,	and	the	Society	of	Cardiovascular	Computed	Tomography.	Circula-
tion	119[9]:1330-1352,	2009.)
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FIGURE 18-16	 Appropriateness	 rating	 of	 specific	 method	 of	 revascularization	 in	 patients	 with	 advanced	 coronary	 artery	 disease	 deemed	 to	 be	
revascularization	candidates.	A,	Appropriate;	CABG,	coronary	artery	bypass	grafting;	I,	inappropriate;	LAD,	left	anterior	descending	artery;	LVEF,	left	
ventricular	ejection	 fraction;	PCI,	percutaneous	coronary	 intervention;	U,	uncertain.	(From	Patel	MR,	Dehmer	GJ,	Hirshfeld	JW,	et	al:	ACCF/SCAI/
STS/AATS/AHA/ASNC	 2009	 appropriateness	 criteria	 for	 coronary	 revascularization:	 a	 report	 of	 the	 American	 College	 of	 Cardiology	 Foundation	
Appropriateness	Criteria	Task	Force,	Society	for	Cardiovascular	Angiography	and	Interventions,	Society	of	Thoracic	Surgeons,	American	Association	
for	Thoracic	Surgery,	American	Heart	Association,	and	the	American	Society	of	Nuclear	Cardiology:	Endorsed	by	the	American	Society	of	Echocar-
diography,	the	Heart	Failure	Society	of	America,	and	the	Society	of	Cardiovascular	Computed	Tomography.	Circulation	119[9]:1330-1352,	2009.)
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quality of life and, ultimately, prognosis. Indeed, percutaneous revas-
cularization can effectively modulate long-term outcome directly 
through a reduction of ischemic burden, as well as indirectly through 
symptom control and improved exercise tolerance. As percutaneous 
technology continues to evolve, which it surely will, promising new 
indications will be discovered and added to the ever-expanding list of 
beneficial effects. In the setting of rising health care costs and the 
economic realities of delivering a finite resource, however, efforts to 
establish and clarify the most appropriate revascularization strategies 
and candidates will ensure the continued availability of these tech-
niques to an ever-growing population of those who may benefit.

SUMMARY
Symptomatic CAD is a growing problem throughout the world, with 
significant associated economic and societal costs. Although there is 
presently no cure for ischemic CAD, it is increasingly possible to alter 
the course of the disease through judicious utilization of the rapidly 
evolving medical, surgical, and percutaneous therapies currently avail-
able. Successful disease management and symptom palliation can be 
achieved by a robust regimen based on optimal medical management 
and risk-factor modification through diet and exercise. Percutaneous 
revascularization also plays an important role in achieving improved 

REFERENCES

1. Roger VL, Go AS, Lloyd-Jones DM, et al: Heart disease and stroke 
statistics—2011 update: a report from the American Heart Asso-
ciation. Circulation 123(4):e18–e209, 2011.

2. Ford ES, Ajani UA, Croft JB, et al: Explaining the decrease in U.S. 
deaths from coronary disease, 1980-2000. N Engl J Med 356(23):
2388–2398, 2007.

3. Gibbons RJ, Abrams J, Chatterjee K, et al: ACC/AHA 2002 guide-
line update for the management of patients with chronic stable 
angina—summary article: a report of the American College of 
Cardiology/American Heart Association Task Force on Practice 
Guidelines (Committee on the Management of Patients With 
Chronic Stable Angina). Circulation 107:149–158, 2003.

4. Bonetti PO, Holmes DR, Lerman A, et al: Enhanced external 
counterpulsation for ischemic heart disease. What’s behind the 
curtain? J Am Coll Cardiol 41(11):1918–1925, 2003.

5. Katritsis DG, Ioannidis JPA: Percutaneous coronary intervention 
versus conservative therapy in nonacute coronary artery disease: 
a meta-analysis. Circulation 111(22):2906–2912, 2005.

6. Barsness GW, Gersh BJ, Brooks MM, et al: Rationale for the revas-
cularization arm of the Bypass Angioplasty Revascularization 
Investigation 2 Diabetes (BARI 2D) trial. Am J Cardiol 97(12, 
Suppl 1):31–40, 2006.

7. Mahn-Won P, Ki-Bae S, Pum-Joon K, et al: Long-term percutane-
ous coronary intervention rates and associated independent pre-
dictors for progression of nonintervened nonculprit coronary 
lesions. Am J Cardiol 104(5):648–652, 2009.

8. Stone GW, Maehara A, Lansky AJ, et al: A prospective natural-
history study of coronary atherosclerosis. N Engl J Med 364(3):
226–235, 2011.

9. Wijeysundera HC, Nallamothu BK, Krumholz HM, et al: Meta-
analysis: effects of percutaneous coronary intervention versus 
medical therapy on angina relief. Ann Intern Med 152(6):370–379, 
2010.

10. Boden WE, O’Rourke RA, Teo KK, et al: Optimal medical therapy 
with or without PCI for stable coronary disease. N Engl J Med 
356(15):1503–1516, 2007.

11. Hochman JS, Lamas GA, Buller CE, et al: Coronary intervention 
for persistent occlusion after myocardial infarction. N Engl J Med 
355(23):2395–2407, 2006.

12. Weintraub WS, Spertus JA, Kolm P, et al: Effect of PCI on quality 
of life in patients with stable coronary disease. N Engl J Med 
359(7):677–687, 2008.

13. Schömig A, Mehilli J, de Waha A, et al: A meta-analysis of 17 
randomized trials of a percutaneous coronary intervention-based 
strategy in patients with stable coronary artery disease. J Am Coll 
Cardiol 52(11):894–904, 2008.

14. Jeremias A, Kaul S, Rosengart TK, et al: The impact of revascu-
larization on mortality in patients with nonacute coronary artery 
disease. Am J Med 122(2):152–161, 2009.

15. Trikalinos TA, Alsheikh-Ali AA, Tatsioni A, et al: Percutaneous 
coronary interventions for non-acute coronary artery disease: a 
quantitative 20-year synopsis and a network meta-analysis. Lancet 
373(9667):911–918, 2009.

16. Daly CA, De Stavola B, Sendon JL, et al: Predicting prognosis  
in stable angina—results from the Euro heart survey of stable 
angina: prospective observational study. BMJ 332(7536):262–267, 
2006.

17. Hjemdahl P, Eriksson SV, Held C, et al: Favourable long term 
prognosis in stable angina pectoris: an extended follow up of the 
angina prognosis study in Stockholm (APSIS). Heart 92(2):177–
182, 2006.

18. Barsness GW: Managing the patient with severe left ventricular 
dysfunction. In Ellis SG, Holmes DR, Jr, editors: Strategic 
approaches in coronary intervention, ed 3, Philadelphia, 2006, 
Lippincott, Williams & Wilkins, pp 407–423.

19. Shaw LJ, Berman DS, Maron DJ, et al: Optimal medical therapy 
with or without percutaneous coronary intervention to reduce 
ischemic burden: results from the Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug Evaluation (COURAGE) 
trial nuclear substudy. Circulation 117(10):1283–1291, 2008.

20. Patel MR, Dehmer GJ, Hirshfeld JW, et al: ACCF/SCAI/STS/
AATS/AHA/ASNC 2009 Appropriateness Criteria for Coronary 
Revascularization: A report of the American College of Cardiol-
ogy Foundation Appropriateness Criteria Task Force, Society for 
Cardiovascular Angiography and Interventions, Society of Tho-
racic Surgeons, American Association for Thoracic Surgery, 
American Heart Association, and the American Society of 
Nuclear Cardiology: endorsed by the American Society of 

Echocardiography, the Heart Failure Society of America, and the 
Society of Cardiovascular Computed Tomography. Circulation 
119(9):1330–1352, 2009.

21. Smith PK, Califf RM, Tuttle RH, et al: Selection of surgical or 
percutaneous coronary intervention provides differential longev-
ity benefit. Ann Thorac Surg 82(4):1420–1429, 2006.

22. Hachamovitch R, Hayes SW, Friedman JD, et al: Comparison of 
the short-term survival benefit associated with revascularization 
compared with medical therapy in patients with no prior coro-
nary artery disease undergoing stress myocardial perfusion single 
photon emission computed tomography. Circulation 107(23):
2900–2907, 2003.

23. Maron DJ, Boden WE, O’Rourke RA, et al: Intensive multifacto-
rial intervention for stable coronary artery disease: optimal 
medical therapy in the COURAGE (Clinical Outcomes Utilizing 
Revascularization and Aggressive Drug Evaluation) trial. J Am 
Coll Cardiol 55(13):1348–1358, 2010.

24. Steinberg BA, Steg PG, Bhatt DL, et al: Comparisons of guideline-
recommended therapies in patients with documented coronary 
artery disease having percutaneous coronary intervention versus 
coronary artery bypass grafting versus medical therapy only 
(from the REACH International Registry). Am J Cardiol 99(9):
1212–1215, 2007.

25. Davies RF, Goldberg AD, Forman S, et al: Asymptomatic  
Cardiac Ischemia Pilot (ACIP) study two-year follow-up: out-
comes of patients randomized to initial strategies of medical 
therapy versus revascularization. Circulation 95(8):2037–2043, 
1997.

26. The BARI 2D Study Group: A randomized trial of therapies for 
type 2 diabetes and coronary artery disease. N Engl J Med 360(24):
2503–2515, 2009.

27. Chaitman BR, Hardison RM, Adler D, et al: The Bypass Angio-
plasty Revascularization Investigation 2 Diabetes randomized 
trial of different treatment strategies in type 2 diabetes mellitus 
with stable ischemic heart disease: impact of treatment strategy 
on cardiac mortality and myocardial infarction. Circulation 
120(25):2529–2540, 2009.

28. Sarno G, Garg S, Onuma Y, et al: Impact of completeness  
of revascularization on the five-year outcome in percutaneous 



 CHAPTER 18  Elective Intervention for Stable Angina or Silent Ischemia 311

coronary intervention and coronary artery bypass graft patients 
(from the ARTS-II Study). Am J Cardiol 106(10):1369–1375, 
2010.

29. Hannan EL, Racz M, Holmes DR, et al: Impact of completeness 
of percutaneous coronary intervention revascularization on long-
term outcomes in the stent era. Circulation 113(20):2406–2412, 
2006.

30. Jones RH, Kesler K, Phillips HR, 3rd, et al: Long-term survival 
benefits of coronary artery bypass grafting and percutaneous 
transluminal angioplasty in patients with coronary artery disease. 
J Thorac Cardiovasc Surg 111(5):1013–1025, 1996.

31. Aziz O, Rao C, Panesar SS, et al: Meta-analysis of minimally inva-
sive internal thoracic artery bypass versus percutaneous revascu-
larisation for isolated lesions of the left anterior descending artery. 
BMJ 334(7594):617, 2007.

32. Kapoor JR, Gienger AL, Ardehali R, et al: Isolated disease of  
the proximal left anterior descending artery: comparing the effec-
tiveness of percutaneous coronary interventions and coronary 
artery bypass surgery. JACC Cardiovasc Interv 1(5):483–491, 
2008.

33. Goy J-J, Kaufmann U, Hurni M, et al: 10-year follow-up of a 
prospective randomized trial comparing bare-metal stenting with 
internal mammary artery grafting for proximal, isolated de novo 
left anterior coronary artery stenosis: the SIMA (Stenting versus 
Internal Mammary Artery grafting) Trial. J Am Coll Cardiol 
52(10):815–817, 2008.

34. Barsness GW, Holmes DR, Jr, Gersh BJ: Integrated management 
of patients with diabetes mellitus and ischemic heart disease: PCI, 
CABG, and medical therapy. Curr Probl Cardiol 30(11):583–617, 
2005.

35. Daemen J, Boersma E, Flather M, et al: Long-term safety and 
efficacy of percutaneous coronary intervention with stenting and 
coronary artery bypass surgery for multivessel coronary artery 
disease: a meta-analysis with 5-year patient-level data from the 
ARTS, ERACI-II, MASS-II, and SoS trials. Circulation 118(11):
1146–1154, 2008.

36. Serruys PW, Morice M-C, Kappetein AP, et al: Percutaneous coro-
nary intervention versus coronary-artery bypass grafting for 
severe coronary artery disease. N Engl J Med 360(10):961–972, 
2009.

37. Mohr FW, Morice M-C, Kappetein AP, et al: Coronary artery 
bypass graft surgery versus percutaneous coronary intervention 
in patients with three-vessel disease and left main coronary 
disease: 5-year follow-up of the randomised, clinical Syntax trial. 
Lancet 381(9867):629–638, 2013.

38. Morice MC, Serruys PW, Kappetein AP, et al: Outcomes in 
patients with de novo left main disease treated with either percu-
taneous coronary intervention using paclitaxel-eluting stents or 
coronary artery bypass graft treatment in the Synergy Between 
Percutaneous Coronary Intervention with TAXUS and Cardiac 
Surgery (SYNTAX) trial. Circulation 121(24):2645–2653, 2010.

39. Banning AP, Westaby S, Morice M-C, et al: Diabetic and nondia-
betic patients with left main and/or 3-vessel coronary artery 
disease: comparison of outcomes with cardiac surgery and 
paclitaxel-eluting stents. J Am Coll Cardiol 55(11):1067–1075, 
2010.

40. FREEDOM Trial Investigators: Strategies for multivessel revascu-
larization in patients with diabetes. N Engl J Med 367(25):2375–
2384, 2012.

41. Abdallah MS, Wang K, Magnuson EA, et al: Quality of life after 
PCI vs CABG among patients with diabetes and multivessel coro-
nary artery disease: a randomized clinical trial. JAMA 310(15):
1581–1590, 2013.

42. Young LH, Wackers FJ, Chyun DA, et al: Cardiac outcomes after 
screening for asymptomatic coronary artery disease in patients 
with type 2 diabetes. JAMA 301(15):1547–1555, 2009.

43. Zellweger M, Hachamovitch R, Kang X, et al: Threshold, inci-
dence, and predictors of prognostically high-risk silent ischemia 
in asymptomatic patients without prior diagnosis of coronary 
artery disease. J Nucl Cardiol 16(2):193–200, 2009.

44. Rogers WJ, Bourassa MG, Andrews TC, et al: Asymptomatic 
Cardiac Ischemia Pilot (ACIP) study: outcome at 1 year for 
patients with asymptomatic cardiac ischemia randomized to 
medical therapy or revascularization. J Am Coll Cardiol 26(3):
594–605, 1995.

45. Singh M, Rihal CS, Lennon RJ, et al: Bedside estimation of risk 
from percutaneous coronary intervention: the New Mayo Clinic 
risk scores. Mayo Clin Proc 82(6):701–708, 2007.

46. Peterson ED, Dai D, DeLong ER, et al: Contemporary mortality 
risk prediction for percutaneous coronary intervention: results 

from 588,398 procedures in the National Cardiovascular Data 
Registry. J Am Coll Cardiol 55(18):1923–1932, 2010.

47. Edwards F, Clark R, Schwartz M: Coronary artery bypass grafting: 
the Society of Thoracic Surgeons National Database experience. 
Ann Thorac Surg 57(1):12–19, 1994.

48. Nashef SA, Roques F, Michel P, et al: European system for cardiac 
operative risk evaluation (EuroSCORE). Eur J Cardiothorac Surg 
16(1):9–13, 1999.

49. Ranucci M, Castelvecchio S, Menicanti L, et al: Risk of assessing 
mortality risk in elective cardiac operations: age, creatinine, ejec-
tion fraction, and the law of parsimony. Circulation 119(24):3053–
3061, 2009.

50. Singh M, Gersh BJ, Li S, et al: Mayo Clinic risk score for percu-
taneous coronary intervention predicts in-hospital mortality in 
patients undergoing coronary artery bypass graft surgery. Circula-
tion 117(3):356–362, 2008.

51. Sianos G, Morel MA, Kappetein AP, et al: The SYNTAX Score: an 
angiographic tool grading the complexity of coronary artery 
disease. EuroIntervention 1(2):219–227, 2005.

52. Mohr FW, Rastan AJ, Serruys PW, et al: Complex coronary 
anatomy in coronary artery bypass graft surgery: Impact of 
complex coronary anatomy in modern bypass surgery? Lessons 
learned from the SYNTAX trial after two years. J Thorac Cardio-
vasc Surg 141(1):130–140, 2011.

53. Farooq V, van Klaveren D, Steyerberg EW, et al: Anatomical and 
clinical characteristics to guide decision making between coro-
nary artery bypass surgery and percutaneous coronary interven-
tion for individual patients: development and validation of 
SYNTAX score II. Lancet 381(9867):639–650, 2013.

54. Patel MR, Dehmer GJ, Hirshfeld JW, et al: ACCF/SCAI/STS/
AATS/AHA/ASNC/HFSA/SCCT 2012 appropriate use criteria 
for coronary revascularization focused update: a report of the 
American College of Cardiology Foundation Appropriate Use 
Criteria Task Force, Society for Cardiovascular Angiography and 
Interventions, Society of Thoracic Surgeons, American Associa-
tion for Thoracic Surgery, American Heart Association, American 
Society of Nuclear Cardiology, and the Society of Cardiovascular 
Computed Tomography. J Am Coll Cardiol 59(9):857–881, 
2012.



312

Over the past 33 years, percutaneous coronary intervention (PCI) 
has evolved from a somewhat tenuous and experimental proce-

dure to a durable and mainstream therapy, and as a result, the clinical 
indications for PCI have broadened to include patients with both stable 
angina pectoris and acute coronary syndrome (ACS).1-3

Acute coronary syndrome refers to the spectrum of clinical signs and 
symptoms that occur as a result of acute myocardial ischemia, and it 
is classified as an NSTE-ACS or as an ST-segment–elevation ACS 
(STE-ACS). NSTE-ACS includes patients with unstable angina (UA, 
negative cardiac biomarkers) or non–ST-segment elevation myocardial 
infarction (NSTEMI, positive cardiac biomarkers), and STE-ACS 
includes patients with ST-segment–elevation myocardial infarction 
(STEMI).4 Over the last 10 years, the incidence rates of STEMI have 
decreased significantly, and STEMI now makes up less than one third 
of all MIs in the United States. Thus NSTE-ACS currently accounts for 
over two-thirds of all acute coronary syndromes.5 Various strategies 
have been proposed for the management of NSTE-ACS patients, and 
more recent guidelines and clinical trials increasingly support an inva-
sive strategy for high-risk ACS patients and a less invasive, more con-
servative strategy for patients deemed to be at lower risk.6

In this chapter, we discuss PCI for patients with NSTE-ACS and 
focus on the pathophysiology, risk stratification, adjunctive treatment 
during PCI, early invasive versus ischemia-guided strategy, and the 

most recent American College of Cardiology (ACC)/American Heart 
Association (AHA) guidelines for the management of patients with 
NSTE-ACS.7

BACKGROUND AND RATIONALE FOR  
PERCUTANEOUS CORONARY INTERVENTION IN 
PATIENTS WITH NON–ST-SEGMENT ELEVATION 
ACUTE CORONARY SYNDROME

Coronary atherosclerosis is a chronic disease in which atheromatous 
material generally evolves silently over time and may eventually result 
in the development of a high-risk (i.e., vulnerable) plaque (Fig. 19-1).8 
Rupture or erosion of this high-risk plaque triggers the formation of 
intracoronary thrombosis, which can lead to a critical stenosis or 
occlusion of the coronary artery, as well as associated vasospasm. 
Although the initial stenosis may evolve silently, healing of a ruptured 
or eroded plaque may lead to more rapid progression of the stenosis; 
this may remain clinically silent or may cause angina pectoris. Thus 
ACS may present with different clinical presentations: UA, NSTEMI, 
STEMI, and sudden death. All ACS clinical manifestations share a 
common pathophysiologic pathway—plaque rupture/erosion and 
some degree of thrombosis and vasoconstriction—but the duration 
(i.e., transient or permanent) and severity (i.e., subtotal or total coro-
nary occlusion) are different and are either associated with myocardial 
necrosis (STEMI and NSTEMI) or without myocardial necrosis (UA) 
as manifest by negative cardiac biomarkers. It is important to note  
that within the first few months after an initial episode of coronary 
instability, the tendency is strong for repeat instability caused by pro-
gression in the severity of the culprit stenosis or by progression of 
remote lesions.

Although plaque rupture or erosion with associated thrombosis is 
the most common cause of ACS, it may also be caused by dynamic 
obstruction (i.e., Prinzmetal’s angina or vasospasm secondary to drug 
abuse), spontaneous coronary artery dissection (most commonly 
occurring in peripartum women), severe coronary narrowing without 
thrombus or spasm (i.e., advanced progressive atherosclerosis or severe 
restenosis from prior PCI), or a precipitating condition extrinsic to the 
coronary circulation (i.e., fever, sepsis, tachycardia, hypotension, 
anemia, hypoxemia, etc.).6 Thus when evaluating individual patients 
with ACS, it is important to consider the most likely etiology, especially 
if an invasive strategy is being considered, given that PCI is not neces-
sarily an appropriate therapy for all causes of ACS.

Patients with NSTE-ACS have long-term outcomes similar to 
patients with STE-ACS and worse than patients with UA.9 NSTE-ACS 
patients have a similar prognosis to STE-ACS patients likely due to a 
high prevalence of multivessel disease as well as a higher incidence of 
recurrent ischemia (35% vs. 23% at 1 year in the Global Use of Strate-
gies to Open Occluded Coronary Arteries in Acute Coronary Syn-
dromes [GUSTO-IIb] trial).9 The optimal management of UA or 
NSTEMI, therefore, is twofold: immediate relief of ischemia and the 
prevention of progression to acute MI or cardiac death. This can be 
achieved by a combination of antiischemic, antiplatelet, and anti-
thrombotic therapies with or without PCI (see Fig. 19-1).
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K E Y  P O I N T S

•	 Risk	assessment	at	admission	is	vitally	important	and	should	be	
repeated	during	hospitalization.

•	 Patients	presenting	with	hemodynamic	instability,	severe	left	
ventricular	dysfunction	or	overt	heart	failure,	recurrent	or	persistent	
rest	angina	despite	intensive	medical	therapy,	mechanical	
complications,	and	those	with	significant	electrical	instability	are	
deemed	to	be	at	extremely	high	risk	for	death	or	a	complicated	
myocardial	infarction	and	should	undergo	urgent	coronary	
angiography.

•	 Stable	patients	are	managed	by	one	of	two	strategies:	an	early	
invasive	strategy	and	an	ischemia-guided	strategy.

•	 An	early	invasive	strategy	is	recommended	for	high-risk	patients.	
This	includes	intensive	medical	therapy	followed	by	coronary	
angiography	and	revascularization	as	appropriate.

•	 An	ischemia-guided	strategy	is	recommended	for	low-	or	
intermediate-risk	patients.	Patients	are	treated	with	medical	therapy	
unless	they	develop	refractory	or	recurrent	ischemia	or	
hemodynamic	instability.

•	 When	drug-eluting	stents	are	used	for	revascularization	in	
non–ST-elevation	acute	coronary	syndrome	(NSTE-ACS),	aspirin	
should	be	continued	indefinitely.	In	addition,	dual	antiplatelet	
therapy	consisting	of	clopidogrel,	prasugrel,	or	ticagrelor	should	be	
continued	for	1	year.
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Risk Stratification
Although risks of individual patients who present with NSTE-ACS 
vary widely, several risk scores have been devised to risk-stratify 
patients, and help identify those who may benefit from an early inva-
sive strategy. The Thrombolysis in Myocardial Infarction (TIMI) risk 
score, which predicts the risk of 14-day all-cause mortality and new or 
recurrent MI, is a validated risk-prediction model based on data from 
the TIMI-IIB and Efficacy and Safety of Subcutaneous Enoxaparin in 
Non–Q-Wave Coronary Events (ESSENCE) trials and is the system 
most commonly used. Seven variables at presentation were indepen-
dently predictive of outcome (Fig. 19-2):10

1. Age 65 years or older
2. At least two anginal events over the previous 24 hours
3. ST-segment deviation
4. Elevated serum cardiac markers
5. Three or more risk factors for coronary artery disease
6. Aspirin use within the previous week
7. Known history of CAD (stenosis >50%)

The Global Registry of Acute Coronary Events (GRACE) developed 
a risk calculator for bedside risk estimation of 6-month mortality for 
patients after hospitalization for ACS.11 The overall 6-month mortality 
rate was 4.8%, and nine predictive variables were identified (Fig. 19-3, 
A and B):
1. Older age
2. Previous MI
3. History of heart failure
4. Increased heart rate
5. Lower systolic blood pressure

FIGURE 19-1	 Physiopathologic	mechanisms	underlying	acute	coronary	syndromes.	ACE,	Angiotensin-converting	enzyme;	CABG,	coronary	artery	
bypass	grafting;	NSTEMI,	non–ST-segment	elevation	myocardial	infarction;	PCI,	percutaneous	coronary	intervention;	STEMI,	ST-segment–elevation	
myocardial	infarction;	UA,	unstable	angina.	
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FIGURE 19-2	 The	 Thrombolysis	 in	 Myocardial	 Infarction	 (TIMI)	 risk	
score	 for	 death	or	myocardial	 infarction	 (MI)	 at	14	days,	 derived	by	
assigning	a	value	of	0	when	a	factor	is	absent	and	1	when	a	factor	is	
present.	CAD,	Coronary	artery	disease.	
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6. Serum creatinine level
7. Elevated levels of cardiac biomarkers
8. ST-segment depression
9. No PCI

The presence of elevated cardiac biomarkers is a particularly impor-
tant prognostic indicator that has been associated with an increased 
risk for reinfarction and death (discussed further below). It is impor-
tant to note that although determination of patient risk is vitally impor-
tant upon initial presentation with NSTE-ACS, individual patient risk 
often changes during hospitalization; therefore it should be frequently 
reassessed.

PREDICTING A LATE POSITIVE SERUM TROPONIN 
LEVEL IN INITIALLY TROPONIN-NEGATIVE PATIENTS 
WITH NON–ST-SEGMENT ELEVATION ACUTE 
CORONARY SYNDROME

A limitation of the use of the TIMI risk score in identifying patients at 
higher risk who present with NSTE-ACS is that some patients may 
initially present with negative cardiac biomarkers, only to demonstrate 
elevation in these markers 12 hours later. Of 1342 patients who were 
enrolled in the TIMI-IIIB trial, 200 (14.9%) were troponin negative at 
baseline but developed an elevated troponin I level (≥0.4 ng/mL) at 12 
hours.12 Six independent predictors were identified (Table 19-1), and 
a score was derived to identify patients with the highest likelihood to 
become troponin positive later during hospital admission (Fig. 19-4). 
The derived score was tested in 855 patients in the GUSTO IIa study 
and similarly predicted a late rise in troponin T levels. This score, 
therefore, may be useful to further assist in risk stratification of patients 
who present with NSTE-ACS and initially unremarkable troponin 
levels.

FIGURE 19-3	 A,	The	Grace	Registry	developed	a	risk	calculator	for	bedside	risk	estimation	of	6-month	mortality	in	patients	after	hospitalization	for	
acute	coronary	syndrome.	Points	assigned	for	each	of	the	nine	criteria	are	in	the	right-hand	column.	B,	Plot	of	predicted	all-cause	mortality.	
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TABLE 19-1 Predictors of Late Troponin Level Rise in Initially 
Troponin-Negative Patients

Predictor*
Odds 
Ratio

95% Confidence 
Interval P Value

ST-segment	deviation 3.52 2.38	to	5.23 <.001

Presentation	within	8	hours	
from	symptom	onset

2.91 1.92	to	4.40 <.001

No	prior	percutaneous	
coronary	intervention

2.88 1.54	to	5.39 .001

No	prior	beta-blockade 1.74 1.15	to	2.63 .008

Unheralded	angina 1.65 1.12	to	2.42 .01

History	of	myocardial	
infarction

1.59 1.06	to	2.37 .02

From	 Januzzi	 J,	 Newby	 L,	 Murphy	 S,	 et	 al:	 Predicting	 a	 late	 positive	 serum	 troponin	 in	
initially	troponin-negative	patients	with	non-ST-elevation	acute	coronary	syndrome:	clinical	
predictors	 and	 validated	 risk	 score	 results	 from	 the	 TIMI	 IIIB	 and	GUSTO	 IIA	 studies.	 Am	
Heart	J	151(2):360-366,	2006.
*Late	is	defined	as	12	hours	or	more.

ADJUNCTIVE TREATMENT DURING PERCUTANEOUS 
CORONARY INTERVENTION FOR NON–ST-SEGMENT 
ELEVATION ACUTE CORONARY SYNDROME

Antiplatelet Treatment

Aspirin
The activation and aggregation of platelets after the rupture of a vulner-
able plaque are key components in the pathophysiology of ACS. Aspirin 
inhibits the cyclooxygenase (COX) pathway in platelets and in the 
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Clopidogrel in Unstable Angina to Prevent Recurrent Events (CURE) 
trial19 enrolled 12,562 patients and demonstrated a 20% reduction in 
cardiovascular death, MI, and stroke. A subset of this population that 
underwent PCI was studied in the PCI-CURE trial,22 and this showed 
that pretreatment with clopidogrel for a median of 6 days before PCI 
was associated with a 31% reduction in cardiovascular death or MI. A 
loading dose of 600 mg achieves maximal platelet inhibition faster 
than 150 mg or 300 mg and has lasting benefit of up to 30 days in 
low- to intermediate-risk patients undergoing elective PCI.23 In higher-
risk patients, use of glycoprotein (GP) IIb/IIIa inhibitors may have an 
added benefit.

An important consideration for the use of clopidogrel in ACS 
patients is the substantial variability in individual patient response to 
clopidogrel. Multiple potential hypotheses have been proposed to 
explain this “clopidogrel resistance,” such as differences in clopidogrel 
dosing, intestinal absorption problems, and varying availability and 
clearance of the active metabolite.24 Genetic factors such as polymor-
phisms of the hepatic CYP pathway, which is responsible for metabo-
lizing clopidogrel’s prodrug into an active metabolite, are becoming 
increasingly well understood, and at least three major genetic polymor-
phisms of the CYP2C19 isoenzyme—CYP2C19*1, CYP2C19*2, and 
CYP2C19*3—have been attributed with loss of function and dimin-
ished responsiveness to clopidogrel.25,26 However, considerable debate 
persists regarding management strategies for clopidogrel resistance. 
Though platelet function testing is available to direct individual patient 
care, genetic testing thus far has not been shown to improve clinical 
outcomes in patients with clopidogrel resistance.27 The Gauging 
Responsiveness With a VerifyNow Assay–Impact on Thrombosis and 
Safety (GRAVITAS) trial28 randomized patients with clopidogrel resis-
tance to high-dose versus standard-dose clopidogrel but found no 
differences in cardiovascular outcomes between the two groups. The 
absorption of clopidogrel may also be affected by other medications 
that utilize the CYP pathway. Proton pump inhibitors (PPIs) such as 
omeprazole and esomeprazole may also interact with and decrease the 
effectiveness of clopidogrel. The Clopidogrel and the Optimization of 
Gastrointestinal Events Trial (COGENT)29 randomized patients taking 
aspirin and clopidogrel to omeprazole versus placebo. Although this 
trial found no clinical difference in cardiovascular outcomes between 
patients taking omeprazole and those taking placebo, the U.S. Food 
and Drug Administration (FDA) has nevertheless issued a warning 
against the concomitant use of clopidogrel with the PPIs esomeprazole 
and omeprazole.

Prasugrel
Prasugrel is a second-generation irreversible P2Y12 inhibitor that is 
more potent and more consistent with respect to platelet inhibition. 
The Trial to Assess Improvement in Therapeutic Outcomes by Opti-
mizing Platelet Inhibition with Prasugrel–Thrombolysis in Myocardial 
Infarction 38 (TRITON–TIMI 38) trial30 evaluated 13,608 patients 
with moderate- to high-risk ACS (NSTE-ACS and STE-ACS) after 
randomly receiving either prasugrel or clopidogrel during PCI. In this 
study, prasugrel significantly reduced the composite end point of car-
diovascular death, nonfatal MI, or nonfatal stroke by 19% compared 
with clopidogrel (Fig. 19-5). A subgroup analysis showed that pra-
sugrel was associated with a 24% reduction in MI, a 34% reduction in 
the need for urgent revascularization, and a 52% reduction in stent 
thrombosis.31 These benefits, however, were also associated with a 
0.5% absolute increase in non–coronary artery bypass graft surgery 
(CABG)–related TIMI major bleeding and a 0.3% absolute increase in 
fatal bleeding. A landmark analysis of this trial revealed that patients 
with a previous transient ischemic attack (TIA) or stroke, those who 
were 75 years of age or older, or those who weighed less than 60 kg 
were at especially high risk of bleeding. These patient subgroups are 
therefore relatively contraindicated for treatment with prasugrel.31 
In the setting of NSTE-ACS, prasugrel can be given at the time of PCI 
but should not be given upstream of PCI. In A Comparison of Prasu-
grel at the Time of Percutaneous Coronary Intervention or as Pretreat-
ment at the Time of Diagnosis in Patients With Non–ST-Elevation 

endothelium, which prevents thromboxane A2 (TXA2) production and 
therefore inhibits platelet aggregation.13,14 Because COX-1 inhibition is 
irreversible, the antiplatelet effects of aspirin last through the entire 
lifetime of the platelets (7 to 10 days). Multiple studies have shown the 
benefit of aspirin therapy in CAD with reduction in angina, death, and 
MI by 30%.15,16 In the setting of NSTE-ACS, the ACC/AHA guidelines 
recommend an initial loading dose of at least 162 mg in order to achieve 
an immediate clinical antithrombotic effect; thereafter a maintenance 
dose of 81 mg aspirin daily is sufficient for cardioprotection. Higher 
doses of aspirin have not been shown to have added cardiovascular 
benefit and are associated with higher risks of bleeding.15,16

The Seventh Organization to Assess Strategies in Acute Ischemic 
Syndromes (OASIS-7) trial randomized 25,086 patients with ACS 
undergoing an early invasive strategy (70.8% with UA/NSTE-ACS) to 
low-dose (75 to 100 mg) versus high-dose (300 to 325 mg) aspirin and 
found no significant difference in cardiovascular death, MI, or stroke 
at 30 days.17 In OASIS-7, no significant difference in bleeding was 
reported with higher doses of aspirin; however, an analysis of 192,036 
patients in 31 clinical trials showed that higher doses of aspirin 
(>200 mg) were associated with substantially higher rates of major and 
minor gastrointestinal bleeding.18 Although aspirin is certainly an 
important pharmacologic therapy in ACS patients, it does not prevent 
all thrombotic events.

Thienopyridines
Thienopyridines—such as ticlopidine, clopidogrel, and prasugrel—
exert their antiplatelet effects by irreversibly blocking the P2Y12 recep-
tor and its associated signaling pathway, thereby inhibiting platelet 
activation for the entire lifespan of the platelet. Thienopyridines are 
administered as an initial loading dose followed by a maintenance dose 
because they take several hours to exhibit their irreversible antiplatelet 
effect. It is important to note that their mechanism of action is entirely 
independent of and complementary to that of aspirin, and the combi-
nation of aspirin and a thienopyridine is superior to the use of aspirin 
alone.19,20

Clopidogrel
Clopidogrel is the most widely studied of the thienopyridine class. The 
Clopidogrel Versus Aspirin in Patients at Risk of Ischemic Events 
(CAPRIE) trial21 studied 19,185 patients with atherosclerotic vascular 
disease and revealed a 9% relative risk reduction in vascular death,  
MI, or ischemic stroke without a significant increase in bleeding. The 

FIGURE 19-4	 The	TIMI-IIIB	score	used	to	identify	patients	who	become	
troponin-positive	later	during	hospital	admission.	MI,	Myocardial	infarc-
tion;	PCI,	percutaneous	coronary	intervention.	
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practice. The frequency of adverse cardiac events is reduced within the 
first hours of treatment with a P2Y12 inhibitor, but if the patient is 
referred for urgent or emergent surgery, this approach may be associ-
ated with more perioperative blood loss.18 However, given the fact that 
CABG is less likely to be necessary in the contemporary stent era even 
for high-risk NSTE-ACS patients, early P2Y12 inhibition is recom-
mended unless urgent CABG is deemed to be very likely.

Anticoagulant Treatment

Heparin
Since the beginning of PCI, unfractionated heparin (UFH) has been 
given to prevent thrombosis during intracoronary instrumentation 
and to minimize thrombosis at the site of the plaque, which is damaged 
by balloon angioplasty and/or stent implantation. Treatment with UFH 
in addition to aspirin usually is given based on the data from a meta-
analysis that demonstrated a reduction of the combined death and MI 
rate of 7.9% for those treated with UFH compared with 10.3% for those 
treated with aspirin alone.35 UFH is given as an initial intravenous (IV) 
bolus of 60 IU/kg followed by a 12 IU/kg/h infusion, and guided by an 
activated clotting time (ACT) in the range of 250 to 300 seconds. If 
combined with a GP IIb/IIIa inhibitor, the dose of UFH should be 
lower: an initial IV bolus of 50 to 60 IU/kg and ACT in the range of 
200 to 250 seconds to prevent excessive bleeding complications.

Low-Molecular-Weight Heparin
Low-molecular-weight heparin (LMWH) has also been used in the 
setting of PCI for NSTE-ACS. In the Fast Revascularization During 
Instability in Coronary Artery Disease (FRISC) trial,36 1506 patients 
were randomly assigned to receive dalteparin (120 IU/kg twice daily, 
with a maximal dose of 10,000 IU) or UFH during the first 5 to 7 days 
of hospitalization followed by dalteparin (7500 IU subcutaneously, 
daily) or placebo for 35 to 45 days. Dalteparin was associated with a 
63% relative risk reduction in death or MI during the first 6 days (1.8% 
in the treatment group vs. 4.8% in the placebo group), with persistence 
of these differences at 40 days. The ESSENCE trial37 evaluated 3171 
UA/NSTE-ACS patients who were randomly assigned to receive 
enoxaparin (1 mg/kg subcutaneously (SC) twice daily) or continuous 
infusion of UFH (minimum of 48 hours to a maximum of 8 days). The 
dose of enoxaparin should be reduced to 1 mg/kg SC daily in patients 
with a creatinine clearance (CrCl) < 30 mL/min. The risk of recurrent 
angina, MI, or death was significantly lower in the enoxaparin patients 
than in the UFH patients at 14 days (16.6% vs. 19.8%). The benefit 
persisted at 30 days, but at the cost of increased minor bleeding with 
no significant difference in major bleeding (6.5% vs. 7%).37

The TIMI-IIB trial38 randomized 3910 patients with UA/NSTE-
ACS to receive either enoxaparin or UFH for 3 to 8 days while hospital-
ized followed by either enoxaparin or placebo through day 43 as an 
outpatient. At 8 days, a 14.6% risk reduction in the composite end 
point of MI, death, and need for urgent revascularization was noted, 
and at 43 days, a 12.3% risk reduction in the same end point was 
reported. Bleeding was similar in both groups during initial hospital-
ization, but the risk of major bleeding during the outpatient phase of 
the study was doubled in the enoxaparin group compared with placebo. 
These data suggest that enoxaparin may be more effective than UFH 
at reducing the risk of ischemic events during the acute management 
of NSTE-ACS patients without an important increase in major bleed-
ing events. A metaanalysis of nearly 22,000 patients with UA/NSTE-
ACS enrolled in six randomized trials reported a relative risk reduction 
of 9% in the composite end point of death or MI at 30 days for patients 
treated with enoxaparin compared with those treated with UFH and 
found no significant difference in major bleeding at 7 days.39 These 
results demonstrate that use of enoxaparin was beneficial when an 
ischemia-guided strategy was utilized for patient management.

Subsequent trials compared UFH and enoxaparin when an early 
invasive strategy is implemented. The Superior Yield of the New  
Strategy of Enoxaparin, Revascularization, and Glycoprotein IIb/IIIa 
Inhibitors (SYNERGY) trial40 studied 10,027 patients with high-risk 

Myocardial Infarction (ACCOAST), upstream therapy with prasugrel 
increased bleeding complications but did not improve cardiovascular 
outcomes.32

Ticagrelor
Ticagrelor is the newest P2Y12 inhibitor on the market, and it has 
several distinct characteristics compared with previous P2Y12 inhibi-
tors. First, it is a non–thienopyridine, a cyclopentyltriazolopyrimidine 
that is a noncompetitive inhibitor of the P2Y12 receptor.33 Second, it is 
a reversible platelet inhibitor with a short half-life of 7.2 hours and 
therefore requires twice-daily dosing. Ticagrelor was compared with 
clopidogrel in the Study of Platelet Inhibition and Platelet Outcomes 
(PLATO),34 which randomized 18,624 patients with ACS to either 
ticagrelor or clopidogrel. Of these, 11,598 had UA/NSTE-ACS. The 
primary end point was a composite of cardiovascular death, MI, or 
stroke. Ticagrelor was found to have a 1.9% absolute reduction and 
16% relative reduction in the primary end point (9.8% vs. 11.7%). The 
absolute risk reduction of cardiovascular mortality for ticagrelor was 
1.1%. Subgroup analysis showed that the significant reduction in the 
primary end point held true for NSTE-ACS patients but not among 
UA patients. Rates of all-cause major bleeding were similar between 
groups, but non–CABG-related TIMI major bleeding was significantly 
higher with ticagrelor. This multicenter study was notable for signifi-
cant geographic variances in outcome; surprisingly, patients in North 
America randomized to ticagrelor were not found to have the same 
benefit. Compared with clopidogrel, no significant difference was 
found in the primary end point. Subsequent analyses attributed this 
variation to a dose-related aspirin effect on ticagrelor, because patients 
in North America were found to be taking significantly higher main-
tenance doses of aspirin (>300 mg) during the study. Doses of aspirin 
greater than 100 mg may attenuate the effects of ticagrelor; for this 
reason, patients receiving ticagrelor should only take low-dose aspirin 
(81 mg daily).

Dual-antiplatelet therapy (DAPT) with aspirin and a P2Y12 inhibi-
tor (clopidogrel or ticagrelor) is considered standard pretreatment of 
patients with NSTE-ACS undergoing PCI with or without stent 
implantation (ACC/AHA guidelines class IIb recommendation, level 
of evidence [LOE] A).6 The preference for ticagrelor instead of clopi-
dogrel is a class IIa recommendation.7 However, the optimal timing for 
initiation of a P2Y12 inhibitor may still pose a dilemma in actual clinical 

FIGURE 19-5	 Results	of	TRITON-TIMI	38	trial.	Primary	efficacy	end	point	
was	defined	as	death	from	cardiovascular	causes,	nonfatal	myocardial	
infarction,	or	nonfatal	stroke.	(From	Wiviott	SD,	Braunwald	E,	McCabe	
CH,	et	al:	Prasugrel	versus	clopidogrel	in	patients	with	acute	coronary	
syndromes.	N	Engl	J	Med	35[20]:2001-2015,	2007.)
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Glycoprotein IIb/IIIa Inhibitors
The final common pathway of platelet activation and aggregation is 
mediated by a conformational change in the GP IIb/IIIa receptor from 
an inactive to an active state. GP IIb/IIIa inhibitors interfere with the 
ability of the GP IIb/IIIa receptor to bind with target ligands, and thus 
they are potent inhibitors of platelet aggregation.44 All three currently 
used GP IIb/IIIa inhibitors—abciximab, eptifibatide, and tirofiban—
exhibit different pharmacodynamic and pharmacokinetic properties, 
different clinical trial outcomes, and as a result have different recom-
mendations for clinical use.

Abciximab
Abciximab (formerly c7E3) was the first of the three currently used GP 
IIb/IIIa inhibitors to be subjected to large-scale clinical trial testing and 
was first evaluated in the prestent era of the early 1990s. The Evaluation 
of c7E3 for the Prevention of Ischemic Complications (EPIC) trial45 
studied high-risk patients with UA, evolving MI, or complex coronary 
lesion anatomy and showed a 35% reduction in the composite end 
point of death, MI, or recurrent ischemia compared with placebo.  
The c7E3 Fab Antiplatelet Therapy in Unstable Refractory Angina 
(CAPTURE) trial46 studied 1265 patients with UA who underwent 
PCI. In this study, a 30% relative reduction in the primary end point 
of all-cause mortality, MI, or recurrent ischemia requiring urgent 
revascularization was reported at 30 days. The rate of MI was noted to 
be lower before, during, and after PCI in patients treated with abcix-
imab, and a subgroup analysis revealed that abciximab facilitated 
thrombus resolution and prevented recurrent ischemia. Abciximab 
therefore has clearly been shown to be efficacious in the setting of UA/
NSTE-ACS patients undergoing PCI. The Global Use of Strategies  
to Open Occluded Coronary Arteries IV–Acute Coronary Syndrome 
(GUSTO-IV–ACS) trial,47 however, studied 7800 patients with UA/
NSTE-ACS who were not scheduled to undergo an early invasive strat-
egy. Patients in this study were randomized to receive an abciximab 
bolus followed by infusion for either 24 or 48 hours, or placebo. In this 
trial abciximab provided no benefit as it relates to the primary com-
posite end point of death or MI at 30 days, even in a subgroup of 
patients with elevated troponin levels. The current ACC/AHA guide-
lines reflect these results; abciximab is not recommended for the treat-
ment of patients with UA/NSTE-ACS for whom an ischemia-guided 
strategy is planned.6

Tirofiban
Tirofiban was studied in the Platelet Receptor Inhibition in Ischemic 
Syndrome Management (PRISM) trial,48 in which 3232 patients with 
UA were randomized to receive either UFH or tirofiban for 48 hours. 
A 32% reduction in the rate of death, MI, or refractory ischemia was 
noted at 48 hours, but no significant difference was noted at 30 days. 
The Platelet Receptor Inhibition in Ischemic Syndrome Management 
in Patients Limited by Unstable Signs and Symptoms (PRISM-PLUS) 
trial49 randomized UA and NSTE-ACS patients to receive aspirin plus 
either heparin, tirofiban, or both. The tirofiban-only arm was stopped 
early because of excess death at 7 days (4.6% vs. 1.1% in the heparin-
only arm). Patients who received both heparin and tirofiban exhibited 

UA/NSTE-ACS who were treated using an early invasive strategy. In 
this study, no significant difference was found in the primary end point 
of all-cause mortality or nonfatal MI at 30 days, but patients who 
received enoxaparin exhibited a 20% increase in TIMI major bleeding 
in association with invasive procedures, especially CABG.40 When con-
sidered as a whole, the data presented above support the notion that 
treatment with enoxaparin, compared with UFH, appears to be more 
efficacious at reducing ischemic events in UA/NSTE-ACS patients who 
are treated with an ischemia-guided strategy. However, interpretation 
of data from the SYNERGY trial, and from others (such as the Aggra-
stat to Zocor [A-to-Z] trial) comparing UFH and enoxaparin in UA/
NSTE-ACS patients treated with an early invasive strategy, must be 
interpreted carefully. Many of the patients in these trials had already 
received other antithrombotic agents before being randomized to a 
given treatment arm. Thus the high rate of patient crossover is an 
important confounding factor. The most recent ACC/AHA guidelines 
consider enoxaparin to be a reliable alternative to UFH for patients 
treated both with an early invasive and an ischemia-guided strategy 
(class I, LOE A).7

Bivalirudin
Bivalirudin is a direct thrombin inhibitor and a synthetic analogue of 
hirudin that reversibly binds thrombin and inhibits clot-bound throm-
bin. The Randomized Evaluation in PCI Linking Angiomax to Reduced 
Clinical Events 2 (REPLACE-2)41 trial demonstrated that bivalirudin 
could be used as an alternative to UFH plus GP IIb/IIIa blockade in 
low-risk patients who undergo PCI. The efficacy of bivalirudin was 
further evaluated in the Acute Catheterization and Urgent Intervention 
Triage Strategy (ACUITY) trial.42 It randomized 13,800 patients with 
moderate- to high-risk UA/NSTE-ACS undergoing an invasive strat-
egy into three treatment groups: group I received UFH or enoxaparin 
plus GP IIb/IIIa inhibitor, group II received bivalirudin plus GP IIb/
IIIa inhibitor, and group III received bivalirudin alone. The primary 
end point at 30 days was a net clinical outcome based on an ischemic 
composite (i.e., death from any cause, MI, or unplanned revasculariza-
tion for ischemia) or major bleeding. The net outcome was lower with 
the bivalirudin-alone strategy, which could be ascribed to a significant 
reduction in major bleeding in the bivalirudin group (Table 19-2).

Fondaparinux
Fondaparinux is a synthetic polysaccharide that leads to indirect inhi-
bition of activated factor X (FXa), and it was evaluated in the Fifth 
Organization to Assess Strategies for Ischemic Syndromes (OASIS-5) 
trial.43 In this study 20,078 patients were randomized to treatment with 
either fondaparinux (2.5 mg/day) or enoxaparin (1 mg/kg twice daily) 
for a mean of 6 days. Approximately 40% of patients underwent PCI 
and 15% underwent CABG in both groups. Fondaparinux was equiva-
lent to enoxaparin in terms of the primary efficacy end point at 9 
days—composite of death, MI, or refractory ischemia—and major 
bleeding at 9 days was significantly lower with fondaparinux than with 
enoxaparin (2.2% vs. 4.1%; P < .001). However, fondaparinux was 
associated with an increased rate of guide catheter thrombosis; there-
fore it should be administered concurrently with an additional antico-
agulant that has anti-IIa activity.7

TABLE 19-2 ACUITY Trial Results
End Point
(30 Days)

UFH/Enox + GPI
(n = 4603)

Bivalirudin + GPI
(n = 4604)

Bivalirudin Alone
(n = 4612) P Value

Net	outcome	(%) 11.7 11.8 10.1 .0014

Ischemic	composite	(%) 7.3 7.7 7.8 NS

Major	bleeding	(%) 5.7 5.3 3.0 <.0001

From	Stone	GW,	McLaurin	BT,	Cox	DA,	et	al.	Bivalirudin	for	patients	with	acute	coronary	syndromes,	N	Engl	J	Med	355:2203-2216,	2006.
ACUITY,	Acute	Catheterization	and	Urgent	Intervention	Triage	Strategy;	Enox,	enoxaparin;	GPI,	glycoprotein	IIb/IIIa	inhibitor;	NS,	not	significant;	UFH,	unfractionated	heparin.
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EARLY INVASIVE STRATEGY VERSUS ISCHEMIA-
GUIDED STRATEGY FOR PATIENTS WITH NON–ST- 
SEGMENT ELEVATION ACUTE CORONARY SYNDROME

ACS patients who present with hemodynamic instability, severe left 
ventricular dysfunction or overt heart failure, recurrent or persistent 
rest angina despite intensive medical therapy, mechanical complica-
tions (e.g., acute mitral regurgitation and ventricular septal defect), or 
sustained ventricular tachycardia are at extremely high risk for death 
or a complicated MI. For this reason, unless they have been deemed 
inappropriate for revascularization, these patients should undergo 
urgent coronary angiography.6 For the management of other less 
overtly ill patients who present with NSTE-ACS, two strategies have 
emerged: an ischemia-guided strategy (previously called an initial con-
servative strategy) and an early invasive strategy. The ischemia-guided 
strategy entails the use of intensive medical therapy, which includes 
aspirin, antiplatelet therapy (clopidogrel, ticagrelor), anticoagulation 
(UFH, LMWH, or fondaparinux), beta-blockers, statins, and/or nitro-
glycerin (if not contraindicated; Fig. 19-7). Patients who become 
asymptomatic on this regimen are typically observed for 48 to 72 hours 
and then undergo cardiac stress testing, usually with some form of 
myocardial imaging (nuclear imaging or echocardiography). Patients 
who manifest signs or symptoms of ongoing ischemia at any time 
during observation or who demonstrate high- or intermediate-risk 
findings on stress testing are then referred for coronary angiography 
and subsequent revascularization as appropriate. Patients with low- 
risk stress test findings are treated medically with aspirin indefinitely, 
clopidogrel or ticagrelor for up to 12 months, statins, beta-blockers, 
and angiotensin-converting enzyme (ACE) inhibitors.6 Prior to coro-
nary angiography and revascularization, patients managed with an 
early invasive strategy are also treated with intensive medical therapy 
that includes aspirin, anticoagulation (UFH, LMWH, bivalirudin, or 
fondaparinux), and a P2Y12 inhibitor. GP IIb/IIIa inhibitors can be 
considered if high-risk features are present.

Initial studies—TIMI IIIB, Veterans Affairs Non-Q-Wave Myocar-
dial Infarction Strategies In Hospital (VANQWISH), and Medicine 
Versus Angiography in Thrombolytic Exclusion (MATE)—did not 
show superiority for either an early invasive or an ischemia-guided 
strategy.55-57 However, these trials were done before the advent of stents, 
adjunctive anticoagulation, and antiplatelet therapy, which have all 
significantly improved PCI outcomes. Five important randomized 
trials have been done in the contemporary PCI era: Fast Revasculariza-
tion During Instability in Coronary Artery Disease (FRISC-II);58 Treat 

the greatest benefit in terms of a reduction in the composite end point 
at 7 days of death, MI, or refractory ischemia. This benefit was sustained 
at 30 days and at 6 months (27.2% vs. 32% in the heparin-only arm).

Eptifibatide
Eptifibatide was studied in 9461 patients with NSTE-ACS in the Plate-
let Glycoprotein IIb/IIIa in Unstable Angina: Receptor Suppression 
Using Integrelin Therapy (PURSUIT) trial.50 In this study, treatment 
with eptifibatide was associated with a 10% reduction in the relative 
risk of death and MI at 30 days. A meta-analysis51 confirmed the utility 
of GP IIb/IIIa inhibitors in the management of patients with moderate 
to high-risk UA/NSTE-ACS. This analysis pooled 31,402 patients from 
six different GP IIb/IIIa trials involving ACS patients and showed a 9% 
reduction in the odds ratio of death or MI for patients treated with a 
GP IIb/IIIa inhibitor compared with those who received a placebo. 
Subgroup analysis revealed a 15% reduction in the odds ratio of death 
or MI for troponin-positive patients and showed no such reduction in 
troponin-negative patients. Reduction in the odds ratio of death or MI 
was also noted to be greater in patients who underwent PCI within 5 
days.51 The Do Tirofiban and Reopro Give Similar Efficacy Outcomes 
Trial (TARGET)52 was a direct comparison between abciximab and 
tirofiban. It demonstrated that the primary end point—a composite of 
death, nonfatal MI, or urgent revascularization at 30 days—was signifi-
cantly higher in the tirofiban group compared with those receiving 
abciximab (7.6% vs. 6.0%), but at 6 months, this difference was no 
longer statistically significant.52

The Early Versus Delayed Provisional Eptifibatide in Acute Coro-
nary Syndromes (EARLY-ACS) trial53 compared early routine versus 
delayed provisional administration of eptifibatide in 9492 patients  
with NSTE-ACS who were randomly assigned to an invasive strategy. 
The primary end point was the composite of death, MI, recurrent 
ischemia requiring urgent revascularization, or thrombotic bailout at 
96 hours. No difference in the primary end point was observed between 
the two groups at 96 hours; however, use of early routine eptifibatide 
was associated with higher rates of non–life-threatening bleeding and 
transfusions.

With the multitude of antiplatelet therapies being administered to 
ACS patients, some had concerns that the efficacy of GP IIb/IIIa inhibi-
tors might be reduced in patients pretreated with clopidogrel. The 
Intracoronary Stenting and Antithrombotic Regimen: Rapid Early 
Action for Coronary Treatment 2 (ISAR–REACT-2) trial54 addressed 
this issue. ISAR–REACT-2 was a randomized, double-blind trial that 
compared treatment with abciximab (n = 1012) or placebo (n = 1010) 
in patients with NSTE-ACS who were treated with a 600-mg loading 
dose of clopidogrel. The primary end point was a composite of death, 
MI, and urgent target-vessel revascularization (TVR) due to myocar-
dial ischemia at 30 days. The reduction in the primary end point was 
significant in favor of abciximab in all patients with NSTE-ACS (8.9% 
vs. 11.9%), and this was achieved with no difference in TIMI-defined 
major bleeding (Fig. 19-6). As seen in several other trials, abciximab 
was highly effective in high-risk NSTE-ACS patients (i.e., troponin-
positive patients) but was not effective in troponin-negative patients.

Despite the demonstrated advantages of GP IIb/IIIa inhibitors in 
the treatment of patients with UA/NSTE-ACS undergoing PCI, most 
of these studies were done before the benefits of clopidogrel were 
clearly established. The optimal timing of GP IIb/IIIa initiation is 
therefore still being clarified. Early routine use of GP IIb/IIIa inhibitors 
has been associated with a significantly higher risk of major bleed-
ing.42,53 Contemporary trials are therefore needed to define the role 
and timing of GP IIb/IIIa inhibitors in NSTE-ACS and to assess 
whether the benefits of triple-antiplatelet therapy outweigh the risks  
of bleeding in this setting. Several trials are currently ongoing that  
will help address this question. The most recent ACC/AHA guidelines 
recommend the use of GP IIb/IIIa inhibitors in patients with NSTE-
ACS and high-risk features such as an elevated troponin. It is a class I 
recommendation in patients not adequately pretreated with clopido-
grel or ticagrelor and a class IIa recommendation in patients who have 
been pretreated.

FIGURE 19-6	 Results	of	ISAR-REACT-2	Trial,	comparing	abciximab	with	
placebo.	Primary	end	point	was	defined	as	composite	of	death,	myo-
cardial	infarction,	and	urgent	TVR	at	30	days.	(From	ISAR-REACT-2	Trial	
Investigators:	 Abciximab	 in	 patients	 with	 acute	 coronary	 syndromes	
undergoing	 percutaneous	 coronary	 intervention	 after	 clopidogrel	 pre-
treatment:	the	ISAR-REACT	2	randomized	trial.	JAMA	295:1531–1538,	
2006.)
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FIGURE 19-7	 American	College	of	Cardiology/American	Heart	Association	guidelines:	algorithm	 for	patients	with	NSTE-ACS.	ASA,	Aspirin;	DAPT,	
dual-antiplatelet	therapy;	GPI,	glycoprotein	IIb/IIIa	inhibitor;	NSTE-ACS,	non–ST-elevation	acute	coronary	syndrome.	(From	Amsterdam	EA,	Wegner	
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.	J	Am	Coll	Cardiol	64[24]:e139-e228,	2014.)

NSTE-ACS: definite or likely

Ischemia-guided strategy

Initiate DAPT and anticoagulant therapy
1. ASA (Class I; LOE: A)
2. P2Y12 inhibitor (in addition to ASA)
    (Class I; LOE: B)
    • Clopidogrel or
    • Ticagrelor
3. Anticoagulant
    • UFH (Class I; LOE: B) or
    • Enoxaparin (Class I; LOE: A) or
    • Fondaparinux* (Class I; LOE: B)

Initiate/continue antiplatelet and anticoagulant therapy
1. ASA (Class I; LOE: B)
2. P2Y12 inhibitor (in addition to ASA)
    • Clopidogrel (Class I; LOE: B) or
    • Prasugrel (Class I; LOE: B) or
    • Ticagrelor (Class I; LOE: B)
3. GPI (if not treated with bivalirudin at time of PCI)
    • High-risk features, not adequately pretreated
      with clopidogrel (Class I; LOE: A)
    • High-risk features adequately pretreated with
      clopidogrel (Class IIa; LOE: B)
4. Anticoagulant
    • Enoxaparin (Class I; LOE: A) or
    • Bivalirudin (Class I; LOE: B) or
    • Fondaparinux* as the sole anticoagulant (Class
      III: harm; LOE: B) or
    • UFH (Class I; LOE: B)

*If fondaparinux is used during PCI, an additional anticoagulant with
anti-IIa activity should be given to decrease the risk of catheter
thrombosis.

PCI With Stenting CABG
Initiate/continue ASA therapy and discontinue P2Y12
and/or GPI therapy
1. ASA (Class I; LOE: B)
2. Discontinue clopidogrel/ticagrelor 5 days before
    and prasugrel at least 7 days before elective
    CABG
3. Discontinue clopidogrel/ticagrelor up to 24 hours
    before urgent CABG (Class I; LOE: B); may
    perform urgent CABG <5 days after
    clopidogrel/ticagrelor and <7 days after prasugrel
    discontinued
4. Discontinue eptifibatide/tirofiban at least
    2-4 hours before, and abciximab ≥12 hours
    before CABG (Class I; LOE: B)

1. ASA indefinitely (Class I; LOE: A)
2. P2Y12 inhibitor (clopidogrel or
    ticagrelor), in addition to ASA, up
    to 12 months if medically treated
    (Class I; LOE: B)
3. P2Y12 inhibitor (clopidogrel, prasugrel,
    or ticagrelor), in addition to ASA,
    at least 12 months if treated with
    coronary stenting (Class I; LOE: B)

Initiate DAPT and anticoagulant therapy
1. ASA (Class I; LOE: A)
2. P2Y12 inhibitor (in addition to ASA)
    (Class I; LOE: B)
    • Clopidogrel or
    • Ticagrelor
3. Anticoagulant
    • UFH (Class I; LOE: B) or
    • Enoxaparin (Class I; LOE: A) or
    • Fondaparinux* (Class I; LOE: B) or
    • Bivalirudin (Class I; LOE: B)

Can consider GPI in addition to ASA and
P2Y12 inhibitor in high-risk (e.g., troponin
positive) patients (Class IIb; LOE: B)
    • Eptifibatide
    • Tirofiban

Medical therapy chosen based on
catheterization findings

Therapy
ineffective

Therapy
effective

Early invasive strategy

Late Hospital/Posthospital Care
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Optimal Timing of Intervention
In patients with NSTE-ACS who are undergoing an early invasive 
strategy, the optimal timing of intervention has not yet been defined.6 
During an NSTE-ACS, early or immediate revascularization of the 
culprit lesion may decrease the time for recurrent ischemic events. On 
the other hand, allowing these patients to be treated first with aggres-
sive antithrombotic therapy prior to angiography may help stabilize the 
lesion and may thereby reduce periprocedural complications during 
revascularization. The Can Rapid Risk Stratification of Unstable 
Angina Patients Suppress Adverse Outcomes With Early Implementa-
tion of the ACC/AHA Guidelines (CRUSADE) study64 investigated 
whether the outcomes of early catheterization and later catheterization 

Angina With Aggrastat and Determine Cost of Therapy With an Inva-
sive or Conservative Strategy–Thrombolysis in Myocardial Infarction 
(TACTICS–TIMI 18)59; Value of First-Day Angiography/Angioplasty 
in Evolving Non–ST-Segment Elevation Myocardial Infarction 
(VINO)60; Randomized Intervention Trial of Unstable Angina 3 
(RITA-3)61; and Invasive Versus Conservative Treatment in Unstable 
Coronary Syndromes (ICTUS).62

With an early invasive strategy, early revascularization (in hospital) 
was achieved in 44% to 76% of patients (Fig. 19-8). Even with an 
ischemia-guided strategy, the need to cross over with early revascular-
ization ranged from 9% to 40%. The contrast in the frequencies of early 
revascularization between the early invasive and ischemia-guided 
strategies varied from as low as 24% (TACTICS-TIMI 18) to as high 
as 62% (FRISC-II). Revascularization after hospital discharge was pre-
dominantly performed in the patients randomized to an ischemia- 
guided strategy. The primary end point of these trials was defined as a 
composite of death and MI with or without rehospitalization. All trials 
with the exception of RITA-3 and ICTUS found a statistically signifi-
cant advantage with an early invasive strategy (Table 19-3). The 
in-hospital mortality rates are shown in Figure 19-9. The mortality 
rates at the end of follow-up are presented in Figure 19-10. Although 
there was no initial difference in death and nonfatal MI at 1 year in the 
RITA-3 trial, there was a significant mortality benefit at 5 years, with 
a 24% reduction in all-cause mortality in the early invasive group. This 
benefit was seen mainly in high-risk patients. The RITA-3 trial was 
unique in that patients were ultimately followed over a long-term 
period of 10 years, and this data was recently published. At 10 years, 
there was no longer a mortality benefit.  Reasons for this may be mul-
tifactoral and include treatment crossover over the long follow-up 
period or improved medical therapies over the years (Table 19-4 and 
Fig. 19-11).63

FIGURE 19-8	 Incidence	 of	 early	 (in-hospital)	 revascularization	 in	
several	trials.	
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TABLE 19-3 Early Invasive Versus Ischemia-Guided Strategies in Five Trials
Trial Primary End Point Early Invasive Ischemia Guided RR or OR CI 95%, P Value

FRISC-II58 Death/MI	at	1	yr 10.4% 14.1% RR	=	0.74 0.60	to	0.92,
P	=	.005

TACTICS59 Death/MI/rehosp.	for	ACS	at	6	mo 15.9% 19.4% OR	=	0.78 0.62	to	0.97,
P	=	.025

VINO60 Death/MI	at	6	mo 6.2% 22.3% P	<	.001

RITA-361 Death/MI	at	1	yr 7.6% 8.3% RR	=	0.91 0.67	to	1.25,
P	=	.58

ICTUS62 Death/MI/rehosp.	<1	yr 22.7% 21.2% RR	=	1.07 0.87	to	0.133,	
P	=	.33

ACS,	Acute	coronary	syndrome;	CI,	confidence	 interval;	FRISC-II,	Fast	Revascularization	During	 Instability	of	Coronary	Artery	Disease;	 ICTUS,	 Invasive	Conservative	Treatment	 in	Unstable	
Coronary	Syndromes;	MI,	myocardial	infarction;	OR,	odds	ratio;	PCI,	percutaneous	coronary	intervention;	RITA-3,	Randomized	Intervention	Trial	of	Unstable	Angina;	RR,	relative	risk;	TACTICS,	
Treat	Angina	With	Aggrastat	and	Determine	Cost	of	Therapy	with	an	Invasive	or	Conservative	Strategy;	VINO,	Value	of	First-Day	Angiography/Angioplasty	In	Evolving	Non–ST-Segment	Eleva-
tion	Myocardial	Infarction:	An	Open	Multicenter	Randomized	Trial.

FIGURE 19-9	 Incidence	of	in-hospital	mortality	in	several	trials.	
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FIGURE 19-10	 Incidence	 of	mortality	 at	 the	 end	 of	 follow-up	 (FU)	 in	
several	trials.	
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to 48 hours after symptom onset (LDHQ48). The infarct size and clini-
cal outcome at 30 days are presented (Table 19-7). The study showed 
that delayed angiography with pretreatment with tirofiban was associ-
ated with a smaller enzymatic infarct size. No differences in clinical 
outcome were reported at 30 days.

The CRUSADE quality improvement initiative investigated the use 
of an early invasive management within 48 hours in 17,926 high-risk 
NSTEMI patients (Table 19-8).67 A total of 8037 patients (44.8%) 
underwent early cardiac catheterization, and of these, 75% were revas-
cularized: 4733 (58.9%) underwent PCI, and 1296 (16.1%) underwent 
CABG. The unadjusted incidence of in-hospital mortality and postad-
mission MI was significantly lower for patients who underwent early 
invasive management than for those who did not, and patients who 
underwent early invasive management were younger and had less 
comorbidity (Table 19-7). The adjusted risks for death and MI were 
therefore lower for patients who underwent early invasive manage-
ment, and in a propensity-matched pair analysis, the mortality rate 
remained lower for patients who underwent early invasive manage-
ment (2.5% vs. 3.7%, P < .01).

The Optimal Timing of Coronary Angiography and Potential Inter-
vention in Non–ST-Elevation Acute Coronary Syndromes (OPTIMA) 
trial68 randomized patients with NSTE-ACS undergoing PCI to either 
immediate PCI or PCI within 24 to 48 hours. Medical therapy was the 

TABLE 19-4 RITA-3 Trial Outcomes at 1-, 5-, and 10-Year 
Follow-Up

Outcome

Early 
Intervention
(n = 895)

Ischemia 
Guided
(n = 915) P Value

Follow-up	years

1-year	death/MI 7.6% 8.3% .58

5-year	death/MI 16.6% 20.0% .04

10-year	death 25.1% 25.4% .94

10-year	cardiovascular	death 15.1% 16.1% .65

From	 Henderson	 RA,	 Jarvis	 C,	 Clayton	 T,	 et	 al:	 10-Year	 mortality	 outcome	 of	 a	 routine	
invasive	versus	a	selective	 invasive	strategy	 in	non-ST-segment	elevation	acute	coronary	
syndrome.	J	Am	Coll	Cardiol	66:511-520,	2015.
MI,	Myocardial	infarction.

FIGURE 19-11	 Incidence	of	death	or	nonfatal	myocardial	 infarction	at	
10-year	 follow-up,	 from	 the	RITA-3	 trial.	(From	Henderson	RA,	Jarvis	
C,	 Clayton	 T,	 et	 al:	 10-year	 mortality	 outcome	 of	 a	 routine	 invasive	
strategy	versus	a	selective	invasive	strategy	in	non-ST-segment	eleva-
tion	acute	coronary	syndrome.	J	Am	Coll	Cardiol	66:511-520,	2015.)
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TABLE 19-5 Timing of Intervention in Patients with Non–
ST-Elevation Myocardial Infarction and Acute 
Coronary Syndrome in the CRUSADE Registry

TIMING OF CATHETERIZATION

In-Hospital Events

46.3 hours 23.4 hours

P Value(n = 10,804) (n = 45, 548)

Death	(%) 4.4 4.1 .23

Recurrent	MI	(%) 2. 3.0 .36

Death/MI	(%) 6.6 6.6 .86

From	CRUSADE	 Investigators:	Optimal	 timing	of	 intervention	 in	non-ST-segment	 elevation	
acute	 coronary	 syndromes:	 insights	 from	 the	 CRUSADE	 (Can	 Rapid	 risk	 stratification	 of	
Unstable	angina	patients	Suppress	ADverse	outcomes	with	Early	implementation	of	the	ACC/
AHA	guidelines)	Registry.	Circulation	112:3049-3057,	2005.
CRUSADE,	 Can	 Rapid	 Risk	 Stratification	 of	 Unstable	 Angina	 Patients	 Suppress	 Adverse	
Outcomes	With	Early	Implementation	of	the	ACC/AHA	guidelines	[National	Quality	Improve-
ment	Initiative	and	Registry];	MI,	myocardial	infarction.

TABLE 19-6 Outcomes of the ISAR-COOL Trial

Outcome 
Characteristic

Prolonged 
Antithrombotic 
Pretreatment (%)
(n = 207)

Early 
Intervention 
(%)
(n = 203) P Value

Definitive Treatment

Conservative 28.0 21.7

CABG 7.7 7.9

PCI	(stents) 64.3 70.4

30 days

Death/MI 11.6 5.9 .04

Death 1.4 0 .25

Nonfatal	MI 10.1 5.9 .12
	 Q-wave 3.4 2.0
	 Non–Q-wave 6.8 3.9

Major	bleeding	event 3.9 3.0 .61

From	Neumann	FJ,	Kastrati	A,	Pogatsa-Murray	G,	et	al:	Evaluation	of	prolonged	antithrom-
botic	pretreatment	(“cooling-off”	strategy)	before	intervention	in	patients	with	unstable	coro-
nary	syndromes:	a	randomized	controlled	trial.	JAMA	290:1593-1599,	2003.
CABG,	Coronary	artery	bypass	grafting;	ISAR-COOL,	Intracoronary	Stenting	With	Antithrom-
botic	Regimen	Cooling	Off;	MI,	myocardial	infarction;	PCI,	percutaneous	intervention.

were different. A total of 56,352 patients were treated at 310 U.S. hos-
pitals and were entered into the CRUSADE registry. The patients were 
retrospectively classified as having very early (23.4-hr) or later (46.3-
hr) catheterization. The in-hospital adverse cardiac events that occurred 
in the two groups are presented in Table 19-5. No difference was found 
between the two groups, but the investigators warned cautiously that 
they could not exclude an important risk reduction, particularly for 
early catheterization within 12 hours of presentation.

This issue was addressed in the Intracoronary Stenting With Anti-
thrombotic Regimen Cooling-Off (ISAR-COOL) trial,65 which ran-
domized 410 patients who had symptoms of UA plus ST-segment 
depression or elevated cardiac troponin T levels. Patients were ran-
domized to antithrombotic pretreatment for 3 to 5 days (the cooling-
off strategy) or very early intervention after pretreatment for less  
than 6 hours. Antithrombotic pretreatment consisted of heparin, 
aspirin, clopidogrel, and tirofiban. The outcome is presented in Table 
19-6. The reduction was significant in the combined death and MI  
rate in favor of the very early intervention strategy. This favorable 
outcome was predominantly attributable to adverse events occurring 
before catheterization.

The Early or Late Intervention in Unstable Angina (ELISA) pilot 
study66 investigated whether pretreatment with a GP IIb/IIIa inhibitor, 
tirofiban, was beneficial compared with no pretreatment. A total of  
220 patients with NSTE-ACS were randomized to an early strategy 
(i.e., early angiography without tirofiban pretreatment) or to a late 
strategy (i.e., delayed angiography after pretreatment with tirofiban). 
The primary end point was enzymatic infarct size (LDHQ48) as 
assessed by the area under the lactate dehydrogenase release curve up 
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patients, and GP IIb/IIIa inhibitors were used in 23% of patients. The 
primary end point was a composite of death, MI, and stroke at 6 
months. In this trial, no significant difference was found between the 
two groups. However, when stratified by risk according to the GRACE 
score, the highest risk patients in the trial (highest tertile, GRACE risk 
score >140) did have a substantial and significant reduction in the 
primary end point with an early intervention strategy (13.9% vs. 21.0%, 
HR 0.65, P = .006). This difference was not seen in patients in the lower 
two risk tertiles (Table 19-9, Fig. 19-12).

The secondary end point of the TIMACS trial was a composite of 
death, MI, and refractory ischemia, and here there was significant 
benefit in early intervention across the entire study population,  
including in low-risk patients (9.5% vs. 12.9%, P = .003). A 28% 
relative reduction in the secondary end point in the early interven-
tion group was driven mainly by a significant reduction in refractory 
ischemia (1.0% vs. 3.3% in the early vs. delayed groups, P < .001; 
Table 19-10).70

Patients Who Derive Benefit From an Early Invasive Strategy
Patients with elevated troponin levels (data from FRISC-II and 
TACTICS–TIMI 18), ST-segment depression (data from FRISC-II, 
TACTICS–TIMI 18, and TIMI IIIB), the degree of and number of ECG 
leads with ST-segment depression (data from FRISC-II), and age 
greater than 65 years (data from TIMI IIIB and TACTICS–TIMI 18) 
have been clearly shown to benefit from an early invasive strategy. The 
TIMI risk score applied to TACTICS–TIMI 18 showed that patients at 
low risk (TIMI risk score 0 to 2) demonstrated no difference in 

same for both groups and consisted of triple-antiplatelet therapy with 
aspirin, clopidogrel, and a GP IIb/IIIa inhibitor. The primary end point 
was a composite of death, nonfatal MI, and revascularization at 30 
days. This small study (n = 142) was terminated early because of poor 
enrollment. However, it demonstrated that the primary end point was 
significantly higher in the immediate PCI group, and this was driven 
by significantly higher rates of MI in the immediate PCI group.

In a similar fashion, the Angioplasty to Blunt the Rise of Troponin 
in Acute Coronary Syndromes (ABOARD) trial69 randomly assigned 
352 patients with high-risk NSTE-ACS (TIMI risk >3) to receive 
immediate versus delayed coronary angiography (between 8 and 60 hr 
post randomization). Over 96% of patients received aspirin and clopi-
dogrel; GP IIb/IIIa inhibition was used in 65% in the immediate inter-
vention group and in 57% in the delayed intervention group. In this 
study, the difference was not significant in either the primary outcome 
of peak hospital troponin I value or the secondary combined outcome 
of death, MI, or urgent revascularization at 1 month.

The Timing of Intervention in Acute Coronary Syndromes 
(TIMACS) trial70 was a larger study that randomized 3031 patients 
with NSTE-ACS to early PCI (within 24 hr) or delayed PCI (at least 
36 hr). In this trial, aspirin and clopidogrel was used in over 85% of 

TABLE 19-7 Outcomes of the ELISA Pilot Study

Outcome Characteristic
Early Strategy*
(n = 109)

Delayed Strategy†

(n = 111)

Median	time	to	angiography 6	hr 50	hr

Treatment

PCI	(%) 61 58

CABG	(%) 14 19

Conservative	(%) 25 23

30-Day	clinical	outcome	of	
death/MI	(%)

9.2 9.0

Enzymatic	infarct	size	
(LDHQ48)

629	±	503 432	±	441	(P	=	.02)

From	van’t	Hof	AW,	de	Vries	ST,	Dambrink	JH,	et	al:	A	comparison	of	two	invasive	strategies	
in	 patients	with	 non-ST	 elevation	 acute	 coronary	 syndromes:	 results	 of	 the	 Early	 or	 Late	
Intervention	in	unStable	Angina	(ELISA)	pilot	study:	2b/3a	upstream	therapy	and	acute	coro-
nary	syndromes.	Eur	Heart	J	24:1401-1405,	2003.
*Early	angiography	and	no	pretreatment.
†Delayed	angiography	(24	to	48	hr)	and	pretreatment	with	tirofiban.
CABG,	Coronary	artery	bypass	grafting;	ELISA,	Early	or	Late	Intervention	in	Unstable	Angina;	
LDHQ48,	 cumulative	 enzyme	 release	 up	 to	 48	 hours	 after	 symptom	 onset	 as	 assessed	
by	 the	 area	 under	 the	 lactate	 dehydrogenase	 release	 curve;	 MI,	 myocardial	 infarction;	
PCI,	percutaneous	intervention.

TABLE 19-8 Outcomes of the CRUSADE Trial: In-Hospital Death 
or Myocardial Infarction

Outcome

No Early Invasive 
Management
(n = 9889)

Early Invasive 
Management
(n = 8037)

Adjusted Odds 
Ratio (95% CI)

Mortality	(%) 6.2 2.0 0.63	(0.52	to	
0.77)

Postadmission	
MI	(%)

3.7 3.1 0.95	(0.79	to	
1.14)

Death	or	MI	
(%)

8.9 4.7 0.79	(0.69	to	
0.90)

From	CRUSADE	 Investigators:	Optimal	 timing	of	 intervention	 in	non-ST-segment	 elevation	
acute	 coronary	 syndromes:	 insights	 from	 the	 CRUSADE	 (Can	 Rapid	 risk	 stratification	 of	
Unstable	angina	patients	Suppress	ADverse	outcomes	with	Early	implementation	of	the	ACC/	
AHA	guidelines)	Registry.	Circulation	112:3049-3057,	2005.
CI,	Confidence	interval;	CRUSADE,	Can	Rapid	risk	stratification	of	Unstable	angina	patients	
Suppress	 ADverse	 outcomes	 With	 Early	 implementation	 of	 the	 ACC/AHA	 guidelines;	 MI,	
myocardial	infarction.

TABLE 19-9 TIMACS Trial 6-Month End Points
Early 
Intervention 
(%)

Delayed 
Intervention 
(%) RR/OR

CI 95%,  
P value

6-Month End Points

Death 4.8 5.9 0.81 CI	(0.6	to	
1.11),

P	=	.19

Myocardial	
infarction

4.8 5.7 0.83 CI	(0.61	to	
1.14),

P	=	.25

Stroke 1.3 1.4 0.9 CI	(0.49	to	
1.68),

P	=	.74

Refractory	
ischemia

1 3.3 0.3 CI	(0.17	to	
0.54),

P	<	.001

Repeat	
intervention

8.7 8.5 1.04 CI	(0.82	to	
1.34),

P	=	.73

Composite End Points

Death,	MI,	stroke 9.6 11.3 0.85 CI	(0.68	to	
1.06),

P	=	.15

Death,	MI,	
refractory	
ischemia

9.5 12.9 0.72 CI	(0.58	to	
0.89),

P	=	.003

Death,	MI,	stroke,	
refractory	
ischemia,	
repeat	
intervention

8.7 8.5 0.84 CI	(0.71	to	
0.99),

P	=	.04

From	Mehta	SR,	Grangar	CB,	Boden	WE,	et	al.	Early	versus	delayed	invasive	intervention	
in	acute	coronary	syndromes.	N	Engl	J	Med	360:2165-2175,	2009.
CI,	Confidence	interval;	MI,	myocardial	infarction;	OR,	odds	ratio;	RR,	relative	risk;	TIMACS,	
Timing	of	Intervention	in	Acute	Coronary	Syndromes.
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Although the presence of elevated cardiac biomarkers and ST-segment 
depression are each variables in the TIMI risk score, further analysis 
from the TACTICS–TIMI 18 trial data revealed that the degree of 
cardiac biomarker elevation and magnitude of ST-segment depression 
were each independent predictors of poorer outcomes and that these 
patients benefited from an early invasive strategy.71 A metaanalysis 
using 5-year outcomes from the FRISC-II, ICTUS, and RITA-3 trials 
showed that an early invasive strategy was associated with significantly 
lower rates of cardiovascular death or nonfatal MI (14.7% vs. 17.9%,  
P = .002). The absolute risk reduction in the highest-risk patients with 
an early invasive strategy was 11.1%.72

Based on the evidence, it appears that use of an early invasive strat-
egy for high-risk patients with NSTE-ACS is superior to reduce major 
adverse cardiac events (MACEs) than use of an ischemia-guided strat-
egy. An early invasive strategy with cardiac catheterization within 72 
hours of symptoms is now an AHA/ACC Practice Guidelines Class 1B 
recommendation for NSTE-ACS and a Level 1A recommendation from 
the European Society of Cardiology.73 Patients with elevated troponin 
levels or with high-risk indicators stand to derive the most benefit.

SPECIAL POPULATIONS

Diabetes
Insulin resistance is associated with a prothrombotic and proinflam-
matory state, and cardiovascular disease remains the leading cause  
of death among diabetics. With rates of obesity across the globe rising 

outcome—that is, a composite of death, MI, or rehospitalization for 
ACS at 6 months—whether they were treated with an early invasive or 
an ischemia-guided strategy.59 Patients at intermediate risk (TIMI risk 
score 3 to 4), however, showed better outcomes when treated with an 
early invasive strategy; these were manifested by a significant reduction 
in the composite of death, MI, or rehospitalization for ACS at 6 months. 
Patients at highest risk (TIMI risk score 5 to 7) showed an even greater 
improvement in outcomes with an invasive strategy (Table 19-11).70a 

FIGURE 19-12	 TIMACS	trial	results.	MI,	Myocardial	infarction;	RI,	refractory	ischemia.	
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TABLE 19-10 Early Versus Delayed Invasive Strategy

Trial End Point
Early Invasive,
n (%)

Conservative, 
n (%) RR or OR

CI 95%
P Value

ISAR-	COOL 30-day	death/	MI 12	(5.9%) 24	(11.6%) 1.96 CI	(1.01–3.82)	P	=	.04

ELISA 30-day	death/	MI 10	(9.2%) 10	(9.0%) P	=	.97

ABOARD 30-day	death/	MI/	revascularization 24	(13.7%) 18	(10.2%) P	=	.31

TIMACS 30-day	death/	MI/	refractory	
ischemia/	revascularization

191	(12%) 187	(13%) 0.91 CI	(0.75–1.12)	P	=	.37

ABOARD,	Angioplasty	 to	Blunt	 the	Rise	of	Troponin	 in	Acute	Coronary	Syndromes;	CI,	Confidence	 interval;	ELISA,	Early	or	Late	 Intervention	 in	Unstable	Angina;	 ISAR-COOL,	 Intracoronary	
Stenting	With	Antithrombotic	Regimen	Cooling-Off;	MI,	myocardial	 infarction;	MI,	myocardial	 infarction;	OR,	odds	ratio;	RR,	relative	risk;	TIMACS,	Timing	of	 Intervention	in	Acute	Coronary	
Syndromes.

TABLE 19-11 Rates of Death, Myocardial Infarction, or 
Rehospitalization for Acute Coronary Syndrome 
Stratified by TIMI Risk Score

TIMI Risk 
Score

EVENT RATE (%) Odds 
Ratio 95% CIInvasive Conservative

Low	(0	to	2) 19.8 15.1 1.39 1.02	to	1.88

Intermediate	
(3	to	4)

18.2 21.8 0.80 0.64	to	0.99

High	(5	to	7) 22.7 34 0.57 0.38	to	0.87

Data	from	TIMI	IIIB	(Antiplatelet	Trialists’	Collaboration:	Collaborative	overview	of	randomized	
trials	 of	 antiplatelet	 therapy:	 I.	 Prevention	 of	 death,	 myocardial	 infarction,	 and	 stroke	 by	
prolonged	antiplatelet	 therapy	in	various	categories	of	patients.	BMJ	308[6921]:81-106,	
1994)	and	TACTICS–TIMI	18	(Serebrauny	VL,	Steinhubl	SR,	Berger	PB,	et	al:	Analysis	of	
risk	of	bleeding	complications	after	different	doses	of	aspirin	in	192,036	patients	enrolled	
in	31	randomized	controlled	trials.	Am	J	Cardiol	95[10]:1218-1222,	2005).
CI,	Confidence	interval;	TIMI,	thrombolysis	in	myocardial	infarction.
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including STEMI. The Trial of Trans-Radial Versus Trans-Femoral  
Percutaneous Coronary Intervention (PCI) Access Site Approach in 
Patients With Unstable Angina or Myocardial Infarction Managed 
With an Invasive Strategy (RIVAL)85 randomized 7021 patients with 
STEMI (n = 1958) or NSTE-ACS (n = 5063) to radial versus femoral 
PCI. The primary end point was a composite of death, MI, stroke, and 
non–CABG-related major bleeding. A significant reduction was seen 
in mortality (1.3% vs. 3.2%, radial vs. femoral, P = .006) and in the 
primary end point (3.1% vs. 5.2%, radial vs. femoral, P = .026) with 
radial PCI in patients with STEMI. However, in NSTE-ACS patients, 
the difference was not significant in either mortality or the primary 
end point. Preliminary data from the Radial Versus Femoral Access in 
Mortality Reduction in Non–ST-Elevation Myocardial Infarction 
(REALITY-NSTEMI) study was presented at the Transcatheter Cardio-
vascular Therapeutics (TCT) 2013 Scientific Sessions. This observa-
tional cohort study enrolled 10,095 patients who presented with 
NSTE-ACS and found that transradial access was associated with sig-
nificantly lower rates of bleeding (0.23% vs. 0.97%, radial vs. femoral, 
P = .001) and access-site complications (0.35% vs. 1.00%, radial vs. 
femoral, P = .003). Preliminary data also found a mortality benefit with 
transradial access in patients with NSTE-ACS at 30 days (HR 0.55; 95% 
CI, 0.31 to 0.97; P = .041), at 6 months (HR 0.59; 95% CI, 0.41 to 0.87; 
P = .007), and at 1 year (HR 0.74; 95% CI, 0.55 to 0.99; P = .042). Full 
details of REALITY-NSTEMI had not been published at the time of 
printing.86

REVASCULARIZATION OF MULTIVESSEL DISEASE  
IN NON–ST-SEGMENT ELEVATION ACUTE  
CORONARY SYNDROME

When patients undergo coronary angiography for NSTE-ACS and are 
found to have multivessel disease, the interventionalist must decide  
on an appropriate strategy for revascularization: PCI versus CABG  
and multivessel PCI versus culprit-vessel PCI. CABG was compared 
with PCI in patients who were candidates for either procedure based 
on angiographic findings in the Angina With Extremely Serious Oper-
ative Mortality Evaluation (AWESOME)87 trial and in the Argentine 
Randomized Trial of Coronary Angioplasty With Stenting Versus 
Coronary Bypass Surgery in Patients With Multiple-Vessel Disease 
(ERACI-II).88 It is important to note that both trials were performed 
before the advent of drug-eluting stents, which are known to substan-
tially reduce the rate of repeat revascularization, and both trials 
excluded patients who had clear indications for CABG over PCI  
(such as left main CAD). In the AWESOME trial,87 454 patients with 
medically refractory angina or provocable ischemia after stabilization 
with medical therapy who were at high risk for increased 30-day post-
operative mortality after CABG were randomly assigned to undergo 
PCI (54% with stenting and 11% with a GP IIb/IIIa inhibitor) or 
CABG. PCI and CABG were associated with similar mortality rates at 
30 days, 3 years, and 5 years; however, survival free of UA or repeat 
revascularization was lower in the PCI group. A registry of 1650 
patients who were eligible for the AWESOME trial but were not ran-
domized showed similar results (AWESOME registry).89 In ERACI-II, 
450 patients with multivessel disease were randomly assigned to CABG 
or PCI with bare-metal stents. Unlike the AWESOME trial, ERACI-II 
showed a significantly lower rate of major adverse events (death, MI, 
repeat revascularization, and stroke) at 30 days in the PCI group, pri-
marily driven by a reduction in death. At 18 months, mortality 
remained lower in the PCI group; however, it was noted that the excess 
deaths seen in the CABG group had all occurred within the first 30 
days. PCI was associated with a significant increase in new revascular-
ization procedures at 18 months88 and 5 years,90 and a difference in 
mortality between the PCI and CABG groups was no longer apparent 
at 5 years.90

When NSTE-ACS patients are found to have significant multivessel 
disease by coronary angiography and there are no clear advantages for 
CABG, the interventionalist is next faced with the decision of whether 
to perform PCI on the culprit vessel only or to undertake multivessel 

to epidemic proportions, the prevalence of diabetes is expected to 
double by the year 2030.74,75 Diabetic patients who have acute coro-
nary syndrome have significantly worse outcomes compared with the 
general population. Mortality rates for diabetic patients are signifi-
cantly higher across the board for both UA/NSTE-ACS and STE- 
ACS. The mortality difference is seen at 30 days for both UA/NSTE- 
ACS (2.1% vs. 1.1%, diabetics vs. nondiabetics, P < .001) and STE-ACS 
(8.5% vs. 5.4%, diabetics vs. nondiabetics, P < .001). At 1 year, diabetic 
patients continue to have a significantly higher mortality risk (HR 1.65 
for UA/NSTE-ACS, HR 1.22 for STE-ACS). In particular, at 1 year, 
diabetic patients who present with UA/NSTE-ACS have mortality 
rates that are almost as high as nondiabetics who present with 
STE-ACS (7.2% vs. 8.1%).76

Diabetic patients who present with an ACS are therefore a high-risk 
population. As such, in the 2012 American College of Cardiology 
Foundation (ACCF)/AHA Focused Update, diabetic patients who 
present with UA/NSTE-ACS were designated as a subgroup for whom 
an early invasive strategy would be preferred. Subgroup analysis of 
diabetic patients in both the FRISC-II and TACTICS–TIMI 18 trial 
showed a significant risk reduction in MI and death with an invasive 
strategy.6 In addition to an early invasive strategy, current guidelines 
recommend maintaining glucose levels below 180 mg/dL, but this 
must be done with caution to avoid hypoglycemia.6

Chronic Kidney Disease
Patients with chronic kidney disease (CKD) have worse outcomes  
after MI than the general population. In patients with end-stage renal 
disease, the 2-year mortality rate after an MI is 50%—twice that of  
the general population.77 However, even mild CKD carries a worse 
prognosis after acute MI.78 In addition, patients with CKD who 
undergo PCI for ACS have a higher mortality risk compared with those 
who have normal renal function.79 However, few data are available 
regarding early invasive therapy in this high-risk group. The Swedish 
Web-System for Enhancement and Development of Evidence-Based 
Care in Heart Disease Evaluated According to Recommended Thera-
pies (SWEDEHEART) study80 was an observational, nonrandomized 
study that found a 36% lower mortality rate with early revasculariza-
tion in patients with mild to moderate CKD who presented with 
NSTE-ACS but not with severe CKD (stage 4). A subsequent meta-
analysis of randomized controlled trials in patients with CKD did  
not find a significant benefit in mortality or MI with an invasive strat-
egy, although an invasive strategy was associated with significantly 
lower rates of rehospitalization compared with an ischemia-guided 
strategy.81 Currently, the 2012 ACCF/AHA focused update considers 
an early invasive strategy reasonable in patients with mild and moder-
ate CKD but recommends that physicians exercise judgement in this 
population.6

Women
The benefit of using an early invasive strategy for treating women  
is achieved primarily in women with high-risk features such as 
ST-segment changes or elevated troponin levels. Women who were 
managed with very early aggressive revascularization had a better long-
term outcome than men.82 The combined end point of death and non-
fatal MI was significantly reduced at a follow-up of 20 months for 
women compared with men (OR 0.65; 95% CI, 0.28 to 0.92).

RADIAL PERCUTANEOUS CORONARY INTERVENTION
Patients undergoing an invasive approach for ACS are concurrently 
treated with antithrombotic and antiplatelet therapy and are therefore 
at higher risk for bleeding than those undergoing elective PCI. These 
bleeding complications are associated with a significant mortality 
risk.83,84 PCI via radial arterial access is associated with significantly 
lower rates of bleeding compared with femoral arterial access, and 
increasingly more operators are utilizing radial artery PCI during ACS, 
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STATINS AND PERCUTANEOUS CORONARY 
INTERVENTION FOR NON–ST-SEGMENT ELEVATION 
ACUTE CORONARY SYNDROME

Early and post-PCI statin therapy is beneficial to reduce adverse coro-
nary events after ACS. The Myocardial Ischemia Reduction With 
Aggressive Cholesterol Lowering (MIRACL) trial100 randomized 3086 
patients with unstable CAD to early treatment with 80 mg of atorvas-
tatin (n = 1355) or placebo (n = 1384). At 16 weeks, the primary end 
point—a composite of death, nonfatal MI, cardiac arrest, and recurrent 
ischemia—occurred in 14.8% in the atorvastatin group and 17.4% in 
the placebo group (P = .048). Only 16% of these patients underwent 
revascularization.

In the Pravastatin or Atorvastatin Evaluation and Infection 
Therapy–Thrombolysis in Myocardial Infarction 22 (PROVE IT–TIMI 
22) trial,101 intensive statin treatment in patients hospitalized for an 
ACS was compared with standard statin therapy. The combined 
primary end point was death from any cause, MI, documented UA, 
rehospitalization, revascularization (performed at least 30 days after 
randomization), and stroke. The trial randomized 4162 patients to 
intensive statin treatment (80 mg of atorvastatin daily, n = 2099) or to 
pravastatin (40 mg, n = 2063). Of these patients, 69% underwent PCI 
for the treatment of their index ACS before randomization, and 75% 
underwent an early invasive strategy. The low-density lipoprotein 
(LDL) cholesterol levels were 106 mg/dL before treatment in each 
group. The primary end point at the end of follow-up (mean, 24 
months) was reached in 22.4% of the intensive atorvastatin group and 
in 26.3% of the standard-dose pravastatin group (P = .005). The differ-
ence in treatment effect started at 30 days, which confirmed the results 
with statin treatment in the MIRACL trial.

In the Lescol Intervention Prevention Study (LIPS),102 1669 patients 
were randomized to receive 80 mg of fluvastatin or placebo, with treat-
ment starting 2 days after successful PCI. The LIPS study showed that 
the statin-treated group had a significantly lower incidence of adverse 
clinical events (24.1%) than the placebo group (26.7%, P = .01).

The most recently published AHA/ACC guidelines regarding statin 
therapy are notable for a dramatic departure from recommendations 
established during previous years. Patients with a history of ACS are 
at higher risk for recurrent atherosclerotic cardiovascular disease and 
death. For years, previous guideline recommendations had advocated 
secondary prevention with statins titrated to a goal LDL less than 
100 mg/dL, with an option to titrate to a goal less than 70 mg/dL. With 
the newest guidelines, target LDL levels have been eliminated. Statin 
therapy is now categorized as (1) low intensity (lowers LDL-C by less 
than 30%), (2) moderate intensity (lowers LDL-C by 30% to 50%), and 
(3) high intensity (lowers LDL-C by 50% or more). The newest guide-
lines now recommend that all patients with a history of atherosclerotic 
cardiovascular disease receive statin therapy. In patients with an estab-
lished history of CAD, those 75 years of age or younger without con-
traindications to statins should receive high-intensity statin therapy. 
Patients older than 75 years or those who may be at risk for drug 
interactions should receive moderate-intensity statin therapy. High-
intensity statin therapy is defined as atorvastatin 40 or 80 mg or rosu-
vastatin 20 mg. Moderate-intensity statin therapy consists of the 
following options: (1) atorvastatin 10 to 20 mg, (2) rosuvastatin 5 to 
10 mg, (3) simvastatin 20 to 40 mg, (4) pravastatin 40 to 80 mg, (5) 
lovastatin 40 mg, or (6) fluvastatin 40 mg twice daily. Once the appro-
priate intensity of statin therapy has been initiated, the current guide-
lines no longer recommend treating to a target LDL.103

MANAGEMENT OF PATIENTS WITH NON–ST-SEGMENT 
ELEVATION ACUTE CORONARY SYNDROME

Outlined here is a pragmatic approach consistent with the most recent 
ACC/AHA and European Society of Cardiology (ESC) guidelines.6,104-106 
Patients with NSTE-ACS should receive antiischemic, antiplatelet, and 
anticoagulant treatment. An early risk assessment is vitally important 

PCI. In making this decision, it is always important to consider from 
a practical standpoint that it may not always be overtly obvious which 
lesion is the clear culprit for the ACS event. This is especially the case 
when a patient has been treated with anticoagulant and antiplatelet 
therapy for many hours prior to angiography, which may decrease the 
intracoronary thrombus burden associated with a recently ruptured 
plaque and may make it difficult or impossible to identify. A retrospec-
tive analysis of the safety and efficacy of multivessel stenting versus 
culprit vessel–only stenting utilizing bare-metal stents in 1240 patients 
with NSTE-ACS revealed that multivessel stenting was associated with 
a significant reduction in the composite end point of death, MI, or 
revascularization during a mean follow-up period of 2.3 years.91 This 
benefit, however, was entirely attributable to a lower subsequent revas-
cularization rate in the patients who had undergone multivessel stent-
ing compared with those who did not, and no differences in safety end 
points were found between the two groups.91 The decision to proceed 
with multivessel PCI versus culprit vessel–only PCI may be influenced 
by several factors, including but not limited to angiographic severity/
complexity of the lesions present, amount of myocardium supplied by 
the lesions in question, amount of fluoroscopy time used, and amount 
of contrast used, which leads to concerns over renal toxicity. In many 
cases, because of one or more of the previously mentioned factors, an 
interventionalist may choose to bring a patient back for a staged PCI 
procedure, either during the same hospitalization or at a later time, in 
order to complete the task of total revascularization.

DRUG-ELUTING STENTS FOR PATIENTS WITH  
NON–ST-SEGMENT ELEVATION ACUTE  
CORONARY SYNDROME

The primary limitation of PCI using bare-metal stents (BMSs) has been 
the higher rate of repeat revascularization. Drug-eluting stents (DESs) 
are associated with substantially reduced rates of target-lesion revas-
cularization (TLR) in patients undergoing PCI and are being increas-
ingly used in those with NSTE-ACS. In various randomized trials 
comparing the efficacy of DESs with that of BMSs to reduce the reste-
nosis and target-vessel revascularization (TVR) rates, the reported 
proportions of patients with unstable CAD were between 30% and 
50%.92-95 Although many variables were studied that predicted early 
in-hospital complications or TVR, the presence of unstable CAD  
was not reported as a predictive factor. In a subanalysis of the 
Rapamycin-Eluting Stent Evaluated At Rotterdam Cardiology Hospital 
(RESEARCH) registry, investigating the safety and efficacy of sirolimus-
eluting stents, it was shown that sirolimus stenting in patients with UA 
and in those with stable angina was associated with an almost similar 
risk reduction in the need for TVR compared with bare-metal stent-
ing.96 The hazard ratio at 1 year of clinically driven TVR for DES use 
was 0.30 (95% CI, 0.13 to 0.71; P < .0006) compared with bare-metal 
stenting. The Basel Stent Kosten Effektivitäts Trial (BASKET)97 dem-
onstrated that there were fewer adverse cardiac events for patients  
(N = 301) with NSTE-ACS who received a DES than for those given 
a BMS.

A subgroup analysis of the One-Year Clinical Results With the 
Slow-Release, Polymer-Based Paclitaxel-Eluting TAXUS Stent (TAXUS 
IV) trial,98 which examined 450 patients with ACS (80% UA and 20% 
NSTE-ACS), revealed a significant reduction in MACEs for patients 
treated with paclitaxel-eluting stents compared with bare-metal stent-
ing, with a benefit due entirely to a lower rate of TLR. An analysis of 
the mandated Massachusetts State PCI Registry showed that in 1228 
matched pairs, the 2-year risk of death or recurrent MI was signifi-
cantly lower in patients who received DESs, as was the rate of revas-
cularization.99 It may be concluded, then, that the safety and efficacy 
of DES implantation are similar in patients who present with stable or 
unstable CAD. However, because of delayed healing after DES and the 
effects of stent implantation in a highly unstable thrombotic milieu, 
the use of DAPT should be continued for at least 1 year after DES 
implantation.
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TABLE 19-12 American College of Cardiology/American Heart Association Risk Stratification: Short-Term Risk Stratification of Death or 
Nonfatal Myocardial Infarction in Patients With Non–ST-Elevation Myocardial Infarction and Acute Coronary Syndrome

Feature

High Risk
(At Least One of These Must Be 
Present)

Intermediate Risk
(No High-Risk Features, Must Have One of 
These)

Low Risk
(No Intermediate- or High-Risk Feature, 
May Have These)

History Accelerating	tempo	of	ischemic	
symptoms	in	preceding	48	hr

Prior	MI,	peripheral	or	cerebrovascular	
disease,	or	CABG;	prior	aspirin	use

Character	of	pain Prolonged	ongoing	rest	pain	(>20	min) Prolonged	(>20	min)	rest	angina,	now	
resolved,	with	moderate	or	high	likelihood	
of	CAD	rest	angina	(<20	min	or	relieved	
with	rest	or	sublingual	nitroglycerin)

New-onset	or	progressive	CCS	class	III	
or	IV	angina	in	the	past	2	weeks	with	
moderate	or	high

likelihood	of	CAD

Clinical	findings Pulmonary	edema,	most	likely	related	to	
ischemia

New	or	worsening	MR	murmur
S3	or	new	or	worsening	rale,	

Hypotension,	bradycardia,	tachycardia
Age	>75	yr

Age	>70	yr

ECG	findings Angina	at	rest	with	transient	ST-segment	
changes	>0.05	mV

BBB,	new	or	presumed	new
Sustained	ventricular
tachycardia

T-wave	inversions	>0.2	mV
Pathologic	Q	waves

Normal	or	unchanged	ECG	pattern	
during	an	episode	of	chest

discomfort

Cardiac	markers Elevated	(e.g.,	TnT	or	TnI	>0.1	ng/mL) Slightly	elevated	(e.g.,	TnT	>0.01	but	
<0.1	ng/mL)

Normal

From	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.	J	Am	Coll	Cardiol	64:e139-e228,	2014.
CABG,	coronary	artery	bypass	grafting;	BBB,	bundle	branch	block;	CAD,	coronary	artery	disease;	CCS,	Canadian	Cardiovascular	Society;	ECG,	electrocardiography;	MI,	myocardial	infarction;	
MR,	mitral	regurgitation;	Tn,	troponin	(I	and	T	forms).

therapy, left ventricular ejection fraction below 40%, or a TIMI risk 
score greater than 2 should be managed with an early invasive strategy. 
Patients with a low TIMI risk score (<2) and no high-risk features 
should be managed with an ischemia-guided strategy. The findings of 
coronary angiography largely determine whether patients should be 
referred for PCI or CABG (see Fig. 19-7). If PCI is the chosen revas-
cularization modality, it may be performed in the same sitting or in a 
staged fashion as deemed appropriate by the treating physician. 
Patients undergoing PCI should receive adjunctive treatment with 
aspirin, a P2Y12 inhibitor (clopidogrel or ticagrelor), and an anticoagu-
lant (UFH, LMWH, bivalirudin, or fondaparinux) with or without a 
GP IIb/IIIa antagonist. Lifestyle changes and secondary prevention 
using aspirin, beta-blockers, statins, and ACE inhibitors should be 
implemented for all survivors of NSTE-ACS as appropriate.

in order to identify those who may benefit from an early aggressive 
approach. This assessment should be based on clinical presentation, 
age, electrocardiographic (ECG) changes, cardiac enzymes and bio-
markers, and clinical course. The risk level is classified as high, inter-
mediate, or low (Tables 19-12 through 19-14); further management is 
guided by risk classification. Patients who present with NSTE-ACS and 
evidence of hemodynamic instability or cardiogenic shock, severe left 
ventricular dysfunction or overt heart failure, recurrent or persistent 
angina at rest despite intensive medical therapy, acute mitral regurgita-
tion or ventricular septal defect, or sustained ventricular arrhythmias 
should undergo urgent coronary angiography and appropriate revas-
cularization. Patients who are stable but have a history of prior CABG 
or PCI within 6 months, new ST-segment depression, elevated cardiac 
biomarkers, angina with minimal activity despite intensive medical 

TABLE 19-13 American College of Cardiology/American Heart 
Association High-Risk Indicators for Non–
ST-Segment Elevation Acute Coronary Syndrome

Recurrent	angina	or	ischemia	at	rest	or	with	low-level	activities	despite	
intensive	antiischemic	treatment

•	 Elevated	troponin	levels
•	 New	or	presumably	new	ST-segment	depression

Recurrent	angina	or	ischemia	with	congestive	heart	failure	symptoms,	S3	
gallop,	pulmonary	edema,	worsening	rales,	or	new	or	worsening	mitral	
regurgitation

•	 High-risk	findings	on	noninvasive	stress	testing
•	 Depressed	left	ventricular	systolic	function
•	 Hemodynamic	instability
•	 Sustained	ventricular	tachycardia
•	 Percutaneous	coronary	intervention	within	6	months
•	 Prior	coronary	artery	bypass	grafting

From	Amsterdam	EA,	Wenger	NK,	Brindis	RG,	et	al:	2014	AHA/ACC	Guideline	for	the	Man-
agement	 of	 Patients	 with	 Non-ST-Elevation	 Acute	 Coronary	 Syndromes:	 a	 report	 of	 the	
American	College	of	Cardiology/American	Heart	Association	Task	Force	on	Practice	Guide-
lines.	J	Am	Coll	Cardiol	64:e139-e228,	2014.

TABLE 19-14 European Society of Cardiology Guidelines for Risk
High-Risk Indicators Low-Risk Indicators

Elevated	troponin	levels Normal	troponin	levels

Recurrent	ischemia No	recurrent	ischemia

ST-segment	depression No	release	of	creatine	kinase	
MB	fraction

Early	unstable	angina	after	
myocardial	infarction

Presence	of	negative	or	flat		
T	waves

Hemodynamic	instability Normal	electrocardiogram

Major	arrhythmias:	ventricular	
fibrillation,	ventricular	
tachycardia

From	Hamm	C,	Bassand	J,	Agewall	S,	et	al:	ESC	Guidelines	for	the	management	of	acute	
coronary	 syndromes	 in	 patients	 presenting	 without	 persistent	 ST-segment	 elevation:	 The	
Task	Force	for	the	management	of	acute	coronary	syndromes	(ACS)	in	patients	presenting	
without	persistent	ST-segment	elevation	of	 the	European	Society	of	Cardiology	(ESC).	Eur	
Heart	J	32(23):2999-3054,	2011.
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Coronary artery disease (CAD) is a leading cause of death world-
wide. Acute coronary syndromes (ACSs)—and in particular, acute 

MI—are important contributors to the death and disability related to 
this disease. MI can be recognized by clinical features that include 
typical electrocardiography (ECG) features, elevated biomarkers of 
myocardial necrosis, and imaging findings or pathologic examination.1 
Acute MI results mostly from acute thrombotic occlusion of an epicar-
dial coronary artery that typically occurs as a consequence of athero-
sclerotic plaque disruption, fissuring, or erosion that leads to exposure 
of thrombogenic material such as plaque lipid content, collagen, and 
subendothelial extracellular matrix to circulating blood. Other caus-
ative factors of lesser importance include acute plaque expansion—
such as that which occurs as a result of intraplaque hemorrhage, 
leading to acute closure without or with minimal intraluminal throm-
bus formation—embolism, spontaneous dissection, coronary inflam-
mation, and extracoronary factors. Interruption of coronary blood 
flow results in myocardial ischemia in the blood-deprived myocardial 
area; if the ischemia is severe enough and of sufficient duration, it 
results in myocardial necrosis. With the exception of sudden cardiac 
death, acute STEMI represents the most malignant presentation of 
ACSs that result from acute thrombus-mediated closure of a coronary 
artery. Earlier angiographic studies performed in patients within 24 
hours of MI have proven the role of acute thrombus formation in 
causing acute coronary occlusion and STEMI.2 Because acute coronary 
thrombosis is often abrupt in onset, and the ensuing ischemic damage 
is irreversible, the rationale is strong for prompt reperfusion therapy—
that is, pharmacologic or mechanical removal of occlusive thrombi—
aimed at early restoration of coronary blood flow to the infarct-related 
artery. Timely reperfusion results in myocardial salvage, increased 
electrical stability, and reduced incidence of fatal ventricular arrhyth-
mias in the acute phase in addition to preservation of left ventricular 
(LV) function and improvement in short- and long-term patient sur-
vival. Although current evidence suggests that the incidence of STEMI 
is trending downward3,4 and that STEMI-related mortality has 
decreased,5 STEMI still represents a severe condition associated with 
poor short- and long-term prognosis, particularly in the setting of 
suboptimal reperfusion (Fig. 20-1).6 Abundant evidence over the last 
three decades supports the role of reperfusion therapy, thrombolysis, 
or PPCI in improving both survival and quality of life in patients with 
STEMI. However, despite the proven efficacy of timely reperfusion, the 
proportion of patients with STEMI who receive suboptimal reperfu-
sion or no reperfusion remains unacceptably high.7 Of note, the 
number of patients with STEMI who receive no reperfusion therapy 
has remained unchanged at 20% to 30% of all STEMI cases.8

The main focus of this chapter is to summarize recent developments 
in the field of PPCI in patients with acute STEMI.

PRIMARY PERCUTANEOUS CORONARY 
INTERVENTION VERSUS THROMBOLYSIS AS A 
REPERFUSION STRATEGY FOR STEMI

Rapid restoration of coronary blood flow in the occluded coronary 
artery and the subtended myocardial tissue is the fundamental aim of 
early STEMI therapy. Primary percutaneous coronary intervention 
refers to a strategy of emergent coronary angiography followed by 
coronary angioplasty with or without stenting of the infarct-related 

20 Percutaneous Coronary Intervention in Acute 
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•	 Catheter-based	primary	percutaneous	coronary	intervention	(PCI)	
has	become	the	mainstay	of	reperfusion	therapy	and	has	
supplanted	thrombolytic	therapy	as	the	reperfusion	treatment	of	
choice	in	patients	with	ST-elevation	myocardial	infarction	(STEMI)	
in	the	United	States	and	in	Europe.

•	 PCI	is	superior	to	thrombolytic	therapy	in	reducing	death,	
reinfarction,	intracranial	bleeding,	reocclusion	of	the	infarct-related	
artery,	and	myocardial	ischemia	in	patients	with	STEMI	irrespective	
of	the	patient’s	risk	or	whether	interhospital	transfer	for	PCI	is	
required.

•	 PCI	retains	its	myocardial	salvaging	capacity	and	its	ability	to	
improve	clinical	outcome	over	a	wider	time	window	after		
symptom	onset	than	thrombolysis	and	is	the	recommended	
therapy	for	patients	who	present	early	or	late	after	symptom		
onset.

•	 Primary	stenting	is	the	preferred	primary	percutaneous	coronary	
intervention	(PPCI)	approach	for	patients	with	STEMI,	and	
drug-eluting	stents	(DESs)—in	particular,	second-generation	
DESs—should	be	considered	the	preferred	device	for	use	in	PPCI.	
Although	randomized	trials	and	meta-analyses	offer	no	firm	
evidence	of	an	effect	of	DES	on	mortality	(either	an	excess	or	a	
reduction)	or	recurrent	myocardial	infarction	(MI),	they	
demonstrate	clear	superiority	in	antirestenotic	efficacy.

•	 Randomized	trials	and	registries	support	the	use	of	the	radial	
artery	for	vascular	access	in	patients	with	STEMI	who	undergo	
PPCI.

•	 Use	of	thrombolysis	for	facilitated	PCI	as	a	strategy	to	promote	
reperfusion	within	the	time	interval	from	patient	presentation	to	
performance	of	PCI	is	associated	with	worse	clinical	outcomes	
than	PCI	alone	and	cannot	be	recommended	for	STEMI	patients.

•	 Rescue	PCI	after	failed	thrombolysis	salvages	ischemic	
myocardium	and	improves	clinical	outcome	and	thus	is	the	
recommended	treatment	for	these	patients.

•	 The	pharmacoinvasive	strategy,	routine	use	of	a	thrombolytic	
agent	or	glycoprotein	(GP)	IIb/IIIa	inhibitor	prior	to	planned	PCI,	
was	associated	with	clinical	benefit	in	patients	with	STEMI.	In	the	
setting	of	this	strategy,	angiography	and	planned	PCI	are	
performed	3	to	24	hours	after	presentation.

•	 Available	evidence	supports	the	use	of	clopidogrel,	prasugrel,	and	
ticagrelor	before	treatment	in	patients	with	STEMI	who	will	undergo	
PPCI.	Bivalirudin,	a	thrombin	receptor	blocker,	has	emerged	as	an	
effective	and	safe	antithrombotic	agent	in	patients	with	STEMI	
undergoing	PPCI,	and	the	drug	was	associated	with	reduced	
incidence	of	bleeding	complications	compared	with	unfractionated	
heparin	(UFH).

•	 The	available	evidence	supports	the	use	of	manual	aspiration	
thrombectomy	as	an	adjunctive	mechanical	strategy	in	the	setting	
of	PPCI	in	the	majority	of	patients	with	STEMI.	Neither	mechanical	
thrombectomy	nor	distal	protection	devices	improve	results	over	
conventional	PPCI	and	cannot	be	recommended	based	on	current	
evidence.

•	 The	role	of	cell-based	myocardial	repair	and	regenerative	agents	in	
the	management	of	patients	with	STEMI	warrant	further	
investigation.
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FIGURE 20-1	 Efficacy	 of	 reperfusion	 and	 its	 association	 with	 5-year	 mortality	 in	 patients	 with	 ST-elevation	 myocardial	 infarction.	 A,	 Size	 and	
proportion	of	 initial	 area	at	 risk	 salvaged.	B,	 Infarct	 size	 in	 the	 single	photon	emission	 computed	 tomography	 (SPECT)	 imaging	obtained	7	 to	
14	days	after	primary	percutaneous	coronary	intervention.	C,	Kaplan-Meier	estimates	of	5-year	mortality	according	to	reperfusion	efficacy.	LV,	Left	
ventricle;	MPG,	myocardial	 perfusion	grade;	 TIMI,	 thrombolysis	 in	myocardial	 infarction.	 (From	Ndrepepa	G,	Schömig	A,	Kastrati	 A:	 Efficacy	of	
reperfusion	with	primary	percutaneous	coronary	 intervention	 in	patients	with	acute	ST	segment	elevation	myocardial	 infarction.	Clin	Res	Cardiol	
100[11]:1047-1048,	2011.)

A

Salvaged (ischemic) Not salvaged (necrotic) 

5

10

15

20

In
fa

rc
t s

iz
e 

(%
 o

f L
V

) 

17.0%

13.0%
12.0%

7.0%

B 

C 

0

5

10

15

20

0 1 2 3 4 5

217

195

801

186

176

714

164

154

588

134

133

458

109

112

373

76

85

289

Years Numbers at risk 

P
ro

ba
bi

lit
y 

of
 m

or
ta

lit
y 

(%
)

193 169 127 100 82 63

P < .001 
TIMI ≤ 2/MPG ≤ 2 (20.0%)

TIMI ≤ 2/MPG ≤ 2
TIMI = 3/MPG = 0–1

TIMI = 3/MPG = 2

TIMI = 3/MPG = 3

TIMI = 3/MPG = 0–1 (16.6%) 

TIMI = 3/MPG = 2 (15.3%) 

TIMI = 3/MPG = 3 (7.8%) 

44% 56%

TIMI 3/MPG 0–1
(n = 217)

46% 54%

TIMI 3/MPG 2
(n = 195)

58% 42%

TIMI 3/MPG 3
(n = 801)

34% 66%

TIMI ≤ 2/MPG ≤ 2
(n = 193)

TIMI 3/MPG 0–1
(n = 217)

TIMI 3/MPG 2
(n = 195)

TIMI 3/MPG 3
(n = 801)

TIMI ≤ 2/MPG ≤ 2
(n = 193) 



 CHAPTER 20  Percutaneous Coronary Intervention in Acute ST-Segment Elevation Myocardial Infarction 331

statistical significance in randomized trials or observational studies.20 
The study reinforced the recommendation that PPCI should be offered 
to STEMI patients if transport to hospitals that offer invasive treatment 
can be completed within 120 minutes. Recent evidence also points out 
cost-effectiveness of PPCI compared with thrombolysis.21,22

Because of this evidence, the American College of Cardiology 
(ACC)/American Heart Association (AHA) guidelines define primary 
percutaneous coronary intervention as a class 1 indication in patients 
with STEMI under three conditions: (1) ischemic symptoms have been 
present for fewer than 12 hours (level of evidence A); (2) ischemic 
symptoms have been present for fewer than 12 hours in patients who 
have contraindications to thrombolysis irrespective of time delay from 
the first medical contact (level of evidence B); and (3) irrespective of 
the time delay from the STEMI onset, cardiogenic shock or severe 
heart failure are present (level of evidence B).10 In the recent guidelines 
of the European Society of Cardiology (ESC) for STEMI treatment, 
reperfusion in patients with STEMI who present within 12 hours of 
symptom onset was recommended as a class 1 indication (level of 
evidence A). PPCI is the preferred strategy (class 1 indication) if per-
formed by an experienced team within 120 minutes from the first 
medical contact (level of evidence A) and in patients with severe heart 
failure or cardiogenic shock unless the expected PCI-related delay is 
excessive and the patient presents early after symptom onset (level of 
evidence B). Furthermore, coronary stenting is the preferred PPCI 
approach (class I indication, level of evidence A) compared with 
balloon angioplasty.9 The lack of availability of centers equipped to 
offer timely PPCI for patients with STEMI, rather than issues that 
pertain to the clinical effectiveness of this reperfusion strategy, are 
currently perceived as the most important factor that impedes a 
broader application of this treatment to patients with STEMI.

At present, it seems that the era of head-to-head comparative 
studies between PPCI and pharmacologic thrombolytic therapy is over, 
and the superiority of PPCI over thrombolysis is almost unanimously 
accepted. However, only one-third of the hospitals in the United States 
are capable of performing PPCI.23 Recognizing the importance of the 
problem, several regions in the United States have proposed or estab-
lished triage and transfer protocols to direct patients with STEMI to 
hospitals with PCI capability without delay. A series of prehospital 
timing benchmarks have been proposed, the achievement of which was 
associated with favorable system performance; that is, they achieved a 
time interval from first medical contact (FMC) to PCI of 90 minutes 
or less (Table 20-1 and Fig. 20-4).24

SYSTEMS THAT OPTIMIZE REPERFUSION  
IN PATIENTS WITH STEMI

Over the last decade, considerable efforts have been made to build and 
apply STEMI systems of care with focus on speedy application of 
reperfusion therapy to patients with STEMI. Earlier studies were 
focused on hospital-based strategies applied to improve application of 
thrombolytic therapy to STEMI patients. Recognizing the powerful 
salvaging capacity of mechanical reperfusion if offered in a timely 
manner, much of the current research in the United States, Europe, and 
Canada has been focused on STEMI networks that involve PPCI. In 
2007, the AHA launched the Mission: Lifeline initiative to encourage 
communities to develop their own systems to optimize reperfusion 
therapy in patients with STEMI.25 In general, the systems of care 
consist of a series of multidisciplinary, orchestrated, hospital-wide 
measures aimed at reduction of the time to treatment in patients with 
ACSs, particularly STEMI.

In 2006, the results of a survey were published that included 365 
hospitals in the United States that applied at least one strategy to 
decrease door-to-balloon (DTB) time.26 The mean of median DTB 
times of each hospital was 100.4 (± 23.5) minutes, and 40% of 
hospitals had DTB times greater than 110 minutes. The authors identi-
fied 28 strategies used by hospitals to reduce DTB times. After adjusted 
analysis of the association between hospital strategies and DTB times, 
six strategies were associated with a positive impact on DTB times 

artery and without prior administration of thrombolytic therapy. 
Mechanical reperfusion by PPCI has become the standard of care for 
patients with STEMI, and current guidelines recommend PPCI as the 
default reperfusion strategy for patients with STEMI who present 
within the first few hours after the onset of symptoms.9,10 PPCI has 
become the dominant reperfusion strategy in patients with STEMI in 
North America10 and Europe (Fig. 20-2).7 Evidence from randomized 
studies shows that catheter-based mechanical reperfusion in patients 
with STEMI is superior to thrombolytic therapy in terms of improving 
of early and late survival, as well as in reducing the incidence of rein-
farction, intracranial bleeding, reocclusion of the infarct-related artery, 
and recurrent myocardial ischemia.11

The introduction of thrombolytic therapy represented an important 
development in the treatment of STEMI. The application of thrombo-
lytic agents early after symptom onset was associated with reduced 
mortality compared with no reperfusion. A meta-analysis of initial 
thrombolytic trials demonstrated that the absolute mortality benefit at 
5 weeks following thrombolysis was 3% for patients who presented 
within 6 hours, 2% for patients who presented between 7 and 12 hours, 
and 1% (statistically insignificant) for those who presented between 13 
and 18 hours after the symptom onset.12 Despite the clear benefits of 
thrombolysis compared with no reperfusion, it has serious limitations: 
these relate to the high proportion of patients with relative or absolute 
contraindications to this therapy; life-threatening bleeding complica-
tions that disproportionately affect older adult patients; a narrow 
window of therapeutic action after symptom onset due to rapid time-
dependent loss of efficacy; limited ability to restore normal blood flow 
in the infarct-related artery, even if applied in a timely fashion; and 
frequent reocclusions of the infarct-related artery, which results in 
recurrent ischemia or reinfarction within subsequent months. Apart 
from markedly attenuating these limitations, PPCI has other advan-
tages over thrombolytic therapy that include (1) restoration of signifi-
cantly higher rates of thrombolysis in myocardial infarction (TIMI) 
flow grade 3 in the infarct-related artery, a benefit that is both relatively 
independent of time from symptom onset and durable because of 
enhanced stability of the reopened vessel; (2) salvage of greater amounts 
of myocardium; (3) delineation of coronary anatomy and hemody-
namic status, which results in improved risk stratification; and (4) 
facilitation of patient care and earlier hospital discharge.13

PPCI improves survival even in patients with STEMI who have 
contraindications to thrombolytic therapy14 and in patients who 
present outside the therapeutic window of thrombolysis.15,16 Superior-
ity of PPCI over thrombolysis has been witnessed, particularly in high-
risk patients17 and in centers without on-site cardiac surgery.18 The 
Danish Trial in Acute Myocardial Infarction 2 (DANAMI-2) demon-
strated that the benefit of PPCI is largest in high-risk patients: in 
patients with a TIMI risk score of 5 or more, the reduction in the 
mortality with PPCI was significant (25.3% vs. 36.2% with thromboly-
sis; P = .02) and was not observed in the low-risk group (TIMI risk 
score 0 to 4).17 The benefit of PPCI over thrombolysis was maintained 
at long-term follow-up. A further report from the DANAMI-2 trial 
showed that the 8-year composite of death or reinfarction was 34.8% 
in patients treated by PPCI versus 41.3% in patients treated with 
thrombolysis (P = .003). Of note, PPCI reduced the risk of reinfarction 
(13% vs. 18.5%) and mortality (26.7% vs. 33.3%) among patients ran-
domized at referral hospitals.19 A recent meta-analysis that included 23 
randomized controlled trials (RCTs; n = 8140) and 32 observational 
studies (n = 185,900) analyzed a series of outcomes for patients treated 
with PPCI or thrombolysis. In randomized trials, PPCI was associated 
with reductions of short-term (6-week) mortality by 34% (Fig. 20-3), 
long-term (≥1 year) mortality by 24%, short-term reinfarction by 65%, 
long-term reinfarction by 51%, and stroke by 63% compared with 
thrombolysis. In observational studies, PPCI was associated with 
reductions of short-term mortality by 23% (see Fig. 20-3), long-term 
mortality by 12% (statistically insignificant), short-term reinfarction 
by 53%, long-term reinfarction by 42% (statistically insignificant), and 
stroke by 61% compared with thrombolysis. The differences in major 
bleeding between both reperfusion strategies did not reach the level of 
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FIGURE 20-2	 Numbers	of	patients	with	ST-elevation	myocardial	infarction	(STEMI)	receiving	therapy	with	primary	percutaneous	coronary	interven-
tion	(PCI),	 thrombolysis,	or	no	reperfusion	per	1	million	inhabitants	 in	37	European	countries.	 In	 the	graph	showing	the	PCI	numbers,	 the	blue	
bars	are	data	from	2007;	red	bars	are	data	from	2010	and	2011.	(From	Kristensen	SD,	Laut	KG,	Fajadet	J,	et	al:	Reperfusion	therapy	for	ST	eleva-
tion	acute	myocardial	infarction	2010/2011:	current	status	in	37	ESC	countries.	Eur	Heart	J	35[29]:1957-1970,	2014.)
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(Table 20-2). Although the association between these strategies and 
DTB times was significant, causality remains unproven. Later, the 
Door-to-Balloon Alliance—a national campaign initiated by the ACC 
and composed of clinicians, organizations, and hospitals working 
jointly to improve reperfusion in patients with acute MI—proposed 
two additional strategies to improve systems of care for patients with 
STEMI: a senior management commitment and a team-based 
approach.27 The evidence on the performance of each of these indi-
vidual strategies proposed to reduce DTB times has been recently 
reviewed.28 A report from the Acute Coronary Treatment and Inter-
vention Outcomes Network (ACTION) Get With the Guidelines reg-
istry showed that performance of prehospital ECG was associated with 
a 10-minute reduction in the FMC-to-balloon time.29 Moreover, data 
from the same registry have shown that direct referral of patients to 
the catheterization lab—that is, bypassing the emergency department—
was associated with a 20-minute reduction on average in the interval 
from FMC to time of device placement.30 However, the evidence in 
support of the individual component strategies remains limited. In 
general, it is widely accepted that great variability and heterogeneity 
exist in the use of these strategies across various hospitals, regions, or 
countries.

Recently, experts have proposed certain essential components that 
a contemporary system of care for patients with STEMI should have 
(Table 20-3). Analysis of various regional systems of care of patients 

FIGURE 20-3	 Bayesian	forest	plots	of	all-cause	short-term	mortality	rates	in	studies	that	have	compared	primary	percutaneous	coronary	intervention	
(PCI)	with	thrombolysis.	A,	Randomized	controlled	trials.	B,	Observational	studies.	(From	Huynh	T,	Perron	S,	O’Loughlin	J,	et	al:	Comparison	of	
primary	 percutaneous	 coronary	 intervention	 and	 fibrinolytic	 therapy	 in	 ST-segment-elevation	 myocarcial	 infarction:	 bayesian	 hierarchical	 meta-
analyses	of	randomized	controlled	trials	and	observational	studies.	Circulation	119[24]:3101-3109,	2009.)
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TABLE 20-1 Prehospital Timing Benchmarks in the Management 
of Acute ST-Elevation Myocardial Infarction

Time Delay Target

Preferred	for	FMC	to	ECG	and	
diagnosis

≤10	min

Preferred	for	FMC	to	fibrinolysis	
(FMC	to	needle)

≤30	min

Preferred	for	FMC	to	primary	PCI	
(door	to	needle)	in	hospitals	
with	primary	PCI

≤60	min

Preferred	for	FMC	to	primary	PCI ≤90	min	(≤60	min	if	early	
presenter	with	large	area	at	risk)

Acceptable	for	primary	PCI	rather	
than	fibrinolysis

≤120	min	(≤90	min	if	early	
presenter	with	large	area	at	risk);	
if	this	target	cannot	be	achieved,	
consider	fibrinolysis

Preferred	for	successful	fibrinolysis	
to	angiography

3	to	24	hours

Steg	PG,	James	SK,	Atar	D,	et	al:	ESC	Guidelines	for	the	management	of	acute	myocardial	
infarction	in	patients	presenting	with	ST-segment	elevation.	Eur	Heart	J	33(20):2569-2619,	
2012.
ECG,	 Electrocardiogram;	 FMC,	 first	 medical	 contact;	 PCI,	 percutaneous	 coronary	
intervention.
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TABLE 20-2 Adjusted Associations Between Hospital Strategies 
and Door-to-Balloon Times

Strategy
Door-to-Balloon Time 
Decrease (min)

Emergency	physician	activation	of	catheterization	
laboratory

8.2

Single-call	activation	of	the	catheterization	
laboratory

13.8

Prehospital	activation 15.4

Catheterization	laboratory	ready	in	20	minutes	
(vs.	>30	min)

19.3

Attending	cardiologist	on	site 14.6

Real-time	data	feedback 8.6

From	Bradley	EH,	Herrin	J,	Wang	Y,	et	al:	Strategies	for	reducing	the	door-to-balloon	time	
in	acute	myocardial	infarction.	N	Engl	J	Med	355(22):2308-2320,	2006.

TABLE 20-3 Essential Components of ST-Elevation Myocardial 
Infarction Systems of Care

Single	telephone	emergency	number
Ambulances	(vehicles,	helicopters,	planes),	equipped	with	12-lead	

electrocardiographs	(ECGs)	and	defibrillators	and	staffed	with	
physicians	or	well-trained	paramedics	capable	of	basic	and	advanced	
life	support

Occasional	automatic	ECG	interpretation	or	ECG	telemetry
Direct	telephone	access	to	the	catheterization	laboratory
Protocols	for	standardized	care	(diagnosis,	therapy,	and	transfer)
Cardiologist	or	intensive	care	specialist	as	a	network	leader
Involvement	of	health	care	authorities
Public	information	campaigns
Regular	meetings	of	involved	parties
Prospective	registry

From	Huber	K,	Gersh	BJ,	Goldstein	P,	et	al:	The	organization,	 function,	and	outcomes	of	
ST-elevation	myocardial	infarction	networks	worldwide:	current	state,	unmet	needs	and	future	
directions.	Eur	Heart	J	35(23):1526-1532,	2014.

FIGURE 20-4	 Timeline	metrics	in	management	of	ST-elevation	myocardial	infarction.	DIDO,	door-in	door-out;	DTB,	door-to-balloon	time;	FMC,	first	
medical	contact;	PCI,	percutaneous	coronary	intervention.	(From	Gershlick	AH,	Banning	AP,	Myat	A,	et	al:	Reperfusion	therapy	for	STEMI:	is	there	
still	a	role	for	thrombolysis	in	the	era	of	primary	percutaneous	coronary	intervention?	Lancet	382[9892]:624-632,	2013.)
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with STEMI across Europe, the United States, and Canada has shown 
that for most countries in Europe and for many regions in North 
America, geographic conditions and availability of PPCI centers enable 
provision of PPCI given that the systems of care are in place to allow 
its application.31

Although regional STEMI treatment systems that use standardized 
transfer protocols have been shown to improve the treatment times,32,33 

performance of these systems remains poorly investigated and, even in 
the most sophisticated systems, treatment delays are relatively common. 
A recent prospective observational study of 2034 patients transferred 
for PPCI as part of a regional STEMI system showed that treatment 
delays occur even in efficient systems of care.34 Delays of the greatest 
magnitude were due to diagnostic dilemmas (median delay, 95.5 min) 
and nondiagnostic initial ECG (median delay, 81 min).
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progressive increase in 1-year mortality with every 15-minute increase 
in the symptom onset–balloon time interval has been reported.37 Con-
versely, data from the National Registry for Myocardial Infarction 
(NRMI) showed no association between symptom onset–balloon time 
interval and survival in a cohort of 27,080 consecutive patients with 
acute MI treated with primary angioplasty.38 Similarly, an analysis of 
2635 patients enrolled in 10 randomized trials of primary angioplasty 
versus thrombolytic therapy demonstrated that with increasing time-
to-presentation interval, major adverse cardiac event (MACE) rates 
increased after thrombolysis but remained relatively stable after angio-
plasty.39 A recent publication from the DANAMI-2 trial that involved 
only the PPCI substudy showed that 3-year mortality did not differ 
among patients with symptom onset–balloon times less than 3 hours 
and from 3 to 5 hours. However, mortality was significantly increased 
in patients who presented 5 or more hours from symptom onset 
(hazard ratio [HR], 2.36), and the difference in mortality remained 
significant after adjustment for potential confounders. A shorter 
symptom onset–balloon interval was associated with greater rates of a 
TIMI flow grade of 3 after PPCI and with lower proportions of patients 
with a left ventricular ejection fraction (LVEF) of 40 or less.40 Two 
studies came to different conclusions regarding the relationship 
between the time from ischemia onset to PPCI (stenting) and infarct 
size estimated by cardiac magnetic resonance imaging (CMRI).41,42

Reasons for the reported inconsistencies with regard to the relation-
ship between the ischemia time estimated by time-to-treatment inter-
val and outcome remain unclear. One possibility may be that the 
reperfusion is offered in the relatively flat part of the ischemia time–
myocardial salvage curve, particularly in those who present late after 
symptom onset. In this phase the ischemic myocardium may have 
secured some blood supply through spontaneous reperfusion or exist-
ing collaterals to remain viable for a time longer than what is suggested 
by experimental studies that involve permanent coronary artery occlu-
sion.35 In the latter scenario, by restoring blood supply, PPCI (but not 
thrombolysis) may result in myocardial salvage and commensurate 
clinical benefit apparently independent of time-to-reperfusion inter-
val. Another important reason for the controversial findings may 
involve the inaccuracy of measurement of the time-to-treatment inter-
val, particularly the patient delay component. It has been reported that 
patients with STEMI do not seek medical care for 1.5 to 2 hours from 
symptom onset and that this interval has remained fairly stable over 
time.43,44 Other studies have suggested that patient-related delay 
accounts for up to two-thirds of the overall ischemic time and that it 
is greatest among women, older adults, patients with diabetes, those of 
low socioeconomic status, and patients who come to medical attention 
during nighttime hours.45 Apart from being the most substantial com-
ponent, patient delay is the most poorly estimated part of the total 
ischemic interval. In general, it is accepted that patients provide low-
credibility data regarding symptom onset because of recall bias—which 
is common in patients with STEMI, particularly in patients under the 
effect of opiates—and the stuttering course with intermittent preinfarc-
tion angina symptoms, which obscures the exact time of STEMI onset.

Risk distribution alongside the time-to-treatment interval is rather 
complex, but it is important in understanding the time-dependent 
efficacy of PPCI in patients with STEMI. Prior studies have shown that 
patients who present early after symptom onset have the highest risk 
scores.41 This is consistent with the observation that early presenters 
have the largest cumulative ST-segment elevation,46 which reflects the 
largest initial areas at risk and prompts their urgent seeking of medical 
aid. This group of patients with STEMI benefits from PPCI mostly in 
terms of myocardial salvage, preservation of ventricular function, and 
survival due to early intervention to address the ischemic lesion. 
Patients who present later after symptom onset may have a smaller 
initial area at risk, which produces milder symptoms; their outcome 
may also be influenced by the survivor-cohort effect, which refers to the 
fact that such patients have already survived the highest risk of death 
in the early hours after coronary occlusion. Late presenters may also 
have a more adverse cardiovascular risk profile. Prior reports show  
that patients who presented later were older, more often female and 

Time-to-Treatment Interval and Outcome of Primary 
Percutaneous Coronary Intervention for STEMI
Knowledge of the biology of myocardial ischemia and the speed with 
which it succumbs to necrosis is important to any understanding of 
the time dependency of efficacy related to reperfusion regimens and 
to the degree of benefit of reperfusion therapy in general. Abrupt coro-
nary occlusion results in a drastic reduction in the coronary blood flow 
and myocardial necrosis that progresses gradually and is typically com-
plete about 6 hours after the onset of occlusion. A rapid phase of cell 
death, mostly in the subendocardial region, follows the coronary 
occlusion, and about half of the ischemic myocardium that is necrotic 
at 24 hours has already died at 40 minutes after coronary occlusion.35 
A second phase of cell death occurs more slowly in the midepicardial 
and subepicardial myocardium. This phase of myocardial necrosis is 
complete within 6 hours of coronary occlusion, and about one third of 
the ischemic myocardium is salvageable at 3 hours.35

Nevertheless, considerable differences exist between coronary 
occlusion and acute MI in the experimental setting and spontaneously 
occurring coronary occlusion and STEMI in the clinical setting. Factors 
such as the often stuttering course of coronary occlusion, spontaneous 
recanalization and persistence of anterograde blood flow in the infarct-
related artery, collateral circulation, preconditioning, postcondition-
ing, metabolic need at the time of coronary occlusion, and effects of 
initial antiischemic (antithrombotic) therapy may modify the time 
course of myocardial ischemia progression to necrosis and may extend 
the time during which ischemic myocardium remains viable. Scinti-
graphic studies have identified viable myocardium in patients with 
STEMI who present late (>6 hr) after symptom onset and that this 
viable myocardium appears salvageable if PCI is used as a reperfusion 
strategy. These studies suggest the existence of two phases of myocar-
dial salvage: an early phase, enabled by early reperfusion (ideally within 
the first hour), and a late phase, enabled by later reperfusion. During 
the early phase, reperfusion is associated with substantial and time-
dependent myocardial salvage. However, reperfusion therapy within 
the first hour following coronary occlusion, which is expected to lead 
to large amounts of myocardial salvage and the best clinical outcome, 
is achievable in a very limited number of patients. A prior study has 
shown that time to treatment was less than 2 hours for only 27% of 
patients and less than 1 hour for only 3.2%.36 Reperfusion in the second, 
late phase results in a less time-dependent and lesser degree of myocar-
dial salvage. Analysis of time to treatment in various studies suggests 
that most patients are reperfused beyond the “golden hour” of 
reperfusion—that is, in the late phase of myocardial salvage, in which 
a slower progression of ischemic myocardium to necrosis occurs due 
to the presence of residual blood flow, collaterals, or other factors that 
widen the window of myocardial salvage. Although some studies have 
suggested that myocardial salvage by PPCI in late presenters is still 
substantial,16 evidence available on its clinical value remains limited.

Time-to-treatment interval is an estimate of overall duration of 
myocardial ischemia that encompasses the time interval from the onset 
of symptoms of coronary occlusion to the initiation of reperfusion 
therapy, thrombolysis, or PPCI. This multicomponent metric includes 
the time interval from symptom onset to FMC by emergency medical 
service providers (patient delay), the interval from FMC to a PPCI 
hospital (prehospital system delay), and the interval from hospital 
arrival to PPCI (DTB time delay). In cases of initial referral to a hos-
pital without PPCI in patients intended to be treated with PPCI, the 
pre–hospital system delay consists of the time interval from the FMC 
to the hospital without PCI, the in-hospital time (door-in-door-out 
[DIDO] time), and the interval from the hospital without PCI to the 
hospital with PPCI. The term system delay signifies the sum of the 
pre–hospital system and DTB time delay. Apart from disclosing  
the duration of myocardial ischemia, time-to-treatment interval is  
an index of quality and readiness of the health care system to provide 
reperfusion therapy in a timely fashion.

With regard to the impact of time-to-treatment interval on  
clinical outcome, clinical studies have produced conflicting results. A 
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the National Cardiovascular Data Registry (NCDR) that included 
43,801 patients with STEMI, median DTB time was 93 minutes, and 
57.9% of patients were treated within 90 minutes. Longer DTB times 
were associated with a higher adjusted risk of in-hospital mortality, 
which increased in a continuous, nonlinear fashion (DTB interval 
30 min, mortality 3.0%; 60 min, 3.5%; 90 min, 4.3%; 120 min, 5.6%; 
150 min, 7.0%; and 180 min, 8.4%; P < .001).48 The strength of associa-
tion between DTB time and mortality may depend on the patient’s  
risk profile and the presentation delay. In a study of 2322 patients  
with STEMI followed up for a median of 83 months, delays in DTB 
time impacted late survival in high-risk but not low-risk patients  
and in patients who presented early but not late after the onset of 
symptoms.49

DTB time is an important indicator of patient characteristics46 and 
of the experience of the institution providing the PPCI.50 Comorbid 
conditions, absence of chest pain, delayed presentation after symptom 
onset, less specific ECG findings, and hospital presentation during off 
hours were associated with longer total DTB times.46 Longer DTB 
times were also encountered in patients of older age, female sex, non-
white race, and with complex medical histories.51 DTB time delays also 
depended heavily on hospital-related characteristics. Thus presenta-
tion at night and treatment at lower-volume facilities were strong inde-
pendent predictors of longer DTB intervals.51,52 Greater experience 
with PPCI is associated with shorter DTB times and lower in-hospital 
mortality in patients with STEMI treated with PPCI.50 In one study, 
PPCI was found to be superior to thrombolysis irrespective of the DTB 
time the treating institution was able to achieve.53 A further study 
demonstrated that a combination of shorter DTB time (<90 min) with 
a shorter symptom onset–to–door time (<4 hr) was associated with the 
lowest longer-term mortality.54 Other studies have also demonstrated 
that short DTB times (≤90 min) are associated with a lower mortality 
in early presenters but not in late presenters.55

Supported by multiple sources of research, current guidelines for 
the treatment of STEMI recommend a DTB time of 90 minutes or 
less.9,10 DTB time has been and continues to be the focus of consider-
able efforts and initiatives at regional and national levels aimed at its 
improvement. However, data on the impact of the improvements in the 
DTB times on mortality are inconsistent. An earlier analysis from the 
NRMI reported a significant reduction in mortality, from 8.6% to 3.1%, 
associated with a decline in DTB times from 111 minutes in 1994 to 
79 minutes in 2006.56 Conversely, a study that involved patients 
included in a quality improvement database in Michigan found no 
change in short-term mortality between 2003 and 2008 despite a 
decrease in DTB time from 113 minutes to 76 minutes.57 Finally, a 
recent study of 96,738 admissions for PPCI for STEMI between July 
2005 and June 2009—a period that coincided with national efforts to 
reduce DTB times—at 515 hospitals participating in the CathPCI reg-
istry showed that median DTB times declined significantly, from 83 
minutes in the first 12 months (2005 to 2006) to 67 minutes in the last 
12 months (2008 to 2009) of the survey (P < .001). Despite improve-
ments in DTB times, unadjusted in-hospital mortality (4.8% vs. 4.7%, 
P = .43), adjusted in-hospital mortality (5.0% vs. 4.7%, P = .34), or 
unadjusted 30-day mortality (9.7% vs. 9.8%, P = .64) remained unaf-
fected.58 Concerns were raised that DTB time is only one component 
of total ischemic time, and once it is reduced to a certain level, the  
time before arrival at a hospital may become a more important factor. 
Consequently, efforts with the intention to improve outcomes after 
PPCI should be directed throughout the ischemic time interval to 
include increasing patients’ awareness of the STEMI symptoms, short-
ening the transfer times between medical facilities, or even improving 
in-hospital and postdischarge care to improve long-term outcome  
after PCI.58

PRIMARY PERCUTANEOUS CORONARY 
INTERVENTION IN LATE PRESENTERS

Registry data have shown that between 9% and 31% of patients with 
STEMI present more than 12 hours from the symptom onset.14,59 For 

diabetic, and had a history of coronary bypass surgery. Adjusting for 
these factors considerably attenuates the association between time to 
treatment and mortality (from highly significant in univariate analysis 
to a borderline significance after adjustment in a multivariate model).37 
Patients who had a greater delay from symptom onset to admission 
can also be expected to present more frequently with additional adverse 
characteristics such as impaired renal function, peripheral arterial 
disease, and greater inflammatory burden—factors not accounted for 
in the multivariate model. The lack of adjustment for these character-
istics further widens the gap between statistical and biologic adjust-
ments in regard to prognosis. Associated comorbidities and the less 
favorable cardiovascular risk profile may mask the benefits of mechani-
cal reperfusion as a result of myocardial salvage, and the unfavorable 
outcome after coronary intervention may erroneously be attributed 
solely to the longer time-to-reperfusion interval. Therefore it is highly 
probable that the more adverse baseline risk profile of patients with a 
longer delay in presentation may explain, at least in part, the apparent 
association between time-to-treatment interval and mortality. These 
considerations are important because the apparent reduction of benefit 
from PCI with increased time to presentation may be interpreted as a 
poor incentive for a prompt intervention in patients with delayed pre-
sentation who might benefit from this treatment.

Although assessment of the performance of PPCI using the time-
to-treatment interval as a metric of ischemia duration produced incon-
sistent results, studies that use other components, such as system delay 
times or DTB times, in general produced consistent results. A report 
based on the Danish medical registries of patients with STEMI (n = 
6209 patients who underwent PPCI within 12 hours from symptom 
onset) showed an association and dependence of long-term mortality 
(median 3.4 years) on the system delay. Thus for delays of zero to 60, 
61 to 120, 121 to 180, and 181 to 360 minutes, long-term mortality was 
15.4%, 23.3%, 28.1%, and 30.8%, respectively (Fig. 20-5). Of note, in 
multivariate analysis adjusted for other potential correlates of mortal-
ity, the system delay was associated independently with mortality (a 
10% increase in the adjusted risk for mortality per 1-hour delay).47

Several studies have demonstrated an association between DTB 
interval and survival in patients with STEMI. In a recent report from 

FIGURE 20-5	 Kaplan-Meier	cumulative	mortality	estimates	for	patients	
with	ST-elevation	myocardial	infarction	treated	with	primary	percutane-
ous	coronary	 intervention.	Data	are	stratified	according	 to	 intervals	of	
system	delay	(time	from	contact	with	the	health	care	system	to	the	time	
of	 PPCI).	 (From	 Terkelsen	CJ,	 Sørensen	 JT,	Maeng	M,	 et	al:	 System	
delay	 and	 mortality	 among	 patients	 with	 STEMI	 treated	 with	 primary	
percutaneous	coronary	intervention.	JAMA	304[7]:763-771,	2010.)
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Coronaire en Post-Infarctus (DECOPI) trial63 randomized 212 patients 
with first Q-wave MI and an occluded vessel to percutaneous revascu-
larization or medical therapy 2 to15 days after symptom onset. The 
primary end point was a composite of cardiac death, nonfatal MI, or 
ventricular tachyarrhythmia. At 6 months, LVEF was 5% higher in the 
invasive group compared with the conservative-therapy group (P = 
.013), and more patients had a patent artery (82.8% vs. 34.2%, P < 
.0001). At a mean of 34 months of follow-up, no significant differences 
were found in the primary end point between patients assigned to 
invasive therapy and those treated conservatively (7.3% vs. 8.7%, P = 
.68), but the overall costs were higher for invasive treatment. The 
Occluded Artery Trial (OAT) randomized 2166 stable patients who 
had an occluded infarct-related artery (by cardiac catheterization) to 
PCI with stenting or optimal medical therapy 3 to 28 days after acute 
STEMI. The primary end point was a composite of death, MI, or New 
York Heart Association (NYHA) class IV heart failure. At 4 years, the 
rate of the composite end point was not statistically different between 
the PCI and medical therapy groups (17.2% and 15.6%, respectively; 
HR, 1.16; 95% confidence interval [CI], 0.92 to 1.45; P = .20) with no 
interaction between treatment effect and any subgroup variable (age, 
sex, race or ethnic group, infarct-related artery, ejection fraction, dia-
betes, Killip class, and the time from MI to randomization). During a 
6-year median survivor follow-up (longest, 9 years), no significant dif-
ference was found between the two treatment strategies in the rates of 
either the primary end point or its individual components.64 Because 
of the study size, the OAT trial had an important negative impact on 
the use of invasive treatment in the stable late presenters with STEMI. 
A meta-analysis of 10 randomized trials, including OAT, comprised 
3560 patients with acute MI who presented between 12 hours to 60 
days after symptom onset and demonstrated significant reduction in 
long-term mortality (6.3% vs. 8.4%) with invasive treatment. Eight of 
the included studies showed improvements in long-term survival, and 
a greater improvement was seen in LVEF over time in patients who 
received invasive treatment (+4.4% change in the LVEF) compared 
with patients who received medical therapy.15 However, the results of 
this meta-analysis need to be interpreted with caution in the light of 
considerable heterogeneity across the studies.

patients with STEMI who present beyond 12 hours from the symptom 
onset, thrombolysis is associated with little or no benefit or is even 
harmful; thus it is not recommended. On the other hand, PPCI remains 
a therapeutic option even though evidence available on the benefit of 
this modality is limited or controversial. Earlier observational data 
have suggested a potential benefit of PPCI in patients with STEMI who 
present more than 12 hours from symptom onset. In the NRMI-2 
registry, which included 7258 patients with STEMI, 1631 patients 
(22%) received invasive treatment within 6 hours of admission, and 
5727 patients received conservative therapy. Compared with those who 
received conservative therapy, patients who received invasive treat-
ment had lower in-hospital mortality (3.4% vs. 6.6%), less recurrent 
ischemia or angina (10.7% vs. 13.8%), and a reduced incidence of 
recurrent MI (1.2% vs. 2.2%). The association between invasive treat-
ment and in-hospital mortality persisted after adjustment for factors 
associated with mortality, showing a 33% reduction in the adjusted risk 
for mortality with invasive treatment. After matching by propensity 
score (to adjust for treatment-selection bias), the mortality benefit 
persisted on bivariate analysis (3.5% vs. 5.0%).60 Scintigraphic studies 
have shown that substantial myocardial salvage by PPCI (>50% of 
initial area at risk salvaged) occurs in 41% of late comers (>12 hr from 
symptom onset).61

Studies that have investigated the efficacy of PCI in late presenters 
on a randomized treatment-allocation basis have given conflicting 
results, mostly because some studies addressed the late presenters, 
whereas other studies addressed the occluded vessel. The Beyond 12 
Hours Reperfusion Alternative Evaluation (BRAVE-2) trial16 random-
ized 365 patients with STEMI who presented 12 to 48 hours from 
symptom onset to invasive or conservative treatment. The study dem-
onstrated a significant reduction of the scintigraphic infarct size 
(median infarct size, 8% vs. 13% of the left ventricle, P < .001) and a 
trend toward a reduction of the secondary end point of death, recur-
rent MI, or stroke at 30 days (4.4% vs. 6.6%) with invasive treatment.16 
A later update from the BRAVE-2 trial demonstrated a mortality 
benefit out to 4 years in patients assigned to invasive treatment (11.1% 
in patients assigned to invasive treatment vs. 18.9% in patients assigned 
to conservative therapy; P = .047; Fig. 20-6).62 The Desobstruction 

FIGURE 20-6	 Kaplan-Meier	 curves	 of	 4-year	mortality	 in	 the	 invasive	 and	 conservative	 therapy	 groups	 of	 the	BRAVE-2	 trial.	HR,	Hazard	 ratio.	
(Modified	from	Ndrepepa	G,	Kastrati	A,	Mehilli	J,	et	al:	Mechanical	reperfusion	and	long-term	mortality	in	patients	with	acute	myocardial	infarction	
presenting	12	to	48	hours	from	onset	of	symptoms.	JAMA	301[5]:487-488,	2009.)
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even in early presenters in whom the treatment is initiated within 2 
hours.69 A strategy of patient transfer for PPCI, instead of on-site 
thrombolysis, inevitably incurs additional time delays imposed by 
transport, logistics, and organizational and technical aspects of PCI 
procedures. The magnitude of the problem seems to be considerable 
because only 10% of transferred patients with STEMI achieve the 
90-minute-or-less benchmark standard for DTB time.70 PCI-related 
time delay is an integral part of treatment algorithms for patients with 
STEMI. The definition of the balance time point in PCI-related delay 
at which thrombolysis and PPCI are at equipoise, and beyond which 
PPCI might become inferior to thrombolysis, has been based on 
regression analyses from randomized trials or registry data.

PCI-related delay has been the subject of intense investigation and, 
historically, many time intervals have been proposed at which mortal-
ity rates of PCI after patient transfer and on-site thrombolysis are at 
equipoise. In many studies, the PCI-related delay was calculated based 
on published summarized data and not on individual patient data. 
Consequently, several prior estimations were subsequently found to be 
flawed and were corrected, in general, by expanding the metric. A 
report from the Primary Coronary Angioplasty Versus Thrombolysis 
(PCAT-2) Trialists’ Collaborative Group demonstrated that PPCI was 
associated with a 67% reduction in 30-day mortality compared with 
thrombolysis, which amounts to 53 lives saved per 1000 patients 
treated. For PCI-related delays up to 120 minutes, PPCI was associated 
with a 26% reduction in mortality compared with thrombolysis, or 19 
lives saved per 1000 patients treated (Fig. 20-7). The absolute reduction 
in mortality with PPCI widened over time from 1.3% within the first 
hour to 4.2% after more than 6 hours had passed after symptom onset. 
The most thorough time-based analysis that used individual patient 
data showed that PPCI is superior to thrombolysis up to a PCI-related 
delay of 120 minutes.53 In this study, even in the group of patients who 
presented within 1 hour, mortality was lower with PPCI (4.7% vs. 
6.0%), indicating that even in early presenters with PCI-related delays 
of 60 minutes or less, there is no reason to prefer thrombolysis instead 
of PPCI as a reperfusion strategy.53 In 192,509 patients entered into the 
NRMI 2-4 registries, the mean PCI-related day at which mortality 
benefits of PPCI and thrombolysis were at equipoise was 114 minutes 
(95% CI, 96 to 132 min).71 Of note, the study showed that PCI-related 
delay was not static and varied considerably depending on the risk 
characteristics of patients, such as age, symptom duration, and infarct 
location. Thus, PCI-related delay varied from less than 1 hour for 
patients younger than 65 years of age with anterior infarction who 
presented within 2 hours to almost 3 hours for patients older than 65 
years of age with nonanterior infarction who presented more than 2 
hours from symptom onset. A regression analysis that included 27 
trials with 4399 patients randomized to PPCI and 4474 patients ran-
domized to thrombolysis found that the higher the risk of patients, the 
larger the reduction in mortality achieved by PPCI. It was calculated 
that for each 10-minute increase of PCI-related delay, a 0.75%, 0.45%, 
and 0.0% mortality benefit was appreciated in high-, medium-, and 
low-risk patients, respectively.72 A recent report from the NRMI 2–5 
registries assessed the impact of PCI-related delay in 107,028 patients 
with STEMI within 12 hours of pain onset: 11,662 patients underwent 
PCI after transfer, and 95,366 patients underwent on-site thrombolytic 
therapy. In the whole sample, in-hospital mortality was 4.9% among 
patients treated with PCI and 8.1% among patients treated with on-site 
thrombolysis. Among matched patients (9506 patients in each treat-
ment strategy), in-hospital survival was similar (4.8% vs. 6.2%), but the 
composite end points of death/MI or death/MI/stroke were lower with 
PCI. The PCI-related benefit was time dependent. The mortality was 
lower with PCI compared with on-site thrombolysis for PCI-related 
delays less than 60 minutes, it was reduced for PCI-related delays of 
60 to 90 minutes, and the difference was almost absent at PCI-related 
delays in excess of 90 minutes (Fig. 20-8). The number needed to treat 
to show superiority of PPCI over on-site thrombolysis went from 23 
to 44 to 250 for PCI-related delays under 60 minutes, from 60 to 90 
minutes, and more than 90 minutes, respectively. The regression analy-
sis showed that the mortality benefit of PCI over on-site thrombolysis 

In summary, the benefit of PPCI in late presenters with STEMI 
lacks strong evidence. For patients with STEMI who present between 
12 and 24 hours after the onset of symptoms, the current ESC guide-
lines give a class IIb recommendation (level of evidence B) for the use 
of PPCI in stable patients with STEMI who present 12 to 24 hours from 
symptom onset and a class III recommendation (level of evidence A) 
for the use of PPCI (not recommended) in stable patients more than 
24 hours after symptom onset.9 The ACC/AHA guidelines give a class 
IIa recommendation (level of evidence B) for the use of PPCI in 
patients with STEMI who present between 12 and 24 hours and have 
evidence of ongoing ischemia.10 The consensus is, however, that 
patients with STEMI who present late (>12 hr from symptom onset) 
should undergo coronary angiography. Moreover, it is reasonable to 
perform PPCI in late presenters with STEMI who manifest severe heart 
failure or have electrical or hemodynamic instability or persistent isch-
emia. Some experts also recommend performing PPCI in these patients 
if subtotal occlusions in the infarct-related artery with collateral circu-
lation in the territory distal to the occlusion were found in coronary 
angiography.

INTERHOSPITAL TRANSFER FOR PRIMARY 
PERCUTANEOUS CORONARY INTERVENTION

The lack of PCI facilities in the majority of hospitals that receive 
patients with STEMI, the wider therapeutic window, and the proven 
superiority of PPCI over thrombolysis have all led to the concept of 
emergency interhospital transfer for PPCI, instead of initial throm-
bolysis in the original hospital, in patients with STEMI. Multiple sce-
narios are possible in which patients with STEMI can end up in a 
hospital without a PCI facility. About 20% of patients living in the 
United States reside in regions that require a drive time in excess of 60 
minutes to reach the nearest hospital with a PCI facility.23 In case the 
diagnosis of STEMI is not immediately clear to the emergency medical 
service (EMS) or when patients with STEMI self-present to the nearest 
emergency department (ED), these patients may also find themselves 
in hospitals without a PPCI facility. Earlier randomized trials of on-site 
thrombolysis versus interhospital transfer plus PCI have confirmed 
that transfer of patients for PPCI is a better treatment than thromboly-
sis at the initial hospital. The results of these trials have been summa-
rized in two meta-analyses: The first comprised six randomized trials 
performed before 2003 and included 3750 patients; it showed that a 
strategy of patient transfer plus PPCI was associated with a 42% reduc-
tion in the 30-day incidence of a combined end point of death, rein-
farction, and stroke compared with a strategy of on-site thrombolysis.65 
The second quantitative review of studies that involved patient transfer 
for PCI suggested that for every 100 patients treated, PPCI after inter-
hospital transfer, instead of on-site thrombolysis, prevented seven 
MACEs, defined as death, nonfatal reinfarction, or nonfatal stroke.66

More recent studies have provided further evidence of the benefits 
of transferring patients for PPCI compared with on-site thrombolysis. 
A prior study randomized 401 patients who presented to community 
hospitals to a strategy of on-site thrombolysis or to intravenous (IV) 
tirofiban and transport for PPCI. The delay to reperfusion, defined as 
the interval from admission to the start of thrombolysis or PPCI, was 
35 and 145 minutes, respectively. The composite end point of death, 
reinfarction, or stroke was lower among patients assigned to the 
transport-plus-PPCI strategy at 30 days (8.0% vs. 15.5%, P = .019) and 
at 1 year (11.4% vs. 21.5%, P = .006).67 A study of 850 patients with 
STEMI enrolled in the Primary Angioplasty in Patients Transferred 
From General Community Hospitals to Specialized PTCA Units With 
or Without Emergency Thrombolysis (PRAGUE-2) trial68 showed that 
the 5-year composite end point of death, reinfarction, stroke, or revas-
cularization was 40% in patients assigned to a strategy of transfer plus 
PPCI versus 53% in patients assigned to on-site thrombolysis in the 
first hospital attended (P < .001). A large registry that included 16,043 
STEMI patients treated with in-hospital thrombolysis, 3078 treated 
with prehospital thrombolysis and 7084 patients treated with PPCI, 
indicated that transfer for PCI is better than prehospital thrombolysis 
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FIGURE 20-7	 Thirty-day	deaths	in	patients	randomized	to	primary	percutaneous	coronary	intervention	(PPCI)	or	fibrinolysis	(FL).	Left	panel:	Thirty-
day	deaths	with	odds	ratios	(ORs)	and	95%	confidence	intervals	(CIs)	according	to	presentation	delay.	Right	panel:	Thirty-day	deaths	with	ORs	
and	95%	CIs	according	to	PCI-related	delay.	(From	Boersma	E;	Primary	Coronary	Angioplasty	vs.	Thrombolysis	Group:	Does	time	matter?	A	pooled	
analysis	of	randomized	clinical	trials	comparing	primary	percutaneous	coronary	intervention	and	in-hospital	fibrinolysis	in	acute	myocardial	infarc-
tion	patients.	Eur	Heart	J	27[7]:779-788,	2006.)
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independently associated with a DIDO time over 30 minutes. Patients 
with a DIDO time of 30 minutes or less were significantly more likely 
to have a DTB time of 90 minutes or less, compared with patients with 
a DIDO time over 30 minutes (60% vs. 13%), and they had a signifi-
cantly lower in-hospital mortality (2.7% vs. 5.9%; adjusted odds ratio 
[OR] for in-hospital mortality, 1.56; 95% CI, 1.15 to 2.12). Thus, based 
on the results of this study, a DIDO time of 30 minutes or less is rarely 
achieved, and this parameter contributes to reperfusion delays and 
in-hospital mortality.76

In summary, prompt referral of patients with acute MI to centers 
with PCI facilities should be the primary objective of the first-contact 
emergency medical system. This is currently feasible for the large 
majority of patients with STEMI in the United States and should be 
attempted in the future for all patients with STEMI who seek medical 
aid. Nearly 80% of the adult population in the United States lives within 
60 minutes of a hospital with a PCI facility, and even among those who 
live closer to hospitals without a PCI facility, almost three fourths 
would experience a less than 30-minute additional delay related to 
direct referral to a hospital with a PCI facility.77 The development of 
regional systems for STEMI care is a matter of utmost importance for 
improving the treatment of patients with STEMI. A maximal 90- to 
120-minute PCI-related delay seems to be reasonable. A flexible con-
sideration of what degree of PCI-related delay is acceptable for high-
risk STEMI patients also seems justified.

FACILITATED PERCUTANEOUS  
CORONARY INTERVENTION

Although the superiority of PPCI over thrombolysis as a reperfusion 
strategy in patients with STEMI has been sufficiently demonstrated, 
the interaction between pharmacologic reperfusion and subsequent 
mechanical intervention has met with variable results and still remains 
under investigation. Facilitated PCI refers to a deliberate strategy of 
administration of pharmacologic therapy aimed at restoring antero-
grade flow in the infarct-related artery prior to proceeding to definitive 
revascularization by PCI in patients with STEMI. It was conceived as 

for PCI-related delays beyond 120 minutes, which occurred in 48% of 
the patients, was negated (Fig. 20-9). The equipoise for mortality for 
patients who presented within 2 hours from symptom onset was longer 
(about 132 min). For the composite end point of death/MI/stroke, 
equipoise in efficacy occurred at about 158 minutes.73

Although these studies show that longer delays reduce the survival 
benefit of PPCI, a longer PCI-related delay could be acceptable and 
beneficial in high-risk STEMI patients, such as those in cardiogenic 
shock. In essence, flexible PCI-related delay according to the risk 
profile of STEMI patients is suggested. The assessment of the relation-
ship between PCI-related time delay and outcome provides helpful 
information for optimization of the PPCI network. In an attempt to 
shorten PCI-related time delay, direct transportation of patients to 
hospitals capable of performing PPCI, rather than transporting them 
to the nearest hospital without a PCI facility, has also been suggested.74 
Concerns have also been raised that transfer of patients for PCI may 
be associated with issues related to antithrombotic/anticoagulant 
adjunct therapy. Administration of low-molecular-weight heparin 
(LMWH) and glycoprotein (GP) IIb/IIIa inhibitors at the STEMI-
referring hospital was associated with longer delays to reperfusion 
compared with administration at the STEMI-receiving hospital, 
whereas early use of unfractionated heparin (UFH) was not. The trans-
ferred patients who underwent treatment were more likely to receive 
excess doses of UFH or LMWH (28% and 54% increase in the adjusted 
risk, respectively) and were at increased risk for major bleeding (a 10% 
increase in the adjusted risk for bleeding).75

For patients who require interhospital transfer for PPCI, delays in 
the referral hospital are relatively frequent. To quantify the delays in 
the referral hospital, a new performance measure—the DIDO time—
has been introduced, and a DIDO time of 30 minutes or less has been 
recommended. The performance of this metric was assessed in a ret-
rospective cohort of 14,821 patients recruited in the ACTION registry. 
The study showed that the DIDO time was 68 minutes (interquartile 
range, 43 to 120 min), and only 11% of the patients had a DIDO time 
of 30 minutes or less. The study identified older age, female sex, off-
hours presentation, and non-EMS transport to the first hospital as 

FIGURE 20-9	 Relationship	between	percutaneous	coronary	 intervention–related	delay	 (minutes)	and	 in-hospital	mortality.	Dotted	 lines	 represent	
95%	confidence	interval.	O-FT,	On-site	fibrinolytic	therapy;	XDB-DN,	transfer	delay	(transfer	door-to-balloon–door-to-needle	time);	X-PCI,	transfer	
for	primary	percutaneous	coronary	intervention.	(From	Pinto	DS,	Frederick	PD,	Chakrabarti	AK,	et	al:	Benefit	of	 transferring	ST-segment-elevation	
myocardial	infarction	patients	for	percutaneous	coronary	intervention	compared	with	administration	of	onsite	fibrinolytic	declines	as	delays	increase.	
Circulation	124[23]:2512-2521,	2011.)
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UFH or enoxaparin before PCI and a 12-hour infusion of abciximab 
after PCI. The primary end point was the composite of death from all 
causes, ventricular fibrillation occurring more than 48 hours after ran-
domization, cardiogenic shock, and CHF during the first 90 days after 
randomization. In the combination therapy–facilitated group, the 
abciximab-facilitated group, and the PPCI group, the primary end 
point occurred in 9.8%, 10.5%, and 10.7% of the patients (P = .55); 
90-day mortality rates were 5.2%, 5.5%, and 4.5% (P = .49); and early 
ST-segment resolution occurred in 43.9%, 33.1%, and 31.0%, respec-
tively (P = .01 and P = .03, respectively). Overall, a graded increase was 
observed in the rates of bleeding, intracranial hemorrhage, and trans-
fusions in the PCI-facilitated groups.81

The evidence offered by the ASSENT-4 PCI trial,79 the meta-analysis 
by Keeley and colleagues,80 and the FINESSE trial81 discourage the use 
of thrombolytics either at full- or half-doses combined with GP IIb/
IIIa inhibitors as pharmacologic facilitation of PCI. The reasons for the 
failure of facilitated PCI are not entirely clear. However, pre-PCI 
thrombolysis may be associated with increased risks of bleeding and 
enhanced platelet activation.

ROUTINE USE OF PERCUTANEOUS CORONARY 
INTERVENTION AFTER THROMBOLYSIS:  
THE PHARMACOINVASIVE STRATEGY

Whereas the strategy of facilitated PCI was associated with worse 
outcome, the pharmacoinvasive strategy—routine use of a thrombo-
lytic agent or GP IIb/IIIa inhibitor prior to subsequent planned PCI—
was associated with clinical benefit in patients with STEMI. As a rule, 
in the setting of this strategy, angiogram and planned PCI are per-
formed after 3 to 24 hours of presentation. This strategy is mostly 
applied in patients undergoing transfer from one hospital without PCI 
to a hospital with a PCI facility. The main reason for PCI following 
thrombolysis is the suboptimal outcome of thrombolysis in terms of 
suboptimal blood flow restoration and clinical outcome.

The Which Early ST-Elevation Myocardial Infarction Therapy 
(WEST)82 and the Grupo de Análisis de la Cardiopatía Isquémica Aguda 
(GRACIA-2)83 randomized trials reported comparable efficacy and 
safety of pharmacoinvasive and PPCI strategies. Both studies, however, 
included limited numbers of patients and consequently were under-
powered for clinical end points. The GRACIA-1 trial84 randomized 500 
patients with STEMI, after receiving full-dose thrombolysis with 
recombinant tissue plasminogen activator (TPA), to either angiogra-
phy and PCI (within 24 hr of thrombolysis) if indicated or an ischemia-
guided conservative approach. The primary end point was a composite 
of death, reinfarction, or revascularization at 12 months. The invasive 
therapy was associated with a significant reduction in the incidence of 
the primary end point (23% vs. 51%; RR, 0.44; 95% CI, 0.28 to 0.70;  
P < .001). The Southwest German Interventional Study in Acute Myo-
cardial Infarction (SIAM III) trial85 randomized 163 patients to imme-
diate (transferred <6 hr after thrombolysis for angiography and 
stenting of the infarct-related artery) or delayed stenting (elective  
angiography and stenting of the infarct-related artery 2 weeks after 
thrombolysis). Immediate stenting was associated with a significant 
reduction in the 6-month composite end point of ischemic events, 
death, reinfarction, or target-lesion revascularization (TLR; 25.6% vs. 
50.6%, P = .001).

More recent studies have further increased the evidence in favor of 
a pharmacoinvasive approach as a reperfusion strategy in patients with 
STEMI. The Combined Abciximab Reteplase Stent Study in Acute 
Myocardial Infarction (CARESS-in-AMI) trial included 600 patients 
75 years of age or younger with at least 1 high-risk feature (extensive 
ST-segment elevation, left bundle branch block of new onset, previous 
MI, Killip class >2, or LVEF ≤35%) who presented within 12 hours 
from symptom onset and were treated initially in non–PCI-equipped 
hospitals with half-dose reteplase, abciximab, heparin, and aspirin.86 
Patients were randomized to immediate transfer for PCI (299 patients) 
or standard care with transfer for rescue PCI (301 patients). The 
primary outcome was a composite of 30-day death, reinfarction, or 

an option for filling the time gap between patient presentation and 
performance of PCI. The pharmacologic regimen consists of drugs 
known for their ability to restore flow, such as full-dose or half-dose 
thrombolysis, or a combination of half-dose thrombolysis with GP IIb/
IIIa antagonists. Because data about the ability of GP IIb/IIIa antago-
nists to reopen the infarct-related artery are controversial, the isolated 
use of these drugs may or may not be part of the strategy of facilitated 
PCI. Two factors underpin the rationale behind the concept of facili-
tated PCI: first, ventricular function and prognosis have been found to 
be better in patients with STEMI who present at the time of PPCI with 
a spontaneous TIMI flow grade of 2 or 3 compared with those who 
have a TIMI flow grade of 0 or 1 in the infarct-related artery; second, 
a large proportion of patients with STEMI are unable to receive 
mechanical reperfusion without a certain time delay for a variety of 
reasons. Facilitated PCI was hypothesized to offer a reduction in isch-
emia time along with earlier reperfusion, higher TIMI flow rates in the 
infarct-related artery, facilitated guidewire/balloon passage, decreased 
clot burden, and a lower incidence of distal embolization.

The Bavarian Reperfusion Alternatives Evaluation (BRAVE) trial 
was the first randomized trial to evaluate the impact of facilitated PCI 
with reteplase plus abciximab on LV infarct size estimated by single 
photon emission computed tomography (SPECT). Although the study 
reported a higher rate of pre-PCI TIMI flow grade 3 in the infarct-
related artery in the facilitated PCI group, no reduction in infarct size 
was observed in this group.78 These results were confirmed by several 
subsequent clinical trials.

The Assessment of the Safety and Efficacy of a New Treatment 
Strategy for Acute Myocardial Infarction 4 (ASSENT-4) PCI study was 
a randomized trial of patients with STEMI who presented within 6 
hours from the symptom onset, were scheduled to undergo PCI after 
an anticipated delay of 1 to 3 hours, and were assigned to standard PCI 
(n = 838) or PCI preceded by administration of full-dose tenecteplase 
(n = 829).79 All patients received aspirin and a bolus without an infu-
sion of UFH. The ASSENT-4 PCI investigators planned to enroll 4000 
patients, but the Data and Safety Monitoring Board (DSMB) recom-
mended early cessation after higher in-hospital mortality was observed 
in the facilitated PCI group than in the group undergoing standard 
PCI. The primary end point of ASSENT-4 PCI was death, congestive 
heart failure (CHF), or cardiogenic shock within 90 days of randomiza-
tion. This occurred in 19% of patients in the facilitated PCI group and 
in 13% of the group that received standard PCI (relative risk [RR], 1.39; 
95% CI, 1.11 to 1.74; P = .005). More in-hospital strokes (1.8% vs. 0%, 
P < .001) were reported, and the incidence of ischemic complications 
such as reinfarction (6% vs. 4%, P = .03) and repeat target-vessel revas-
cularization (TVR; 7% vs. 3%, P = .004) were higher among patients 
treated with facilitated PCI than among those treated with standard 
PCI. The ASSENT-4 PCI trial concluded that a strategy of facilitated 
PCI that consisted of full-dose thrombolysis (tenecteplase) plus anti-
thrombotic cotherapy and preceding PCI by 1 to 3 hours was associ-
ated with worse clinical outcome than a strategy of PPCI alone; 
therefore it cannot be recommended.79

The meta-analysis of Keeley and colleagues,80 which included 17 
trials of STEMI patients assigned to facilitated PCI (n = 2237) or PPCI 
(n = 2267) showed that facilitated PCI was associated with significantly 
worse short-term outcomes (up to 42 days) than PPCI alone in terms 
of death (5% vs. 3%), nonfatal reinfarction (3% vs. 2%), urgent TVR 
(4% vs. 1%), major bleeding (7% vs. 5%), hemorrhagic stroke (0.7% vs. 
0.1%), and total stroke (1.1% vs. 0.3%). The increased rates of adverse 
events were observed mainly when thrombolytic therapy was used to 
facilitate PCI.80

The Facilitated Intervention with Enhanced Reperfusion Speed to 
Stop Events (FINESSE) trial81 served to further confirm not only the 
inefficacy but also the detrimental effects of facilitated PCI in patients 
with STEMI. The study enrolled 2452 patients with STEMI who pre-
sented within the first 6 hours from symptom onset who were ran-
domly assigned to a strategy of facilitated PCI with half-dose reteplase 
plus abciximab versus abciximab alone versus conventional PCI with 
abciximab given in the catheterization laboratory. All patients received 
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tenecteplase (the dose was halved in patients ≥75 years of age at the 
20% planned recruitment), aspirin, clopidogrel, and enoxaparin in the 
ambulance or ED. Patients in the early thrombolysis group were more 
likely to have TIMI grade 3 blood flow compared with the PPCI group 
(58.5% vs. 20.7%). The median time from symptom onset to the start 
of reperfusion therapy (tenecteplase or arterial sheath insertion) was 
100 minutes in the early thrombolysis group versus 178 minutes in the 
PPCI group. In the thrombolysis group, emergency angiography was 
required in 36.3% of the patients; the remaining patients underwent 
angiography at a median of 17 hours after randomization. No signifi-
cant differences were reported in the primary end point between both 
treatment strategies (12.4% in the early thrombolysis vs. 14.3% in the 
PPCI group [RR, 0.86; 95% CI, 0.68 to 1.09; P = .21]; Fig. 20-10). The 
rates of intracranial hemorrhage were 1.0% in the thrombolysis group 
and 0.2% in the PPCI group (P = .04), but the difference was no longer 
significant after protocol amendment (0.5% vs. 0.3%, P = .45). The main 
conclusion of the STREAM trial was that prehospital thrombolysis fol-
lowed by routine angiography within 6 to 24 hours in stable patients 
(or immediate or rescue PCI in cases of failed reperfusion or unstable 
patients) is a reasonable alternative to PPCI when expected treatment 
delay is more than 1 hour.91 A recent report from the STREAM trial 
showed the frequency of aborted MI, defined as ST-segment resolution 
of 50% or greater, was significantly higher among patients undergoing 
a pharmacoinvasive therapy than with PPCI (11.1% vs. 6.9%, P < .01).92 
Some limitations of the STREAM trial are worth mentioning: exclusion 
of patients who could receive PCI within 60 minutes potentially biases 
the study in favor of thrombolysis (plus the trial protocol was amended); 
also, more than one third of patients were recruited in an expensive 
system of care designed to promote prehospital thrombolysis, which 
may not be directly applicable to other systems of care. Moreover, the 
high rate of no (or poor) responders to thrombolysis (36.3% rate of 
urgent angiography in the thrombolysis group) may support a strategy 
that expedites transfer to a PCI-capable facility of every patient under-
going thrombolysis after STEMI.

In aggregate, these studies demonstrated that the approach of 
routine catheterization and PCI after an initial primary thrombolysis 
strategy is beneficial in patients with STEMI. Among factors that seem 
to have had a positive impact on the outcome of routine use of PCI 
after thrombolysis are recent advances in PCI technology and adjunc-
tive pharmacologic therapy.

RESCUE PERCUTANEOUS CORONARY INTERVENTION
Rescue PCI is defined as PCI performed within 12 hours after failure 
of thrombolysis in patients with continuing or recurrent myocardial 
ischemia. In the absence of coronary angiography, partial (<50%) reso-
lution of ST-segment elevation on the surface ECG, continuation of 
chest discomfort, and/or hemodynamic instability or heart failure—
even though they are known to be imprecise—are used as markers of 
failed thrombolysis. Even with the use of the most advanced fibrin-
specific thrombolytic agents available, thrombolysis restores optimal 
epicardial blood flow to TIMI flow grade 3 in just over half of STEMI 
patients. Furthermore, 5% to 10% of patients will suffer coronary reoc-
clusions after an initial successful thrombolysis. The less-than-optimal 
results with thrombolysis are explained by considering that the plaque/
thrombosis ratio at the site of coronary occlusion is on average 80% 
plaque to 20% thrombotic material,93 and plaque expansion often con-
tributes more than acute thrombosis to the acute coronary occlusion.94 
In the presence of these and other factors, the establishment of TIMI 
flow grade 3 by thrombolysis is less likely. Patients with an occluded 
infarct-related artery (TIMI flow grade 0 to 1) and those with subop-
timal blood flow restoration (TIMI flow grade 2) have increased mor-
tality compared with patients with restoration of TIMI flow grade 3 in 
the infarct-related artery. It has been estimated that nearly 125,000 
STEMI patients per year in the United States will have suboptimal 
reperfusion with thrombolytic therapy.95 In the past, patients with 
failed thrombolysis have been treated with conservative therapy and 
watchful waiting, repeat thrombolysis, or rescue PCI.

refractory ischemia. In the group assigned to immediate PCI, 97% (289 
patients) underwent angiography and 85.6% (255 patients) underwent 
PCI. In the group assigned to standard care, 30.3% (91 patients) under-
went rescue PCI. The primary end point occurred in 4.4% of patients 
assigned to immediate PCI and in 10.7% of the patients assigned to 
standard care with rescue PCI as required (P = .004), and no differences 
were observed in major bleeding (3.4% vs. 2.3%, P = .47) or stroke 
(0.7% vs. 1.3%, P = .50). In the immediate PCI group, the time interval 
from reteplase to angiography/PCI was 2.25 hours.86 The Trial of 
Routine Angioplasty and Stenting After Thrombolysis to Enhance 
Reperfusion in Acute Myocardial Infarction (TRANSFER-AMI)87 
included 1059 high-risk patients with STEMI who presented to 
non-PCI hospitals within 12 hours from symptom onset. Patients were 
randomized to standard treatment that also included rescue PCI  
(522 patients) or a strategy of immediate transfer for PCI within 6 
hours after thrombolysis (537 patients). All patients received aspirin, 
tenecteplase, and heparin or enoxaparin; concomitant clopidogrel was 
strongly encouraged. The primary end point was the composite of 
death, reinfarction, recurrent ischemia, new or worsening CHF, or 
cardiogenic shock within 30 days. In the group assigned to transfer for 
PCI, 98.5% underwent coronary angiography, and 84.9% received PCI 
2.8 hours after randomization; in the group assigned to standard care, 
88.7% underwent coronary angiography, and 67.4% received PCI 32.5 
hours after randomization. At 30 days, the primary end point occurred 
in 11.0% of the patients assigned to immediate PCI and in 17.2% of 
the patients assigned to standard treatment (P = .004). Most of the 
benefit was due to a reduction in reinfarction or recurrent ischemia, 
and the bleeding rates were similar in both groups.

A series of meta-analyses have supported the pharmacoinvasive 
strategy for patients with STEMI. A meta-analysis that included seven 
trials with 2961 patients to compare early routine PCI after thromboly-
sis with standard therapy in patients with STEMI found that early 
routine use of PCI after thrombolysis reduced the 30-day rate of rein-
farction (2.6% vs. 4.7%, P = .003), the combined end point of death or 
reinfarction (5.6% vs. 8.3%, P = .004), and recurrent ischemia (1.9% 
vs. 7.1%; P < .001) without affecting the rates of major bleeding (4.9% 
vs. 5.0%, P = .70) or stroke (0.7% vs. 1.3%, P = .21).88 The benefits of 
routine use of PCI after thrombolysis were maintained at 6 to 12 
months of follow-up. Another meta-analysis of nine trials with a total 
of 3325 patients showed a 24% reduction in total mortality (P = .06), 
a 45% reduction in recurrent MI (P < .001), and a 65% reduction in 
recurrent ischemia (P < .001) with no significant difference in the 
incidence of major bleeding or stroke in patients managed with early 
or immediate PCI after thrombolysis as opposed to standard care.89 A 
more recent meta-analysis that included 3195 patients (eight trials) 
showed that the composite end point of 30-day mortality, reinfarction, 
and ischemia was lower in the routine early PCI group compared with 
the ischemia-guided PCI group after thrombolysis (7.3% vs. 13.5%; 
OR, 0.47; 95% CI, 0.32 to 0.68; P < .001) driven by significant reduction 
in both reinfarction (OR, 0.62; 95% CI, 0.42 to 0.90; P < .011) and 
ischemia (OR, 0.21; 95% CI, 0.10 to 0.47; P < .001). The 30-day mortal-
ity and major bleeding rates between strategies were not significantly 
different. This meta-analysis supported the use of routine early PCI 
within 24 hours of thrombolysis when PPCI was not feasible.90

The Strategic Reperfusion Early After Myocardial Infarction 
(STREAM) study91 evaluated whether a thrombolytic therapy approach 
(prehospital or early thrombolysis with contemporary antiplatelet and 
anticoagulant therapy) coupled with timely angiography (urgent in case 
of reperfusion failure or routine at 6 to 24 hr) provides a clinical 
outcome similar to that with PPCI in patients with STEMI who present 
early after symptom onset. In the STREAM study, 1892 patients with 
STEMI (≥2 mm ST elevation in two contiguous leads) who presented 
within 3 hours of symptom onset and who could not undergo PPCI 
within 1 hour of FMC were assigned to a strategy of early thrombolysis 
followed by coronary angiography in 6 to 24 hours or rescue PCI, if 
needed (n = 944), or standard PPCI (n = 948). The primary end point 
was a composite of death from any cause, cardiogenic shock, CHF,  
or reinfarction at 30 days. The early thrombolysis group received 
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one of three options: rescue PCI (n = 144), repeat thrombolysis (n = 
142), or conservative therapy (n = 141). Coronary stents were used in 
68.5% of patients, and 43.4% of patients received GP IIb/IIIa receptor 
blockers. The 6-month probability of event-free survival was signifi-
cantly higher in patients assigned to rescue PCI (84.6%) compared 
with patients assigned to conservative therapy (70.1%) or repeat 
thrombolysis (68.7%, P = .004). In a subsequent report from the 
REACT trial,99 the authors report the primary composite end points of 
death, recurrent MI, cerebrovascular events, and severe heart failure at 
1 year and mortality at a median of 4.4 years. The 6-month advantage 
in the event-free-survival was maintained at 1 year of follow-up (81.5%, 
67.5%, and 64.1% in rescue PCI, conservative therapy, and repeat 
thrombolysis arms, respectively; P = .004), and a significant reduction 
was seen in mortality at a median of 4.4 years: mortality rates were 
11.2% in the rescue-PCI arm, 22.4% in the conservative-therapy arm, 
and 22.3% in the repeat-thrombolysis arm (HR was 0.43 [95% CI, 0.23 
to 0.97] for rescue PCI vs. conservative therapy and was 0.41 [95% CI, 
0.22 to 0.75] for rescue PCI vs. repeat thrombolysis). Of importance 
was the finding that repeat thrombolysis did not offer any benefit 
compared with conservative therapy.99

A 2007 meta-analysis95 of randomized trials showed that rescue PCI 
was associated with an insignificant 31% reduction in the relative risk 
for all-cause mortality and significant reductions in the risk for heart 
failure (27%) and reinfarction (42%) compared with conservative 
treatment. Moreover, repeat thrombolysis was not associated with 
improvements in mortality or reinfarction, but it increased the risk of 
minor bleeding by 84%.

In summary, rescue PCI improves clinical outcome and should be 
recommended in patients with STEMI after failed thrombolysis.

TECHNICAL ASPECTS OF PRIMARY PERCUTANEOUS 
CORONARY INTERVENTION IN STEMI

From a technical point of view, PPCI is not substantially different from 
elective PCI, although it is characterized by more frequent use of 
thrombus aspiration devices and direct stenting. However, PCI in the 
early phase of a STEMI can be more difficult and requires more exper-
tise than routine PCI in a stable patient. The goal of PPCI is to open 

The efficacy of rescue PCI for failed thrombolysis has been assessed 
in a number of randomized trials (six trials in a 2007 meta-analysis).95 
Earlier trials included limited numbers of patients (from 28 to 151 
patients) and underestimated the benefits of rescue PCI because it con-
sisted of percutaneous transluminal coronary angioplasty (PTCA) 
without stenting. The superiority of coronary stenting over angioplasty 
in rescue PCI interventions has been shown in the Stent or PTCA for 
Occluded Coronary Arteries After Failed Thrombolysis in Patients 
With Acute Myocardial Infarction (STOPAMI-4) trial,96 which showed 
a significantly higher salvage index (35% vs. 25% of the initial perfusion 
defect salvaged by rescue interventions) obtained by paired scinti-
graphic studies performed 7 to 10 days apart. The most important 
randomized trials in the setting of rescue interventions for failed 
thrombolysis have been the Middlesbrough Early Revascularization  
to Limit Infarction (MERLIN) trial97 and the Rescue Angioplasty or 
Repeat Thrombolysis (REACT) trial.98 The MERLIN trial randomized 
307 patients with STEMI and failed thrombolysis (failure of ST-segment 
elevation in the lead with maximal elevation to resolve by 50%) to 
emergency coronary angiography with or without rescue PCI or con-
servative therapy. The primary end point was all-cause mortality at 30 
days. It should be emphasized that coronary stents were used in just half 
of the patients. Thirty-day all-cause mortality was similar in the rescue 
and conservative groups (9.8% vs. 11%, P = .7). The combined incidence 
of MACEs was reduced in the rescue PCI group (37.3% vs. 50.0%, P = 
.02) driven by less subsequent revascularization (6.5% vs. 20.1%, P = 
.01). Reinfarction (7.2% vs. 10.4%, P = .03) and CHF (24.2% vs. 29.2%, 
P = .3) were less common among patients undergoing rescue PCI. Inci-
dences of stroke (4.6% vs. 0.6%, P = .03) and blood transfusion (11.1% 
vs. 1.3%, P = .001) were increased among patients treated by rescue PCI 
versus those treated by conservative therapy.97 The 3-year follow-up of 
the patients in the MERLIN trial showed that compared with conserva-
tive treatment, rescue angioplasty did not confer a survival benefit at 3 
years (17.6% vs. 16.9%, P = .90) but was associated with fewer unplanned 
revascularization procedures (14.4% vs. 33.8%, P < .01).

The REACT trial98 included 427 patients with STEMI within 6 
hours of symptom onset and 90-minute ECG criteria for failed throm-
bolysis (less than 50% ST-segment resolution in the leads with previous 
maximal ST-segment elevation). Patients were randomly assigned to 

FIGURE 20-10	 Kaplan-Meier	curves	for	the	primary	end	point,	a	composite	of	death	from	any	cause,	cardiogenic	shock,	congestive	heart	failure,	
or	reinfarction	within	30	days	(P	=	.21	by	the	log-rank	test).	Inset:	The	same	data	on	an	enlarged	Y-axis.	PCI,	Percutaneous	coronary	intervention.	
(From	Armstrong	PW,	Gershlick	AH,	Goldstein	P,	et	al:	Fibrinolysis	or	primary	PCI	 in	ST-segment	elevation	myocardial	 infarction.	N	Engl	J	Med	
368[15]:1379-1387,	2013.)
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DRUG-ELUTING STENTS IN PATIENTS WITH STEMI
The development of drug-eluting stents (DESs) represented an impor-
tant milestone in the evolution of PCI. Compared with bare-metal 
stents (BMSs), the DES has reduced the need for TVR by 60% to 70% 
in the setting of randomized clinical trials. In general, although the 
results of current research have been reassuring, concerns remain 
about a possible excess of stent thrombosis—especially late events 
beyond 1 year—after DES implantation because of inhibition or 
delayed reendothelialization of the stented segment.102 Specifically, it 
has been postulated that the risk of stent thrombosis might be higher 
if a DES is implanted in a patient who has had a STEMI. Several puta-
tive mechanisms have been offered to explain the higher rates of stent 
thrombosis after DES implantation in patients with STEMI: these 
include 1) an increased risk of stent malapposition—thrombus “jailing” 
and subsequent dissolution, as well as coronary spasm at culprit lesions 
during the acute event, which may increase the risk of stent undersiz-
ing; 2) a modulation of drug-release kinetics by superimposed throm-
botic material; and 3) uptake of lipophilic drugs by necrotic core 
material, which may lead to further prolongation of tissue exposure 
due to very slow turnover that can exacerbate delayed healing.102 
Despite these still unresolved issues, recent evidence about the use of 
DESs in STEMI has been mostly reassuring, and DES implantation is 
increasingly being used in the setting of PPCI.

Recent information on the use of DESs in patients with STEMI has 
emerged from registries, randomized trials, and meta-analyses. A 
series of randomized trials have investigated the efficacy and safety of 
the first-generation DESs versus the BMSs in patients with STEMI, and 
their results have been summarized in multiple meta-analyses. Impor-
tant comparative evidence comes from a recent patient-level meta-
analysis103 (individual data obtained in 11 out of 13 trials) with 6298 
patients (3980 randomized to DESs [99% sirolimus-eluting or 
paclitaxel-eluting stents] and 2318 randomized to BMSs). At a mean of 
3.3 years follow-up, DES implantation significantly reduced the occur-
rence of TVR (12.7% vs. 20.1%; HR, 0.57; 95% CI, 0.50 to 0.66; P < .001; 
Fig. 20-11) without any significant difference in all-cause mortality 
(8.5% vs. 10.2%, P = .11), cardiac mortality (5.7% vs. 6.8%, P = .19), 
reinfarction (9.4% vs. 5.9%, P = .36), or stent thrombosis (5.8% vs. 
4.3%, P = .38). However, with regard to the occurrence of stent throm-
bosis or reinfarction, the assumption of proportionality was not met, 
and the Cox model with time-varying regression coefficients showed 
an increase in the risk for these events over long-term follow-up. Thus, 
2 years after the study began, the rate of stent thrombosis (HR, 2.81; 
95% CI, 1.28 to 6.19; P = .04) and reinfarction (HR, 2.06; 95% CI, 1.22 
to 3.49; P = .03; Fig. 20-12) increased significantly among patients with 
a DES compared with those who had received a BMS.

Another recent meta-analysis104 of 15 trials comprised 7867 patients 
and compared first-generation DESs with BMSs in patients with 
STEMI; it further evidenced an increased risk for very late stent throm-
bosis associated with DESs. Whereas the overall risk for definite stent 
thrombosis was similar for DES and BMS (RR, 1.08; 95% CI, 0.82 to 
1.43) time-dependent effects were seen, and risk ratio increased from 
0.80 (95% CI, 0.58 to 1.12) in the first year to 2.10 (95% CI, 1.20 to 
3.69) in the subsequent years with an interaction between the time and 
risk ratio for stent thrombosis (P = .009). Of note, the study concluded 
that an early benefit in terms of reduction of TVR and a trend toward 
less definitive stent thrombosis with the use of a first-generation DES 
in PPCI for STEMI was offset in subsequent years by an increased risk 
of very late stent thrombosis. It must be mentioned, however, that first-
generation DESs are rarely used in current practice.

Newer-generation DESs incorporate a series of technical refine-
ments compared with BMSs or first-generation DESs and are increas-
ingly being used in patients with STEMI. Briefly, they consist of 
cobalt- or platinum-chromium platforms and have thinner struts and 
improved biocompatibility, which makes them more tissue friendly, 
and they have a reduced thickness of durable or biodegradable polymer 
matrices (Fig. 20-13). The new-generation stents release antiprolifera-
tive drugs such as sirolimus, everolimus, zotarolimus, biolimus, A9, 

occluded coronary arteries and restore normal blood flow to the isch-
emic region. PPCI is performed in conditions of increased risk due to 
hemodynamic and electrical instability, increased thrombogenicity 
associated with STEMI, and increased bleeding risk due to adjuvant 
treatments; this is true particularly if PCI is performed following failed 
thrombolysis and complete occlusion of the stenotic coronary artery. 
The latter finding impedes visualization of the coronary artery, makes 
guidewire and balloon passage through the occluded lesion more dif-
ficult, and predisposes to distal embolization of thrombotic material 
with a potential for further worsening of microcirculation. Operators 
who perform PPCI in STEMI must act rapidly to restore coronary 
blood flow in the infarct-related artery as early as possible to stop 
evolving ischemia and progression to necrosis and to increase chances 
of myocardial salvage and infarct size reduction. Vascular access is 
achieved via the femoral artery, although radial artery access is increas-
ingly being preferred. Adjunct antithrombotic therapy is used peripro-
cedurally (see the section below, Periprocedural Antithrombotic/
Anticoagulant Therapy in Patients with STEMI Undergoing PPCI). After 
the procedure, the patient is monitored continuously, and in the 
absence of complications, the patient is discharged from the hospital 
within a few days.

PRIMARY STENTING IN PATIENTS WITH STEMI
In the early days of mechanical reperfusion for STEMI, balloon angio-
plasty was the mainstay of therapy. However, although superior to 
thrombolysis, balloon angioplasty often produces suboptimal results; 
these are mostly related to recurrent ischemia and reocclusion that 
occurs within the first days and weeks after the procedure, as well as a 
high incidence of late vessel narrowing (restenosis). Despite these limi-
tations of balloon angioplasty, in the early days of mechanical reperfu-
sion for STEMI, coronary stenting in the setting of STEMI was avoided 
because of the fear that implantation of a metallic structure within the 
highly thrombogenic milieu of the infarct-related artery (including 
thrombotic material and balloon-induced plaque disruption) would 
predispose to acute stent thrombosis and coronary reocclusion. Fur-
thermore, in the early days of PCI, the profound anticoagulation 
needed to prevent stent thrombosis markedly increased the risk of 
bleeding, which added additional risk for patients. Refinement in stent 
technology and advances in periprocedural and long-term antithrom-
botic therapy transformed primary stenting from an infrequently used 
therapeutic option, usually in bail-out situations, to the dominant form 
of PPCI in patients with STEMI.

Earlier studies showed superiority of balloon angioplasty over 
thrombolysis, and later the superiority of stenting over balloon angio-
plasty alone was demonstrated. A meta-analysis summarized the 
results of 13 trials, which randomized 6922 patients with acute MI to 
coronary stenting (3460 patients) or balloon angioplasty alone (3462 
patients).100 Five trials included patients with cardiogenic shock. In this 
meta-analysis, primary stenting significantly reduced the need for 
repeat revascularization at 1 year (11.3% vs. 18.3%) but had no effect 
on mortality (5.1% vs. 5.2%) or reinfarction (3.7% vs. 3.9%). The meta-
regression analysis demonstrated a significant association between 
patients’ risk profile and mortality benefits from primary stenting at 1 
year.100 These conclusions, however, are subject to limitations related 
to significant variations in the crossover rates and possible confound-
ing effects of thienopyridine treatment in patients treated with primary 
stenting. Against this, an analysis of the Primary Angioplasty in Myo-
cardial Infarction (PAMI) trial showed not only better angiographic 
results with primary stenting but also showed a sustained benefit in 
mortality out to 5 years after the infarct.101 Mechanistically, compared 
with balloon angioplasty, stents achieve a better immediate angio-
graphic result due to a larger postprocedural arterial lumen, fewer early 
ischemic events as a result of the sealing of plaque rupture and dissec-
tion, and enhanced longer-term patency durability due to attenuation 
of elastic recoil and constrictive remodeling. These studies transformed 
coronary stenting from a feared therapeutic option to an almost default 
strategy in PPCI.
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FIGURE 20-11	 Target-vessel	revascularization	(TVR)	at	long-term	follow-up.	A,	Absolute	numbers	of	TVRs	and	hazard	ratios	for	this	end	point	with	
drug-eluting	stent	(DES)	versus	bare-metal	stent	(BMS)	use	for	individual	trials	and	the	pooled	population	(fixed-effect	model).	Hazard	ratios	are	
shown	on	a	logarithmic	scale.	The	size	of	the	square	is	proportional	to	the	weight	of	the	individual	studies,	measured	as	the	inverse	of	the	estimated	
variance	of	the	log	hazard	ratio.	B,	Kaplan-Meier	curves	of	probability	of	TVR	in	each	of	the	stent	groups	for	the	pooled	population.	CI,	Confidence	
interval.	 Trial	 abbreviations:	 BASKET-AMI,	 Basel	 Stent	 Kosten-Effektivitäts	 in	 Acute	 Myocardial	 Infarction;	 DEDICATION,	 Drug	 Elution	 and	 Distal	
Protection	 in	ST-Elevation	Myocardial	 Infarction;	HORIZONS-AMI,	Harmonizing	Outcomes	With	Revascularization	and	Stents	 in	Acute	Myocardial	
Infarction;	 MISSION,	 MISSION!	 Intervention	 Study;	 PASEO,	 Paclitaxel	 or	 Sirolimus-Eluting	 Stent	 Versus	 Bare-Metal	 Stent	 in	 Primary	 Angioplasty;	
PASSION,	Paclitaxel-Eluting	Versus	Conventional	Stent	in	Myocardial	Infarction	with	ST-Segment	Elevation;	SELECTION,	Single-Center	Randomized	
Evaluation	of	Paclitaxel-Eluting	Stent	Versus	Conventional	Stent	in	Acute	Myocardial	Infarction;	SESAMI,	Sirolimus-Eluting	Stent	Versus	Bare-Metal	
Stent	in	Acute	Myocardial	Infarction;	TYPHOON,	Trial	to	Assess	the	Use	of	Cypher	Stent	in	Acute	Myocardial	Infarction	Treated	With	Balloon	Angio-
plasty.	(Modified	from	De	Luca	G,	Dirksen	MT,	Spaulding	C,	et	al:	Drug-eluting	vs	bare-metal	stents	in	primary	angioplasty:	a	pooled	patient-level	
meta-analysis	of	randomized	trials.	Arch	Intern	Med	172[8]:611-621,	2012.)
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novolimus, and myolimus over weeks to months after implantation.105 
Several randomized trials and meta-analyses have investigated their 
efficacy and safety in patients with STEMI. The Comparison of Bioli-
mus Eluted From an Erodible Stent Coating With Bare Metal Stents in 
Acute ST-Elevation Myocardial Infarction (COMFORTABLE AMI) 
trial106 randomized 1161 patients with STEMI with symptom onset 
within 24 hours to receive a biolimus-eluting stent (n = 575), with the 
biolimus embedded in a biodegradable polymer, or a BMS (n = 582). 
The primary end point was a composite of cardiac death, target vessel–
related reinfarction, and ischemia-driven TLR at 1 year. At 1 year, the 
primary end point occurred in 4.3% of the patients assigned to 

biolimus stenting and in 8.7% of the patients assigned to a BMS (HR, 
0.49; 95% CI, 0.30 to 0.80; P = .004). The difference was driven by a 
lower risk of target vessel–related reinfarction (0.5% vs. 2.7%) and 
ischemia-driven TLR (1.6% vs. 5.7%) in patients who received a 
biolimus-eluting stent (Fig. 20-14). The risk of definite stent thrombo-
sis was lower (0.9% vs. 2.1%) in patients treated with a biolimus-eluting 
stent, but the difference was statistically insignificant (P = .10). A more 
recent publication from the COMFORTABLE-AMI trial showed that 
the favorable results with the biolimus-eluting stent were durable up 
to 2 years of follow-up.107 The clinical Evaluation of the Xience-V Stent 
in Acute Myocardial Infarction (EXAMINATION) trial108 randomized 
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thrombosis (OR, 0.32; 95% CI, 0.11 to 0.78) compared with BMSs. 
Differences in stent thrombosis were apparent as early as 30 days and 
were maintained for 2 years. Cobalt-chromium everolimus-eluting 
stents were associated with lower rates of 1-year definite stent throm-
bosis than paclitaxel-eluting stents (OR, 0.33; 95% CI, 0.11 to 0.87). 
Sirolimus-eluting stents were also associated with significantly lower 
rates of 1-year cardiac death and MI than BMSs. Chromium-cobalt 
everolimus-eluting stents, paclitaxel-eluting stents, and sirolimus-
eluting stents—but not zotarolimus-eluting stents—had significantly 
lower rates of 1-year TVR than BMSs. Sirolimus-eluting stents showed 
lower rates of TVR compared with paclitaxel-eluting stents.109 The 
results of this meta-analysis highlighted the steady improvements in 
clinical outcomes with the evolution from BMSs to first-generation and 
second-generation DESs.

Because of an increased risk for very late stent thrombosis with 
DESs, particularly with the first generation of these devices, the efficacy 
and safety of drug-eluting balloons in combination with BMSs has 

1504 patients with STEMI up to 48 hours after symptom onset to 
receive an everolimus-eluting stent (with a durable fluoropolymer) or 
a BMS. The primary end point was a composite of all-cause death, 
recurrent MI, or revascularization at 1 year. The primary end point was 
similar in both groups (11.9% in the everolimus stent group vs. 14.2% 
in the BMS group, P = .19). The use of everolimus-eluting stents was 
associated with a lower risk of TLR (2.1% vs. 5.0%, P = .003) and defi-
nite stent thrombosis (0.5% vs. 1.9%, P = .018) and no difference in 
all-cause mortality (3.5% vs. 3.5%) or cardiac mortality (3.2% vs. 2.8%, 
P = .76).

The overall efficacy and safety of earlier and newer DESs was 
addressed in a recent network meta-analysis that included 22 trials 
with 12,453 randomized patients. At 1-year follow-up, cobalt-
chromium everolimus-eluting stents were associated with significantly 
lower rates of all-cause death or MI (OR, 0.65; 95% CI, 0.46 to 0.90); 
cardiac death or MI (OR, 0.63; 95% CI, 0.42 to 0.92), target-vessel 
revascularization (OR, 0.45; 95% CI, 0.29 to 0.66), and definite stent 

FIGURE 20-12	 Definite	and	probable	 stent	 thrombosis	at	 long-term	 follow-up.	Definitions	are	according	 to	 the	Academic	Research	Consortium.	
A,	 Absolute	 numbers	 of	 stent	 thrombosis	 and	hazard	 ratios	 for	 this	 end	point	with	 drug-eluting	 stent	 (DES)	 versus	 bare-metal	 stent	 (BMS)	 for	
individual	trials	and	the	pooled	population	(fixed-effect	model).	Hazard	ratios	are	shown	on	a	logarithmic	scale.	The	size	of	the	square	is	propor-
tional	to	the	weight	of	the	individual	studies,	measured	as	the	inverse	of	the	estimated	variance	of	the	log	hazard	ratio.	B,	Kaplan-Meier	curves	of	
probability	of	in-stent	thrombosis	in	each	of	the	stent	groups	for	the	pooled	population.	Trial	abbreviations	are	as	in	Figure	20-11.	CI,	Confidence	
interval.	(From	De	Luca	G,	Dirksen	MT,	Spaulding	C,	et	al:	Drug-eluting	vs	bare-metal	stents	in	primary	angioplasty:	a	pooled	patient-level	meta-
analysis	of	randomized	trials.	Arch	Intern	Med	172[8]:611-621,	2012.)
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death/MI, MI, and TVR compared with second-generation durable-
polymer DESs.111

In summary, ample evidence from multiple sources proves a clear 
antirestenotic advantage of the DES over the BMS in patients with 
STEMI. Moreover, DESs—and in particular, second-generation 
DESs—may also confer a safety benefit over BMSs in the early phase 
after intervention. Although some concerns persist regarding very late 
adverse events, stenting with a DES is considered the preferred 
approach for patients with STEMI who undergo PPCI.

DIRECT STENTING
Evidence in favor of direct stenting—that is, stent implantation without 
predilation—comes from observational studies and at least one small 
randomized study. A 2002 study randomized 206 patients with STEMI 
to direct stent implantation or stent implantation after balloon  

been proposed as an alternative treatment strategy and was investi-
gated in the Drug-Eluting Balloon in Acute Myocardial Infarction 
(DEB-AMI) trial.110 In this trial, 150 patients were randomized to a 
strategy of a BMS, a drug-eluting balloon (paclitaxel) plus a BMS, or 
a paclitaxel-eluting DES. The primary end point was 6-month angio-
graphic in-stent late-luminal loss. The study concluded that a strategy 
of drug-eluting balloon followed by bare-metal stenting was inferior 
to standard drug-eluting stenting and failed to show superiority com-
pared with bare-metal stenting alone. Several novel stent platforms that 
included bioabsorbable vascular scaffolds in conjunction with various 
antiproliferative drugs are under investigation. A recent network meta-
analysis that investigated the safety and efficacy of bioabsorbable 
polymer-based biolimus-eluting stents versus durable-polymer DESs 
and BMSs concluded that polymer-based biolimus-eluting stents were 
associated with superior clinical outcomes compared with BMSs  
and first-generation DESs but demonstrated similar rates of cardiac 

FIGURE 20-13	 Novel	intracoronary	devices	and	putative	mechanisms	to	improve	outcomes	of	mechanical	reperfusion.	New-generation	drug-eluting	
stents	release	antiproliferative	drugs	over	a	period	of	weeks	to	months	to	reduce	restenosis.	Polymer-free	drug-eluting	stents	release	antiproliferative	
drugs	over	a	period	of	days	to	weeks	via	various	mechanisms	of	drug	binding	and	release.	Drug-eluting	balloons	could	be	applied	either	before	
or	after	implantation	of	a	bare-metal	stent	with	the	aim	to	suppress	neointimal	hyperplasia	within	the	stent	to	maintain	vessel	patency.	Bioresorb-
able	scaffolds	have	a	biodegradable	coating	that	releases	antiproliferative	drugs	over	a	period	of	weeks	to	months	and	a	metallic	or	polymer	stent	
backbone	 that	 biodegrades	 over	months	 to	 years.	 Self-expanding	 stents	 aim	 to	 overcome	 stent	 undersizing	 caused	 by	 vessel	 constriction	 and	
thrombus	apposition.	Mesh-covered	stents	target	distal	embolization	and	associated	no-reflow	by	means	of	thrombus	exclusion	and	microcircula-
tory	 protection.	DAPT,	Dual	 antiplatelet	 therapy.	 (From	Windecker	 S,	Bax	 JJ,	Myat	 A,	 et	al:	 Future	 treatment	 strategies	 in	 ST-segment	 elevation	
myocardial	infarction.	Lancet	382[9892]:644-657,	2013.)
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0.92; 95% CI, 0.88 to 0.95; P = .02). Recent observational studies have 
also suggested that direct stenting is associated with improved 
ST-segment resolution and better early and 1-year survival compared 
with conventional stenting after predilation.114 Based on these studies, 
we suggest the use of direct stenting, preferably after thrombus aspira-
tion for most culprit lesions in patients with STEMI. Heavy calcifica-
tion of the vessel or poor visualization of the distal edge is a 
contraindication for this strategy.

RADIAL ARTERY VERSUS FEMORAL ARTERY 
VASCULAR ACCESS FOR PRIMARY PERCUTANEOUS 
CORONARY INTERVENTION

Although vascular access via the femoral artery was considered as 
almost a default strategy for vascular access for PCI in general, includ-
ing PPCI, evidence favoring the use of radial artery for vascular access 
is rapidly increasing. The most important argument for the use of 
radial artery comes from multiple sources that show significant 

predilation. Although the postintervention TIMI flow or TIMI cor-
rected frame count did not differ significantly between the two strate-
gies, the composite angiographic (corrected TIMI frame count, 
slow-flow/no-reflow or distal embolization) end point (11.7% vs. 
26.9%, P = .01) or ST-segment resolution (79.8% vs. 61.9%, P = .01) 
were better among patients with direct stenting compared with patients 
who had stent implantation after predilation.112 Support in favor of 
using direct stenting also comes from the Harmonizing Outcomes  
With Revascularization and Stents in Acute Myocardial Infarction 
(HORIZONS-AMI) trial113 in which 698 patients were treated with 
direct stenting. Direct stenting compared with conventional stenting 
(after predilation) was associated with better ST-segment resolution at 
60 minutes after the procedure (median 74.8% vs. 68.9%, P = .01) and 
a lower rate of all-cause death (1.6% vs. 3.8%, P = .01) and stroke (0.3% 
vs. 1.1%, P = .049) with nonsignificant differences in TLR, MI, stent 
thrombosis, and major bleeding. Rates of death at 1 year remained 
lower in patients with direct stenting (HR, 0.42; 95% CI, 0.21 to 0.86; 
P = .02) after adjustment and in a propensity score–based analysis (HR, 

FIGURE 20-14	 Kaplan-Meier	curves	 for	major	adverse	cardiac	events	(MACEs)—cardiac	death,	 target	vessel–related	reinfarction,	and	 ischemia-
driven	target-lesion	revascularization—among	patients	randomized	to	receive	either	the	biolimus-eluting	stent	or	the	bare-metal	stent.	CI,	Confidence	
interval;	HR,	hazard	ratio.	(From	Räber	L,	Kelbæk	H,	Ostojic	M,	et	al:	Effect	of	biolimus-eluting	stents	with	biodegradable	polymer	vs	bare-metal	
stents	on	cardiovascular	events	among	patients	with	acute	myocardial	infarction:	the	COMFORTABLE	AMI	randomized	trial.	JAMA	308[8]:777-787,	
2012.)
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Two recent large registries in Italy and the United States offer addi-
tional support for the use of a radial artery approach for PPCI. The 
Registro Regionale Angioplastiche dell’Emilia-Romagna (REAL) registry 
of 11,068 patients showed that the 2-year risk-adjusted mortality rates 
were lower for the transradial than for the transfemoral group (8.8% 
vs. 11.4%, P = .0250). The rate of vascular complications that required 
surgery or blood transfusion were also significantly decreased in the 
transradial group (1.1% vs. 2.5%, P = .0052).119 A recent report from 
the CathPCI registry—which included 294,769 patients who under-
went PCI for STEMI between 2007 and 2011—showed that over a 
5-year period, the use of transradial PCI versus transfemoral PCI 
increased from 0.9% to 6.4% (P < .001).120 Transradial PCI was associ-
ated with a longer median DTB time (78 vs. 74 min, P < .001) but a 
lower adjusted risk for bleeding (OR, 0.62; 95% CI, 0.53 to 0.72; P < 
.001) and a lower adjusted risk of in-hospital mortality (OR, 0.76; 95% 
CI, 0.57 to 0.99; P = .0455).

THROMBECTOMY AND DISTAL PROTECTION  
DEVICES IN PRIMARY PERCUTANEOUS  
CORONARY INTERVENTION

Although PPCI is a highly effective therapy in patients with STEMI, 
concerns have been raised that conventional PCI using balloons and 
stents may dislodge thrombotic material and/or atherosclerotic plaque 
debris into the distal microcirculation and result in distal embolization 
and impaired myocardial perfusion. Distal embolization during 
mechanical reperfusion is considered an important contributor to 
microvascular dysfunction and no-reflow phenomenon. Distal embo-
lization does occur during PCI for STEMI, and visible debris is aspi-
rated in 73% of patients.121 Thus, apart from direct stenting and 
systemic or intracoronary use of pharmacologic agents such as GP IIb/
IIIa inhibitors, several thrombectomy and protection devices have 
been developed to reduce thrombotic burden, limit distal emboliza-
tion, and improve myocardial perfusion, and these may potentially 
improve the clinical outcome.

In principle, two categories of devices might be used in an attempt 
to reduce distal embolization: thrombectomy devices (manual thrombus 
aspiration or mechanical thrombectomy) and embolic protection 
devices (distal occlusive devices, proximal occlusive devices, and distal 
embolic filters). With regard to mechanical thrombectomy, random-
ized trials did not show a benefit in terms of clinical outcome. A recent 
meta-analysis that included seven trials with 1598 patients showed no 
difference between the mechanical thrombectomy and conventional 
PPCI arms in the incidence of MACEs (RR, 1.10; 95% CI, 0.59 to 2.05), 
mortality (P = .57), recurrent MI (P = .32), TVR (P = .19), or final 
infarct size (P = .47). A benefit in ST-segment resolution at 60 minutes 
(P = .007), but not in the TIMI blush grade (P = .48), were also noted.122 
Based on these data, the current mechanical thrombectomy devices are 
not recommended for use in the setting of PPCI in patients with 
STEMI.

Earlier randomized trials that used manual aspiration thrombec-
tomy reported encouraging results in terms of clinical outcomes and 
led to increased usage of manual aspiration as an adjunctive therapy 
to PPCI. In the Thrombus Aspiration During Percutaneous Coronary 
Intervention in Acute Myocardial Infarction Study (TAPAS),123 1071 
patients with STEMI were randomized to aspiration thrombectomy 
with the 6-French Export catheter plus conventional PCI versus PCI 
alone. The primary end point was a myocardial blush grade of 0 or 1. 
A myocardial blush grade of 0 to 1 occurred in 17.1% of the patients 
in the thrombus-aspiration group and in 26.3% of those in the 
conventional-PCI group (P < .001); complete resolution of ST-segment 
elevation occurred in 56.6% and 44.2% of patients, respectively (P < 
.001), and a trend was seen toward lower 30-day mortality in the group 
with aspiration thrombectomy (2.1% vs. 4.1%, P = .07). No significant 
differences were apparent in reinfarction (0.8% vs. 1.9%), TVR (4.5% 
vs. 5.8%), major bleeding (3.8% vs. 3.4%), and MACEs (6.8% vs. 9.4%) 
at 30 days. At 1 year, all-cause mortality was 4.7% in the thrombus-
aspiration group and 7.6% in the conventional-PCI group (P = .04). 

reductions in bleeding complications with the radial artery compared 
with the femoral artery route. Recent randomized trials and large reg-
istries offer support for the use of a radial artery approach in PPCI 
procedures. In a prespecified analysis of the Radial Versus Femoral 
Access for Coronary Intervention (RIVAL) trial,115 which included 
1958 patients with STEMI, the radial approach was associated with 
significantly lower primary outcomes of death, MI, stroke, or major 
bleeding unrelated to coronary artery bypass grafting (CABG) at 30 
days (3.1% vs. 5.2%, P = .026). However, caution is always required in 
the interpretation of subgroup analysis, particularly in a trial with an 
overall negative result. The two strategies were directly compared in 
the Radial Versus Femoral Randomized Investigation in ST-Elevation 
Acute Coronary Syndrome (RIFLE-STEACS) study,116 which random-
ized 1001 patients with STEMI to undergo primary or rescue PCI via 
radial or femoral artery approaches. The primary end point was the 
30-day rate of net adverse clinical events (NACEs), defined as a com-
posite of cardiac death, stroke, MI, TLR, and bleeding. The primary 
end point occurred in 13.6% of the patients in the radial artery arm 
and in 21.0% of the patients in the femoral artery arm (P = .003; Fig. 
20-15). The difference was driven in large part by a reduction in cardiac 
mortality (5.2% vs. 9.2%, P = .020) with radial artery access. However, 
radial compared with femoral access was also associated with signifi-
cantly lower rates of bleeding (7.8% vs. 12.2%, P = .026) and shorter 
hospital stays (5 days vs. 6 days, P = .03). Another recent randomized 
trial showed that a radial artery approach was superior to a femoral 
artery approach in reducing the major bleeding/vascular complications 
(1.4% vs. 7.2%, P < .001), although the antithrombotic regimen used 
consisted of high-dose heparin (>100 IU/kg) and high rates of GP IIb/
IIIa inhibitor antagonist use. Thirty-day NACEs—defined as death, MI, 
stroke, or major bleeding vascular complications—was also lower with 
radial access (4.6% vs. 11%, P = .0028) but not 6-month mortality 
(2.3% vs. 3.1%, P = .64).117 A decision-analytic model that used the data 
from the RIVAL and RIFLE-STEACS trials suggested that a substantial 
delay in DTB time would need to be introduced during transradial PCI 
to eliminate the observed mortality benefits of a transradial approach.118

FIGURE 20-15	 Time-to-event	 curves	 for	 net	 adverse	 cardiac	 events	
(NACEs),	a	composite	of	cardiac	death,	myocardial	 infarction,	 target-
lesion	 revascularization,	 stroke,	 and	 bleeding.	 (From	 Romagnoli	 E,	
Biondi-Zoccai	G,	Sciahbasi	A,	et	al:	Radial	versus	femoral	randomized	
investigation	 in	 ST-segment	 elevation	 acute	 coronary	 syndrome:	 the	
RIFLE-STEACS	 [Radial	 Versus	 Femoral	 Randomized	 Investigation	 in	
ST-Elevation	 Acute	 Coronary	 Syndrome]	 study.	 J	 Am	 Coll	 Cardiol	
60[24]:2481-2489,	2012.)
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resolution greater than 70%. Myocardial blush grade of 2 or more and 
ST-segment resolution occurred more frequently in the manual 
thrombectomy–plus PCI group (88% vs. 60%, P = .001, and 64% vs. 
39%, P = .001). In the acute phase, microvascular obstruction was 
significantly lower in the thrombectomy-PCI group, and at 3 months, 
the infarct size was significantly reduced only in the manual 
thrombectomy–plus PCI group. At 9 months, cardiac death occurred 
significantly less often in the manual thrombectomy–plus PCI group 
(0% vs. 4.6%, P = .02).

However, the Thrombus Aspiration in ST-Elevation Myocardial 
Infarction in Scandinavia (TASTE) trial125 did not show a benefit of 
manual aspiration thrombectomy compared with PPCI alone in terms 
of reduction of 30-day all-cause mortality. The TASTE trial was a 
multicenter, prospective, randomized, controlled, open-label clinical 
study with enrollment of patients from the national comprehensive 
Swedish Coronary Angiography and Angioplasty Registry (SCAAR) 
with end points evaluated through national registries. The study ran-
domly assigned 7244 patients with STEMI undergoing PCI to manual 
thrombus aspiration (TA) followed by PCI or to PCI only. The primary 
end point was all-cause mortality at 30 days. The 30-day mortality was 
2.8% in the TA group and 3.0% in the PCI-only group (HR, 0.94; 95% 
CI, 0.72 to 1.22; P = .63; Fig. 20-16). Trends were noted toward lower 

The 1-year combined incidence of death or nonfatal reinfarction was 
5.6% in the thrombus-aspiration group and 9.9% in the conventional-
PCI group (P = .009). The implication of the TAPAS data is that a 
strategy of systematic protection of microvascular function using aspi-
ration thrombectomy, including use in patients without visible throm-
bus, may be clinically important; although benefits, and reductions in 
cardiac mortality in particular, must be interpreted with caution 
because the study was not powered for this end point. Concerns have 
also been raised related to the single-center nature of the trial and that 
the very short door-to-aspiration and DTB times (medians, 28 min 
and 26 min, respectively) may make the results difficult to generalize. 
Moreover, the fact that the aspiration-thrombectomy group received 
mostly direct stenting whereas the conventional-PCI group received 
mostly balloon dilation followed by stenting may have led to increased 
distal embolization in the conventional-PCI group. The Thrombec-
tomy With Export Catheter in Infarct-Related Artery During Primary 
Percutaneous Coronary Intervention (EXPIRA) trial124 used contrast-
enhanced magnetic resonance imaging (MRI) to assess myocardial 
reperfusion in 175 patients with STEMI who were randomly assigned 
to standard PCI (87 patients) or manual thrombectomy plus PCI (88 
patients). The primary end points were the occurrence of a myocardial 
blush grade of 2 or more and a rate of 90-minute ST-segment 

FIGURE 20-16	 Kaplan-Meier	curves	are	shown	
for	the	cumulative	probability	of	death	from	any	
cause	(A)	and	of	hospitalization	due	to	reinfarc-
tion	(B)	up	to	30	days	after	percutaneous	coro-
nary	 intervention	 (PCI)	 only	 or	 after	 PCI	 with	
thrombus	aspiration	(PCI+TA).	The	insets	show	
the	 same	 data	 on	 an	 enlarged	 Y	 axis.	 (From	
Fröbert	 O,	 Lagerqvist	 B,	 Olivecrona	 GK,	 et	al:	
Thrombus	aspiration	during	ST-segment	eleva-
tion	 myocardial	 infarction.	 N	 Engl	 J	 Med	
369[17]:1587-1597,	2013.)
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toward fewer TVRs with aspiration thrombectomy (3.2% vs. 3.9%,  
RR, 0.83; 95% CI, 0.68 to 1.01; P = .06). Reinfarction (0.8% vs. 1.3%; 
RR, 0.64; 95% CI, 0.44 to 0.92; P = .017) and stent thrombosis (0.4% 
vs. 0.8%; RR, 0.54; 95% CI, 0.32 to 0.91; P = .021) were both signifi-
cantly lower in patients undergoing adjunctive aspiration thrombec-
tomy. Frequency of stroke was similar between the treatment arms.126 
In aggregate, this meta-analysis—which included all RCTs available—
demonstrated a significant reduction in adverse clinical outcomes with 
manual aspiration thrombectomy (Fig. 20-17).

Although visible debris has been aspirated in a majority of patients 
with STEMI who have undergone PPCI, investigation of the efficacy 
of various distal protection devices on a randomized basis gave dis-
appointing results. The Enhanced Myocardial Efficacy and Recovery 
by Aspiration of Liberated Debris (EMERALD) trial randomized  
501 patients with STEMI who presented within 6 hours of symptom 
onset for PPCI or rescue intervention after failed thrombolysis to 
receive either PCI with a balloon occlusion and a distal aspiration 
microcirculatory protection system or angioplasty without distal pro-
tection. Coprimary end points were ST-segment resolution measured 

rates of stent thrombosis (0.2% vs. 0.5%, P = .06) and hospitalization 
for recurrent MI at 30 days (0.5% vs. 0.9%, P = .09) in patients assigned 
to manual TA. The frequencies of stroke and neurologic complications 
were similar between the groups. The results were consistent across all 
major prespecified subgroups, including subgroups defined according 
to thrombus burden and coronary flow before PCI.125 Although the 
results of the TASTE trial did not support mortality benefit at 30 days 
with manual aspiration, longer follow-up out to 1 year should be exam-
ined because potential late benefits may accrue.

The most recent evidence regarding the efficacy of manual aspira-
tion thrombectomy comes from a meta-analysis that included 11,321 
patients from 20 RCTs with the TASTE trial included. The composite 
end point of MACE was lower in the aspiration-thrombectomy arm 
compared with conventional PCI alone (5.6% vs. 6.9%; RR, 0.81; 95% 
CI, 0.70 to 0.94; P = .006). The 30-day mortality was similar between 
the two arms (2.5% vs. 2.9%; RR, 0.87; 95% CI, 0.69 to 1.09; P = .22). 
However, late mortality (6 to 12 months) was significantly reduced 
with aspiration thrombectomy (3.3% vs. 5.2%; RR, 0.64; 95% CI, 0.44 
to 0.92; P = .016) compared with PCI alone. A trend was also seen 

FIGURE 20-17	 Summary	plot	 for	clinical	outcomes	for	aspiration	thrombectomy	versus	conventional	primary	percutaneous	coronary	 intervention	
(PCI).	CI,	Confidence	 interval;	RR,	 risk	 ratio.	 (From	Kumbhani	DJ,	Bavry	AA,	Desai	MY,	 et	al:	 Aspiration	 thrombectomy	 in	patients	undergoing	
primary	angioplasty:	totality	of	data	to	2013.	Catheter	Cardiovasc	Interv	84[6]:973-977,	2014.)
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radial approach. Although IV enoxaparin may be a reasonable alterna-
tive to UFH in patients with STEMI undergoing PPCI via a femoral 
approach, the optimal dosing of the drug remains uncertain.

Bivalirudin, a direct thrombin inhibitor, has been studied in several 
randomized trials of PPCI. In the HORIZONS-AMI trial,132 3602 
patients with STEMI who presented within 12 hours after the onset of 
symptoms were randomized to PPCI with heparin plus a GP IIb/IIIa 
inhibitor or bivalirudin alone. Coprimary end points—major bleeding 
and net adverse clinical events (the combined end point of major 
bleeding, death, reinfarction, TVR, or stroke) at 30-days—were used 
to judge the efficacy of treatment. Anticoagulation with bivalirudin 
alone, as compared with heparin plus GP IIb/IIIa inhibitors, was asso-
ciated with a reduced 30-day rate of net adverse clinical events (9.2% 
vs. 12.1%, P = .005) and a lower rate of major bleeding (4.9% vs. 8.3%, 
P < .001). Of importance was the finding that treatment with bivaliru-
din alone reduced the 30-day incidence of cardiac (1.8% vs. 2.9%, P = 
.03) and all-cause mortality (2.1% vs. 3.1%, P = .047). The rate of stent 
thrombosis within the first 24 hours was higher following treatment 
with bivalirudin (1.3% vs. 0.3%, P < .001), although this did not persist 
at 30 days. The advantages of bivalirudin were sustainable up to 3 years 
after PCI. Thus at 3 years after PCI, patients who had received bivali-
rudin had lower rates of all-cause mortality (5.9% vs. 7.7%), cardiac 
mortality (2.9% vs. 5.1%), reinfarction (6.2% vs. 8.2%), and non–
CABG-related major bleeding (6.9% vs. 10.5%) with no significant 
differences in the rates of ischemia-driven TVR, stent thrombosis, or 
composite adverse events.133 The HORIZONS-AMI trial demonstrated 
that reduction of bleeding by bivalirudin was associated with signifi-
cant improvements in the clinical outcome, which included reductions 
in early and long-term mortality. A subsequent publication from the 
HORIZONS-AMI trial suggested that reduction of cardiac mortality 
by bivalirudin is only partly attributed to prevention of bleeding. An 
array of antiinflammatory, antiapoptotic, antiischemic mechanisms 
were listed—including protection from reperfusion injury and amelio-
ration of microvascular obstruction—through which bivalirudin may 
facilitate myocardial salvage.134 A subgroup analysis of the HORIZONS-
AMI trial showed also that the benefits of bivalirudin in terms of 
reduction of bleeding rates persist in patients who switch from heparin 
(mostly used in the ED) to bivalirudin.135 These results strongly support 
the use of bivalirudin as an anticoagulant/antithrombotic regimen in 
the setting of PPCI.

The recently published European Ambulance Acute Coronary Syn-
drome Angiography (EUROMAX) trial136 randomly assigned 2218 
patients with STEMI who were being transported for PPCI to prehos-
pital administration of either bivalirudin or a heparin, either UFH or 
LMWH, with optional GP IIb/IIIa inhibitors. The dose of bivalirudin 
was similar to that used in the HORIZONS-AMI trial, but the drug 
was continued for 4 hours after the procedure to reduce the risk of 
stent thrombosis observed in the HORIZONS-AMI trial. The primary 
outcome at 30 days was a composite of death or major bleeding not 
associated with CABG. Compared with heparin, bivalirudin reduced 
the risk of the primary outcome (5.1% vs. 8.5%; RR, 0.60; 95% CI, 0.43 
to 0.82; P = .001; Fig. 20-18). Prehospital bivalirudin reduced the risk 
of major bleeding (2.6% vs. 6.0%), but it increased the risk of acute 
stent thrombosis (1.1% vs. 0.2%) and had no impact on 30-day mortal-
ity (2.9% vs. 3.1%) or reinfarction (1.7% vs. 0.9%) compared with 
heparin plus optional GP IIb/IIIa inhibitors. Although differences were 
noted between the trials in regard to the route used for vascular access 
(radial artery was used in 47% of the patients in the EUROMAX trial, 
and the newer antithrombotic drugs prasugrel or ticagrelor were used 
in more than half of the patients) and use of thrombectomy (32% in 
the EUROMAX trial), the results of the EUROMAX and HORIZONS-
AMI trials are mostly consistent. Compared with heparin, bivalirudin 
decreased the risk of major bleeding, but it increased the risk of acute 
stent thrombosis.

Although acute stent thrombosis is a serious, albeit rare complica-
tion of PPCI, and some patients—such as those with prior stent 
thrombosis—may be more prone to develop this complication, cur-
rently no risk-validation schemes are available. Nevertheless, if the risk 

30 minutes after PCI and infarct size measured by technetium Tc99m 
sestamibi imaging between 5 to 14 days. Visible debris was retrieved 
from 73% of the patients, and no significant difference was found 
between the groups regarding complete ST-segment resolution (63.3% 
vs. 61.9%, P = .78) or infarct size (median, 12.0% vs. 9.5%, P = .15). 
The composite end point of MACE rates at 6 months was similar in 
the distal protection and control groups (10.0% vs. 11.0%, P = .66). The 
study concluded that although a distal balloon occlusion and aspira-
tion system effectively retrieves embolic debris in most acute STEMI 
patients who undergo emergent PCI, distal embolic protection did not 
result in improved microvascular flow, greater reperfusion success, 
reduced infarct size, or enhanced event-free survival.127 Two additional 
randomized trials that used a different distal protection device came 
to similar conclusions regarding the lack of efficacy of these devices in 
improving reperfusion indices or clinical outcomes when used as an 
adjunct to PPCI in patients with STEMI.128,129 Although the exact 
reasons for the failure of distal protection devices to improve reper-
fusion in patients with STEMI remain obscure, the embolization 
caused by crossing the lesion with the device, impaired microcircula-
tion by the device (nonembolic effects), dislodgement and emboliza-
tion of vasoconstrictor material not halted by the device, and failure 
to protect downstream side branches have been proposed as putative 
mechanisms.

Based on the results of randomized trials and meta-analyses, the 
current guidelines restrict their endorsement of thrombus extraction 
to manual aspiration devices only and do not recommend the use of 
mechanical thrombectomy or distal protection devices in the setting 
of PPCI in patients with STEMI.

PERIPROCEDURAL ANTITHROMBOTIC/
ANTICOAGULANT THERAPY IN PATIENTS  
WITH STEMI UNDERGOING PRIMARY 
PERCUTANEOUS CORONARY INTERVENTION

Anticoagulant drug therapy is always used in patients with STEMI who 
undergo PPCI to prevent subsequent thrombotic vessel closure. 
Although UFH was and still is the most commonly used peri-PPCI 
anticoagulant, alternative drugs such as enoxaparin and bivalirudin 
seem to have a comparable efficacy in PPCI procedures.

In the open-label Acute Myocardial Infarction Treated With 
Primary Angioplasty and Intravenous Enoxaparin or Unfractionated 
Heparin to Lower Ischemic and Bleeding Events at Short- and Long-
Term Follow-Up (ATOLL) trial, 910 patients with STEMI were ran-
domized to receive enoxaparin (IV bolus of 0.5 mg/kg) or UFH (IV 
bolus of 70 to 100 U/kg of weight or 50 to 70 U/kg of weight with GP 
IIb/IIIa inhibitors) before PPCI.130 Patients received aspirin (75 to 
500 mg/day), clopidogrel (93%), and GP IIb/IIIa inhibitors (80%) 
according to local practice, and radial artery was used for vascular 
access in 67.4% of the patients. The primary end point was 30-day 
incidence of death, complication of MI, procedure failure, or major 
bleeding. The null hypothesis was not rejected, and the primary end 
point occurred in 28% of patients assigned to enoxaparin and in 34% 
of patients assigned to UFH (RR, 0.83; 95% CI, 0.68 to 1.01; P = .06). 
The incidence of death (4% vs. 6%), complication of MI (4% vs. 6%), 
procedure failure (26% vs. 28%), or major bleeding (5% vs. 5%) did 
not differ between the groups who received enoxaparin or UFH; 
however, the composite end point of death, recurrent ACS, or urgent 
revascularization was significantly reduced by enoxaparin (7% vs. 11%; 
RR, 0.59; 95% CI, 0.38 to 0.91; P = .015). A recent meta-analysis 
addressed the efficacy and safety of enoxaparin versus UFH during PCI 
procedures. Among 30,966 patients from 23 trials, 10,243 patients 
underwent PPCI for STEMI. In patients who underwent PPCI, enoxa-
parin compared with UFH reduced the rates of death (RR, 0.52; 95% 
CI, 0.42 to 0.64; P < .001), death or MI (RR, 0.56; 95% CI, 0.42 to 0.76; 
P < .001), and major bleeding (RR, 0.72; 95% CI, 0.56 to 0.93; P = 
.01).131 Based on these results, enoxaparin seems to be a reasonable 
alternative to UFH for patients with STEMI undergoing PPCI via a 



 CHAPTER 20  Percutaneous Coronary Intervention in Acute ST-Segment Elevation Myocardial Infarction 353

FIGURE 20-18	 Kaplan-Meier	curves	of	study	outcomes.	A,	Rates	of	events	for	the	primary	composite	outcome,	death	or	major	bleeding	not	associ-
ated	with	coronary	artery	bypass	grafting	(CABG),	at	30	days.	B,	Rates	of	events	 for	 the	principal	secondary	outcome—a	composite	of	death,	
reinfarction,	or	non-CABG	major	bleeding—at	30	days.	Inset:	A	more	detailed	version	of	 the	overall	graph.	(From	Steg	PG,	van	’t	Hof	A,	Hamm	
CW,	et	al:	Bivalirudin	started	during	emergency	transport	for	primary	PCI.	N	Engl	J	Med	369[23]:2207-2217,	2013.)
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randomized to clopidogrel plus heparin (RR, 1.09; one-sided 97.5%  
CI, 0 to 1.79; P = .68). The composite ischemic end point of death, 
MI, unplanned revascularization of the infarct-related artery, stent 
thrombosis, or stroke occurred in 4.8% of the patients in the prasugrel-
plus-bivalirudin group and in 5.5% of the patients in the clopidogrel-
plus-heparin group (P = .89). Bleeding defined according to the 
HORIZONS-AMI criteria occurred in 14.1% of the patients in the 
prasugrel-plus-bivalirudin group and in 12.0% of the patients in  
the clopidogrel-plus-heparin group (P = .54). Results were consistent 
across various subgroups of patients. The study did not evidence any 
advantages with a strategy of combining the bivalirudin with prasugrel 

for stent thrombosis is perceived as high, UFH plus GP IIb/IIIa inhibi-
tors may be a reasonable alternative to bivalirudin.

The Bavarian Reperfusion Alternatives Evaluation (BRAVE-4) 
study137 tested whether a PCI strategy based on prasugrel plus bivali-
rudin is superior to a strategy based on clopidogrel plus UFH in terms 
of net clinical outcomes. Owing to slow recruitment, the trial was 
stopped prematurely after enrollment of 548 of the 1240 planned 
patients. At 30 days, the primary composite end point of death, MI, 
unplanned revascularization of the infarct-related artery, stent throm-
bosis, stroke, or bleeding was observed in 15.6% of patients ran-
domized to prasugrel plus bivalirudin and in 14.5% of the patients 
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for the duration of the procedure). At 4 weeks, the primary efficacy 
end point—MACE, defined as all-cause mortality, cerebrovascular 
accident, reinfarction, or unplanned TLR—occurred in 8.7% of 
bivalirudin-treated patients and in 5.7% of heparin-treated patients 
(RR, 1.52; 95% CI, 1.09 to 2.13; P = .01; Fig. 20-19). Definite or prob-
able stent thrombosis occurred in 3.4% of bivalirudin-treated patients 
and in 0.9% of heparin-treated patients (RR, 3.91; 95% CI, 1.61 to 9.52; 
P = .001); major bleeding occurred in 3.5% of bivalirudin-treated 
patients and in 3.1% of heparin-treated patients (RR, 1.15; 95% CI, 0.70 

compared with a strategy of using UFH plus clopidogrel in regard to 
the ischemic or bleeding complications. However, these data should be 
interpreted with caution because of premature termination of the trial, 
which markedly reduced the power of the study.

The recently published How Effective Are Antithrombotic Thera-
pies in PPCI (HEAT-PPCI) trial recruited 1829 patients who received 
PPCI at a single United Kingdom hospital who were assigned to receive 
heparin (a preprocedural bolus dose of 70 U/kg of weight) or bivaliru-
din (a bolus of 0.75 mg/kg followed by infusion of 1.75 mg/kg/hour 

FIGURE 20-19	 Event	curves	for	the	primary	outcomes.	A,	Primary	efficacy	outcome	(combination	of	death,	cerebrovascular	accident,	reinfarction,	
and	unplanned	target-lesion	revascularization)	censored	for	the	first	event.	B,	Primary	safety	outcome	(major	bleeding)	censored	for	the	first	event.	
(From	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	384[9957]:1849-1858,	2014.)
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P = .0084) and at 15 months (1.6% vs. 2.8%, P = .0232). TIMI 
major bleeding unrelated to CABG surgery did not differ between the 
study drugs at 30 days (P = .3359) or 15 months (P = .6451). TIMI 
major bleeding after CABG surgery was significantly increased with 
prasugrel (P = .0033).143 This analysis provided strong support for 
the use of prasugrel over clopidogrel in patients undergoing PPCI 
procedures.

Ticagrelor differs from clopidogrel or prasugrel in that it reversibly 
binds to the platelet P2Y12 receptor. As with prasugrel, ticagrelor has 
a more rapid onset of action and is associated with a more potent 
inhibition of platelets compared with clopidogrel. In the subset of  
7544 patients with STEMI from the Platelet Inhibition and Patient 
Outcomes (PLATO) trial treated with PCI, ticagrelor (initial 180 mg 
loading followed by 90 mg twice daily) was compared with clopido-
grel (300 to 600 mg loading followed by 75 mg/day). The primary  
end point of death from vascular causes, MI, or stroke occurred in 
9.4% of the ticagrelor group and in 10.8% of the clopidogrel group  
(P = .07). The differences between ticagrelor and clopidogrel were 
significant in all-cause mortality (5.0% vs. 6.1%, P = .05) with a trend 
for reduction in cardiovascular mortality (4.5% vs. 5.5%, P = .07), 
definite stent thrombosis (1.6% vs. 2.4%, P = .03), and MI (4.7% vs. 
5.8%, P = .03) without a detectable difference in major bleeding (9.0% 
vs. 9.2%, P = .76).144

Cangrelor has been investigated in randomized trials that included 
mixed groups of patients either against placebo or against clopidogrel. 
The evidence for the use of cangrelor during PPCI procedures is 
limited.

In aggregate, these studies showed that newer P2Y12 receptor inhib-
itors, such as prasugrel and ticagrelor, lead to extensive and rapid 
platelet inhibition and are superior to clopidogrel in terms of reduction 
of ischemic adverse events and potentially mortality in patients with 
ACS in general but also in subgroups who present with STEMI.

Studies that have investigated the efficacy and safety of GP IIb/IIIa 
receptor inhibitors have been performed mostly in the era prior to 
modern, potent oral P2Y12 inhibitors, therefore their relevance for 
current-day practice of PPCI is limited. A meta-analysis of abciximab 
use in primary stenting, including high-risk patients with STEMI, 
showed a significant reduction in the composite end point of death or 
reinfarction with abciximab out to 3 years of follow-up (12.9% vs. 
19.0%, P = .008); mortality alone was also reduced (10.9% vs. 14.3%, 
P = .052).145 Another recent meta-analysis that included 16 trials with 
10,085 patients showed that GP IIb/IIIa inhibitors, mostly abciximab, 
did not reduce 30-day mortality (2.8% vs. 2.9%, P = .75) or reinfarction 
(1.5% vs. 1.9%, P = .22) but were associated with a higher risk of major 
bleeding (4.1% vs. 2.7%, P < .001).146 An interaction between the 
patient’s risk and the benefits from GP IIb/IIIa inhibitors in terms of 
mortality was observed (P = .008).146

Abciximab is the most extensively investigated GP IIb/IIIa inhibitor 
in the setting of PPCI. A series of studies have also shown that abcix-
imab, tirofiban, and eptifibatide seem to have an equivalent efficacy. 
The Bavarian Reperfusion Alternatives Evaluation (BRAVE-3) trial 
included 800 patients, all pretreated with a 600-mg loading dose of 
clopidogrel, who were randomized to abciximab or placebo. Infarct 
size measured with sestamibi SPECT imaging at discharge (15.7% vs. 
16.6%, P = .47) or 30-day incidence of death, reinfarction, stroke, or 
urgent revascularization (5% vs. 3.8%, P = .40) did not differ signifi-
cantly among patients assigned to abciximab or placebo (Fig. 20-20).147 
The trial raised doubt concerning the routine use of abciximab in the 
setting of PPCI after pretreatment with P2Y12 inhibitors. The Ongoing 
Tirofiban in Myocardial Infarction Evaluation (On-TIME 2) trial came 
to different conclusions; in this trial, a high bolus dose of tirofiban was 
administered in the ambulance on top of UFH (5000 U bolus), aspirin 
(500 mg), and clopidogrel (600-mg loading dose). MACEs—a com-
posite of death, recurrent MI, or urgent TVR at 30 days—were signifi-
cantly reduced (5.8% vs. 8.6%, P = .043) with a strong trend toward a 
decrease in mortality (2.2% vs. 4.1%, P = .051) with tirofiban.148

Based on studies that show a beneficial effect of abciximab on the 
microcirculation, the efficacy of direct intracoronary (IC) GP IIb/IIIa 

to 1.89; P = .59). The study concluded that the use of heparin, rather 
than bivalirudin, was associated with reduced MACEs, fewer stent 
thromboses and reinfarctions, no difference in bleeding complications, 
and the potential for substantial savings in drug costs.138 It remains to 
be seen whether the results of this trial will have an impact on the 
current class I recommendation for the use of bivalirudin in patients 
with STEMI.9,10

Platelet inhibition by various antithrombotic agents used before, 
during, and after the PCI procedure is an integral part of PCI in 
patients with STEMI. Antithrombotic therapy that mostly consists of 
P2Y12 receptor blockers is an integral part of PPCI procedures. In the 
current practice of PPCI, clopidogrel, prasugrel, and ticagrelor are 
mostly used, and current guidelines give all of them a class I recom-
mendation for use during PPCI. Although the efficacy or safety of 
clopidogrel in addition to aspirin versus aspirin only in patients with 
STEMI undergoing PPCI was never investigated, the drug is com-
monly used during PPCI, and current guidelines give aspirin a class I 
recommendation for use during PPCI.9,10

The efficacy and safety of clopidogrel was investigated in the PCI-
Clopidogrel as Adjunctive Reperfusion Therapy (CLARITY) study, 
which consisted of a prospectively planned analysis of the 1863 patients 
who underwent PCI after mandated angiography in the CLARITY–
TIMI 28 trial.139 Patients received aspirin and were randomized to 
receive either clopidogrel (300-mg loading dose, then 75 mg/day) or 
placebo initiated with thrombolysis; both were given until coronary 
angiography, which was performed 2 to 8 days after initiation of the 
study drug. The primary outcome was a composite of cardiovascular 
death, recurrent MI, or stroke from PCI to 30 days after randomiza-
tion. Pretreatment with clopidogrel significantly reduced the incidence 
of the primary end point (3.6% vs. 6.2%, adjusted OR, 0.54; 95% CI, 
0.35 to 0.85; P = .008), and no significant excess was observed in the 
rates of TIMI major or minor bleeding (2.0% vs. 1.9%, P > .99). Based 
on the results of experimental and randomized trials, a 600-mg loading 
dose of clopidogrel is preferred to a 300-mg loading dose because of 
the more rapid and extensive platelet inhibition and better clinical 
outcome with the 600-mg loading dose.140

The impact of the timing of clopidogrel relative to PCI was inves-
tigated in several observational and randomized studies. A recent 
meta-analysis estimated the impact of clopidogrel timing on outcome 
in 37,814 patients recruited in randomized studies (8608 patients, 25% 
with STEMI) or observational analyses or studies. The analysis based 
on the randomized studies showed that clopidogrel pretreatment, com-
pared with treatment after catheterization, was not associated with a 
reduction of death (absolute risk, 1.54% vs. 1.97%; OR, 0.80; 95% CI, 
0.57 to 1.11; P = .17) but was associated with a lower risk of the second-
ary composite end point of MI, stroke, or urgent revascularization 
(9.83% vs. 12.35%, OR, 0.77; 95% CI, 0.66 to 0.89; P < .001). No sig-
nificant association was found between pretreatment and major bleed-
ing overall (3.57% vs. 3.08%, P = .18).141

Prasugrel (60-mg loading dose) was compared with clopidogrel 
(300-mg loading dose) in the Therapeutic Outcomes by Optimizing 
Platelet Inhibition With Prasugrel–Thrombolysis in Myocardial Infarc-
tion (TRITON–TIMI 38) trial.142 Overall, the study found that in 
patients with ACSs who were scheduled for PCI, prasugrel therapy was 
associated with significantly reduced rates of ischemic events, includ-
ing stent thrombosis, but with an increased risk of major bleeding  
that included fatal bleeding. A total of 3534 patients with STEMI  
(26%) were enrolled. Of these, 1769 patients received prasugrel and 
1765 received clopidogrel. The primary end point of cardiovascular 
death, nonfatal MI, or nonfatal stroke at 30 days was 6.5% in patients 
assigned to prasugrel and 9.5% in patients assigned to clopidogrel  
(HR, 0.68; 95% CI, 0.54 to 0.87; P = .0017). This effect was maintained 
at 15 months of follow-up (10.0% vs. 12.4%; HR, 0.79; 95% CI, 0.65  
to 0.97; P = .0221). The secondary end point of cardiovascular death, 
MI, or urgent TVR was reduced by prasugrel both at 30 days (6.7%  
vs. 8.8%; HR, 0.75; 95% CI, 0.59 to 0.96; P = .0205) and 15 months 
(9.6% vs. 12.0%; HR, 0.79; 95% CI, 0.65 to 0.97; P = .025). Stent throm-
bosis was reduced by prasugrel, both at 30 days (1.2% vs. 2.4%,  
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ADJUNCT PHARMACOLOGIC THERAPIES TO 
IMPROVE MYOCARDIAL TISSUE REPERFUSION IN 
PATIENTS WITH STEMI UNDERGOING 
PERCUTANEOUS CORONARY INTERVENTION

No-reflow phenomenon and microvascular obstruction are frequent in 
patients with STEMI treated with PPCI, and their presence is associ-
ated with reduced myocardial salvage, increased infarct size, impaired 
LV function, and increased risk of short- and long-term mortality (Fig. 
20-21).153 In recent years, various pharmacologic and nonpharmaco-
logic approaches have been used as adjunct therapy to PCI to enhance 
myocardial reperfusion and salvage and to improve outcome in patients 
with STEMI. Among the nonpharmacologic approaches, thrombec-
tomy (discussed above), post conditioning, and intraaortic balloon 
counterpulsation are used with the intention to improve myocardial 
reperfusion after PPCI and to reduce infract size.

Ischemic post conditioning refers to transient episodes of deliberate 
ischemia/reperfusion caused by repetitive inflation/deflation of an 
occluding balloon in the infarct-related artery, and it has been demon-
strated to reduce infarct size in experimental studies. In small, ran-
domized human studies, the impact of ischemic post conditioning on 
infarct size has been controversial. A small randomized study of 50 
patients with STEMI showed that post conditioning reduced infarct 
size and myocardial edema estimated with MRI.154 Conversely, another 
recent study that randomized 76 STEMI patients to standard PCI or 
post conditioning did not show a reduction in the infarct size estimated 
with delayed-enhancement MRI. However, infarct size was signifi-
cantly reduced by post conditioning in patients with large initial areas 
at risk (P < .001).155 It must be mentioned, however, that many addi-
tional studies that have used biochemical markers of necrosis have 
shown a reduction of infarct size by post conditioning. Remote ischemic 
conditioning, or repetitive cycles of ischemia in a tissue remote from 
the heart, has also been shown to significantly increase myocardial 
salvage when performed in patients with STEMI in the ambulance en 
route to a PPCI center.156 Despite these results, the clinical benefit of 
post conditioning remains largely unexplored. A recent randomized 
trial did not show an impact of ischemic post conditioning on infarct 

receptor inhibitors was also tested. The Comparison of Intracoronary 
Versus Intravenous Abciximab Administration During Emergency 
Reperfusion of ST-Segment Elevation Myocardial Infarction (CICERO) 
study149 randomized 534 patients with STEMI to IV or IC abciximab 
infusion. In this trial, IC administration of abciximab did not improve 
myocardial reperfusion as assessed by ST-segment resolution, the 
primary end point; however, it improved myocardial reperfusion as 
assessed by myocardial blush and reduced the enzymatic infarct size 
compared with IV administration. The Abciximab Intracoronary 
Versus Intravenous Drug Application in ST-Elevation Myocardial 
Infarction (AIDA STEMI) trial150 randomized 2065 patients to IC 
abciximab (n = 1032) or IV abciximab (n = 1033). The primary end 
point was a composite of all-cause mortality, recurrent infarction, or 
new CHF within 90 days of randomization. Compared with IV admin-
istration, IC abciximab resulted in a similar rate of the primary end 
point (7.0% vs. 7.6%; OR, 0.91; 95% CI, 0.64 to 1.28; P = .58.). The 
incidence of death (4.5% vs. 3.6%, P = .36) and reinfarction (1.8% 
vs. 1.8%, P = .99) did not differ significantly among patients in both 
treatment groups. However, fewer patients in the IC abciximab group 
had new CHF (2.4% vs. 4.1%, P = .04). The study concluded that in 
patients with STEMI undergoing PPCI, compared with IV abciximab, 
IC abciximab did not result in a difference in the combined end point 
of death, reinfarction, or CHF. The recently published MRI substudy 
of the AIDA STEMI trial did not show a benefit of IC abciximab com-
pared with IV abciximab on myocardial damage and/or reperfusion 
injury.151

In aggregate, these studies showed that the role of GP IIb/IIIa  
inhibitors in the current practice of PPCI is markedly reduced because 
of the availability of potent antiplatelet inhibitors. Current guidelines 
give a class IIa recommendation (level of evidence A) for abciximab 
and a class IIa recommendation (level of evidence B) for the use of 
tirofiban and eptifibatide as antithrombotic therapy during PPCI 
procedures.10

No properly designed studies have been undertaken to discern the 
value of activated factor X (FXa) inhibitors in patients with STEMI 
treated with PCI. A PCI subset analysis from the Organization for the 
Assessment of Strategies for Ischemic Syndromes (OASIS-6) trial could 
not show any benefit with the use of fondaparinux.152

FIGURE 20-20	 Results	 of	 the	BRAVE-3	 trial.	A,	 Scintigraphic	 infarct	 size	 (primary	 end	 point)	 in	 patients	 randomized	 to	 abciximab	or	 placebo.	
B,	The	30-day	cumulative	rate	of	death,	recurrent	myocardial	infarction,	infarct-related	artery	(IRA)	revascularization,	or	stroke	in	patients	random-
ized	 to	 abciximab	 or	 placebo.	 (From	 Mehilli	 J,	 Kastrati	 A,	 Schulz	 S,	 et	al:	 Abciximab	 in	 patients	 with	 acute	 ST-segment-elevation	 myocardial	
infarction	undergoing	primary	percutaneous	coronary	intervention	after	clopidogrel	loading:	a	randomized	double-blind	trial.	Circulation	119[14]:
1933-1940,	2009.)
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FIGURE 20-21	 Kaplan-Meier	 curves	 of	 5-year	 mortality	 in	 patients	 with	 reflow	 and	 no	 reflow	 after	 primary	 percutaneous	 coronary	 intervention	
for	ST-elevation	myocardial	infarction.	CI,	Confidence	interval;	HR,	hazard	ratio.	(From	Ndrepepa	G,	Tiroch	K,	Fusaro	M,	et	al:	5-year	prognostic	
value	of	no-reflow	phenomenon	after	percutaneous	coronary	intervention	in	patients	with	acute	myocardial	infarction.	J	Am	Coll	Cardiol	55[21]:
2383-2389,	2010.)
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Abciximab and Aspiration Thrombectomy in Patients With Large 
Anterior Myocardial Infarction (INFUSE-AMI) trial,161a patients ran-
domized to IC abciximab compared with no abciximab (aspiration 
thrombectomy was used in both arms) had a significant reduction in 
30-day infarct size (median, 15.1% vs.17.9%, P = .03). It has been 
demonstrated that aspirin,162 clopidogrel,163 and prasugrel164 reduce 
infarct size. These drugs are most commonly used during PPCI. Evi-
dence on the impact of statin loading before PPCI on infarct size 
remains inconclusive.

IC and IV adenosine, a potent vasodilator of arterioles, has been 
tested as adjunctive therapy to PPCI in patients with STEMI. In experi-
mental studies, adenosine reduces ischemia-reperfusion injury, limits 
infarct size, and improves LV function. However, most of the recent 
research on the use of adenosine as an adjunct to PPCI has been disap-
pointing. A recent randomized study of IC adenosine found no evi-
dence that selective, high-dose IC administration of adenosine distal to 
the occlusion site of the culprit lesion in STEMI patients results in 
incremental myocardial salvage or a decrease in microvascular obstruc-
tion.165 A recent meta-analysis of RCTs showed no reduction in the 
infarct size with IC adenosine.166 Based on these results, no clear benefit 
has been proven with the use of adenosine as an adjunct to PPCI.

Sodium nitrite, a selective nitric oxide donor, has multiple vascular 
functions that include arteriolar vasodilation, platelet inhibition, and 
antiinflammatory actions. Sodium nitrite was shown to markedly 
reduce infarct size in experimental settings, and the agent is under 
investigation as a protective agent against reperfusion injury in the 
clinical setting. The recently published Nitrites in Acute Myocardial 
Infarction (NIAMI) trial,167 a randomized placebo-controlled study, 
did not demonstrate a reduction in infarct size (measured with CMRI 
at 6 to 8 days and at 6 months) by sodium nitrite administered intra-
venously immediately prior to reperfusion in patients with acute 
STEMI.

Nicorandil, a combined nitrate and K+ATP channel agonist, has 
proven beneficial in reducing infarct size in animal models, but this 

size or secondary study outcomes, which included markers of necrosis, 
myocardial salvage, ejection fraction, and adverse cardiac events157; in 
addition, a meta-analysis of 15 trials showed no improvement in sur-
rogate or clinical outcomes with ischemic post conditioning at 5 
months following PPCI.158 Another meta-analysis of 19 trials showed 
that ischemic post conditioning during PPCI in patients with STEMI 
appears to reduce myocardial injury and damage (reduced infarct size 
by cardiac enzymes or imaging), and it also was found to improve 
global and regional LV function.159

The impact of intraaortic balloon counterpulsation on infarct size 
was investigated in the Counterpulsation to Reduce Infarct Size 
Pre-PCI for Acute Myocardial Infarction (CRISP-AMI) trial.160 The 
trial included 337 patients with anterior wall STEMI who were ran-
domized to receive intraaortic balloon pumping (IABP, initiated before 
PCI and continued for at least 12 hours) plus PCI or PCI alone. The 
primary outcome was infarct size (expressed as a percentage of the LV) 
measured by CMRI performed 3 to 5 days after PCI. The mean infarct 
size was not significantly different between the patients in the IABP–
plus PCI group versus the PCI-alone group (42.1% vs. 37.5%, P = .06). 
At 30 days, no significant difference was evident with regard to major 
vascular complications (P = .09) or major bleeding or transfusions (P 
= .49). At 6 months, all-cause mortality was 1.9% (n = 3) among 
patients assigned to IABP, and it was 5.2% (n = 9) among patients 
assigned to PCI alone (P = .12).

Pharmacologic interventions to reduce myocardial injury during 
PPCI include a wide range of agents used to target a multitude of 
components involved in the genesis of reperfusion injury in patients 
with STEMI undergoing PPCI. Encouraged by beneficial effects of 
bivalirudin on clinical outcome, the impact of the drug on infarct size 
compared with UFH plus abciximab was investigated in a CMRI sub-
study of the HORIZONS-AMI trial. Infarct size was not significantly 
different after treatment with bivalirudin, compared with heparin plus 
abciximab, either within 7 days (median, 9.3% vs. 20.0%, P = .28) or 
at 6 months (median, 6.7% vs. 8.2%, P = .73).161 In the Intracoronary 



358 SECTION III  CORONARY INTERVENTION

mortality (4.06% vs. 3.92%, P = .78) or in the composite end point of 
death, cardiogenic shock, or CHF at 30 days (8.99% vs. 9.19%, P = .81) 
or at 90 days (10.24% vs. 10.16%, P = .91) between the pexelizumab 
and the placebo groups.175 This trial showed that mortality was not 
affected by pexelizumab. Overall, no available evidence supports the 
use of complement system inhibitors in patients with STEMI undergo-
ing PPCI.

Based on the antiinflammatory, antihypoxic, and antiapoptotic 
properties of erythropoietin, this agent also was used in clinical trials 
of patients with STEMI. Recent randomized studies176-178 and a meta-
analysis179 did not demonstrate a reduction in infarct size by creatine 
kinase myocardial band (CK-MB) or CMRI. One study even suggested 
that the use of erythropoietin may lead to higher rates of adverse car-
diovascular events or increased infarct size in older patients.176 
Although the investigation of erythropoietin impact on infarct size is 
ongoing, based on the available results to date, this agent has no clear 
role as a protective agent during PPCI.

Delcasertib, a selective inhibitor of delta-protein kinase C, was 
shown to reduce infarct size during ischemia/reperfusion in animal 
models. The Inhibition of Delta-Protein Kinase C for the Reduction of 
Infarct Size in Acute Myocardial Infarction (PROTECTION-AMI) 
trial180 was a multicenter, double-blind randomized trial to investigate 
whether delta-protein kinase C reduces infarct size in patients with 
anterior wall STEMI undergoing PPCI. Patients with anterior STEMI 
were randomized to placebo or to one of three doses of delcasertib (50, 
150, or 450 mg/h). No differences were found between the treatment 
groups in the infarct size measured by CK-MB area under the curve 
(AUC; the primary end point). Delcasertib also did not affect the rates 
of adjudicated clinical end points (death, heart failure, or serious ven-
tricular arrhythmias).

Based on the hypothesis that hyperoxemia reduces the formation 
of lipid peroxide radicals, thereby altering nitric oxide synthase expres-
sion and inhibition of leukocyte adherence and plugging in the micro-
circulation,181 this has been tested to reduce infarct size during PPCI 
procedures. However, the evidence is limited, and the data are incon-
sistent. The Acute Myocardial Infarction With Hyperoxemic Therapy 
(AMIHOT) trial182 randomized patients with acute MI within 24 hours 
after primary stenting to intracoronary hyperoxemic reperfusion with 
aqueous oxygen or control. Although the hyperoxemic reperfusion was 
safe and well tolerated, it did not impart improvement in ST-segment 
resolution or regional wall motion by serial ECG, nor did it result in 
any reduction in SPECT infarct size. In post-hoc analysis, however, 
patients with anterior MI reperfused within 6 hours showed a greater 
improvement in regional wall motion and a smaller infarct size (9.0% 
vs. 23% of the left ventricle; P = .03) with hyperoxemic reperfusion. At 
30 days, the incidence of MACEs was similar between the control and 
aqueous oxygen groups (5.2% vs. 6.7%, P = .62). The AMIHOT-II 
trial183 included 301 patients with STEMI of the anterior wall and 
showed that IC delivery of supersaturated oxygen reduced scinti-
graphic infarct size (20% vs. 26.5%; adjusted P = .03) with noninferior 
MACE rates at 30 days compared with placebo.

Hypothermia during ischemia may reduce metabolic demand and 
inflammatory response.181 A reduction in infarct size by therapeutic 
hypothermia has been reported if applied at the beginning or during 
ischemia but not during or after the reperfusion.184,185 A pooled analysis 
of two small randomized trials has shown that hypothermia was asso-
ciated with a 24% relative reduction (mean ± SEM, 10.7% ± 1.3% vs. 
14.1% ± 1.6%, P = .049) in the infarct size estimated by SPECT or 
CMRI.186 However, the Rapid Endovascular Catheter Core Cooling 
Combined With Cold Saline as an Adjunct to Percutaneous Coronary 
Intervention for the Treatment of Acute Myocardial Infarction 
(CHILL-MI) trial187 did not show a significant reduction in the infarct 
size (as a percent of myocardium at risk) assessed by CMRI at 4 (± 2) 
days. The trial randomized 120 patients with STEMI (<6 hr) scheduled 
to undergo PPCI to hypothermia induced by the rapid infusion of 600 
to 2000 mL cold saline and endovascular cooling or standard of care. 
Hypothermia was initiated before PCI and was continued for 1 hour 
after reperfusion. Median infarct size/myocardium at risk was 40.5% 

effect was not confirmed in randomized studies. A randomized 
placebo-controlled trial of patients with acute MI undergoing mechan-
ical reperfusion showed that IV nicorandil did not reduce infarct size 
(assessed with total creatine kinase [CK] activity), nor did it improve 
the LVEF.168 In the same study, IV atrial natriuretic peptides modestly 
reduced infarct size compared with placebo.168 A 2009 meta-analysis 
showed that nicorandil treatment reduced the incidence of TIMI flow 
grades of 2 or less, had no effect on peak CK value, and improved 
LVEF.169 However, the studies included are small, and data are still not 
sufficient to allow a firm recommendation on the use of ATP-sensitive 
potassium channel openers in PPCI.

The impact of peri-PPCI beta-blockade on infarct size was investi-
gated on a randomized basis in the Effect of Metoprolol in Cardiopro-
tection During an Acute Myocardial Infarction (METOCARD-CNIC) 
trial.170 The trial investigated whether early, prereperfusion IV beta-
blocker therapy (up to three 5-mg IV boluses of metoprolol tartrate 2 
minutes apart) would reduce infarct size in 270 patients with STEMI 
of the anterior wall presenting within 6 hours from symptom onset. 
The primary end point was infarct size estimated by CMRI. Infarct size 
calculated either in grams of infarcted tissue (25.6 ± 15.3 g vs. 32.0 ± 
22.2 g; P = .013) or as a percentage of the left ventricle (21.2% ± 11.5% 
vs. 25.1% ± 13.9% of the left ventricle; P = .029) was significantly 
reduced by metoprolol. Of note, 34.9% of the initial myocardial area 
at risk was salvaged in the metoprolol group compared with 27.7% in 
the control group (P = .028). The LVEF was slightly but significantly 
higher in the metoprolol group. Thus, although important and encour-
aging, the results of the METOCARD-CNIC trial are probably not 
strong enough to warrant a change in the clinical practice of the use 
of beta-blockade in patients with STEMI.

In the Caldaret in Patients Undergoing Primary Percutaneous Cor-
onary Intervention for ST-Elevation Myocardial Infarction (CASTEMI) 
trial,171 387 patients with STEMI within the previous 6 hours were 
randomized to caldaret (an agent purported to reduce intracellular 
calcium by inhibiting Na/Ca exchanger and enhancing calcium reup-
take by the sarcoplasmic reticulum) or placebo. Caldaret was not asso-
ciated with reduction in infarct size or improvement in LV function as 
assessed by gated SPECT imaging. A subsequent publication from the 
same trial reported that 1 month after infarction, a significant decrease 
was observed in the incidence of LV dysfunction in patients receiving 
low and high doses of caldaret versus those receiving placebo (8.0% 
and 6.9%, respectively, vs. 17.5%; P < .05 for both comparisons).172

Cyclosporin A, an inhibitor of mitochondrial permeability transi-
tion pore opening, was tested in a small, randomized, placebo-
controlled trial. The trial randomized 58 patients with STEMI to 
receive an IV bolus of 2.5 mg/kg of weight or normal saline. The release 
of CK was significantly reduced in the cyclosporin group compared 
with the control group (P = .04). On day 5, the absolute mass of the 
area of hyperenhancement (i.e., infarcted tissue) on CMRI was signifi-
cantly reduced in the cyclosporin group compared with the placebo 
group (median, 37 vs. 46 g; P = .04).173 The protective action of cyclo-
sporin is hypothesized to involve reduced oxidative stress and calcium 
overload by inhibition of mitochondrial permeability transition pore 
opening. Nevertheless, the study was small, and differences were of 
borderline statistical significance. A meta-analysis of 20 experimental 
studies showed that cyclosporin A reduced infarct size, but consider-
able heterogeneity of effect was apparent across the studies. The lack 
of effect in porcine hearts raised concerns about the cardioprotective 
effects of cyclosporin A in humans.174

Based on the experimental evidence that complement system acti-
vation may be involved in reperfusion-associated ischemic injury, the 
effect of pexelizumab—a humanized monoclonal antibody that binds 
the C5 component of complement—on clinical outcome in patients 
with STEMI undergoing PPCI has been evaluated in the Assessment 
of Pexelizumab in Acute Myocardial Infarction (APEX-AMI) trial.175 
The trial randomized 5745 patients with STEMI (within 6 hours from 
symptom onset) to receive pexelizumab (2 mg/kg IV bolus prior to 
PCI followed by 0.05 mg/kg/hr infusion over the subsequent 24 hours) 
or placebo. No difference was observed in 30-day rate of all-cause 
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4.75; P < .001) over the longer term. The meta-regression suggested a 
dose-response relationship between quantity of CD34+ cells delivered 
and an increase in the LVEF (P = .007). Another recent meta-analysis 
of randomized trials has shown a sustained improvement in the LV 
function (Fig. 20-23) and significant reductions in the rate of recurrent 
MI and readmission for heart failure in patients who received IC cell 
therapy.190 Along the same lines, another recent meta-analysis included 
16 studies with 1641 patients (984 patients with IC bone marrow cell 
therapy and 657 controls). The absolute improvement in the LVEF was 
greater among cell-treated patients compared with controls (2.55% 
increase; 95% CI, 1.83 to 3.26; P < .001). Treatment benefit in terms of 
LV function improvement was more pronounced in younger patients 
(age < 55 years, 3.38% vs. age ≥ 55 years, 1.77%; P = .03). Patients with 
LVEF below 40% derived more benefit from cell therapy than those 
with LVEF of 40% or more (5.30% increase vs. 1.45% increase, P < 
.001).191 Timing of application of cell therapy seems to be important. 
The Timing In Myocardial Infarction Evaluation (TIME) trial192 
showed that among patients with STEMI treated with PPCI, IC bone 
marrow cells infused at either 3 days or 7 days after the event had no 
significant effect on recovery of global or regional LV function com-
pared with placebo. These summarized data of the existing randomized 
trials show a slight but significant improvement in the LVEF. However, 
the impact of cell therapy on clinical outcome of patients with STEMI 
treated with PPCI remains poorly defined.

The ability of granulocyte colony–stimulating factor (G-CSF) to 
mobilize stem cells from bone marrow (CD34+ mononuclear blood 
stem cells) and to increase their circulating levels has led to its use for 
stem cell mobilization (G-CSF injection) in patients with STEMI and 
for harvesting stem cells for IC delivery. Recent data with this agent 
have shown conflicting results. A meta-analysis of 10 randomized trials 
with 445 patients demonstrated a significant improvement of LVEF in 
the groups treated with G-CSF injection versus placebo with a mean 

in patients assigned to hypothermia versus 46.6% in the control group 
(P = .15). The incidence of heart failure was lower with hypothermia 
at 45 (± 15) days (3% vs. 14%, P < .05). Exploratory analysis of early 
anterior infarctions (0 to 4 hr) found a reduction in the infarct size/
myocardium at risk end point of 33% (P < .05).

In summary, although there is still interest in a variety of adjunctive 
mechanical and/or pharmacologic interventions directed at enhancing 
myocardial reperfusion and reducing infarct size by limiting no-reflow 
phenomenon, microvascular obstruction, and reperfusion injury, 
available evidence is not strong enough to recommend any of these 
interventions for routine use as an adjunct to PPCI in patients with 
STEMI.

CELL-BASED THERAPY AND REGENERATIVE AGENTS 
AFTER STEMI

Reperfusion therapy has proven to be lifesaving in patients with 
STEMI; however, progression of the disease toward chronic myocardial 
dysfunction still remains a real challenge. Because of insufficient regen-
eration of lost myocardial cells, patients with STEMI may be intuitively 
considered prime candidates for application of cell-based cardiac 
repair techniques to enhance myocardial recovery after MI by replac-
ing lost myocytes. Animal studies of MI have reported that stem cell 
and progenitor cell transplantation has resulted in neoangiogenesis 
and myogenesis and improved contractile function. Although the exact 
mechanisms of the beneficial effect from stem cells remain unclear, a 
series of putative mechanisms have been proposed (Fig. 20-22).188

A number of recent meta-analyses have summarized the results of 
these trials. One meta-analysis included 29 RCTs with 1830 patients.189 
The pooled analysis of trials showed that IC bone marrow stem cell 
therapy resulted in an overall improvement in LVEF of 2.70% (95% CI, 
1.48 to 3.92; P < .001) in the short term and 3.31% (95% CI, 1.87 to 

FIGURE 20-22	 Paracrine	effects	of	stem	cells.	Stem	cells	exert	multiple	cardioprotective	effects	mainly	because	of	paracrine	release	of	 immuno-
modulatory,	 proangiogenic,	 and	 prosurvival	 cytokines	 and	 chemokines.	 AMI,	 Acute	myocardial	 infarction;	 bFGF,	 basic	 fibroblast	 growth	 factor;	
CHF,	 congestive	 heart	 failure;	 CMC,	 cardiomyocytes;	 ECs,	 endothelial	 cells;	HGF,	 hepatocyte	 growth	 factor;	 IGF-1,	 insulin-like	 growth	 factor	 1;	
IL,	interleukin;	LIF,	leukemia	inhibitor	factor;	SDF-1,	stromal	derived	factor	1;	SMCs,	smooth	muscle	cells.	(From	Takashima	S,	Tempel	D,	Duckers	
HJ:	Current	outlook	of	cardiac	stem	cell	therapy	towards	a	clinical	application.	Heart	99[23]:1772-1784,	2013.)
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FIGURE 20-23	 Forest	plot	of	studies	evaluating	cell	 therapy	and	the	difference	in	change	in	left	ventricular	ejection	fraction	(LVEF)	from	baseline	
to	follow-up.	CI,	Confidence	interval;	HD,	high	dose;	LD,	low	dose;	NS,	nonselected;	S,	selected;	SD,	standard	deviation.	(From	Delewi	R,	Andries-
sen	A,	Tijssen	JG,	et	al:	Impact	of	intracoronary	cell	therapy	on	left	ventricular	function	in	the	setting	of	acute	myocardial	infarction:	a	meta-analysis	
of	randomised	controlled	clinical	trials.	Heart	99[4]:225-232,	2013.)

Study or Subgroup

2.1.1 LVEF ≤6-month follow-up
Cao et al 2009 2.10 (0.68 to 3.52)

5.80 (–2.24 to 13.84)
6.70 (1.78 to 11.62)
2.80 (–1.42 to 7.02)

–0.20 (–2.50 to 2.10)
5.90 (0.40 to 11.40)
1.20 (–2.39 to 4.79)

–3.10 (–6.17 to –0.03)
7.00 (1.24 to 12.76)
3.00 (–1.59 to 7.59)

4.90 (–4.78 to 14.58)
–1.80 (–5.56 to 1.96)

6.20 (2.71 to 9.69)
5.00 (0.33 to 9.67)

1.50 (–5.69 to 8.69)
–0.30 (–3.14 to 2.54)

2.50 (0.52 to 4.48)
3.90 (–1.17 to 8.97)
3.70 (–1.90 to 9.30)

–3.10 (–7.28 to 1.08)
–3.20 (–10.32 to 3.92)

8.00 (2.68 to 13.32)
–3.90 (–9.04 to 1.24)

6.00 (2.28 to 9.72)
3.00 (0.32 to 5.68)
2.23 (1.00 to 3.47)

3.00 (0.77 to 5.23)
8.10 (–6.86 to 23.06)
3.60 (–0.97 to 8.17)
1.40 (–1.64 to 4.44)
7.00 (2.63 to 11.37)
4.00 (1.79 to 6.21)
6.00 (2.18 to 9.82)

6.20 (0.26 to 12.14)
2.80 (–0.67 to 6.27)

10.00 (4.68 to 15.32)
–3.00 (–8.01 to 2.01)

4.30 (2.81 to 5.79)

3.91 (2.56 to 5.27)

3.50 (2.25 to 4.75)
–1.60 (–4.13 to 0.93)

–3.70 (–9.44 to 2.04)

3.50 (–1.37 to 8.37)
5.30 (0.03 to 10.57)
4.30 (1.22 to 7.38)

0.80 (–4.65 to 6.25)

1.90 (–0.43 to 4.23)

Castellani et al 2010
Ge et al 2006
Grajek et al 2010
Hirsch et al 2010
Huikuri et al 2008
Janssens et al 2006
Lunde et al 2006
Meluzin et al HD 2006
Meluzin et al LD 2006
Noguiera et al 2009
Penicka et al 2007
Piepoli et al 2010
Plewka et al 2009
Quyyumi et al 2011
Roncalli et al 2010
Schachinger et al 2006
Tendera et al (NS) 2009
Tendera et al (S) 2009
Traverse et al 2011
Traverse et al 2010
Turan et al 2012
Wohrle et al 2010

Cao et al 2009

Cao et al 2009
Lunde et al 2006
Penicka et al 2007
Plewka et al 2009
Schachinger et al 2006
Wohrle et al 2010
Wollert et al 2004
Subtotal (95% CI)

Castellani et al 2010
Grajek et al 2010
Lunde et al 2006
Meluzin et al HD 2006
Meluzin et al LD 2006
Piepoli et al 2010
Plewka et al 2009
Schachinger et al 2006
Turan et al 2012
Wohrle et al 2010
Yao et al 2009
Subtotal (95% CI)

Wollert et al 2004
Yao et al 2009

Heterogeneity: τ2 = 5.07; χ2 = 61.58, df = 24 (P < .0001); I2 = 61%
Test for overall effect: Z = 3.55 (P = .0004)

Heterogeneity: τ2 = 2.21; χ2 = 20.21, df = 11 (P = 0.04); I2 = 46%
Test for overall effect: Z = 5.66 (P < .00001)

Heterogeneity: τ2 = 5.93; χ2 = 19.96, df = 6 (P = .003); I2 = 70%
Test for overall effect: Z = 1.60 (P = .11)

2.1.2 LVEF 12-month follow-up

2.1.3 LVEF long-term follow-up

Subtotal (95% CI)

Cell Therapy

7.1
0.2
4.8
2.7
3.8
7.1
3.4
1.2

7
3

6.9
5.8
8.4
10
2.5
1.9

4.4
4.2
0.5
6.2
10
1.8
6.7
5.1

6.9
0.8
0.7

3
7
4

9.5
11
3.4
11

–1.4
7.2

5.5

9.2
0.1
12
10
1.1

–2.5
–1.7

Mean

2.2
6.8
7.1
7.4

12.3
6.9
7.5
9.2
4.6
6.6
5.4
4.3

9
9

6.9

11
14.5
8.2
9.8
10
5.3
6.5

4.6
7.4
7.5
8.9
2.3
5.4

11.2
6.8
10
6.4
1.6

2.9

3.4

5

7.3

3.2

6.1
6

7.7
6

11.9
5.8

SD

5
10
31
67
36
30
44
20
20
14
14
17
38
11
47

46
51
55
30
42
28
30

5
27
50
20
20
17
38
27
42
28
12

41

327

12

41

834

95

41

45
14
38
26

30

222

28

Total

1.7%
3.4%
4.0%
6.3%
3.0%
4.7%
5.3%
2.8%
3.7%
1.3%
4.5%
4.8%
3.6%
2.0%
5.6%
6.8%
3.3%
2.9%
4.1%
2.1%
3.1%
3.2%
4.6%
5.8%

12.3%
1.1%
7.1%

10.3%
7.5%

12.4%
8.5%
5.1%
9.3%
5.9%
6.4%

14.1%

24.3%
19.2%
11.0%
10.0%
16.9%
8.9%
9.6%

100.0%

100.0%

100.0%

7.4%

Weight

8.9
4.1
6.5
5.8

11.5
7.3
7.1
9.4
9.4

11.3
4

5.6
8

7.8
6.9

9
9

9.3
10
10
8.4
8.1

14.7
6.4

8
4.5
4.5
5.6

10.3
6.2
10
7.8

2

3

3.3

5.5

6.5

3.5

6
6

10.1
6

9.5
9.4

SD

5
10
14
60
36
30
43
20
20
6

10
15
18
10
44

20
20
26
10
20
12
30

4
12
50
20
20
15
18
27
20
12
11

45

253

628
12

44

92

45

43
10
18
33

30

191

12

Total

–5.6
–1.9
–0.1

4
1.2
2.2
4.3

0
0
2

7.6
2.2

5
1

2.2

0.5
0.5
3.6
9.4

2
5.7
0.7

–7.3
–2.9
1.6

0
0

3.5
4.8
0.6

1
1.6
2.9

5.7

2.1

3.9

3

5

1.7
8.5
4.7

–3.2

–3.3
2

Mean

Control Mean Difference
IV, Random, 95% CI

–20 –10 0 10 20

Favors control

Mean Difference
IV, Random, 95% CI

Favors cell
therapy



 CHAPTER 20  Percutaneous Coronary Intervention in Acute ST-Segment Elevation Myocardial Infarction 361

The Should We Emergently Revascularize Occluded Coronaries for 
Cardiogenic Shock (SHOCK) trial200 was important in establishing the 
place of early mechanical reperfusion in patients with STEMI compli-
cated by cardiogenic shock. The trial randomized 302 patients with 
acute MI complicated by cardiogenic shock to receive early revascu-
larization (mostly PCI, n = 152) or initial medical stabilization (n = 
150). At 1 year of follow-up, an absolute 13% difference in survival 
rates was seen that favored patients assigned to an early revasculariza-
tion approach. This benefit in survival remained almost unchanged at 
3 and 6 years of follow-up (13.1% and 13.2%, respectively). The 6-year 
survival rates for hospital survivors were 62.4% in those assigned to 
early revascularization and 44.4% in those assigned to initial medical 
stabilization with annual rates of death of 8.3% versus 14.3%, respec-
tively. For 1-year survivors, the annual rates of death were 8.0% versus 
10.7%, again favoring patients assigned to early revascularization. The 
SHOCK trial demonstrated that almost two-thirds of hospital survi-
vors with cardiogenic shock complicating acute MI who were treated 
with early revascularization survived to the 6-year follow-up, and the 
trial strongly recommended early revascularization in patients with 
acute MI complicated by cardiogenic shock.

The Tilarginine Acetate Injection in a Randomized International 
Study in Unstable MI Patients With Cardiogenic Shock (TRIUMPH) 
trial201 tested the impact of nitric oxide inhibition with tilarginine, a 
nitric oxide synthase inhibitor, in patients with STEMI who developed 
cardiogenic shock, 96% of them treated with PCI. The study random-
ized 398 patients to tilarginine (1 mg/kg bolus and 1 mg/kg/hr in a 
5-hour infusion) or placebo. The 30-day (48% vs. 42%, P = .24) and 
6-month (58% vs. 59%, P = .80) all-cause mortality did not differ 
among patients assigned to tilarginine or placebo. The study was ter-
minated before completion because of futility. Apart from failure of 
nitric oxide inhibition to improve outcome, the study showed that early 
mortality in patients with cardiogenic shock remains high despite 
recent advances in mechanical and pharmacologic therapy.

Although the evidence base for efficacy is weak, until very recently, 
intraaortic balloon counterpulsation has been a standard treatment in 
patients with STEMI complicated by cardiogenic shock. The Intraaor-
tic Balloon Pump in Cardiogenic Shock II (IABP-SHOCK II) trial202 
randomized 600 patients with STEMI complicated by cardiogenic 
shock undergoing early mechanical revascularization to IABP coun-
terpulsation (301 patients) or control (299 patients). All-cause mortal-
ity at 6 months (48.7% vs. 49.2%, P = .91) or 12 months (51.8% vs. 
51.4%, P = .91) did not differ among patients assigned to intraaortic 
balloon counterpulsation or control. In addition, no differences were 
reported among patients assigned to intraaortic balloon counterpulsa-
tion or control in regard to 12-month incidence of reinfarction (9% vs. 
3%, P = .05), recurrent revascularization (20% vs. 22%, P = .77), or 
stroke (2% vs. 1%, P > .99). Alternative percutaneous LV-assist devices 
are also under investigation in this setting.

Primary Percutaneous Coronary Intervention  
During Off-Hours Presentation
The relationship between the time of day at which patients with STEMI 
present to the hospital and outcomes from PPCI and in-hospital mor-
tality has been addressed in a series of studies. This relationship was 
studied in a recent meta-analysis and in a systematic review of 48 
studies of fair quality with 1,896,859 patients. Of these, 36 studies 
reported mortality outcomes for 1,892,424 patients with acute MI, and 
30 studies reported DTB times for 70,534 patients with STEMI. In 
patients with acute MI, off-hour presentation was associated with 
higher short-term mortality (OR, 1.06; 95% CI, 1.04 to 1.09). Patients 
with STEMI who presented during off hours were less likely to receive 
PCI within 90 minutes (OR, 0.40; 95% CI, 0.35 to 0.45) and had a 
longer DTB time by 14.8 minutes (95% CI, 10.7 to 19.0). Differences 
in mortality between patients who seek medical attention during off 
hours and during regular hours have increased in recent years. Apart 
from suggesting an association between the off-hour presentation and 
the increased risk of mortality, the meta-analysis also suggested that 

difference of 1.32% (P = .36) and no significant difference in infarct 
size (P = .17), TVR rates, or mortality at follow-up.193 A recent Cochrane 
review concluded that limited evidence from small trials suggested a 
lack of benefit of G-CSF therapy in patients with acute MI.194 Based on 
source studies and on the results of these meta-analyses, G-CSF does 
not represent a useful therapy in patients with STEMI undergoing PCI.

In summary, cell-based therapy for cardiac regeneration is still 
under investigation on multiple fronts including types of cells used, 
magnitude of benefit, routes and time of administration, mechanisms 
of action, and possible side effects that include arrhythmogenesis, 
oncogenic transformation, multiorgan seeding, aberrant cell differen-
tiation, and accelerated atherosclerosis. The available evidence does not 
support the use of G-CSF to mobilize stem cells from bone marrow to 
enhance cardiac regeneration in patients with STEMI after PPCI. 
Further studies are needed to clarify the role of IC injection of bone 
marrow–derived stem cells in patients with STEMI.

SPECIAL ISSUES IN PRIMARY PERCUTANEOUS 
CORONARY INTERVENTION

Cardiac Arrest
Cardiac arrest is not an uncommon presentation of STEMI. Between 
4% and 11% of PPCI procedures are performed in patients with  
STEMI after being resuscitated because of out-of-hospital cardiac 
arrest,195,196 and cardiac arrest is an independent predictor of in-
hospital-mortality.196 In 2010, the International Liaison recommended 
that immediate angiography and subsequent PCI should be considered 
in patients with STEMI upon the return of spontaneous circulation 
after out-of-hospital cardiac arrest.197 Current guidelines on the treat-
ment of patients with STEMI recommend that immediate angiography 
and PCI should be performed in resuscitated patients whose initial 
ECG shows evidence of STEMI.9,10 For comatose patients or those 
deeply sedated, mild therapeutic hypothermia is also recommended. 
In a recent study, 484 out of 4118 patients with STEMI (11.8%) had 
cardiac arrest. The overall in-hospital mortality in patients with cardiac 
arrest was 20.5%. Those who had sustained cardiac arrest before ambu-
lance arrival had the highest unadjusted mortality (29.7%) compared 
with those that had cardiac arrest after ambulance arrival (12.0%), in 
hospital (16.1%), and in the catheterization room (23.8%, P = .03). 
Multiple logistic regression analysis showed that age (OR, 1.05; 95% 
CI, 1.02 to 1.08; P = .0009 for each year of age), female sex (OR, 2.42; 
95% CI, 1.17 to 4.99; P = .0173), previous PCI (OR, 7.59; 95% CI, 1.72 
to 33.53; P = .0075), asystole/electromechanical dissociation (OR, 
13.43; 95% CI, 5.34 to 33.80; P < .0001), and patient location at arrest 
(OR, 5.77; 95% CI, 2.55 to 13.07; P < .0001 for before-ambulance 
arrival) were independent correlates of in-hospital mortality.198 Several 
ongoing studies are investigating the cardiac arrest and its treatment.

Cardiogenic Shock
Cardiogenic shock is a serious complication and remains the major 
cause of death for patients with STEMI. PPCI is a class 1 recommenda-
tion in patients with STEMI who develop cardiogenic shock irrespec-
tive of time delay from STEMI onset.9,10 Despite advances in the PPCI 
technique and adjunctive care, the prognosis of patients with cardio-
genic shock that complicates STEMI remains grave. In a recent survey 
that included 1,990,486 patients aged 40 years or older treated for 
STEMI from 2003 to 2010, cardiogenic shock occurred in 157,892 
patients (7.9%). The overall incidence of cardiogenic shock increased 
from 6.5% in 2003 to 10.1% in 2010 (Ptrend < .001). During the same 
period, early mechanical revascularization rates (30.4% to 50.7%, Ptrend 
< .001) and intraaortic balloon counterpulsation use (44.8% to 53.7%, 
Ptrend < .001) also increased. In-hospital mortality decreased signifi-
cantly (44.6% to 33.8%, Ptrend < .001; adjusted OR, 0.71; 95% CI, 0.68 
to 0.75). However, the average hospital costs increased from $35,892 
to $45,625 (Ptrend < .001) during the study period. No change was seen 
in the average length of stay (Ptrend = .394).199
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study206 included 266 patients 75 years of age and older who were 
randomized to PPCI (134 patients) or thrombolysis (132 patients). The 
trial reported a trend toward reduction in the 30-day composite end 
point of death, reinfarction, or disabling stroke with PPCI (18.9% vs. 
25.4%, P = .21). Nonsignificant reductions were found in the incidence 
of death (13.6% vs. 17.2%, P = .43), reinfarction (5.3% vs. 8.2%, P = 
.35), or disabling stroke (0.8% vs. 3.0%, P = .18). Recurrent ischemia 
was encountered less commonly in PPCI-treated patients (0.8% vs. 
9.7%, P = .001). It is notable that both the SENIOR-PAMI and TRIANA 
trials were terminated before completion because of slow recruitment. 
The findings of the individual trials were reinforced by a meta-analysis 
of three studies (Fig. 20-24).206 The study strongly supported the use 
of PPCI in older patients with STEMI.

A recent survey from the 2001 to 2010 U.S. Nationwide Inpatient 
Sample (NIS) database reported temporal trends in STEMI, use of  
PCI for STEMI, and outcomes among patients aged 65 to 79 years  
and 80 years and older. Among 4,017,367 patients aged 65 years and 
older with acute MI, 1,434,579 (35.7%) had STEMI. During the study 
period in patients aged 65 to 79 years and 80 or more years, STEMI 
decreased by 16.4% and 19%, respectively, and the use of PCI for 
STEMI increased by 33.5% and 22%, respectively (Ptrend < .001). A 
significant decrease in age-adjusted in-hospital mortality was observed 
in patients aged 80 years and older (Ptrend = .02) but not in patients aged 
65 to 79 years (Ptrend = .886). In multivariate analysis, intraaortic balloon 
pump use, acute renal failure, acute cerebrovascular disease, age 80 
years and older, peripheral vascular disease, gastrointestinal bleeding, 
female sex, CHF, chronic lung disease, weekend admission, and  
multivessel PCI were independent correlates of increased in-hospital 
mortality among patients 65 years of age and older who underwent 
PCI for STEMI.207

Primary Percutaneous Coronary Intervention  
and Multivessel Intervention
Multivessel CAD occurs in approximately 50% of patients undergoing 
PPCI for STEMI, and its presence is associated with reduced reperfu-
sion success and an adverse prognosis following PPCI.208,209 The 

increased risk of mortality may at least partially be attributed to longer 
DTB times in patients with STEMI who come in during off hours.203

Primary Percutaneous Coronary Intervention in the Elderly
Older adult patients represent an increasing proportion of patients 
admitted to the hospital with STEMI, and advanced age is an impor-
tant correlate of poor outcome after both PCI and thrombolysis. It is 
widely accepted that PPCI in older adults is more challenging for a 
number of reasons, including (1) more complex coronary anatomy 
(multivessel disease, calcified and tortuous coronary arteries with 
lower rates of TIMI flow grade 3 post procedure); (2) increased rate of 
bleeding complications; (3) increased rate of vascular complications 
due to a higher prevalence of peripheral vascular disease; (4) increased 
prevalence of comorbidities such as impaired renal function, which 
predisposes to contrast nephropathy; (5) delayed presentation; and  
(6) atypical symptoms. The optimal management of patients with 
STEMI is still unclear but is due at least in part to underrepresentation 
of elderly and very elderly patients in trials that have established the 
therapeutic value of PPCI. Notably, the PCAT-2 meta-analysis53 
reported that the absolute reduction of mortality with PPCI increased 
with advancing age, from 1% at 65 years of age and younger to 6.9% 
at an age of 85 years or older. Three randomized trials have assessed 
the efficacy of PPCI in elderly. A small study that included 87 patients 
75 years of age or older showed that PPCI was superior to thrombolysis 
with streptokinase in reducing the composite end point of death,  
reinfarction, or stroke at 1 year (13% vs. 44%; P = .001).204 In the 
Senior Primary Angioplasty in Myocardial Infarction (SENIOR-PAMI) 
trial,205 481 patients 70 years of age and older were randomized between 
PCI and thrombolysis. In patients 70 to 80 years of age, a trend was 
seen toward reduced 30-day mortality with PPCI (7.1% vs. 11.3%, P = 
.17) along with a significant reduction in the composite end point of 
death, reinfarction, or stroke (7.7% vs. 17.0%, P < .01) with PPCI 
compared with thrombolysis. However, none of these end points dif-
fered between the two treatment options in patients older than 80 years 
of age. The Tratamiento del Infarto Agudo de Miocardio en Ancianos 
(Treatment of Acute Myocardial Infarction in the Elderly, TRIANA) 

FIGURE 20-24	 Odds	ratios	for	mortality	and	incidence	of	the	combined	end	point	in	the	three	randomized	trials	comparing	primary	percutaneous	
coronary	intervention	(PPCI)	and	thrombolysis	performed	in	very	old	patients	with	ST-elevation	myocardial	infarction.	CI,	Confidence	interval;	OR,	
odds	 ratio.	 (From	Bueno	H,	Betriu	A,	Heras	M,	 et	al:	Primary	angioplasty	 vs.	 fibrinolysis	 in	 very	old	patients	with	acute	myocardial	 infarction:	
TRIANA	 [TRatamiento	 del	 Infarto	 Agudo	 de	 miocardio	 eN	 Ancianos]	 randomized	 trial	 and	 pooled	 analysis	 with	 previous	 studies.	 Eur	 Heart	 J	
32[1]:51-60,	2011.)
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recent meta-analysis included 26 studies (23 nonrandomized and three 
randomized) with 46,324 patients and showed that staged multivessel 
PCI improved short- and long-term survival and reduced the need for 
repeat PCI. Although overall no difference was found in in-hospital 
mortality with multivessel PCI or infarct-related PCI only (OR, 1.11; 
95% CI, 0.98 to 1.25; P = .10), multivessel PCI during index catheteriza-
tion was associated with increased hospital mortality (OR, 1.35; 95% 
CI, 1.19 to 1.54; P < .001). When multivessel PCI was performed as a 
staged procedure, hospital mortality was lower (OR, 0.35; 95% CI, 0.21 
to 0.59; P < .001). The risk of long-term mortality was reduced by 26% 
(P < .001), and the need for repeat PCI was reduced by 35% (P = .01) 
with multivessel PCI.212

The Preventive Angioplasty in Acute Myocardial Infarction 
(PRAMI) trial gave support for a preventive strategy, multivessel inter-
vention at the time of PPCI. The preventive strategy consisted of same-
time PCI on nonculprit coronary arteries with more than 50% diameter 
stenosis. The study randomized 465 patients with STEMI undergoing 
PPCI to a preventive PCI (n = 234) or no preventive PCI (n = 231). 
The trial was planned to include 600 patients, but the DSMB prema-
turely terminated the trial after finding a significant difference in the 
primary end point: a composite of death from cardiac causes, nonfatal 
MI, or refractory angina. During a mean follow-up of 23 months, the 
primary outcome occurred in 21 patients assigned to preventive PCI 
and in 53 patients assigned to no preventive (infarct artery only) PCI 
(HR, 0.35; 95% CI, 0.21 to 0.58; P < .001; Fig. 20-25). Hazard ratios 
for the three components of the primary outcome were 0.34 (95%  
CI, 0.11 to 1.08) for death from cardiac causes, 0.32 (95% CI, 0.13 to 
0.75) for nonfatal MI, and 0.35 (95% CI, 0.18 to 0.69) for refractory 
angina.213 Although the PRAMI trial offered support for a preventive 
PCI in patients with STEMI, limitations of this trial include the limited 
number of events (particularly the limited number of deaths—4 and 
10 deaths per group), the choice of control group (staged PCI strategy 
was not included as control), the lack of validation of the criterion for 
applying the preventive strategy (≥50% diameter stenosis), and the 
premature termination of the trial that potentially overestimated the 
benefit.213

Current guidelines do not encourage performing multivessel PCI 
at the time of PPCI.10 Moreover, although fractional flow reserve is 

increase in cardiovascular risk in patients with multivessel CAD is 
explained by a series of factors that include impaired function of non-
infarct zones, impact of extensive atherosclerotic disease, presence of 
stunned and hibernating myocardium, and slow flow in the critically 
narrowed non–infarct-related arteries. For patients not intended to 
undergo CABG surgery, the revascularization strategy of nonculprit 
lesions in patients with STEMI consists of PCI of nonculprit lesions 
during the same session of PPCI, delayed planned PCI (staged 
approach), or PCI at a later time if driven by ischemia symptoms  
or strong evidence by positive ischemia tests. However, the most 
optimal revascularization strategy in these patients remains poorly 
investigated.

Prior studies of multivessel intervention during PPCI procedures 
have given conflicting results. The overall effect has been investigated 
in a series of meta-analyses. A 2011 pairwise and network meta- 
analysis has compared three PCI strategies in patients with STEMI  
and multivessel disease: culprit vessel–only PCI strategy; multivessel 
PCI strategy, defined as PCI of the culprit vessel, as well as one or  
more non–culprit vessel lesions; and staged PCI strategy, defined as 
PCI confined to a culprit vessel, after which one or more non–culprit 
vessel lesions are treated during staged procedures. Overall, 18 studies 
(four prospective and 14 retrospective) with 40,280 patients were 
included. The meta-analysis showed that staged PCI was associated 
with lower short- and long-term mortality compared with culprit and 
multivessel PCI strategies. Of note, multivessel PCI strategy was associ-
ated with the highest mortality rates at both short- and long-term 
follow-up.210 Another recent meta-analysis that included 14 studies 
(11 cohort and three randomized controlled) compared the strategies 
of multivessel PCI with infarct-related–artery PCI only. The primary 
composite end point of death, MI, and revascularization was higher in 
the multivessel-PCI group in the short term (OR, 1.63; 95% CI, 1.12 
to 2.37) and long term (OR, 1.60; 95% CI, 1.18 to 2.16). However, after 
excluding patients with shock, no difference was found in primary end 
point in the short- (OR, 1.33; 95% CI, 0.67 to 2.63) and long-term (OR, 
1.39; 95% CI, 0.80 to 2.42) follow-ups. In analyses limited to RCTs, the 
primary end point was similar over the short term (OR, 0.79; 95% CI, 
0.19 to 3.28) and was significantly lower for the multivessel-PCI group 
over the long term (OR, 0.55; 95% CI, 0.34 to 0.91).211 Finally, the most 

FIGURE 20-25	 Kaplan-Meier	curves	for	the	primary	outcome:	a	composite	of	death	from	cardiac	causes,	nonfatal	myocardial	infarction,	or	refrac-
tory	angina.	The	inset	graph	shows	the	same	data	on	a	larger	scale.	All	patients	in	the	trial	underwent	infarct-artery	percutaneous	coronary	inter-
vention	(PCI)	immediately	before	randomization.	CI,	Confidence	interval.	(From	Wald	DS,	Morris	JK,	Wald	NJ,	et	al:	Randomized	trial	of	preventive	
angioplasty	in	myocardial	infarction.	N	Engl	J	Med	369[12]:1115-1123,	2013.)
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of the patients undergoing immediate and deferred stenting, respec-
tively. The primary outcome was the incidence of slow to no-reflow, 
defined as a TIMI flow grade of 2 or less. The median time to the 
second procedure in the deferred stenting group was 9 hours. The 
primary end point (6% vs. 29%, P = .006), the frequency of no-reflow 
(2% vs. 14%, P = .052) and intraprocedural thrombotic events (10% vs. 
33%, P = .010), was achieved in fewer patients assigned to a strategy 
of deferred stenting compared with immediate stenting. Myocardial 
salvage index (proportion of initial perfusion defect salvaged) at 6 
months, measured with CMRI, was greater in the deferred-stenting 
group (median 68% vs. 56%, P = .031). In this study the strategy of 
deferred stenting in PPCI of high-risk STEMI patients reduced the 
occurrence of no-reflow phenomenon and increased myocardial 
salvage.218 Mechanistically, a strategy of deferred stenting may reduce 
distal embolization of thrombotic and/or vasopressor material com-
pared with a strategy of immediate stenting with or without balloon 
predilation.

CONCLUDING REMARKS
Reperfusion therapies have dramatically improved the prognosis for 
patients with acute STEMI. Advances in interventional techniques, 
devices, and antithrombotic therapies have enhanced the effectiveness 
of PCI in patients with STEMI. Randomized clinical trials have clearly 
shown that PPCI is superior to thrombolysis as a reperfusion therapy. 
Its advantages are conferred by the extremely low number of contra-
indications, high efficacy in patients who present both early and late 
after symptom onset, and low number of complications. In addition, 
not only is PCI very helpful after failed thrombolysis, but it may also 
represent a valuable adjunct to initially successful pharmacologic 
reperfusion. Although the proportion of patients with STEMI treated 
with PCI has been increasing steadily in recent years, major efforts are 
required to make this therapy available to all patients within a short 
time from symptom onset. Patients with STEMI who undergo PCI 
benefit from pretreatment with effective antiplatelet therapies. Addi-
tional work is needed to develop new effective adjunct therapies able 
to promote further myocardial salvage in the setting of PPCI. Intensive 
experimental and clinical research aimed at myocardial cell regenera-
tion is ongoing and offers new prospects for the improvement of prog-
nosis and quality of life in patients with STEMI.

infrequently assessed in patients with STEMI, one study suggested that 
the test may be useful in assessing the hemodynamic significance of 
nonculprit lesions in patients with STEMI.214

Primary Percutaneous Coronary Infarction in Hospitals With 
and Without On-Site Coronary Artery Bypass Graft Surgery
The answer to the question of whether PPCI should be performed only 
in hospitals with CABG surgery capabilities or whether it should be 
expanded to hospitals without cardiac surgery is of importance because 
of the expanding number of hospitals performing PPCI and the poten-
tial for worse outcomes due to lower volumes and lack of cardiac 
surgery backup. Since seven studies and two meta-analyses of PPCI 
showed no difference for in-hospital or 30-day mortality between sites 
with and without on-site surgery, concerns about the risks of perform-
ing PPCI in centers without on-site surgery have abated.215 A meta-
analysis of PPCI studies for STEMI of 124,074 patients did not show 
an increased in-hospital mortality in centers without versus centers 
with on-site surgery (4.6% vs. 7.2%; OR, 0.96; 95% CI, 0.88 to 1.05). 
The meta-analysis showed that sites without on-site surgery had a 
lower occurrence of emergency CABG surgery after PPCI (OR, 0.53; 
95% CI, 0.35 to 0.79).216 Another meta-analysis identified nine PPCI 
studies (106,089 patients) and found no increase in in-hospital mortal-
ity (OR, 0.93; 95% CI, 0.83 to 1.05) or early CABG surgery (6.1% vs. 
7.6%; OR, 0.87; 95% CI, 0.68 to 1.11) in centers without on-site surgery 
compared with centers with on-site surgery.217 The message from these 
studies is that PPCI can be performed in hospitals without cardiac 
surgery on site.

Deferred Stenting
A strategy of deferred stenting—that is, stent implantation some hours 
after initial coronary reperfusion—has been investigated as a strategy 
to reduce coronary no-reflow phenomenon in patients with STEMI 
who undergo PPCI. The Deferred Stenting Versus Immediate Stenting 
to Prevent No or Slow Reflow in Acute ST-Segment Elevation Myocar-
dial Infarction (DEFER-STEMI) trial218 randomized 101 patients with 
STEMI with one or more risk factors for no-reflow to a deferred stent-
ing strategy (4 to 16 hr after initial reperfusion) or immediate stenting 
strategy. Aspiration thrombectomy was performed in 85.7% and 88.5% 
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BACKGROUND
The combination of a systolic blood pressure less than 90 mm Hg, 
elevated intracardiac filling pressures, and target organ damage due to 
cardiac dysfunction defines CS.1 Early case series of CS revealed an 
in-hospital mortality approaching 80%.2 Advances in intravenous (IV) 
drug therapy, systems of care, newer circulatory support devices, and 
more aggressive attempts at coronary revascularization have all led to 
an improvement in survival, but CS continues to have an in-hospital 
mortality approaching 50%. To understand which therapies might 
benefit patients with CS, it is necessary to review the pathophysiology 
and examine in detail the trials of drugs, circulatory support devices, 
and PCI.

PATHOPHYSIOLOGY
CS is a state of end-organ hypoperfusion caused by cardiac failure. 
Manifestations may include cold extremities, decreased urine output 
(less than 30 mL/hr), alteration in mental status, or both in the setting 
of low systemic arterial blood pressure. Hemodynamically, CS is char-
acterized by low cardiac output and systemic arterial hypotension in 
the setting of normal or elevated LV filling pressure.

LV pump failure is the primary insult in most forms of CS. LV 
dysfunction may reflect new irreversible injury, reversible ischemia, 
damage from prior infarction, or a combination of these. Ventricular 
pump failure is caused by both systolic and diastolic dysfunction (Fig. 
21-1). Systolic dysfunction results in a decreased stroke volume and 
resultant decreased cardiac output, which clinically presents as a lower 
blood pressure. The body’s response is to attempt to raise the blood 

pressure by increasing the heart rate and peripheral vasoconstriction, 
which although temporarily effective also leads to increased myocar-
dial work. The combination of the decreasing blood pressure, higher 
heart rate, and increased myocardial work leads to decreased coronary 
perfusion that is dependent on diastolic blood pressure and the dia-
stolic filling period, which shortens as the heart rate increases. This 
decreased coronary perfusion leads to further myocardial ischemia. 
The lower blood pressure also triggers the renin-angiotensin-aldoste-
rone system (RAAS), which results in fluid retention and peripheral 
vasoconstriction. These two effects, combined with the aforemen-
tioned tachycardia, further increase myocardial workload and contrib-
ute to worsening myocardial dysfunction. Finally, diastolic dysfunction 
leads to an increased LV end-diastolic pressure (LVEDP), which causes 
pulmonary congestion and hypoxia. The elevation in LVEDP and the 
lower diastolic blood pressure also contribute to lower coronary perfu-
sion pressure. Both the hypoxia and the lower coronary perfusion 
pressure result in further myocardial ischemia.

Right ventricular (RV) dysfunction may also cause or contribute to 
CS. Predominant RV failure is rare and represents only 5% of cases of 
shock complicating AMI. RV failure may limit LV filling via a decrease 
in cardiac output, ventricular interdependence, or both. Shock caused 
by isolated RV dysfunction carries nearly as high a mortality risk as 
shock caused by LV failure. Additionally, the benefit of revasculariza-
tion was similar in the SHOCK trial and in the registry in patients with 
primarily RV dysfunction versus primarily LV dysfunction.3

Mechanical complications such as ventricular septal rupture and 
papillary muscle rupture may lead to CS without severe reduction in 
LV function.4,5 Ultimately, most patients with CS complicating AMI 
develop shock after presenting at the hospital. In some, medication use 
contributes to the development of shock. Classes of medications used 
to treat AMI that have been associated with shock include beta-
blockers, angiotensin-converting enzyme (ACE) inhibitors, nitrates, 
diuretics, and morphine.

CLINICAL PRESENTATION
Whereas severe cardiac dysfunction that might lead to CS has many 
causes, by far the most common cause of CS in hospitalized inpatients 
in the United States is coronary artery disease (CAD).6 The incidence 
and mortality of patients with CS in the setting of AMI remained 
unchanged during the 1980s and 1990s despite a progressive decline 
in the overall mortality of AMI, the development of the coronary care 
unit and early defibrillation in the 1970s, the routine use of aspirin  
and beta-blockers in the 1980s, and the introduction of reperfusion 
therapy with thrombolytics in the early 1990s.7-10 The mortality asso-
ciated with an acute coronary syndrome (ACS) and CS started to 
improve with attempts at percutaneous revascularization (Figs. 21-2 
and 21-3).11,12

The Shock Trial and the Shock Registry
The SHOCK trial is the largest randomized trial to compare early, 
immediate revascularization, accomplished by either PCI or coronary 
artery bypass grafting (CABG), and initial medical stabilization in the 
setting of CS complicating AMI, which includes reperfusion therapy 
with thrombolytics.13,14 The SHOCK trial and its registry provide 
insight into the etiology, risk factors, hemodynamic profile, clinical 
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K E Y  P O I N T S

•	 Cardiogenic	shock	(CS)	remains	the	leading	cause	of	death	among	
patients	hospitalized	with	acute	myocardial	infarction	(AMI).

•	 Left	ventricular	(LV)	dysfunction	accounts	for	the	majority	of	CS	in	
AMI	patients.	Early	restoration	of	perfusion	to	the	territory	supplied	
by	the	infarct-related	artery	is	of	paramount	importance	in	
preventing	CS	and	changing	outcomes	once	it	has	developed.

•	 The	Should	We	Emergently	Revascularize	Occluded	Coronaries	for	
Cardiogenic	Shock	(SHOCK)	trial	and	registry	demonstrated	the	
mortality	benefit	of	early,	immediate	revascularization	compared	
with	medical	stabilization.

•	 Major	predictors	of	improved	outcomes	with	percutaneous	
coronary	intervention	(PCI)	in	CS	are	time	to	reperfusion,	
achievement	of	vessel	patency,	and	increase	in	thrombolysis	in	
myocardial	infarction	(TIMI)	flow	grade.

•	 The	majority	of	patients	who	present	with	CS	have	multivessel	
disease.	Interventions	on	non–infarct-related	artery	(IRA)	lesions	
may	be	beneficial.	Patients	with	coronary	anatomy	not	deemed	
suitable	for	PCI	should	be	surgically	revascularized.

•	 CS	is	a	treatable	illness	with	a	reasonable	chance	of	recovery	in	
the	primary	PCI	era.	An	early	invasive	approach	can	increase	both	
short-	and	long-term	survival,	and	survivors	often	regain	an	
excellent	quality	of	life.
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features, timing, and prognosis of CS complicating AMI. Eligible 
patients had to have an ST-segment elevation myocardial infarction 
(STEMI) complicated by shock caused by LV failure (mechanical  
and iatrogenic causes excluded), clinical and hemodynamic confirma-
tion of CS, and shock developing within 36 hours of infarction. 
Intraaortic balloon pump (IABP) counterpulsation was permitted in 
both arms. Randomization had to occur within 12 hours of the diag-
nosis of shock. Patients with severe systemic illness, mechanical com-
plications of MI, dilated cardiomyopathy (DCM), and severe valvular 
heart disease were excluded. A total of 302 patients were randomized 
in the SHOCK trial; a simultaneous registry prospectively enrolled 
patients who did not fulfill the eligibility criteria for entry into the trial. 
The SHOCK trial and registry included patients with mechanical 

FIGURE 21-1	 Progression	 of	 myocardial	 infarction	 to	 cardiogenic	
shock.	LVEDP,	Left	ventricular	end-diastolic	pressure.	
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FIGURE 21-2	 Temporal	trends	of	cardiogenic	shock	(CS)	from	1997	to	
2006.	 These	 demonstrate	 a	 reduction	 in	 the	 overall	 incidence	 and	
development	of	CS	during	hospitalization	in	patients	presenting	with	an	
acute	 coronary	 syndrome.	 (Redrawn	 from	Jeger	RV,	Radovanovic	D,	
Hunziker	PR,	et	al:	AMIS	Plus	Registry	investigators:	ten-year	trends	in	
the	 incidence	 and	 treatment	 of	 cardiogenic	 shock.	 Ann	 Intern	 Med	
149:618-626,	2008.)
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FIGURE 21-3	 Temporal	trends	in	mortality	in	patients	with	an	acute	coronary	syndrome	and	cardiogenic	shock	(CS)	from	1997	to	2006.	The	data	
demonstrate	a	reduction	in	the	rate	of	death	in	CS	overall,	 in	patients	with	CS	on	admission,	and	in	those	developing	CS	during	hospitalization.	
(Redrawn	from	Jeger	RV,	Radovanovic	D,	Hunziker	PR,	et	al:	AMIS	Plus	Registry	investigators:	ten-year	trends	in	the	incidence	and	treatment	of	
cardiogenic	shock.	Ann	Intern	Med	149:618-626,	2008.)
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complications of AMI, those with shock secondary to medications, 
those who presented more than 36 hours after infarction or who were 
not randomized within 12 hours of shock, and patients with shock 
diagnosed on clinical grounds alone (no hemodynamic confirmation). 
A total of 1190 patients were enrolled in this prospective, nonrandom-
ized registry.

Etiology
Among all of the patients enrolled in the SHOCK trial and registry, 
78.5% had predominant LV failure, most often with electrocardiogra-
phy (ECG) findings consistent with recent anterior MI (58%). Shock 
complicating inferior MI was less common (34.4%) and was associated 
with a prior MI in one third of patients and a mechanical cause of 
shock in the remainder. Mechanical complications accounted for a 
minority of causes of CS. Severe mitral regurgitation was found in 6.9% 
of cases, ventricular septal rupture in 3.4%, RV infarction in 2.8%, and 
tamponade and rupture in 1.4%. Additionally, a minority of cases may 
be iatrogenic, induced by medications such as beta-blockers, calcium 
channel blockers, ACE inhibitors, diuretics, nitrates, and morphine. 
Risk factors for the development of CS in the context of AMI include 
older age, anterior MI, hypertension, diabetes mellitus, multivessel 
CAD, prior MI or angina, prior diagnosis of heart failure, STEMI, and 
left bundle branch block (LBBB).

Clinical Manifestations
Variability exists in the clinical manifestations of CS caused by LV 
failure in the setting of AMI.15 Although the majority of patients with 
CS from predominant LV failure have classic findings of peripheral 
hypoperfusion and pulmonary congestion in the setting of arterial 
hypotension, approximately 25% of patients manifest hypotension and 
hypoperfusion in the absence of clinical pulmonary congestion. Con-
sequently, the absence of pulmonary congestion on physical evaluation 
should not be considered a surrogate for low risk; clearly, LV compro-
mise can coexist with a normal initial pulmonary evaluation. CS is 
diagnosed at presentation in only a minority of patients, but the major-
ity of patients who ultimately develop shock following AMI do so 
within the first 24 hours. In a report from the SHOCK trial and registry 
that included CS patients with predominant LV failure, only 9% of the 
patients were diagnosed at presentation (median delay from MI 
symptom onset to hospital admission was 1.25 hr).16 About half of the 
patients (46.6%) who developed CS did so within 6 hours of infarct 
onset. By 24 hours, 74.1% of the patients who developed CS were 
diagnosed, and late shock (onset >24 hr) occurred in 25.9% of the 
study patients. By implication, then, often a therapeutic window exists 
that could allow for intervention either before CS develops or early  
in its course. However, the median time from hospital admission to 
shock onset was only 4.6 hours, which indicates that this window is 
relatively narrow for many patients. Other studies have shown a higher 
incidence of late shock. These studies included CS caused by the 
mechanical complications of MI, which usually manifest later than CS 
caused by LV failure.17 Angiographic data from patients enrolled in the 
SHOCK trial revealed extensive, severe CAD in the majority. Almost 
two thirds had three-vessel coronary disease, and 21% had left main 
CAD. The left anterior descending (LAD) coronary artery was the 
culprit vessel in 49% of the cases, and the right coronary artery (RCA) 
was the problem in 29%.18 The mortality rates from CS in the modern 
era (50% to 60%) are lower than many clinicians believe and are far 
lower than the historic figures of 80% to 90%. However, mortality rates 
can range from 10% to 80%, depending on demographic, clinical, and 
hemodynamic factors. Specific factors include age, clinical signs of 
peripheral hypoperfusion, anoxic brain damage, left ventricular ejec-
tion fraction (LVEF), and stroke. Female sex does not appear to be an 
independent predictor of poor outcome, although hemodynamic data 
are predictive of short-term mortality but not long-term mortality; 
however, early revascularization remains the strongest predictor of 
outcome.

TABLE 21-1 Sensitiving and Specificity of Physical Exam 
Findings in Predicting a Pulmonary Capillary Wedge 
Pressure Greater Than 22 mm Hg

Sensitivity (%) Specificity (%)

Elevated	jugular	venous	pressure 67 74

Rales 15 85

Ascites 21 88

Pedal	edema 48 69

Orthopnea 40 60

Hepatomegaly 15 92

ESCAPE	 investigators:	 Evaluation	 study	 of	 congestive	 heart	 failure	 and	 pulmonary	 artery	
catheterization	effectiveness:	the	ESCAPE	trial.	JAMA	294:1625-1633,	2005.

TREATMENT

Role of Right Heart Catheterization
With severe acute heart failure, it is sometimes difficult to accurately 
predict hemodynamic status or response to medical interventions.19,20 
For this reason, early right heart catheterization with a “leave-in” 
Swan-Ganz catheter may be considered in patients who are thought to 
be in CS. Not only does this allow for the quick and accurate diagnosis 
of a cardiac etiology, it also allows for subsequent tailored medical 
therapy. The Evaluation Study of Congestive Heart Failure and Pulmo-
nary Artery Catheterization Effectiveness (ESCAPE) trial examined 
the role of routine right heart catheterization in acute decompensated 
heart failure patients and did not reveal a mortality difference between 
patients treated with invasive monitoring compared with those treated 
without invasive monitoring.21 However, this study did not enroll all 
patients at each site who presented with acute decompensated heart 
failure, and it is possible that physicians may not have enrolled the 
sickest patients because of the possibility of randomization to no inva-
sive monitoring. This study also confirmed the lack of sensitivity of 
physical exam findings at predicting the hemodynamic state of the CS 
patient (Table 21-1).

In addition to helping diagnose the etiology of shock and helping 
to tailor medical interventions, an invasive monitoring approach also 
allows for prediction of in-hospital outcomes. Both pulmonary capil-
lary wedge pressure (PCWP) and cardiac output (CO) were shown to 
have independent prognostic valve in the Global Utilization of Strep-
tokinase and Tissue Plasminogen Activator for Occluded Coronary 
Arteries (GUSTO-I) trial.22 Another invasively derived parameter, the 
cardiac power output (CPO: mean arterial pressure [MAP] × CO ÷ 451) 
has been shown to be a powerful predictor of in-hospital mortality. In 
the SHOCK trial, CPO was the strongest independent hemodynamic 
predictor of in-hospital mortality (Fig. 21-4).23 Based on these results, 
patients with a CPO of fewer than 0.53 have an in-hospital mortality 
that approaches 60%. Hemodynamics can help guide medical therapy 
and can help the clinician make decisions as to which patients might 
benefit from more aggressive treatment.

Inotropes
One of the first lines of medical treatment in a patient with CS is the 
initiation of IV inotropes and vasopressors despite the lack of evidence 
supporting this practice.24 Frequently, the use of these medications may 
help to stabilize the hemodynamic state while further investigations 
and/or interventions can proceed (coronary revascularization, valve 
surgery, workup for ventricular assist devices, and/or orthotopic heart 
transplantation).

Two types of inotropes are currently available, phosphodiesterase 
inhibitors (milrinone) and catecholamines (dobutamine). Both work 
by increasing intracellular cyclic adenosine monophosphate (cAMP) 
but via two different mechanisms: catecholamines bind to extracellular 
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to patients who can be stabilized while a precipitating cause is found 
and treated. Longer treatment or the use of these medications in end-
stage heart failure patients without a reversible cause increases mortal-
ity and is inferior to mechanical surgical circulatory support.

Mechanical Support
Intraaortic balloon pump (IABP) counterpulsation has long been the 
mainstay of mechanical therapy for CS. Use of IABP improves coro-
nary and peripheral perfusion and augments LV performance. The use 
of the IABP in CS was first described by Adrian Kantrowitz and col-
leagues in 1968,31 and its use increased in the 1980s and 1990s, when 
studies on the use of IABP and thrombolysis in AMI revealed increased 
patency of the infarct-related artery and improved thrombolysis in 
myocardial infarction (TIMI) flow grade.32,33 Despite the improvement 
in hemodynamics, no large randomized trial has shown any mortality 
advantage to the use of the IABP in CS, especially in the current PCI 
era. A large meta-analysis of several randomized trials and cohort 
studies on the use of IABP in STEMI complicated by CS showed no 
survival benefit to the use of the IABP.34 Because of the conflicting prior 
data with the use of IABP during the thrombolysis era and the equivo-
cal meta-analysis results, two subsequent large randomized trials of the 
IABP were conducted. The Intraaortic Balloon Pump in Cardiogenic 
Shock II (IABP–SHOCK II) trial randomized 595 patients who pre-
sented with an acute MI and CS to IABP and early revascularization 
versus early revascularization alone and revealed that the use of IABP 
does not decrease 12-month all-cause mortality.35 In addition to not 
changing the mortality of patients in CS, the use of IABP in reducing 
infarct size was also questioned by the Counterpulsation to Reduce 
Infarct Size Pre-PCI for Acute Myocardial Infarction (CRISP-AMI) 
trial.36 This trial randomized patients with STEMI to an IABP prior to 
PCI versus PCI alone to examine whether the use of the IABP would 
reduce infarct size, but it revealed no difference between the two 
groups in LV mass as measured by cardiac magnetic resonance imaging 
(CMRI). One good outcome in these two trials was that the use of 
IABP, although of questionable therapeutic benefit, was also not associ-
ated with significant side effects or complications. Small randomized 
trials of the use of IABP versus extracorporeal membrane oxygenation 
(ECMO) and peripheral LV-assist devices (TandemHeart [CardiacAs-
sist, Pittsburgh, PA] and Impella [Abiomed, Danvers, MA]) have 
shown that the use of IABP is frequently safer than more invasive 
modalities and that the use of the IABP confers some hemodynamic 
benefit.37 Based on the relative safety profile and the hemodynamic 
benefits, it is reasonable to use the IABP as part of a stepwise algorithm 
to treat CS patients who are not responsive to inotropes and to do so 

adrenergic surface receptors and increase the production of cAMP, 
whereas phosphodiesterase inhibitors block the intracellular degrada-
tion of cAMP to adenosine monophosphate (AMP). Despite the wide-
spread use of inotropes, both the Acute Decompensated Heart Failure 
National Registry (ADHERE) and the Outcomes of a Prospective Trial 
of Intravenous Milrinone for Exacerbations of Chronic Heart Failure 
(OPTIME-CHF) study have examined the role of inotropes in severe 
heart failure and have shown that patients on long-term inotrope 
therapy have increased mortality.25,26 These findings have led to a 
decrease in the use of inotropes routinely, although these medications 
are still frequently used in rapidly deteriorating CS patients.

When inotropes fail to stabilize the patient, the use of vasopressors 
such as dopamine, norepinephrine, and/or epinephrine can be used  
to maintain perfusion pressure, but the use of these medications has 
also not been proven to improve symptoms or survival. Comparative 
studies between these vasopressors have yielded mixed results. Prevail-
ing dogma was that the use of dopamine was superior to the use  
of norepinephrine in patients with CS because of the greater action  
of dopamine on the β-receptors compared with the peripheral 
α-receptors.27 This was thought to promote cardiac contractility and 
to not appreciably increase peripheral vasoconstriction, and thus  
afterload, when compared with the greater effect of norepinephrine  
on the peripheral α-receptors. However, in the Sepsis Occurrence 
in Acutely Ill Patients II (SOAP II trial), which compared dopamine 
with norepinephrine in the treatment of shock, the subset of CS 
patients treated with dopamine had a significantly higher mortality 
than the patients treated with norepinephrine.28 These data are 
clouded by the fact that patients treated with norepinephrine were also 
more likely to receive concomitant treatment with dobutamine. It is 
possible that instead of the beneficial effects of one vasopressor over 
another, the use of a potent inotrope is responsible for the difference 
in survival.

Whereas there may be a paucity of data on the best use of inotropes 
and vasopressors in CS, the amount and types of IV drugs has long 
been shown to have a strong correlation with increased mortality (Fig. 
21-5). Once a patient is on more than one inotrope or vasopressor, 
their in-hospital mortality is greater than 40%.29 Likewise, trials com-
paring the use of surgical ventricular assist devices with ideal medical 
therapy (mostly inotropes and vasopressors) have also shown that 
medical therapy is inferior to definitive surgical LV-assist device 
implantation.30 The use of inotropes and vasopressors should be limited 

FIGURE 21-5	 Mortality	based	on	inotrope	requirements.	(Samuels	LE,	
Kaufman	MS,	Thomas	MP,	et	al:	Doses	and	types	of	vasopressors	and	
inotropes	and	increasing	mortality.	J	Card	Surg	14:288-293,	1999.)
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selected for PCI was 54% at 30 days and 50% at 1 year. Thirty-day 
survival was 65% after successful PCI, but it was only 20% if PCI was 
unsuccessful (P > .001). At 1 year, these values were 61% and 15%, 
respectively (P > .001). Post-PCI patency and TIMI grade 3 flow in the 
infarct-related artery was strongly associated with survival, even after 
adjustment for important clinical and hemodynamic characteristics. 
No patient who had an occluded infarct-related artery (TIMI flow 
grade 0 or 1) after PCI survived. Among CS patients undergoing PCI, 
age, time from symptom onset to PCI, and post-PCI flow grade are 
independent predictors of mortality. Of note, revascularization pro-
vided benefit at every level of risk.

In the SHOCK trial, the success rate of PCI was relatively low (76%) 
and not unexpected, given that most patients had diffuse disease and 
occluded arteries and were hemodynamically unstable. This study pre-
dates the era of widespread stenting and adjunctive antiplatelet thera-
pies in the setting of AMI. The majority of these patients underwent 
balloon angioplasty. Stents were used in 34% of patients, mainly to 
salvage a failed balloon PCI; the stents were largely first-generation 
devices implanted without the benefit of current adjunctive therapies. 
The culprit-artery stenting rate increased during the study from 0% in 
1993 to 10% in 1996 and to 74% by 1998 (P > .001). PCI was more 
often successful in stented patients than in unstented patients (93% vs. 
67%, P < .013), although 1-year survival was similar (54% vs. 48%, 
P < .82). This discrepancy between the success rate and the mortality 
rate for PCI is probably a result of bias because most stenting was 
performed following unsuccessful balloon angioplasty. The use of gly-
coprotein (GP) IIb/IIIa inhibitors (abciximab) also increased during 
the study period from 0% in 1993 to over 80% by 1998. Although the 
use of stents and GP IIb/IIIa inhibitors did not improve the mortality 
rate in the SHOCK trial, more recent data from multiple registries 
demonstrated that increased use of routine stenting and GP IIb/IIIa 
inhibitors were independent predictors of procedural success rates, 
TIMI grade 3 flow, and mortality in patients undergoing PCI for CS.45 
Although 81% of patients in the SHOCK trial had multivessel disease, 
most patients with PCI underwent single-vessel procedures (87%). 
During the study period, an increase was reported in the frequency of 
multivessel procedures from 0% to 23% (P = .018). One-year survival 
was 55% after single-vessel PCI but only 20% after a single-stage mul-
tivessel procedure. More recent data demonstrated no mortality differ-
ence between those undergoing only culprit-vessel PCI and those 
undergoing multivessel PCI in CS despite a high percentage of use of 
stenting and GP IIb/IIIa inhibitors.46 Although PCI of the culprit lesion 
alone has been advocated in the management of AMI, the prevalence 
of multivessel disease and the possibility of ischemia far from the 
infarct zone and of progressive deterioration in LV function may argue 
for a strategy of more complete revascularization with multivessel PCI 
or surgery. As in STEMI without shock, earlier revascularization is 
better in CS. Presentation 0 to 6 hours after symptom onset was associ-
ated with lower mortality rates among CS patients undergoing primary 
PCI in the Arbeitsgemeinschaft Leitende Kardiologische Krankenhausar-
zte (ALKK) registry, in which door-to-angiography times were less 
than 90 minutes in approximately three fourths of patients.45 In the 
SHOCK trial, long-term mortality rates appeared to increase as time 
to revascularization increased from 0 to 8 hours. However, a survival 
benefit was seen as long as revascularization was performed within 48 
hours after MI and 18 hours after shock onset. The initial mispercep-
tion that older patients do not benefit from PCI arose from the interac-
tion between treatment effect and age in the SHOCK trial. The apparent 
lack of benefit for older adults in the trial was likely caused by imbal-
ances between groups in the baseline ejection fraction. Several studies, 
including the SHOCK trial and registry, have shown the consistent 
benefit of revascularization in older patients, which suggests that clini-
cians are capable of identifying older patients who are most appropriate 
for revascularization.47 The American College of Cardiology (ACC)/
American Heart Association (AHA) guidelines recommend early 
revascularization in CS for those younger than 75 years of age (class I) 
and for suitable candidates over 75 years of age (class IIa).48 In a certain 

prior to the initiation of more invasive mechanical circulatory support.38 
Further discussion of the role of ventricular-assist devices in the setting 
of AMI is discussed elsewhere in this textbook.

Reperfusion in Cardiogenic Shock
The only way to prevent CS in the setting of AMI appears to be very 
early reperfusion therapy. In a randomized trial of early, in-ambulance 
thrombolysis versus primary PCI (PPCI), the incidence of CS was 0% 
among patients assigned to prehospital thrombolysis and only 0.5% in 
the group randomized within 2 hours from symptom onset.39 However, 
reperfusion with thrombolytics is inferior to revascularization with 
PCI in achieving sustained TIMI grade 3 flow in the infarct-related 
artery. The survival benefit of early revascularization in CS, reported 
in several observational studies, was demonstrated convincingly in the 
randomized SHOCK trial, which demonstrated lower 6-month and 
12-month mortality rates with a strategy of early emergency revascu-
larization compared with initial medical stabilization, which included 
IABP placement and thrombolytic therapy.40-42 A 13% absolute increase 
was reported in 1-year survival in patients assigned to early revascu-
larization (Fig. 21-6).43 This corresponds to a number needed to treat 
(NNT) of fewer than eight patients to save one life. Numerous registry 
studies have confirmed the survival advantage of early revasculariza-
tion in CS, whether percutaneous or surgical, both in the young and 
in older adults. Although thrombolytic therapy is less effective, in the 
absence of contraindications, thrombolytics should be administered 
when immediate revascularization is not possible. Ideally, such patients 
should have IABP and should be transferred immediately to a facility 
that offers revascularization.

Percutaneous Coronary Intervention in Cardiogenic Shock
Multiple trials have demonstrated the superiority of emergency revas-
cularization with PCI compared with fibrinolytics in achieving sus-
tained TIMI grade 3 flow in STEMI, with improvement in mortality 
rates and preservation of LV function. In the SHOCK trial, PCI was 
the most frequent mode of revascularization, with 84 of 132 patients 
randomized to immediate revascularization with PCI.44 Success with 
PCI—defined as the combination of a residual stenosis less than 50%, 
a greater than 20% reduction in stenosis, and TIMI grade 2 or 3 flow— 
was achieved in 76% of patients. Overall survival in the patients 

FIGURE 21-6	 Survival	rates	among	patients	undergoing	early	revascu-
larization	(ERV)	or	initial	medical	stabilization	(IMS)	in	the	SHOCK	trial.	
Both	6-month	and	12-month	survival	rates	were	significantly	higher	in	
those	randomized	to	early	revascularization.	(Redrawn	from	Hochman	
JS,	Sleeper	LA,	White	HD,	et	al,	SHOCK	investigators:	One-year	survival	
following	early	revascularization	for	cardiogenic	shock.	JAMA	285:190-
192,	2001.)
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year. Similarly, in a series of patients with CS treated with early revas-
cularization, 80% of survivors were completely asymptomatic at a 
median of 18 months, and all were in NYHA functional class I or II.54 
Bicycle exercise testing in a subgroup showed age-appropriate exercise 
capacity in all. Finally, in a series of patients treated with  
circulatory support, nearly all performed activities of daily living  
1 year after the event, and some had even returned to full-time 
employment.55

CONCLUSION
CS is a treatable illness with a reasonable chance for recovery, although 
the literature has traditionally focused on the very high mortality asso-
ciated with this diagnosis. It is important to recognize that although 
patients with CS are at very high risk for early death, great potential 
exists for salvage. Revascularization is associated with some benefit at 
every level of risk. An early invasive approach can increase short-term 
and long-term survival and results in patients regaining an excellent 
quality of life.

group of patients, however, additional treatment is futile, particularly 
when irreversible multiple end-organ failure or anoxic brain damage 
has occurred.

MULTIVESSEL DISEASE
The optimal revascularization strategy (i.e., percutaneous or surgical 
revascularization, single or multivessel PCI) for patients with multives-
sel CAD and CS is not clear. This is of particular importance because 
multivessel disease is common; 87% of patients in the SHOCK trial 
had multivessel disease. Both percutaneous and surgical methods of 
revascularization were permitted in the SHOCK trial. Thirty-seven 
percent of patients assigned to the early revascularization strategy 
underwent CABG at a median of 2.7 hours after randomization.49 
Despite a higher prevalence of triple-vessel or left main CAD and 
diabetes mellitus in patients who underwent CABG compared with 
those who underwent PCI, survival and quality of life were similar. The 
coronary anatomy may be most amenable to CABG in some patients. 
Immediate CABG is the preferred method of revascularization when 
severe triple-vessel or left main CAD is present and should be per-
formed, as needed, when ventricular septal rupture or severe mitral 
regurgitation exists. In the SHOCK trial, the rate of multivessel PCI 
increased over the study period, which perhaps suggests that operators 
had gained experience with PCI in patients with CS. However, this 
small subset had a worse adjusted outcome than those who had single-
vessel PCI.

Although current ACC/AHA guidelines suggest avoiding PCI in 
non–infarct-related arteries, unless the patient is in CS, recent trial data 
suggest a possible benefit for complete revascularization even in 
patients who are not in CS. The Preventive Angioplasty in Acute Myo-
cardial Infarction (PRAMI) trial50 examined the role of multivessel PCI 
in both infarct and nonculprit arteries and showed that those patients 
randomized to the preventative PCI group of more complete revascu-
larization had a significantly reduced risk of adverse cardiovascular 
events (hazard ratio [HR], 0.35; 95% confidence interval [CI], 0.21 to 
0.58; P < .001). Although promising, the PRAMI trial was relatively 
small (465 patients), and follow-up was limited to 23 months because 
of early discontinuation of the trial. Another criticism of the trial has 
been that revascularization in the nonculprit lesions occurred without 
any further testing for ischemia, which is the most commonly used 
practice. Large trials of multivessel PCI in both CS and non-CS patients 
are ongoing.

Based on the current trial data and the ACC/AHA guidelines, PCI 
of the infarct-related artery is recommended in the case of single-vessel 
or double-vessel disease or moderate triple-vessel disease and when 
CABG is not possible for patients with more extensive disease. Staged 
multivessel PCI may be performed if surgery is not an option, and a 
single-stage procedure may be considered if the patient remains in 
shock after PCI of the infarct-related artery and if the other vessels 
have a flow-limiting lesion and supply a large region at risk.

LONG-TERM SURVIVAL AND QUALITY OF LIFE
Long-term survival data from the SHOCK trial revealed persistence of 
treatment benefit with remarkable 3- and 6-year survival rates in the 
early revascularization group of 41.4% and 32.8%, respectively, with 
persistence of treatment benefit (Fig. 21-7).51 These findings are con-
sistent with the 11-year survival rate of 55% observed in the GUSTO-I 
trial with 30-day CS survivors.52 Furthermore, in GUSTO-I, annual 
mortality rates after 1 year (2% to 4%) were similar for those with shock 
and those without.

In survivors, quality of life is at least as important as long-term 
survival. At 2 weeks after discharge, 75.9% of patients assigned to 
revascularization and 62.5% assigned to medical stabilization in the 
SHOCK trial were in New York Heart Association (NYHA) functional 
classes I or II.53 Among patients who were in NYHA functional class 
III to IV at 2 weeks, 55% of survivors improved to class I or II by 1 

FIGURE 21-7	 Long-term	 survival	 rates	 by	 Kaplan-Meier	 analysis	 of	
patients	 undergoing	 early	 revascularization	 (ERV)	 or	 initial	 medical	
stabilization	(IMS)	in	the	SHOCK	trial.	The	mortality	benefit	of	immediate	
revascularization	 persisted	 during	 the	 6	 years	 of	 mean	 follow-up.	
(Redrawn	from	Hochman	JS,	Sleeper	LA,	Webb	JG,	et	al,	for	the	SHOCK	
investigators:	Early	revascularization	and	long-term	survival	in	cardio-
genic	shock	complicating	acute	myocardial	infarction.	JAMA	295:2511-
2515,	2006.)
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BIFURCATION LESIONS
A coronary bifurcation lesion is a lesion that occurs at or adjacent to a 
significant division of a major epicardial coronary artery. Coronary 
bifurcation lesions have been the subject of several classifications with 
the underlying assumption that each type could be associated with a 
specific treatment. However, attempts to classify bifurcation lesions1-5 
suffer all the limitations of coronary angiography (different plaque 
distribution and extent of disease when evaluated by intravascular 
ultrasound [IVUS]).6 Currently, six different classifications of bifurca-
tion lesions have been defined (Fig. 22-1). The most important distinc-
tion to make is to divide bifurcation lesions into true bifurcations, in 
which the main branch (MB) and the side branch (SB) are both sig-
nificantly narrowed (>50% diameter stenosis), and nontrue bifurca-
tions, which include all the other lesions that involve a bifurcation. In 
routine practice, the Medina classification is still the most simple and 
widely used approach to classify distribution of atherosclerotic plaque 
at a bifurcation site.5 In each of the three bifurcation segments, starting 
with the proximal MB and proceeding to the distal MB and then the 
proximal SB, class 1 indicates more than a 50% diameter stenosis,  
and class 0 indicates the absence of stenosis. The 1,1,1 designation is 
used when a critical stenosis exists in all three segments; 1,1,0 is used 
when only the proximal and distal MB are affected, and many other 
combinations are possible. A limitation of the Medina classification  
is that the length of the stenosis involving the SB is not specified, and 
we believe this distinction is a key element to proper planning of the 
treatment. Despite an array of devices available, stenting that utilizes  
a DES remains the default approach to treat bifurcation lesions, and 
the implantation of a single stent on the MB is the most widely used 
approach.

Contemporary Studies
Several major randomized trials that compared one or two stents in 
the treatment of coronary bifurcations demonstrated that the implan-
tation of a stent only in the MB remains the preferred strategy. Ran-
domized Study to Evaluate Sirolimus-Eluting Stents (SES) Implanted 
at Coronary Bifurcation Lesions7 was the first attempt to provide spe-
cific information on this subset of lesions. Eighty-five patients were 
randomly assigned to either stenting both branches or stenting the MB 
only with provisional stenting of the SB. Data were analyzed by actual 
treatment received, not by intention to treat. The crossover rate was 
very high: 51.2% in the provisional group and 4.7% in the two-stent 
group. Restenosis at 6 months did not differ significantly between the 
two-stent and the stent–percutaneous transluminal coronary angiog-
raphy (PTCA) groups (28.0% vs. 18.7%, respectively; P = .53). During 
the 6-month follow-up, one death occurred in the two-stent group and 
none occurred in the stent-PTCA group. No significant difference was 
found between the two groups in Q-wave myocardial infarction (MI; 
1.6% vs. 4.5%), non Q-wave MI (9.5% vs. 4.5%), target-vessel revascu-
larization (TVR; 11.1% vs. 9.0%), or target-vessel failure (19.0% vs. 
13.6%). Three cases of stent thrombosis occurred, all in the two-stent 
group. Therefore this study demonstrated that compared with historic 
studies that utilized bare-metal stents,1,8,9 a clear improvement has been 
achieved in the treatment of bifurcation lesions when one or two DESs 
were implanted.

In a second study, Pan and coworkers10 compared two strategies for 
the SES treatment of bifurcation lesions in 91 patients with true coro-
nary bifurcation lesions. Major adverse cardiac events (MACEs) 
occurred in three patients in the provisional group, two non–Q-wave 
MIs and one target-lesion revascularization (TLR), and in three 
patients in the two-stent group, one subacute stent thrombosis with 
subsequent death and two TLRs. Six-month angiographic reevaluation 
was obtained in 80 patients (88%), and the restenosis rate of the MB 
and of the SB was also similar in the two study groups.

A third randomized study was the Nordic Bifurcation Study 
(Nordic),11 in which 413 patients were randomized to two stents (n = 
206) using crush, culotte, Y, or other techniques versus provisional 
stenting (n = 207) with SES implantation. The crossover from provi-
sional stenting to stenting two branches was allowed only if thrombosis 
in myocardial infarction (TIMI) flow following SB dilation was grade 
0. Procedural success was achieved in 97% of cases in the provisional 
group versus 95% in the two-stent group. The crossover rate was also 
low, and the SB was stented in only 4.3% of the patients in the provi-
sional stenting group. FKBI was performed in 32% and 74% of the 
patients, respectively (P < .001). At 6 months, no difference was found 
between the two groups in terms of cardiac death, MI, index lesion MI, 
TVR, TLR, and stent thrombosis. At 5-year follow-up, the combined 
safety and efficacy end point of cardiac death, non–procedure-related 
MI, and TVR remained similar at 15.8% in the provisional stenting 
group compared with 21.8% in the two-stent group (P = .15).12

In a fourth trial, the Bifurcations Bad Krozingen (BBK) study, 
Ferenc and colleagues13 compared 202 patients randomly allocated 
to either provisional T stenting or routine T stenting using an SES. 
FKBI was performed in both groups irrespective of whether they  
were assigned to routine or provisional T-stenting, and in the provi-
sional T-stent arm, crossover to SB stenting was mandated in case of 
a flow-limiting dissection or residual stenosis of greater than 75%. The 
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K E Y  P O I N T S

•	 Always	consider	an	ostial	lesion	as	a	possible	bifurcation	lesion	
except	for	those	in	an	aortoostial	location.

•	 A	6-Fr	guiding	catheter	is	appropriate	most	of	the	time;	if	in	doubt,	
use	a	7-	or	8-Fr	catheter.

•	 Do	not	risk	losing	the	side	branch;	when	in	doubt,	always	protect	
it	with	a	guidewire.

•	 If	wiring	the	side	branch	proves	to	be	difficult,	consider	dilating	the	
main	branch	first.

•	 Provisional	stenting	does	not	mean	accepting	a	poor	final	result	
for	an	important	side	branch.

•	 Treatment	of	a	bifurcation	lesion	with	two	stents,	in	the	main	and	
side	branches,	as	intention	to	treat	is	an	acceptable	approach.

•	 When	implanting	two	stents,do	not	forget	the	final	“kissing”	
balloon	inflation	(FKBI),	preceded	by	high-pressure	inflation	of	the	
side	branch.

•	 When	a	dedicated	drug-eluting	stent	(DES)	for	bifurcation	lesions	
becomes	available,	many	concepts	may	change,	including	the	
emergence	of	a	more	liberal	usage	of	a	two-stent	strategy.

•	 Optimal	antiplatelet	therapy	is	always	a	key	factor	for	short-	and	
long-term	success:	stay	updated	in	regard	to	new	developments.
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True bifurcation lesion

Type I

One-sided asymmetric
lesion where only one

branch is diseased

Type II 

Branch bifurcation lesion
where parent vessel is free

of disease and both
branches have ostial disease

Type III Type IV

Lesion in the parent vessel either before or
after the takeoff of a side branch that may
or may not have additional ostial disease

Type V

Single branch point or ostial lesion
at a bifurcation

BA

Prebranch stenosis not
involving the ostium of the 

side branch

Type A

Postbranch stenosis of the
parent vessel not involving the

ostium of the side branch

Type B

Stenosis of the parent
vessel not involving the

ostium of the side branch

Type C Type D

Stenosis involving the
parent vessel and the

ostium of the side branch

Type E

Stenosis involving the
ostium of the side branch 

only

Type F

Stenosis discretely
involving the parent vessel
and the ostium of the side

branch

FIGURE 22-1	 Various	classifications	of	bifurcations	according	to	plaque	distribution.	A,	Duke.	B,	Sanborn.	

primary end point was percent diameter stenosis of the SB at 9-month 
angiographic follow-up, and it was similar between the two groups  
(P = .15). The overall 1-year incidence of TLR was 10.9% after provi-
sional stenting and 8.9% after routine T-stenting (P = .64), and the 
primary clinical outcome—death, MI, or TLR—was equivalent in both 
groups (12.9% provisional vs. 11.9% routine T-stenting; P = .83).

The fifth trial of interest was the Coronary Bifurcations: Application 
of the Crushing Technique Using Sirolimus-Eluting Stents (CACTUS) 
trial.14 In this study, 350 patients were randomly allocated to either 
provisional T or crush SES implantation, with mandatory FKBI in both 
groups. Stent implantation in the SB was allowed by the T-stenting 
technique only when at least one of the following conditions was met: 
residual stenosis of 50% or greater; dissection of type B or worse, or 
TIMI flow grade of 2 or less. A high proportion of patients (92%) had 
true bifurcations, and the crossover rate in the provisional T group was 
31%. The primary angiographic end point was the in-segment reste-
nosis rate, and the primary clinical end point was 6-month rate of 
MACEs (cardiac death, MI, or TVR). At 6 months, angiographic reste-
nosis rates were not that different between the crush group (4.6% and 
13.2% in the MB and SB, respectively) and the provisional stenting 
group (6.7% and 14.7% in the MB and SB, respectively; P = nonsignifi-
cant [NS]). The primary clinical outcome of death, MI, or revascular-
ization was also similar in both groups (15.0% provisional vs. 15.8% 
crush, P = NS).

In the British Bifurcation Coronary Study: Old, New, and Evolving 
Strategies (BBC ONE),15 500 patients were randomly allocated to either 
a simple strategy (minimalist provisional T) or a complex strategy 

(either crush or culotte) using paclitaxel-eluting stents (PESs). In the 
simple strategy, the MB was stented, followed by optional FKBI/T-stent 
using criteria that included TIMI flow grade less than 3 in the SB, 
severe ostial pinching of the SB (>90%), threatened SB closure, or SB 
dissection greater than type A. Only 30% of the SB underwent further 
treatment after MB stenting (27% FKBI and 3% stenting). In the 
complex strategy, both branches were systematically stented (culotte or 
crush techniques) with mandatory FKBI. At 9-months clinical 
follow-up, a significant difference was seen between the two groups in 
terms of death, MI, or revascularization (simple 8.0% vs. complex 
15.5%). This difference was largely driven by the higher incidence of 
MI in the complex group (11.2% vs. 3.6%, P = .001). It is surprising to 
note such a high complication rate in patients randomized to the 
complex strategy.

Finally, the Double-Kissing Crush Versus Provisional Stenting Tech-
nique for Treatment of Coronary Bifurcation Lesions (DKCRUSH-II)16 
trial investigated the difference in MACE rates (cardiac death, MI, or 
TVR) at 12 months in 370 patients with coronary bifurcation lesions 
after double-kissing (DK) crush or provisional stenting (PS) techniques. 
MACE and definite stent thrombosis rates were similar between the  
DK (10.3% and 2.2%) and PS groups (17.3%, and 0.5%, P = .070 and 
P = .372, respectively). However, angiographic restenosis rates in the 
main vessel (MV) and in the SB were lower in the DK group (3.8% and 
4.9%) than in the PS group (9.7% and 22.2%, P = .036 and P < .001, 
respectively) as was TVR (6.5% vs. 14.6%, P = .017).

The clinical implication of those trials is that in most cases, provi-
sional, rather than elective, stenting of the SB should be performed.17 
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Type I
Parent vessel stenosis proximal
and distal to bifurcation

Type II
Parent vessel stenosis
proximal to bifurcation

Type III
Parent vessel stenosis
distal to bifurcation

Type IV
Parent vessel normal, ostial
side branch stenosis
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A
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B

B

B

C

Lesions located in the main branch, proximal and
distal, and the ostium of side branch 

Lesions located only in the main branch, proximal
and distal, and not in the ostium of side branch

Lesions located in the main branch proximal to
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Only the ostium of each branch of the bifurcation
involved with no proximal disease
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Lesion located only in

the ostium of main branch
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Lesion located only in
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Plaque distribution

= True bifurcation lesion

proximal
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E
C,	Safian.	D,	Lefevre.	E,	SYNTAX	study.	FIGURE 22-1, cont’d
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1. Main branch proximal lesion >50% = 1; <50% = 0

2. Main branch distal lesion >50% = 1; <50% = 0

3. Side branch lesion >50% = 1; <50% = 0

Prox MB Dist MB Prox MB Dist MB Prox MB Dist MB

Prox MB Dist MBProx MB Dist MB

SB SB SB

SBSB

1,1,1 1,1,0 1,0,0

1,0,1 0,1,1

F

F,	Medina.	Dist,	Distal;	MB,	main	branch;	Prox,	proximal;	SB,	side	branch.	(A	is	from	Popma	J,	Leon	M,	Topol	EJ:	Atlas	of	
interventional	cardiology.	Philadelphia,	PA,	1994,	Saunders.	B	is	from	Spokojny	AM,	Sanborn	TM:	The	bifurcation	lesion.	In	Ellis	SG,	Holmes	DR,	
editors:	Strategic	approaches	in	coronary	intervention.	Baltimore,	1996,	Williams	and	Wilkins.	C	is	from	Safian	RD:	Bifurcation	lesions.	In	Safian	
RD,	Freed	M,	editors:	Manual	of	 interventional	cardiology,	Royal	Oak,	CA,	2001,	Physicians’	Press.	D	is	from	Lefevre	T,	Louvard	Y,	Morice	MC,	
et	al:	Stenting	of	bifurcation	lesions:	classification,	treatments,	and	results.	Catheter	Cardiovasc	Interv	49:274-283,	2000.	E	is	from	Sianos	G,	Morel	
MA,	Kappetein	AP,	et	al:	The	SYNTAX	score:	an	angiographic	tool	grading	the	complexity	of	coronary	artery	disease.	EuroIntervention	1:219-227,	
2005.	F	is	from	Medina	A,	Suarez	de	Lezo	J,	Pan	M:	A	new	classification	of	coronary	bifurcation	lesions.	Rev	Esp	Cardiol	59:183,	2006.)

FIGURE 22-1, cont’d

Provisional stenting appears less expensive and simpler and can be 
performed with less contrast and in a shorter procedural time. At the 
same time, the evidence of equivalent results in the two arms does not 
contradict the choice of crush/culotte stenting in selected cases with 
complex anatomy or with diffuse disease within the SB.18 One short-
coming of the aforementioned trials was that the treatment groups, 
including those that used two stents, were heterogeneous, and the 
techniques used may have resulted in different clinical outcomes. Clin-
ical outcomes in randomized trials to compare one-stent and two-stent 
strategies using drug-eluting stents are presented in Figure 22-2.

To evaluate the impact of various two-stent techniques, the Nordic 
complex bifurcation stenting study19 was performed, in which 424 
patients were randomized to either crush or culotte stenting using SESs 
(77% of which were true coronary bifurcation lesions). At the 6-month 
clinical follow-up, no difference was found between the two groups in 
the primary end point: death, postprocedure MI, or revascularization 
(crush 4.3% vs. culotte 3.7%, P = .87). However, a trend was seen for 
a higher incidence of periprocedural MI (crush 15.5% vs. culotte 8.8%, 
P = .08) and a significantly higher occurrence of in-stent restenosis in 
the crush group (crush 10.5% vs. culotte 4.5%, P = .046). Clinical 
outcomes remained similar at 3-year follow-up in the crush and culotte 
groups, with MACE rates of 20.6% versus 16.7% (P = .32), index lesion 
restenosis of 11.5% versus 6.5% (P = .09), and definite stent thrombosis 
rates of 1.4% versus 4.7% (P = .09).20

Comparison of Double Kissing Crush Versus Culotte Stenting for 
Unprotected Distal Left Main Bifurcation Lesions (DKCRUSH-III) 
study21 investigated the difference in MACE rates at 1 year after DK 
crush and culotte stenting in 419 patients with unprotected left main 
coronary artery (LMCA) distal bifurcation lesions. Patients in the 
culotte group had higher 1-year MACE rates compared with the DK 
group (16.3% vs. 6.2%, P = .001), which was mainly driven by an 
increased TVR rate (11.0% vs. 4.3%, P = .016). The definite stent 
thrombosis rate was 1.0% in the culotte group and 0% in the DK group 
(P = .248). In all prespecified subsets—patients with a bifurcation 
angle of 70 degrees or more, those with a New Risk Stratification  
Score (NERS) of 20 or higher, and those with a Synergy Between 

Percutaneous Coronary Intervention with Taxus and Cardiac Surgery 
(SYNTAX) score of 23 or higher—the MACE rates at 1 year were 
consistently lower in the DK group (3.8%, 9.2%, and 7.1%, respec-
tively) compared with the culotte group (16.5%, 20.4%, and 18.9%, 
respectively; P < .05 for all).

To evaluate the impact of a specific DES type on clinical outcome 
in patients with bifurcation lesions, Pan and coworkers22 enrolled 205 
patients in a prospective randomized trial: 103 were assigned to SES 
and 102 were assigned to PES; all patients were treated by provisional 
T-stenting. Angiographic data and immediate procedural results were 
similar in both groups, and no difference was reported in rates of  
death or MI in the hospital and during follow-up. The primary end 
point, angiographic restenosis, was significantly lower in the SES  
group (9% vs. 29%, P = .011), as was TLR at 24 months after stenting 
(4% vs. 13%, P = .021). Similar results were obtained in the Coronary 
Bifurcation Stenting (COBIS) registry,23 which compared MACE 
rates—defined as cardiac death, MI, or TLR—between SESs and PESs. 
At a mean follow-up of 22 months, treatment with SESs resulted in a 
lower incidence of MACEs (HR, 0.53; 95% CI, 0.32 to 0.89; P < .01) 
and TLR (HR, 0.55; 95% CI, 0.31 to 0.97; P = .02) but not of cardiac 
death or MI.

The clinical outcome of newer-generation DESs in bifurcation 
lesions was evaluated in several randomized trials. Burzotta and associ-
ates24 randomized 150 consecutive patients with bifurcated lesions 
undergoing systematic provisional stenting to SESs or everolimus-
eluting stents (EESs) in the Sirolimus Versus Everolimus-Eluting Stent 
Randomized Assessment in Bifurcated Lesions and Clinical Signifi-
cance of Residual Side-Branch Stenosis (SEA-SIDE) study. The primary 
procedural end point was the occurrence of any trouble in the side-
branch management, defined as (1) SB TIMI flow grade <3 after MV 
stenting, (2) need of guidewire(s) different from the workhorse wire to 
rewire SB after MV stenting, (3) failure to rewire the SB after MV 
stenting, or (4) failure to dilate the SB after MV stenting and SB rewir-
ing. Primary endpoint was similar between SES and EES (16% vs. 11%, 
P = 0.34). The primary angiographic end point—post-PCI three-
dimensional, quantitative coronary angiography (QCA)-estimated 
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but also in the dynamic changes in anatomy during treatment (plaque/
carina shift, dissection). Previous pathologic studies demonstrated that 
atherosclerosis occurs predominantly in low shear-stress regions of 
bifurcation, but carina (flow divider) involvement by atherosclerosis is 
extremely unusual. Nakazawa and colleagues27 recently demonstrated 
that in nonstented coronary bifurcations, the lateral wall showed sig-
nificantly greater intima and necrotic core thickness than the flow 
divider. After stenting, plaque formation and neointimal growth was 
also significantly less at the flow divider than at the lateral wall. Those 
observations were also confirmed in vivo by IVUS preintervention 
evaluation of distal LMCA bifurcations. Oviedo and associates28 
showed that bifurcation disease is usually diffuse and, contrary to 
angiographic classifications, that the carina was spared in all lesions, 
whereas the plaque was present predominantly on the opposite side of 
the flow divider. However, data presented by van der Giessen and col-
leagues29 shed new light on the subject through CT angiography, sug-
gesting that the carina does have some atheroma present in 30% of 
bifurcations, although the volume of that plaque remains small and 
was present only if a significant volume of plaque was located at the 
lateral walls opposite the flow divider (low wall shear-stress areas), 
indicating that atherosclerotic plaque grows circumferentially.

Koo and coworkers30 evaluated the mechanisms of changes in the 
geometry of the ostium of the SB with IVUS and fractional flow reserve 
(FFR) after MB stenting to test the hypothesis that MB stenting may 
create worsening of an SB ostial lesion as a result of a combination of 
MB plaque and carinal shift. The investigators concluded that the 
decrease in plaque volume in the proximal MB, with no associated 
increase in plaque volume in the distal MB, was indirect evidence of 
plaque shift from the MB to the SB ostium after stent implantation. 
Additionally, the increased luminal volume in the distal MB, with no 
significant decrease in the plaque volume, was believed to be due to 
vessel enlargement, and this research provided support to the theory 

minimal lumen diameter—showed similar post-PCI results in the MV 
and better results in the SB with EESs compared with SESs (minimal 
lumen diameter at SB ostium: 1.94 ± 0.72 mm vs. 1.64 ± 0.62 mm; 
P = .013). Clinical outcome at 18 months showed no difference in rates 
of target bifurcation failure (9.0% in SES vs. 10.7% in EES patients,  
P = .57). SESs and EESs were also compared in the randomized 
Cordoba and Las Palmas (CORPAL) study,25 in which 293 patients 
with bifurcation lesions were treated with a provisional SB stenting 
technique. In-hospital outcome was similar in the two groups, with two 
non–Q-wave MIs and one death occurring in each group. At 12-month 
follow-up, the incidence of MACEs was also similar between SES- and 
EES-treated patients (6.2% vs. 6.1%, respectively; P = .84). A pooled 
analysis of those two randomized trials, SEA-SIDE and CORPAL, 
showed similar MACE-free survival at 3 years (93.2% in the EES group 
vs. 91.3% in the SES group, P = .16). However, exploratory landmark 
analysis for late events (occurring after 1 year) showed significantly 
fewer MACEs in the EES group (1.4% vs. 5.4%, P = .02).

In a prospective extension of the SEA-SIDE study, the performance 
of a zotarolimus-eluting stent (ZES) was compared with that obtained 
using SES and EES in the Sirolimus Versus Everolimus Versus 
Zoatrolimus-eluting Stent Assessment In Bifurcated Lesions and Clini-
cal Significance of Residual Side-Branch Stenosis (Z-SEA-SIDE) 
study.26 The ZES demonstrated improved performance compared with 
the SES (SB “trouble” rate was 4% vs. 16%, respectively; P = .014) and 
better SB angiographic results (minimal lumen diameter at SB ostium, 
1.94 vs. 1.64 mm, P = .008), whereas performance of the ZES was 
similar to that of the EES.

Approach to Treatment of Bifurcation Lesions
Bifurcations vary not only in anatomy (plaque burden, location of 
plaque, angle between branches, diameter of branches, bifurcation site) 

FIGURE 22-2	 Clinical	outcomes	in	randomized	trials	comparing	a	one-	versus	two-stent	strategy	utilizing	drug-eluting	stents.	1S,	Single	stent;	2S,	
two	stents;	MACE,	major	adverse	coronary	event;	TLR,	target-lesion	revascularization.	(Data	from	Colombo	A,	Moses	JW,	Morice	MC,	et	al:	Ran-
domized	study	to	evaluate	sirolimus-eluting	stents	implanted	at	coronary	bifurcation	lesions.	Circulation	109:1244-1249,	2004;	Pan	M,	de	Lezo	
JS,	Medina	A,	et	al:	Rapamycin-eluting	stents	for	the	treatment	of	bifurcated	coronary	lesions:	a	randomized	comparison	of	a	simple	versus	complex	
strategy.	Am	Heart	J	148:857-864,	2004;	Steigen	TK,	Maeng	M,	Wiseth	R,	et	al:	Randomized	study	on	simple	versus	complex	stenting	of	coronary	
artery	bifurcation	lesions:	the	Nordic	bifurcation	study.	Circulation	114:1955-1961,	2006;	Ferenc	M,	Gick	M,	Kienzle	RP,	et	al:	Randomized	trial	
on	routine	vs.	provisional	T-stenting	in	the	treatment	of	de	novo	coronary	bifurcation	lesions.	Eur	Heart	J	29:2859-2867,	2008;	Hildick-Smith	D,	
de	Belder	AJ,	Cooter	N,	et	al:	Randomized	trial	of	simple	versus	complex	drug-eluting	stenting	for	bifurcation	lesions:	the	British	Bifurcation	Coronary	
Study:	old,	new,	and	evolving	strategies.	Circulation	121:1235-1243,	2010;	and	Colombo	A,	Bramucci	E,	Sacca	S,	et	al:	Randomized	study	of	
the	crush	 technique	versus	provisional	side-branch	stenting	 in	 true	coronary	bifurcations:	 the	CACTUS	[Coronary	Bifurcations:	Application	of	 the	
Crushing	Technique	Using	Sirolimus-Eluting	Stents]	Study.	Circulation	119:71-78,	2009.)
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the MB has been completed, which includes high-pressure stent 
deployment or postdilation. These temporary “jailed” wires can be 
retrieved provided attention is paid to avoid any trauma to the ostium 
of the proximal coronary with the guiding catheter, which tends to be 
pulled in as the guidewire is withdrawn. In the provisional technique, 
wire crossing through the distal strut (the “carina strut”) following MB 
stenting is strongly suggested because it creates better SB scaffolding 
than proximal crossing.31

To optimize SB access through the carina strut, the proximal opti-
mization technique (POT) is proposed.31 Optimization of the stent 
deployment proximal to the carina using a short, bigger balloon may 
help to access the most distal strut during wire exchange. If the result 
remains unsatisfactory after MB stenting (>75% residual stenosis, dis-
section, TIMI flow grade <3 in an SB ≥2.5 mm, or FFR <0.75), SB 
stenting should be performed. SB stenting can be performed with T 
stenting or with T-and-protrusion (TAP) stenting, reverse/internal 
crush and culotte, followed by FKBI.31

Difficult Access to the Side Branch
After having attempted using different types of wires with various 
curves, the operator may be left with the impossible task of advancing 
a wire into the SB. At this point, the only available options are to (1) 
abort the procedure because the risk of losing the SB is too high, con-
sidering the size and distribution of the branch (typically an angulated 
circumflex artery); (2) use a microcatheter to navigate a reshaped 
guidewire through unfavorable MV anatomies, such as with the Super-
Cross catheter (Vascular Solutions, Minneapolis, MN) with different 
preshaped tip curves; (3) perform rotational atherectomy on the MV 
with the intent to remove the plaque, which prevents entry to the SB; 
(4) dilate the MV with a balloon with the rationale that a favorable 
plaque shift may facilitate access into the SB; (5) use a reverse wire 
technique based on preparation of the guidewire tip by creation of two 
sharp curves, a longer proximal one to create a loop in the distal MV 
and an opposite shorter, distal one to engage the SB ostium during the 
wire pullback17; and (6) to use the Venture wire control catheter (St. 
Jude Medical, Maple Grove, MN), a low-profile catheter with a tip that 
can be deflected up to 90 degrees to facilitate wire orientation and 
provide excellent back-up support (Fig. 22-4).32 Each of these six 
options has its rationale; however, the specific anatomic condition, the 
operator’s experience, and the clinical scenario will direct the selection 
of the best strategy. The fourth option is the one more frequently used 
and is usually effective.

that carinal shift is likely to contribute to the degree of luminal nar-
rowing of the SB.

As a result of these investigations, we can conclude that no two 
bifurcations are identical, and no single strategy exists that can be 
applied to every bifurcation. Thus the more important issue in bifurca-
tion PCI is selecting the most appropriate strategy for an individual 
bifurcation and optimizing the performance of this technique.

Guiding Catheter Selection
Most bifurcation lesions can be approached with a 6-Fr guiding cathe-
ter because a provisional strategy will be utilized most of the time. The 
exception is when the operator decides from the very beginning, 
because of lesion characteristics, to implant two stents using a 7- or  
8-Fr guiding catheter. When there are doubts regarding the optimal 
treatment, and the operator will need to make a decision following 
predilation, we suggest usage of a 7- or 8-Fr guiding catheter.

With currently available very low-profile balloons, it is possible to 
insert two balloons inside a large lumen (6-Fr) guiding catheter. If two 
stents are needed, and a 6-Fr guiding catheter is used, some limitations 
should be considered. Two stents can only be inserted and deployed 
sequentially. The standard crush technique and the V or kissing stent 
technique cannot be performed unless a 7- or 8-Fr guiding catheter is 
used.

A General Outline When Treating a Bifurcation Lesion
Figure 22-3 summarizes a proposed approach to bifurcation lesions. 
SB stenting should be performed as intention to treat only in cases 
where disease of the SB extends beyond the ostium and the SB has a 
significant area of distribution. The most frequently used approach is 
provisional SB stenting, which is outlined as follows:
1. Placement of two wires (MB and SB)
2. Predilation when needed
3. Stenting of the MB
4. Recrossing with a wire into the SB
5. Crossing with a balloon into the SB
6. Performance of kissing balloon inflation with moderate pressure 

(8 atm) in the SB, until the balloon is fully expanded
7. Placement of a second stent in the SB only if the result is 

inadequate
An important aspect when stenting bifurcations is the protection of 
the SB by insertion of a wire to be left until the stenting procedure on 

FIGURE 22-3	 Our	proposed	algorithm	for	stenting	bifur-
cation	lesions.	PTCA,	Percutaneous	transluminal	coro-
nary	angioplasty.	
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residual stenosis at the SB, TIMI flow grade less than 3, or FFR below 
0.75. Therefore two appropriate strategies are to use either a pressure 
wire to interrogate the significance of the SB lesion and treat or not 
accordingly or to simply do FKBI on all angiographically significant 
ostial SB lesions, which reduces the proportion of these lesions that are 
physiologically significant; in light of the information from Nordic III, 
there appears to be no penalty for doing so.33 A two-step sequential 
strategy has also been proposed as a simpler and more efficient alterna-
tive to an FKBI technique; this accomplishes SB dilation with a balloon 
at least the diameter of the SB, and final optimization of the MV stent 
is with a balloon sized per the proximal MV with the distal marker at 
the carina site.37 As a general approach, we favor performance of FKBI.

A Second Stent in the Side Branch Following  
Provisional Approach
When we are not satisfied with the result obtained with balloon dila-
tion of the SB and we need to implant a second stent, various strategies 

The Role of Final Kissing Balloon Inflation
Final kissing balloon inflation (FKBI) is proposed if the SB is dilated 
through the MB stent struts to correct MB stent distortion and proxi-
mal expansion and to provide better scaffolding of the SB ostium and 
facilitate future access to the SB. The long-term clinical benefit of  
FKBI, in cases of MV stenting alone, is still unproven. The Nordic-
Baltic Bifurcation Study (Nordic III) and the Cordoba & Las Palmas 
(CORPAL-KISS) trial demonstrated that no systematic clinical advan-
tage exists with a routine kissing strategy when a single stent treatment 
is used, and retrospective analysis of the COBIS registry showed that 
FKBI may even increase long-term TLR rate in the MV.33-35 However, 
angiographic follow-up at 8 months in the NORDIC III study33 showed 
a lower SB restenosis rate in patients with true bifurcation lesions when 
FKBI was performed (7.6% vs. 20.0%, P = .024), and a study by Koo 
and colleagues36 showed that FKBI restores normal FFR in the SB in 
the majority of patients. Several criteria have been proposed to define 
lesions in which FKBI is required: these include greater than 75% 

FIGURE 22-4	 A,	Baseline	angiogram	presents	a	large,	eccentric	atherosclerotic	plaque	that	involves	the	distal	part	of	the	left	main	coronary	artery	
(LMCA)	and	extends	into	the	ostial	segment	of	 the	left	anterior	descending	(LAD).	B,	Because	of	a	tight	LMCA	lesion	and	unfavorable	access	to	
the	ostial	LAD,	a	Venture	wire	control	catheter	(arrow)	was	used	to	insert	a	coronary	guidewire	(thick	arrow).	C,	After	 that,	 two	guidewires	were	
inserted	in	the	intermediate	branch	and	left	circumflex	artery	(LCx).	Following	predilation	of	the	LMCA/ostial	LAD	lesion,	a	drug-eluting	stent	(DES)	
was	implanted	from	the	ostium	of	the	LMCA	toward	the	LAD.	D,	Final	kissing	balloon	inflation	was	performed	with	three	balloons,	positioned	from	
the	LMCA	to	the	LAD,	intermediate	branch,	and	LCx.	E	and	F,	Final	angiographic	result.	NC,	Noncompliant	balloon.	

DES 3.5×18 mm

LAD: NC balloon 3.5×10 mm

Intermediate: Balloon 2.5×20 mm
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DC

A B

E F



382 SECTION III  CORONARY INTERVENTION

MACE rate of 12.9%, and no cases of definite or probable stent throm-
bosis have been reported.42

Reverse/Internal Crush: Crush Performed After Main Branch Stenting
The main purpose of performing the reverse crush (Fig. 22-7)43,44 is to 
allow an opportunity for provisional SB stenting. This technique was 
developed with the intent to minimize the possible gap between the 
MB and SB stents. The reverse crush can be performed using a 6-Fr 
guiding catheter according to the following steps:
1. A second stent is advanced into the SB and is left in position 

without being deployed.
2. A balloon sized according to the diameter of the MB and shorter 

than the stent already deployed is advanced into the MB and posi-
tioned at the level of the bifurcation, taking care to stay inside the 
stent previously deployed in the MB.

3. The stent in the SB is retracted about 3 mm or less into the MB and 
deployed. The deploying balloon is removed, and an angiogram is 
obtained to verify the absence of any distal dissection and the need 
for an additional stent. If such is the case, the wire from the SB is 
removed, and the balloon in the MB is inflated at high pressure 
(≥12 atm).

4. The SB struts are recrossed with a wire and a balloon (a 1.5 mm 
balloon is sometimes needed). The balloon is sized to the SB refer-
ence diameter and inflated at high pressure (12 to 20 atm).

5. An FKBI is performed.
In our practice, this technique has been completely replaced by the TAP.

The Provisional Culotte Technique
The culotte technique can be proposed as a provisional SB stenting 
strategy in Y-shaped angulated bifurcation lesions, as in the original 
description,45 although the first stent can be deployed across the most 
angulated branch, usually the SB (inverted culotte).46 This technique 
can be accomplished in three steps: (1) after MB stenting, a second 
stent is advanced into the SB—protruding into the MB to overlap the 
proximal part of the MB stent—and is expanded following removal of 
the MB wire; (2) the MB is rewired through the stent struts and dilated; 
(3) and an FKBI is performed.

With all the above two-stent techniques, before advancing a stent 
through the side struts of an implanted stent, it is important to dilate 
the struts so the advancing stent is not “caught” by the first stent, result-
ing in stent embolization.

The European Bifurcation Club Approach to Bifurcation Stenting
The European Bifurcation Club (EBC) was founded in 2004 to devise 
a common terminology for the description and treatment of bifurca-
tion lesions and to exchange ideas on the clinical, technical, and fun-
damental aspects of the specific treatment strategies implemented in 
this setting. A synopsis of these discussions is presented below.17,18,31

1. The Medina classification should be used for bifurcation lesions 
(1,0), and the Main, Across, Distal, Side (MADS) classification 
should be used for bifurcation stenting techniques, which is based 
on the manner in which the first stent has been implanted.

2. Provisional T-stenting remains the gold standard technique for 
most bifurcations.

3. Large SBs with ostial disease that extends more than 5 mm from 
the carina are likely to require a two-stent strategy.

4. In the provisional technique, after wiring both branches, the MB 
should be predilated when required, whereas SBs without severe 
calcification or long (>5 mm) significant lesions do not require 
routine predilation.

5. The SB guidewire should be jailed behind the MB stent in true 
bifurcation lesions.

6. The MB stent is selected according to distal MB diameter, and 
postdilation or kissing balloon inflations are required to optimize 
the proximal MB stent diameter.

7. Wire crossing through the distal strut following MB stenting is 
recommended.

can be used that include a T technique or a TAP, culotte, or reverse/
internal crush configuration. FFR or new imaging techniques, such as 
optical coherence tomography (OCT), could be of value in the evalu-
ation of the result in the SB after balloon dilation.

The T Technique
The T technique (Fig. 22-5) is probably one of the one most frequently 
utilized strategies to shift from provisional stenting to stenting the 
SB.38,39 This technique consists of advancing a second stent into the SB 
following adequate dilation of the MB stent struts. The stent is posi-
tioned at the ostium of the SB in an effort to minimize any possible 
gap, and a second kissing balloon inflation is performed. In our view, 
the T technique is associated with the risk of leaving a small gap 
between the stent implanted in the MB and the stent implanted in the 
SB; this gap can be a factor that contributes to an uneven distribution 
of the drug, leading to ostial restenosis of the SB.

T Stenting and Small Protrusion
The TAP technique is a modification of the T-stenting technique and 
is based on an intentional minimal protrusion of the SB stent within 
the MB (Fig. 22-6).40,41 This technique can be accomplished in four 
steps: (1) a second stent is advanced into the SB in such a way as to 
minimally protrude (1 or 2 mm) into the MB; (2) a balloon is advanced 
into the MB; (3) the SB stent is deployed as usual (≥12 atm), and the 
MB balloon is simultaneously inflated at the same or higher pressure; 
and (4) both balloons are deflated and removed. This technique is quite 
similar to the V-stenting technique, the only difference being that one 
of the components of the system is a balloon, which is inflated inside 
a stent previously deployed in the MB.

Despite some concerns about stent protrusion into the MB, we have 
been able to perform IVUS in the MB and SB, and when needed, to 
advance additional stents distally into the MB and the SB. Three-year 
clinical follow-up of 95 patients treated with TAP stenting showed a 

FIGURE 22-5	 A	schematic	representation	of	the	T	technique.	MB,	main	
branch;	SB,	side	branch.	
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11. High-pressure proximal stent inflation using a short, noncompli-
ant balloon should be considered for correction of possible proxi-
mal stent distortion after FKBI.

USING TWO STENTS WITH INTENTION TO TREAT
In the event that an operator believes a particular bifurcation will 
require implantation of two stents, one in the MB and the other in the 
SB, several techniques described here are those we consider suitable in 

8. The proximal optimization technique—that is, optimization of the 
stent deployment proximal to the carina by using a short, half-size 
bigger balloon—should be used in any case in which recrossing 
into an SB with either a guidewire or a balloon would be difficult.

9. Kissing balloon inflation for carina reconstruction is mandatory 
with a two-stent technique.

10. Kissing balloon inflations or pressure-wire interrogation should 
be used in provisional stenting when an angiographically signifi-
cant (>75%) SB lesion remains after MB stenting.

FIGURE 22-6	 Example	 of	 T	 stenting	 and	 small	 protrusion	 (TAP)	 technique.	 A,	 Baseline	 angiogram	 presents	 diffuse	 disease	 of	 the	 left	 anterior	
descending	artery	(LAD)	and	ostial/proximal	segment	of	the	diagonal	(Diag)	branch.	B,	Following	stent	implantation	in	proximal	and	mid	segments	
of	the	LAD	and	balloon	angioplasty	at	the	diagonal	branch,	the	result	appears	unsatisfactory.	A	second	stent	is	advanced	in	the	diagonal	branch	
to	minimally	protrude	(1	or	2	mm)	into	the	LAD,	and	the	balloon	is	positioned	in	the	LAD.	C,	The	stent	in	the	diagonal	branch	is	deployed,	and	
the	balloon	in	the	LAD	is	simultaneously	inflated.	D,	Angiographic	view	of	the	final	result.	Transverse	and	longitudinal	views	of	final	intravascular	
ultrasound	in	the	LAD	(E)	and	the	diagonal	branch	(F)	confirm	optimal	stent	position	in	the	diagonal	branch	with	minimal	protrusion	into	the	LAD.	
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with the MB. Although this may be true in most cases, various ana-
tomic conditions exist in which the SB is as important as the MB 
because of both the size and territory of distribution: an LMCA that 
bifurcates into the left anterior descending (LAD) and left circumflex 
(LCx) coronary arteries, an RCA that bifurcates in a posterior descend-
ing artery and a number of posterolateral branches, and a dominant 
LCx that bifurcates into a distal circumflex and a large obtuse marginal 
branch are all examples in which SBs are important vessels that can 
generate a significant amount of ischemia if left with a critical narrow-
ing. As outlined in Figure 22-3, the size of the territory supplied by the 
SB becomes a valuable element to guide the decision to accept a medio-
cre result at the SB ostium (following balloon angioplasty) versus the 
need to have almost 0% residual stenosis following additional SB 
stenting.

The Length of the Lesions Present at the Ostium of the  
Side Branch
Whereas most of the studies have demonstrated that a focal lesion 
present at the ostium of the SB does not prevent a provisional approach, 
the situation may be different when the stenosis extends for several 
millimeters into the SB.

The Angle Between the Main Branch and the Side Branch and 
the Narrowing at the Ostium of the Side Branch
The angle of origin of the SB from the MB can be acute, close to 90 
degrees, or obtuse. The narrower the angle between the two branches, 
the higher the risk of plaque prolapse and compromise of the ostium 
of the SB will be.47 Another element to consider when looking at the 
angle between the two branches is the difficulty to recross into the SB 
following stenting of the MB. The severity of the narrowing at the 
ostium of the SB is another factor that influences placement of two 
stents. An additional variable to be considered is the result obtained 
following balloon dilation of the SB. All these elements mean that the 
decision to implant a second stent may also be made at an intermediate 
time, following predilation of the MB and SB. These considerations 
should not overshadow the point that the decision for one, two, or 
sometimes even three stents (in case of a trifurcation) should be made 
as early as possible. A timely action will affect the result, and it will help 
save time and cost in addition to lowering the risk of complications.

TWO-STENT TECHNIQUES

The Culotte Technique
The culotte technique (Fig. 22-8) uses two stents and leads to full 
coverage of the bifurcation at the expense of an excess of metal cover-
ing the proximal end.45,46 The culotte technique likely provides the best 
coverage of the carina. Important caveats about this approach are that 
with some closed-cell design stents, the opening of the struts toward 
the branches may only reach a maximum diameter of 3 mm. For this 
reason, the culotte technique should be used only with stents that have 
a design that allows full opening of the struts toward both branches 
(open-cell stents). The Nordic complex bifurcation stenting study com-
pared crush or culotte stenting with SESs and demonstrated at 6-month 
follow-up no difference between the two groups in terms of death, MI, 
or repeat revascularization, and clinical outcomes remained similar at 
a 3-year follow-up.19,20

Technique Description
The culotte technique is performed in five steps: (1) both branches are 
predilated; (2) a stent is deployed across the most angulated branch, 
usually the SB; (3) the nonstented branch is rewired through the stent 
struts and dilated; (4) a second stent is advanced and expanded into 
the nonstented branch, usually the MB; and (5) FKBI is performed.

This technique is suitable for all angles of bifurcations and provides 
near-perfect coverage of the SB ostium. One disadvantage is that, like 

the era of DES. The two-stent approach will be reserved only for 
selected true bifurcations following evaluation of additional parame-
ters, which will be discussed.

Size and Territory of Distribution of the Side Branch
The term side branch is a somewhat misleading connotation, and the 
term may convey the idea of a vessel of lesser importance compared 

FIGURE 22-7	 A	schematic	 representation	of	 the	 reverse/internal	crush	
technique.	
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catheter. An angiographic example of the crush technique is presented 
in Figure 22-10. When the angle between the MB and SB is close to 90 
degrees, it is possible to minimize the gap even without crushing the 
SB stent and utilizing the modified T-stenting technique.

Technique Description
This technique is accomplished in six steps. First, both branches are 
wired and fully dilated. Particular attention is paid to dilate the SB, and 
a 6-mm long cutting balloon may be used if it appears that the predilat-
ing balloon does not fully expand at the ostium of the SB. Second, the 
stent for the SB is positioned in the SB, and then the MB stent is 
advanced. In the third step, the SB stent is pulled back into the MB for 
about 2 to 3 mm. This step is verified in at least two projections.

In step four, the stent in the SB is deployed at least at 12 atm. The 
balloon is deflated and removed from the guiding catheter. An angio-
gram is taken to verify that the SB has an appropriate lumen and 
normal flow and that no distal dissection or residual lesions are present. 
If an additional stent is needed in the SB, this is the time to perform 
the implant. Following this check, the wire is removed from the SB, 
and the stent in the MB is fully deployed at high pressure, usually above 
12 atm. An angiogram is taken following removal of the balloon from 
the MB.

Next, in step five, a wire is advanced into the SB aiming to cross 
through the central or proximal strut.53 This maneuver may be time 

the crush, the culotte technique leads to a high concentration of metal 
with a double-stent layer at the carina and in the proximal part of the 
bifurcation. Other disadvantages of the technique are that rewiring 
both branches through the stent struts can be difficult and time con-
suming, and the maximum opening achievable is limited when a stent 
with a closed-cell design is implanted.

The Mini-Crush Technique (Side Branch Stent Crushed by the 
Main Branch Stent)
The crush technique (Fig. 22-9) was born together with DESs.48,49 The 
addition of the word mini highlights the need to decrease as much 
as possible the amount of stent overlap between the SB and MB,  
as described by Galassi and coworkers,49 compared with modified 
T-stenting as described by Kobayashi and others.50 Ormiston and col-
leagues51 reported bench-testing data that stressed the importance of 
FKBI and concluded that appropriate SB and MB postdilation is needed 
to fully expand the stent at the SB ostium, to widen gaps between stent 
struts overlying the SB (facilitating subsequent access), and to prevent 
stent distortion. Since routine performance of the FKBI was adopted, 
restenosis at the ostium of the SB seems to be declining.52

The main advantage of the crush technique is that immediate 
patency of both branches is ensured. This objective is notably impor-
tant when the SB is functionally relevant or if insertion of a guidewire 
proves difficult. The main disadvantage is that the performance of the 
FKBI makes the procedure more laborious because of the need to 
recross multiple struts with a wire and a balloon.

The performance of the crush technique requires a 7- or 8-Fr 
guiding catheter, and the technique commits the operator to the 
implantation of two stents. Later we will describe a modification of  
the crush technique that allows provisional SB stenting and permits 
performing the same or a similar approach utilizing a 6-Fr guiding 

FIGURE 22-8	 A	schematic	representation	of	the	culotte	technique.	

Remove the wire from the stented
branch and cross with a wire and
balloon into the unstented
branch and dilate (MB).

3:

4:Place a second stent into the
unstented branch (MB) and
expand the stent leaving some
proximal overlap.

5:Cross the first stent with a wire
(SB) and perform kissing balloon
inflation.

Wire both branches and
predilate if needed.

1:

2:Remove from or leave the wire
in the more straight branch
(MB) and deploy a stent in the
more angulated branch (SB).

FIGURE 22-9	 A	schematic	representation	of	the	mini-crush	technique.	
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2:Advance the two stents.
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minimally into MB.
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4:Check for optimal result in the
SB and then remove balloon
and wire from the SB.
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pressure dilation.
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6:Perform kissing balloon inflation.
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FIGURE 22-10	 Example	 of	 crush	 stenting	 tech-
nique.	A	and	B,	Baseline	angiogram	of	bifurcation	
lesion	 involving	 left	 anterior	 descending	 artery	
(LAD)	and	a	large	diagonal	branch.	C,	Following	
lesion	predilation,	two	stents	are	positioned,	and	
the	 stent	 in	 the	 LAD	 is	 placed	 more	 proximally	
than	 the	stent	 in	 the	diagonal	branch.	 The	side-
branch	 stent	 is	 inflated	 first	 (diagonal	 branch).	
Note	that	the	long	stent	was	chosen	for	the	diago-
nal	 branch	 to	 also	 cover	 a	 lesion	 distal	 to	 the	
bifurcation	site	(arrows	in	A	and	B).	Optimal	final	
result	 (D	 and	 E)	 was	 maintained	 at	 10-month	
angiographic	follow-up	(F	and	G).	

Diagonal: Cypher 3.0×33 mm

LAD: Cypher 3.0×23 mm
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operators allow a variable amount of protrusion creating sometimes a 
rather long (≥5 mm) double barrel in the proximal MB (SKS). Although 
we recognize that it is impossible to be so accurate as to position the 
stent exactly at the ostium of each branch, we generally try to limit the 
length of the new carina to less than 5 mm. Sometimes it is necessary 
to advance the first stent more distally into the vessel to facilitate the 
advancement of the second stent; this maneuver is essential when the 
kissing stent technique is used to stent a trifurcation using three kissing 
stents (a 9-Fr guiding catheter is needed). Following accurate stent 
positioning, it is important to verify their correct placement in two 
projections before deploying the stents. In our experience, each balloon 
is first inflated individually at high pressure (≥12 atm), whereas other 
operators inflate the balloons simultaneously.

The third step is to inflate both balloons simultaneously. The size 
of the balloon and of the stents is chosen according to the diameter of 
the vessels to be stented. In the event that the reference vessel size 
proximal to the bifurcation is relatively small, and the operator fears 
the risk that the two balloons inflated simultaneously may be oversized, 
the kissing inflation is performed at low pressure (4 atm).

Using the V technique, a metallic neocarina is created within the 
vessel proximal to the bifurcation. Theoretic concerns about the risk 
of thrombosis related to this new carina have not been confirmed.  
The types of lesions we consider most suitable for this technique are 
very proximal lesions, such as a bifurcation of a short LMCA free of 
disease. Ideally, the angle between the two branches should be less than 
90 degrees. The V technique is also suitable for other bifurcations, 
provided that the portion of the vessel proximal to the bifurcation is 

consuming, based on initial experience with this technique. Besides 
trying with the initial floppy wire (Balance Universal, Abbott Vascular 
Devices, Redwood City, CA/Guidant, Santa Clara, CA), the next-best 
choices are the Rinato/Prowater (Asahi Intec, Japan/Abbott Vascular), 
Crossit 100 (Abbott Vascular/Guidant), and Pilot 50 and Pilot 150 
(Abbott Vascular/Guidant). We frequently try first to cross through the 
stent struts into the SB with a 1.5 to 1.25 mm diameter balloon. If this 
very small balloon cannot cross, we consider repositioning the wire 
traversing the stent struts in another spot. If the problem is still present, 
we then try a fixed-wire balloon, such as an ACE (Boston Scientific-
Scimed, Minneapolis, MN). It is important to perform a final dilation 
of the stent toward the SB with a balloon appropriately sized to the 
diameter of this branch and inflated at high pressure (≥12 atm). Finally, 
a second balloon is advanced over the wire that was left in place in the 
MB, and FKBI is performed at 8 atm or more.

Step Crush and Double-Kissing Crush
When a two-stent technique is required as intention to treat, and a 6-Fr 
guiding catheter is the only available approach (radial approach), the 
step crush or the modified balloon crush techniques can be used.54 The 
final result is basically similar to that obtained with the standard crush 
technique, with the only difference being that each stent is advanced 
and deployed separately. The need for a 6-Fr guiding catheter is the 
main reason to utilize this technique.

The DK crush and sleeve techniques are other variants of the crush 
technique that may optimize stent deployment and apposition.55,56 
Importantly, implementation of the DK crush technique decreased the 
12-month rate of TVR compared with a provisional SB stenting strat-
egy in one randomized study.16

Technique Description
The first part of this technique is the same as the standard crush tech-
nique. Then a stent is advanced into the SB, protruding a few millime-
ters into the MB, and a balloon is advanced into the MB over the 
bifurcation. Next, the stent into the SB is deployed, the delivery balloon 
is removed, and an angiogram is performed; if the result is adequate, 
the wire is also removed. The MB balloon is then inflated (to crush the 
protruding SB stent) and removed. Optionally, kissing balloon infla-
tion can be performed at that time (the DK crush technique proposed 
by Chen and associates).16,55 After that, a second stent is advanced into 
the MB and is deployed (usually at ≥12 atm). The steps that follow are 
similar to those of the crush technique and involve recrossing into the 
SB, SB stent dilation, and FKBI.

The V-Stent and the Simultaneous Kissing Stent Techniques
The V-stent (Fig. 22-11) and simultaneous kissing stent (SKS) tech-
niques are performed by delivering and implanting two stents 
together.57,58 One stent is advanced into the SB, and the other is 
advanced into the MB. Both stents are pulled back to create a new 
carina as close as possible to the original one. The main advantage of 
the V technique is that the operator will never lose access to any of the 
two branches. In addition, when an FKBI is performed, there is no 
need to recross any stent. Figure 22-12 shows an example of a V-stenting 
technique performed on the LMCA. When the two stents protrude into 
the MB with the creation of a “double barrel” and a very proximal 
carina, it is referred to as a simultaneous kissing stent.58 We prefer the 
V-stenting technique for selected bifurcation lesions where the lesions 
are distal to the bifurcation (Medina 0,1,1); in the presence of a proxi-
mal stenosis in the MB, we prefer a different approach rather that creat-
ing an overlap with the SKS.

Technique Description
In this technique, both branches are wired and fully predilated. It is 
important to perform an adequate predilation to allow full stent expan-
sion. In step two, the two stents are positioned into the branches with 
a slight protrusion of both stents into the proximal MB. Different 

FIGURE 22-11	 A	schematic	representation	of	the	V	technique.	

Deploy one stent.3:

4: Deploy the second stent.

Some operators deploy the two stents simultaneously.

5: Perform kissing inflation.

Wire both branches and
predilate if needed.

1:

2: Position two parallel stents
covering both branches and
extending into the main branch.
V: minimal protrusion into MB
SKS: double barrel into the MB
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FIGURE 22-12	 Example	of	V-stenting	technique.	A	and	B,	Baseline	angiogram	of	a	left	main	coronary	artery	(LMCA)	bifurcation	lesion,	with	two	
large	branches	and	the	left	anterior	descending	and	left	circumflex	coronary	arteries.	The	V-stenting	technique	was	used	because	the	disease	was	
mainly	at	the	level	of	the	very	distal	LMCA,	and	the	angle	of	the	two	branches	was	favorable	for	a	V-stenting	technique.	C	and	D,	Stent	positioning	
in	two	projections.	E	and	F,	Stent	deployment	and	postdilation	with	4	mm	balloons.	G	and	H,	The	final	result.	
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implantation at the LAD ostium level or stenting the LMCA toward 
the LAD. IVUS guidance has been proposed to assess plaque distribu-
tion before deciding which technique should be applied in a specific 
lesion. Precise stenting of the LAD ostium is feasible in cases with a 
large bifurcation angle and IVUS documentation of absence of disease 
in the distal LMCA. Precise LAD ostial stenting consists of scaffolding 
the counter-carina with a mild protrusion of the stent covering the 
ostium of the circumflex artery. In this technique, the proximal stent 
marker should be positioned just proximal to the angiographic carina 
(the transducer of the IVUS catheter could be filmed when it is posi-
tioned at the level of the carina to provide a reference for subsequent 
stent placement). The two disadvantages of precise ostial LAD stenting 
are that if the device is positioned too proximally, it protrudes into the 
LMCA and may compromise the LCx, making subsequent interven-
tion difficult; or if the ostial LAD lesion is not totally covered by the 
stent, acute recoil and late restenosis can be expected.31 Therefore 
optimal positioning of the stents is critical for the treatment of this 
lesion. Furthermore, with branch ostial disease, involvement of the 
distal LMCA is common, which thus leads to the impending danger 
of incomplete lesion coverage if stenting is not extended to the involved 
LMCA. From this perspective, a left MB ostial lesion is necessarily a 
bifurcation disease, and it should be treated in a similar manner. There-
fore ostial disease of LAD and LCx would ideally be treated percutane-
ously by stenting from the LMCA into the diseased MB with provisional 
SB stenting.31

Approach to Isolated Side Branch Ostial (0,0,1) Bifurcation 
Lesions: Lesions at the Ostium of a Diagonal/Obtuse Marginal/
Posterolateral Branch
Although infrequent, isolated SB ostial lesions (0,0,1) are very chal-
lenging, especially in Y-shaped angulations, and they can become the 
origin of a new lesion in the MB. Each operator should always remem-
ber the “sad story of the ostial diagonal lesion” and be aware that overly 
aggressive treatment of these lesions may not always be the best 
approach; they can lead to trauma of the LAD and can cause a new 
stenosis of this vessel. Unfortunately, we cannot propose an easy solu-
tion to this conundrum other than to alert the operator to this possible 
risk. Occasionally, a simple cutting balloon dilation at the ostium of a 
diagonal branch can be a minimalistic approach.

Brunel and colleagues63 have developed an “inverted” technique for 
the treatment of Medina 0,0,1 lesions, derived from the usual provi-
sional T-stenting. Stent is implanted from the proximal main branch 
through the SB, with reopening of the strut through the distal MB  
and systematic FKBI. Alternative approaches include the use of a single 
short stent (precise ostial positioning is very difficult, and complete 
ostial coverage is difficult to impossible except for a 90-degree bifurca-
tion); also, a shunt technique or dedicated stents can be used.31 One 
strategy to be considered is to evaluate the functional significance, with 
FFR, of the lesion located at the SB; finally, we should not dismiss the 
fact that optimal medical therapy is a reasonable approach.

free of disease and there is no need to deploy a stent more proximally. 
It is quite intuitive how problematic positioning a stent proximal to the 
double barrel would be, with an inevitable bias toward one of the two 
branches and a high likelihood of leaving a gap.

The Y and Skirt Techniques
The Y-stent technique has a particular historic value because it was the 
first bifurcation stenting technique demonstrated in a live-case course.59 
This technique involves an initial predilation, followed by stent deploy-
ment in each branch. If the results are not adequate, a third stent may 
also be deployed in the MB.60 To approximate the stent proximal to the 
already-deployed stents, it is necessary to modify the stent-delivery 
system by placing one stent over two balloons (“skirt” stenting).61 
This technique is the last resort for treating very demanding bifurca-
tions in which uninterrupted wire access to both branches must be 
maintained.

Flower-Petal Stenting
The technique of flower-petal stenting involves implanting a stent in 
the SB with a single strut protruding into the MB; the protruding strut 
closest to the carina is wired and dilated to create a larger strut or 
“flower petal”; this protruding petal is then flattened and plastered 
down over the carina with a series of MB inflations, including an MB 
stent and kissing balloon inflations, thus ensuring complete ostial cov-
erage and scaffolding.62 The most challenging part of this technique is 
wiring a single strut close to the carina, and in its original description, 
it required IVUS guidance and was not always successful. The tech-
nique was modified to allow ex vivo wiring of the proximal strut and 
subsequent balloon insertion into this strut. This approach requires 
partial inflation of the proximal segment of the stent, performed before 
stent insertion in the guiding catheter. Although this creates a bulkier 
dual-wire and balloon system, the technique is suitable for a 6-Fr guide 
catheter and is mainly applied in bifurcation lesions located in the 
distal LMCA.

The key elements of the most frequently used two-stent techniques 
are summarized in Table 22-1. Whereas no definitive statement can be 
made regarding the best strategy to be used when there is a need to 
implant two stents in a bifurcation, in Figure 22-13, we present a sche-
matic approach according to the anatomy of the lesion.

Controversies in the Technical Approach to Isolated Ostial Left 
Anterior Descending or Circumflex Lesions

Approach to Ostial Left Anterior Descending Coronary Artery Lesions
A left main 0,1,0 lesion (ostial LAD) is traditionally considered to be 
unfavorable for percutaneous intervention because of the technical 
difficulty and potential risk of serious complications. Two interven-
tional strategies are traditionally used in this lesion subset: precise stent 

TABLE 22-1 Main Characteristics of Two-Stent Techniques
T/TAP Mini Crush Culotte SKS

Guide	catheter	(Fr) 6 7* 6 7
Provisional	SB	stenting Yes No Possible No
Preserved	GW	access	to	MB Yes Yes No Yes
Preserved	GW	access	to	SB No No No Yes

Bifurcation Angle

<70° Not	ideal Ideal Suitable Suitable
>70° Ideal Not	ideal Not	ideal Not	ideal

MB and SB Diameters

Similar	diameters Suitable Suitable Ideal Ideal
Discrepancy	in	diameters Suitable Ideal Not	ideal Not	ideal

*A	6-Fr	guide	catheter	could	be	used	for	balloon	“step	crush”	and	“double-kissing	crush.”
GW,	Guidewire;	MB,	main	branch;	SB,	side	branch;	SKS,	simultaneous	kissing	stent;	T/TAP,	T	stenting	or	T	stenting	and	protrusion.
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extends 2 mm into the SB. It is the short segment stent or “nipple” 
extending into the SB from which this device derives the name “Petal.” 
This stent is crimped over two balloons, with the SB balloon positioned 
underneath the petal elements. Upon inflation, the MB balloon deploys 
the stent into the main artery, while the side balloon deploys the petal 
into the ostium of the SB. The first generation of this stent, called the 
AST Petal, developed by Advanced Stent Technologies, was a 316 L 
stainless steel slotted-tube design.

Formerly the Frontier System, the Pathfinder everolimus-eluting 
side branch access (SBA), the Abbott Bifurcation Stent (ABS), is a 
chromium-cobalt stent that uses the Xience V DES platform. The ABS 
stent is crimped onto two balloons: the MB balloon, which is mounted 
on a rapid-exchange lumen, extends the length of the stent; the SB 
balloon, which is mounted on an over-the-wire (OTW) lumen, exits 
the stent at the midpoint. The Twin-Rail (Medtronic/Invatec, Brescia, 
Italy) is similar to the Multilink Frontier/Pathfinder/SBA (Abbott Vas-
cular) double-balloon system except that in the latter, the SB balloon 
is a short, tapered balloon, whereas the Twin-Rail uses a full dilation 
balloon.

The Nile Pax (BMS version of the Nile Croco), a polymer-free 
dedicated bifurcation PES, is a 6-Fr–compatible chromium-cobalt 
stent mounted on two independent rapid exchange (Rx) PTCA cath-
eters with a specific SB balloon shape. This stent-delivery system is 
similar to that of the Multi-link Frontier and Twin-Rail, but unlike 
these systems, which comprise a single catheter with a single inflation 
port, the Nile Croco/Pax has two independent yet joined catheters that 
require independent manipulation and pressure monitoring.

The Antares stent (TriReme Medical, Pleasanton, CA), with auto-
matic SB support deployment, consists of a single-balloon, expandable, 
316 L stainless steel stent. It has an SB support structure in the center 
of the stent provided with two radiopaque tantalum markers for posi-
tioning and orienting at the bifurcation site. Stent deployment is 
achieved using a single rapid-exchange balloon catheter and an SB-
stabilizing wire encased in a peel-away lumen to minimize wire cross-
ing. As the stent approaches the targeted bifurcation, the catheter is 
torqued to align the stent’s central opening with the SB ostium. Upon 

Dedicated Bifurcation Stents
The conventional approach to bifurcation PCI still has a number of 
limitations such as (1) maintaining access to the SB throughout the 
procedure; (2) MB stent struts jailing the SB ostium, resulting in dif-
ficulty in rewiring the SB or passing the balloon/stent into the SB 
through the stent struts; (3) distortion of the MB stent by SB dilation; 
(4) inability to fully cover and scaffold the ostium of the SB; (5) inabil-
ity of the stent structure to withstand SB balloon dilation and deforma-
tion; and finally, (6) operator skills and technical experience are a 
consideration.64 Thus far, the main advantage of most dedicated bifur-
cation stents is to allow the operator to perform the procedure on a 
bifurcation lesion without the need to rewire the SB. Dedicated bifurca-
tion stents can be broadly divided into two main categories, the first 
of which includes stents for provisional SB stenting that facilitate or 
maintain access to the SB after MB stenting and do not require recross-
ing of MB stent struts (examples include the Petal, formerly AST, stent, 
[Boston Scientific, Natick, MA]; Multilink Frontier/Pathfinder/SBA 
[Abbott Vascular]; Invatec Twin-Rail [Medtronic/Invatec, Brescia, 
Italy]; Nile Croco/Pax [Minvasys, Genevilliers, France]; Antares 
[TriReme Medical, Pleasanton, CA]; Y-Med SideKick [Y-Med, San 
Diego, CA]; and the Stentys [Stentys SAS, Clichy, France]). These stents 
allow placement of a second stent on the SB if needed. The second 
category includes stents that usually require another stent implanted 
in the bifurcation (examples include the Axxess Plus [Devax, Irvine, 
CA]; Sideguard [Cappella, Auburndale, MA]; and the Tryton [Tryton 
Medical, Newton, MA]). The Tryton and Sideguard are designed to 
treat the SB first and require recrossing into the SB after MB stenting 
for final kissing inflation. The Axxess Plus is the exception because it 
is implanted in the proximal MB at the level of the carina and does not 
require recrossing into the SB but may require the additional implanta-
tion of two further stents in the distal MB and SB to completely treat 
some types of bifurcation lesions.

The TAXUS Petal Bifurcation Paclitaxel-Eluting Stent System 
(Boston Scientific, Natick, MA) is made of a platinum-enhanced alloy 
and is designed to provide a uniform layer of metal in the MB that 

FIGURE 22-13	 Proposed	approach	when	implanting	two	stents	on	a	bifurcation	as	intention	to	treat.	SKS,	Simultaneous	kissing	stents.	
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although efforts to produce dedicated bifurcation stent-delivery 
systems are strongly encouraged and research is fostered, none of the 
currently available systems can challenge the results offered by the 
provisional T-stent strategy in the majority of bifurcation lesions.

Bioresorbable Scaffolds
All randomized trials and registries to evaluate bioresorbable scaffolds 
(BRSs) excluded bifurcation lesions even if the SB was totally free from 
disease. This fact does not mean that current BRSs cannot be implanted 
in bifurcations. When performing BRS implantation in a bifurcation 
lesion, the following points should be clear:
1. The provisional approach should be the default technique.
2. After having implanted the BRS in the MB, if SB dilation is neces-

sary, balloons larger than 2.5 mm should not be used to avoid 
fracture of a connecting bridge between two radial rings.

3. If SB dilation has been performed, it is important to inflate a 
balloon in the MB to correct scaffold malapposition caused by SB 
dilatation.

4. Kissing balloon dilation should be avoided and replaced by sequen-
tial balloon inflation. The MB balloon should be deflated last.

5. When MB and SB stenting is performed with the intention to treat, 
there is the option to utilize a BRS or a metal stent for the SB. A 
BRS can be considered for the SB when the size of this vessel is 
2.5 mm or larger and the angle with the MB is favorable for the T 
technique. When two BRSs are implanted, one in the MB and 
another in the SB, the T technique should be used. The culotte and 
the crush techniques should be avoided to prevent scaffold fractures 
and excessive overlap in consideration of the thickness of the struts. 
When a metal stent is implanted in the SB with the intention to 
treat, we suggest use of the mini-crush technique.

6. When SB stenting is needed as a crossover from provisional stent-
ing, metal stent implantation on the SB should be considered using 
the T or the TAP techniques.

For a more in-depth understanding of BRS stenting in bifurcation 
lesions, we suggest that the reader refer to dedicated reviews.66,67

ROLE OF ADJUNCTIVE PROCEDURES

Rotational Atherectomy
As discussed for ostial lesions, the role of rotablation is important to 
allow optimal stent expansion in lesions with severe superficial calci-
fications. Even if no data are available regarding the role of this technol-
ogy with DESs, we think it is intuitive to aim for optimal stent expansion 
and symmetry. In a setting of a very calcific lesion, this goal can only 
be obtained with adequate lesion preparation.

The main area of discussion is how frequently a calcific lesion 
should be pretreated with rotational atherectomy and when, con-
versely, a high-pressure balloon is sufficient. Except for information 
obtained with IVUS, or when no balloon would cross the lesion, we 
cannot provide additional objective guidelines to make a scientific 
decision. The operator’s judgment remains the most frequent tool dic-
tating the choice of rotational atherectomy. Burr size is typically small 
(1.25 or 1.5 mm) with the intent to modify the plaque, minimizing the 
risk of embolization. In our experience, SB stent underdeployment due 
to inadequate preparation remains the most important cause of reste-
nosis at the ostium of the SB.68

Cutting Balloon
Bifurcation lesions with a fibrotic plaque at the SB ostium are an ideal 
setting for this device. The Restenosis Reduction by Cutting Balloon 
Evaluation (REDUCE III)69 randomized trial evaluated the role of 
cutting balloon dilation before stenting versus standard balloon dila-
tion in a variety of lesions. This trial reported a lower restenosis rate 
(11.8% vs. 18.8%, P = .04) when lesions were predilated with the 
cutting balloon. The fact that the final postprocedure lumen diameter 

expansion of the main stent body, the ostial crown is automatically 
deployed with elements protruding approximately 2 mm into the SB 
to scaffold the ostium. The Antares is similar to the Petal stent but has 
the advantage of tracking over a single wire; and unlike the Petal, which 
uses a balloon to expand the SB elements, the SB elements expand 
automatically with this stent.

The SideKick stent integrates an MB fixed-wire platform with a 
rapid-exchange steerable SB guidewire designed to preserve SB access 
during bifurcation stenting. Three models are available, each with dif-
ferent exit ports (proximal, mid, and distal) that are selected depending 
on the location of the disease in the bifurcation. When the device is 
close to the carina, a guidewire is passed through the SB exit port and 
MB stent struts into the SB, thus avoiding recrossing into the SB.

Stentys is a self-expanding nitinol stent made of a Z-shaped mesh 
linked by small interconnections. The stent is coated on the abluminal 
side with paclitaxel on a durable polymer matrix (poly[ethylene suc-
cinate] [PESU]), a polysulfone that permits controlled drug elution. 
The unique feature of this stent is the ability to disconnect the stent 
struts with an angioplasty balloon. Thus an opening for the SB can be 
created anywhere in the stent after it is implanted in the vessel, while 
at the same time, the disconnected struts scaffold the SB ostium.

The Axxess Plus stent, Devax, (Biosensors, Singapore) is a self-
expanding, nickel-titanium conical stent placed at the level of the 
carina by means of a skirt technique, and it was the first of these dedi-
cated bifurcation stents designed to elute an antirestenotic drug (bio-
limus A9). The Axxess Plus has a rapid-exchange delivery system with 
a hydrophilic coating to allow controlled deployment upon withdrawal 
of a cover sheath using the actuator. However, the Axxess stent may be 
limited by the fact that it needs to be precisely nested at the carina to 
be effective and in most cases will need another stent to treat the 
bifurcation fully.

The Sideguard Ostium Protection Device (Cappella/ArraVasc; 
Galway, Ireland) is a self-expanding trumpet-shaped nitinol stent 
deployed using a special balloon-release sheath system. It is currently 
a BMS, but the next generation will be drug eluting with a biodegrad-
able polymer. Radiopaque markers located at the distal and proximal 
ends of the Sideguard delivery system facilitate positioning of the stent 
at the SB ostium. The stent is deployed using a nominal pressure 
balloon, which helps tear a protective sheath that keeps the Sideguard 
in place until deployment. Once released, the Sideguard self-expands 
into place. The delivery system and the guidewire are then removed 
from the SB. A conventional stent is then placed in the MB, the SB is 
reaccessed with a guidewire, and the procedure is completed with a 
standard FKBI.

The Tryton Side Branch stent (Tryton Medical, Newton, MA) is a 
slotted-tube, cobalt-chromium balloon expandable stent designed for 
implantation in the SB of a bifurcation. The stent consists of three 
zones: (1) a distal SB zone, which treats the disease in the SB; (2) a 
transition zone, which is positioned at the SB ostium; and (3) an MB 
zone. Treatment of a bifurcation with the Tryton stent generally 
commits the operator to implanting two stents in the bifurcation, and 
the technique is identical in approach to that used when performing 
the culotte technique. The Tryton stent is deployed across the SB 
ostium first. A standard MB stent is then tracked through the proximal 
MB zone of the Tryton into the distal MB and is deployed. The MB 
stent struts then have to be recrossed to perform an FKBI. The Ran-
domized Controlled Study to Evaluate the Safety & Effectiveness of the 
Tryton Side Branch Stent Used With DES in Treatment of de Novo 
Bifurcation Lesions in the Main Branch & Side Branch in Native Coro-
naries, did not meet the primary end point of statistical noninferiority 
in patients who underwent stenting of the MV and the SB versus those 
who underwent stenting of the MV alone with a provisional strategy 
to stent the SB if necessary (the composite end point of target-vessel 
failure for the provisional arm was 12.8% and for the Tryton arm it was 
17.4%, P = .108).65

Dedicated bifurcation stents may potentially overcome limitations 
of conventional stents in bifurcations (multiple layers, distortion, 
crossing through the side of the stent, gaps in scaffolding). However, 
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routinely administer a 600-mg loading dose of clopidogrel in the  
catheterization laboratory.70 In our current practice, the duration of 
combined thienopyridine and aspirin treatment following stent 
implantation is usually for a minimum or 6 months and is usually 
extended to 1 year.

CONCLUSIONS
The introduction of DESs has made a remarkable improvement in the 
treatment of bifurcation lesions. However, randomized DES trial data 
from several trials has shown that routine two-vessel stenting does not 
improve either angiographic or clinical outcomes for most patients 
with coronary bifurcation lesions. Therefore provisional SB stenting 
remains the gold standard technique for most bifurcations. Neverthe-
less, many bifurcation lesions require the implantation of two stents 
for the intention to treat, and operators should be confident in such 
settings. Finally, the introduction of the DES dedicated for different 
types of bifurcations may further facilitate the conquest of one of the 
most challenging areas in interventional cardiology.

was larger in the cutting balloon arm and that the late loss was 0.74 mm 
for both strategies leads us to believe the main advantage was better 
stent expansion. As discussed in the context of rotational atherectomy, 
it is difficult to demonstrate that a niche device has an advantage in 
every lesion. For this reason we suggest using the cutting balloon in 
selected moderately calcific and fibrotic lesions, especially when the 
origin of the SB is involved.

Associated Pharmacologic Treatment
When performing bifurcation stenting with one or two stents, we  
do not usually change our protocol of periprocedural heparin admin-
istration (100 U/kg without elective glycoprotein [GP] IIb/IIIa inhibi-
tors and 70U/kg with elective GP IIb/IIIa inhibitors). Usage of GP  
IIb/IIIa inhibitors is reserved for thrombus-containing lesions and 
patients with acute coronary syndromes. GP IIb/IIIa inhibitors are 
sometimes administered when the final result at the SB appears sub-
optimal and the operator does not want to implant another stent. An 
alternative to GP IIb/IIIa inhibitors and heparin is bivalirudin. We 
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Several etiologies contribute to left main coronary artery stenosis 
(Table 23-1). LMCA disease was first described by James Herrick in 

1912 in patients dying of cardiogenic shock after acute myocardial 
infarction (MI).1 Clinically significant LMCA disease has been found 
in 3% to 5% of all patients who undergo coronary angiography and in 
10% to 30% of patients who undergo bypass surgery.2 Although LMCA 
stenosis might be considered an attractive target for balloon angioplasty 
because of its large caliber, short lesion length, and lack of tortuosity, 
the initial results of balloon angioplasty were not favorable but rather 
had a high rate of procedural complications and early mortality.3,4

Histologically, the LMCA has the most elastic tissue of all the coro-
nary vessels, which accounts for the poor response of the LMCA to 
simple balloon angioplasty.5 Use of coronary stents has been shown to 
reduce the immediate need for coronary artery bypass grafting (CABG) 
to treat abrupt vessel closure, as well as the likelihood of restenosis, 
after balloon angioplasty.6 The widespread availability of drug-eluting 
stents (DESs), together with improved stenting techniques, has lowered 
the threshold for performing percutaneous coronary intervention 
(PCI) instead of CABG for LMCA disease. As a result, during the last 
decade, the prevalence of LMCA stenting increased significantly 
worldwide. In addition, several large registries and randomized con-
trolled trials have demonstrated that LMCA stenting yields mortality 
and morbidity rates comparable with CABG.7-9 Thus stenting of unpro-
tected LMCA (ULMCA) stenosis has been considered as a potential 
alternative to CABG.10,11

ANATOMY AND PATHOLOGY
The LMCA arises from the left aortic sinus just below the sinotubular 
junction of the aortic root. In approximately two thirds of patients, the 

LMCA bifurcates into the left anterior descending (LAD) and left 
circumflex (LCX) arteries; in one third of patients, the LMCA trifur-
cates into the LAD, LCX, and ramus intermedius. The LMCA is 
responsible for supplying, on average, 75% of the left ventricle. Exami-
nation of 100 autopsy cases found that the LMCA had an average 
length of 10.8 mm (±5.2 mm, range 2 to 23 mm), an average diameter 
of 4.9 (±0.8) mm, and an average angle of division of the terminal 
branches of 86.7 degrees (±28.8, range 40 to 165 degrees); in addition, 
a positive correlation was found between LMCA length and the angles 
of its terminal branches.12 The anatomic portion of the LMCA stenosis 
is divided into three anatomic regions: the ostium, midshaft, and distal 
bifurcation. Histologically, the ostial portion resembles the aorta, being 
rich in aortic smooth muscle cells and elastic fibers. The distal bifurca-
tion is the part of the LMCA most susceptible to the development of 
an atherosclerotic lesion because of low shear flow disturbance. Espe-
cially in the bifurcation, the lateral wall—that is, the wall opposite the 
flow divider—is the most frequent site of atherosclerotic plaque accu-
mulation, whereas the flow divider (the bifurcation carina) is usually 
spared because of high shear stress.13

The pathologic plaque composition of LMCA disease varies from 
the pathologic intimal thickening to thin-cap fibroatheroma with or 
without plaque rupture.14 In cases that include minimal LMCA disease, 
the most frequent underlying plaque type was pathologic intimal 
thickening (64%) followed by fibroatheroma with early or late core 
(17%). However, most lesions with significant LMCA stenosis, defined 
as more than a 50% narrowing, showed more complex plaques, such 
as fibroatheromas with late core, thin-cap fibroatheroma, surface rup-
tures, fissures, and intraplaque hemorrhage. Recent IVUS analysis 
demonstrated the diffuse nature of atherosclerosis involving both the 
parent (LMCA) segment and both flow dividers (LAD and LCX). Ath-
erosclerotic plaques extend from the LMCA to the LAD in 90% of 
patients and to the LCX in 62% of patients.15

Definition of Significant Left Main Coronary Artery Stenosis
Traditionally, angiographic stenosis diameter of 50% has been consid-
ered a cutoff for significant LMCA stenosis. Angiography, however, has 
limitations in assessing lesion morphology and the true luminal size 
of the LMCA. In addition, noninvasive testing, such as with myocardial 
perfusion imaging (MPI), is often not helpful in the patient with an 
LMCA stenosis. Therefore the intermediate LMCA stenosis should be 
evaluated by the direct measurement of fractional flow reserve (FFR), 
and the stenosis with an FFR below 0.80 is considered the significant 
LMCA stenosis. However, FFR of an intermediate LMCA stenosis 
should be interpreted with caution. Isolated LMCA stenoses are very 
rare, and most stenoses are associated with disease in the LAD and/or 
LCX, both of which tend to increase FFR measured across the LMCA 
stenosis. Therefore reassessment of the functional significance of inter-
mediate LMCA stenosis is recommended after the correction of distal 
coronary artery stenoses.16

In addition, IVUS is a useful tool to determine the functional sig-
nificance of intermediate LMCA stenosis. Jasti and colleagues17 
reported that a minimal luminal area (MLA) of 5.9 mm2 had the 
highest sensitivity and specificity (93% and 95%, respectively) for 
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•	 Significant	left	main	coronary	artery	(LMCA)	disease	should	be	
defined	by	functional	assessment	in	addition	to	angiographic	
stenosis.

•	 The	integrated	use	of	fractional	flow	reserve	(FFR)	and	intravascular	
ultrasound	(IVUS)	improves	outcomes	following	LMCA	stenting.

•	 The	use	of	drug-eluting	stents	significantly	reduces	repeat	
revascularization	following	LMCA	stenting.

•	 Long-term	prognosis	following	ostial	LMCA	stenting	is	excellent.
•	 For	the	distal	LMCA	bifurcation,	single	crossover	stenting	is	better	

than	a	two-stent	technique.	The	decision	between	a	single-	versus	
a	two-stent	technique	should	be	made	by	following	evaluation		
by	IVUS.

•	 When	using	either	the	simple	crossover	or	two-stent	technique,	
achieving	sufficient	minimal	stent	cross-sectional	area	after	LMCA	
bifurcation	stenting	is	important	to	prevent	in-stent	restenosis	and	
adverse	clinical	outcomes.

•	 Outcomes	following	treatment	of	LMCA	disease	with	drug-eluting	
stents	were	similar	to	coronary	artery	bypass	surgery	in	patients	
with	low	and	intermediate	lesion	complexity.
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information about both main and side-branch disease status and vas-
cular remodeling in LMCA bifurcation lesions. Direct imaging of the 
LCX, if possible, is necessary for accurate assessment of the side 
branch, including its ostium, because IVUS evaluation of a side-branch 
ostium from the main vessel is only moderately reliable.20 If the opera-
tors choose to use a single-stent approach, there is always the possibil-
ity of placing a second stent on the LCX, if the result is not optimal. 
This condition is defined as provisional stenting. Usually, a wire in the 
LCX before stenting is needed in cases with (1) narrowing at the LCX 
ostium; (2) severe stenosis of the main branch, with a large plaque 
burden at risk for plaque shifting; (3) a narrow angle of the LCX origi-
nation; and (4) deterioration of the LCX ostium after predilation of the 
main branch. Such dilation is usually recommended to ensure optimal 
balloon expansion and easy stent delivery; however, predilation of a 
side branch is performed only if it is diseased or if it significantly 
deteriorates after dilation of the main branch. Final kissing balloon 
inflation (FKBI) after single-stent crossover in LMCA bifurcation is 
not mandatory if the LCX flow is not compromised. As a bailout pro-
cedure for a suboptimal result or for significant dissection at the ostial 
LCX, provisional T-stenting and a reverse crush technique are popu-
larly used, in which case sequential high pressure in both branches 
with noncompliant balloons followed by an FKBI is also mandatory 
for good long-term outcomes. If the LCX is large (left-dominant 
system) and at high risk of flow compromise after crossover stenting 
(narrow angle and significant ostial stenosis), an initial two-stent tech-
nique is preferred. These techniques fall mainly into four broad catego-
ries: T-stenting, crush stenting, culotte stenting, and simultaneous 
kissing stenting (SKS). Owing to a paucity of data, no consensus has 
been reached as to which two-stent approach might be better than 
others. In both the single-stent or two-stent technique, optimal stent 
expansion is very important to prevent restenosis and other adverse 
clinical outcomes.

Kang and colleagues21 studied the optimal IVUS-derived minimal 
stent cross-sectional area (MSA) criteria for prevention of in-stent 
restenosis (ISR) in 403 patients undergoing sirolimus-eluting stent 
implantation for LMCA stenosis. They classified the LMCA into four 
segments: (1) the LCX ostium, (2) the LAD ostium, (3) the polygon of 
confluence (POC), and (4) the LMCA above the POC. The best IVUS-
MSA criteria that predicted angiographic ISR on a segmental basis 
were 5.0 mm2 for the LCX ostium, 6.3 mm2 for the LAD ostium, 
7.2 mm2 for the POC, and 8.2 mm2 for the proximal LMCA above the 
POC (Fig. 23-1). Therefore the operator should perform IVUS evalu-
ation after stent implantation and should make an effort to achieve 
above the MSA using adjunctive balloon dilation.

determining a significant LMCA stenosis, compared with FFR as the 
gold standard. However, this cutoff may overestimate the actual func-
tional significance of a stenosis, resulting in unnecessary LMCA stent-
ing. Park and colleagues18 recently addressed 112 patients with isolated 
intermediate LMCA stenosis who underwent preinterventional IVUS 
and FFR measurements to determine the IVUS MLA criteria that  
correspond to an FFR below 0.80. They found the IVUS MLA value 
within the LMCA that best predicted FFR below 0.80 was less than 
4.5 mm2 (77% sensitivity, 82% specificity, 84% positive predictive value 
[PPV], 75% negative predictive value [NPV], area under the curve 
[AUC] 0.83; 95% confidence interval [CI], 0.76 to 0.96; P < .001). The 
PPV of IVUS-measured MLA less than 4.5 mm2 is acceptably high; 
thus if an FFR measurement is not feasible, IVUS MLA criteria can  
be used.

STENTING TECHNIQUES

Ostial and Shaft Lesion
Stenting can be performed safely if meticulous guiding technique and 
careful hemodynamic monitoring are performed. Coaxial alignment 
of the guiding catheter is important to minimize ostial injury and to 
ensure proper positioning of the stent. As long as coaxial alignment is 
maintained, it is usually easy to advance and position the balloon at 
the target lesion. Once the balloon is properly positioned, the guiding 
catheter can be gently retracted 1 to 2 cm into the aorta with gentle 
forward pressure on the balloon catheter. The ostial LMCA lesion is 
dilated and stented with the guide tip positioned in the aortic sinus. 
The proximal end of the stent is positioned to protrude very slightly 
outside the ostium and is expanded against the aortic wall, as in any 
standard stenting of an aortoostial lesion. After the deployment of the 
stent, the stented segment is further dilated with high-pressure balloon 
inflations to achieve optimal stent cross-sectional area. Stent size is 
selected based on the reference artery size and lesion length. The 
balloon inflation is brief (<30 seconds) and multiple (more than three 
times) to avoid prolonged global ischemia and ischemia-related com-
plications. Aortoostial coverage is not mandatory for treatment of 
disease limited to the shaft of the LMCA.

Bifurcation Lesion
Because of technical challenges, stenting of LMCA bifurcation disease 
should be restricted to highly skilled interventionalists who under-
stand the risk/benefit ratio of the percutaneous approach. For LMCA 
bifurcation disease, the single-stent technique provides more favorable 
long-term clinical outcomes compared with the two-stent technique. 
Therefore in practice, the single-stent crossover technique is used more 
frequently and is found in approximately 60% of all LMCA bifurcation 
treatments.19 Selection of a single- or two-stent technique should be 
based on disease involvement of the LCX ostium (Table 23-2), because 
side-branch compromise after stent crossover is frequent in the setting 
of significant ostial disease of the side branch. Thus when making the 
choice between a single- or two-stent strategy, IVUS provides accurate 

TABLE 23-1 Causes of Left Main Coronary Artery Stenosis
Atherosclerosis
Nonatherosclerotic	causes
Idiopathic	causes
•	 Irradiation
•	 Takayasu	arteritis
•	 Syphilitic	aortitis
•	 Rheumatoid	arthritis
•	 Aortic	valve	disease
•	 Kawasaki	disease
•	 Cardiac	surgery	or	transcatheter	aortic	valve	implantation
•	 Injury	after	left	main	coronary	intervention

TABLE 23-2 Favorable or Unfavorable Anatomic Features for 
Single-Stent Crossover Stenting in the Treatment of 
Unprotected Left Main Coronary Artery Stenosis

Anatomic Features

Favorable •	 Insignificant	stenosis	at	the	ostial	LCX	with	
Medina	classification	1,1,0	or	1,0,0

•	 Diminutive	LCX	with	<2.5	mm	in	diameter	
right-dominant	coronary	system

•	 Wide	angle	with	LAD
•	 No	concomitant	disease	in	LCX
•	 Focal	disease	in	LCX

Unfavorable •	 Insignificant	stenosis	at	the	ostial	LCX	with	
Medina	classification	1,1,1;	1,0,1;	or	0,1,1

•	 Large	size	of	LCX	with	≥2.5	mm	in	diameter	
left-dominant	coronary	system

•	 Narrow	angle	with	LAD
•	 Concomitant	disease	in	LCX
•	 Diffuse	disease	in	LCX

From	 Moussa	 ID,	 Colombo	 A,	 eds:	 Tips	 and	 tricks	 in	 interventional	 therapy	 of	 coronary	
bifurcation	lesions,	New	York,	2010,	Informa	Healthcare,	p.	135.
LAD,	Left	anterior	descending	coronary	artery;	LCX,	left	circumflex	coronary	artery.
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we strongly recommend mandatory use of IVUS in PCI for unpro-
tected LMCA stenosis.

Fractional Flow Reserve
A fractional flow reserve (FFR) value greater than 0.75 to 0.80 has  
been suggested to be a strong predictor of favorable survival and low 
event rates in patients with intermediate LMCA disease, making it 
useful for the identification of patients in whom deferral of revascu-
larization would be associated with favorable clinical outcomes. In an 
evaluation of patients with intermediate LMCA stenosis, patients with 
an FFR of 0.80 or more treated medically have survival rates compa-
rable to patients with an FFR below 0.80 who underwent CABG. 
Therefore FFR-guided decision making for the treatment of intermedi-
ate LMCA stenosis is associated with favorable prognosis, and inter-
mediate LMCA disease with an FFR greater than 0.75 to 0.80 can be 
safely deferred. In an evaluation of 213 patients with intermediate 
LMCA stenosis, 138 patients with an FFR of 0.80 or more were treated 
medically, whereas 75 patients with an FFR below 0.80 underwent 
CABG. Their 5-year survival rates were 89.8% and 85.4%, respectively 
(P = .48).24 Table 23-3 summarizes key studies that demonstrate FFR-
guided decision making in intermediate LMCA stenosis.17,24-27

Hemodynamic Support
Patients with normal left ventricular (LV) function are tolerant of 
global ischemia during balloon and stent occlusion. Although an 
intraaortic balloon pump (IABP) is not routinely recommended during 
the procedure, it should be used to prevent hemodynamic collapse in 
patients with severely depressed LV function. More advanced support 
using LV assist devices (e.g., Impella; Abiomed, Danvers, MA) may  
be indicated for high-risk patients, such as those with low left ven-
tricular ejection fraction (LVEF), very calcified stenosis, or thrombus-
containing LMCA stenosis.

Medication Versus Revascularization
Most natural studies of medically treated LMCA disease were con-
ducted three decades ago in small numbers of patients (Table 23-4). 
Early observational studies demonstrated that the long-term prognosis 
for patients with medically treated LMCA stenosis was poor, with 
3-year survival rates of 50%.28-30

Controlled trials to compare CABG with medical therapy alone 
found that CABG provided a survival benefit in patients with more 
than 50% LMCA stenosis. In the Veterans Administration (VA) Coop-
erative Study,31 113 patients with LMCA disease were randomly allo-
cated to medical therapy (n = 53) or bypass surgery (n = 60); during 
follow-up (average, 30 months), the long-term mortality rate was sig-
nificantly greater in the medical group than in the surgery group (36% 
vs. 20%). Similar results were observed in the European Coronary 
Surgery Study (ECSS)32 and the Coronary Artery Surgery Study 
(CASS).33 In the CASS study, which included 1492 patients with LMCA 
disease, the 3-year survival rate was 91% for the surgical group and 
69% for the medically-treated group. The subsequent meta-analysis34 
of seven randomized trials demonstrated that the 5-year relative risk 
reduction for mortality provided by CABG over medical therapy was 
greater for LMCA disease than for three-vessel or one- or two-vessel 
disease (odds ratios [ORs] 0.32, 0.58, and 0.77, respectively), and the 
absolute survival benefit time from CABG among patients with LMCA 
disease was 19.3 months.

Bittl and colleagues35 performed a bayesian cross-design and 
network meta-analysis of 12 studies (four randomized clinical trials 
and eight observational studies) that compared CABG with PCI (n = 
4574 patients) and of seven studies (two randomized clinical trials and 
five observational studies) that compared CABG with medical therapy 
(n = 3224 patients). They found that medical therapy is associated with 
higher 1-year mortality than the use of PCI for patients with ULMCA 
stenosis (OR 3.22; 95% bayesian credible interval, 1.96 to 5.30).

ADJUVANT DEVICES AND METHODS

Intravascular Ultrasound
Intravascular ultrasound (IVUS) provides important quantitative and 
qualitative information about coronary artery lesions. It is often diffi-
cult to evaluate the actual size of the LMCA using angiography alone. 
Often the left main trunk is short and lacks a normal segment for 
comparison. In addition, contrast in the aortic cusp sometimes 
obscures the ostium, and “streaming” of contrast may result in a false 
impression of luminal narrowing. Furthermore, angiography underes-
timates stenosis severity; therefore IVUS before stenting provides 
useful information about the selection of adequately sized balloons  
and stents.

In 201 matched pairs from the Revascularization for Unprotected 
Left Main Coronary Artery Stenosis: Comparison of Percutaneous 
Interventional Angioplasty Versus Surgical Revascularization (MAIN-
COMPARE) registry, Park and colleagues22 demonstrated a tendency 
of lower risk of 3-year mortality with IVUS guidance compared with 
angiography guidance (6.0% vs. 13.6%, respectively; log-rank P = .063; 
hazard ratio [HR] 0.54). In particular, for 145 matched pairs of patients 
who received a DES, the 3-year mortality was significantly lower for 
IVUS guidance compared with angiography guidance (4.7% vs. 16.0%, 
respectively; log-rank P = .048; HR 0.39). It is interesting to note that 
the mortality rate started to diverge beyond 1 year after the procedure. 
In contrast, the use of IVUS did not reduce the risk of mortality in 47 
matched pairs of patients receiving a bare-metal stent (8.6% vs. 10.8%, 
respectively; log-rank P = .35; HR 0.59). Therefore IVUS guidance may 
play a role in reducing very late stent thrombosis and subsequent long-
term mortality.22 The Spanish IVUS study also demonstrated the 
importance of IVUS surveillance during LMCA stenting.23 The IVUS-
guided group was associated with a lower incidence of all causes of 
death and stent thrombosis.

IVUS guidance provides information on negative remodeling, ref-
erence vessel size and morphologic complexity, stent underexpansion, 
incomplete lesion coverage, small stent area, large residual plaque, and 
incomplete stent apposition in postinterventional evaluation. For 
LMCA lesions in particular, the use of IVUS is helpful in determining 
a treatment strategy and in optimizing the stent procedure. Therefore 

FIGURE 23-1	 Cut-off	 values	 of	 minimal	 stent	 area	 for	 the	 prediction	
of	 angiographic	 in-stent	 restenosis	 on	 a	 segmental	 basis.	 LAD,	 Left	
anterior	 descending	 artery;	 LCX,	 left	 circumflex	 artery;	 LM,	 left	 main;	
POC,	polygon	of	confluence.	
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Subsequently, several small observational studies have compared 
outcomes of the two types of first-generation DESs in patients with 
LMCA disease.47,48 In a single center, nonrandomized study that com-
pared sirolimus-eluting stents (SESs) with paclitaxel-eluting stents 
(PESs) in 110 patients with LMCA disease, angiographic results and 
long-term clinical outcomes were comparable.47 The Intracoronary 
Stenting and Antithrombotic Regimen: Drug-Eluting Stents for Unpro-
tected Left Main Stem Disease (ISAR–LEFT MAIN)49 randomized trial 
compared SESs and PESs and found them equally effective and safe in 
patients undergoing unprotected LMCA stenting. The study enrolled 
607 patients (305 SES and 302 PES) with relatively high-risk clinical 
characteristics (mean age, 69 years; 30% with diabetes, 40% with acute 
coronary syndrome, 50% with prior PCI) and angiographic character-
istics (63% with distal bifurcation stenosis and 70% with multivessel 
disease). At 12-month follow-up, the incidence of death (6.6% vs. 
5.0%), MI (4.6% vs. 5.0%), stroke (1.0% vs. 1.7%), and major cardiac 
events (death, MI, or revascularization; 15.8% vs. 13.6%) were similar 
in the SES and PES groups, as were angiographic restenosis rates at 6 to 
9 months (19.4% vs. 16.0%) and 2-year revascularization rates (7.8% vs. 
6.5%). The incidence of definite (0.3% vs. 0.7%) and probable (0% vs. 
0.3%) stent thrombosis at 2 years was also similar in the two study arms.

Recently, second- and third-generation DESs have replaced the 
first-generation devices. ISAR–LEFT MAIN 250 compared the safety 
and efficacy of the zotarolimus-eluting stent (ZES) and the everolimus-
eluting stent (EES) for treatment of unprotected LMCA disease. At 1 
year, the cumulative incidence of the primary end point was 17.5% in 
the ZES group and 14.3% in the EES group (relative risk [RR] 1.26; 
95% CI, 0.85 to 1.85; P = .25). All-cause mortality at 1 year was equal 
in the two groups (5.6%; RR 1.00; 95% CI, 0.52 to 1.93; P = .98). Angio-
graphic restenosis occurred in 21.5% of patients in the ZES group and 
in 16.8% in the EES group (RR 1.28; 95% CI, 0.86 to 1.92; P = .24). 
Therefore treatment of LMCA lesions with a ZES or an EES provided 
comparable clinical and angiographic outcomes at 1-year follow-up.

STENT THROMBOSIS AND ANTIPLATELET THERAPY 
AFTER DRUG-ELUTING STENT IMPLANTATION

Since the introduction of the DES, concerns have been raised regarding 
the long-term safety of DES use with particular regard to late stent 
thrombosis and late mortality. Increasing concern over stent thrombo-
sis, which may have catastrophic consequences in patients who received 
ULMCA stenting, and a lack of long-term clinical data have hampered 
the widespread use of PCI with DES as an alternative to CABG. 
However, recent data alleviate some of the concerns about the safety 
of PCI with DES for the treatment of ULMCA disease. Currently, 
reported rates of stent thrombosis in patients who received DES 
implantation for ULMCA disease among several large observational 
and randomized studies have been reported to range between 1% and 
2% within 1 to 3 years (Table 23-5). In addition, recent reports from 
the Synergy Between Percutaneous Coronary Intervention With Taxus 
and Cardiac Surgery (SYNTAX) trial51 found LMCA PCI with DES was 
associated with a lower risk of stent thrombosis. These data suggest 
LMCA PCI with DES results in lower or, at worst, similar rates of stent 
thrombosis compared with patients with other coronary lesions in 
routine clinical practice. Therefore prolonged dual-antiplatelet therapy 
or a more potent regimen may not be necessary for the prevention of 
stent thrombosis after ULMCA stenting.

In-Stent Restenosis After Left Main Coronary Artery  
Drug-Eluting Stenting
In spite of the good initial and long-term outcomes of PCI for LMCA 
stenosis, in-stent restenosis (ISR) remains a challenging problem. The 
rates of angiographic restenosis after LMCA stenting with a DES has 
been found to vary widely, from 8% to 42%.52 Restenotic lesions, 
complex stenting with two or more stents in a bifurcation lesion, the 
total number of stents, and bifurcation lesions were identified as inde-
pendent predictors of ISR.52 The LCX ostium was the most common 

Unprotected Left Main Coronary Artery Stenting
Bare-Metal Stenting
In the past, LMCA intervention has shown acceptable short- and mid-
term outcomes using bare-metal stents (BMSs). The Unprotected Left 
Main Trunk Investigation Multicenter Assessment (ULTIMA) regis-
try36 enrolled 279 patients with ULMCA stenosis who were treated 
with BMSs; of these, 46% were inoperable or at high surgical risk. 
Among these high-risk patients, the in-hospital mortality was 13.7%, 
and the 1-year incidence of all-cause mortality was 24.2%; among the 
32% patients at low-risk (age <65 years, LVEF >30%), no periproce-
dural deaths were reported, and the 1-year mortality rate was only 
3.4%. In a series of elective, low-risk patients who were also not at 
increased risk for CABG, PCI with BMS for ULMCA disease showed 
favorable short- and midterm outcomes (in-hospital mortality, 0% to 
4.3%; mortality at 6 to 12 months, 2.5% to 10.8%).37-41 However, con-
siderable risk of restenosis (18% to 31%) and repeat revascularization 
(7.3% to 33.6%) limit the durability of LMCA stenting with BMS use.

Park and colleagues37 reported data on LMCA stenting in selected 
patients who were good surgical candidates with normal LV function. 
The procedural success rate was 99.1%, and the 6-month restenosis rate 
was 19%. At 2-year follow-up, cardiac death–free survival was 99.1% 
and cardiac event–free survival was 87%. For LMCA bifurcation 
disease, Park and colleagues42 also found that elective stenting for 
LMCA bifurcation (n = 63) in highly selected patients with normal 
LVEF and a large reference vessel might be safe and effective with good 
initial and long-term outcomes. Procedure success was high with no 
major adverse events, and the overall angiographic restenosis rate was 
28%. Moreover, no significant differences were noted in the rates of 
2-year freedom from target-lesion revascularization (TLR) among 
LMCA ostial, shaft, and bifurcation stenting (82%, 86%, and 85%, 
respectively). These data suggest that judicious patient selection may 
be essential to achieve favorable results in LMCA stenting. Unfortu-
nately, patients with poor surgical risks are also poor candidates for 
PCI. Therefore BMS LMCA stenting should be reserved for selected 
patients who have normal LV function, are not candidates for CABG, 
or refuse CABG.

Drug-Eluting Stent Implantation
The DES remarkably decreases in-stent restenosis, and many experi-
enced interventional cardiologists currently perform PCI with DESs 
for patients with ULMCA disease. Although limited by their nonran-
domized nature, small numbers of patients, and short follow-up 
periods, several observational studies have shown promising outcomes 
for PCI using DESs compared with BMSs.43-45 In addition, a meta-
analysis that compared outcomes for DES and BMS use after LMCA 
stenting was reported. A total of 44 studies and 10,342 patients who 
received a DES or BMS were analyzed. The respective (DES vs. BMS) 
cumulative event rates at 3 years were 8.8% and 12.7% for death, 4.0% 
and 3.4% for MI, 8.0% and 16.4% for target-vessel revascularization 
(TVR)/TLR, and 21.4% and 31.6% for major adverse cardiovascular 
events (MACEs). Adjusted outcomes at 3 years favored DES use, 
including the reduction of mortality.46

TABLE 23-4 Long-Term Prognosis of Patients With Left Main 
Coronary Artery Disease Treated Medically or 
Surgically

Authors Year
Follow-Up 
Duration

TREATMENT

Medication CABG

VA31 1976 2.5	yr 64%	(n	=	53) 80%	(n	=	60)

ECSS32 1980 5	yr 68%	(n	=	31) 86%	(n	=	28)

CASS33 1981 4	yr 63%	(n	=	309) 88%	(n	=	1183)

CABG,	Coronary	artery	bypass	grafting;	CASS,	Coronary	Artery	Surgery	Study;	ECSS,	Euro-
pean	Coronary	Surgery	Study;	VA,	Veterans	Administration	Coronary	Artery	Bypass	Surgery	
Cooperative	Study.



 CHAPTER 23  Percutaneous Coronary Intervention for Unprotected Left Main Coronary Artery Stenosis   399

multivessel coronary artery disease (CAD). DESs were placed in 35% 
of PCI patients, and left internal mammary artery (LIMA) grafts were 
used in 72% of CABG patients. At 1 year, the primary end point of 
absolute change in LVEF was significantly greater in the PCI group 
than in the CABG group (3.3% ± 6.7% vs. 0.5% ± 0.8%; P = .047), 
whereas the secondary end points—survival and major adverse cardiac 
or cerebrovascular events (MACCEs)—were comparable in the two 
groups. However, this study was limited by the small number of 
patients and the nonspecific and inconclusive primary end point 
chosen to evaluate treatment effects.

In a subgroup LMCA analysis from the SYNTAX trial,9 PCI dem-
onstrated 12-month rates of MACCE, death, MI, or stroke equivalent 
to those seen after CABG, but a higher rate of TVR was observed in 
the DES arm, which was offset by an increase in the rate of stroke in 
the surgical arm. A post hoc analysis of the patients with LMCA 
disease found that those who also had two- or three-vessel disease had 
a significantly higher rate of MACCEs compared with those with 

location of the restenosis.53 Both underexpansion of stents and neointi-
mal hyperplasia were the most important mechanisms of ISR.54 Real-
world registry studies reported that most patients with left main ISR 
were treated by PCI (drug-eluting stenting or balloon angioplasty), and 
approximately 10% of patients received CABG as an initial treatment 
strategy.55 Long-term outcome was favorable regardless of revascular-
ization strategies. The Asan Medical Center registry found that in 
patients with ISR treated by repeated revascularization or medical 
treatment, the rate of MACE at 3 years was 87%, no patients died, 1 
patient experienced acute MI, and 6 patients received repeated revas-
cularization. In addition, the angiographic surveillance did not affect 
the patient’s long-term outcomes; therefore a routine angiographic 
follow-up was not recommended.52

Comparison of Percutaneous Coronary Intervention Versus 
Coronary Artery Bypass Grafting in Unprotected Left Main 
Coronary Artery Stenosis

Registry Data
The MAIN-COMPARE registry arose from a large, multicenter, long-
term follow-up study to compare PCI with BMS or DES and CABG 
for ULMCA disease. This registry included 2240 patients with unpro-
tected LMCA disease who underwent stenting (BMS 318, DES 784) or 
CABG (1138) at 12 major cardiac centers in Korea.7 At 3 years after 
propensity matching, the risks of death and the composite of death, 
Q-wave MI, or stroke were similar in the PCI and CABG groups, and 
these results were consistent when either BMS or DES was compared 
with concurrent CABG. However, the rate of TVR was significantly 
lower in the CABG group than in the PCI group, with hazard ratios 
varying by the type of stent. DES recipients were almost sixfold more 
likely, and BMS recipients were almost tenfold more likely, to require 
revascularization compared with those who underwent surgery. In the 
5-year results of the MAIN-COMPARE registry,56 after adjustment for 
differences in baseline risk factors with the inverse probability of treat-
ment weighting, the 5-year risk of death (HR 1.13; 95% CI, 0.88 to 1.44, 
P = .35) and the combined risk of death, Q-wave MI, or stroke (HR 
1.07; 95% CI, 0.84 to 1.37, P = .59) were not significantly different for 
patients undergoing stenting versus those undergoing CABG (Fig. 
23-2). The risk of TVR was significantly higher in the stenting group 
than in the CABG group (HR 5.11; 95% CI, 3.52 to 7.42; P = .001).

Randomized Trials
The Left Main Coronary Artery Stenting (LE MANS)57 trial was the 
first randomized comparison of PCI with stenting (52 patients) and 
CABG (53 patients) for treatment of ULMCA stenosis with or without 

TABLE 23-5 The Incidence of Stent Thrombosis After Drug-Eluting Stent Implantation for Left Main Coronary Artery Stenosis

Study Name N Stent

STENT THROMBOSIS (%)

Follow-Up Duration (yr)Definite Definite or Probable

MAIN-COMPARE7 784 DES 1.5 — 5

DELTA61 1874 Cypher	(938)	Taxus	(893)	
Endeavor	(4)	Xience	V	(43)

1.1 1.7 3.5

ASAN	MAIN62 176 Cypher — 1.8 5

PRECOMBAT8 300 Cypher 0.3 — 2

PRECOMBAT	253 334 Xience	V 0 0 1.5

ISAR-LEFT-MAIN49 302 Taxus 0.3 0.3 2
305 Cypher 0.7 1.0 2

ISAR-LEFT-MAIN	250 324 Endeavor 0.6 0.9 1
326 Xience	V 0.6 0.6 1

SYNTAX58 357 Taxus 5.1 5

Chieffo	et	al63 731 DES 0.5 1.0 2.5

EXCELLENT64 160 Xience	V — 0.6 1
115 Cypher — 1.7 1

FIGURE 23-2	 Hazard	ratios	for	clinical	outcomes	of	stenting	with	refer-
ence	 to	 bypass	 surgery	 among	 propensity-matched	 cohorts	 in	 the	
MAIN-COMPARE	registry.7	The	risk	of	death	or	the	composite	of	death,	
Q-wave	myocardial	infarction	(MI),	or	stroke	were	similar,	but	the	risk	
of	revascularization	was	significantly	higher	in	the	percutaneous	coro-
nary	intervention	(PCI)	patients.	CABG,	Coronary	artery	bypass	grafting;	
NS,	not	significant.	

Hazard ratio
1.0 to

concurrent
CABG

Death

1.18 1.04 1.36 1.10 0.86
1.40

4.76

10.70

5.96

P = NS P = NS

MAIN-COMPARE REGISTRY

P < .001

Composite of death,
Q-wave MI, or stroke

Target-vessel
revascularization

All PCI patients (n = 542 pairs)

Bare-metal stents (n = 207 pairs)

Drug-eluting stents (n = 542 pairs)
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patients in the CABG group (cumulative event rates of 17.5% and 
14.3%; HR, 1.27; 95% CI, 0.84 to 1.90; P = .26). The two groups did not 
differ significantly in terms of death from any cause, myocardial infarc-
tion, or stroke as well as their composite (8.4% and 9.6%; HR, 0.89; 95% 
CI, 0.52 to 1.52; P = .66). Ischemia-driven target vessel revasculariza-
tion occurred more frequently in the PCI group than in the CABG 
group (11.4% and 5.5%; HR, 2.11; 95% CI, 1.16 to 3.84; P = .012).59

Another small randomized trial by Boudriot and colleagues60 com-
pared sirolimus-eluting stenting (n = 100) with CABG (n = 101) in 
patients with ULMCA disease. The primary end point was noninferi-
ority in freedom from MACE (cardiac death, MI, and TVR) at 12 
months. At 1 year, the incidence of the primary end point was 13.9% 
in the CABG group and 19.0% in the PCI group (P = .19 for noninfe-
riority). The combined rates for death and MI were similar (7.9% in 
CABG vs. 5.0% in PCI), but repeat revascularization was significantly 
higher in the PCI group (14.0% vs. 5.9% of CABG).

CURRENT STATUS OF LEFT MAIN CORONARY  
ARTERY STENTING

The current PCI guideline for the treatment of LMCA stenosis was 
recently updated to a class IIb indication with a B level of evidence 
from the American College of Cardiology/American Heart Associa-
tion and European Society of Cardiology (Table 23-7).10 In addition, 
the European Society of Cardiology and the European Association for 
Cardio-Thoracic Surgery reported the indications for LMCA stenting 
relative to CABG11: (1) isolated or single-vessel disease, ostium/shaft, 

LMCA disease alone or in combination with one-vessel disease (1VD; 
19.8% and 19.3% vs. 7.1% and 7.5%, respectively). The 5-year outcomes 
of SYNTAX were reported58 with no significant differences in the rates 
of death (12.8% vs. 14.6%; P = .94), MI (8.2% vs. 4.8%; P = .2), and 
MACCEs (36.9% vs. 31.0%; P = .14) between PCI and CABG patients. 
However, the stroke rate was lower (1.5% vs. 4.3%; P = .03), and the 
revascularization rate was higher (26.7% vs. 15.5%; P = .003) after PCI 
(Table 23-6). Patients with high SYNTAX scores—that is, those with 
increased lesion numbers and complexity—had higher death and 
revascularization rates in the PCI arm. It should be noted that the 
analysis for ULMCA disease was not the primary objective analysis but 
rather the post hoc analysis, which was hypothesis generating.

The Premier of Randomized Comparison of Bypass Surgery Versus 
Angioplasty Using Sirolimus-Eluting Stent in Patients With Left Main 
Coronary Artery Disease (PRECOMBAT) trial8 randomized 600 
patients with ULMCA to either CABG or PCI with SES in a noninferi-
ority study in Korea. PCI was noninferior to CABG for the 1-year 
MACCE rate, which was the primary end point, (absolute difference, 
2%; upper margin of 95% CI, 5.6%; HR 1.56; P for noninferiority = 
.011). At 2 years, the MACCE rate (12.2% vs. 8.1%; HR 1.5; 95% CI, 0.9 
to 2.52; P = .12) and the composite rate of death, MI, or stroke (4.4% vs. 
4.7%; HR 0.92; 95% CI, 0.43 to 1.96; P = .83) remained comparable 
between the PCI and CABG groups. However, the 2-year rate of 
ischemia-driven TVR was significantly higher in the PCI group than in 
the CABG group (9% vs. 4.2%; HR 2.18; 95% CI, 1.1 to 4.32; P = .022). 
Recently, the 5-year outcome of PRECOMBAT study was published. At 
5 years, MACCE occurred in 52 patients in the PCI group and 42 

TABLE 23-6 Summary of 5-Year Outcomes of PRECOMBAT Trial and LM Subset From SYNTAX Trial

Clinical Outcomes

PRECOMBAT TRIAL7 SYNTAX TRIAL61

Surgery
(N = 300)

Stents
(N = 300) HR (95% CI) P value

Surgery
(N = 348)

Stents
(N = 357) HR (95% CI) P value

MACCE 14% 18% 1.27	(0.84-1.90) .26 31% 37% 1.23	(0.95-1.59) .12

All	death/stroke/MI 10% 8% 0.89	(0.52-1.52) .66 21% 19% 0.91	(0.65-1.27) .57

All	death 8% 6% 0.73	(0.39-1.37) .32 15% 13% 0.88	(0.58-1.32) .53

Cardiac	death 7% 4% 0.54	(0.26-1.13) .10 7% 9% 1.23	(0.71-2.11) .46

Stroke 1% 1% 0.99	(0.14-7.02) .99 4% 2% 0.33	(0.12-0.92) .03

MI 2% 2% 1.20	(0.37-3.93) .76 5% 8% 1.67	(0.91-3.10) .10

Revascularization 14% 13% 1.86	(1.09-3.17) .020 16% 27% 1.82	(1.28-2.57) <.001

CABG,	Coronary	artery	bypass	grafting;	CI,	confidence	 interval;	HR,	hazard	 ratio;	LMCA,	 left	main	coronary	artery;	MACCE,	major	adverse	cardiac	and	cerebrovascular	events,	 including	
death,	stroke,	myocardial	infarction,	and	repeat	revascularization;	MI,	myocardial	infarction;	PCI,	percutaneous	coronary	intervention.

TABLE 23-7 The American College of Cardiology/American Heart Association/European Society of Cardiology Guidelines for Elective 
Percutaneous Coronary Intervention for Unprotected Left Main Coronary Artery Disease

Guidelines Class of Recommendation LOE

ACC/AHA	201110 IIa—For	SIHD	when	both	of	the	following	are	present: B

•	 Anatomic	conditions	associated	with	a	low	risk	of	PCI	procedural	complications	and	a	high	likelihood	of	good	long-term	
outcome	(e.g.,	a	low	SYNTAX	score	[≤22],	ostial	or	trunk	left	main	stenosis)

•	 Clinical	characteristics	that	predict	a	significantly	increased	risk	of	adverse	surgical	outcomes	(e.g.,	STS-predicted	risk	of	
operative	mortality	≥	5%)

IIb—For	SIHD	when	both	of	the	following	are	present: B

•	 Anatomic	conditions	associated	with	a	low	to	intermediate	risk	of	PCI	procedural	complications	and	an	intermediate	to	
high	likelihood	of	good	long-term	outcome	(e.g.,	low-intermediate	SYNTAX	score	<33,	bifurcation	left	main	stenosis)

•	 Clinical	characteristics	that	predict	an	increased	risk	of	adverse	surgical	outcomes	(e.g.,	moderate-severe	COPD,	
disability	from	prior	stroke,	or	prior	cardiac	surgery;	STS-predicted	risk	of	operative	mortality	>2%)

III—For	SIHD	in	patients	(vs.	performing	CABG)	with	unfavorable	anatomy	for	PCI	and	who	are	good	candidates	for	CABG B

ESC	201411 IIa—Left	main	(isolated	or	1VD,	ostium/shaft) B

IIb—Left	main	(isolated	or	1VD,	bifurcation)/left	main	+	2VD	or	3VD,	SYNTAX	score	≤32 B

IIIb—Left	main	+	2VD	or	3VD,	SYNTAX	score	≥33 B

ACC,	American	College	of	Cardiology;	AHA,	American	Heart	Association;	CABG,	coronary	artery	bypass	graft;	COPD,	chronic	obstructive	pulmonary	disease;	ESC,	European	Society	of	Cardiol-
ogy;	LOE,	 level	of	evidence;	PCI,	percutaneous	coronary	 intervention;	SIHD,	stable	 ischemic	heart	disease;	STS,	Society	of	Thoracic	Surgeons;	SYNTAX,	Synergy	Between	PCI	With	Taxus	
and	Cardiac	Surgery;	VD,	vessel	disease.
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class IIa B; (2) isolated or single-vessel disease, distal bifurcation, class 
IIb B; (3) left main plus two- or three-vessel disease, SYNTAX score 
32 or less, class IIb B; and (4) left main plus two- or three-vessel disease, 
SYNTAX score 33 or greater, class III B. Therefore DES implantation 
is currently considered an alternative option for selected patients with 
ULMCA disease.

CONCLUSIONS
Current evidence from clinical trials and extensive off-label experience 
indicates that stenting yields mortality and morbidity rates that 

compare favorably with CABG, especially in patients with low and 
intermediate lesion complexity; this may prompt many interventional 
cardiologists to choose PCI with a DES as a good treatment option for 
patients with LMCA disease. Large randomized clinical trials with 
long-term follow-up, such as the Evaluation of Xience Prime Versus 
Coronary Artery Bypass Surgery for Effectiveness of Left Main Revas-
cularization (EXCEL) will provide more data. An integrated approach 
that combines more advanced devices with specialized techniques, 
adjunctive physiologic and imaging support, and adjunctive pharma-
cologic agents has greatly improved PCI success rates and long-term 
clinical outcomes for these complex lesions.
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Although various definitions of multivessel disease have been used 
in different studies, in clinical terms, this term generally refers to 

the presence of two- or three-vessel disease as delineated by coronary 
angiography. Patients with three-vessel coronary disease or two-vessel 
disease with proximal left anterior descending (LAD) coronary artery 
involvement represent a subgroup of patients with CAD in whom 
survival benefit with bypass surgery has been clearly established.1 Over 
the years, considerable advances have been made in revascularization 
techniques by means of both CABG and PCI. With the constant evolu-
tion of techniques has come a tremendous interest in comparing the 
outcomes of these modalities with a view to determining appropriate 
clinical practice. In broad terms, the clinical studies that have com-
pared CABG with PCI can be viewed in terms of three major groups 
when evaluated from the standpoint of important developments in the 
history of PCI. With the advent of percutaneous transluminal coronary 
angioplasty (PTCA), multiple studies were conducted to compare 
PTCA with CABG; these represent the first group of studies to compare 
PCI with CABG. The development of coronary stents had led to a 
second series of comparisons of PCI with stenting to CABG. Important 
lessons have been learned from both of these groups of studies, and 
the findings of the important literature from this period will be pre-
sented below. With the arrival of the drug-eluting stents (DESs), more 
recent studies have continued to focus on comparisons of PCI with 
drug-eluting stenting to CABG. This last group of studies is the most 
relevant to contemporary clinical practice; it will be discussed in detail 
because it continues to evolve with the application of second- and 
third-generation DES devices, which now include different drugs and 
different polymer strategies such as biodegradable polymers. In addi-
tion, data are now available on completely biodegradable vascular scaf-
folds. This later group of devices may develop to become a fourth major 
group in the history of percutaneous revascularization.

PERCUTANEOUS CORONARY BALLOON  
ANGIOPLASTY VERSUS CORONARY ARTERY  
BYPASS GRAFTING

Multiple trials have compared the outcomes of patients with multives-
sel disease revascularized by balloon angioplasty versus CABG. Impor-
tant landmark studies on this subject are summarized below.

The Bypass Angioplasty Revascularization Investigation (BARI)
In the BARI trial,2 symptomatic patients with multivessel CAD (N = 
1829) were randomly assigned to initial treatment with PTCA or 
CABG. The 10-year survival was 71% for PTCA and 73.5% for CABG 
(P = .18). At 10 years, the PTCA group had substantially higher sub-
sequent revascularization rates compared with the CABG group 
(76.8% vs. 20.3%, P < .001), but the angina rates for the two groups 
were similar. In the subgroup of patients who had not been treated for 
diabetes, survival rates were nearly identical by randomization (PTCA 
77% vs. CABG 77.3%, P = .59). In the subgroup who had been treated 
for diabetes, the CABG group had higher survival compared with the 
PTCA group (57.8% vs. 45.5%, respectively; P = .025; Figs. 24-1 
through 24-3).

The Randomized Intervention Treatment of Angina (RITA)
In the RITA trial,3 1011 patients with coronary heart disease (45% 
single-vessel and 55% multivessel disease) were randomly assigned  
to initial treatment with PTCA or CABG. The median follow-up  
was 6.5 years. The primary end point of death or nonfatal MI  
occurred in 17% of the PTCA group and in 16% of the CABG group 
(P = .64). Subsequent nonrandomized CABG was undertaken in 134 
(26%) of the PTCA group, and a second CABG was undertaken in 14 
(3%) of the CABG group. In the PTCA group, 138 patients (27%) 
required an additional nonrandomized PTCA at some point; 45 of 
these also required a nonrandomized CABG. In the CABG group, 47 
(9%) required nonrandomized PTCA subsequently; 7 of these also 
required a second CABG. The prevalence of angina was consistently 
higher in the PTCA group, with an absolute average 10% increase 
compared with the CABG group (P < .001).

The German Angioplasty Versus Bypass Surgery  
Investigation (GABI)
The GABI trial4 compared the outcomes in patients 1 year after com-
plete revascularization with CABG or PTCA. A total of 8981 patients 
with multivessel CAD were randomly assigned to undergo CABG (177 
patients) or PTCA (182 patients). During the first year of follow-up, 
further interventions were necessary in 44% of the patients in the 
PTCA group (repeated PTCA in 23%, CABG in 18%, and both in 3%) 
but in only 6% of the patients in the CABG group (repeated CABG in 
1% and PTCA in 5%, P < .001). One year after treatment, 74% of the 
patients in the CABG group and 71% of those in the PTCA group were 
free of angina.

The Emory Angioplasty Versus Surgery Trial (EAST)
EAST5 was a single-center, randomized comparison of a strategy of 
initial coronary angioplasty (n = 198) or CABG (n = 194) for patients 
with multivessel CAD. The primary end point of death, MI, or a large 
ischemic defect at 3 years was not different, and repeat revasculariza-
tion was significantly greater in the angioplasty group. Survival at 8 
years was 79.3% in the angioplasty group and 82.7% in the surgical 
group (P = .40). Patients with proximal LAD stenosis and those with 
diabetes tended to have better rates of late survival with surgical inter-
vention, although this did not reach statistical significance. After the 

24 Complex and Multivessel Percutaneous 
Coronary Intervention
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K E Y  P O I N T S

•	 In	patients	with	less	complex	angiographic	multivessel	disease,	
percutaneous	coronary	intervention	(PCI)	is	associated	with	the	
same	frequency	of	death	and	myocardial	infarction	(MI)	as	
coronary	artery	bypass	grafting	(CABG).

•	 In	patients	with	more	complex	angiographic	multivessel	disease,	
PCI	is	associated	with	an	increased	frequency	of	death	and	MI	
compared	with	CABG.

•	 In	most	diabetic	patients	with	multivessel	disease,	CABG	is	the	
preferred	revascularization	strategy.

•	 Patients	with	multivessel	coronary	artery	disease	(CAD)	represent	
an	important	group	of	patients	and	provides	a	mortality	benefit.
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95% CI, 1.09 to 2.16; P = .012); this association was present in both 
sexes but was significant only in females.

The Argentine Randomized Trial of Percutaneous  
Transluminal Coronary Angioplasty Versus Coronary Artery 
Bypass Surgery (ERACI)
In ERACI,7 127 patients who had multivessel CAD and a clinical indi-
cation for myocardial revascularization were randomized to undergo 
coronary angioplasty (n = 63) or bypass surgery (n = 64). At 3 years, 
freedom from combined cardiac events—death, Q-wave MI, angina, 
and repeat revascularization procedures—was significantly greater for 
the bypass surgery group compared with the coronary angioplasty 
group (77% vs. 47%, P < .001). No differences were reported in overall 
mortality (4.7% vs. 9.5%, P = .5) and cardiac mortality (4.7% vs. 4.7%) 
or in the frequency of MI (7.8% vs. 7.8%, P = .8) between the two 
groups. However, patients who had bypass surgery were more fre-
quently free of angina (79% vs. 57%, P < .001) and required fewer 
additional reinterventions (6.3% vs. 37%, P < .001) compared with 
patients who had coronary angioplasty.

Summary
Although perhaps no longer directly relevant to current clinical prac-
tice, these early trials yielded two important findings:
1. Survival in patients with multivessel disease was found to be similar 

for PTCA and CABG except in patients with diabetes, for whom 
CABG was advantageous.

2. The key difference between the procedures was found to lie in the 
substantially greater need for revascularization procedures in 
patients treated with PTCA.

With the development of coronary stents, it was clearly established that 
stenting was associated with a lower risk of repeat revascularization 
procedures compared with balloon angioplasty alone. This led to a 
second series of comparisons of CABG with PCI, this time with the 
use of coronary artery stents. These trials are summarized later.

PERCUTANEOUS CORONARY INTERVENTION WITH 
BARE-METAL STENTING VERSUS CORONARY ARTERY 
BYPASS GRAFTING

Arterial Revascularization Therapies Study (ARTS)
In the ARTS trial,8 a total of 1205 patients were randomly assigned to 
CABG (n = 605) or stent implantation (n = 600). At 5 years, no 

first 3 years, repeat interventions remained relatively equal for both 
treatment groups.

The Coronary Angioplasty Versus Bypass Revascularization 
Investigation (CABRI)
CABRI6 was a multinational, multicenter, randomized trial to compare 
the strategies of revascularization with CABG and PTCA in patients 
with symptomatic multivessel CAD. Of the 1054 patients recruited, 513 
were randomized to CABG and 541 to PTCA. After 1 year of follow-up, 
2.7% of those randomized to CABG and 3.9% of those randomized to 
PTCA had died, a difference that was not statistically significant. 
However, patients randomized to PTCA required significantly more 
reinterventions; at 1 year, only 66.4% required a single-vessel revascu-
larization procedure compared with 93.5% of patients randomized to 
CABG (relative risk [RR], 5.23; 95% confidence interval [CI], 3.90 to 
7.03; P < .001). The patients in the PTCA group took significantly more 
medication at 1 year (RR, 1.30; 95% CI, 1.18 to 1.43; P < .001). They 
were also more likely to have clinically significant angina (RR, 1.54; 

FIGURE 24-1	 Revascularization	 in	 BARI.	 Blue	 line,	 coronary	 artery	
bypass	grafting	(CABG).	Purple	 line,	percutaneous	transluminal	coro-
nary	angiography	(PTCA).	(Modified	from	BARI	investigators:	The	final	
10-year	 follow-up	 results	 from	 the	 BARI	 randomized	 trial.	 J	 Am	 Coll	
Cardiol	49[15]:1600-1606,	2007.)
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nary	angiography	(PTCA).	(Modified	from	BARI	inves-
tigators:	 The	 final	 10-year	 follow-up	 results	 from	 the	
BARI	randomized	trial.	J	Am	Coll	Cardiol	49[15]:1600-
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The cumulative survival rates at 10 years for patients assigned to 
each group were 74.9% for PCI, 75.1% for CABG, and 69.0% for 
medical therapy (P = .089). In terms of nonfatal MI, CABG was signifi-
cantly superior to PCI and medical therapy at the 10-year (P = .016) but 
not the 5-year (P = .785) follow-up. The incidence of uncomplicated MI 
was 8.3% and 10.3% at the 5- and 10-year follow-up, respectively, in the 
CABG group. In the PCI arm, 11.2% and 13.2% had had an uncompli-
cated MI at the follow-up at 5 and 10 years, respectively. In the medical 
therapy group, 15.3% and 20.7% had experienced an uncomplicated or 
nonfatal MI by the 5- and 10-year follow-up, respectively.

At 5-year follow-up, 3.4% of those in the CABG group required PCI 
compared with 24.1% for patients in the medical-therapy group and 
32.2% in the PCI group, respectively (P = .021). At 10-year follow-up, 
additional interventions were needed in 7.4% of patients in the CABG 
group compared with 41.5% for patients in the PCI group and 39.4% 
for those in the medical-therapy group because of uncontrolled angina 
(P < .001). Patients treated with surgery were most likely to be free of 
angina symptoms after 10 years of follow-up. In the medical-therapy 
group, 43% were free of angina symptoms after the 10-year follow-up 
compared with 64% in the CABG group and 59% in the PCI group.

In terms of cardiac death, 20.7%, 10.8%, and 14.1% had died of MI 
in the medical-therapy, CABG, and PCI groups by 10-year follow-up, 
respectively (P = .019). The incidence of stroke was similar at 6.9% in 
those who received medical therapy, 8.4% in the CABG group, and 
5.4% in the PCI group (P = .550) at 10 years.

Stent or Surgery Trial (SoS)
The aim of the SoS trial12 was to assess the effect of stent-assisted PCI 
versus CABG in the management of patients with multivessel disease. 
In 53 centers in Europe and Canada, symptomatic patients with mul-
tivessel CAD were randomized to CABG (n = 500) or stent-assisted 
PCI (n = 488) and were followed for a median of 2 years. In the PCI 
group, 21% of patients (n = 101) required additional revascularization 
procedures compared with 6% (n = 30) in the CABG group (P < .0001). 
At a median follow-up of 6 years, 53 patients (10.9%) died in the PCI 
group compared with 34 (6.8%) in the CABG group (HR, 1.66; 95% 
CI, 1.08 to 2.55; P = .022). The incidence of death or Q-wave MI was 
similar in both groups (PCI 9%, n = 46; CABG 10%, n = 49; P = .80). 
Fewer deaths were reported in the CABG group than in the PCI group 
(PCI 5%, n = 22; CABG 2%, n = 8; P = .01). This seemed to result, at 
least in part, from a higher proportion of noncardiovascular deaths  
in the PCI arm (from cancer) compared with the CABG arm. Addi-
tionally, the mortality rate in the CABG group was lower than the rates 

significant difference in survival was seen between the stent and CABG 
groups (8% for stents vs. 7.6% for CABG, P = .83). In a subgroup of 
208 patients with diabetes, mortality trended higher in the stent group 
(13.4%) compared with the CABG group (8.3%; P = .27). The overall 
freedom from death, stroke, or MI was not significantly different 
between the groups (18.2% in the stent group vs. 14.9% in the surgical 
group, P = .14). However, the incidence of repeat revascularization was 
significantly higher in the stent group (30.3%) than in the CABG group 
(8.8%, P < .001). The composite event-free survival rate was 58.3% in 
the stent group and 78.2% in the CABG group (P < .0001). This differ-
ence was largely driven by the differences in revascularization rates.

Angina With Extremely Serious Operative Mortality  
Evaluation (AWESOME)
In the AWESOME study,9 patients from 16 Veterans Affairs Medical 
Centers were screened to identify those with myocardial ischemia 
refractory to medical management and the presence of one or more 
risk factors for adverse outcome with CABG. A total of 232 patients 
were randomized to CABG, and 222 were randomized to PCI. The 
30-day survivals for CABG and PCI were 95% and 97%, respectively. 
At 36 months, no significant difference in survival was reported: it was 
79% and 80% for CABG and PCI, respectively. However, a difference 
was seen in survival free of revascularization: 66% and 44% for CABG 
and PCI, respectively (P = .001).

The Medicine, Angioplasty, or Surgery Study (MASS-II)
MASS-II10 included 611 patients who were randomly assigned to 
undergo CABG (n = 203), PCI (n = 205), or medical therapy (n = 203). 
The inclusion of the medical-therapy arm made this trial different from 
many of the other studies. The rates of event-free survival—namely, 
the combined incidence of overall mortality, MI, or refractory angina 
that required revascularization—were significantly different among 
patients in the three therapeutic groups at 5-year (P = .0026) and 
10-year (P < .0001) follow-up. Pairwise treatment comparisons of the 
primary end points at 5-year follow-up demonstrated no significant 
difference between PCI and medical therapy (hazard ratio [HR], 0.93; 
95% CI, 0.67 to 1.30). At 10-year follow-up, this comparison continued 
to demonstrate a nonsignificant difference between the PCI and 
medical-therapy groups (HR, 0.79; 95% CI, 0.62 to 1.01). After multi-
variate Cox analysis at 10-year follow-up, a protective effect of CABG 
compared with medical therapy (HR, 0.43; 95% CI, 0.32 to 0.58; P < 
.001) and PCI (HR, 0.53; 95% CI, 0.39 to 0.72; P < .001) was observed.11

FIGURE 24-3	 Overall	survival	by	diabetes	status	in	
BARI.	 CABG,	 Coronary	 artery	 bypass	 grafting;	 D,	
diabetes;	 ND,	 no	 diabetes;	 PTCA,	 percutaneous	
transluminal	coronary	angiography.	(Modified	from	
BARI	 investigators:	 The	 final	 10-year	 follow-up	
results	 from	 the	BARI	 randomized	 trial,	 J	 Am	Coll	
Cardiol	49[15]:1600-1606,	2007.)
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76.4%, P = .013). However, at 5 years, similar numbers of patients 
randomized to each revascularization procedure were asymptomatic 
or had class I angina.

A pooled analysis of the four randomized trials described earlier—
ARTS, ERACI II, SoS, and MASS II—with a total of 3051 patients from 
all four trials evaluated the relative safety and efficacy of PCI with 
stenting and CABG for the treatment of multivessel CAD (Fig. 24-4). 
At 5 years, the cumulative incidence of death, MI, and stroke was 
similar in the PCI with stenting group and in the CABG group (16.7% 
vs. 16.9%, respectively; HR, 1.04; 95% CI, 0.86 to 1.27; P = .69). Repeat 
revascularization, however, occurred significantly more often after PCI 
compared with CABG (29.0% vs. 7.9%, respectively; HR, 0.23; 95% CI, 
0.18 to 0.29; P < .001). Major adverse cardiac and cerebrovascular 
events (MACCEs) were significantly higher in the PCI group than  
in the CABG group (39.2% vs. 23.0%, respectively; HR, 0.53; 95% CI, 
0.45 to 0.61, P < .001).14 In another study,15 the authors identified 23 
randomized controlled trials in which a total of 5019 patients were 

that had been reported in previous studies. Subsequently, it was seen 
that at a median follow-up of 6 years, 53 patients (10.9%) had died in 
the PCI group compared with 34 (6.8%) in the CABG group (HR, 1.66; 
95% CI, 1.08 to 2.55; P = .022).

ERACI II
The ERACI II trial13 randomized a total of 450 patients with multivessel 
disease to undergo either PCI (n = 225) or CABG (n = 225). At the 
5-year follow-up, patients initially treated with PCI had similar sur-
vival and freedom from nonfatal acute MI than those initially treated 
with CABG (92.8% vs. 88.4% and 97.3% vs. 94%, respectively, P = .16). 
Freedom from repeat revascularization procedures (PCI or CABG) 
was significantly lower with PCI compared with CABG (71.5% vs. 
92.4%, P = .0002). Accordingly, driven by a greater need for revascu-
larization, freedom from major adverse cardiac events (MACEs) was 
also significantly lower with PCI compared with CABG (65.3% vs. 

FIGURE 24-4	 Outcomes	of	percutaneous	coronary	intervention	(PCI)	with	bare-metal	stenting	versus	coronary	artery	bypass	grafting	(CABG)	in	a	
meta-analysis	of	four	trials.	(Modified	from	Daemen	J,	Boersma	E,	Flather	M,	et	al:	Long-term	safety	and	efficacy	of	percutaneous	coronary	inter-
vention	with	stenting	and	coronary	artery	bypass	surgery	 for	multivessel	coronary	artery	disease:	a	meta-analysis	with	5-year	patient-level	data	
from	the	ARTS,	ERACI-II,	MASS-II,	and	SoS	trials.	Circulation	118[11]:1146-1154,	2008.)
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vs. 5.9%, P < .001). Death occurred in 4.4% of the PCI group compared 
with 3.5% of the CABG group (P = .37). The rate of death from cardiac 
causes was greater with PCI than with CABG (3.7% vs. 2.1%, P = .05); 
the rate of death from noncardiac causes, although not significant, was 
higher with CABG (1.4% vs. 0.7%, P = .13). MI occurred in 3.3% of 
the CABG group versus 4.8% of the PCI group (P = .11). Stroke was 
significantly more likely to occur with CABG (2.2% vs. 0.6% with PCI; 
P = .003). The 12-month rates of symptomatic graft occlusion (in the 
CABG group) and stent thrombosis (in the PCI group) were similar 
(P = .89). In the CABG group, the binary 12-month rates of MACCEs 
were similar among patients with low SYNTAX scores (0 to 22; 14.7%), 
those with intermediate scores (23 to 32; 12%), and those with high 
scores (≥33; 10.9%). However, in the PCI group, the rate of MACCEs 
had increased significantly among patients with high SYNTAX scores 
(23.4%) compared with those with low scores (13.6%) or intermediate 
scores (16.7%; P = .002 for high vs. low scores; P = .04 for high vs. 
intermediate scores; Fig. 24-6). A significant interaction was reported 
between the SYNTAX score and the treatment group (P = .01); patients 
with low or intermediate scores in the CABG group and in the PCI 
group had similar rates of MACCEs, whereas among patients with high 
scores, the event rate had increased significantly in the PCI group. The 
3- and 5-year results of this trial have now been published. The cumula-
tive MACCE rate through 3 years was significantly higher in the PCI 
arm compared with the CABG arm (CABG 20.2% vs. PCI 28.0%, P < 
.001; see Fig. 24-5). This was driven in part by increased repeat revas-
cularization in the PCI arm (CABG 10.7% vs. PCI 19.7%; P < .001). 
The composite safety end point of death/stroke/MI was not signifi-
cantly different between treatment groups 3-years after randomization 
(CABG 12.0% vs. PCI 14.1%; P = .21). Death from all causes was not 
different between the treatment groups at 3 years (CABG 6.7% vs. PCI 
8.6%; P = .13). The cumulative rate of cardiac death was significantly 
higher in the PCI arm (CABG 3.6% vs. PCI 6.0%; P = .02), but the 
incidence of stroke was not significantly different between CABG 
(3.4%) and PCI patients (2.0%, P = .07). The MI rate was 3.6% in the 
CABG and 7.1% in the PCI arm (P = .002). No significant interactions 
were observed between left main (LM) or three-vessel disease (3VD) 
status and the treatment group 3-year MACCE rate or any of the com-
ponents. The treatment effect of PCI compared with CABG was not 
significantly different between patients in either of these groups.17

The 5-year SYNTAX data demonstrated MACCE rates of 26.9% in 
the CABG group versus 37.3% in the PCI group (P < .0001). Incidences 
of MI (3.8% CABG, 9.7% PCI; P < .0001) and repeat revascularization 
(13.7% vs. 25.9%; P < .0001) were both found to be higher in the PCI 
group. All-cause mortality was not significantly different in the two 
groups (11.4% in the CABG group vs. 13.9% in the PCI group; P = 
.10), as was the stroke rate (3.7% vs. 2.4%; P = .09). Patients with 3VD 
with SYNTAX scores in the lowest tertile (≤22) had similar MACCE 
rates between treatment arms (28.6% CABG vs. 32.1% PCI, P = .12). 
In those 3VD patients with intermediate (23 to 32), or high (≥33) 
SYNTAX scores, the rate of MACCE was significantly increased in 
favor of CABG (intermediate score, 36.0% PCI vs. 25.8% CABG; P = 
.008; high score, 44.0% PCI vs. 26.8% CABG; P < .0001). MI was sig-
nificantly higher in the PCI arm of the 3VD intermediate SYNTAX 
score tertile (11.2% vs. 3.6%, P = .0009). In 3VD patients with a 
SYNTAX score of 33 or higher, mortality (19.2% vs. 11.4%, P = .005) 
and MI (10.1% vs. 3.9%, P = .004) was significantly higher in the PCI 
arm. This appeared to be driven primarily by increased rates of repeat 
revascularization and MI. Cumulative event rates were not signifi-
cantly different in patients with LM disease who had low or intermedi-
ate SYNTAX scores (0 to 22, CABG 31.5% vs. PCI 30.4%, P = .74; 23 
to 32, CABG 32.3% vs. PCI 32.7%, P = .88). In LM patients with the 
most complex anatomy (SYNTAX score ≥33), the cumulative event 
rate was significantly increased in PCI-treated patients (CABG 29.7% 
vs. PCI 46.5%, P = .003).18

Additionally, at 5-year follow-up, no significant difference was 
reported in the incidence of Academic Research Consortium (ARC) 
definite stent thrombosis and ARC-like definite graft occlusion between 
the two groups (7% vs. 6%, P = .34). Whereas stent thrombosis occurred 

randomly assigned to PCI and 4944 to CABG. Again, this meta-
analysis included data from patients treated with PTCA alone and 
PTCA with stenting. The difference in survival after PCI or CABG was 
less than 1% at the 10-year follow-up. Survival did not differ between 
PCI and CABG for patients with diabetes in the six trials that reported 
on this subgroup. Procedure-related strokes were more common after 
CABG than after PCI (1.2% vs. 0.6%; risk difference 0.6%, P = .002). 
Angina relief was greater after CABG than after PCI, with risk differ-
ences ranging from 5% to 8% at 1 to 5 years (P < .001). The absolute 
rates of angina relief at 5 years were 79% after PCI and 84% after 
CABG. Repeated revascularization was more common after PCI than 
after CABG (risk difference, 24% at 1 year and 33% at 5 years; P < .001); 
the absolute rates at 5 years were 46.1% after balloon angioplasty, 40.1% 
after PCI with stents, and 9.8% after CABG. In comparisons based on 
observational studies, the CABG-PCI hazard ratio for death favored 
PCI among patients with the least severe disease and CABG among 
those with the most severe disease.

Summary
In a manner similar to what was observed with the trials of PTCA 
versus CABG, the use of stenting continued to be associated with a 
higher frequency of the need for revascularization procedures. 
However, there was no significant difference in mortality.

The development of DESs represented an important milestone in 
the history of interventional cardiology. With the reduced risk of reste-
nosis associated with the use of these stents, interest is ongoing in 
comparisons of PCI using a DES with CABG. Some of the important 
studies that have looked at this are reviewed below.

PERCUTANEOUS CORONARY INTERVENTION WITH 
DRUG-ELUTING STENTS VERSUS CORONARY ARTERY 
BYPASS GRAFTING

Synergy Between Percutaneous Coronary Intervention With 
Taxus and Cardiac Surgery (SYNTAX)
In the SYNTAX trial,15 a total of 1800 patients were randomized to 
undergo CABG or PCI using paclitaxel-eluting stents (PESs). Patients 
for whom only one of the two treatment options was beneficial because 
of anatomic features or clinical conditions were entered into a parallel, 
nested CABG or PCI registry. A noninferiority comparison of the two 
groups was performed for the primary end point—MACCE (i.e., death 
from any cause, stroke, MI, or repeat revascularization) in the 12-month 
period after randomization. The 12-month MACCE rates were also 
analyzed on the basis of the SYNTAX score, which reflects a compre-
hensive anatomic assessment wherein higher scores indicate more 
complex CAD; a low score was defined as 22 or less, an intermediate 
score as 23 to 32, and a high score as 33 or greater. A higher proportion 
of patients had complete revascularization after CABG than after PCI 
(63.2% vs. 56.7%, P = .005). Overall, the rate of complete revasculariza-
tion was lower in both treatment groups in this study compared with 
previous studies. This was likely to have resulted from a different defi-
nition of completeness of revascularization used in the earlier trials 
and the more complex anatomic characteristics of the patients in this 
trial. In the CABG group, off-pump surgery was performed in 15% of 
patients, one or more arterial grafts were used in 97.3% of patients, and 
an average of 2.8 conduits and 3.2 distal anastomoses per patient were 
performed. In the PCI group, 14.1% of patients underwent staged 
procedures, 63.1% had at least one bifurcation or trifurcation treated, 
more than four stents on average were implanted per patient, and a 
third of patients had placement of stents with a total length of more 
than 100 mm. These characteristics reflect a population of patients 
with fairly complex anatomy. At 12 months, the incidence of MACCEs 
was lower in the CABG group (12.4%) than in the PCI group (17.8%, 
P = .002; Fig. 24-5). This was largely driven by the rate of repeat revas-
cularization at 12 months, which was significantly higher among 
patients in the PCI group than among those in the CABG group (13.5% 
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scores for LM disease. This highlights the emerging importance of the 
SYNTAX score as an effective risk-assessment tool for making deci-
sions about revascularization options.

ARTS II
As mentioned previously, ARTS I was a randomized trial that included 
1205 patients with multivessel disease to compare CABG with use of 
bare-metal stents (BMSs). ARTS II was a multicenter, nonrandomized, 
open-label trial designed to compare the safety and efficacy of 
sirolimus-eluting stents (SESs) in patients with de novo multivessel 
CAD, with the surgical and BMS groups of ARTS I acting as historic 
controls. The ARTS II trial enrolled 607 patients with an attempt to 
enroll at least one third of patients with three-vessel disease. At 5 years, 
the death/stroke/MI event-free survival rate was 87.1% in the ARTS II 
cohort treated with SESs versus 86% (P = .1) and 81.9% (P = .007) in 
the ARTS I cohorts treated with CABG and BMSs, respectively. The 
5-year MACCE rate in ARTS II (27.5%) was significantly higher than 
in the CABG group in ARTS I (21.1%, P = .02), and it was lower than 
in the BMS group in ARTS I (41.5%, P < .001). This was largely driven 
by differences in revascularization rates. During the follow-up period, 
freedom from revascularization was observed in 91% of the ARTS I 
CABG group, in 79.2% of the ARTS II SES group, and in 69.1% of the 
ARTS I BMS group (P < .001 for comparisons of DES vs. CABG and 
DES vs. BMS). Similar to what was observed in the SYNTAX trial, a 
significant difference in MACCE-free survival was observed when 
patients were stratified according to SYNTAX score tertiles. When 
compared with the group with the lowest SYNTAX score (<16), who 

more frequently in the proximal coronary vasculature and left main 
coronary artery, protocol graft occlusion (41 lesions) was more fre-
quent with grafts anastomosed to the distal right coronary artery 
(17/41, 42%). Although the incidence of stent thrombosis and graft 
occlusion were not significantly different, stent thrombosis had a stron-
ger association with short- to long-term mortality.19

Compared with the first-year results, some interesting observations 
can be made about the 5-year results of this trial. Overall, the trends 
in MACCE, death/stroke/MI, cardiac death, and repeat revasculariza-
tion rates seen in the first year of follow-up were sustained through the 
5-year follow-up period. Compared with outcomes after 1 year of 
follow-up, at 5 years, cardiac death was found to be increased in the 
overall PCI-treated patient population, largely in those patients with 
higher SYNTAX scores. Although stroke was significantly increased at 
1 year of follow-up for CABG, no difference in stroke was seen during 
the interval of 1- and 5-year follow-up. A difference in the MI rate 
between the two treatment groups that favored CABG was also noted 
after the first year of follow-up. The likely cause of the increased MIs 
in the PCI arm was felt to be due to restenosis and additional revascu-
larization in those patients with advanced diffuse disease. In addition, 
whereas the MACCE rates were similar between the intermediate-risk 
PCI and CABG groups at 1 year, at 5 years the intermediate SYNTAX 
PCI group demonstrated a significantly increased MACCE rate, likely 
driven by repeat revascularization and an increased rate of MI.

Based on these observations, it appears that CABG should remain 
the standard for more complex anatomy. PCI in this trial demonstrated 
similar outcomes to CABG in patients with less complex disease, mea-
sured by lower SYNTAX score for 3VD and lower and intermediate 

FIGURE 24-5	 Outcomes	in	the	SYNTAX	trial.	Blue	line	shows	coronary	artery	bypass	grafting;	purple	line	shows	percutaneous	coronary	intervention.	
MACCE,	Major	adverse	cardiac	and	cerebrovascular	event;	MI,	myocardial	infarction.	(Modified	from	Kappetein	AP,	Feldman	TE,	Mack	MJ,	et	al:	
Comparison	of	coronary	bypass	surgery	with	drug-eluting	stenting	for	 the	treatment	of	 left	main	and/or	 three-vessel	disease:	3-year	 follow-up	of	
the	SYNTAX	trial.	Eur	Heart	J	32(17):2125–2134,	2011.)
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reflecting less target-vessel revascularization (TVR; 14.2% vs. 24.4%,  
P = .009). MACCE rates at 3 years were similar in DES-treated and 
CABG-treated patients (22.7%, P = 1.0), in contrast to results at 1 year 
(12% vs. 19.6%, P = .038). MACCE rates in ERACI III–DES were 
higher in patients with diabetes (RR, 0.81; 95% CI, 0.66 to 0.99, P = 
.018). Death or nonfatal MI at 3 years trended higher in the DES cohort 
(10.2%) than in the BMS cohort (6.2%, P = .08) and were lower than 
in the CABG cohort (15.1%, P = .07). Subacute or late-stent thrombosis 
(>30 days) occurred in nine of the DES group and in none of the BMS 
group (P = .008). It therefore appeared that the initial advantage for 
PCI with DES over CABG observed at 1 year was not apparent by 3 
years. Furthermore, despite the continued lower incidence of MACCEs, 
the initial advantage over BMS appeared to decrease with time.22

Coronary Artery Revascularization in Diabetes (CARDia)
The purpose of the CARDia study23 was to compare the safety and 
efficacy of PCI with stenting against CABG in patients with diabetes 
and symptomatic multivessel CAD. The primary outcome was a com-
posite of all-cause mortality, MI, and stroke, and the main secondary 
outcome included the addition of repeat revascularization to the 
primary outcome events. A total of 510 patients with diabetes and 
multivessel or complex single-vessel CAD from 24 centers were ran-
domized to PCI plus stenting or to CABG. BMSs were used initially, 

had a 5-year MACE-free rate of 80.1%, both the intermediate (16 to 
24) and high (>24) SYNTAX score groups demonstrated a lower 
MACE-free survival rate (intermediate 70.1%, log-rank P = .02; high 
67.1%, P = .001).20

ERACI III
In the ERACI III trial, 225 patients with multivessel disease who 
received DESs met clinical and angiographic inclusion criteria for the 
ERACI II trial and were compared with both ERACI II treatment arms 
(ERACII–PCI and ERACI II–CABG). At 1 year, freedom from 
MACCEs was significantly greater in the ERACI III–DES cohort (88%) 
than in the ERACI II–CABG cohort (80.5%, P = .038) and in the 
ERACI II–PCI cohort (78%, P = .006). The ERACI III–DES cohort had 
freedom from death and acute MI similar to that of the ERACI II–PCI 
arm but greater than that of the ERACI II–CABG arm. Freedom from 
repeat revascularization was similar between the ERACI III–DES and 
the ERACI II–CABG groups (95.1%, P = not significant [NS]), but both 
were significantly better than those in the ERACI II–PCI arm (91.2% 
and 83%, P = .002 and .02, respectively). It was concluded that patients 
with multivessel disease treated with DESs in ERACI III had better 
1-year outcomes than those treated with PCI or CABG in ERACI II.21 
The 3-year MACCE rate was lower in the ERACI III–DES group 
(22.7%) than in the ERACI II–BMS group (29.8%, P = .015), mainly 

FIGURE 24-6	 Major	adverse	cardiac	and	cerebrovascular	event	rates	according	to	the	subset,	treatment	group,	and	SYNTAX	score	category.	Time-
to-event	curves	 in	 the	coronary	artery	bypass	grafting	(blue	 line)	or	percutaneous	coronary	 intervention	(yellow	 line)	overall	cohorts	 to	3	years	
according	 to	 the	 low	(0-22,	A),	 intermediate	(23-32,	B),	or	high	(≥33,	C)	SYNTAX	scores.	D	 to	F,	Major	adverse	cardiac	and	cerebrovascular	
events	in	three-vessel	disease	patients	with	low,	intermediate,	or	high	SYNTAX	scores,	respectively.	G	to	I,	Major	adverse	cardiac	and	cerebrovas-
cular	events	in	patients	with	left	main	disease	with	low,	intermediate,	or	high	SYNTAX	scores.	P-value	from	log-rank	test.	3VD,	Three-vessel	disease;	
LM,	left	main;	MACCE,	major	adverse	cardiac	and	cerebrovascular	event.	(Modified	from	Kappetein	AP,	Feldman	TE,	Mack	MJ,	et	al:	Comparison	
of	coronary	bypass	surgery	with	drug-eluting	stenting	 for	 the	 treatment	of	 left	main	and/or	 three-vessel	disease:	3-year	 follow-up	of	 the	SYNTAX	
trial.	Eur	Heart	J	32(17):2125–2134,	2011.)

30

40

20

0

10

0 6 12 24

18.0%

23.0%

36
Months since allocation

M
A

C
C

E
 (

%
)

LM
 p

at
ie

nt
s

P = .33

30

40

20

0

10
22.2%

SYNTAX Score
0–22

25.8%

M
A

C
C

E
 (

%
)

3V
D

 p
at

ie
nt

s

P = .45

G

D

30

40

20

0

10
22.5%

22.7%

M
A

C
C

E
 (

%
)

ov
er

al
l p

at
ie

nt
s

P = .96

0 6 12 24

23.4%

23.4%

36
Months since allocation

P = .90

16.8%

SYNTAX Score
23–32

29.4%P = .003

27.4%

18.9%

P = .02

0 6 12 24

37.3%

17.9%

21.2%

36
Months since allocation

P = .003

SYNTAX Score
>33

31.4%P = .004

34.1%

19.5%

P < .001

A

H

E

B

I

F

C



410 SECTION III  CORONARY INTERVENTION

Complete Versus Culprit-Only Revascularization to Treat 
Multivessel Disease After Primary Percutaneous Coronary 
Intervention for STEMI (COMPLETE)
The COMPLETE trial26 is ongoing with estimated enrollment of 3900 
patients and a projected study completion date of December 2018. This 
study will evaluate whether, in the setting of optimal medical therapy 
(aspirin and ticagrelor), a strategy of complete revascularization utiliz-
ing a staged, preventive PCI approach is superior to culprit-lesion–only 
primary PCI for STEMI. The primary outcome of interest will be the 
composite of cardiovascular death or new MI.

Summary
The above studies highlight three notable points:
1. CABG should be the preferred revascularization strategy in dia-

betic patients with multivessel disease and for patients with complex 
anatomy.

2. Patients with low SYNTAX scores and less complex anatomy can 
be revascularized percutaneously with excellent outcomes.

3. Whereas guidelines favor culprit-lesion–only primary PCI, future 
data may support up-front preventive PCI of nonculprit lesions in 
hemodynamically stable patients with STEMI.

META-ANALYSIS
A meta-analysis based on ARTS II, CARDIa, ERACI III, and SYNTAX 
looked at a total of 3895 patients, 1914 in the DES arm and 1981 in the 
CABG arm. Pooled analysis of data from these four studies showed 
that in patients treated with a DES, compared with those treated with 
CABG, the risk of the combined end points of death, MI, and stroke 
was similar (10.2% vs. 10.8%, respectively; RR, 0.94; 95% CI, 0.77 to 
1.116; P = .56), but a significantly higher risk of TVR was reported 
(14.6% vs. 6.8%, respectively; RR, 2.09; 95% CI, 1.72 to 2.55; P < .001), 
and therefore they had a significantly higher risk of MACCEs (21.2% 
vs. 16.3%, respectively; RR, 1.27; 95% CI, 1.09 to 1.48; P = .002). Inter-
estingly, when MACCE rates at 1 year are used, the risk is equivalent 
between a DES and CABG (14.4% vs. 12.5%, respectively; RR, 1.05; 
95% CI, 0.70 to 1.57; P = .83).27 Another more recent meta-analysis 
that included seven randomized controlled trials and 5835 patients 
reported lower rates of mortality (RR, 0.70; 95% CI, 0.57 to 0.87), 
myocardial infarction (RR, 0.47; 95% CI, 0.36 to 0.61), and repeat 
revascularization (RR, 0.36; 95% CI, 0.24 to 0.52) but an increased 
stroke risk (RR, 1.72; 95% CI, 1.02 to 2.90) with CABG compared with 
PCI with a first-generation DES for patients with left main CAD and 
multivessel disease.28 In regard to the question of culprit-only versus 
multivessel PCI for patients with STEMI, a paired meta-analysis of 
40,280 patients demonstrated lower short- and long-term mortality 
with culprit-only PCI followed by staged multivessel PCI compared 
with up-front multivessel PCI (culprit vessel as well as more than one 
nonculprit vessel).29

Another more recent meta-analysis of 39,390 patients also reported 
a higher incidence of short-term mortality (OR, 0.50; 95% CI, 0.32 to 
0.77; P = .002), long-term mortality (OR, 0.52; 95% CI, 0.36 to 0.74; 
P < .001), and risk of renal dysfunction (OR, 0.77; 95% CI, 0.61 to 0.97; 
P = .03) with multivessel PCI compared with culprit-only PCI.30

REGISTRY STUDIES
The New York registry study compared 9963 patients receiving DESs 
and 7437 patients undergoing CABG in terms of death in the hospital; 
death within 30 days after treatment; and death, MI, and revasculariza-
tion up to 18 months after treatment. Patients with left main CAD, 
those who had been previously revascularized, and those within 24 
hours of an MI were excluded.31 No significant differences were found 
between the two groups in the risk-adjusted rates of in-hospital or 
30-day mortality (adjusted odds ratio [OR] 1.29; 95% CI, 0.92 to 1.81; 
P = .15). Of patients who received DESs, 28.4% underwent repeat PCI, 

but a switch to an SES (Cypher [Cordis Corporation, Fremont, CA]) 
was instituted later in the trial. After 12 months of 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, 0.75 to 2.09, P = .39); 
all-cause mortality rates were 3.2% and 3.2%; and the rates of death, 
MI, stroke, or repeat revascularization were 11.3% and 19.3% (HR, 
1.77; 95% CI, 1.11 to 2.82; P = .02), respectively. When the patients 
who underwent CABG were compared with the subset of patients who 
received DESs (69%), the primary outcome rates were 12.4% and 
11.6%, respectively (HR, 0.93; 95% CI, 0.51 to 1.71; P = .82).

Future Revascularization Evaluation in Patients With  
Diabetes Mellitus: Optimal Management of Multivessel  
Disease (FREEDOM)
The FREEDOM trial24 was a multicenter, open-label, prospective, ran-
domized superiority trial of PCI versus CABG in 1900 patients with 
diabetes in whom revascularization was indicated. Consenting patients 
with multivessel disease were randomized on a 1 : 1 basis to either 
CABG or multivessel stenting using DESs and were observed at 30 
days, 1 year, and annually for up to 5 years. 953 patients were random-
ized to the PCI arm, and 947 patients were randomized to the CABG 
arm. At the discretion of primary physicians or interventionalists, 
patients randomized to the PCI-DES arm received any approved DES 
(either paclitaxel-eluting stents or sirolimus-eluting stents), and in  
the surgical arm, arterial revascularization was encouraged. Of the 
entire group, 84% of patients had three-vessel disease with the average 
SYNTAX score being 26.2% (35% were <22; 45% were 22 to 32, 20% 
were ≥33). In the CABG arm, the mean number of vessels grafted was 
2.9, and surgery was performed off pump in 19% of cases. In the PCI 
arm, a mean of 3.5 lesions were treated per patient with a mean stent 
length of 26.1 mm. The primary outcome measure was the composite 
of all-cause mortality, nonfatal MI, or stroke at 5 years. The 30-day 
outcome favored PCI (26 vs. 42 events); however, at 2 years, the differ-
ence began to appear; and at 5 years, the primary outcome occurred 
in 26.6% of patients in the PCI arm compared with 18.7% in the PCI 
arm (P = .005). This result appears to be driven by a reduction in all-
cause mortality (16.3% vs. 10.9%, P = .049) and MI (13.9% vs. 6.0%, 
P < .001). As noted in prior studies, strokes were fewer in the PCI arm 
(2.4% vs. 5.2%, P = .03), and repeat revascularization was more fre-
quent (13% vs. 5%, P < .0001). The primary outcome was higher in 
insulin-dependent diabetes patients versus non–insulin-dependent 
diabetes patients (29% vs. 19% at 5 years, P < .001); however, the supe-
riority of CABG over PCI persisted. This trial reaffirmed that CABG 
should be the preferred revascularization strategy in most diabetic 
patients with multivessel disease.

Preventive Angioplasty in Acute Myocardial Infarction (PRAMI)
The PRAMI trial25 was designed to study the value of additional non–
culprit vessel PCI (preventive PCI) in an acute ST-elevation myocardial 
infarction (STEMI) setting. In this study, 465 patients were enrolled, 
234 were randomized to preventive PCI, and 231 were randomized to 
infarct-related–artery PCI. The primary outcome—cardiovascular 
death, refractory angina, or nonfatal MI—was found to be significantly 
lower in the preventive PCI arm at 3 years (9% vs. 23%; HR, 0.35; 95% 
CI, 0.21 to 0.58; P < .001). This led to premature termination of the 
trial. Significant reductions were also noted in repeat revascularization 
(6.8% vs. 19.9%, P < .001), refractory angina (5.1% vs. 13.0%, P = .002), 
and nonfatal MI (3% vs. 8.7%, P = .009). Cardiovascular death was 
numerically but not statistically lower in the preventive PCI group 
(4.7% vs. 11.7%, P = .07). The results of this study favoring preventive 
PCI are in contradiction to the current guidelines, which give a class 
III indication for non–culprit vessel PCI during STEMI in hemody-
namically stable patients. This landmark trial demonstrated an impres-
sive 14% absolute risk reduction with up-front multivessel PCI in 
STEMI patients and has the potential to change practice patterns; 
however, further studies are clearly needed to support these results.
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However, a significantly higher risk of repeat revascularization was 
present in the DES-PCI group (HR, 4.06; 95% CI, 2.64 to 6.24; P < 
.001), and the overall MACCE rate was higher compared with the that 
of CABG group (HR, 1.86; 95% CI, 1.36 to 2.54; P < .001).35

RECOMMENDATIONS FOR CLINICAL PRACTICE
Once multivessel disease is diagnosed with coronary angiography, the 
clinical data should be reviewed in detail with an interventional cardi-
ologist and the referring cardiologist.
• If the coronary anatomy is complex with an elevated SNYTAX 

score, the patient should receive bypass surgery, unless comorbidi-
ties are significant or the patient refuses.

• If patient factors such as advanced comorbidities would make 
CABG high risk, PCI should be considered.

• For patients with multivessel disease but with very discrete lesions 
that would require short segments of stenting (low SYNTAX score), 
PCI should be preferred because in this situation, the likelihood of 
a repeat revascularization procedure being needed is lower than 
with more complex anatomy that requires larger numbers of stents 
and longer stents.

• Further studies are needed to determine the optimal revasculariza-
tion strategy (culprit-only, preventive, or staged multivessel PCI) in 
hemodynamically stable patients with STEMI. However, until more 
data are available, the current American College of Cardiology 
(ACC)/American Hospital Association (AHA) guidelines—which 
advocate culprit-only primary PCI—should be the standard.

• CABG should be the preferred revascularization strategy in most 
diabetic patients with multivessel disease.

• If clinical circumstances exist in which the patient cannot take 
DAPT for at least 1 year—typically because of a foreseeable need, 
an established plan for elective noncardiac surgery, or a known 
history of poor medical compliance—the option of CABG should 
be encouraged. However, it is important to note that for many of 
these patients, PCI with a BMS is a good option, as is the option of 
abbreviated DAPT with use of newer second-generation DESs. 
Where appropriate, these options need to be presented to the 
patient along with the option of CABG.

• Another factor to consider is the age of the patient. When evaluat-
ing revascularization strategies for young patients, when CABG and 
PCI are both technically feasible options, PCI—rather than 
CABG—should be preferred. Given that the vast majority of vein 
grafts are expected to occlude over time, clinical problems that 
result from vein graft disease are very likely to be encountered over 
a young patient’s lifetime. With the use of PCI as the first approach 
in most cases, the CABG option remains reserved for future use, if 
necessary; the problems with vein graft disease can be avoided or 
delayed.

• In the subset of patients in whom the coronary anatomy and other 
patient factors present a clinical equipoise between both revascu-
larization options, a detailed discussion needs to be held with the 
patient. A “heart team” approach should be adopted that includes 
consultation with an interventional cardiologist and a cardiac 
surgeon. Every effort should be made to ensure that the patient 
understands the pros and cons of both revascularization approaches. 
Patient preference is the cornerstone of determining the appropri-
ate management strategy, particularly given that the outcomes of 
both modalities are similar in terms of the “hard” end points of 
death and MI. Many patients prefer to undergo PCI in view of the 
lower short-term morbidity while being aware of the higher risk of 
the need for a repeat procedure. Such patients are willing to undergo 
more than one PCI, should the need arise, rather than to undergo 
CABG with its substantial short-term morbidity. However, many 
patients prefer to undergo CABG with a view to having a more 
“durable” outcome, at least in terms of avoiding repeat procedures. 
Thorough patient education and counseling are instrumental in 
helping patients and their health care providers in selecting a treat-
ment strategy.

and 2.2% underwent CABG within 18 months. The respective rates for 
patients undergoing CABG were 5.1% and 0.1%; both differences were 
statistically significant (P < .001). Of patients who received DESs, 
12.5% underwent repeat PCI within 30 days and 18.3% underwent 
repeat PCI within 60 days. The rate of repeat PCI in this registry may 
be inflated because many patients underwent planned PCI associated 
with incomplete revascularization during the index admission. Of the 
28.4% of patients who underwent repeat PCI during the study period, 
only a little more than one quarter (7%) underwent TVR. After adjust-
ment for baseline differences, the survival in patients with three-vessel 
disease was 94% in the CABG group and 92.7% in the PCI group (P = 
.03). In patients with two-vessel disease, overall survival was 96% in 
the CABG group compared with 94.6% in the PCI group (P = .003). 
A significant difference was also apparent in freedom from MI: it was 
92.1% in the CABG group compared with 89.7% in the PCI group  
(P = .001). Among patients with two-vessel disease, 94.5% in the 
CABG group were free of MI compared with 92.5% in the PCI group 
(P = .001). This study has two key limitations: first, it is subject to the 
selection bias inherent in the design of registry studies; second, patients 
were studied at a time that predated the recognition of the importance 
and implementation of prolonged dual-antiplatelet therapy (DAPT). 
This may account in part for the relatively higher frequency of MI and 
death in the DES group. Furthermore, the limited follow-up is unlikely 
to capture events related to graft failure in the CABG group.

In another registry, 3720 consecutive patients with multivessel 
disease who underwent isolated CABG surgery or received DESs were 
identified, and comparisons were made in terms of safety (total mortal-
ity, MI, and stroke) and efficacy (TVR) during a 3-year follow-up. 
Patients who received DESs had considerably higher 3-year rates of 
TVR. DESs were also associated with higher rates of death (adjusted 
HR, 1.62; 95% CI, 1.07 to 2.47) and MI (adjusted HR, 1.65; 95% CI, 
1.15 to 2.44). The risk-adjusted rate of stroke was similar in the two 
groups (HR, 0.92; 95% CI, 0.69 to 1.51).32 In a study by Javaid and 
associates,33 1080 patients were treated for two-vessel disease (196 with 
CABG and 884 with PCI), and 600 were treated for three-vessel disease 
(505 with CABG and 95 with PCI). One-year mortality, cerebrovascu-
lar events, Q-wave MI, target-vessel failure, and composite MACCEs 
were compared between the CABG and PCI cohorts. Adjusted out-
comes showed increased MACCEs with PCI in patients with two-
vessel disease (HR, 2.29; 95% CI, 1.39 to 3.76; P = .01) and three-vessel 
disease (HR, 2.90; 95% CI, 1.76 to 4.78; P < .001). Adjusted outcomes 
for the subpopulation without diabetes demonstrated equivalent 
MACCE rates with PCI for two-vessel (HR, 1.77; 95% CI, 0.96 to 3.25; 
P = .07) and three-vessel disease (HR, 1.70; 95% CI, 0.77 to 3.61; P = 
.19). Park and colleagues34 studied 3042 patients with multivessel 
disease who underwent DES placement (n = 1547) or CABG (n = 
1495). The primary end point was all-cause mortality. After adjustment 
for baseline differences, the overall risks of death were similar among 
all patients (HR, 0.85; 95% CI, 0.56 to 1.30; P = .45), patients with 
diabetes (HR, 1.76; 95% CI, 0.82 to 3.78; P = .15), and those with 
compromised ventricular function (HR, 1.39; 95% CI, 0.41 to 4.65;  
P = .60). In the anatomic subgroups, mortality benefit with DES 
implantation was noted in patients with two-vessel disease with 
involvement of the nonproximal LAD (HR, 0.23; 95% CI, 0.01 to 0.78; 
P = .016). The rate of revascularization was significantly higher in the 
DES group than in the CABG group (HR, 2.81; 95% CI, 2.11 to 3.75; 
P < .001). Overall, these registry studies continue to demonstrate a 
revascularization advantage with CABG. In some studies, there seems 
to be a higher incidence of death and MI in the PCI arms, and it is not 
clear whether these differences resulted from issues related to stent 
thrombosis in the setting of abbreviated antiplatelet therapy.

In a recent publication, a total of nine observational nonrandom-
ized studies were identified and analyzed, including a total of 24,268 
patients with multivessel coronary disease who underwent DES-PCI 
(n = 13,540) and CABG (n = 10,728). Mean follow-up time was 20 
months. Pooled analysis showed that DES-PCI and CABG were com-
parable in terms of composite occurrence of death, acute MI, and 
cerebrovascular accidents (HR, 0.94; 95% CI, 0.72 to 1.22; P = .66). 
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Chronic total coronary occlusions, along with major bifurcations 
(including the left main coronary artery) and long lesions, consti-

tute a lesion type that remains a major technical challenge for inter-
ventional cardiologists individually, and they represent a significant 
limitation for interventional cardiology as a field. PCI is still predicated 
upon a steerable guidewire spanning the target lesion and acting as a 
rail over which therapies are delivered and as a “safety line” in case of 
target-vessel complications. The essential challenge of CTO PCI lies in 
the initial traversing of the lesion with a guidewire.

In the past 5 years, important advancements have been made in 
techniques that safely and more predictably overcome this essential 
challenge.1 Dissemination of these techniques is accelerating and 
drawing CTO PCI into mainstream interventional practice. Most 
major PCI programs now have, or are planning for, specialized com-
petence in contemporary CTO procedures. An understanding of the 
field has become essential knowledge for all interventionalists and 
arguably for any cardiologist who advises patients regarding revascu-
larization options. This chapter strives to provide that understanding.

CHRONIC TOTAL CORONARY OCCLUSION

Definition
A CTO is most often defined as an occlusion known to be present for 
3 or more months or a newly documented occlusion not attributable 
to a similarly recent ischemic event. The term occlusion is most accu-
rately reserved for a stenosis within which there is neither a continuous 
visible lumen nor any visible flow that cannot be accounted for by  
collaterals (thrombolysis in myocardial infarction [TIMI] grade 0).2 
Lesions with trace antegrade lumenal flow (TIMI grade 1) are referred 

to as functional or subtotal occlusions. Lesions with a residual lumen 
but without antegrade flow because of competing collateral flow are 
referred to as pseudo-occlusions. Functional and pseudo-occlusions 
overlap in practice and may be difficult to distinguish from a true CTO 
unless imaged with dual-catheter angiography or probed with a guide-
wire. Finally, spontaneously recanalized CTOs are sometimes identi-
fied wherein a long, tortuous microchannel exists within the presumed 
architecture of a previous occlusion.

Detection of coronary occlusions remains the domain of catheter-
based angiography. Current coronary computed tomography (CT) 
angiography has limited spatial resolution and does not capture the 
temporal information required to determine flow rate or directionality. 
As such, it cannot readily be used to distinguish a CTO from a func-
tional or pseudo-occlusion or even reliably from a high-grade stenosis 
with preserved flow.

Prevalence
Reports that describe the prevalence of CTOs vary widely with respect 
to defining the cohort studied. Moreover, unless developed specifically 
for the study of CTOs, angiographic and interventional databases gen-
erally do not contain data fields that reliably distinguish subacute from 
chronic occlusions, true occlusions from subtotal or pseudo-occlusions, 
or potentially bypassed from nonbypassed occlusions. Thus the litera-
ture reveals an inconsistency of methods for determining both denom-
inator and numerator values.

A retrospective study from a large U.S. Veterans Administration 
(VA) center extracted patients with at least one 70% stenosis (by visual 
estimate), no prior coronary artery bypass grafting (CABG), and no 
myocardial infarction (MI) within 3 months from 8004 consecutive 
patients undergoing cardiac catheterization between 1990 and 2000.3 
Within the derived cohort of 3087 patients, 52% (1612) had a chronic 
coronary occlusion.

In a prospective study, Fefer and colleagues4 reported nonacute 
coronary occlusions present in 14.7% of more than 14,000 patients 
undergoing nonemergent angiography at three tertiary Canadian 
centers in 2008 and 2009. Excluding patients with prior CABG, as well 
as those without significant CAD, left a denominator of 7680, of which 
18.4% had at least one nonacute occlusion.

A prospectively collected population-based Swedish registry5 based 
upon site-reported, nonacute, 100% visual stenosis coded in a general 
angiography and PCI registry recently found a similar overall CTO 
prevalence: 16% of more than 91,000 patients with significant coronary 
artery disease (CAD). Like the Canadian registry, this prevalence was 
calculated after exclusion of those with prior CABG. An unexpected 
finding was a significant decline in CTO prevalence over the 8-year 
period examined, from 17.2% in 2005 to 15.1% in 2012.

Clinical Profile and Presentation
When compared with a cohort of CAD patients without CTO, cohorts 
of CAD patients with CTO display important differences in baseline 
characteristics that point toward more advanced atherosclerosis gener-
ally. Patients are on average 1 to 2 years older, more likely to be male, 
and more likely to report diabetes and hypertension. Multivessel CAD 
is more commonly present, as is peripheral arterial disease and cere-
brovascular disease.

25 Intervention for Coronary Chronic  
Total Occlusions
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K E Y  P O I N T S

•	 Chronic	total	occlusion	(CTO)	is	a	common	feature	in	patients	with	
coronary	artery	disease	and	is	the	most	common	reason	for	not	
proceeding	with	percutaneous	coronary	intervention	(PCI).

•	 The	overwhelming	clinical	evidence	outside	of	a	randomized	trial	
suggests	that	ischemic	reduction	from	opening	of	a	CTO	improves	
symptoms,	ejection	fraction	(EF),	and	long-term	clinical	survival.

•	 Clinically,	a	CTO	imitates	a	lesion	with	a	fractional	flow	reserve	
(FFR)	of	.80	or	less.

•	 The	success	rate	of	percutaneous	recanalization	has	dramatically	
improved,	and	a	large	number	of	interventionalists	routinely	
achieve	greater	than	90%	success	rates	without	angiographic	
exclusions.

•	 Success	rates	are	still	greatly	dependent	on	the	operator’s	
experience	and	CTO-specific	training.

•	 Complications	of	CTO	are	slightly	greater	than	those	of	non-CTO	
PCI,	and	some	unique	complications	are	related	to	retrograde	
techniques.

•	 The	hybrid	approach	in	conjunction	with	new	CTO-specific	wires	
and	technologies	has	provided	a	dramatic	improvement	in	
education	and	success	with	CTO	PCI.

•	 Drug-eluting	stent	patency	rates	are	approximately	90%	at	1	year.
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microchannels might consistently provide a through-and-through 
route for fine guidewires to track. Subsequent human and experimen-
tal pathologic studies suggested these microchannels are more typically 
configured as corkscrews or sharply angulated channels that become 
fragmented and discontinuous as occlusions age and typically do not 
traverse the full length of an occlusion.8-10 Thus whereas microchannels 
are unlikely to provide a continuous channel for guidewire passage, 
they may still alter local tissue architecture and render a “path of low 
resistance” through a CTO.

ISCHEMIA, COLLATERAL CIRCULATION, AND LEFT 
VENTRICLE FUNCTION

The burden of ischemia in a territory subtended by a CTO is presum-
ably determined by the mass of the zone subtended by the occluded 
segment, the degree of infarction in that zone, the degree of collater-
alization, and the severity of coronary obstruction, if any, in vessels 
that supply those collaterals. Because the intracoronary pressure 
beyond an occlusion is inherently low, the myocardium subtended may 
be especially vulnerable ischemia exacerbated by elevation of end-
diastolic pressure. No systematic study has been done to quantify the 
degree of ischemia in an unselected cohort of patients with CTO. In a 
retrospective single-center report drawn from 300 patients selected for 
CTO PCI and in whom quantitative myocardial perfusion imaging was 
available before and 1 year following PCI, the ischemic burden at 
baseline, expressed as a percentage of total LV myocardium, was 13.1% 
(± 11.9%).

Viability of myocardium distal to a CTO is critically dependent 
upon collateral circulation. Present in humans from birth, both isch-
emia and flow-mediated shear stress stimulate collateral development.11-13 
Collateral flow has been characterized functionally by both angio-
graphic and hemodynamic criteria. Rentrop14 described four collateral 
grades: (0) no visible filling of any collateral channels, (1) filling of side 
branches of the occluded artery, (2) partial filling of the recipient main 
vessel, and (3) complete filling of the epicardial vessel. Although origi-
nally described during acute balloon occlusion of the receiving vessel, 
Rentrop’s classification is now used widely to quantitate collaterals in 
CTO studies. The presence of angiographically visible collaterals 
conveys positive prognostic information. A recent meta-analysis15 of 
12 studies to examine the association between visible collaterals in 
acute, subacute, and chronic coronary disease involving 6529 patients 
found that those with high collateralization had lower risk of death 
during follow-up (relative risk for all coronary occlusions 0.64; 95% 
confidence interval [CI], 0.45 to 0.91; P = .012; relative risk [RR] for 
chronic occlusions 0.59; 95% CI, 0.39 to 0.89; P = .012).

Hemodynamic quantitation of collateral function most commonly 
uses the collateral pressure index (CPI), defined as mean pressure of 
collateral circulation (Pw) divided by mean aortic pressure (Pa), each 
with central venous pressure (CVP) subtracted ([Pw − CVP]/[Pa − 
CVP]).16 Both wedge and direct measurements of collateral pressure 
have been described. Values greater than 0.30 are considered adequate 
to prevent ischemia at rest but have not been rigorously validated. 
Threshold CPI values that correspond to provocable ischemia are 
uncertain, as are the thresholds for pressure-derived fractional flow 
reserve (FFR) and instantaneous flow reserve (IFR) measured distal to 
occlusions. In the cases of FFR and IFR, however, reasons are few as 
to why threshold values established in nonocclusive lesions might not 
apply. An elegant single-center prospective study of 107 patients 
undergoing CTO PCI measured CPI (with direct rather than wedge 
collateral pressure), distal bed postadenosine FFR, and Doppler-based 
collateral flow velocity reserve (CFVI). Whereas CPI at rest was above 
0.3 in 78% of patients, only one patient demonstrated an FFR value 
above 0.75 (the conventional ischemic threshold), and more than one 
third of patients had evidence of inducible coronary steal by CFVI.17

The relationship among CTO, ischemia, regional and global LV 
dysfunction, and post-PCI LV recovery is complex and incompletely 
characterized. Patients with a CTO detected in a non–infarct-related 
vessel coincident with primary PCI for STEMI are significantly more 

A twofold excess in history of prior MI was observed among CTO 
patients in both Canadian4 and Swedish5 registries (40% vs. 23% and 
37% vs. 17%, respectively, P < .01 in both). However, the relationship 
between a CTO, the presence and extent of infarction in the sub-
tended territory, and the degree of left ventricular (LV) dysfunction 
attributable to the CTO is not well established. Half of the patients in 
the Canadian registry had a left ventricular ejection fraction (LVEF) 
less than 50%, but significant Q-waves were present in only 32%  
of right coronary arteries (RCAs), 13% of left anterior descending 
(LAD) coronary arteries, and 26% of left circumflex (LCX) artery 
occlusions. In the VA registry, chronic CAD patients with CTO had a 
significantly lower LVEF than those without a CTO (LVEF 53% vs. 
60%, P < .0001) but also had significantly more multivessel CAD (66% 
vs. 42%, P < .0001).

Despite, by definition, the long-standing nature of chronic occlu-
sions, an acute coronary syndrome (ACS) that presumably arises in 
other coronary segments is a common trigger for CTO detection. ACS 
immediately preceded CTO detection in 46% of the Canadian cohort4 
and 40% of the Swedish cohort.5 Conversely, in a prospective single-
center registry6 of nearly 3300 consecutive primary PCI procedures for 
STEMI, the prevalence of a preexisting CTO was 12.8%. Patients with 
a CTO detected at primary PCI had significantly worse prognosis than 
patients with single-vessel CAD (infarct vessel only) or those with 
multivessel CAD without a CTO.

Pathology
The histopathology of CTOs is an evolving area that has grown from 
necropsy and ex vivo tissue analyses to include the use of intravascu-
lar micro–computed tomography (MCT), micro–magnetic resonance 
imaging (MMRI), and intravascular ultrasound (IVUS). Studies have 
aimed to characterize the histology of CTOs and in so doing to char-
acterize the pathologic bases for procedural success and failure.

Most fundamentally, postnecropsy samples of chronically occluded 
coronaries consistently demonstrate preservation of vessel architec-
ture, including a multilayered structure in which the intima and neo-
intima (including atherosclerotic plaque) is distinguishable from the 
muscularis and adventitia and, notably, in which the external elastic 
lamina remains intact. This preservation of gross architecture is the 
pathologic feature that most enables percutaneous recanalization (Fig. 
25-1). Early necropsy studies to examine human CTOs have shown 
that angiographic characteristics, such as proximal cap morphology, 
may predict histology. Tapered-tip occlusions contain areas of luminal 
recanalization with microchannels and loosely packed fibrous tissue. 
Such occlusions also tend to be shorter.7 Conversely, lesions with blunt 
tips are typically composed of densely packed fibrous material and 
fibrocalcific intimal plaque and tend to be longer.8

Studies in mouse, porcine, and rabbit femoral arterial occlusion 
models have provided experimental insights into the development of 
CTOs. Recent thrombotic occlusions display an inflammatory infiltrate 
dominated by neutrophils and mononuclear cells that penetrate the 
occlusive thrombus. The density of this infiltrate peaks at 2 weeks after 
occlusion and declines thereafter, as loosely packed collagen extracel-
lular matrix (ECM) infiltrates and replaces the thrombus. This process 
is accompanied by negative remodeling of the surrounding vessel and 
variable decay of the internal elastic lamina.8,9 Proteoglycan-enriched 
ECM deposition occurs early, between weeks 2 and 6 after occlusion, 
and it is concentrated at the proximal and distal ends of the lesion. 
Over time, these areas are replaced by densely packed collagen.9 These 
experimental observations may in part explain the clinical paradigm 
of mechanically resistant proximal and distal caps.

Human and animal necropsy studies and advanced imaging  
studies have confirmed the frequent presence of recanalization micro-
vascular channels (microchannels) within chronically occluded seg-
ments. Microchannels within human CTOs were first described by 
Katsuragawa and colleagues,7 wherein small vascular channels ranging 
from 160 to 230 µm in diameter were noted at both proximal and 
distal lesion segments. This observation led to speculation that 
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FIGURE 25-1	 Postmortem	example	of	a	chronically	occluded	atherosclerotic	left	anterior	descending	(LAD)	coronary	artery.	A,	Ante	mortem	angi-
ography	(left	anterior	oblique	cranial	projection)	of	 left	coronary	demonstrates	a	flush	occlusion	of	 the	LAD	with	small	bridge	collaterals	arising	
from	the	left	main.	The	dotted	line	represents	the	approximate	course	of	 the	occluded	vessel.	B,	Postmortem,	the	left	main,	proximal	circumflex,	
and	proximal	LAD	arteries	have	been	dissected	en	bloc;	apart	 from	negative	 remodeling,	 few	external	cues	are	present	 to	suggest	 that	 the	LAD	
lumen	 is	 occluded.	 C,	 Postmortem	 radiograph	 of	 the	 specimen	 emphasizes	 the	 extent	 of	 dystrophic	 calcium	 typical	 in	 a	 chronic	 occlusion.	
D,	Longitudinal	histopathology	confirms	preservation	of	vessel	architecture,	 including	a	multilayered	structure	in	which	the	intima	and	neointima	
(and	extensive	atherosclerotic	plaque)	 is	distinguishable	 from	the	muscularis	and	adventitia.	Notably,	 the	external	elastic	 lamina	remains	 intact	
(apparent	breaches	are	due	to	fixation	artifact).	The	preservation	of	gross	vessel	architecture	is	the	pathologic	feature	that	most	enables	contem-
porary	techniques	for	percutaneous	recanalization.	
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troubling example, in light of the potential for severe ischemia, of the 
general uncertainty around the prognostic benefit of PCI specifically, 
and revascularization more generally, in limited stable CAD.21

In the absence of prospective randomized data, investigators have 
focused on retrospective observational analyses drawn from PCI data-
bases, which typically compare long-term cardiovascular outcomes 
among patients selected for CTO PCI and are grouped according to 
operator-reported PCI success versus failure. The first such report 
examined approximately 2000 patients undergoing CTO PCI at a 
single center over a 20-year period ending in 1999. Ten-year Kaplan-
Meier analyses showed PCI success to be associated with an absolute 
survival advantage of 8.5% when compared with PCI failure (73.5% vs. 
65.0%). In a multivariable model for mortality during long-term 
follow-up, CTO success remained an independently powerful predic-
tor (adjusted hazard ratio [HR] 0.7; 95% CI, 0.5 to 0.8; P < .001).22 In 
a similarly designed but population-based analysis from the British 
Columbia Cardiac Registries, PCI success among approximately 1400 
CTO PCI procedures was associated with a 9% absolute survival 
advantage at 6-year follow-up (adjusted HR 0.44; 95% CI, 0.30 to 0.64; 
P < .0001) and a nearly 20% absolute reduction in early and late coro-
nary bypass.23 Recently the U.K. National Institute for Cardiovascular 
Outcomes Research examined the data from nearly 15,000 patients 
who underwent elective PCI between 2005 and 2009 to target one or 
more CTOs. After adjustment for recorded baseline characteristics, 
PCI success was powerfully associated with lower all-cause mortality 
at mean follow-up of 2.7 years (HR 0.71; 95% CI, 0.62 to 0.82; P < .001; 
Fig. 25-2).24

Retrospective and nonrandomized analyses cannot demonstrate 
causality, but two intriguing observations from these nonrandomized 
analyses suggest a causal relationship between CTO PCI success and 
better survival. First, Safley and colleagues25 observed that the associa-
tion between better survival and CTO PCI success was restricted to 
LAD procedures. Second, whereas PCI success is associated with lower 
long-term mortality, it appears not to be associated with a lower 

likely to have moderate or severe LV impairment (28% vs. 17%, P < 
.01) and are more than twice as likely to suffer progressive LV impair-
ment at follow-up (39% vs. 17%, P < .01).6

The available reports exploring the relationship between CTO 
revascularization and LV function do not include medically treated 
comparators. With this important limitation, patients with regional LV 
dysfunction in whom the abnormal wall segment is subtended by the 
CTO commonly demonstrate regional LV improvement after CTO 
PCI.18 Improvement in global LVEF consequent to CTO PCI is less 
easily demonstrated in part because more than half of CTO patients 
have normal baseline ejection fraction (EF). In the Total Occlusion 
Study of Canada (TOSCA),19 244 patients had paired (baseline and 
6 mo) core laboratory evaluable LV angiograms, and 106 of these 
(43%) had an impaired EF at baseline (EF <60%, mean 46% ± 9%). EF 
did not change at follow-up among those with normal baseline EF but 
rose 3.8% (± 8.4%) in the cohort with impaired baseline EF (P < .001). 
The direction and magnitude of these EF changes are consistent with 
those observed in smaller series.18,20

An important area for future investigation will be the identification 
of patients with both a CTO and impaired EF who are most likely to 
demonstrate EF improvement following CTO recanalization. Large, 
prospective studies with detailed clinical, electrocardiographic (ECG), 
angiographic, and imaging variables will likely be necessary.

CLINICAL OUTCOMES
Vast clinical experience and common sense both support the notion 
that revascularization of severely ischemic viable territories, such as 
those subtended by many CTOs, provides clinical benefit. Yet the sci-
entific evidence to support this construct remains inconclusive. This 
knowledge gap is mainly attributable to the absence of an adequately 
powered randomized clinical trial to compare a strategy of CTO revas-
cularization, especially by PCI, to a strategy of medical therapy. The 
uncertainty of prognostic benefit provided by CTO PCI is an especially 

FIGURE 25-2	 Kaplan-Meier	curve	showing	differences	in	mortality	between	those	with	failed	versus	successful	percutaneous	coronary	intervention	
(PCI)	procedures	targeting	a	chronic	total	occlusion	(CTO).	Successful	intervention	was	associated	with	a	significant	decrease	in	mortality	(hazard	
ratio	0.71;	95%	confidence	interval,	0.62	to	0.82;	P	<	.001).	Data	drawn	from	nearly	15,000	patients	enrolled	in	a	population-based	U.K.	PCI	
registry.	(From	British	Cardiovascular	Intervention	Society;	National	Institute	for	Cardiovascular	Outcomes	Research;	et	al:	Long-term	follow-up	of	
elective	chronic	total	coronary	occlusion	angioplasty:	analysis	from	the	U.K.	Central	Cardiac	Audit	Database.	J	Am	Coll	Cardiol	64:235-243,	2014.)
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nonocclusive CAD in practice and moreover varies widely among  
physicians and PCI centers. Multicenter U.S. registries32,33 of patients 
treated in the 1990s indicate that fewer than only 8% to about 15% of 
patients with a CTO at angiography underwent PCI. A subsequent 
prospective VA registry3 found that the presence of a CTO at angiog-
raphy was a powerful independent predictor of a physician recom-
mending CABG or medical therapy alone over PCI. In the Canadian 
CTO registry4 that enrolled patients in 2008 and 2009, PCI was nev-
ertheless undertaken in only 10%. Notably, practice varied enormously 
by hospital, with as few as 1% and as many as 16% of patients treated 
with PCI (P < .001) despite similar rates of CABG at all centers (22% 
to 28%, P = NS). The low and variable use of PCI for CTO likely reflects 
many factors, among them a wide variation in technical expertise and 
an inconclusive evidence basis for benefits beyond symptom relief. The 
data do imply, however, that many symptomatic patients with CTOs 
are not being counseled with respect to contemporary PCI options, nor 
are they being referred to centers and operators with the special exper-
tise to provide predictable results.

Neither American nor European guidelines distinguish between 
CTOs and nonocclusive lesions with respect to the threshold for 
undertaking revascularization, whether by PCI or CABG.34,35 The 
European guidelines consider CTO PCI a complex procedure that 
demands experienced operators at centers with specialized CTO 
equipment and access to circulatory support and cardiac surgery. Ad 
hoc treatment (coincident with diagnostic catheterization) is discour-
aged. The American College of Cardiology (ACC)/American Hospital 
Association (AHA)/Society for Cardiovascular Angiography and 
Interventions (SCAI) guidelines state that “(CTO PCI) in patients with 
appropriate clinical indications and suitable anatomy is reasonable 
when performed by operators with appropriate expertise” (class IIa, 
level of evidence B) but do not further define appropriateness. Without 
clear justification or evidence, the Appropriate Use Criteria provide a 
somewhat higher threshold for PCI to target CTOs than they do for 
nonocclusive lesions.36 Finally, when PCI is chosen as the most suitable 
mode of revascularization in multivessel CAD, it is generally agreed 
that complete functional revascularization should be sought (complete 
revascularization of all viable territories). In this circumstance, there-
fore, the PCI strategy should include treatment of CTO in vessels 
subtending substantially viable myocardium.

TECHNIQUES FOR CHRONIC TOTAL OCCLUSION 
PERCUTANEOUS CORONARY INTERVENTION

The femoral or radial approach can be used for CTO PCI with empha-
sis on dual angiography to visualize collateral flow, which is key to any 
approach. The guiding principle of access selection is that operators 
should use access routes that support their typical and optimal tech-
niques. The relative merits of potentially larger sheath/guide sizes 
(femoral) can be weighed against the reduction in vascular complica-
tions and improved patient comfort (radial).37,38 When femoral access 
is used, long (45 cm) sheaths can overcome iliac tortuosity and increase 
guide catheter support. Guiding catheter size is usually limited to 6 Fr 
(occasionally 7 Fr) from the radial approach. Good passive support 
with coaxial alignment is crucial, especially in complex CTO proce-
dures. Although the choice of the guiding catheter shape is generally 
dictated by personal experience, it is important for operators to seek a 
guide with optimal back-up support at the onset of the procedure 
rather than accepting one with merely satisfactory support. The radial 
operator should be familiar with active guide manipulation to augment 
the support, and all operators should be versed in balloon anchoring 
and mother-and-child techniques to improve support when needed.39

When the distal vessel is filled by retrograde collaterals, the ipsilat-
eral collaterals can have their flow impaired after wire and catheter 
advancement, resulting in a collateral or preferential collateral shift to 
the retrograde collaterals during the procedure. Therefore to achieve 
the best diagnostic angiography (i.e., to fill the entire collateral bed), 
contralateral injection should be performed at the start of the proce-
dure if any visible contralateral collaterals are present. Operators from 

incidence of early or late MI.24,26,27 If CTO PCI success versus failure 
merely stratifies patients into lower- versus higher-risk cohorts, these 
heterogeneous effects by both vessel and specific outcome (death vs. 
MI) beg explanation.

Conversely, patients with successful procedures differ from those 
with unsuccessful procedures in both known and unknown ways, and 
these differences may partially or entirely account for differential out-
comes. Moreover, patients who undergo failed procedures are exposed 
to procedural hazards that influence early and perhaps late outcomes, 
whereas patients managed medically have no such exposure. These 
effects were demonstrated in a report from the Occluded Artery Trial 
(OAT), a prospective randomized controlled trial to test routine PCI 
in subacute, not chronic, coronary occlusions; a post hoc analysis of 
OAT outcomes identified high- and low-risk subgroups according to 
PCI success versus failure with significantly different short- and long-
term outcomes that in isolation imply a benefit attributable to PCI 
analogous to the observational data for CTOs. The strategy of PCI, 
however, was not superior to the strategy of medical therapy in the 
primary randomized analysis.28

Long-term prevention of hard cardiovascular end points cannot  
be observed by individual clinicians treating individual patients. In 
contrast, the relief of ischemic symptoms (angina and angina equiva-
lents) following CTO PCI, while admittedly variable, is frequently 
directly observed and can be striking. Recent dissemination of new 
CTO techniques and expertise means that symptomatic individuals 
who have not previously been offered revascularization are now being 
treated percutaneously and are often rendered asymptomatic after 
years of functional limitation. Measuring this effect in a randomized 
trial is challenging, if not impossible, because it is generally viewed as 
unethical to assign highly symptomatic medically optimized patients 
to continued medical therapy alone. Moreover, the randomization  
of minimally symptomatic patients—as in the International Study  
of Comparative Health Effectiveness with Medical and Invasive 
Approaches Study (ISCHEMIA) trial,29 for instance—only serves to 
underestimate the therapeutic potential of the treatment as it relates to 
angina relief.

The severity of ischemia downstream from a CTO suggests that 
revascularization might provide even greater symptom relief on 
average than treatment of significant but nonocclusive lesions. In Clini-
cal Outcomes Utilizing Revascularization and Aggressive Drug Evalu-
ation (COURAGE),30 a trial that primarily enrolled patients with 
nonocclusive coronary stenoses in whom symptom relief attributable 
to PCI was found to be modest, successful treatment of a CTO was 
associated with significant improvements in symptom burden and 
quality of life. In a carefully characterized and prospectively studied 
cohort from the FlowCardia’s Approach to Chronic Total Occlusion 
Recanalization (FACTOR) trial,31 successful CTO PCI was associated 
with significant and clinically important improvements in angina fre-
quency, physical limitations, and quality of life 4 weeks after the pro-
cedure as assessed by the Seattle Angina Questionnaire (SAQ). Finally, 
in a meta-analysis of six other small CTO studies that reported symp-
toms using various methodologies and follow-up, PCI success was 
associated with a much higher likelihood of freedom from residual or 
recurrent angina (N = 1601, HR 2.2; 95% CI, 1.5 to 3.3; P = .0001).27 
The much less frequent use of early and late coronary bypass surgery 
after successful CTO PCI that has been observed in numerous reports 
is concordant with both the effectiveness and durability of symptom 
relief attributable to these procedures.23,27

INDICATIONS FOR REVASCULARIZATION
Published indications for CTO revascularization largely mirror the 
indications for revascularization in otherwise similar nonocclusive 
stable CAD. In this regard, the primary indication for CTO PCI in  
the setting of single-vessel CAD is the relief of ischemic symptoms  
that persist despite antiischemic medical therapy. However, the fre-
quency with which PCI is offered to patients with a CTO (but other-
wise limited CAD not warranting CABG) is much lower than for 
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the EuroCTO Club have used contralateral injection in 62% of their 
cases,40 whereas dual injection was used in 78% of cases in a more 
recent North American series.41 Dual-injection collateral analysis is 
best performed using low magnification, so that the entire coronary 
tree is visualized without panning. Careful study of the collaterals not 
only provides important information in choosing the most appropriate 
collateral but will also alert the operator to the risk of ischemia and 
hemodynamic or electrical instability if the wired collateral becomes 
occluded. Three typical collateral pathways are demonstrated in Figures 
25-3 through 25-5. A careful and detailed review of the angiogram is 
critical for creating primary and alternative CTO treatment strategies 
to optimize the efficacy, efficiency, and safety of the procedure.42

Anticoagulation during CTO PCI is best achieved with unfraction-
ated heparin (UFH) because it allows for titration of the anticoagulant 
effect (an activated clotting time [ACT] of >350 seconds is recom-
mended by many operators during retrograde CTO PCI to minimize 
the risk of donor vessel and guide thrombosis).43 Bivalirudin requires 
ongoing flow and exposure to blood to maintain its pharmacothera-
peutic effect and therefore has the potential for higher guide catheter 
thrombotic rates. As with all PCI, preloading with a P2Y12 adenosine 
diphosphate (ADP) receptor inhibitor and aspirin is important to 
reduce the risk of acute stent thrombosis and periprocedural MI.

Prediction of Chronic Total Occlusion Crossing Difficulty
Predicting the difficulty of CTO crossing with a guidewire is important 
for case selection and procedural planning. The Multicentre CTO Reg-
istry of Japan (J-CTO) score is determined by assigning one point to 
each of five variables: (1) previously failed lesion, (2) blunt type of 
entry, (3) calcification, (4) bending, and (5) occlusion length. Patients 
are classified into four difficulty groups: easy (J-CTO score of 0), inter-
mediate (a score of 1), difficult (a score of 2), and very difficult (a score 

FIGURE 25-3	 Typical	 fine,	 moderately	 tortuous	 transseptal	 collateral	
connecting	the	left	anterior	descending	(LAD)	coronary	artery	to	the	right	
posterior	descending	artery.	Transseptals	are	the	most	commonly	used	
collaterals	 for	 retrograde	 chronic	 total	 occlusion	 techniques	 and	 can	
serve	to	access	an	occluded	dominant	right	coronary	artery	or	dominant	
left	circumflex	artery	from	the	LAD,	or	in	the	opposite	direction,	to	access	
an	occluded	LAD	from	a	dominant	right	or	left	circumflex	artery.	Another	
transseptal	 collateral	 is	 visible	 arising	 from	 the	 distal	 LAD.	 Because	
transseptal	 collaterals	 are	 generally	 contained	 within	 septal	 myocar-
dium,	their	rupture	rarely	poses	a	hazard	with	respect	to	tamponade.	

FIGURE 25-4	 A	 large,	 dominant,	 tortuous,	 transapical	 epicardial	 col-
lateral	supplies	the	right	posterior	descending	artery	from	the	distal	left	
anterior	 descending	 artery.	 This	 collateral	 is	 likely	 to	 become	 kinked	
when	instrumented	with	a	guidewire	or	microcatheter,	resulting	in	loss	
of	visualization	of	 the	distal	 target	and	creating	the	potential	 for	acute	
intraprocedural	 ischemia.	 Collaterals	 of	 this	 configuration	 are	 rarely	
helpful	as	conduits	for	retrograde	access.	

FIGURE 25-5	 Two	 typical	atrioventricular	groove	epicardial	collaterals	
from	the	circumflex	artery	to	the	right	posterolateral	branch.	Arrowheads	
indicate	a	straight	connection;	arrows	show	a	tortuous	connection.	

of 3 or higher). The J-CTO score correlated well with the probability 
of successful guidewire crossing within 30 minutes (87.7%, 67.1%, 
42.4%, and 10.0%, respectively)44 and was recently validated in an 
independent single-center Canadian cohort.45 Recent reports using a 
hybrid-based CTO algorithm have shown that the J-CTO score pre-
dicts an increasing need for retrograde procedures to obtain success 
(Fig. 25-6).
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Antegrade Dissection/Reentry
The primary mode of failure when recanalizing a chronically occluded 
vessel is failure of the wire to enter the distal true lumen and to  
instead reside within plaque or within the subintimal plane. Reentering 
the true lumen from these positions can be extremely challenging  
with wire-based techniques alone. Recent technologies such as the 
CrossBoss catheter, Stingray balloon, and Stingray reentry guidewire 
(Boston Scientific, Natick, MA) have addressed this limitation and 
have provided a much more reproducible and systematic method for 
successfully gaining reentry into the coronary lumen. The CrossBoss 
catheter is a metal-braided, over-the-wire support catheter with a 
1-mm rounded distal tip that can be used to support standard guide-
wire manipulation or can be advanced using rapid rotation, with or 
without the wire lead (Fig. 25-7). Without the wire lead, this catheter 
can cross into the distal true lumen in approximately 40% of lesions. 
Alternatively, it can enter into a side branch, which is important to 
recognize to avoid perforation, or it can cross within the subintimal 
space. If the CrossBoss catheter reaches a subintimal position, or if a 
standard wire strategy leads to subintimal or sublesional wire position-
ing, coronary reentry can be systematically achieved with Stingray 
coronary reentry technologies (Boston Scientific). The Stingray balloon 
is a 1 mm thick, over-the-wire balloon catheter with three exit ports 
(one distal and two 180-degree diametrically opposed side ports). 
When the balloon is inflated, it effectively wraps the artery with one  
of the two exit ports, necessarily directed toward the adventitia,  
and the other port is directed toward the lumen. Using fluoroscopy  
and collateral angiography, operators can select the lumen port with 

Specific Approaches and Techniques

Antegrade Guidewire Approach
Antegrade guidewire-based recanalization of CTOs has been and 
remains the most common approach worldwide.46-48 In general, an 
over-the-wire catheter is delivered to the proximal cap on a workhorse 
wire, and then CTO-specific techniques and wire shaping are applied. 
The approach of gradually escalating wire stiffness to achieve crossing 
has become more nuanced and flexible. Modern step-up/step-down 
techniques start with soft, tapered polymeric wires but step up promptly 
to stiff, spring-coil tapered wires to overcome any hard, calcified, or 
fibrotic segments of the occlusion and then step back down to soft, 
polymer/hydrophilic wires to continue tracking along the occluded 
segment and complete the crossing of the CTO.42,49 A rapidly expand-
ing range of CTO guidewires demands that the CTO specialist have an 
organized approach to wire choice that keeps pace with evolving global 
experience and new guidewire designs.50

Balloons or catheters should never be advanced over a wire unless 
it is certain that the wire is in the architecture of the vessel (within  
the boundary of the external elastic lamina) because wire perforations 
that occur within the occluded segment are usually benign but can 
become catastrophic if larger equipment is advanced outside the vessel, 
thereby enlarging the breach. Moreover, once they access the distal true 
lumen, the CTO-crossing wires should be exchanged for workhorse 
wires to avoid distal plaque disruption/dissection and in particular to 
prevent inadvertent distal perforation of small vessels, causing delayed 
tamponade.51

FIGURE 25-6	 The	hybrid	approach	to	chronic	total	occlusion	(CTO)	percutaneous	coronary	intervention	(PCI)	uses	sentinel	features	of	the	coronary	
anatomy	 to	guide	 the	 initial	approach	 to	CTO	 recanalization.	Antegrade	approaches	are	 favored	by	a	clearly	 identified	nonostial	occlusion	 inlet	
(proximal	cap),	a	large	and	well-visualized	target	segment	beyond	the	distal	cap,	absence	of	severe	calcification	or	tortuosity,	and	absence	of	an	
important	side	branch	adjacent	to	the	distal	cap	that	might	be	excluded	during	dilation	and	stenting	of	a	subintimal	tract.	Retrograde	approaches	
are	favored	when	suitable	collaterals	or	bypass	grafts	exist	through	which	delivery	of	PCI	equipment	to	the	distal	cap	appears	feasible,	particularly	
when	the	anatomy	does	not	favor	an	antegrade	approach.	An	important	feature	of	hybrid	CTO	procedures	is	the	operator’s	predisposition	to	timely	
changes	of	strategy	when	progress	toward	the	goal	of	recanalization	stalls.	
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manipulation includes placing the wire and then the microcatheter 
into the antegrade guide catheter and then exchanging those for a long 
wire to be externalized from the antegrade guide.58 The externalized 
wire—such as the ViperWire Advance (CSI, St. Paul, MN), R350 (Vas-
cular Solutions, Minneapolis, MN), or RG3 (Asahi Intecc, Nagoya, 
Japan)—is then used as the interventional platform to complete the 
PCI procedure.59 It is important for the portion of the retrograde 
guidewire that is traversing fine collaterals to remain covered by a 
microcatheter to protect the collateral vessel from laceration and per-
foration. Equally important is careful attention to guide movement to 
prevent guide-induced donor vessel injury.

Retrograde Dissection and Reentry Techniques
Controlled antegrade and retrograde subintimal tracking (CART; Fig. 
25-9) with intentional dissection followed by reentry has become the 
dominant retrograde technique for successful crossing of CTOs. The 
principle of this technique is to create a subintimal dissection with 
limited extension only at the CTO site, thereby facilitating antegrade 
or retrograde wire crossing. The current evolution of this technique, 
termed reverse CART, uses retrograde delivery of a microcatheter 
within the CTO segment either with traditional wire or knuckle-wire 
techniques. An antegrade wire is then advanced distal to the retrograde 
equipment followed by dilation of the occlusion segment with a balloon 
delivered over the antegrade wire. This tears (dissects) together the two 
spaces occupied by antegrade and retrograde equipment to create a 
single, common space that is in continuity with the proximal true 
lumen; the retrograde wire can then be advanced into the true lumen. 

the dedicated Stingray reentry wire to achieve distal lumen control 
(Fig. 25-8).

Occasionally, subintimal wire entry can cause a subintimal hema-
toma that can compress the distal true lumen and can thus require 
decompression through aspiration. The Stingray balloon or other 
microcatheters can be used for this purpose with a subintimal trans-
catheter withdrawal (STRAW) technique. These technologies have 
been highly successful and have had low complication rates, even in 
early experiences and refractory cases.52,53

The Retrograde Approach
In 2005, Katoh and colleagues pioneered the modern era of retrograde 
CTO recanalization by introducing new techniques such as targeted 
septal or epicardial collateral crossing, retrograde lesion crossing, and 
management of the subintimal space through the use of balloon dila-
tion for connecting antegrade and retrograde channels.53 Currently, 
retrograde procedures account for 15% to 34% of specialist CTO PCI 
procedures recorded in dedicated European and U.S. registries.40,54-56 
These methods require access to the distal CTO vessel from a collateral 
(or occasionally a bypass graft) vessel with successful placement of a 
support catheter into the distal target vessel.57

Retrograde Wire Crossing
The term retrograde wire crossing refers to lesion crossing in the 
distal-to-proximal cap direction with successful true lumen access to 
the proximal vessel; it is successful in less than 30% of retrograde 
procedures.43 The standard approach after successful retrograde wire 

FIGURE 25-8	 The	BridgePoint	(Boston	Scientific	Corporation,	Natick,	MA)	dedicated	antegrade	dissection	and	reentry	system.	After	establishing	an	
antegrade	subintimal	tract	using	a	CrossBoss	(A)	or	other	low-profile	catheter	or	small	angioplasty	balloon,	the	Stingray	balloon	(B)	is	delivered	
and	inflated	in	a	position	adjacent	to	the	preferred	segment	for	reentry.	The	flat	profile	of	the	Stingray	balloon	leads	to	its	self-orientation	circum-
ferentially	within	the	arterial	wall	such	that	one	of	the	exit	ports	inevitably	faces	the	arterial	lumen.	This	port	can	then	be	selected	using	the	dedicated	
steerable	Stingray	guidewire,	designed	to	facilitate	puncture	back	into	the	true	lumen.	

A B

FIGURE 25-7	 The	CrossBoss	catheter	is	used	to	make	a	controlled	dissection	from	the	proximal	cap	to	the	point	of	planned	reentry	with	the	Stingray	
balloon.	This	catheter	uses	blunt	dissection	to	avoid	perforation.	Unlike	wire-based	blunt	dissection	(“knuckle”	wires),	the	CrossBoss	was	designed	
to	create	a	small	channel	that	avoids	subintimal	hematoma	and	consequent	compression	of	the	reentry	zone.	
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Treatment of Lesions Resistant to Dilation
Although less common than failure to cross a CTO lesion with a guide-
wire, occasionally a coronary lesion cannot be crossed with a balloon 
or cannot be dilated with a balloon. It is important to confirm that the 
guidewire is in the vessel architecture or in the distal true lumen before 
proceeding with any over-the-wire catheter or before applying various 
dilation strategies. The vessel architecture can usually be determined 
fluoroscopically by observing calcium deposits or other signs of the 
vessel outline moving or “dancing” in sync with the interventional 
guidewire. The distal true lumen can be determined by contralateral 
angiography. After maximizing guide catheter support with either 
guide extension or anchor balloon, attempts to pass the initial over-
the-wire system should be attempted. In general, if a Corsair micro-
catheter (Asahi Intecc) will not cross the lesion, the initial step is to 
advance and inflate to high pressure a small (1.2 to 1.5 mm in diameter, 
14 to 16 atm) balloon as deeply as possible within the lesion to modify 
the proximal cap. When using small balloons, it is important to use 
longer balloons (15 to 20 mm) because the largest profile of these bal-
loons is at the midshaft marker, and thus the balloon tip will often 
penetrate the occlusion more readily. If this fails to allow passage of 
larger balloons, the next maneuver is to intentionally rupture the small 
balloon so as to modify with barotrauma the morphology of the proxi-
mal vessel and cap. If this fails to enable crossing, the Tornus catheter 
(Asahi Intecc) may be useful.61 If these maneuvers fail, more aggressive 
techniques such as the use of coronary laser62 or rotational atherec-
tomy63 can be used. Rotational atherectomy and laser can be used even 
when the wire is not in the distal lumen, provided it is still within the 
vessel architecture. The advantage of the excimer laser (e.g., the .9 mm 
Turbo Elite; Spectranetics, Colorado Springs, CO) is that it may be 
used on any 0.014-inch guidewire. However, rotational atherectomy 
requires exchanging the guidewire to a dedicated rotowire, and this 
may not be feasible when a resistant lesion prevents distal placement 
of any microcatheter. In situations where the distal true lumen has not 
been reached, the last 2 cm of the radiopaque wire tip can be removed 

Ultrasound observations suggest this maneuver is easiest when both 
the antegrade and retrograde guidewire are on the same side of the 
internal elastic lamina, either both within the subintimal space or  
both within the original true lumen. The most common reason for 
failure of this technique is use of undersized balloons, a problem over-
come with experience and use of IVUS for optimal balloon sizing  
and positioning.60 After the retrograde wire is advanced into the ante-
grade guide, externalization of the retrograde wire is performed as 
described earlier. The use of an antegrade daughter catheter such as a 
GuideLiner (Vascular Solutions) positioned immediately proximal to 
the reverse-CART segment can expedite retrograde wire capture and 
externalization.

Hybrid Strategy for Chronic Total Occlusion Percutaneous 
Coronary Intervention
Contemporary antegrade, retrograde, and dissection and reentry tech-
niques are complementary and necessary for the full spectrum of CTO 
PCI. Exploring sequential CTO crossing options can increase success, 
shorten procedure times, and reduce radiation exposure. The CTO 
expert operator needs broad skill sets, versatility, and flexibility to 
accommodate the wide range of anatomic scenarios for chronic occlu-
sion that will be present in patients with strong indications for revas-
cularization.61 Although significant variability exists among many 
operators with respect to procedural approaches, the “hybrid method” 
for CTO PCI is an effort to standardize initial and provisional tech-
nique selection based on patient anatomy (see Fig. 25-6).42 The imple-
mentation of the hybrid method requires skill-set development in 
optimal wire manipulation, dissection/reentry strategies, and retro-
grade techniques. The development and adoption of only one or two 
of these skill sets will ultimately limit the experienced operator who 
wishes to approach all patients with appropriate indications for revas-
cularization. Failure to develop all three skill sets will likely lead to 
underutilization of revascularization in patient subgroups who may 
derive the greatest benefit from these techniques.

FIGURE 25-9	 Controlled	 antegrade-retrograde	 tracking	 (CART).	 Through	 directed	 penetration	 or	 knuckling,	 antegrade	 and	 retrograde	 guidewires	
are	 brought	 into	 overlap	within	 the	 occluded	 segment	 [1];	wires	may	be	on	opposite	 sides	 of	 the	 internal	 elastic	 lamina	 (one	 subintimal,	 the		
other	within	the	occluded	true	lumen	[1a];	both	within	the	occluded	true	lumen	[1b];	or	both	in	a	subintimal	plane	[1c]).	Regardless,	a	balloon	
is	advanced	over	one	of	 the	wires	 [2];	 it	 is	 inflated	and	deflated	 [3];	and	 it	 is	 then	withdrawn,	 leaving	behind	 iatrogenic	dissection	 that	often	
includes	breaches	of	the	internal	elastic	lamina	within	the	occluded	segment	[4]	that	allow	the	retrograde	wire	to	be	moved	into	a	plane	common	
with	 the	antegrade	wire	and	 then	advanced	 into	 the	patent	proximal	 true	 lumen	[5]	and	ultimately	externalized.	CART	was	originally	described		
with	 the	balloon	positioned	on	 the	 retrograde	wire;	 the	 term	 reverse	CART	 refers	 to	 the	now	common	practice	of	positioning	 the	balloon	on	 the	
antegrade	wire.	

1a

1b

1c

2

3

4
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subintimal space proximal to the anatomic cap, effectively moving the 
functional cap proximally and bypassing the point of resistance. This 
is done in an antegrade direction using a prolapsed guidewire or Cross-
Boss catheter with reentry of the true lumen prior to major branches 
or using a retrograde approach with retrograde dissection and reentry 
to go around the uncrossable or undilatable lesion.

CONCLUSION
With the development of a multitude of new techniques and technolo-
gies, the ability to revascularize ischemic/hibernating myocardium via 
percutaneous techniques is achievable. This opens a new era of research 
and patient care to evaluate optimal percutaneous treatment.

prior to placement in the artery, thereby providing further reach with 
the burr (part of the radiopaque portion of the wire should be pre-
served to prevent the burr from going off the guidewire). Alternatively, 
the wire can be looped further down the vessel prior to atherectomy. 
Rotational atherectomy in the subintimal space should be attempted 
only by very advanced CTO operators with extensive experience 
assessing wire position in relation to vessel architecture. Performing 
rotational atherectomy in this situation demands the use of small 1.25 
to 1.5 mm burrs, maintenance of a high number of revolutions per 
minute (>170,000 rpm), and scrupulous avoidance of stalling and thus 
trapping the device in a distal subintimal position. If all of these tech-
niques fail to achieve balloon crossing and/or balloon dilation of the 
lesion, success can often be achieved by deliberately entering the 
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THE SCOPE OF THE PROBLEM
CABG is a commonly performed surgical procedure whose efficacy 
has been enhanced by the use of arterial grafts, off-bypass procedures, 
and minimally invasive surgical techniques; in addition, attempts have 
been made to improve graft longevity with antiplatelet agents and lipid-
lowering therapy. However, the temporary nature of the palliative effect 
of CABG remains a significant health care problem. Severe myocardial 
ischemic syndromes occur in 3% to 5% of patients immediately after 
surgery; thereafter, recurrent ischemic symptoms appear in 4% to 8% 
of post-CABG patients annually. SVG attrition, the most common 
cause, is up to 40% during the first year; 1% to 2% of grafts occlude 
annually 1 to 5 years after surgery, and 4% to 5% occlude each year over 
the next 5 years. At 10 years, one half of all SVGs are occluded, and half 
of the patent SVGs are diseased.

In early experience at Emory University Hospital and the Cleveland 
Clinic, reoperation was required in about 3% of patients by 5 years, 
15% by 10 years, and 30% by 15 years. For reoperation, even in the 
most experienced centers, the risk of in-hospital death and nonfatal 
Q-wave myocardial infarction (MI) is triple that of the initial opera-
tion. In the state of New York, in-hospital mortality was 4.1% for initial 
operations but 11%, 25%, and 39% for first, second, and third reopera-
tions, respectively.1 In addition to being more risky, reoperative surgery 
was associated with less complete anginal relief and reduced graft 
patency, probably attributable to more advanced disease and poorer 
graft conduits. These factors have promoted a conservative approach 
to reoperation and have favored the use of PCI.2-5 In addition, many 
symptomatic patients who are candidates for percutaneous methods 
would not be considered for reoperation because of jeopardy to a 
limited amount of myocardium, risk to patent grafts, lack of suitable 
conduits, poor LV function, advanced age, or coexisting medical prob-
lems. Recently published data from the Society of Thoracic Surgery 
(STS) national database showed that among patients aged 65 years and 

older who survived following an initial CABG operation, rates of 
repeat revascularization at 1, 5, 10, and 18 years were 2%, 8%, 16%, 
and 25%, respectively, and that the mode of revascularization was 
mostly PCI (93%).6 Factors associated with a higher rate of repeat 
revascularization included female sex, diabetes, prior PCI, dialysis, and 
incomplete revascularization. In the past decade at Emory, approxi-
mately 15% of the patients who underwent PCI had had a prior CABG, 
and bypass graft intervention was the most common indication. It is 
in this difficult group of patients, those who require bypass graft inter-
vention, that decision making is particularly critical owing to the 
increased risk and reduced long-term benefit of such intervention.

INDICATIONS FOR INTERVENTION
Patients who experience recurrent ischemia after coronary bypass 
surgery have diverse anatomic problems; therefore selection for PCI 
must be based on careful analysis of the probabilities of outcomes 
compared with competing strategies. The status of the LAD and its 
graft significantly influences revascularization choices because of its 
impact on long-term outcome and the lack of survival benefit of reop-
erative surgery to treat non–LAD-related ischemia.7,6 Factors that favor 
surgical revascularization include multiple-vessel involvement, severe 
vein graft disease, poor LV function, total occlusions of native coronary 
arteries, and the availability of arterial conduits.8 Because the choice 
among percutaneous methods and the relative effectiveness of each are 
often influenced by the time elapsed since surgery, indications are 
considered relative to this factor.

Early Postoperative Period
The performance of routine intraoperative angiography at the conclu-
sion of CABG at one center and three recent trials in which routine 
angiography was performed at 12 months to assess graft patency have 
provided sobering insights regarding contemporary CABG.9-12 Among 
366 consecutive patients who underwent intraoperative completion 
angiography, Zhao and colleagues9 found that 12% of bypass grafts had 
defects important enough to require intervention (open surgical revi-
sion, 3.4%; open-chest PCI, 6%; and minor adjustment, 2.8%). In a 
randomized trial in over 100 high-volume U.S. centers that included 
over 3000 patients in whom modern surgical techniques and medica-
tions were utilized, graft failure at 1 year occurred in 40% to 50% of 
SVGs.10 In the PRAGUE-4 trial, angiographic follow-up at 1 year 
revealed that 40% of SVGs and 9% of LIMA grafts were occluded.11 In 
the Veterans Affairs Randomized On/Off Bypass (ROOBY) study, 23% 
of SVGs and 11% of LIMA grafts performed off pump failed at 1 year.12 
Graft failure was associated with death, new MI, or repeat revascular-
ization in 26% of patients.10 Recurrent ischemia within days of surgery 
is usually related to acute vein graft thrombosis due to endothelial 
damage during harvesting and initial exposure to arterial pressure. 
However, stenosis may exist at proximal or distal anastomoses (Fig. 
26-1); a bypass graft may be kinked; the wrong vessel may have been 
bypassed; or the revascularization may have been rendered incomplete 
as a result of diffuse disease, stenoses distal to graft insertion, or inac-
cessible intramyocardial position of a recipient artery. To determine 
the cause of severe early postoperative myocardial ischemia and define 
therapeutic options, coronary arteriography has been carried out 
within a few hours of surgery in 3% to 4% of patients in some 
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K E Y  P O I N T S

•	 Early	postoperative	ischemia	(<30	days)	is	often	due	to	graft	
occlusion	or	stenosis,	and	percutaneous	coronary	intervention	
(PCI)	is	frequently	feasible.

•	 Unstable	angina	(UA)	or	ST-segment–elevation	myocardial	
infarction	(STEMI)	years	after	coronary	artery	bypass	grafting	
(CABG)	is	most	often	due	to	a	saphenous	vein	graft	(SVG)		
lesion;	in	such	cases,	native	vessel	PCI	is	preferred	whenever	
possible.

•	 Embolic	protection	halves	the	risk	of	atheroembolic	myocardial	
infarction	during	SVG	PCI	and	should	be	used	routinely	in	the	
treatment	of	de	novo	SVG	lesions	that	occur	years	after	CABG.

•	 Multiple	diseased	or	occluded	SVGs,	reduced	left	ventricular	(LV)	
function,	and	available	arterial	conduits	favor	repeat	CABG;	a	
patent	left	internal	mammary	artery	(LIMA)	to	the	left	anterior	
descending	coronary	artery	(LAD)	favors	PCI.

•	 Drug-eluting	stents	reduce	restenosis	in	SVGs	and	native	coronary	
arteries	and	have	become	the	default	strategy	for	many	operators	
in	spite	of	reduced	efficacy	in	SVGs	compared	with	native	vessels.
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When ischemia recurs 1 to 12 months after surgery, perianasto-
motic stenoses are among the most common problems (Fig. 26-3). 
Stenotic lesions of the distal anastomosis of saphenous vein or arterial 
grafts can be successfully dilated with balloon angioplasty at this time 
with little morbidity and good long-term patency in 80% to 90% of 
patients without stent implantation.3,21 Among 34 patients with distal 
anastomosis lesions reported from our early experience, 25 (74%) pre-
sented within 1 year of CABG.3 Thirty-two were successfully dilated, 
and three of four restenosis lesions redilated. A total of 30 of 32 patients 
were asymptomatic at 10 months. Stenoses, or in some cases total 
occlusions, of the middle or distal portions of the IMA or radial artery 
grafts may be dilated successfully (Fig. 26-4), especially when the pres-
ence of a short occlusion can be documented. Stenotic lesions of mid-
SVGs that occur within a year of surgery are usually the result of 
intimal hyperplasia; these lesions can be dilated with balloon angio-
plasty and/or stented with little risk of distal embolization, but recur-
rence has been noted in about 50% of cases in our experience, and 
periprocedural graft perforation has been observed. Stents, directional 
coronary atherectomy (DCA), and excimer laser angioplasty have all 
been tried for the treatment of proximal anastomotic lesions that occur 
within a year of surgery with excellent initial results but significant 
rates of restenosis. Data are sparse regarding use of drug-eluting stents 
at this site.

One to Three Years After Surgery
Patients with recurrent ischemia 1 to 3 years after surgery frequently 
have new stenoses in graft conduits and native coronary arteries that 
are amenable to percutaneous intervention. Whenever possible, native 
coronary lesions are targeted. The ACC/AHA/SCAI 2005 PCI guide-
lines consider focal ischemia–producing graft lesions in patients 1 to 
3 years after CABG with preserved LV function to be a class IIa indica-
tion (“conflicting evidence, weight of evidence/opinion in favor of 
usefulness”).16

More Than Three Years After Surgery
Beginning about 3 years after implantation, atherosclerotic lesions 
appear in vein grafts with increasing frequency. Unstable ischemic 
syndromes are common, and aggressive invasive evaluation and therapy 
are indicated. In over 70% of post-CABG patients who present with an 
acute coronary syndrome (ACS), the culprit lesion is located in an 
SVG.22 Atherosclerotic plaques in vein grafts contain foam cells, cho-
lesterol crystals, blood elements, and necrotic debris, with less fibrocol-
lagenous tissue and calcification than are present in native coronary 
arteries (Fig. 26-5). Consequently, the plaques in older vein grafts may 
be softer and more friable, as well as being larger than those observed 
in native coronary arteries, and they frequently have associated throm-
bus formation (Fig. 26-6).23 Recently published optical coherence 
tomography (OCT) studies of SVGs in patients with ACSs revealed the 
enormous complexity of SVG lesions (Fig. 26-7).24 Atheroembolism 
related to graft intervention may have catastrophic consequences. Con-
sequently, bulky vein graft lesions (those with a large potential ather-
oma mass) should be avoided if possible, with embolic protection 
utilized if not. Improved initial outcome has been reported with stent 
placement compared with balloon dilation in SVGs. However, long-
term results in SVGs, even with stents, have been disappointing. Data 
on long-term outcomes with drug-eluting stents in SVGs are limited 
(see “Drug-Eluting Stents in Vein Grafts” section), and the role of 
percutaneous techniques in totally occluded SVGs is controversial. 
Whereas successful recanalization of totally occluded SVGs is possible, 
the risk of distal debris embolization is considerable.

Acute ST-Segment–Elevation Myocardial Infarction
After coronary bypass surgery, approximately 3% of patients experi-
ence acute MI (AMI) annually. Because these patients were excluded 
from early reperfusion trials, therapy has been based on clinical 

centers,13-15 and this strategy is recommended. PCI in patients with 
early ischemia after CABG is a class I indication in the American 
College of Cardiology(ACC)/American Heart Association (AHA)/
Society for Cardiovascular Angiography and Interventions (SCAI) 
2005 PCI guidelines and the 2010 European guidelines on revascular-
ization.16,17 Although 44 of 145 patients (30%) catheterized because of 
ischemia early after surgery had no apparent cause for ischemia, most 
patients had correctable problems; 30 patients had emergency reopera-
tion, and 44 underwent PCI.13-15 In a more recent report, emergency 
coronary angiography was performed in 118 of 5427 CABG patients 
of whom 57% had graft failure and 60% underwent repeat revascular-
ization.18 Graft occlusion or stenosis was present in about 60% of cath-
eterized patients. In seven patients, focal stenosis was present in a 
venous or arterial graft distal anastomosis, and balloon dilation across 
suture lines was safe in these patients.13-15 However, in our experience 
(Fig. 26-2) and in that of others, extreme care is warranted within a 
few hours after surgery to ensure an intracoronary position of the 
steerable guidewire, indicating that the guidewire has not penetrated 
a suture line. In addition, balloon sizing should be conservative; we are 
aware of unreported cases of suture-line disruption and severe hemor-
rhagic complications. It is noteworthy that European guidelines advise 
against PCI of a graft anastomosis early after CABG because of this 
risk of perforation.17 Immediate access to a covered stent is essential, 
should suture line perforation occur. Mild to moderate imperfections 
at the anastomosis should not be dilated because they frequently disap-
pear on subsequent angiography, suggesting the presence of edema,19 
although some attribute these observations to the reparative ability of 
the LIMA.20 If a thrombosed graft is discovered, PCI of the native coro-
nary artery is recommended, but mechanical thrombectomy can be 
attempted—or a return to the operating room may be considered—if 
the jeopardized vessel is of significant importance. Use of thrombolytic 
agents or glycoprotein (GP) IIb/IIIa inhibitors in the early postopera-
tive period carries substantial risk of bleeding. Patients at increased 
risk for early postoperative ischemia include those undergoing mini-
mally invasive and “off-bypass” techniques and those who receive non–
internal mammary artery (IMA) grafts.

FIGURE 26-1	 Sites	 of	 saphenous	 vein	 graft	 stenoses.	 All	 lesions	
between	the	proximal	and	distal	anastomoses	are	considered	midgraft	
lesions.	

Proximal anastomosis

Body of vein graft

Distal anastomosis
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underwent native vessel PCI. Patients with SVG occlusion had lower 
rates of Thrombolysis in Myocardial Infarction (TIMI) grade 3 blood 
flow, higher in-hospital mortality (21% vs. 8%, P = .0004), and worse 
10-year survival (49% vs. 76%, P < .0001). SVG patency was 64% at 1 
year. Similar poor long-term outcomes were reported by other inves-
tigators.28 In the Assessment of Pexelizumab in Acute Myocardial 
Infarction (APEX-AMI) trial, 90-day death was higher in patients who 
underwent SVG PCI (19% vs. 5.7%, P = .05).29 In the Mayo Clinic 
STEMI experience, treatment of an SVG was independently associated 
with adverse cardiac events.30 In a report of 192 post-CABG patients 
with acute MI, 30-day mortality with SVG PCI was significantly higher 
than that with native vessel PCI (14.3% vs. 8.4%, P = .03).31 The ACC/
AHA Task Force Report on Early Management of Acute Myocardial 
Infarction classified PCI for vein graft recanalization as a class IIa 
intervention: “acceptable, of uncertain efficacy and may be controver-
sial; weight of evidence in favor of usefulness/efficacy.”32

experience and remains controversial. In a majority of patients, the 
culprit vessel has been found to be a vein graft, and considerable lesion-
associated thrombus was a common accompaniment (see Fig. 26-6). 
Intravenous thrombolytic therapy is relatively ineffective in SVGs.25 
Most investigators currently favor emergency coronary arteriography 
if feasible and the option of more specific intervention, including 
thrombectomy and mechanical recanalization. Kahn and associates26 
reported their experience with 72 postbypass patients who underwent 
direct PCI without antecedent thrombolytic therapy. No urgent bypass 
operations, strokes, or transfusions were reported, and in-hospital sur-
vival was 90%. However, more recent reports indicate that both acute 
and long-term results of PCI in SVGs for treatment of STEMI are 
inferior to those of native vessel PCI for STEMI. In a study of 2240 
consecutive patients with STEMI, Brodie and colleagues27 observed 
that patients who underwent SVG PCI were sicker (had poorer LV 
function, more three-vessel disease, and prior MI) than patients who 

FIGURE 26-2	 Two	cases	of	failure	of	minimally	invasive	coronary	artery	bypass	graft	treated	with	percutaneous	catheter-based	intervention.	Case	
1:	A	78-year-old	woman	underwent	 left	 internal	mammary	artery	(LIMA)	 to	 left	anterior	descending	(LAD)	coronary	artery	surgery	 through	a	 left	
fourth	 intercostal	 incision	without	 cardiopulmonary	bypass	because	of	 refractory	angina	and	a	 long	 stenosis	of	 a	 tortuous	 LAD.	Angina	at	 rest	
recurred	within	a	few	hours	after	surgery,	and	angiography	on	the	second	postoperative	day	revealed	occlusion	of	the	LIMA	graft	about	4	cm	from	
its	insertion	into	the	LAD	(A,	arrow).	The	LAD	was	tortuous,	with	multiple,	severe	stenoses	(B,	arrows);	left	ventricular	function	was	normal.	Angio-
plasty	and	stent	implantation	in	the	native	vessel	yielded	an	excellent	angiographic	result	(C,	arrows)	and	favorable	short-term	follow-up.	Case	2:	
Because	of	disabling	angina	and	a	 long	proximal	LAD	stenosis,	a	60-year-old	man	underwent	minimally	 invasive	LIMA	 to	LAD.	About	2	hours	
after	surgery,	an	electrocardiogram	showed	anterior	ST-segment	elevation,	and	emergency	coronary	arteriography	revealed	occlusion	of	the	distal	
LAD	at	the	graft	insertion	(D,	left	lateral	view,	arrow).	Balloon	angioplasty	through	the	LIMA	graft	was	successful	(E,	arrow),	and	the	patient	remained	
asymptomatic	at	6-month	follow-up.	
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that encircle the heart are encountered, or in the case of IMA grafts  
to far distal locations, balloon catheters with extra-long (145-cm) 
shafts or shorter guide catheters may be needed, or the guide catheter 
can be shortened and a flared, short sheath one size smaller can  
be used to close the cut end of the catheter. Embolic protection strate-
gies, a class I indication in PCI guidelines for de novo SVG lesions, 
have been shown to reduce atheroembolic MI by approximately 50% 
(see below) and should be used routinely in PCI of de novo SVG 
lesions.

RESULTS OF INTERVENTION

Percutaneous Coronary Intervention Versus Reoperation
At Emory University between 1980 and 1994, a total of 2613 postby-
pass patients underwent catheter-based myocardial revasculariza-
tion.35 Compared with 1561 patients treated with reoperative surgery, 
in-hospital outcomes were more favorable for mortality (1.1% vs. 6.9%; 
P < .001), Q-wave infarction (1.4% vs. 5.4%; P < .001), stroke (0% vs. 
2.8%; P = .27), length of stay (3.0 vs. 10.5 days; P < .001), and cost 

TECHNICAL STRATEGY
The postoperative patient offers unique challenges to the PCI operator. 
The selection of a guide catheter to achieve coaxial alignment and 
provide adequate back-up support is often the key to success. Figure 
26-8 illustrates the shapes of guide catheters commonly used for vein 
graft interventions; 7-Fr catheters are favored for many vein graft pro-
cedures (for optimal visualization, to facilitate stenting, and to accom-
modate large balloons, stents, and embolic protection devices); covered 
stents are needed to treat bypass graft perforations. Although some 
have recommended routine use of slightly oversized balloons and 
stents for vein graft procedures, it is prudent to size balloons and stents 
no larger than the normal reference segment. This is especially true in 
older vein grafts, in which vein graft rupture has been reported with 
modest oversizing. In addition, Iakovau and colleagues33 reported no 
benefit of oversizing with respect to target-vessel revascularization 
(TVR; 31% vs. 26%, P = 0.3), and MI was increased (29% vs. 17%, 
P < 0.05). Notably, Hong and colleagues34 have reported favorable 
outcomes using undersized stents in SVGs. In general, most experi-
enced operators stent from “normal to normal.” When vein grafts  

FIGURE 26-3	 A	37-year-old	woman	had	placement	of	saphenous	vein	grafts	(SVGs)	to	the	left	anterior	descending	(LAD)	and	posterior	descending	
coronary	arteries.	Unstable	angina	recurred	3	months	 later,	and	high-grade	stenosis	was	present	at	 the	 junction	of	 the	SVG	 to	 the	LAD	(A,	 top:	
arrow).	The	circumflex	coronary	artery	had	minimal	disease	(A,	bottom).	The	SVG	 to	 the	posterior	descending	coronary	artery	was	patent,	and	
balloon	 angioplasty	 of	 the	 distal	 anastomosis	 was	 successful.	 Disabling	 angina	 recurred	 9	 months	 following	 coronary	 artery	 bypass	 grafting	
(CABG).	Coronary	 arteriography	 (B,	 top)	 showed	a	widely	 patent	 distal	 anastomosis	 but	 high-grade	 stenosis	 of	 the	 circumflex	 coronary	 artery	
(B,	bottom:	arrow)	that	was	unresponsive	to	nitroglycerin.	Balloon	angioplasty	of	the	circumflex	stenosis	was	successful	(residual	stenosis	5%).	
Twelve	years	following	CABG,	angina	recurred	and	recatheterization	showed	high-grade	stenosis	of	the	mid-LAD	just	beyond	the	takeoff	of	a	large	
diagonal	(C,	top	left:	arrow);	the	vein	graft	to	the	posterior	descending	coronary	artery	was	occluded.	Previous	percutaneous	transluminal	coronary	
angioplasty	(PTCA)	sites	at	the	distal	anastomosis	of	the	vein	graft	to	the	LAD	and	the	circumflex	artery	(C,	bottom)	were	widely	patent.	Balloon	
angioplasty	of	the	mid-LAD	was	successful.	The	patient	remained	asymptomatic	for	4.5	years,	when	a	new	thrombotic	stenosis	in	the	midportion	
of	the	SVG	to	the	LAD	led	to	replacement	of	this	graft	with	a	left	internal	mammary	artery	(LIMA)	graft.	All	prior	PTCA	sites	were	patent,	and	surgical	
benefit	was	extended	over	16	years	with	three	percutaneous	procedures.	

PRE-PTCA POST-PTCA

12 years
following CABG

9 months
post CABG

3 months
after CABG
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CABG). At 3 years, survival was approximately 75%, comparable to the 
5-year survival in the Cleveland Clinic study; no significant advantage 
of one procedure over the other was apparent. An Emory University 
experience with 1712 diabetic patients who required repeat revascu-
larization between 1985 and 1999 (1123 with PCI, 589 with reopera-
tion) indicated relatively poor long-term outcomes. Survival at 5 years 
with PCI and reoperation was about 60%.37 Data from the STS registry 
shows an increasing use of PCI as the revascularization strategy of 
choice as the patient’s age increases.6

Vein Graft Intervention
Although the benefit of PCI for native vessel stenoses has been firmly 
established and even enhanced with drug-eluting stents, conduit lesion 
interventions have been more controversial. Guideline statements16,17 

($8500 vs. $24,200; P < .01); in-hospital CABG was required in 2.9% 
of angioplasty patients. Ten-year survival was better in the angioplasty 
group. By 5 years, approximately 50% of the angioplasty patients 
required either repeated PCI or CABG, and survival was better  
in patients who underwent native vessel, compared with graft, 
interventions—an observation not confirmed in the Mayo Clinic expe-
rience after correction for baseline differences.5 In 2191 post-CABG 
patients who underwent multivessel revascularization at the Cleveland 
Clinic between 1995 and 2000, a total of 1487 had reoperation and 704 
had PCI.8 Initial outcomes were more favorable with PCI for complete-
ness of revascularization, 30-day mortality, periprocedural Q-wave 
infarction, and stroke. At 5 years, unadjusted survival was 79% for 
CABG and 75% for PCI (P = .008). The only randomized comparison 
of PCI and CABG in postbypass patients was reported by Morrison 
and colleagues,36 who randomized 143 patients (67 to PCI and 75 to 

FIGURE 26-4	 A	52-year-old	man	experienced	recurrence	of	angina	5	months	after	 triple	coronary	bypass.	Coronary	arteriography	revealed	 total	
occlusion	 of	 the	 left	 internal	 mammary	 artery	 (LIMA)	 1	 to	 2	cm	 proximal	 to	 insertion	 into	 the	 left	 anterior	 descending	 (LAD)	 coronary	 artery		
(A,	arrow),	severe	stenosis	of	a	large	diagonal,	and	patent	grafts	to	the	obtuse	marginal	and	right	coronary	arteries.	The	LIMA	was	recanalized	by	
use	of	an	8-Fr	internal	mammary	artery	(IMA)	guide	catheter	for	good	backup,	progression	to	a	relatively	stiff	guidewire	to	punch	across	the	total	
occlusion,	and	a	2-mm	over-the-wire	balloon	(result	after	percutaneous	transluminal	coronary	angioplasty	[PTCA]:	B,	arrow).	The	diagonal	was	
successfully	dilated.	The	patient	presented	again	5	years	later	with	recurrent	angina	and	was	found	to	have	an	occluded	saphenous	vein	graft	to	
the	obtuse	marginal	artery;	 the	native	obtuse	marginal	artery	was	successfully	dilated.	The	LIMA-to-LAD	anastomosis	was	widely	patent	(C),	as	
was	the	diagonal,	5	years	after	recanalization.	
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patients at Emory. Restenosis occurred in 68% of proximal lesions, 61% 
of mid-vein graft lesions, and 45% of distal lesions.

Many different stent designs have been used in SVGs. In early 
experience, the self-expanding Wall stent resulted in successful deploy-
ment in more than 95% of patients, but stent thrombosis was reported 
in up to 10% and restenosis in up to 50%. Use of the Palmaz-Schatz 
coronary stent in SVGs was reported in observational registries, non-
randomized comparative studies, and a randomized trial comparing 
balloon angioplasty with stents. A total of 220 patients with new SVG 
lesions and angina pectoris or objective evidence of myocardial isch-
emia were randomly assigned to implantation of Palmaz-Schatz stents 
or standard balloon angioplasty in the Saphenous Vein De Novo 
(SAVED) trial.42 Patients with lesion length greater than two stents, MI 
within 7 days, or evidence of intragraft thrombus were excluded. 
Stented patients received warfarin anticoagulation. Patients assigned 
to stenting had a higher rate of procedural efficacy, defined as a reduc-
tion of stenosis to less than 50% of the vessel diameter with the assigned 
therapy, than did those assigned to angioplasty (Fig. 26-9), but they 
experienced more hemorrhagic complications resulting from warfarin 
anticoagulation. In-hospital complications were otherwise similar in 
the two groups, although a trend was observed toward fewer non–Q-
wave infarctions in the stent group. Whether stents have a significant 
effect in reducing particulate matter embolization is not certain, but it 
is a possible explanation for this trend. Restenosis occurred in 37% of 
the stented patients and in 46% of the angioplasty group (P = 0.24). 
Late lumen loss was significantly greater in patients who received high-
pressure (≥16 atm) stent expansion, suggesting that routine high pres-
sure may be undesirable in an SVG stenting. The outcome in the 

and appropriate use criteria38 encourage the use of PCI in early graft 
failure but are less supportive of PCI in vein grafts in place for more 
than 3 years because of the risk of embolic MI and poor durability. 
Vein graft intervention is a class IIa indication for patients with severe 
symptoms, good LV function, and patent arterial grafts and for patients 
who are poor candidates for reoperation. Criteria for determining 
whether a vein graft stenosis is “significant” are similar to those for 
native vessel lesions, but the use of fractional flow reserve (FFR) has 
not been studied in this setting. Because progression of atherosclerosis 
in SVGs exceeds that in native coronary arteries, some operators have 
been more aggressive in SVGs. Two observations support this line of 
thinking. Ellis and colleagues39 noted that patients with moderate, 
untreated stenoses in SVGs had a much higher late cardiac event rate 
than patients without (45% vs. 2%). And in a pilot trial of 57 patients 
randomized to drug-eluting stent implantation in intermediate SVG 
lesions (30% to 60%) or medical therapy alone, Rodes-Cabau and 
associates40,41 reported a lower rate of adverse cardiac events out to 3 
years in stent-treated patients. A larger, prospective randomized trial 
is currently in progress to test this hypothesis.

Bare-Metal Stents Versus Balloon Angioplasty in  
Vein Grafts
In the first reports of balloon angioplasty in SVGs, Grüntzig noted a 
higher than expected restenosis rate,2 and subsequent experiences con-
firmed this finding.3,4 Initial success rates of balloon angioplasty were 
higher in relatively ideal SVG lesions that were discrete and free of 
thrombus, but non–Q-wave MI occurred in 13% of 599 consecutive 

FIGURE 26-5	 Vein	graft.	A,	Low-power	photomicrograph	shows	rupture	(arrowheads)	of	atheromatous	plaque	caused	by	balloon	angioplasty	and	
secondary	thrombosis	(Thr).	Sections	taken	at	adjacent	sites	were	involved	by	such	extensive	disruption	that	luminal	boundaries	were	obliterated.	
B,	High-power	photomicrograph	demonstrates	 the	nature	of	 the	plaque,	with	 foam	cells,	cholesterol	clefts,	blood	elements,	and	necrotic	debris.	
C	and	D,	Intramural	coronary	artery	branches.	Atheromatous	emboli	obstruct	vessels	in	anterolateral	(C)	and	inferoseptal	(D)	walls	of	left	ventricle	
(compare	with	B).	 (From	Saber	RS,	Edwards	WD,	Holmes	DR	Jr,	et	al:	Balloon	angioplasty	of	aortocoronary	saphenous	vein	bypass	grafts:	a	
histopathologic	 study	 of	 six	 grafts	 from	 five	 patients,	 with	 emphasis	 on	 restenosis	 and	 embolic	 complications.	 J	 Am	 Coll	 Cardiol	 1988;12:
1501-1509.)
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compared with nondiabetic patients with respect to both survival and 
event-free survival (Fig. 26-10, A and B).44 When only the patients 
who received bare-metal stents were considered, in-hospital outcomes 
among diabetic and nondiabetic patients were not significantly differ-
ent, but survival was worse in diabetic patients. Kaplan-Meier survival 
curves for bare-metal stenting are shown in Figure 26-10, C.

Drug-Eluting Stents in Vein Grafts
Although bare-metal stents improve the initial and intermediate-term 
outcomes of SVG PCI, the impact is modest owing to restenosis and 
disease progression. A number of published reports of the use of drug-
eluting stents (DESs) in SVGs have shown conflicting results, leading 
some to question their use for this indication.45 In the first of three 
randomized comparisons of DESs with bare-metal stents (BMSs) in 

SAVED trial with respect to freedom from death, MI, repeated bypass 
surgery, or revascularization was significantly better in the stent group 
(73% vs. 58%; P = .03). The lack of a significant difference in restenosis 
rates in the treatment groups was due to the greater late lumen loss in 
the stent group and the small sample size.

Several centers have reported outcomes of more contemporary 
SVG interventions, but these studies were performed prior to embolic 
protection and drug-eluting stents. Comparing outcomes of patients 
from 1990 through 1994 with those from 1995 through 1998, Hong 
and colleagues43 reported similar initial success rates but improved 
1-year event-free survival in the more recent experience (71% vs.  
59%; P < .0001) and lower late mortality (6.1% vs. 11.3%; P < .0001) 
and a protective effect of stent implantation in both time periods. Five-
year outcome data from Emory University in 2556 patients who under-
went PCI of SVGs emphasized the poorer outcome of diabetic 

FIGURE 26-6	 A	59-year-old	man	developed	unstable	angina	10	years	after	coronary	bypass	surgery.	A,	Coronary	arteriography	revealed	high-grade	
stenosis	with	thrombus	and	poor	flow	in	a	sequential	saphenous	vein	graft	(SVG)	to	the	posterior	descending	and	circumflex	coronary	arteries.	No	
narrowing	was	present	 in	 the	 left	anterior	descending	coronary	artery,	diagonal,	and	large	anterior	marginal	systems.	The	 inferior	 left	ventricular	
wall	was	moderately	hypokinetic.	B,	After	infusion	of	thrombolytic	agent	into	the	graft	for	approximately	1	hour,	flow	improved	and	thrombus	was	
diminished.	The	patient	was	maintained	on	intravenous	heparin	for	5	days.	C,	Coronary	arteriography	then	showed	that	an	eccentric,	high-grade	
focal	stenosis	was	present	in	the	proximal	SVG	to	the	right	coronary	artery	without	thrombus.	D,	After	placement	of	a	4.0-mm	stent	(arrow),	the	
patient	became	asymptomatic.	E,	Recatheterization	6	months	 later	 revealed	excellent	patency	of	 the	SVG	with	mild	narrowing	of	approximately	
40%	at	the	stent	site	(arrow).	At	last	follow-up	10	months	after	intervention,	the	patient	remained	asymptomatic.	The	current	availability	of	throm-
bectomy	 and	 embolic	 protection	 make	 a	 more	 direct	 approach	 with	 thrombectomy	 appealing	 in	 some	 similar	 patients	 with	 extensive	 SVG	
thrombus.	
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reported a 36% decrease in major adverse cardiac events (MACEs) 
related to DES use.50

The third randomized comparison of DES and BMS use in saphe-
nous vein grafting, the Drug-Eluting Versus Bare-Metal Stents in 
Saphenous Vein Graft Lesions (ISAR-CABG) study, is the first powered 
for clinical end points.51 In this superiority trial, 610 patients were 
randomly assigned to receive a BMS or one of three DESs. The primary 
end point—the combined incidence of death, MI, and TVR at 1 year—
was reduced significantly by DES use (15% vs. 22%, P = .02) as was 
TLR (7% vs. 13%, P = .01). No differences were observed in death, MI, 
or stent thrombosis (Fig. 26-11). Seventy-two percent of patients 
underwent routine follow-up angiography at a median of 6.7 months, 
and less restenosis (15% vs. 29%, P < .0001) and graft occlusion (6% 
vs. 12%, P = .008) were noted in DES-treated patients. Of interest, the 
36% reduction in the 1-year MACE rate reported in this study was  
the same as that reported in the cited meta-analysis50 and large regis-
try.49 Clearly, longer-term follow-up of the ISAR-CABG randomized 
patients will be important. A recently published study from the Western 
Denmark Registry indicated that at 3 years, DES use in SVGs showed 
no benefit compared with BMS use with respect to death or stent 

SVGs, Vermeersch and coworkers46 implanted sirolimus-eluting stents 
(SESs) in 38 patients and BMSs in 37. At 6 months, patients who 
received SESs had less restenosis (14% vs. 33%, P = .03) and target-
lesion revascularization (TLR; 5% vs. 22%, P = .047) but similar rates 
of death and MI. At a median follow-up of 32 months, “late catch-up” 
had occurred, and TVR rates were comparable.47

A second randomized trial compared the outcomes of 41 patients 
treated with paclitaxel-eluting stents (PESs) with 39 treated with BMSs. 
Angiographic restenosis at 1 year occurred in 57% of BMS-treated 
SVGs and in 11% of PES-treated SVGs (P < .0001), and TLR was sig-
nificantly less common with a PES at 1.5 years (5% vs. 28%, P = .003).48 
Several observational registries have reported outcomes of SVG stent-
ing in larger groups of patients followed for up to 3 years. These reports 
suggest that DESs are safe in SVGs but that benefit in terms of reduced 
restenosis and need for repeat revascularization during the first year 
may be lost at 2 to 3 years. In the largest of these studies, the benefit 
of lower TVR rates at 9 months was confined to patients with an SVG 
diameter less than 3.5 mm.49 Several meta-analyses that have com-
pared the use of DESs and BMSs in saphenous vein grafting have also 
been published. One summarized 20 studies of over 5000 patients and 

FIGURE 26-7	 Angiography	and	optical	coherence	tomography	(OCT)	of	a	saphenous	vein	graft	(SVG)	lesion	in	a	patient	with	non–ST-segment–
elevation	myocardial	infarction.	A,	Angiography	of	an	SVG	to	left	anterior	descending	(LAD)	coronary	artery	with	severe	narrowing	and	thrombus	
(white	 box).	 Plaque	 ulceration	 with	 a	 flap	 is	 shown	 in	 the	 magnification	 (*).	 B,	 OCT	 at	 the	 site	 of	 the	 lesion	 reveals	 red	 thrombus	 (arrow).	
C,	Intimal	rupture	with	a	large	cavity	underneath	(*)	is	also	apparent.	In	C	and	D,	arrows	point	to	a	signal-rich	layer,	under	which	a	signal-free	
layer	is	evident	 that	separates	the	former	from	the	SVG	wall.	 In	all	OCT	frames,	fibrofatty	composition	of	 the	intima	is	evident.	(From	Davlouros,	
P,	Damelou	A,	Karantolis	V,	et	al:	Evaluation	of	culprit	saphenous	vein	graft	lesions	with	optical	coherence	tomography	in	patients	with	acute	coro-
nary	syndromes.	J	Am	Coll	Cardiol	Interv	4:683-693,	2011.)
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dual-antiplatelet therapy (DAPT) and must be favored in SVGs less 
than 3.5 mm in diameter and in patients at high risk for restenosis 
(those with long lesions or diabetes). A survey published in 2012 found 
that about two thirds of interventionalists preferred DESs in SVGs.56 
The significant occurrence of adverse cardiac events after SVG stenting 
(annual mortality of 5% to 10%, SVG occlusion in 15%) indicates a 
need for native vessel PCI whenever possible.

Embolic Protection
Recent attention has refocused on the importance of periprocedural 
elevations of creatine kinase myocardial band (CK-MB) and troponin, 
which indicate myocardial necrosis most often as a result of atheroem-
bolism. Even when mostly straightforward, single-lesion, single-stent 
SVG PCI procedures were carried out prior to the availability of 
embolic protection, significant CK elevations were noted in 20% of 
patients (see Fig. 26-5). The rate of MI and procedural risk were shown 
to increase with lesion complexity, length, and estimated plaque 
volume.57 In over 1000 patients who underwent SVG stenting, CK-MB 
elevation was the most powerful predictor of late mortality. The key 
role played by atheroembolization and confirmation of effective pro-
tective strategies were the products of several observational and ran-
domized studies.58 The GuardWire system (Medtronics, Minneapolis, 
MN [no longer available]) utilized a hollow 0.014-inch wire incorpo-
rating a compliant, inflatable distal occlusion balloon. During inflation 
of the distally placed balloon, flow in the graft was interrupted; the 
stent was then implanted, followed by aspiration of the graft using a 
special monorail catheter and deflation of the balloon to restore flow. 
The effectiveness of this strategy in a broad range of patients was con-
firmed in the Saphenous Vein Graft Angioplasty Free of Emboli Ran-
domized (SAFER) trial,59 in which 801 patients were randomly assigned 
to stent implantation with or without use of the GuardWire distal 
protection device. This study is the only randomized controlled trial 
of embolic protection. Thirty-day MACEs were reduced by 42% with 
use of embolic protection (16.5% to 9.6%, P = .004) primarily because 
of the lower rates of MI. This system, frequently applicable even in the 
presence of severe stenosis owing to its relatively low profile, captured 
small particles and soluble vasoactive agents such as endothelin, sero-
tonin, and a variety of coagulation components that have been shown 
to be liberated during SVG PCI.60 Analysis of the benefit of embolic 
protection in relation to lesion length in SAFER showed that even with 
lesions less than 10 mm in length, a 77% reduction in 30-day MACEs 
was experienced (2.2% vs. 8.1%). The use of this system increased costs 
at 30 days by less than $650 per patient, with a cost-effectiveness ratio 
of $3700 per year of life, making it highly cost-effective. Disadvantages 
of this form of embolic protection include the need to completely 
occlude the target SVG during stent deployment and aspiration (not 
always well tolerated), a requirement for a relatively long “parking” 
segment distal to the lesion, inability to protect side branches, and the 
complexity of the system.

A variety of filters have been applied to SVG interventions, and 
filters have become the only form of embolic protection currently avail-
able (Fig. 26-12). In a 651-patient randomized multicenter trial, the 
FilterWire (Boston Scientific, Natick, MA) was compared with the 
GuardWire. The 30-day MACE rate, the primary end point, was 
similar—9.9% with the FilterWire compared with 11.6% with the 
GuardWire—and no difference was seen in rates of death or MI.61 
Some of the advantages of filters include ease of use, avoidance of 
ischemia because of preserved coronary flow, and good visualization. 
Disadvantages include the need to cross the lesion with a somewhat 
bulky filter, which may require predilation and could cause emboliza-
tion; these sequelae have been shown to increase the occurrence of 
Q-wave MI. In addition, some material may not be captured, including 
particles smaller than the 100-micron pore size and soluble agents. The 
former may not be relevant based on studies reporting that filtering 
was just as efficient as balloon occlusion in particle capture despite  
pore sizes larger than the majority of embolic particles. Other problems 
with filters include the long distal parking segment required and the 

failure.52 It has been suggested that the delayed healing observed fol-
lowing DES implantation compared with BMS use in SVGs may con-
tribute to a higher rate of late cardiac events or a “catch up” with DES.53

The clinical and pathology studies noted earlier relate to the use  
of first-generation DESs, whereas virtually all DESs implanted in  
SVGs today are second-generation DESs that have been shown to be 
superior in native coronary arteries. Few data are currently available 
regarding outcomes following use of second-generation DESs in SVGs. 
In a single-center observational study, Kitabata and associates54 com-
pared the outcomes of 88 patients treated with second-generation 
everolimus-eluting stents (EESs) with 243 patients treated with 
sirolimus-eluting stents (n = 212) or PESs (n = 105). Two-year out-
comes were better in EES-treated patients with respect to MACEs (18% 
vs. 35%, P = .003), TVR (6.8% vs. 25%), P < .001), and TLR (1% vs. 
12%, P = .005). DES type was an independent predictor of MACEs. 
Nevertheless, the nonrandomized nature of this study, inherent selec-
tion bias, possible underreporting of outcomes, lack of power for clini-
cal outcomes, and temporal differences in entry time limit the value of 
these observations.

The data at present indicate that DESs in SVGs are safe; the occur-
rence of death or MI is equal or less than with BMSs, and no difference 
is apparent in the rate of stent thrombosis. The 2011 PCI guidelines 
support the use of DESs in SVGs.55 Choosing DESs over BMSs for the 
treatment of SVG stenoses must depend on the ensurance of reliable 

FIGURE 26-8	 Selection	 of	 guide	 catheters	 in	 vein	 graft	 angioplasty:	
a,	multipurpose	shape;	b,	multipurpose,	right	Judkins;	c,	hockey	stick,	
left	 Amplatz,	 right	 Judkins;	 d,	 hockey	 stick,	 left	 Amplatz.	 Obtaining	
adequate	backup	becomes	more	difficult	in	positions	c	and	d.	
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This contrasts sharply with the observation that embolic protection 
was used in only 22% of almost 20,000 patients who underwent SVG 
PCI in the National Cardiovascular Data Registry (NCDR) in spite of 
a class I indication for the use of embolic protection in SVGs in the 
PCI guidelines statements.16,17,55,63 It is of interest that in the important 
ISAR-CABG study, in which 610 patients underwent SVG stenting, 
embolic protection was used in a minority of patients (<5%), and the 
30-day MACE rate was low (4%).51 The very selective use of embolic 
protection with favorable outcomes suggests that patient selection and 
management strategies and more effective pharmacotherapy may all 
be contributing. The fact that 40% of patients in the control arm of 
SAFER underwent postdilation with a mean balloon size of 4.2 mm 
(mean reference vessel diameter of the entire group was 3.4 mm) may 
be one example of a change in technique that has occurred. Clinical 
scenarios in which embolic protection may be expected to have little 
impact include lesions with very little plaque volume, in-stent resteno-
sis lesions in which neointimal hyperplasia is the predominant pathol-
ogy, and lesions that occur less than 3 years after CABG. The use of 
filters during stent implantation in ostial SVG lesions has been associ-
ated with serious complications due to difficulty in filter retrieval.64 (see 
Chapter 29 for more information on embolic protection).

potential for overwhelming the filter, resulting in diminished ante-
grade flow that mimics the no-reflow phenomenon. Should this occur, 
the optimal strategy is to aspirate the stagnant dye column—which 
may contain suspended debris—followed by filter removal and replace-
ment if more interventional work is needed. Unfortunately, a proximal 
protection device, applicable in patients with an inadequate “landing 
zone” beyond the lesion, is no longer available. When proximal protec-
tion was compared with either the FilterWire or GuardWire in a ran-
domized trial, the rate of MACEs was comparable (9.2% vs. 10%, P = 
nonsignificant [NS]).62 A number of filters are currently available that 
appear to be equally effective.

Expanding on the work of Liu and colleagues,57 in an analysis of 
SVG stenting in 3958 patients from six studies, angiographic variables 
were found to be potent predictors of 30-day MACEs.58 SVG degenera-
tion score and large estimated plaque volume were the most potent 
predictors; thrombus, advanced patient age, and active tobacco use also 
contributed. When the occurrence of MACEs was analyzed relative to 
degeneration score or plaque volume, the use of embolic protection 
had similar relative treatment benefit across all categories of risk. The 
almost halving of MACE associated with embolic protection across all 
risk strata strongly supports its routine use in all PCIs of old SVGs. 

FIGURE 26-9	 Results	from	the	SAVED	trial,	a	randomized	comparison	of	Palmaz-Schatz	stenting	and	standard	balloon	angioplasty.	A,	Stents	were	
associated	with	a	higher	procedural	success	 rate,	whereas	other	 in-hospital	events	were	similar.	B,	The	minimal	 luminal	diameter	at	6	months	
was	larger	in	the	stent	group	(1.73	vs.	1.49	mm;	P	=	.01).	C,	Late	cardiac	events	were	significantly	more	common	in	patients	in	the	percutane-
ous	transluminal	coronary	angioplasty	(PTCA)	group.	CABG,	Coronary	artery	bypass	grafting;	MI,	myocardial	infarction.	(From	Savage	MP,	Douglas	
JS	Jr,	Fischman	DL,	et	al:	Stent	placement	compared	with	balloon	angioplasty	 for	obstructed	coronary	bypass	grafts.	Saphenous	Vein	De	Novo	
Trial	Investigators.	N	Engl	J	Med	337:740-747,	1997.)
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Adjunctive Pharmacotherapy

Accepted adjunctive therapy during PCI of native vessels and SVGs 
includes antithrombotic measures—aspirin, antithrombin, other anti-
platelet agents—and vascular dilators as needed for the prevention and 
treatment of slow or no reflow. Unfractionated heparin was used in the 
vast majority of SVG studies reported. Among the 403 SVG patients 
in the first and second Randomized Evaluation in PCI Linking Angio-
max to Reduced Clinical Events (REPLACE) trials randomized to 
heparin or bivalirudin, logistic regression analysis revealed no differ-
ence in the combined end point—death, MI, urgent revascularization, 
or major bleeding—but less minor bleeding was observed with bivali-
rudin.65 A somewhat increased risk of perforation with SVGs makes 
the use of bivalirudin, which is not reversible, less appealing in this 
group of patients; however, bivalirudin may be the best choice in 
certain patients with high bleeding risk. Optimal dosing and duration 
of DAPT following SVG PCI have not been well studied. Most opera-
tors recommend a bolus of 600 mg of clopidogrel prior to SVG PCI 
followed by a dose of 75 mg daily for at least a year. A recently pub-
lished cohort study of 411 post-SVG PCI patients who were event free 
at the time of clopidogrel cessation revealed a clustering of death or 
MI within 90 days. The cumulative 5-year event rate was lowest in 
patients treated with clopidogrel for more than 2 years (P < .001), 
which supports long-term DAPT following SVG PCI.66

The relatively large embolic burden encountered in SVG procedures 
provides some explanation of the failure of GP IIb/IIIa platelet receptor 
inhibitors to prevent periprocedural MI in these patients.57-60,67,68 When 
data from five large trials—Evaluation of 7E3 for the Prevention of 
Ischemic Complications (EPIC), Evaluation of Percutaneous Translu-
minal Coronary Angioplasty to Improve Long-Term Outcome With 
Abciximab GP IIb/IIIa Blockade (EPILOG), Evaluation of Platelet IIb/
IIIa Inhibitor for Stenting (EPISTENT), Integrilin to Minimize Platelet 
Aggregation and Coronary Thrombosis (IMPACT II), and Platelet Gly-
coprotein IIb/IIIa in Unstable Angina: Receptor Suppression Using 
Integrilin Therapy (PURSUIT)—with a total of over 600 SVG PCI 
patients and data from the Cleveland Clinic registry were analyzed, 
there was no apparent benefit from GP IIb/IIIa inhibitors.68 In a trial 
of filter-based embolic protection, use of GP IIb/IIIa inhibitors was 
associated with lower MACE rates but increased bleeding.69 In spite of 
the class III recommendation in the 2011 PCI guidelines for the use of 
GP IIb/IIIa inhibitors in SVG PCI, selective use in certain patients with 
significant thrombus burden may be indicated.55 The use of microvas-
cular dilators to treat no or slow reflow following PCI, or their use 
prophylactically before the procedure, has not been well studied but is 
an important strategy in SVG PCI (see the discussion of the no-reflow 
phenomenon in that section below).

Restenosis Lesions in Saphenous Vein Grafts
The management of patients with restenosis of SVG stent sites is a topic 
of considerable interest and a significant clinical problem. As is true in 
native coronary intervention, treatment of in-stent restenotic lesions 
in SVGs is safer than treatment of de novo SVG lesions primarily 

FIGURE 26-10	 A,	 Kaplan-Meier	 curves	 show	 survival	 free	 of	 death	 in	
2556	patients	who	underwent	percutaneous	coronary	intervention	(PCI)	
at	 Emory	 University	 Hospital,	 comparing	 5-year	 outcomes	 of	 patients	
without	diabetes	with	those	with	treated	diabetes.	B,	Kaplan-Meier	curves	
show	survival	free	of	death,	myocardial	infarction	(MI),	or	repeat	revas-
cularization.	C,	Kaplan-Meier	curves	show	survival	free	of	death	in	1045	
patients	who	underwent	bare-metal	stent	implantation	in	saphenous	vein	
grafts.	(From	Ashfaq	S,	Ghazzal	Z,	Douglas	JS,	et	al:	Impact	of	diabetes	
on	five-year	outcomes	after	vein	graft	intervention	performed	prior	to	the	
drug-eluting	stent	era.	J	Invasive	Cardiol	18:100-105,	2006.)
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FIGURE 26-11	 One-year	cumulative	rates	of	outcomes	in	patients	assigned	to	receive	drug-eluting	or	bare-metal	stents.	Kaplan-Meier	curves	are	
shown.	A,	 The	primary	end	point:	 composite	of	death,	myocardial	 infarction,	and	 ischemia-driven	 target-lesion	 revascularization	 (TLR).	B,	 The	
secondary	efficacy	end	point	of	 ischemia-driven	TLR.	CI,	Confidence	 interval;	HR,	hazard	 ratio;	PCI,	percutaneous	coronary	 intervention.	 (From	
Mehili,	J,	Pache	J,	Abdel-Wahab,	et	al:	Drug-eluting	versus	bare-metal	stents	in	saphenous	vein	graft	lesions	[ISAR-CABG]:	a	randomized	controlled	
superiority	trial,	Lancet	378:1071-1078,	2011.)
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FIGURE 26-12	 The	 FilterWire.	 Top	panel:	 The	polyurethane	nonocclusive	 filter	with	110-micron	pore	 size	mounted	on	a	nitinol	 loop	 fixed	 to	 a	
guidewire.	Middle,	left	panel:	The	filter	is	deployed	distal	to	the	lesion	and	the	nitinol	is	expanded	to	the	size	of	the	vessel	(3.0	to	5.5	mm).	Middle,	
right	panel:	Filter	is	removed	with	a	large	embolic	load.	Bottom,	left	panel:	Thrombus	containing	saphenous	vein	graft	(SVG)	lesion.	Bottom,	middle	
panel:	Deployed	filter.	Bottom,	 right	panel:	Excellent	 result	after	stenting.	(From	Gorog	DA,	Foale	RA,	Malik	 I,	et	al:	Distal	myocardial	protection	
during	percutaneous	coronary	intervention.	When	and	where?	J	Am	Coll	Cardiol	46:1434-1445,	2005.)
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GP IIb/IIIa inhibitors, use of radial access, and selective use of bivali-
rudin. Graft perforation and no-reflow phenomenon are discussed 
below.

Perforation
Coronary artery perforation is a potential complication of all coronary 
interventions. It has been attributed to vessel wall penetration with 
guidewires, inflation of a balloon in a subintimal location, overexpan-
sion of a coronary artery or graft, atheroablative techniques, and stent 
implantation. SVG perforation is a rare but greatly feared complication. 
Prolonged balloon inflation and reversal of anticoagulation are effec-
tive in stabilizing most patients. However, in spite of the absence of 
pericardium and the scarring present after bypass surgery, vessel per-
foration may result in extensive hemorrhage, vessel occlusion, and 
cardiac tamponade, necessitating emergency surgery. Covered stents 
have had an increasing role in the treatment of perforation. In one 
report of 35 perforations, a polytetrafluoroethylene (PTFE)-covered 
stent was successful in sealing 100%.79 Because of their large diameter, 
SVGs are favorable conduits for use of this strategy for sealing perfora-
tions. Although the use of oversized balloons has been advocated for 
vein graft dilations, older vein grafts may rupture with only modest 
oversizing Because of this potential risk, it seems wise to size balloons 
and stents to the normal adjacent vessel or slightly smaller, to plan 
ahead by having a covered stent of proper size available, and by using 
a guide catheter capable of delivering the device.

No-Reflow Phenomenon
The cause of slow or no reflow following SVG PCI is multifactoral  
and includes vasospasm and embolization of atheromatous debris  
and thrombus. The importance of microvascular spasm is suggested  
by the observation that vasoconstrictors are released during SVG  
stent procedures, by the relief in no-reflow phenomenon when a 
calcium channel blocker is administered before SVG PCI, by the  
apparent treatment effect of small vessel dilators (calcium channel 
blockers, adenosine, nitroprusside), and by the lack of benefit of 
nitroglycerin.80-84 When no reflow occurs or is expected, intracoronary 
administration of these agents is frequently effective. It is noteworthy 
that one study reported that aspiration of the stagnant dye column 
retrieving plaque gruel, and probably soluble vasoconstrictors liber-
ated during SVG PCI,82 was more effective than calcium channel–
blocking agents in relieving no reflow. The dominant role of 
atheroembolism is apparent from the studies of embolic protection and 
pathology (see Fig. 26-5).57-59

THE FUTURE OF BYPASS GRAFT INTERVENTION
Thorny issues related to bypass graft intervention occupy both ends of 
the temporal spectrum. Intraoperative angiography has identified sig-
nificant bypass graft imperfections, the treatment of which may 
enhance graft patency, improve clinical outcomes, and reduce the need 
for subsequent ischemia-driven repeat revascularization. It is not clear 
whether the information gained by routine intraoperative angiography 
is worth the added cost. Late-term SVG PCI is encumbered by athero-
embolic MI and a high number of subsequent cardiac events due to 
restenosis and progressive vein graft disease. However, embolic protec-
tion strategies documented to be beneficial across the entire range of 
risk strata are markedly underutilized. Will physician education be 
sufficient to change this practice, or are technical improvements neces-
sary before wide-scale use can occur? Are DESs sufficiently effective in 
SVGs to warrant the increased cost associated with their use? Is one 
DES more effective than others? The data are not compelling. And 
finally, can disease progression in nontarget sites be forestalled? Will 
the use of “plaque sealing” of moderate SVG lesions by DES implanta-
tion, which appeared promising in a pilot trial, be tested in the multi-
center study required to corroborate these findings? In the future of 
bypass graft intervention, questions will outnumber answers.

because of reductions in slow or no reflow and periprocedural MI. 
In-stent restenosis lesions are a subset in which embolic protection can 
often be omitted because the pathology is mostly neointimal hyperpla-
sia. In a double-blind randomized trial that included 120 patients with 
in-stent restenosis who received gamma radiation with Iridium-192 or 
placebo, Waksman70 reported significantly lower restenosis in the irra-
diated group at 6 months compared with the control group and noted 
a 79% reduction in the need for repeat intervention. However, intra-
coronary brachytherapy is not currently available in most centers, and 
DESs have become the default strategy in spite of a paucity of data to 
support this application.

Total Occlusion of Saphenous Vein Grafts
Considering the relatively poor results of PCI in SVGs with focal ste-
noses, it is not surprising that complete occlusion with attendant large 
clot burden is hugely problematic. In the setting of STEMI and newly 
formed thrombus, results are suboptimal (see above); and as acuity 
wanes, thrombus resistance heightens, making revascularization 
extremely challenging. In the subacute setting, thrombectomy (aspira-
tion or rheolytic) with or without balloon angioplasty plus a strategy 
to dissolve thrombus (local or systemic GP IIb/IIIa or lytic agents, 
prolonged anticoagulation) achieved reasonable initial success in small 
cohort studies. Delaying stent implantation for days or weeks until the 
thrombus burden had largely resolved was the principal strategy in 
most reports,71-72 and use of embolic protection and undersized stents 
was noted to avoid the consequences of embolization.73

Although intervention in chronic total SVG occlusion received a 
class III recommendation in the 2011 PCI guidelines,55 successful PCI 
was recently reported in about 70% of almost 100 patients, with 1- to 
3-year cardiac mortality of 4.2%, MI in 14%, and TVR in about 30%.74 
Considering the narrow risk-benefit relationship, most experienced 
PCI operators do not attempt chronic total SVG occlusion.75

Internal Mammary Artery Grafts
Favorable results have been reported with balloon dilation of IMA graft 
stenoses. Lesions at the anastomoses of arterial grafts with the native 
coronary artery behave much like distal anastomotic lesions of SVGs. 
They usually occur within a few months of surgery and often respond 
to low-pressure balloon inflations. Successful dilation and stenting of 
ostial or extremely proximal IMA graft lesions is infrequently required. 
In a report of PCI of 32 IMA graft lesions, 12 were in the midportion 
of the artery and 20 were at the anastomosis.76 Gruberg and colleagues77 
reported outcomes of 174 patients with LIMA PCI (63% had lesions at 
the anastomosis) with 97% procedural success and TLR of 7% at 1 year. 
Success was achieved in over 90% of approximately 1000 patients in 
over 20 reports in the literature. Complications were infrequent, the 
most common being IMA dissection and spasm. No very large series 
or long-term data are available regarding stenting in IMA grafts or PCI 
in gastroepiploic or radial artery grafts.

COMPLICATIONS
Improved techniques, and especially stents, have made PCI safer, but 
complications still occur. Fortunately, the need for emergency surgery 
for failed PCI has plummeted from the 3.5% reported for 1263 post-
CABG patients in the 1980s to less than 1%.78 The most common 
complications are atheroembolic MI, bleeding, no reflow, and graft 
perforation. Embolic MI is minimized by avoidance of bulky SVG 
lesions by performing native vessel PCI, using embolic protection in 
SVGs when possible, using direct stenting and slight stent undersizing, 
and avoiding postdilation of stents in SVGs. In every case, the inter-
ventionalist is balancing risks and benefits: for instance, significant 
undersizing of a stent could lead to stent thrombosis or undesirable 
interactions between the stent and other equipment such as intravas-
cular ultrasound (IVUS) catheters or filters, which can become “entan-
gled” by the unopposed stent edge. Bleeding is a major issue in elderly 
post-CABG patients and in women, and it is reduced by avoidance of 
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Thrombus-containing lesions represent active, unstable atheroscle-
rotic plaques commonly found in patients with an acute coronary 

syndrome (ACS). In the past four decades, PCI has increasingly tar-
geted complex lesions and has enhanced the treatment of urgent cases 
with a remarkably high success rate.1 Despite this progress, the 
thrombus-containing plaque remains a considerable revascularization 
challenge and continues to serve as a predictor of PCI-related MACEs, 
more myocardial damage, stent thrombosis, and increased in-hospital 
complications, 6-month recurrent MI, and death.2-7 Consequently, 
thrombus exerts a major impact on the performance, results, 

long-term outcome, and cost of primary and rescue interventions 
(Table 27-1)8; yet the optimal treatment of thrombotic lesions is still 
enigmatic and controversial. The aim of this chapter is to present the 
role of intracoronary (IC) thrombus in the pathophysiology of ACSs, 
illustrate its complex morphology, and describe its impact on interven-
tions and outcomes. This chapter also covers the imaging modalities 
for thrombus identification and delineates specific pharmacotherapy, 
techniques, and technology incorporated in dedicated thrombus-
removal strategies. A specific set of challenging thrombus-containing 
lesions and corresponding management options are highlighted.

PATHOPHYSIOLOGY OF THROMBUS
Understanding the structure of thrombus and its multifaceted physical 
characteristics is crucial for making proper management choices in 
revascularization of atherosclerotic lesions and vessels.9 The formation 
of thrombotic lesions occurs when the fibrous cap of an atherosclerotic 
plaque develops structural defects.10 Significant adverse morphologic 
changes in the plaque are manifested by erosion, fissure, or rupture. 
Such weakening of the plaque’s integrity exposes the inside necrotic 
core, a deleterious step that enables the transfer of plaque material into 
the arterial lumen. Cholesterol crystals inside the plaque also perforate 
the tunica intima and trigger further disruption, and the crystal content 
has been identified as an independent predictor of thrombus and clini-
cal events.11 The ensuing contact of exposed, disrupted, and highly 
thrombogenic subendothelial matrix and plaque with circulating plate-
lets and white blood cells activates the coagulation cascade. The resul-
tant platelet adhesion and aggregation leads to thrombus formation 
(Fig. 27-1). Furthermore, released tissue factor from the arterial injury 
directly activates the extrinsic coagulation cascade and promotes fibrin 
formation. Activated platelets release powerful promoters of vasocon-
striction and aggregation including serotonin, adenosine diphosphate 
(ADP), thromboxane A2 (TXA2), oxygen-derived free radicals, endo-
thelin, and platelet activating factor.12 As the thrombus accumulates to 
form a critical obstacle (Fig. 27-2), impaired flow dynamics along and 
distal to the thrombotic lesion develop, frequently accompanied by 
vasoconstriction with resultant clinical ischemic events.13 During PCI, 
thrombus frequently exhibits structural variability as it adheres either 
loosely—or at times, quite firmly—to the underlying plaque and to the 
vessel wall. Consequently, and unpredictably, it exhibits either marked 
friability or unyielding rigidity in response to the mechanical forces 
generated by balloon and stent deployment. These contradictory physi-
cal properties stem from the cumulative effects of an assortment of 
intrathrombus components. Structurally, the thrombus is held by a 
scaffolding platform made of fibrin fibers.14 Two distinct types of 
branching fibrin fibers are organized in a three-dimensional (3-D) 
network within the thrombus. Dense, thin fibers resist deforming 
mechanical forces and are poorly dissolved by thrombolytic agents. 
Thick fibrin fibers, on the other hand, are susceptible to the effects of 
external mechanical forces and are readily dissolved by thrombolytic 
therapy.15 Platelets, red blood cells (RBCs), vasoconstrictors, and pro-
coagulant compounds are anchored to the matrix of the crisscrossing 
fibers (Fig. 27-3). Abnormalities in platelet function can persist and are 
predictive of clinical events following PCI.16 Typically, in patients who 
present with ACS, the clot-adhering platelets exert a significant increase 
in contractile force, leading to increased platelet aggregation, with the 
entire thrombus exhibiting increased elastic modulus.17 The platelets 
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ON TOPAZ

K E Y  P O I N T S

•	 A	thrombus	is	made	of	a	conglomerate	of	platelets,	red	blood	
cells,	vasoconstrictors,	and	procoagulants	anchored	to	a	
scaffolding	matrix	of	crisscrossing	fibrin	fibers.

•	 Thrombus-containing	lesions	represent	active,	unstable	plaques	
that	account	for	acute	coronary	syndromes.

•	 Thrombus	is	a	predictor	of	hazards	related	to	percutaneous	
coronary	intervention	(PCI),	including	resultant	major	adverse	
cardiovascular	events	(MACEs),	early	and	late	development	of	
stent	thrombosis,	increased	rate	of	in-hospital	complications,	
recurrent	myocardial	infarction	(MI),	and	death.

•	 The	most	common	imaging	modalities	used	for	thrombus	
detection	in	the	cardiac	catheterization	suite	include	angiography,	
intravascular	ultrasound	(IVUS),	and	optical	coherence	
tomography	(OCT).

•	 Thrombus	grading	systems	should	quantify	the	thrombus	burden	
as	they	assist	in	the	planning	of	tailored	interventions.

•	 Ruptured	plaques,	heavy	thrombus	burden,	distal	embolizations,	
infarct-related	vessels,	degenerated	old	bypass	grafts,	chronic	total	
occlusions	(CTOs),	left	main	lesions,	vessels	that	contain	several	
thrombi,	and	multivessel	thrombosis	are	among	the	most	
challenging	thrombotic	lesions.

•	 The	mainstay	pharmacologic	treatments	for	thrombus-containing	
lesions	include	aspirin,	heparin,	glycoprotein	(GP)	IIb/IIIa	platelet	
receptor	antagonists,	thienopyridines,	direct	thrombin	inhibitors,	
and	thrombolytic	agents.

•	 The	main	contemporary	technologies	for	mechanical	thrombus	
extraction	are	manual	aspiration	catheters,	power-sourced	
thrombectomy	devices,	ultrasound	sonication,	and	embolic	
protection	systems.

•	 The	most	popular	tool	for	thrombus	management	during	PCI	is	the	
aspiration	catheter.

•	 A	useful	strategy	for	the	management	of	a	heavy	thrombus	burden	
combines	adjunct	pharmacotherapy	and	mechanical	thrombus	
removal.	The	route	of	administration;	the	dosing	of	the	
thrombolytic	agent,	platelet	receptor,	and/or	thrombin	inhibitor;	and	
the	selection	of	a	dedicated	device	are	tailored	to	the	location	of	
the	thrombus	and	the	burden	of	thrombosis	and	its	resistance	to	
mechanical	force	by	balloons	and	stents.

•	 Dedicated	thrombus-capturing	or	thrombus-displacement	stents	
provide	an	option	for	the	management	of	selected	thrombus-
containing	lesions.
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sustain and amplify the coagulant response at the plaque site and 
release procoagulant platelet–derived microparticles.

Various biochemical processes and interactions among activated 
platelets, RBCs, fibrinogen, vasoconstrictors, atherosclerotic material, 
and the vessel wall all produce a substantial impact on the fibrin 
network. These constituents account for the thrombus’s level of activity, 

TABLE 27-1 The Impact of Thrombus on Percutaneous Coronary 
Intervention

•	 Requires	targeted	treatment,	which	increases	costs	and	may	prolong	
procedures

•	 Adverse	effect	on	lesion,	vessel,	and	clinical	outcome	during	and	after	
interventions

•	 Increased	intervention-related	risk	of	distal	embolization,	no-reflow	
phenomenon,	acute	thrombotic	occlusion,	periprocedural	myocardial	
infarction,	postprocedural	myocardial	infarction,	need	for	emergency	
bypass	surgery,	and	death

•	 Predictor	of	major	adverse	coronary	events,	early	and	late	stent	
thrombosis,	in-hospital	complications,	risk	of	6-month	recurrent	
myocardial	infarction,	and	death

•	 Predictor	of	success	in	selected	cases	of	chronic	total	occlusion

FIGURE 27-1	 High-power	view	of	right	coronary	artery.	A,	Layering	of	acute	thrombus	(T).	P,	Plaque.	B,	Red	blood	cells	alternate	between	layers	
of	fibrin	(hematoxylin	and	eosin,	20×).	(Courtesy	Shannon	Mackey-Bojack	MD,	Jesse	E.	Edwards	Registry	of	Cardiovascular	Disease	Collection,	
Nasseff	Heart	Center,	United	Hospitals,	University	of	Minnesota	School	of	Medicine,	St.	Paul,	MN.)
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FIGURE 27-2	 Cross	section	of	right	coronary	artery	occluded	by	calci-
fied,	 complicated	atherosclerotic	plaque	 (P)	and	organized	 thrombus	
(T;	 hematoxylin	 and	 eosin,	 2×).	 (Courtesy	 Shannon	 Mackey-Bojack	
MD,	Jesse	E.	Edwards	Registry	of	Cardiovascular	Disease	Collection,	
Nasseff	Heart	Center,	United	Hospitals,	University	of	Minnesota	School	
of	Medicine,	St.	Paul,	MN.)
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FIGURE 27-3	 Scanning	 electron	microscopy	 of	 a	 thrombus.	Note	 the	
criss-crossing	 thick	and	 thin	fibrin	fibers,	which	provide	a	scaffolding	
system	for	the	thrombus	structure.	Platelets	(violet	color)	and	red	blood	
cells	are	attached	 to	 the	 fibrin	net.	 (Courtesy	Marc	Carr	 Jr,	MD	PhD,	
and	Hemodyne	Inc.,	Richmond,	VA.)

stability, or instability and for the overall “aggressiveness” of the throm-
bus as encountered during intervention. The presence and ratio of the 
aforementioned components determine formation of distinct throm-
bus types, each with unique rheolytic and mechanical properties. The 
two most prominent are the red and white thrombi, which can be 
detected by angioscopy (Fig. 27-4),18 and their angiographic character-
istics correlate with the histology of extracted thrombi.19 The red 
thrombus contains dense surface with a loose inner core. Transmission 
or scanning electron microscopy demonstrates loosely packed fibrin 
and many interspersed RBCs. The white thrombus consists of a dense 
structure that lacks loose inner spaces yet contains a high concentra-
tion of platelets with fibrin and only few RBCs.20 Based on histopatho-
logic analysis of aspirated thrombotic content, erythrocyte-rich red 
thrombus is found in about 35% of patients, predominately in those 
who present with low Thrombolysis in Myocardial Infarction (TIMI) 
grade flow. The platelet-rich white thrombus is identified in 65% of 
cases, especially in the early hours of acute myocardial infarction 
(AMI).21 Noteworthy, however, in many patients is that the occlusive 
thrombus is a mixture of red and white clot, and the frequent resistance 
upon extraction attempts suggests that certain clots contain layer upon 
layer of one thrombus type interspersed with the other.22,23
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standard for recognition of thrombus and demonstrates the classic 
findings of reduced contrast density; staining; haziness; irregular lesion 
contour; filling defect; or a smooth, convex meniscus at the site of a 
total thrombotic occlusion.

When thrombus is suspected but not apparent angiographically, the 
more sensitive techniques for thrombus detection may be utilized, 
including angioscopy25 and IVUS (Fig. 27-5).26 OCT27 is a more 
recent imaging technique for accurate detection of plaque and throm-
bus (Fig. 27-6) and is rapidly gaining popularity because of its user-
friendly features and remarkable imaging quality.28,29

THROMBUS GRADING
Grading systems are essential for adequate assessment of thrombus 
burden to assist management decisions prior to and during interven-
tions.30 The established, most commonly used thrombus grading clas-
sification was introduced by the TIMI Study Group.31 This method is 
based on visual angiographic assessment of the thrombus size using a 
score that ranges from grade 0 to grade 5 (Fig. 27-7; Table 27-2). An 

From a clinical management perspective, coronary risk factors such 
as hypercholesterolemia, smoking, and male sex adversely influence 
plaque morphology in patients with ACSs and are associated with a 
higher frequency of thrombus. Once the thrombus is formed in the 
culprit lesion, its size is associated with larger infarct size and worse 
left ventricular (LV) function. The thrombus size also relates to PCI-
related complications such as distal embolization, as suggested in a 
pathologic analysis of aspirated embolized debris; this demonstrated 
that the larger the thrombus volume at a culprit lesion, the larger the 
dimensions of the debris collected inside the filter.24 The dimensions 
of the debris predicted arteriolar occlusion.

DETECTION OF THROMBUS-CONTAINING LESIONS
Various imaging modalities are available for diagnosis of intracoronary 
thrombus. Numerous studies have demonstrated the poor sensitivity 
of angiography, although specificity approaches 100% when multiple 
angiographic views are obtained for verification and strict definitions 
are used. Nevertheless, angiography remains the practical gold 

FIGURE 27-4	 A,	Angiogram	of	right	coronary	artery	demonstrates	a	1-cm	filling	defect	with	a	trace	amount	of	contrast	crossing	the	tight	athero-
sclerotic	obstruction	(arrow).	Corresponding	angioscopy	demonstrates	a	bulging	red	thrombus.	B,	Angiogram	demonstrates	a	hazy	eccentric	lesion	
in	the	obtuse	marginal	branch	(arrow).	Angioscopy	reveals	a	white	thrombus	emerging	from	a	yellow	plaque.	(Courtesy	George	Abela	MD,	Division	
of	Cardiology,	Michigan	State	University,	East	Lansing,	MI.	From	Abela	GS	et	al:	Am	J	Cardiol	83:94-97,	1999.)
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FIGURE 27-5	 A,	Ultrasound	of	 thrombus.	B,	Corresponding	 right	coronary	artery	angiogram.	T,	Thrombus.	(Courtesy	Michael	Foster	MD,	South	
Carolina	Heart	Center,	Columbia,	SC.)
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FIGURE 27-6	 Optical	coherence	tomography	demonstrates	white	thrombus	(A)	and	red	thrombus	(B).	(Courtesy	Peter	O’Kane	MD,	cardiac	inter-
vention	unit,	department	of	cardiology,	Dorset	Heart	Center,	Royal	Bournemouth	Hospital,	Bournemouth,	UK.)
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FIGURE 27-7	 Thrombus	grades.	A,	Grade	1,	minimal	thrombus.	B,	Grade	1,	mild	thrombus.	
C,	Grade	2	 thrombus.	D,	Grade	3	 thrombus.	E,	Grade	4	 thrombus.	F,	Grade	5	 thrombus.	
G,	Residual	thrombus	is	grade	0	after	stenting	for	original	grade	5.	
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TABLE 27-2 Thrombus Grading Scores
Definition*

Grade	0 No	angiographic	characteristics	of	thrombus

Grade	1 Possible	thrombus:	Angiographic	features	include	decreased	
density	of	contrast;	haziness;	irregular	lesion	contour;	or	a	
smooth,	convex	meniscus	at	the	site	of	total	occlusion	
suggestive,	but	not	diagnostic,	of	thrombus

Grade	2 Definite	thrombus:	Present	in	multiple	angiographic	views;	
marked	irregular	lesion	contour	with	a	significant	filling	
defect;	greatest	dimension	less	than	half	the	vessel	diameter

Grade	3 Definite	thrombus	in	multiple	views	with	greatest	dimension	
more	than	half	but	less	than	twice	the	vessel	diameter

Grade	4 Definite	large	thrombus	with	greatest	dimension	more	than	
twice	the	vessel	diameter

Grade	5 Complete	thrombotic	occlusion	of	the	vessel:	a	convex	
margin	that	stains	with	contrast	and	persists	for	several	
cardiac	cycles

Grade 5 Reclassification**

Intervention-based:	The	occlusion	is	crossed	with	a	guidewire	or	small	
balloon;	once	antegrade	flow	is	restored,	the	culprit	thrombus	
undergoes	restratification

Small	thrombus:	Grades	1	through	3
Large	thrombus:	Grade	4

Thrombus Grading by a Two-Category Scale***

Low	thrombus	grade	corresponds	to	TIMI	thrombus	grades	1	through	3
High	thrombus	grade	corresponds	to	TIMI	thrombus	grades	4	and	5

*From	Gibson	CM,	de	Lemos	JA,	Murphy	SA,	et	al:	Combination	 therapy	with	abciximab	
reduces	angiographically	evident	thrombus	in	acute	myocardial	infarction:	a	TIMI	14	sub-
study.	Circulation	103:2550-2554,	2001.
**From	 Sianos	 G,	 Papafaklis	 MI,	 Daemen	 J,	 et	al:	 Angiographic	 stent	 thrombosis	 after	
routine	use	of	drug-eluting	stents	in	ST-segment	elevation	myocardial	infarction:	the	impor-
tance	of	thrombus	burden.	J	Am	Coll	Cardiol	50:572-583,	2007.
***From	Niccoli	G,	Spaziani	C,	Marino	M,	et	al:	Effect	of	chronic	aspirin	therapy	on	angio-
graphic	thrombotic	burden	in	patients	admitted	for	a	first	ST-elevation	myocardial	infarction.	
Am	J	Cardiol	105:587-591,	2010.

Intriguingly, despite the convenience of the above classifications, a 
significant number of studies of PCI in ischemic coronary syndromes 
do not measure, grade, or report the presence of the thrombus burden.36 
This unfortunate omission occurs despite the growing recognition of 
the structural complexity of thrombus37 and its significant impact on 
PCI outcome.38-40

LIMITATIONS OF STANDARD PERCUTANEOUS 
CORONARY INTERVENTION IN THROMBUS-
CONTAINING LESIONS

In the absence of an apparent thrombus, or when only a small throm-
bus (grade 1 or 2) is detected, the recommended PCI strategy includes 
standard pharmacotherapy, balloon angioplasty, and stenting.41 Aspira-
tion catheters can be useful, as well, in this situation. However, man-
agement of a significant (grade 3) or heavy thrombus burden (grades 
4 and 5) is considerably more challenging.42 In this scenario, 

important modification to this scoring system was recently introduced 
by the Thoraxcenter investigators,5 who reclassified the highest grade—
that is, grade 5, which consists of TIMI grade 0 flow and a strong 
angiographic suspicion of a large thrombus. When this grade  
is encountered, either a guidewire or a 1.5-mm balloon (inflated or 
uninflated) is applied for recanalization of the suspected thrombus 
(Fig. 27-8). As soon as antegrade flow is restored, the exposed apparent 
thrombotic content undergoes restratification into either a small 
thrombus burden (grades 1 through 3) or a large thrombus burden 
(grade 4), and treatment ensues accordingly. Niccoli and colleagues32 
recently introduced a minimalistic thrombus categorization whereby a 
low grade is assigned to the aforementioned TIMI grades of 1 through 
3, and a high thrombus grade corresponds to grades 4 through 5. For 
a more accurate, quantitative thrombus measurement, Aleong and col-
leagues33 innovated a technique that combines edge detection and 
videodensitometry-based quantitative coronary angiography (QCA); 
in their early experience with patients who exhibited a large IC clot, 
this modality appeared to accurately quantify the thrombus volume. 
The advantages and limitations of these thrombus grading classifica-
tions are described in Table 27-3.

Factors that specifically account for formation of a high-grade 
thrombus are depicted in Table 27-4. Among those, the relationship 
among hyperglycemia, increased white blood cell count, and findings 
of a high thrombus grade merits clinical attention.32 These factors 
also impact the lack of ST-segment resolution and are associated with 
worse PCI outcome.33 A plausible direct relationship between high 
thrombus content and large vessel size has been known for a long 
time.34 A recent study investigating predictors of thrombus grade in 
patients undergoing PCI identified that absence of periinfarction 
angina and a proximal culprit lesion are associated with higher throm-
bus burden 35

TABLE 27-3 Advantages and Limitations of Contemporary 
Thrombus-Grading Classifications

Advantages

1.	 Convenient	assessment	during	diagnostic	angiography	and	
interventions

2.	 Constitutes	a	logical	grading	scale	applied	globally
3.	 High	interobserver	and	intraobserver	agreement
4.	 Correlates	well	with	clinical	outcomes
5.	 Readily	available	means	of	comparison	with	previous	angiograms

Limitations

1.	 Reliance	solely	on	visual	assessment	of	the	thrombus
2.	 Underestimation	of	thrombus	presence	and	size	in	comparison	with	

angioscopy	and	intracoronary	ultrasound
3.	 Applicability	mainly	for	native	coronary	arteries
4.	 Underestimation	of	the	extent	of	thrombus	in	saphenous	vein	grafts
5.	 Cannot	differentiate	between	types	of	thrombus
6.	 Inability	to	detect	the	thrombotic	content	of	chronic	total	occlusions
7.	 Do	not	quantitate	or	qualify	the	underlying	plaque	burden

TABLE 27-4 Factors That Favor Formation of a High-Grade 
Thrombus in Atherosclerotic Lesions

Myocardial Infarction Related

1.	 Absence	of	preinfarction	angina
2.	 Late	presentation	(>12	hours)	after	onset	of	acute	MI
3.	 Established	Q-wave	MI	with	continuous	chest	pain	and	ischemia
4.	 Cardiogenic	shock

Lesion Related

1.	 Acute	plaque	rupture,	complex	morphology,	and	proximal	culprit	lesion

Vessel Related

1.	 Slow	or	stagnant	antegrade	coronary	or	SVG	flow
2.	 Large	anatomic	size	increases	thrombus	formation	and	accumulation	

in	native	coronary	vessels	and	SVG
3.	 Morphology:	ectasia,	aneurysm,	old	SVG
4.	 Failed	thrombolytics

Percutaneous Coronary Intervention Related

1.	 Triggering	of	the	plaque	and	thrombus	with	a	guidewire,	balloon,	or	
stent:	the	so-called	angry	clot	phenomenon

2.	 Inadequate	anticoagulation	during	intervention
3.	 Poor	stent	apposition	to	the	vessel	wall
4.	 Lack	of	or	premature	or	abrupt	cessation	of	thienopyridines
5.	 Hypercoagulability
6.	 Heparin-induced	thrombocytopenia	and	thrombosis	(HITT)
7.	 Vasculitis
8.	 Increased	white	blood	count
9.	 Hyperglycemia

10.	 Cocaine

MI,	Myocardial	infarction;	SVG,	saphenous	vein	graft.
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dislodgment of friable thrombotic material by balloon and stent 
deployment is an issue of significant concern. Embolization of frag-
mented thrombotic particles obstructs flow within distal arterial seg-
ments, side branches, and myocardial microvessels. Overall, distal 
embolization occurs in the range of 6% to 15% of standard PCIs for all 
lesions types in ACSs and is associated with up to a sevenfold increase 
in the rate of periprocedural MI. In most instances, resultant severe 
ischemia, microinfarctions, inflammatory response, and contractile 
dysfunction reduce coronary reserve and cause deleterious effects on 
recovery and salvage.43 These complications are especially encountered 
among patients who undergo primary PCI for AMI.4,5 This was con-
vincingly shown by the Thrombus Aspiration During Percutaneous 
Coronary Intervention in Acute Myocardial Infarction Study (TAPAS) 
investigators,4 who studied the sequelae of angiographically visible 
distal embolization after PCI in 883 ST-elevation myocardial infarction 
(STEMI) patients receiving triple-antiplatelet therapy. Those who sus-
tained angiographically evident embolization had significantly worse 
outcomes than patients without, as expressed by lower myocardial 
blush grade, impaired ST-segment resolution, and higher level of myo-
cardial enzyme leakage.4 At 1-year follow-up, reinfarction occurred in 
8.9% versus 3.0% of patients without embolization (P = .018). Notably, 
the size of the aspirated thrombus was larger in patients with evidence 
of angiographic embolization versus those without (P = .002), and it 
more often contained erythrocytes (50% vs. 15.7%, P < .001, respec-
tively). When compared with revascularization of thrombus-free 
lesions, embolization also significantly increases the need for emer-
gency bypass surgery and the procedure-related death rate.44

The considerably limited yield of standard PCI in thrombus-
containing lesions is further elucidated by the phenomenon termed the 
“illusion of reperfusion.”45 Essentially, it describes a marked discrep-
ancy between primary PCI–gained TIMI grade 3 flow versus the 

dis appointing, suboptimal degree of myocardial salvage. Notably, the 
desired grade 3 myocardial blush score is gained in only 28% to 35% 
of patients in whom standard PCI induces a TIMI grade 3 epicardial 
flow.46 The main cause of this marked discrepancy is the prevalent IC 
thrombus and related distal embolization, microvessel obstruction, 
no-reflow phenomenon, and myocardial necrosis.47 Clearly, patients 
who develop procedure-related no-reflow phenomenon sustain a 
larger infarct size, significantly worsened LV function, and a greater 
risk of adverse cardiac events and death.48,49 Thus the thrombus’s del-
eterious impact as a source of hazardous material that promotes 
adverse coronary events and suboptimal outcome should be antici-
pated and dealt with promptly before, during, and after PCI.39,50 
Accordingly, Table 27-5 delineates the indications for a dedicated 
thrombus-removal strategy.

PHARMACOTHERAPY FOR THROMBUS-CONTAINING 
LESIONS

The mainstay pharmacologic therapy for management of thrombus-
containing lesions includes aspirin, heparin, GP IIb/IIIa platelet recep-
tor antagonists, thienopyridines (clopidogrel, prasugrel, ticlopidine), 
and direct thrombin inhibitors. A beneficial decrease of thrombus 
burden can be achieved even before intervention to improve PCI 
results and reduce the risk of distal thrombotic embolization. Specifi-
cally, chronic aspirin therapy has been shown to decrease thrombus 
burden before stent deployment,31 heparin is used to reduce fibrin 
formation and abolish platelet contractile forces,51 and the IIb/IIIa 
receptor antagonists dramatically reduce platelet aggregate size and 
increase the fibrin accessibility of the platelet-rich clot to thrombolyt-
ics.52 However, these agents are less effective in an already formed, 
active, and unstable thrombus,53 especially when a high thrombus 

FIGURE 27-8	 grade	5	 thrombus.	a,	 intervention-
based	reclassification	of	grade	5	with	a	guidewire	
traversing	 the	 occlusive	 left	 anterior	 descending	
coronary	 artery	 thrombus	 (arrow).	 b,	 guidewire	
restratification	of	the	thrombus	to	a	small	residual	
burden	 at	 the	 site	 of	 the	 underlying	 plaque.		
c,	restratification	enabled	a	revascularization	strat-
egy	 based	 on	 treatment	 with	 standard	 balloon	
intervention	and	stenting.	
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A different classification defines thrombus extraction modalities as 
either “simple” aspiration-based or “complex” mechanically based 
modalities.58 This categorization is supported by a recent meta-
analysis59 of 17 randomized trials on thrombus removal versus stan-
dard PCI in 3909 patients, which found that thrombus removal was 
associated with a significantly greater likelihood of TIMI grade 3 flow, 
myocardial blush grade 3, and ST-segment resolution. The investiga-
tors concluded that thrombus-removal devices appear to improve 
markers of myocardial perfusion in patients undergoing primary PCI 
with no difference in overall 30-day mortality but with an increased 
likelihood of stroke. The clinical benefits of thrombectomy appeared 
to be influenced by the device type, with a trend toward survival benefit 
with manual aspiration catheters and worsening outcomes with 
mechanical devices. Nevertheless, facing the large variability of throm-
bus content and size among patients with ACSs, well-trained operators 
can match the device choice to the morphologic characteristics of the 
target thrombus burden and achieve excellent results with each of these 
tools. The last point was recently reemphasized by a large Dutch study5 
of 812 consecutive patients treated with drug-eluting stents for STEMI. 
The investigators examined the impact of underlying thrombus size on 
procedural outcome and demonstrated the direct, proportional effect 
of the thrombus’s initial and final burden on mortality and its role as 
an independent predictor of postprocedure MACEs and stent throm-
bosis (Fig. 27-9). The TAPAS study investigators56 found that thrombus 
aspiration is applicable in a large majority of patients with STEMI, 
affording better reperfusion and clinical outcomes than PCI without a 
mechanical thrombus-removal strategy. These findings confirm previ-
ous observations from smaller trials and provide credence to the 
notion that manual aspiration protects the microcirculation during 
primary PCI. However, it is unclear whether these findings are attrib-
uted to immediate reduction in thrombus burden, facilitation of direct 
stenting, or a combination of the two mechanisms.60

Aspiration Catheters
Manual thrombus aspiration of the infarct-related vessel with dedi-
cated catheters has gained intense interest over the course of the last 
decade as a useful technology for rapid reduction of thrombus burden, 
prevention of thrombus embolization, preservation of microvascular 
integrity, and reduction of the infarct size.61 This technology is by far 
the most utilized in patients with thrombotic lesions. Data that attest 
to the merits and limitations of the thrombus-removal strategy with 
aspiration catheters are presented in (Table 27-7).

Most aspiration-based catheters are available in 4- to 6-Fr sizes and 
contain an extraction lumen and aspiration syringes. They are user 
friendly because of their low crossing profile, hydrophilic coating,  
flexibility, and tapered distal tip. Among commercially available aspira-
tion catheters are the Export (Medtronic, Minneapolis, MN), Pronto 
extraction catheter (Vascular Solutions, Minneapolis, MN), Diver CE 
(Invatec, Roncadelle, Italy), Xtract (Volcano, Rancho Cordova, CA), 
QuickCat (Kensey Nash, Exton, PA), and Fetch (Possis, Minneapolis, 
MN). Several prospective trials that involve these catheters—including 
the Dethrombosis to Enhance Acute Reperfusion in Myocardial 
Infarction (DEAR-MI) trial62 and the Randomized Evaluation of the 
Effect of Mechanical Reduction of Distal Embolization by Thrombus 
Aspiration in Primary and Rescue Angioplasty (REMEDIA)63—
demonstrated increased myocardial blush grade of 2 to 3 and adequate 
ST-segment resolution of greater than 70% in a substantial number of 
patients who received this treatment versus those who underwent stan-
dard PCI. In addition, the manual thrombus-aspiration modality 
improved myocardial tissue-level perfusion, as well as LV functional 
recovery and modeling.64

It is unclear whether one aspiration catheter provides a significant 
advantage over others. In the prospective single-center STEMI study, 
Randomized Evaluation of Thrombus Aspiration by Two Thrombec-
tomy Devices in Acute Myocardial Infarction (RETAMI),65 the inves-
tigators found that the use of a certain aspiration catheter before 
stenting removed more thrombus burden and provided a greater 

grade is evident. For example, significant limitations of these useful 
pharmacologic therapies are quite apparent during the revasculariza-
tion of old saphenous vein grafts (SVGs), which contain a large throm-
bus burden.54 Suboptimal PCI results in these thrombotic vessels are 
manifested by inadequate ST-resolution at 60 minutes in patients with 
AMI, limited prevention of distal embolization, and an insufficient 
degree of revascularization. Thus in ACS patients with lesions that 
contain a significant clot burden, attempts to improve PCI outcomes 
should incorporate a mechanical removal strategy.55

APPROACH TO MECHANICAL THROMBUS REMOVAL

Role of Adjunct Thrombectomy
Following the publication of several landmark studies,5,56 a rekindled 
interest in mechanical thrombus extraction arose—especially for 
STEMI management—and these devices are currently considered the 
mainstay of therapy.57 Contemporary mechanical thrombus removal or 
dissolution devices can be categorized into four main types according 
to their activation mode: (1) manual aspiration catheters, (2) power-
sourced thrombectomy, (3) ultrasound-induced sonication, and (4) 
embolic protection. The potential benefits and limitations of mechani-
cal thrombectomy devices are described in Table 27-6.

TABLE 27-5 Indications for a Targeted Thrombus Strategy
Pathology

Atherosclerosis	with	associated	thrombus
Thrombotic	embolus	in	a	coronary	artery	or	SVG
Intracoronary	thrombus	accumulation	secondary	to	hypercoagulability

Clinical

Unstable	and	stable	angina,	STEMI,	or	NSTEMI	associated	with:
1.	 Need	to	reduce	thrombus	burden	in	clot-laden	lesions
2.	 Need	to	reduce	thrombus	impairment	to	forward	flow
3.	 Need	to	reduce	threat	of	thrombotic	embolization
4.	 Need	to	reduce	risk	of	no-reflow	phenomenon

Targets

Native	coronary	arteries,	old	SVGs,	CTOs,	and	stents

CTO,	 Chronic	 total	 occlusion;	 NSTEMI,	 non–ST-elevation	 myocardial	 infarction;	 STEMI,	
ST-elevation	myocardial	infarction;	SVG,	saphenous	vein	graft.

TABLE 27-6 Usefulness of Thrombectomy Devices
Benefits

1.	 Shortening	the	door-to-thrombus	clearance	time
2.	 Direct	contact	with	the	thrombus	for	targeted	extraction
3.	 Allows	selective	infusion	of	thrombolytics,	platelet	aggregation	

inhibitors,	and	vasodilators	through	the	device
4.	 Removal	of	thrombus-induced	prothrombotic	coagulants	and	

promoters	of	vasoconstriction	and	platelet	aggregation
5.	 Reduction	of	distal	embolization	and	no-reflow	phenomenon
6.	 Restoration	or	antegrade	flow,	improved	myocardial	blush	score,	and	

lowering	of	cTFC
7.	 Enables	accurate	assessment	of	underlying	plaque	morphology	and	

stenosis
8.	 Facilitates	stenting
9.	 Improves	post-MI	6-month	and	1-year	MACE	and	survival	rates

Limitations

1.	 May	prolong	PCI	duration
2.	 Higher	dependency	on	operator	technique
3.	 May	not	achieve	complete	thrombus	removal
4.	 Can	cause	distal	embolization	due	to	device	manipulation
5.	 Do	not	completely	eliminate	no-reflow	phenomenon
6.	 Do	not	reduce	the	need	for	adjunct	stenting
7.	 Increased	cost

cTFC,	 Corrected	 TIMI	 frame	 count;	 MACE,	 major	 adverse	 coronary	 event;	 MI,	 myocardial	
infarction;	PCI,	percutaneous	coronary	intervention.
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FIGURE 27-9	 A,	 Large	 unresolved	 thrombus	 increases	 major	 adverse	 cardiac	 events	 (MACEs).	 B,	 Large	 unresolved	 thrombus	 increases	 stent	
thrombosis.	IRA-ST,	Infarct-related	artery	stent	thrombosis.	(Adapted	from	Sianos	G,	Papafaklis	MI,	Daemen	J,	et	al:	Angiographic	stent	thrombosis	
after	routine	use	of	drug-eluting	stents	in	ST-segment	elevation	myocardial	infarction:	the	importance	of	thrombus	burden.	J	Am	Coll	Cardiol	50:572-
583,	2007.)
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national registries. The primary end point was all-cause mortality at 
30 days, and 7244 patients who presented within 24 hours of onset of 
symptoms were recruited. The TASTE investigators reported no reduc-
tion of all-cause 30-day mortality in the study patients (2.8% in the 
aspiration catheter group vs. 3.0% in the PCI-only group).69 The TASTE 
study design, inclusion criteria leading to selection bias, and the rela-
tively low statistical power of analysis encountered considerable criti-
cism. Thus several questions remain unanswered regarding the findings 
of this study, including the need for analysis of the long-term follow-up 
results.

Indeed, certain limitations of aspiration catheters should be recog-
nized,70 such as the difficult delivery along tortuous vessels, reduced 
capability to aspirate at the distal coronary segments, and the risk of 
dissection/perforation in cases where the guidewire is not located 
within the true lumen. The low negative aspiration pressure and the 
small evacuation holes also limit the yield of these catheters in the 
presence of a large-volume thrombus. Commonly, the application of 
aspiration catheters results in inadequate clot extraction that leaves at 
least 30% to 50% residual thrombus volume.68 The risk of catheter-
induced distal embolization, especially during a hurried maneuver, and 
the need for antegrade and retrograde crossing of a large thrombus 
should be taken into account when removal will be undertaken with 
aspiration catheters. It is important to remember that even sequential 
use of thrombus-aspiration catheters and distal protection filters can 
result in insufficient thrombus removal.67,71,72

postintervention epicardial flow and microvascular perfusion than a 
catheter made by another manufacturer. However, such conclusions 
strongly depend on operator preference and other factors, such as cost. 
In a study similar to the REMEDIA trial, investigators observed a 
significant decrease in procedure-related elevation of cardiac enzymes, 
in comparison to patients who did not receive aspiration, as well as 
only 3% no-reflow versus 15%, respectively.66 Notably, aspiration cath-
eters do not increase procedural time; rather they offer a safe, straight-
forward approach for thrombus removal. Follow-up over 6 months 
demonstrated a significantly decreased occurrence of LV dilatation 
versus that of patients who underwent standard PCI. Meta-analysis of 
randomized studies on catheter thrombus aspiration shows a signifi-
cant benefit of reducing mortality compared with standard PCI alone, 
2.7% versus 4.4% (P = .05), respectively.67 However, it should be noted 
that several studies failed to find any advantage to the routine use of 
aspiration catheters in STEMI patients and observed that this approach 
does not increase myocardial salvage and in fact may increase final 
infarct size.68

A cautionary observation was recently suggested by the multi-
center, prospective, randomized, controlled, open-label Thrombus 
Aspiration in ST-Elevation Myocardial Infarction in Scandinavia 
(TASTE) registry, which compared manual thrombus aspiration fol-
lowed by PCI against PCI only in patients with STEMI. Patients were 
enrolled from the national Swedish Coronary Angiography and Angio-
plasty Registry (SCAAR), and end points were evaluated through 
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rheolytic arm, but the difference did not reach statistical significance. 
Large residual thrombus was more frequently identified in the manual-
aspiration arm (P = .039), and all markers of reperfusion were better 
in the rheolytic-thrombectomy arm. At 6 months, the percentage of 
malapposed stent struts in the manual-aspiration arm was higher than 
in the rheolytic arm (2.7 ± 4.5% and 0.81 ± 1.6%, respectively; P = .02). 
The investigators concluded that both technologies result in incom-
plete removal of thrombus in patients with AMI, although rheolytic 
thrombectomy seemed more effective in thrombus removal and myo-
cardial reperfusion.

Overall, there is a strong clinical impression that the larger the 
target thrombus volume, the higher the extracting yield of a power-
based mechanical thrombectomy device.75-77 This is supported by a 
recent meta-analysis78 of 24 randomized trials (including 21 with indi-
rect comparison and three with direct comparison of these thrombus-
removal methods) that involved 4927 STEMI patients. The authors 
concluded that the meta-analysis lends support to the benefits of 
mechanical thrombectomy but only when used in patients with high 
thrombus burden. Some controversy surrounds this issue, and some 
authors argue that a comparison between manual aspiration and 
power-based mechanical thrombectomy is unethical in patients with 
lesions that contain large thrombus burden because these patients 
should be treated specifically with mechanical, power-sourced throm-
bectomy devices.79

The X-Sizer thrombectomy system is mainly used in Europe80 and 
consists of a helical cutter enclosed within a protective housing attached 
to a dual-bore catheter shaft that contains a guidewire and vacuum/
extraction lumens. Activation of the handheld controller simultane-
ously rotates the helical cutter at 2100 rpm, which entraps and macer-
ates soft atherosclerotic plaque and thrombus and channels it to a 
vacuum collection bottle. The device operates 1.5-, 2.0-, and 2.3-mm 
diameter cutters and is compatible with 0.014-inch guidewires. Napo-
dano and colleagues80 studied 92 AMI patients and demonstrated that 
direct PCI for AMI with X-Sizer thrombectomy followed by stenting 
significantly improves myocardial reperfusion as assessed by myocar-
dial blush score and ST-segment resolution. The large, prospective 
X-Sizer in Acute Myocardial Infarction Patients for Negligible Embo-
lization (X-AMINE) multicenter study that followed demonstrated a 
device success rate of 87% and adequate thrombus removal in 95% of 
the lesions.81

The AngioJet rheolytic thrombectomy system (Possis/Medrad, 
Minneapolis, MN) is a U.S. Food and Drug Administration (FDA) 
approved device for thrombus-containing lesions in coronary and 
peripheral interventions. The principle of activation is based on cre-
ation of saline jets inside the catheter that travel backward at high 
speed to create a negative pressure zone (Venturi effect). Side windows 
along the catheter’s tip optimize fluid flow and draw thrombus into the 
catheter for fragmentation and removal (Fig. 27-10). A new AngioJet 
console, the ULTRA, was recently introduced and features automated, 
rapid setup and support for a wide range of catheters. Multiple rapid-
exchange 4- or 5-Fr flexible catheters are available for various target 
vessels, including native coronary arteries, old SVGs, and peripheral 
arteries. Proper thrombectomy technique that incorporates slow 
advancement of the catheter essentially eliminates the need for a tem-
porary pacemaker; however, some operators recommend it in patients 
who require revascularization of a major vessel or in cases with limited 
myocardial reserve. The AngioJet’s ability to treat large thrombus 
burden in STEMI patients and to provide more effective myocardial 
perfusion than that obtained with standard balloon and stenting has 
been well documented (Fig. 27-11).82,83 The Thoraxcenter group ele-
gantly demonstrated that AngioJet thrombectomy is a significant inde-
pendent predictor of reduced risk for stent thrombosis and MACE 
specifically when applied for removal of large thrombus burden in 
STEMI patients.5

In the Femoral Artery Stenting Trial (FAST), AngioJet was used in 
116 AMI patients with extensive thrombus load, which led to signifi-
cant improvements in perfusion compared with a control group with 
similar thrombus burden who received standard PCI.84 The in-hospital 

Because thrombus aspiration is most frequently used for STEMI, a 
valid question arises as to the role of aspiration thrombectomy in 
patients with non–ST-elevation myocardial infarction (NSTEMI). The 
Thrombus Aspiration in Thrombus-Containing Culprit Lesions in 
Non–ST-Elevation Myocardial Infarction (TATORT) NSTEMI study 
was a prospective, controlled, multicenter, randomized trial that com-
pared adjunctive aspiration thrombus removal to conventional PCI in 
patients with thrombus-containing lesions. The trial randomized 460 
patients in a 1 : 1 fashion to aspiration thrombectomy and standard 
PCI.73 The primary end point was the extent of microvascular obstruc-
tion assessed by cardiac magnetic resonance within 4 days after ran-
domization. Clinical end points that included death, myocardial 
reinfarction, target-vessel revascularization, and new congestive heart 
failure (CHF) were analyzed at 6 months. Microvascular obstruction 
was not different between the aspiration thrombectomy and standard 
PCI groups (1.7% LV vs. 1.6% LV, respectively, P = .65). Similarly, no 
significant differences were observed in infarct size, myocardial salvage 
index, or angiographic parameters such as blush grade or TIMI flow 
grade. Clinical follow up at 6 months also revealed no differences in 
the combined clinical end point between the thrombectomy and the 
standard PCI groups (P = .85). Accordingly, the investigators con-
cluded that aspiration thrombectomy in patients with NSTEMI who 
undergo early PCI in thrombus-containing lesions does not reduce the 
extent of no-reflow phenomenon compared with standard PCI without 
thrombectomy.

Power-Sourced Thrombectomy Devices
The mainstay representatives of this group of mechanical tools  
include the rheolytic thrombectomy, excimer laser, and X-Sizer (eV3, 
Plymouth, MN). The question of whether power-based mechanical 
thrombectomy offers any advantage over aspiration catheters is perti-
nent to practical management. However, only a limited number of 
prospective studies with direct comparison between these two modali-
ties have been conducted. Parodi and colleagues74 included 80 AMI 
patients in a prospective study to compare rheolytic thrombectomy  
to a manual thrombus aspiration catheter. They used OCT to assess 
residual thrombus after removal by these devices and found that all  
but one patient had residual thrombus after rheolytic thrombectomy 
or aspiration catheter. The number of OCT quadrants that contained 
thrombus in the manual-aspiration arm was higher than in the 

TABLE 27-7 Outcomes of a Dedicated Thrombus-Removal 
Strategy Using Aspiration Catheters

1.	 Thrombus	removal	is	improved.74

2.	 Visual	thrombotic	aspirate	can	be	obtained	in	most	patients	without	
definite	angiographic	thrombus;	the	extent	of	underlying	thrombus	
does	not	influence	the	PCI	result.140

3.	 Infarct	size	is	reduced	and	myocardial	viability	is	preserved.141

4.	 Myocardial	edema,	hemorrhage,	microvascular	obstruction,	and	left	
ventricular	remodeling	are	reduced.142

5.	 The	reduction	in	thrombus	burden	has	a	positive	impact	on	
myocardial	reperfusion	and	late	clinical	outcome.39

6.	 One-year	mortality	is	reduced,	and	a	survival	benefit	is	provided.143

7.	 Recurrent	MI	and	stroke	are	reduced.78

8.	 The	rate	of	stent	restenosis	is	reduced.144

9.	 Rate	of	PCI-related	MACEs	is	lower,	late	lumen	loss	is	reduced,	and	
rate	of	stent	restenosis	is	reduced	in	diabetics.145

10.	 The	adverse	effects	of	delay	in	time	to	intervention	is	limited	in	
patients	who	present	6	hours	to	12	hours	after	STEMI	onset.146

11.	 The	need	for	balloon	angioplasty	and	stenting	in	select	STEMI	
patients	is	obviated.147

12.	 All-cause	30-day	mortality	in	STEMI	patients	is	not	reduced.69

13.	 Aspiration	thrombectomy	in	early	PCI	for	NSTEMI	in	thrombus-
containing	lesions	does	not	reduce	the	extent	of	no-reflow	
phenomenon	compared	with	standard	PCI.73

MACE,	Major	adverse	coronary	event;	MI,	myocardial	infarction;	PCI,	percutaneous	coronary	
intervention	NSTEMI,	non–ST-elevation	myocardial	infarction;	STEMI,	ST-elevation	myocar-
dial	infarction.
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major adverse coronary event (MACE) rate for the AngioJet was rela-
tively low at 8%. Further evidence of the excellent safety profile of the 
AngioJet has been repeatedly reported.85,86

Nevertheless, this tool, together with the entire concept of throm-
bus extraction, sustained a major setback a few years ago when nega-
tive results from the multicenter AngioJet Rheolytic Thrombectomy in 
Patients Undergoing Primary Angioplasty for Acute Myocardial 
Infarction (AIMI) study were published.87 In retrospect, this study was 
poorly designed because the presence of thrombus in the target lesion 
was not required for enrollment, and operators were required to utilize 
a technique mandating passive advancement to the distal end of the 
target vessel, which allowed only retrograde thrombectomy. In order 
to address questions raised by and about the AIMI study, a prospective, 
multicenter AngioJet Rheolytic Thrombectomy Before Direct Infarct 
Artery Stenting in Patients Undergoing Primary PCI for Acute Myo-
cardial Infarction (JETSTENT) study was launched to compare the 
effect of the AngioJet versus direct stenting on myocardial reperfusion, 
infarct size, and clinical outcomes in STEMI patients.88 The study 
exclusively focused on AMI patients with angiographically visible 
thrombus, using only slow, single-pass antegrade thrombectomy and a 
narrower temporal definition of early ST-segment resolution (>50% 
within 30 min). This study enrolled 501 STEMI patients with visible 
thrombus (grades 1 through 4) or with a totally occluded infarct-
related vessel (thrombus grade 5 with subsequent restratification). At 
baseline both groups had a thrombus grade of 3 to 5 in 99% and TIMI 
grade 0 flow in 83% of the patients. A platelet receptor antagonist was 

FIGURE 27-11	 Rheolytic	 thrombectomy	 in	 a	 patient	 with	 ST-elevation	 myocardial	 infarction.	 A,	 Initial	 angiographic	 view:	 thrombus	 grade	 5.	
B,	AngioJet	catheter	crossing	the	target	thrombotic	occlusion.	C,	After	AngioJet.	D,	Final	results.	

A B

C D

FIGURE 27-10	 AngioJet	rheolytic	thrombectomy	system.	



 CHAPTER 27  The Thrombus-Containing Lesion 449

FIGURE 27-12	 A,	Initial	angiogram	prior	to	X-Sizer	thrombectomy	in	a	patient	with	ST-elevation	myocardial	infarction	and	a	heavy	thrombus	load	
in	the	left	anterior	descending	coronary	artery.	B,	Thrombus	cleaning	by	the	X-Sizer	leads	to	adequate	exposure	of	the	underlying	diseased	plaques.	
C,	Final	percutaneous	coronary	intervention	results.	

A B C

used in 97% and 98%, respectively, and a 93% procedural success rate 
was achieved in both groups. The results demonstrated improved myo-
cardial reperfusion with the AngioJet as determined by higher rates of 
early ST-segment resolution (86% vs. 79%, respectively, P = .04). A 
significant difference in MACE rates was observed between the groups 
at 1 month (3.1% AngioJet vs. 6.9% direct stenting, P = .05) and at 6 
months (12% AngioJet vs. 21% direct stenting, P = .01). No difference 
was found between the two approaches regarding myocardial blush 
score and corrected TIMI frame count. Multivariable regression analy-
sis showed that randomization to rheolytic thrombectomy was a pre-
dictor of ST-segment resolution (odds ratio [OR] 1.7; 95% confidence 
interval [CI], 1.03 to 2.8; P < .039) and 6-month MACE rate (hazard 
ratio [HR] 0.5; 95% CI, 0.31 to 0.82; P = .06). Figures 27-12 and 27-13 
demonstrate the application of two other mechanical thrombectomy 
devices in heavy thrombotic settings, the X-Sizer from eV3 and the 
ThromCat (Spectranetics, Colorado Springs, CO), respectively.

Lasers are mainly used for debulking of lesions deemed unsuitable 
for standard PCI and can be applied for revascularization of thrombus-
containing lesions.89 The pulsed-wave ultraviolet wavelength excimer 
laser (Spectranetics, Colorado Springs, CO) has been successfully 
applied in patients with ACSs, including AMI (Fig. 27-14).90 The 
excimer laser light interacts favorably with several components of the 
occluding thrombus. Laser-generated acoustic shock waves dissolve 
fibrin fibers91 and suppress platelet aggregation (Fig. 27-15).92 The 
thrombus dissolution capability of this laser was further examined  
by the Excimer Laser Angioplasty in Acute Myocardial Infarction 
(CARMEL) multicenter study.76 The trial enrolled 151 “real world” 
AMI patients with continuous chest pain and ischemia in the presence 
of either STEMI or NSTEMI, including those with late presentation, 
cardiogenic shock (13%), failed thrombolytic therapy (11%), or con-
traindications for this therapy (17%). The target vessel was a coronary 
artery in 79% and an old bypass graft in 21%. As opposed to many 
studies, the entire cohort underwent quantitative and statistical analy-
ses by independent core laboratories. The results proved that despite 
the presence of compromised hemodynamics and a heavy thrombus 
burden in as many as 65% of the patients, laser success was achieved 
in 95%, angiographic success in 97%, and procedural success in 91%. 
It is worth noting that thrombus was not identified as a predictor of 
PCI failure. A baseline TIMI grade 0 flow of 1.2 (±1.1) increased to 2.8 
(± 0.5) with the laser energy and was followed by final TIMI flow of 
3.0 (± 0.2; P < .001 vs. baseline) with adjunct stenting. Distal emboliza-
tion occurred in only 2%, no-reflow phenomenon occurred in 3%, 
device-induced small dissection was observed in 4%, and a small per-
foration occurred in 0.6%. The total MACE rate was relatively low at 
13%. The most important finding attested to the fact that maximal 
removal effect was directly proportional to the baseline thrombus 

burden; that is, the larger the initial thrombus burden at the target 
lesion, the more effective and the higher the gain for the laser-induced 
dissolution (Fig. 27-16).

Further subgroup analysis of this trial recognized a specific laser 
gain among late-presentation patients who exhibited a heavy thrombus 
burden and unstable hemodynamic parameters.93 Thus although not a 
randomized comparison, this study provided the first quantitative evi-
dence of the considerable benefit of a dedicated mechanical thrombec-
tomy device in thrombus-removal strategy and, in particular, in AMI. 
The expanding role of excimer laser technology in revascularization of 
thrombus-containing lesions has been refined in the last decade with 
the growing recognition of the laser’s unique ability to create favorable 
coronary lumen morphology, which in turn facilitates stent deploy-
ment and long-term results.94

Ultrasound-induced thrombus dissolution can be offered as adjunc-
tive therapy aimed at increasing the efficacy of common thrombolytic 
therapies.95 Ultrasound-producing devices are defined by their differ-
ent acoustic intensity and frequency, ranging from low (20 to 400 KHz) 
to high (0.5 to 3 GHz). The two main approaches to sonication therapy 
rely on an external device to deliver transcutaneous therapeutic ultra-
sound energy96 and on the invasive intravessel catheter, which delivers 
sonication directly to the targeted thrombus. Further randomized 
studies will be required in order to investigate both the promise and 
the safety issues that relate to the external mode of delivery and to 
examine whether it provides improved enhancement of pharmacologic 
thrombolytic agents and superior thrombus dissolution in comparison 
with the more invasive, direct intracoronary delivery method.

EMBOLIC PROTECTION DEVICES
These tools are used to prevent the propagation of atheromatous or 
thrombotic debris downstream. These devices can be classified into 
three categories: (1) filter-based devices, (2) proximal occlusion 
devices, and (3) distal flow occlusion devices.97 The use of embolic 
protection devices (EPDs) does not require any special preparation  
of the patient other than the standard anticoagulation therapy for 
percutaneous intervention. These devices are user friendly; however, a 
clear limitation relates to the need to cross the very same clot, which 
requires protection with a somewhat bulky protection device, and the 
need for an adequate length of distal landing zone. Overall, the EPDs 
are useful adjuncts in primary PCI for ACS and have been shown to 
efficaciously reduce the rate of periprocedural infarction.98 The EPDs 
have a class I indication for SVG interventions because of the preva-
lence of thrombus-containing lesions.99 However, studying the value of 
distal protection during rescue PCI, the Enhanced Myocardial Efficacy 
and Recovery by Aspiration of Liberated Debris (EMERALD)100 
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FIGURE 27-14	 Excimer	 laser	 in	 a	 patient	 with	
inferior	 wall	 myocardial	 infarction.	 Initial	 throm-
bolytic	 treatment	 was	 successful;	 however,	
several	 hours	 later,	 the	patient	 developed	 recur-
rent	chest	pain,	ischemia,	right	ventricular	infarc-
tion,	 and	 hemodynamic	 deterioration.	 A,	 Grade	
5	thrombus	at	the	proximal	right	coronary	artery.	
B,	Application	of	a	1.7	concentric	 laser	catheter	
for	 thrombus	 dissolution.	 C,	 Final	 results	 after	
adjunctive	 stenting.	 The	 patient	 made	 a	 clinical	
recovery.	

FIGURE 27-13	 Application	of	the	ThromCat	device,	which	uses	a	high-speed	rotational	helix	to	macerate	and	extract	thrombus.	This	thrombectomy	
tool	can	be	synergistically	applied	with	a	filter	protection	device.	Di,	The	treated	site	as	demonstrated	by	optical	coherence	tomography	technique;	
asterisk	indicates	residual	thrombosis;	Fi,	final	view	of	treated	site	(arrows)	as	observed	through	optical	coherence	tomography.	(From	Rawlins	J,	
Sambu	N,	O’Kane	P:	Strategies	for	the	management	of	massive	intra-coronary	thrombus	in	acute	myocardial	infarction.	Heart	99:510,	2013.)
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FIGURE 27-15	 A	and	B,	The	in	vitro	effect	of	ultra-
violet	wavelength	excimer	laser	on	platelet	aggrega-
tion.	 ADP,	 Adenosine	 diphosphate;	 SE,	 standard	
error.	(Based	on	Topaz	O,	Minisi	AJ,	Bernardo	NL,	
et	al:	Alterations	of	platelet	aggregation	kinetics	with	
ultraviolet	 laser	 emission:	 the	 “stunned	 platelet		
phenomenon.”	 Thromb	 Haemost	 86:1087-1093,	
2001.)
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investigators found that patients with AMI undergoing rescue PCI 
compared with primary PCI have similar myocardial perfusion, infarct 
size, and clinical outcomes, concluding that distal protection appar-
ently does not offer any detectable benefit in this patient population. 
In fact, there is a concern that the routine use of filter protection for 
PCI of STEMI may increase the incidence of stent thrombosis and the 
clinically driven target-lesion and target-vessel revascularization.101 A 
selective, rather than routine, strategy of protection device utilization 
should be applied, limited to those patients with the highest risk of 
clinically relevant embolization.102

Stents for Dedicated Thrombus Management
Direct stenting during PCI of thrombus-containing lesions with either 
bare-metal or drug-eluting stents is a commonly used strategy.103 
Nonetheless, despite the popularity and perceived success of direct 
stenting, distal embolization and no-reflow phenomenon do occur, 
mainly because of the mobilization of fragmented clot.83,104 Two novel 
stents have been developed to directly treat an underlying thrombus. 
The first, a thrombus-capturing stent, is represented by the MGuard 
stent (InspireMD, Tel-Aviv, Israel), which offers a trapping stent  

mechanism for the dedicated management of IC thrombus and reduc-
tion of embolization. This stent is made of a unique stainless steel 
bare-metal stent (BMS) covered with an ultrathin, micron-level (150 
by 180 µ) flexible mesh net fabricated by circular knitting (Fig. 27-17). 
During stent deployment, the net stretches and slides over the expand-
ing stent struts, creating custom-designed pores parallel to the vessel 
wall. Once deployed, the MGuard stent seals the thrombus and accom-
panying plaque and captures potential embolic debris between the 
fiber net and the arterial wall (Figs. 27-18 and 27-19).105 The aim of 
this unique stent is to prevent thrombotic distal embolization and, 
consequently, to improve the microcirculation. The early experience 
with this stent included 100 STEMI patients who enrolled in a prospec-
tive multicenter study, all with angiographic evidence of thrombus in 
the infarct-related artery. The stent achieved an impressive 90% myo-
cardial blush grade of 3 and 90% of complete (>70%) ST-segment reso-
lution.106 The investigators concluded that the MGuard stent offers a 
safe and feasible option for PCI in STEMI patients and provides a  
very high perfusion grade and significant electrocardiographic (ECG) 
improvement. Recently, Romaguera and associates107 set out to assess 
specifically the usefulness of this stent in STEMI patients in whom a 
high thrombus burden persists despite aggressive manual aspiration. 
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FIGURE 27-16	 Maximal	device	gain	and	thrombus	
dissolution	are	obtained	 in	 the	extensive	 thrombus	
group.	DS,	Diameter	stenosis;	MLD,	minimal	luminal	
diameter;	QCA,	 quantitative	 coronary	 angiography;	
TIMI,	thrombolysis	in	myocardial	infarction.	(Adapted	
from	 Topaz	 O,	 Ebersole	 D,	 Das	 T:	 Excimer	 laser	
angioplasty	 in	 acute	 myocardial	 infarction	 [the	
CARMEL	multicenter	study].	Am	J	Cardiol	93:694-
701,	2004.)

Final 2.97 ± .60 2.54 ± .55 2.47 ± .62 2.62 ± .55 2.76 ± .62

gain
Laser acute .90 ± .63 .76 ± .52* .84 ± .60 .94 ± .48 1.21 ± .72*

Post laser 1.74 ± .46 1.48 ± .49 1.51 ± .51 1.50 ± .41 1.62 ± .62

(mm)
MLD: Baseline

.87 ± .69 .72 ± .43 .65 ± .45 .59 ± .49 .37 ± .49

Final

*P = .03

16% ± 17% 15% ± 13% 22% ± 14% 16% ± 17% 22% ± 16%

reduction
Laser acute 27% ± 18% 25% ± 15% 25% ± 19% 31% ± 16% 36% ± 20%

Post laser 47% ± 13% 51% ± 11% 52% ± 15% 51% ± 13% 53% ± 17%

74% ± 21%%DS: Baseline 76% ± 16% 77% ± 16% 82% ± 16% 89% ± 15%

GRADE 0 1 2 3 4

11Patients (n) 14 28

QCA per TIMI Thrombus

45 63

No
thrombus
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thrombus
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FIGURE 27-17	 MGuard	thrombus-capturing	stent	system.	

They prospectively enrolled 56 patients with residual angiographic 
TIMI thrombus grade 4 or 5 after targeted manual catheter aspiration. 
After MGuard stent implantation, more than 85% of the cases had 
thrombus grade 0, and final TIMI grade 3 flow was gained in 82%, 
normal myocardial blush in 55%, and complete ST-segment resolution 
in 59%. Occlusion of a side branch occurred in 2 cases (3.6%), embo-
lization in 5 cases (8.9%), and transient no-reflow phenomenon in 4 
cases (7.1%). The MACE rate at 9 months was 3.6%, including one 
definite stent thrombosis and one target-vessel revascularization. The 
investigators concluded that this stent may be useful for preventing 
distal embolization in STEMI patients and high thrombus burden after 
failed manual catheter aspiration.

A different approach to thrombus eradication with stents in -
volves the concept of exclusion/displacement. Gunn and colleagues108 
introduced the novel use of pericardium-covered stent graft to treat 
massive thrombus in the setting of ACS. The Aneugraft stent graft 
(ITGI Medical, Or Akiva, Israel) consists of a conventional, balloon-
expandable, 316L stainless steel stent sutured externally at either end 
with a single layer of blemish-free equine pericardium 105 µ thick. The 
initial experience with 10 lesions demonstrated immediate elimination 
of the large filling defect and restoration or maintenance of TIMI grade 
3 blood flow. Only one of these unique stents thrombosed (in a patient 
who could take only aspirin). At present it appears that this intriguing 
stent technology is suitable for select patients in whom conventional 
thrombus-removal technology is not available or failed.109

Power Thrombectomy
This reperfusion strategy is mainly aimed at treatment of lesions  
and vessels laden with very heavy thrombus burden associated with 
slow antegrade flow. It combines power-sourced mechanical throm-

bectomy with selective injection of thrombolytic agents into the  
target vessels and offers the benefit of direct interaction of thrombo-
lytic pharmacotherapy with the underlying clot, a decreased risk of 
systemic lytic effects, and precise maceration of the thrombus load by 
the mechanical device.110,111 The thrombolytic agents can be selectively 
administered during the intervention through a dedicated perfusion 
balloon such as the ClearWay device (Atrium Medical, Hudson, NH; 
Fig. 27-20).

UNIQUE THROMBUS-CONTAINING TARGETS AND 
RELATED REVASCULARIZATION TECHNIQUES

Bypass Grafts
Myocardial ischemia that occurs early after CABG is typically caused 
by graft thrombosis resulting from surgery-related mechanical issues, 
whereas late ischemic events are caused by progression of soft, friable, 
atheromatous plaques in the grafts.112,113 Collagen-rich (firm) or 
collagen-poor (soft) thrombus superimposition, an integral compo-
nent of this process (Fig. 27-21), is found in as many as 80% of old 
bypass grafts.114 The thrombotic content is often much greater in vein 
grafts than in native arteries because of the greater caliber of vein grafts 
and the lack of side branches, conditions that promote blood stagna-
tion and coagulation.

The Thrombocyte Activity Reassessment and Genotyping 
(TARGET) investigators53 clearly demonstrated that in the current 
strategy of routine stenting and GP IIb/IIIa inhibitors, thrombus is still 
the angiographic characteristic most closely associated with adverse 
outcome of PCI in SVGs. Thus revascularization of degenerated, 
friable, old SVGs is fraught with technical difficulties and risks.115 
Among those vessels, a unique group can be encountered that consists 
of totally occluded grafts that continue to account for ongoing ischemia 
at their distal perfusion territory. Commonly, the corresponding 
grafted native coronary artery is occluded by severe atherosclerosis and 
thrombus, which originally migrated from the diseased vein graft.116 
In most cases, percutaneous revascularization of these grafts, whether 
occluded for a short or long period, provides the only viable treatment 
option, albeit a technically highly demanding one.117 Indeed, operators 
have been traditionally advised to resist the challenge of opening such 
occluded old grafts because of the remarkable technical difficulties and 
concerns for procedure-induced complications.118 However, in our 
experience, a technique known as SVG sculpturing can be used to 
facilitate revascularization of totally occluded grafts through maximal 
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FIGURE 27-18	 An	 81-year-old	 patient	 with	 inferior	 ST-elevation	 myocardial	 infarction.	 A,	 Grade	 5	 thrombus	 occludes	 the	 right	 coronary	 artery	
(RCA).	B,	After	aspiration	and	balloon	dilation,	antegrade	flow	is	restored,	but	grade	2	thrombus	is	present.	C,	Deployment	of	a	3.0/24-mm	MGuard	
thrombus-capturing	stent.	D,	Final	results	demonstrate	complete	patency	of	the	RCA	with	TIMI	grade	3	blush.	ST-segment	resolved.	(Courtesy	Ran	
Kornowski	MD,	Rabin	Medical	Center,	Israel.)
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FIGURE 27-19	 Thrombus	 capturing	 in	 an	 ischemic	 patient	 with	 degenerated	 saphenous	
vein	graft	to	the	obtuse	marginal	branch.	A,	Five	consecutive	lesions	(arrows)	along	the	graft.	
B,	 Treatment	with	 four	consecutive	MGuard	stents	 (3.5	×	24	mm,	3.5	×	15	mm,	3.25	×	
12	mm,	and	2.75	×	12	mm)	and	a	bare-metal	stent	distally.	A	protection	device	was	not	
used.	(Courtesy	Ran	Kornowski	MD,	Rabin	Medical	Center,	Israel.)
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FIGURE 27-21	 Cross-sectional	histopathology	of	a	95%	to	99%	stenosis	of	a	saphenous	vein	graft.	The	lumen	is	narrowed	mainly	by	organized	
thrombus	(T),	which	consists	of	loose	fibrous	tissue	with	small	recanalized	vascular	channels	(ELVG	4×).	During	percutaneous	coronary	interven-
tion,	such	channels	enable	guidewire	crossing,	which	should	be	followed	by	thrombus	removal	before	plaque	modification	by	balloon	intervention	
and	stenting.	(Courtesy	Shannon	Mackey-Bojack	MD,	Jesse	E.	Edwards	Registry	of	Cardiovascular	Disease	Collection,	Nasseff	Heart	Center,	United	
Hospitals,	University	of	Minnesota	School	of	Medicine,	St.	Paul,	MN.)
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FIGURE 27-20	 A	 patient	 with	 unstable	 angina	 and	
anterolateral	ischemia.	A,	The	left	anterior	descending	
(LAD)	coronary	artery	exhibits	a	long	eccentric	throm-
botic	 lesion	in	 the	middle	segment	and	TIMI	grade	2	
flow.	 B,	 A	 ClearWay	 2.0/20-mm	 perfusion	 balloon	
was	 used	 to	 selectively	 deliver	 intracoronary	 abcix-
imab	 and	 adenosine	 into	 the	 LAD.	 C,	 Final	 angio-
graphic	 results	 following	 stenting.	 TIMI	 grade	3	 flow	
was	restored.	
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thrombus with a mechanical removal device is warranted. Then, as 
most of the obstructive thrombotic component is extracted, contrast 
injections can precisely assess the residual plaque, and subsequent 
balloon dilation and stenting can be facilitated.

Corroborating the benefit of focus on the thrombotic component 
of CTO is recent evidence from the National Heart, Lung, and Blood 
Institute registry, whereby multivariable regression analysis demon-
strated that the presence of thrombus is a strong predictor of success 
in CTO revascularization (adjusted OR 0.31; 95% CI, 0.15 to 0.61; P = 
.0008). This intriguing finding attests to the fact that thrombus removal 
clears the way for subsequent successful stenting.125

Left Main Disease
Percutaneous revascularization of left main disease is a topic of great 
global interest.126 Thrombus frequently accompanies left main lesions 
and exerts a major impact on clinical and procedure-related risks and 
complications. Acute thrombosis of an underlying left main plaque 
carries grave consequences, and in cases of acute total occlusion, an 
emergency PCI constitutes the only realistic revascularization option 
(Fig. 27-26).

Prasad and colleagues127 reported a series of 28 patients with unpro-
tected thrombotic left main lesions who underwent standard PCI, and 
only a modest angiographic success rate of 83% (N = 24) was achieved, 
accompanied by a cumulative in-hospital mortality of 36%. These out-
comes raise a valid concern: that the thrombus-containing stenoses 
were not treated by a dedicated thrombus-removal approach. For such 
high-risk interventional scenarios, and in order to reduce the risk of 
distal embolization, our experience denotes a need to first focus on a 
thrombus-removal strategy, preferably with a mechanical thrombec-
tomy device. The merits of this approach are adequate clot clearance, 
proper exposure and assessment of the associated underlying athero-
sclerotic plaque, and facilitated stent delivery and deployment, and the 
results show a high success rate.128 For selected, symptomatic patients 
who present with a CTO of the left main artery,129 a PCI can become 
a viable management option with either an antegrade or retrograde 
recanalization through one of the distinct angiographic collateral  
channels connecting the right coronary artery with the left coronary 
vessels.130

Stent Thrombosis
Early, late, and very late stent thrombosis is an ominous clinical devel-
opment that has a significant impact on clinical outcomes (Fig. 
27-27).131 Stent thrombosis is often multifactorial.132 One of the major 
causes is post-PCI residual thrombus, which either gradually accumu-
lates over a period of time or rapidly aggregates to form a fully occlu-
sive thrombus. Stent thrombosis can be manifested by serious 
complications such as nonfatal and fatal AMI133,134 and marked 

removal of their thrombus content and subsequent stenting, as 
described in Table 27-8.

The initial step of this strategy involves careful guidewire entry  
and recanalization of the occluded graft, followed by targeted removal 
of the voluminous occlusive thrombus with mechanical thrombec-
tomy. A critical component of this approach incorporates selective 
intragraft administration of a thrombolytic agent. This usually is fol-
lowed by final passage with the thrombectomy device for extraction of 
the postlytic residual thrombotic material. After maximal mechanical 
removal of the thrombus, final vessel patency is ensured with stenting 
of the underlying stenosis (Fig. 27-22). Nevertheless, the SVG sculptur-
ing technique is not a panacea, and device-related failure is a reality; 
complications can occur, and therefore it is still very controversial 
because of the complex pathology of the target vessels (Fig. 27-23). 
Other operators recommend a synergistic use of balloon-based distal 
embolization protection with rheolytic thrombectomy in this challeng-
ing context.119

Chronic Total Occlusions
Considered one of the last frontiers in interventional cardiology, 
chronic total occlusions (CTOs) remain the most powerful predictor 
for referral for coronary bypass surgery.120 The benefits of PCI for this 
complex lesion include symptom relief, improved LV function, and a 
potential survival benefit when compared with failed CTO interven-
tion. Technically, CTO is considered a highly demanding revascular-
ization target.121 In addition to fibrotic tissue, calcifications, and 
atherosclerotic material, CTOs frequently contain organized thrombi 
of various ages. Histopathology demonstrates an original arterial 
lumen that has been narrowed by atherosclerosis and contains an orga-
nized thrombus that consists of a vascular plexus through which either 
no flow or only very restricted flow is possible (Fig. 27-24). Commonly, 
a recanalization of such organized thrombus by microchannels occurs 
and results in limited antegrade flow beyond the plaque.122 Indeed, 
whereas the angiographic hallmark of a CTO is a 100% stenosis without 
any dye propagation distally, approximately 50% of these lesions are, 
in fact, less than 99% stenosed.123 The morphologic constituents 
account for the marked technical difficulty in crossing CTOs but also 
provide a potential PCI approach. Operators should aim to traverse the 
thrombus through the aforementioned vascular microchannels and 
remove the thrombus bulk before attempting to dilate or stent the 
lesion.124 Thus careful guidewire maneuvering into these microchan-
nels, either by the antegrade or retrograde approach, can lead to suc-
cessful crossing and subsequent plaque treatment. Nevertheless, efforts 
to cross a CTO can be hampered by evoking an underlying thrombus 
to a great extent, culminating in rapid formation and accumulation of 
a large volume “angry clot” (Fig. 27-25), which then threatens the 
entire PCI outcome. Therefore following guidewire recanalization and 
distal positioning, further decrease of the burden of the occlusive 

TABLE 27-8 Saphenous Vein Graft Sculpturing: A Percutaneous Coronary Intervention Technique for Revascularization of Chronic 
Total Occlusions

1.	 Engage	the	SVG	with	a	supporting	guiding	catheter	and	carefully	advance	a	penetrating	guidewire	onto	the	CTO.
2.	 Enhance	guidewire	penetration	with	a	support	catheter.
3.	 Once	the	CTO	has	been	crossed,	allow	the	guidewire	to	reach	the	distal	graft	or	enter	the	native	vessel	beyond	the	anastomosis;	exchange	with	a	

maximal	support	guidewire.
4.	 Apply	a	mechanical	thrombectomy	device	along	the	graft	in	a	slow	antegrade	and	retrograde	fashion.
5.	 When	restored	antegrade	flow	is	angiographically	apparent,	assess	residual	thrombus	burden	and	the	exposed	underlying	lesions.
6.	 In	the	case	of	significant	residual	thrombus,	selectively	inject	into	the	graft	10	to	20	mg	tPA	and	allow	10	to	15	minutes	for	interaction	with	the	

thrombus.
7.	 Repeat	thrombectomy	for	further	reduction	of	the	clot	burden.
8.	 Dilate/stent	the	underlying	graft	stenoses	as	indicated.
9.	 A	protection	device	can	be	added	at	the	discretion	of	the	operator.

10.	 Adjunctive	pharmacotherapy	can	be	added	at	the	discretion	of	the	operator;	agents	may	include	aspirin,	heparin,	glycoprotein	(GP)	IIb/IIIa	platelet	receptor	
blocker,	direct	thrombin	inhibitor,	thienopyridines,	nitroglycerin,	adenosine,	or	thrombolytic	agents.

CTO,	Chronic	total	occlusion;	SVG,	saphenous	vein	graft;	tPA,	tissue	plasminogen	activator.
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FIGURE 27-22	 Saphenous	vein	graft	(SVG)	sculpturing	technique	for	a	totally	occluded	SVG.	Following	two	coronary	artery	bypass	grafting	surger-
ies,	the	patient	presented	after	several	weeks	of	unstable	angina.	Significant	inferolateral	ischemia	was	noted.	He	developed	a	third-degree	atrio-
ventricular	(AV)	block,	hypotension,	and	worsening	chronic	renal	 failure.	A	year	earlier,	both	 the	right	coronary	artery	and	its	SVG	demonstrated	
complete	occlusion.	A,	An	8-Fr	multipurpose	guide	with	sideholes	positioned	firmly	at	the	ostium	of	the	occluded	SVG	(arrow).	B,	Advancement	
of	a	Whisper	guidewire	(Abbott	Vascular,	Temecula,	CA)	into	the	proximal	portion	of	the	graft	meets	resistance	and	then	is	enhanced	with	a	sup-
porting	catheter	(QuickCross;	Spectranetics,	Colorado	Springs,	CO).	C,	Guidewire	reaching	the	distal	anastomosis	site	(arrow).	It	was	exchanged	
for	a	Platinum	Plus	supporting	guidewire	(Boston	Scientific,	Natick,	MA).	D,	A	rheolytic	 thrombectomy	catheter	(arrow)	is	activated	slowly	in	an	
antegrade	and	retrograde	 fashion	along	 the	occluded	graft,	 retrieving	a	 large	volume	of	 thrombotic	content.	E,	Angiogram	of	SVG	recanalization	
after	 initial	 thrombectomy.	F,	Selective	administration	of	20-mg	 tissue	plasminogen	activator	 (TPA)	 into	 the	graft	 through	a	ClearWay	perfusion	
catheter	(arrow).	
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G,	Angiogram	after	20	minutes	dwell	time.	H,	Final	angiogram	after	stenting	of	the	graft	body	and	the	distal	anastomosis	
site.	(Note	dye	reflux	from	the	sideholes	of	 the	guiding	catheter).	TIMI	grade	3	flow	was	restored,	accompanied	by	alleviation	of	chest	pain	and	
ischemia,	hemodynamic	stability,	and	return	to	a	rhythm	baseline	of	first-degree	AV	block.	Renal	function	improved	from	a	creatinine	value	of	3.1	
to	a	baseline	of	2.0.	

FIGURE 27-22, cont’d

G H

FIGURE 27-23	 Saphenous	vein	graft	(SVG)	sculpting	
failure	and	complication.	A,	Thrombus	capturing	 in	
an	 ischemic	 patient	 with	 degenerated	 SVG	 to	 the	
obtuse	 marginal	 branch.	 Five	 consecutive	 lesions	
(arrow)	are	evident	along	the	graft.	B,	Treatment	was	
with	four	consecutive	MGuard	stents	(3.5	×	24	mm,	
3.5	×	15	mm,	3.25	×	12	mm,	and	2.75	×	12	mm)	
and	a	bare-metal	stent	distally.	A	protection	device	
was	not	used.	(Courtesy	Ran	Kornowski	MD,	Rabin	
Medical	Center,	Israel).	B,	After	SVG	sculpting,	heavy	
thrombus	burden	results	without	restoration	of	ante-
grade	flow.	C,	Complication	of	SVG	sculpting	occur-
ring	immediately	after	stent	deployment	at	the	graft’s	
anastomosis	 with	 the	 posterior	 descending	 artery.	
The	 rupture	 was	 contained	 without	 intervention	 or	
further	sequelae.	
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FIGURE 27-24	 Histopathology	 of	 a	 cross	 section	 of	 the	 right	 coronary	
artery	 occluded	 by	 an	 organizing	 thrombus	 (T)	 consisting	 of	 loose,	
fibrous	 tissue	 with	 realized	 vascular	 channels	 (hematoxylin	 and	 eosin	
×10).	(Courtesy	Shannon	Mackey-Bojack	MD,	Jesse	E.	Edwards	Registry	
of	Cardiovascular	Disease	Collection,	Nasseff	Heart	Center,	United	Hos-
pitals,	University	of	Minnesota	School	of	Medicine,	St.	Paul,	MN.)
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FIGURE 27-25	 The	 so-called	 angry	 clot	
phenomenon:	 a	 patient	 after	 coronary	
artery	bypass	grafting	(CABG)	who	pre-
sented	with	unstable	angina,	severe	isch-
emia,	and	hemodynamic	compromise.	A	
left	 internal	 mammary	 artery	 graft	 to	 a	
diffusely	 diseased	 left	 anterior	 descend-
ing	 artery	 was	 patent.	 A,	 The	 left	 main	
exhibits	 critical	 stenosis	 with	 grade	 2	
thrombus.	 B,	 Percutaneous	 coronary	
intervention	 of	 the	 left	 main	 lesion:	 the	
patient	received	a	IIb/IIIa	platelet	receptor	
antagonist,	 heparin,	 aspirin,	 and	 clopi-
dogrel.	However,	as	soon	as	 the	guide-
wire	 crossed	 the	 left	main	 stenosis	 and	
was	 positioned	 at	 the	 distal	 circumflex	
artery,	 rapid	 and	 aggressive	 thrombus	
accumulation	 occurred	 along	 the	 entire	
vessel	and	resulted	in	marked	narrowing	
and	 slow	 flow.	 Increased	 chest	 pain,	
ischemia,	 and	 hypotension	 ensued	 that	
required	 immediate	 thrombus	 dissolu-
tion.	This	was	achieved	with	a	0.9-mm	
rapid	exchange	X-80	excimer	laser	cath-
eter	 (Spectranetics,	 Colorado	 Springs,	
CO),	 which	 was	 activated	 at	 maximal	
flow	 (80	mJ/mm2/80	Hz).	 Angiography	
after	 laser	 debulking	 and	 thrombolysis	
demonstrated	 restoration	 of	 flow,	 with	
reversal	 of	 the	 clot	 accumulation	 and	
mild	residual	clot	remaining	at	the	proxi-
mal	vessel.	D,	Final	results	after	stenting	
of	 the	left	main	were	accompanied	by	a	
clinical	recovery.	
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Multiple Thrombi in a Single Vessel

Several thrombotic occlusions may appear simultaneously in the initial 
angiogram of patients with ACSs (Fig. 27-28). These thrombi may be 
mobile or rigid, and each may exhibit a different morphology, size,  
and mobility The etiology in most instances relates to the progression 
of the atherosclerotic process; however, at times this unusual occur-
rence may represent hypercoagulation, the so-called angry clot phe-
nomenon, or breaking of the original thrombus into independent 
particles. In consideration of PCI, in most instances the use of throm-
bin inhibitors or platelet receptor antagonists in synergy with a power-
sourced mechanical thrombectomy device yields adequate thrombus 
removal. A filter protection device can be applied as well, provided it 
does not interrupt the occluding thrombi during the initial placement 
manipulations.

FIGURE 27-26	 Acute	left	main	thrombosis.	This	48-year-old	patient	collapsed	suddenly	in	a	public	place.	Following	cardiopulmonary	resuscitation	
(CPR),	anterior	wall	ST-elevation	myocardial	 infarction	was	diagnosed.	A	stormy	course	during	 transfer	 to	 the	medical	center	 included	 repeated	
episodes	of	 intense	chest	pain,	hypotension,	 increased	 ischemia,	and	ventricular	 tachycardia,	which	culminated	 in	 full	arrest	upon	entry	 to	 the	
cardiac	catheterization	suite.	At	45	minutes,	full	code	was	required	that	included	intubation,	defibrillation	×17,	amiodarone,	and	epinephrine	prior	
to	relative	stabilization	and	catheterization.	A,	Total	occlusion	of	the	left	main	artery.	B,	A	0.014-inch	ATW	guidewire	(Cordis/Johnson	&	Johnson,	
Bridgewater,	NJ)	recanalized	the	occlusion,	followed	by	Export	aspiration	catheterization,	which	extracted	clot.	C,	The	target	left	main	lesion	was	
dilated	and	successfully	stented	with	a	5.0/16-mm	Liberté	stent	(Boston	Medical,	Natick,	MA),	yielding	a	diameter	of	5.7	mm.	TIMI	grade	3	flow	
was	restored;	however,	refractory	arrhythmias	ensued	that	required	additional	CPR,	antiarrhythmics,	defibrillation	×24,	and	intraaortic	balloon	pump	
insertion.	Following	stabilization,	the	patient	received	therapeutic	hypothermia	for	2	days.	Repeat	cardiac	catheterization	and	intravascular	ultrasound	
on	day	7	demonstrated	patency	of	 the	stent	and	adequate	coronary	flow.	The	patient	was	discharged	without	angina	or	congestive	heart	 failure	
with	a	left	ventricular	ejection	fraction	of	30%,	anterolateral	hypokinesis,	and	no	neurologic	deficit.	(Courtesy	William	R.	Hathaway	MD	and	William	
D.	Kuehl	MD,	Mission	Memorial	Heart	Center,	Asheville,	NC.)
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hemodynamic instability. Expedient thrombus management is the key 
to a favorable outcome, especially for patients who present with 
STEMI.129 Primary PCI, including additional stenting with or without 
thrombectomy, is effective in restoring vessel patency, but reocclusion 
and restenosis are frequent.135 The often raised practical question as to 
which device is best for management of stent thrombosis can be 
addressed according to the amount of occlusive thrombus and associ-
ated clinical findings.136,137 Whereas a small to medium thrombus load 
in a stable patient can be managed with combination therapy of phar-
macologic agents (especially GP IIb/IIIa inhibitors) and an aspiration 
catheter, a large burden—especially in the presence of hemodynamic 
instability and ongoing ischemia—calls for enhanced removal by a 
power-based mechanical thrombectomy device. Nevertheless, even 
successful PCI for stent thrombosis is associated with a larger infarct 
and poorer outcome than in patients with de novo STEMI.136
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FIGURE 27-27	 A,	Extracted	 thrombus.	B,	Ultrasound	of	stent	(S)	and	
thrombosis	(T).	(Courtesy	James	Margolis	MD,	Miami	Beach,	FL.)
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FIGURE 27-28	 Multiple	thrombi	with	different	morphology	presenting	in	
a	 patient	 with	 acute	 coronary	 syndrome	 and	 severe	 inferior-lateral	
ischemia.	

Multivessel Coronary Thrombosis

This is an uncommon occurrence that presents a very significant man-
agement challenge. Patients with simultaneous multivessel thrombosis 
frequently present with ACS, mostly with either STEMI or NSTEMI, 
accompanied by severe hemodynamic compromise. The multivessel 
thrombosis can affect coronary arteries (Fig. 27-29) and old bypass 
grafts alike (Fig. 27-30). The pathophysiologic process that accounts 
for this situation begins when plaque ruptures and resultant acute 
thrombosis of a single artery leads to development of cardiogenic 
shock. This in turn further decreases coronary perfusion pressure, and 
consequently multivessel thrombus is formed on other preexisting 
lesions.138 Another mechanism of multivessel coronary thrombosis 

involves thrombotic embolization and occlusion of multiple coronary 
vessels from a left chamber cardiac tumor.139

The optimal treatment approach to multivessel coronary thrombo-
sis is unknown, but it varies considerably from PCI to urgent bypass 
surgery. When the most critical culprit thrombotic lesion can be iden-
tified with certainty, selective treatment with an aspiration catheter, 
aggressive pharmacotherapy, and subsequent stenting can be benefi-
cial. However, in a case of PCI failure or in patients with continuous 
global ischemia due to thrombus-laden lesions in the other coronary 
arteries (especially during hemodynamic deterioration), urgent coro-
nary bypass surgery is the preferred management option.

SUMMARY
Thrombus plays a major role in the pathophysiology of ACSs. Under-
standing the structural components of the thrombus and proper 
assessment of its burden are essential steps for tailoring appropriate 
strategies for revascularization. Although useful American College of 
Cardiology/American Heart Association guidelines for management 
of patients with ACSs are readily available, developing precise algo-
rithms for PCI management of thrombus-containing lesions is a dif-
ficult task because of the complex characteristics of coronary thrombus, 
the presence of underlying associated atherosclerotic plaque, and the 
anatomic characteristics of the host vessels. Angiographic interpreta-
tion of thrombus burden and experience with removal technologies 
widely differ; therefore current approaches to these challenging targets 
diverge considerably. Enhanced capabilities of thrombus-defining 
diagnostic tools, development of new dedicated pharmacotherapy, 
increased accuracy of thrombus classifications, and further availability 
of specific technologies are warranted. This prospect will undoubtedly 
lead to a significant improvement in the outcomes of interventions for 
acute coronary syndromes.
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FIGURE 27-29	 Simultaneous	 multivessel	 coro-
nary	 thrombosis	 in	 a	 patient	 with	 inferior	 wall	
ST-elevation	myocardial	infarction.	A,	Left	ante-
rior	descending	(LAD)	coronary	artery	thrombus.	
B,	Circumflex	(Cx)	thrombus.	C,	Right	coronary	
artery	 (RCA)	 thrombus.	Percutaneous	coronary	
intervention	of	the	distal	Cx	artery	was	attempted	
in	order	 to	 limit	 the	 infarct	size	and	serve	as	a	
bridge	 prior	 to	 coronary	 artery	 bypass	 grafting	
(CABG)	 but	 was	 not	 successful.	 The	 patient	
underwent	successful	emergency	CABG.	(Cour-
tesy	William	B.	Abernethy	III	MD,	Asheville	Car-
diology	Associates,	Memorial	Mission	Hospital	
Heart	Center,	Asheville,	NC.)

FIGURE 27-30	 Simultaneous	 multivessel	
thrombosis	 in	 the	bypass	grafts	of	a	patient	
with	 anterior	 and	 inferior	 non–ST-elevation	
myocardial	 infarction.	A,	Grade	4	 thrombus	
burden	in	the	saphenous	vein	graft	(SVG)	to	
the	 left	 anterior	 descending	 coronary	 artery.	
B,	Final	revascularization	results	after	aspira-
tion	catheter	and	stenting.	C,	Grade	5	throm-
botic	 occlusion	 of	 the	 SVG	 to	 the	 posterior	
descending	artery.	D,	Final	revascularization	
results	after	aspiration	catheter	and	stenting.	
(Courtesy	William	B.	Abernethy	III	MD,	Ashe-
ville	Cardiology	Associates,	Mission	Memo-
rial	Hospital	Heart	Center,	Asheville,	NC.)
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Although the best approach to PCI complications is avoidance, 
unfortunately complications occur and are an important part of 

the interventional cardiologist’s learning. Prompt recognition of com-
plications along with a calm and effective response is essential to suc-
cessful management. This chapter will explore the most common 
procedural complications.

ABRUPT CLOSURE

Incidence
The incidence of abrupt closure, often called acute closure, during PCI 
has steadily decreased, from 3% in the balloon angioplasty era to 0.3% 
in the current era (Fig. 28-1). The trend in decreasing acute closure 
rates corresponds to the increased utilization of stents and effective 
antithrombotics that include glycoprotein (GP) IIb/IIIa inhibitors, 
dual antiplatelet therapy (DAPT), and direct thrombin inhibitors. 
According to the National Heart, Lung, and Blood Institute (NHLBI) 
Dynamic Registry, lower rates of abrupt closure decreased referrals for 
emergent coronary artery bypass grafting (CABG) and reduced peri-
procedural PCI mortality from 1.4% in 1985 to 1986 to 0.7% in 2006 
(Fig. 28-2).1

Mechanisms
The most common mechanism of acute closure is dissection with injury 
to the media (Table 28-1, Fig. 28-3, and Video 28-1).2 Intramural hema-
toma can develop along with intimal flaps, causing mechanical obstruc-
tion. With mechanical obstruction and the exposure of subintimal 
tissue, thrombus formation is often initiated. Vasoconstriction further 
complicates this milieu but is rarely a major mechanism of closure.3

Whereas the predominant causes of acute closure in the prestent 
era were dissection (28%), thrombus (20%), or both (7%), the cause is 
indeterminate in almost 50% of cases.4,5 Patient factors predictive of 
abrupt closure include unstable angina, multivessel disease, and female 
sex.6,7 When examining the angiographic risk factors of dissection-
mediated acute closure, proximal tortuosity was the strongest predictor 
followed by American College of Cardiology (ACC) lesion grade C 
(Table 28-2), longer lesion length, and de novo stenosis. Similarly, risks 
for thrombotic closure include presence of preexisting thrombus, 
degenerated vein grafts, and recent MI.7 Air embolism and no-reflow 
phenomenon are also part of the differential diagnosis of abrupt 
closure; these will be discussed elsewhere.

Prognostic Significance
Most data regarding outcomes of patients experiencing abrupt closure 
are derived from the prestent era. In studies from the balloon angio-
plasty era, 6% of patients died, 36% suffered nonfatal MI, and 30% were 
referred for emergency CABG.4

Treatment
Abrupt closure results in acute ischemia that may be manifested by 
dramatic electrocardiographic (ECG) changes, hypotension, hyperten-
sion, chest pain, ventricular arrhythmias, and/or bradycardia. The first 
priorities are to stabilize hemodynamics and relieve ischemia. Vaso-
pressors, inotropes, intraaortic balloon pumping (IABP), or ventricular 
assist device insertion should be considered for hemodynamic instabil-
ity. Extreme vagal reactions may also cause bradycardia or hypotension 
and should be treated with atropine, intravenous (IV) fluid boluses, 
and vasopressors if necessary. Electrical instability should be recog-
nized immediately and promptly treated with antiarrhythmic medica-
tions and/or cardioversion if necessary.3
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•	 Although	most	complications	of	percutaneous	coronary	intervention	
(PCI)	are	avoidable,	when	they	do	occur,	rapid	recognition	and	a	
corrective	response	are	necessary	to	mitigate	adverse	
consequences	such	as	myocardial	infarction	(MI)	or	death.

•	 Abrupt	closure	and	intraprocedural	stent	thrombosis/acute	stent	
thrombosis	(<24	hr)	are	serious	complications	that	can	result	in	
MI	and	death.	Treating	them	requires	rapid	steps	to	restore	
perfusion	and	carefully	evaluate,	identify,	and	treat	the	cause.

•	 Coronary	perforations	are	generally	due	to	guidewires,	overdilation,	
and/or	atheroablative	devices.	Sealing	the	perforation	with		
balloon	occlusion	is	imperative,	followed	by	halting	
anticoagulation.	Should	it	be	necessary,	either	implantation	of	a	
polytetrafluoroethylene	(PTFE)	stent	graft	or	referral	to	emergent	
cardiac	surgery	remain	options	if	extravasation	persists.

•	 Stents	are	the	most	common	devices	embolized;	if	possible,	retain	
wire	access	through	the	center	of	the	stent.	Retrieval	involves	an	
array	of	techniques,	including	distal	balloon	inflation,	snaring,	and	
wire	wrapping.	If	retrieval	is	not	possible,	deployment	of	the	stent	
in	the	unintended	location	may	be	necessary.

•	 Emergent	referral	for	cardiac	surgery	is	associated	with	significant	
morbidity	and	mortality	due	to	ongoing	MIs	and	the	powerful	
anticoagulants	used	during	PCI.

•	 Periprocedural	MI	is	associated	with	increased	morbidity	and	
mortality.	Strategies	to	avoid	periprocedural	MI	include	
pharmacologic	optimization	and	appropriate	use	of	adjunctive	
devices	such	as	distal	protection	filters.

•	 Coronary	no-reflow	phenomenon	results	when	the	distal	
microcirculatory	bed	is	overwhelmed	with	particulate	matter,	
resulting	in	impaired	perfusion.	Although	this	is	sometimes	
reversible	with	vasodilators,	prevention	remains	the	best		
strategy.

•	 Air	embolism	is	almost	always	iatrogenic	and	preventable	through	
meticulous	catheter	management.

•	 Radiocontrast	hypersensitivity	occurs	rarely	and	is	sometimes	
difficult	to	recognize.	Treatment	with	steroids	and	sometimes	
epiphephrine	may	be	necessary	to	stablize	hemodynamics.

•	 Bleeding	is	associated	with	significant	in-hospital	and	30-day	
mortality.	Strategies	to	avoid	bleeding	include	optimization	of	
patient	selection	for	revascularization,	pharmacology,	and	
access-site	management.

Good judgment comes from experience and experience comes 
from bad judgment.

—Unknown
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FIGURE 28-1	 Improvements	 in	 percutaneous	 coronary	 intervention	
(PCI)	outcomes—throughout	the	evolution	of	PCI,	from	balloon	angio-
plasty	to	the	drug-eluting	stent	era—are	reflected	in	the	National	Heart,	
Lung	 and	 Blood	 Institute	 Dynamic	 Registry.	 CABG,	 Coronary	 artery	
bypass	graft;	MI,	myocardial	infarction.	(From	Venkitachalam	L,	Kip	KE,	
Selzer	F,	et	al:	Twenty-year	evolution	of	percutaneous	coronary	interven-
tion	and	its	impact	on	clinical	outcomes:	a	report	from	the	National	Heart,	
Lung,	and	Blood	Institute-Sponsored,	Multicenter	1985-1986	PTCA	and	
1997-2006	Dynamic	Registries.	Circ	Cardiovasc	Interv	2:6-13,	2009.)
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FIGURE 28-2	 Progressive	 decrease	 in	 abrupt	 closure	 and	major	 dis-
section	 with	 evolution	 of	 percutaneous	 coronary	 intervention	 into	 the	
current	drug-eluting	stent	era.	(Venkitachalam	L,	Kip	KE,	Selzer	F,	et	al:	
Twenty-year	 evolution	 of	 percutaneous	 coronary	 intervention	 and	 its	
impact	on	clinical	outcomes:	a	 report	 from	 the	National	Heart,	 Lung,	
and	 Blood	 Institute-Sponsored,	 Multicenter	 1985-1986	 PTCA	 and	
1997-2006	Dynamic	Registries.	Circ	Cardiovasc	Interv	2:6-13,	2009.)	
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TABLE 28-1 Classification of Coronary Dissection
Type Description Acute Closure (%)

A Minor	radiolucencies	within	lumen	during	
angiography	without	dye	persistence

0-2

B Parallel	tracks	or	double	lumen	separated	
by	radiolucent	area	during	angiography	
without	dye	persistence

2-4

C Extraluminal	cap	with	dye	persistence 10

D Spiral	luminal	filling	defects 30

E New	persistent	filling	defects 9

F Non–E	types	that	lead	to	impaired	flow	
or	total	occlusion

69

From	Klein	LW:	Coronary	complications	of	percutaneous	coronary	intervention:	a	practical	
approach	 to	 the	management	of	abrupt	closure.	Catheter	Cardiovasc	 Interv	64:395-401,	
2005.

FIGURE 28-3	 Coronary	dissection.	A,	Non–flow-limiting	dissection	in	the	left	anterior	descending	artery	(arrow).	B,	Flow-limiting	spiral	dissection	
of	the	obtuse	marginal	branch	with	incomplete	distal	filling	(arrowheads;	Video	28-1).	

A B

Expeditious efforts to restore antegrade flow, such as repeat angio-
plasty, must be quickly attempted. Urgent stenting is usually required 
to stabilize dissections. GP IIb/IIIa antagonists can be helpful if throm-
bus is responsible for the acute closure. Prospective use of abciximab 
was compared with placebo in both balloon angioplasty and stenting 
cohorts in the Evaluation of Platelet IIb/IIIa Inhibitor for Stenting 
(EPISTENT) trial and demonstrated that abciximab decreases rates of 
abrupt closure and side branch loss.8 The utility of GP IIb/IIIa inhibi-
tors as a bailout is controversial because the data support upstream use 
during PCI.8,9

In the case of persistent acute closure, the use of intravascular 
imaging such as intravascular ultrasound (IVUS) or optical coherence 
tomography (OCT) should be considered to more clearly define the 
pathology. Intravascular imaging can document the presence and 
extent of dissections, requiring a long length of stents to restore patency 
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and stabilize a dissection. If the IVUS findings are suspicious for 
thrombus, aspiration thrombectomy may be valuable, and the addition 
of a GP IIb/IIIa inhibitor should be considered. Intracoronary (IC) 
thrombolytic delivery has been used for rescue of abrupt closure but 
is associated with significant morbidity and is not recommended.6

Factors that affect the inflow and outflow should be investigated. 
The use of multiple angiographic views, IVUS, and selective distal injec-
tions may better delineate the anatomy. Guide catheter dissections may 
cause poor inflow and can easily be overlooked. Pressure dampening, 
ventricularization, ECG changes, or severe ischemic pain may indicate 
an ostial guide catheter dissection. Distal wire dissections that occlude 
outflow may require stenting, even if the distal vessel is small caliber.

In the prestent (balloon angioplasty) era, approximately 40% of 
cases with acute closure ultimately achieved procedural success.6 The 
predominant treatment was repeat balloon dilation with prolonged 
inflation facilitated by autoperfusion balloon catheters. Historically, 
the use of stents as bailout devices for abrupt or impending closure 
dramatically decreased the need for emergent CABG.10 Although no 
randomized trial has been performed, the dramatic decrease in urgent 
and emergent CABG, from 3% to 0.7% in the NHLBI dynamic registry, 
was clearly associated with the use of stents and more effective antico-
agulation, primarily GP IIb/IIIa inhibitors.1

Patients with a successful outcome following treatment of abrupt 
closure require close monitoring in an intensive care setting. If needed, 
IABP should be continued until the patient is stable. Serial cardiac 
enzyme assessments, electrocardiograms, and echocardiography to 
assess the extent of myocardial damage are also recommended (Fig. 
28-4 gives an acute vessel closure management algorithm).

Unsuccessful Outcome
If recanalization is unsuccessful, the interventionalist is faced with the 
choice of referral for emergent CABG or medical management. Medical 

TABLE 28-2 American College of Cardiology/American Heart 
Association Lesion Classification System

TYPE A

•	 Discrete	(<10	mm	length)
•	 Concentric
•	 Readily	accessible
•	 Nonangulated	segment	(<45	degrees)
•	 Smooth	contour
•	 Little	or	no	calcification
•	 Less	than	totally	occlusive
•	 Not	ostial	in	location
•	 No	major	side-branch	involvement
•	 Absence	of	thrombus

TYPE B*

•	 Tubular	(10	to	20	mm	length)
•	 Eccentric
•	 Moderate	tortuosity	of	proximal	segment
•	 Moderately	angulated	segment	(>45	degrees,	<90	degrees)
•	 Irregular	contour
•	 Moderate	to	heavy	calcification
•	 Total	occlusions	less	than	3	months	old
•	 Ostial	in	location
•	 Bifurcation	lesions	requiring	double	guidewires
•	 Some	thrombus	present

TYPE C

•	 Diffuse	(>2	cm	length)
•	 Excessive	tortuosity	of	proximal	segment
•	 Extremely	angulated	segments	(>90	degrees)
•	 Total	occlusion	more	than	3	months	old
•	 Inability	to	protect	major	side	branches
•	 Degenerated	vein	grafts	with	friable	lesions

*A	grade	of	B1	designates	one	adverse	characteristic;	B2	 indicates	 two	or	more	adverse	
characteristics.

FIGURE 28-4	 Suggested	 algorithm	 for	 management	 of	 abrupt	 closure.	 ACT,	 Activated	 clotting	 time;	 CABG,	 coronary	 artery	 bypass	 graft;	 IABP,	
intraaortic	balloon	pumping;	IVUS,	intravascular	ultrasound;	OCT,	optical	coherence	tomography.	(Adapted	from	Klein	LW:	Coronary	complications	
of	percutaneous	coronary	intervention:	a	practical	approach	to	the	management	of	abrupt	closure.	Catheter	Cardiovasc	Interv	64:395-401,	2005.)
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management is essentially acceptance that the patient will sustain an 
MI. The quantity of myocardium subtended by the closed vessel versus 
the likelihood of a successful surgical result and risks of undergoing 
emergent surgery are the most important factors when deciding 
between surgical or medical management of abrupt closure. Care must 
be taken to distinguish refractory closure from no-reflow phenomenon 
because CABG is ineffective in a no-reflow situation.

Stent Thrombosis
Intraprocedural and acute stent thrombosis are both forms of abrupt 
closure. Stents serve to improve patency after dilating stenotic lesions, 
and they stabilize dissections; however, metal is inherently thrombo-
genic, and early experience with stents showed thrombosis rates  
as high as 8% to 16% if implanted for rescuing abrupt closure.11,12 
Early stent thrombosis (<30 days) rates for elective PCI in stable 
coronary artery disease (CAD) patients ranges from 0.3% to 0.5%, but 
stenting for acute coronary syndromes (ACSs) demonstrated early 
stent thrombosis rates as high as 3.4% and 1.4% for ST-elevation myo-
cardial infarction (STEMI) and non–ST-elevation myocardial infarc-
tion (NSTEMI), respectively, indicating the impact of a thrombogenic 
milieu.13-16 Intraprocedural stent thrombosis (IPST) and acute stent 
thrombosis are rare events that occur in 0.8% to 1.2% and 0.1% to  
0.9% of cases, respectively.17-20 For purposes of this chapter, we will 
focus on intraprocedural and acute stent thrombosis (<24 hours from 
implantation).

Factors that lead to stent thrombosis include a combination of 
patient comorbidities, suboptimal pharmacology, and procedural vari-
ables related to stent implantation, plaque disruption, and vessel injury. 
Multivariate analysis from the Clinical Trial Comparing Cangrelor to 
Clopidogrel Standard of Care Therapy in Subjects Who Require Per-
cutaneous Coronary Intervention (CHAMPION-PHOENIX) identi-
fied NSTEMI and STEMI at presentation (NSTEMI odds ratio [OR] 
1.87, P = .04; STEMI OR 2.07, P = .004), angiographic thrombus 
prior to PCI (OR 1.79, P = .01), and total stent length (OR 1.03/mm, 
P < .0001) as independent predictors of IPST.18 Post-hoc analysis of the 
Acute Catheterization and Urgent Intervention Triage Strategy 
(ACUITY) trial revealed insulin-dependent diabetes (OR 3.48), renal 
insufficiency (OR 2.09), Duke jeopardy score (OR 1.15), final stent 
minimal luminal diameter (OR 0.32), preprocedural thienopyridine 
administration (OR 0.30), baseline hemoglobin (OR 1.28), and extent 
of CAD (OR 1.01) as independent factors associated with early  
stent thrombosis.13 In an IVUS substudy of stent thrombosis from 
the Harmonizing Outcomes With Revascularization and Stents in 
Acute Myocardial Infarction (HORIZONS-AMI) trial, small cross-
sectional area (<5 mm2), malapposition, plaque protrusion, edge dis-
section, and residual stenosis played significant roles in predicting 
early stent thrombosis.21 All cases of stent thrombosis had at least one 
abnormality, and 50% of patients had two or more IVUS abnormali-
ties.21 Ex-vivo histologic analysis of fatal stent thrombosis cases cor-
roborated plaque prolapse and incomplete apposition as contributors 
of stent thrombosis; however, medial tears were found in 27% of ana-
lyzed segments, suggesting that deep vessel wall injuries play a signifi-
cant role in stent thrombosis.22 Finally, complex PCI—particularly 
stenting using the crush technique—carries a higher rate of IPST (0.5% 
to 1.3%).23

Mortality of stent thrombosis (ST) in general ranges from 26% to 
45% overall when looking at all-comers.24 Those who present with 
STEMI are found to have less successful reperfusion compared with 
their STEMI counterparts who do not have stent thrombosis (ST 80.4% 
vs. non-ST 96.9%; P < .0001).25 Along with less successful reperfusion, 
those with STEMI in the context of ST have greater rates of in-hospital 
mortality (ST STEMI 17.4% vs. non-ST STEMI 7.1%; P = .03) and 
greater rates of composite major adverse cardiovascular and cerebro-
vascular events (MACCEs; ST STEMI 25.6% vs. non-ST STEMI 9.2%; 
P = .003).25 Similarly, IPST has a 30-day mortality rate of 10.1% and 
carries an adjusted odds ratio of 12.3 of death compared with non-IPST 

cases. Additionally, IPST predicts a higher rate of 30-day post-PCI 
stent thrombosis (5.6%; adjusted OR 7.6).18

When confronted with acute or intraprocedural stent thrombosis, 
the interventionalist must be very prompt at restoring perfusion to 
minimize myocardial damage, and the approach to treatment should 
include both pharmacologic and mechanical optimization. Certainly if 
IC thrombus develops, prompt aspiration thrombectomy or angio-
plasty should be performed immediately to restore patency. Therapeu-
tic anticoagulation should be confirmed, and more potent antiplatelet 
therapy should be considered; both IV cangrelor and GP inhibition 
both were associated with less IPST, which indicates the importance of 
potent platelet inhibition.18,26 Bailout GP inhibitor, or possibly loading 
with either prasugrel or ticagrelor, to rapidly reach maximal steady 
state platelet inhibition may be helpful. If heparin-induced thrombo-
cytopenia (HITT) is suspected, switching the patient to a direct-
thrombin inhibitor such as bivalirudin should be considered. Certainly, 
intravascular imaging with either IVUS or optical coherence tomogra-
phy (OCT) should be used to determine stent apposition, expansion, 
and presence of edge dissections. Optimization of stent deployment 
with appropriate postdilation and treatment of edge dissections with 
additional stents are imperative to prevent repeat stent thrombosis.27 
Additional stent implantation should be done judiciously because each 
millimeter of stent increases the probability of IPST.18

CORONARY PERFORATION

Incidence
Coronary perforation is a serious complication with an incidence that 
ranges from 0.19% to 1.5% of cases (Table 28-3). Lesions associated 
with perforation are more complex in nature. ACC type B or C lesions, 
calcified lesions, and chronic total occlusions (CTOs) are more likely 
to sustain perforation (see Table 28-3).28,29 Women and older adults are 
at greater risk of perforation.4

Mechanisms
Two basic mechanisms are responsible for perforation: guidewire pen-
etration and vessel rupture. Vessel rupture is usually caused by balloon 
or stent mismatch with oversizing of the dilation catheter. Occasion-
ally, an appropriately sized catheter will result in perforation as a result 
of extensive dissection, lack of vessel wall integrity, or calcification. 
Early balloon angioplasty studies found increasing the balloon/artery 
ratio to greater than 1.2 : 1 increased perforation risk.4 Use of atherec-
tomy devices such as an eximer laser or rotational atherectomy also 
increased perforation risk.31 Recanalization of CTOs has become a 
common setting for perforation, usually as a result of small guidewire 
perforations, particularly with the use of stiffer and more hydrophilic 
guidewires to perform subintimal dissection.28

Ellis graded perforations (Table 28-4) are separated into three 
classes of severity that range from small endovascular leaks into the 
adventia (grade I) to frank extravasation into the pericardial space 
(grade III). Grade I perforations are frequently caused by guidewires, 
but atheroablative devices and stents can cause small endovascular 
leaks. Occasionally, guidewires can cause very large distal perforations; 
therefore extreme vigilance should be maintained, particularly when 
using stiff and hydrophilic guidewires into distal tortuous vessels. 
Grade II and III perforations are usually caused by high-pressure 
balloon inflations, oversized balloon catheters, stents, or the use of 
atheroablative devices (Fig. 28-5).

Prognosis
Perforation severity predicts prognosis. Grade III perforations can 
quickly result in cardiac tamponade, rapid hemodynamic collapse, MI, 
and/or death (Table 28-5).4,28-31,33,34,36 Either immediate covered stent 
implantation or referral for emergency CABG is often indicated.
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TABLE 28-3 Incidence and Outcome of Coronary Perforation Across Reported Studies
Authors/Years Studied N Perforation Incidence (%) Tamponade (%) CABG (%) MI (%) Death (%)

Kiernan	JT	et	al	(2000-2008)28 14,281 0.48 18 3 7.4 5.9

Fasseas	P	et	al	(1990-1991)29 16,298 0.58 11.6 10.5 12.6 7.5

Aljuni	SC	et	al	(1988-1992)30 8,932 0.4 17 37 26 9

Dippel	EJ	et	al	(1995-1999)31 6,214 0.58 22 22 NA 11

Ellis	SG	et	al	(1990-1991)32 12,900 0.4 24 24 16 5

Gruberg	L	et	al	(1990-1999)33 30,746 0.27 31 39 34 10

Gunning	MG	et	al	(1995-2001)34 6,245 0.8 46 15 NA 12

Javaid	A	et	al	(1996-2005)35 38,559 0.19 19 35 NA 17

Shimony	A	et	al	(2001-2008)36 9,568 0.59 15.8 7 NA 7

Stankovic	G	et	al	(1993-2001)37 5,728 1.5 12 13 18 8

Ramana	RK	et	al	(2001-2004)38 4,886 0.5 4 20 32 8

Witzke	CF	et	al	(1995-2003)39 12,658 0.3 18 5 5 2.6

CABG,	Coronary	artery	bypass	graft;	MI,	myocardial	infarction;	N,	number	of	procedures;	NA,	not	available.

TABLE 28-4 Ellis Classification of Coronary Perforations
Grade Description Possible Clinical Sequelae

I Focal	extraluminal	crater	without	extravasation	limited	to	media	or	adventitia Usually	benign,	may	rarely	cause	delayed	cardiac	tamponade

II Pericardial	or	myocardial	blush	without	contrast	in	pericardium;	limited	
extravasation	producing	a	patch	of	blushing	or	staining	within	the	
myocardium	or	pericardium

III Persistent	extravasation	with	streaming	or	jet	of	contrast High	risk	of	increased	morbidity	and	mortality

IIIA Directed	toward	pericardium High	risk	of	acute	cardiac	tamponade

IIIB Directed	toward	myocardium	(e.g.,	ventricular	cavity) More	benign	course;	possible	fistula	formation

(With	permission	from	Klein	LW:	Coronary	artery	perforation	during	interventional	procedures.	Catheter	Cardiovasc	Interv	68:713-717,	2006.)

FIGURE 28-5	 Coronary	perforations.	A,	Distal	perforation	in	the	left	anterior	descending	artery	leading	to	extravasation	(arrowheads)	while	treating	
a	 severe	 plaque.	 B,	 Perforation	 in	 a	 midobtuse	 marginal	 branch	 as	 a	 result	 of	 rotational	 atherectomy	 with	 extravasation	 into	 the	 pericardium	
(asterisk;	Video	28-2).	
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TABLE 28-5 Coronary Stent Embolization Is Associated With Significant Major Adverse Cardiac Events
Incidence (%) N Death (%) MI (%) CABG (%)

Brilakis	ES	et	al40 0.32 38 3 11 5

Bolte	J	et	al41 1.7 387 6.2 3.9 17

Cantor	WJ	et	al42 8.3 108 2.8 5 16

Eggebrecht	H	et	al43 0.9 20 15 NA 15

CABG,	Coronary	artery	bypass	graft;	MI,	myocardial	infarction;	N,	number	of	patients;	NA,	not	available
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and delivery into tortuous vessels can be challenging. A separate  
guide catheter for the PTFE-covered stent delivery is recommended 
because most guide catheters cannot accommodate both an angio-
plasty balloon and a PTFE-stent graft simultaneously (Fig. 28-6). 
Therefore a two-guide technique has been developed wherein contra-
lateral access is established and a separate guide catheter is used to 
deliver the stent. A wire from the second guide catheter is advanced 
down the coronary vessel, and the angioplasty balloon is momentarily 
deflated to allow guidewire passage. The PTFE-stent is then quickly 
advanced across the perforation and is deployed after the removal  
of the angioplasty balloon. The two-guide catheter technique has  
been documented to decrease adverse event rates, and it offers the 
operator the luxury of more time to position the stent (Video 28-3).49 
Side-branch vessels near the perforation site may be excluded by the 
PTFE-covered stent, which may result in a periprocedural MI.48 IVUS 
should be routinely be used to verify adequate covered-stent expansion 
because deploying this dual-stent layer may require aggressive post 
dilation (≥8 atm). Occasionally, collateral filling may cause persistent 
extravasation despite exclusion of the perforation with a stent graft, 
and surgical management or occlusion of the supplying collateral may 
be required.

Perforations in small vessels can be addressed with either additional 
prolonged balloon inflations; by injection of thrombin, polyvinyl 
alcohol, gelfoam, or collagen; or with embolization by microcoils or 
beads.50,51 Figure 28-7 offers a suggested strategy for the management 
of coronary perforation.

DEVICE EMBOLIZATION

Incidence
Embolization of material such as coronary stents and guidewire  
fragments is a potentially catastrophic complication of PCI. Stents  
are the most common device embolized, with an incidence that  
ranges from 3% for first-generation, hand-crimped stents to a much 
lower 0.32% rate for current manufacturer-mounted stent delivery 
systems.40,52

Mechanism
Extreme tortuosity, angulation, and calcification increase the risk of 
stent embolization due to dislodgement from delivery balloons. For 
this reason, stents are more frequently lost in the right coronary artery 
and circumflex artery and less commonly in the left anterior descend-
ing (LAD) artery.40,53 In today’s era of PCI, recently deployed stents 
proximal to the targeted zone of deployment pose a risk of catching 
the edges of an undeployed stent; thus care must be taken when 
advancing and retracting stents.

Treatment
Numerous approaches are available for the removal of embolized 
stents. If possible, maintain guidewire position through the center of 
the stent; this will facilitate retrieval using one of many commercially 
available snares (Fig. 28-8). Another option is to advance a small-
diameter balloon through the unexpanded stent, inflate the balloon, 
and attempt to drag the stent back into the guide catheter. A third 
approach is to pass a second wire alongside the embolized stent and 
attempt to enter one of the struts; then attach a single torqueing device 
to both wires, which is used to twist the wires together, followed by 
withdrawal of the wire-wrapped stent from the artery. A fourth 
approach is to deploy the embolized stent in its unintended location. 
Retrieval devices such as biliary forceps or bioptomes can easily 
damage the arterial wall and should be avoided or handled with  
great care. Deploying a new stent alongside the embolized stent such 
that the dislodged stent is embedded into the arterial wall is a reason-
able option should retrieval be difficult, but this technique may be 

Diagnosis
Given the dire consequences of coronary perforation, the intervention-
alist must be especially attuned to recognizing this complication early. 
Patients may experience severe chest pain, dizziness, or nausea dispro-
portional to symptoms typically associated with balloon inflation. 
ST-segment changes may persist after balloon deflation. Vasovagal 
reactions may also accompany perforations along with severe brady-
cardia and hypotension.44 Awareness and vigilance after PCI is vital 
because cardiac tamponade as late as 24 hours after PCI has been 
reported.4,45 Late tamponade risk can be minimalized with careful 
“final” angiograms that visualize all instrumented vessels and their 
branches.

Management
Grade I perforations can generally be treated with reversal of antico-
agulation and/or prolonged balloon inflation at or proximal to the 
perforated vessel segment. Guidewire perforations are often best 
treated by balloon occlusion but have been treated with delivery of 
occlusive coils, fat, or beads. Occasionally, grade I perforations  
can resolve without an intervention, but small endovascular leaks  
may persist and require the use of a covered stent or referral to emer-
gent CABG. Grade III perforations are catastrophic and more likely 
require urgent pericardiocentesis, deployment of a polytetraflouroeth-
ylene (PTFE) stent, and/or referral for emergent surgery.44

Once a perforation occurs, the first step is to remain calm and 
advance a balloon from the guide catheter across the perforation 
without losing the guidewire position. If the perforation results from 
a guidewire, balloon inflation proximal to the perforation is indicated. 
This highlights an essential interventional cardiology fundamental: 
balloons should remain in the guide or within the lesion following any 
inflation until angiography confirms no perforation is present. When 
perforation is recognized, balloon expansion to a pressure sufficient to 
occlude flow (usually 2 to 4 atm) is the first step. Once the vessel is 
occluded, the patient’s hemodynamics may normalize; however, 
aggressive treatment with IV fluids, atropine, vasopressors, and perhaps 
mechanical circulatory support may be required.

When treating perforations, anticoagulation should be immediately 
stopped. If heparin was used as the anticoagulant, reversal with prot-
amine is usually indicated. GP IIb/IIIa inhibitors must also be stopped, 
and abciximab should be reversed with an infusion of platelets. The 
effects of tirofiban and eptifibatide cannot be reversed with platelet 
infusions, but both have a shorter half-life compared with abciximab. 
Although IIb/IIIa inhibitors can increase bleeding complications, they 
have not been demonstrated to increase the incidence or severity of 
perforations.31 Direct thrombin inhibitors such as bivalirudin are com-
monly utilized for procedural anticoagulation, and its effects cannot be 
reversed with protamine. Thus far bivalirudin has not been associated 
with an increased hazard of death or life-threatening complications for 
high-risk PCI.46 Infusion of fresh frozen plasma may be the only means 
to reverse anticoagulation with bivalirudin; this, however, requires a 
time delay to thaw the blood products.47

The presence of coronary perforation should trigger urgent echo-
cardiography. If a large pericardial effusion is present and is associated 
with tamponade physiology, emergent pericardiocentesis is indicated. 
Should echocardiography not be available, the diagnosis of tamponade 
on clinical grounds, use of right heart catheterization, or fluoroscopy 
of the heart borders may be helpful.

A major advance in the treatment of coronary perforation is the 
development of PTFE-covered stents. Prior to the advent of such 
stents, the presence of a grade III perforation often required emer-
gency CABG and carried significant mortality.45 The currently avail-
able PTFE stent (JoStent Graftmaster; Abbott Vascular, Santa Clara, 
CA) is a PTFE graft layered between two bare-metal stents that can 
exclude perforations. The initial experience using PTFE grafts was 
reported in a small case series that demonstrated a decrease in cardiac 
tamponade and emergency CABG.48 PTFE-covered stents are bulky, 
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noninvasive assessment of 20 patients with peripheral stent emboliza-
tion, no peripheral vascular complications were reported over a mean 
duration of 5 years.53

EMERGENCY CORONARY BYPASS SURGERY

Incidence
The incidence of emergency CABG has decreased from 3.7% during 
the balloon angioplasty era to 0% in the most recent NHLBI registry 
(Fig. 28-1).1 Individual single-center registries showed an incidence of 
0.4% to 0.5% (Table 28-6).57-59 Recent data from the NHLBI Dynamic 
Registry describes an incidence of 0.7% for early CABG within 30 days 
of PCI.1 Patient characteristics associated with emergent CABG 
included cardiogenic shock, acute MI, multivessel disease, and a prior 
history of MI. Procedural variables that distinguish patients referred 
for emergent CABG include ACC type C lesions, placement of an 
IABP, dissection, perforation, and abrupt closure. Analysis from one 
single-center study found that most patients referred for CABG had at 
least one or two high-risk characteristics, and those with four high-risk 
factors had a 9.3% incidence of emergent CABG.59

associated with an elevated risk of periprocedural MI, death, and refer-
ral for CABG.41

Retained Percutaneous Angioplasty Equipment Components
The incidence of retained coronary angioplasty equipment compo-
nents is reported to be 0.2% in a single-center series.54 Materials 
such as angioplasty balloons and guidewire fragments have embolized 
down coronary vessels. The successful recovery of fragments utilizes 
techniques similar to retrieving embolized stents.55,56 In one report, 
four patients with retained guidewire fragments and one patient  
with a gold band from a balloon catheter did not suffer ischemic 
complications.

Prognosis
Embolization of coronary stents is associated with worse prognosis and 
an increased risk of adverse cardiac events (see Table 28-5).40,41,53 Suc-
cessful retrieval is associated with good prognosis; however, unsuccess-
ful management or retrieval results in high rates of periprocedural MI, 
emergent referral for CABG, and death.41 Peripheral embolization of 
stents is rarely associated with significant clinical sequelae. In one 

FIGURE 28-6	 Successful	exclusion	of	a	coronary	perforation	with	a	polytetrafluoroethylene	(PTFE)-covered	stent	graft.	A,	An	Ellis	class	III	perforation	
at	the	middle	of	the	left	anterior	descending	artery	(LAD)	with	streaming	into	the	pericardial	space	(arrow).	B,	Balloon	tamponade	of	the	perforation.	
C,	Dual	guide	 technique	 is	 shown	as	 the	original	 coronary	wire	 is	withdrawn	 (arrowheads)	while	a	 JoStent	 (Abbott	 Vascular,	 Santa	Rosa	CA;	
arrow)	covered	stent	graft	is	deployed	in	the	mid-LAD	to	exclude	the	perforation.	D,	Final	angiogram	demonstrates	no	extravasation	after	stent	graft	
deployment	(Video	28-3).	
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FIGURE 28-7	 Suggested	algorithm	for	management	of	coronary	perforation.	ICU,	Intensive	care	unit;	PTFE,	polytetrafluoroethylene.	(From	Klein	LW:	
Coronary	artery	perforation	during	interventional	procedures.	Catheter	Cardiovasc	Interv	68:713-717,	2006.)
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FIGURE 28-8	 Snaring	of	an	embolized	coronary	stent	at	the	right	coronary	ostium.	A,	A	coronary	stent	(arrowheads)	was	stripped	from	the	balloon	
and	is	located	at	the	right	coronary	ostium.	B,	Using	a	gooseneck	snare,	the	stent	is	retrieved	and	retracted	into	the	guide	(Video	28-4).	
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TABLE 28-6 Unadjusted Rates of Major Adverse Cardiac Events Following Emergent Coronary Artery Bypass Graft for Failed Percutaneous 
Coronary Intervention in Contemporary Retrospective Single-Center Registries

Time Period Incidence (%) N Death (%) MI (%) Stroke (%)

Yang	EH	et	al57 1995-2003 0.5 77 13 NA NA

Seshadri	N	et	al58 1992-2000 0.6 113 15 12 53

Roy	P	et	al59 1994-2008 0.4 90 7.8 5.7 10

MI,	Myocardial	infarction;	N,	number	of	patients;	NA,	not	available
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MYOCARDIAL INFARCTION

Incidence

Periprocedural myonecrosis during PCI is common and occurs with  
a 0% to 47% incidence based on reported series.60 The definition of 
MI varies among studies with respect to biomarker assay, threshold 
values, frequency of blood specimen sampling, and use of ECG data 
among studies, which results in wide ranges of reported incidence.61 
Whether myonecrosis is directly responsible for late adverse outcomes 
or is simply a symptom of disease severity is debated. However, the 
prognostic significance of higher biomarker values is reproducible 
across many studies (Table 28-7). Currently, the accepted universal 
definition for a periprocedural MI is peak creatine kinase MB (CK-MB) 

Prognosis
Emergent CABG following PCI is associated with significant morbidity 
and mortality with a death rate ranging between 7.8% and 14% among 
three single-center studies. Q-wave myocardial infarctions (QWMIs), 
stroke, and/or renal insufficiency commonly complicate emergent 
CABG procedures.57 QWMIs account for most of the patient deaths, 
followed by cardiac arrhythmias, suggesting that delay in perfusion 
while transitioning to surgery is the most common mechanism of 
demise.57 Therefore it is advisable to attempt all possible solutions expe-
ditiously, and if success from PCI does not appear likely, request emer-
gency CABG sooner, rather than later; also, strongly consider IABP, left 
ventricular (LV) support device insertion, and/or aggressive pharma-
cologic support to maintain perfusion pressure en route to surgery.

TABLE 28-7 Incidence and Implications of Periprocedural Myocardial Infarction From Major Studies
Authors N Cardiac Marker Cutoff Level Incidence (%) Follow-Up Implication

Abdelmeguid	et	al62 4484 CK	1–2×	ULN 5.8 Death	(RR	1.27)

Abdelmeguid	et	al63 4664 CK	2–5×	ULN 2.6 Death	(RR	2.19)

Kong	et	al64 2812 CK	5×	ULN 1.3 Death	(RR	1.05)
CK	1–1.5×	ULN 2.3
CK	1.5–3×	ULN 3.8
CK	>3×	ULN 2.9

Ghazzal	et	al65 15637 CK	1–2×	ULN 4.6 Death	(OR	1.84)
CK	2–3×	ULN 1.1
CK	>3×	ULN 1.6

Tardiff	et	al66 1616 CK-MB	>1×	ULN 18.0 Death/MI/revasc.
6-month	end	point
1–3×	ULN,	32.4%
3–5×	ULN,	37.9%
5-10×	ULN,	35.3%
>10×	ULN,	43.6%

Waksman	et	al67 3265 CK-MB	>2×	ULN,	ST/T	
changes	or	CP

4.7 Death	7.8%

Simoons	et	al68 5025 CK-MB	1–3×	ULN 13.2 Death	(log	enzyme	ratio	OR	1.82)

Roe	et	al69 2384 CK-MB	>	3×	ULN 6.6 Death	(OR	1.06)
CK-MB	1–3×	ULN 21.3
CK-MB	3–5×	ULN 6.0
CK-MB	5–10×	ULN 7.1
CK-MB	>10×	ULN 9.5

Mehran	et	al70 2256 CK-MB	>4	ng/mL 25.8 NR

Stone	et	al71 7147 CK-MB	>4	ng/mL 14 Death	(adjusted	OR	8.00)

Dangas	et	al72 4085 CK-MB	>4	ng/mL 36.9 Death	(OR	1.5)

Ajani	et	al73 1326 CK-MB	>4	ng/mL 45 Death/MI/TVR	(OR	1.57)

Brener	et	al74 3478 CK-MB	>8.8	ng/mL 24 Death	(OR	1.89)

Ellis	et	al75 8409 CK-MB	>8.8	ng/mL 17.2 Death

Brener	et	al76 3573 CK-MB	>8.8	ng/mL 38 Death	(HR	1.1)

Hong	et	al77 1693 CK-MB	4–20	ng/mL 32.1 Death	(OR	5.5)
CK-MB	>20	ng/mL 15.2

Natarajan	et	al78 1128 cTnI	1–4×	ULN 7.6 NR
cTnI	>5×	ULN 9.1

Nallamothu	et	al79 1157 Death
cTnI	1	to	<3×	ULN 16
cTnI	3	to	<5×	ULN 4.6
cTnI	5	to	<8×	ULN 2 cTnI	5	to	<8×	ULN	OR	3.4
cTnI	≥	8×	ULN 6.5

cTnI	≥	8×	ULN	OR	2.7

Fuchs	et	al80 1129 Tn-I	1–3×	ULN 15
Tn-I	>3×	ULN 15.5 Death/MI/TVR

Tn-I	>3×	ULN	6.4%

Cavallini	et	al81 3494 cTnI	>	0.15	ng/dL 44.2 Death	(OR	1.9)
CK-MB	>5	ng/mL 16.0

Data	from	Herrman	J:	Peri-procedural	myocardial	injury:	2005	update.	Eur	Heart	J	26:2493-2519,	2005.
CK-MB,	Creatine	kinase	myoglobin;	CP,	chest	pain;	cTnI,	cardiac	troponin-I;	HR,	hazard	ratio;	MI,	myocardial	infarction;	N,	number	of	patients;	NR,	not	recorded;	OR,	odds	ratio;	revasc.,	
revascularization;	RR,	relative	risk;	Tn-I,	troponin-I;	TVR,	target-vessel	revascularization;	ULN,	upper	limit	of	normal.
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TABLE 28-8 Definition of Clinically Relevant Myocardial Infarction After Both Percutaneous Coronary Intervention and Coronary Artery 
Bypass Grafting Procedures

1. In	patients	with	normal	baseline	CK-MB The	peak	CK-MB	measured	within	48	hours	of	the	procedure	rises	to	≥10×	the	local	
laboratory	ULN	or	to	≥5×	ULN	with	new	pathologic	Q-waves	in	two	or	more	contiguous	
leads	or	new	persistent	LBBB	or	in	the	absence	of	CK-MB	measurements	and	a	normal	
baseline	cTn,	a	cTn	(I	or	T)	level	measured	within	48	hours	of	the	PCI	rises	to	≥70×	the	
local	laboratory	ULN	or	≥35×	ULN	with	new	pathologic	Q-waves	in	two	or	more	
contiguous	leads	or	new,	persistent	LBBB.

2. In	patients	with	elevated	baseline	CK-MB	(or	cTn)	in	
whom	the	biomarker	levels	are	stable	or	falling

The	CK-MB	(or	cTn)	rises	by	an	absolute	increment	equal	to	those	levels	recommended	
above	from	the	most	recent	preprocedure	level.

3. In	patients	with	elevated	CK-MB	(or	cTn)	in	whom	the	
biomarker	levels	have	not	been	shown	to	be	stable		
or	falling

The	CK-MB	(or	cTn)	rises	by	an	absolute	increment	equal	to	those	levels	recommended	
above	plus	new	ST-segment	elevation	or	depression	plus	signs	consistent	with	a	clinically	
relevant	MI,	such	as	new	onset	or	worsening	heart	failure	or	sustained	hypotension.

From	Moussa	ID,	Klein	LW,	Shah	B,	et	al:	Consideration	of	a	new	definition	of	clinically	relevant	myocardial	infarction	after	coronary	revascularization:	an	expert	consensus	document	from	
the	Society	for	Cardiovascular	Angiography	and	Interventions	(SCAI).	J	Am	Coll	Cardiol	62:1563-1570,	2013.
CK-MB,	Creatine	kinase	MB;	cTn,	cardiac	troponin;	cTn-I,	cardiac	troponin-I;	cTn-T,	cardiac	troponin-T;	LBBB,	left	bundle	branch	block;	MI,	myocardial	infarction;	PCI,	percutaneous	coronary	
intervention;	ULN,	upper	limit	of	normal.

TABLE 28-9 Mechanisms of Periprocedural Myonecrosis
Procedure-Related Complications

•	 Side-branch	occlusion
•	 Flow-limiting	dissection
•	 Abrupt	closure
•	 Macroscopic	embolization
•	 No-reflow	phenomenon
•	 Microscopic	embolization

Lesion-Specific Characteristics

•	 Large	thrombus	burden
•	 Plaque	volume
•	 Plaque	vulnerability

Patient-Specific Characteristics

•	 Arterial	inflammation
•	 Aspirin	resistance
•	 Genetic	predisposition

From	Bhatt	DL,	Topol	EJ:	Does	creatinine	kinase-MB	elevation	after	percutaneous	coronary	
intervention	predict	outcomes	 in	2005?	Periprocedural	cardiac	enzyme	elevation	predicts	
adverse	outcomes.	Circulation	112:906-915,	2005.

FIGURE 28-9	 Mortality	for	patients	with	onefold	to	tenfold	increases	in	
periprocedural	 creatinine	 kinase	 elevation.	 The	P-values	 for	 compari-
sons	are	onefold	or	greater,	P	=	 .02;	 threefold	or	greater,	P	<	 .001;	
fivefold	or	greater,	P	<	 .001;	and	 tenfold	or	greater,	P	<	 .001.	CPK,	
Creatinine	phosphate	kinase;	MI,	myocardial	infarction.	(From	Topol	EJ,	
Ferguson	JJ,	Weisman	HF,	et	al:	Long-term	protection	from	mycardial	
ischemic	events	 in	a	 randomized	 trial	of	brief	 integrin	beta3	blockade	
with	percutaneous	coronary	intervention.	EPIC	Investigator	Group.	Eval-
uation	of	Platelet	IIb/IIIa	Inhibition	for	Prevention	of	Ischemic	Complica-
tion.	JAMA	278:479-484,	1997.)
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that is 10 or more times the local laboratory upper limit of normal 
(ULN) or five or more times the ULN with new pathologic Q-waves 
in two contiguous leads (Table 28-8).82

Mechanism
Obvious causes of periprocedural MI include side-branch occlusion, 
distal macroembolization, no-reflow phenomenon, abrupt occlusion, 
prolonged balloon inflations, and hypotension (Table 28-9). Distal 
microembolization occurs frequently, and the extent of myonecrosis 
has been shown to be proportional to the plaque burden and degree 
of calcification.70 Microvascular embolization is reflected by worsening 
myocardial perfusion grade, and impaired perfusion grade is directly 
proportional to a larger infarct size by magnetic resonance imaging 
(MRI).83 Doppler coronary flow with delayed enhancement MRI 
studies give further credence to the importance of distal embolization 
and microvascular obstruction as the cause of most post-PCI bio-
marker elevations.84,85

Of note, when optimizing stent expansion, greater cross-sectional 
areas were linked to higher postprocedure CK-MB elevation, suggest-
ing that aggressive stent expansion increases the risk of plaque disrup-
tion and subsequent distal embolization.86 Advancing and implanting 
bulkier devices, such as stents, has been associated with larger peripro-
cedural MIs.8 Improvement in adjunctive pharmacology during PCI, 
such as with GP IIb/IIIa inhibitors, significantly decreased MI rate 

following PCI, presumably by mitigating the no-reflow phenomenon 
and inhibiting platelet adhesion.87,88

The use of mechanical atherectomy devices are more likely to result 
in periprocedural MI. As coronary lesions are debulked, plaque is 
“pulverized” and sent downstream into the IC vascular bed. Whereas 
most embolized particles are small and pass harmlessly through the 
coronary microcirculation, atherectomy is associated with somewhat 
increased periprocedural MI and no-reflow phenomenon when com-
pared with balloon angioplasty.89

Prognosis
Periprocedural enzyme elevation measured as CK-MB and troponin 
elevation is directly related to adverse events, including death and 
QWMI (see Table 28-9, Fig. 28-9).90,91 This has been observed in mul-
ticenter trials and in a meta-analysis of multiple ACS and stable coro-
nary disease trials.92
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Prevention

Periprocedural myocardial necrosis appears to be part of the “collateral 
damage” in undertaking PCI, but multiple pharmacologic and device 
developments have emerged to attenuate the incidence of this compli-
cation. Pharmacologic advances such as GP IIb/IIIa inhibitors, P2Y12 
receptor inhibitors, and statins decrease periprocedural MI. The use of 
distal embolic protection during vein graft interventions has been 
shown to significantly reduce periprocedural MI.

GP IIb/IIIa inhibitors target the common final receptor for  
platelet cross-linking and thrombus formation. Abciximab, a murine 
monoclonal antibody specific for platelet IIb/IIIa receptors, causes an 
80% blockade of platelet function93 and was the first agent to demon-
strate a reduction in periprocedural MI (8.6% vs. 5.2%, P = .013) when 
using balloon angioplasty or atherectomy to perform PCI.94 These 
results were consistently reproduced with the implantation of stents in 
subsequent trials—such as EPISTENT, Evaluation in PTCA to Improve 
Long-Term Outcome With Abciximab GP IIb/IIIa Blockade (EPILOG), 
and c7E3 FAB Antiplatelet Therapy in Unstable Refractory Angina 
(CAPTURE)—each with greater than 50% reductions in periproce-
dural MI compared with PCI with heparin and aspirin alone (Fig. 
28-10).8,88,95 Similar reductions of periprocedural MI were observed 
with synthetic small-molecule GP IIb/IIIa inhibitors such as eptifiba-
tide and tirofiban. A 40% reduction in MI was seen at 48 hours (5.4% 
vs. 9.0%, P = .0015) in the Enhanced Suppression of the Platelet IIb/IIIa 
Receptor With Integrilin Therapy (ESPRIT) trial, and most of the clini-
cal benefit of eptifibatide in the Platelet Glycoprotein IIb/IIIa in Unsta-
ble Angina: Receptor Suppression Using Integrilin Therapy (PURSUIT) 
trial were attributed to reductions in periprocedural MI.96,97 Tirofiban 
was observed to reduce periprocedural MI when administered in a 
high-dose fashion in the Additive Value of Tirofiban Administered 
With the High-Dose Bolus in the Prevention of Ischemic Complica-
tions During High-Risk Coronary Angioplasty (ADVANCE) trial.98

Adequate platelet inhibition appears to be the key to success with 
respect to preventing periprocedural MI, with not only blocking GP 
IIb/IIIa receptors but also inhibiting P2Y12-mediated platelet activa-
tion. This was first observed with pretreatment using ticlodipine and 
then clopidogrel in the PCI subset of the Clopidogrel in Unstable 
Angina to Prevent Recurrent Events (CURE) trial, in which a 44% 
reduction in MI was seen at 30 days.99,100 Preprocedural loading with 
300 mg of clopidogrel was found to reduce the primary end point of 
MI, death, and target-vessel revascularization (TVR) by 38% if given 
at least 6 hours prior to PCI.101,102 A high loading dose (600 mg) of 

FIGURE 28-10	 Incidence	 and	 type	 of	 myocardial	 infarction	 for	 each	
treatment	 group.	 (From	 the	 EPISTENT	 Investigators:	 Randomised	
placebo-controlled	 and	 balloon-angioplasty-controlled	 trial	 to	 assess	
safety	of	coronary	stenting	with	use	of	platelet	glycoprotein-IIb/IIIa	block-
ade.	Lancet	352:87-92,	1998.)
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clopidogrel caused a 50% reduction in periprocedural MI, likely due 
to achievement of therapeutic inhibition of platelets more rapidly.103 As 
expected, resistance to either aspirin or clopidogrel increases the 
hazard of periprocedural MI.104 Tailoring anticoagulation strategies by 
adding eptifibatide for patients without optimal clopidogrel response 
may reduce periprocedural MI.105

In addition to optimizing antiplatelet therapy prior to PCI, pretreat-
ment with statins appears to prevent myocardial injury in patients 
undergoing both elective and emergent PCI.106,107 Loading patients 
with atorvastatin 40 mg for 1 week prior to PCI caused a 72% reduc-
tion in periprocedural MI (3% vs. 18%, P = .025) during elective PCI 
in the Atorvastatin for Reduction of Myocardial Damage During 
Angioplasty (ARMYDA) study.106 The mechanism of myonecrosis 
attenuation may be related to the decrease in expression of vascular 
cell adhesion molecule 1 (VCAM-1) and intracellular adhesion mol-
ecule 1 (ICAM-1) after PCI.108 Even when patients are already receiv-
ing statin therapy, reloading with high doses of statins provided added 
reduction of periprocedural MI.109

Because many periprocedural MIs are caused by distal emboliza-
tion, use of embolic protection devices (EPDs) has been investigated 
in several settings; however, the benefits have only been observed in 
saphenous vein graft (SVG) interventions. In the Saphenous Vein Graft 
Angioplasty Free of Emboli Randomized Trial (SAFER), a total of 801 
patients undergoing elective SVG PCI were randomized to distal pro-
tection using the GuardWire (Medtronic Vascular, Santa Rosa, CA), 
resulting in a 41% reduction in periprocedural MI compared with 
those without EPDs.110 Proximal protection and aspiration using the 
Proxis device (St. Jude Medical, St. Paul, MN) produced comparable 
rates of periprocedural MI, and its use was found to be noninferior to 
distal embolic protection devices when used in SVG interventions.111 
Unfortunately, the Proxis device is no longer available.

The benefits of distal embolic protection have not been reproduced 
in native coronary vessels. The Enhanced Myocardial Efficacy and 
Recovery by Aspiration of Liberated Debris (EMERALD) trial ran-
domized 501 patients to receiving either distal embolic protection 
using the GuardWire Plus distal protection device (Medtronic Vascu-
lar) combined with aspiration thrombectomy or usual care for 
STEMI.112 Despite the use of the GuardWire Plus and aspiration 
thrombectomy, no differences were observed with respect to death, MI, 
or infarction size. Lack of efficacy in the setting of STEMI was attrib-
uted to the delay in reperfusion seen in the treatment group using 
distal EPDs. Similarly, use of FilterWire EX (Boston Scientific, Natick, 
MA) distal protection during ACSs did not confer any decrease of 
infarct size or reduction of major adverse cardiac events (MACEs) in 
the Protection Devices in PCI–Treatment of Myocardial Infarction for 
Salvage of Endangered Myocardium (PROMISE) study.113

Periprocedural MI remains a common complication that predicts 
future adverse outcomes. Judicious revascularization, optimization of 
pharmacologic therapy, and use of EPDs when appropriate may reduce 
its incidence.

CORONARY NO-REFLOW PHENOMENON

Incidence and Diagnosis
Coronary no-reflow phenomenon is the inability to perfuse myocar-
dium after the opening of a previously occluded or stenosed epicardial 
coronary artery.114 No-reflow phenomenon is suspected to result from 
a combination of endothelial damage, platelet and fibrin embolization, 
vasospasm, and tissue edema that overwhelms the coronary microcir-
culation. Reperfusion-related injury is hypothesized to contribute to a 
no-reflow state via infiltration of the microcirculation with neutrophils 
and platelets. The incidence of no-reflow phenomenon ranges from 
0.6% to 2% and is more frequently observed when using stents or 
atherectomy and when performing PCI in SVGs.115,116 Risk factors for 
no-reflow phenomenon include the angiographic presence of throm-
bus, cardiogenic shock, increased reperfusion time, hyperglycemia, 
and leukocytosis.117-119 Diagnosis of no reflow is made angiographically 
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by assessing flow, usually using the Thrombolysis in Myocardial Infarc-
tion (TIMI) grading system (Table 28-10); however, other systems of 
measuring microcirculatory myocardial perfusion are also available, 
such as myocardial blush score, TIMI frame count, and contrast 
echocardiography.

Prevention
To some degree, no-reflow phenomenon can be minimized or pre-
vented during coronary intervention with diligent pharmacologic and 
mechanical pretreatment and posttreatment (Table 28-11). Pretreat-
ment with IC calcium channel blockers is a helpful adjunct for treat-
ment of SVGs.120 Use of distal protection devices in the context of SVG 
PCI decreased the rate of no-reflow phenomenon to 4.8%, compared 
with 9.7%, when performing PCI without distal protection in the 
SAFER trial.110 Rates of no reflow increase with the use of rotational 
atherectomy, likely due to the embolization of pulverized plaque into 
the microcirculation. In one small study, the use of preemptive intra-
coronary adenosine and nitroglycerin during rotational atherectomy 
decreased the rate of no reflow from 11.4% to 1.4%.120,121 Recent evi-
dence from a small study showed a 10-minute intragraft infusion of 
adenosine at 200 µg/minute decreased no-reflow phenomenon in elec-
tive vein-graft interventions.122 Administration of abciximab prior to 
PCI for STEMI increased the proportion of patients with TIMI grade 
3 flow both before and after PCI in the Abciximab Before Direct 
Angioplasty and Stenting in Myocardial Infarction Regarding Acute 
and Long-Term Follow-Up (ADMIRAL) trial.123 This increase in TIMI 
grade 3 flow translated into higher left ventricular ejection fraction 
(LVEF) and decreased the composite end point of death, TVR, and 
reinfarction among patients receiving abciximab. More recently, use of 
IC abciximab to improve reperfusion during STEMI did not increase 
the rate of TIMI grade 3 flow (IC abciximab 91.3% vs. no IC abciximab 
91.5%; P = .94) or myocardial blush grade 3 (IC abciximab 80.7% vs. 
no IC abciximab 82.1%; P = .71).124

Another tool that may play a role in preventing no-reflow phenom-
enon and optimizing perfusion in the setting of STEMI is aspiration 
thrombectomy. The Thrombus Aspiration During Percutaneous 

TABLE 28-10 Thrombus in Myocardial Infarction (TIMI) Grading 
System for Describing Coronary Flow

TIMI Grade Description

0 No	antegrade	flow	is	present	beyond	the	point	of	occlusion.

I Contrast	material	is	able	to	pass	through	the	area	of	
obstruction	but	fails	to	opacify	the	distal	coronary	bed.

II Contrast	is	able	to	penetrate	the	area	of	obstruction	and	
fills	the	distal	coronary	bed;	however,	it	is	perceptibly	
slower	than	other	coronary	vessels	unaffected	by	the	
coronary	obstruction.

III Antegrade	flow	into	the	distal	coronary	bed	of	the	
obstructed	artery	is	as	prompt	as	the	flow	in	an	
uninvolved	coronary	vessel.

TABLE 28-11 Prevention of No-Reflow Phenomenon
•	 Use	distal	protection	devices	when	treating	saphenous	vein	graft	

lesions.
•	 When	performing	rotational	atherectomy,	routinely	use	nitroglycerin,	

verapamil,	and	heparin	in	combination	with	the	flush	solution.
•	 Consider	pretreatment	with	a	glycoprotein	IIb/IIIa	inhibitor	during	

percutaneous	coronary	intervention	in	patients	with	acute	coronary	
syndromes.

•	 Minimize	balloon	inflation	and	consider	direct	stenting	in	patients	with	
bulky	atheroma	or	saphenous	vein	grafts.

•	 Pretreat	with	verapamil	or	adenosine.
•	 Aspiration	thrombectomy	for	thrombus-laden	lesions. Coronary Intervention in Acute Myocardial Infarction Study (TAPAS) 

was a prospective trial that randomized 1071 patients to either routine 
aspiration thrombectomy prior to coronary stenting versus stent im -
plantation without thrombectomy.125 Aspiration thrombectomy im -
proved markers of reperfusion, such as myocardial blush score and 
ST-segment resolution, but outcomes with respect to death, reinfarc-
tion, TVR, and composite MACE rates were not found to be different 
at 30 days. Rates of MACE correlated with the degree of perfusion as 
measured by myocardial blush score and ST-segment resolution (Fig. 
28-11). At 1 year, routine aspiration thrombectomy reduced the rate of 
cardiac death to 3.4%, compared with 6.7%, when performing routine 
primary PCI for reperfusion therapy.126 Benefits of adjunctive throm-
bectomy during STEMI were reproduced in both meta-analysis and in 
a pooled patient analysis of 11 randomized clinical trials for both 
30-day and 1-year MACCE rates, respectively.127,128 However, the most 
recent prospective evaluations of aspiration thrombectomy—Thrombus 
Aspiration During ST-Segment Elevation Myocardial Infarction 
(TASTE) and Intracoronary Abciximab and Aspiration Thrombec-
tomy in Patients With Large Anterior Myocardial Infarction (INFUSE-
AMI)—did not recapitulate the benefit seen with aspiration 
thrombectomy in the TAPAS trial.124,129 No differences in TIMI grade 
3 flow (aspiration 92.6% vs. no aspiration 90.1%; P = .36), myocardial 
blush grade 3 (aspiration 83.4% vs. no aspiration 79.3%; P = .26), and 
infarct size (aspiration median 17% vs. no aspiration 17.3%; P = .51) 
were observed in the INFUSE-AMI study.124 Similarly, the TASTE trial 
revealed no differences with respect to hard clinical end points as the 
30-day all-cause mortality did not change with aspiration (aspiration 
2.8% vs. no aspiration 3.0%; P = .63).

Treatment
The first-line treatment for no-reflow phenomenon primarily consists 
of delivery of vasodilators—especially adenosine, calcium channel 
blockers, and/or nitroprusside—into the coronary microcirculation 
(Table 28-12). Should the dye column stop at midvessel, distal contrast 
injections through balloons or microcatheters should be performed to 
exclude dissection. Injection of vasodilators through an infusion cath-
eter close to the distal bed may improve microcirculation drug deliv-
ery. No role has been found for referral for emergent CABG or 
thrombolytic therapy. If the stenosis is widely patent by angiography 
or IVUS, additional coronary stenting is not helpful. Patients with 

TABLE 28-12 Management of No-Reflow Phenomenon as 
Suggested by the Society for Cardiovascular 
Angiography and Interventions

First-Line Management

Adenosine	(10	to	20	µg	bolus)
Verapamil	(100	to	200	µg	bolus	or	100	µg/min	up	to	1000	µg	total	

with	temporary	pacer	on	standby)
Nitroprusside	(50	to	200	µg	bolus,	up	to	1000	µg	total	dose)

Evidence Less Strong

Rapid,	moderately	forceful	injection	of	saline	or	blood	(to	unplug	
microvasculature)

Cardizem	(0.5	to	2.5	mg	over	1	min,	up	to	5	mg)
Papaverine	(10	to	20	µg)
Nicardipine	(200	µg)
Nicorandil	(2	µg)
Epinephrine	(50	to	200	µg)

Never Shown to Be Effective

Intracoronary	nitroglycerin
Coronary	artery	bypass	graft	(contraindicated)
Stent	placement	(if	site	of	original	stenosis	is	widely	patent)
Thrombolytics	(e.g.,	urokinase,	tissue	plasminogen	activator)

From	Klein	LW,	Kern	MJ,	Berger	P,	et	al:	Society	of	cardiac	angiography	and	interventions:	
suggested	management	of	the	no-reflow	phenomenon	in	the	cardiac	catheterization	labora-
tory.	Catheter	Cardiovasc	Interv	60:194-201,	2003.
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ventricular fibrillation); and even cardiac arrest. The diagnosis of air 
embolism is made angiographically, and the bolus generally divides 
into smaller bubbles that cause a slow-flow phenomenon in epicardial 
vessels.133

Treatment
Resolution of air embolism can be accomplished faster by ventilating 
with 100% oxygen (Table 28-13). Increasing the mean arterial pressure 
will assist in forcing air bubbles into the coronary microcirculation, 
thus overcoming the air lock. Forceful injection of saline or contrast 
can also assist in dissipating the air, and balloons can be used to pulver-
ize large bubbles. Thrombectomy catheters can be used to aspirate 
bubbles from the epicardial vessel. While waiting for an air embolus 
to resolve, the patient will often become profoundly hypotensive and 
may complain of chest discomfort. Expedient treatment of hypoten-
sion with systemic vasopressors such as norepinephrine or phenyleph-
rine can be life saving. IABP counterpulsation may also be useful. Of 
course, the most efficacious means of dealing with air embolism is 
prevention by meticulous aspiration and flushing of catheters between 
equipment exchanges.134

cardiogenic shock may require IABP or LV support devices to maintain 
adequate systemic perfusion pressure.

Prognosis
No-reflow phenomenon is associated with a larger infarct size, reduced 
LVEF, and death.130-132 Retrospective analysis in patients with no-reflow 
phenomenon undergoing primary PCI have an in-hospital and 
6-month mortality increase of sixfold and tenfold, respectively. The 
adjusted odds for death at 6 months was 5.4 times higher in patients 
with no-reflow phenomenon.132

AIR EMBOLISM

Incidence
Injection of air into the coronary artery is potentially fatal and can 
result in “air lock,” which causes abrupt occlusion of the vessel along 
with possible cardiac arrest and MI. Almost always iatrogenic, the 
incidence of this complication is approximately 0.1% to 0.3% (Video 
28-5).133 Air embolism usually results from the inadequate aspiration 
of catheters or the entrainment of air during equipment exchanges. 
Occasionally, rupture of an inadequately prepared coronary balloon or 
introduction of air through an intracardiac defect can allow a para-
doxic embolism into the coronary circulation.

Diagnosis
The degree of danger associated with air embolism is proportional  
to the amount of air that enters the coronary circulation. Once air  
is embolized, air lock can prevent perfusion of the distal coronary  
bed (Fig. 28-12). Air embolism may manifest as chest pain; hypoten-
sion; transient ECG changes consistent with myocardial ischemia; 
arrhythmias (bradycardia, heart block, ventricular tachycardia, and 

FIGURE 28-11	 Cardiac	death,	all-cause	mortality,	and	the	combined	end	point	of	cardiac	death	and	nonfatal	reinfarction	are	inversely	proportional	
to	myocardial	blush	score	and	degree	of	ST-segment	resolution,	proving	that	outcomes	are	directly	related	to	the	quality	of	perfusion.	(From	Vlaar	
PJ,	Svilaas	T,	van	der	Horst	IC,	et	al:	Cardiac	death	and	reinfarction	after	1	year	in	the	Thrombus	Aspiration	during	Percutaneous	coronary	interven-
tion	in	Acute	myocardial	infarction	Study	[TAPAS]:	a	1-year	follow-up	study.	Lancet	371:1915-1920,	2008.)
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TABLE 28-13 Treatment of Air Embolism
•	 Ventilate	with	100%	oxygen.
•	 Treat	aggressively	with	intravenous	fluids,	atropine,	or	vasopressors	for	

hemodynamic	support.
•	 Consider	intraaortic	balloon	counterpulsation	for	hemodynamic	

support.
•	 Dissipate	the	“airlock”	with	wires	or	balloon	catheters.
•	 Consider	catheter	aspiration.
•	 Treat	no-reflow	phenomenon	with	standard	vasodilators	(adenosine,	

verapamil,	nitroprusside).
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or IV epinephrine 1 mg (1 : 10,000 dilution) to prevent progressive 
symptoms.138 Severe bronchospasm, laryngeal edema, or cardiac arrest 
are treated with IV epinephrine diluted 1 : 10,000 at a dose of 1 to 3 mL 
(Table 28-15). Overdose of IV epinephrine may manifest as tachycar-
dia, tremor, pallor, and hypertensive emergency. Preexisting beta-
blocker therapy may blunt the response of epinephrine and increases 
the risk of a severe reaction. Supplemental oxygen, endotracheal intu-
bation, aggressive fluid resuscitation, administration of corticosteroids, 
and use of an epinephrine drip may be required to stabilize the patient. 
Such patients should be monitored in the intensive care unit until the 
reaction subsides.139

BLEEDING
Bleeding rates vary depending on the definitions used, but bleeding is 
a relatively common complication: major bleeding occurred in 1.7% of 
all-comers in an analysis of patients from 2004 through 2011 in the 
CathPCI Registry.140 Focused analysis of ACS trials showed that TIMI 

RADIOCONTRAST HYPERSENSITIVITY

Incidence and Prognosis

Allergy to contrast medium is a common but rarely serious complica-
tion in the cardiac catheterization laboratory. Since the advent of low-
osmolar nonionic agents, the incidence of contrast intolerance has 
significantly declined. The risk of allergy to contrast agents is estimated 
to be 4% to 12% for ionic contrast media and 1% to 3% for nonionic 
contrast agents.135 The reported incidence of severe contrast reactions 
is 0.23% with a mortality of 1 per 55,000 cases.136 Reactions from con-
trast media include minor events such as nausea, vomiting, and local-
ized urticaria with pruritus; moderate reactions are characterized by 
laryngeal or facial edema and mild bronchospasm. Severe reactions are 
true emergencies and manifest as respiratory or cardiac arrest and 
shock. Occasionally, contrast allergy may manifest solely as persistent 
hypotension during a cardiac procedure. Approximately 2% to 5% of 
patients may develop delayed reactions characterized by rash 1 hour 
to 1 week after contrast exposure.137 Patients may experience pruritus, 
maculopapular rash, urticaria, angioedema, and/or fever. Often, iden-
tification of the agent responsible for the allergy may be confounded 
because of concomitant delivery of antibiotics or treatment with anti-
thrombotic agents, such as clopidogrel.

Prevention and Treatment
Prophylactic measures can decrease the incidence and severity of con-
trast reactions but do not entirely eliminate the risk. Pretreatment of 
patients with contrast allergy usually consists of corticosteroids and 
antihistamines (Table 28-14). Mild reactions may be treated with a 
similar regimen; however, moderate reactions such as laryngeal edema, 
bronchospasm, or hypotension require immediate administration  
of intramuscular (IM) epinephrine 0.1 to 0.3 mL (1 : 1000 dilution)  

FIGURE 28-12	 Air	 embolism.	A,	 Air	 embolism	 (arrow)	 from	 inadequate	 flushing	 of	 a	 distal	 protection	 filter.	B,	 “Airlock”	 created	 by	 a	 large	 air	
embolus	causing	cessation	of	flow	in	the	left	anterior	descending	artery	(arrowheads;	Video	28-5).	

A B

TABLE 28-14 Commonly Used Pretreatment Regimen for 
Contrast Allergy

•	 Prednisone	50	mg	orally	13,	7,	and	1	hr	prior	to	procedure	or	
intravenous	hydrocortisone	100	mg	1	hr	prior	to	procedure

•	 Cimetidine	300	mg	orally	1	hr	prior
•	 Diphenhydramine	50	mg	orally	1	hr	prior
•	 Montelukast	10	mg	orally	1	hr	prior
•	 Nonionic	low	osmolar	or	isoosmolar	contrast	agent

TABLE 28-15 Treatment of Anaphylactoid Reactions to Contrast 
Media

MILD

Nausea, Vomiting, and Localized Urticaria with Pruritus; Self-Limiting

•	 Observation
MODERATE

Laryngeal or Facial Edema and Mild Bronchospasm

•	 Epinephrine
•	 1	:	1000	dilution	at	0.1	to	0.3	mL	intramuscularly
•	 1	:	10,000	dilution	at	1	to	3	mL	intravenously

•	 Diphenhydramine	25	to	50	mg	intravenously
SEVERE

Respiratory or Cardiac Arrest and Anaphylactoid Shock

•	 ACLS	resuscitation	(airway,	breathing,	circulation)
•	 Epinephrine	drip	at	10	to	20	µg/min	up	to	30	min	after	symptom	

resolution
•	 Aggressive	intravenous	fluids

From	Nayak	KR,	White	AA,	Cavendish	JJ,	et	al:	Anaphylactioid	 reactions	 to	 radiocontrast	
agents:	prevention	and	treatment	in	the	cardiac	catheterization	laboratory,	J	Invasive	Cardiol	
21:548-551,	2009.
ACLS,	Advanced	cardiac	life	support.



478 SECTION III  CORONARY INTERVENTION

(P < .001) of nonbleeding patients.140 Patients at high risk for bleeding 
have more comorbidities and often come to medical attention urgently, 
features that compound the risk of mortality from bleeding events. 
Patients at high risk for bleeding with a subsequent bleeding event had 
a 6.54% higher rate of death relative to those at low risk for bleeding  
(P < .001).140 Non–access-site bleeding further increases the hazard of 
death and elevates the in-hospital mortality rate to 8.25%,140 and mor-
tality is proportional to bleeding severity. In a post-hoc pooled analysis 
of several acute coronary syndrome studies, no significant difference in 
mortality was observed between TIMI minor bleeding and no bleeding 
in ACSs, but a fivefold increase in mortality was seen with severe bleed-
ing.141 Increased mortality associated with TIMI major bleeding mostly 
occurred in the first 30 days. Even after excluding the early deaths, a 
1.5-fold increase in 6-month mortality persisted in patients with severe 
bleeding compared with ACS patients without bleeding.141 Similarly, 
ischemic end points after TIMI major bleeding—such as early hazard 
toward MI (adjusted hazard ratio [HR] 4.44) and stroke (adjusted HR 
6.46)—were most prominent in the first 30 days.141 Retroperitoneal 
bleeding, a particularly devastating event with an in-hospital mortality 
of 6.4%, is fortunately rare (0.4%).149 Increased early mortality associ-
ated with bleeding may originate from (1) the requirement to dis-
continue antiplatelet therapy, (2) the increased metabolic stress of 
having poor oxygen delivery as a result of anemia, (3) possible hypo-
tension, and possibly (4) blood transfusion; these are independently 
associated with a fourfold and threefold increase in death and MI, 
respectively, even after adjusting for covariates and nadir hemoglobin 
concentration.150

Strategies to mitigate bleeding include appropriate patient selec-
tion, tailored pharmacology, access-site management, and use of radial 
access. Avoiding inappropriate revascularization candidates by using 
prospective risk calculators is valuable because the in-hospital mortal-
ity numbers needed to harm (NNH) for a bleeding event in high-risk 
patients and in those with non–access-site bleeding were 21 and 16, 
respectively.151,152 Appropriate pharmacology selection and drug dosing 
remains problematic; as many as 22.3% of patients with chronic renal 
failure are given contraindicated medications.153 Bleeding avoidance 
strategies, such as the use of vascular closure devices (VCDs) and 
bivalirudin administration, appear to work incrementally.154 When 
analyzing cohorts at high risk for bleeding using VCDs only, bivaliru-
din only, and VCDs plus bivalirudin, the combined approach was 
associated with the lowest rate of periprocedural bleeding (VCDs 4.6% 
vs. bivalirudin 3.8% vs. VCD plus bivalirudin 2.3%; P < .001).154 
Femoral access using ultrasound guidance may help mitigate some 
bleeding complications because it decreases the number of puncture 
attempts and subsequent vascular complications, but micropuncture 
technique does not appear to significantly impact vascular complica-
tions or bleeding.155,156 Finally, radial access resulted in a 50% decrease 
in access-site–related major bleeding, and the benefits of radial access 
are magnified in ACSs, particularly with STEMI, in which radial punc-
ture decreased access-site–related bleeding 60% in the Radial Versus 
Femoral Randomized Investigation in ST-Elevation Acute Coronary 
Syndrome (RIFLE-STEACS) study.157,158 However, given the 6.1% to 
10.0% rate of crossover from radial to femoral access, strategies for 
mitigating femoral access bleeding remain valuable.157-159

CONCLUSION
Avoidance, recognition, and management of procedural complications 
are central to maintaining competence as an interventional cardiolo-
gist. Although the specific complications described in this chapter 
represent some of the most important and common mishaps, this is 
not an exhaustive listing. Complications can never be completely 
avoided. No matter how experienced the interventionalist, complica-
tions will teach humility and provide a source of continuing education 
throughout a clinician’s career.

minor/major bleeding occurred in approximately 2.3% of patients in a 
pooled registry of studies, and 4.1% patients with STEMI suffered 
TIMI major bleeding in the HORIZONS trial.141,142 Given the multiple 
definitions of bleeding in the literature, a universal definition was 
formed by the Bleeding Academic Research Consortium (BARC) and 
was subsequently validated (Table 28-16).143,144 Predictors of bleeding 
from multiple analyses included advanced age, female sex, severe renal 
impairment, glycoprotein inhibitor use, larger sheath size, peak acti-
vated clotting time, simultaneous right heart catheterization, low-
molecular-weight heparin use, elevated white blood cell count, 
procedure duration, and postprocedure heparin use.145-148

Bleeding adversely impacts prognosis; the presence of bleeding  
was associated with an in-hospital mortality of 5.58% versus 0.57%  

TABLE 28-16 Bleeding Academic Research Consortium (BARC) 
Definitions of Bleeding

Type 0: No bleeding
Type 1: Bleeding that is not actionable

Bleeding	that	does	not	cause	the	patient	to	seek	unscheduled	performance	
of	studies,	hospitalization,	or	treatment	by	a	health	care	professional;	
may	include	bleeding	episodes	that	lead	to	self-discontinuation	of	
medical	therapy	(e.g.,	warfarin)	by	the	patient	without	consulting	a	
health	care	professional

Type 2: Actionable bleeding

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	types	3,	4,	or	5	but	does	
meet	at	least	one	of	the	following	criteria:	it	(1)	requires	nonsurgical	
medical	intervention	by	a	health	care	professional,	(2)	leads	to	
hospitalization	or	increased	level	of	care,	or	(3)	prompts	evaluation

Type 3: Serious bleeding

Type	3a:

Overt	bleeding	plus	a	hemoglobin	drop	of	3	to	5	g/dL	(provided	the	
hemoglobin	drop	is	related	to	the	bleed)

Any	transfusion	with	overt	bleeding

Type	3b:

Cardiac	tamponade

Bleeding	that	requires	surgical	intervention	for	control	(excluding	dental/
nasal/skin/hemorrhoid)

Bleeding	that	requires	vasoactive	agents

Type	3c:

Intracranial	hemorrhage	(does	not	include	microbleeds	or	hemorrhage	
transformation,	does	include	intraspinal	bleeding)

Subcategories	confirmed	by	autopsy,	imaging,	or	lumbar	puncture

Intraocular	bleed	that	compromises	vision

Type 4: Coronary artery bypass graft–related bleeding

Perioperative	intracranial	bleeding	within	48	hours

Reoperation	after	closure	of	sternotomy	for	the	purpose	of	controlling	
bleeding

Transfusion	of	5	or	more	units	of	whole	blood	or	packed	red	blood	cells	
within	a	48-hour	period

Chest	tube	output	of	2	L	or	more	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
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Periprocedural myocardial necrosis remains the most common 
complication of PCI. Such myonecrosis can range from a clinically 

silent minor elevation of cardiac enzymes to a major MI with short- 
and/or long-term consequences. With advances in pharmacologic 
therapies and in interventional technology, the incidence of early 
major cardiac events (MACEs)—such as large MI (both ST-elevation 
MI [STEMI] and non–ST-elevation MI [NSTEMI]) and death—has 
fallen to less than 3%, even in complex multivessel PCI.1,2 The reduced 
incidence of these complications can be attributed in large part to the 
role of coronary stents in treatment of abrupt closure and the aggres-
sive antiplatelet therapies more commonly utilized over the last two 
decades. This improvement in outcomes is remarkable considering the 
ever-increasing number and complexity of patients and lesions treated 

with PCI today compared with 20 to 30 years ago. However, the fre-
quency with which any periprocedural myonecrosis is detected has 
increased, primarily because of the development and widespread adop-
tion of sensitive biomarkers of myocardial damage. As such, the exact 
definition and clinical significance of the periprocedural release of 
cardiac markers are topics for active debate, in both real-world and 
clinical trial settings.

DEFINITION
The definition of periprocedural myocardial infarction (PMI) is con-
tinuing to evolve with changing and improving biomarker assays and 
a better understanding of the prognostic significance of these events. 
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K E Y  P O I N T S

•	 Periprocedural	myocardial	necrosis	remains	a	common	complication	
of	percutaneous	coronary	intervention	(PCI).

•	 The	2012	Third	Universal	Definition	document	defines	a	myocardial	
infarction	(MI)	associated	with	PCI	as	elevation	of	troponin	values	
above	five	times	the	99th	percentile	of	upper	reference	limit	(URL)	in	
patients	with	normal	baseline	values	or	a	rise	of	troponin	values	
above	20%	if	the	baseline	values	are	elevated	and	are	stable	or	
falling.

•	 Given	the	adverse	prognostic	implications,	it	is	important	to	develop	
strategies	to	prevent,	rather	than	treat,	periprocedural	MI	(PMI).

•	 Successful	strategies	to	prevent	PMI	include	pharmacologic	and	
nonpharmacologic	approaches.

•	 The	primary	pharmacologic	interventions	that	have	achieved	
significant	success	in	preventing	PMI	include	aggressive	antiplatelet	
therapy,	primarily	intravenous	(IV)	glycoprotein	IIb/IIIa	inhibitors	and	
oral	thienopyridine	inhibitors,	and	statin	therapy.

•	 Nonpharmacologic	approaches	include	the	use	of	embolic	protection	
devices	(EPDs)	in	the	setting	of	saphenous	vein	graft	(SVG)	
intervention	and	carotid	stenting.

•	 With	more	innovation	in	EPD	design,	and	with	supporting	data,	the	
potential	exists	for	future	application	of	EPDs	in	other	settings	of	
coronary	and	peripheral	intervention.

PERIPROCEDURAL MYOCARDIAL INFARCTION
•	 The	contemporary	definition	of	PMI	is	based	on	the	rise	and	fall	of	

biomarkers—such	as	total	creatine	kinase	(CK),	creatine	kinase	MB	
(CK-MB),	and	troponin—after	PCI	in	addition	to	clinical,	
electrocardiography	(ECG),	and	imaging	evidence	of	myonecrosis.

•	 The	incidence	of	PMI	varies	according	to	the	type	of	assayed	
biomarker	(CK-MB,	troponin	I	[Tn	I],	or	troponin	T	[Tn	T])	and	the	
preset	threshold	for	diagnosis.

•	 Larger	PMIs	are	infrequent	and	usually	follow	angiographically	
documented	complications,	such	as	side-branch	closure	or	
no-reflow	phenomenon,	but	smaller	and	more	common	PMIs	often	
follow	apparently	uncomplicated	procedures.

•	 The	primary	underlying	mechanisms	of	PMI	are	side-branch	
occlusions	and	distal	embolization	into	the	downstream	
microcirculation	of	the	PCI-related	vessel,	with	platelet		

aggregation/activation	playing	a	significant	role	in	subsequent	
myonecrosis.

•	 Risk	factors	for	development	of	PMI	include	acute	presentation,	
heightened	systemic	inflammation,	and	advanced	coronary	and/or	
noncoronary	atherosclerotic	disease.	Atheroablation	devices	
(directional	or	rotational)	are	associated	with	higher	rates	of	PMI,	
followed	by	stents	and	then	balloon	angioplasty.

•	 PMI	is	associated	with	increased	late	mortality,	and	the	association	
is	more	robust	when	the	CK-MB	or	troponin	levels	exceed	five	times	
the	upper	limit	of	normal	(ULN).

•	 Potent	antiplatelet	therapies	(IV	glycoprotein	IIb/IIIa	inhibitors,	direct	
thrombin	inhibitors,	and/or	oral	thienopyridine	inhibitors)	decrease	
the	incidence	of	PMI,	especially	in	high-risk	procedures.

•	 Pretreatment	with	statins	reduces	the	incidence	of	PMI	because	of	
their	antiinflammatory	effects.

•	 EPDs	have	been	proven	to	reduce	PMI	in	saphenous	vein	graft	PCI.

EMBOLISM PROTECTION DEVICES
•	 EPDs	include	distal	occlusive	balloons,	filter	devices,	and	proximal	

flow	occlusion/reversal	systems;	all	aim	to	trap	embolized		
debris	from	the	angioplasty	site	before	it	reaches	the	distal	
microvascular	bed.

•	 Clinical	trials	have	demonstrated	that	using	an	EPD	during	vein	graft	
PCI	leads	to	a	significant	reduction	in	PMI;	it	is	also	cost-effective	
and	has	thus	become	the	standard	of	care	in	those	patients.

•	 Several	randomized	trials	failed	to	show	any	benefit	of	an	EPD	in	
the	setting	of	PCI	for	acute	MI,	thus	highlighting	the	complexity	of	
the	mechanisms	of	myonecrosis	and	injury	in	those	settings.

•	 Good	evidence	suggests	that	EPDs	reduce	cerebral	embolism	during	
carotid	stenting,	but	no	conclusive	randomized	trial	based	on	
clinical	end	points	has	been	undertaken	to	confirm	that	benefit.

•	 Comparison	of	carotid	stenting	that	includes	embolic	protection	with	
carotid	endarterectomy	results	in	similar	outcomes	in	patients	with	
asymptomatic	disease	and	in	the	hands	of	experience	operators.

•	 Use	of	a	proximal	EPD	during	carotid	stenting	may	be	associated	
with	a	lower	risk	of	stroke,	although	randomized	comparative	trials	
are	lacking	at	this	time.
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Currently, commonly used definitions for the diagnosis of PMI are 
based on one of two documents: the Third Universal Definition of 
Myocardial Infarctions3 and the definition proposed by the Society of 
Cardiac Angiography and Interventions (SCAI) expert consensus 
document.4

Both definitions are based on identifying the rise and fall of cardiac 
biomarkers following PCI in addition to corroborating clinical, ECG, 
imaging, and/or angiographic evidence of myonecrosis. They differ in 
the various thresholds considered enough to make the diagnosis and 
in how they indicate a clinically relevant change in prognosis. It is 
important to note that both definitions of PMI are complicated by the 
current practice of earlier referral of acute MI patients and those with 
an acute coronary syndrome (ACS) to the catheterization laboratory. 
Importantly, the prognostic implication of elevated biomarkers after 
PCI cannot be known unless the baseline level is taken into account. 
In patients with elevated biomarker levels at baseline, prognosis is 
more directly linked to the baseline biomarker level than to the post-
procedural level. In fact, biomarker elevation before PCI is the more 
important determinant of long-term mortality. In those situations, 
detection of abnormal levels of cardiac markers after PCI may not 
necessarily be related to the procedure but are simply a reflection of 
the ongoing myonecrosis caused by the thrombotic event that led to 
the clinical presentation. In ACS patients, biomarker levels may rise 
after a normal initial sample, which commonly coincides with the time 
when angiography and PCI are performed.5 For these reasons, both 
definitions include specific criteria to extend the definition of PMI to 
those who were referred to PCI in the setting of ACS or STEMI.

The Third Universal Definition of Myocardial Infarction: 
Definition of Periprocedural Myocardial Infarction
The aim of this document is to redefine MI based on contemporary 
evidence and to standardize the definition in various clinical settings. 
The 2012 Third Universal Definition document3 proposed the follow-
ing updated definition for PMI: an MI associated with PCI is arbitrarily 
defined by elevation of troponin values greater than five times the 99th 
percentile (URL) in patients with normal baseline values (≤99th per-
centile URL) or a rise of troponin values greater than 20% if the base-
line values are elevated and are stable or falling. The required enzymatic 
criteria should be associated with (i) symptoms consistent with myo-
cardial ischemia; (ii) new ischemic ECG changes or new left bundle 
branch (LBBB) block; (iii) angiographic loss of patency of a major 
coronary artery or a side branch, a persistent slow- or no-flow state, or 
embolization; or (iv) imaging demonstration of new loss of viable 
myocardium or new regional wall motion abnormality. PCI-related MI 
(type 4) is distinguished from spontaneous MI (type 1), secondary MI 
(type 2), and MI associated with sudden death (type 3) or coronary 
artery bypass grafting (CABG; type 5). A documented stent thrombo-
sis is recognized as a type 4b MI, whereas an MI associated with 
restenosis greater than 50% is type 4c (Table 29-1).

When a troponin value is elevated but less than or equal to five 
times the 99th percentile URL after PCI, and the troponin value was 
normal before the PCI, or when the troponin value is more than times 
the 99th percentile URL in the absence of ischemic, angiographic, or 
imaging findings, the task force suggested that the term myocardial 
injury should be used.

Notably, the universal definition states that troponin is the pre-
ferred biomarker, the prognostic significance of which is less well vali-
dated than CK-MB in the setting of post-PCI myonecrosis. A large 
body of literature has demonstrated that post-PCI CK and CK-MB 
elevations have serious adverse prognostic implications, even in 
absence of pathologic Q-waves.6-9 Three meta-analyses to examine 
the prognostic impact of periprocedural elevated CK-MB have con-
firmed a proportionate increase in early and late mortality with rising 
values.10-12 The use of abnormal troponin assays to diagnose type 4a 
MI is supported by some datasets, although supporting evidence is  
not as wide ranging as has been demonstrated on the basis of abnor-
mal CK-MB. Troponin is a particularly sensitive biomarker used  

TABLE 29-1 Categories of Myocardial Infarction Related to 
Percutaneous Coronary Intervention as Defined in 
the Third Universal Definition of Myocardial 
Infarction 2012

Category Description/ Definition

Type	4a:	MI	
related	to	PCI

MI	associated	with	PCI	is	arbitrarily	defined	by	
elevation	of	cardiac	troponin	values	greater	than	
5	times	the	99th	percentile	URL	in	patients	with	
normal	baseline	values	or	a	rise	of	cardiac	
troponin	values	greater	than	20%	if	the	baseline	
values	are	elevated	and	are	stable	or	falling.

In	addition,	one	of	the	following	features	needs	to	
be	present:

(i)	 Symptoms	suggestive	of	myocardial	ischemia
(ii)	 New	ischemic	electrocardiographic	changes	

or	new	left	bundle	branch	block
(iii)	 Angiographic	loss	of	patency	of	a	major	

coronary	artery	or	a	side	branch	or	persistent	
slow-flow	or	no-flow	or	embolization

(iv)	 Imaging	demonstration	of	new	loss	of	viable	
myocardium	or	new	regional	wall	motion	
abnormality

Type	4b:	MI	
related	to	stent	
thrombosis

MI	associated	with	stent	thrombosis	is	detected	by	
coronary	angiography	or	autopsy	in	the	setting	
of	myocardial	ischemia	and	with	a	rise	and/or	
fall	of	cardiac	biomarker	values	with	at	least	
one	value	above	the	99th	percentile	URL.

Type	4c:	MI	
related	to	
restenosis

MI	with	evidence	of	50%	or	more	stenosis	at	
coronary	angiography	or	a	complex	lesion	
associated	with	a	rise	and/or	fall	of	troponin	
values	above	the	99th	percentile	URL	and	no	
other	significant	obstructive	CAD	of	greater	
severity	following	(i)	initially	successful	stent	
deployment	or	(ii)	initially	successful	PTCA	
(diameter	stenosis	<50%	at	the	end	of	the	
procedure).

Thygesen	K,	 Alpert	 JS,	 Jaffe	 AS,	 et	al:	 Third	 universal	 definition	 of	myocardial	 infarction.		
J	Am	Coll	Cardiol	60:1581-1598,	2012.
CAD,	Coronary	artery	disease;	MI,	myocardial	infarction;	PCI,	percutaneous	coronary	inter-
vention;	PTCA,	percutaneous	transluminal	coronary	angioplasty;	URL,	upper	reference	limit.

ubiquitously for risk stratification in patients with ACS, but its wide-
spread adoption has by itself increased the incidence of spontaneous 
MI and PMIs by 40% to 50%. In contrast to its predictive value in type 
1 MI (ACS), existing data on peri- or post-PCI troponin elevation do 
not establish a clear association with an adverse prognosis. To make 
the definition more clinically relevant, the biomarker threshold for 
PMI was raised from greater than three times the 99th percentile URL 
in the earlier version of the Universal Definition document13 to greater 
than five times the 99th percentile URL in the most recent one.3 None-
theless, the more recently recommended threshold remains arbitrary, 
and critics argue that any diagnosis of PMI should be associated with 
meaningful, well-defined prognostic significance.

The Society of Cardiac Angiography and Interventions  
Expert Consensus Proposed Definition of Periprocedural 
Myocardial Infarction
To address the limitations of the universal definition of PMI discussed 
above, an expert consensus group from the SCAI4 proposed an alter-
nate definition of clinically relevant MI after PCI, defined as “an event 
associated with a worsened prognosis.” To this end, the document 
recommended that CK-MB be the preferred biomarker to assess clini-
cally relevant PMI, defined as a CK-MB 10 or more times the ULN. A 
lower threshold (≥5× ULN) may be accepted in the patient in whom 
new pathologic Q-waves in two or more contiguous leads (or new, 
persistent LBBB) develop after PCI, although further study is required 
to validate this threshold. If CK-MB assays are not available, the 
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~2 g of myocardium) in nine of nine patients who had a minor 
procedure-related CK-MB elevation (~2× ULN). In the five control 
patients who did not have any CK-MB elevation, no MR evidence of 
LGE was found in the target vessel perfusion territory. Of note, none 
of the patients in whom LGE was detected as evidence of myonecrosis 
developed Q-waves on ECG.

In a more contemporary and rigorous study, 48 patients underwent 
cardiac MR imaging (CMRI) before and after PCI to detect newly 
developed LGE as evidence of procedure-related myonecrosis.15 Half 
the patients underwent a third MR scan at a median of 8 months. 
Findings were correlated with serum troponin levels recorded 24 hours 
after the index PCI. All patients were preloaded with clopidogrel and 
received abciximab at the time of PCI, but the incidence of troponin 
elevation above the ULN was 37% (14 patients). Evidence of LGE was 
present in the target vessel territory in all 14 patients. In those with no 
troponin elevation after PCI, no evidence of LGE was found on MR 
scans. A linear correlation was also apparent between the troponin 
level at 24 hours after PCI and the mass (in grams) of newly hyperen-
hanced myocardium, both on the early post-PCI scan and on the 
delayed 8-month scan, thus confirming the correlation between peri-
procedural biomarker release and irreversible myocardial damage  
(Fig. 29-1).15

In addition to confirming the irreversible nature of the myocardial 
injury, the location of MR hyperenhancement in relation to the PCI 
target segment may give insight into the pathophysiologic mechanism 
underlying PMI. When the hyperenhancement is visualized in proxim-
ity of the treated segment, side-branch occlusion (SBO) is the more 
likely explanation. But in cases in which the myocardial injury/damage 
is downstream from the treated segment, PMI can be best explained 
by distal microembolization and adverse platelet and inflammatory 
reactions in the microcirculation.14,16

consensus document suggests a troponin level of 70 or more times the 
ULN to diagnose a type 4a MI. The authors selected this high troponin 
threshold so that the prognostic implication would be comparable to 
that associated with a CK-MB elevation of 10 or more times the ULN.

The following recommendations were made to diagnose post-PCI 
MI in ACS patients in whom the baseline level has not returned to 
normal: (1) in patients with elevated troponin (or CK-MB) in whom 
the biomarker levels are stable or falling, a new CK-MB elevation by 
an absolute increment of 10 or more times the ULN (or ≥70× ULN for 
troponin) from the previous nadir level should be evident; (2) in 
patients with elevated troponin (or CK-MB) in whom the biomarker 
levels have not been shown to be stable or falling, there should be a 
further rise in CK-MB or troponin beyond the most recently measured 
value by an absolute increment of 10 or more times the ULN in CK-MB 
or 70 or more times the ULN in troponin plus new ST-segment eleva-
tion or depression plus signs consistent with a clinically relevant MI, 
such as new-onset or worsening heart failure or sustained hypotension. 
Chest pain alone is insufficient to be used as a criterion. In this defini-
tion, no specific angiographic or imaging criteria are given to corrobo-
rate the enzymatic, clinical, and ECG thresholds.

Enzyme Elevation and Evidence of Myonecrosis: The Value of 
Imaging Studies
Although substantial debate surrounds the clinical significance of 
minor biomarker elevation after PCI, solid evidence suggests that any 
biomarker level elevation following PCI corresponds to irreversible 
myocardial injury, both qualitatively and quantitatively. In a small 
study that used late gadolinium enhancement (LGE) on magnetic reso-
nance (MR) imaging to directly visualize areas of myonecrosis, Ric-
ciardi and colleagues14 reported MR evidence of LGE (equivalent to 

FIGURE 29-1	 A,	Apical	ventricular	short-axis	image	in	a	patient	showing	no	hyperenhancement	before	left	circumflex/obtuse	marginal	bifurcation	
percutaneous	coronary	intervention	(PCI).	B,	Image	demonstrates	two	regions	of	new	hyperenhancement	in	the	distribution	of	the	obtuse	marginal	
branch	artery	after	PCI	(arrows).	Correlation	between	24-hour	post-PCI	troponin	I	value	versus	mass	of	new	myocardial	hyperenhancement	both	
early	(C)	and	late	(D)	after	PCI.	(From	Selvanayagam	JB,	Porto	I,	Channon	K,	et	al:	Troponin	elevation	after	percutaneous	coronary	intervention	
directly	 represents	 the	extent	of	 irreversible	myocardial	 injury:	 insights	 from	cardiovascular	magnetic	 resonance	 imaging.	Circulation	111:1027-
1032,	2005.)
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persistent angiographic complications (e.g., large SBO, flow-limiting 
dissection, no-reflow phenomenon, or coronary thrombosis), CK-MB 
and/or troponin should be measured (class I recommendation). A class 
IIb recommendation is proposed for routine measurement of cardiac 
biomarkers in all patients after PCI.2 Using a lower biomarker cutoff 
value to define PMI increases its epidemiologic incidence.12,20 Other 
important factors that contribute to the heterogeneity of the conclu-
sions of the various published series include the widely disparate base-
line and procedural characteristics in the studied populations, inclusion 
or exclusion of patients with antecedent myocardial infarction, and the 
timing of blood sampling.5,16

Discrepancies may be found in the reported incidences of PMI 
according to the time frame in which various reports were published, 
the anticoagulation/antiplatelet therapy used, and the devices used  
for PCI. Large Q-wave PMIs were reduced from 2.1% in the Bypass 
Angioplasty Revascularization Investigation (BARI) trial population  
to 0.8% in BARI-like patients selected from the more contemporary 
National Heart, Lung, and Blood Institute (NHLBI) dynamic registry, 
in which the reduction was primarily driven by contemporary liberal 
use of stents that effectively treated abrupt closure and flow-limiting 
dissections.21 Additionally, in the Evaluation of Platelet IIb/IIIa Inhibi-
tor for Stenting (EPISTENT) randomized controlled trial,22 abciximab 
use reduced Q-wave PMI during stenting by more than 40% (1.4%  
vs. 0.8%).

UNDERLYING PATHOPHYSIOLOGIC MECHANISMS
MR myocardial imaging in patients who develop biomarker release 
after PCI reveals two different types of PMI, according to the distribu-
tion of hyperenhancement indicative of acute injury. In the more com-
monly seen distal type of PMI, hyperenhancement is in the distal 
distribution downstream from the treated segment. In the proximal 
type of PMI, the injury is primarily detected adjacent to the treated 

INCIDENCE
As with its definition, the reported incidence of PMI has varied widely 
from one published report to another (Table 29-2). This variation can 
be attributed to several factors, but the predominant predictors are  
the choice of biomarker assayed and the threshold value used to diag-
nose PMI.

In a randomized trial of PCI and coronary artery bypass grafting 
(CABG) for triple-vessel disease, 75% of PCI and 100% of CABG 
patients had biomarker level elevation despite successful revascu-
larization. Use of ultrasensitive troponin resulted in nearly all such 
patients reaching criteria for a type 4a MI, whereas using CK-MB,  
only about 15% were classified as such.17 In other studies composed of 
less complex patients, an appreciable elevation of cardiac troponin 
above the ULN following PCI was still noted in about 40% to 50%.18 
In one meta-analysis of 15 studies that included more than 7500 
patients with normal baseline troponin levels, troponin elevation 
occurred in 29% of the procedures.19 When applying the older univer-
sal definition of PMI (any troponin elevation > 3× URL), the incidence 
of PMI is 14.5%. In a patient series that excluded patients with initially 
positive markers, the average incidence of PMI using CK-MB, tropo-
nin T, and troponin I greater than the ULN was 23%, 23%, and 27%, 
respectively.16

When the incidence of PMI is reported for a consecutive series of 
patients undergoing PCI (irrespective of their clinical condition after 
the procedure), it is invariably higher than in other series, in which 
biomarkers were assayed only in patients who developed certain symp-
toms or signs of ischemia. This is the result of detection of a fairly larger 
proportion of clinically silent events, with small-magnitude biomarker 
release.7 The American College of Cardiology (ACC)/American Heart 
Association (AHA) PCI guidelines update published in 2011 recom-
mended that for those patients who have signs or symptoms suggestive 
of MI during or after PCI, or for asymptomatic patients with significant 

TABLE 29-2 Incidence of Periprocedural Myocardial Infarction in Selected Large Patient Series
Reference N Type of PCI Biomarker Definition of PMI Incidence of PMI (%)

Harrington	et	al6 1,012 PTCA
DCA

CK-MB	×2	ULN 3.8
10.3

Abdelmeguid	et	al7 4,664 PTCA,	DCA CK	2–5×	ULN 2.6

Ellis	et	al8 8,409 PCI CK-MB	>	8.8 17.2

Ghazzal	et	al9 15,637 PCI CK	1–2×	ULN 4.6
CK	>	3×	ULN 1.6

Simoons	et	al10 5,025 PTCA CK-MB	1–3×	ULN 13.2

Ioannidis	et	al11

Roe	et	al12 2,384 PCI CK-MB	1–3×	ULN 21.3
CK-MB	3–5×	ULN 6.0
CK-MB	5–10×	ULN 7.1
CK-MB	>	10×	ULN 9.5

Stone	et	al67 7,147 PTCA
Stent
Ablation
Ablation+stent

CK-MB	>	4 25.1
34.4
37.8
48.8

Natarajan	et	al161 1,128 PCI Tn	I	>	0.5 16.8

Nallamothu	et	al20 1,157 PCI Tn	I	1–3×	ULN 16.0
Tn	I	3–5×	ULN 4.6
Tn	I	5–8×	ULN 2.0
Tn	I	≥	8×	ULN 6.5

Cavallini	et	al18 3,494 PCI Tn	I	>	0.15 44.2
CK-MB	>	5 16.0

Testa	et	al162 7,578 PCI Tn	>	99%	URL 28.7
Tn	>	3×	URL 14.5

CK-MB,	Creatine	kinase	MB;	DCA,	directional	coronary	atherectomy;	PCI,	percutaneous	coronary	intervention;	PMI,	periprocedural	myocardial	 infarction;	PTCA,	percutaneous	transluminal	
coronary	angioplasty;	Tn,	troponin;	TnI,	trpononin	I;	ULN,	upper	limit	of	normal;	URL,	upper	reference	limit.
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degree of CK-MB release in 54 patients. In patients with unstable 
angina, the reduction in plaque volume was more significant, but more 
important, such reduction significantly correlated with CK-MB release 
even after adjusting for other variables that influence PMI. A more 
recent and sophisticated analysis of 62 patients undergoing complex 
PCI by Porto and colleagues23 demonstrated a significant association 
between the change in target lesion plaque area by IVUS and the mass 
of myonecrosis assessed by hyperenhancement on MR imaging after 
PCI. The authors also correlated impaired microvascular flow (throm-
bolysis in myocardial infarction [TIMI] perfusion grade 0 or 1) with 
MR evidence of hyperenhancement downstream from the treated 
segment, hence suggesting that particulate matter from the atheroscle-
rotic plaque disrupted by angioplasty drifts downstream and leads to 
microvascular obstruction and myonecrosis.

The development and clinical utilization of embolic protection 
devices (EPDs) has provided additional evidence of distal embolization 
because particulate matter from the atherosclerotic plaque subjected 
to angioplasty could be collected, measured, and analyzed. The embo-
lized material has been found to primarily consist of debris comprising 
atherosclerotic plaque and thrombotic elements, with particles that 
range in size from about 50 to more than 600 µm. Neutrophils and 
macrophages have also been identified. Although these devices are 
more frequently used in the setting of PCI in saphenous vein grafts 
(SVGs), distal embolization in routine native vessel PCI is probably 
just as common, with debris that is very similar in quantity and 
composition.26,27

The Role of the Platelet
Platelet activation plays a critical role in the development and perpetu-
ation of coronary microvascular obstruction following PCI. By defini-
tion, the interventional devices used to treat an epicardial stenosis will 
result in a break in the endothelial surface and a release of debris into 
the coronary bloodstream. The exposed intraplaque contents stimulate 
platelet activation and aggregation at the site of the PCI and probably 
also in the downstream microvasculature. Thus the platelet aggregates 
that plug the microcirculation not only cause mechanical obstruction 
but also lead to biochemical responses due to their interaction with the 
injured endothelium, the neutrophils, and more platelets. The release 
of vasoactive substances such as serotonin and endothelin-1 from the 
activated platelets and the injured endothelium lead to intense micro-
vascular vasoconstriction, which accentuates the ischemic injury and 
resultant myonecrosis.16,24

One study of aspirin resistance emphasized the role of platelet 
aggregation in the pathophysiology of PMI. Patients deemed to be 
resistant to aspirin therapy were found to have a significantly higher 
incidence of PMI defined as any increase in CK-MB (51.7% vs. 24.6%, 
P = .006).28 The odds of developing PMI in this cohort of 151 patients 
presenting for nonurgent PCI increased threefold if they were found 
to be aspirin resistant before the procedure.28

Periprocedural ST-Segment–Elevation Myocardial Infarction
A PCI-related infarction presenting with ST-segment elevation is 
caused by acute and total occlusion of a relatively sizable epicardial 
coronary branch. This is most commonly the result of abrupt closure 
of a branch or acute stent thrombosis. On occasion, embolization of 
large thrombus or atheroma may occlude the distal vessel and cause 
STEMI; such embolization is more common in degenerated SVG inter-
ventions than in native vessel interventions.

Other Pathophysiologic Mechanisms
Distal embolization of plaque debris and platelet activation, with all its 
local metabolic consequences, are probably the primary mechanisms 
leading to distal PMI in the absence of PCI complications such as side-
branch closure or flow-limiting dissections. However, other intriguing 
mechanisms may interact with embolism and platelet activation. These 

segment.14,23 Proximal PMI is usually linked to flow impairment in a 
side branch arising from the treated segment, whereas the more com-
monly seen distal PMI results from microvascular obstruction in the 
distribution of the artery subjected to PCI.

Distal Embolization and Periprocedural Myocardial Infarction
Although distal embolization associated with endothelial injury has 
been recognized for years, the importance of this phenomenon in rela-
tion to PCI was not fully appreciated until the last decade.24 Significant 
distal embolization can cause no-reflow phenomenon after PCI in large 
part as a result of microvascular dysfunction, because evidence of 
myocardial ischemia and reduced antegrade coronary flow are present 
in the absence of an occlusive epicardial stenosis or side-branch com-
promise. In a report of patients undergoing PCI for NSTEMI, those 
with a postprocedural troponin I elevation were significantly more 
likely to have reduced tissue-level perfusion than those without a tro-
ponin I elevation. Platelet aggregates have been identified in the distal 
microcirculation and in atherosclerotic debris retrieved from arteries 
downstream from the site of angioplasty using filter devices (Fig. 29-2).

Clinically, intravascular ultrasound (IVUS) studies provided 
further insight into the relationship between embolization of plaque 
material and PMI. Prati and coworkers25 examined the relationship 
between change in plaque volume before and after stenting and the 

FIGURE 29-2	 A,	 Histologic	 specimen	 of	 intramyocardial	 microvessel	
filled	with	platelets;	the	specimen	stained	positive	for	platelet	glycopro-
tein	 (GP)	 IIb/IIIa	 from	 a	 patient	 who	 suffered	 sudden	 cardiac	 death.		
B,	Atherosclerotic	particulate	embolic	material	retrieved	from	percutane-
ous	 coronary	 revascularization	 with	 an	 Angioguard	 guidewire	 filter.	
(From	Topol	EJ,	Yadav	JS:	Recognition	of	the	importance	of	emboliza-
tion	 in	 atherosclerotic	 vascular	 disease.	 Circulation	 101:570-580,	
2000.)
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Lesion-Related Risk Factors
SVG lesions are notorious for the risk of development of PMI, probably 
as a result of the increased incidence of both macroembolization and 
microembolization with subsequent slow flow and no-reflow phenom-
enon. In the absence of an EPD, the risk of PMI (defined as CK-MB 
>3× ULN) in the contemporary era can be as high 13.7%. This rate 
almost doubles if the threshold cutoff value to define PMI is any 
increase in CK-MB.35 The introduction of EPDs in the last few years 
has significantly reduced the risk of PMI in those patients.35-37

Several lesion characteristics are traditionally associated with a 
higher risk of PMI, primarily features suggestive of lesion instability 
such as eccentricity, irregular contour, or visible thrombosis. Complex 
lesions (ACC/AHA type C) usually contain one or more of those fea-
tures and are thus associated with a significantly increased risk of 
PMI.7,38 In a small study, the value of the Synergy Between Percutane-
ous Coronary Intervention With Taxus and Cardiac Surgery (SYNTAX) 
score in predicting PMI was assessed and compared with other lesion-
scoring systems. This particular angiographic scoring system expressed 
lesion severity and complexity, which can be estimates of disease sever-
ity. Not surprisingly, increasing SYNTAX scores were associated with 
increased risk of PMI. Using receiver operator curve (ROC) analysis, 
a score of 17 or higher predicted PMI with a sensitivity of 75% and a 
specificity of 70%.39

Lesions that involve the ostium of a major side branch are usually 
among the more complex lesion types and are more prone to result in 
PMI because of the higher risk of side-branch closure. Other lesion 
characteristics that confer a higher risk of PMI include those features 
that suggest a higher plaque burden such as multiplicity of lesions, long 
lesions, and diffusely diseased arteries. Lesions with a larger necrotic 
core, as identified by IVUS and virtual histology (IVUS-VH) imaging, 
may confer a higher risk of PMI; this is because the necrotic core 
components include fragile tissues such as foam cells, organized intra-
mural hemorrhage, and cholesterol crystals that may embolize and 
potentiate thrombosis.40 In this study, embolization of small particles 
liberated during stenting was detected as high-intensity transient 
signals (HITS) with a Doppler guidewire (Fig. 29-4). Tanaka and asso-
ciates41 utilized optimal coherence tomography (OCT) to image the 
culprit plaques in NSTEMI patients undergoing PCI. Plaques with 
thinner caps (<70 µ) and larger lipid cores (>90 degree arc of the vessel 

mechanisms have been suggested by analysis of coronary sinus blood 
samples obtained before and after PCI, thus reflecting the local meta-
bolic derangements that result from the intervention. For instance, 
evidence of neutrophil activation is present in the coronary sinus 
samples after PCI as is an increase in serum levels of C-reactive protein 
(CRP) and interleukin 6 (IL-6). The increase in inflammatory marker 
levels was associated with post-PCI troponin release.29 This demon-
strates a local inflammatory response at the level of the myocardium 
in response to PCI and suggests a potential contribution to the process 
of myocyte damage.16,29 Concentration of isoprostanes (stable end 
products of oxygen free radical–mediated lipid peroxidation) also 
increased in coronary sinus blood following PCI, which demonstrates 
an increase in oxygen free radical production during PCI.30 The extent 
to which this inflammatory response and increased oxidative stress 
contribute to myonecrosis remains unclear.

RISK FACTORS PREDISPOSING TO PERIPROCEDURAL 
MYOCARDIAL INFARCTION

Clinical trials to examine the role of newer interventional devices, 
glycoprotein (GP) IIb/IIIa inhibitors, and/or newer anticoagulants—as 
well as large PCI registries—have provided significant insight into the 
incidence and significance of PMI. Based on these studies, certain 
subsets of patients have been identified to be at higher risk of PMI. 
These subsets can be identified based on clinical, lesion-related, pro-
cedural, or device-related variables.

Clinical Characteristics
The risk of PMI is significantly increased in patients with evidence of 
more severe atherosclerotic disease. Multivessel and/or more diffuse 
coronary artery disease (CAD) is associated with an approximately 
50% increase in the relative risk of developing PMI.9,12,31 IVUS evidence 
of increased plaque burden is also a risk factor for development of 
PMI,23,25 which may explain why diabetics are at a higher risk.32 
Notably, evidence of advanced noncardiac atherosclerotic disease has 
been associated with an even higher relative risk of PMI.31 Other 
patient risk factors such advanced age and preexisting renal dysfunc-
tion are probably indicative of more advanced atherosclerotic disease.

The clinical presentation at the time of PCI may also play a role in 
determining the risk of PMI and other adverse events during and after 
the procedure. Patients with ACSs are more likely to develop PMI.16 
However, studies to examine the incidence of PMI in this patient 
population have been limited by methodologic difficulties. First, it is 
more complex to define PMI when patients present with elevated 
markers before PCI; therefore most of the studies on this topic excluded 
these patients from the analysis. Second, even if patients with elevated 
markers are excluded, it is conceivable that those with negative markers 
who were referred to PCI within minutes to hours of presentation may 
have been having a spontaneous infarction that was only appreciated 
after the PCI.12,16

A heightened systemic inflammatory state before PCI is also a 
major predictor of adverse outcomes, which include PMI. Most of the 
evidence in support of this hypothesis has been based on correlations 
between pre-PCI CRP levels and evidence of PMI. A small study of 85 
patients with stable angina undergoing PCI demonstrated that PMI, 
defined by an elevated troponin level, is significantly more frequent in 
patients with elevated CRP (46% of those with elevated CRP, but only 
18% of those with a normal CRP, developed the complication).33 Chew 
and colleagues34 examined the relationship between preprocedural 
CRP and the adverse events (death and MI) in the first 30 days follow-
ing PCI in a larger series of 727 consecutive patients. The highest 
quartile of CRP was predictive of worse outcome (odds ratio [OR], 
3.68; 95% confidence interval [CI], 1.5 to 9.0) and that association 
persisted even after adjusting for other variables that influence outcome. 
The event-free survival curves separated within 24 hours and were 
primarily driven by a reduction in MI, suggesting that patients with 
elevated CRP are more susceptible to development of PMI (Fig. 29-3).

FIGURE 29-3	 Kaplan-Meier	survival	curves	 for	30-day	death	or	myo-
cardial	 infarction	 (MI)	 stratified	by	baseline	C-reactive	protein	 (CRP).	
The	majority	of	the	events	and	the	separation	of	the	curves	occur	within	
the	first	one	 to	 two	days;	 that	 is,	 the	difference	 is	primarily	driven	by	
the	incidence	of	periprocedural	myocardial	infarction.	(From	Chew	DP,	
Bhatt	DL,	Robbins	MA,	et	al:	 Incremental	prognostic	value	of	elevated	
baseline	C-reactive	protein	among	established	markers	of	 risk	 in	per-
cutaneous	coronary	intervention,	Circulation	104:992-997,	2001.)
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major side branch (>1 mm), and most occur after poststent high-
pressure dilation. Side branches that arise from within native coronary 
artery lesions are at a fivefold to tenfold higher risk for occlusion. Other 
predictors include branch ostial disease, branch artery size, and 
balloon/artery ratio. Proposed mechanisms for SBO include plaque 
shift (the so-called snowplow effect), branch artery ostial dissection or 
spasm, and/or thrombus formation.45 A major SBO can be associated 
with large (possibly Q-wave) infarctions, but even smaller SBOs have 
been associated with evidence of small areas of MR hyperenhance-
ment, diagnostic of small areas of PMI. The distribution of hyperen-
hancement in these cases is different from that seen with distal 
embolization downstream of the target lesion for PCI. With SBO, 
hyperenhancement is adjacent, rather than distal to, the location of the 
PCI. The likelihood of development of new hyperenhancement 
increases 16-fold when SBO can be angiographically recognized.23

Some intriguing observations have been made regarding SBO and 
PMI in the era of PCI for complex lesions using drug-eluting stents. 
In the Randomized Trial Evaluating Slow-Release Formulation TAXUS 
Paclitaxel-Eluting Coronary Stents to Treat De Novo Coronary Lesions 
(TAXUS V) trial, which randomized 1172 patients to receive a 
paclitaxel-eluting or a bare-metal stent, complex lesion subsets (>35% 
type C) were treated in both groups, and more than 30% of patients 
received more than one stent. In the subgroup of patients who received 
multiple stents, the incidence of 30-day MI was significantly higher 

circumference) were more highly associated with periprocedural 
no-reflow phenomenon.

Procedural Complications and Risk of Periprocedural 
Myocardial Infarction
Side-branch occlusion, flow-limiting dissections, and transient abrupt 
closure have been the most recognizable procedural complications that 
result in relatively large PMIs.7,9,38,42 However, these complications are 
rare, and most detected PMIs follow routine procedures with no 
obvious angiographic complications.16,24 With universal availability of 
stents and their routine use, abrupt closure has become quite rare—
fewer than 1% of cases in contemporary PCI.24 The effectiveness of 
stenting and the availability of potent antiplatelet therapies are prob-
ably the primary mechanisms by which large (Q-wave) PMIs and need 
for emergent coronary surgery have been reduced by almost 50%.21,43 
Abrupt closure and no-reflow phenomenon have not been found to 
affect outcome when treated promptly, with no subsequent PMIs.42

SBO has been and remains the most common angiographically 
recognizable procedural complication to result in PMI.7,9 Unlike abrupt 
closure, the incidence of SBO has not decreased with routine use of 
coronary stenting. In fact, with increasing stent use, SBO has become 
the most likely cause of acute occlusion during PCI.44 SBO has been 
reported in 13% to 19% of cases in which a stent was placed across a 

FIGURE 29-4	 Plaques	with	a	larger	necrotic	core,	as	identified	by	intravascular	ultrasound	and	virtual	histology	(IVUS-VH)	imaging,	are	more	likely	
to	 cause	distal	 embolization.	 The	 largely	 fibrotic	 plaque	with	minimal	 necrotic	 core	 (top	 left)	 results	 in	minimal	 high-intensity	 transient	 signals	
(HITS;	top	right)	detected	by	a	Doppler	wire	placed	distal	to	the	lesion	during	stenting.	Conversely,	stenting	of	a	plaque	with	a	larger	necrotic	core	
(bottom	left)	results	in	significantly	more	HITS.	(From	Kawamoto	T,	Okura	H,	Koyama	Y,	et	al:	The	relationship	between	coronary	plaque	charac-
teristics	and	small	embolic	particles	during	coronary	stent	implantation.	J	Am	Coll	Cardiol	50:1635-1640,	2007.)
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about the pathophysiologic mechanisms that underlie this association 
and also the definition and size of PMI that would confer such increased 
risk. However, convincing evidence suggests that any PMI is associated 
with some degree of increased risk of death, particularly with longer 
follow-up durations.

The pioneering work of Abdelmeguid and coworkers7 demon-
strated that CK and CK-MB elevation after PCI (primarily balloon 
angioplasty and DCA in this report) are associated with an approxi-
mate 30% relative increase in 3-year mortality. Three-year follow-up of 
the Evaluation of 7E3 for the Prevention of Ischemic Complications 
(EPIC) trial patients, who underwent angioplasty and DCA as well, 
revealed an incremental long-term risk of death with increasing degrees 
of PMI. Among the 2001 patients enrolled in the trial, the mortality 
risk increased from 7.3% in those with no CK elevation to 13.1% when 
CK was greater than three times the ULN and again to 16.5% with CK 
greater than 10 times the ULN.57 In the EPISTENT trial, in which 
stenting was routinely used in two thirds of the patients, the 1-year 
mortality doubled between patients with minimal to no PMI (CK-MB 
>1× ULN) to those with CK-MB greater than three to ten times the 
ULN (1.5% vs. 3.4%).22 Subsequently, similar conclusions were made 
by examining outcomes of patients enrolled in PCI clinical trials and 
large-scale single-center patient registries (see Table 29-2).6,8,9,12,22,58

Although the association between PMI and mortality has not been 
disputed, the mechanisms that can explain this association are not 
clear. The magnitude of myonecrosis is limited, but it may provide a 
nidus for arrhythmogenesis. On the other hand, it has been suggested 
that the association between PMI and late mortality merely represents 
a reflection of increased risk in a group of patients with more advanced 
disease.5 The latter hypothesis can be criticized by the fact that aggres-
sive preprocedural platelet inhibition (by thienopyridine pretreatment 
or IV GP IIb/IIIa inhibitors) reduces PMI and subsequent risk of death 
and adverse events, suggesting that this is a modifiable risk.

The threshold above which a PMI is considered prognostically sig-
nificant has been a subject of some debate. It has been traditional to 
consider a PMI when the CK-MB exceeds three times the ULN, 
although the recent PCI guidelines suggest CK-MB greater than five 
times the ULN should be the threshold for defining a PMI.59 In the 
large series of Ghazzal and colleagues,9 minor elevation of total CK 
(<3× ULN) did not confer a statistically significant increase in risk of 
late mortality. Brener and coworkers60 suggested that only massive 
CK-MB release (>10× ULN) predicts an increased risk of death over a 
3-year period. However, strong evidence shows that smaller CK-MB 
elevations are associated with increasing risk of death. Abdelmeguid 
and colleagues7 examined that question specifically and concluded that 
any increase in CK-MB above normal limits confers some degree of 
risk. In a later meta-analysis, any increase in CK-MB, even less than 
three times the ULN, was associated with a statistically significant 
increase in the risk of death (OR 1.5). Patients with a CK-MB level 
three to five times the ULN and those with levels more than five times 
the ULN had an even higher relative risk of dying over the 3-year 
follow-up.11 Similarly, in the large meta-analysis by Roe and col-
leagues,12 the increased mortality risk was associated with increasing 
CK-MB expressed as a continuous variable—that is, with no specific 
thresholds above or below which the risk changes (Fig. 29-5). A more 
recent analysis of 5268 patients undergoing elective PCI, using both 
troponin T and CK-MB postprocedure levels, demonstrated an asso-
ciation of the elevated biomarker levels with 3-month mortality. The 
optimal thresholds that predicted mortality in this analysis were tro-
ponin T greater than 25 times the ULN and CK-MB greater than five 
times the ULN.61

Frequently, very large PMIs (i.e., CK-MB levels > 8 to 10× ULN) 
are associated with significant complications or an unsuccessful pro-
cedural result. The association between PMI and mortality has been 
attributed to the impact of an unsuccessful procedure on mortality and 
not to an independent effect. In a study of approximately 6000 patients, 
the incidence of PMI was three times more frequent when the proce-
dure was unsuccessful, and the size of the infarction was also signifi-
cantly larger. After adjusting for the success of the procedure—defined 

with paclitaxel-eluting stents (8.3% vs. 3.3%, P = .047). Core laboratory 
angiographic analysis of this patient subset revealed a significantly 
higher incidence of side-branch compromise or occlusion with 
paclitaxel-eluting stents than with bare-metal stents (42.6% vs. 30.6%, 
P = .03), resulting a higher incidence of less than TIMI grade 3 flow in 
the paclitaxel-eluting stent group. Why paclitaxel-eluting stents are 
associated with more side-branch compromise and subsequent PMI 
remains unclear. Possible explanations include the increasing thickness 
of the stent struts caused by the drug-eluting polymer, increased plate-
let deposition, and/or paclitaxel-induced spasm.46 A comparison of 
paclitaxel- and everolimus-eluting stents demonstrates the importance 
of the strut and polymer thickness. A post-hoc analysis of the Clinical 
Evaluation of the Investigational Device XIENCE V Everolimus-
Eluting Coronary Stent System in the Treatment of Subjects With de 
Novo Native Coronary Artery Lesions (SPIRIT III) randomized trial47 
compared the incidence of PMI in 113 patients who received the 
thinner strut and thinner polymer everolimus-eluting stent to 63 
patients who received the paclitaxel-eluting stent, in whom a small side 
branch was “jailed” by the deployed stent. PMI defined as any increase 
in CK-MB above the ULN was much lower in the everolimus-eluting 
stent group (9.0% vs. 29.7%, P = .01).

Risk of Periprocedural Myocardial Infarction by  
Interventional Device
Some of the earliest investigations to spark interest in PMI and its 
significance were in the context of comparing newer interventional 
devices to standard balloon angioplasty. Data from the Coronary 
Angioplasty Versus Excisional Atherectomy Trial (CAVEAT-I) dem-
onstrated that directional coronary atherectomy (DCA) was associated 
with more abrupt closure, evidence of PMI, and subsequently a higher 
rate of clinical adverse events compared with balloon angioplasty.6,48 
These findings were confirmed in the Balloon Versus Optimal Ather-
ectomy Trial (BOAT), in which a more refined technique of DCA was 
supposed to demonstrate its superiority to percutaneous transluminal 
coronary angioplasty (PTCA). However, the incidence of PMI was still 
significantly higher with DCA than with PTCA (16% vs. 6%).49 DCA 
is associated with more distal embolization, particularly in SVG inter-
ventions.50 There is also evidence of a higher degree of platelet activa-
tion with DCA,51 with its subsequent mechanical obstruction and 
thrombotic and inflammatory responses in the downstream microcir-
culation. Similarly, owing to its mechanism of action, rotational ather-
ectomy is associated with more platelet activation and more distal 
embolization of plaque debris than balloon angioplasty.52

Although the routine use of coronary stents has dramatically 
reduced the incidence of most PCI complications—such as abrupt 
closure, flow-limiting dissections, need for emergent bypass surgery, 
and restenosis—stenting increases the incidence of PMI compared 
with balloon angioplasty, with a relative risk increase of about 20%.16,24,53 
In patients who underwent PCI of the left anterior descending coro-
nary artery (LAD) and were randomly assigned to balloon angioplasty 
or stenting, evidence was found of a higher degree of platelet and 
neutrophil surface activation after stenting.54 High-pressure inflations 
aiming to overexpand stents and reduce restenosis can actually lead to 
higher CK-MB levels. In a study of approximately 1000 patients under-
going IVUS-guided stenting, the incidence of PMI (defined as CK-MB 
3× ULN) was 16%, 18%, and 25% in three groups of patients, in whom 
the final stent/reference lumen area was less than 70%, 70% to 100%, 
and greater than 100%, respectively.55 Increasing stent length was also 
associated with increased biomarker release in a smaller study of 
patients who underwent elective PCI.56

PROGNOSTIC IMPLICATIONS OF PERIPROCEDURAL 
MYOCARDIAL INFARCTION

Although much controversy surrounds the definition and prevalence 
of PMI with everyday PCI, there is no dispute that significant PMI is 
associated with an increased mortality risk. Controversy still exists 
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significance. In this analysis of the 1-year follow up of the ACUITY 
patients, development of a spontaneous MI was significantly associated 
with mortality, whereas a postprocedural MI was not.63

PREVENTION AND MANAGEMENT OF 
PERIPROCEDURAL MYOCARDIAL INFARCTION

In the majority of cases of PMI, the event is clinically silent and the 
diagnosis is made on the basis of routine collection of cardiac biomark-
ers after PCI. Therefore little can be done to treat the event by any 
specific measures different from those that should be used with any 
patient undergoing PCI—that is, effective beta-blockade, antiplatelet 
therapy, lipid lowering, and aggressive risk-factor control. During the 
procedure, recognition of a side-branch closure usually prompts an 
attempt at restoration of flow in that branch by balloon angioplasty and 
stenting if necessary. If distal embolization of thrombus is seen to 
impair distal flow, aspiration thrombectomy and/or intracoronary (IC) 
fibrinolytic therapy may improve flow. Embolization of atheromatous 
debris is not likely to respond to pharmacologic agents.64 IC injection 
of vasodilators such as nitroglycerin, calcium channel blockers, nitro-
prusside, or adenosine can also improve flow by relieving arteriolar 
spasm and recruiting a larger microvascular bed. Whereas these 
maneuvers can improve epicardial flow, it is not clear whether they  
will impact the size or the prognostic significance of the PMI.65,66 After 
the procedure, and in the event of a relatively large PMI (e.g., CK-MB 
≥ 5× ULN), an additional day of telemetry monitoring and more ade-
quate beta-blockade (with a target heart rate of about 60 beats/min) 
may be indicated.

Given the adverse prognostic implications, it is significantly more 
important to develop strategies to prevent, rather than treat, PMI.  
Successful strategies to prevent PMI include pharmacologic and non-
pharmacologic approaches. The primary pharmacologic interventions 
that have achieved significant success include aggressive antiplatelet 
therapy (primarily IV GP IIb/IIIa inhibitors and oral thienopyridine 

as residual stenosis of less than 50%, achievement of TIMI grade 3 flow, 
absence of significant residual dissection, no need for urgent revascu-
larization, and no stent thrombosis within 24 hours—the presence or 
absence of PMI was not statistically related to 1-year mortality.62 
However, the study only examined 1-year mortality, and in many 
investigations that have examined PMI, the effect on mortality was 
observed with longer-term follow-up. In addition, the initial studies by 
Abdelmeguid and colleagues7,38 that established a relationship between 
PMI and death have excluded unsuccessful procedural results from 
their analyses. In the recent CK-MB and PCI study18 to examine the 
significance of post-PCI troponin elevation, unsuccessful procedures 
doubled the odds of 2-year mortality; yet the effect of post-PCI CK-MB 
levels remained a strong and significant predictor of mortality.

The association between mortality and PMI defined by elevated 
serum troponin levels has been studied, although less extensively. The 
updated PCI guidelines propose that a PMI becomes clinically signifi-
cant if the troponin level exceeds five times the ULN. In a study of 1157 
patients (>77% receiving stents), 1-year mortality risk increased only 
in the group of patients with troponin I levels eight or more times the 
ULN (≥16 ng/mL).20 However, in a large multicenter prospective study 
of almost 3500 patients that addressed the significance of post-PCI 
troponin levels, a statistically significant association was found between 
troponin I elevation and 2-year mortality. As expected, the incidence 
of troponin I elevation after PCI was significantly higher than that of 
CK-MB, indicating the higher sensitivity of troponin I in detecting 
myonecrosis. Yet this high sensitivity appears to reduce the ability of 
troponin elevation to predict prognosis.18 As for troponin T, a thresh-
old of greater than 25 times the ULN appears similar to a CK-MB 
threshold of five times the ULN in predicting 90-day mortality.61

A contemporary analysis on the prognostic significance of PMI in 
patients from the Acute Catheterization and Urgent Intervention 
Triage Strategy (ACUITY) trial suggests that PMI is a marker of  
baseline risk, atherosclerosis burden, and procedural complexity but  
in most cases does not appear to have independent prognostic 

FIGURE 29-5	 Top:	 Kaplan-Meier	 curves	 for	 6-month	 unadjusted	
mortality	after	percutaneous	coronary	 intervention	(PCI)	 for	 incre-
ments	of	post-PCI	creatine	kinase	MB	(CK-MB).	Bottom:	Continu-
ous	unadjusted	 relationship	between	peak	CK-MB	 (expressed	as	
times	the	upper	limit	of	normal	[×ULN])	and	6	months	mortality.	
The	thin	or	blue	lines	represent	the	95%	confidence	intervals.	(From	
Roe	MT,	Mahaffey	KW,	Kilaru	R,	et	al:	Creatine	kinase-MB	elevation	
after	percutaneous	coronary	intervention	predicts	adverse	outcomes	
in	patients	with	acute	coronary	syndromes.	Eur	Heart	 J	25:313-
321,	2004.)
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which examined the role of tirofiban in patients with ACSs, a small  
but significant reduction was seen in PMI at the 48-hour mark. 
However, no statistically significant difference was seen in the inci-
dence of the primary end point (30-day death, MI, or revascularization 
for recurrent ischemia and use of stents for threatened or abrupt 
closure) between tirofiban and placebo. With the higher-dose tirofiban 
bolus, a small study of 202 high-risk patients undergoing PCI demon-
strated that PMI defined by troponin rise decreased by about 34% and 
average CK-MB level (expressed in absolute units) was reduced by 
more than 50%.72

Direct Thrombin Inhibitors (Bivalirudin)
Although it has been clearly established that intensive platelet inhibi-
tion does result in reduced PMI, concern has been raised about excess 
bleeding risk caused by such strategies. Recent focus on bleeding com-
plications demonstrates a significant adverse prognostic implication to 
periprocedural bleeding on outcome, with convincing evidence of 
increased 1-year mortality in patients who suffer an early bleeding 
complication.73 This recognition has encouraged the use of the direct 
thrombin inhibitor bivalirudin as the primary anticoagulant during 
PCI over the last several years. Large trials to compare bivalirudin with 
a combination of heparin and GP IIb/IIIa inhibitors demonstrated 
noninferiority of bivalirudin in reducing PMI and its clear superiority 
in reducing bleeding complications. It thus seems to strike a reasonable 
balance between reducing PMI and other ischemic complications 
without paying a price in the form of excess bleeding. In the Random-
ized Evaluation in PCI Linking Angiomax to Reduced Clinical Events 
(REPLACE-2) trial, which examined the role of bivalirudin in low-risk 
PCI patients, the incidence of PMI was slightly higher, but not statisti-
cally significant, in the bivalirudin arm: 7.0% compared with 6.2% in 
the control arm of heparin and GP IIb/IIIa inhibitors.74 In another 
large randomized trial of over 4500 low-risk PCI patients (those with 
stable clinical presentations), bivalirudin therapy was compared with 
unfractionated heparin, and both groups were preloaded with oral 
aspirin and clopidogrel. Neither anticoagulant strategy was superior in 
reducing ischemic complications (PMI 5.6% with bivalirudin vs. 4.8% 
with heparin), but bleeding complications were reduced in the bivali-
rudin arm (3.1% vs. 4.6%, P = .008).75

In the ACUITY trial, approximately 14,000 ACS patients treated 
with an early invasive strategy were randomized to one of three anti-
thrombotic regimens: heparin plus a GP IIb/IIIa inhibitor; bivalirudin 
plus a GP IIb/IIIa inhibitor; or bivalirudin alone. Comparing those 
who received heparin and GP IIb/IIIa inhibitors to those who received 
bivalirudin alone, no difference was found in ischemic events, but 
bleeding complications were reduced by almost 50% at 30 days (5.7% 
vs. 3.0%, P < .001 for noninferiority, P < .001 for superiority of 
bivalirudin).76

inhibitors) and statin therapy. Nonpharmacologic approaches include 
the use of EPDs in the setting of SVG intervention. Collectively, these 
therapies are integrated to prevent or at least reduce distal embolization 
and to protect the myocardium.

Intravenous Glycoprotein IIb/IIIa Platelet Inhibitors
Periprocedural utilization of GP IIb/IIIa platelet inhibitors provides 
immediate and near-complete inhibition of platelet aggregation. The 
IV administration of the appropriate doses and the targeting of the 
final common receptor for the aggregation process (the GP IIb/IIIa 
receptor) ensure both an extremely high bioavailability and a very 
predictable and complete response. Abciximab, the prototype of this 
class of antiplatelet agents, has been shown in multiple clinical trials to 
reduce the incidence of post-PCI myonecrosis. In the seminal trials 
(EPIC, Evaluation in PTCA to Improve Long-Term Outcome With 
Abciximab GP IIb/IIIa Blockade [EPILOG], and EPISTENT), the 
cutoff for defining PMI was CK-MB levels three times the ULN. The 
relative risk reduction in MI at 30 days ranged between 40% and 60%, 
with the curves separating as early as the first day, thus indicating a 
significant reduction in PMI.37,67 In EPISTENT, administration of 
abciximab significantly reduced the risk of a larger PMI (CK-MB >5× 
ULN) irrespective of the device used, stent or balloon angioplasty (Fig. 
29-6).22 In the c7E3 FAB Antiplatelet Therapy in Unstable Refractory 
Angina (CAPTURE) trial,68 refractory unstable angina patients were 
randomized to receive abciximab or placebo many hours before and 
during PCI. In this trial, the incidence of MI in the hours before 
undergoing PCI was reduced significantly in the abciximab arm. Addi-
tionally, the incidence of PMI was reduced by more than 50% in the 
abciximab arm (2.6% vs. 5.5%, P = .009). With rotational atherectomy, 
which consistently results in distal microembolization, abciximab 
bolus and infusion demonstrated a significant advantage over antico-
agulation alone in reducing postprocedural CK and CK-MB rise.52

Similar effects have been demonstrated with the synthetic small-
molecule GP IIb/IIIa inhibitors, eptifibatide and tirofiban. The impact 
of eptifibatide on PMI was significantly better when the dosing regimen 
was adjusted from one bolus in the Platelet Glycoprotein IIb/IIIa in 
Unstable Angina: Receptor Suppression Using Integrilin Therapy 
(PURSUIT) PCI trial69 to the double-bolus regimen followed in the 
Enhanced Suppression of the Platelet IIb/IIIa Receptor with Integrilin 
Therapy (ESPRIT) trial,70 thus emphasizing the importance of the 
near-complete inhibition required if an impact on distal embolization 
is to be expected. In the PURSUIT trial, the incidence of PMI was 
reduced by 25%, whereas the reduction with the double-bolus regimen 
was 40%. In both trials, PMI was defined as CK-MB greater than three 
times the ULN, and the incidence of PMI in the placebo group was 
very similar in both trials—about 9%. Similarly, in the Randomized 
Efficacy Study of Tirofiban for Outcomes and Restenosis (RESTORE),71 

FIGURE 29-6	 Kaplan-Meier	estimates	and	hazard	ratios	(95%	confidence	interval	[CI])	for	myocardial	infarction	in	the	EPISTENT	trial.	(From	the	
EPISTENT	investigators:	Randomized	placebo-controlled	and	balloon-angioplasty-controlled	trial	to	assess	safety	of	coronary	stenting	with	use	of	
platelet	glycoprotein-IIb/IIIa	blockade.	Evaluation	of	Platelet	IIb/IIIa	Inhibitor	for	Stenting	[EPISTENT].	Lancet	352:	87-92,	1998.)
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MI, or urgent revascularization at 30 days was reduced by 66% in the 
high-loading-dose arm (4% vs. 12%, P =.04). The benefit was almost 
entirely due to the marked reduction in PMI; a reduction of approxi-
mately 50% in a multivariate model adjusting for all variables that 
influence the incidence of PMI (OR, 0.48; 95% CI, 0.15 to 0.97;  
P = .044).82 It remains controversial whether a higher loading dose of 
clopidogrel (900 mg) can lead to further improvement in PMI and 
other ischemic complications.83,84

The main criticism of the routine clopidogrel preloading strategy 
in patients undergoing coronary angiography is that a fraction of the 
patients will be referred to bypass surgery; these patients will have an 
increased risk of bleeding unless their bypass surgery is postponed for 
at least 5 days. Thus the Antiplatelet therapy for Reduction of MYocar-
dial Damage during Angioplasty (ARMYDA)-5 PRELOAD trial tested 
the strategy of high-dose clopidogrel loading in the catheterization 
laboratory against high-dose preloading that was previously estab-
lished. In this trial, 409 patients were randomized to receive a 600-mg 
preloading dose 4 to 8 hours before PCI or a 600-mg loading dose in 
the catheterization laboratory after obtaining diagnostic angiograms. 
The study revealed no difference in incidence of PMI between the two 
strategies (8.8% in laboratory vs. 9.3% preload groups, P = .99).85 Point-
of-care testing demonstrated that platelet reactivity remained high 
during the PCI and for the 2 hours that followed in patients treated in 
the catheterization laboratory, which is not consistent with the previ-
ously established association between better platelet inhibition and 
reduced incidence of PMI. The study was also criticized for the small 
sample size, which makes it underpowered to detect a difference 
between the groups.86

As the evidence for the effective platelet inhibition caused by clopi-
dogrel mounted, questions arose regarding the need for the more 
expensive IV GP IIb/IIIa inhibitors in PCI. In sequential investigations, 
the Intracoronary Stenting and Antithrombotic Regimen Rapid Early 
Action for Coronary Treatment (ISAR-REACT) trials, the interaction 
between clopidogrel loading and abciximab infusion for peri-PCI 
platelet inhibition was examined in low-risk and then in higher-risk 
patient populations. In ISAR-REACT 1, more than 1000 stable patients 
were randomized to receive clopidogrel loading plus placebo versus 
clopidogrel loading plus abciximab bolus and infusion. At 30 days, no 
statistically significant difference was found between the two groups in 
the incidence of MI or death.87 However, the very low incidence of 
adverse events in the placebo group diminished the statistical power 
of the study to detect differences between the groups. In the following 

In a prespecified analysis, the outcomes of the 7789 ACUITY 
patients who underwent PCI were analyzed according to the antico-
agulation regimen they received. The results mirrored those of the 
main trial: no difference was found in PMI or other ischemic events, 
but a statistically significant reduction in bleeding complications was 
noted, leading to improved net clinical benefit in favor of bivalirudin 
alone. A post-hoc analysis of this subset demonstrated an important 
interaction between clopidogrel pretreatment and the choice of anti-
coagulant strategy. Of the 7789 PCI patients, 129 did not receive any 
clopidogrel, and 3493 received clopidogrel before angiography, 1572 at 
the time of PCI and 814 after PCI. Patients who received clopidogrel 
before angiography or within 30 minutes of PCI had similar ischemic 
complications, whether they were randomized to bivalirudin or 
heparin and GP IIb/IIIa inhibitors. However, when clopidogrel was not 
given, or when it was given more than 30 minutes after PCI, those 
randomized to bivalirudin experienced a higher incidence of ischemic 
events, mostly in the form of PMI (14.1% vs. 8.5%; risk ratio [RR], 1.7; 
95% CI, 1.05 to 2.63).77 This interaction between timing of clopidogrel 
therapy and bivalirudin use emphasizes the need for an effective anti-
platelet therapy when direct thrombin inhibitors are used during PCI.

P2Y12 Platelet Inhibitors
The proven benefit of IIb/IIIa platelet inhibitors in reducing PMI 
further supports the central role of platelet aggregation/activation in 
the pathophysiology of PMI. This is also further emphasized by the 
very high incidence of PMI and other adverse cardiac events in patients 
with aspirin resistance. Thus dual-antiplatelet therapy (DAPT) at the 
time of PCI has been advocated. The timing and dosing of these agents 
seems to have a significant impact on PMI and other post-PCI adverse 
events. Steinhubl and colleagues78 reported a significant reduction in 
the incidence of PMI with pre-PCI administration of ticlopidine. The 
longer the duration of therapy, the lower the incidence was; and among 
patients pretreated with ticlopidine, the odds ratio for development of 
PMI was 0.18 when the duration of pretreatment was 3 or more days. 
Subsequently, the questions of dosing and duration of pretreatment 
with another thienopyridine inhibitor, clopidogrel, were addressed in 
the Clopidogrel for Reduction of Events During Observation (CREDO) 
trial. The study randomized patients undergoing elective PCI to receive 
a 300-mg clopidogrel loading dose or placebo 3 to 24 hours before PCI. 
All patients were taking aspirin, and most of them did undergo PCI. 
A second randomization to 28 days versus 9 months of DAPT was 
performed for those in the clopidogrel arm. The results demonstrated 
a reduction in 30-day major adverse events (primarily early MIs) only 
in patients who received the loading dose 6 or more hours before PCI 
(Fig. 29-7).79 Thus the timing of the loading dose significantly impacted 
the beneficial effect of thienopyridine on PCI outcomes. In the Clopi-
dogrel in Unstable Angina to Prevent Recurrent Events (CURE) trial, 
30% of patients underwent PCI at the discretion of the treating cardi-
ologists. This PCI subgroup included 2658 patients with NSTEMI from 
non-U.S. centers where the time between admission for ACS and PCI 
averaged 10 days. In this setting, the 30-day incidence of MI was 
reduced by more than 50% in patients who received clopidogrel (2.9% 
vs. 6.2%), suggesting that a longer duration of pretreatment, particu-
larly in high-risk patients, is associated with better protection against 
procedure-related MI.80

Several groups have demonstrated that a higher loading dose 
(600 mg) of clopidogrel can achieve two important goals: it can reach 
higher levels of platelet inhibition and can achieve that target within 2 
hours of oral administration.81 The improved efficacy of the higher 
loading dose is at least partly attributed to the fact that about one third 
of patients do not adequately respond to the inhibitory effect of the 
300 mg dose.81 The Antiplatelet Therapy for Reduction of Myocardial 
Damage During Angioplasty (ARMYDA-2) trial established the supe-
riority of the 600-mg loading dose of clopidogrel in reducing PMI and 
improving 30-day outcomes. This study enrolled 255 patients undergo-
ing PCI and randomized them to 300-mg versus 600-mg loading doses 
of clopidogrel 4 to 8 hours before PCI. The primary end point of death, 

FIGURE 29-7	 The	 28-day	 combined	 end	 point	 (death,	 myocardial	
infarction,	urgent	revascularization)	in	the	CREDO	trial,	stratified	by	use	
and	timing	of	clopidogrel	loading	dose.	The	curves	separate	within	48	
hours,	primarily	because	of	differences	 in	 incidence	of	periprocedural	
myocardial	 infarction.	 (From	 Steinhubl	 SR,	 Berger	 PB,	 Mann	 JT	 3rd,	
et	al:	Early	and	sustained	dual	oral	antiplatelet	 therapy	 following	per-
cutaneous	 coronary	 intervention:	 a	 randomized	 controlled	 trial,	 JAMA	
288:2411-2420,	2002.)
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myonecrosis was reduced by statin therapy from 52% to 24%, and the 
incidence of PMI (CK-MB ≥ 3× ULN) was reduced from 22% to 
7.5%.98 These observations were eventually confirmed in two prospec-
tive randomized trials. In both trials, statin therapy was started several 
days before scheduled PCI in the active therapy arm. In one report on 
451 patients, statin therapy was not restricted to any specific agents. 
Median post-PCI troponin level was 0.13 ng/mL in the statin group 
and 0.21 ng/mL in the control group (P = .03). Similarly, the incidence 
of troponin I more than five times the ULN was significantly reduced 
with statin therapy (23.5% vs. 32% in the control group, P = .04).99 In 
the similarly designed Atorvastatin for Reduction of Myocardial 
Damage During Angioplasty (ARMYDA) trial, a smaller number of 
stable angina patients were randomized to receive atorvastatin versus 
placebo. A greater than 50% reduction was reported in incidence of 
PMI, as measured by CK-MB, troponin I, or myoglobin in the atorv-
astatin group.100 In ARMYDA-2, an incremental benefit of statin and 
high-dose loading clopidogrel was found that led to a more impressive 
80% reduction in PMI.82

A subgroup analysis of the ARMYDA trial confirms the antiinflam-
matory role of statins in reducing myonecrosis after PCI. In 138 
patients, serum levels of adhesion molecules—intracellular adhesion 
molecule (ICAM), vascular cell adhesion molecule (VCAM), and 
e-selectin—were similar in patients in the atorvastatin group and the 
placebo group before PCI. Yet after PCI, the rise in ICAM and e-selectin 
were significantly attenuated with atorvastatin therapy. This attenuated 
rise in adhesion molecules paralleled the protective effect against myo-
necrosis, providing some evidence that the antiinflammatory effect of 
statins contributes to their observed protective effect against myone-
crosis and early mortality, which cannot be attributed to its HMG-CoA 
reductase inhibitory effect.101

The impact of high-dose statin therapy can be demonstrated within 
days, confirming the existence of mechanisms of action other than 
lipid lowering. The Novel Approaches for Preventing or Limiting 
Events (Naples II) trial102 recently reported that a single, high (80 mg) 
loading dose (within 24 h) of atorvastatin reduces the incidence of PMI 
in elective PCI. The incidence of PMI was 9.5% in the atorvastatin 
group and 15.8% in the control group (OR, 0.56; 95% CI, 0.35 to 0.89; 
P = .014).

Because most patients undergoing PCI are already on statins, the 
question of pretreatments seemed irrelevant. However, pleiotropic and 
antiinflammatory effects of statins seem to diminish with time. The 
Atorvastatin for Reduction of Myocardial Damage During Angioplasty–
Acute Coronary Syndromes (ARMYDA-RECAPTURE) clinical trial103 
randomized more than 380 patients undergoing PCI to an intensive 
“reloading” of atorvastatin (80 mg 12 h before and 40 mg immediately 
before PCI) and a standard therapy group (standard daily dose of 
atorvastatin). All patients were pretreated with clopidogrel and aspirin. 
At 30 days, a significant reduction was observed in the composite end 
point in favor of atorvastatin reloading. The incidence of any postpro-
cedure elevation in CK-MB and troponin was significantly lower in the 
reloading group (13% vs. 24%, P = .017, and 37% vs. 49%, P = .021, 
respectively). Similar to observations made with abciximab, the benefit 
of intensive atorvastatin therapy was restricted to patients who pre-
sented with ACS, probably because of the higher underlying risk of 
PMI. A meta-analysis of 14 randomized controlled trials including  
at total of 3146 patients with stable angina and NSTEMI noted that 
statin loading before PCI was associated with a 56% relative reduction 
in PMI (OR, 0.44; 95% CI, 0.35 to 0.56; P < .00001). The reduction in 
PMI was statistically significant regardless of the clinical presentation 
(Fig. 29-8).104

Other Pharmacologic Interventions
Controversy still exists about the role of preprocedural beta-blocker 
therapy and PMI. Evidence suggests that beta-blockade has a favorable 
impact on survival after PCI. Ellis and coworkers105 supported this 
finding in a study of 6200 patients undergoing PCI, concluding that 
beta-blocker therapy improved survival in the post-PCI patients. 

study, ISAR-REACT 2, more than 2000 patients with non–ST-segment–
elevation ACSs were enrolled. All patients received clopidogrel pre-
treatment, and then half of them were randomized to abciximab bolus 
plus infusion. Unlike ISAR-REACT 1, a significant reduction was seen 
in the 30-day composite end point in favor of abciximab. This included 
more than a 20% reduction in infarctions, most of which were PMIs 
(8.1% vs. 10.5%). Based on the results of those two investigations, it 
seems that a more complete degree of platelet inhibition is needed in 
patients at higher risk of PMI and procedural complications. In addi-
tion to the more complete platelet inhibition ensured by the use of 
abciximab, its cross reactivity with αVβ3 (vitronectin) and αMβ2 
(Mac-1) receptors may provide potent antiinflammatory effects. This 
appears to be associated with a significant reduction in the degree of 
rise of inflammatory markers such as CRP, IL-6, and tumor necrosis 
factor alpha (TNF-α) in the 1 to 2 days following PCI, an effect that 
may contribute to the reduction in PMI seen with abciximab use 
during PCI.88

The association of more effective platelet inhibition and improved 
outcomes in patients with ACS treated invasively has been further 
supported by results of clinical trials comparing prasugrel and ticagre-
lor to clopidogrel. Although the incidence of PMI was not directly 
reported, both agents were associated with a statistically significant 
lower incidence of ischemic events in the early phase after PCI, which 
are typically driven by periprocedural events.89-91

Cangrelor (AR-C69931MX) is a direct-acting and reversible intra-
venous P2Y12 receptor antagonist. Cangrelor achieves almost complete 
and immediate inhibition of ADP-induced platelet aggregation when 
administered as a bolus. The plasma half-life is approximately 3 to 5 
minutes, and platelet function is restored within an hour after cessation 
of infusion. The use of cangrelor in patients undergoing PCI was stud-
ied in two phase III trials, the Cangrelor versus Standard Therapy to 
Achieve Optimal Management of Platelet Inhibition (CHAMPION) 
PCI and CHAMPION PLATFORM studies.92,93 Cangrelor was not 
associated with a significant reduction in the primary efficacy end 
point in either of these trials but was associated with reductions in 
secondary end points, including the rate of stent thrombosis, with no 
excess in severe bleeding. The prospective, double-blind, active-
controlled clinical trial Cangrelor versus standard therapy to achieve 
optimal Management of Platelet InhibitiON (CHAMPION PHOE-
NIX)94 was designed to evaluate prospectively whether cangrelor does 
indeed reduce ischemic complications of PCI. The modified intention-
to-treat population comprised 10,942 patients, approximately 44% of 
whom presented with an ACS. Compared with those who received 
clopidogrel immediately before or after PCI, cangrelor—administered 
as an IV bolus and an infusion for 2 hours or for the duration of the 
procedure, whichever was longer—significantly reduced the rate of 
periprocedural complications of PCI, including stent thrombosis. A 
reduction in the rate of acute PMI accounted for most of the benefit. 
Importantly, the incidence of major bleeding or need for transfusion 
were not significantly different between the groups.94 A pooled analysis 
of all three randomized trials of cangrelor demonstrated a significant 
reduction in major adverse cardiac events (MACEs, mostly PMI) by 
19% and stent thrombosis by 41% at 48 hours after PCI.95 Despite these 
findings, the Food and Drug Administration (FDA) advisory panel 
voted against the approval of the drug because of concerns regarding 
conflicting trial results and whether the risk/benefit profile was 
acceptable.

Impact of Statin Therapy
The inflammatory response of distal embolization and platelet aggre-
gate interaction with leukocytes contributes to the degree of myone-
crosis that is frequently seen after PCI. The observations made in PCI 
registries demonstrated a reduction in PMI in patients who were 
receiving statins at the time of their PCI.96 Proposed mechanisms that 
can explain this finding include an antiinflammatory effect and the 
ability of statins to enhance nitric oxide production.97 In an analysis of 
803 patients undergoing rotational atherectomy, the incidence of any 
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advantages of this approach in reducing myonecrosis or any other 
adverse events.110

As mentioned previously, bifurcation stenosis interventions are 
particularly vulnerable for PMI, primarily as a result of SBO. Trials to 
evaluate a two-stent strategy versus a one-stent or provisional stent 
strategy (a one-stent strategy that allows the positioning of a second 
stent if required) have observed that PMI is more frequent with the 
two-stent strategy.111

The concept of ischemic preconditioning (ICP) and its role in 
myocyte protection is an intriguing one. Transient and repeated epi-
sodes of ischemia followed by reperfusion of the myocardium or any 
other muscle mass in the body can provide some protection against 
myocardial damage when a prolonged episode of ischemia ensues by 
limiting reperfusion injury. This concept has been shown to limit 
infarct size in patients undergoing bypass surgery.112 In the Cardiac 
Remote Ischemic Preconditioning in Coronary Stenting (CRISP 
Stent)113 study, 242 stable angina patients undergoing elective PCI were 
randomized to receive remote IPC (induced by three 5-minute infla-
tions of a blood pressure cuff to 200 mm Hg around the upper arm, 
followed by 5-minute intervals of reperfusion) or a control (an unin-
flated cuff around the arm) before arrival in the catheterization labora-
tory. The primary outcome was troponin I level at 24 hours after PCI. 
The median troponin I level at 24 hours after PCI was lower in the 
remote IPC group compared with the control group (0.06 vs. 0.16 ng/
mL; P = .040). After PCI, 42% of patients who underwent remote IPC 
had a normal troponin level, compared with 24% of the control group 
(P = .01). The mechanisms of protection induced by remote ischemic 
preconditioning are multifactorial; evidence shows an early opening of 
mitochondrial potassium channels114 and a later antiinflammatory 
effect mediated by modified gene expression.115

However, after adjustment for multiple variables and using propensity 
analysis, no evidence suggested that patients with beta-blocker therapy 
had reduced risk or reduced size of PMI.

Adenosine administered via an IC or IV route produces a hyper-
emic effect and pharmacologically mimics preconditioning. A small 
randomized trial of 62 patients undergoing nonurgent PCI noted a 
reduction in PMI in patients randomized to receiving a 50 µg bolus 
of IC adenosine via the guiding catheter and before wire passage.106 
Larger trials are needed to confirm this potential benefit.

Trimetazidine, a piperazine derivative antianginal agent, exerts a 
significant vasodilatory effect and improves myocardial glucose utiliza-
tion through inhibition of fatty acid metabolism. Given its cardiopro-
tective benefits, it has been evaluated in a periprocedural context as 
well. A placebo-controlled study that randomized 266 patients to a 
loading dose of trimetazidine 30 minutes before PCI demonstrated a 
significant reduction in troponin I area under the curve, indicating 
reduced myonecrosis.107 Based on these results, a larger study may be 
justifiable.

Nonpharmacologic Approaches
Very few mechanical options to prevent PMI are currently available. 
Direct stenting (without balloon predilation) was proposed to reduce 
plaque trauma and distal embolization. A small randomized study 
compared direct stenting to conventional predilation followed by stent 
deployment and demonstrated a significant reduction in PMI.108 In a 
retrospective analysis that involved 311 stable angina patients, Nageh 
and associates109 noted that direct stenting reduced postprocedural 
troponin I levels when compared with patients in whom predilation 
was used. Subsequent larger trials did not confirm any concrete 

FIGURE 29-8	 Impact	of	statin	 therapy	on	periprocedural	myocardial	 infarction	(PMI).	Odds	 ratios	of	PMI	 in	patients	 loaded	with	a	statin	before	
percutaneous	coronary	intervention	(PCI)	are	compared	with	patients	treated	with	statin	therapy	only	after	PCI.	The	figure	depicts	the	results	for	the	
overall	meta-analysis	and	the	results	for	the	trials	that	enrolled	patients	with	stable	angina,	acute	coronary	syndrome	(ACS),	and	a	mixed	popula-
tion	of	patients.	CI,	Confidence	interval;	df,	degrees	of	freedom;	I2,	a	measure	of	heterogeniety;	M-H,	Mantel-Haenszel	method;	NSTEMI,	non-ST–
elevation	myocardial	infarction;	Z,	Z	score.	(From	Benjo	AM,	El-Hayek	GE,	Messerli	F,	et	al:	High-dose	statin	loading	prior	to	percutaneous	coronary	
intervention	decreases	cardiovascular	events:	a	meta-analysis	of	randomized	controlled	trials.	Catheter	Cardiovasc	Interv	85:53-60,	2015.)
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Only two devices have noted benefit on periprocedural infarct size: 
embolic protection in the setting of SVG intervention and aspiration 
thrombectomy in the setting of STEMI. EPDs have a proven advantage 
in reducing the incidence of PMI in SVG PCI; these devices are dis-
cussed in detail in the following section. Manual thrombectomy with 
aspiration of the occluding thrombus has been shown to reduce embo-
lization, no-reflow phenomenon, infarct size, and mortality during 
primary PCI for acute STEMI.116 Whether that can be considered 
under the category of PMI remains unclear. Further evidence in 
support of manual aspiration thrombectomy comes from a 2013 meta-
analysis that incorporated 18 trials (N = 3936) to compare aspiration 
thrombectomy/PCI to PCI alone in STEMI patients. Risks of all-cause 
mortality (the primary end point) and MACE—a composite of death, 
MI, and target-vessel revascularization—were significantly lower with 
aspiration thrombectomy (RR 0.71 [95% CI, 0.51 to 0.99] and 0.76 
[95% CI, 0.63 to 0.92]). However, these results were refuted by a larger 
multicenter, prospective, randomized trial on a very similar patient 
population in the Thrombus Aspiration in ST-Elevation Myocardial 
Infarction in Scandinavia (TASTE) trial.117 This trial randomly assigned 
7244 STEMI patients to either manual thrombus aspiration followed 
by PCI or PCI alone. The primary end point of death from any cause 
at 30 days was similar in both groups (2.8% vs. 3.0%, respectively; HR 
0.61; 95% CI, 0.34 to 1.07).

CONCLUSIONS
PMI is not uncommon after PCI. The reported incidence varies accord-
ing to the biomarker used and the threshold for diagnosis. Side-branch 
occlusion and/or distal embolization of atherosclerotic debris and 
platelet aggregates are the most common mechanisms underlying PMI. 
Overall data suggest that PMI is associated with late mortality, although 
a cause-effect relationship has been debated. The larger the PMI, the 
more robust is the association with future mortality and major adverse 
outcomes. Use of coronary stents has dramatically reduced incidence 
of abrupt vessel closure, which was a major cause of large PMI in the 
early balloon angioplasty experience. Potent platelet inhibitor therapy 
(IV or oral), statins (as antiinflammatory agents), and EPDs (in SVG 
PCI) had the most success in reducing the incidence of PMI. Cardiac 
biomarkers should be serially assayed in patients who have signs or 
symptoms suggestive of MI during or after PCI or in asymptomatic 
patients with significant persistent angiographic complications (e.g., 
large SBO, flow-limiting dissection, no-reflow phenomenon, or coro-
nary thrombosis).

EMBOLIC PROTECTION DEVICES
With the wider acceptance of the significance of distal embolization 
during PCI, efforts to reduce the incidence and impact of this  

FIGURE 29-9	 Examples	of	distal	embolic	protection	devices.	A,	The	PercuSurge	GuardWire,	 from	Medtronic,	 is	 the	only	balloon	occlusive	distal	
device.	The	FilterWire,	 from	Boston	Scientific	(B);	 the	Spider,	 from	Covidien	(C),	and	the	Accunet,	 from	Abbott	Vascular	(D)	are	all	examples	of	
distal	filter	devices.	

A

C

B

D

phenomenon have been underway. As discussed earlier, effective anti-
platelet therapy with GP IIb/IIIa inhibitors and P2Y12 inhibitors sig-
nificantly reduces procedure-related myonecrosis. Despite routine use 
of these pharmacologic agents, a small PMI is not uncommon even 
after uncomplicated procedures. This is of particular concern in the 
setting of SVG interventions, which have a high propensity for distal 
embolization, no-reflow phenomenon, and PMI. Lesions with high 
thrombus burden are another subgroup of procedures with a higher 
risk of distal embolization with any interventional device. The proto-
type of such procedures is PCI in the setting of acute MI. Over the last 
few years, several innovative designs for EPDs have been developed to 
improve outcomes in these subsets of patients, as well as in those in 
other clinical settings.

The three basic designs of EPD are (1) distal filters, (2) distal occlu-
sion balloons, and (3) proximal occlusion devices (Fig. 29-9; see also 
Fig. 29-14 later). Table 29-3 summarizes the differences between the 
various concepts for EPDs.

Distal Filter Devices
Distal filter devices consist of a filter bag or basket attached to the 
terminal portion of an angioplasty guidewire. The Angioguard filter 
wire (Cordis, Hialeah, FL) and the FilterWire (Boston Scientific, 
Natick, MA) are the prototypes of the filter devices. Generally, these 
devices consist of a 0.014-inch wire that has a filter basket near its distal 
end (see Fig. 29-9). Beyond the filter protrudes a short portion of 
guidewire that can be shaped. The currently used version has pores that 
are approximately 100 µm in diameter. The smallest nominal filter 
basket size is currently 3.5 mm, which would be used for vessels larger 
than 3.0 mm but not more than 3.5 mm, whereas the largest basket 
size is 8 mm. As a general principle, the filter should be oversized by 
about 0.5 to 1.0 mm compared with the vessel reference diameter. 
Once the wire crosses the lesion and the filter basket is in a relatively 
disease-free portion of the artery, the sheath is retracted and the basket 
is released to deploy in the artery. It should be positioned about 2.5 to 
3 cm distal to the lesion. The sheath is removed over the wire, which 
then serves as a standard angioplasty wire. During the intervention, 
blood flow through the pores of the filter is preserved, and injecting 
contrast for visualization is not affected by the deployed filter. When 
the interventional procedure is complete, a retrieval sheath is advanced 
over the wire and is used to collapse the filter basket securely. The 
retrieval sheath and the collapsed filter trapping the embolic debris 
inside it are then removed as one unit.

The Spider (Covidien, Plymouth, MN), the Accunet (Abbott Vas-
cular, Santa Clara, CA), and the Interceptor Plus Coronary Filter 
(Medtronic Vascular, Minneapolis, MN) are additional examples  
of devices that work similarly. The chief advantage of this type of  
device is the ability to maintain antegrade perfusion throughout the 
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device may potentiate embolism, and some debris may be shunted into 
side branches during aspiration of the target artery. Also, antegrade 
flow is aborted with inflation of the occlusion balloon, allowing for 
distal ischemia.

Proximal Occlusion Devices
The Proxis Embolic Protection System (St. Jude Medical) was the best 
example of a proximal occlusion device in SVG interventions, but it is 
no longer available for use in the United States. The system contains 
an inner working sheath about 6 Fr in diameter, which is advanced 
through a 7- or 8-Fr guiding catheter. An inflatable balloon is attached 
to the end and to the external surface of the inner sheath. Inflation of 
this balloon in the target artery proximal to the lesion provides a seal 
that prevents antegrade flow through the target artery. After the system 
is in place, the intervention can be performed through the inner 
working sheath using the wire, balloon, and stent of choice. Small 
contrast injections for visualization are feasible. At the end of the pro-
cedure, the interventional devices are removed, and the stagnant blood 
in the target artery is aspirated via the working sheath. The final step 
is to deflate the balloon and remove the working sheath, leaving the 
guiding catheter in the artery after aspiration of debris and vasoactive 
substances.

Similar devices are now available for use in carotid stenting proce-
dures. These include the Mo.Ma Ultra Cerebral Protection Device 
(Medtronic Vascular, Minneapolis, MN) and the Gore Flow Reversal 
System (W.L. Gore and Associates, Flagstaff, AZ). Both devices contain 
an inflatable balloon around the main guiding catheter that occludes 
the common carotid artery during internal carotid angioplasty. They 
also have a secondary extension balloon that is inflated in the external 
carotid artery to isolate flow from collaterals that may propel athero-
thrombotic debris toward the cerebral circulation. After inflation of 
both common and external carotid balloons, the internal carotid artery 
is crossed with the angioplasty wire of choice. Balloon dilation and 
stenting are performed in the usual manner with no internal carotid 
flow permitted. After stenting and postdilation are complete, the blood 
and debris trapped distal to the common carotid occlusion balloon are 
then aspirated manually in the case of the Mo.Ma device. With the 
Gore Flow Reversal System, the guiding catheter contains an additional 
channel connected to flow-reversal tubing attached to the femoral vein. 
As the distal common carotid and internal carotid arteries are isolated 
by inflation of both balloons, the static blood that includes the debris 
from the treated lesion is continuously drained by the flow-reversal 
channel and tubing connected to the lower-pressure femoral vein. The 
tubing is fitted with a filtering chamber to prevent the atherothrom-
botic debris from reaching the femoral vein. The Gore Flow Reversal 
System is no longer commercially available for sale in the United States.

SAPHENOUS VEIN GRAFT PERCUTANEOUS 
CORONARY INTERVENTION

Traditionally, vein graft PCI is considered a high-risk procedure 
because of the increased risk of distal macroembolization and micro-
embolization with subsequent slow flow or no reflow and PMI. Degen-
erated vein grafts contain more diffuse, friable, lipid-rich, concentric 
plaques than native coronary arteries, which makes them particularly 
prone to distal embolization.64,118 Of note, one of the most potent 
interventions to reduce the risk of PMI in native coronary PCI—
namely, GP IIb/IIIa inhibitors—appears to be ineffective in the setting 
of vein graft PCI. A pooled analysis of several of GP IIb/IIIa inhibitor 
trials, as well as large registry data, demonstrated that addition of IV 
GP IIb/IIIa inhibitors to standard anticoagulation regimens was not 
associated with any significant reduction in ischemic complications, 
including PMI, in patients undergoing vein graft PCI.119,120

Several small studies tested the efficacy of EPDs (particularly, the 
PercuSurge GuardWire) and demonstrated that particulate matter can 
be aspirated in the majority of cases with an associated reduction in 
the incidence and magnitude of CK-MB elevation expected with such 

procedure; the chief disadvantage is the inability to capture smaller 
microparticulate debris and vasoactive mediators.

Distal Occlusion Devices
The PercuSurge GuardWire System (6 Fr; Medtronic), the prototype of 
the balloon occlusion devices, consists of a 0.014-inch hollow hydro-
tube with an occlusion balloon toward the distal end and a 2.5-cm 
steerable tip beyond the balloon (see Fig. 29-9, A). The wire is used to 
cross the lesion, and the balloon is positioned distal to the lesion in a 
relatively disease-free segment. The balloon is inflated at a low atmo-
spheric pressure to create a seal; the occlusion diameter ranges from 3 
to 6 mm. Angioplasty, stenting, and postdilation are all performed as 
necessary over the hydrotube. The aspiration catheter is then advanced 
over the wire, and any dislodged debris is removed with a slow distal-
to-proximal pullback. The balloon is deflated, the GuardWire is with-
drawn, and angiography is performed to confirm distal flow. Provided 
the balloon is inflated at low pressure, the risk of restenosis is not 
increased. Although this is the first EPD approved by the FDA in the 
United States, this device is no longer available for commercial use.

A theoretic advantage of distal occlusion includes capture of unlim-
ited debris (regardless of size) and aspiration of inflammatory vasome-
diators released with angioplasty. However, crossing the lesion with the 

TABLE 29-3 Characteristics of Different Concepts in Embolic 
Protection Devices

Distal Filter
Distal Balloon 
Occlusion

Proximal 
Occlusion

Antegrade	
perfusion

Uninterrupted Temporarily	
interrupted*

Temporarily	
interrupted*

Visualization	
of	the	distal	
vessel

Unhindered Not	possible	
during	
inflation

Possible	via	
the	inner	
sheath

Efficacy	of	
emboli	
protection

May	allow	
passage	of	
emboli	smaller	
than	the	pore	
size	(100	µm)†

Once	inflated,	
traps	all	
emboli

All	particles	
can	be	
aspirated

Vasoactive	
substances

Pass	unimpeded Can	be	
aspirated	
completely

Can	be	
aspirated	
completely

Crossing	
profile

0.04	0″	to	0.050″ 0.026″	to	
0.033″

No	crossing,	
deployed	
proximal	to	
the	lesion

Embolization	
during	
device	
positioning

Likely	to	occur Less	likely	to	
occur

None	because	
device	does	
not	cross	the	
lesion

Retrieval	
profile

Occasionally	
difficult	if	filter	is	
full	of	debris

Not	a	problem	
after	balloon	
deflation

Not	a	problem;	
device	is	
proximal	to	
the	lesion

Flexibility	of	
guidewire	
use

None	because	the	
filter	is	attached	
to	wire

None	because	
the	balloon	
is	attached	
to	wire

Excellent;	
device	can	
be	used	with	
any	wire

Effect	of	distal	
disease	on	
device

May	not	be	
feasible	if	no	
disease-free	
segment	is	
present

May	not	be	
feasible	if	no	
disease-free	
segment	is	
present

Device	is	
proximal,	
distal	
disease	
irrelevant

*Transient	ischemia	can	occur	while	the	embolism	protection	system	is	being	used	unless	
adequate	retrograde	collaterals	are	present.
†In	reality,	the	filter	can	trap	particles	smaller	than	its	pore	size	due	to	clumping	of	particles.	
Numerous	 trials	 have	 demonstrated	 no	 clinically	 significant	 differences	 between	 distal	
balloon	occlusion	and	distal	filter	concepts.
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demonstrated noninferiority of proximal protection when the analysis 
was performed by intention to treat or by actual device use.123

Noninferiority trials were similarly designed to test the efficacy of 
other devices. In those trials, the 30-day primary end point was reached 
in 8% to 11% of patients, achieving the preset standard for noninferior-
ity in comparison to the GuardWire or FilterWire in all studies.124,125

The use of EPDs during SVG intervention is a class 1 recommenda-
tion per the ACC/AHA/SCAI guidelines.2 Exceptions might include 
in-stent restenosis or aortoostial stenosis because the former are typi-
cally composed of smooth muscle cells, whereas the latter are fibrotic; 
neither are necessarily prone to cause embolization. Unfortunately, 
adoption of EPD use for SVG interventions in the United States has 
been sluggish. Data from the National Cardiovascular Data Registry 
(NCDR) on more than 19,000 vein graft interventions between 2004 
and 2006 demonstrate that EPD was used in 22% of cases; 19% of 
centers were not using EPDs, and 41% used them in fewer than 10% 
of cases.126 More recently, analysis of the Stenting of Saphenous Vein 
Grafts (SOS) trial demonstrated that EPDs were used in 54% of cases. 
Although some of the lack of use was dictated by anatomic consider-
ations, evidence shows that operator preference still contributes to this 
underutilization of EPDs.127 Operators may also reserve the use of 
EPDs for SVG lesions presumed to be associated with the highest risk 
of embolism. In a pooled analysis of 3958 patients included in five 
randomized trials and one registry, a prediction model was developed 
to estimate the risk of major adverse events after SVG PCI. Angio-
graphic scoring of the severity of degeneration, volume of plaque, and 
presence of thrombus were among the strongest predictors of adverse 
events. However, the value of EPD use in reducing PMI (by ~40%) was 
demonstrated across all categories of angiographically estimated 
risk.128 These findings suggest a clear need for continuing education 
and training of interventional operators on the value of these devices 
in reducing morbidity and mortality and for intensifying efforts to 
develop more affordable and easy-to-use devices (Fig. 29-11).

Percutaneous Coronary Intervention for Acute  
Myocardial Infarction
The concept of EPD use in primary PCI is both attractive and intuitive. 
These are the prototypical thrombotic lesions with a very high likeli-
hood of distal embolization. The success of EPD in vein graft PCI led 
to clinical trials to examine the feasibility of the concept. In a small 

procedures.121 Based on these findings, 801 patients from 47 centers 
were randomized to undergo vein graft PCI with GuardWire protec-
tion versus no EPD in the SVG Angioplasty Free of Emboli Random-
ized (SAFER) trial.35 The primary end point was death, Q-wave MI, 
non–Q-wave MI (CK-MB > 3× ULN), emergent bypass surgery, or 
target-vessel revascularization within 30 days. Almost 40% of patients 
had angiography that revealed thrombus. Technical success was 
achieved with the device in 90.1% of the cases. The primary end point 
was significantly reduced with use of the PercuSurge GuardWire (from 
16.5% to 9.6%, P = .004), primarily driven by the approximate 50% 
reduction in non–Q-wave MI, from 13.7% to 7.4% (Fig. 29-10). A 
number of important secondary end points were also favorably influ-
enced; most important, no-reflow phenomenon was reduced dramati-
cally (9.0% vs. 3.0%; P = .02).35 Moreover, a cost-effectiveness analysis 
of the SAFER trial demonstrated that the reduction in ischemic com-
plications leads to a shorter hospital stay and reduction in early  
costs, thus compensating for most of the added expense of the EPD. 
The projected improved survival on the basis of reduced early 
complications—namely, reduced PMI—was calculated to cost less than 
$4000 per year of life saved, which makes the use of EPD in vein graft 
PCI a very cost-effective strategy.122

This significant improvement in outcome with the use of the Guard-
Wire occlusion device ushered in a new era in which EPD use has 
become the standard of care with vein graft PCI. Thus the randomized 
controlled trials leading to FDA approval of other EPDs for use in vein 
graft PCI were designed as noninferiority trials, with the GuardWire 
used in the “active” control arm. In a controlled trial, 651 patients 
undergoing vein graft PCI were randomized to receive the FilterWire 
EX versus the GuardWire. Use of GP IIb/IIIa inhibitors was left to the 
discretion of the operators. The primary end point was a composite 
similar to that used in the SAFER trial. At 30 days, no difference was 
seen in the incidence of any MI, with a trend toward a reduction in 
the primary endpoint in the FilterWire arm (9.9% vs. 11.6%, P = .53 
for superiority, P = .0008 for noninferiority; see Fig. 29-10).37 Currently, 
the FilterWire is the most commonly used EPD in SVG PCI.

A more complex study design was used to demonstrate noninferi-
ority of the Proxis system. A total of 639 target vein grafts in 594 
patients were prospectively randomized to a test group (use proximal 
protection when possible, distal protection when not) or a control 
group (use distal protection when possible). The 30-day composite  
end point was similar to that used in the SAFER trial. The study 

FIGURE 29-10	 Impact	of	embolic	protection	devices	on	periprocedural	myocardial	infarction	(PMI)	in	vein	graft	percutaneous	coronary	intervention.	
Left:	From	the	SAFER	trial,	cumulative	distribution-function	curve	of	peak	cardiac	enzyme	values	after	assignment	to	placebo	or	GuardWire	and	the	
per-protocol	subgroup	with	technically	successful	GuardWire	use.	CK-MB	is	represented	as	multiples	of	 the	upper	limit	of	normal.	The	incidence	
of	PMI	of	any	size	is	significantly	lower	with	GuardWire	use.	Right:	From	the	FilterWire	EX	Randomized	Evaluation	(FIRE),	a	similar	plot	for	patients	
randomized	 to	 distal	 protection	with	 the	 FilterWire	 EX	 versus	 the	GuardWire,	 showing	noninferiority	 of	 the	 FilterWire.	 (From	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	105:1285-1290,	2002;	and	Stone	GW,	Rogers	C,	Hermiller	J,	et	al:	Randomized	comparison	of	distal	protection	with	a	filter-
based	catheter	and	a	balloon	occlusion	and	aspiration	system	during	percutaneous	intervention	of	diseased	saphenous	vein	aorto-coronary	bypass	
grafts.	Circulation	108:548-553,	2003.)
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Doppler wire and the size of the infarction measured by hyperenhance-
ment on MRI scans 3 days after the procedure. Similar to the results 
of the EMERALD trial, FilterWire protection provided no additional 
benefit.131 Other trials to examine filter-based EPD in the setting of 
primary angioplasty have not demonstrated any clinical benefit to this 
approach.132

Use of proximal protection combined with thrombus aspiration was 
examined in the Proximal Embolic Protection in Acute Myocardial 
Infarction and Resolution of ST-Elevation (PREPARE) trial. In this 
prospective randomized trial, 284 patients were randomized to primary 
PCI with the Proxis system versus primary PCI alone after angiogra-
phy. The primary end point was the occurrence of complete (≥70%) 
ST-segment resolution at 60 minutes. The results demonstrated an 
earlier resolution of the ST segment in the proximal protection arm, 
but no difference was found between the groups in the primary end 
point, infarct size by MR or clinical adverse outcomes.133,134

Several potential explanations exist for the disappointing results of 
EPD use in primary angioplasty. Using EPD may delay restoration of 
epicardial flow, and the devices may cause further embolization while 
crossing the lesion, thus negating any favorable effects of subsequent 

study, use of the PercuSurge GuardWire during primary stenting of 
infarct-related artery resulted in improved flow and subsequently 
improved ventricular function when compared with procedures per-
formed without EPD use.129

However, the larger randomized trials did not confirm the initial 
favorable impression regarding EPD use in primary PCI. The Enhanced 
Myocardial Efficacy and Removal by Aspiration of Liberated Debris 
(EMERALD) trial130 was an international multicenter, prospective, 
randomized trial that enrolled 501 patients with STEMI undergoing 
primary or rescue PCI. Patients were randomized to PCI with the 
PercuSurge GuardWire distal protection device versus PCI without an 
EPD. Among 252 patients assigned to the GuardWire, debris was 
retrieved in 73%. Disappointingly, no difference was found between 
the two groups in any of the primary or secondary end points (ST 
resolution in 63% vs. 62%; infarct size 12% vs. 9.5%; P = nonsignificant 
[NS] for both). The Protection Devices in PCI Treatment of Myocardial 
Infarction for Salvage of Endangered Myocardium (PROMISE) trial 
tested the efficacy of the FilterWire in the setting of PCI for acute MI. 
This study included patients with NSTEMI and used different surro-
gate end points: coronary flow velocity measured by an intravascular 

FIGURE 29-11	 Use	of	the	FilterWire	in	contemporary	saphenous	vein	graft	(SVG)	percutaneous	coronary	intervention.	Angiograms	of	an	SVG	to	an	
obtuse	marginal	branch	in	a	patient	presenting	with	non–ST-segment–elevation	myocardial	 infarction	(MI).	Left:	A	subtotal	 lesion	is	noted	in	the	
body	of	the	SVG	(arrow).	Middle:	The	lesion	is	crossed	with	a	FilterWire	EZ,	which	is	then	deployed	in	the	distal	graft,	as	noted	by	the	radiopaque	
nitinol	ring	at	the	base	of	the	filter	basket	(arrow).	The	radioopaque	spring	coil	 tip	is	folded	in	the	native	vessel	beyond	the	anastomosis.	Right:	
The	final	angiogram	after	stent	deployment	and	removal	of	the	FilterWire	with	no	residual	stenosis	within	the	stented	segment	(arrow)	and	good	
runoff	 into	the	distal	obtuse	marginal	branch.	Bottom:	The	FilterWire	contains	macroscopic	evidence	of	thrombotic	material	and	fatty	debris	from	
the	degenerated	lesion.	(From	Foley	JD,	Ziada	KM:	Embolic	protection	devices	for	saphenous	vein	graft	percutaneous	coronary	interventions.	Interv	
Cardiol	Clin	2(2):259-271,	2013.)
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sizes of emboli are relevant in humans, an occlusion device may be 
better than a filter device. Although filters can be designed with smaller 
pore sizes, the disadvantage is that this can increase the risk of throm-
bosis by the filter itself and can decrease distal flow.

Thus several EPDs were designed for use in conjunction with 
carotid angioplasty and stenting in the hope of reducing the incidence 
of procedure-related strokes. The earlier and more extensive experi-
ence thus far is with distal filter devices (balloon occlusion and filter 
types). More recently, proximal occlusion devices have become avail-
able, and early experience has shown significant promise that these 
devices might be associated with further reduction in stroke rates.

Distal Embolism Protection Devices in Carotid Stenting
Reimers and colleagues139 reported their initial experience with three 
different filter designs (Angioguard, NeuroShield [MedNova, Galway, 
Ireland], and FilterWire) in 84 patients undergoing carotid stenting. 
Macroscopic debris was collected in 53% of filters, and histologic anal-
ysis of the debris revealed lipid-rich macrophages, fibrin, and choles-
terol clefts. The early experience with the balloon-occlusion variety of 
EPD (PercuSurge GuardWire) was reported in a series of 75 patients. 
In this series, macroscopic debris was collected from all patients 
(100%), and histologic analysis was very similar to particles obtained 
from filter devices.140

In addition to retrieval of macroscopic and microscopic debris, 
additional evidence suggests that the use of EPD during carotid stent-
ing effectively reduces embolism to the cerebral microcirculation. 
These data have been gleaned from studies using MR diffusion-
weighted imaging (DWI), the most sensitive imaging modality for 
detection of early cerebral ischemia.141,142 Comparison of DWI scans 
before and after carotid stenting reveals that use of an EPD significantly 
reduces both the incidence and number of new lesions identified on 
the postprocedure scan. Most new lesions were small (<10 mm) and 
asymptomatic (Fig. 29-13). In a study of 206 patients, no difference  
was reported in the incidence of stroke between patients who did and 
did not receive EPD protection, but the number of DWI-visualized 
new lesions was significantly higher in patients who did develop a 
stroke.142

Although no randomized trial has been done to compare outcomes 
of carotid stenting with and without EPD protection, evidence from 
large multicenter registries demonstrate that EPD use has resulted in 
a significant reduction in neurologic adverse events. In a systematic 
review of published reports, Kastrup and coworkers143 compared out-
comes of 2357 patients undergoing carotid stenting without an EPD 
with outcomes of 839 patients in whom stenting was performed with 
an EPD in place. A significant reduction was seen in 30-day death/
stroke rate with EPD use (1.8% vs. 5.5%, P < .001). Both minor and 
major strokes were significantly reduced in patients who received EPDs 
(minor stroke 0.5% vs. 3.7%, P < .001; major stroke 0.3% vs. 1.1%, P < 
.05). The larger Global Carotid Artery Stent Registry surveys the major 
interventional centers worldwide and collects self-reported data on 
technical details and outcomes. In the most recent update, 6753 
patients had undergone stenting without EPD protection, and 4221 
patients did receive EPD protection. The 30-day incidence of stroke 
and procedure-related death was reduced by more than 50%, from 
5.3% to 2.2%. Despite EPD use, symptomatic patients remained at 
higher risk for developing stroke or procedure-related death compared 
with the asymptomatic subgroup (2.7% vs. 1.75%).144

Few randomized trials have compared contemporary carotid artery 
stenting with CEA. The Stenting and Angioplasty with Protection in 
Patients at High Risk for Endarterectomy (SAPPHIRE) trial random-
ized patients to either endarterectomy or carotid stenting with the 
Angioguard filter device. Both symptomatic and asymptomatic patients 
were included if they had a coexisting condition that placed them at  
a higher risk of complications during a CEA. The primary composite 
end point was death, stroke, or MI at 30 days plus death due to neu-
rologic causes or ipsilateral stroke between day 31 and 1 year. Because 
of slowing recruitment, the trial was terminated after randomizing  

protection. The incomplete aspiration of liberated debris or leaking of 
vasoactive substances released from the ruptured plaques may lead to 
further downstream damage at the time of EPD removal. Embolization 
into side branches may play a role, particularly in cases with acute 
thrombotic occlusion, leading to initial TIMI flow grade 0 and absence 
of visualization of the distal artery at the time of EPD positioning. 
Notably, these results also indicate a relative underestimation of the 
degree of existing damage and the role of reperfusion injury in deter-
mining the final infarct size after primary PCI.135

Carotid Stenting
Although the clinical implications of embolization were first elucidated 
for coronary interventions, the paradigm is applicable and relevant in 
angioplasty procedures in other arterial beds. Interventional proce-
dures in the carotid and renal arteries are two areas where embolization 
may be particularly significant; embolization appears to occur more 
frequently after carotid stenting than after carotid endarterectomy 
(CEA). Using transcranial Doppler (TCD) monitoring, microscopic 
embolization occurs at least eight times more frequently with carotid 
angioplasty and stenting than with CEA.136 Indeed, the vast majority 
of patients who undergo carotid stenting have TCD evidence of micro-
embolization (Fig. 29-12). Similar to embolization related to coronary 
interventions, it appears that evidence of systemic inflammatory 
response can lead to more embolization. In a small study of 43 patients 
who underwent carotid stenting with TCD monitoring of the ipsilat-
eral middle cerebral artery, a positive correlation was found between 
TCD-identified microembolism and preprocedural leukocyte count (a 
marker of systemic inflammation). This correlation remained signifi-
cant even after adjusting for age, sex, comorbidities, medical therapy, 
and use of an EPD.137

Potentially, even small embolic particles are poorly tolerated by the 
cerebral microcirculation.138 In an ex-vivo model of carotid angio-
plasty, particles generated from human carotid plaques were injected 
into the cerebral circulation of rats. Of interest, stenting produced 
almost twice as much embolization as balloon angioplasty in this 
model; passage of the guidewire also produced embolization, although 
only about a quarter as many emboli were produced than with balloon 
angioplasty. Particles smaller than 200 µm in size did not cause cere-
bral ischemia during the first 3 days after the procedure, whereas 
particles of 200 to 500 µm did cause neuronal death. However, at 
7 days, injury was detected by fragments of both sizes. Thus if smaller 

FIGURE 29-12	 Transcranial	 Doppler	 monitoring	 of	 middle	 cerebral	
artery	 flow	 during	 elective	 carotid	 artery	 stenting.	 The	 high-intensity	
transients	observed	at	the	time	of	balloon	deflation	represent	a	surge	of	
microemboli	from	the	extracranial	site	of	angioplasty	to	the	intracranial	
circulation.	(From	Topol	EJ,	Yadav	JS:	Recognition	of	 the	 importance	
of	 embolization	 in	 atherosclerotic	 vascular	 disease,	 Circulation	 101:
570-580,	2000.)
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periprocedural stroke, death, or infarction plus ipsilateral stroke within 
4 years. All stenting procedures included EPD use. At 30 days, the 
stroke rate was 4.1% for stenting and 2.3% for endarterectomy, and the 
rate of major stroke was less than 1% in both groups. The study showed 
no difference between the groups in the composite end point and no 
difference between symptomatic and asymptomatic patients. An excess 
of minor strokes occurred with stenting, balanced by an excess of MIs 
in the endarterectomy group.152

Based on the totality of evidence, several factors can be seen to have 
a significant impact on outcomes of carotid stenting: symptomatic 
status, EPD use, and operator experience. In the two trials that  
mandated use of an EPD and restricted enrollment to experienced 
operators (SAPPHIRE and CREST), there is more evidence of equi-
poise between stenting and endarterectomy. Of note, both studies 
included asymptomatic patients, who are considered to be at lower risk 
for events. On the other hand, trials that did not mandate EPD use  
on a large scale and/or that included interventional operators with 
minimal or no experience (SPACE, EVA-3S, and ICSS) had a higher 
event rate with stenting, albeit these trials focused on symptomatic 
patients.

Proximal Embolism Protection Devices in Carotid Stenting
The single-center experience using the Mo.Ma Ultra Proximal Cerebral 
Protection Device (Fig. 29-14) generated significant promise in this 
approach. In a series of 1300 patients who underwent carotid stenting 
using this device, the incidence of all strokes was 0.84%, with a surpris-
ingly low 1.38% incidence of death and stroke at 30 days.153 The Proxi-
mal Protection With the Mo.Ma Device During Carotid Stenting 
(ARMOUR) prospective registry was intended to provide U.S. data for 
FDA approval. Among 225 pivotal patients, primarily asymptomatic, 
device success exceeded 98%. The 30-day incidence of stroke was 0.9% 
and the combined death and stroke rate was 2.7%, emphasizing both 
the safety and efficacy of the device.154 A similar prospective single-arm 
study examined the outcome of carotid stenting using the Gore Flow 
Reversal System in 245 pivotal high-surgical-risk patients. The primary 
end point was a major adverse event—stroke, death, MI, or transient 
ischemic attack—within 30 days of stenting. The adverse event rate was 

334 patients. In this high-risk population, the primary composite end 
point was reduced in the stent group compared with the surgical group 
(12.2% vs. 20.1%, P = .004 for noninferiority, P = .053 for superiority). 
At 30 days, the incidence of stroke was 3.6% and 3.1% in the stent and 
CEA arms, respectively. This reduction in primary end point was 
driven primarily by a reduction in MI in the stent arm rather than by 
differences in cerebral events.145

To gain FDA approval, several manufacturers of EPDs and stents 
initiated a number of large patient registries to demonstrate safety  
and efficacy of their novel devices. Most of these enrolled patients at 
high risk of complications, similar to the SAPPHIRE design. The low 
incidence of death or stroke compared with historic adverse event  
rates in CEA resulted in the eventual FDA approval of many of these 
devices.146,147

Two European-based randomized trials attempted to demonstrate 
noninferiority of carotid stenting compared with CEA, the Stent-
Supported Percutaneous Angioplasty of the Carotid Artery Versus 
Endarterectomy (SPACE) trial and the Endarterectomy Versus Angio-
plasty in Patients with Symptomatic Severe Carotid Stenosis (EVA-3S). 
Both studies included patients with symptomatic carotid stenosis and 
attempted to demonstrate the noninferiority of stenting.148,149 The 
end points were relatively similar: death or stroke at 30 days. Both 
studies did not emphasize EPD use; only 25% of patients in SPACE 
had EPDs. In EVA-3S, EPD use was mandated only after evidence of 
excess stroke in the first 80 patients.150 Both studies failed to demon-
strate noninferiority, and excess stroke (mostly minor) was evident in 
the stenting arm.

The two larger randomized trials to compare carotid stenting with 
endarterectomy, the International Carotid Stenting Study (ICSS) and 
the Carotid Endarterectomy Versus Stenting Trial (CREST) have been 
completed. ICSS enrolled 1713 symptomatic patients, emphasized EPD 
use (80%), and had a primary end point of fatal or disabling stroke at 
3 years. At 120 days, the investigators reported an excess of minor 
strokes in the stenting arm (7.6% vs. 4.1% in the endarterectomy 
group) and an excess of laryngeal nerve palsy in the endarterectomy 
arm.151 Alternatively, CREST randomized 2502 patients with both 
symptomatic and asymptomatic disease, making it the largest study to 
date to address this question. The primary composite end point was 

FIGURE 29-13	 Axial	diffusion-weighted	imaging	of	the	brain.	A,	Preprocedure.	B,	Postprocedure.	Despite	carotid	stenting	with	an	embolic	protection	
device	in	place,	an	ipsilateral	hyperintense	lesion	(arrow)	related	to	silent	cerebral	embolism	is	appreciable	at	the	cortical-subcortical	junction	of	
the	 right	parietal	 lobe.	(From	Cosottini	M,	Michelassi	MC,	Puglioli	M,	et	al:	Silent	cerebral	 ischemia	detected	with	diffusion-weighted	 imaging	 in	
patients	treated	with	protected	and	unprotected	carotid	artery	stenting,	Stroke	36:2389-2393,	2005.)
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and Angioguard devices). Visible debris was aspirated with 100% of 
the patients with GuardWire protection and in 80% of those in whom 
filter devices were used.158

Although difficult to prove, there is little doubt that embolization 
also occurs in the setting of percutaneous renal revascularization and 
is likely also associated with worse patient outcomes. It is estimated 
that 25% of patients have worse renal function after renal intervention. 
Although the reason for this decrease in renal function is probably 
multifactorial, embolization is likely part of the problem.

Early experiences with EPD in lower extremity percutaneous revas-
cularization procedures have been reported as well.159,160 In most cases, 
filter devices were deployed and retrieved successfully. Macroscopic 
and microscopic debris were present in all cases, which suggests a 
potential benefit of these devices in lower extremity procedures, par-
ticularly in cases of acute or subacute ischemia with large thrombus 
burden and high risk of distal showering.

CONCLUSIONS
EPDs have gained widespread acceptance in the interventional cardiol-
ogy and vascular community over the last decade. Solid evidence 
shows that they are safe to use and effective in reducing distal embo-
lism during interventional procedures. Clinical outcomes have been 
excellent in vein graft PCI, and EPD protection is now considered the 
standard of care. For various reasons, results of EPD use in the setting 
of primary and rescue PCI have been disappointing, and at this point 
in time, there does not seem to be a future for those devices in acute 
MI intervention. However, solid evidence shows that carotid stenting 
with EPD protection is associated with reduced risk of stroke. Carotid 
stenting with proximal EPD protection seems to be even more protec-
tive against risk of stroke, although randomized comparative trials are 
lacking. With more innovation in EPD design, and as the ongoing 
clinical trials are completed, the potential exists for future application 
of EPDs in other settings of coronary and peripheral interventions.

compared with an objective performance criterion derived from 
studies that included carotid stenting with embolic protection. At 30 
days, the composite end point was reached in 11 patients (4.5%), which 
statistically was significantly better than the objective criterion (P = 
.002). The stroke and death rate was 2.9%, and no patient had a major 
ischemic stroke.155

A subsequent meta-analysis of 2397 patients from six independent 
databases of the two proximal occlusion devices examined the inci-
dence and predictors of 30-day major adverse clinical events including 
stroke, MI, and death using random effects models. The incidence rates 
were 1.71% for stroke, 0.02% for MI, and 0.40% for death. The com-
posite primary end point at 30 days was 2.25%. Age and diabetic status 
were the only significant independent risk predictors; however, total 
stroke rates remained below 2.6% in all subgroups, including symp-
tomatic octogenarians. The authors concluded that carotid stenting 
with proximal occlusion devices yields a very low incidence of adverse 
events at 30 days.156

The improved outcomes noted with proximal protection devices in 
carotid stenting raise the question of whether another large random-
ized trial to compare stenting with endarterectomy is warranted. This 
may be of particular importance because the stroke risk of procedures 
performed with these devices was not affected by symptomatic status 
and old age, the two important predictors of adverse outcome with 
stenting in the CREST trial.

Renal and Peripheral Interventions
Although fewer data demonstrate the importance of atheroembolism 
in the renal vasculature, it appears that emboli are also detrimental in 
this arterial bed. A study by Krishnamurthi and colleagues157 examined 
the impact of embolization after surgical revascularization for renal 
artery stenosis. In this series, evidence of atheroembolism was detected 
in 16 of 44 patients. In another series of 56 patients, 65 renal arteries 
were successfully stented with EPD protection (GuardWire, FilterWire, 

FIGURE 29-14	 Example	of	carotid	stenting	using	Medtronic’s	Mo.Ma	proximal	protection	system.	This	embolic	protection	device	is	based	on	pre-
venting	antegrade	flow	and	potential	retrograde	flow	through	the	internal	carotid	artery	during	carotid	angioplasty	by	use	of	common	carotid	and	
external	carotid	occlusive	balloons.	A,	The	catheter	with	its	two	occlusive	balloons.	B,	The	lesion	in	the	left	internal	carotid	artery	is	severe.	C,	The	
external	carotid	balloon	(yellow	arrow)	and	the	common	carotid	balloon	(double	arrows)	are	inflated	to	occlude	flow.	Contrast	stain	is	seen	indi-
cating	absence	of	antegrade	flow.	After	stenting	and	dilation,	debris	in	the	isolated	segment	is	aspirated	before	occlusive	balloons	are	deflated.	D,	
Final	angiographic	result.	
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The exponential increase in percutaneous interventional procedures 
for the treatment of cardiovascular diseases in a variety of vascular 

and nonvascular territories is associated with closer attention to access-
site management. The aggressive level of anticoagulation used during 
therapeutic procedures requires the achievement of safe and reliable 
hemostasis of the access site. Coronary interventions have been usually 
performed by the femoral approach; however, to reduce complications 
and increase patient comfort, radial access is increasingly used and is 
becoming the preferred access site by many interventionalists.1 More-
over, the use of a radial approach has demonstrated a reduction not 
only in major bleeding events but also in hospital stay when compared 
with femoral access using manual compression for hemostasis.2-4 
Patients undergoing a femoral approach are usually immobilized over-
night, which may result in significant discomfort because of increased 
back pain and the need for analgesics. Noncompliance of patients in 
regard to strict bed rest after the procedure has been reported to be a 
substantial factor for femoral complications.

During the last decade, a rapid increase was seen in the percutane-
ous treatment of aortic aneurysms, dissections, and valve replacements 
using much larger sheaths that require special attention to the access 
site. In general, the most common catheterization adverse event is 
related to the vascular access site.5,6 Additionally, major access-site 
complications increase the length of hospital stay and increase medical 
costs. Vascular complications are also associated with an increased  
risk of nonfatal myocardial infarction (MI) or death in the year follow-
ing the procedure, in particular when accompanied by significant 
bleeding.7

The use of manual or mechanical compression was until recently 
the only way to control bleeding by allowing clot formation at the 
arteriotomy site. The clinical use of vascular closure devices for rapid 
hemostasis after femoral access started 25 years ago. Since then, these 
devices have improved patient comfort by enabling early ambulation, 
and their use has decreased the burden of the medical staff.

Initially, their use has not resulted in a reduction in groin complica-
tion rates. However, during the last decade, large observational studies 
demonstrated that the use of vascular closure devices—whether suture 
or collagen based or patches—is associated with a reduction of bleed-
ing and vascular complications compared with manual compression. 
The introduction of newer femoral closure devices and better patient 
selection, as well as the learning curve, has probably improved the 
safety of this intervention.8,9

This chapter summarizes the concepts of femoral access puncture, 
the use of arterial closure devices, and postprocedural management.

PLANNING ACCESS
The selection of an appropriate access site is frequently a key issue for 
the successful completion of coronary or peripheral vascular proce-
dures. Proficiency with all available vascular puncture techniques is 
therefore a basic requirement for the interventionalist. The selection of 
a vascular access site is related to the interventional target, sheath 
diameter, access to the target lesion length, atheromatosis burden of 
the route, and patient clinical characteristics.

It is important to review clinical reports and to perform preproce-
dural vascular assessment of the quality of all peripheral pulses, pres-
ence of bruits, blood pressure difference between arms, and other 
pertinent findings such as skin color, trophic changes, ulcerations, or 
the presence of intermittent claudication. Body habitus, such as 
extreme obesity, may dictate the use of the radial artery instead of the 
femoral approach. This important decision deserves full analysis of the 
target vessel for treatment, consideration of the patient’s preference, 
and assessment of the interventionalist’s skills. Some aspects of the 
vascular access are crucial to the safety and success of the procedure.

The retrograde femoral access and radial access, with the choice 
based on the patient’s limitations or the operator’s preferences, are the 
two preferred approaches for coronary interventions. Ulnar and bra-
chial accesses are seldom utilized anymore. Several techniques are 
possible for endovascular peripheral therapies based on the target 
treatment vessel: the crossover femoral approach for contralateral ilio-
femoral treatment; antegrade femoral puncture for ipsilateral treat-
ment of below-the-knee arteries; femoral retrograde access for aortic, 
carotid, iliac, and renal vessels; local puncture for dialysis access treat-
ment; and direct retrograde access from below-the-knee arteries. 
Moreover, the common femoral artery is the preferred access for per-
cutaneous aortic artery and aortic valve interventions.

Retrograde Puncture Technique for the Femoral Artery
The common femoral artery is preferred for percutaneous arterial can-
nulation because it is large, accessible, and easily compressible. 
However, strict adherence to meticulous vascular access technique is 
necessary to avoid vascular complications while using manual com-
pression or femoral closure devices, in particular when larger sheaths 
are being used.

30 Access Management and Closure Devices
FERNANDO CURA

K E Y  P O I N T S

•	 Access-site	complications	continue	to	be	the	most	common	
adverse	events	after	cardiovascular	interventions,	extending	the	
patient’s	hospital	stay	and	increasing	the	associated	procedural	
costs.

•	 Selection	of	the	appropriate	access	site	is	frequently	a	key	issue	
for	the	successful	completion	of	coronary,	peripheral	vascular,	or	
structural	procedures.	Selection	depends	on	the	target	vessel	or	
structural	intervention,	the	operator’s	skills,	and	the	patient’s	
preferences.

•	 Several	femoral	access	closure	technologies	are	on	the	
interventional	field	that	offer	equivalent	or	even	better	patient	
outcomes	compared	with	manual	compression.

•	 The	most	commonly	used	femoral	closure	devices	provide	two	
types	of	mechanisms	for	percutaneously	controlling	bleeding:	
deploying	sutures	or	staples	to	close	the	femoral	puncture	site	or	
using	resorbable	plugs	to	temporarily	seal	the	arteriotomy.

•	 When	using	closure	devices,	the	operator	should	be	careful	in	
choosing	the	site	of	cannulation	of	the	femoral	artery.

•	 Hemostasis	accelerators	are	based	on	the	electrical	attractive	
forces	between	the	patch	and	the	erythrocytes,	and	they	produce	
more	rapid	clot	formation.

•	 Vascular	closure	devices	have	improved	patient	comfort	by	
enabling	early	ambulation,	and	their	use	has	decreased	the	
burden	on	the	medical	staff	with	a	potential	reduction	in	groin	
complication	rates.
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important, so as to enter the artery at the center of the femoral head. 
Fluoroscopy should be used to ascertain the relative location of the 
femoral head and pelvic brim in this subgroup of patients.10,11 More-
over, accessing the common femoral artery using fluoroscopy, com-
pared with traditional anatomic landmark guidance, has improved the 
arterial puncture site.10

Ideally, the femoral artery is entered about 1 or 2 cm below the 
inguinal ligament (see Fig. 30-1). Cannulation of the artery too low 
increases the chance of entering the superficial femoral artery rather 
than the common femoral artery. This entry site may predispose to 
dissection, arterial occlusion, pseudoaneurysm, bleeding, and arterio-
venous fistula formation. Entering the artery above the inguinal liga-
ment may lead to problems in compressing the artery against the 
inguinal ligament, increasing the risk of hematoma formation and 
favoring retroperitoneal hemorrhage. Some use vascular ultrasound to 
guide needle entry into the femoral artery. The use of femoral closure 
devices is contraindicated in higher or lower femoral punctures. The 
other important aspect is careful puncture of only the anterior wall of 
the femoral artery with open-bore needles, which have the advantage 
of demonstrating blood return immediately (Fig. 30-2). Appropriate 
vascular hemostasis can be achieved with the use of manual compres-
sion or femoral closure devices.

The reduction in the sheath size was presumed to result in fewer 
access complications, but this has not been proven. Retrograde femoral 
access can be considered the standard technique for coronary, renal, 
and iliac procedures and as a crossover for contralateral femoral inter-
ventions (Fig. 30-3). Endovascular repair of abdominal and thoracic 
aortic aneurysms has become the standard of care for anatomically 
appropriate patients. All the devices developed to date are deployed 
through relatively large (12 to 24 Fr) sheaths. Moreover, transcatheter 
aortic valve implantation is a rapidly emerging treatment option for 
patients with aortic valve stenosis and high surgical risk. Different 
access routes have been proposed that include transapical, transsubcla-
vian, and transfemoral, with percutaneous transfemoral being pre-
ferred because it is least invasive and potentially nonsurgical. However, 
vascular access-site complications due to the large-bore delivery cath-
eters remain an important clinical issue, particularly with respect to 
elderly patients. Traditionally, this access has required arterial exposure 
with open cutdown, but with the development of suture-mediated 
arterial closure devices, the trend toward percutaneous endovascular 
repair is increasing.12 This is an effective and safe approach in a select 
group of patients. The need of larger sheaths for these interventions 
requires a meticulous puncture technique in the anterior wall of the 
common femoral artery.

Puncture Technique for the Radial Artery
Miniaturization of the procedural equipment led to a revival of the 
transradial approach. Despite the considerable training needed, this 
approach remarkably improves patient comfort and decreases bleeding 
complications, particularly among patients with aggressive anticoagu-
lation regimens. This approach provides an alternative for coronary 
angiography and angioplasty and for peripheral arterial angiography. 
A radial artery access site is associated with far lower rates of bleeding 
or vascular complications compared with a femoral access site (odds 
ratio [OR], 0.33; 95% confidence interval [CI], 0.29 to 0.39; P < .001)9; 
however, a small proportion of patients present technical challenges 
that obligate a switch to femoral access (Fig. 30-4, A and B). This tech-
nique is addressed in Chapter 31.

Puncture Technique for the Brachial Artery
Brachial access is an alternative technique that can be used for coro-
nary, renal, and lower limb interventions. However, radial access is 
usually preferred because of a higher rate of brachial access-site com-
plications compared with femoral access, such as artery occlusion or 
hematoma (OR, 2.41; 95% CI, 2.15 to 2.69; P < .001).9 Puncture of the 
brachial artery should be performed in its distal part above the 

The mean luminal diameter of the common femoral artery is 
between 6 and 7 mm. This is theoretically large enough to comfortably 
accommodate the typical range of femoral sheath sizes for most diag-
nostic and interventional procedures. Women and patients with dia-
betes have disproportionately smaller common femoral arteries. The 
vascular access is generally the only painful part of the procedure, but 
patient sedation and generous local anesthesia are needed, as well as 
adequate pressure and rhythm monitoring. The operator should be 
careful in choosing the site of cannulation of the common femoral 
artery. When drawing an imaginary line between the anterior superior 
iliac supine and the pubis, the arterial pulsation is near or at the mid-
point of the line (Fig. 30-1). It is important not to rely on the inguinal 
crease for selection of the puncture site because the distance from the 
inguinal ligament to the inguinal crease varies, particularly in over-
weight and elderly patients. Puncture of the skin below is particularly 

FIGURE 30-1	 Accessing	 the	 femoral	 artery.	 A,	 An	 imaginary	 line	
between	 the	 superior	 anterior	 crest	 and	 the	pubis	 is	 constructed;	 this	
line	usually	corresponds	 to	 the	 location	of	 the	 inguinal	 ligament.	The	
needle	should	enter	approximately	1	cm	below	the	imaginary	line	while	
advancing	 at	 a	 30-	 to	 45-degree	 angle.	 B,	 An	 excellent	 method	 for	
localizing	the	puncture	site	 is	 to	use	fluoroscopy	of	 the	femoral	head.	
The	 needle	 point	 should	 be	 over	 the	 lower	 inner	 quadrant	 (see	 also	
Video	30-1).	
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Transapical Left Ventricular Puncture
Percutaneous interventions are becoming increasingly complex, but  
in some instances the target lesion may be difficult to reach using 
conventional transvenous or transarterial access. Transapical left ven-
tricular (LV) puncture gives direct access to the left ventricle, and 
although it was frequently used in the past for diagnostic reasons, it 
has largely been abandoned. Nevertheless, many clinical circumstances 
exist in which direct transapical access is required for interventional 
indications, including access to the left ventricle for inaccessible 

antecubital fossa, where the artery is relatively superficial. At this level, 
after sheath removal, the artery can be compressed against the humerus 
to obtain hemostasis (Fig. 30-5). Direct puncture of the axillary artery, 
which has been performed in the past, has largely been abandoned.

Antegrade Puncture Technique for the Femoral Artery
The antegrade puncture technique provides more direct access to many 
lesions in the femoropopliteal segment and the infraglenoidal arteries. 
It allows reduction of the volume of contrast and provides stronger 
support for superficial femoral artery chronic occlusions. However, 
antegrade puncture is technically far more challenging. Although a 
high puncture of the common femoral artery is required to have enough 
space for navigation of the guidewire into the superficial femoral artery, 
suprainguinal puncture should be avoided because of the higher risk 
for retroperitoneal bleeding (Fig. 30-6). Injection of contrast through 
the needle usually helps to identify the femoral bifurcation anatomy.

Puncture Technique for the Popliteal Artery
Transpopliteal retrograde access becomes useful when the superficial 
femoral artery cannot be crossed using other antegrade techniques. 
Patients are placed in a prone position, and the puncture is performed 
with the assistance of roadmap fluoroscopy after the injection of con-
trast from an ipsilateral femoral catheter or sheath (Fig. 30-7). Particu-
lar attention should be paid to achieving complete hemostasis after 
intervention by careful manual compression. The incidence of access-
site complications is potentially higher with transpopliteal access than 
with conventional techniques.13

FIGURE 30-2	 The	femoral	artery	must	be	entered	
using	 a	 large-bore	 needle	 with	 backflow	 of	
blood.	 As	 soon	 as	 the	 needle	 passes	 into	 the	
vessel	through	the	anterior	wall,	flow	is	brisk	and	
pulsatile.	 The	 guidewire	 is	 advanced	 and	 pre-
vents	occult	bleeding	through	the	posterior	wall.	
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FIGURE 30-3	 Retrograde	femoral	access	for	a	contralateral	approach.	

FIGURE 30-4	 A,	 Complex	 radial	 access	 due	 to	 tortuosity.	 B,	 Right	
subclavian	artery	arising	from	aortic	arch	(see	also	Video	30-2).	
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Manual and Mechanical Compression
Digital compression should be considered the gold standard for com-
pressive methods. Performed properly, it can prevent bleeding and 
maintain distal perfusion. This procedure may be performed by a phy-
sician, nurse, or technician who has received formal training.

Before sheath removal, the distal pulses and the access site are 
assessed for signs of an existing hematoma. The duration of manual 
compression and the time of immobilization are proportional to the 
size of the introducer sheath and the level of anticoagulation. Although 
a manual compression technique is effective with smaller sheath sizes, 
it becomes more challenging and hazardous with increasing sheath 
sizes. The recommended compression time should be 10 minutes of 
“firm” pressure, 2 to 5 minutes of “less firm” pressure, and 2 minutes 
of “light” pressure while doing the pressure dressing. If bleeding con-
tinues, another 15 minutes of manual pressure should be applied.

Risk factors for prolonged bleeding include severe atherosclerosis 
at the puncture site and a loss of elasticity without adequate approxi-
mation of the vessel edges after removing the sheath. Other risk  
factors for bleeding include the sheath size, anticoagulation level at  
the time of sheath removal, aortic regurgitation, elevated blood pres-
sure, obesity, and older age. The use of manual compression has the 
advantage of continuous observation and modulation of vascular  
compression. However, it has the disadvantages of requiring staff 
member availability, prolonged immobilization, and bed rest, and it 
increases patient discomfort and length of hospital stay. Advanced 
Vascular Dynamics (Vancouver, WA) has developed a mechanical 
compression-assist device, called the Compass, to enhance comfort for 

percutaneous mitral paravalvular leak repair, percutaneous aortic valve 
implantation, and many other procedures.14,15

Percutaneous transthoracic puncture is appealing for an interven-
tional cardiologist but can be complicated with lung puncture, result-
ing in pneumothorax or hemothorax as a result of damage to the 
internal mammary and subcostal arteries or a persistent leak after 
sheath withdrawal. Damage to the coronary artery can be avoided by 
doing selective coronary angiography before puncture. However, most 
of these complications can be diminished by puncturing under direct 
vision after a mini thoracotomy. Computed tomography (CT) scan is 
useful to guide the access site either for direct puncture or to perform 
the mini thoracotomy.

HEMOSTATIC METHODS AFTER PERCUTANEOUS 
CARDIOVASCULAR PROCEDURES

Proper technique is essential for achieving successful femoral artery 
hemostasis without complications. Methods used to achieve hemosta-
sis after percutaneous procedures include manual or mechanical com-
pression, vascular plugs, percutaneous vascular sutures or staples, and 
topical hemostasis accelerators.

FIGURE 30-5	 Puncture	technique	for	the	brachial	artery.	

FIGURE 30-6	 Anterograde	puncture	technique	for	the	femoral	artery.	

FIGURE 30-7	 Puncture	technique	for	the	popliteal	artery.	
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pass around the hip. The amount of applied pressure may be modu-
lated and observed with a sphygmomanometer, and the device allows 
visualization of the puncture site. The FemoStop is frequently indi-
cated for compression to repair pseudoaneurysms.

In conjunction with manual compression, the Catalyst II (Cardiva 
Medical, Sunnyvale, CA) provides temporary hemostasis at a femoral 
access site after femoral arterial catheterization while allowing continu-
ous distal perfusion. After completion of the catheterization procedure, 
the device is inserted into the artery through the existing introducer 
sheath. The distal tip of the Catalyst II wire is deployed, which opens 
the biconvex, low-profile Catalyst disc within the lumen of the femoral 
artery distal to the introducer sheath tip. After removing the introducer 
sheath, gentle upward tension is applied to promote hemostasis at an 
arteriotomy site as an adjunct to manual compression.16

Femoral Closure Devices
The most commonly used hemostasis devices provide two types of 
mechanisms for percutaneously controlling bleeding: deploying 
sutures or staples to close the femoral puncture site or using resorbable 
plugs to temporarily seal the arteriotomy. A third group of devices are 
hemostasis accelerators whose mechanism of action is based on the 
electrical attractive forces between the closure device and the erythro-
cytes, leading to more rapid clot formation. Arteriotomy closure 
devices have emerged as an alternative to traditional mechanical com-
pression after percutaneous cardiovascular intervention. These devices 
have the potential to reduce the time to hemostasis, facilitate patient 
mobilization, decrease length of hospital stay, and improve patient 
satisfaction.

Among endovascular interventions, bleeding and vascular compli-
cations are the most common noncardiac, procedure-related adverse 
outcomes, and these occur in 1% to 2% of cases regardless of whether 
a vascular closure device is utilized.9 Although older, single-center 
studies and randomized trials have shown mixed results regarding the 
safety of arterial closure devices compared with manual compression, 
later data show decreased complications with closure devices.9 This 
difference may result from increased operator experience with arterial 
closure devices and improved device technology. A large observational 
registry from the National Cardiovascular Data Registry (NCDR) 
showed evidence that vascular closure devices are associated with 
safety profiles that are not significantly different than manual compres-
sion (Table 30-1).9 However, mechanical compression devices have 
showed significantly higher odds of “bleeding or vascular complica-
tions” than manual compression (OR, 1.15; 95% CI, 1.10 to 1.20; P < 
.001).9 Several recent studies have presented evidence that closure 
devices are even associated with decreased risk of bleeding and vascu-
lar complications.17 However, vascular closure device are associated 
with a higher rate of retroperitoneal bleeding (see Table 30-1).9 All 
closure devices have been reported to be safe in patients receiving 
glycoprotein (GP) IIb/IIIa inhibitors.18 However, some reports have 
raised concerns about an increased risk of bleeding complications with 
the use of vascular closure devices compared with manual compression 
among patients treated with a combination of anticoagulation drugs, 
oral antiplatelets, and GP IIb/IIIa inhibitors.9

Several studies comparing the benefits and cost-effectiveness of 
closure devices and manual compression found that the use of closure 
devices is not only safe but also cost saving.19,20 Although the use of 
vascular closure devices has a cost implication, it allows a reduction in 
hospitalization time that leads to significant cost savings due to 
decreased personnel and infrastructure demands.

Despite the advances in techniques and the introduction of new 
products, vessel closure technologies have failed to become common-
place most diagnostic and interventional cases.21

Suture-Based Closure Devices
The percutaneous suture-mediated closure device is a method to 
achieve arteriotomy hemostasis in a safe and timely manner. Several 

patients and practitioners. It includes a handle and a detachable sterile 
and disposable disk; practitioners apply external pressure, using the 
system in much the same way that they would apply manual pressure 
(Fig. 30-8).

The FemoStop (St. Jude Medical, St. Paul, MN) is a pneumatic pres-
sure device that uses a clear plastic compression bag that molds to skin 
contours (Fig. 30-9). It is composed of a plastic arch, an inflatable 
transparent dome, connection tubing, a stopcock, an elastic or adjust-
able belt, and a handheld manometer. It is held in place by straps that 

FIGURE 30-8	 Compass	compression-assist	device	 is	placed	over	 the	
femoral	sheath	before	pulling	it.	Then,	more	comfortable	manual	pres-
sure	 is	 applied.	 (Photo	 courtesy	 Advanced	 Vascular	Dynamics,	 Van-
couver,	WA.)

FIGURE 30-9	 A,	The	FemoStop	pressure	system	with	sphygmomanom-
eter.	B,	The	belt	should	be	aligned	with	the	puncture	site	equally	across	
both	hips.	

A B
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The StarClose (Abbott Vascular) represents the novel concept of an 
extravascular, clip-based femoral closure device (Fig. 30-10).23-25 The 
clips are made of nitinol alloy and are deployed through the existing 
procedural sheath. The extravascular approach closes by apposing the 
tissue at and above the arteriotomy site, leaving nothing in the arterial 
lumen. The artery may be accessed again shortly after hemostasis has 
been achieved.

Plug-Based Sealing Devices
Collagen is considered one of the most thrombogenic components of 
the vascular wall. It attracts and binds platelets. Collagen also plays an 
important role in healing wounds by carrying growth factors and by 
providing a matrix for cellular proliferation. Because it is highly com-
patible and easily manufactured in many different forms, collagen is 
an ideal component for hemostasis products. Collagen can be used 
alone to plug the vessel wall or tissue tract, or it can be combined with 
thrombin or Gelfoam (Pharmacia and Upjohn, Kalamazoo, MI). 
Thrombin converts fibrinogen to fibrin, accelerating and strengthening 
clot formation. Moreover, substances other than collagen can be used 
as sealants.

The AngioSeal device (St. Jude Medical)26 mechanically closes the 
site by sandwiching the arteriotomy site between a bioabsorbable 
polymer anchor inside the vessel and an extravascular collagen sponge 
covering the arterial surface within the skin tract (Fig. 30-11).26 It 
consists of four components within a delivery device: (1) an anchor, 
(2) a collagen plug, (3) a connecting suture, and (4) a tamper. All three 
components that are deployed into the patient are completely resorb-
able. The small plug contains only about 15 mg of collagen, and the 
anchor is made from polyglycolic and polylactic acids. Before Angi-
oSeal deployment, the access site should be assessed by injecting con-
trast through the sheath under fluoroscopy. If the introducer enters the 
femoral artery above the inguinal ligament, at the bifurcation, at a 
branch vessel, or at an atherosclerotic vessel, the risk of device failure 
or embolization is increased, and an alternative method for hemostasis 
should be used. Proper technique must be followed to avoid bleeding 
complications, anchor embolization, thrombosis, and infection.

The ExoSeal (Cordis Endovascular, Hialeah, FL) consists of a feltlike 
plug made of polyglycolic acid (PGA) that completely dissolves into 
carbon dioxide and water over about 3 months. It can be used following 
diagnostic angiography or interventional procedures and is anchored 
in place on top of the puncture in the femoral artery, after the catheter 
is removed. The device uses an indicator nitinol wire to locate the arte-
rial anterior wall to ensure extravascular plug placement; the wire is 
removed before the plug is delivered. Because none of the plug is 
inserted into the artery itself, it does not interfere with blood flow.27,28

studies have shown the efficacy of percutaneous suture-mediated 
closure devices in decreasing time to hemostasis and time to ambula-
tion without increasing the rate of access-site complications. However, 
experience suggests that such devices may result in infrequent but 
challenging vascular complications of the groin, such as retroperito-
neal hemorrhage, arterial thromboses, infections, dissections, and 
large pseudoaneurysms. Proper training and operator skills are neces-
sary for the successful use of these suture-based closure devices. The 
use of standard aseptic techniques in all cases, along with a single dose 
of prophylactic intravenous antibiotics during placement of the percu-
taneous suture-mediated closure device in high-risk patients, appears 
to prevent infectious complications.

The PerClose (Abbott Vascular, Redwood City, CA) was the first 
suture-based closure device on the market, and it is based solely on 
sutures. The main advantage of the PerClose compared with other 
closure devices is that no material is left at the puncture site except for 
the sutures. Needles are used to guide the sutures through the vessel 
wall. Also from Abbott Vascular, the ProStar XL devices use four 
needles and two sutures and the ProGlide devices use two needles and 
one suture; both device types can be used with 6- to 10-Fr sheaths. 
PerClose consists of multiple components that include an automatic 
knot-pushing tool and the suture-containing device. The tool consists 
of a sheath connected to a handle by a guide that is introduced into 
the vessel by means of the 0.035-inch guidewire after the angioplasty 
sheath has been removed. When the intravascular position has been 
achieved, the device is secured by pulling the lever and releasing the 
anchor. Using the needle plunger, needles are inserted through the 
vessel wall and grip the sutures. The needles are then retracted until 
they are outside of the skin with the sutures. Each of the two suture 
ends can be retrieved and pulled down to the surface of the artery with 
the help of a knot pusher. This improved device has shortened the time 
of deployment and has improved handling. After it is apparent that 
hemostasis will be achieved, the guidewire is removed with further 
sequential tightening of the suture pairs. This device is being used for 
even larger sheaths with the “preclosing” technique,22 which allows 
off-label use of the ProStar or two ProGlide devices to achieve hemo-
stasis for larger sheaths. After accessing the common femoral artery 
with a 6 to 10 Fr sheath, a ProStar suture-mediated closure device is 
deployed without tying it. As an alternative, two sequential and per-
pendicular ProGlides can be implanted. After the intervention is final-
ized, the preloaded sutures are tied over the large sheath while it is 
removed. A modified preclosure technique is a feasible alternative for 
hemostasis after using larger sheaths (12 to 18 Fr) to avoid the open 
surgical cutdown and diminishing the need for general anesthesia.12 
However, there is still an unmet need for dedicated percutaneous 
femoral closure devices for these large arteriotomies.

TABLE 30-1 Risk of Adverse Events After Cardiac Catheterizations by Hemostasis Device9

Complication

TYPE OF HEMOSTASIS STRATEGY

Manual (%) Mechanical (%) AngioSeal (%) PerClose (%) BCW (%) StarClose (%) Mynx (%) Patches (%) Total (%)

Entry-site	bleed 0.95 1.10 0.61 0.62 0.70 0.80 0.71 0.82 0.82

Retroperitoneal	bleed 0.26 0.26 0.38 0.22 0.11 0.36 0.39 0.18 0.29

Occlusion 0.04 0.03 0.04 0.05 0.00 0.03 0.02 0.03 0.04

Embolization 0.05 0.04 0.04 0.03 0.00 0.02 0.02 0.04 0.04

Dissection 0.25 0.45 0.19 0.15 0.15 0.14 0.09 0.29 0.24

Pseudoaneurysm 0.59 0.63 0.19 0.12 0.40 0.14 0.37 0.51 0.41

Arteriovenous	fistula 0.08 0.09 0.03 0.03 0.07 0.02 0.01 0.07 0.06

All	bleeding 1.18 1.32 0.95 0.80 0.80 1.12 1.07 0.98 1.08

All	vascular 0.97 1.20 0.47 0.35 0.60 0.35 0.49 0.92 0.76

Bleeding	or	vascular 1.99 2.34 1.36 1.10 1.27 1.42 1.48 1.77 1.72

From	Tavris	DR,	Wang	Y,	Jacobs	S,	et	al:	Bleeding	and	vascular	complications	at	the	femoral	access	site	following	percutaneous	coronary	intervention	(PCI):	an	evaluation	of	hemostasis	
strategies.	J	Invasive	Cardiol	24:328-334,	2012.
BCW,	Boomerang	Closure	Wire.



 CHAPTER 30  Access Management and Closure Devices 511

The Cardiva Catalyst is intended to promote hemostasis at an arte-
riotomy site as an adjunct to manual compression in heparinized 
patients. It consists of a sterile disposable wire and a sterile disposable 
clip. After completion of the catheterization procedure, the Catalyst 
wire is inserted into the artery through the existing introducer sheath. 
The distal tip of the wire is deployed, which opens the biconvex, low-
profile disc within the lumen of the femoral artery distal to the intro-
ducer sheath tip.30 Tension between the disc and the clip creates a 
site-specific compression of the arteriotomy and establishes temporary 
hemostasis.

Electrical-Based Sealing Pads
The use of noninvasive closure devices for interventional procedures 
has rapidly increased in the past few years.31 The patch technologies 
are a new form of biologically active, superficially applied therapies 
that accelerate local hemostasis at the puncture site.32 One of the sub-
stances used in these pads is chitosan, derived from the deacetylation 
of chitin, a substance obtained from the shells of lobsters, crab, and 
shrimp that has a slightly positive charge; chitosan has a strong positive 
charge, whereas erythrocytes and platelets are negatively charged. 
Because of their positive charges, chitin and chitosan attract negatively 
charged platelets and red blood cells to the applied area. Other hemo-
static pads are impregnated with chemicals such as bovine thrombin 
or potato starch. These agents, combined with effective manual com-
pression, may result in a shorter time to hemostasis and a stronger 
blood clot at the puncture site. These devices are effectively used for 
adjunctive closure devices or as hemostatic accelerators for manual 
compression of the access site. The simple application and the low cost 
make this system attractive. The reliability of these devices, however, 
still needs to be evaluated in a larger number of patients.

Chito-Seal Topical Hemostasis Pad (Abbott Vascular) is intended 
for use in the management of bleeding wounds such as vascular access 
sites. The pad is coated with chitosan gel, which is a powerful hemo-
static agent twice as chemically active as chitin. The Clo-Sur P.A.D. 
(Scion Cardio-Vascular, Miami, FL) is a pad that consists of the  
hydrophilic, naturally occurring biopolymer polyprolate acetate. It  
also activates electrical interference between erythrocytes and the  
pad, leading to red blood cell agglutination and clot formation. The 
SyvekPatch (Marine Polymer Technologies, Danvers, MA), an external 
device used to control bleeding from vascular access sites, consists of 
a poly-N-acetyl glucosamine polymer isolated from a microalga. The 
mechanism of action involves clot formation and local vasoconstric-
tion as part of its hemostatic effect. Neptune Pad, a noninvasive hemo-
stasis device from Biotronik (Berlin, Germany), is made of calcium 
alginate derived from seaweed with antimicrobial and wound-healing 
properties.

ACCESS-SITE COMPLICATIONS
Local bleeding or vascular complications at the site of catheter inser-
tion constitute the most common adverse events after cardiovascular 
intervention. Access-site complications can extend the patient’s length 
of hospitalization and increases the associated procedural costs.

An access-site bleeding complication is defined as blood loss at the 
site of arterial or venous access, or due to perforation of an artery or 
vein, that requires transfusion and prolongs the hospital stay or that 
causes a drop in hemoglobin of more than 3.0 g/dL. Bleeding attribut-
able to the vascular site could be retroperitoneal, a local hematoma 
(defined as >10 cm with femoral access, >2 cm with radial access, or 
>5 cm with brachial access), or external at the entry site. However, the 
term vascular complication includes the presence of any one of the 
following: occlusion (defined as total obstruction of the artery by 
thrombus or dissection), embolization, dissection, pseudoaneurysm 
(defined as the occurrence of a disruption and dilation of the arterial 
wall without identification of the arterial wall layers at the site of the 
catheter entry), or arteriovenous (AV) fistula. Other rare complications 
are neural damage and vascular infection.

The Mynx Vascular Closure Device (Cardinal Health, Dublin, OH) 
uses an extravascular, biologically inert sealant to provide immediate 
hemostasis of the puncture site.24,29 The device met the challenge of 
simultaneously sealing the puncture hole in the artery and in the tissue 
tract by generating a thrombus (Fig. 30-12). It incorporates a unique, 
low-profile, balloon-positioning catheter in combination with a bio-
logic procoagulant compound.24

FIGURE 30-10	 Expanding	staple-based	closure	device.	A,	Staple	tracks	
are	small	and	deployed	through	a	sterile	delivery	system,	reducing	the	
chance	of	touch	contamination.	B,	The	device	expands	wide	above	the	
arteriotomy	to	close	the	arteriotomy.	C,	It	purses	the	arteriotomy	closed	
to	promote	healing,	does	not	remodel	 the	vessel,	and	has	no	intralu-
minal	components	to	impede	flow.	D,	The	staple	gathers	the	full	thick-
ness	 of	 the	 vessel	 media	 and	 adventitia	 for	 a	 secure	 mechanical	
closure.	(Photograph	courtesy	Medtronic,	Minneapolis,	MN.)
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femoral closure devices should be avoided when the artery diameter is 
less than 5 mm and in cases of higher or lower femoral punctures.

Bleeding complications occur more frequently while obtaining 
access and positioning sheaths or early after removal, when local pres-
sure is not properly achieved. Several comorbid conditions have been 
associated with groin complications.

Hematoma
Hematoma is considered a significant complication when it has a diam-
eter of more than 10 cm. The incidence of local hematoma varies from 
1% to 5%, and most hematomas require only observation and no 
further intervention. Occasionally, hematoma-mediated femoral nerve 
compression and accompanying limb weakness may occur; it resolves 
spontaneously within 2 to 3 weeks.

Retroperitoneal Hemorrhage
Retroperitoneal hemorrhage remains an infrequent but occasionally 
devastating consequence of percutaneous cardiovascular intervention. 
The incidence of retroperitoneal hemorrhage is 0.29%, 73% of these 
patients require blood transfusions, and 10% die during hospitaliza-
tion.33 Retroperitoneal hemorrhage is independently associated with 
several factors: “high femoral artery stick,” when femoral artery  
sheaths are placed superior to the inferior epigastric artery; female  
sex; use of an AngioSeal device; use of a GP IIb/IIIa inhibitor; presen-
tation of acute MI; and inversely with the patient’s weight.33 Other 
studies have confirmed three factors to be predictive for retroperito-
neal hemorrhage—female sex, low body weight, and high femoral 
puncture—whereas the use of GP IIb/IIIa inhibitors, sheath size, and 
the use of a closure device did not correlate with bleeding complica-
tions.34 Bleeding complications should be considered when a patient 
has a new onset of hypotension, flank pain, or decreased hematocrit 
level. Strict adherence to meticulous vascular access technique, judi-
cious use of closure devices, and appropriate and rapid management 
when this complication is suspected should lessen the occasionally 
serious consequences related to this problem.

A major cause of retroperitoneal bleeding is a puncture above the 
inguinal ligament. When the posterior arterial wall is punctured, blood 
can spread into the retroperitoneal space. The location of the inferior 
epigastric artery may be helpful in judging the location of the puncture 
with regard to the inguinal ligament; the inferior border of this vessel 

Patient characteristics associated with an increased risk of bleeding 
or vascular complications include advanced age, female sex, high body 
mass index, renal failure, peripheral vascular disease, hypertension, 
congestive heart failure, acute MI, recent angioplasty, use of an 
intraaortic balloon pump during the procedure, an emergency proce-
dure, and use of GP IIb/IIIa inhibitors, thrombolytics, low-molecular-
weight heparin, or unfractionated heparin during the procedure.9

The American College of Cardiology–National Cardiovascular 
Data Registry (ACC-NCDR) reported an overall in-hospital serious 
adverse event rate related to vascular access of 1.72% among 1,819,611 
percutaneous coronary intervention (PCI) procedures performed via 
a femoral access site of 1089 American sites that submitted data to the 
CathPCI Registry from 2005 through 2009.

Before vascular closure device placement, a femoral artery angio-
gram through the sheath should be obtained to assess the puncture 
site, vessel diameter, and presence and severity of atherosclerosis. It can 
help to identify patients at higher risk for groin complications. Some 

FIGURE 30-11	 AngioSeal	hemostasis	system.	The	anchor	is	deployed,	and	retraction	of	the	system	secures	the	anchor	against	the	anterior	vessel	
wall.	The	collagen	plug	is	deployed	outside	of	the	artery,	and	the	suture	is	cut	at	the	skin	line,	leaving	the	subcutaneous	vascular	closure	compo-
nents	hidden.	(Image	courtesy	St.	Jude	Medical,	St.	Paul,	MN.)

LOCATE
the Artery

SET
the Anchor

SEAL
the Puncture

FIGURE 30-12	 The	Mynx	hemostatic	device	uses	a	low-profile,	balloon-
positioning	 catheter	 in	 combination	 with	 a	 biologic,	 procoagulant-
containing	bovine	collagen	and	thrombin	solution.	
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Arteriovenous Fistula
Arteriovenous fistula is defined as an abnormal connection between an 
artery and a vein (Fig. 30-15 and Video 30-3). This may be caused by 
trauma, improper removal of adjacent arterial and venous sheaths, or 
inadvertent puncture of a vein while accessing an artery. It is an 
uncommon and low-risk groin complication that is suspected by the 
detection of a continuous bruit at the access site, and it is diagnosed 

defines the border of the inguinal ligament and represents a marker by 
which femoral punctures can be assessed for possible risk of retroperi-
toneal bleeding. The inferior epigastric artery arises from the distal 
external iliac artery just before it crosses under the inguinal ligament 
to enter the thigh and become the femoral artery. It typically originates 
opposite the deep iliac circumflex branch and bears a direct relation to 
the inferior extent of the peritoneal transversalis fascia (see Fig. 30-12). 
When the entry site of the sheath is superior to the origin of the inferior 
epigastric artery, the sheath passes through various layers of the ante-
rior abdominal wall, including superficial fascia and muscles, before 
entering the artery (Fig. 30-13). The collagen plug–based closure 
devices may not reach the wall of the artery in some cases; therefore 
the operator should be careful in choosing the site of cannulation of 
the femoral artery. Fluoroscopy can be used to ascertain the relative 
location of the femoral head and pelvic brim in that endeavor (see Fig. 
30-1). The retroperitoneal space appears to be able to sequester large 
amounts of blood. Volume and blood-product support and correction 
of thrombin and platelet inhibition are central to management when 
this complication is suspected. Although computed tomography or 
other forms of imaging are occasionally useful in diagnosing retroperi-
toneal hemorrhage, this modality is usually not required and may delay 
treatment. Peripheral vascular surgery or endovascular treatment is 
appropriate if blood-product transfusion does not result in hemody-
namic stabilization or if there is clinically significant organ or nerve 
compression.

Pseudoaneurysm
The incidence of iatrogenic femoral pseudoaneurysms after percutane-
ous procedures is approximately 0.4%. A pseudoaneurysm is a hema-
toma that remains in continuity with the artery, allowing flow in and 
out of the hematoma. It can be differentiated from a simple hematoma 
by the presence of a bruit and a palpable pulsatile mass. Pseudoaneu-
rysms are normally detected by ultrasound (Fig. 30-14). Older age, 
obesity, female sex, larger sheath size, peripheral vascular disease, a  
low arterial puncture site (below the common femoral bifurcation), 
and the level of anticoagulation are associated with this complication. 
A pseudoaneurysm larger than 3 cm in diameter is usually treated  
by mechanical compression, thrombin injection, or surgery. Smaller 
pseudoaneurysms can be followed by serial ultrasound. Ultrasound-
guided manual or mechanical compression is often used to convert  
the pseudoaneurysm to a thrombosed hematoma by compressing the 
neck that connects it to the artery. Ultrasound-guided, low-dose 
thrombin injection appears to be more effective in reducing the need 
for surgical repair, is better tolerated by the patients, and requires a 
shorter hospital stay.35

FIGURE 30-13	 Angiogram	 through	 the	 sheath	 to	 assess	 the	 femoral	
artery	 and	 puncture	 location.	 The	 right	 anterior	 oblique,	 30-degree	
projection	 of	 a	 typical	 femoral	 artery	 access	 site	 shows	 the	 inferior	
epigastric	 entry	 in	 relation	 to	 its	 surrounding	 anatomy.	 The	 inferior	
epigastric	artery	arises	from	the	distal	external	iliac	artery	just	before	it	
crosses	under	 the	 inguinal	 ligament;	 the	 inferior	border	of	 this	vessel	
defines	the	border	of	the	inguinal	ligament.	

Deep iliac circumflex artery

Inferior epigastric artery

FIGURE 30-14	 The	diagram	depicts	the	relation	between	the	high	entry	and	the	correct	puncture	site	related	to	the	inguinal	ligament	and	inferior	
epigastric	artery.	The	placement	of	sheath	in	a	high	puncture	site	crosses	over	the	fascia	of	Camper,	fascia	of	Scarpa,	obliquus	externus,	obliquus	
internus,	and	the	transverses	abdominis	muscles.	
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rate. It requires aggressive medical and surgical intervention to achieve 
cure.36 Access-site infections manifest with high fever, femoral abscess, 
septic thrombosis, and mycotic aneurysm. The predominant source of 
pathogens is the endogenous flora of the patient’s skin, so attention to 
skin preparation is part of the infection-prevention strategy. Diabetes 
mellitus and obesity are the most common associated comorbidities, 
and infectious groin complications are significantly increased with 
suture-based closure devices. Surgical removal of the percutaneous 
closure device and debridement to normal arterial wall are recom-
mended for all patients with suspected femoral endarteritis. Before 
inserting a closure device, it is recommended to again prepare the skin 
insertion site and remove any pooled blood before beginning the arte-
rial closure, especially in the case of a prolonged procedure. If compro-
mise of sterile technique is suspected, the operator should consider a 
change of gloves before beginning the arterial closure and a change of 
towels around the skin insertion site, especially if the drape has become 
saturated with blood. Some interventionalists routinely administer one 
or more doses of intravenous antibiotics when using a vascular closure 
device. Although some differences may exist regarding local complica-
tions with the use of femoral closure systems, neither device has been 
shown to reduce major local complications.

CONCLUSIONS AND FUTURE TRENDS
Access-site complications continue to be the most common adverse 
events after cardiovascular interventions that extend the length of  
hospitalization and increase the associated procedural costs. Several 
femoral access closure technologies offer equivalent or even better 
patient outcomes compared with manual compression, and improve-
ment of the safety profile of vascular closure devices has been consis-
tent over time. The ease of use is continuing to improve, patients are 
being more carefully selected, and operators are gaining more experi-
ence with such devices. Sealing and suturing closure devices have been 
shown to shorten hemostasis time, reduce the discomfort of manual 
and mechanical compression, and allow earlier ambulation after car-
diovascular procedures compared with conventional compression 
techniques. Patch technologies are a new form of biologically active, 
superficially applied therapies that have found acceptance in many 
practices. Ultimately, the further expansion of femoral closure devices 
will depend on which device provides a simple approach with reliable 
hemostasis at a cost that can justify their incorporation into routine 
practice. A need still exists for dedicated femoral closure devices for 
larger arteriotomies for aortic endovascular repair and aortic valve 
replacement.

by ultrasound. In cases of arterial insufficiency, the fistula can be 
treated with ultrasound-guided compression, endovascular stenting, 
or surgical repair.

Vessel Occlusion
Vessel occlusion associated with manual compression may occur 
because of excessive occlusive pressure during the compression process. 
Patients with diabetes, female patients, or those with peripheral vascu-
lar disease have arteries with reduced lumen diameters and may be 
more susceptible to this complication. Vessel occlusion is characterized 
by a sudden onset of pain and possible paresthesia. The affected limb 
is cyanotic, cool, and has diminished or absent pulses. Treatment 
methods for vessel occlusion include administration of heparin or lytic 
agents or an endovascular or surgical thrombectomy procedure.

Access-Site Infections
Although relatively uncommon, vascular closure device–related infec-
tion is an emerging and serious phenomenon with a high morbidity 

FIGURE 30-15	 Pseudoaneurysm	 arising	 from	 the	 common	 femoral	
artery	is	assessed	by	duplex	ultrasound	(see	also	Video	30-3).	
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Both diagnostic coronary angiography and PCI are still most com
monly performed via transfemoral access in a majority of cathe

terization laboratories, although initial reports in the late 1980s 
demonstrated the feasibility and safety of diagnostic coronary angiog
raphy via a transradial approach.1 The development of highly active 
antithrombotic regimens associated with a major reduction in throm
botic complications of PCI, but also an increase in femoral access
site–related bleeding complications, have led to the development of a 
transradial approach for PCI during the past decade. The use of 6Fr 
and more recently 5Fr guiding catheters with the generalization of 
6 and 5Fr compatible balloons, coronary stents, and other devices 
such as rotational atherectomy, thrombectomy, or distal protection 
devices allows treatment of complex lesions—such as with multivessel 
PCI, bifurcation lesions, and so on—in complex situations (PCI for 
acute coronary syndromes [ACSs]), including primary or rescue PCI 
via a transradial approach, following a relatively short and easy learn
ing curve. Used rarely in the United States until 2007 (1.3% of proce
dures),2 its place is growing exponentially with rates around 16% in the 
last trimester of 2012,3 although the U.S. still lags far behind Asian and 
European countries, where current rates are more than 80%.4 Similarly, 
primary PCI is more and more frequently performed with a radial 
access, as recently shown in the international randomized Acute 
STEMI Treated With Primary Angioplasty and Intravenous Enoxapa
rin or UFH to Lower Ischemic and Bleeding Events at Short and 
LongTerm FollowUp (ATOLL) study, in which 66% of procedures 
used the radial artery.5 The growing interest in the transradial approach 
is also apparent in the medical literature, and half of the medical pub
lications concerning the subject have been published within the past 4 
years. Since the initial description of the transradial approach, more 
than 1000 articles have been published.

RATIONALE FOR TRANSRADIAL APPROACH TO 
PERCUTANEOUS CORONARY INTERVENTION

Anatomic Considerations
The radial artery, as well as the ulnar artery, is usually a terminal branch 
of the brachial artery, originating below the elbow. In some cases the 

radial artery originates from the upper brachial artery or even directly 
from the axillary artery. It follows the external margin of the forearm 
to reach the wrist, where it divides most of the time into two branches, 
joining branches of the ulnar artery through superficial and deep 
palmar arches. The palmar arches may also be irrigated by branches of 
the common interosseous artery, a highoriginating branch of the 
ulnar artery. Quite superficial all along, the radial artery is covered by 
the brachioradialis muscle proximally. It becomes very superficial and 
accessible in its 3 to 5cm distal portion before the wrist, considered 
the puncture site. Moreover the satellite radial nerve changes direction 
at this final portion, making puncturerelated nerve injury almost 
impossible. The absence of major veins around the radial artery also 
reduces the risk of arteriovenous fistula. Because of such anatomy, the 
transradial approach to PCI appears to be very safe.

Feasibility
The feasibility and security of a transradial approach to coronary diag
nostic or interventional procedures have been widely demonstrated. 
The historical data from such studies are summarized in Table 311. 
The transradial approach requires a variable learning curve, leading to 
higher rates of procedural success and lower xray exposure among 
experienced operators.6 The importance of the learning curve was 
recently highlighted by the American National Cardiovascular Data 
Registry (NCDR), based on a study population of 54,561 patients. It 
showed that as the operator’s transradial intervention volume increases, 
more highrisk patients are treated on the one hand, whereas on the 
other, fluoroscopy time, contrast volume, and bleeding risk are reduced. 
The threshold to overcome the learning curve is still debated but is 
around 30 to 50 cases.7

Overall the feasibility of a transradial approach for diagnostic or 
interventional coronary procedures is high (>90%), especially in expe
rienced centers (>95%). In a series of 1119 consecutive South Korean 
patients, the mean radial artery diameter measured by ultrasound was 
2.6 (± 0.41) mm in men and 2.43 (± 0.38) mm in women.8 In another 
series of 250 Japanese patients, the radial artery diameter was larger 
than 7 and 8Fr catheters in 71.5% and 44.9% of male patients and 
40.3% and 24% of female patients, respectively.9 Although such data 
may not be totally generalized to all other populations, it underlies the 
fact that the transradial approach could potentially be used in a vast 
majority of patients with 5, 6, and even 7Fr catheters. In some 
patients with sufficiently large artery diameter, 8Fr catheters may also 
be used if needed. Yet it must be remembered that catheter–radial 
artery diameter mismatch is associated with a higher risk of radial 
artery occlusion.

The transradial approach has been used for different types of  
procedures with various devices and methods such as intravascular 
ultrasound (IVUS)–guided stenting, coronary brachytherapy, distal 
protection, embolectomy, rotational atherectomy, bifurcated stents, 
and so on. However, this approach is still incompatible with the 
intraaortic balloon pump (IABP) and all other devices or procedures 
needing 8Fr or greater access.

Recently, the use of sheathless guiding catheters with smaller outer 
diameters—6.5 and 7.5Fr catheters, equivalent to 5 and 6Fr intro
ducer diameters respectively—has been reported to be feasible and 
safe.10 Although their use remains somewhat confidential, such 

31  Transradial Approach for Diagnostic Coronary 
Angiography and Intervention
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•	 Access-site	and	non–access-site	bleeding	complications	after	
percutaneous	coronary	intervention	(PCI)	are	associated	with	poor	
outcome,	including	mortality.

•	 A	transradial	approach	to	PCI	is	associated	with	virtually	no	major	
access-site	bleeding	with	subsequent	increase	of	net	clinical	benefit.

•	 After	an	initial	short	learning	curve,	the	procedural	success	rates	of	
the	transradial	approach	become	similar	to	those	of	the	
transfemoral	approach.

•	 A	transradial	approach	can	be	used	in	any	clinical	condition	for	all	
procedures	and	devices	compatible	with	5-,	6-,	or	7-Fr	guiding	
catheters.

•	 A	transradial	approach	is	associated	with	a	reduction	of	mortality	
rates	in	the	setting	of	PCI	for	ST-elevation	myocardial	infarction	
(STEMI).
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(7.6% vs. 2%, P < .0001). The rates of the primary end point—the 
composite of death, myocardial infarction (MI), stroke, or nonCABG 
bleeding at 30 days—were comparable between the transradial and 
transfemoral groups (3.7% and 4%) as were each of the individual 
components. However, the secondary end point of major vascular 
complications occurred more often in the transfemoral group (1.4% 
vs. 3.7%, P < .0001). Moreover, all posthoc exploratory outcomes 
including Acute Catheterization and Urgent Intervention Triage Strat
egy (ACUITY)–defined major bleeding, the composite of death or MI 
or ACUITYdefined major bleeding and the composite of major non
CABG bleeding and vascular complications were met more often in 
the transfemoral group.

Although RIVAL failed to show a significant difference between the 
two groups regarding the primary end point used in the protocol, two 
major findings in the subgroup analysis should be underlined: first, in 
the STEMI subgroup of the study, the transradial approach was not 
only associated with a significant reduction of the primary end point 
but also a reduction in mortality; second, the primary end point was 
also significantly reduced by the transradial approach in the centers 
with the highest radial PCI volume (hazard ratio [HR] 0.49; 95%  
confidence interval [CI], 0.28 to 0.87), which highlights the impor
tance of the learning curve and operator experience for the transradial 
approach.

The overall advantages of the transradial approach have been 
advanced by three metaanalyses. First, a metaanalysis of 11 random
ized controlled trials that included 3224 patients showed that overall, 
the rates of postprocedure major ischemic coronary events were com
parable between methods, the procedural success rate was higher with 
the transfemoral approach (98% vs. 93%, P = .0009), and analysis 
showed a significant advantage of the transradial approach in terms of 
bleeding complications, mainly an 89% risk reduction for entrysite 
complications (0.3% vs. 3%, P < .0001).14 The study also showed a clear 
trend toward equalization of procedural success rates between the two 
approaches through the years. Such a finding is probably explained by 
the technologic improvements of the materials and the improvement 
in operators’ skills and experience following the learning curve. The 
average length of exposure to xrays was nevertheless longer for the 
transradial approach (8.9 vs. 7.8 min, P < .001).

Another metaanalysis15 of 23 randomized trials that included 7020 
patients undergoing coronary angiography or PCI concordantly 
showed a significant (P < .001) 73% reduction in rates of major bleed
ing among those undergoing PCI, as well as trends toward lower rates 
of the combined end point of death/MI/stroke (odds ratio [OR] 0.71, 
P = .058) and death (OR 0.74, P = .29). Although accesssite crossover 
was higher with the transradial approach, the procedure failure rate 
was not significantly lower and was similar among operators experi
enced with the that approach, whereas a trend (P = .07) toward higher 
failure rates was observed among lessexperienced operators.

catheters may allow more complex procedures, such as simultaneous 
“kissing” stenting, in patients with small radial arteries.

A transradial approach may be somewhat limited in patients who 
have previously undergone coronary artery bypass grafting (CABG). 
A recently published small (N = 128) monocentric randomized study 
in this setting (58% diagnostic angiography alone) reported higher 
crossover rates, contrast volume, procedure time, and patient and 
operator exposure in the global group associated with a left transradial 
compared with a transfemoral approach. Nevertheless, as acknowl
edged by authors, with the first operator being always a trainee, the 
study may have been biased for the radiation exposure and contrast 
volume parameters. Furthermore, in the subgroup of patients who 
underwent PCI, procedural success was similar between the two 
groups.11 In patients with a left mammary graft, it is usually easier to 
cannulate the ostium selectively by using a left radial approach. 
However, selective catheterization of left or right internal thoracic 
bypasses is often possible via the contralateral approach, such as by 
using a Judkins left or other dedicated catheter. In patients with bilat
eral left internal thoracic bypasses, technical difficulties can be over
come easily by a bilateral radial access.

In a recent publication from a high radial volume center with a 
radialfirst strategy, based on a consecutive series of more than 1600 
patients, a transfemoral approach was directly used in 2.7% of patients, 
and in another 1.8%, it was used after a failed attempt at a transradial 
approach.12 Female sex, previous CABG, and cardiogenic shock were 
independent predictors of a transradial approach failure.

TRANSRADIAL VERSUS TRANSFEMORAL APPROACH 
FOR PERCUTANEOUS CORONARY INTERVENTION

The transfemoral approach represents an easily accessible superficial 
arterial access point, through which large catheters delivering all types 
of devices could be introduced. Compared with the transfemoral 
approach, transradial access is associated with fewer vascular compli
cations, more comfort for patients, and the possibility of rapid ambula
tion, lower procedure cost, and reduced hospital stay and cost. Several 
randomized trials comparing advantages and disadvantages of each 
method are summarized in Table 312.

The major study comparing the transradial and transfemoral 
approaches is the Radial Versus Femoral Access for Coronary Interven
tion (RIVAL) trial,13 which included 7021 ACS patients randomly 
assigned to each of the approaches for angiography and/or PCI. Indica
tions for angiography were STEMI in 27.2% and 28.5% and non
STEMI (NSTEMI) in 28.5% and 25.8% in transradial and transfemoral 
groups, respectively. Angiography was performed in 99.8% and PCI 
was performed in approximately 66% of patients in both groups. PCI 
success rates were comparable between the two groups (95.4% vs. 
95.2%), with higher accesssite crossover rates in the transradial group 

TABLE 31-1 Historical Transradial Percutaneous Coronary Intervention Feasibility Studies
Author Type of Procedure N Catheter Size Success Rate (%) Access-Site Complication (%)

Saito9 Unselected	patient	PCI 1360 6F/7F/8F 92 0.2

Kim37 Primary	PCI 30 6F 90 0

Valsecchi38 Primary	PCI 163 6F 97 0

Valsecchi39 Unselected
≥70	years	old 323 6F 98.8 0.4
<70	years	old 80 6F 99 0

Kiemeneij40 POBA	(?) 100 6F 94 2

Kiemeneij67 Stenting 20 6F 100 0

Kiemeneij68 Stenting 100 6F 96 3

Louvard69 Primary	PCI 277 6F 95 0

Mulukutla70 Primary	PCI	(GP	IIb/IIIa	inhibitors	in	75%) 41 6F 100 0

GP,	Glycoprotein;	PCI,	percutaneous	coronary	intervention;	POBA,	plain	old	balloon	angioplasty.
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TABLE 31-2 Randomized Trials Comparing Transradial and Transfemoral Approaches for Percutaneous Coronary Intervention

Author Type of Procedure N

TECHNICAL  
SUCCESS (%)

ACCESS-SITE 
COMPLICATION (%)

Other End PointsTR TF TR TF

RIVAL	trial13 Diagnostic	and/or	
PCI	for	ACS

7021 92.4 98 1.4 3.7 Comparable	rates	of	the	primary	end	
point—death,	MI,	stroke,	and	major	
bleeding	at	30	days—significantly	
higher	rates	of	femoral	access-site	
complications

Agostoni	
meta-analysis14

Diagnostic	or	PCI 2845 93 98 0.3 2.8 Shorter	hospital	stay,	lower	hospital	
costs,	longer	fluoroscopy	times		
with	TR

Jolly	meta-
analysis15

PCI 7020 95 97 0.05 2.3 Significant	(73%)	reduction	of	major	
bleeding,	trends	toward	less	
30-day	mortality	and	fewer	MACEs,	
significantly	shorter	hospital	stay	
with	TR

Louvard19 PCI	in	pts.	>80	yr 371 89 91 1.6 6.6 Trend	to	longer	TR	procedure	duration

Cantor23 Primary	or	rescue	
PCI

50 99.6 100 0.4 0.4 Similar	fluoroscopy	time	and	contrast	
media	quantity

STEMI-RADIAL	
trial28

Primary	PCI 707 96 97 0.3 0.8 Significant	superiority	of	the	TR	
approach	for	net	adverse	clinical	
events,	bleeding,	and	duration	of	
ICU	stay

RIFLE-STEACS	
trial29

Primary	or	rescue	
PCI

1001 94 99 2.6 6.8 Significant	superiority	of	TR	approach	
for	the	30-day	primary	end	point	of	
net	adverse	clinical	events,	death,	
bleeding,	and	duration	of	hospital	
stay

Kiemeneij31 POBA 600 92 91 0 2 Similar	procedure,	hospital	stay,	and	
x-ray	exposure	length

Benit32 Elective	stenting 112 89 98 0 10 Similar	procedure,	hospital	stay,	and	
x-ray	exposure	length

Mann71 POBA 152 91 96 0 5 TR	reduced	length	of	stay	and	total	
cost

Mann72 Stenting	in	ACS 152 96 96 0 4 TR	reduced	length	of	stay	and	total	
cost

Mann73 Stenting	TR	versus	
TF	with	PerClose

218 0 3.4 TR	reduced	length	of	procedure,	
hospital	stay,	and	total	cost

PerClose:	Inadequate	in	18%,	failure	
of	hemostasis	in	10%

Louvard74 Diagnostic±ad-hoc	
PCI	in	~43%

210 100 100 2 6 TR	reduced	length	of	stay,	total	cost,	
and	was	patient	preferred,	but	it	
increased	x-ray	exposure	length

Saito75 Primary	stenting 149 96 97 0 3 Comparable	in-hospital	MACE	rates

Slagboom76 Outpatient	PCI 644 96 97 0 6 Similar	rates	of	major	bleeding,	
higher	rates	of	same-day	
discharge,	and	lower	rates	of	minor	
bleeding	with	TRA

Brasselet77 Primary	PCI	with	
abciximab

114 91.6 96.5 3.5 19.3 Similar	rates	of	bleeding,	transfusion,	
and	MACE;	higher	fluoroscopy	time	
and	earlier	ambulation	with	TRA

Li78 Primary	PCI 370 98.4 98.9 2 7 Similar	procedure	times

Achenbach79 PCI	in	patients	
aged	>75

307 91 100 1.3 9 Higher	examination	time	with	TR	but	
similar	fluoroscopy	time,	number	of	
catheters,	and	amount	of	contrast	
media

RADIAMI80 Primary	PCI 100 94 98 2 12 Similar	procedure	times,	clinical	
event	rates,	and	bleeding	rates

RADIAMI	II81 Primary	PCI,	
femoral	access	
closure	device

109 96 98 0 3 Longer	door-to-balloon	time	in	
transradial	approach,	similar	
clinical	adverse	event	and	bleeding	
rates,	successful	closure	of	femoral	
access	93%

ACS,	Acute	coronary	syndrome;	ICU,	intensive	care	unit;	PCI,	percutaneous	coronary	intervention;	POBA,	plain	old	balloon	angioplasty;	MACE,	major	acute	coronary	events;	MI,	myocardial	
infarction;	TF,	transfemoral;	TR,	transradial;	TRA,	transradial	approach.
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TABLE 31-3 Recent Randomized Trials Comparing Transradial and Femoral Approaches in ST-Elevation Myocardial Infarction

30-Day End Point

TRANSRADIAL TRANSFEMORAL OR (95% CI) Radial 
vs. Femoral Approach PN/Total % N %

Death
RIVAL 12/955 2.7 32/1003 3.2 0.39	(0.20-0.76) .026
RIFLE-STEACS* 26/500 5.2 46/501 9.2 — .020
STEMI-RADIAL 8/348 2.3 11/359 3.1 — .64

Death/MI/stroke
RIVAL 26/955 2.7 46/1003 4.6 0.59	(0.36-0.95) .032
RIFLE-STEACS† 36/500 7.2 57/501 11.4 — .029
STEMI-RADIAL 12/348 3.5 15/359 4.2 .7

Major	bleeding
RIVAL 8/955 0.8 9/1003 0.9 0.92	(0.0.36-2.39) .87
RIFLE-STEACS 39/500 7.8 61/501 12.2 — .026
STEMI-RADIAL 5/348 1.4 26/359 7.2 — .0001

Access-site	crossover
RIVAL 51/955 5.3 16/1003 1.6 3.32	(1.89-5.82) <	.0001
RIFLE-STEACS 47/500 9.4 14/501 2.8 — —
STEMI-RADIAL 13/348 3.7 2/359 0.6 .003

*Cardiac	death.
†Death/myocardial	infarction/target-lesion	revascularization/stroke.
CI,	Confidence	interval;	MI,	myocardial	infarction;	OR,	odds	ratio.

Finally, the most recent metaanalysis of 76 randomized and non
randomized PCI trials using a hierarchical bayesian analysis showed 
that compared with the transfemoral approach, transradial access was 
associated with significant, dramatic reductions in the risk of major 
bleeding (78%), transfusion (80%), death or MI (31%), and even death 
(44%).16 Such advantages make the transradial approach the access of 
choice for sameday PCI, which has been reported to be highly feasible 
and safe.17

The transradial approach is also of particular interest in patients at 
high risk for bleeding (older adults, women, patients with renal failure, 
the obese, or patients on multiple antithrombotic agents, especially 
glycoprotein [GP] IIb/IIIa inhibitors). The transradial approach has 
been reported to be associated with fewer vascular complications in 
obese patients (multivariate OR 0.12; 95% CI, 0.02 to 0.94, P = .043) 
in a retrospective series of 5234 diagnostic or interventional (56.6%) 
procedures,18 as well as in older adults (1.6% vs. 6.5%, P = .03).19 Other 
patients with obvious advantages for a radial, rather than a femoral, 
approach are patients with severe and/or proximal peripheral artery 
disease (PAD), patients with bilateral aortofemoral bypass grafts, those 
with aortic aneurysms, and patients with a prior history of femoral 
complication after catheterization.

Compared with radial access, in patients with chronic kidney 
disease—as in the British Columbia cohort of 69,214 patients undergo
ing catheterization—femoral access was associated with an adjusted 
odds ratio of 4.36 (95% CI, 2.48 to 7.66) for the development of the 
composite end point of new dialysis or new chronic kidney disease.20 
The potential of the transradial approach to improve preservation of 
renal function was reported more recently in a large (N = 82,225) mul
ticenter cohort of patients for whom such an approach was associated 
with lower rates of PCIrelated acute kidney injury both on covariable 
adjusted (OR 0.74; 95% CI, 0.62 to 0.92) and propensity score–matched 
(OR 0.74; 95% CI, 0.58 to 0.96) analyses, independent of the associated 
reduction in the risk of bleeding.21 Such findings may be related to the 
reduced atheroembolic potential of the transradial access.

Finally, when considering PCI registries such as the RIVIERA reg
istry,22 which prospectively included 7962 unselected patients, the 
transradial approach appears as an independent predictor of better 
inhospital outcome (OR for death or MI, 0.16; 95% CI, 0.05 to 0.50), 
as well as the only variable correlated to less bleeding. Similar results 
were also reported by the Canadian MORTAL registry of 38,872 pro
cedures, among which 20.5% were done by a transradial approach, 
showing a significant reduction in 30 day (adjusted OR 0.71; 95% CI, 
0.61 to 0.82) and 1 year (adjusted OR 0.83; 95% CI, 0.71 to 0.98) 

mortality by the latter approach. The superiority of the transradial 
approach appears to be entirely linked to the reduced rates of transfu
sion in the prior study. The recently published report of the NCDR for 
2007 through 2012 (N = 2,820,874 procedures) comparing transradial 
and transfemoral approaches confirms the prior findings with overall 
higher success rates (94.7% vs. 93.8%, adjusted OR 1.13, P < .001) and 
fewer vascular (0.16% vs. 0.45%, adjusted OR 0.51, P < .001) and bleed
ing complications (2.67% vs. 6.08%, adjusted OR 0.39, P < .001) with 
the transradial approach.3

TRANSRADIAL APPROACH IN ST-ELEVATION 
MYOCARDIAL INFARCTION

The transradial approach is of particular interest in the setting of 
primary PCI for STEMI (Tables 311 through 313) performed by 
experienced operators in patients treated by aggressive antithrombotic 
regimens, in which lifethreatening accesssite bleeding complications 
and the subsequent major cardiovascular events may be avoided by 
such an approach. In this setting, growing evidence suggests that the 
transradial approach is associated with overall similar doortoballoon 
times, lower rates of vascular complication and bleeding in presence 
of triple antithrombotic therapy,2326 and even reduced 30day mortal
ity as compared with a femoral approach.27 As mentioned above, in the 
STEMI subgroup of the RIVAL trial,13 the transradial approach was not 
only associated with a significant reduction of the primary end point 
(HR 0.6; 95% CI, 0.38 to 0.94) but also mortality (HR 0.39; 95% CI, 
0.20 to 0.76).

A metaanalysis of 21 randomized trials, which included the RIVAL 
trial STEMI subgroup, and nonrandomized studies recently reported 
consistent and significant reductions in mortality (OR 0.55; 95% CI, 
0.42 to 0.72), major adverse cardiac events (MACEs; OR 0.56; 95% CI, 
0.44 to 0.72), and major bleeding (OR 0.32; 95% CI, 0.22 to 0.48) by 
the transradial compared with the transfemoral approach.

Two recently published studies in the specific setting of PCI for 
STEMI confirmed overall the superiority of the transradial versus the 
transfemoral approach in terms of net adverse clinical events (NACEs), 
combining bleeding and thrombotic events.28,29 Moreover, the Radial 
Versus Femoral Randomized Investigation in STElevation Acute  
Coronary Syndrome (RIFLESTEACS) trial29 reported a significant 
reduction of 30day mortality and bleeding associated with a trans
radial approach (5.2% vs. 9.2%, P = .02, and 7.8% vs. 12.2%, P = .03). 
The clinical results of the RIVAL study STEMI subgroup and the two 
latter studies are summarized in Table 313. Considering such data,  



520 SECTION III  CORONARY INTERVENTION

forearm arteriovenous fistula and in patients with small or heavily 
calcified radial arteries.

Assessment of Ulnopalmar Arterial Arches
The assessment of collateral ulnar circulation has traditionally been 
recommended prior to the transradial approach to PCI. The early 
postprocedure occlusion of the radial artery could occur in 0% to  
19% of patients depending on the clinical or ultrasound assessment  
of the radial artery patency, the type of procedure (diagnostic or  
interventional), whether anticoagulation was used, the duration of 
arterial compression after the procedure, and the size of the introduc
ers and catheters.11,3739 In 40% to 60% of cases, the pulse could be 
redetected within hours to weeks after the occlusion, which remained 
asymptomatic in virtually all patients.40,41 Nevertheless, description of 
incomplete palmar arches and very rare cases of transient or definitive 
hand or finger ischemia have been reported, theoretically justifying the 
evaluation of the ulnopalmar arch prior to the radial puncture. 
However, most reported cases of distal ischemia have been associated 
with distal emboli and normal Allen testing prior to catheterization. 
Although the assessment of the collateral ulnar circulation is of theo
retic interest, the low specificity of the Allen test and the absence of 
symptomatic ischemic complications in the abundant literature have 
made this recommendation obsolete in many experienced radial 
centers.

The Allen Test
A simple clinical way of testing the adequacy of the collateral ulnar 
circulation is the modified Allen test (Fig. 311, A and B). The test 
consists of the simultaneous compression of radial and ulnar arteries, 
followed by several flexionextension movements of the fingers, leading 
to an uncoloring of the palm. The ulnar compression is then ceased. 
The recoloration time of the palm after the end of the ulnar artery 
compression defines the Allen test: normal is less than 5 seconds, 
intermediate is 5 to 10 seconds, and abnormal is 10 seconds or more. 
The reverse Allen test, comprising all steps with the exception of a 
transient radial—instead of ulnar—compression, could be used in case 
of a transulnar approach.

A potentially more accurate method for the evaluation of the ulno
palmar arch may be the plethysmooxymetric test (see Fig. 311, C and 
D, and Video 311). The radial artery is compressed after the detector 
is positioned on the thumb. The persistent damping of the plethys
mographic curve and a decrease of the blood oxygen saturation indi
cate inadequate ulnar collateral circulation. Barbeau and colleagues42 
compared such a method with the Allen test in 1010 consecutive 
patients. The study showed that 6.3% of patients would be excluded 
based on the Allen test, but only 1.5% had an abnormal plethysmooxy
metric test.

In clinical practice, the use of the Allen test is highly variable from 
one center or operator to another. In centers where the test is systemati
cally performed, the transradial approach is usually attempted in 
normal or intermediate patient groups. The issue is highly controver
sial because on one hand, many operators do not test the collateral 
circulation, and on another, in most clinical trials, the abnormality of 
the test is an exclusion criterion.

One recent study demonstrated reduced blood flow and increased 
capillary lactate levels in the thumb following 30 minutes of occlusive 
compression of the radial artery in patients with an abnormal Allen 
test compared with those with a normal test,43 which suggests potential 
ischemic complications in patients with an abnormal test. A more 
recent trial in 203 patients undergoing a transradial approach with  
a normal, intermediate, or abnormal Allen test did not confirm the 
previous findings on increased lactate levels.44 Moreover, the latter 
study—based on plethysmographic frame counts—demonstrated an 
enhancement of the ulnar flow only in patients with an abnormal Allen 
test after radial artery occlusion. Hence the prognostic relevance of  
the Allen test remains controversial, and its relation to the safety of  
the procedure has never been shown. A few cases of severe hand 

the last European Society of Cardiology (ESC) guidelines for the man
agement of STEMI30 recommended a transradial over a transfemoral 
approach in the setting of primary PCI (level of recommendation IIb).

TRANSRADIAL VERSUS TRANSBRACHIAL 
APPROACHES

Two of the previous randomized trials also had a transbrachial 
approach subgroup of patients. The Radial Versus Femoral Access for 
Coronary Angiography of Intervention and the Impact on Major 
Bleeding and Ischemic Events (ACCESS) study31 reported comparable 
procedural success rates, equipment consumption, and procedural and 
fluoroscopy time among the three approaches for PCI. The transbra
chial approach was nevertheless associated with higher rates of vascu
lar complications compared with the transradial approach (2% vs. 0%, 
P = .035). The Brachial, Radial, or Femoral Approach for Elective 
PalmazSchatz Stent Implantation (BRAFE) stent study compared 
transradial and transfemoral approaches with a transbrachial cutdown 
approach, reporting no local vascular complication with the latter.32 
Such a brachial approach is not commonly used anymore and still 
bears a higher risk of vascular complications. The brachial access does 
not need a cutdown and can be done with a classic percutaneous 
approach but is usually preferred when neither femoral nor radial 
approaches are possible.

TRANSRADIAL VERSUS TRANSULNAR APPROACH
The ulnar artery is usually less superficial than the radial artery, and 
both its puncture and compression may be technically more difficult. 
The Transulnar Versus Transradial Artery Approach for Coronary 
Angioplasty (PCVICUBA) study randomized 413 patients with a 
normal direct or reverse Allen test to undergo coronary angiography 
followed or not by PCI through a transradial versus a transulnar 
approach. The two methods were associated with similar access success 
(96% vs. 93%), PCI success (96% vs. 95%), and asymptomatic access
site artery occlusion (5% vs. 6%) rates.33 A more recent noninferiority
designed randomized trial comparing the two approaches showed 
somewhat more conflicting results.34 In this study, the transulnar 
approach was associated with more attempts before successful access 
(three vs. one, P < .001), longer procedural time, higher contrast 
volume, and much higher rates of crossover (32.3% vs. 5.9%, P = .004). 
Although the composite primary end point of crossover and major 
adverse cardiovascular and vascular events at 60 days was inconclusive, 
the transulnar approach appears to be only an alternative to transradial 
access for PCI and not a firstline strategy. Indeed, it remains techni
cally more challenging; and with the ulnar nerve being closer to the 
ulnar artery, nerve injury remains an issue during puncture attempts 
and the hemostasis phase.

COST-EFFECTIVENESS
Systematic and concordant evidence suggests that because of a shorter 
length of hospital stay, reduced nursing workload, reduced rates of 
complications, and absence of need for closure devices, the transradial 
approach is associated with significant cost reductions in both diag
nostic angiography and PCI settings.35,36

PRACTICAL CONSIDERATIONS FOR  
A TRANSRADIAL APPROACH

Contraindications to the Transradial Approach
The contraindications to a transradial approach are the presence of 
forearm arteriovenous fistula or a proven absence of collateral ulnar 
circulation (e.g., known occlusion of the ulnar artery). The transradial 
approach should be considered with precaution and after assessing the 
balance between other accesssite complications and the risk of radial 
access in endstage renal disease patients with the potential need for 
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shorter duration of catheter manipulation and shorter procedure and 
fluoroscopy times, as well as lower rates of guidewire usage, suggesting 
increased procedural efficacy.45 A recently published metaanalysis that 
involved 22 randomized trials and included more than 10,000 patients 
confirms the lower fluoroscopy time and contrast volume with the left, 
compared with the right, transradial approach.46

Nevertheless, the right transradial approach is clearly more ergo
nomic for the majority of operators, and the differences between the 
two approaches may not be of clinical relevance. The choice of the side 
remains mainly a matter of operator preference, the right radial 
approach being the default side in 90% of cases.

As mentioned before, previous biinternal thoracic artery CABG is 
a specific situation in which a double left and right radial approach 
could be used, allowing direct access to internal thoracic arteries’ ostia 
for further intervention through the grafts.

Patient Preparation, Arterial Puncture, and Sheath Insertion 
(Video 312)

Explanations and premedication should be given to patients based on 
local practice. Because excessive anxiety may favor radial artery spasm, 
premedication may be used prior to radial artery puncture (see below). 
When possible, local anesthesia of the puncture site with an anesthetic 

ischemia have been reported but never in relation with an abnormal 
Allen test.

Because of the rare occurrence of radial artery occlusion and the 
exceptionally symptomatic character of such a complication, the prog
nostic value of neither of the previous tests has been demonstrated, 
and many operators use the transradial approach without prior evalu
ation of the ulnopalmar arch. Nevertheless, an abnormal Allen test 
should be confirmed by the plethysmooxymetric test and then consid
ered as a contraindication to the transradial approach, leading the 
clinician to another access point.

A Right Versus Left Transradial Approach
The left radial access may have some advantages over the right trans
radial approach. Such reported advantages include more comfort and 
less hypothetic risk in case of hand ischemia for the righthanded 
majority of patients, easier coronary cannulation using standard 
Judkins catheters, less guidewire usage, lower rates of unusual artery 
branching or vessel tortuosity needing less catheter manipulation, 
shorter procedure and fluoroscopy times, and selective opacification of 
the left internal thoracic artery bypass grafts.

In a randomized trial that compared 232 left and 205 right transra
dial diagnostic procedures, the left approach was associated with 

FIGURE 31-1	 Ulnopalmar	arch	assessment.	A,	Allen	test:	compression	of	both	radial	and	ulnar	arteries.	B,	Allen	test:	homogenous	recoloration	of	
the	palm	after	ulnar	artery	compression	is	released	in	a	patient	with	normal	palmar	arch.	C,	Plethysmooxymetric	test:	before	radial	artery	compres-
sion.	D,	Plethysmooxymetric	test:	dumping	of	the	plethysmographic	curve	and	decrease	of	oxygen	saturation	of	the	thumb	after	radial	compression	
in	a	patient	with	incomplete	palmar	arch.	

A

C

B

D
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cream 30 to 60 minutes prior to the puncture may improve patient 
comfort and can reduce risk of radial artery spasm and cannulation 
failure.

Some operators also recommend local vasodilation by apposition 
of a nitrate patch or paste on the puncture site. To be effective, it seems 
that the treatment must be administered at least 1 hour prior to radial 
puncture. The forearm should be shaved if necessary and aseptically 
prepared. Usually the groins are also prepared in case of radial access 
failure or if greater than 7Fr material is needed. The arm and wrist 
rest on an armrest, and a roll of gauze can be inserted under the wrist 
to make the puncture easier.

Prior to puncture, a small dose of subcutaneous lidocaine 1% or 2% 
solution (0.5 to 2 mL) is injected at the puncture site. The radial artery 
might be accessed either by direct (anterior) puncture or using a 
throughandthrough technique. Although access is somewhat faster 
with the throughandthrough technique, the choice remains a matter 
of operator preference because there are no differences in the rate of 
complications. The artery is punctured either with a short 18 to 
19gauge entry needle (anterior) or a 20gauge venoustype catheter 
entry needle, usually with a 30degree angle to the horizontal plane. 
The needle is advanced until blood appears and stops. The inner needle 
is then retrieved in case of venoustype needle use. The needle or the 
catheter is then retrieved until a pulsatile blood flow appears. A 0.025
inch straight, preferably hydrophilic coated guidewire is introduced 
through the needle or the catheter, which is then removed. A 70mm 
long arterial hydrophilic sheath is then introduced on the wire eventu
ally after a very small superficial skin incision. Figure 312 shows single 
right radial, left ulnar, and bilateral radial sheaths in place. The use  
of hydrophilic coated sheaths (Fig. 313) and the smallest sheath 
size—4 Fr for diagnostic and 5 Fr for PCI, with further upsizing if 
needed to 6, 7, or even 8 Fr—are recommended because they are asso
ciated with less radial artery occlusion and spasm and less extraction 
force at removal.47 The use of long sheaths (23 cm), initially recom
mended, has now been largely abandoned.

FIGURE 31-2	 A,	Right	transradial	approach.	B,	Left	ulnar	sheath	approach.	C,	Bilateral	radial	approach	for	selective	catheterization	of	both	internal	
thoracic	arteries.	

A B

C

FIGURE 31-3	 Transradial	approach	kit	(Terumo	Medical,	Somerset,	NJ).	

20-G 38-mm needle

20-G venous-type needle

6-Fr Introducer and sheath

0.025” hydrophilic coated guidewire

0.025” standard guidewire
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setting of PCI with highly active antithrombotic regimens and early or 
rescue PCI after thrombolysis. In a series of mostly ACS patients 
undergoing PCI with abciximab through transradial (n = 83) or trans
femoral access (n = 67), the 30day rate of major acute coronary events 
was similar between the two approaches, but bleeding complications 
occurred in 0% of the former versus 7.4% of the latter (P = .04).54

In another consecutive series of 119 patients undergoing primary 
PCI with systematic GP IIb/IIIa inhibition by abciximab, compared 
with the transfemoral approach (n = 55), the transradial approach 
(n = 67) was associated with fewer major accesssite complications 
(5.5% vs. 0%, P = .03), shorter hospital stay, and comparable procedural 
time but higher xray exposure time and dose product.55

A retrospective analysis of postthrombolysis rescue PCI with adju
vant GP IIb/IIIa inhibitor therapy was undertaken in 111 patients, 
among whom 47 had a transradial approach, and it showed lower rates 
of accesssite bleeding (0% vs. 9%, P = .04) and transfusion (4% vs. 
19%, P = .02) with the transradial access. The fluoroscopy time, con
trast media volume, and time to first balloon inflation were comparable 
between the two approaches.56

A small, randomized pilot trial compared transradial and trans
femoral approaches for urgent PCI in 50 patients after thrombolysis 
(in 66% of patients) and/or GP IIb/IIIa inhibitor therapy (94%) and 
reported comparable results in procedural success rates (only 1 failure 
occurred in the transradial group) and vascular complication rates  
(1 pseudoaneurysm in each group) but slightly longer average local 
anesthesia–to–first balloon time in the transradial group (32 vs. 26 min, 
P = .04).23 In the noninferiority, randomized Early Discharge After 
Transradial Stenting of Coronary Arteries (EASY) study, which com
pared transradial PCI either with sameday discharge and abciximab 
bolus or hospitalization and abciximab infusion in 1005 patients (66% 
with unstable angina), the 30day composite end point of death, MI, 
urgent revascularization, major bleeding, repeat hospitalization, access
site complications, and severe thrombocytopenia were comparable. The 
overall rates of accesssite complication (4.8% vs. 4.2%), major bleeding 
(0.8% vs. 0.2%), and transfusion were impressively low.57

Finally, a posthoc analysis of the ATOLL randomized trial limited 
to the population receiving GP IIb/IIIa inhibition in the setting of 
primary PCI for STEMI found that such drugs were used more safely 
and with lower rates of major bleeding with a transradial approach 
compared with other access sites (4% vs. 9%, P = .03).58 Despite absence 
of adequately sized randomized trials in the specific setting of transra
dial PCI with GP IIb/IIIa inhibitors or after thrombolysis, the extremely 
low accesssite–related bleeding complications associated with such an 
approach firmly suggests its use in patients receiving highly active 
antithrombotic therapy.

Guiding Catheters
The guidewire used for the transradial approach is usually a standard 
0.032 to 0.035inch guidewire. In case of anatomic difficulties, such 
as radial or subclavian loops, a hydrophilic coated guidewire could be 
used. The progression of the guidewire should be done under fluoro
scopic control, especially with hydrophilic coated guidewires. The 
catheter exchange can be done using a long, 260 to 300cm exchange 
guidewire or with a wire placed in the aortic root using a flush syringe 
to inject over the wire. The syringe and the catheter are retrieved 
during the flush injection, under fluoroscopic control (Video 313). 
Such exchange methods are extremely useful in case of difficult access.

The cannulation of the coronary arteries via a left or right transradial 
approach can be done using standard Judkins right and left catheters 
in a majority of patients. The cannulation of both right and left coronary 
ostia is very similar between the left radial and transfemoral approaches, 
and all standard catheters can be used through such access. In a series 
of 412 consecutive left transradial diagnostic procedures, only 5.5% of 
left main and 3% of right coronary ostia needed to be cannulated by 
catheters other than standard left or right Judkins catheters.52

For the right transradial approach, both left and right Judkins cath
eters usually end up in the right coronary or noncoronary sinuses. The 

Prevention of Radial Artery Spasm
An intraarterial spasmolytic drug or drug cocktail is injected through 
the sheath after its introduction. Different cocktails have been evalu
ated based on various treatments—nitroglycerin, nitroprusside,  
molsidomine, phentolamine, diltiazem, or verapamil—alone or in 
combination.

In a randomized trial that included 406 patients, the rates of clinical 
and/or angiographic radial artery spasm were significantly reduced by 
the intraarterial injection of nitroglycerin 100 µg with or without com
bination therapy with verapamil 1.25 mg (3.8% and 4.4%, respectively) 
compared with placebo (20.4%).48 However, the effect of nitrates 
depends on the dose used, and a high dose is recommended when used 
alone. In another randomized trial that included 1219 patients, the 
combination of verapamil 2.5 mg and molsidomine 1 mg was associ
ated with less radial spasm (4.9%) compared with verapamil 2.5 mg or 
5 mg (8.3% and 7.9%) or molsidomine 1 mg (13.3%) alone and placebo 
(22.2%).49 In another randomized trial, verapamil 2.5 mg alone was 
more effective in the prevention of radial artery spasm compared with 
the alphablocker phentolamine 2.5 mg (spasm rates were 13.8% vs. 
23.2%, respectively).50

The intraarterial injection of verapamil, nitroglycerin, or a combi
nation of the two seems to be associated with the lowest spasm rates 
and could be recommended in all patients after the introduction of the 
sheath in the radial artery. Patients should be warned that they might 
experience cold and/or heat lasting a few seconds in the forearm and 
arm after the intraarterial injection.

A recent randomized trial of 2013 patients compared an association 
of intravenous (IV) opioid/benzodiazepine with no treatment during 
the preparation of the access site in patients undergoing elective  
transradial PCI. In this study, patients received intraarterial glyceryl 
trinitrate (GTN) and verapamil and guiding catheters smaller than  
7 Fr were used, and researchers found a significant reduction of 
angiographyconfirmed radial artery spasm (2.6% vs. 8.3%, OR 0.29, 
P < .001) with significant reductions of accesssite crossover rates and 
patient discomfort.51 The general use of such a strategy may neverthe
less increase the complexity of a routine procedure performed on an 
outpatient basis.

Anticoagulation
Because of the potential risk of radial artery occlusion, and for the full 
control of local bleeding complications, all patients not already on 
anticoagulation therapy undergo fulldose anticoagulation after the 
arterial sheath is placed in the radial artery prior to both diagnostic 
and interventional procedures. In a series of 415 consecutive patients, 
Spaulding and colleagues52 showed a high correlation between heparin 
therapy and the postprocedure radial artery occlusion that occurred in 
71% of untreated patients, 24% of patients who received 2000 to 
3000 IU, and only 4.3% of those who received 5000 IU of unfraction
ated heparin. No specific data concerning other regimens of anticoagu
lation in the specific setting of transradial PCI are available. A small 
pilot study has reported the feasibility and security of an adhoc PCI 
strategy with bivalirudin after an initial angiography with lowdose 
unfractionated heparin (1000 or 2500 IU).53 Such a strategy remains 
to be validated by further studies. Overall full anticoagulation is recom
mended in all patients undergoing transradial procedures, and different 
regimens should be considered based on validated guidelines and local 
practice: fixeddose, weightadjusted, or activated clotting time (ACT)–
adjusted unfractionated heparin; weightadjusted lowmolecular
weight heparin; bivalirudin, and so on. Anticoagulants may be injected 
through the arterial sheath or through venous access because the route 
has not been associated with the risk of radial artery occlusion.

Glycoprotein IIb/IIIa Inhibitors and Fibrinolytics
Because of the extremely low vascular site complication rates, the  
transradial approach to PCI is clearly the method of choice in the 
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Difficult Anatomy
The arterial circulation of the upper limbs is subject to frequent varia
tion among patients. During the initial phase of the learning curve, the 
failure of the transradial approach is usually the result of puncture 
failure, whereas for experienced operators, the failure is related to dif
ficult radial artery anatomy. A series of 1191 consecutive cases reported 
anomalous upper branching of the radial artery in 3.2%, a high origin 
of the radial artery in 2.4%, and radial or brachial artery tortuosity in 
4.2% (arteries were S and omega shaped in 31% each).8

In another series of 2211 consecutive patients, the authors reported 
a 98.9% success rate, and 22.8% of patients had anatomic variations 
that included tortuosity (3.8%), stenosis (1.7%), hypoplasia (7.7%), 
abnormal origin of the radial artery (8.3%), and retroesophageal 
(lusoria) subclavian artery (0.45%).59 Notably, rates of success in this 
experienced radial center were high in all anatomic variations (83% to 
96.7%) except the lusoria subclavian artery (60% success rate), which 
should be considered a contraindication to the transradial approach 
(Fig. 314). The most common anatomic variations and difficulties are 
listed in Table 315, and some examples are shown in Figures 315 
through 318 and in Videos 314 through 316.

Repetition of Transradial Procedures
Because of the risk of postprocedure radial artery occlusion, although 
such complication is rare and usually asymptomatic, repeated proce
dures may be questioned. In a series of 812 Japanese patients with a first 
transradial success, the rates of access failure through the same radial 
artery in men and women were, respectively, 3.5% and 7.9% for the 
second, 10% and 20% for the third, and 30% and 50% for a fifth 
attempt.60 Such data should be considered with caution because the 
number of patients with multiple procedures was very low in the previ
ous study. Furthermore, in another series of 117 repeated ipsilateral 
transradial procedures, the success rate for the second procedure was 
similar to the first, although the rates of postprocedure radial artery 
occlusion assessed by ultrasound were higher after the second proce
dure (2.6%, vs. 0%, P = .01).61 In a series of consecutive 480 patients 
with more than two repeat radial access procedures, the same radial 
artery could be used up to ten times, but each repeat attempt was asso
ciated with a 5% failure rate due to chronic radial artery occlusion.62

Judkins right catheters are to be manipulated similarly as through 
transfemoral access, intubating the right coronary ostia after a slight 
clockwise rotation. For the cannulation of the left main coronary 
ostium, an initial clockwise rotation is needed, eventually followed first 
by a gentle pull or push and then a slight anticlockwise rotation.

In most highvolume centers, the guiding catheters used are the 
longtip extra backup 3.5 to 4 for left coronary and Judkins right 4 for 
right coronary PCI. Several other guiding catheters have been used for 
transradial PCI such as the Amplatz left 2, Champ, or a multipurpose 
catheter, used for both left and right transradial approaches. Finally, 
specific transradial guiding catheters have been developed, although a 
majority of operators use standard guiding catheters. A list of guiding 
catheters used for the transradial approach is given in Table 314.

The diameter of the guiding catheters is also to be considered 
because 6Fr guide catheters are more often associated with spasm and 
radial artery occlusion than 5Fr catheters. The limitations of the 5Fr 
compared with the 6Fr catheter are less strong backup due to higher 
flexibility of the catheters and incompatibility with some devices (rota
tional atherectomy, thrombectomy, and distal protection devices; 
>4 mm coronary stents) or procedures (kissing stent or balloon for 
bifurcation lesions). Special attention should also be paid to the pos
sibility of bubble formation as a result of the Venturi effect when bal
loons or devices are rapidly removed from a 5Fr catheter. On the other 
hand, deep but cautious arterial intubation can be performed with 5Fr 
catheters when needed; for example, for crossing calcified coronary 
curves. The use of a GuideLiner catheter (Vascular Solutions, Maple 
Grove, MN) with a 6Fr catheter can be helpful to deeply intubate a 
coronary artery or graft when extra support is needed.

TABLE 31-4 Guiding Catheters Used for Transradial 
Percutaneous Coronary Intervention

Guiding Catheter 
(Curves) Left Coronary

Right 
Coronary Bypass Grafts

Standard Catheters

Judkins	left	(3.5	or	4) + −	(+3.5	
curve)

−

Judkins	right	(4) − ++++ Left/	right	IMA

Amplatz	left	(2) ++ + Left	SVG

Amplatz	right − + −
Extra	back-up	(3.0	or	

3.5)
++++ − −

Multipurpose + + Right	SVG

Internal	mammary − − Left/right	IMA

LCB/RCB − −/+ Left/right	SVG

Ikari	left + +
Brand Name Catheters

Kimny	(Boston	
Scientific)

+ + −

MUTA	L/R	(Boston	
Scientific)

+ + −

Radial	curve	(Boston	
Scientific)

+ + −

Fajadet’s	L/R	(Cordis) + + −
Mann	IM	(Boston	

Scientific)
− − Left	or	right	IMA

Barbeau	L/R	(Cordis) + + −
Brachial	type	K	

(Terumo	Medical)
+ + −

Tiger	II	(Terumo	
Medical)

+ + −

IMA,	Internal	mammary	artery;	LCB,	left	coronary	bypass;	RCB,	right	coronary	bypass;	SVG,	
saphenous	vein	graft.

FIGURE 31-4	 Schematic	 representation	of	 retroesophageal	subclavian	
artery	(arteria	lusoria).	

Esophagus

Arteria
lusoria
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TABLE 31-5 Anatomic Abnormalities
Anatomic Difficulties Solution

Forearm

Lateral	position	of	the	
radial	artery	on	the	wrist

Change	puncture	site	or	access	site

Hypoplasic	radial	artery Change	access	site
Radial	artery	remnants Guidewire	progression	under	

angiographic	control
Radial	artery	loops Hydrophilic	coated	guidewires	under	

angiographic	control,	0.014″	
angioplasty	guidewires;	change	
access	site	in	case	of	calcified,	
“unloopable”	loops

Arm

Brachial	artery	remnants
High	origin	of	the	radial	

artery
Brachial	artery	loops

Guidewire	progression	under	
angiographic	control

Hydrophilic	coated	guidewires	under	
angiographic	control,	0.014″	
angioplasty	guidewires;	change	
access	site	in	case	of	calcified,	
“unloopable”	loops

Shoulder-Thorax

Axillary	or	subclavian	
artery	loops

Arteria	lusoria	
(retroesophageal	right	
subclavian	artery)

Hydrophilic	coated	guidewires	under	
angiographic	control,	deep	inspiration	
Change	access	site	in	case	of	
calcified,	“unloopable”	loops

Brachiocephalic	arterial	
trunk	abnormalities

Posterior	origin
Bicarotidian	trunks
Thoracic	aortic	rotations

Guidewire	progression	under	
angiographic	control,	deep	inspiration

Guidewire	progression	under	
angiographic	control,	deep	
inspiration,	catheters	adapted	to	
aortic	angulation

FIGURE 31-5	 Radial	artery	omega-shaped	complete	loop	(arrow).	

FIGURE 31-6	 Brachial	artery	 loop.	A,	Before	wiring.	B,	During	wiring.	
C,	Artery	unlooped	by	a	hydrophilic	coated	guidewire.	

C

B
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C

B

A

FIGURE 31-7	 High	 brachial	 artery	 loop.	 A,	 Before	 wiring.	 B,	 During	
wiring.	C,	Artery	unlooped	by	a	hydrophilic	coated	guidewire.	

B

A

FIGURE 31-8	 Subclavian	loop.	A,	Before	wiring.	B,	Artery	unlooped	by	
a	standard	preshaped	guidewire.	

Finally, pathology examinations of radial arteries used for coro
nary artery bypass graft, as well as optical coherence tomography 
(OMT), have provided evidence of acute and chronic injuries such  
as intimal and medial tears and dissection, intimal thickening, and 
stenosis (Fig. 319), especially in those with repeat transradial inter
ventions.63 Such findings have led some to recommend that a trans
femoral approach be considered in patients at low risk of femoral 
accesssite complication and high risk of repeated procedures, such as 
those with complex, multivessel lesions with a high restenosis risk or 
heart transplant recipients undergoing systematic annual angiography. 
However, this does not appear to be a concern at highvolume radial 
centers.

Complications
The transradial access is associated with very low major accesssite–
related complications. The two most common complications are radial 
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FIGURE 31-9	 Radial	 artery	 stenosis	 (visualized	 after	 transulnar	
opacification).	

FIGURE 31-10	 Radial	artery	spasm.	

TABLE 31-6 Transradial Approach–Related Reported Complications
Complications Frequency Prevention Solution

Asymptomatic	loss	of	radial	pulse	
(reversible	in	~50%	of	cases)

0%	to	9% Spasmolytic	cocktail,	5-Fr	catheters —

Radial	artery	spasm 4%	to	23% Lidocaine	cream	prior	to	puncture;	anxiolytic	
preparation;	avoid	excessive	catheter	manipulation	
and	change;	preventive	spasmolytic	cocktail;	
hydrophilic	coated	sheath	guidewires	and	catheters

Spasmolytic	cocktail
General	sedation

Radial	artery	extraction	(refractory	spasm) Exceptional Avoid	excessive	force	to	remove	catheter	or	sheath Spasmolytic	cocktail
General	sedation

Radial	artery	false	aneurysm Exceptional — Local	compression
Surgery

Arteriovenous	fistula Exceptional Avoid	perforation Local	compression
Surgery

Symptomatic	finger	and/or	hand	ischemia Exceptional Avoid	radial	puncture	if	Allen	test	is	inadequate;	5-Fr	
catheters;	adequate	antithrombotic	cocktails;	
spasmolytic	cocktails

Anticoagulation
Surgery

Bleeding	at	the	puncture	site 0%	to	2% — Local	compression

Forearm	hematoma	and	compartment	
syndrome

Exceptional Control	progression	of	guidewire;	long	arterial	sheath	
to	stop	the	bleeding	in	case	of	perforation;	covered	
stent	in	case	of	uncontrollable	perforation

Surgery
Leeches

Vascular	injury/dissection	(radial,	
brachial,	subclavian,	carotid	arteries)

Exceptional Control	progression	of	guidewire,	especially	
hydrophilic	coated	wires

Anticoagulation
Stent
Surgery

anticoagulation, and repeated procedures using the same access site.61,65 
Predicting the risk of radial artery spasm may be possible before punc
ture by the ultrasound assessment of the arterial diameter and the 
flowmediated artery dilation. Nevertheless, the clinical usefulness of 
such a strategy remains hypothetic. A list of reported transradial 
access–related complications is provided in Table 316. More recently, 
the concept of patent hemostasis has emerged as a nonpharmacologic 
method of ensuring lower risks of radial artery occlusion. Indeed, it 
seems that occlusive hemostasis is a strong predictor of radial artery 
occlusion.66

artery spasm (Fig. 3110; Videos 317 and 318), often related to 
painful procedures or excessive catheter manipulations, and asymp
tomatic, often reversible radial artery occlusion (Video 319) that may 
occur in 3.8% to 22% and 0% to 19% of patients, respectively.9,39,40,64 
Female sex, diabetes, small body surface area, low body mass index, 
short stature, smoking history, small diameter of the radial artery, 
number of catheters used, and catheter size (6 Fr vs. 5 Fr) have been 
related to radial artery spasm.51,64,65 Reported predictors of radial 
artery occlusion are small radial artery diameter, low difference 
between radial artery and sheath diameters, diabetes, lowdose or no 
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CONCLUSIONS
Bleeding complications after PCI have been associated with higher 
rates of hard clinical events, including mortality. The transradial 
approach is associated with a dramatic risk reduction for entrysite 
complication, compared with the transfemoral approach, and appears 
to be the easiest, safest, and most costeffective way to control bleeding 
complications and improve clinical outcome, including survival, after 
PCI. Growing evidence in large observational studies and randomized 
trials tends to show significant reduction in major cardiovascular 
events and even mortality with the transradial approach to PCI in the 
setting of STEMI, as recently demonstrated in the randomized RIVAL 
and RIFLESTEACS trials. Transradial access is associated with easy 
entrypoint hemostasis, more comfort for patients, quick postproce
dure ambulation, and the possibility of outpatient procedures.

The only theoretic contraindication to the transradial approach is 
the inadequate ulnar collateral circulation detected by the more and 

more controversial Allen test, although most operators proceed 
without such test because of its unknown value in predicting post
procedure complications. Initially appearing to be a more difficult 
access site, compared with the femoral artery, after a short learning 
curve and with knowledge of potential anatomic difficulties and  
ways to overcome such difficulties, the procedural success rates of  
the transradial approach become virtually identical to those of the 
transfemoral approach, without the accesssite complications. There 
still is a need for more adequately sized randomized trials, as well as 
academic educational programs to promote a transradial approach 
among interventionalists, in order to develop this obviously superior 
technique.

The transradial approach considered initially as an alternative to 
transfemoral access is already the preferred method for PCI in many 
centers, and its generalization as the firstline method is likely to be 
just a matter of time.
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The role of the cardiac surgeon in the cath lab can be broadly 
described in three categories: the first is that of a standby operator 

backing up the interventional cardiologist in case of any untoward 
complication or emergency requiring surgical intervention. This role 
waxes and wanes with the advent and subsequent mastery of new 
procedures. “Formal” surgical standby for routine PCI, in which a 
surgeon is preemptively notified and is waiting in the hospital, is  
no longer required or routine because complications that require surgi-
cal intervention have become quite uncommon in established PCI 
centers. However, current published guidelines for elective PCI still 
recommend the availability of an experienced surgical team that can 
be activated quickly in the event of an emergency in the cath lab.1,2 
Some evidence suggests that primary PCI performed at certain highly 
experienced centers without an existing cardiac surgery program may 
be reasonable and provides some benefit over the alternative use  
of fibrinolytic therapy for acute myocardial infarction (MI).3 This 

concept is currently not promoted by consensus of the cardiovascular 
community.1,2

The second role the cardiac surgeon plays in the cath lab is that of 
an interventionalist or hybrid cardiac surgeon. The hybrid cardiac 
surgeon takes an active role in interventional procedures and, in some 
cases, has formal cross-training in interventional cardiology. This has 
established a new identity for the cardiac surgeon who traditionally 
remained outside the cath lab awaiting surgical referrals or the occur-
rence of a cardiovascular emergency. Hybrid cardiac surgeons serve an 
important function in today’s more complex interventional procedures 
such as transcatheter aortic valve replacement (TAVR), percutaneous 
mitral valvuloplasty, perivalvular leak intervention, and combined 
coronary artery bypass grafting (CABG)/PCI or valve/PCI procedures. 
With the heart team model becoming widely adopted, hybrid surgeons 
will help shape the cath lab of the future. This convergence of cardiol-
ogy and cardiac surgery has necessitated the need to have the simulta-
neous skill sets of a surgeon and interventionalist both present at the 
interventional table.

The third role of the cardiac surgeon is that of an innovation con-
sultant. The cardiovascular surgeon’s intraoperative experience and 
technical development is deeply rooted in the surgical correction of 
structural heart disease. With strict adherence to traditional surgical 
principles, cardiac surgeons develop a unique perspective that can only 
be gained by years of performing open-heart procedures and mastering 
a true three-dimensional understanding of the anatomy of the heart 
and the great vessels. The cardiac surgeon continues to contribute valu-
able insight to the development and refinement of new techniques and 
procedures, which will ultimately become the standard of care for the 
cardiovascular interventionalist of tomorrow.

HISTORICAL PERSPECTIVE
Throughout history, alongside their colleagues in cardiology, radiology, 
and other disciplines, surgeons have led pioneering efforts for the most 
significant invasive procedures and technical innovations in cardiovas-
cular medicine. The input of the surgeon has always been regarded as 
the gold standard for advice on the anatomic aspects and physiologic 
practicality of a proposed invasive procedure. Once deemed surgically 
feasible, new clinical techniques become adopted by the medical com-
munity often with a less invasive approach. Over the years, numerous 
subspecialties have been spawned based on the initial curiosity and 
investigation of the surgeon and his colleagues. This evolution and 
transference of skill sets has occurred in several fields such as gastro-
enterology with endoscopy, pulmonary critical care with bronchos-
copy, and more recently, with interventional radiologists performing 
vascular intervention, tumor biopsy, thoracostomy, abscess drainage, 
and more. The field of interventional cardiology has likewise evolved 
with surgical advancement as its backdrop and foundation. Before the 
advent of modern angiography and cath labs, surgeons routinely per-
formed their own angiograms to define the vascular anatomy prior to 
embarking on surgical intervention. The concept of having proper 
imaging and a “road map” before undertaking an intervention has been 
a well-accepted practice in cardiovascular surgery for decades.

Looking back to 1929, Werner Forssmann, a surgical trainee at the 
time, passed a urinary catheter through the vein in his own arm to his 
heart and subsequently irradiated himself. After successfully demon-
strating the catheter to be in the right atrium, Forssmann was credited 
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K E Y  P O I N T S

•	 The	role	of	the	cardiac	surgeon	in	the	catheterization	laboratory	
(cath	lab)	has	been	traditionally	one	of	providing	surgical	backup	
or	standby	for	the	interventional	cardiologist.	The	need	for	such	
service	waxes	and	wanes	parallel	to	the	development	and	mastery	
of	new	interventional	procedures	and	correlates	with	the	
advancement	of	medical	device	technology.

•	 Despite	low	incidence,	emergency	revascularization	surgery	for	
failed	percutaneous	coronary	intervention	(PCI)	still	persists	and	
portends	mortality	rates	that	approach	15%	in	some	centers.	With	
national	PCI	volumes	contracting,	performance	of	elective	or	
high-risk	PCI	is	not	recommended	without	on-site	surgical	backup	
or	a	defined	plan	for	expeditious	surgical	intervention	at	a	nearby	
cardiac	surgery	center.

•	 New	minimally	invasive	interventional	procedures	are	founded	
upon	the	open	surgical	approach	and	take	a	defined	pathway	from	
conception	to	clinical	acceptance.	This	pathway	requires	
collaboration	among	surgeons,	interventionalists,	medical	device	
makers,	and	the	U.S.	Food	and	Drug	Administration	(FDA).

•	 The	“heart	team”	model	with	true	face-to-face	communication	
between	surgeon	and	cardiologist	should	be	considered	the	
standard	of	care	in	all	cardiac	centers	for	approaching	complex	
coronary	lesions	and	structural	heart	defects	such	as	aortic	
stenosis	and	mitral	regurgitation.

•	 The	future	of	interventional	cardiology	and	cardiac	surgery	will	
require	close	collaboration	between	the	surgeon	and	the	
cardiologist,	thus	an	overlapping	clinical	training	pathway	that	
incorporates	certain	fundamental	principles	and	skills	from	both	
surgical	and	cardiology	training	programs	will	be	necessary	to	
ensure	the	appropriate	training	of	future	cardiovascular	
interventionalists.

•	 A	hybrid	cardiovascular	interventional	program	in	which	patients	
can	receive	expert	treatment	from	both	surgeons	and	
interventionalists	in	the	same	setting	requires	multidisciplinary	
input	from	the	entire	heart	team,	including	anesthesia	and	
radiology	in	addition	to	technical	and	ancillary	staff	from	both	the	
operating	room	(OR)	and	the	cath	lab.
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is still common practice today, and it is recommended by the American 
College of Cardiology (ACC)/American Heart Association (AHA)/
Society of Cardiovascular and Angiography and Interventions (SCAI) 
practice guidelines, that the majority of elective PCI be performed at 
centers with an active open-heart surgery program and that certain 
interventional decisions be discussed with a cardiac surgeon before 
proceeding with PCI.1,2 In the event of emergent need for aortocoro-
nary bypass, outcomes have been shown to be better in centers with 
an open-heart surgery program (Table 32-2; Fig. 32-2).12,17 According 
to current guidelines, on-site surgical backup should provide emer-
gency hemodynamic support and expeditious revascularization to 
manage complications that cannot be addressed in the cath lab (Table 
32-3).18 Often, these PCI complications are life threatening, with 
hemodynamic instability and associated prolonged periods of isch-
emia. Such emergencies require the availability of a cardiac surgery 
team experienced in emergency aortocoronary operations and on-site 
cardiac surgical backup to provide all aspects of readily available 
cardiac surgical support.

Percutaneous Coronary Intervention Without On-Site  
Surgical Backup
On-site cardiac surgical backup is a surrogate for an institution’s overall 
capability to provide a highly experienced and promptly available team 
to respond to a cath lab emergency.1,2 “The ACC/AHA/SCAI 2014 

with performing the first cardiac catheterization. He received the 
Nobel Prize in 1956, along with Andre Cournand and Dickinson Rich-
ards, for “the role of heart catheterization and angiocardiography in 
the advancement of medicine.”4,5 In 1953, Sven-Ivar Seldinger, who 
trained briefly as a surgeon before becoming a radiologist, developed 
a percutaneous approach for the introduction of vascular catheters for 
both right and left heart catheterization.6 This technique is now the 
most common percutaneous approach used for gaining access to the 
vascular tree. In 1977, Andreas Grüntzig, along with his surgical col-
league Richard Myler, inflated the first catheter-guided balloon in a 
coronary artery during a coronary bypass operation.7 Grüntzig’s novel 
procedure eventually became known as percutaneous transluminal 
coronary angioplasty (PTCA) and set the stage for modern interven-
tional cardiology and PCI. The list of events and milestones that illus-
trates surgeons remaining steadfast beside their nonsurgical colleagues 
as fundamental partners in developing and advancing nearly every 
invasive discipline in medicine is impressive.

Today, the cardiac surgeon remains a key team member in any suc-
cessful and innovative interventional cardiovascular program. The 
magnitude and activity of the surgeon’s role in the day-to-day activities 
of the interventional suite is not always a steady one; rather, it depends 
on the risk level of each intervention and the learning curve associated 
with the introduction of each new procedure, along with the hands-on 
interest of the individual surgeon. As new procedures such as TAVR 
alter the current standard of care and are adopted into practice, it is 
critical for the cardiac surgeon’s role to increase until the entire heart 
team reaches a new comfort zone regarding safety and efficacy.

SURGICAL STANDBY
During the early years of PTCA and PCI, surgeons were by necessity 
compelled to remain in house on “surgical standby” for urgent consul-
tations and surgical emergencies that resulted from early interven-
tional procedures. Fraught with technical pitfalls and clinical 
unknowns, more often than not, early complications in the cath lab 
required an emergent trip to the OR, often with a patient in extreme 
cardiogenic shock.8-11 As a result, indications for emergency CABG 
after failed PCI have become well established over time. The most 
common indications include abrupt vessel closure, dissection, incom-
plete revascularization, perforation, and unsuccessful dilation or PCI 
in addition to other miscellaneous clinical scenarios (Table 32-1).12

As angiography, PTCA, and surgical techniques improved and 
medical equipment became more advanced, surgeons were no longer 
required to remain in such close proximity to the cath lab.13,14 This was 
particularly true after introduction of the Gianturco-Roubin stent and 
its rapid adoption as a “bailout catheter” by the interventional cardiol-
ogy community.15,16 Almost uniformly, and for decades, active PCI 
centers have enjoyed a steady reduction in the percentage of cases that 
require emergency CABG after failed PCI (Fig. 32-1).17 However, it 
must be noted that despite near universal trends that demonstrate 
decreased morbidity and mortality from PCI, the consequences of 
complications in the cath lab remain potentially catastrophic. Thus it 

TABLE 32-1 Indications for Emergency Coronary Bypass Surgery After Failed Percutaneous Coronary Intervention
Periods 1979-1994 1995-1999 2000-2003

Indication (n	=	258	of	8905) (n	=	56	of	7605) (n	=	21	of	6577)

Abrupt	vessel	closure 55	(21%) 2	(4%) 3	(14%)

Dissection 88	(34%) 12	(21%) 3	(14%)

Incomplete	revascularization 26	(10%) 7	(13%) 4	(19%)

Perforation 1	(0.4%) 1	(2%) 2	(10%)

Unsuccessful	dilation 67	(26%) 28	(50%) 7	(33%)

Other 21	(8%) 6	(10%) 2	(10%)

Modified	 from	Yang	EH,	Gumina	RJ,	Lennon	RJ,	et	al:	Emergency	coronary	artery	bypass	surgery	 for	percutaneous	 interventions:	changes	 in	 the	 incidence,	clinical	characteristics,	and	
indications	from	1979	to	2003.	J	Am	Coll	Cardiol	46:2004-2009,	2005.

FIGURE 32-1	 Percentage	of	patients	who	required	emergency	coronary	
artery	bypass	grafting	(CABG)	after	percutaneous	coronary	intervention	
from	1979	to	2003	(N	=	23,087).	The	Armitage	test	for	trend	is	indi-
cated	by	an	asterisk.	 (From	Yang	EH,	Gumina	RJ,	 Lennon	RJ,	 et	al:	
Emergency	 coronary	 artery	 bypass	 for	 percutaneous	 interventions:	
changes	in	the	incidence,	clinical	characteristics,	and	indications	from	
1979	to	2003.	J	Am	Coll	Cardiol	46:2004-2009,	2005.)
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can be attributed to fairly strict patient selection (Table 32-5) and 
criteria (Table 32-6).19 It should be noted that in low-volume centers 
(<200 PCIs per year), adverse event estimates lose stability and may 
therefore be unreliable (Fig. 32-3).1

The 2013 PCI competency document identified a signal that sug-
gested an institutional volume threshold of fewer than 200 PCIs per 
year was associated with worse outcomes. Thus laboratories that 
perform fewer than 200 procedures annually and that are not serving 
isolated or underserved populations should be questioned, and any 
laboratory that cannot maintain satisfactory outcomes should be 
closed. Multiple low-volume and partial-service PCI centers within a 
geographic area diffuse the PCI expertise, increase costs for the overall 
health care system, and have not been shown to improve access. If the 
transfer time is 30 minutes or less, it is reasonable to assume that 
transfer to the nearest PCI center will provide reperfusion as rapidly 
as if it were available at the first hospital. For transport times longer 
than 30 minutes, performing PCI on site is likely to be quicker than  
a transfer. The development of PCI facilities within a 30-minute 

Expert Consensus Document” provides recommendations for PCI 
without on-site surgery that are a composite of recommendations from 
the 2007 SCAI expert consensus statement, the 2011 PCI guidelines, 
the 2012 expert consensus document on cardiac catheterization labo-
ratory standards, the 2013 PCI competency statement, recommenda-
tions from the policy statement of the AHA, and requirements for the 
Mission Lifeline program and the D2B Alliance. These recommenda-
tions include requirements for both facilities and personnel.2 The issues 
of cardiac surgical backup and the level of committed resources needed 
are frequently revisited, and most centers use the first-available OR 
model to remain efficient and maximize resources. Some centers rely 
on off-site surgical backup, but this is the exception rather than the 
rule; such practice exposes the patient to a finite but potentially fatal 
risk, and it can be deemed unnecessary in most areas. Recommenda-
tions for primary PCI for ST-elevation myocardial infarction (STEMI) 
without on-site cardiac surgery are given in Table 32-4.18 The apparent 
success of centers that perform PCI without on-site cardiac surgery 
programs, among other things such as operator experience and volume, 

TABLE 32-2 Coronary Artery Bypass Grafting and Mortality Rates Following Percutaneous Coronary Intervention at Hospitals Without and 
With On-Site Coronary Artery Bypass Grafting Surgery

PATIENTS (%)

Outcomes Without On-Site CABG With On-Site CABG Unadjusted P Value Adjusted OR (95% CI)* Adjusted P Value

All PCIs

No.	of	patients 8,168 617,686 621,530†

Mortality 492	(6) 20,393	(3.3) <.001 1.29	(1.14-1.47) <.001

CABG 160	(2) 8,321	(1.4) <.001 1.05	(0.87-1.27) .59

Primary/Rescue PCI

No.	of	patients 1,795 34,537 36,235†

Mortality 202	(11.3) 4,209	(12.2) 0.24 0.93	(0.80-1.08) .34

CABG 82	(4.6) 1,772	(5.1) 0.29 0.95	(0.73-1.22) .67

Nonprimary/Rescue PCI

No.	of	patients 6,373 583,149 585,295†

Mortality 290	(4.6) 16,184	(2.8) <.001 1.38	(1.14-1.67) .001

CABG 78	(1.2) 6,549	(1.1) .45 0.92	(0.73-1.17) .52

Data	from	Wennberg	DE,	Lucas	FL,	Siewers	AE,	et	al:	Outcomes	of	percutaneous	coronary	interventions	performed	at	centers	without	and	with	on-site	coronary	artery	bypass	graft	surgery.	
JAMA	292:1965,	2004.
*Adjusted	for	age,	gender,	race,	year,	Charison	comorbidity	score,	primary	diagnosis	of	acute	myocardial	infarction,	acuity,	multivessel	PCI,	and	stent	use.
†Adjusted	models	excluded	4324	patients	(0.7%)	missing	on	patient	covariates;	45	(4	among	primary/rescue	PCI)	among	patients	without	on-site	CABG	and	4279	(93	among	primary/
rescue	PCI)	among	patients	with	on-site	CABG.
CABG,	Coronary	artery	bypass	grafting;	CI,	confidence	interval;	OR,	odds	ratio;	PCI,	percutaneous	coronary	intervention.

FIGURE 32-2	 The	increased	risk	of	post–percutaneous	coronary	intervention	(PCI)	mortality	in	institutions	without	a	cardiac	surgery	program	per-
sisted	after	adjustment	for	differences	in	case	mix.	Overall,	the	odds	of	death	for	patients	who	had	an	in-hospital	PCI	without	on-site	cardiac	surgery	
was	29%	higher	than	for	patients	who	had	PCIs	in	hospitals	with	cardiac	surgery	(odds	ratio	1.29;	95%	confidence	interval).	CABG,	Coronary	
artery	bypass	grafting.	(From	Wennberg	DE,	Lucas	FL,	Siewers	AE,	et	al:	Outcomes	of	percutaneous	coronary	interventions	performed	at	centers	
without	and	with	on-site	coronary	artery	bypass	graft	surgery.	JAMA	292:1965,	2004.)
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emergency transfer time to an established facility is therefore strongly 
discouraged.2

THE SURGICAL INTERVENTIONALIST
Today, many procedures that used to be performed as open surgeries 
exclusively by surgeons are now routinely performed percutaneously, 
or with a cutdown, in the cath lab or interventional suite by interven-
tionalists of various disciplines, including cardiovascular surgeons, 
cardiologists, and interventional radiologists. These procedures are 
growing in number and variety and include pacemaker insertion, 
mechanical ablation of atrial fibrillation (Maze procedure), closure of 
patent foramen ovale, and repair of atrial septal defect, in addition to 
endovascular alternatives to open carotid endarterectomy, repair and 
resection of abdominal and thoracic aortic aneurysms, and peripheral 

TABLE 32-3 Role of On-Site Cardiac Surgical Backup for 
Percutaneous Coronary Intervention

Class I

Elective	PCI	should	be	performed	by	operators	with	acceptable	annual	
volume	(at	least	75	procedures	per	year)	at	high-volume	centers	(more	
than	400	procedures	annually)	that	provide	immediately	available	
on-site	emergency	cardiac	surgical	services.	(Level	of	Evidence:	B)

Primary	PCI	for	patients	with	STEMI	should	be	performed	in	facilities	with	
on-site	cardiac	surgery.	(Level	of	Evidence:	B)

Class III

Elective	PCI	should	not	be	performed	at	institutions	that	do	not	provide	
on-site	cardiac	surgery.	(Level	of	Evidence:	C)*

Data	from	Wennberg	DE,	Lucas	FL,	Siewers	AE,	et	al:	Outcomes	of	percutaneous	coronary	
interventions	 performed	 at	 centers	 without	 and	 with	 on-site	 coronary	 artery	 bypass	 graft	
surgery.	JAMA	292:1965,	2004.
*Several	centers	have	reported	satisfactory	results	on	the	basis	of	careful	case	selection	with	
well-defined	 arrangements	 for	 immediate	 transfer	 to	 a	 surgical	 program.	 Wennberg	 and	
colleagues	found	higher	mortality	in	the	Medicare	database	for	patients	undergoing	elective	
PCI	in	institutions	without	on-site	cardiac	surgery	(6.0%	vs.	3.3%,	respectively;	adjusted	
P	<	.001).	This	recommendation	may	be	subject	to	revision	as	clinical	data	and	experience	
increase.
PCI,	Percutaneous	coronary	intervention;	STEMI,	ST-elevation	myocardial	infarction.

TABLE 32-4 Primary Percutaneous Coronary Intervention for 
ST-Elevation Myocardial Infarction Without On-Site 
Cardiac Surgery

Class IIb

PCI	for	patients	with	STEMI	might	be	considered	in	hospitals	without	
on-site	cardiac	surgery	provided	that	appropriate	planning	for	program	
development	has	been	accomplished.	This	should	include	appropriately	
experienced	physician	operators	(more	than	75	total	PCIs	and,	ideally,	
at	least	11	primary	PCIs	per	year	for	STEMI);	an	experienced	
catheterization	team	on	an	all-day,	all-week	call	schedule;	and	a	
well-equipped	catheterization	laboratory	with	digital	imaging	equipment,	
a	full	array	of	interventional	equipment,	and	intraaortic	balloon	pump	
capability.	A	proven	plan	for	rapid	transport	to	a	cardiac	surgery	
operating	room	in	a	nearby	hospital	with	appropriate	hemodynamic	
support	capability	for	transfer	should	be	in	place.	The	procedure	should	
be	limited	to	patients	with	STEMI	or	MI	with	new	or	presumably	new	
LBBB	on	ECG	and	should	be	performed	in	a	timely	fashion	(balloon	
inflation	within	90	min	of	presentation)	by	persons	skilled	in	the	
procedure	(at	least	75	PCIs	per	year)	and	at	hospitals	that	perform	a	
minimum	of	36	primary	PCI	procedures	per	year.	(Level	of	Evidence:	B)

Class III

Primary	PCI	should	not	be	performed	in	hospitals	without	on-site	cardiac	
surgery	and	without	a	proven	plan	for	rapid	transport	to	a	cardiac	
surgery	operating	room	in	a	nearby	hospital	or	without	appropriate	
hemodynamic	support	capability	for	transfer.	(Level	of	Evidence:	C)

ECG,	 Electrocardiogram;	 LBBB,	 left	 bundle	 branch	 block;	 MI,	 myocardial	 infarction;	 PCI,	
percutaneous	coronary	intervention;	STEMI,	ST-elevation	myocardial	infarction.

TABLE 32-5 Patient Selection for Primary Percutaneous Coronary 
Intervention and Emergency Aortocoronary Bypass 
at Hospitals Without On-Site Cardiac Surgery

Avoid	intervention	in	hemodynamically	stable	patients	with:
•	 Significant	(≥60%)	stenosis	of	an	unprotected	left	main	coronary	

artery	upstream	from	an	acute	occlusion	in	the	left	coronary	system	
that	might	be	disrupted	by	the	angioplasty	catheter

•	 Extremely	long	or	angulated	infarct-related	lesions	with	TIMI	grade	3	flow
•	 Infarct-related	lesions	with	TIMI	grade	3	flow	in	stable	patients	with	

three-vessel	disease
•	 Infarct-related	lesions	of	small	or	secondary	vessels
•	 Hemodynamically	significant	lesions	in	other	than	the	infarct	artery

Transfer	for	emergency	aortocoronary	bypass	surgery	patients	with:
•	 High-grade	residual	left	main	or	multivessel	coronary	disease	and	

clinical	or	hemodynamic	instability	present	after	primary	PCI	of	
occluded	vessels,	preferably	with	IABP	support

Data	 from	 Wharton	 TP	 Jr,	 McNamara	 NS,	 Fedele	 FA,	 et	al:	 Primary	 angioplasty	 for	 the	
treatment	 of	 acute	 myocardial	 infarction:	 experience	 at	 two	 community	 hospitals	 without	
cardiac	surgery.	J	Am	Coll	Cardiol	33:1257-1265,	1999.
IABP,	Intraaortic	balloon	pump;	PCI,	percutaneous	coronary	intervention;	TIMI,	Thrombolysis	
in	Myocardial	Infarction.

TABLE 32-6 Criteria for the Performance of Primary 
Percutaneous Coronary Intervention at Hospitals 
Without On-Site Cardiac Surgery

•	 The	operators	must	be	experienced	interventionalists	who	regularly	
perform	elective	PCI	at	a	surgical	center	(≥75	cases	per	year).	The	
catheterization	laboratory	must	perform	a	minimum	of	36	primary	PCI	
procedures	per	year.

•	 The	nursing	and	technical	catheterization	laboratory	staff	must	be	
experienced	in	handling	acutely	ill	patients	and	must	be	comfortable	
using	interventional	equipment.	They	must	have	acquired	experience	in	
dedicated	interventional	laboratories	at	a	surgical	center.	They	
participate	in	an	all-day,	all-year	call	schedule.

•	 The	catheterization	laboratory	itself	must	be	well	equipped	with	optimal	
imaging	systems,	resuscitative	equipment,	and	IABP	support,	and	it	
must	be	well	stocked	with	a	broad	array	of	interventional	equipment.

•	 The	cardiac	care	unit	nurses	must	be	adept	in	hemodynamic	
monitoring	and	IABP	management.

•	 The	hospital	administration	must	fully	support	the	program	and	enable	
the	fulfillment	of	the	above	institutional	requirements.

•	 For	immediate	and	efficient	transfer	of	patients	to	the	nearest	cardiac	
surgical	facility,	formalized	written	protocols	that	are	reviewed	or	tested	
on	a	regular	(quarterly)	basis	must	be	in	place.

•	 Primary	PCI	must	be	performed	routinely	as	the	treatment	of	choice	
around	the	clock	for	a	large	proportion	of	patients	with	AMI	to	ensure	
streamlined	care	paths	and	increased	case	volumes.

•	 Case	selection	for	the	performance	of	primary	PCI	must	be	rigorous.	
Criteria	for	the	types	of	lesions	appropriate	for	primary	PCI	and	for	the	
selection	for	transfer	for	emergency	aortocoronary	bypass	surgery	are	
shown	in	Table	32-5.

•	 There	must	be	an	ongoing	program	of	outcomes	analysis	and	
formalized	periodic	case	review.

•	 Institutions	should	participate	in	a	3-	to	6-month	period	of	
implementation,	during	which	time	a	formalized	primary	PCI	program	
that	includes	establishment	of	standards,	training	of	staff,	detailed	
logistic	development,	and	creation	of	a	quality-assessment	and	
error-management	system	is	developed	and	instituted.

Data	 from	 Wharton	 TP	 Jr,	 McNamara	 NS,	 Fedele	 FA,	 et	al:	 Primary	 angioplasty	 for	 the	
treatment	 of	 acute	 myocardial	 infarction:	 experience	 at	 two	 community	 hospitals	 without	
cardiac	surgery.	J	Am	Coll	Cardiol	33:1257-1265,	1999.
AMI,	Acute	myocardial	infarction;	IABP,	intraaortic	balloon	pump;	PCI,	percutaneous	coro-
nary	intervention.

artery bypass (Table 32-7). The most recent surgical procedures per-
formed with a small cutdown or percutaneous interventional approach 
include TAVR and mitral valvuloplasty or clipping. Although not  
as prevalent as vascular surgeons performing many of their tradition-
ally open surgeries percutaneously in the interventional suite (i.e., 
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performs these high-risk procedures.20 Because of the rapid develop-
ment and miniaturization of valve-deployment technology, growing 
worldwide experience, and the rapid adoption of new technology by 
interventional cardiologists, the transfemoral approach used for TAVR, 
also known as transfemoral transcatheter aortic valve replacement (TF-
TAVR), will likely become the domain of the interventional cardiolo-
gist. In contrast to TF-TAVR and inherent to the design of the 
procedures, transapical TAVR (TA-TAVR) and transaortic TAVR 
(TAo-TAVR) can only be performed in a hybrid OR with a trained 
cardiac surgeon who can gain exposure to and manage surgical control 
of the ascending aorta and left ventricle (LV). These approaches require 
the ready availability of the cardiopulmonary bypass machine and an 
experienced perfusionist.

In the TA-TAVR procedure, a small left anterolateral thoracotomy 
is made over the point of maximal impulse (PMI) on the anterolateral 
chest wall to gain control of the apex of the LV (Fig. 32-4, A). This 
allows the surgeon to place a circular series of pledgeted sutures in the 
myocardium before the apical puncture and to place a transmyocardial 
guidewire using the Seldinger technique (see Fig. 32-4, B). Once 
control of the LV apex is attained and guidewire placement across the 
aortic valve is confirmed, a long sheath is placed, and a balloon aortic 
valvuloplasty (BAV) is performed. Following the BAV, the balloon-
expandable transcatheter heart valve (THV) bioprosthesis is deployed 
in the aortic position under rapid ventricular pacing (see Fig. 32-4, C 
and D). The integrity and position of the newly placed THV is con-
firmed intraoperatively by both aortography and transesophageal 
echocardiography (TEE) before the chest is closed by the surgeon.

In the TAo-TAVR procedure, a partial J sternotomy or a right 
anterior mini thoracotomy (Fig. 32-5)21 is used for gaining access to 
the ascending aorta. Appropriate preoperative planning entails careful 
evaluation of the position of the ascending aorta in the chest with 
respect to the sternum using a computed tomography (CT) scan (Fig. 
32-6).21 A partial J sternotomy suffices in most TAo cases; however, 
with unusual anatomy where 50% of the aorta lies to the right of the 
outer table of the sternum, a second intercostal approach may provide 
better access. Once the aorta has been surgically exposed, a site is 
selected that is at least the minimum distance requirement from the 
annulus for proper THV deployment (Fig. 32-7).21 This site should be 
free of excessive calcium and in a location that will allow sufficient 
sheath depth for proper THV deployment. The sheath must be placed 
in a straight line to the annulus after properly identifying the “TAo 
zone” along the upper outer quadrant of the aorta (Fig. 32-8). Two 
purse-string sutures large enough to accommodate the THV sheath are 
placed, and heparin is administered. Using the Seldinger technique, 
the aortic lumen is entered and the native valve is crossed, exchanging 
a stiff, preshaped wire into the LV using a multipurpose catheter and 
standard exchange techniques. The large THV sheath is then posi-
tioned above the native valve over the stiff wire for deployment of the 
THV, which is performed under fluoroscopy with rapid pacing similar 
to other THV approaches. Once the THV has been deployed and 
postdeployment echocardiography assessment is complete, the sheath 
is removed and the purse-string sutures are secured. The chest is then 
closed in standard surgical fashion.

It is with procedures such as the TAVR, which will ultimately be 
combined with PCI in the same setting, that the new cardiac interven-
tionalist will come of age. For the increasingly frail, aging population 
in the United States, an attractive alternative to current open-heart 
surgery will be to have well-trained cardiovascular interventionalists 
who can perform minimally invasive surgical and interventional pro-
cedures expeditiously in one setting, thus eliminating the need for 
multiple costly hospital visits and repeated exposures to anesthesia.

The Cardiac Surgeon in Innovation
New interventional procedures are largely based on open surgical 
approaches, converted first to minimally invasive procedures by sur-
geons and later translated to percutaneous techniques by intervention-
alists. These procedures take a defined pathway from conception to 

endovascular abdominal aneurysm repair [EVAR]), analogous proce-
dures such as thoracic endovascular aortic repair (TEVAR) are per-
formed more and more in the cath lab by cardiac surgeons. In addition, 
a few hybrid cardiac surgeons have actually acquired coronary angiog-
raphy and PCI skills sufficient for hospital privileging.

TRANSCATHETER AORTIC VALVE REPLACEMENT
With TAVR now commercially available in the United States, cardiac 
surgeons are required to be part of the transcatheter heart team that 

FIGURE 32-3	 Plot	of	an	actual	adverse	event	rate	of	2%	over	a	proce-
dure	number	range	from	25	to	400.	The	horizontal	line	at	0.02	repre-
sents	the	actual	adverse	event	rate.	The	curved	lines	above	and	below	
the	horizontal	 line	 represent	 the	upper	and	 lower	bounds	of	 the	95%	
confidence	interval	of	the	estimate	of	the	adverse	event	rate.	Note	that	
as	the	number	of	procedures	decreases,	 the	range	between	the	upper	
and	 lower	 bounds	 increases,	which	 indicates	 lack	 of	 stability	 of	 any	
adverse	event	 rate	estimate	at	procedure	numbers	below	200.	(From	
Smith	SC	Jr,	Feldman	TE,	Hirshfeld	JW	Jr,	et	al:	ACC/AHA/SCAI	2005	
guideline	update	for	percutaneous	coronary	intervention:	a	report	of	the	
American	College	of	Cardiology/American	Heart	Association	Task	Force	
on	 Practice	 Guidelines	 [ACC/AHA/SCAI	 Writing	 Committee	 to	 Update	
2001	Guidelines	 for	 Percutaneous	Coronary	 Intervention].	Circulation	
113:e166-e286,	2006.)
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TABLE 32-7 Surgical Procedures Currently Performed in the 
Interventional Suite

•	 Angiography
•	 Right	and	left	heart	volume	pressure	evaluation
•	 Temporary	and	long-term	venous	access
•	 Pacemaker	implantation
•	 Atrial	fibrillation	surgery	(Maze	procedure)
•	 Vena	cava	filter	implantation
•	 Valvuloplasty
•	 Congenital	heart	defect	repairs
•	 Atrial	septal	defect	and	patent	foramen	ovale	closure
•	 Arterial	and	venous	stenosis
•	 Carotid	endarterectomy
•	 Abdominal	aortic	aneurysm	repair
•	 Thoracic	aortic	aneurysm	repair
•	 Peripheral	arterial	disease	interventions
•	 Temporary	left	ventricular	assist	device	implantation
•	 Aortic	valve	replacement
•	 Mitral	valve	repair
•	 Gene	and	stem	cell	therapy
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concept with a degree of feasibility. As the validation process pro-
gresses, more prototyping equipment and instruments needed for the 
procedure are developed either in a laboratory or, in some cases, in the 
clinical theater. Because of regulatory restrictions, the latter can only 
take place in a setting where the new procedure can be implemented 
with little modification of existing applications or through a combina-
tion of existing medical technologies used in a similar homologous 
approach. At this point, a new procedure or medical device can then 
take a variety of directions. A simple modification based on existing 

clinical acceptance as the standard of care, a pathway that requires 
collaboration among surgeons, interventionalists, medical device 
makers, and the FDA.

Creation and Development of Interventional Procedures  
and Devices
As new therapeutic alternatives come to light in the OR, a surgical 
hypothesis is formulated. A prototype is then developed, often make-
shift and primitive at first but functional to the point of proving a basic 

FIGURE 32-4	 Transapical	transcatheter	aortic	valve	insertion	(TA-TAVR).	A,	Keyhole	left	anterolateral	thoracotomy	for	apical	access.	B,	Seldinger	
technique	used	for	wire	insertion	and	dilation	of	transmural	myocardial	tract	before	balloon	aortic	valvuloplasty.	C,	Balloon	expansion	of	percutane-
ous	aortic	valve.	D,	Well-seated	percutaneous	bioprosthesis	in	the	aortic	position.	

A B

C D

FIGURE 32-5	 Transaortic	(TAo)	approach.	A,	Access	ascending	aorta,	J	sternotomy	to	second	or	third	right	intercostal	space.	B,	Anterior	right	mini	
thoracotomy,	second	intercostal	space.	Used	if	partial	J-sternotomy	is	not	possible	because	of	previous	surgery	or	unusual	anatomy.	

A B 
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followed by safety and feasibility phase I trials and larger phase II trials, 
with the latter usually randomized and all with constant communica-
tion and approval from the FDA.

In the United States, the regulatory process alone can take years and 
quickly exhausts vast resources and capital. Once a device does gain 
FDA regulatory approval and is appropriately financed through the 
commercialization stage, it still needs to be championed by the end 
users—in this case, surgeons and interventionalists. Adoption of a 
procedure as standard of care is ultimately based on clinical efficacy, 
safety, and cost. If not minimally invasive or percutaneous at first, these 
approaches can be further developed in the clinical setting. New tech-
nology and innovation developed to assist with the conversion of a 
procedure to a more minimally invasive technique continues as a 
device progresses through its total clinical product life cycle. This cycle 
of continual refinement of interventional tools and equipment requires 
close collaboration among surgeons, interventionalists, and industry 
partners to continually provide state-of-the-art care to cardiovascular 
patients.

The Hybrid Suite
For most hospitals, the decision to create a hybrid suite is largely based 
on return on investment in addition to usefulness for clinicians. With 
variable economics among medical centers, several models have 
emerged. The first approach is to perform a retrofit to allow the hybrid 
team to carry out endovascular interventions and structural heart pro-
cedures in existing facilities. This can be done through two separate 
pathways, starting with either an existing cath lab or an existing OR. 
An existing cath lab suite can be outfitted with formal anesthesia equip-
ment; appropriate heating, ventilating, and air conditioning (HVAC); 
scrub sinks; and substerile areas, and it should be fully stocked with 
instruments and disposables most often used by hybrid surgeons. Note 
that multiple disciplines are interested in using hybrid rooms today, so 
stocking for all these specialties can escalate costs quickly in addition 
to making space utilization challenging. In the case of preparing a 
hybrid cath lab for major cardiac surgical interventions, including 
aortocoronary bypass and open valve procedures, additional space and 
storage are also required for a perfusion team and for equipment; this 
is essential for ensuring the best outcome during a planned cardiac 
hybrid case or a “conversion to open” emergency scenario. This is not 
the preferred scenario for cardiac surgeons because both the cardiac 
OR and the OR staff provide a familiar environment for maximal effi-
ciency in an emergency. As an alternative, an OR can be retrofitted with 
the appropriate cath lab equipment and imaging technology to become 
a functional hybrid suite. The minimum equipment required comprises 
an image intensifier (I-I) for high-quality fluoroscopy with digital 
cineography, corresponding flat screens, monitors, an interventional 

art already in practice, or a predicate device currently in clinical use, 
can often be placed into practice with an expedited regulatory pathway 
known in the United States as 510K. However, for most novel interven-
tions, the regulatory pathway is much more involved and can require 
an expensive and lengthy premarket approval (PMA) process or inves-
tigational device exemption (IDE) that can take years and tens of mil-
lions of dollars before the device is adopted in the commercial 
marketplace. This regulatory process is less challenging outside of the 
United States and has led to a clear global disparity in current available 
technologies, with our European colleagues being quite advanced by 
comparison.

Prior to receiving regulatory approval, new technologies are gener-
ally tested in the laboratory on large animals. This allows refinement 
of the device and its materials in terms of size, cost, and efficiency. It 
also allows exploration of the tolerance extremes that may be experi-
enced in the clinical setting. After a device application has been thor-
oughly investigated in a preclinical animal model, it needs to be tested 
systematically first in humans. These first-in-human (FIH) studies are 

FIGURE 32-6	 Transaortic	 (TAo)	access-site	 selection.	Computed	 tomography	 (CT)	scan	 is	used	 to	screen	 for	 TAo	approach.	A,	CT	slice	at	 the	
upper	end	of	the	aorta	at	the	level	of	the	second	intercostal	(IC)	space	demonstrates	a	left-sided	aortic	arch	(white	line	from	outer	table	of	sternum	
perpendicularly	down	the	aorta).	B,	CT	slice	of	right-sided	aorta	present	when	50%	of	the	aorta	lies	to	the	right	of	a	line	drawn	from	the	outer	table	
of	the	sternum.	The	second	IC	approach	can	be	used	in	this	case.	

A B

FIGURE 32-7	 Transaortic	 (TAo)	 access-site	 selection.	 Access	 site	 is	
selected	that	is	at	least	the	minimum	distance	required	from	the	annulus	
for	proper	transcatheter	heart	valve	deployment.	The	access	site	should	
be	free	of	calcium	and	should	allow	the	sheath	to	be	placed	in	a	straight	
line	perpendicular	to	the	annulus.	
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table, lead shielding, and a full stock of wires, balloons, stents, and other 
disposables (Fig. 32-9). The additional space needed to accommodate 
such a retrofit cannot be underestimated; often the hybrid team finds 
itself suddenly constricted in an ill-planned, undersized operating 
theater. This can, at times, be potentially unsafe in challenging cardio-
vascular procedures because the operator has to be constantly prepared 
to convert to an open-chest approach. The gold standard is to design a 
hybrid suite from scratch during a major renovation or initial construc-
tion of an OR. Hybrid suites are now recognized as a necessity in larger 
hospitals and centers of excellence.

A body of literature discusses the proper methodology and con-
struction of hybrid suites based on the extensive trial-and-error experi-
ences of some of the earliest and most experienced hybrid centers.22-24 
The authors’ own experiences have led to several lessons, most of which 
could only have been realized after the construction and extensive use 
of multiple different hybrid suites (Table 32-8). We have concluded that 
one of the most important parts of creating and running a successful 
hybrid suite occurs long before actual construction and lies in exten-
sive multidisciplinary coordinated planning. This includes extensive 
input from ancillary staff responsible for the day-to-day operations of 
the suite. No one relishes large committee meetings surrounding the 
purchase and construction of new clinical equipment and resources; 
however, because new hybrid suites will be used by multiple disciplines 
and for procedures not yet developed, these planning meetings are a 
necessity. Trivial details often taken for granted in the cath lab and OR 
can easily be overlooked by ill planning, bringing major high-risk 
procedures to an untimely standstill while staff scramble to make 
adjustments so the procedure can continue. Invariably, these delays 
occur at the most inconvenient time and while treating a patient who 
is very ill. Therefore it is wise to perform only routine, low-risk proce-
dures during the beginning usage, while the shortcomings of the 
hybrid suite can be realized and corrected. Routine parts of any hybrid 
procedure—for example, prepping and draping the patient—should be 
well thought out before commencing the procedure so that the inter-
ventional cardiologist and the surgeon can work without hindering 
each other. Even the simplest detail, such as having the OR staff 
remember to position defibrillator pads out of the path of the image 
intensifier or using a radiolucent variety, can avoid costly time and 
risks in the hybrid room. For these reasons, the authors recommend 
that a standard operating procedure and case cards for each hybrid 
procedure be created, assembled, and integrated into a formal opera-
tions manual that contains all procedures for a particular hybrid room 
and is available to all staff. This type of rigid organization has been 
shown to improve quality of care, quality assurance, and quality control 

FIGURE 32-8	 A	and	B,	The	transaortic	(TAo)	zone	for	cannulation	of	the	aorta	along	the	upper	outer	quadrant.	C,	This	will	allow	for	a	direct	line	
of	approach	perpendicular	to	the	aortic	valve.	(From	Bapat	V,	Attia	R:	Transaortic	transcatheter	aortic	valve	implantation:	step-by-step	guide.	Semin	
Thorac	Cardiovasc	Surg	24:206-211,	2012.)
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FIGURE 32-9	 Hybrid	suite.	A,	Hybrid	interventional	suite.	B,	Transapical	
transcatheter	aortic	valve	implantation	(intraoperative	photo).	Note	the	
cardiac	 surgeon	 in	 the	 foreground	 in	 proximity	 to	 the	 left	mini	 thora-
cotomy	used	 to	access	and	control	 the	 left	ventricular	apex.	 Interven-
tional	cardiologists	prepare	the	groin	for	instrumentation	on	the	far	side	
of	the	operating	table.	
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is no substitute for the complete mastery of grounded surgical prin-
ciples and technique. Likewise, presuming that much of the discipline 
of interventional cardiology can be mastered in short courses that 
claim to impart interventional “wire skills” is of equal misconception 
and fraught with great hazard. The true mastery of such a specialized 
discipline requires intense study through a formal interventional car-
diovascular fellowship, which is currently almost exclusively available 
through the traditional cardiology pathway. Formal hybrid interven-
tional cardiology fellowships are available at select institutions admin-
istered jointly by the departments of surgery and medicine and require 
fellows to function clinically in both cardiac surgery and cardiology. 
The most advanced fellowships are 1 year in length and impart excel-
lent experience in all aspects of general interventional cardiology, 
including diagnostic angiography, PCI, TAVR, endovascular graft tech-
niques, and hybrid cardiac surgery procedures.

Hybrid Coronary Revascularization
Hybrid procedures that have gained the most acceptance today include 
hybrid coronary revascularization (HCR), hybrid valve surgery with 
PTCA or PCI, and hybrid procedures for atrial fibrillation. In addition, 
some centers have also undertaken hybrid therapies for coronary 
artery disease associated with carotid artery disease and aortic arch 
pathology. In centers with busy hybrid programs, HCR most often 
refers to minimally invasive direct coronary artery bypass (MIDCAB), 
in which the anastomosis of the left internal mammary artery (LIMA) 
to the left anterior descending artery (LADA) is the focus of the surgi-
cal portion of the operation and is combined with PCI with drug-
eluting stents (DESs) to the non-LADA targets.25-29 This approach 
accepts the notion that the surgical LIMA-to-LADA anastomosis is the 
most durable form of revascularization available today but also recog-
nizes that the patency rates of traditional saphenous vein grafts (SVGs) 
are less than robust, and their ability to remain open in the long term 
is greatly inferior to the LIMA approach.27-31

In the era of the modern DES, the SVG as a conduit for CABG  
must become suspect. Whereas excellent data exist that demonstrate 
10- to 20-year patency for the LIMA-to-LADA anastomosis, similar 
data on SVG patency are quite discouraging; thus the DES is now  
an attractive alternative.27 The LIMA-to-LADA portion of the HCR 
procedure can be performed in a variety of ways, including totally 
endoscopic atraumatic CABG, robotically assisted CABG, or CABG 
performed through a keyhole incision. In these approaches, the LIMA 
is taken down either endoscopically or robotically, and a LIMA-LADA 
anastomosis is either performed by hand or with robotic assistance on 
an arrested or beating heart. The design and techniques for these pro-
cedures are still evolving, but several dedicated operators have made 
great progress toward bringing them to the forefront of mainstream 
cardiovascular medicine.

Table 32-9 summarizes the results of a recently published series on 
HCR that used only DESs.22-25,32 The reported stent restenosis at an 
average follow-up of 6 to 33 months is quite low at 0% to 6.6%, and 

and also helps those planning complex clinical interventions that 
require high-level coordination among a large team in an unfamiliar 
setting such as the hybrid suite.

Convergence of Surgery and Interventional Cardiology
Unfortunately, the discipline of cardiac surgery will remain too complex 
for practicing interventional cardiologists to cross-train without com-
pleting a lengthy formal residency in surgery. However, focused and 
well-thought-out surgical rotations integrated throughout medical 
residency training and cardiology fellowship could prepare a surgeon 
to perform more complex and minimally invasive techniques in con-
junction with surgical colleagues. It is important to note, however, that 
as the integument is violated in an increasingly invasive manner, the 
risk and magnitude of major complications escalates rapidly, and there 

TABLE 32-8 List of Lessons and Pitfalls in Hybrid Construction
•	 Consider	input	from	all	those	who	will	potentially	be	working	in	the	

room.	This	includes	staff	from	anesthesiology,	nurses	from	both	the	
operating	room	(OR)	and	the	catheterization	laboratory	(cath	lab)	in	
addition	to	technical	staff	from	both.

•	 It	is	imperative	to	make	the	hybrid	room	large	enough	and	to	consider	
patterns	of	entry	and	egress	of	personnel	in	light	of	the	additional	and	
cumbersome	clinical	equipment,	such	as	the	image	intensifier	(I-I)	and	
the	perfusion	machine.	Accommodations	should	be	made	for	space	
and	pathways	used	for	additional	clinical	equipment	and	personnel	
that	may	not	always	be	present	during	every	case,	such	as	intraaortic	
balloon	pump	apparatus	and	staff.

•	 Proper	ceiling	height	that	is	adequate	to	allow	flat	screens	and	
monitors	to	retract	reasonably	above	head	level	should	be	ensured.	
This	can	be	quite	costly	and	can	require	significant	engineering	input	
because	routing	of	modern	heating,	ventilating,	and	air	conditioning	
(HVAC)	and	air-handling	units	must	be	considered.

•	 Plan	carefully	for	anesthesia	personnel	and	equipment	(including	
echo),	in	particular	with	regard	to	the	placement	of	the	I-I.

•	 Develop	a	plan	for	preparing	and	draping	the	patient	in	advance	to	
accommodate	both	the	surgeon	and	the	interventional	cardiologist.	
This	often	requires	stocking	a	combination	of	standard	prep	packs	
from	both	the	cath	lab	and	the	OR	in	the	hybrid	suite.

•	 Use	of	radiolucent	defibrillator	pads	and	careful	placement	of	all	lines,	
tubes,	and	wires	such	that	they	are	not	within	the	path	of	the	I-I	are	
important.	This	requires	repeated	education	of	all	staff,	including	
frequently	rotating	residents	and	fellows	who	often	position	and	prep	
the	patient.

•	 Ensure	connectivity	of	all	imaging	and	monitoring	equipment,	including	
echocardiography	equipment.	All	imaging	should	be	readily	visible	in	
real	time	to	the	operating	staff	and	to	those	in	the	control	room.

•	 Development	and	continued	updating	of	standard	operating	procedures	
(SOPs)	and	the	operations	manual	are	critical.

TABLE 32-9 Results of Hybrid Coronary Revascularization for Series That Used Only Drug-Eluting Stents for Percutaneous 
Coronary Intervention

Author, Publication Year N
30-Day 
Mortality

In-Hospital 
Morbidity (%)

Immediate LIMA 
Patency Rate (%)

Mean FU 
(Months) Stent RS (%)

Event-Free 
Survival (%)

MIDCAB and PCI

Gilard	et	al,25	2007 70 1.4 4.2 N/A 33 2.3 97

Kon	et	al,26	2008 15 0 0 100 12 3 93

TECAB and PCI

Vassiliades	et	al,27	2006 47 0 0 99 7 6.6 90

Bonatti	et	al,24	2007 5 0 0 100 6 0 100

Data	from	Leacche	M,	Umakanthan	R,	Zhao	DX,	Byrne	JG:	Surgical	update:	hybrid	procedures.	Do	they	have	a	role?	Circ	Cardiovasc	Interv	3:512,	2010.
FU,	Follow-up;	LIMA,	left	internal	mammary	artery;	MIDCAB,	minimally	invasive	direct	coronary	artery	bypass;	N,	number	of	patients;	N/A,	not	available;	PCI,	percutaneous	coronary	interven-
tion;	RS,	restenosis;	TECAB,	totally	endoscopic	coronary	artery	bypass.
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excellence. Despite ongoing clinical domain disputes with interven-
tionalists from other disciplines such as interventional radiology, 
today’s vascular surgical community is comfortable in the interven-
tional suite performing complex vascular interventions that combine 
percutaneous, endovascular, and cutdown approaches to achieve the 
desired clinical result. Cardiovascular surgery must follow suit to 
maintain excellence and safety in treating the growing aging, more 
complex patient population.

Surgeons across the board have continued to perform open-heart 
surgeries while keeping their eyes on more minimally invasive 
approaches. Femoral cannulation allows major operations to be per-
formed through “mini sternotomies” or via keyhole thoracotomy inci-
sions with very fine surgical instruments; miniature jaws and extended 
hand pieces that facilitate even the most delicate maneuvers required 
for complex minimally invasive surgical procedures, such as mitral 
valve reconstruction, are now available. Despite these strides toward 
less invasive techniques, some patients remain better served without 
the trauma of any surgery, in particular surgery that involves cardio-
pulmonary bypass.

Advancing in parallel to their surgical colleagues, interventional 
cardiologists for decades have been performing all their cath lab pro-
cedures through the percutaneous approach. They have been extremely 
successful in traversing the peripheral vasculature to perform a spec-
trum of cardiovascular procedures ranging from very delicate coronary 
interventions for coronary artery disease to stenting of larger proximal 
and distal vessels for peripheral vascular disease and to now replacing 
the aortic valve via the femoral artery. With both disciplines working 
from opposite directions—the surgeon from open to minimally inva-
sive and the interventional cardiologist from straightforward PTCA to 
transcatheter valve therapies—it has now become clear that the two 
disciplines are poised to intersect and converge, overlapping in an 
unprecedented manner. It is only through close collaboration and open 
recognition of each other’s unique, yet complementary, skill set that 
the field of cardiovascular medicine can advance and new therapies 
can manifest.

the incidence of major adverse cardiac events (MACEs) is between 0% 
and 4.2%.29

Clearly, larger randomized trials need to be undertaken, but these 
data are strong evidence to support the continued exploration of this 
type of hybrid approach. With the aging population, the hybrid alterna-
tive to the traditional CABG or valve operation has also become a 
reality.33-35 Following the same premise that the LIMA-LADA is the 
most durable method of surgical coronary revascularization with SVG 
being a distant contender, valve surgery with PCI using drug-eluting 
stenting (DES) to non-LADA targets, such as the RCA and the circum-
flex, is now a viable option. This is especially true in the case of frail 
older adults who have already undergone cardiac surgery. This approach 
allows the surgeon to perform minimally invasive valve surgery using 
only a mini thoracotomy or partial sternotomy to replace or repair the 
valve, thus minimizing overall morbidity. The non-LADA coronary 
revascularization portion of the procedure can be done with PCI with 
a DES either in the same setting or during a second-stage procedure. 
The results of published series of hybrid valve surgery or PCI are sum-
marized in Table 32-10.31-34 Again, more investigation needs to take 
place, but the benefits derived from the current hybrid approach for 
treating valvular disease seem quite apparent at this initial stage.

THE CARDIOVASCULAR INTERVENTIONALIST
With time, many elective open-heart surgical procedures will become 
less prevalent. However, complications and challenging scenarios  
such as hostile chest entry and difficult intravascular access to vital 
structures will remain. Because of this, a need for surgeons who are 
facile with open-heart surgical techniques and who can proceed  
expeditiously with prowess will persist, especially for the patient  
presenting in extremis. With this stated, the future cardiovascular 
surgeon will likely need to become more of a cardiovascular interven-
tionalist than currently envisioned. Related fields such as vascular 
surgery have shown that additional formal endovascular training  
can and must be integrated into fellowship programs to achieve  

TABLE 32-10 Results of Hybrid Valve Surgery or Percutaneous Coronary Intervention
Author, Publication Year N Age (Y*) ACS (%) CHF (%) Reop. (%) MIS (%) Operative Mortality (%)

PTCA ± PCI and MVR, AVR, or both

Byrne	et	al,34	2005 26 72	(53-91) 92 N/A 42 30.8 3.8

PCI and AVR

Brinster	et	al,33	2006 18 75	(56-89) N/A N/A 27.8 100 5.6

PCI and MVR

Umakanthan	et	al,34	2009 32 69	(44-85) 15 43 38 100 3

Data	from	Leacche	M,	Umakanthan	R,	Zhao	DX,	Byrne	JG:	Surgical	update:	hybrid	procedures.	Do	they	have	a	role?	Circ	Cardiovasc	Interv	3:514,	2010.
*Data	presented	as	median	(range).
ACS,	Acute	coronary	syndrome;	AVR,	aortic	valve	replacement;	CHF,	congestive	heart	failure;	MIS,	minimally	invasive	surgery;	MVR,	mitral	valve	replacement;	N,	number	of	patients:	N/A,	
not	available;	PCI,	percutaneous	coronary	intervention;	PTCA,	percutaneous	transluminal	coronary	angioplasty;	Reop.,	reoperative	procedure.
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Restenosis, the arterial wall healing response to mechanical injury, 
has plagued cardiologists since the introduction of balloon angio-

plasty by Grüntzig and collaborators.1 This chapter will describe our 
current understanding of the mechanisms, clinical features, and impact 
of restenosis in contemporary percutaneous coronary intervention.

MECHANSISMS OF RESTENOSIS

Normal Versus Pathologic Response to Arterial Injury
The initial consequences of balloon angioplasty or coronary stenting 
are deendothelialization; mechanical disruption of atherosclerotic 
plaque, often with dissection into the tunica media and occasionally 
the adventitia; and stretch of the entire artery.2 Endothelial injury, 
platelet aggregation, inflammatory cell infiltration, release of growth 
factors, medial smooth muscle cell (SMC) modulation and prolifera-
tion, proteoglycan deposition, and extracellular matrix (ECM) remod-
eling are the major milestones in the temporal sequence of the response 
to trauma. In the majority of patients, the healing response includes 
reendothelialization of the artery without significant reduction in 
vessel diameter. In contrast, restenosis is a pathophysiologic response 
to injury that leads to narrowing of the vessel segment as a result of 
negative vascular remodeling or neointimal proliferation (Fig. 33-1).3 
Whereas bare-metal stents were developed to mitigate elastic recoil and 
negative remodeling, they remain prone to neointimal hyperplasia, 

which ultimately is a result of inappropriate migration and prolifera-
tion of vascular SMCs but appears to be driven by multiple factors  
(Fig. 33-2). Whereas a great deal is known about the general response 
to injury, what remains less clear are the particular mechanisms that 
differentiate pathologic restenosis from an optimal healing pattern, 
leading to reendothelialization without neointimal hyperplasia.

Endothelial Injury and Platelet Activation
In animal models, endothelial injury is sufficient for the development 
of neointimal hyperplasia. Several mechanisms appear to directly link 
endothelial activation or denudation to restenosis. First, nitric oxide–
mediated responses to flow and shear stress provide a protective func-
tion. Therefore the loss of a functional endothelium likely contributes 
to pathologic healing.4 Second, endothelial injury leads to the produc-
tion of cytokines such as platelet-derived growth factor (PDGF) and 
transforming growth factor beta (TGF-β), which can induce migration 
and proliferation of vascular smooth muscle cells (VSMCs).5 Endothe-
lial response to injury also promotes platelet adhesion. Platelet activa-
tion and deposition has been shown to occur almost immediately after 
endothelial injury in vivo6,7 and results in platelet production of cyto-
kines and growth factors, including PDGF. Elevated platelet reactivity 
measured at the time of PCI has been associated with increased reste-
nosis rates after balloon angioplasty.8

Inflammation
The central role that inflammatory pathways play in the pathophysiol-
ogy of restenosis is also generally well accepted.9 After a layer of plate-
lets and fibrin are deposited at the injured site, adhesion molecules 
such as P-selectin on platelets attach to circulating leukocytes via 
receptors such as P-selectin glycoprotein ligand 1 (PSGL-1) to promote 
leukocyte rolling along the injured surface. Leukocytes then bind 
tightly to platelets through the interaction of leukocyte Mac-1 with 
platelet glycoprotein (GP) Ibα and through leukocyte integrin cross-
linking with fibrinogen that is bound to the platelet GP IIb/IIIa recep-
tor. Chemotaxis of leukocytes occurs across the platelet-fibrin layer  
as these cells migrate through tissue, driven by chemical gradients of 
chemokines released from SMCs and resident macrophages.

The precise cellular and molecular mechanisms of inflammation 
following arterial injury are dependent on the specific type of injury 
(i.e., atherogenic vs. balloon mechanical vs. stent). For example, exper-
imental stent deployment in animal arteries causes sustained elevation 
of monocyte chemoattractant protein-1 (MCP-1) after injury (~14 
days) compared with balloon-injured arteries (<24 hours).10 Antibody-
mediated blockade of the C-C chemokine receptor-2 (CCR2), a 
primary leukocyte receptor for MCP-1, markedly diminished neointi-
mal thickening after stent-induced, but not balloon-induced, injury in 
nonhuman primates.11

Inflammatory responses to the stent have also been proposed. 
Innate immune responses that have a predominance of monocyte/
macrophage infiltrates have been described. Antigen-specific adaptive 
immune hypersensitivity responses typified by infiltration of T cells 
and B cells in conjunction with eosinophils may also play a role in 
restenosis (reviewed12). The corrosion of stent material that leads to the 
activation of thrombospondin-1–dependent inflammatory pathways 
may also play a role in the restenotic processes following stenting.13
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•	 Restenosis	is	a	pathologic	response	to	injury	that	leads	to	
narrowing	of	the	vessel	segment	as	a	result	of	negative	vascular	
remodeling	and	neointimal	proliferation	of	vascular	smooth		
muscle	cells.

•	 Clinical	and	angiographic	predictors	of	stent	restenosis	include	
diabetes,	nonsmoking	status,	female	sex,	acute	coronary	
syndrome,	previous	percutaneous	coronary	intervention	(PCI),	
saphenous	vein	graft	disease,	small	vessel	diameter,	long	lesions,	
high	angiographic	complexity,	ostial	location,	and	chronic	total	
occlusions.

•	 The	lumen	size	achieved	at	the	end	of	the	procedure	is	an	
important	modifiable	predictor	of	restenosis.

•	 The	central	roles	of	cellular	proliferation	and	growth	factor	
signaling	within	the	restenotic	lesion	provide	the	basis	for	
contemporary	drug-eluting	stent	(DES)	technology.

•	 DES	use	has	drastically	reduced	angiographic	and	clinical	
restenosis	across	broad	lesion	and	patient	subsets,	but	those	with	
restenotic	lesions,	diabetes	mellitus,	bypass	graft	disease,	and	
bifurcations	continue	to	be	problematic.

•	 In	contemporary	trials	using	newer-generation	DESs,	adverse	
events	are	driven	as	much	by	progression	of	coronary	artery	
disease	(CAD)	in	untreated	sites	(de	novo	disease)	as	by	
target-lesion	failure,	with	similar	predictors.

Nature does nothing without purpose or uselessly.
Aristotle, 384-322 BC
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Investigators have pursued antirestenosis strategies using systemic 
antiinflammatory therapies, including liposome-encapsulated bisphos-
phonates,14 prednisone,15 anti-cluster of differentiation 18 (CD18) or 
anti-CCR2 blockade,11 and peroxisome proliferator-activated receptor-γ 
(PPAR-gamma) activator rosiglitazone. Experimental observations 
support a causal relationship between inflammation and experimental 
restenosis. Antibody-mediated blockade16,17 or the selective absence of 
Mac-118 diminished leukocyte accumulation and limited neointimal 
thickening after experimental angioplasty or stent implantation. Cor-
ticosteroids have long been shown to reduce the influx of mononuclear 
cells, inhibit monocyte and macrophage function, and influence VSMC 
proliferation.19 However, clinical trials with systemic steroid therapy to 
prevent restenosis have shown disappointing results.20

Smooth Muscle Cell Proliferation
The smooth muscle cell is vital to the healing process after arterial 
injury21 because of its ability to migrate, proliferate, and synthesize 

FIGURE 33-1	 Illustration	 of	 the	 two	 main	 mechanisms	 of	 restenosis.	
Negative	 vessel	 remodeling	 and	 elastic	 recoil	 are	 mainly	 observed		
after	balloon	angioplasty,	whereas	in-stent	restenosis	 is	mainly	asso-
ciated	 with	 intimal	 hyperplasia	 (in-stent	 restenosis	 histology,	 right	
panel).	

Mechanisms of restenosis

Neointimal hyperplasiaRecoil and remodeling

FIGURE 33-2	 Schematic	of	the	integrated	cascade	of	restenosis.	A,	Atherosclerotic	vessel	before	intervention.	B,	Immediate	result	of	stent	placement	
with	endothelial	denudation	and	platelet/fibrinogen	deposition.	C	and	D,	Leukocyte	recruitment,	infiltration,	and	smooth	muscle	cell	(SMC)	prolifera-
tion	 and	 migration	 in	 the	 days	 after	 injury.	 E,	 Neointimal	 thickening	 in	 the	 weeks	 after	 injury,	 with	 continued	 SMC	 proliferation	 and	 monocyte	
recruitment.	F,	Long-term	(weeks	 to	months)	change	 from	a	predominantly	cellular	 to	a	 less	cellular	and	more	extracellular	matrix-rich	plaque.	
ECM,	Extracellular	matrix;	FGF,	fibroblast	growth	factor;	GP,	glycoprotein;	IGF,	insulin-like	growth	factor;	IL,	interleukin;	MCP,	monocyte	chemoat-
tractant	protein-1;	TGF-β,	tumor	growth	factor	beta;	VEGF,	vascular	endothelial	growth	factor.	(Reprinted	with	permission	from	Frederick	GP,	Welt	
FGP,	Rogers	C:	Inflammation	and	restenosis	in	the	stent	era,	Arterioscler	Thromb	Vasc	Biol	22:1769-1776,	2002).
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FK506-binding protein 12 (FKBP12) and blocks activation of the 
serine/threonine kinase known as mammalian target of rapamycin 
(mTOR).35 Blockade of mTOR in this manner leads to inhibitory effects 
on cell-cycle kinases that include p27, cyclins, and pRb phosphoryla-
tion, resulting in cell-cycle arrest at the G1/S phase (Fig. 33-3).36 In 
cellular models and animal experiments, sirolimus inhibits VSMC 
migration and proliferation37 and also has important antiinflammatory 
effects.38,39

Newer-generation drug-eluting stents have used sirolimus ana-
logues with only minor pharmacokinetic differences. For example, the 
chemical structure of zotarolimus differs from sirolimus at the carbon 
40 position, in which a tetrazole substitution is made in place of the 
hydroxyl group of sirolimus. This modification does not affect FKBP12 
binding nor does it impact in vitro T-cell and VSMC effects. It does, 
however, lead to more lipophilicity and a shorter half-life compared 
with sirolimus.40 Everolimus is another sirolimus analogue with a 
2-hydroxyethyl substitution at position 40. It results in decreased in 
vitro potency but similar in vivo efficacy in immunosuppression and 
transplant models.41,42

Paclitaxel
Paclitaxel (Taxol) was discovered from the bark of the Pacific yew tree 
and is noted to have potent antiproliferative properties. Its mechanism 
of action is achieved through induction of tubulin polymerization, 
which leads to cell-cycle arrest and cyostasis at G0 (see Fig. 33-3). 
Systemically administered paclitaxel had favorable effects in preclinical 
models of restenosis.43 In addition to blocking VSMC migration and 
proliferation, paclitaxel has also been shown to inhibit neutrophil func-
tion,44 endothelial cell migration, angiogenesis, and allogenic T-cell 
responses.45 Paradoxically, the effect of paclitaxel on macrophages is 
stimulatory in a manner similar to lipopolysaccaride.46,47

CLINICAL FEATURES OF RESTENOSIS

Definitions: Angiographic Restenosis
Angiographically detected obstruction of 50% diameter stenosis (DS) 
or more at the site of a previously treated coronary segment has been 
historically defined as restenosis.48 This apparently arbitrary cutoff 
point was, in fact, founded on good scientific evidence: physiologic 
experimental studies demonstrated that coronary flow reserve becomes 
impeded when the arterial lumen diameter is reduced to 50% or less.49 
For purposes of scientific studies, many definitions of angiographic 
restenosis have been used, although the classical binary definition 
based on percentage DS is the most widely accepted. Unfortunately, 
percent DS does not depict the degree of deterioration in lumen diam-
eter and does not convey a measure of the vessel’s response to injury.50,51

In view of these considerations, clinical restenosis studies have been 
adopting a more comprehensive approach in reporting findings from 
both perspectives (categoric and continuous) to determine whether the 
agent under investigation had restraining or inhibitory effect and 
whether the ultimate clinical/angiographic outcome has been improved 
by the use of any new therapy. However, the more subtle facets of 
potent antiproliferative devices such as DESs challenge the validity  
of conventional angiographic parameters,52-54 and advanced imaging 
techniques such as intravascular ultrasound (IVUS)55 and optical 
coherence tomography (OCT)56,57 have greatly improved the ability to 
visualize restenosis and make quantitative assessments of neointimal 
thickness, neointimal volume, and minimal lumen diameter (MLD).

Late loss (LL) is a continuous angiographic measure of lumen dete-
rioration. LL is conventionally calculated by subtracting the MLD 
value at follow-up (FU) from postprocedural MLD. These computa-
tions are made irrespective of the locations of MLD measurements. LL 
has traditionally served as a major outcome measure in bare-metal 
stent (BMS) trials and continues to play a similar role in the era of 
DES.58,59 It represents a surrogate marker of neointimal hyperplasia, 
when measurements are performed within stented segments, because 

ECM upon stimulation.22 Growth factors released from platelets, leu-
kocytes, and VSMC stimulate a granulation or cellular proliferation 
phase. SMCs from the media and adventitia migrate into the intimal 
layer. Aided by fracture of the internal elastic membrane, these cells 
migrate into the intima, where they shift from a contractile to the 
synthetic phenotype. VSMCs may proliferate from 24 hours to 2 to 3 
months after vascular injury, returning to a contractile phenotype after 
this period. The platelet-derived growth factor (PDGF) is a potent 
promoter of this SMC migration.23 Adventitial myofibroblasts (α-actin 
staining cells) also proliferate and migrate into the neointima24 and 
appear to play an important role in supplying the intima with prolifera-
tive cellular elements for new lesion formation. Assessment of cellular 
proliferation status in atherectomy suggests that cells of the monocyte/
macrophage lineage also proliferate within human in-stent restenotic 
tissue.

Whereas cellular division is essential for the subsequent develop-
ment of restenosis, so too is the synthesis of various collagen subtypes 
and proteoglycans.25 Over a longer period of time, the artery enters a 
phase of remodeling that involves ECM protein degradation and resyn-
thesis. Accompanying this phase is a shift to less cellular elements and 
greater production of ECM. This ECM actually constitutes the major 
component of the restenotic lesion.26

Cell-Cycle Regulation and the Rationale for Drug-Eluting  
Stent Development
The central role of cellular proliferation and growth factor signaling 
within the restenotic lesion provided the basis for antirestenosis  
pharmacologic strategies to target cell-cycle division early after stent 
implantation. The clinical success targeting cellular division pathways 
illustrates the central role these pathways play in the formation of 
neointimal hyperplasia.

In the absence of injury, SMCs are quiescent and exhibit very low 
levels of proliferative activity. However, during restenosis, SMCs that 
migrate to the intima progress through the G1/S transition of the cell 
cycle.27 The different phases of the cell cycle of eukaryotic cells are 
regulated by a series of protein complexes composed of cyclins (D, E, 
A, and B), cyclin-dependent kinases (CDKs; CDK4, CDK2, and 
p34cdc2), and their cyclin-dependent inhibitors (CDIs; p27Kip1, p70, 
p16INK4). The function of CDIs is regulated by changes in their concen-
tration, as well as in their localization in the cell.28 SMC p27Kip1 is 
downregulated after arterial injury when cell proliferation increases; 
p21Cip1 is not observed in normal arteries but is upregulated along with 
p27Kip1 in later phases of arterial healing response and is associated with 
a significant decline in cell proliferation and an increase in procollagen 
and TGF-β synthesis.28 These findings suggest that p27Kip1 and p21Cip1 
are endogenous regulators of G1 transit in vascular SMC and inhibit 
cell proliferation after arterial injury. In addition, p27Kip1 and p21Cip1 
bind and alter the activities of cyclin D-, cyclin E-, and cyclin 
A-dependent kinases (CDK2) in quiescent cells, leading to failure of 
G1/S transition and cell-cycle arrest.29,30 Overexpression of p27Kip1 
results in cell-cycle arrest in the G1 phase. Conversely, inhibition of 
p27Kip1 increases the number of cells in S phase.31

The level of p27Kip1 is also regulated by constituents of the ECM. 
Mature collagen (polymerized type 1 collagen) suppresses p70S6k and 
has been shown to increase the levels of p27Kip1, whereas monomeric 
collagen present during degradation of ECM in the synthesis phase of 
restenosis causes p27Kip1 downregulation.32 Consistent with its regula-
tory role in SMC proliferation and the pathobiology of restenosis, 
polymorphisms in p27Kip1 that enhance the production of this cell-
cycle inhibitor are associated with reduced SMC proliferation and 
decreased risk of restenosis following PCI.33

Sirolimus and Its Analogues
Sirolimus (Rapamycin) was initially discovered in 1975 as an antifun-
gal produced by Streptomyces hygroscopicus isolated from an Easter 
Island soil sample.34 Sirolimus binds the ubiquitously expressed 
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diagnostic accuracy of stent and restenosis imaging, enabling high-
resolution assessment of lumen features and neointima (reviewed57; 
Fig. 33-5). In initial clinical trials, OCT outperformed IVUS for the 
detection of small degrees of neointimal hyperplasia62 and was more 
sensitive in detecting stent malapposition.63 In addition, OCT-based 
single-stent strut-level analysis provides clear assessment of stent-strut 
coverage and apposition,64 which are important clinical parameters 
that have been linked to DES-induced delayed arterial healing and risk 
of stent thrombosis.65,66

Clinical Restenosis
Although angiography has been widely used as the guiding tool for 
coronary disease management, the clinician should also consider  
functional assessment of the restenotic lesion—either invasive or 
noninvasive—before referring the patient to additional coronary revas-
cularization. Restenosis may cause no symptoms in up to 50% of 
patients, although silent ischemia may be present.67 Exercise electro-
cardiograph (ECG) testing has limited value to detect “silent” restenotic 
lesions,68 and computed tomography angiography (CTA) detection of 
restenosis can be unreliable because of stent metal radiographic arti-
facts.69,70 Other noninvasive tests, such as thallium scintigraphy and 
cardiac and stress echocardiography, have been used to improve the 
sensitivity and specificity of noninvasive assessment of restenosis.71 On 
the other end of the clinical spectrum, restenosis may present itself in 
the form of an acute coronary syndrome (ACS) in up to a third of 
patients, which challenges the notion that restenosis is benign.72,73 
Restenosis is of particular concern following left main coronary artery 
PCI because of the potential risk of sudden cardiac death associated 
with early “silent” restenosis.

Target-lesion revascularization (TLR), defined as any repeat percu-
taneous intervention of the treated coronary segment or bypass surgery 
of the target vessel, has been proposed as the most specific clinical 

stents abolish the remodeling component of the restenotic process.50,60 
However, conventional LL measurements may be methodologically 
flawed because of changes in the location of minimal lumen diameter 
between postprocedure and follow-up measurements.54,61 As a result, 
LL frequently derives from measurements performed in different 
(unmatched) locations in the target segment. Sites with higher degrees 
of lumen deterioration and neointimal proliferation may be over-
looked, potentially leading to inaccurate conclusions regarding the 
antiproliferative efficacy of a given device.

Angiographic restenosis parameters have been reported in two 
ways, by in-lesion and in-stent analyses (Fig. 33-4). It is nevertheless 
important to note that in-lesion LL will not necessarily be higher than 
in-stent LL. Given that in-lesion analysis encompassed the stented 
segment and 5 mm distally and proximally in an attempt to depict  
edge restenosis, these somewhat conflicting data occur because of  
the MLD relocation phenomenon. Furthermore, in-lesion LL is affected 
by vascular remodeling or vessel spasm and cannot be used as a sur-
rogate for intimal hyperplasia or to determine antiproliferative device 
efficacy.

Clinical and research assessment of restenosis has also been mark-
edly improved by both IVUS and OCT, which enable high-fidelity 
measurement of restenotic area, neointimal volume, and MLD in addi-
tion to enabling three-dimensional rendering of restenotic segments. 
OCT is a particularly useful technology for evaluation of stent healing 
and restenosis because current-generation commercially available 
OCT systems no longer require coronary artery balloon occlusion; and 
by using light, rather than ultrasound, OCT produces high-resolution 
in vivo images of coronary arteries and deployed stents with 10- to 
15-µm resolution compared with the 150 to 200 µm resolution of 
IVUS. Although limited in its ability to image deep into the blood 
vessel wall, OCT increases the diagnostic accuracy of luminal athero-
sclerosis imaging, enabling visualization of small structures such as the 
thin fibrous caps associated with plaque rupture, and it increases the 

FIGURE 33-3	 Schematic	 representation	 of	 vascular	 smooth	 muscle	 cell	 cycle	 regulation	 and	 the	 mechanisms	 of	 sirolimus	 and	 paclitaxel.	
CDK,	Cyclin-dependent	kinase;	CKI,	cyclin-dependent	inhibitors.	
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Patterns of Restenosis
In-stent restenosis has been characterized angiographically as focal 
(≤10 mm in length), diffuse (>10 mm), or proliferative (>10 mm 
extending outside the stent) or a total occlusion in patients treated 
with a Palmaz-Schatz BMS. This classification correlated with out-
comes after reintervention and was largely adopted in the era of bare-
metal stenting.89 After Palmaz-Schatz stent implantation, restenosis 
was focal in 42% of patients, diffuse in 21%, and proliferative in 30%; 
total occlusion occurred in 7%.89,90 The midstent articulation, which 
provided less scaffolding support, was likely associated with the some-
what high frequency of focal restenosis in Palmaz-Schatz stents. The 
same classification has been used to evaluate restenosis after DES, 
although modern stents do not have articulation, and longer stents are 
used more often. Nevertheless, the pattern of in-stent restenosis has 
changed with DES use and appears to be specific for each type of 
device. For example, restenosis after sirolimus-eluting stents is mostly 
focal (>90%) and is usually located at the stent edges,91,92 whereas 
diffuse intimal proliferation or total occlusion accounts for approxi-
mately half of the restenosis cases after polymer-coated paclitaxel-
eluting stents.93

Assuming that intimal hyperplasia is almost completely blocked in 
nondiabetic patients with de novo, short (<20 mm) stenoses in nonbi-
furcated native coronary arteries, it stands to reason that restenosis  
is likely caused by technique-related failures. As a result, restenosis 
would be mostly focal and would be observed at the stent edges or in 
gaps between stents in these noncomplex cases (Fig. 33-6). On the 
other hand, biologic and mechanical failures likely contribute to more 

restenosis end point among other clinical markers (i.e., death, myocar-
dial infarction [MI], symptom recurrence, or combined major adverse 
cardiac events [MACEs]).50 Target-vessel revascularization (TVR) 
expands the definition of TLR to include repeat percutaneous interven-
tion of the target vessel irrespective of the location of the stenosis 
within the treated segment.

In routine clinical practice, noninvasive assessment of recurrence 
of restenosis (symptomatic status and ischemia tests) seems an appro-
priate approach. This latter recommendation is based on a series of 
previous observations: (1) routine angiographic follow-up may have 
increased morbidity and mortality, albeit such an increase would be 
slight; (2) asymptomatic patients with nonfunctional angiographic 
restenosis experience a benign course74; and (3) the so-called occulo-
stenotic reflex leads to a higher rate of repeat revascularization with no 
clear clinical benefit at 12 months after the initial intervention.75 If 
repeat angiography is carried out without clear clinical evidence of 
ischemia, sensor-tipped guidewires for measurement of distal flow 
velocity or pressure may be useful to assess functional status of reste-
notic lesions in the catheterization laboratory and to assist physiologic-
based decision making regarding the need for reintervention.76

Incidence of Restenosis
The incidence of late loss and binary restenosis in key stent clinical 
trials are described in Table 33-1.59,77-88 When interpreting clinical trial 
restenosis data, it is important to consider differences in timing of 
follow-up assessments, the percentage of patients with angiographic 
follow-up data, and patient populations.

FIGURE 33-4	 Coronary	angiography	and	model	illustrating	a	segmental	approach	to	analyze	and	report	the	effects	of	drug-eluting	stents	on	coronary	
arteries.	Right	panel:	In-stent	(A),	which	better	describes	the	antiproliferative	effect	of	the	biologic	agent;	proximal-edge	(B);	distal-edge	(C);	and	
in-lesion	(D)	dimensions	determine	potential	paradoxic	effects	of	low	drug	concentrations	at	traumatized	stent	edges	(“edge	effect”).	The	in-segment	
dimension	(E)	is	the	ultimate	determinant	of	angiographic	success	from	a	patient’s	perspective.	(Reprinted	with	permission	from	Sousa	JE,	Serruys	
PW,	Costa	MA:	New	frontiers	in	cardiology:	drug-eluting	stents:	Part	II,	Circulation	107[18]:2383-2389,	2003).
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Technical Factors
The “bigger is better” philosophy,106 in which the lumen size obtained 
after PCI ultimately determines the occurrence of restenosis, was 
largely accepted in the BMS era. The use of IVUS to optimize stent 
expansion, however, has not been shown to impact restenosis after 
bare-metal stenting. Nevertheless, the Multicenter Ultrasound Stenting 
in Coronaries (MUSIC) IVUS study reported an 8.3% incidence of 
restenosis, which is likely the lowest rate ever reported in patients 
treated with bare-metal stenting.79

Somewhat paradoxically, the potent antiproliferative effects of 
drug-eluting stenting exposed the importance of procedural factors as 
major causes of restenosis. Neointimal hyperplasia is mostly abolished 
within the DES, and as a result, neointimal proliferation or negative 
remodeling secondary to vessel trauma or untreated disease at the 
segments adjacent to the DES become amplified. For example, the 
prospective evaluation of the Impact of Stent Deployment Techniques 
on Clinical Outcomes of Patients Treated With the Cypher Stent 
(STLLR) trial107 was a large-scale study (n = 1567 with 43 participating 
institutions) to prospectively investigate sirolimus-eluting stent (SES) 
deployment technique and its relationship to clinical outcomes in the 
modern PCI era. This study reported a high incidence of geographic 
miss, which was independently associated with an increased risk of 
TVR and MI, and provided the first scientific evidence of the negative 
impact of procedure-related factors on clinical restenosis. Other 
mechanical failures that can trigger restenosis include stent underex-
pansion108 and strut fracture,109 which are both associated with higher 
rates of TLR.

diffuse patterns of in-stent restenosis, seen mostly in more challenging 
clinical scenarios, such as in patients with in-stent BMS, bypass graft 
disease, or diabetes mellitus. An exception to this rule is restenosis after 
bifurcation PCI, which should be classified separately because it is 
frequently associated with focal stenosis at the ostium of the side 
branch.94

Predictors of Restenosis
Identification of factors associated with higher risk of restenosis may 
be useful in counseling patients whether to select PCI or coronary 
artery bypass (CABG) surgery (Table 33-2). For instance, diabetes 
mellitus has consistently been demonstrated to be an important clinical 
risk factor for restenosis, whether it be after balloon angioplasty, BMS, 
or DES implantation.95

Anatomic features have also been implicated with increased likeli-
hood of restenosis: saphenous vein graft disease, small vessel diameter, 
long lesions, and chronic total occlusion have been associated with a 
higher incidence of angiographic restenosis after stenting with a 
BMS.96-100 Angiographic and IVUS studies have extensively demon-
strated that the principal determinant of restenosis is the lumen size 
achieved at the end of the procedure.101,102

Although DES use has drastically reduced angiographic and clinical 
restenosis across broad lesion and patient subsets, certain anatomic 
and clinical scenarios—such as with diabetes mellitus, restenotic 
lesions after brachytherapy or DES use,103 bypass graft disease,104 and 
bifurcations—continue to be problematic.84,105

FIGURE 33-5	 Intravascular	ultrasound	(IVUS)	and	optical	coherence	tomography	(OCT)	imaging	of	bare-metal	stent	restenosis.	Six	months	after	
implantation	in	a	human	coronary	artery,	a	3.0	x	32	mm	Taxus	Liberte	stent	was	evaluated	by	IVUS	with	the	Boston	Scientific	Atlantis	IVUS	Catheter	
(A)	or	by	OCT	with	the	Light	Lab-M3	TD-OCT	catheter	(B).	Stent	struts	(white	arrows)	are	clearly	visible	in	the	cross-sectional	images	(top	panels).	
The	higher	resolution	OCT	system	enables	markedly	better	visualization	and	quantification	of	neointimal	tissue	compared	with	IVUS	in	both	cross-
sectional	 (top	 panels)	 and	 longitudinal	 representations	 (bottom	 panels).	 In	 addition,	 compared	 with	 IVUS	 (0.097″),	 the	 smaller	 profile	 of	 the	
TD-OCT	imaging	catheter	(0.016″)	enables	visualization	and	quantification	of	neointimal	stenosis	in	areas	of	critical	narrowing,	where	the	neointimal	
tissue	completely	contacts	the	IVUS	catheter.	

A B
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TABLE 33-1 Summary of Drug-Eluting Stent Clinical Data

Study N Drug/Agent Device Type
In-Stent Late Loss* 
(Months of Follow-Up)

In-Lesion Restenosis 
(Months of Follow-Up)

Pivotal Stent Trials

STRESS 410 None Palmaz-Schatz 0.74	mm	(6	mo)** 31.6%	(6	mo)
Balloon	angioplasty 0.38	mm	(6	mo)** 42.1%	(6	mo)

BENESTENT 520 None Palmaz-Schatz 0.65	mm	(6	mo)** 22%	(6	mo)
Balloon	angioplasty 0.32	mm	(6	mo)** 42%	(6	mo)

MUSIC† 161 None IVUS-guided,	Palmaz-Schatz 0.77	mm	(6	mo) 8.3%	(6	mo)

Pivotal Drug-Eluting Stent Trials

RAVEL 238 Sirolimus BX	Velocity –0.01	mm	(6	mo) 0%	(6	mo)
BX	Velocity 0.8	mm	(6	mo) 26.6%	(6	mo)

SIRIUS 1058 Sirolimus BX	Velocity 0.17	mm	(8	mo) 8.9%	(9	mo)
None BX	Velocity

TAXUS	IV 1314 Paclitaxel	(SR) Express	2 0.39	mm	(9	mo) 7.9%	(9	mo)
None Express	2 0.92	mm	(9	mo) 26.6%	(9	mo)

ENDEAVOR	II 1197 Zotarolimus Driver 0.61	mm	(9	mo) 13.2%	(9	mo)
None Driver 1.03	mm	(9	mo) 35%	(9	mo)

Head-to-Head Trials

REALITY 1386 Sirolimus BX	Velocity 0.09	mm	(8	mo) 9.6%	(8	mo)
Paclitaxel Express	2 0.31	mm	(8	mo) 11.1%	(8	mo)

SIRTAX 1012 Sirolimus BX	Velocity 0.13	mm	(9	mo) 6.7%	(9	mo)
Paclitaxel Express	2 0.25	mm	(9	mo) 11.9%	(9	mo)

SPIRIT	IV‡ 1002 Everolimus Vision 0.14	mm	(8	mo) 8.9%	(8	mo)
Paclitaxel Express	2 0.28	mm	(8	mo) 4.7%	(8	mo)

Diabetes Trials

DIABETES-I 160 Sirolimus BX	Velocity 0.08	mm	(9	mo) 7.7%	(9	mo)
None BX	Velocity 0.66	mm	(9	mo) 33%	(9	mo)

DIABETES-II† 80 Paclitaxel Express	2 0.42	mm	(9	mo) 7.6%	(9	mo)

ISAR-DIABETES 250 Sirolimus BX	Velocity 0.19	mm	(6	mo) 6.9%	(6	mo)
Paclitaxel Express	2 0.49	mm	(6	mo) 16.5%	(6	mo)

*Data	are	provided	for	pivotal	trials	for	the	active	treatment	groups	only.	All	trials	were	randomized	except	where	noted.
**In-lesion	late	loss	is	provided	for	bare	metal	stent	studies	because	in-stent	angiography	measurements	were	not	applied.	Drug-eluting	stent	figures	reflect	in-stent	late	loss.
†Nonrandomized
‡Randomized	2:1
IVUS,	Intravascular	ultrasound;	SR,	slow	release.

FIGURE 33-6 	 Longitudinal	intravascular	ultrasound	image	shows	a	focal	intimal	hyperplasia	formation	(delineated)	in	a	gap	between	two	sirolimus-
eluting	stents.	Note	 the	 lack	of	 intimal	hyperplasia	within	 the	stents.	Right	panel	shows	 the	corresponding	 focal	angiographic	 restenosis	(black	
arrow).	Mechanical	and	procedural	related	factors	are	key	determinants	of	restenosis	after	use	of	a	drug-eluting	stent	(DES).	

Gap between DES
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Intracoronary radiation therapy was the sole therapeutic approach 
that proved its efficacy clinically for the treatment of BMS restenosis.131 
However, the treatment paradigm for in-stent restenosis has changed, 
and DES use is currently the treatment of choice for restenosis after 
BMS. Both SESs and paclitaxel-eluting stents (PESs) have been shown 
to be superior to brachytherapy for the treatment of BMS restenosis.132-134 
No data are available on the use of drug-eluting stenting for the treat-
ment of postangioplasty restenosis.

Despite its lower frequency compared with that using a BMS, DES 
restenosis is a particularly vexing problem, and the most appropriate 
treatment strategy for restenosis after DES use remains to be defined. 
A recent randomized investigation study that utilized 6- to 8-month 
angiographic follow-up demonstrated that SESs and PESs were equally 
effective at treating DES restenosis; however, late loss (~0.40 mm), 
binary restenosis (~20%), and TLR rates (~15.5%) were relatively high 
in both groups. In terms of safety outcomes, the rates of death/MI 
(6.1% SES vs. 5.8% PES; P = .86) and stent thrombosis (0.4% SES vs. 
0.4% PES; P > .99) were similar between both stents.

Restenosis outcomes appear to be associated with the pattern of the 
stenosis, with the highest repeat restenosis rates observed in patients 
with diffuse patterns.135,136 Although the strategy of repeat DES has been 
largely used, the long-term safety of exposing the vessel wall to another 
potent antiproliferative therapy, such as radiation or a second DES, 
remains to be determined, and the potential exists for markedly aber-
rant vascular healing and higher rates of late and very late stent throm-
bosis. The use of IVUS or OCT may be helpful to define the mechanism 
associated with DES restenosis and should be considered. If mechanical 
failures are encountered and the stenosis is discrete, properly sized 
balloon angioplasty may suffice. If the disease is diffuse or mostly 
outside the stent, such as with edge restenosis, another DES could be 
effective. However, a safe and effective strategy for the rare cases of 
diffuse or proliferative DES restenosis remains to be established. The 
use of drug-eluting balloons, which usually elute paclitaxel, to treat 
in-stent restenosis appears to be a very promising alternative.137

NEWER GENERATION DRUG-ELUTING STENTS  
AND BEYOND

First-generation DES technology convincingly demonstrated that local 
cell-cycle inhibition could lead to a dramatic reduction in restenosis 
rates. However, this was accompanied by low but significantly elevated 
rates of late and very late stent thrombosis (ST) compared with the 
BMS. The extent to which very late ST is a “necessary evil” of DES use, 
implying overlapping mechansims responsible for restenosis and reen-
dothelialization, is still unknown. However, studies that have tested 
newer-generation stents suggest that ST rates can indeed be dimin-
ished without significantly altering the antiproliferative agent or giving 
up efficacy against restenosis.

The Clinical Evaluation of the XIENCE V Everolimus-Eluting  
Coronary Stent System (SPIRIT IV) trial compared the Xience V 
everolimus-eluting stent (X-EES) to the first-generation PES in 3687 
patients with stable CAD.138 Target-lesion failure (TLF) rates at 1 year 
were significantly lower with the X-EES (4.2% vs. 6.8%, relative risk 
[RR] 0.62; 95% confidence interval [CI], 0.46 to 0.82). Individual end 
points of MI (1.9% vs. 3.1%, P = .02) and ST (0.17% vs. 0.85%, P = 
.004) also favored X-EES over PES at 1 year. The results held at 2 years, 
and EES was still associated with superior outcomes139 for TLF (6.9% 
vs. 9.9%, P = .003) and MI (2.5% vs. 3.9%, P = .02). ST rates at 2 years 
were still considerably lower for the newer-generation stent at 2 years 
(0.4% vs. 1.2%, P = .008). The Comparison of the Everolimus Eluting 
XIENCE-V Stent With the Paclitaxel Eluting TAXUS LIBERTÉ Stent 
in All-Comers: A Randomized Open Label Trial (COMPARE) tested 
the X-EES versus the PES in a broader population of 1800 patients 
(60% had ACS and 25% had STEMI) and involved more complex 
lesions (45% had type C lesions, with an average of 1.4 lesions per 
patient).140 The primary end point—a composite of all-cause mortality, 
MI, and TVR at 12 months—was lower with the X-EES (6% vs. 9%,  
P = .02). TLR was also reduced with the X-EES (2% vs. 5%, P = .0002), 

Drug-Eluting Stent Restenosis
As with BMS restenosis, stent underexpansion appears to predispose 
to restenosis after DES implantation.110 For example, in a cohort 76 
patients who underwent IVUS for DES restenosis, 42% had stent 
underexpansion, a problem particularly important for longer stents, in 
which underexpansion may be more difficult to recognize without 
intravascular imaging.111

Stent- or polymer-induced inflammation has also been identified 
as a possible contributor to DES restenosis and stent thrombosis. 
Polymer-induced inflammation might be especially operant when late 
DES failure (restenosis >6 months after implantation) or late stent 
thrombosis (>12 months after implantation) occurs long after DES 
antiproliferative dugs have eluted from the polymer.13,112,113

Further evidence for altered arterial healing with DES use comes 
from studies that demonstrate impaired endothelial function in arterial 
segments distal to the stented sites in DES- compared with BMS-
treated arteries.114,115 Even 6 months after implantation of a DES, 
intracoronary acetylcholine injection116 and hand-grip exercise provo-
cation117 both induce abnormal vasoconstrictive responses in artery 
segments distal to the DES.118 DES-associated abnormalities in endo-
thelial function could be related to delayed vascular repair and not to 
the DES drug, because the kinetics of a DES are such that the drugs 
are completely eluted within months after implantation.119-122 It is pos-
sible, however, that in certain circumstances, drug accumulation in the 
arterial wall123 and in the lipophilic core of a stented atheroma results 
in prolonged drug retention/release and ongoing vascular dysfunction. 
The mechanism of DES-associated endothelial dysfunction has not 
been established, and other than the direct effect of lingering drug, 
potential etiologies could be related to decreased nitric oxide bio-
availability and/or abnormal release of vasoactive autacoids. Recent 
studies have demonstrated variability in the severity of DES-associated 
endothelial dysfunction among specific DES agents.124-126 It is unclear 
whether DES-associated vascular dysfunction influences clinical out-
comes following DES implantation. One small study demonstrated 
impaired endothelial function in patients who present with in-stent 
restenosis compared with matched controls;127 however, this associa-
tion will require validation in larger prospective investigations.

TREATMENT OF RESTENOSIS
Restenosis after balloon angioplasty has a relatively benign outcome 
after PCI. The 18% rate of repeat restenosis for patients treated with a 
BMS compares favorably with data after treatment of de novo lesions.128 
Conversely, treatment of in-stent restenosis has been associated with 
high (>35%) rates of repeat TLR.129 At the 4-year follow-up, event-free 
survival was 69% after repeat BMS use and 64% after balloon 
angioplasty.130

TABLE 33-2 Clinical and Angiographic Predictors of Bare-Metal 
Stent Restenosis

Diabetes	mellitus

Nonsmoking	status

Female	sex

Acute	coronary	syndrome

Previous	PCI

Small	vessel	diameter

Lesion	length	greater	than	20	mm

Multiple	stents

ACC/AHA	type	C	lesion

Ostial	location

ACC,	American	College	of	Cardiology;	AHA,	American	Hospital	Association;	PCI,	percutane-
ous	coronary	intervention.
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with the X-EES (difference 0.1%; 95% CI, −2.8% to 3.0%, P = .001 for 
noninferiority). Rates of definite or probable ST were similar for both 
stents (0.9% and 1.2% for X-EES, P = .59).

These trials of newer-generation DESs have shown both improved 
efficacy in terms of TLR and improved safety with reduced ST rates 
compared with first-generation designs. Final judgement about the 
efficacy and safety of newer generation devices will require further 
long-term follow-up. However, the signals to date should be both reas-
suring and a cause for optimism. In contemporary trials using newer 
generation DESs, adverse events following PCI with newer generation 
stents are driven as much by progression of CAD in untreated sites  
(de novo disease) as by TLF,146 with very low rates of ST after year one 
(~0.4% at 4 years).

Predictors of restenosis after newer-generation DES placement 
appear similar to first-generation DESs105,110 and include diabetes mel-
litus, previous PCI, angiographic complexity, vein graft disease, ostial 
lesions, and prior restenosis.146 It is also notable that predictors of DES 
restenosis, including angiographic complexity, also predict future need 
for revascularization at de novo sites.146 This suggests that in the 
current era, mechanisms that drive DES restenosis may overlap with 
those that drive the progression of de novo atherosclerosis, and vice 
versa. Thus innovation is urgently needed to address these challenging 
patient subsets who remain at high risk for adverse events.

SUMMARY
Restenosis is a major drawback to PCI and limits its durability. The 
development of first-generation and newer-generation DESs have dras-
tically reduced, but not eradicated, restenosis. As a result of this, and 
in combination with improved deliverability of these newer designs, 
PCI is a feasible treatment option in the great majority of patients with 
CAD. Given the increased utilization of PCI, restenosis remains a 
significant problem requiring individualized treatment strategies.

Our experiences from Grüntzig to the present have consistently 
highlighted that coronary atherosclerosis is a formidable adversary. 
Thus this generation of devices, no matter how much improved, is 
unlikely to be the last. It is notable that the same predictors of reste-
nosis after bare-metal stenting are relevant even after newer-generation 
drug-eluting stenting, predicting both failure at the stented segment 
and progression elsewhere. Thus important biologic mechansims 
remain untapped. The current challenge is to improve the efficacy of 
PCI by developing new strategies that treat complex obstructive ath-
erosclerosis, prevent restenosis, and restore arterial healing.

as was definite and probable ST (0.7% vs. 3%, P = .002). The advantages 
for the X-EES held up after 2 years for the primary end point (9.0% vs. 
13.7%, P = .0016) and definite/probable ST (0.9% vs. 3.9%, P < .0001).141 
Rates of very late ST, between years 1 and 2, were also low with the 
X-EES (0.3% vs. 1.5%, P = .02) despite the fact that only 13% of this 
relatively high-risk population continued dual antiplatelet therapy 
beyond 1 year.

The Promus Element (Boston Scientific, Natick, MA) everolimus-
eluting stent (P-EES) consists of the same antiproliferative and biopoly-
mer as the EES mounted on a novel platinum-chromium scaffold. The 
scaffold compares favorably to cobalt-chromium in preclinical bench 
testing with increased radial strength, conformability, trackability,  
and radiopacity.142 The Prospective, Randomized, Multicenter Trial to 
Assess an Everolimus-Eluting Coronary Stent System for the Treat-
ment of Up to Two De Novo Coronary Artery Lesions (PLATINUM) 
randomized 1530 patients with CAD (24% had unstable angina) to 
either the X-EES or P-EES.142 The primary end point of TLF—defined 
as the composite of target vessel–related cardiac death, target vessel–
related MI, or ischemia-driven TLR—was similar for both stents (2.9% 
vs. 3.4% for P-EES), meeting the criteria for noninferiority (P = .001). 
No significant differences were reported in the 12-month rates of 
cardiac death or MI (2.5% vs. 2.0%, P = .56), TLR (1.9% vs. 1.9%, P = 
.96), or definite/probable ST (0.4% vs. 0.4%, P = 1.00).

The Resolute zotarolimus-eluting stent (R-ZES) system (Medtronic, 
Minneapolis, MN) uses a novel biopolymer designed to house the 
hydrophobic zotarolimus drug within a hydrophobic C10 compart-
ment, coated with hydrophilic C19 for improved biocompatibility.143 
The Randomized Comparison of a Zotarolimus-Eluting Stent With an 
Everolimus-Eluting Stent for Percutaneous Coronary Intervention 
(RESOLUTE) All-Comers trial144 compared R-ZES to X-EES in 2292 
patients, over 50% of whom presented with ACS; this trial was powered 
for clinical events with a noninferiority design. Rates of TLF were 
similar for both stents (8.2% for R-ZES vs. 8.3%, P < .001 for noninfe-
riority). In-stent late lumen loss was not statistically different between 
the two stents (0.27 ± 0.43 mm for R-ZES vs. 0.19 ± 0.40 for X-EES, 
P = .08). Rates of definite, probable, or possible ST were similar for 
both stents (2.3% vs. 1.5% X-EES, P = .17). These findings were con-
firmed in TWENTE, the Real-World Endeavor Resolute Versus Xience 
V Drug-Eluting Stent Study in Twente, a second head-to-head com-
parison of the R-ZES with the X-EES designed to test these two stent 
designs across broad patient populations, including those with ACS 
and higher risk, “off-label” lesion subsets.145 Patients treated with the 
R-ZES had a TVF rate of 8.2% compared with 8.1% in patients treated 

REFERENCES

1. Grüntzig AR, Senning A, Siegenthaler WE: Nonoperative dilata-
tion of coronary-artery stenosis: percutaneous transluminal 
coronary angioplasty. N Engl J Med 301:61–68, 1979.

2. Welt FG, Rogers C: Inflammation and restenosis in the stent era. 
Arterioscler Thromb Vasc Biol 22:1769–1776, 2002.

3. Forrester JS, Fishbein M, Helfant R, Fagin J: A paradigm for 
restenosis based on cell biology: clues for the development  
of new preventive therapies. J Am Coll Cardiol 17:758–769, 
1991.

4. Koskinas KC, Chatzizisis YS, Antoniadis AP, Giannoglou GD: 
Role of endothelial shear stress in stent restenosis and thrombo-
sis: pathophysiologic mechanisms and implications for clinical 
translation. J Am Coll Cardiol 59:1337–1349, 2012.

5. Palumbo R, Gaetano C, Antonini A, et al: Different effects of 
high and low shear stress on platelet-derived growth factor 
isoform release by endothelial cells: consequences for smooth 
muscle cell migration. Arterioscler Thromb Vasc Biol 22:405–411, 
2002.

6. Massberg S, Enders G, Leiderer R, et al: Platelet-endothelial cell 
interactions during ischemia/reperfusion: the role of P-Selectin. 
Blood 92:507–515, 1998.

7. Massberg S, Gawaz M, Grüner S, et al: A crucial role of glyco-
protein VI for platelet recruitment to the injured arterial wall in 
vivo. J Exp Med 197:41–49, 2003.

8. Bach R, Jung F, Kohsiek I, et al: Factors affecting the restenosis 
rate after percutaneous transluminal coronary angioplasty. 
Thromb Res 74(Suppl 1):S55–S67, 1994.

9. Libby P, Schwartz D, Brogi E, et al: A cascade model for reste-
nosis. A special case of atherosclerosis progression. Circulation 
86:III47–III52, 1992.

10. Welt FG, Tso C, Edelman ER, et al: Leukocyte recruitment and 
expression of chemokines following different forms of vascular 
injury. Vasc Med 8:1–7, 2003.

11. Horvath C, Welt FG, Nedelman M, et al: Targeting CCR2 or 
CD18 inhibits experimental in-stent restenosis in primates: 
inhibitory potential depends on type of injury and leukocytes 
targeted. Circ Res 90:488–494, 2002.

12. Byrne RA, Joner M, Kastrati A: Polymer coatings and delayed 
arterial healing following drug-eluting stent implantation. 
Minerva Cardioangiol 57:567–584, 2009.

13. Pallero MA, Talbert Roden M, Chen YF, et al: Stainless steel ions 
stimulate increased thrombospondin-1-dependent TGF-beta 
activation by vascular smooth muscle cells: implications for 
in-stent restenosis. J Vasc Res 47:309–322, 2010.

14. Danenberg HD, Golomb G, Groothuis A, et al: Liposomal alen-
dronate inhibits systemic innate immunity and reduces in-stent 
neointimal hyperplasia in rabbits. Circulation 108:2798–2804, 
2003.

15. Versaci F, Gaspardone A, Tomai F, et al: Immunosuppressive 
Therapy for the Prevention of Restenosis after Coronary Artery 
Stent Implantation (IMPRESS Study). J Am Coll Cardiol 40:
1935–1942, 2002.

16. Rogers C, Edelman ER, Simon DI: A mAb to the beta2-leukocyte 
integrin Mac-1 (CD11b/CD18) reduces intimal thickening after 
angioplasty or stent implantation in rabbits. Proc Natl Acad Sci 
U S A 95:10134–10139, 1998.

17. Wang Y, Sakuma M, Chen Z, et al: Leukocyte engagement of 
platelet glycoprotein Ib-alpha via the integrin Mac-1 is critical 
for the biological response to vascular injury. Circulation 112:
2993–3000, 2005.

18. Simon DI, Dhen Z, Seifert P, et al: Decreased neointimal for-
mation in Mac-1(-/-) mice reveals a role for inflammation in 
vascular repair after angioplasty. J Clin Invest 105:293–300, 
2000.

19. Berk BC, Gordon JB, Alexander RW: Pharmacologic roles of 
heparin and glucocorticoids to prevent restenosis after coronary 
angioplasty. J Am Coll Cardiol 17:111B–117B, 1991.

20. Holmes DR, Jr, Savage M, LaBlanche JM, et al: Results of Preven-
tion of REStenosis with Tranilast and its Outcomes (PRESTO) 
trial. Circulation 106:1243–1250, 2002.

21. Murray M, Schrodt GR, Berg HG: Role of smooth muscle  
cells in healing of injured arteries. Arch Pathol 82:138–146, 
1966.

22. Thyberg J, Hedin U, Sjölund M, et al: Regulation of differentiated 
properties and proliferation of arterial smooth muscle cells. 
Arteriosclerosis 10:966–990, 1990.

23. Libby P, Warner SJ, Salomon RN, Birinyi LK: Production of 
platelet-derived growth factor-like mitogen by smooth-muscle 
cells from human atheroma. N Engl J Med 318:1493–1498, 1988.

24. Scott NA, Cipolla GD, Ross CE, et al: Identification of a potential 
role for the adventitia in vascular lesion formation after balloon 
overstretch injury of porcine coronary arteries. Circulation 
93:2178–2187, 1996.

25. Riessen R, Isner JM, Blessing E, et al: Regional differences in the 
distribution of the proteoglycans biglycan and decorin in the 
extracellular matrix of atherosclerotic and restenotic human 
coronary arteries. Am J Pathol 144:962–974, 1994.

26. Schwartz RS, Huber KC, Murphy JG, et al: Restenosis and the 
proportional neointimal response to coronary artery injury: 
results in a porcine model. J Am Coll Cardiol 19:267–274, 1992.



550 SECTION III  CORONARY INTERVENTION

27. Nabel EG, Boehm M, Akyurek LM, et al: Cell cycle signaling  
and cardiovascular disease. Cold Spring Harb Symp Quant Biol 
67:163–170, 2002.

28. Tanner FC, Yang ZY, Duckers E, et al: Expression of cyclin-
dependent kinase inhibitors in vascular disease. Circ Res 82:396–
403, 1998.

29. Polyak K, Kato JY, Solomon MJ, et al: p27Kip1, a cyclin-Cdk 
inhibitor, links transforming growth factor-beta and contact 
inhibition to cell cycle arrest. Genes Dev 8:9–22, 1994.

30. Sherr CJ, Roberts JM: CDK inhibitors: positive and negative 
regulators of G1-phase progression. Genes Dev 13:1501–1512, 
1999.

31. Coats S, Flanagan WM, Nourse J, Roberts JM: Requirement of 
p27Kip1 for restriction point control of the fibroblast cell cycle. 
Science 272:877–880, 1996.

32. Koyama H, Raines EW, Bornfeldt KE, et al: Fibrillar collagen 
inhibits arterial smooth muscle proliferation through regulation 
of Cdk2 inhibitors. Cell 87:1069–1078, 1996.

33. van Tiel CM, Bonta PI, Rittersma SZ, et al: p27kip1-838C>A 
single nucleotide polymorphism is associated with restenosis 
risk after coronary stenting and modulates p27kip1 promoter 
activity. Circulation 120:669–676, 2009.

34. Vézina C, Kudelski A, Sehgal SN: Rapamycin (AY-22,989), a new 
antifungal antibiotic. I. Taxonomy of the producing streptomy-
cete and isolation of the active principle. J Antibiot (Tokyo) 
28:721–726, 1975.

35. Sehgal SN: Rapamune (RAPA, rapamycin, sirolimus): mecha-
nism of action immunosuppressive effect results from blockade 
of signal transduction and inhibition of cell cycle progression. 
Clin Biochem 31:335–340, 1998.

36. Sehgal SN: Sirolimus: its discovery, biological properties, and 
mechanism of action. Transplant Proc 35:S7–S14, 2003.

37. Marx SO, Jayaraman T, Go LO, Marks AR: Rapamycin-FKBP 
inhibits cell-cycle regulators of proliferation in vascular smooth-
muscle cells. Circ Res 76:412–417, 1995.

38. Powell JD, Lerner LC, Schwartz RH: Inhibition of cell cycle 
progression by rapamycin induces T cell clonal anergy even in 
the presence of costimulation. J Immunol 162:2775–2784, 1999.

39. Zeiser R, Leveson-Gower DB, Zembricki EA, et al: Differential 
impact of mammalian target of rapamycin inhibition on 
CD4+CD25+Foxp3+ regulatory T cells compared with conven-
tional CD4+ T cells. Blood 111:453–462, 2008.

40. Chen YW, Smith ML, Sheets M, et al: Zotarolimus, a novel siro-
limus analogue with potent anti-proliferative activity on coro-
nary smooth muscle cells and reduced potential for systemic 
immunosuppression. J Cardiovasc Pharmacol 49:228–235, 2007.

41. Schuler W, Sedrani R, Cottens S, et al: SDZ RAD, A new rapa-
mycin derivative: pharmacological properties in vitro and in 
vivo. Transplantation 64:36–42, 1997.

42. Sedrani R, Cottens S, Kallen J, Schuler W: Chemical modifica-
tion of rapamycin: the discovery of SDZ RAD. Transplant Proc 
30:2192–2194, 1998.

43. Sollott SJ, Cheng L, Pauly RR, et al: Taxol inhibits neointimal 
smooth muscle cell accumulation after angioplasty in the rat.  
J Clin Invest 95:1869–1876, 1995.

44. Roberts RL, Nath J, Friedman MM, Gallin JI: Effects of taxol on 
human neutrophils. J Immunol 129:2134–2141, 1982.

45. Roy C, Chaly N, Brown DL: Taxol-induced reorganization of the 
microtubule system in murine splenic lymphocytes inhibits 
response to allogeneic cells but not to concanavalin A. Biochem 
Cell Biol 66:389–395, 1988.

46. Byrd-Leifer CA, Block EF, Takeda K, et al: The role of MyD88 
and TLR4 in the LPS-mimetic activity of Taxol. Euro J Immunol 
31:2448–2457, 2001.

47. Carboni JM, Singh C, Tepper MA: Taxol and lipopolysaccharide 
activation of a murine macrophage cell line and induction of 
similar tyrosine phosphoproteins. J Natl Cancer Inst Monogr 
95–101, 1993.

48. Roubin GS, King SB, 3rd, Douglas JS, Jr: Restenosis after percu-
taneous transluminal coronary angioplasty: the Emory Univer-
sity Hospital experience. Am J Cardiol 60:39B–43B, 1987.

49. Gould KL, Lipscomb K, Hamilton GW: Physiologic basis for 
assessing critical coronary stenosis. Instantaneous flow response 
and regional distribution during coronary hyperemia as mea-
sures of coronary flow reserve. Am J Cardiol 33:87–94, 1974.

50. Kuntz RE, Baim DS: Defining coronary restenosis. Newer clini-
cal and angiographic paradigms. Circulation 88:1310–1323, 
1993.

51. Rensing BJ, Hermans WR, Deckers JW, et al: Which angio-
graphic variable best describes functional status 6 months after 
successful single-vessel coronary balloon angioplasty? J Am Coll 
Cardiol 21:317–324, 1993.

52. Costa MA, Simon DI: Molecular basis of restenosis and drug-
eluting stents. Circulation 111:2257–2273, 2005.

53. Sousa JE, Costa MA, Tuzcu EM, et al: New frontiers in interven-
tional cardiology. Circulation 111:671–681, 2005.

54. Costa MA, Sabaté M, Angiolillo DJ, et al: Relocation of minimal 
luminal diameter after bare metal and drug-eluting stent 
implantation: incidence and impact on angiographic late loss. 
Catheter Cardiovasc Interv 69:181–188, 2007.

55. Garcia-Garcia HM, Shen Z, Piazza N: Study of restenosis in drug 
eluting stents: new insights from greyscale intravascular ultra-
sound and virtual histology. EuroIntervention 5(Suppl D):D84–
D92, 2009.

56. Yamamoto M, Takano M, Murakami D, et al: Optical coherence 
tomography analysis for restenosis of drug-eluting stents. Int J 
Cardiol 146:100–103, 2010.

57. Bezerra HG, Costa MA, Guagliumi G, et al: Intracoronary 
optical coherence tomography: a comprehensive review clinical 
and research applications. JACC Cardiovasc Interv 2:1035–1046, 
2009.

58. Mehilli J, Kastrati A, Wessely R, et al: Randomized trial of a 
nonpolymer-based rapamycin-eluting stent versus a polymer-
based paclitaxel-eluting stent for the reduction of late lumen 
loss. Circulation 113:273–279, 2006.

59. Morice MC, Serruys PW, Sousa JE, et al: A randomized com-
parison of a sirolimus-eluting stent with a standard stent for 
coronary revascularization. N Engl J Med 346:1773–1780, 2002.

60. Strauss BH, Serruys PW, de Scheerder IK, et al: Relative risk 
analysis of angiographic predictors of restenosis within the coro-
nary Wallstent. Circulation 84:1636–1643, 1991.

61. Sabaté M, Costa MA, Kozuma K, et al: Methodological and 
clinical implications of the relocation of the minimal luminal 
diameter after intracoronary radiation therapy. Dose Finding 
Study Group. J Am Coll Cardiol 36:1536–1541, 2000.

62. Takano M, Inami S, Jang IK, et al: Evaluation by optical coher-
ence tomography of neointimal coverage of sirolimus-eluting 
stent three months after implantation. Am J Cardiol 99:1033–
1038, 2007.

63. Bouma BE, Tearney GJ, Yabushita H, et al: Evaluation of intra-
coronary stenting by intravascular optical coherence tomogra-
phy. Heart 89:317–320, 2003.

64. Gonzalo N, Garcia-Garcia HM, Serruys PW, et al: Reproduc-
ibility of quantitative optical coherence tomography for stent 
analysis. EuroIntervention 5:224–232, 2009.

65. Finn AV, Kolodgie FD, Harnek J, et al: Differential response of 
delayed healing and persistent inflammation at sites of overlap-
ping sirolimus- or paclitaxel-eluting stents. Circulation 112:270–
278, 2005.

66. Hassan AK, Bergheanu SC, Stinjen T, et al: Late stent malap-
position risk is higher after drug-eluting stent compared with 
bare-metal stent implantation and associates with late stent 
thrombosis. Eur Heart J 31:1172–1180, 2010.

67. Ruygrok PN, Webster MW, de Valk V, et al: Clinical and angio-
graphic factors associated with asymptomatic restenosis after 
percutaneous coronary intervention. Circulation 104:2289–
2294, 2001.

68. Andersen K, Steinthorsdottir SD, Haraldsdottir S, Gudnason T: 
Clinical evaluation and stress test have limited value in the diag-
nosis of in-stent restenosis. Scand Cardiovasc J 43:402–407, 
2009.

69. Kumbhani DJ, Ingelmo CP, Schoenhagen P, et al: Meta-analysis 
of diagnostic efficacy of 64-slice computed tomography in the 
evaluation of coronary in-stent restenosis. Am J Cardiol 103:
1675–1681, 2009.

70. de Graaf FR, Schuijf JD, van Velzen JE, et al: Diagnostic accuracy 
of 320-row multidetector computed tomography coronary angi-
ography to noninvasively assess in-stent restenosis. Invest Radiol 
45:331–340, 2010.

71. Wijns W, Serruys PW, Simoons ML, et al: Predictive value of 
early maximal exercise test and thallium scintigraphy after suc-
cessful percutaneous transluminal coronary angioplasty. Br 
Heart J 53:194–200, 1985.

72. Chen MS, John JM, Chew DP, et al: Bare metal stent restenosis 
is not a benign clinical entity. Am Heart J 151:1260–1264, 2006.

73. Rathore S, Kinoshita Y, Terashima M, et al: A comparison of 
clinical presentations, angiographic patterns and outcomes of 
in-stent restenosis between bare metal stents and drug eluting 
stents. EuroIntervention 5:841–846, 2010.

74. Popma JJ, van den Berg EK, Dehmer GJ: Long-term outcome of 
patients with asymptomatic restenosis after percutaneous trans-
luminal coronary angioplasty. Am J Cardiol 62:1298–1299, 1988.

75. Ruygrok PN, Melkert R, Morel MA, et al: Does angiography six 
months after coronary intervention influence management and 
outcome? Benestent II Investigators. J Am Coll Cardiol 34:1507–
1511, 1999.

76. Krüger S, Koch KC, Kaumanns I, et al: Clinical significance of 
fractional flow reserve for evaluation of functional lesion sever-
ity in stent restenosis and native coronary arteries. Chest 128:
1645–1649, 2005.

77. Serruys PW, de Jaegere P, Kiemeneij F, et al: A comparison of 
balloon-expandable-stent implantation with balloon angioplasty 
in patients with coronary artery disease. Benestent Study Group. 
N Engl J Med 331:489–495, 1994.

78. Fischman DL, Leon MD, Baim DS, et al: A randomized com-
parison of coronary-stent placement and balloon angioplasty in 
the treatment of coronary artery disease. Stent Restenosis Study 
Investigators. N Engl J Med 331:496–501, 1994.

79. de Jaegere P, Mudra H, Figulla H, et al: Intravascular ultrasound-
guided optimized stent deployment. Immediate and 6 months 
clinical and angiographic results from the Multicenter Ultra-
sound Stenting in Coronaries Study (MUSIC Study). Eur Heart 
J 19:1214–1223, 1998.

80. Moses JW, Leon MB, Popma JJ, et al: Sirolimus-eluting stents 
versus standard stents in patients with stenosis in a native coro-
nary artery. N Engl J Med 349:1315–1323, 2003.

81. Stone GW, Ellis SG, Cox DA, et al: A polymer-based, paclitaxel-
eluting stent in patients with coronary artery disease. N Engl J 
Med 350:221–231, 2004.

82. Fajadet J, Wijns W, Laarman GJ, et al: Randomized, double-
blind, multicenter study of the Endeavor zotarolimus-eluting 
phosphorylcholine-encapsulated stent for treatment of native 
coronary artery lesions: clinical and angiographic results of the 
ENDEAVOR II trial. Circulation 114:798–806, 2006.

83. DIABETES Investigators: Randomized comparison of sirolimus-
eluting stent versus standard stent for percutaneous coronary 
revascularization in diabetic patients: the diabetes and sirolimus-
eluting stent (DIABETES) trial. Circulation 112:2175–2183, 
2005.

84. Kastrati A, Dibra A, Eberle S, et al: Sirolimus-eluting stents vs 
paclitaxel-eluting stents in patients with coronary artery disease: 
meta-analysis of randomized trials. JAMA 294:819–825, 2005.

85. Colombo A, Drzewiecki J, Banning A, et al: Randomized study 
to assess the effectiveness of slow- and moderate-release 
polymer-based paclitaxel-eluting stents for coronary artery 
lesions. Circulation 108:788–794, 2003.

86. Windecker S, Remondino A, Eberli FR, et al: Sirolimus-eluting 
and paclitaxel-eluting stents for coronary revascularization.  
N Engl J Med 353:653–662, 2005.

87. Morice MC, Columbo A, Meier B, et al: Sirolimus- vs paclitaxel-
eluting stents in de novo coronary artery lesions: the REALITY 
trial: a randomized controlled trial. JAMA 295:895–904, 2006.

88. Stone GW, Midei M, Newman W, et al: Comparison of an 
everolimus-eluting stent and a paclitaxel-eluting stent in patients 
with coronary artery disease: a randomized trial. JAMA 299:
1903–1913, 2008.

89. Mehran R, Dangas G, Abazaid AS, et al: Angiographic patterns 
of in-stent restenosis: classification and implications for long-
term outcome. Circulation 100:1872–1878, 1999.

90. Alfonso F, Cequier A, Angel J, et al: Value of the American 
College of Cardiology/American Heart Association angio-
graphic classification of coronary lesion morphology in patients 
with in-stent restenosis. Insights from the Restenosis Intra-stent 
Balloon angioplasty versus elective Stenting (RIBS) randomized 
trial. Am Heart J 151:681.e1–681.e9, 2006.

91. Lemos PA, Saia F, Ligthart JM, et al: Coronary restenosis after 
sirolimus-eluting stent implantation: morphological description 
and mechanistic analysis from a consecutive series of cases. Cir-
culation 108:257–260, 2003.

92. Colombo A, Orlic D, Stankovic G, et al: Preliminary observa-
tions regarding angiographic pattern of restenosis after 
rapamycin-eluting stent implantation. Circulation 107:2178–
2180, 2003.

93. Corbett SJ, Cosgrave J, Melzi G, et al: Patterns of restenosis after 
drug-eluting stent implantation: insights from a contemporary 
and comparative analysis of sirolimus- and paclitaxel-eluting 
stents. Eur Heart J 27:2330–2337, 2006.

94. Steigen TK, Maeng M, Wiseth R, et al: Randomized study on 
simple versus complex stenting of coronary artery bifurcation 
lesions: the Nordic bifurcation study. Circulation 114:1955–
1961, 2006.

95. Abizaid A, Kornowski R, Mintz GS, et al: The influence of dia-
betes mellitus on acute and late clinical outcomes following 
coronary stent implantation. J Am Coll Cardiol 32:584–589, 
1998.

96. Hirshfeld JW, Jr, Schwartz JS, Jugo R, et al: Restenosis after coro-
nary angioplasty: a multivariate statistical model to relate lesion 
and procedure variables to restenosis. The M-HEART Investiga-
tors. J Am Coll Cardiol 18:647–656, 1991.

97. Foley DP, Melkert R, Serruys PW: Influence of coronary vessel 
size on renarrowing process and late angiographic outcome  
after successful balloon angioplasty. Circulation 90:1239–1251, 
1994.

98. Violaris AG, Melkert R, Serruys PW: Long-term luminal renar-
rowing after successful elective coronary angioplasty of total 
occlusions. A quantitative angiographic analysis. Circulation 
91:2140–2150, 1995.

99. Kastrati A, Schömig A, Elezi S, et al: Predictive factors of reste-
nosis after coronary stent placement. J Am Coll Cardiol 30:1428–
1436, 1997.

100. Kastrati A, Elezi S, Dirschinger J, et al: Influence of lesion length 
on restenosis after coronary stent placement. Am J Cardiol 
83:1617–1622, 1999.

101. de Feyter PJ, Kay P, Disco C, Serruys PW: Reference chart 
derived from post-stent-implantation intravascular ultrasound 
predictors of 6-month expected restenosis on quantitative coro-
nary angiography. Circulation 100:1777–1783, 1999.

102. Serruys PW, Kay IP, Disco C, et al: Periprocedural quantitative 
coronary angiography after Palmaz-Schatz stent implantation 
predicts the restenosis rate at six months: results of a meta-
analysis of the BElgian NEtherlands Stent study (BENESTENT) 
I, BENESTENT II Pilot, BENESTENT II and MUSIC trials. 
Multicenter Ultrasound Stent In Coronaries. J Am Coll Cardiol 
34:1067–1074, 1999.

103. Lemos PA, Hoye A, Serruys PW: Recurrent angina after revas-
cularization: an emerging problem for the clinician. Coron 
Artery Dis (15 Suppl 1):S11–S15, 2004.

104. Costa M, Angiolillo DJ, Teirstein P, et al: Sirolimus-eluting stents 
for treatment of complex bypass graft disease: insights from the 
SECURE registry. J Invasive Cardiol 17:396–398, 2005.

105. Lemos PA, Hoye A, Goedhart D, et al: Clinical, angiographic, 
and procedural predictors of angiographic restenosis after 
sirolimus-eluting stent implantation in complex patients: an 
evaluation from the Rapamycin-Eluting Stent Evaluated at Rot-
terdam Cardiology Hospital (RESEARCH) Study. Circulation 
109:1366–1370, 2004.

106. Kuntz RE, Safian RD, Carrozza JP, et al: The importance of acute 
luminal diameter in determining restenosis after coronary ather-
ectomy or stenting. Circulation 86:1827–1835, 1992.

107. Costa MA, Angiolillo DJ, Tannenbaum M, et al: Impact of stent 
deployment procedural factors on long-term effectiveness and 



 CHAPTER 33  Restenosis 551

safety of sirolimus-eluting stents (final results of the multicenter 
prospective STLLR trial). Am J Cardiol 101:1704–1711, 2008.

108. Castagna MT, Mintz GS, Leiboff BO, et al: The contribution of 
“mechanical” problems to in-stent restenosis: an intravascular 
ultrasonographic analysis of 1090 consecutive in-stent restenosis 
lesions. Am Heart J 142:970–974, 2001.

109. Popma JJ, Tiroch K, Almonacid A, et al: A qualitative and quan-
titative angiographic analysis of stent fracture late following 
sirolimus-eluting stent implantation. Am J Cardiol 103:923–929, 
2009.

110. Kastrati A, Dibra A, Mehilli J, et al: Predictive factors of reste-
nosis after coronary implantation of sirolimus- or paclitaxel-
eluting stents. Circulation 113:2293–2300, 2006.

111. Kang SJ, Mintz GS, Park DW, et al: Mechanisms of in-stent reste-
nosis after drug-eluting stent implantation: intravascular ultra-
sound analysis. Circ Cardiovasc Interv 4:9–14, 2011.

112. Nebeker JR, Virmani R, Bennett CL, et al: Hypersensitivity cases 
associated with drug-eluting coronary stents: a review of avail-
able cases from the Research on Adverse Drug Events and 
Reports (RADAR) project. J Am Coll Cardiol 47:175–181, 2006.

113. Virmani R, Guagliumi G, Farb A, et al: Localized hypersensitiv-
ity and late coronary thrombosis secondary to a sirolimus-
eluting stent: Should we be cautious? Circulation 109:701–705, 
2004.

114. Fuke S, Maekawa K, Kawamoto K, et al: Impaired endothelial 
vasomotor function after sirolimus-eluting stent implantation. 
Circ J 71:220–225, 2007.

115. Shin DI, Kim PJ, Seung KB, et al: Drug-eluting stent implanta-
tion could be associated with long-term coronary endothelial 
dysfunction. Int Heart J 48:553–567, 2007.

116. Maekawa K, Kawamoto K, Fuke S, et al: Images in cardiovascu-
lar medicine: severe endothelial dysfunction after sirolimus-
eluting stent implantation. Circulation 113:e850–e851, 2006.

117. Togni M, Windecker S, Cocchia R, et al: Sirolimus-eluting stents 
associated with paradoxic coronary vasoconstriction. J Am Coll 
Cardiol 46:231–236, 2005.

118. Hofma SH, van der Giessen WJ, van Dalen BM, et al: Indication 
of long-term endothelial dysfunction after sirolimus-eluting 
stent implantation. Eur Heart J 27:166–170, 2006.

119. Tesfamariam B: Drug release kinetics from stent device-based 
delivery systems. J Cardiovasc Pharmacol 51:118–125, 2008.

120. Kamath KR, Barry JJ, Miller KM: The Taxus drug-eluting stent: 
a new paradigm in controlled drug delivery. Adv Drug Deliv Rev 
58:412–436, 2006.

121. Waugh J, Wagstaff AJ: The paclitaxel (TAXUS)-eluting stent: a 
review of its use in the management of de novo coronary artery 
lesions. Am J Cardiovasc Drugs 4:257–268, 2004.

122. McKeage K, Murdoch D, Goa KL: The sirolimus-eluting stent: a 
review of its use in the treatment of coronary artery disease. Am 
J Cardiovasc Drugs 3:211–230, 2003.

123. Raman VK, Edelman ER: Coated stents: local pharmacology. 
Semin Interv Cardiol 3:133–137, 1998.

124. Shin DI, Seung KB, Kim PJ, et al: Long-term coronary endothe-
lial function after zotarolimus-eluting stent implantation. A 9 
month comparison between zotarolimus-eluting and sirolimus-
eluting stents. Int Heart J 49:639–652, 2008.

125. Kim JW, Suh SY, Choi CU, et al: Six-month comparison of coro-
nary endothelial dysfunction associated with sirolimus-eluting 
stent versus paclitaxel-eluting stent. JACC Cardiovasc Interv 
1:65–71, 2008.

126. Hamilos MI, Ostojic M, Beleslin B, et al: Differential effects of 
drug-eluting stents on local endothelium-dependent coronary 
vasomotion. J Am Coll Cardiol 51:2123–2129, 2008.

127. Thanyasiri P, Kathir K, Celermajer DS, Adams MR: Endothelial 
dysfunction and restenosis following percutaneous coronary 
intervention. Int J Cardiol 119:362–367, 2007.

128. Erbel R, Haude M, Höpp HW, et al: Coronary-artery stenting 
compared with balloon angioplasty for restenosis after initial 
balloon angioplasty. Restenosis Stent Study Group. N Engl J Med 
339:1672–1678, 1998.

129. Alfonso F, Zueco J, Cequier A, et al: A randomized comparison 
of repeat stenting with balloon angioplasty in patients with 
in-stent restenosis. J Am Coll Cardiol 42:796–805, 2003.

130. Alfonso F, Augé JM, Zueco J, et al: Long-term results (three to 
five years) of the Restenosis Intrastent: Balloon angioplasty 
versus elective Stenting (RIBS) randomized study. J Am Coll 
Cardiol 46:756–760, 2005.

131. Waksman R, Ajani AE, White RL, et al: Five-year follow-up after 
intracoronary gamma radiation therapy for in-stent restenosis. 
Circulation 109:340–344, 2004.

132. Sousa JE, Costa MA, Abizaid A, et al: Sirolimus-eluting stent for 
the treatment of in-stent restenosis: a quantitative coronary 
angiography and three-dimensional intravascular ultrasound 
study. Circulation 107:24–27, 2003.

133. Holmes DR, Jr, Teirstein P, Satler L, et al: Sirolimus-eluting stents 
vs vascular brachytherapy for in-stent restenosis within bare-
metal stents: the SISR randomized trial. JAMA 295:1264–1273, 
2006.

134. TAXUS V ISR Investigators: Paclitaxel-eluting stents vs vascular 
brachytherapy for in-stent restenosis within bare-metal stents: 
the TAXUS V ISR randomized trial. JAMA 295:1253–1263, 2006.

135. Lemos PA, van Mieghem CA, Arampatzis CA, et al: Post-
sirolimus-eluting stent restenosis treated with repeat percutane-
ous intervention: late angiographic and clinical outcomes. 
Circulation 109:2500–2502, 2004.

136. Cosgrave J, Melzi G, Biodi-Zoccai GG, et al: Drug-eluting stent 
restenosis the pattern predicts the outcome. J Am Coll Cardiol 
47:2399–2404, 2006.

137. ISAR-DESIRE 3 Investigators: Paclitaxel-eluting balloons, 
paclitaxel-eluting stents, and balloon angioplasty in patients 

with restenosis after implantation of a drug-eluting stent (ISAR-
DESIRE 3): a randomised, open-label trial. Lancet 381:461–467, 
2013.

138. SPIRIT III Investigators: Comparison of an everolimus-eluting 
stent and a paclitaxel-eluting stent in patients with coronary 
artery disease: a randomized trial. JAMA 299:1903–1913, 2008.

139. Stone GW, Rizvi A, Sudhir K, et al: Randomized comparison of 
everolimus- and paclitaxel-eluting stents: 2-year follow-up from 
the SPIRIT (Clinical Evaluation of the XIENCE V Everolimus 
Eluting Coronary Stent System) IV trial. J Am Coll Cardiol 58:
19–25, 2011.

140. Kedhi E, Joesoef KS, McFadden E, et al: Second-generation 
everolimus-eluting and paclitaxel-eluting stents in real-life  
practice (COMPARE): a randomised trial. Lancet 375:201–209, 
2010.

141. Smits PC, Kedhi E, Royaards KJ, et al: 2-year follow-up of a 
randomized controlled trial of everolimus- and paclitaxel-
eluting stents for coronary revascularization in daily practice. 
COMPARE (Comparison of the everolimus eluting XIENCE-V 
stent with the paclitaxel eluting TAXUS LIBERTÉ stent in all-
comers: a randomized open label trial). J Am Coll Cardiol 58:
11–18, 2011.

142. Stone GW, Teirstein PS, Meredith IT, et al: A prospective, ran-
domized evaluation of a novel everolimus-eluting coronary 
stent: the PLATINUM (a Prospective, Randomized, Multicenter 
Trial to Assess an Everolimus-Eluting Coronary Stent System 
[PROMUS Element] for the Treatment of Up to Two de Novo 
Coronary Artery Lesions) Trial. J Am Coll Cardiol 57:1700–1708, 
2011.

143. Hezi-Yamit A, Sullivan C, Wong J, et al: Novel high throughput 
polymer biocompatibility screening designed for SAR 
(structure-activity relationship): application for evaluating 
polymer coatings for cardiovascular drug-eluting stents. Comb 
Chem High Throughput Screen 12:664–676, 2009.

144. Serruys PW, Silber S, Garg S, et al: Comparison of zotarolimus-
eluting and everolimus-eluting coronary stents. N Engl J Med 
363:136–146, 2010.

145. von Birgelen C, Basalus MW, Tandjung K, et al: A randomized 
controlled trial in second-generation zotarolimus-eluting Reso-
lute stents versus everolimus-eluting Xience V stents in real-
world patients: The TWENTE Trial. J Am Coll Cardiol 59:
1350–1361, 2012.

146. Taniwaki M, Stefanini GG, Silber S, et al: 4-Year clinical out-
comes and predictors of repeat revascularization in patients 
treated with new-generation drug-eluting stents: a report from 
the RESOLUTE All-Comers Trial (A Randomized Comparison 
of a Zotarolimus-Eluting Stent With an Everolimus-Eluting 
Stent for Percutaneous Coronary Intervention). J Am Coll 
Cardiol 63:1617–1625, 2014.



552

Andreas Grüntzig first performed balloon angioplasty in man in 
1977 and revolutionized the treatment of coronary artery disease; 

however, the outcomes were compromised by acute vessel closure as a 
result of dissection or elastic recoil, late vascular remodeling, and neo-
intimal proliferation.1 Coronary stents were developed to overcome 
these limitations.2,3 The two landmark trials, Belgian Netherlands Stent 
study (BENESTENT) and the Stent Restenosis Study (STRESS), 
reported superiority of bare-metal stents (BMSs) over balloon angio-
plasty and established bare-metal stenting as a second revolution in 
coronary intervention.2,3 The clinical outcomes of bare-metal stenting 
were, however, compromised by a high incidence of in-stent resteno-
sis.4,5 Drug-eluting stents (DESs) were developed by coating BMSs with 
polymers containing antiproliferative drugs such as sirolimus and 
paclitaxel to overcome neointimal proliferation within the stents. DESs 
have significantly reduced in-stent restenosis and target-lesion revas-
cularization (TLR) compared with BMSs,6,7 and hence DESs are being 
hailed as a “third revolution” in coronary intervention. The first-
generation DESs were associated with an increased risk of stent throm-
bosis (ST), which was largely attributed to a chronic inflammatory 
response to the durable polymers.8,9 However, the newer-generation 
DESs, with biocompatible or biodegradable polymers, have a consider-
ably improved safety profile.10-12 The vast majority of percutaneous 
coronary intervention (PCI) procedures performed involve balloon 
angioplasty and stent deployment. However, these stents still leave a 
permanent metal implant inside the vessel, along with all its potential 
future problems. Bioresorbable stents, commonly referred to as scaf-
folds, can provide support to the vessel wall for a defined period after 
angioplasty but are subsequently resorbed.13 Bioresorbable scaffolds 
herald a significant step forward in the advancement of coronary 

intervention and are considered a potential fourth revolution in coro-
nary intervention.14

TERMINOLOGY

Stent or Scaffold?
The intravascular devices we now call stents were initially described as 
“endovascular prostheses.” The word stent was popularized by Sigwart 
and colleagues during a stent-angioplasty course in 1986, and this term 
gained acceptance and approval in the cardiology community. In the 
interventional world, scaffold is a relatively newer term for bioresorb-
able stent, whether metallic or polymeric. The word scaffold has been 
widely used in peer-reviewed medical literature to describe these 
devices over the last few years and therefore should be preferred to 
distinguish these devices from permanent stents.

Biodegradation, Bioabsorption, and Bioresorption
Surgical sutures made from glycolic and lactic acids were the first com-
mercial application of polymers in medicine and were called absorbable 
sutures. The term bioabsorbable generally reflects the disappearance of 
the compound into another substance. However, bioabsorption does 
not necessarily equate to degradation and, even less, to elimination of 
the polymer from the body. For example, even if the bioabsorbable 
polymeric suture thread is not visible as a result of dissolution (bioab-
sorption), high-molecular-mass molecules can still be trapped between 
skin and mucosa without passing through physiologic barriers and 
being eliminated. The term bioabsorption does not mean complete 
cleavage of macromolecules into small molecules that can be elimi-
nated from the body via natural routes like kidney, liver, or lungs. To 
indicate the total elimination of polymers by dissolution, assimilation, 
and excretion, the term bioresorption was introduced.15,16 The term 
biodegradation may also be confusing and should be restricted to cell-
mediated in-vivo mechanisms.15,16 We therefore recommend the term 
bioresorbable scaffolding to describe these novel devices.

RATIONALE FOR BIORESORBABLE SCAFFOLDING
BRS may preserve vessel geometry and tissue biomechanics because of 
better flexibility and conformability than that of conventional stents.17 
BRS may help in restoration of physiologic vasomotion, vascular 
mechanotransduction (conversion of hemodynamic forces to chemical 
stimuli or signaling pathways), adaptive shear stress, late luminal gain, 
plaque media regression, and late expansive remodeling once biore-
sorption is complete and the vessel is liberated from its “cage.”18 The 
metallic stents can alter vessel geometry and biomechanics, and resul-
tant chronic irritation and flow disturbances may contribute to neo-
intimal proliferation and adverse events.19,20 BRS offers the potential to 
preserve vascular geometry, producing less alteration in vessel angula-
tion and curvature.17 It has also been shown that at 6 to 12 months after 
BRS implantation, coronary geometry tends to revert to its preimplant 
level, whereas it remains permanently altered after implantation of 
conventional metallic stents.21 The absence of any residual foreign 
material and restoration of functional endothelial coverage can also 
potentially reduce the risk of very late ST and the need for long-term 
dual-antiplatelet therapy (DAPT). Additionally, a BRS can overcome 
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•	 Bioresorbable	scaffold	(BRS)	has	the	potential	to	overcome	the	
limitations	of	permanent	metallic	stents	because	it	provides	
temporary	scaffolding	and	then	disappears,	liberating	the	treated	
vessel	from	its	cage	and	restoring	pulsatility,	cyclical	strain,	
physiologic	shear	stress,	and	mechanotransduction.	After	
bioresorption	of	BRS,	repeat	percutaneous	or	surgical	
revascularization	may	easily	be	accomplished	if	needed.

•	 Bioresorbable	metallic	scaffolds	and	polymeric	scaffolds	are	the	
two	main	types	of	BRS.	The	latter	are	predominantly	composed	of	
polylactic	acids	(PLAs).	Magnesium-based	scaffolds	represent	the	
main	metallic	scaffolding	option,	although	iron-based	scaffolds	
have	also	been	tested	in	preclinical	models.

•	 Initial	data	on	the	use	of	BRS	comes	from	small-scale	registries	or	
trials	in	stable	patients	with	simple	lesions.	However,	studies	are	
ongoing	to	evaluate	use	of	BRS	in	complex	lesions	and	acute	
coronary	syndromes.

•	 Two	BRS	devices	have	received	CE	mark	approval	and	are	
increasingly	used	in	clinical	practice.	However,	long-term	safety	
and	efficacy	data	from	adequately	powered	clinical	trials	are	
required	before	routine	use	of	these	devices	can	be	recommended	
in	all-comer	patients.
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some other problems associated with the use of permanent metallic 
stents such as “jailing” of the side branches, overhang at ostial lesions, 
and inability to graft the stented segment.22 The potential advantages 
of a BRS over other technologies are shown in Table 34-1.

BIORESORBABLE MATERIALS FOR CORONARY STENTS
The conventional permanent stents are typically made of stainless steel, 
nitinol, cobalt-chromium, or platinum-chromium. The current genera-
tion BRSs are composed of either a metallic (iron- or magnesium-
based) alloy23 or polymers (usually polylactides).16 Various physical and 
biochemical factors determine the suitability of a material for a BRS.

Physical Properties
The physical properties of different materials used for stent and scaffold 
manufacturing are compared in Table 34-2. Metallic BRS is intuitively 
attractive because it has the potential to perform much the same as the 
conventional metallic stents in the early phase and also has the advan-
tage of subsequent bioresorption. An ideal metallic BRS should there-
fore offer mechanical properties similar to a conventional stent: a 
nonthrombogenic surface, predictable and steerable bioresorption 
kinetics, and minimal or no inflammatory response on resorption. 
Magnesium and iron meet most of these criteria and have been further 
evaluated.

To manufacture a polymeric scaffold, a polymer should have high 
tensile strength, high modulus, and optimal elongation to allow the 
creation of a low-profile, balloon-expandable device. Furthermore, 
chemical and thermal properties of the polymer determine the 

TABLE 34-1 Comparison of Bioresorbable Scaffolds With Other 
Angioplasty Techniques/Devices

BA BMS DES BRS

Acute	occlusion − + + +
Acute	recoil − + + +
Acute	thrombosis − − − −
Subacute	thrombosis ± − − −
Late	thrombosis + − − ±
Very	late	thrombosis + ± −/± +/±
Neointimal	hyperplasia − − + +
Constrictive	remodeling − + + +
Adaptive	(expansive)	remodeling + − − +
Restoration	of	vasomotion + − − +
Late	luminal	enlargement + − − +
Potential	for	future	bypass	graft + − − +

BA,	Balloon	angioplasty;	BMS,	bare-metal	stent;	DES,	drug-eluting	stent;	BRS,	bioresorbable	
scaffold.
+,	Positive/beneficial	effect;	−,	negative/no	effect;	±,	neutral	or	uncertain	effect.

TABLE 34-2 Physical Properties of Materials for Coronary Stents/Scaffolds
Material Tensile Strength (MPa) Tensile Elasticity (GPa) Elongation at Break (%) Degradation Time (Mo)

Nitinol 700 45 10	to	20 Biostable

Stainless	steel	316L 668 193 >40 Biostable

Cobalt-chromium 1449 210	to	235 40 Biostable

Magnesium	alloy 220	to	330 40	to	45 2	to	20 1	to	3

Poly-L-lactide 60	to	70 3.1	to	3.7 2	to	6 >24

Poly-D,L-lactide 45	to	55 3.1	to	3.7 2	to	6 6	to	12

Polyglycolide 90	to	110 6.5	to	7.0 1	to	2 6	to	12

MPa,	Megapascal;	GPa,	gigapascal.

bioresorption time, the type of degradation products, and the type of 
processing and sterilization methods that can be used. Polyglycolic 
acid (PGA), the polymer of glycolic acid, is the simplest linear aliphatic 
polyester. PGA is highly crystalline with a high melting point and a 
degradation period of 6 to 12 months. Polylactic acid (PLA) has two 
optical isomers, L- and D-lactic acid. Poly-D,L-lactic acid (PDLLA) 
contains both D-lactic acid and L-lactic acid. Poly-L-lactic acid (PLLA) 
is the homopolymer of L-lactide. PDLLA is amorphous with low 
tensile strength, higher elongation time, and a rapid degradation rate. 
In contrast, PLLA is semicrystalline and has a slower degradation rate 
and higher tensile strength. In a scaffold, usually the semicrystalline 
PLLA polymer made of crystal lamellae (regions with high concentra-
tions of polymer with crystalline structure) is interconnected by amor-
phous tie chains that bind the crystallites (Fig. 34-1). Because the 
amorphous regions are less packed and therefore are more accessible 
to water, the amorphous polymer is more susceptible to hydration than 
the semicrystalline polymer. Figure 34-1 describes the initial reduction 
in molecular weight, the decrease in radial support at about 6 months, 
the loss in mass starting at 12 months, and subsequent completion at 
24 months.

Bioresorption
The ability to control bioresorption to a predictable and desirable level 
is important in the success of BRS technology. The mechanism, speed, 
and byproducts of the resorption process are also important determi-
nants of material suitability. Lactide- and glycolide-based polymers 
undergo gradual hydrolysis, which leads to the formation of water-
soluble, low-molecular-weight components that are metabolized into 
carbon dioxide and water (Fig. 34-2). PLLA-based BRS usually has a 
combination of semicrystalline polymers to provide mechanical 
strength and amorphous polymers to allow uniform dispersion of the 
drug and loss of integrity at the desired time.16 The duration of the 
degradation process depends on the crystallization of the polymer and 
varies from 2 to 4 years.16

The process of iron bioresorption is quite slow and involves the 
oxidation of ferrous ion to ferric ion or interaction with nearby cells. 
Magnesium bioresorption occurs via corrosion, which is accelerated in 
an acidic milieu. The corrosion rate of the magnesium alloy varies from 
2 to 12 months by amalgamating the alloy with other rare metals.24,25 
Lu and colleagues26 reported a novel approach to control the degrada-
tion of the magnesium-based alloys, allowing drug release by the fab-
rication of a composite two-layer coating film, one for control of the 
biocorrosion rate of the magnesium alloy and one for the control of the 
drug-release rate. The magnesium scaffolds are metabolized to their 
chloride, oxide, sulfate, or phosphate salts. The byproduct in the vessel 
is hydroxyapatite, which is eventually digested by macrophages.

HISTORIC DEVELOPMENT OF BIORESORBABLE 
SCAFFOLDING TECHNOLOGY

The first bioresorbable scaffold, made of a polymer of PLLA, was devel-
oped in the early 1980s by Stack and coworkers27 and implanted in 
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Igaki-Tamai (Igaki Medical Planning Company, Kyoto, Japan), a 
monofilamentous 183-kDa PLLA-based fully bioresorbable scaffold 
without any drug coating, was the first device of its kind to be evaluated 
in man (Fig. 34-3). This system was self-expanding but also required 
contrast heated at 70° to 80° C and 30-second balloon inflation. A 
first-in-man (FIM) trial (n = 15) was reported in 2000 and showed no 
stent thrombosis (ST) or major adverse cardiac events (MACEs) at 30 
days and only one case of TLR at a 6-month follow-up.29 Angiographic 
restenosis rates of 5.3% and 10.5% were reported, with a loss index of 
0.44 and 0.48 mm at 3 and 6 months, respectively.29 The study reported 
no deaths, myocardial infarction (MI), or coronary artery bypass graft-
ing (CABG). Long-term follow-up of the Igaki-Tamai scaffold has 
demonstrated a good safety profile.30,31 Over 10 years of follow-up of 
the first 50 patients (63 lesions) treated with 84 Igaki-Tamai scaffolds, 
TLR rates were 16% at 1 year, 18% at 5 years, and 28% at 10 years. Only 
two cases of definite ST were recorded. Survival rates free of death and 
cardiac death at 10 years were 87% and 98%, respectively.31 Despite 
these promising results and the possibility to reduce restenosis by 
adding an antiproliferative drug,32 this device failed to become a main-
stream player because of concerns about use of the heated contrast in 
coronary arteries.

CURRENT LANDSCAPE OF POLYMERIC 
BIORESORBABLE SCAFFOLD DEVICES

The Absorb (Abbott Vascular, Temecula, CA) and DESolve (Elixir 
Medical, Sunnyvale, CA) devices have achieved CE mark. The 

FIGURE 34-1	 Mechanical	disintegration	of	a	bioresorbable	scaffold,	which	first	undergoes	reduction	in	molecular	weight,	then	loss	of	strength,	and	
finally	mass	loss.	
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FIGURE 34-2	 Metabolic	bioresorption	of	polymeric	scaffolds.	Hydrolysis	
process	eventually	converts	bioresorbable	polymers	into	carbon	dioxide	
and	water.	PLA,	Polylactic	acid.	
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FIGURE 34-3	 Igaki-Tamai	scaffold.	The	 Igaki-Tamai	 is	a	poly-L-lactic	
acid	scaffold	with	a	helical	zigzag	design.	

animal models at Duke University in the 1990s. Subsequent work at 
Kyoto University, the Thorax Centre, and Mayo and Cleveland Clinics 
has elucidated different properties of the various polymers. However, 
the technology failed to develop for the lack of an ideal polymer at  
that stage (low-molecular-weight polylactides were associated with an 
intense inflammatory neointimal response)28 and for the advent of 
metallic DESs.16
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was changed in the second-generation device, BVS 1.1, to in-phase 
zigzag hoops linked by bridges (Fig. 34-4) to give better radial strength. 
The manufacturing process for the polymer was also modified to 
achieve slower hydrolysis and thus preserve mechanical integrity for a 
longer period.16

The Absorb BVS 1.0 was tested in ABSORB Cohort A. This multi-
center single-arm (n = 30) study demonstrated late lumen enlarge-
ment, feasibility of noninvasive imaging with computed tomography 

structure and design of the BRS devices currently being evaluated in 
clinical studies are shown in Table 34-3.

Absorb Bioresorbable Vascular Scaffold
The Absorb bioresorbable vascular scaffold (BVS) is an everolimus-
eluting BRS composed of PLLA and PDLLA. The first-generation scaf-
fold, BVS 1.0, consisted of circumferential hoops of PLLA; the design 

TABLE 34-3 Summary of Design and Structure of Clinically Tested Bioresorbable Scaffolds
Scaffold 
(Manufacturer) Strut Material

Coating 
Material

Eluted 
Drug

Strut 
Thickness

Crossing 
Profile Radiopacity

Radial 
Support

Resorp. 
(Months) Current Status

POLYMERIC

Igaki-Tamai
(Kyoto	Medical)

PLLA None None 170 N/A Gold	
markers

6	mo 24-36 CE	mark	for	
peripheral	use

BVS	1.0
(Abbott	Vascular)

PLLA PDLLA Everolimus 156 1.4	mm Platinum	
markers

Weeks 18-24 Disc.

BVS	1.1
(Abbott	Vascular)

PLLA PDLLA Everolimus 156 1.4	mm Platinum	
markers

6	mo 24-48 CE	mark

DESolve
(Elixir)

PLLA None Myolimus 150 1.5	mm Metallic	
markers

N/A 12-24 CE	mark

REVA
(Reva	Medical)

PTD-PC None None 200 1.8	mm Radiopaque	
scaffold

3-6	mo 24 Disc.

ReZolve
(Reva	Medical)

PTD-PC None Sirolimus 115-230 1.8	mm Radiopaque	
scaffold

4-6	mo 4-6 Clinical	trials

ReZolve2
(Reva	Medical)

None Sirolimus 1.5	mm Radiopaque	
scaffold

ART	18AZ
(ART)

PDLLA None None 170 N/A
6-Fr	compatible

None 3-6	mo 3-6 Clinical	trials

Fortitude
(Amaranth)

PLLA None None 150-200 N/A
6-Fr	compatible

None 3-6	mo 3-6 Clinical	trials

IDEAL	BTI
(Xenogenics)

Polylactide	and	
salicylates

SA/AA Sirolimus 200 1.5-1.7	mm None 3	mo 6-9 Clinical	trials

METALLIC

AMS-1
(Biotronik)

Mg	alloy None None 165 1.2	mm None Weeks <4 Disc.

DREAMS-1
(Biotronik)

Mg	alloy	with	
some	rare	
metals

PLGA Paclitaxel 125 N/A
6-Fr	compatible

None 3-6	mo 9 Clinical	trials

DREAMS-2
(Biotronik)

Mg	alloy	with	
some	rare	
metals

PLLA Sirolimus 150 N/A
6-Fr	compatible

Metallic	
markers

3-6	mo 9 Clinical	trials

BVS,	Bioresorbable	vascular	scaffold;	Disc.,	discontinued;	Mg,	magnesium;	N/A,	not	available;	PDLLA,	poly-DL-lactic	acid;	PLGA,	poly(lactide-co-glycolide)	polymer	matrix;	PLLA,	poly-L-
lactic	acid;	SA/AA,	salicylic	acid/adipic	acid;	PTD-PC,	poly-tyrosine-derived	polycarbonate;	Resorp.,	resorption.

FIGURE 34-4	 Bioresorbable	vascular	scaffold	(BVS;	Abbott	Vascular,	Santa	Clara,	California)	system.	The	BVS	is	a	balloon-expandable,	everolimus-
eluting	bioresorbable	scaffold.	Revision	1.1	is	commercially	available.	
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delivery system. The scaffold incorporates two radiopaque markers at 
each end to aid in the angiographic assessment of scaffold placement, 
and it is coated with a matrix of polylactide-based polymer and novo-
limus at a 5 µg/mm dose. Most of the antiproliferative drug (85%) is 
released over 4 weeks. The system has a crossing profile of 1.47 mm 
and is 6-Fr guiding catheter compatible. The DESolve scaffold comes 
in a broad range of scaffold sizes to provide availability for most 
patients (diameters of 2.5, 3.0, and 3.5 mm and lengths of 14 and 
18 mm).

The DESolve BRS was tested in the DESolve FIM trial, which 
showed an effective suppression of neointimal hyperplasia at 6 months 
(see Table 34-4); no significant change in vessel volume (148.0 ± 37.0 
mm3 at baseline and 150.03 ± 35.38 mm3 at 6 months); and instead of 
“chronic recoil,” a scaffold enlargement (scaffold area 5.35 ± 0.78 mm2 
at baseline and 5.61 ± 0.81 mm2 at 6 months). At 12 months, no scaf-
fold thrombosis was evident, and no MACEs were directly attributable 
to the scaffold.39

Presented in 2013, the Elixir Medical Clinical Evaluation of the 
DESolve Novolimus Eluting Bioresorbable Coronary Scaffold System, 
the DESolve Nx trial (n = 126), showed that the primary end point of 
in-stent LLL was 0.21 mm (± 0.34) at 6 months. IVUS assessment of 
the scaffolds and vessels at 6 months in a subset of 40 patients demon-
strated a significant (P < .001) increase in vessel area (17%), mean 
scaffold area (16%), and mean lumen area (9%). Serial OCT analysis 
in 38 patients also demonstrated a 17% increase in mean scaffold area 
(P < .001) at 6 months. Nearly 99% of struts were covered by 6 months. 
The MACE rate was 3.35% and included one cardiac death, one non–Q 
wave MI, and two cases that required TLR (see Table 34-4).40 The 
DESolve has rather rapid drug release (85% over 4 weeks); therefore 
some concerns exist about the long-term efficacy of the device. A 
subset of patients will undergo multislice CT assessment at 12 months 
and angiographic, IVUS, and OCT assessment at 24 months to provide 
longer-term assessment of the scaffold.

Reva Medical Bioresorbable Scaffolding
Reva Medical (San Diego, CA) makes scaffolding with tyrosine-derived 
polycarbonate and are both bioresorbable and radiopaque (Fig. 34-6). 
Reva polymer is based on an iodinated, tyrosine-derived polycarbon-
ate. The polymer degrades into benign metabolites that are cleared 
from the body, and it was developed to allow the scaffold to maintain 

(CT) scanning, and restoration of vasomotion and endothelial func-
tion at 2 years.33-35 Five-year clinical follow-up showed no ST, only one 
case of non–Q wave MI, and a MACE rate of 3.4% (Table 34-4).36 The 
second-generation device, BVS 1.1, was tested in the ABSORB cohort 
B clinical investigation. This study was split into two parts: cohort B1 
(n = 45) underwent invasive imaging with quantitative coronary angi-
ography (QCA), intravascular ultrasound (IVUS), and optical coher-
ence tomography (OCT) at the index procedure and then at 6- and 
24-months follow-up, whereas cohort B2 underwent invasive imaging 
at the index procedure and then at 12- and 36-month follow-up. In the 
entire cohort B, the MACE rate was 9.0% (3 non–Q wave MIs, 6 
ischemia-driven TLRs, and no cardiac deaths) at 2-year follow-up (see 
Table 34-4). The ABSORB cohort B has completed 3-year follow-up 
with no cardiac deaths or scaffold thrombosis but 3 MIs (all non–Q 
wave) and 7 ischemia-driven TLRs, with a MACE rate of 10%. A small 
head-to-head study to compare the BVS (n = 31 lesions) and the 
XIENCE DES (n = 19 lesions) has shown no significant differences in 
late lumen loss (LLL; 0.18 ± 0.20 mm vs. 0.29 ± 0.36 mm; P = .42), 
percentage of uncovered struts (5.3% vs. 4.5%; P = .11), mean neointi-
mal thickness (120.6 ± 46.0 µm vs. 136.1 ± 71.4 µm; P = .82), and 
in-stent/scaffold-area obstruction (12.5% ± 7.1% vs. 13.6% ± 9.7%; P = 
.91) at 12 months.37

ABSORB EXTEND is an international, prospective, single-arm 
study that will recruit over 800 patients with more complex coronary 
disease than was previously studied in the ABSORB trial. The first 
patient was enrolled in January 2010. In this study, a 2.5 mm BRS is 
also introduced, thus allowing for examination of the feasibility of BRS 
use in small vessels. Additionally, patients with long lesions are not 
excluded; hence it will be possible to evaluate the potential safety of 
overlapping devices. At 1 year, for the first 512 patients enrolled in the 
study, the composite end points of ischemia-driven MACE and 
ischemia-driven target-vessel failure (TVF) were 4.3% and 4.9%, 
respectively. The cumulative rate of Academic Research Consortium 
(ARC)–defined definite and probable scaffold thrombosis for this 
population was 0.8% at 1 year.38

DESolve Bioresorbable Scaffold
The DESolve (Elixir Medical, Sunnyvale CA) drug-eluting BRS system 
is a PLLA-based scaffold (Fig. 34-5) coated with an antiproliferative 
drug, novolimus, mounted on a rapid-exchange balloon catheter 

TABLE 34-4 Summary of Clinical Trials With Bioresorbable Scaffolds
Scaffold Clinical Study N Major End Points Late Loss (mm) TLR MACE

POLYMERIC

Igaki-Tamai Igaki-Tamai	study 15 Acute	recoil,	late	loss,	and	
MACE	at	6	mo

0.48	at	6	mo 6.7%	at	6	mo 6.7%	at	6	mo

BVS	1.0 ABSORB	Cohort	A 30 Acute	success,	MACE	up	to	
5	yr

0.44	at	6	mo 0%	at	6	mo,
0%	at	5	yr

3.3%	at	6	mo,
3.4%	at	5	yr

BVS	1.1 ABSORB	Cohort	B 101 LLL,	TLR,	and	MACE	at	6	mo	
and	at	1,	2,	and	3	yr

0.19	at	6	mo
0.27	at	12	mo

3.6%	at	12	mo 9%	at	2	yr
10%	at	3	yr

DESolve DESolve	1 15 LLL	at	6	mo 0.19	at	6	mo 6.7	%	at	12	mo 20%	at	12	mo
DESolve	NX 120 Procedural	success,	LLL	at	

6	mo,	MACE	up	to	5	yr
0.21	at	mo 1.6%	at	6	mo 3.25%	at	6	mo

REVA RESORB 27 MACE 1.81	at	6	mo 66.7%	at	6	mo

ReZolve RESTORE 50 TLR	at	6	mo,	LLL	at	12	mo 0.20	at	12	mo	
for	n	=	8

2	out	of	12	
(16.7%)	at	
6	mo

2	out	of	12	
(16.7%)	at	
6	mo

METALLIC

AMS-1 PROGRESS-AMS 63 MACE	at	4	mo 1.08	at	4	mo 24%	at	4	mo 24%	at	4	mo

DREAMS-1 BIOSOLVE-I 46 Target	lesion	failure	at	6	and	
12	mo

0.64	at	6	mo
0.52	at	12	mo

4.3%	at	6	mo
6.5%	at	12	mo

4.3%	at	6	mo
6.5%	at	12	mo

LLL,	Late	lumen	loss;	MACE,	major	adverse	cardiac	events;	TLR,	target	lesion	revascularization.
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was only 85% because of its sheathed delivery system and high crossing 
profile.42 Further improvements in design have resulted in Reva’s 
current product, the ReZolve2, which has a sheathless delivery system. 
The ReZolve2 is being tested in the RESTORE-II study (n = 125) to get 
the data needed to apply for CE Mark. A newer design, the Fantom, is 
based on similar polymer formulation and elutes sirolimus (see Fig. 
34-6); it is being evaluated in a FIM study.

The ART Bioresorbable Scaffold
The ART (Arterial Remodeling Technologies, Paris, France) BRS is 
made from amorphous semicrystalline PDLLA, so it resorbs relatively 
rapidly.43,44 The design includes pairs of out-of-phase zigzag hoops 
directly joined at their crowns (see Fig. 34-5). The adjacent pairs are 
linked by two straight bridges. Struts are 170 µm thick, and the scaffold 
is compatible with a 6-Fr guidewire. The device comprises no antipro-
liferative drug, and it is hoped that outward vessel remodeling will 
accommodate intervention-induced intimal hyperplasia, as demon-
strated in preclinical studies. Twenty-three BMS devices (3.0 by 
12 mm) and 36 lactic acid–based BRSs (3.0 by 11 mm) were implanted 
in porcine coronary arteries. Acute recoil was comparable between  
the BRS and the BMS groups (4.6% ± 6.7% vs 4.6% ± 5.1%, P = .98).45 
BRS outer diameter increased significantly from 1 to 6 months, indi-
cating positive scaffold remodeling, whereas BMS diameter remained 
unchanged. LLL decreased significantly from 1 to 6 months in the BRS 
group (P = .003) without any significant difference between BRS and 
BMS groups at 6 months (P = .68). Microcomputed tomography identi-
fied BRS dismantling starting at 3 months, and weight-averaged molar 
masses of scaffold parts were 20% and 14% of their initial values at 3 
and 6 months.45 The Arterial Remodeling Transient Dismantling Vas-
cular Angioplasty (ARTDIVA) FIM trial (n = 30) was undertaken to 
assess the ART device in simple lesions.

Amaranth Bioresorbable Scaffold
The Amaranth Fortitude (Amaranth Medical, Mountain View, CA) is 
a non–drug-eluting PLLA device with proprietary tube fabrication. 
The structural integrity of the Amaranth scaffold lasts 3 to 6 months, 
and the resorption process requires 1 to 2 years. Preliminary experi-
mental studies have shown that the scaffold has a high radial strength, 
prolonged mechanical stability, and exhibits minimal recoil. A recent 
report evaluated the performance of the scaffold in porcine models 
compared with the Liberté BMS (Boston Scientific, Natick, MA). A 
similar LLL was reported at 28- and 90-day follow-up. However, 

structural integrity and strength during the first 3 months. At 12 
months, the stent no longer has significant mechanical strength, and 
the polymer continues to resorb and be eliminated from the body. 
After approximately 4 years, only tiny particles of the original polymer 
remain. The Reva’s patented slide-and-lock mechanism is based on a 
ratchet system: each “tooth” on the sliding part passes through a 
bracket in the stent and locks into place as the stent is opened in an 
artery; this is accomplished by use of a balloon catheter, which prevents 
it from passing back through. The first-generation non–drug-eluting 
Reva BRS was evaluated in the Reva Endovascular Study of a Biore-
sorbable Coronary Stent (RESORB) FIM trial (see Table 34-4). The 
data showed no vessel recoil (vessel area 15.5 mm2 post procedure and 
15.3 mm2 at 6 months) but a disappointingly high in-stent LLL and 
TLR rate.41 To overcome these limitations, a sirolimus-eluting version, 
the ReZolve BRS, was developed (see Table 34-3) and is being evalu-
ated in the RESTORE trial (see Table 34-4). Preliminary data on 26 
patients with 6 months of follow-up has suggested reasonably good 
safety and efficacy.42 However, the technical success rate of the ReZolve 

FIGURE 34-5	 Design	of	various	polymeric	bioresorbable	scaffolds	in	clinical	or	preclinical	studies.	
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FIGURE 34-6	 Designs	 of	 different	 versions	 of	 Reva	 bioresorbable	
scaffolds.	
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juvenile domestic pigs. Animals were sacrificed at 28 days, and mea-
sured parameters such as intimal thickness, intimal area, and percent-
age occlusion showed a trend in favor of the iron scaffolds. Iron ions 
released from bioresorbable iron scaffolds have been shown to reduce 
proliferation of vascular smooth muscle cells and may therefore reduce 
in-stent restenosis.53 Iron-based BRS appeared promising in short-
term preclinical studies; however, long-term animal data have not been 
obtained, and clinical evaluation has yet to be performed, possibly 
because of concerns about slow degradation time and local or systemic 
iron-related toxicity.

Magnesium-Based Bioresorbable Scaffolds
Magnesium is preferred because of its biocompatibility in the human 
body; it is the fourth most common cation in the human body with a 
daily requirement of 350 mg, and it is essential for the synthesis of over 
300 enzymes. The metabolic conversion of magnesium to its chloride, 
oxide, sulphate, or phosphate salts is well tolerated. The byproduct in 
the vessel is hydroxyapatite, which is eventually digested by macro-
phages (Fig. 34-7).

AMS-1 (Biotronik AG, Bülach, Switzerland) was the first 
magnesium-based BRS evaluated in man in the Clinical Performance 
and Angiographic Results of Coronary Stenting With Absorbable 
Metal Stents (PROGRESS-AMS) study (see Table 34-4). The immedi-
ate angiographic results were similar to those using metallic stents; 
however, the radial support was lost within a few weeks after implanta-
tion, which resulted in a high rate of recoil and constrictive remodel-
ing.25 In addition to the mechanical insufficiency, the device was not 
eluting any antiproliferative drug and hence was associated with a high 
incidence of late loss and TLR (see Table 34-4). However, no death, 
MI, or ST occurred. Long-term follow-up data from angiographic and 
IVUS examination performed in 8 patients who did not require repeat 
revascularization at 4 months have demonstrated no evidence of either 
late recoil or late neointimal growth.54 These findings suggest that the 
magnesium scaffold was safe but lacked efficacy because of loss of scaf-
fold support and uncontrolled neointimal proliferation. Therefore a 
drug-eluting version, Dreams, was developed using a refined, more 
slowly resorbable WE43 alloy with a six-crown three-link design (Fig. 
34-8) and with a higher collapse pressure than the AMS-1 (1.5 vs. 0.8 
bar). The cross-sectional profile of scaffold struts in Dreams was rede-
signed to be square as opposed to the rectangular shape of the AMS-1; 
thereby strut thickness was reduced from 165 to 120 µm. To reduce 
neointimal growth, the Dreams was coated with a bioresorbable 
poly(lactide-co-glycolide) polymer matrix (PLGA) containing the anti-
proliferative drug paclitaxel (0.07 µg/mm2).55 The Safety and Perfor-
mance of the Drug-Eluting Absorbable Metal Scaffold (DREAMS) in 
Patients With de Novo Coronary Lesions (BIOSOLVE-1) FIM trial 
assessed the safety and performance of this first-generation drug-
eluting magnesium-based BRS in 46 patients with 47 lesions at five 
European centers.56 During the procedure, all devices were successfully 
delivered. At 12 months, 3 of 43 patients (7%; 95% confidence interval 
[CI], 1.7 to 19.3) had target-lesion failure (TLF) with no cardiac death 
or scaffold thrombosis. The in-scaffold LLL was reduced at 6 months 
0.65 (± 0.5 mm) and at 12 months 0.52 (± 0.39 mm) compared with 
1.08 mm (± 0.49) of the prior generation bare AMS-1 magnesium 
scaffold. However, the LLL with Dreams still did not match the excel-
lent results of currently available drug-eluting stents.

The device has been further optimized. Dreams-2 is made of a 
WE43 alloy with a six-crown two-link design and a strut thickness  
of 150 µm with radiopaque markers at both ends (made from tanta-
lum), resulting in a slower dismantling and resorption rate. To further 
reduce the neointimal proliferation, the Dreams 2 is coated with a 
bioresorbable PLA polymer carrier with sirolimus, which is known to 
have a more potent antiproliferative effect than paclitaxel.57 Dreams 2 
has completed preclinical assessment and is currently being evaluated 
in the First in Man Study of the Dreams Second-Generation Drug-
Eluting Absorbable Metal Scaffold (BIOSOLVE-II) trial (n = 120) to 
get the data needed to apply for CE Mark.

thereafter the LLL started to decrease in the Amaranth group, whereas 
it increased in the Liberté BMS group, from 90-day to 180-day 
follow-up. OCT examination at the 90-day follow-up revealed a lower 
neointimal thickness in the Amaranth scaffold compared with that of 
the BMS. As a result, Amaranth Medical initiated the FIM study to 
recruit 30 patients in order to evaluate the safety and efficacy of the 
scaffold.46 Amaranth has also developed a sirolimus-eluting version of 
the BRS, which is currently undergoing preclinical testing.

The Ideal Bioresorbable Scaffold
The Xenogenics Ideal BioStent (Xenogenics Corporation, Philadel-
phia) is a sirolimus-eluting device with a backbone of polylactide anhy-
dride mixed with a polymer of salicylic acid and sebacic acid linker. 
The presence of salicylic acid provides antiinflammatory properties to 
the device.47,48 The Ideal BioStent was tested in the WHISPER FIM trial 
(n = 11) in 2008. The first-generation device required an 8-Fr guide 
catheter, and it performed poorly at suppressing neointimal prolifera-
tion because of inadequate drug dosing and rapid release of the siroli-
mus. The second generation Ideal BioStent with a higher sirolimus 
dose, slower drug release, and a 6-Fr compatible delivery system is 
currently undergoing preclinical evaluation.49

Bioresorbable Scaffolds at Developmental Stages
The Xinsorb (Huaan Biotechnology, China) BRS is a sirolimus-eluting, 
balloon-expandable polymeric device with a strut thickness of 160 µm, 
and it has shown good acute performance in animal studies.50 The 
MeRes (Meril Life Sciences, Gujarat, India) device is a sirolimus- 
eluting BRS consisting of a new PLA formulation; it has a hybrid scaf-
fold geometry structure, which gives the scaffold a high radial strength 
and avoids overexpansion at the edges. The encouraging preliminary 
data warrant further preclinical studies to investigate the safety and 
efficacy of the scaffold. The ON-AVS (OrbusNeich, Fort Lauderdale, 
FL) is a tube-shaped lockable and balloon-expandable BRS. The  
device consists of three polymeric materials—poly-L-lactide-co-ε-
caprolactone, PDLA, and PLLA—and it incorporates a partitioned 
coating technology that allows for the scaffold to be covered by ablu-
minal sirolimus and luminal endothelial progenitor cell capture 
(+CD34) antibodies. Preliminary preclinical evaluation demonstrated 
an optimal device implantation without evidence of fracture.

Other BRS devices include the Fades (Zorion Medical, Indianapo-
lis, IN), Sahajanand (Sahajanand Medical Technologies, Surat, India), 
Avatar (S3V, Hyderabad, India), and Arterius (Arterius Ltd, Bradford, 
United Kingdom).

THE CURRENT LANDSCAPE OF METALLIC 
BIORESORBABLE SCAFFOLD DEVICES

Iron-Based Bioresorbable Scaffolds
Iron is an essential nutrient required by the human body. It serves a 
vital role as a carrier of oxygen to the tissues from the lungs by red 
blood cell hemoglobin, as a transport medium for electrons within 
cells, and as a cofactor for many enzyme systems in various tissues. The 
slow degradation and small amount of iron in a stent (41 mg) in rela-
tion to the iron load of the whole body (400 to 500 mg/L) make any 
systemic toxicity unlikely. Peuster and colleagues51 used corrodible 
iron (>99.8% iron) to produce iron scaffolds (NOR-I; Georg-August 
University, Goettingen, Germany) and implanted these in the descend-
ing aorta of New Zealand white rabbits. During 6 to 18 months of 
follow-up, no adverse events and no thromboembolic complications 
were reported, and all the scaffolds were patent at follow-up angio-
graphy at 6, 12, and 18 months. Moreover, these scaffolds produced  
no systemic iron toxicity, local inflammation, or excessive neointimal 
proliferation. In another study, Waksman and colleagues52 deployed 
iron scaffolds and cobalt-chromium stents in the coronary arteries of 



 CHAPTER 34  Bioresorbable Coronary Scaffolds 559

CRITICAL EVALUATION OF WHAT A BIORESORBABLE 
SCAFFOLD CAN OFFER

Table 34-5 outlines the characteristics of an ideal BRS.

Acute Performance
Ideally, the scaffolding provided by BRS in the first few months should 
be as good as that provided by conventional metal stents. Metallic BRS 
has good radial strength and low recoil. In a simulated bench test, a 
magnesium-based AMS device matched the recoil characteristics and 
radial strength of permanent metal stents, but larger strut dimensions 
were required to achieve this.58 However, concerns exist about acute 
stent recoil and radial strength of polymeric BRS devices. The DESolve 
scaffold has also been shown to maintain radial strength and vessel 
support for the first 3 to 4 months. For the Absorb BVS, a comparison 

FIGURE 34-8	 Device	 functionality	 of	 magnesium-based	 drug-eluting	
bioresorbable	scaffolds	(Biotronik	AG,	Bülach,	Switzerland).	

AMS 1

Dreams 1

Dreams 2

TABLE 34-5 Characteristics of an Ideal Bioresorbable Scaffold
•	 The	scaffold	material	should	have	high	tensile	strength	and	strain-to-

failure	capacity	before	bioresorption	to	allow	creation	of	a	low-profile,	
balloon-expandable	design	for	easy	deliverability	and	flexibility.

•	 The	scaffold	should	possess	adequate	radial	strength	to	provide	
mechanical	support	to	vessel	wall	during	local	healing.

•	 The	scaffold	material	should	have	a	moderate	degradation	rate	in	
a	predictable	fashion	over	a	defined	period,	leaving	no	residual	
matrices.

•	 The	degradation	products	should	be	biocompatible	and	nontoxic	and	
should	not	cause	an	excessive	inflammatory	reaction.

•	 The	scaffold	material	should	not	be	thrombogenic	and	should	not	
release	emboli	that	may	cause	watershed	infarcts.

•	 The	scaffold	material	should	be	easily	processed	and	sterilizable.
•	 The	scaffold	should	have	an	acceptable	shelf	life.
•	 The	scaffold	should	be	noninferior	to	conventional	stents	at	early	

stages	and	superior	at	long-term	follow-up	for	clinical	outcomes.

of BVS 1.0 (n = 27) with XIENCE-V (n = 27) demonstrated no statisti-
cal difference in absolute acute recoil (BVS 0.20 ± 0.21 mm vs. 
XIENCE-V 0.13 ± 0.21 mm, P = .32) or percentage acute recoil 
(BVS 6.9% ± 7.0% vs. XIENCE-V 4.3% ± 7.1%, P = .25).59 The newer-
generation BVS 1.1 has acute recoil similar to the BVS 1.0.60 Although 
these data show no statistical difference in acute recoil of polymeric 
and metallic stents, there is a numerical difference, and concerns about 
acute performance of polymeric devices persist. With a number of new 
devices being developed, it is important that these be tested for acute 
recoil in vivo.50

Bioresorption
In the ABSORB trial, multiple imaging modalities were used to assess 
the bioresorption of BVS devices. IVUS virtual histology (IVUS-VH) 
misinterprets polymeric struts as pseudodense calcium, so there was 
an increase in the mean pseudodense calcium (9.8% vs. 25.4%, P < 
.001) immediately after implantation, which was reduced by 30% at the 
6-month follow-up and remained stable between 6 months and 2 
years.34,61 On echogenicity analysis, both calcified plaques and poly-
meric struts appear as hyperechogenic tissue. There was a significant 
reduction in echogenicity from after the procedure to the 6-month 

FIGURE 34-7	 Designs	of	different	versions	of	magnesium	(Mg)-based	bioresorbable	scaffolds.	
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on the concept of plaque passivation by stents68 and BRS providing a 
symmetric and circumferential thick fibrous cap with functional endo-
thelium, late lumen enlargement, and normal shear stress distribu-
tion.63 The uniform neointimal layer may work as a thick fibrous cap 
and may seal the underlying plaque.69 IVUS analysis of the Absorb BVS 
between 6 months and 2 years also revealed a significant plaque media 
reduction (12.7%) without a significant change in the vessel wall 
area.18,70 This potential transformation of vulnerable lesions to stable 
plaques is an interesting hypothesis that needs further validation. The 
PROSPECT-ABSORB substudy will prospectively evaluate the role of 
BVS for this indication.

CURRENT CHALLENGES

Optimizing Bioresorbable Scaffolding Technology
To achieve adequate radial strength, current BRS devices have thicker 
struts (typically 150 to 200 µm) than contemporary metallic stents 
(about 80 µm). However, newer devices with 100 to 120 µm are likely 
to appear soon. It would be important to demonstrate that these 
devices have comparable radial strength and acute recoil.

Polymeric devices also have inherent limit of expansion and can 
break as a result of overdilation. Although the radial strength of bio-
resorbable vascular scaffolding (BVS) has been reported to be compa-
rable to metallic stents, this is true if the BVS is deployed within the 
limits of its size; if it is overstretched beyond its designed limits, it may 
lose some of its radial strength and may indeed fracture.71 Currently, 
it is vital to have adequate lesion preparation, appropriately sizing the 
reference vessel and respecting the nominal size of the scaffolding. 
However, it is essential to further improve this technology to allow a 
degree of stretchability without compromising device performance.

Use in All-Comer Populations
The initial clinical studies have obviously restricted the use of BRS 
devices to simple lesions. Hence, concerns exist for their use in patients 
with complex lesions and tortuous or calcified vessels. There are small 
case series for use of BRS for PCI of the left main stem,72 small diameter 
(≤2.5 mm) vessels,73 calcific lesions, long lesions with overlapping 
stents, in-stent restenosis, bifurcations,74 and chronic total occlusions 
(Fig. 34-9). Early data for use of BRS in all-comer patients appear 
promising,75 but further data with larger sample sizes and long-term 
follow-up are needed.

Use in Acute Coronary Syndromes
Safety and efficacy data for BRS use in acute coronary syndromes 
(ACSs) are not yet widely available. A recent small registry has sug-
gested that a BVS device may be used safely and effectively in patients 
with STEMI undergoing primary PCI.76 Gori and colleagues77 deployed 
BVS for 150 consecutive patients with ACS (194 lesions) and compared 
outcomes with a control group composed of 103 consecutive patients 
(129 lesions) who underwent everolimus drug-eluting stent (DES) 
implantation around the same time. Procedural success was obtained 
in all but two patients in the BVS group. In-hospital 30-day and 
6-month MACE rates (of death, nonfatal MI, or reintervention) were 
similar between both groups. Definite or probable in-stent/scaffold 
thrombosis occurred in two BVS patients and one DES patient during 
the index admission, and it occurred in another patient in each group 
in the first month after BVS/DES implantation. Diletti and colleagues78 
evaluated the feasibility and acute performance of BVS for the treat-
ment of patients presenting with ST-segment elevation myocardial 
infarction (STEMI) in a prospective, single-arm, single-center study  
(n = 49). The procedural success was 97.9%. Thrombolysis in Myo-
cardial Infarction (TIMI) grade 3 flow was achieved in 91.7% of 
patients, and the postprocedure percentage diameter stenosis (DS) was 
14.7% (± 8.2%). No patients had angiographically visible residual 
thrombus at the end of the procedure. OCT analysis performed in 31 

follow-up (18.5% ± 9.1% vs. 10.3% ± 7.6%, P < .001), and a further 
reduction occurred between 6 months and 2 years (10.3% ± 7.6% 
vs. 7.7% ± 6.5%, P = .005). By 2 years, echogenicity returned to the 
preprocedural level.61 On serial OCT analysis, a 35% reduction was 
seen in the number of visible struts from baseline to the 2-year 
follow-up.61 The complete bioresorption of the device has yet to be 
shown but is expected at the 5-year follow-up. For Reva devices, it has 
been shown that by 4 years, only tiny particles of the original polymer 
remain. For Dreams, OCT demonstrated that at 6 months, 86% of the 
scaffold struts were discernible, which decreased to 61% at 12 months, 
reflecting continuing resorption. Furthermore, serial IVUS-VH analy-
sis done in nine patients showed a significant decrease in dense calcium 
at 6 months (15.4% reduction) and at 12 months (12.9% reduction) 
compared with postprocedure levels, without significant changes in 
necrotic core area over time. The decrease in dense calcium was there-
fore interpreted as a surrogate marker for the bioabsorption of the 
scaffold.56

Restoration of Vascular Physiology
In ABSORB cohort A, evaluation of the scaffolded segment following 
intraluminal administration of acetylcholine suggested that at 2 years, 
the scaffolding function of the polymeric struts had completely disap-
peared, and the scaffolded segment could exhibit vasomotion.62 A posi-
tive acetylcholine test with vasodilatation of the scaffold also provided 
an indirect proof that the endothelial lining was intact and functional, 
so that the biochemical process of nitric oxide release was working 
efficiently. This observation corroborates with transmission electron 
microscopy findings in a porcine model, which showed maturation of 
endothelial junctions between 1 and 36 months with dense intercel-
lular desmosomes at 3 years.61 It has also been shown that implantation 
of the Absorb BVS leads to a significant decrease in vascular compli-
ance, measured on palpography and described as Rotterdam Classifica-
tion score /mm, at the scaffolded segment (from 0.37 [interquartile 
range 0.24 to 0.45] to 0.14 [interquartile range 0.09 to 0.23], P < .001) 
with mismatch in compliance in a paired analysis between the scaf-
folded and adjacent segments (proximal 0.23 [95% CI, 0.12 to 0.34], 
scaffold 0.12 [95% CI, 0.07 to 0.19], distal 0.15 [95% CI, 0.05 to 0.26], 
P = .042). This compliance mismatch disappears at short- and mid-
term follow-up.63 Magnesium BRS devices have also demonstrated the 
recovery of the responsiveness of the treated vessel to vasoactive 
agents.64

Prevention of Very Late Thrombotic Events
After bioresorption of the BRS, the treated segment of the vessel will 
return to normal function and will be free of a permanent foreign body, 
thus potentially minimizing the risk of very late thrombotic events and 
the need for long-term DAPT. BRS can potentially eliminate certain 
factors that contribute to the late ST including delayed endothelializa-
tion, chronic inflammatory response, and localized hypersensitivity 
reaction.65 It has been shown that the incidence of very late ST is sig-
nificantly lower using a DES with a biodegradable polymer compared 
with a DES with a durable polymer (0.4% vs. 1.8%, P = .004).11 It is 
notable that a recently reported study has shown that even balloon 
angioplasty has a risk of very late thrombosis, suggesting that a BRS 
may not be able to eliminate this complication,66 and indeed cases of 
late scaffold thrombosis have been reported after BVS implantation.67 
Long-term follow-up data will prove whether a BRS can reduce this 
potentially fatal complication.

Passivation of Vulnerable Plaques
In theory, BRS implantation may provide a symmetric, uniform, 
fibrous neointimal layer, which along with late lumen enlargement and 
lack of any permanent vascular prosthesis may help to stabilize and 
passivate vulnerable plaques and thus prevent future cardiovascular 
events.63 The idea is appealing and is indirectly supported by studies 
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1 year (ABSORB BVS 22% vs. XIENCE 30%, P = .04). One definite 
acute, one definite subacute, and one probable late scaffold thrombosis 
were found in the ABSORB BVS group as opposed to no stent throm-
bosis in the XIENCE group. There was 5% of MACE in the ABSORB 
BVS group compared with 3% events in the XIENCE group (MI: 4% 
vs. 1%; clinical-driven TLR: 1% vs. 2%; for ABSORB BVS vs. XIENCE, 
respectively). The final report of the ABSORB II trial regarding the 
primary and secondary endpoint is expected in coming years. Another 
study, ABSORB Physiology, is planned to assess the acute and long-
term effect of BVS compared with conventional metallic drug-eluting 
stents in terms of impact on vascular compliance, distensibility, endo-
thelial responsiveness, and changes in the shear stress distribution after 
device/stent implantation and at 2 years follow-up. ABSORB-III is a 
prospective, randomized, single-blind, multicenter trial to compare the 
Absorb BVS (n = 1267) with the Xience DES (n = 633). The primary 
end point is noninferiority for TLF at 1 year. ABSORB-IV will include 
an additional 3000 patients randomized 1 : 1 with Xience, and com-
bined with subjects in ABSORB-III, it will evaluate patient-reported 
angina at the end of 1 year and a reduction in TLF between 1 and  
5 years.

CONCLUSION AND FUTURE DIRECTIONS
The concept of a bioresorbable scaffold to treat coronary stenosis is 
inherently appealing with a multitude of potential benefits. Further 
refinement in the structure and design of the scaffolds may be  

patients showed that the postprocedure mean lumen area was 8.02 mm2 
(± 1.92), minimum lumen area was 5.95 mm2 (± 1.61), mean incom-
plete scaffold apposition area was 0.118 mm2 (± 0.162), and mean 
intraluminal defect area was 0.013 mm2 (± 0.017). At the 30-day 
follow-up, no TLF, cardiac death, or scaffold thrombosis was reported. 
However, no randomized data are yet available.

Need for Long-Term Outcomes Data
Limited data from 10-year follow-up of Igaki-Tamai and 5-year 
follow-up of ABSORB cohort A appear promising. However, most of 
the data for BRS use are derived from small, nonrandomized studies 
with short- or midterm follow-up, and further studies are warranted. 
ABSORB-II is a prospective, randomized controlled trial that aims to 
compare the safety and efficacy of the BVS 1.1 versus the Xience stent 
in 501 patients with stable angina and one- or two-vessel disease ran-
domized on a 2 : 1 basis.79 Clinical follow-up is planned at 30- and 
180-days and at 1, 2, and 3 years. All subjects will undergo coronary 
angiography and IVUS at baseline (before and after device implanta-
tion) and at 2-year follow-up. The primary end points are the superior-
ity of the Absorb BVS for vasomotion of the treated segment at 2 years 
and noninferiority for angiographic minimum lumen diameter at  
2 years. An interim analysis at 1-year follow-up showed a smaller 
postprocedural lumen diameter or area in the ABSORB BVS group 
(1.15 mm vs. 1.46 mm, P < .0001; 2.85 mm2 vs. 3.60 mm2, P < .0001; 
respectively). BVS-treated patients were less likely to have angina at  

FIGURE 34-9	 Absorb	biovascular	scaffold	(BVS)	use	in	complex	coronary	artery	disease.	Left	main	stem	and	ostial	left	anterior	descending	(LAD)	
coronary	artery	 disease	 (A)	 treated	with	 provisional	 strategy	using	a	BVS	 (B).	Patient	with	 severe	native	 coronary	artery	 disease	and	previous	
coronary	artery	bypass	grafting	(CABG)	developed	stenosis	of	 the	LAD	 just	distal	 to	 the	 insertion	of	a	 left	 internal	mammary	artery	(LIMA)	graft		
(C),	which	was	successfully	 treated	by	placing	a	BVS	device	 from	 the	LIMA	 into	 the	LAD	(D).	A	patient	with	 in-stent	 restenosis	of	a	previously	
deployed	mid-LAD	stent	(E)	was	successfully	treated	by	implantation	of	a	BVS	within	the	previous	stent	(F).	Chronic	total	occlusion	(CTO)	of	the	
LAD	(G)	was	treated	with	BVS	implantation	(H)	with	good	angiographic	results.	

Before procedure

Before procedure

A B C D

E F G H

Before procedure

Before procedure

LIMA

After BVS implantation

After BVS implantation

LAD in-stent restenosis

Left main stem and ostial LAD disease LAD stenosis distal to insertion of LIMA graft

CTO of mid LAD

After BVS implantation

BVS implanted via LIMA
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required to overcome the current limitations. It remains to be proven 
whether BRS devices can be used safely and effectively in an all-comers 
population, including those with acute coronary syndromes and 
complex coronary artery disease. Furthermore, superiority of BRS 
devices over current-generation DESs for clinical outcomes at long-
term follow-up need to be proved in adequately powered, randomized 
controlled trials. However, the data from clinical studies to date appear 

promising, and we remain optimistic about the future of bioresorbable 
scaffolds.
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The past 25 years have seen several mechanical approaches that 
ablate or section atheromatous plaque during percutaneous coro-

nary intervention (PCI) to optimize acute results and reduce resteno-
sis. Although hundreds of small mechanistic studies have reported 
promising findings, dozens of clinical trials have failed to demonstrate 
that a strategy of plaque ablation achieves better clinical outcomes than 
PTCA alone,1 and thus the routine use of atheroablative approaches 
during PCI has not found support.2 In specific circumstances, however, 
the use of atheroablative devices is beneficial, and in selected cases, 
such devices are the only means of achieving procedural and clinical 
success.3 This chapter analyzes the results of clinical trials and illus-
trates the complementary but essential role that atheroablative devices 
play in the current practice of interventional cardiology.

HISTORICAL BACKGROUND
Before the modern era of coronary stenting, the search for treatments 
to overcome the shortcomings of PTCA was based on experimental 
studies, which showed that the healing response of treated coronary 
arteries was directly proportional to the degree of imposed injury.4 This 
was supported by angiographic analyses, which suggested that the 
degree of late restenosis was directly proportional to the gain achieved 
acutely during treatment and that a constant ratio defined the relation 
between late loss and acute gain for a broad range of interventional 
devices.5 The decades-long search for a mechanical approach to excise 
or section atheromatous plaque emerged from the hypothesis that 
plaque excision improves clinical outcomes and lowers the rate of 
restenosis after PCI. Directional coronary atherectomy (DCA) entered 
clinical trials in 1987. Excimer laser coronary angioplasty (ELCA) and 
percutaneous transluminal rotational atherectomy (PTRA) appeared 
in 1988. Holmium laser angioplasty (HLA) premiered in 1990, cutting 
balloon angioplasty (CBA) debuted in 1991, and the newest ablative 
device, orbital atherectomy (OA), entered investigation in 2008.

Although each device used a different mechanism for modifying 
atheromatous plaque, the common goal was to obtain larger lumens, 

higher success rates, and lower restenosis rates than could be achieved 
with balloon PTCA alone. However, evidence from randomized trials 
(Table 35-1)1,6-32 challenged the ablation hypothesis, and the introduc-
tion of coronary stenting (Chapter 16) rapidly replaced atheroablative 
therapies. Clinical guidelines now specify that no atheroablative device 
should be used routinely during PCI.2 The guidelines add the provision 
that rotational atherectomy is reasonable for fibrotic or heavily calcified 
lesions that might not be crossed by a balloon catheter or adequately 
dilated with high-pressure balloons before stent implantation (class 
IIa).2 Cutting and scoring balloons might be considered to reduce slip-
page and trauma during PCI for in-stent restenosis (ISR) or ostial 
lesions in side branches (class IIb).2 Laser angioplasty might be con-
sidered for fibrotic or moderately calcified lesions that cannot be 
crossed or dilated with high-pressure balloons before stent implanta-
tion (class IIb).2 Each of the ablative approaches in current practice is 
reviewed in the following sections.

PERCUTANEOUS TRANSLUMINAL  
ROTATIONAL ATHERECTOMY

Mechanism of Action
Percutaneous transluminal rotational atherectomy (PTRA) excavates 
tissue and reduces lesion rigidity by attacking calcified atherosclerotic 
plaque like a dental drill, which bores into enamel but leaves pulp 
unharmed. Based on the theory of differential cutting, rotary ablation 
pulverizes rigid atherosclerotic plaque, which is not able to deflect, and 
yet preserves the integrity of the flexible artery wall. The hard plaque 
is abraded into small particles that average 5 µm in diameter and are 
taken up by the reticuloendothelial system.

Equipment
The Rotablator system (SciMed/Boston Scientific, Natick, MA) con-
tains: (1) the RotaLink preconnected, exchangeable burr and advanc-
ing device that houses an air turbine, drive shaft, and burr; (2) a 
console that regulates the air supply and monitors the rotation of the 
burr; and (3) a DynaGlide foot pedal to activate the device. The burr 
has an abrasive tip that is welded to a long flexible drive shaft covered 
by a plastic sheath, and it tracks over a central coaxial RotaWire (0.009-
inch diameter, 3.3-m length) that has a flexible radiopaque platinum 
distal part (20 mm-length) that does not rotate during abrasion. The 
wire and the burr can be advanced independently.

The nickel-coated brass burr is elliptical with 2000 to 3000 micro-
scopic diamond crystals on the leading face (Fig. 35-1). The diamond 
crystals are 20 µm in size with only 5 µm protruding from the nickel 
coating, and the trailing edge of the burr is smooth. Burrs are available 
in various diameters that range from 1.25 to 2.50 mm in 0.25-mm 
increments.

During rotation, saline solution irrigates the catheter sheath to 
lubricate and cool the rotating parts. The number of revolutions per 
minute (rpm) is measured by a fiberoptic light probe and is displayed 
on a control panel. The Advancer has preset delimiters for retraction 
and advancement. The wireClip Torquer and guidewires are critical 
components of the system. RotaGlide lubricant may be useful for cross-
ing resistant lesions.

35  The Role of Adjunct Devices: Atherectomy, 
Cutting Balloon, and Laser

JOHN A. BITTL

K E Y  P O I N T S

•	 Rotational	and	orbital	atherectomy	have	useful	roles	in	the	
facilitation	of	stent	implantation	in	undilatable,	rigid,	or	heavily	
calcified	lesions.

•	 Cutting	and	scoring	balloons	slip	less	often	within	restenotic	or	
ostial	lesions	than	do	conventional	balloons.

•	 Laser	angioplasty	uses	a	thermomechanical	mechanism,	not	
photodissociation,	to	modify	rigid	or	undilatable	lesions	for	stent	
implantation.

•	 Atheroablative	procedures	do	not	lower	complications	or	reduce	
restenosis	when	compared	with	percutaneous	transluminal	
coronary	angioplasty	(PTCA)	in	randomized	controlled	trials.

•	 Atheroablative	devices	cause	more	coronary	perforations	than	do	
conventional	balloons.

•	 The	use	of	most	atheroablative	devices	requires	advanced	
technical	skills.
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TABLE 35–1 Randomized Trials Comparing Atheroablative or Thrombectomy Devices
Acronym Definition Primary End Point* Patients (N) Year† Indications Comparison

AMIGO6 Atherectomy	Before	Multi-Link	Improves	Luminal
Gain	and	Clinical	Outcomes

Binary	restenosis 753 2002 Native	vessel DCA	vs.	PTCA

AMRO7 Amsterdam	Rotterdam	Randomized	Trial 6-month	MACE 308 1993 Native	vessel ELCA	vs.	PTCA

ARTIST8 Angioplasty/Rotational	Atherectomy	for	
Treatment	of	Diffuse	In-Stent	Restenosis	Trial

6-month	MACE 298 2002 ISR	in	native	
vessel

PTRA	vs.	PTCA

BETACUT10 Beta	Radiation	Assisted	by	Cutting	Balloon	
Angioplasty	for	In-Stent	Restenosis

Binary	restenosis 100 2002 ISR	in	native	
vessel

CBA	vs.	PTCA	
before	BT

BOAT11 Balloon/Optimal	Atherectomy	Trial Binary	restenosis 989 1995 Native	vessel DCA	vs.	PTCA

CAPAS12 Cutting	Balloon	Atherotomy	Versus	Plain	Old	
Balloon	Angioplasty	Study

Binary	restenosis 232 1997 Native	vessel CBA	vs.	PTCA

CARAT13 Coronary	Angioplasty	and	Rotablator	
Atherectomy	Trial

Postprocedure	
diameter	stenosis

222 2000 Native	vessel PTRA	vs.	PTRA

CAVEAT-I14 Coronary	Angioplasty	Versus
Excisional	Atherectomy	Trial	I

Binary	restenosis 1012 1992 Native	vessel DCA	vs.	PTCA

CAVEAT-II15 Coronary	Angioplasty	Versus
Excisional	Atherectomy	Trial	II

Binary	restenosis 305 1993 SVG DCA	vs.	PTCA

CBASS18 Cutting	Balloon	for	Small-Size	Vessels‡ Binary	restenosis 99 1999 Native	vessels	
<2.6	mm

CBA	vs.	PTCA

CCAT16 Canadian	Coronary	Atherectomy	Trial Binary	restenosis 274 1992 LAD DCA	vs.	PTCA

COBRA17 Comparison	of	Balloon	Angioplasty/Rotational	
Atherectomy

Binary	restenosis 502 1996 Native	vessel PTRA	vs.	PTCA

CUBA18 Cutting	Balloon	Versus	Conventional	Balloon	
Angioplasty	Trial‡

Binary	restenosis 306 1997 Native	vessel CBA	vs.	PTCA

DART19 Dilation/Ablation	Revascularization	Trial Binary	restenosis 446 1998 Small	vessel PTRA	vs.	PTCA

ERBAC21 Excimer	Rotablator	Balloon	Angioplasty	
Comparison

Procedural	success 454 1996 Native	vessel ELCA	vs.	PTCA

ERBAC21 Excimer	Rotablator	Balloon	Angioplasty	
Comparison

Procedural	success 453 1996 Native	vessel PTRA	vs.	PTCA

GRT23 Global	Randomized	Trial Binary	restenosis 1238 1997 Native	vessel CBA	vs.	PTCA

LAVA26 Laser	Angioplasty/
Coronary	Angioplasty

6-month	MACE 215 1997 Native	vessel HLA	vs.	PTCA

REDUCE	11 Restenosis	Reduction	by	Cutting	Balloon	
Evaluation	1‡

Binary	restenosis 802 2001 Native	vessel CBA	vs.	PTCA

REDUCE	218 Restenosis	Reduction	by	Cutting	Balloon	
Evaluation	2‡

Binary	restenosis 492 2002 ISR CBA	vs.	PTCA

REDUCE	327 Restenosis	Reduction	by	Cutting	Balloon	
Evaluation	3

Binary	restenosis 521 2003 Stenting CBA	vs.	PTCA

RESCUT28 Restenosis	Cutting	Balloon
Evaluation

Binary	restenosis 428 2002 ISR CBA	vs.	PTCA

ROSTER29 Rotational	Atherectomy	Versus	Balloon	
Angioplasty	for	Diffuse	In-Stent	Restenosis

Target	lesion	
revascularization

200 2001 ISR PTRA	vs.	PTCA

ROTAXUS32 Rotational	Atherectomy	Prior	to	Taxus	Stent	
Treatment	for	Complex	Native	Coronary	Artery	
Disease

In-stent	late	lumen	
loss

120 2013 Native	vessel	
calcified	lesions

PTRA	vs.	PTCA

SPORT1 Stenting	Post	Rotational
Atherectomy	Trial‡

30-day	MACE 735 1999 Native	vessel	
calcified	lesions

PTRA	vs.	PTCA

STRATAS30 Study	to	Determine	Rotablator	System	and	
Transluminal	Angioplasty	Strategy

Acute	success 497 2000 Native	vessel PTRA	vs.	PTRA

BT,	Brachytherapy;	CBA,	cutting	balloon	atherotomy;	DCA,	directional	coronary	atherectomy;	ELCA,	excimer	laser	coronary	angioplasty;	HLA,	holmium	laser	angioplasty;	ISR,	in-stent	reste-
nosis;	PTCA,	percutaneous	transluminal	coronary	angioplasty;	LAD,	proximal	segment	of	the	left	anterior	descending	artery;	MACE,	major	adverse	cardiac	event	(death,	myocardial	infarction,	
or	revascularization);	PTRA,	percutaneous	transluminal	rotational	atherectomy;	SVG,	saphenous	vein	graft.
*If	the	primary	end	point	was	not	stated	or	if	multiple	primary	end	points	were	listed,	the	end	point	used	in	power	calculations	for	sample	size	estimation	was	used.
†Year	that	patient	recruitment	was	completed.	Otherwise,	the	year	the	study	was	reported	or	published.
‡Unpublished,	with	data	approved	by	investigators	where	cited.1

Procedure
All patients are pretreated with aspirin and usually with a calcium 
antagonist. The size of the guide catheter depends on the size of the 
burr. A 6-Fr Runway Guide (Boston Scientific) with a 0.070-inch inner 
lumen accommodates a 1.25-mm burr, allowing conversion to PTRA 
if an undilatable or uncrossable lesion is encountered during PTCA.

Rotary ablation is preceded by administering an anticoagulant, 
placing the RotaWire across the lesion, and parking the unfolded wire 
tip in a straight segment of the distal vessel, not in a side branch. When 
treating large coronary arteries, particularly the right coronary artery, 
many cardiologists insert a prophylactic temporary pacemaker because 
of the possibility of bradyarrhythmias. Before advancing the burr into 
the guide catheter, the rotational speed of the burr is checked outside 
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burr for each procedure, with sizing based on a burr/artery ratio of  
0.5 to 0.6.

In a series of multicenter randomized trials,1,8,17,19,21,32 rates of 
major adverse cardiac events (MACEs) at 30 days and rates of angio-
graphic restenosis were higher after PTRA than after balloon PTCA 
alone (Fig. 35-2).

Lesion Selection
Because PTRA confers a slightly increased risk, it should be used 
selectively.3 Most interventional laboratories find that they must main-
tain expertise with PTRA, because approximately 1% to 3% of lesions 
that can be crossed with a guidewire are uncrossable with balloon 
catheters or are undilatable at pressures higher than 20 atm. Rotational 
atherectomy successfully improves the compliance of most of these 
rigid lesions, allowing balloon dilation and stent implantation to be 
completed successfully (Fig. 35-3). For long calcified lesions, small 
burrs are recommended to alter the compliance of the vessel to  
allow balloon angioplasty and spot stenting of the segments with  
dissection (Fig. 35-4). Rotational atherectomy continues to fill an 
important role in contemporary practice to facilitate the dilation or 
stenting of lesions that cannot be crossed or expanded with balloon 
angioplasty.3

Certain precautions need emphasis. Angulated lesions located in a 
bend of more than 60 degrees are a relative contraindication to the use 
of PTRA, and lesions in a bend greater than 90 degrees are a strong 
contraindication because of the risk of dissection or perforation. When 
PTRA is performed in nonangulated lesions, the rotating burr should 
never be advanced to the point of contact with the spring tip of the 
RotaWire. The rotating burr should not be allowed to remain in one 
location within the artery; a gentle retraction and readvancement 
motion is needed to avoid dissection formation and welding. The rotat-
ing burr should not be advanced within the guide catheter. Rotational 
atherectomy should be avoided in dissected segments after balloon 
angioplasty, in lesions with visible thrombus, and in degenerated 
saphenous vein grafts (SVGs).

ORBITAL ATHERECTOMY

Mechanism of Action
Although orbital atherectomy (OA) shares common features with 
PTRA, it has a different mechanism of action that is based on the 
principle of elliptical burr movement, in which rotational speed deter-
mines the effective burr size.3 The OA device uses an eccentrically 
mounted, diamond-coated crown (Fig. 35-5) that orbits over an ather-
ectomy wire at speeds of 80,000 to 120,000 rpm.33 Repeated passes 
of the crown across a calcified lesion “sands” away rigid plaque but 
allows elastic tissue to flex away from the crown. The orbital diameter 
of the crown expands radially via centrifugal force. The elliptical orbit 
may allow blood to flow around the crown during treatment, theoreti-
cally dispersing heat more efficiently and generating smaller particles 
than PTRA.33

Equipment
The Diamondback 360° Orbital Atherectomy System (Cardiovascular 
Systems, St. Paul, MN) works on a 0.012-inch, 325-cm ViperWire. The 
system is composed of a handheld device and an atherectomy 
controller.

Procedure
Several technical aspects of the OA procedure (Fig. 35-6) are similar 
to those used during PTRA, but some differences are highlighted. The 
procedure is initiated by crossing the coronary lesion with the Viper-
Wire. Orbital atherectomy is performed with devices having crown 

the body at the Y-adaptor with flush running. An outside-body speed 
of 155,000 rpm translates to an unimpeded speed of 140,000 rpm 
within the coronary artery.

The burr and the drive shaft are manually advanced over the guide-
wire to a proximal segment of the target vessel. Before rotablation, a 
three-point checklist is completed to prevent abrupt burr advancement 
and vessel dissection: (1) the advancer knob is loosened and moved 
back and forth approximately 5 mm to unload stored tension on the 
drive cable; (2) the Y-adaptor is loosened to unload stored tension in 
the Rotablator sheath; and (3) the DynaGlide mode is activated at 
lower rotational speeds to unload any residual tension within the 
system. After the operator confirms that the burr moves freely, the 
device is advanced into the target lesion at therapeutic rotational 
speeds of 140,000 rpm. Compared with speeds of 190,000 rpm that 
were commonly used in the past, lower rotational speeds are associated 
with less platelet activation and aggregation. The burr is moved into 
the target lesion with a pecking motion that maintains a high speed of 
rotation. Decelerations of greater than 5000 rpm are avoided to reduce 
the risk of vessel trauma, heat formation, and large particle generation. 
Ablation runs are limited to 15 to 20 seconds each. If the lesion cannot 
be crossed after five attempts, the rotational speed may be increased to 
160,000 rpm. If the procedure is unsuccessful because the lesion 
cannot be crossed, downsizing of the burr may be required. After suc-
cessful crossing, a polishing run completes lesion preparation for 
definitive treatment, most commonly using a stent.

Clinical Results
Several trials have defined the optimal use of PTRA. The Study  
to Determine Rotablator and Transluminal Angioplasty Strategy 
(STRATAS) trial30 compared an aggressive debulking strategy (burr/
artery ratio of 0.7 to 0.9 followed by balloon inflation of less than 1 
atm or no inflation) with a moderate debulking strategy (burr/artery 
ratio of less than 0.7 followed by conventional balloon angioplasty). 
The clinical success was similar, but the aggressive strategy caused 
more myocardial infarctions (11% vs. 7%) and a higher rate of reste-
nosis (58% vs. 52%). The Coronary Angioplasty and Rotablator Ather-
ectomy Trial (CARAT)13 compared a large-burr strategy (burr/artery 
ratio >0.7) with a small-burr strategy (burr/artery ratio <0.7). The 
large-burr strategy achieved similar immediate lumen enlargement 
and rate of target-vessel revascularization (TVR) as the small-burr 
strategy but caused more angiographic complications (12.7% vs. 5.2%, 
P < .05). These two trials are the basis for recommending a single 

FIGURE 35-1	 Rotablator	burr.	(Courtesy	Boston	Scientific,	Natick,	MA.)



FIGURE 35-2	 Systematic	overview	of	randomized	trials	of	percutaneous	transluminal	rotational	atherectomy	(PTRA)	versus	percutaneous	translu-
minal	coronary	angioplasty	(PTCA).	Pooled	odds	ratios	(ORs)	and	95%	confidence	intervals	are	presented,	and	trial	abbreviations	are	given	in	
Table	35-1.	MACE,	Major	adverse	cardiovascular	event;	MI,	myocardial	infarction.	(Updated	and	reprinted	from	Bittl	JA,	Chew	DP,	Topol	EJ,	et	al:	
Meta-analysis	of	 randomized	 trials	of	percutaneous	 transluminal	coronary	angioplasty	versus	atherectomy,	cutting	balloon	atherotomy,	or	 laser	
angioplasty.	J	Am	Coll	Cardiol	43:936-942,	2004.)
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atherectomy (PTRA) PTCA
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Favors
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Total (OR 0.8 [0.3, 2.5])
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0.1 1.0 10.0

Odds ratio (95% confidence interval)



FIGURE 35-3	 Rotational	atherectomy	for	uncross-
able	left	main	stenosis.	A,	The	left	main	occlusion	
jeopardized	a	 large,	 unbypassed	 left	 circumflex	
coronary	artery;	it	could	be	crossed	with	a	guide-
wire	 but	 not	with	 a	balloon	a	 catheter	 (arrow).	
B,	 After	 placement	 of	 a	RotaWire	with	 tip	 posi-
tioned	 distally	 (black	 arrow),	 a	 1.25-mm	 burr	
was	 advanced	 through	 the	 left	 main	 occlusion	
(white	arrow).	C,	The	residual	stenosis	(arrow)	
was	successfully	treated	with	a	sirolimus-eluting	
stent	 and	 was	 dilated	 to	 4	mm.	 D,	 The	 final	
result.	

A B

C D

FIGURE 35-4	 Rotational	atherectomy	for	uncrossable	lesions	in	the	right	coronary	artery.	Proximal	and	midportion	stenoses	(A,	arrows)	could	not	
be	crossed	with	 low-profile	balloon	catheters	but	were	successfully	 treated	with	a	1.25-mm	burr	(B),	 leaving	dissections	 that	were	successfully	
treated	with	stents	(C).	

A B C

FIGURE 35-5	 Orbital	 atherectomy	 crown.	 (Courtesy	 Cardiovascular	
Systems,	St.	Paul,	MN.)
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(Fig. 35-7). At the current time, no DCA devices are marketed in the 
United States for coronary indications.

CUTTING BALLOON ANGIOPLASTY
Cutting balloon angioplasty (CBA), or atherotomy, is a variation of 
conventional PTCA (Chapter 15). In CBA, three or four sharp metal 
microtome blades mounted on a noncompliant balloon incise and 
score coronary atheroma during balloon inflation.

Mechanism of Action
The purpose of using cutting balloon atherotomy is to reduce the risk 
of uncontrolled longitudinal tears in the vessel wall caused by conven-
tional balloon dilation. Compared with conventional PTCA, CBA 
makes controlled microincisions in the atheromatous plaque at lower 
pressures. Small mechanistic studies have confirmed that lesions can 
be dilated at lower pressure with cutting balloons than with conven-
tional balloons.22 In one study of 180 lesions, lumen enlargement was 
achieved at lower balloon pressures after CBA than after PTCA, and 
the increase in the cross-sectional area of plaque plus media measured 
by IVUS was larger after CBA.35 In calcified lesions, CBA achieved 
larger lumen gains than did PTCA.35

Equipment
The Cutting Balloon Ultra-2 (Boston Scientific) is a monorail device, 
while the Flextome Cutting Balloon (Boston Scientific) has two con-
figurations (Fig. 35-8). The Flextome device contains a flex point every 
5 mm along the length of the atherotomes for greater flexibility and 
deliverability. It is available in over-the-wire and monorail configura-
tions. Cutting balloons are available in balloon lengths of 6, 10, and 
15 mm. The cutting blades, or atherotomes, are mounted longitudi-
nally along the balloon surface. The atherotomes are not directly 
affixed to the balloon but rather are bonded to a pad mounted on the 
balloon. The double bond allows flexibility but ensures that athero-
tomes remain firmly fixed in place. The number of atherotomes 
depends on balloon diameter. Three atherotomes are on 2.0- and 
3.25-mm balloons, and four are on 3.5- and 4.0-mm balloons.

Technique
The guidewires, catheters, and techniques used for CBA are similar to 
those used for conventional PTCA (Chapter 15). However, the cutting 
balloons are less compliant and may not track as well as conventional 
PTCA catheters. The risk of blade fracture or retention is reduced by 

FIGURE 35-6	 Orbital	atherectomy	of	left	anterior	descending	(LAD)	artery.	A	heavily	calcified	lesion	in	the	mid	portion	of	the	LAD	artery	(A,	arrows)	
is	treated	with	a	1.25-mm	orbital	atherectomy	crown	(B)	and	a	drug-eluting	stent	(C,	arrows).	

A B C

diameters of 1.25, 1.50, 1.75, or 2.00 mm. The leading tip of the ather-
ectomy device is never advanced within 5 mm of the distal opaque 
portion of the ViperWire, and ablation runs are limited to 30 seconds 
each. Although multiple atherectomy crowns can be used to treat each 
lesion, in clinical trials the average number of crowns has ranged from 
1.1 to 1.3.33

Lesion Selection
Orbital atherectomy (OA) is recommended for severely calcified coro-
nary lesions, defined in the pivotal clinical trial (see below) as severe 
calcification detected fluoroscopically in both sides of the arterial wall 
for at least 15 mm when viewed longitudinally or the presence of at 
least a 270-degree arc of calcium viewed in cross section using intra-
vascular ultrasound (IVUS).34

Clinical Results
In the Safety and Feasibility of Orbital Atherectomy for the Treatment 
of Calcified Coronary Lesions (ORBIT I) study,33 a registry of 50 
patients with severely calcified lesions treated with OA followed  
by stent placement, procedural success was achieved in 47 patients 
(94%), and MACEs were reported in 2 patients (4%). Angiographic 
complications included dissections in 6 patients (12%) and a coronary 
perforation in 1 patient (2%).

In the Pivotal Trial to Evaluate the Safety and Efficacy of the Orbital 
Atherectomy System in Treating De Novo, Severely Calcified Coronary 
Lesions (ORBIT II),34 a registry of 443 patients with severely calcified 
coronary lesions treated at 49 U.S. sites, the primary safety end point 
of freedom from 30-day MACE was achieved in 89.6% of patients. 
Stent delivery was successful in 97.7% of cases with less than 50% 
diameter stenosis (DS) achieved in 98.6% of subjects. Low rates  
of in-hospital Q-wave myocardial infarction (0.7%), cardiac death 
(0.2%), and TVR (0.7%) were reported. Angiographic complications 
included severe dissections in 15 patients (3.4%) and perforations in  
8 patients (1.8%).

The role of OA vis-à-vis PTRA for the treatment of patients with 
severe calcified coronary lesions will likely depend on several factors, 
including local expertise and the relative cost of the two devices.

DIRECTIONAL CORONARY ATHERECTOMY
After approval of a directional coronary atherectomy (DCA) device  
by the U.S. Food and Drug Administration (FDA) in 1990 using reg-
istry data, several randomized trials comparing DCA with PTCA with 
and without stenting failed to demonstrate a clinical benefit of DCA 
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FIGURE 35-7	 Systematic	 overview	 of	 randomized	 trials	 of	 directional	 coronary	 atherectomy	 (DCA)	 versus	 percutaneous	 transluminal	 coronary	
angioplasty	(PTCA).	Pooled	odds	ratios	(ORs)	and	95%	confidence	intervals	are	presented.	Trial	abbreviations	are	given	in	Table	35-1.	MACE,	
Major	adverse	cardiovascular	event;	MI,	myocardial	 infarction.	(Updated	and	reprinted	 from	Bittl	JA,	Chew	DP,	Topol	EJ,	et	al:	Meta-analysis	of	
randomized	trials	of	percutaneous	transluminal	coronary	angioplasty	versus	atherectomy,	cutting	balloon	atherotomy,	or	laser	angioplasty.	J	Am	
Coll	Cardiol	43:936-942,	2004.)

Odds ratio (95% confidence interval)
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FIGURE 35-8	 The	Cutting	Balloon	Ultra	2	(A)	is	a	monorail	device,	and	the	Flextome	Cutting	Balloon	(B)	is	an	over-the-wire	catheter.	(Courtesy	
Boston	Scientific,	Natick,	MA.)

A B

slowly inflating and deflating the balloon and by avoiding balloon 
pressures at or above rated burst pressures.

Clinical Results
Several small trials, all enrolling fewer than 200 patients, compared 
CBA with PTCA and reported that CBA reduced restenosis by 41% to 
69% (Fig. 35-9).12,18,22,24,25 However, other small studies that compared 
CBA with PTRA31 or balloon PTCA10 as pretreatment before brachy-
therapy for ISR found no difference in restenosis, and several large 
trials that compared CBA with PTCA generally found no difference in 
restenosis (see Fig. 35-9). The Global Randomized Trial (GRT)23 ran-
domized 1238 patients and reported no difference in angiographic 
restenosis between CBA and balloon PTCA (31.4% vs. 30.4%). The 
Restenosis Cutting Balloon Evaluation Trial (RESCUT)28 enrolled 428 
patients with ISR and reported no difference in restenosis between 
CBA and balloon PTCA (29.8% vs. 31.4%). The Restenosis Reduction 
by Cutting Balloon Evaluation (REDUCE 1) study1 enrolled 802 
patients and reported slightly higher restenosis rates with CBA than 
with PTCA (32.7% vs. 25.5%). The REDUCE 2 study18 enrolled 416 
patients and also observed a trend toward higher restenosis rates after 
CBA than after PTCA (52.1% vs. 44.2%). The REDUCE 3 study27 ran-
domized 453 patients undergoing coronary stenting and reported 
lower restenosis rates after the use of CBA than after PTCA (11.8% vs. 
19.6%).

Lesion Selection
Bifurcation lesions are a challenge for conventional balloon angioplasty 
because of plaque shift and high restenosis rates, and in a small, non-
randomized series of 87 patients with bifurcation lesions, the use of 
CBA was associated lower restenosis rates than PTCA (40% vs. 67%).36 
Many interventional cardiologists use CBA for ostial lesions or for 
in-stent restenosis because cutting balloons appear to slip less often 
than conventional balloons.23,27,28

Complications
The risk of coronary perforation (Fig. 35-10) is slightly higher after the 
use of CBA than after conventional PTCA, as reported in the GRT 
(0.8% vs. 0.0%).23

SCORING BALLOON ANGIOPLASTY
The AngioSculpt scoring balloon catheter (AngioScore, Fremont, CA) 
is an alternative to the cutting balloon. The scoring balloon contains a 
flexible nitinol scoring ribbon with three rectangular spiral struts to 
incise the atheromatous plaque at pressures up to 18 atm. The system, 
which has a low crossing profile (2.7 F), is promoted as a more flexible 
alternative to the cutting balloon, but no multicenter randomized trials 
of the device have been reported.37

LASER ANGIOPLASTY
The use of lasers has broad appeal. Most people assume that medical 
lasers vaporize tissue through the mechanism of photochemical 
dissociation.

Mechanism of Action
The predominant mechanism of all medical lasers involves a thermo-
mechanical process. In the case of the excimer laser, protein and 
nucleic acid chromophores absorb laser light at 308 nm and transfer 
heat to water. Intracellular water vaporizes and generates bubbles twice 
the diameter of the laser catheter (Fig. 35-11). The explosive increase 
in volume lyses cells and generates stress waves up to tens of kilobars 
that propagate away from the irradiated tissue.38 The resulting baro-
trauma can be exploited to prepare rigid and undilatable lesions for 
stent implantation.39

Technique
The size of laser catheters used for angioplasty should be no more than 
two thirds the reference diameter of the target vessel. For severe ste-
noses, the smallest laser catheters are recommended to increase the 
likelihood of successful crossing. The elimination of blood and contrast 
from the coronary artery during excimer laser coronary angioplasty 
(ELCA) reduces collateral damage.40 This is achieved by flushing all 
lines with saline and by injecting saline through the guide catheter at 
a rate of 2 to 3 mL per second during laser activation (Fig. 35-12). 
However, if lesions are found to be undilatable or uncrossable, using 
ELCA in a blood field without saline flush will enhance the photome-
chanical effects and may increase successful crossing.39,41,42
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FIGURE 35-9	 Systematic	overview	of	randomized	trials	of	cutting	balloon	angioplasty	(CBA)	versus	percutaneous	transluminal	coronary	angioplasty	
(PTCA).	Pooled	odds	ratios	(ORs)	and	95%	confidence	intervals	(CIs)	are	presented.	Trial	abbreviations	are	given	in	Table	35-1.	MACE,	Major	
adverse	cardiovascular	event;	MI,	myocardial	infarction.	(Updated	and	reprinted	from	Bittl	JA,	Chew	DP,	Topol	EJ,	et	al:	Meta-analysis	of	random-
ized	 trials	 of	 percutaneous	 transluminal	 coronary	 angioplasty	 versus	 atherectomy,	 cutting	 balloon	 atherotomy,	 or	 laser	 angioplasty.	 J	 Am	Coll	
Cardiol	43:936-942,	2004.)
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FIGURE 35-10	 Perforation	 after	 cutting	 balloon	 angioplasty.	 The	 first	 marginal	 branch	 had	 been	 treated	 with	 a	 3.0-mm	 bare-metal	 stent	 and	
showed	moderate	 restenosis	7	months	 later	 (A,	arrow),	causing	angina.	A	3.0-mm	cutting	balloon	was	positioned	within	 the	stented	segment	
(B,	arrow),	but	 inflation	was	complicated	by	 free	perforation	(C,	white	arrow),	circumferential	hemopericardium	(C,	black	arrows),	and	cardiac	
tamponade.	The	patient	was	rapidly	stabilized	with	pericardiocentesis	and	placement	of	a	polytetrafluoroethylene-covered	stent	to	seal	the	coronary	
perforation	(D).	

A B

C D

FIGURE 35-11	 Laser-tissue	interaction.	Excimer	laser	light	penetrates	about	100	µm	deep	into	tissue	and	rapidly	converts	cellular	water	into	steam,	
causing	a	rapidly	expanding	vapor	bubble	to	implode	at	the	catheter	tip.	

20 µs 80 µs 200 µs 260 µs

Clinical Results

Several randomized studies have compared pulsed-wave lasers with 
other treatment modalities,7,21,26 but none have shown a benefit over 
conventional PTCA (Fig. 35-13).

Lesion Selection
Although ELCA has been approved for seven lesion types—(1) long 
lesions, (2) moderately calcified lesions, (3) ISR before brachytherapy, 

(4) saphenous vein graft lesions, (5) ostial lesions, (6) total occlusions, 
and (7) undilatable lesions—some interventional cardiologists reserve 
its use for nondilatable lesions (Fig. 35-14).2

CONCLUSION
Originally explored as an alternative to PTCA, the use of atheroablative 
devices has found a complementary or facilitative role in the treatment 
of heavily calcified lesions, ostial disease, bifurcation stenoses, and 
undilatable lesions.
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FIGURE 35-12	 Schematic	rendition	of	excimer	laser	angioplasty	procedure.	(Cour-
tesy	Spectranetics,	Colorado	Springs,	CO).

FIGURE 35-13	 Systematic	overview	of	randomized	trials	of	laser	angioplasty	versus	percutaneous	transluminal	coronary	angioplasty	(PTCA).	Pooled	
odds	ratios	(ORs)	and	95%	confidence	intervals	(CIs)	are	presented,	and	trial	abbreviations	are	given	in	Table	35-1.	MACE,	Major	adverse	car-
diovascular	event;	MI,	myocardial	infarction.	(Updated	and	reprinted	from	Bittl	JA,	Chew	DP,	Topol	EJ,	et	al:	Meta-analysis	of	randomized	trials	of	
percutaneous	transluminal	coronary	angioplasty	versus	atherectomy,	cutting	balloon	atherotomy,	or	laser	angioplasty.	J	Am	Coll	Cardiol	43:936-
942,	2004.)
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FIGURE 35-14	 Long	undilatable	lesion	treated	with	excimer	laser	angioplasty.	The	occluded	left	circumflex	coronary	artery	(A,	arrow)	was	crossed	
with	a	guidewire	and	treated	with	a	1.4-mm	excimer	laser	catheter	(B,	arrow)	followed	by	PTCA	(C,	arrow).	

A B C
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INTRODUCTION AND RATIONALE
Complications of balloon angioplasty that threaten coronary blood 
flow, termed acute and threatened occlusions, usually require urgent 
surgical intervention and are the main causes of procedure-related 
morbidity and mortality. Before the advent of stents as a bail-out treat-
ment for impending vessel closure, this complication occurred in about 
6% of balloon angioplasty procedures. Patients who required emergent 
surgery in this setting had a 50% likelihood of suffering MI, and mor-
tality rates were as high as 10%.1 In these early studies, patient charac-
teristics that included compromised ventricular function, LMCA 
disease, multivessel disease, and older age were identified as risk factors 
for balloon angioplasty–related mortality.2,3 With the development of 
coronary stents and advanced pharmacotherapy to seal dissections and 
improve blood flow in thrombotic lesions, respectively, the need for 
urgent surgery was reduced with a concomitant reduction in PCI-
related morbidity and mortality.4

In the current era, studies have demonstrated that the need for 
urgent surgery after PCI has been reduced to less than 1%, with a 
marked reduction in procedure-related mortality.5 In one comparison 
of patients treated in 1997 and 1998 with those treated in 1985 and 
1986, the rate of in-hospital deaths, MI, and coronary artery bypass 
grafting (CABG) fell from 7.9% to 4.9%, despite the treatment of more 
complex lesions and stent use in only 71% of patients.6 Most of the 
differences between these periods were accounted for by the reduction 
in the need for emergent CABG from 3.7% to 0.4%.6 Nonetheless, 
morbidity and mortality among patients who required emergent 
CABG remained high.5 Moreover, the increased confidence afforded 
by stents and improved operator techniques and experience have 
prompted interventions on more complex lesions and in patients with 
more severe cardiac and noncardiac diseases. In particular, results of 
the Synergy Between Percutaneous Coronary Intervention With Taxus 
and Cardiac Surgery (SYNTAX) trial now suggest reasonable outcomes 
in select patients with LMCA disease or multivessel coronary disease, 
and completed and ongoing trials of high-risk PCI with cardiac assist 
device placement indicate that extremely high-risk patient populations 
are, indeed, being increasingly considered for PCI.7,8 ACCF/AHA clini-
cal guidelines have kept pace and currently support percutaneous 
unprotected left main stenting in appropriate high-risk surgical patients 
as a class IIb indication.9 Given the large amount of the myocardium 
in jeopardy in these subsets, as well as the baseline comorbidities fre-
quently present (including reduced ventricular reserve), the potential 
for severe clinical decompensation in such patients is a real concern. 
It has therefore become essential to precisely identify the predictors of 
risk and to consider the use of hemodynamic support for patients at 
high risk for procedural complications and in-hospital mortality.

Although a number of investigators have used commonsense  
definitions to classify patients at high risk, two studies systematically 
developed risk models.10-13 In the Mayo Clinic model, clinical and angi-
ographic variables were used to predict in-hospital complications after 
PCI.8 The variables were age, shock, renal insufficiency, urgent proce-
dures, heart failure, thrombus, and LMCA or multivessel disease. A 
score based on these factors predicted the risk of complications  
and identified a “highest risk” group with an event rate that exceeded 
25%.13 In a similar study of 46,000 procedures in the mandatory New 
York State Hospital PCI reporting system, investigators included nine 
factors in a risk score: (1) ejection fraction, (2) previous MI, (3) gender, 
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•	 Clinical	characteristics	of	the	high-risk	patient	include	older	age,	
history	of	myocardial	infarction	(MI),	low	ejection	fraction,	
congestive	heart	failure	(CHF),	recent	hemodynamic	instability,	
renal	insufficiency,	and	peripheral	vascular	disease.

•	 High-risk	angiographic	characteristics	include	left	main	coronary	
artery	(LMCA)	disease,	last	patent	conduit,	multivessel	coronary	
artery	disease,	complex	lesions	(calcified,	tortuous,	bifurcation),	
decreased	preprocedure	Thrombolysis	in	Myocardial	Infarction	
(TIMI)	flow,	and	thrombotic	lesions.

•	 The	decision	to	use	a	circulatory	support	device	should	be	made	
within	the	context	of	the	risk	profile	of	the	specific	patient	for	
periprocedural	clinical	decompensation	when	appropriate	after	
obtaining	surgical	consultation.	American	College	of	Cardiology	
Foundation	(ACCF)/American	Heart	Association	(AHA)	clinical	
guidelines	support	hemodynamic	devices	in	high-risk	
percutaneous	coronary	intervention	(PCI)	as	a	class	IIb	
recommendation	and	as	rescue	therapy	for	cardiogenic	shock	as	a	
class	I	recommendation.

•	 Intraaortic	balloon	pump	(IABP)	support	provides	up	to	0.5	L/
minute	of	cardiac	output;	this	is	supported	by	a	large	amount	of	
experiential	data	in	patients	with	stable	cardiac	rhythm	undergoing	
high-risk	PCI,	although	recently	presented	randomized	data	and	
meta-analyses	question	a	benefit.

•	 Cardiopulmonary	support	(CPS)	can	completely	support	the	
circulation	irrespective	of	cardiac	rhythm	and	can	be	instituted	
quickly	by	experienced	practitioners;	however,	it	leads	to	high	
rates	of	vascular	and	access-site	complications	and	does	not	
unload	the	left	ventricle	(LV).

•	 The	TandemHeart	device	(Cardiac	Assist,	Pittsburgh,	PA)	indirectly	
unloads	the	LV,	provides	an	intermediate	level	of	support	that	
reaches	flows	of	up	to	3.5	L/minute,	and	can	be	used	for	an	
extended	period,	but	it	is	limited	by	the	complex	insertion	
technique	and	is	supported	by	relatively	meager	clinical	data.

•	 The	percutaneous	Impella	device	(Abiomed,	Danvers,	MA)	directly	
unloads	the	LV,	can	provide	up	to	2.5	L/minute	(Impella	2.5),	3.5	
to	4.0	L/minute	(Impella	CP),	or	5.0	L/minute	(Impella	5.0)	of	
circulatory	support,	and	it	can	also	be	used	for	an	extended	
period.	It	has	gained	more	widespread	use	because	of	the	easier	
insertion	technique	and	relatively	robust	observational	and	
randomized	trial	data.

•	 Well-designed	randomized	controlled	trials	of	the	IABP	versus	no	
support	(the	Balloon	Pump-Assisted	Coronary	Intervention	Study	
[BCIS-1])	and	the	IABP	versus	Impella	2.5	(A	Prospective	
Randomized	Clinical	Trial	of	Hemodynamic	Support	With	Impella	
2.5	Versus	Intraaortic	Balloon	Pump	in	Patients	Undergoing	
High-Risk	Percutaneous	Coronary	Intervention	[PROTECT	II])	have	
been	reported	for	the	high-risk	PCI	cohort,	but	neither	trial	met	its	
primary	end	point	for	superiority.	Secondary	end	points	and	
longer-term	follow-up	have	been	hypothesis-generating	in	their	
suggestion	of	secondary	benefits.
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remainder of this chapter will discuss the approach to such patients, 
the devices currently available to provide support, and the results that 
may be achieved by using them.

APPROACH TO THE PATIENT
Mechanical circulatory support at the time of PCI has historically been 
instituted in one of two settings: electively for presumed high-risk 
intervention and emergently for periprocedural hemodynamic insta-
bility. Specific indications, however, remain unclear because of limita-
tions in performing large-scale randomized trials and evaluating 
specific devices in individual patient subsets. Nevertheless, a review of 
existing literature and ongoing clinical trials provides a framework for 
both patient and device selection when evaluating patients for elective 
or emergent support. Electively placed mechanical support is aimed at 
improving procedural success by minimizing myocardial ischemia and 
maintaining hemodynamic stability, thereby reducing clinical decom-
pensation and resultant mortality in high-risk preselected patient 
subsets, as discussed in the previous section. In this setting, prophy-
lactic insertion of the IABP or the Impella ventricular assist device 
(VAD) appears to have the most robust observational data for improv-
ing procedural success with a minimal increase in complications.20-26 
Despite encouraging registry data, however, a randomized controlled 
trial (RCT) failed to show clinical benefit to routine prophylactic IABP 
insertion in patients undergoing high-risk PCI.27 The more powerful 
Impella device was subsequently studied in patients deemed to need 
hemodynamic support for high-risk PCI. Whereas the device was suc-
cessful in providing superior hemodynamic support, in comparison to 
routine IABP use, no difference was reported in major adverse events 
at 30 days.28 However, secondary end points in each of these trials were 
hypothesis-generating, in that procedural complications and long-
term mortality were improved with routine IABP use in the BCIS-1 
trial, and repeat revascularization, total length of stay, and 90-day 
major adverse events were improved with Impella, especially in patients 
who did not undergo rotational atherectomy.28,29

The use of mechanical circulatory support in the emergent setting 
for patients with documented hemodynamic instability or cardiogenic 
shock is more familiar to interventional cardiologists. Instability may 
be present before PCI (as in acute MI with compromised ventricular 
function) or may develop as a consequence of procedural complica-
tions such as coronary dissection, poor coronary reflow, or thrombo-
embolism. A common underlying finding in most of these patients is 
ventricular dysfunction. Although a large RCT has not been per-
formed, a pooled meta-analysis of IABP use in patients with acute 
ST-elevation myocardial infarction (STEMI) found no benefit to IABP 
use in conjunction with primary angioplasty, but some benefit was  
seen in those receiving thrombolytic therapy.30 The more recent 
Intraaortic Balloon Pump in Cardiogenic Shock II (IABP-SHOCK II)31 
trial similarly found no benefit to routine IABP use in patients present-
ing with cardiogenic shock. Available percutaneous VADs (pVADs) 
appear to improve hemodynamic parameters in patients with acute 
clinical decompensation, but only registry data are available to suggest 
improved outcome.32 As a result, determining whether and which 
device to use in specific settings remains controversial and is primarily 
guided by experience and expert consensus, with the field as a whole 
shifting toward more powerful support earlier in the course of clinical 
deterioration.

Device selection is based on several factors; these include ease  
and rapidity of institution, level of invasiveness and complications, 
physician familiarity, requisite technical expertise, level of anticipated 
circulatory support, and available supportive clinical trial data. An 
IABP is the least invasive and most familiar device and may be insti-
tuted rapidly, but it also provides the least support, averaging 0.5 L/
minute augmentation in cardiac output.33 It may be left in place for 
several days and has a low vascular complication rate.34 Conversely, full 
CPS is significantly more invasive, and it requires timely surgical and 
perfusionist collaboration for institution and removal, but it can 
produce greater improvement in cardiac output, approximating normal 

(4) age, (5) hemodynamic state, (6) peripheral arterial disease (PAD), 
(7) CHF, (8) renal failure, and (9) LMCA disease. Using this New York 
State Hospital model, a graded risk score for in-hospital mortality was 
derived and validated. About 2% of all patients had a greater than 5% 
risk for in-hospital death, and about 4% of patients had a greater than 
3% risk.12 Other studies have confirmed these risk factors for PCI-
related complications,3,14,15 but neither model may accurately represent 
the higher-risk patient populations undergoing intervention in the 
current era. In addition to these clinical risk factors, angiographic 
factors of lesion complexity—thrombus, calcification, and bifurcations—
have been shown to be associated with more dissections, distal embo-
lization, and side-branch occlusions, resulting in a threefold increase 
for in-hospital death.16

Several patient characteristics deserve separate discussion. 
Although female sex was initially associated with complications in 
early studies of balloon angioplasty, more recent studies have failed to 
demonstrate an important effect on outcome.12,13,17,18 Similarly, patients 
with diabetes have more complex lesion characteristics and risk factors 
but no increase in in-hospital mortality after multivariable adjust-
ment.19 More recently, baseline LV dysfunction and the extent of the 
myocardium in jeopardy during the procedure have reemerged as 
perhaps the strongest clinical risk factors for intraprocedural decom-
pensation and in-hospital mortality. Accordingly, recent studies on 
high-risk PCI have used the combination of severe ventricular dys-
function (represented by ejection fraction <30% to 35%) and either 
LMCA disease, last patent conduit, or multivessel disease as high-risk 
PCI inclusion criteria.20 Thus it is clear that despite major advances in 
the technical and procedural performance of modern PCI, clinical and 
angiographic predictors of significant morbidity and mortality can be 
identified (Table 36-1). Moreover, it appears likely that increasing 
numbers of patients will be undergoing high-risk PCI, including the 
very old and those with LMCA disease, multivessel disease, and sig-
nificant ventricular dysfunction. In many cases, bypass surgery is not 
a viable option, leaving PCI as the only remaining possible mechanism 
to improve ventricular function and reduce ischemic symptoms. 
Finally, patients undergoing PCI in the setting of acute myocardial 
infarction (AMI) with cardiogenic shock represent an especially high-
risk group in whom hemodynamic support devices have been utilized, 
and national guidelines now support their use after initial attempts at 
medical stabilization.9 Together, these data provide the rationale and 
impetus for the increased use of hemodynamic support during complex 
or high-risk PCI in various clinical settings in the current era. The 

TABLE 36-1 Predictors of Risk During Percutaneous 
Coronary Intervention

Factor Reference

Clinical and Patient Related

Older	age 3,	12,	13,	54

Cardiogenic	shock 6,	12,	13,	54

Recent	myocardial	infarction 6,	12,	13,	54

Congestive	heart	failure 12-14,	54

Prior	coronary	artery	bypass	grafting/
revascularization

87

Peripheral	vascular	disease 12,	54

Chronic	renal	insufficiency 12-13,	54

Angiographic

Left	main	coronary	artery/multivessel	disease 12,	13,	54,	88,	91

Complex	lesions	(bifurcation,	calcification,	total	
occlusion)

16

Decreased	Thrombolysis	in	Myocardial	Infarction	
(TIMI)	flow

89

Left	ventricular	dysfunction 6,	12,	14,	15,	54

Thrombus 13,	16
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Insertion Technique
Evaluation of the iliac and femoral arteries is recommended to exclude 
significant arterial disease. Access in the common femoral artery is 
obtained via the Seldinger technique. The balloon can be inserted 
through an 8 or 9 F sheath or directly in a sheathless fashion. Before 
insertion, all the air in the balloon should be evacuated with a large 
syringe attached to the one-way valve to maintain the lowest possible 
profile during insertion. The balloon catheter is advanced under fluo-
roscopic guidance over a stiff 0.021-inch guidewire until the radi-
opaque tip marker reaches a level just distal to the left subclavian 
artery. After removal of the guidewire, the central lumen is flushed and 
connected to a pressure transducer. The balloon is then connected to 
the console, the system is purged with helium, and counterpulsation is 
started. Proper placement and inflation of the balloon should be done 
fluoroscopically, and the timing of inflation and deflation should be 
optimized by either the surface electrocardiogram (ECG) or the trans-
duced pressure tracing to achieve optimal hemodynamic support.

Clinical Trials
Much of the observational data on the use of IABPs and other circula-
tory support devices during high-risk PCI comes from the prestent era 
of coronary interventions. Voudris and colleagues23 showed that 
support with IABP use during elective high-risk angioplasty is both 
safe and feasible. During a 13-month period (in 1987 and 1988), 27 
patients considered high risk because of decreased LV function or 
multivessel disease underwent angioplasty with IABP support. Primary 
success, according to contemporary American College of Cardiology 
(ACC) guidelines, was achieved in all 27 patients. No major cardiac 
events occurred during hospitalization, and only one IABP-related 
vascular complication was reported. After a mean follow-up period of 
13 months, 2 deaths, 1 cardiac transplantation, and 6 cases of symptom-
driven target-vessel revascularization (TVR, 22% rate of recurrent 
angina) were reported, and the TVR was also successfully performed 
with IABP support.23

Similar outcomes were reported by Kahn and associates22 in a group 
of 28 high-risk patients during the same period. The most common 
high-risk feature in this cohort of patients was severe LV dysfunction, 
but some patients had critical stenoses in the LMCA or a single remain-
ing coronary artery. Procedural success was 96% (90 of 94 lesions were 
successfully dilated). Eleven patients had intraprocedural hypotension, 
although the augmented diastolic pressure was maintained over 90 mm 
Hg in all cases, and angioplasty was completed in all patients. Vascular 
complications associated with the IABP occurred in 11% of the 
patients. In another series24 of 21 patients with similar high-risk fea-
tures, 90% of lesions attempted were successfully dilated without 
hemodynamic compromise; device-related complications (hematoma) 
occurred in 10% of the cases, and procedure-related complications 
occurred in 14%.

The beneficial effects of IABP support were also shown in high- 
risk coronary rotational atherectomy.42 In a retrospective analysis, 28 
patients scheduled to undergo rotational atherectomy were placed on 
IABP support before the coronary intervention. This group was com-
pared with 131 patients with high-risk coronary lesions who did not 
have an IABP placed a priori. The group that received a planned IABP 
comprised patients who were older and had more LV dysfunction and 
a higher incidence of multivessel disease. Although systolic hypoten-
sion occurred in 11% of the patients in the study group, diastolic pres-
sure augmentation provided by the IABP allowed successful completion 
of the procedure in all patients. Hypotension that necessitated IABP 
placement occurred in 7% of the patients in the comparison group. 
Slow flow occurred at a similar rate in both groups; however, 27% of 
the patients in the comparison group who experienced slow flow devel-
oped a non–Q wave MI, compared with none in the study group. No 
differences were reported in the rate of transfusion requirements or 
vascular complications.42

In a more recent study by Brodie and colleagues,2 IABP was shown 
to reduce periprocedural events in a group that consisted of 213 
patients who presented with acute MI and received an IABP. In 

physiology. CPS cannot be maintained indefinitely, however, because 
hematologic and pulmonary complications increase as bypass time 
approaches 6 hours, and in the absence of concomitant LV venting or 
unloading, its deleterious effect on myocardial oxygen consumption 
remains a concern.34 Percutaneous ventricular assist devices (pVADs), 
such as the TandemHeart or the Impella 2.5 or CP, provide an inter-
mediate level of support that approaches 2.5 to 4 L/minute; in addition, 
these devices can be placed emergently in the catheterization labora-
tory (cath lab) without surgical backup, which has prompted their 
increased use recently. Unlike the Impella, the TandemHeart requires 
transseptal puncture to deliver the inflow cannula into the left atrium, 
so it requires a somewhat larger arterial cannula. Thus only patients 
with a larger femoral arterial diameter are able to accommodate device 
placement, which can be performed only by those skilled in the trans-
septal technique. Consequently, compared with the Impella device, 
cath lab utilization rate of the TandemHeart appears to have stabilized 
in recent years. In both devices, the cannulae are larger than with an 
IABP and may result in significant vascular morbidity. However, unlike 
full CPS, the use of a pVAD has been successful for intermediate 
lengths of time (up to 14 days). Relatively smaller cannulae, as with the 
Impella, are likely to reduce femoral complications.

Historically, elective high-risk PCI has been performed safely with 
either provisional or prophylactic IABP support. As described above, 
however, RCT data have suggested that routine prophylactic IABP 
support may offer little meaningful benefit in these patients over the 
short term.27 In those select patients who appear to require additional 
circulatory support, as defined by the inclusion criteria of completed 
and ongoing randomized trials, a pVAD may be considered, with the 
caveats that the inherent increase in delay and invasiveness (particu-
larly access-site complications) may partially offset the benefit and that 
definitively supportive RCTs remain absent.28 For patients who develop 
severe hemodynamic instability, cardiogenic shock, or frank arrest 
during PCI, bail-out use of the IABP appears beneficial and is certainly 
the most familiar and rapid strategy; however, the support provided 
may be insufficient.31 Cath labs experienced in rapid pVAD placement 
may opt for these larger, more powerful devices as either an initial or 
rapidly escalating strategy. Developing data on hemodynamic param-
eters that might predict meaningful recovery, such as cardiac power 
output (CPO, measured in Watts), would at least theoretically support 
their use.35 Although full CPS may be considered in cath labs equipped 
and staffed for timely initiation, its clinical use had been relegated to 
anecdotal experience over the past decade. However, newer and more 
compact CPS units have recently been developed, and consequently 
there has been a rise in their utilization in some cath labs. Nevertheless, 
in emergent settings, pVADs appear most promising and consequently 
have become increasingly prominent, but they require specialized 
technical expertise for optimal patient selection, device placement, and 
postprocedural management.

DESCRIPTION OF DEVICES

Intraaortic Balloon Pump
The IABP was first used clinically in cardiogenic shock by Kantrowitz 
in 1968.36 As its application expanded to include refractory angina, 
severe hemodynamic compromise, and postcardiotomy pump failure 
and with the advent of percutaneous insertion, the IABP was one of 
the first hemodynamic devices used to support high-risk PCIs.36-38

The rapid filling of the balloon in early diastole augments diastolic 
pressure and thereby leads to increased coronary perfusion pressure, 
whereas deflation of the balloon at end diastole reduces effective aortic 
volume and decreases aortic systolic pressure, which leads to lower LV 
afterload. The net effect is a decrease in myocardial oxygen require-
ments from lower systolic wall tension and an increase in coronary 
perfusion pressure, which improves the myocardial supply/demand 
balance. Cardiac output increases because of the improved myocardial 
contractility as a result of the increased coronary blood flow and the 
reduced afterload.39-41
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observational trials that used IABP during high-risk PCI is shown in 
Table 36-2.

Routine prophylactic use of IABP in high-risk PCI or cardiogenic 
shock has recently come into question, however, following the results 
of two large randomized trials.27,31 Patients undergoing high-risk PCI, 
defined as severe LV systolic dysfunction (left ventricular ejection frac-
tion [LVEF] <30%) and extensive coronary artery disease, were ran-
domized in the BCIS-1 trial to either routine IABP or no planned IABP 
prior to PCI.27 No difference was reported in the primary end point of 
major adverse cardiac and cerebrovascular events (MACCEs) at 28 
days despite a marked reduction in procedural complications. In addi-
tion, bleeding and access-site complications trended higher with 
routine IABP use. Mortality was no different at 6 months but was 
significantly reduced at long-term follow-up of 51 months, a finding 
that can only be deemed hypothesis generating because the trial was 
not powered to reveal a mortality difference.29

In the setting of AMI complicated by cardiogenic shock, the IABP-
SHOCK II trial randomized 600 patients to routine IABP versus no 
IABP.31 All patients were expected to undergo early revascularization. 
By 30 days, no difference in mortality or any secondary end points was 
noted, and rates of bleeding, sepsis, and stroke were similar.31 These 
findings highlight the importance of RCT data and appropriate selec-
tion and timing of clinical end points in order to fully elucidate the 
proper role of any cardiac assist device in high-risk PCI. A summary 
of the randomized trials in high-risk PCI, including the BCIS-1 and 
IABP-SHOCK II trials, is shown in Table 36-3.

Percutaneous Cardiopulmonary Support
The introduction in 1985 of the portable Bard CardioPulmonary 
Bypass Support system (CR Bard, Murray Hill, NJ) expanded the appli-
cation of percutaneous CPS.46 Although the most common application 
for temporary circulatory support is for patients who cannot be weaned 
from cardiopulmonary bypass after cardiac surgery, CPS has also been 
implemented in the cath lab either emergently as a bridge to cardiac 
surgery or prophylactically to support high-risk coronary interven-
tions. Full CPS incorporates a heat exchanger, an adjustable blood 
reservoir, a pump, and an oxygenator and can temporarily substitute 
for the entire circulation, irrespective of cardiac rhythm. Because blood 
comes in contact with various biomaterials in the perfusion circuit, 
activation of blood proteins and cells leads to morbidity that limits the 
length of time it can be maintained. Other more simplified strategies 
use only a blood pump and extracorporeal membrane oxygenation 
(ECMO).

contrast to the earlier studies discussed, the majority of patients in this 
group were treated with stents, and about a third were treated with 
abciximab, reflecting the then-contemporary treatments. Whereas the 
indication for the IABP in most cases was cardiogenic shock, 80 
patients were hemodynamically stable but were considered high risk 
because of LV dysfunction. In this group, the use of IABP support led 
to a decreased incidence of prolonged hypotension, cardiac arrest, and 
ventricular fibrillation; however, the difference was not statistically 
significant because of the low number of patients in this group. IABP 
use was associated with an increased risk of major bleeding and higher 
transfusion rates.

Although IABP use during high-risk coronary interventions had 
been shown, at least in registry and case series data, to be effective in 
supporting the circulation, the increased rates of vascular and hemor-
rhagic complications associated with its use demanded careful patient 
selection.2,22,23,25,42 For this reason, a strategy of provisional IABP 
support was compared with prophylactic placement of IABP in high-
risk interventions in a retrospective, nonrandomized study.43 Sixty-one 
patients who received elective IABP were compared with 72 patients 
in whom support was initiated only when clinically necessary. The 
patients in the elective IABP group were slightly older, but other high-
risk features were similar, including severity of LV dysfunction (ejec-
tion fraction <30%) and rates of multivessel disease and unstable 
angina. Rates of stent and glycoprotein inhibitor use were similar 
between the two groups. The rates of slow flow were similar in both 
groups, but hemodynamic deterioration occurred only in patients 
(15%) in the provisional IABP group, and all received urgent IABP 
support. Rates of vascular complications were low in this study, with 
only two patients in the provisional IABP group developing groin 
hematomas. No cases of major bleeding were reported. Although not 
statistically significant, three deaths occurred in the provisional IABP 
group in patients who required urgent placement of an IABP compared 
with one death in the elective group.43 Similarly, in a study of 48 
patients undergoing primary PCI for AMI complicated by cardiogenic 
shock, IABP placement prior to PCI resulted in reduced major adverse 
cardiac events (MACEs), including mortality, than postprocedure 
placement.44

More contemporary observational data has been less supportive. In 
particular, evaluation of collected data from the National Cardiovas-
cular Data Registry (NCDR) found no difference in overall mortality 
with use of the IABP for high-risk PCI, and wide national variation 
was apparent in its use for this purpose.45 Further, a meta-analysis of 
IABP use in AMI found no benefit to IABP use in this setting and 
found a higher incidence of stroke.30 A summary of the published 

TABLE 36-2 Intraaortic Balloon Pump Observational Trials
First Author, 
Year Year Procedure Number of Patients

Revasc. Success 
Rate (%)

Device-Related 
Complication Rate (%)

In-Hospital 
Mortality Rate

Anwar21 1990 PTCA 97 85.6 2 1

Kahn22 1990 PTCA 28 96 11 7.1

Voudris23 1990 PTCA 27 100 3.7 0

Kreidieh24 1992 PTCA 21 90 9.5 0

O’Murchu42 1995 Atherectomy/PTCA 28 100 7.1 0

Kaul61 1995 PTCA 20 95 0 5

Schreiber62 1998 PTCA 91 87 27 8.7

Brodie2 1999 PTCA/Stent* 108† 89.8 8‡ 37§

Briguori43 2003 PTCA/Stent 61 94 0 8

Abdel-Wahab44 2010 Stent 48	(26	pre	PCI,	22	post	PCI) 100 NR 19%	vs.	59%

Curtis45 2012 Stent 18,990 NR 4.8%	to	5.1% 4.9%

NR,	Not	reported;	Revasc.,	revascularization.
*Stents	were	used	in	the	last	three	years	of	the	study.
†Includes	patients	with	shock	or	congestive	heart	failure;	the	number	of	patients	undergoing	high-risk	percutaneous	coronary	intervention	(PCI)	was	not	defined.
‡Includes	patients	who	received	an	intraaortic	balloon	pump	(IABP)	after	percutaneous	transluminal	coronary	angioplasty	(PTCA).
§Thirty-day	mortality	that	includes	patients	with	cardiogenic	shock.
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cannulae are then clamped before being connected to the primed per-
fusion circuit. Priming of the circuit should be performed by a perfu-
sionist while access is being obtained. After carefully de-airing the 
system, the cannulae are connected to the perfusion circuit; support is 
started at 2 L/minute and then progressively advanced by 0.5-L/minute 
increments as needed.47

After successful coronary intervention, CPS is weaned quickly in 
those who can tolerate it, usually over 15 minutes, by gradually reduc-
ing the flow rate. Volume is infused to increase the LV filling pressure 
to at least 8 to 10 mm Hg or to prebypass levels, whichever is less. If 
necessary, inotropic agents may be used to facilitate the weaning of 
support. An intraaortic balloon or Impella device can also be used if 
weaning causes difficulties for the patient. The Bard percutaneous CPS 
system is a portable, battery-operated system that consists of a cen-
trifugal pump (Bio-Medicus; Medtronic, Minneapolis, MN), a heat 
exchanger, and a membrane oxygenator. Venous inflow is achieved  
by active suction—not by gravity, as in the classic cardiopulmonary 
bypass system—which makes it essential that patients be well hydrated. 
To prevent air embolism, central venous access should be avoided 
while the pump is operating. Another portable CPS device, Cardiohelp 
(Maquet Cardiovascular, Rancho Dominguez, CA), is also available. 
Percutaneous cardiopulmonary support can only be performed for 6 
hours. After that, platelet aggregation, hemolysis, and increased capil-
lary permeability with plasma loss become major complications.

Clinical Trials
Early reports on small numbers of patients showed that using CPS for 
high-risk angioplasty was feasible, even though it had high rates of 
femoral access-site complications.48-50 The national registry of elective 
supported angioplasty reported data on 801 patients who underwent 
elective angioplasty with CPS in 25 centers from 1988 to 1992. The 
suggested inclusion clinical criteria were (1) the presence of severe or 
unstable angina; (2) at least one likely dilatable coronary artery steno-
sis; and (3) LVEF less than 25% or a target vessel that supplies more 
than half of the viable myocardium or both.51 Although the initial 
angioplasty success rate was high in this registry, the rates of device-
related complications were also high. The strategy was thus changed to 
one of standby support for these high-risk interventions. Prophylactic 
support was implemented in 73% of the patients, and the last 27% 
registered had standby support. The overall primary success rate was 
93%, and the success rate in the group that had standby support was 
91%.52 The rates of vascular complications (15% vs. 6.1%) and transfu-
sions (31% vs. 14%) decreased with the change in strategy from pro-
phylactic support to standby support. The mortality rate (6.3% vs. 6% 
in the prophylactic and standby groups, respectively) and the rate of 
emergent bypass surgery (2.5% vs. 3.2%) did not change, however, 
which reflects the high-risk profile of the patients in the registry. Only 
16 of 217 patients (7.4%) in the standby strategy group required emer-
gency initiation of bypass support. Of these 16 patients, 75% had  
successful angioplasty without any need for bypass surgery, which sug-
gested that standby support reduced the need for emergency bypass 
surgery. The only group of patients who demonstrated a clear benefit 
to using prophylactic support was the group with an LVEF of 20% or 
less. In these patients, those treated with prophylactic placement of 
CPS before coronary intervention had a lower mortality compared 
with those who had CPS on standby (7% vs. 18%, P < .05). A separate 
analysis was done of the 42 patients in the registry with 60% or more 
LMCA stenosis who underwent balloon angioplasty, and the results 
were compared with those for high-risk patients who had another 
vessel dilated.53 The hospital mortality was 14.3% in patients who had 
angioplasty of the LMCA (prior to the stent era), notably higher than 
the 4.6% hospital mortality in patients who did not have significant 
LMCA disease and had angioplasty of another vessel (P < .001).53

In the prestent era, additional support with CPS did not improve 
the outcome of percutaneous intervention in LMCA disease. As the 
insertion technique evolved from requiring surgical cutdown to a per-
cutaneous approach, as described by Shawl and colleagues,54 the expe-
rience with CPS continued to grow in the cath lab; this group reported 

CPS unloads the right ventricle but does not unload the left.46 
Pulmonary and systolic aortic pressures have been shown to decrease, 
whereas diastolic and mean systemic arterial pressures remain 
unchanged.46,47 In normal functioning hearts, the reduction in preload 
and a small increase in afterload produced by the arterial inflow 
reduces wall stress and produces smaller end-diastolic LV volumes 
because the left ventricle is able to eject the blood it receives. However, 
in dilated and poorly contracting hearts, especially after cardiac arrest, 
the increase in afterload may impair LV emptying, and another means 
of assisting emptying of the ventricle (e.g., IABP or Impella) may be 
necessary to avoid further deterioration of heart function. Another 
very simple approach is to provide an external cardiac compression 
approximately every minute while the patient is on CPS. Studies have 
also shown that CPS does not increase coronary perfusion in the 
setting of an occlusion, so bypass surgery should be considered if cir-
culation cannot be restored percutaneously. For these reasons, CPS 
may, at least in theory, be a poor choice for patients undergoing high-
risk PCI, in whom unloading the left ventricle and maintaining ante-
grade coronary blood flow is a primary concern.

Insertion Technique
Before arterial cannulation, angiography of the iliofemoral arteries is 
performed to exclude significant arterial disease. Care should be taken 
to access the artery below the inguinal ligament in the common 
femoral artery. Invasive monitoring with a pulmonary artery catheter 
is recommended during support. Once venous access and arterial 
access are obtained with a flexible 0.038-inch guidewire and an 8-Fr 
dilator, anticoagulation is started with an antithrombin agent. The flex-
ible wire is replaced with a stiff 0.038-inch guidewire, and both the vein 
and the artery are progressively dilated with 12-Fr and 14-Fr dilators. 
Finally, 18-Fr cannulae are placed, with the inflow at the level of the 
right atrium and the outflow at the level of the aortic bifurcation. The 

TABLE 36-3 Major Randomized Controlled Trials of 
Hemodynamic Support Devices

Study (Year) Comparator Groups Outcomes

BCIS-127,29	
(2010)

IABP	versus	no	IABP	
in	high-risk	PCI

•	 28-day	MACCEs	
(primary	end	point)	
15.2%	versus	16.0%,	
P	=	NS

•	 NS	difference	6-month	
mortality	but	significant	
by	1	year

•	 Routine	IABP	
reduced	procedural	
complication	rate

IABP-SHOCK	II31	
(2012)

IABP	versus	no	IABP	
in	cardiogenic	shock	
complicating	acute	
myocardial	infarction

•	 30-day	all-cause	
mortality	(primary	end	
point)	39.7%	versus	
41.3%,	P	=	NS

•	 NS	difference	in	any	
secondary	end	points,	
including	complications	
and	length	of	stay

PROTECT	II28	
(2012)

Impella	2.5	versus	
IABP	in	high-risk	PCI

•	 30-day	MAEs	(primary	
end	point)	35.1%	
versus	40.1%,	P	=	NS

•	 90-day	per	protocol	
definition	MAE	reduced	
with	Impella

•	 Impella	provided	
statistically	significant	
superiority	in	cardiac	
power	output

IABP,	Intraaortic	balloon	pumping;	MACCEs,	major	adverse	cardiovascular	and	cerebrovas-
cular	and	events;	MAE,	major	adverse	event;	NS,	not	significant;	PCI,	percutaneous	coronary	
intervention.
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complications were reported in the IABP group, whereas two patients 
assigned to CPS developed vascular complications that required surgi-
cal repair, and five other patients required blood transfusions.61 One 
death occurred in each group, thought to be caused by acute vessel 
closure after discontinuation of support. The study authors concluded 
that both IABP and CPS were effective in supporting high-risk coro-
nary interventions in the prestent era, but IABP had lower rates of 
complications.

Schreiber and colleagues62 reported retrospective observational 
data to compare outcomes in a larger group of patients who had under-
gone high-risk PCI with hemodynamic support. Over a 4-year period, 
149 patients who had high-risk PCI underwent prophylactic placement 
of either an IABP (n = 91) or CPS (n = 58). Patients who presented 
with acute MI, unstable angina, and stable angina were included if they 
were hemodynamically stable before the procedure. Patients were con-
sidered high risk if they had poor ventricular function, had a culprit 
vessel supplying the majority of the myocardium, or required multives-
sel PCI. Patients who received CPS were more likely to be male (91% 
vs. 73%, P < .01) and more likely to have a history of chronic angina 
(91% vs. 69%, P = .003), congestive heart failure (59% vs. 35%, P = 
.008), and a lower mean ejection fraction (26% ± 13% vs. 32% ± 14%, 
P < .01). Multivessel PCI was performed more often in the CPS group 
(40% vs. 20%, P < .01). Despite the higher severity of their disease, 
angioplasty was successful more often in the CPS group compared with 
the IABP group (99% vs. 87% of lesions, P = .005). MACEs—which 
included MI, stroke, need for CABG, and death—occurred at similar 
rates in both groups, although the rate of CABG trended higher in the 
IABP group without reaching statistical significance (1.7% vs. 6.5%,  
P = .33). Of note, the rate of death was high in both groups (12% in 
the CPS group, 8.7% in the IABP group, P = .71).62 As in the study by 
Kaul and colleagues,61 access-site complications and transfusions 
occurred more frequently in the CPS group. The higher angioplasty 
success rate in the CPS group is likely explained by the longer duration 
of balloon inflation tolerated by this group. This difference would likely 
not exist with the use of stents. More recent case series in the stent era 
have generally supported the feasibility of temporary cardiopulmonary 
support for high-risk PCI with high procedural success but at the 
continued cost of vascular complications.63,64

Accordingly, use of CPS for high-risk PCI has decreased recently 
with the advent of minimally invasive pVADs. The studies that describe 
CPS in high-risk PCI are summarized in Table 36-4. Complications of 
prolonged use of CPS and ECMO include bleeding, infection, throm-
bocytopenia, and compromised perfusion to the lower extremity. The 
complexity of therapy and the requirements for a surgeon and a 
bedside perfusionist are the drawbacks to this therapy. Nonetheless, 
the high level of support may be the only option for some patients who 
experience full cardiopulmonary collapse that requires intervention, 
especially when both respiratory and circulatory support are required.

Percutaneous Left Ventricular Assist Devices

Left Atrial–Femoral Artery Bypass
A recent innovation in circulatory support available to interventional-
ists is the percutaneous ventricular assist device (pVAD). The left 
atrial–femoral artery bypass strategy, first described in 1962 by 
Dennis,65-67 was initially used in patients who could not be weaned 
from cardiopulmonary bypass after surgery. More recently, a dedicated 
system with a compact centrifugal pump, the TandemHeart pVAD, was 
developed to allow relatively rapid percutaneous institution of left 
atrial–femoral artery bypass (Fig. 36-1).41 The pump cycles oxygenated 
blood from the left atrium to the femoral artery without the need for 
an external oxygenator or a heat exchanger.

The left atrial–femoral artery bypass system indirectly unloads the 
LV and decreases cardiac filling pressures, cardiac workload, and  
myocardial oxygen demand.68,69 Similar to CPS, however, patients with 
cardiogenic shock as a result of severe LV dysfunction may paradoxi-
cally exhibit a rise in myocardial oxygen demand due to an increase in 
afterload. Such cases may require additional LV unloading maneuvers, 

one of the largest series of supported angioplasty from 1988 to 1991.54-56 
Among the first 51 patients, 94% had three-vessel disease, 70% had an 
LVEF of 35% or less, and the majority had been turned down for bypass 
surgery.54 All the patients tolerated the coronary intervention, and the 
mean coronary stenosis improved from 89% to 21%. The hospital 
mortality was 6%, which compared well with the 6.9% mortality in 
patients undergoing CABG with an LVEF of 35% or less at that time.57 
The most frequent complication was bleeding that required transfu-
sion, which occurred in 40% of the patients. Other complications 
included pseudoaneurysm (8%), hematoma (2%), and femoral nerve 
weakness (8%). With improvement in the cannula removal technique, 
the requirement for transfusion decreased in later patients to 4% and 
eliminated the occurrence of femoral nerve injury.55 CPS showed 
promising short- and long-term results in patients at particularly high 
risk (mean LVEF ≤ 19.5% ± 3.5%, 54% with dilation of the single 
remaining patent artery, 17% with dilation of an unprotected LMCA).56 
Angiographic success was achieved in 98.7% of the arteries attempted 
in 105 patients. Despite the occurrence of asystole in 5 patients (4.8%) 
and of electromechanical dissociation in 40 (38.1%) with balloon infla-
tion, no procedural deaths were reported, and all patients were weaned 
off CPS after the angioplasty. The hospital mortality was 4.7%. After a 
mean follow-up of 24 (± 13) months, 97% of patients were in Canadian 
Cardiovascular Society (CCS) functional class I or II, compared with 
only 3% before the intervention (P < .001).56

Because of the high rate of complications, attention was turned to 
using CPS on a standby basis. Two retrospective analyses showed that 
the incidence of hemodynamic collapse that required support during 
angioplasty was less than 1%.50,58 Subsequently, the National Registry 
of Elective Cardiopulmonary Support compared the usefulness of pro-
phylactic percutaneous CPS with standby percutaneous CPS in patients 
undergoing high-risk angioplasty.59 Mortality rates were similar: 6.4% 
in the prophylactic group and 6.1% in the standby group. The rates of 
procedural success were also similar in the two groups. However, mor-
bidity was significantly higher in the prophylactic CPS group: 42% of 
patients had femoral access-site complications that necessitated blood 
transfusions compared with only 11.7% of patients in the standby 
group. Of 180 patients in the standby group, only 13 (7.2%) suffered 
irreversible hemodynamic collapse, and emergency CPS was initiated 
in less than 5 minutes in 12 of these 13 patients. The patients who did 
benefit from prophylactic CPS were those with an ejection fraction of 
20% or less, and mortality was lower with support initiated before 
angioplasty (4.8% vs. 18.8%, P < .05).59

A more recent European study evaluated the usefulness of CPS 
during the stent era.60 The report included two groups of patients: 
group I comprised 68 patients undergoing elective high-risk coronary 
intervention, and group II consisted of 24 patients who presented with 
acute MI and cardiogenic shock. In the elective group, primary success 
was achieved in 66 patients (97%), with complete revascularization 
obtained in 44% of the group. Four patients (5.9%) developed femoral 
artery complications, and one patient (1.5%) died before discharge. 
After 28 (± 19) months of follow-up, MACEs occurred in 30% of 
patients and included 7 deaths (10.3%). Compared with the previous 
literature on angioplasty supported by CPS, this study demonstrated 
that CPS could be used effectively during coronary stenting and also 
showed an improvement in the rate of complications.

Two studies compared CPS and IABP for high-risk coronary inter-
ventions. One prospective trial randomized patients to either CPS or 
IABP support during PCI that was considered high risk because of the 
presence of unstable angina with poor LV function in a target vessel 
supplying more than half of the remaining viable myocardium.61 
Between June 1991 and November 1993, 40 patients were randomized. 
All patients had a history of a prior MI, the majority had three-vessel 
disease, and the mean EF in both groups was lower than 25%. All 
patients were treated with angioplasty using balloon inflations lasting 
longer than 2 minutes. Patients in both groups tolerated balloon  
inflations lasting 2 to 3 minutes without hemodynamic decompen-
sation. Primary success was achieved in 19 of 20 patients in both 
groups with similar angiographic results. No vascular or hemorrhagic 
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TABLE 36-4 Percutaneous Cardiopulmonary Support Observational Trials

First Author Year Procedure N
Revasc. Success 
Rate (%)

Device-Related 
Complication Rate (%)

Transfusion 
Rate (%)

In-Hospital 
Mortality Rate (%)

Bypass 
Time (Min)

Vogel92 1988 PTCA 9 100 11 100 11.0 NR

Shawl54 1989 PTCA 511* 100 14 38 5.8 37

Shawl55 1990 PTCA 121† NR 9.9 29.7 NR 37‡

Teirstein59 1993 PTCA 389§ 88.7 12.6 39 6.4 NR

Sivananthan49 1994 PTCA 13 83 83 100 7.7 92.8	±	46

Kaul61 1995 PTCA 20 95 10 25 5 NR

Vogel52 1995 PTCA 801‖ 93 15¶ 31¶ 6.9 NR

Shawl56 1995 PTCA 107 98 4.7 1.9 4.7 46	±	30

Schreiber62 1998 PTCA 58 99 50 60 12 60	±	45

de	Lezo93 2002 PTCA 68# 97 6 NR 1.5 NR

Vainer63 2007 Stent 15 93 13 53 27** NR

Bagai64 2011 Stent 20 100 NR NR 28.2% NR

NR,	Not	reported;	PTCA,	percutaneous	transluminal	angioplasty.
*Includes	20	patients	with	left	ventricular	ejection	fraction	of	25%	of	less,	which	are	included	in	the	1996	report.
†A	total	of	121	patients	were	reported,	101	of	which	underwent	elective	coronary	interventions.
‡Time	reported	for	the	elective	interventions.
§Number	of	patients	with	prophylactic	percutaneous	cardiopulmonary	support	(CPS)	device	placement.
‖27%	of	patients	were	treated	with	a	standby	strategy.
¶Complication	and	transfusion	rates	were	reported	for	the	group	with	percutaneous	CPS	devices	placed	prophylactically.
#A	total	of	92	patients	were	reported,	68	of	whom	had	elective	procedures.
**Death	rate	at	15	months	and	in-hospital	mortality	were	not	reported.

FIGURE 36-1	 The	TandemHeart	percutaneous	left	ventricular	assist	device.	The	inflow	cannula	to	the	centrifugal	pump	is	inserted	transseptally	to	
the	left	atrium,	and	the	outflow	is	inserted	in	the	femoral	artery.	
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To date, mostly case reports and small series on the experience  
with the left atrial–femoral artery bypass system remain to support 
high-risk coronary interventions68,70-74 (see Case Study 1); two small 
randomized trials have been undertaken, but no trials have been com-
pleted and no ongoing large randomized trials are underway. In early 
series, the device was shown to be easily implanted by interventional-
ists experienced in transseptal puncture and to provide circulatory 
support to allow high-risk coronary interventions to be done success-
fully in a controlled fashion (Table 36-5). Three case series were 
recently published.75-77 In one, between 2000 and 2006, 23 patients with 
a mean age of 59 years underwent high-risk PCI using the Tandem-
Heart device. Implantation was successful in all patients, and PCI was 
successful in 21 patients (91.3%). Hemodynamic parameters improved, 
including PCWP and systemic arterial pressure. Five patients died with 
the device in place, primarily from preexisting cardiogenic shock. Mild 
to moderate access-site bleeding was reported in 27% of patients. In 
the second series, 37 patients received the device for high-risk PCI or 
cardiogenic shock. The mean age was 73 years, and 97% were in New 
York Heart Association (NYHA) class III CHF or cardiogenic shock. 
Technical PCI success was reported in all patients, but 82% required 
blood transfusion after the procedure. Overall, however, 71% of 
patients in this extremely high-risk group survived to discharge. In the 
third study, from the Mayo Clinic, 54 patients were supported with the 
TandemHeart for high-risk PCI that included left main and multivessel 
stent placement in 64% of patients. Hemodynamics improved during 
support, including cardiac output and LV filling pressure; procedural 
success was high at 97%, and 6-month survival was 87%, but vascular 
complications occurred in 13%.77

Two small randomized trials have compared the TandemHeart to 
IABP in patients with cardiogenic shock.78,79 Although benefit was seen 
in terms of hemodynamic parameters, a small meta-analysis that com-
bined both studies did not suggest an effect on survival with use of the 
device.80 Because of the transseptal puncture required, the Tandem-
Heart pVAD may ultimately be best suited for elective initiation of 
hemodynamic support because insertion times tend to be longer com-
pared with IABP and other pVAD devices (Impella). In addition, 
because it can provide up to 4.0 L/minute of flow, the TandemHeart 

such as IABP or Impella placement. Previous studies have shown a 
decrease in infarct size in the acutely ischemic myocardium with the 
use of a transseptal left ventricular assist device (LVAD). Predominant 
right ventricular failure and left atrial thrombus are contraindications 
to the use of a transseptal LVAD.

Insertion Technique
After angiography of the distal aorta and iliac vessels to exclude sig-
nificant arterial occlusive disease, access in the femoral vein is obtained. 
After a transseptal puncture is performed, the interatrial septum is 
dilated in two stages with 14-Fr and 21-Fr dilators, and the 22-Fr inflow 
cannula is advanced to the left atrium under fluoroscopic and echo-
cardiographic guidance.69,70 The outflow 15-Fr to 17-Fr cannula (chosen 
based on the caliber of arterial vessels and desired flow rate) is then 
inserted by using the Seldinger technique over a stiff guidewire, and it 
is advanced to the common iliac artery. The cannulae are de-aired and 
connected to the pump.

The TandemHeart pVAD is a continuous-flow centrifugal pump 
that operates at 7500 rpm and provides up to 4.0 L/minute of blood 
flow. The pump contains a single moving part, an impeller suspended 
by a magnetic force on a thin lubricating film of fluid.71 A continuous 
infusion of heparinized saline solution provides this hydrodynamic 
bearing for the pump, as well as local anticoagulation and cooling of 
the motor. Full systemic anticoagulation with heparin is required.

Clinical Trials
A small prospective feasibility study evaluated the hemodynamic 
effects of the TandemHeart pVAD in short-term stabilization of 
patients with cardiogenic shock.69 The device was safely implanted in 
18 patients, with a mean duration of support of 4 (± 3) days. Hemo-
dynamic indices, including pulmonary capillary wedge pressure 
(PCWP), pulmonary arterial pressure (PAP), cardiac output, and sys-
temic blood pressure showed a significant improvement on Tandem-
Heart pVAD support. During support, hemolysis was negligible, 
bleeding that required transfusion occurred in five patients, and two 
with PAD required surgical placement of an antegrade perfusion 
cannula to relieve limb ischemia.

TABLE 36-5 Left Atrial–Femoral Artery Bypass Observational Trials

First Author Year N
Insertion 
Time (min)

Revasc. Success 
Rate (%)

Mean Support 
Duration

In-Hospital 
Mortality (n) Other Complications

Glassman74* 1993 13 † 100 43	±	17	min 0 •	 Transfusion	in	1	of	13	patients
•	 Small	left-to-right	shunts	in	2	of	13	patients

Lemos70 2003 7‡ 31	to	69 92.3 55	±	96	hr 1 •	 Bleeding	in	4	of	7	patients
•	 Hypothermia	in	2	of	7	patients

Aragon68 2005 8 † 100 § 1 •	 Acute	renal	failure	requiring	dialysis	in	1	of	
8	patients

Kar73 2006 5 † 100 107	min‖ 1 •	 Blood	transfusions	in	all	patients
•	 Groin	hematomas	in	2	of	5	patients

Al-Husami94 2008 6 36.5 100 † 1 •	 No	vascular	complications	(all	devices	
removed	in	the	OR)

•	 In	1	of	6,	possible	TIAs/seizure

Vranckx75 2008 23 35 91.3 31	±	49.8	hr 5 •	 Bleeding	in	27%
•	 Hypothermia	in	6	of	23	patients

Vranckx95 2009 9 27 100 93	min 0 •	 Vascular	complications	44.4%

Thomas76 2010 37 † 100 † 11 •	 82%	transfusion	rate

Alli77 2012 54 + 97 + 10¶ •	 13%	major	vascular	complication	rate

OR,	Operating	room;	Revasc.,	revascularization;	TIA,	transient	ischemic	attack.
*The	device	used	in	this	series	was	not	the	TandemHeart	percutaneous	ventricular	assist	device	(pVAD).
†Not	reported.
‡Five	patients	were	hemodynamically	stable	prior	to	insertion	of	the	pVAD.
§Not	reported,	but	all	patients	had	the	pVAD	removed	in	the	catheterization	laboratory	at	the	end	of	the	coronary	intervention.	The	mean	procedure	time	was	169	±	21	minutes.
‖Excludes	duration	of	support	for	one	patient	who	required	support	for	an	additional	48	hours	because	of	persistent	poor	left	ventricular	function.
¶30-day	mortality.
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Impella and the Hemopump (Medtronic), have been tested clinically, 
although only the Impella is currently available for clinical use. The 
Impella Recover LP 2.5 is a microaxial rotary blood pump that unloads 
the LV by expelling blood from the LV to the aorta (Fig. 36-6). The 
device can deliver an output of up to 2.5 L/minute. The Impella device 
has been shown to directly unload the LV by decreasing the 

pVAD may be useful for high-risk PCI in the setting of cardiogenic 
shock, particularly when more potent Impella (CP or 5.0) or CPS 
devices are unavailable.

Case Study 1
An 80-year-old man with severe chronic obstructive pulmonary 
disease (COPD), chronic renal insufficiency, and carotid artery disease 
presented with unstable angina. Echocardiography revealed severe LV 
dysfunction (LVEF 10%), anterior wall akinesis, and moderate mitral 
regurgitation. Positron emission tomography (PET) showed lateral 
wall ischemia and high anterolateral viability. Cardiac catheterization 
revealed 95% distal LMCA disease involving the ostia of both the left 
anterior descending (LAD) and left circumflex (LCx) arteries (Fig. 
36-2) and also revealed a 50% stenosis in the mid right coronary artery. 
The patient was thought to be at high risk for surgical revasculariza-
tion; thus hemodynamically supported LMCA intervention with the 
TandemHeart pVAD was undertaken. After transseptal placement of 
a 21-Fr inflow cannula in the left atrium and placement of a 15-Fr 
outflow cannula in the right common iliac artery, left atrial–distal aorta 
bypass was achieved with a nonpulsatile flow rate of 3 L/minute. Bifur-
cation stenting of the LAD and LCx arteries was performed with two 
sirolimus-eluting stents deployed simultaneously using the “kissing” 
technique (Figs. 36-3 and 36-4). The decrease in aortic pulse pressure 
was significant because of diminished stroke volume, but the mean 
perfusion pressure was maintained, and the patient remained hemo-
dynamically stable without angina or arrhythmia (Fig. 36-5). The 
patient was discharged 2 days after the procedure and remained 
angina-free at 1-month follow-up.81

TRANSVALVULAR LEFT VENTRICULAR  
ASSIST DEVICES

In 1988, Wampler and colleagues82 described a new catheter-mounted 
transvalvular LVAD, which was initially placed surgically via the 
femoral artery. Development of a smaller (13 Fr/14 Fr) system allowed 
percutaneous insertion of the device. Two investigational devices, the 

FIGURE 36-2	 Baseline	angiography	showing	distal	left	main	coronary	
artery	 stenosis	 and	 subtotal	 occlusion	 of	 the	 proximal	 left	 anterior	
descending	artery.	

FIGURE 36-3	 Percutaneous	coronary	intervention	using	two	sirolimus-
eluting	stents	in	a	“kissing”	technique.	

FIGURE 36-4	 Final	 angiography	 showing	 reconstruction	 of	 the	 distal	
left	main	coronary	artery,	proximal	left	anterior	descending	artery,	and	
left	circumflex	coronary	artery.	
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pigtail catheter (see Fig. 36-6), which sits in the LV cavity. The device 
provides flows of up to 2.5 L/minute at its maximal rotational speed of 
50,000 rpm and can be safely left in place for up to 5 days.83 The Impella 
CP can provide up to 4.0 L/minute of flow, whereas the 5.0 provides 
up to 5 L/minute of flow with similar implantation durations. A hepa-
rinized 20% dextrose solution continuously lubricates the pump. For 
prolonged support, heparin infusion to an activated clotting time 
(ACT) of 160 to 180 seconds is required.

Clinical Trials
Initial case studies evaluating the Impella 2.5 device in high-risk PCI 
suggested safety, feasibility, and minimal complications, with one 
report suggesting no significant benefit.85 This was followed by A Pro-
spective Feasibility Trial Investigating the Use of the Impella 2.5 System 
in Patients Undergoing High-Risk Percutaneous Coronary Interven-
tion (PROTECT I),20 the primary safety and feasibility study of 20 
patients in the United States. Enrolling patients with LMCA or sole 
remaining conduit and severe LV dysfunction, the device was techni-
cally successful in all cases with a low complication rate. Several smaller 
registries have reported on use of the Impella 2.5 device in high-risk 
PCI, but the largest published series are the multicenter Europella 
Registry and the USpella Registry.26,33,86,87 Case Study 2 represents an 
example of high-risk PCI utilizing Impella 2.5 support.

The baseline characteristics of the 144 patients in the EuroPella 
Registry suggested that these patients were indeed at high risk: 70% 
had an LVEF less than 30%, 36% had recent MI, 42% had prior surgical 
revascularization, 76% had previous MI, 20% had prior stroke, 26% 
had chronic lung disease, and 62% had diabetes. In addition, 55% had 
more than three target lesions, 52.8% had LMCA disease, 17.4% had 
intervention on a last remaining patent vessel, and 43.1% had refused 
CABG. The logistic EuroScore was 15 (± 12.2), which further indicated 

end-diastolic pressure, decreasing the end-diastolic and end-systolic 
volumes, and increasing the combined (device plus native heart) 
cardiac output, simultaneously improving coronary blood flow.41,83,84 
Notably, because the device withdraws blood from the LV during all 
phases of the cardiac cycle, including during isovolumic contraction 
and relaxation, theoretic benefits extend beyond comparable flow rates 
of other, indirect unloading devices (i.e., the TandemHeart and IABP). 
Larger Impella CP devices (delivering 3.5 to 4.0 L/min) and 5.0 devices 
with greater hemodynamic benefits are also available, but the 5.0 
device typically requires surgical cutdown for placement.

Insertion Techniques
Before the procedure, an echocardiogram should be performed to 
exclude the presence of an LV thrombus or critical aortic stenosis. 
Angiography of the distal aorta and iliac vessels should also be per-
formed before insertion of the femoral sheath. The Impella 2.5 percu-
taneous device has a maximal outer diameter of 12 F, whereas the 
Impella CP has a maximal outer diameter of 13 F. Often the vascular 
access site is “preclosed” with a suture-based closure device. After 
inserting an appropriately sized (usually 14 F) sheath in the femoral 
artery, an exchange length (300 cm) 0.014-inch guidewire is delivered 
to the LV with an end-hole angiographic catheter (Judkins Right 4 
[JR4], Multipurpose A [MPA], etc.). The device is then advanced over 
the wire and is positioned across the aortic valve under fluoroscopic 
guidance. Recently, a wireless insertion technique has also been 
described.

Proper placement is critical to ensure unimpeded outflow of blood 
and catheter stability, and recent device modifications have improved 
on both of these aspects. The proximal part of the catheter connects to 
a portable mobile console that provides power and allows control of 
the pump.84 The Impella Recover LP 2.5 device is mounted on a 9-Fr 

FIGURE 36-5	 Aortic	pressure	tracing	during	balloon	inflation	shows	a	significant	decrease	in	pulse	pressure	caused	by	diminished	stroke	volume	
with	preserved	mean	perfusion	pressure	via	the	TandemHeart	bypass	circuit.	

FIGURE 36-6	 Impella	Recover	LP	2.5	device.	(Adapted	from	
Valgimigli	 M,	 Steendijk	 P,	 Sianos	 G,	 et	al:	 Left	 ventricular	
unloading	and	concomitant	 total	cardiac	output	 increase	by	
the	use	of	percutaneous	Impella	Recover	LP	2.5	assist	device	
during	 high-risk	 coronary	 intervention.	 Catheter	 Cardiovasc	
Interv	65[2]:263-267,	2005.)

Inflow Cannula
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safe in supporting high-risk interventions.88-90 However, to date, the 
Hemopump is not available clinically.

Case Study 2
A 71-year-old man presented with accelerating angina over 1 month. 
A stress echo was performed but was terminated at 3 minutes because 
of chest pain and diffuse ST-segment depressions. Ejection fraction  
was 30%. The patient’s metoprolol was increased and he was scheduled 
for cardiac catheterization. Patient history included hypertension, 
distant MI (treated medically), and significant vascular disease that 
included emergent repair of both an ascending aortic dissection and 
an abdominal aortic aneurysm, 10 and 3 years prior, respectively. The 
patient’s coronary anatomy was not assessed at these times because  
of the emergent nature of his surgeries. At cardiac catheterization he 
was found to have distal left main bifurcation disease and moderate  
to severe systolic dysfunction, with an estimated ejection fraction of 
25% (Video 36-1). Because of his prior operations, severe vascular 
disease, and COPD, he was felt to be a poor candidate for surgical 
revascularization. IABP placement was also relatively contraindicated 
because of the risk of repeated balloon-induced vascular trauma. 
Impella 2.5 supported high-risk PCI and was therefore considered. A 
right heart catheterization was performed to assess and maintain filling 
pressures, and the Impella device was inserted and placed across the 
aortic valve (Video 36-2). The LAD and LCx arteries wire wired, and 
simultaneous kissing stents were placed in the left main and daughter 
vessels (Video 36-3). During inflation, the patient remained hemody-
namically stable with minimal decrease in systolic pressure (and pulse 
pressure) but with maintenance of diastolic pressure. After postdila-
tion, the final angiographic result is seen in Video 36-4. Hemodynam-
ics were reassessed, and the patient was weaned off the device over 15 
minutes. The device was then removed. Preclose technique sutures 
were subsequently tied down with achievement of hemostasis. At 6 
months, the ejection fraction improved to 35%, and the patient did not 
require implantable defibrillator placement. His angina was relieved 
after the procedure, and he was maintained on ischemic cardiomyopa-
thy medications.

Guidelines on Use of Hemodynamic Support Devices  
in High-Risk Percutaneous Coronary Intervention
With the increasing dataset in recent years regarding percutaneous 
support devices, both observational and randomized, national guide-
lines have modified their recommendations in both high-risk PCI and 
cardiogenic shock subsets.9 Accordingly, use of an appropriate percu-
taneous hemodynamic support device is now categorized as “may be 
reasonable” as an adjunct to high-risk PCI in carefully selected patients 
(class IIb recommendation). Ideal patients include predominantly 
those with the inclusion criteria specified within the BCIS-1 and 
PROTECT II trials, including left main and last patent conduit or 

the high-risk nature of this population. Despite this, overall mortality 
was 5.5% at 30 days. Another 5.5% required blood transfusion, and 
0.7% required surgery for bleeding. No MI or need for emergent CABG 
was noted. Stroke occurred in 0.7% and vascular complications 
occurred in 4%.26

Recently, the results of the multicenter USPella Registry described 
outcomes in 251 patients using the Impella 2.5 device for a variety of 
real-world indications, including 178 for high-risk PCI.87 Of these, 63% 
were in NYHA class III or IV heart failure, and 62% had an LVEF less 
than 30% before intervention. In addition, 56% of patients did not 
qualify for CABG because of excessive comorbidities. Results showed 
a 90% success rate and an 8% rate of 30-day MACEs. Survival was 96% 
at 30 days, 91% at 6 months, and 88% at 1 year. In addition, only 30% 
of patients remained in NYHA class III or IV heart failure, consistent 
with an absolute increase in mean ejection fraction from 31% to 37%. 
This latter improvement resulted in a 29% reduction in the anticipated 
need for implantable cardioverter defibrillators (ICDs) because the 
percentage of patients with an ejection fraction less than 30% was 
reduced from 62% to 44%.32,87 Thus in real-world observational prac-
tice, Impella use appeared safe, feasible, and efficacious in improving 
signs and symptoms of heart failure and ventricular dysfunction. In 
the subset of patients who presented with AMI and cardiogenic shock, 
Impella also appeared to be safe and feasible; in addition, preprocedure 
placement of the Impella 2.5 appeared to improve survival compared 
with postprocedure placement, suggesting that early unloading may 
impact myocardial salvage and resultant long-term outcomes.32

The multicenter PROTECT II superiority trial randomized patients 
with similar inclusion criteria to PROTECT I to prophylactic IABP or 
Impella 2.5 support.28 To date, PROTECT II is the largest RCT of high-
risk PCI ever performed. Although the trial was terminated early for 
futility, 452 patients were ultimately randomized to IABP or Impella 
2.5 for elective high-risk PCI. Enrolling, in general, a sicker patient 
population than the BCIS-1 trial, the primary end point, a composite 
of 11 end points at 30 days by intention-to-treat analysis, was no dif-
ferent between groups. However, the primary end point trended favor-
ing Impella in the per-protocol population of patients who received 
the device per the inclusion and exclusion criteria (34.3% Impella vs. 
42.2% IABP, P = .092). By 90 days, a prespecified secondary end point, 
the differences were magnified in the intention-to-treat population 
(40.6% Impella vs. 49.3% IABP, P = .066) and reached statistical sig-
nificance in the per-protocol population (40.0% Impella vs. 51.0% 
IABP, P = .023).28 Table 36-3 and Table 36-6 provide a summary of 
these trials.

The other transvalvular assist device, the Hemopump system, also 
expels blood from the LV to the aorta by using a rotating turbine that 
imparts both rotational and longitudinal velocities to the blood. This 
device has been shown to increase cardiac output and reduce mean 
PAP in clinical trials.88-90 However, the Hemopump was not shown 
to significantly affect coronary blood flow velocities before or after 
angioplasty.89 Small feasibility trials have shown the Hemopump to be 

TABLE 36-6 Transvalvular Left Ventricular Assist Device Observational Trials
First Author, Year N Revasc. Success Rate MACEs Hemolysis Support Duration (hr)

Dens*86 2006 23 100% 17% 22% 2.1	±	1.6

Valgimigli85 2006 10 100% 30%† 60% 2.4	±	1.5

Henriques33 2006 19 100% 5% § 2.0‡

Burzotta91 2008 10 100% 0% § §

Dixon20 2009 20 100% 20% 10% 1.7	±	0.6

Sjauw26 2009 144 100% 12.5% <1% 1.45	±	0.8

Maini87 2010 175 99% 8% 0% 1.0

*Revascularization	(Revasc.)	strategy	included	percutaneous	coronary	intervention	(PCI)	and	off-pump	coronary	artery	bypass	(OPCAB).
†Four	of	ten	patients	also	received	a	transfusion.
‡Maximum	support	time	reported.
§Not	reported.
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now allow LMCA stenting in appropriate candidates.9 Furthermore, 
patients with AMI and cardiogenic shock remain an extremely high-
risk PCI population. As a result, the field of high-risk PCI has evolved 
to include the use of cardiac assist devices to minimize periprocedural 
risk and improve short-term and long-term ventricular function and 
survival.

Although formal guidelines on the use of circulatory support 
devices during high-risk PCI are just now becoming available, much 
decision making continues to be left to the clinician. The decision to 
implement these devices, for example, is often at the discretion of the 
individual interventionalist and is based on the cumulative experience 
of completed and ongoing clinical trials. A thorough understanding of 
the high-risk clinical characteristics discussed in this chapter and the 
procedural and angiographic factors that portend a high risk of decom-
pensation and mortality is the first step in the proper use of support 
devices. The choice of these devices should be based on the level of 
support provided by each device compared with the level of support 
necessary for the given clinical situation, the level of complexity of 
device insertion and maintenance of support, specific device-related 
risks, benefits and contraindications, local experience, and a working 
knowledge of the increasing evidence that supports their clinical use 
(Table 36-7). A multisociety consensus statement on the use of these 
devices in cardiovascular practice is currently in development and will 
provide more granular guidance on device choice in different settings 
and in future directions in this evolving field.

multivessel disease in the setting of markedly reduced ejection frac-
tion. Therefore the IABP and Impella appear particularly suited for this 
indication. A class I recommendation is given to the use of cardiac 
support devices for patients with STEMI and persistent cardiogenic 
shock despite successful revascularization. Potent devices that include 
the TandemHeart, Impella CP or 5.0, or a CPS seem particularly suited 
for this indication; choice varies based on local experience, extent of 
support required, and device-specific complication rates. Currently, 
guidelines continue to support device placement after successful revas-
cularization for patients who present with cardiogenic shock in the 
setting of AMI; whether earlier unloading prior to PCI will prove 
beneficial in this setting remains to be seen and is the subject of 
ongoing investigation.

CONCLUSION
With the development of stents and technical improvements in coro-
nary wires, guiding catheters, and balloons, the rates of abrupt closure 
and hemodynamic collapse during percutaneous interventions have 
decreased. The improved technology has also allowed for higher-risk 
procedures, which would have been referred for bypass surgery in the 
early days of coronary angioplasty. Moreover, recent clinical trials have 
suggested that PCI may be a reasonable option in some patients with 
LMCA or multivessel coronary disease, many of whom are very old or 
have concomitant ventricular dysfunction, and recent PCI guidelines 

TABLE 36-7 Comparison of Circulatory Support Modalities
Insertion 
Technique

Major 
Complications

Effect on 
Circulation

Length of 
Support Advantages Limitations Contraindications

IABP Percutaneous	
or	surgical

•	 Limb	
ischemia

•	 Stroke

Augments	CO	by	
up	to	0.5	L/min

Days	to	
weeks

•	 More	prolonged	
support	duration

•	 Indirectly	unloads	
the	LV

•	 Requires	stable	
rhythm

•	 Lowest	level	of	
hemodynamic	
support

•	 Moderate	to	
severe	AI

•	 Aortic	disease
•	 Uncontrolled	

sepsis
•	 Coagulopathy
•	 PAD

CPS Percutaneous	
or	surgical

•	 Bleeding,	
hemolysis

•	 Stroke
•	 Embolus

Provides	complete	
circulatory	
support

Up	to	6	
hours

•	 Independent	of	
rhythm

•	 Allows	controlled	
transfer	to	the	OR

•	 Full	support

•	 Limited	duration	of	
support

•	 Requires	perfusionist
•	 Does	not	unload	

the	LV

•	 Moderate	to	
severe	AI

•	 PAD
•	 Coagulopathy

LA-FA	
pVAD

Percutaneous	
or	surgical

•	 Pericardial	
tamponade

•	 Aortic	
puncture

•	 Limb	
ischemia

Augments	CO	by	
up	to	3.5	L/min

Up	to	14	
days

•	 Prolonged	
support	duration

•	 Partial	LV	support
•	 Indirectly	unloads	

the	LV

•	 Large	arterial	
cannulae

•	 Requires	transseptal	
puncture

•	 LV	unloading	may	
be	limited	in	marked	
LV	dysfunction

•	 PAD
•	 RV	failure
•	 LA	thrombus

LV-AO
pVAD

Percutaneous	
or	surgical

Limb	ischemia Augments	CO	by	
up	to	2.5	L/min	
(2.5	device),	3.5	
to	4.0	L/min	(CP	
device)	or	5.0	L/
min	(5.0	device)

Up	to	14	
days

•	 Prolonged	
support	duration

•	 Partial	LV	support
•	 Markedly	unloads	

the	LV
•	 Ease	of	use

Relatively	large	arterial	
cannula

•	 LV	thrombus
•	 VSD
•	 Aortic	stenosis
•	 RV	failure

AI,	Aortic	insufficiency;	CO,	cardiac	output;	CPS,	cardiopulmonary	support;	IABP,	intraaortic	balloon	pump;	LA,	left	atrium;	LA-FA,	left	atrium	to	femoral	artery;	LV,	left	ventricle;	LV-AO,	left	
ventricle–aorta;	OR,	operating	room;	PAD,	peripheral	arterial	disease;	pVAD,	percutaneous	ventricular	assist	device;	RV,	right	ventricle;	VSD,	ventricular	septal	defect.
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The rapid restoration of normal coronary blood flow via phar
macologic and/or mechanical recanalization of an occluded coro

nary artery limits the extent of myocardial necrosis and reduces 
mortality of patients who present with STEMI.1 Furthermore, primary 

percutaneous coronary intervention (PPCI) has demonstrated more 
frequent, complete, and durable coronary reperfusion in both random
ized controlled trials (RCTs) and observational studies and is the pre
ferred revascularization modality by current guidelines if PPCI can be 
provided in a prompt, expert manner.1,2 Indeed, current American 
College of Cardiology Foundation (ACCF)/American Heart Associa
tion (AHA) guidelines recommend EMS transport directly to a PCI
capable hospital for PPCI as the recommended strategy for STEMI 
patients, with an ideal first medical contact to PCI devicetime system 
goal of 90 minutes or less (class I, level of evidence B).1 However, par
ticularly in the United States, a concerted, integrated approach to 
STEMI therapy has been complicated by the diversity and extent of 
resources required for comprehensive treatment and by the various 
settings (urban, suburban, rural) in which care is delivered. Data from 
national registries have demonstrated a failure to achieve recom
mended system goals, particularly among STEMI patients who pre
sented to hospitals without PCI capability and required interhospital 
transfer for PPCI.3 The creation of specialized care centers for other 
medical emergencies, such as trauma and acute stroke, has been shown 
to improve clinical outcomes;4,5 therefore the concept of developing 
regional centers of excellence for STEMI care6 has become the focus 
of a collaborative initiative of the AHA and the ACCF as well as indi
vidual states.3

The term regional implies meaningful networking associations 
between all prehospital and hospitalbased constituents that enable 
rapid recognition and timely reperfusion of STEMI patients in an 
integrated fashion.3,7 These initiatives have been in part prompted by 
studies that demonstrate shortfalls in the achievement of quality
ensured, guidelinecompliant care in addition to disparities in treat
ment on the basis of age, sex, race, geographic location, or time of 
STEMI presentation.3 Systemrelated delays to STEMI reperfusion 
have been correlated with higher rates of morbidity and mortality. 
Through focus on system process components, multiple national initia
tives such as Get With The Guidelines, the Guidelines Applied to 
Practice (GAP) project, the National Registry of Myocardial Infarction 
(NRMI), the Can Rapid Risk Stratification of Unstable Angina Patients 
Suppress Adverse Outcomes With Early Implementation of the Ameri
can College of Cardiology/American Heart Association Guidelines? 
(CRUSADE) registry, and the D2B (doortoballoon) Alliance have 
demonstrated a positive impact as reflected by increased clinical prac
tice guideline (CPG) adherence for early (≤24 hr) and predischarge 
medical therapies and a reduction in D2B and doortoneedle (D2N) 
times, as well as doorin–doorout (DIDO) times, for patients who 
require interhospital transfer.8 Nevertheless, broader and more region
specific systembased initiatives such as Mission: Lifeline are required 
to reduce total ischemic time—that is, time from chest pain symptom 
onset to coronary recanalization—which is the principal determinant 
of outcome.7 Total ischemic time comprises the aggregate of time inter
vals from STEMI symptom onset and system activation (911 call) to 
EMS contact at the scene (first medical contact), transport times, and 
inhospital D2B times.9 Any delay in reperfusion (i.e., prolongation of 
total ischemic time) is associated with higher shortterm (inhospital, 
30day) and late (1year) mortality in a continuous, nonlinear fashion.10

12 Because only a minority of U.S. hospitals are capable of performing 
PCI, the provision of prompt, expert PCI as the preferred reperfusion 
modality for the majority of STEMI patients is a formidable challenge 
that will ultimately require regional integration of resources.3
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•	 Current	clinical	practice	guidelines	for	the	care	of	patients	who	
present	with	ST-segment	elevation	myocardial	infarction	(STEMI)	
provide	a	class	I	recommendation	that	“all	communities	should	
create	and	maintain	a	regional	system	of	STEMI	care	that	includes	
assessment	and	continuous	quality	improvement	of	EMS	
[emergency	medical	services]	and	hospital-based	activities”	(class	
I,	level	of	evidence	B).

•	 “Regional”	care	for	patients	with	acute	coronary	syndromes	implies	
“meaningful	networking	associations”	between	community	and	
rural	hospitals	that	do	not	provide	tertiary	cardiovascular	services	
and	a	tertiary	cardiovascular	service	provider.	The	definition	of	
networking	ranges	from	being	a	merged	affiliate	(same	hospital	
system)	to	sharing	common	patient	care	protocols,	as	well	as	
tracking,	reporting,	and	auditing	clinical	practice	guideline	
compliance,	core	measures,	and	clinical	outcomes.

•	 For	both	physician	operators	and	hospitals/facilities,	a	direct	
relationship	exists	between	annual	volume	of	cardiovascular	
procedures—coronary	bypass	surgery,	coronary	angioplasty,	and	
stenting—and	optimal	clinical	outcomes,	including	survival.	Those	
doctors	and	hospitals	performing	the	highest	annual	volumes	of	
procedures	have	the	best	outcomes.

•	 The	prehospital	phase	of	acute	STEMI	is	critically	important.	The	
performance	and	transmission	of	a	12-lead	electrocardiogram	by	
emergency	medical	services	(EMS)	providers	in	the	field	at	the	
point	of	first	medical	contact	has	been	demonstrated	to	
significantly	reduce	time	delays	to	initiation	of	STEMI	treatment	and	
to	reduce	mortality.	Strategies	are	currently	being	evaluated	to	
further	reduce	time	delay	to	treatment,	and	these	include	
prehospital	catheterization	laboratory	(cath	lab)	activation	by	EMS	
and	emergency	department	bypass	with	direct	transport	of	STEMI	
patients	to	the	cath	lab.

•	 A	system	for	STEMI	care	should	comprise	multiple	integral	
components	that	include	a	patient	care	focus,	enhanced	
operational	efficiency,	appropriate	system	incentives	(pay	for	
performance,	pay	for	value),	specific	outcome	and	process	
measures,	and	mechanisms	for	quality	review	with	continuous	
quality	improvement.

•	 Because	of	marked	regional	variation	in	EMS	and	hospital	
resources,	geography,	population	density,	and	transport	distances,	
no	single	“system	model”	for	STEMI	care	is	likely	to	be	either	
practical	or	achievable	in	the	United	States.	With	specific	goals	to	
(1)	accelerate	the	implementation	of	STEMI	care	systems	in	
selected	U.S.	metropolitan	areas,	(2)	facilitate	more	effective	
delivery	of	STEMI	care,	and	(3)	improve	clinical	outcomes,	the	
regional	systems	of	care	demonstration	project—Mission:	Lifeline	
STEMI	Accelerator—was	created	as	a	national	outcomes	research	
study.	Data	should	soon	be	available	in	regard	to	individual	
hospitals	and	regional	performance,	with	inclusion	of	prehospital,	
emergency	department,	cath	lab,	and	in-hospital	management	and	
clinical	outcomes.
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both the 2013 Clinical Competency Statement and the 2014 Expert 
Consensus Document allow for lower annual PCI volumes (≥50 total 
PCI and ≥11 PPCI/yr) for credentialing.25,26 Considering the declining 
number of PCI procedures performed annually in the United States, 
the reduction in disease prevalence for both coronary artery disease 
(CAD) and STEMI, and the need for medical cost reduction while 
maintaining or increasing quality, a more reasonable approach might 
be to promote regionalization, with fewer institutions providing PCI, 
and to encourage operators to maintain higher annual volume thresh
olds rather than to arbitrarily lower the previously established annual 
PCI volume threshold (≥75 PCI/yr). This is important because 26% of 
all centers that report to the ACC/NCDR performed fewer than 200 
PCIs per year, and 38% performed fewer than 36 PCIs per year.18,27 In 
addition, recent data suggest that the performance of inappropriate 

THE CASE FOR REGIONALIZED CARE
Based in part on experience with trauma and stroke care in the United 
States and on the experience of regionalized systems for acute coronary 
syndrome (ACS) care in several European countries, proponents of 
regionalized centers of excellence for the care of ACS in the United 
States assert that such a strategy will provide better care and will also 
improve access to specialist physicians with consequent better clinical 
outcomes. Several basic tenets form the foundation of this premise  
and include observations that (1) annual PCI procedural volumes are 
related to clinical outcomes, (2) medical resources are limited, and (3) 
regionalization facilitates CPG adherence, quality and outcomes moni
toring, and access to advanced technology and expertise.

A direct relationship has been demonstrated between both hospital 
facility and physician operator annual procedural volumes and optimal 
clinical outcomes following either elective or primary PCI and coro
nary artery bypass grafting (CABG).1320 Physicians and hospitals with 
the highest procedure volumes have lower riskadjusted inhospital 
mortality even in the current era of coronary stenting. Indeed, the rela
tive benefit of PPCI versus fibrinolysis for the treatment of STEMI may 
be lost when PPCI is performed in a lowvolume institution.13 Although 
no differences in outcomes were observed in the American College of 
Cardiology National Cardiovascular Data Registry (NCDR) among 
PPCI centers stratified on the basis of cardiac surgery capability (with 
vs. without),21 riskadjusted hospital mortality was increased (hazard 
ratio [HR] 1.20; 95% confidence interval [CI], 1.08 to 1.33; P = .001) 
among centers that perform in the lowest tertile of annual PPCI 
volumes (<36 procedures/yr) when compared with those in the highest 
tertile (>60 procedures/yr).18 Institutional annual PPCI volume signifi
cantly influences the process of care as reflected by compliance with 
guidelinerecommended D2B times under 90 minutes (Fig. 371). 
Similarly, data from the New York statewide database demonstrate that 
hospital annual PPCI volume influences inhospital mortality by about 
50% after the procedure (Fig. 372, A).17 In the Cardiovascular Patient 
Outcomes Research Team (CPORT) PPCI trial,22 a significant reduc
tion in riskadjusted mortality was observed among those hospitals 
without cardiac surgical capability who were in the highest tertile of 
annual PPCI procedural volume (mean 83 procedures/yr). A pooled 
analysis of multiple studies that included over one million PCI proce
dures confirmed the relationship between lower annual hospital PCI 
volumes (≤200 cases) with an increase in inhospital mortality and the 
requirement for emergency CABG following PCI.23 Notably, a meta
regression analysis24 demonstrated that this PCI volume–inhospital 
mortality effect size grows stronger as the proportion of PCIs per
formed using stents (vs. balloon angioplasty alone) increases. These 
specific data on annual institutional volume and outcome have been 
acknowledged by both the recent ACCF/AHA/SCAI (Society for Car
diovascular Angiography and Interventions) 2013 Update of the Clini
cal Competence Statement on Coronary Artery Interventional 
Procedures25 and the SCAI/ACC/AHA 2014 Expert Consensus Docu
ment regarding PCI without onsite surgical backup as follows26: “It is 
important to note that a signal exists suggesting that an institutional 
volume threshold [below] 200 PCI/year appears to be consistently 
associated with worse outcomes across various studies.” The Clinical 
Competence Statement then continues, “Accordingly, the writing com
mittee recommends that an institution without onsite surgery with a 
volume fewer than 200 PCI annually, unless in a region underserved 
because of geography, should strongly consider whether or not it 
should continue to offer this service.”25

A similar PCI volume–outcome (inhospital mortality) relationship 
has been demonstrated for physician operators by the New York state
wide database for PPCI17 (see Fig. 372, B) and by the ACC/NCDR for 
both elective and nonelective PCI.19 Inhospital mortality was increased 
for elective (no STEMI/shock) PCI (HR 1.27; 95% CI, 1.11 to 1.45; P 
< .001) and nonelective (STEMI/shock) PCI (HR 1.10; 95% CI, 1.00 to 
1.21; P = .06) among physician operators who performed fewer than 
75 PCIs per year (vs. ≥75 PCIs/yr).19 Despite these data in support of 
higher annual volume credentialing numbers for physician operators, 

FIGURE 37-1	 A,	 Primary	 percutaneous	 intervention	 (PPCI)	 annual	
volume	 was	 shown	 to	 be	 inversely	 related	 to	 in-hospital	 mortality	
among	 86,044	 ST-segment	 elevation	 myocardial	 infarction	 patients	
reported	by	738	participating	American	College	of	Cardiology	 (ACC)/
National	 Cardiovascular	 Data	 Registry	 (NCDR)	 hospitals	 from	 2006	
through	2009	following	multivariate	adjustment.	Hazard	for	in-hospital	
death	 was	 increased	 (1.20;	 95%	 confidence	 interval	 [CI],	 1.08	 to	
1.33;	 P	 =	 .001)	 in	 low-volume	 (≤36	 PPCI/yr)	 versus	 high-volume	
(>60	 PPCI/yr)	 centers.	 B,	 The	 portion	 of	 patients	 who	 achieved	
guideline-compliant	 door-to-balloon	 (D2B)	 times	 (<90	min)	 as	
reported	 to	 ACC/NCDR	 is	 directly	 proportional	 to	 institutional	 annual	
PPCI	 volume.	 D2B	 times	 were	 significantly	 shorter	 in	 high-volume	
hospitals	compared	with	low-volume	hospitals	(median	72	min,	inter-
quartile	 range	[IR]	53	 to	91	vs.	median	77	min,	 IR	57	 to	100;	P	<	
.0001).	 (From	 Kontos	 Wang	 Y,	 Chaudhry	 SI,	 et	al:	 Lower	 hospital	
volume	is	associated	with	higher	in-hospital	mortality	in	patients	under-
going	primary	percutaneous	coronary	intervention	for	ST-segment-ele-
vation	myocardial	infarction:	a	report	from	the	NCDR.	Circ	Cardiovasc	
Qual	Outcomes	6:659-667,	2013.)
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system performance metrics (D2B times).30 The best results were 
achieved by hospitals in the highest quartile of PPCI specialization, 
those with more than 88.5% of all STEMI cases treated with PPCI;  
this suggests that the axiom “practice makes perfect” is applicable to 
PPCI. Thus the commitment to PPCI on the part of both hospitals  
and physician operators must be unwavering and not a function of 
convenience.

ADHERENCE TO PRACTICE GUIDELINES
The process of care as measured by ACC/AHA guideline adherence 
has been linked to both inhospital and late (6 to 12month) survival 
following presentation of ACS.31,32 An analysis of hospital composite 
guideline adherence quartiles demonstrated an inverse relationship 
between the adherence to guidelinecompliant care and the risk
adjusted inhospital mortality rate.33 For every 10% increase in guide
line adherence, a 10% relative reduction in inhospital mortality was 
observed.33 This observation supports the central hypothesis of hospi
tal quality improvement, that better adherence with evidencebased 
care practices will result in better outcomes for patients.34

Both compliance with CPG and the ability to monitor or audit 
adherence to guidelines may be enhanced in highervolume regional 
programs.32 Adherence to guidelines was improved following establish
ment of an integrated regional program for ACS care and was highest 
among the cohort of patients who received PCI.35 Lowervolume small 
community hospitals may be less likely to allocate the capital resources 
and personnel required to adequately track, collate, and report clinical 
outcomes or process measures (i.e., guideline compliance). Certainly, 
from the perspectives of national and regional payers and the Centers 
for Medicare and Medicaid Services (CMS), monitoring and auditing 
data derived from multiple small hospitals versus those from fewer, 
larger, networked systems have different levels of complexity. Indeed, 
in a survey commissioned by the AHA, only slightly more than half of 
the hospitals queried were systematically tracking times to STEMI 
treatment (D2N or D2B times), infection rates, readmission or stroke 
rates (to 30 days post procedure), recurrent MI, or mortality following 
either PCI or coronary bypass surgery.3 This observation is made more 
meaningful by the fact that multiple national initiatives—such as Get 
With The Guidelines (GWTG), the Cardiac Hospitalization Athero
sclerosis Management Program (CHAMP), the GAP project, the 
NRMI, and the CRUSADE Acute Coronary Treatment and Interven
tion Outcomes Network (ACTION) registry—have recently placed 
emphasis on system quality through systematic measurement of both 
care processes and clinical outcomes.8 Despite such efforts, recent data 
from the NCDR Pinnacle Registry suggests that at least a third of 
patients with symptomatic CAD receive suboptimal secondary pre
scription for antiplatelet, betablocker, statin, and angiotensin con
verter enzyme inhibitor (ACEI)–angiotensin receptor blocker (ARB) 
therapies.36 Furthermore, those patients with either diabetes or MI 
within 12 months (highrisk cohorts) were least likely to have optimal 
secondary prevention therapies prescribed. Finally, even when pre
scriptions are written, the medication’s “optimal” dose regimen (con
sistent with evidencebased randomized trials) is infrequently 
prescribed.37 In followup of patients after MI, 30% to 40% had no 
prescriptions for betablockers, statins, or ACEIARB therapies, and 
fewer than 30% of patients were at a goal or “optimal” dose regimen 
for any therapy.37

The D2B Alliance was initiated in November of 2006 and has 
resulted in increased use of recommended strategies for process 
improvement and a greater number of patients being treated within 
guideline recommendations.38 Despite documented process improve
ment as reflected by progressive reduction in D2B times, mortality 
following PPCI appears to have plateaued, and focus has now turned 
toward total ischemic time as the principal determinant of outcomes.39 
Because the relationship between total ischemic time and the extent of 
myocardial necrosis is nonlinear, even optimally short D2B times may 
have little impact on the degree of myocardial salvage or survival in 
patients who present to the hospital late following infarct symptom 

PCI using current appropriate use criteria (AUC) may be increased in 
lowervolume centers.28 Finally, hospitals that choose to perform PCI 
must commit to providing this service nonstop (i.e., 24 hours a day, 7 
days a week, 365 days a year) in order to achieve optimal outcome and 
performance metrics. Indeed, among 39,911 reperfused patients 
treated at 444 PCIcapable, NRMIreporting hospitals, PPCI was less 
frequently utilized (vs. fibrinolysis) in patients who were nonwhite, 
over 85 years of age, or who presented with STEMI during off hours 
(evenings and weekends).29 In addition, the degree of hospital PPCI 
specialization—that is, that portion of total STEMI cases treated with 
PPCI versus fibrinolysis—appears to significantly impact both clinical 
outcomes (inhospital mortality) following PPCI as well as hospital 

FIGURE 37-2	 A,	 Annual	 institutional	 primary	 percutaneous	 coronary	
intervention	 (PPCI)	 volume	 is	 inversely	 proportional	 to	 risk-adjusted	
in-hospital	 mortality	 among	 7321	 patients	 reported	 to	 the	 New	 York	
statewide	database	(NYSD)	 from	2000	 through	2002.	Hospitals	 that	
reported	 performing	50	or	 fewer	 PPCIs	 per	 year	 had	 higher	mortality	
compared	with	those	that	reported	performing	more	than	50	PPCIs	per	
year—5.40%	versus	3.40%,	respectively	(odds	ratio	[OR]	0.58;	95%	
confidence	interval	[CI],	0.38	to	0.88).	B,	Annual	physician	operator	
PPCI	 volume	 was	 inversely	 proportional	 to	 risk-adjusted	 in-hospital	
mortality	in	the	NYSD.	Physicians	who	performed	more	than	10	PPCIs	
per	year	(vs.	≤10	PPCI/yr)	or	more	than	20	PPCIs	per	year	(vs.	≤20	
PPCI/yr)	had	 lower	 in-hospital	mortality	 (OR	0.66	[95%	CI,	0.48	 to	
0.92]	 and	 OR	 0.63	 [95%	 CI,	 0.44	 to	 0.91],	 respectively).	 (From	
Srinivas	VS,	Hailpern	SM,	Koss	E,	et	al:	Effect	of	physician	volume	on	
the	relationship	between	hospital	volume	and	mortality	during	primary	
angioplasty.	J	Am	Coll	Cardiol	53:574-579,	2009.)
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associated with a trend toward increased hospital mortality when com
pared with PPCI performed at the tertiary center.41 Although single
center studies have reported excellent outcomes in patients undergoing 
PPCI at hospitals without onsite cardiac surgery,42 the one random
ized trial that compared fibrinolysis to primary PCI at hospitals without 
surgery on site (CPORT PPCI) was flawed by an inadequate sample 
size, relatively high rates of stroke and recurrent MI observed in the 
fibrinolytic treatment arm, and a large portion of subjects (31%) 
enrolled at a single center.43 More recently, large registry data have 
suggested a similar risk for mortality following both PPCI and elective 
PCI performed at hospitals with, versus those without, cardiac surgical 
facilities.21

Elective PCI at hospitals without surgery on site (noSOS sites) has 
been evaluated in two largescale randomized trials.44,45 The Cardio
vascular Patient Outcomes Research Team Elective Angioplasty Study 
(CPORT E)44 screened 99,479 patients, consented 75,674 subjects for 
trial participation, and randomized 18,867 subjects on a 3 : 1 basis to 
have PCI either at a noSOS or an SOS facility, respectively. Approxi
mately 75% of consented subjects were excluded from randomization 
in large part because of clinical and/or angiographic risk. The hypoth
esis of CPORT E was that PCI performed at noSOS facilities would 
be noninferior with respect to the primary end points (death at 6 weeks 
and major adverse cardiovascular events [MACEs] to 9 months) when 
compared with PCI at SOS facilities, and it is curious in that PCI has 
never been demonstrated to reduce mortality in stable ischemic heart 
disease patients when compared with medical therapy alone. As such, 
the absence of a difference in mortality between randomly assigned 
treatment groups (both PCI) was predictable. Nevertheless, despite the 
inherent lowrisk characteristics of the randomized cohort, PCI failure 
was increased on both a perpatient (P = .007) and perlesion (P = .04) 
basis when performed at the noSOS facilities (Fig. 374, A). In addi
tion, a significant (P = .0098) increase in targetvessel revascularization 
(TVR, the need for additional procedures performed on the intervened
upon artery) and a trend (P = .0977) toward an increased frequency 
of MACEs was observed by intentiontotreat (ITT) analysis through 
9 months followup (see Fig. 374, B). Furthermore, a perprotocol 
analysis of subjects who actually received the randomly assigned treat
ment demonstrated highly statistically significant increases in both 
TVR and MACE rates among those subjects who had PCI at noSOS 
facilities.

Of interest, although the CPORT E noSOS sites more frequently 
used baremetal, rather than drugeluting, stents when compared with 
SOS sites, a similar (~33%) increase in TVR was observed for both 
stent types when the index PCI was performed at a noSOS center. 
Finally, PCI was more costly when performed at noSOS centers, 
driven largely by the relative cost increment observed in lower volume 
(<200 PCI/yr) participation.

The PCI Outcomes in Community Versus Tertiary Settings (MASS
COMM) trial45 randomly assigned 3691 patients on a 3 : 1 basis to PCI 
at noSOS (n = 2774) or SOS centers (n = 917), respectively. Clinical 
followup to 1 year was complete in only 87.9% and 85.8% of subjects 
treated at noSOS and SOS sites, respectively. No differences in MACE 
or the requirement for repeat revascularization was observed by type 
of PCI site at either 30 days or 12 months. Wide variability was appar
ent in outcomes among participating hospitals as reflected by absolute 
differences between sites of 14% and 17% in MACE rates at 30 days 
and 12 months, respectively. This interhospital variation in treatment 
effect was most marked among noSOS centers and raises concern with 
regard to the credibility of pooling such widely discrepant outcomes 
data. In addition, although an annual operator PCI volume require
ment of 75 or more procedures per year is stated in the MASSCOMM 
study methods section,45 minimum annual operator volumes of fewer 
than 30 PCIs per year were recorded during 4 of the 6 years of the 
study. Finally, the PCI success rates achieved in MASSCOMM are 
concerning on both a perpatient and a perlesion basis. In an adjudi
cated angiographic review cohort, the perpatient PCI success rates 
were 81.3% and 74.7% in nonSOS and SOS centers, respectively, 
whereas the perlesion PCI success rates were 95.6% and 97%, 

onset (Fig. 373).11,12,39 Furthermore, because of a lack of integrated 
systems for STEMI care, patients who require transfer from non–PCI
capable facilities for PPCI continue to experience long doortodoor
toballoon (D2D2B) times, as well as total ischemic times, with 
consequent poor clinical outcomes.

PERCUTANEOUS CORONARY INTERVENTION 
CENTERS WITHOUT ON-SITE CARDIAC SURGERY

The current trend toward proliferation of “PCI centers” that lack 
onsite cardiac surgical facilities for the performance of PPCI in  
STEMI may be associated with suboptimal clinical outcomes. In an 
analysis of 625,854 Medicare patients undergoing PCI, inhospital  
and 30day mortality was increased in those centers without onsite 
cardiac surgery40 with the greatest hazard observed in hospitals that 
performed a low number of PCI procedures (≤50) in Medicare patients. 
Even in the context of a completely integrated community hospital–
tertiary hospital system, the performance of PPCI without onsite 
cardiac surgery (even following exclusion of the sickest patients) was 

FIGURE 37-3	 A,	 Relationship	 between	 chest	 pain	 symptom	 onset	 to	
balloon	inflation	(time	to	perfusion/total	ischemic	time)	and	infarct	size	
as	 determined	 by	 gadolinium-enhanced	 cardiovascular	 magnetic		
resonance	imaging.	B,	Relationship	between	a	1-hour	door-to-balloon	
(D2B)	time	percutaneous	coronary	intervention	(PCI)	delay	and	infarct	
size	as	a	function	of	 total	 ischemic	time.	 Infarct	size	may	be	variably	
influenced	by	a	similar	D2B	time	(1	hr)	depending	on	the	length	of	the	
time	delay	 to	PCI-hospital	presentation	(A	vs.	B).	 (A,	From	Francone	
M,	 Bucciarelli-Ducci	 C,	 Carbone	 I,	 et	al:	 Impact	 of	 primary	 coronary	
angioplasty	delay	on	myocardial	salvage,	 infarct	size,	and	microvas-
cular	damage	in	patients	with	ST-segment	elevation	myocardial	infarc-
tion:	insight	from	cardiovascular	magnetic	resonance.	J	Am	Coll	Cardiol	
54:2145-2153,	2009;	B,	 From	Garcia-Dorado	D,	Garcia	del	Blanco	
B:	Door-to-balloon	time	and	mortality,	N	Engl	J	Med	370:179,	2014.)
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to PCI of 60 minutes or less is used to define access.47 This systematic 
reduplication of PCI services at an estimated cost of several billion 
dollars appears to be driven by market share competition and not the 
desire to strategically improve access to PPCI.48 Indeed, it has been 
estimated that about 80% of new PCI programs have opened within a 
12mile radius of an existing SOS PCI center.48 With these concerns in 
mind, the writing group of the 2014 SCAI/ACCF/AHA Expert Con
sensus Document Update on PCI without onsite surgical backup states 
“the development of PCI facilities within a 30minute emergency trans
fer time to an established facility is strongly discouraged.”26

Based on these and other data, the current ACCF/AHA guidelines 
for the performance of PCI designate a class IIb (procedure/treatment 
may be considered, usefulness/efficacy is less well established) level of 
evidence B indication for elective PCI and a class IIa (it is reasonable 
to perform the procedure) level of evidence B for primary PCI in 
noSOS hospitals; they also note the need for appropriate planning for 
program development to be accomplished at all noSOS facilities and 
the importance of using rigorous clinical/angiographic criteria for 
proper patient selection for elective PCI.1,2

respectively.45 The MASSCOMM authors did not report a cost eco
nomic analysis for this trial as was performed in CPORT E.

The impact of CPORT E and MASSCOMM has been the prolifera
tion of lowvolume PCI programs, particularly those with no SOS. 
Indeed, 49% of centers that currently report to the ACC/NCDR perform 
400 or fewer PCIs per year, and 25% perform 200 or fewer PCIs per 
year. Of note, about 90% of noSOS centers perform 400 or fewer PCIs 
per year, and 83% of the centers that perform 200 or fewer PCIs per 
year are noSOS centers.27 Furthermore, the impact of noSOS centers 
in geographic proximity to SOS centers on SOScenter PCI volume has 
been a point of concern. Indeed, during the 6year duration of the 
MASSCOMM study, a 40% reduction in SOScenter operator annual 
PCI volume was observed (vs. a 9% reduction in participating no 
SOS centers).45 Clearly, the growth in the number of PCI centers has 
exceeded by almost threefold the growth in the U.S. population and has 
occurred despite a concomitant significant decline in disease (CAD, 
MI) prevalence.46 In fact, despite a 44% increase in PCI capacity (521 
new PCI programs) in the United States between 2000 and 2006, only 
a 1% increase in PCI access was achieved when a ground transport time 

FIGURE 37-4	 Analysis	 in	 the	 C-PORT	 E	 trial.	 A,	 Per-patient	 and	 per-lesion	 percutaneous	 coronary	 intervention	 (PCI)	 failure	 rates	 by	 randomly	
assigned	site	for	PCI.	B,	Outcomes	by	PCI	site,	intention	to	treat	(ITT),	and	actual	treatment	received	(per	protocol).	MACE,	Major	adverse	cardio-
vascular	event;	SOS,	surgery	on	site;	TVR,	target-vessel	revascularization.	*Chi-squared	analysis.	(Adapted	from	Aversano	T,	Lemmon	CC,	Liu	L,	
et	al:	Outcomes	of	PCI	at	hospitals	with	or	without	on-site	cardiac	surgery.	N	Engl	J	Med	366:1792-1802,	2012.)
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outcomes related to patient transport have been observed in these 
analyses.

Despite significant improvement in D2B treatment times for 
patients who present to PCIcapable facilities, STEMI patients who 
present first to a nonPCI facility and are subsequently transported to 
a PCI facility often incur prolonged time delays to definitive treat
ment.60,61 Indeed, initial presentation to a nonPCI center has been 
identified as a major determinant of prolonged time delay to PCI treat
ment due to the lack of a welldefined integrated system with protocol
driven algorithms for care and dedicated transport facilities.62 Data 
from NMRI demonstrated that D2D2B times for patients who required 
transport for PCI were a median of 180 minutes, and only 15% received 
PCI within 120 minutes from initial hospital presentation.60 Not sur
prisingly, although both the diagnosis of STEMI63 and inhospital mor
tality rates associated with STEMI have declined over the past 8 to 15 
years,64 mortality rates remain consistently higher for those STEMI 
patients who require transfer for PCI, compared with those who do 
not, and likely reflect the incremental, protracted delay to treatment.61 
This outcome and performance gap exists despite the availability of 
technology that allows EMS personnel to transmit a prehospital 12lead 
electrocardiogram (ECG) and makes the diagnosis of STEMI evident 
at the point of first medical contact. The integration of EMS and incor
poration of the prehospital phase for ACS evaluation and diagnosis are 
integral components of any regionalized system for STEMI care. 
Earlier STEMI diagnosis via a transmitted prehospital 12lead ECG 
facilitates inhospital STEMI treatment.6567 Hospitals that demonstrate 
the shortest D2B times incorporate prehospital STEMI diagnosis 
(transmitted ECG) with a multidisciplinary team approach in which 
either the emergency physician or specially trained EMS providers 
activate the cardiac cath lab prior to cardiology consultation.68 Indeed, 
the facilitation of inhospital PCI treatment for STEMI patients with a 
transmitted prehospital ECG has resulted in significant reductions in 
D2B times and has also shown improvement in inhospital and 30day 
survival.6972 The consistent, significant relationships that have been 
demonstrated between earlier STEMI diagnosis, more rapid treatment, 
and improved outcomes has prompted a consensus recommendation 
for the implementation of prehospital 12lead ECG systems by all EMS 
providers.73 Multiple reports from established STEMI systems of care 
that use EMS integration with prehospital 12lead ECG diagnosis of 
STEMI and prehospital ambulance triage to the nearest PCIcapable 
facility (bypassing non–PCIcapable facilities) have demonstrated 
reduced time delays to treatment, reduced infarct size, and improved 
survival among triaged patients compared with those who require 
subsequent interhospital transfer for PCI.7478 Indeed, prehospital ECG 
capability, specialized EMS training, and integration have spawned a 
new paradigm for prehospital diagnosis and triage of STEMI patients 
(Fig. 375).79

Nevertheless, the rapid transport of patients with STEMI to the 
nearest PCIcapable facility for care may be limited by several factors. 
First, only a minority (≤5%) of EMStransported patients with chest 
pain actually have STEMI.80 Second, only a minority (<50%) of EMS 
systems have 12lead ECG capabilities.80 Third, a precedent mandate 
exists for transport of patients with suspected STEMI to the nearest 
facility, even when fibrinolysis may be contraindicated and that facility 
does not provide primary PCI. Fourth, evolution toward a more inte
grated process of prehospital care is complicated by the fact that 329 
different EMS regions exist in the United States with more than 993 
hospitalbased EMS systems.3,80 Remarkably, hospitalbased EMS 
systems represent only 6.5% of all EMS providers with the remainder 
comprised of private, thirdparty systems (48.6%) and fire station–
based systems (44.9%).3 Although the transport time to a specialized 
PCI center may appear long, it can be more than counterbalanced by 
an integrated EMS system that incorporates prenotification. A doubling 
of the recommended transport time has been proposed for suspected 
STEMI patients who are transported to a “center of excellence,” where 
the target D2B time is 60 minutes or less.26,51 Such efficiency of process 
can be achieved only through an integrated system for STEMI care that 
incorporates the prehospital ECG for earlier diagnosis; expedited 

LIMITED MEDICAL RESOURCES
The current trend for proliferation of small “heart centers” under the 
premise of patient convenience is counter to the wellestablished link 
between higher procedural volumes and better clinical outcomes, and 
it taxes critically limited resource pools, including those of specialized 
nurses and subspecialtytrained physician providers.49 Patients with 
more complex cardiovascular illness (congestive heart failure, acute 
MI) fare better with subspecialty (cardiologist) compared with general
ist care.6,8,50

One strategy for dealing with the mismatch between the consensus 
evidence in favor of an interventional (catheterbased) approach to the 
treatment of ACS and the ability to deliver such care is to construct 
regionalized systems for ACS care6,8,51 and to have medical centers 
extend care coordination beyond the traditional boundaries of a hos
pital. A system is defined as an integrated group of entities within a 
region that coordinate the provision of diagnostic and treatment ser
vices. A STEMI care system includes EMS providers, referral (non–
PCIcapable) hospitals, PCIcapable hospitals, and others.3,7 Participants 
share protocols and have predefined action plans based on regional 
consensus of how best to provide optimal patient care that complies 
with contemporary professional society guidelines.

The proliferation of small “heart” programs focused on PCI with 
duplication of services further taxes limited resource pools and appears 
unnecessary in the context that the majority (>80%) of the adult U.S. 
population lives within a 60minute ground transport commute to an 
existing PCI center.47 In fact, the proliferation/expansion of PCI
capable hospitals in the United States has been largely confined to 
urban and suburban regions and has had very limited impact on an 
increase in access to PCI for STEMI patients.52 Indeed, it appears that 
most metropolitan regions in the United States would be better served 
from a costeffectiveness perspective to adopt the strategy of EMS 
integration with existing PCIcapable facilities rather than to build 
additional PCI centers in geographic proximity.53

BENEFIT OF CATHETER-BASED THERAPY FOR ACUTE 
CORONARY SYNDROMES

ST-Elevation Myocardial Infarction
The relative advantage of PCI versus fibrinolytic therapy depends on 
several factors. First, because primary PCI entails an obligate time 
delay for implementation compared with fibrinolysis, the relative 
advantage of PCI depends on the relative time delay to definitive treat
ment (balloon inflation). Pooled analyses of multiple RCTs suggest that 
the survival advantage in favor of PCI is inversely proportional to the 
relative time delay for PCI implementation and may be lost if the PCI
related time delay (D2B time minus DTN time) exceeds 60 to 110 
minutes.5456 Differences between these analyses may be explained by 
differences in patient risk profiles. Indeed, a survival advantage in favor 
of PCI is evident only when the risk of death to 30 days following 
fibrinolytic therapy exceeds about 4%.57 Longer relative time delays 
may still be associated with a PCI survival advantage in those patients 
at highest risk for death following fibrinolysis.58 The PCIrelated time 
delay associated with mortality equipoise compared with fibrinolysis 
is influenced significantly by patientrelated variables that include age 
and infarct location regardless of patientrelated time delays (less than 
vs. more than 120 min) to presentation.55 Thus accurate risk assess
ment should be part of any STEMI treatment triage algorithm.

As noted previously, the relative survival advantage of PCI versus 
fibrinolysis is also dependent on the case volume experience of both 
the interventional cardiologist and the facility. In general, optimal out
comes have been correlated with higher procedural volumes on the 
part of both the facility and operator. Transport of the STEMI patient 
to a center capable of performing PCI yields superior clinical outcomes 
compared with onsite (community hospital) fibrinolytic therapy when 
the D2D2B time is less than 120 minutes.59 Notably, no adverse 
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revascularization if feasible) versus conservative (medical therapy with 
angiography for spontaneous or provoked ischemia) strategy in the 
treatment of non–STsegment elevation acute coronary syndrome 
(NSTEACS). Furthermore, the ACC/AHA CPG clearly recommends 
risk assessment before triage for invasive treatment.1 The relative 
benefit of invasive versus conservative treatment is directly propor
tional to patient risk profile as reflected by the Thrombolysis in Myo
cardial Infarction (TIMI) study, the Platelet Glycoprotein IIb/IIIa  

triage; and readily available, rehearsed transport systems. A “network” 
approach with earlier activation of transport systems between the refer
ral and PCI centers has achieved sustainable first D2B times of 90 
minutes or less for STEMI patients who required interhospital transfer 
for PCI.81,82 Finally, a more uniform evolution toward integration in the 
process of STEMI care has been impeded by diverging incentives, the 
lack of coordinated objectives, and ostensibly competing strategies. For 
example, in many regions, particularly those without stateregulated 
certificate of need requirements, a proliferation of new cath labs for the 
provision of primary PCI in noSOS centers has occurred.46,48 Con
versely, other regions—including Minneapolis, Los Angeles, Boston, 
and the state of North Carolina—have developed integrated EMS 
systems with a focus on prehospital diagnosis and triage to an estab
lished center of excellence proficient in both primary and elective PCI. 
These competing strategies—one focused on building more small PCI 
centers, the other on more efficient and effective utilization of existing 
PCI centers through prehospitalEMS integration—have drawn support 
from the divergent financial incentives present among various stake
holders in the process of care. Only recently have sophisticated model
ing techniques been utilized to compare the relative efficacy and/or cost 
of these “build more” versus “use more effectively” strategies for PCI 
facilities as they specifically pertain to the care of STEMI patients.53 Of 
note, the strategy focused on EMS integration, prehospital diagnosis, 
and triage with more effective utilization of existing PCI facilities was 
found to be more effective and less costly than the strategy of creating 
new PCI facilities (Fig. 376).53 The coordination of strategies and the 
integration of essential prehospital and hospital resources for ACS care 
on the state level has been the focus of the national Mission: Lifeline 
initiative of the AHA in conjunction with the ACC.

Non–ST-Segment Elevation Acute Coronary Syndromes
In the context of therapeutic innovation in catheterbased technology 
and adjunctive pharmacotherapy, the cumulative weight of data from 
RCTs supports the use of an early invasive (angiography followed by 

FIGURE 37-5	 Evolving	paradigms	in	prehospital	diagnosis,	triage,	and	treatment	of	ST-elevation	myocardial	infarction	(STEMI).	Prehospital	diag-
nosis	(with	or	without	field	treatment)	and	triage	to	a	primary	percutaneous	coronary	intervention	(PPCI)	center	(“the	new”)	has	reduced	total	time	
delays	 to	STEMI	 treatment.	ED,	Emergency	department.	(From	Dalby	M,	Whitbread	M:	The	role	of	 the	emergency	services	 in	 the	optimization	of	
primary	angioplasty:	experience	from	London	and	the	Heart	Attack	Team.	EuroIntervention	9:517-523,	2013.)

The Old

The New

ED diagnosis

Catheter lab treatment

“Scoop and run” to nearest emergency department

Field diagnosis +/– Field treatment Transfer to PPCI center

FIGURE 37-6	 Comparative	effectiveness	of	ST-segment	elevation	myo-
cardial	infarction	regionalization	strategies.	Hospital-based	(expansion	
of	 percutaneous	coronary	 intervention	 [PCI]-capable	 facilities)	 versus	
emergency	 medical	 services	 (EMS)-based	 (regionalization	 with	 EMS	
integration	for	existing	PCI	facilities)	demonstrates	that	the	EMS-based	
strategy	 is	 less	 costly	 and	 more	 effective.	 QALYs,	 Quality	 adjust	 life-
years.	(From	Concannon	TW,	Kent	DM,	Normand	SL,	et	al:	Comparative	
effectiveness	of	ST-segment-elevation	myocardial	infarction	regionaliza-
tion	strategies.	Circ	Cardiovasc	Qual	Outcomes	3:506-513,	2010).
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areas such as Minneapolis, Minnesota and Charlotte, North Caro
lina.81,97,98 Through partnership with community hospitals in standard
ized protocoldriven algorithms for care and designated transport 
systems—along with enhanced multidisciplinary communication 
among EMS personnel, emergency department physicians, and inter
ventional cardiologists—the Minneapolis Heart Institute at Abbott 
Northwestern Hospital and the Sanger Heart and Vascular Institute at 
Carolinas Medical Center have both demonstrated the ability to 
promptly access and treat STEMI patients who originate from up to 
200 miles from the PCI center.81,98 By focusing on collaboration and 
integration of resources, community hospitals initiate adjunctive phar
macotherapies in patients who present with STEMI and emergently 
transport them to the interventional team waiting at the central PCI 
center. These data demonstrate that regional systems in the United 
States can achieve results at least similar to those of smaller European 
centers with organized transfer systems. Indeed, D2D2B times for 
transferin patients with STEMI were 90 minutes or less in 56% and 
120 minutes or less in greater than 90% of patients, respectively, using 
an integrated regional system approach. Similar results have been 
duplicated in other regional STEMI systems.71,99102

A statewide approach is also being used in North Carolina, known 
as Reperfusion of Acute Myocardial Infarction in North Carolina Emer-
gency Departments (RACE).103,104 This initiative uses standardized pro
tocols and integrated systems for the treatment and timely transfer of 
patients with STEMI in five regions in North Carolina. The RACE 
program demonstrated a significant improvement in time to treatment 
at both PCI and nonPCI hospitals and resulted in increased timely 
access to PCI on a statewide level.103,104 The success of these regional 
programs resulted in a new class I recommendation in the most recent 
ACC/AHA STEMI guidelines that “each community should develop a 
STEMI system of care.”1,105 Additional class I system and performance 
goals are listed in Table 371.

The limitations of the prior nonintegrated, nonregionalized process 
for STEMI care in the United States was reflected by the absence of 
improvement in prolonged times to treatment despite widespread dis
semination of benchmark goals for therapy (doorto–fibrinolytic infu
sion times of 30 min or less or a D2B time of 90 min or less) in the 
form of CPGs.106 With marked regional variation in both EMS and 
hospital resources along with geography, population density, and trans
port facility distances, no single “system model” for STEMI care is 
likely to be either practical or achievable in the United States.107,108 In 
addition to larger regional and statewide initiatives for STEMI care 
process integration, a number of smaller local and community STEMI 
systems have been developed. In a survey of 381 separate systems 
across 47 states, 202 involved a single PCI hospital, 150 included two 
to five PCI hospitals, and 29 included more than five PCIcapable 
hospitals.107 Marked intersystem variability in the processes of STEMI 
care was observed. With specific goals to accelerate the implementa
tion of STEMI care systems in selected U.S. metropolitan areas, to 
facilitate more effective delivery of STEMI care, and to improve clinical 
outcomes following STEMI, the regional systems of care demonstra
tion project Mission: Lifeline STEMI Accelerator was created as a 
national outcomes research study initiated by the Duke Clinical 
Research Institute (DCRI) in collaboration with the AHA.7 Participat
ing regions were selected through a competitive application process. A 
total of 17 regions were selected to participate, and variability was wide 
in the number of PCI hospitals (3 to 33), nonPCI hospitals (3 to 30), 
and EMS agencies (1 to 500) in each region. Regional meetings of 
stakeholders were held that included cardiologists and emergency 
medicine physicians from both PCIcapable and nonPCI hospitals, 
EMS directors, senior hospital administrators, and regional AHA and 
Department of Health representatives. Regionspecific data were 
examined, and specific STEMI case examples focused on prehospital 
ECG early STEMI identification and transmission and overread; 
“single call” cath lab activation and interhospital transfer protocols and 
resources were reviewed. All participating centers entered patientlevel 
data in the ACTION–GWTG registry. ACTION–GWTG is a compre
hensive acute MI database jointly owned and managed by the ACC 

in Unstable Angina: Receptor Suppression Using Integrilin Therapy 
(PURSUIT) trial, and the Global Registry of Acute Coronary Events 
(GRACE) riskstratification schemes.83

In addition, the magnitude of benefit attributable to the invasive 
treatment strategy appears to be inversely correlated with the duration 
of time delay from presentation to revascularization8486 and directly 
correlated with both the relative extent of revascularization in the 
active treatment versus the control/conservative groups and the dura
tion of clinical followup.8789 Recent data suggest that earlier revascu
larization (≤24 hr after presentation) provides greater benefit as 
reflected by a reduction in the occurrence of cardiovascular death, MI, 
or stroke than later (≥36 hr) revascularization, particularly in those 
NSTEACS patients at highest risk.85

Similarly, pooled patientlevel data from the Fast Revascularization 
During Instability in Coronary Disease (FRISC II), Invasive Versus 
Conservative Treatment in Unstable Coronary Syndromes (ICTUS), 
and Randomized Intervention Treatment of Angina 3 (RITA3) ran
domized trials show durable longterm (5year) relative clinical benefit 
for the invasive treatment strategy.89 The major source of controversy 
no longer surrounds the choice of treatment strategy (invasive vs. 
conservative) but rather the fact that although the benefit of an early 
invasive strategy is proportional to patient risk, the propensity to 
receive such treatment is greatest in patients at lower risk.9093 This 
treatmentrisk paradox may be due to physician misconceptions 
regarding benefitharm tradeoffs, concerns about treatment complica
tions, or public reporting and has been observed in relationship to the 
performance of angiography and/or PCI and in the use of platelet 
inhibitor therapies.94

Finally, the transport of patients from a nonPCI facility to one 
capable of performing PCI for NSTEACS was also inversely propor
tional to patient risk strata.95 The importance of the treatmentrisk 
paradox is further magnified by the observation that compliance with 
the current ACC/AHA CPG recommendations, including early angi
ography, is inversely correlated with inhospital mortality for ACS.33 
Furthermore, evidencebased therapies—which includes antiplatelet 
agents, betablockers, lipidlowering agents, and ACEIs—initiated 
before hospital discharge are associated with an incremental survival 
advantage in followup. The fact that performance measures such as 
CPG compliance relate process of care to mortality presents an oppor
tunity to define strategies that enhance current CPG compliance and 
utilization.

REGIONAL CENTERS OF CARE FOR ST-ELEVATION 
MYOCARDIAL INFARCTION PATIENTS

The technology currently available to many EMS providers allows 
transmission of a prehospital 12lead ECG to make the diagnosis of 
STEMI evident at first medical contact. The integration of EMS and 
incorporation of the prehospital phase for ACS evaluation and diag
nosis are integral components of a regionalized system for STEMI care. 
In addition, STEMI is the logical initial objective for a regionalized 
ACS treatment strategy in that five of Medicare’s ten quality indicators 
focus on STEMI care.3 Thus several system process/quality measures 
are already in place to provide a performance incentive to define 
regional networks for STEMI care. The development of regional net
works for STEMI care should facilitate CPG adherence as well as the 
ability to monitor, audit, and adjudicate data. Indeed, important fea
tures of a regional care system include common data collection, data 
sharing, ongoing feedback, and quality improvement.7 Greater adher
ence to CPGs has been observed in hospitals with higher STEMI 
volumes, those with cardiovascular surgical facilities onsite,96 and fol
lowing the implementation of national processofcare and quality 
initiatives (D2B Alliance).38

Model Systems of Care
A regionalized approach to the provision of primary PCI therapy for 
STEMI has been successfully implemented in major U.S. metropolitan 
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The realization that all hospitals are not equal in regard to the care 
of STEMI110 and the demonstration of improved patient outcomes in 
specialized centers for care of both trauma and stroke have shattered 
the antiquated concept that patients with suspected MI should be 
transported to the nearest hospital.

In addition to concentrating highvolume expertise and technol
ogy, regionalized “centers of excellence” are also integrated with EMS 
so that the diagnosis of MI can be made more rapidly and the system 
for providing PCI is more responsive. The prehospital care for ACS, 
especially STEMI, is critically important. Recent multicenter data indi
cate that utilizing prehospital ECG in STEMI receiving centers results 
in 86% of patients being treated with D2B times under 90 minutes in 
diverse regions across the United States.111

Future Care of ST-Elevation Myocardial Infarction Patients
At present, the lack of a coordinated system of care denies many 
patients the benefit of timely PPCI. A coordinated system for the provi
sion of PCI could prevent an estimated six to eight major adverse 
cardiovascular and cerebrovascular events (MACCEs) per 100 STEMI 
patients treated and might thus affect 35,000 patients yearly.3,80 
However, the current scheme for cardiovascular reimbursement could 
penalize community hospitals without cardiac cath labs when patients 
are transferred or admitted directly to a regional center.3 An adjust
ment to the reimbursement strategy, possibly to include regional net
works of partnering community and tertiary care centers, must be 
addressed. Non–PCIcapable hospitals could be incentivized to risk 
stratify and transfer STEMI patients based on risk as well as transport 
time and distance. Such contractually defined networks could provide 
similar qualityensured and monitored, protocoldriven algorithms for 
care with predefined systems for prompt patient transport. Confound
ing issues such as case mix index could be defined by the system rather 
than by the individual hospital.

Credentialing and criteria for development of a center of excellence 
for STEMI care should include the established ability to provide pre
hospital diagnosis of STEMI with a transmitted 12lead ECG via inte
gration with local and regional EMS providers.3,80 To be successful, a 
system for care of STEMI patients should comprise multiple integral 
components that include a patient care focus, enhanced operational 
efficiency, appropriate system incentives (pay for performance, pay for 
value), specific outcome and process measures, and mechanisms for 
quality review with continuous quality improvement. Professional 
societies and organizations are in the process of developing the creden
tialing criteria for these centers. State and/or local government agen
cies could be charged with the oversight of legitimacy for regional 
STEMI networks, and CPG adherence and monitoring could be per
formed by established systems rather than by individual hospitals and 
centers. Treatment, outcome, and performance data acquisition and 
analysis will be standardized with appropriate and timely feedback to 
participating systems and centers. Individual states have been charged 
with development of regional coordinators to provide oversight, moni
toring, and support for participating systems and centers. We support 
the development and credentialing for the designation in a manner 
similar to established stroke and trauma center designations. Suggested 
criteria are listed in Table 372.

The process for development of systems of care for STEMI patients 
has already been initiated by the AHA and is the subject of ongoing 
stakeholder meetings. The AHA has issued a call to action to improve 
the implementation and timeliness of infarct reperfusion with PPCI that 
carefully considers the ideal system from the perspective of each con
stituent, which includes the patient, physician, EMS provider, nonPCI 
capable hospital, PCIcapable center, and payer. Given the importance 
of time to treatment for STEMI patients, the ideal system of care will 
likely be different for various geographic locales (urban/suburban vs. 
rural) and will consider the risk of MI in the individual patient. Recom
mendations should be forthcoming for additional research and requisite 
changes in policy to support the construct and implementation of 
systems that will improve quality care and outcomes for STEMI patients.

and AHA that permits assessment of both individual hospital and 
regional performance with inclusion of prehospital, emergency depart
ment, cath lab, and inhospital management and outcome data.109 Mul
tiple system performance and outcome measures are analyzed by 
region and among regions with a focus on first medical contact to 
device activation (reperfusion) times in addition to inhospital mortal
ity, bleeding, stroke, congestive heart failure, and cardiogenic shock. 
The central goal of the Mission Lifeline Accelerator project is to facili
tate and expedite implementation of STEMI care systems in 17 selected 
metropolitan regions with the aim to improve utilization and timeli
ness of reperfusion therapy to improve clinical outcomes in STEMI. 
Data from this important project was anticipated before the end  
of 2014.7

Care Following ST-Elevation Myocardial Infarction
An additional important objective of regional systems for STEMI care 
should be to ensure that CPGcompliant care is uniformly adminis
tered and that cardiac rehabilitation and healthy lifestylemodification 
programs are readily available to STEMI patients following hospital 
discharge. The most recent ACCF/AHA STEMI guidelines give a class 
I recommendation for (1) the development of posthospital systems of 
care designed to prevent hospital readmission (level of evidence [LOE] 
B); (2) exercisebased cardiac rehabilitation and secondary prevention 
programs (LOE B); (3) a clear, detailed, and evidencebased plan of 
care to promote medication adherence, timely followup, and appro
priate dietary and physical activities (LOE C); and (4) encouragement 
and advice to stop smoking and to avoid secondhand smoke (LOE A).1 
STEMI care systems coordinate the effective transition of patients 
during and after hospital discharge.

TABLE 37-1 Regional Systems of ST-Elevation Myocardial 
Infarction Care, Reperfusion Therapy, and Time-to-
Treatment Goals: Class I Recommendations

1.	 All	communities	should	create	and	maintain	a	regional	system	of	
STEMI	care	that	includes	assessment	and	continuous	quality	
improvement	of	EMS	and	hospital-based	activities.	Performance	can	
be	facilitated	by	participating	in	programs	such	as	Mission:	Lifeline	
and	the	D2B	Alliance.	(Level	of	evidence:	B)

2.	 Performance	of	a	12-lead	ECG	by	EMS	personnel	at	FMC	is	
recommended	in	patients	with	symptoms	consistent	with	STEMI.	(Level	
of	evidence:	B)

3.	 Reperfusion	therapy	should	be	administered	to	all	eligible	patients	with	
STEMI	with	symptom	onset	within	the	previous	12	hours.	(Level	of	
evidence:	A)

4.	 Primary	PCI	is	the	recommended	method	of	reperfusion	when	it	can	be	
performed	in	a	timely	fashion	by	experienced	operators.	(Level	of	
evidence:	A)

5.	 EMS	transport	directly	to	a	PCI-capable	hospital	for	primary	PCI	is	the	
recommended	triage	strategy	for	patients	with	STEMI,	with	an	ideal	
FMC-to-device	time	system	goal	of	90	minutes	or	less.	(Level	of	
evidence:	B)

6.	 Immediate	transfer	to	a	PCI-capable	hospital	for	primary	PCI	is	the	
recommended	triage	strategy	for	patients	with	STEMI	who	initially	arrive	
at	or	are	transported	to	a	non–PCI-capable	hospital,	with	an	FMC-to-
device	time	system	goal	of	120	minutes	or	less.	(Level	of	evidence:	B)

7.	 In	the	absence	of	contraindications,	fibrinolytic	therapy	should	be	
administered	to	patients	with	STEMI	at	non–PCI-capable	hospitals	when	
the	anticipated	FMC-to-device	time	at	a	PCI-capable	hospital	exceeds	
120	minutes	because	of	unavoidable	delays.	(Level	of	evidence:	B)

8.	 When	fibrinolytic	therapy	is	indicated	or	chosen	as	the	primary	
reperfusion	strategy,	it	should	be	administered	within	30	minutes	of	
hospital	arrival.	(Level	of	evidence:	B)

From	O’Gara	PT,	Kushner	FG,	Ascheim	DD,	et	al:	2013	ACCF/AHA	guideline	for	the	manage-
ment	of	ST-elevation	myocardial	infarction.	A	report	of	the	American	College	of	Cardiology	
Foundation/American	 Heart	 Association	 Task	 Force	 on	 Practice	 Guidelines.	 Circulation	
127:e362-e425,	2013.
D2B,	Door-to-balloon;	ECG,	electrocardiography;	EMS,	emergency	medical	services;	FMC,	
first	medical	contact;	PCI,	percutaneous	coronary	intervention;	STEMI,	ST-elevation	myocar-
dial	infarction.
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TABLE 37-2 Criteria for Acute Cardiovascular Care Centers
Criteria for a Level 1 Acute Cardiovascular Emergency Center

1.	 24-hour	cardiac	catheterization	laboratory	available
2.	 24-hour	cardiovascular	surgery	availability
3.	 Comprehensive	interventional	cardiology	and	cardiovascular	surgery	services
4.	 More	than	200	PCI	patients/year	(>36	STEMI)	per	hospital
5.	 More	than	75	PCI	patients/year	per	interventional	cardiologist
6.	 EMS	integration	with	prehospital	12-lead	ECG	transmission
7.	 Standardized	protocols	at	referral	and	receiving	hospitals
8.	 Transfer	agreements	in	place/transportation	system	available
9.	 Education	and	training	programs	for	transport,	referral,	and	receiving	hospital	personnel

10.	 Quality	assurance	program
11.	 Comprehensive	care	for	cardiogenic	shock	including	advanced	hemodynamic	support	(i.e.,	ECMO,	LVAD,	Impella,	and/or	TandemHeart)
12.	 Comprehensive	care	for	out-of-hospital	cardiac	arrest	(i.e.,	hypothermia,	Lucas	device,	etc.)
13.	 Comprehensive	care	for	acute	aortic	dissection	and	abdominal	aortic	aneurysm

Criteria for a Level 2 Acute Cardiovascular Emergency Center

Same	as	in	1	through	10	above	with	transfer	agreements/protocols	in	place	with	a	level	1	center	for	cardiogenic	shock,	out-of-hospital	cardiac	arrest,	and	
aortic	disease

Criteria for a Level 3 Acute Cardiovascular Emergency Center

Same	as	for	level	2	but	without	24-hour	surgical	availability	and	with	transfer	agreements/protocols	in	place	with	level	1	and/or	2	centers

Criteria for a Level 4 Acute Cardiovascular Emergency Center

No	PCI	or	surgical	availability	but	with	transfer	agreements/protocols	in	place	with	level	1,	2,	and	3	centers

Modified	from	Henry	TD,	Atkins	JM,	Cunningham	MS,	et	al:	ST-segment	elevation	myocardial	infarction:	recommendations	on	triage	of	patients	to	heart	attack	centers—is	it	time	for	a	national	
policy	for	the	treatment	of	ST-segment	elevation	myocardial	infarction?	J	Am	Coll	Cardiol	47:1339-1345,	2006.
ECG,	Electrocardiography;	ECMO,	extracorporeal	membrane	oxygenation;	EMS,	emergency	medical	services;	LVAD,	 left	ventricular	assist	device;	PCI,	percutaneous	coronary	 intervention;	
STEMI,	ST-elevation	myocardial	infarction.
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Percutaneous coronary intervention (PCI) is one of the most 
common procedures in the United States; performed half a million 

times annually,1 it remains a cornerstone in the management of coro-
nary artery disease (CAD). Historically, a large proportion of PCI 
procedures were performed during inpatient hospitalization, which 
allowed for a significant amount of time for monitoring after the  
procedure to ensure procedural success, identify bleeding or vascular 
complications, and initiate secondary prevention. However, techno-
logical, pharmacologic, and procedural innovations, as well as payer 
expectations and cost considerations, have led to a shorter length of 
stay after the procedure and have obviated hospital admission. In this 
environment, many institutions have developed programs that allow 
for same-day discharge (SDD) of patients undergoing elective, uncom-
plicated PCI. Because PCI performance measures track not only the 
proportion of patients discharged on guideline-recommended medical 
therapies but also the post-PCI readmission rates, discharge planning 
has taken on an increasingly important role not only to ensure safe, 
event-free discharge on appropriate guideline-recommended therapies 
but also to minimize hospital readmission. This chapter will focus on 
postprocedural management of PCI patients with an emphasis on 
appropriate discharge planning and instructions, the role of cardiac 
biomarker testing, and the evolution of successful SDD programs.

POST–PERCUTANEOUS CORONARY INTERVENTION 
DISCHARGE PLANNING

Discharge planning following PCI should begin prior to the procedure, 
with an emphasis on gathering information regarding preprocedure 
activity levels, medication adherence, and patient social support at 
home. Postprocedure management focuses on (1) access-site manage-
ment and monitoring for new ischemia and bleeding or vascular com-
plications and (2) appropriate communication, both oral and written, 
between the provider team and the patient regarding procedural 
outcome, medication changes, and safety plan in the setting of an 
adverse event. The Society for Cardiovascular Angiography and Inter-
ventions (SCAI) has offered a consensus statement regarding the best 
practices following PCI.2

Physician-Patient Communication
The results of the procedure, including any complications and/or unex-
pected findings, should be explained clearly to the patient and his or 
her family. The type of intervention, if any, and the duration of dual-
antiplatelet therapy (DAPT) should also be discussed and reinforced 
repeatedly by the team of care providers throughout the duration of 
the patient stay.

Access-Site Management
Typically, manual compression, a compression device, and/or a vascu-
lar closure device (VCD) are used in patients following transfemoral 
access, whereas a wristband compression device is used most fre-
quently among patients undergoing transradial access. For patients 
undergoing transfemoral access who are anticoagulated with heparin, 
the access sheaths can generally be removed once the activated clotting 
time (ACT) falls below 175 seconds if a VCD is not used. The use  
of bivalirudin typically does not necessitate checking an ACT unless 
significant renal impairment is evident (i.e., creatinine clearance 
<30 mL/min or hemodialysis); in that situation, sheaths may be 
removed once the ACT falls below 180 seconds. In patients without 
significant renal dysfunction, the femoral arterial sheath can be 
removed 2 hours after the discontinuation of the bivalirudin infusion 
if a VCD is not used.

Postprocedure Ambulation
The access site, method of hemostasis, intensity of procedure sedation, 
and anticoagulation strategy drive recommendations for activity 
immediately after PCI. Patients who undergo transradial catheteriza-
tion may ambulate as soon as sedation wanes. For those who undergo 
transfemoral catheterization and PCI, strict bed rest is typically recom-
mended for 4 to 8 hours if manual compression is used or 1 to 4 hours 
if a VCD is used; prior to ambulation, a care provider must ensure that 
hemostasis is achieved and no diminution of downstream peripheral 
pulses is evident.

38 Post–Percutaneous Coronary Intervention 
Hospitalization, Length of Stay, and 
Discharge Planning
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•	 Comprehensive	post–percutaneous	coronary	intervention	(PCI)	
discharge	management	is	an	integral	aspect	of	postprocedure		
care	and	includes	direct	patient	communication,	monitoring	for	
procedural	or	vascular	complications,	and	clear	discharge	
instructions	with	a	specific	follow-up	plan.

•	 Medication	reconciliation,	especially	regarding	dual-antiplatelet	
therapy	after	PCI,	is	critical	for	aggressive	secondary	prevention	
and	to	prevent	late	complications.

•	 Evaluation	of	cardiac	biomarkers	after	PCI	is	controversial.	
Although	it	is	reasonable	to	check	biomarkers	in	all	patients	after	
PCI,	it	is	necessary	and	recommended	to	check	them	in	patients	
with	procedural	angiographic	complications	or	in	those	who	have	
signs	or	symptoms	suggestive	of	postprocedure	ischemia.

•	 There	is	no	role	for	routine	measurement	of	platelet	function		
after	PCI.

•	 Overall	length	of	stay	following	PCI	has	become	shorter	over	time,	
a	change	attributable	not	only	to	technological,	pharmacologic,	
and	procedural	innovations	but	also	to	payer	expectations.	This	
has	led	to	increasing	interest	in	same-day	discharge	(SDD)	
programs.

•	 SDD	may	be	a	reasonable	option	for	elective	PCI	patients	with	no	
procedural	complications	and	an	uneventful	postdischarge	course.

•	 SDD	is	associated	with	improved	patient	satisfaction	and	
considerable	cost	savings,	primarily	attributed	to	the	shorter	
duration	of	monitoring	after	the	procedure.
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(82% to 93%) who participated in extramarital sexual activity (75%), 
typically with a younger partner after excessive food and alcohol 
consumption.5,6

Medication Reconciliation
Medication reconciliation is a critical aspect of postprocedure dis-
charge planning, and major changes are typically reinforced at multiple 
instances during the patient stay by trained personnel, which may 
include physicians, nurses, trainees, or pharmacists. Barring specific 
contraindications, many patients who undergo PCI will be on DAPT 
with aspirin and an additional platelet inhibitor (currently available 
agents are P2Y12 antagonists), a beta-blocker, an angiotensin-converting 
enzyme (ACE) inhibitor, and a high-intensity statin.7-9 Patients should 
be provided with clear instructions regarding which medications 
should be stopped, which have changed in dosage, and which should 
be taken after the procedure. Recommendations for postprocedure 
DAPT should be clearly stated on the discharge paperwork, and given 
the critical nature of uninterrupted therapy, a clear plan should be 
outlined for the patient to obtain the antiplatelet as an outpatient. SCAI 
has recommended that diabetic patients should hold their metformin 
for 48 hours afterward. Patients previously on warfarin who have 
stopped it for the procedure should be restarted on their regimen and 
should have an international normalized ratio (INR) value checked 
within 1 week after the procedure to ensure a therapeutic range. No 
consensus guidelines have been provided for the novel oral anticoagu-
lants (NOACs), but they are generally started after the procedure as 
hemostasis is achieved and do not require close monitoring.

Communication to the Referring Physician
An appropriate transition of care from the invasive cardiologist to the 
primary cardiologist or referring physician is also an integral compo-
nent of postprocedure care. This communication is typically performed 
verbally and in the form of a procedure note that clearly identifies the 
indications for the procedure, diagnostic findings, interventions per-
formed, and a plan for postprocedure management.

Follow-up
SCAI has recommended that the patient follow up with his or her 
primary care physician, cardiologist, or midlevel physician extender 
within 2 to 4 weeks after the procedure or sooner for patients with 
procedural complications or comorbidities such as anemia or renal 
dysfunction, which requires more frequent laboratory test monitoring. 
The purpose of this follow-up visit is to (1) ensure compliance with the 
medication regimen, especially with regard to DAPT; (2) reconcile 
medications to ensure that the changes made upon discharge have been 
followed; (3) reinforce aggressive secondary prevention measures, 
including dietary and exercise habits and smoking cessation; and 4) 
confirm that the patient has enrolled in a cardiac rehabilitation 
program. A sample discharge checklist is provided in Table 38-1.

THE ROLE OF POST–PERCUTANEOUS CORONARY 
INTERVENTION MONITORING OF CARDIAC 
BIOMARKERS, PLATELET INHIBITION, AND  
RENAL FUNCTION

The purpose of checking cardiac biomarkers after a PCI procedure is 
to assess for evidence of periprocedural myocardial damage. Histori-
cally, cardiac biomarkers had been checked serially every 8 to 12 hours 
after PCI; however, the routine measurement of cardiac biomarkers is 
controversial because the clinical implications and prognostic signifi-
cance of an elevated biomarker level in the absence of angiographic 
complications or signs and symptoms of a new acute myocardial 
infarction (MI) are unclear. In this setting, ascribing significant impor-
tance to biomarker elevation in the absence of clear evidence of adverse 

Postprocedure Monitoring
After the procedure, patients are generally monitored in a telemetry 
setting, with monitoring of vital signs every 15 minutes for the first 2 
hours by trained nursing personnel. Although most patients go home 
on the same day within 2 to 6 hours after diagnostic cardiac catheter-
ization, lengths of monitoring times vary following PCI; these will be 
discussed in greater detail elsewhere, along with the role of laboratory 
testing after PCI.

Discharge Physical Examination
Although a full physical examination is generally performed prior to 
discharge, additional focus should be directed to the access site to 
ensure adequate hemostasis and perfusion. The access site should be 
auscultated to ensure no bruit, which may be concerning for a pseu-
doaneurysm or arteriovenous (AV) fistula, each of which requires 
additional testing to confirm, typically via ultrasound. Distal pulses 
should be palpated to ensure no decrease in downstream perfusion. 
Patients should also be able to demonstrate their baseline level of 
ambulation without difficulty and should ensure pain is well controlled 
prior to consideration of discharge after the procedure.

Discharge Instructions
Patients should be provided with clear instructions regarding physical 
activity after the procedure, the need for additional laboratory testing 
afterward, and follow-up. Discharge instructions also should have clear 
contact information for the recovery unit or the physician in case of 
complications after discharge. Additionally, discharge instructions 
should address the concerns outlined below.

Site Management
Patients should be advised that minor bruising and/or pain at the 
access site is normal, and it should resolve within 1 month. Patients 
undergoing transfemoral access should not strain or lift anything 
greater than 5 pounds for 48 hours after the procedure and should 
apply pressure to the access site when sneezing or coughing. Clear 
instructions should be provided for an action plan for access-site com-
plications that include active arterial bleeding, hematoma, local ery-
thema or purulence, or downstream neurologic symptoms such as 
numbness, tingling, or paresthesia.

Activity Levels
Although it is important to maintain preprocedure activity levels, most 
patients are advised to refrain from physical exercise for at least 48 
hours after the procedure. Patients who undergo PCI should be 
enrolled in a postprocedure cardiac rehabilitation program to develop 
a plan of graded exercise.

Driving and Return to Work
Most patients are advised to refrain from driving for at least 48 hours 
afterward. The decision to return to work is individualized and often 
is related to job satisfaction, finances, and/or employer policies.3 Rec-
ommendations regarding return to work also depend on the type of 
work the patient performs, including physical demands, mental stress, 
and safety considerations.

Sexual Activity
Most patients are advised to refrain from sexual activity for 1 week 
after cardiac catheterization to allow for access-site healing. Other 
recommendations are based on the patient’s level of fitness. According 
to an American Heart Association (AHA) consensus statement,4 
sexual activity is reasonable for patients at low risk for cardiovascular 
complications and for those who can exercise for 3 to 5 metabolic 
equivalents (METs) without symptoms or electrocardiographic  
(ECG) changes. In previous studies of sudden cardiac death related to 
sexual activity, most patients who died during intercourse were men 



 CHAPTER 38  Post–Percutaneous Coronary Intervention Hospitalization, Length of Stay, and Discharge Planning 603

primarily to the extent of complex coronary disease and not necessarily 
to the procedure.11 The importance of relatively small biomarker 
increases is uncertain. In a series of 5850 patients, Jeremias and col-
leagues12 reported an association between periprocedural MI and 
1-year mortality, but only in patients with a CK-MB level eight times 
normal or with a Q-wave MI. Additionally, that study questioned the 
importance of postprocedure biomarker elevations in the absence of 
an angiographically evident complication.

In 2007, the first proposed universal definition for myocardial 
infarction13 suggested that a peri-PCI MI (type 4a) be determined by a 
biomarker elevation of three or more times the 99th percentile of the 
upper reference limit (URL) in patients with normal preprocedure 
biomarker levels. However, the authors clearly note that this designa-
tion was by arbitrary convention in the absence of clear data. In the 
third universal definition for MI,14 this was further refined to more 
than five times the URL of the cardiac troponin (cTn) and evidence of 
(1) prolonged ischemia (chest pain >20 min), (2) ischemic ECG 
changes or pathologic Q-waves, or (3) angiographic evidence of a flow-
limiting complication (i.e., loss of side branch, no-reflow phenomenon, 
embolization), or (4) imaging evidence of loss of viable myocardium.

In this setting, a consensus statement from SCAI15 suggests that a 
clinically relevant MI after coronary revascularization be defined as an 
MI resulting in a CK-MB elevation of 10 or more times the ULN with 
a lower threshold of five or more times the ULN in patients with new 
pathologic Q-waves after MI; if a CK-MB assay is unavailable, the ratio 
of cTn to CK-MB should be 7 : 1 (i.e., a clinically relevant MI would be 
70 or more times the ULN using a cTn assay). For patients with ele-
vated baseline CK-MB or cTn levels that are stable or falling, the eleva-
tion should rise by an absolute increment to those described above. 
For patients with elevated CK-MB or cTn levels that are rising, the 
elevation should rise by an absolute increment, but additionally there 
should be new ECG or clinical signs concerning for a clinically relevant 
MI (new heart failure or hypotension). Table 38-2 describes the evolu-
tion of the definition of a peri-PCI MI, incorporating the proposed 
definition of a clinically relevant MI.

The current PCI guidelines recommend measurement of a CK-MB 
or cTn value for patients with signs or symptoms of MI or in asymp-
tomatic patients with significant persistent angiographic complications 
such as large side occlusion no-reflow phenomenon or thrombosis 
(class I, level of evidence C) but offer only a weak recommendation for 
routine measurement of cardiac biomarkers in all patients after PCI 
(class IIb, level of evidence C).8 In the absence of routine biomarker 

clinical outcomes may lead to a longer hospital length of stay and may 
subject the patient to unnecessary evaluation and testing, increasing 
the potential for iatrogenic complications. As hospital length of stay is 
decreasing, there is increasing tension with regard to the role of routine 
biomarker testing after PCI.

Traditionally, creatine kinase MB (CK-MB) levels were checked 
routinely after PCI; now some institutions have transitioned to cardiac 
troponin (cTn), a much more sensitive and specific biomarker able to 
detect even small amounts of myocardial damage; unsurprisingly, rates 
of detection of myocardial injury have risen using the more sensitive 
assay. In one series of 4930 patients undergoing elective PCI, Novack 
and colleagues10 reported that only 7.2% of patients had CK-MB levels 
greater than three times the upper limit of normal (ULN), but 24.3% 
had cTn levels three or more times the ULN. Previous studies have 
noted an association between elevated postprocedure biomarkers and 
mortality, but it is unclear whether this is an epiphenomenon due 

TABLE 38-1 Checklist for Discharge
Physician to Patient Communication

•	 Operator	has	spoken	to	the	patient	or	patient	representative	and	has	
described	the	procedure,	its	complications,	and	any	unexpected	
findings.

Postprocedure Monitoring

•	 No	signs	or	symptoms	of	new	ischemia	are	apparent.
•	 No	new	abnormalities	on	telemetry	or	electrocardiogram	are	apparent.
•	 Patient	is	able	to	ambulate	without	difficulty.
•	 Patient	is	able	to	tolerate	food.

Access-Site Management

•	 Hemostasis	has	been	achieved.
•	 No	significant	pain/tenderness	is	present	at	the	access	site.
•	 No	bruit	or	thrill	is	evident.
•	 Distal	pulses	are	intact.

Medication Reconciliation

•	 A	plan	for	dual-antiplatelet	therapy	has	been	reviewed.
•	 Other	medications	have	been	reviewed	and	reconciled.

Follow-up

•	 Follow-up	has	been	scheduled.
•	 A	plan	for	follow-up	laboratory	testing	(if	any)	has	been	reviewed.

TABLE 38-2 Changes in the Definition of a Periprocedural Percutaneous Coronary Intervention Myocardial Infarction and the Proposed 
Definition of a Clinically Relevant Myocardial Infarction

Biomarker Elevation Pattern First Definition13 Third Definition14 Clinically Relevant MI15

Normal	biomarkers	at	
baseline

Elevation	of	biomarkers	>3×	
99th	percentile	URL

Elevation	of	cTn	>5×	99th	percentile	URL
and	either:
a)	 evidence	of	prolonged	ischemia;
b)	 ischemic	ST-changes	or	new	Q-waves;
c)	 angiographic	evidence	of	a	flow-limiting	

lesion;	or
d)	 imaging	evidence	of	loss	of	viable	

myocardium

Peak	CK-MB	(cTn)	rises	to	≥10×	ULN	
(≥70×	ULN	for	cTn)	or	≥5×	ULN	
(≥35×	ULN	for	cTn)	with	new	
pathologic	Q-waves	in	two	or	more	
contiguous	leads

or
new	LBBB

Elevated	at	baseline	but	
stable

No	guidance;	continue	to	
measure	biomarkers	and	use	
features	of	ECG	and	imaging

A	greater	than	20%	rise	of	cTn	from	the	
most	recent	preprocedure	value

CK-MB	(or	cTn)	rises	by	an	absolute	
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above	from	the	most	recent	
preprocedure	level

Elevated	at	baseline	and	
not	stable	or	falling

No	guidance No	guidance CK-MB	(or	cTn)	rises	by	an	absolute	
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from	the	most	recent	preprocedure	level	
plus	ST-elevation	or	depression	along	
with	signs	of	clinically	relevant	MI	
(new/worsening	heart	failure,	
hypotension,	etc.)

CK-MB,	 Creatine	 kinase	 MB;	 cTn,	 cardiac	 troponin;	 ECG,	 electrocardiogram;	 LBBB,	 left	 bundle	 branch	 block;	 MI,	 myocardial	 infarction;	 ULN,	 upper	 limit	 of	 normal;	 URL,	 upper	
reference	limit.
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ticagrelor,23 as well as strategies for appropriate upstream utilization, 
have led to a more tailored approach to periprocedural antithrombotic 
strategy, including the use of heparin as monotherapy during PCI.24 
More tailored provisional use of glycoprotein (GP) IIb/IIIa inhibitors, 
rather than routine use, has led to decreased bleeding with similar 
efficacy.25 The introduction and widespread adoption of the direct 
thrombin inhibitor bivalirudin have led to further increases in safety 
with similar efficacy.26-28

Additionally, these advances have been coupled with procedural 
innovations, namely, transradial (TR) PCI, to further improve efficacy 
and safety. Although first described in 1989 by Campeau29 and by 
Otaki30 in 1992 and later popularized by Kiemeneij and Laarman31,32 
in 1994, the TR technique has not been widely adopted by operators 
in the United States, although that has been changing recently. Feldman 
and colleagues33 performed an analysis of 2.8 million patients in the 
American College of Cardiology’s National Cardiovascular Data Reg-
istry (ACC-NCDR) CathPCI Registry and noted that adoption of a 
transradial approach has increased almost 16-fold, from 1.2% in 2007 
to 16.1% in 2012, and it now accounts for 6.3% of total procedures. 
The main advantage for TR access appears to be dramatic reductions 
in vascular access complications and bleeding, as shown in the Radial 
Versus Femoral Access for Coronary Intervention (RIVAL) trial,34 
which randomized 7021 acute coronary syndrome (ACS) patients to 
either TR (n = 3507) or transfemoral (TF; n = 3514) access and dem-
onstrated no difference in the primary composite outcome of death, 
MI, stroke, or non–coronary artery bypass grafting (CABG) major 
bleeding at 30 days (3.7% vs. 4.0%, HR 0.92; 95% CI, 0.72 to 1.17) but 
showed a reduction in vascular access complications (1.4% vs. 3.7%, 
HR 0.37; 95% CI, 0.27 to 0.52) and Acute Catheterization and Urgent 
Intervention Triage Strategy (ACUITY) major bleeding (1.9% vs. 4.5%, 
HR 0.43; 95% CI, 0.32 to 0.57). Additional patient-centered benefits of 
TR access include easier hemostasis and earlier postprocedure ambula-
tion. A radial approach has also been associated with lower cost of care 
and a shorter hospital stay.35

Although popular in the United States, the data for VCDs have been 
mixed. Randomized clinical trial data have shown limited benefit, and 
a recent NCDR analysis by Marso and colleagues36 assessed the effects 
of different bleeding-avoidance strategies and found modestly 
decreased bleeding with VCDs, bivalirudin, or both compared with 
manual compression alone. Meta-analyses have been conflicting, with 
one study showing some benefit (pooled odds ratio [OR] 0.89; 95% CI, 
0.86 to 0.91)37 but another showing complication rates similar to those 
of VCDs and manual compression.38

Payer Expectations
As PCI has become safer and more effective, significant changes in 
payment structures have driven a shorter length of stay (LOS) and an 
increase in outpatient PCI. In 2007, the InterQual criteria (McKesson 
Corporation, San Francisco, CA), used by hospitals nationwide to offer 
guidance on admissions decisions, were modified such that PCI was 
no longer an inpatient procedure by default. Whereas procedures per-
formed on an urgent or emergent basis, such as for acute MI, were still 
eligible for inpatient status, this change effectively made PCI predomi-
nantly an outpatient procedure.

Nevertheless, given differential reimbursement schedules, a signifi-
cant incentive still existed to perform PCI and submit for reimburse-
ment at the inpatient level. This was driven by the fact that the Centers 
for Medicare and Medicaid Services (CMS) reimburse outpatient pro-
cedures using the Ambulatory Payment Classification (APC) system 
and inpatient procedures using the more lucrative Diagnosis Related 
Group (DRG) framework, making the same procedure eligible for 
vastly different reimbursements based on admission status. For 
example, an uncomplicated PCI using a drug-eluting stent (MS-DRG 
147) would be reimbursed $11,497 under the inpatient DRG system 
but only $7763 (APC 0656) under the outpatient APC system, a dif-
ference of more than $3700. As hospitals attempted to seek reimburse-
ments for PCI procedures under the inpatient DRG system, CMS 

testing, the SCAI consensus document15 recommends performing an 
ECG 1 to 4 hours after an uncomplicated PCI; if normal, biomarkers 
do not need to be checked. In the presence of clinical symptoms, 
angiographic complications, or ECG changes, CK-MB—or cTn if 
CK-MB is unavailable—should be measured 8 to 12 hours after the 
procedure; if elevated, they should be measured every 8 to 12 hours 
thereafter until they peak.

Platelet Function
Platelet function testing has been used to assess the degree of platelet 
reactivity; although high levels of platelet reactivity have been associ-
ated with adverse outcomes,16-18 antiplatelet strategies tailored to 
platelet reactivity have failed to show a benefit. In the Gauging  
Responsiveness With a VerifyNow P2Y12 Assay–Impact on Thrombo-
sis and Safety (GRAVITAS) trial,19 2214 patients with high platelet 
reactivity were randomized to high- or low-dose clopidogrel; at 6 
months, no difference was reported in the primary composite end 
point (2.3% vs. 2.3%, hazard ratio [HR] 1.01; 95% confidence interval 
[CI], 0.58 to 1.76; P = .97). Similarly, in the Assessment by a Double 
Randomization of a Conventional Antiplatelet Strategy versus a  
Monitoring-guided Strategy for Drug-Eluting Stent Implantation and 
of Treatment Interruption versus Continuation One Year after Stenting 
(ARCTIC) trial,20 2440 patients scheduled for PCI were randomized to 
a strategy of platelet function testing and dose adjustment in those with 
elevated platelet reactivity, but no reduction was shown in the primary 
composite end point in the monitored group (HR 1.13; 95% CI, 0.98 
to 1.29; P = .10). Given the lack of clinical benefit, routine platelet 
function testing is not currently recommended.7,8

Renal Function
Postprocedure renal injury is common, especially in patients with pre-
existing renal insufficiency, and it can be due to aortic atheroemboli, 
contrast-induced injury, or a combination of the two. Currently, the 
only strategies proven to minimize risk include volume expansion and 
minimization of contrast use. Because creatinine increase is observed 
48 to 72 hours after PCI in affected patients, measuring renal function 
within the first 24 hours after PCI has limited utility. SCAI recom-
mends that patients at increased risk for contrast-induced nephropathy 
(CIN) should have a serum creatinine value checked about 5 to 7 days 
after the procedure.2

TRENDS IN POSTPROCEDURE LENGTH OF STAY
Over the last decade, a significant push has been observed toward a 
shorter length of stay for all hospitalizations and most procedures, and 
PCI has not escaped this general trend. With respect to PCI, the drivers 
for a shorter hospital stay have focused on procedure-specific techno-
logical advances and payer considerations.

Technological, Pharmacologic, and Procedural Advances
Over the past three decades, significant technological, pharmacologic, 
and procedural advances have fundamentally improved both the safety 
and the efficacy of PCI. The initial development of stent technology to 
supplement balloon angioplasty has markedly reduced rates of acute 
vessel closure. Iterative improvements in stent technology in materials, 
polymer coating, and antimitogenic drug delivery have made stents 
more durable, easier to deliver, and less likely to incite neointimal 
hyperplasia, further decreasing the need for repeat intervention. 
Advances in miniaturization and guidewire technology have virtually 
eliminated femoral and brachial cutdown techniques as catheters have 
decreased in size from 9 to 5 Fr. Even more “slender” 4- and 3-Fr guide 
catheters are available in some countries.21

These changes have been paralleled by improvements in preproce-
dural and periprocedural pharmacologic management. The develop-
ment of more potent oral antiplatelet agents, such as prasugrel22 and 
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observation in both the randomized (OR 1.20; 95% CI, 0.82 to 1.74) 
and observational (OR 0.67; 95% CI, 0.27 to 1.66) cohorts (Fig. 38-2). 
Another meta-analysis of 37 studies that included 12,803 patients 
found no difference between SDD and overnight observation with 
regard to death, MI, or target-vessel revascularization (OR 0.90; 95% 
CI, 0.43 to 1.87) among randomized patients and a low rate of the 
composite end point among the observational cohort (1.0%; 95% CI, 
0.35% to 1.32%), suggesting that SDD is a safe and feasible strategy for 
patients undergoing elective PCI.46

Patient Selection
Patient selection for SDD is controversial. An SCAI consensus docu-
ment47 released in 2009 suggested that the only patients eligible for an 
abbreviated observation period prior to discharge are (1) patients 
younger than 70 years; (2) those with stable angina on presentation 
who have no biomarker elevation; (3) asymptomatic patients with an 
abnormal stress test; (4) those with no significant comorbidities, 
including congestive heart failure (CHF), chronic obstructive pulmo-
nary disease (COPD), peripheral vascular disease (PVD), bleeding 
predisposition, or contrast allergy; (5) those with normal renal func-
tion; (6) patients fully loaded on a thienopyridine and not using a GP 
IIb/IIIa inhibitor; (7) those with single-vessel PCI with a less than 
28-mm stent and no periprocedural complications; and (8) patients 
and families who are willing. However, these criteria were criticized as 
being too conservative. Gilchrist and coworkers48 reported safe SDD 
in 100 patients who underwent successful elective PCI without com-
plications (defined as no unstable dissection, no major side-branch 
loss, no prolonged periprocedural ischemia); 85% of these patients 
would not have met SCAI criteria for SDD, with the main contraindi-
cations to discharge being age, distance from the hospital, and no 
pretreatment with a thienopyridine or GP IIb/IIIa inhibitor.

The dominant feature of safe SDD appears to be the absence of 
periprocedural or angiographic complications and not necessarily 
underlying patient characteristics. Hodkinson and colleagues49 assessed 
prospective 30-day outcomes among patients undergoing SDD 6 hours 
after PCI using criteria that focused on the technical result of the 
procedure instead of clinical presentation or lesion complexity. Among 
the 1059 patients selected for SDD, 27.7% presented with an ACS and 
40.8% had high-risk lesions as defined by the ACC/AHA definition. 
Almost all patients (98%) underwent PCI via a TR approach. In this 
group, the major adverse cardiovascular event (MACE) rate at 30 days 
was 0.85%, and the rate of subacute stent thrombosis was 0.4%; no 
MACEs were observed within 24 hours after discharge, suggesting 
minimal if any benefit from prolonged monitoring with regard to pre-
venting short-term readmissions.

Selected Patient Populations

Acute Coronary Syndrome
Although most studies of SDD have excluded patients with ACS, a 
number of studies have demonstrated low event rates even in these 
high-risk patients. In the Early Discharge After Transradial Stenting of 
the Coronary Arteries (EASY) trial,50 which randomized 1005 patients 
to bolus abciximab and SDD (n = 504) or to bolus plus 12-hour abcix-
imab infusion and overnight monitoring (n = 501), 66% of patients 
presented with unstable angina and 18% to 19% presented with an 
acute MI; SDD discharge was noninferior to overnight monitoring at 
30-day follow-up. Hodkinson and colleagues49 describe a cohort of 
1059 SDD patients, of which 293 (27.7%) were ACS patients, and 
described no MACEs within 24 hours after discharge and reported a 
30-day MACE rate of 0.85%.

Transfemoral Access
Given the low rates of adoption of the radial approach to PCI in the 
United States, many studies have demonstrated safe SDD among 
patients undergoing femoral access PCI with or without VCD use. In 
the Elective PCI in Outpatient Study (EPOS),51 all 800 patients 

instituted the Recovery Audit Contractors (RAC) program as part of 
the Medicare Modernization Act of 2003 to recover possible overpay-
ments to hospitals, even retrospectively; to date, the program recovered 
more than $3.65 billion in 2013 alone. Facing increased scrutiny for 
inpatient billing of PCI, hospitals now perform the majority of non-
acute PCIs in the outpatient setting.

In 2013, the inpatient and outpatient designations were further 
refined when CMS implemented the “two midnight” rule, stipulating 
that an acute inpatient admission requires a stay that spans at least two 
midnights, in effect classifying even more patient encounters as outpa-
tient instead of inpatient. This has led to even further interest in same-
day discharge programs.

SAME-DAY DISCHARGE FOLLOWING PERCUTANEOUS 
CORONARY INTERVENTION

History and Background
The concept of same-day discharge (SDD) originated two decades ago, 
when Kiemeneij and colleagues,39-41 pioneers of TR access, started 
patients on warfarin a priori, performed PCI via the TR approach, and 
discharged them the same day. Despite other early reports of the safety 
of SDD,42,43 its adoption has been slow in the United States. In an 
analysis of the NCDR CathPCI Registry, Rao and colleagues44 noted 
that the prevalence of SDD was only 1.25% among the 107,018 elective 
PCI patients hospitalized for 1 day or less between 2004 and 2008. Of 
note, although both strategies of SDD and overnight observation are 
outpatient admissions and discharges for the purposes of third-party 
payment, SDD occurs when the patient is discharged home on the 
same calendar day of the procedure, whereas overnight hospitalization 
requires at least one midnight of observation prior to discharge.

Safety of Same-Day Discharge
The safety of SDD compared with overnight observation has been 
demonstrated both in observational studies and randomized trials; 
however, results have been difficult to compare directly across studies 
given the variance in underlying patient populations, study settings, 
and outcomes of interest. The Rao44 CathPCI analysis noted no signifi-
cant difference in 30-day death or hospitalization between patients 
undergoing SDD or overnight hospitalization (Fig. 38-1). Abdelaal and 
colleagues45 performed a meta-analysis of 13 studies (five randomized 
trials, eight observational analyses) that encompassed 111,830 patients 
and found similar complication rates between SDD and overnight 

FIGURE 38-1	 Cumulative	 incidence	of	30-day	mortality	or	 rehospital-
ization	between	patients	undergoing	same-day	discharge	versus	those	
hospitalized	overnight.	PCI,	Percutaneous	coronary	intervention.	(From	
Rao	SV,	Kaltenbach	LA,	Weintraub	WS,	et	al:	Prevalence	and	outcomes	
of	same-day	discharge	after	elective	percutaneous	coronary	intervention	
among	older	patients.	JAMA	306[13]:1461-1467,	2011.)
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FIGURE 38-2	 Forest	plot	of	the	incidence	of	30-day	total	complications	(A)	and	30-day	major	adverse	cardiovascular	event	(MACE)	rates	(B)	in	
patients	undergoing	same-day	versus	overnight	hospitalization.	CI,	Confidence	interval;	M-H,	Mantel-Haenszel.	(From	Abdelaal	E,	Rao	SV,	Gilchrist	
IC,	et	al:	Same-day	discharge	compared	with	overnight	hospitalization	after	uncomplicated	percutaneous	coronary	intervention:	a	systematic	review	
and	meta-analysis.	JACC	Cardiovasc	Interv	6[2]:99-112,	2013.)
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system can only be cost saving if it reduces costs associated with post-
PCI monitoring and maintains a low rate of complications.60

Providers who have created innovative new care pathways to appro-
priately select, monitor, and discharge stable, uncomplicated patients 
have noted significant decreases in resource utilization and increased 
bed capacity. Brewster and colleagues61 describe the creation of an 
outpatient “radial lounge” for postprocedure monitoring of patients 
undergoing transradial coronary procedures, and they describe signifi-
cantly increased rates of SDD after PCI procedures (from 2.3% to 
51.2%, P < .005) with a concomitant reduction in inpatient bed utiliza-
tion. An example of a successful radial lounge from Pilsen Hospital in 
the Czech Republic is shown in Figure 38-3.

The potential cost savings of SDD, compared with standard over-
night monitoring, was studied by Rinfret and associates62 in a post hoc 
analysis of the EASY Trial. This randomized, open-label study com-
pared SDD and abciximab-only bolus with overnight monitoring and 
bolus in addition to a 12-hour infusion of abciximab and found that 
the SDD strategy was noninferior to overnight monitoring. The mean 
post-PCI hospital length of stay was 8.9 hours for the SDD patients but 
26.5 hours for the overnight patients. Associated costs were $1117 (± 
$1,554) for SDD patients compared with $2258 (± $1328) for patients 
monitored overnight, a cost difference of $1141 that was primarily 
attributed to hospital costs related to post-PCI ward-related costs, esti-
mated to be $65 per hour in this Canadian study. These savings may 
be higher in environments where costs are higher.

Recommendations for Safe Same-Day Discharge

Preprocedure Screening
Preprocedural screening should focus on baseline demographics and 
clinical and social factors that preclude SDD. Although older patients 
(>65 years of age) and those who present with an ACS have been dis-
charged safely, most programs typically favor overnight management 
in these groups. Other patient factors that warrant overnight manage-
ment include impaired renal function (glomerular filtration rate [GFR] 
<60 mL/min), severe LV dysfunction (<30%), or contrast allergy. 
Additionally, patients should live close to a medical facility in case of 
a medical emergency and have adequate social support.

Procedural Characteristics
The sine qua non of SDD is a successful procedure without complica-
tions. Most complications manifest within 6 hours of PCI and thus can 
be readily identified during postprocedure monitoring.63 Although 
safely used in the EASY trial,50 most operators feel that a postprocedure 
infusion of GP IIb/IIIa inhibitor warrants overnight monitoring. 
However, the use of an abbreviated infusion or bolus only, such as in 
the EASY trial, may be suitable for SDD. Other procedural factors that 
may warrant consideration of overnight monitoring include significant 
left main CAD, use of mechanical circulatory support (intraaortic 
balloon pump [IABP]), or complex PCI, including a bifurcation lesion, 
multivessel intervention, or atherectomy. Angiographic complications 
such as a significant dissection, side-branch loss, and slow or no-reflow 
phenomenon and procedural complications such as periprocedural 
ischemia or ventricular arrhythmias also warrant longer observation.

Postprocedural Monitoring
Patients are typically monitored for 4 to 8 hours after the procedure. 
Symptoms or signs of ischemia—including chest pain, shortness of 
breath, hemodynamic instability, or new or worsening ECG changes—
should warrant careful management and longer observation. Patients 
should also be able to achieve their preprocedure level of ambulation 
without significant discomfort prior to discharge. Additionally, the 
access site should be evaluated carefully to ensure appropriate hemo-
stasis and no early signs of distal vascular compromise. The role of 
checking biomarkers after PCI is controversial and is discussed else-
where in this chapter. If the procedure was uncomplicated and no signs 
or symptoms of ischemia are present, checking cardiac biomarkers 
prior to SDD is not warranted; however, if an angiographic 

randomized to SDD or overnight monitoring underwent elective PCI 
via a transfemoral approach; only three cases of access-site complica-
tions were reported. A meta-analysis showed no difference in major 
bleeding or vascular complications among patients randomized to 
SDD versus those monitored overnight (OR 0.75; 95% CI, 0.19 to 
2.98).46 In the CathPCI analysis, more than 96% of SDD cases incor-
porated femoral access, and a VCD was used in 65% of cases.44 Patel 
and colleagues52 assessed outcomes in 2400 patients discharged the 
same day after PCI and described low rates of bleeding (0.58%), fewer 
vascular complications (0.04%), and reduced major adverse cardiovas-
cular and cerebrovascular event (MACCE) rates (0.96%) at 30 days 
among low-risk patients, the overwhelming majority of whom under-
went PCI via a transfemoral approach (99.6%). This was further 
studied by Antonsen and colleagues53 among 1809 low-risk patients 
undergoing PCI via a femoral approach and undergoing vascular 
closure using the AngioSeal device (St. Jude Medical, St. Paul, MN). In 
this study, it is worth noting that stable non–ST-elevation acute coro-
nary syndrome (NSTE-ACS) was not an exclusion criterion for SDD. 
Among the 355 patients (19.6%) who underwent SDD, 78 (22.0%) 
presented with unstable angina (UA)/non–ST-elevation myocardial 
infarction (NSTEMI); no significant differences in MACCE rates were 
reported at 24 hours or 30 days after the procedure.

Elderly
Even among carefully selected elderly patients, SDD appears to be safe. 
Ziakas and coworkers54 reported that despite high rates of minor 
access-site complications, no significant differences were found in 
major access-site complications, stent thrombosis, or readmission 
among elderly patients. Ranchord and colleagues55 assessed the safety 
of SDD in 212 patients (13.4% of the study population) 75 years of age 
and older undergoing elective PCI and found no deaths, similar rates 
of readmission within 24 hours (<0.7%), and similar MACE rates (3.3% 
vs. 3.6%, P = 1.0) in both groups of patients. The analysis from the 
CathPCI registry was performed entirely in patients over the age of 65 
years and showed similar rates of 30-day death or readmission between 
same-day discharge and overnight observation.44

Patient Satisfaction With Same-Day Discharge
Previous studies56-58 have shown that many patients prefer SDD to 
overnight monitoring. Kim and colleagues59 recently assessed patient 
preference with SDD versus overnight observation in a randomized 
trial of 298 patients undergoing elective PCI and found that perceived 
readiness for discharge assessed prior to discharge was high, and it was 
similar between SDD (97.9%) and next-day discharged patients (96.6%; 
P = .69). At 30-day follow-up, 79% of patients randomized to SDD, 
compared with 49% of patients randomized to overnight observation, 
were satisfied with the timing of their discharge. Whereas 9% of the 
SDD patients would have preferred to have stayed for longer observa-
tion, 37% of the overnight observation patients would have preferred 
to have been discharged sooner.

Economic Impact of Same-Day Discharge
The economic impact of SDD depends largely on the prevailing admis-
sions and reimbursement criteria. Historically, a low rate of SDD has 
been attributed to the fee-for-service model, wherein additional ser-
vices provided during the inpatient hospitalization were fully reim-
bursed. However, over the last decade, almost all elective PCI cases in 
the United States have been reimbursed at a fixed rate regardless of 
overall length of stay or resource utilization under the outpatient APC 
system. Given that one hospital day can cost up to $4000,35 the oppor-
tunity exists to create care pathways that increase value by facilitating 
SDD among appropriately selected patients, by reducing costs associ-
ated with unnecessary overnight monitoring and prolonging the length 
of the patient’s stay, if even by a matter of hours. Bundled payment 
schemes require providers to absorb costs related to postprocedure 
complications and preventable readmissions. In this context, a SDD 
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of small levels of myocardial necrosis continues to be debated as newer 
and more sensitive assays to detect myocardial injury become available. 
Finally, as length of hospital stay after PCI continues to shorten, a 
valuable opportunity exists to design new, innovative care pathways to 
safely manage patients after PCI and to discharge eligible patients on 
the same day of their procedure, which, if performed safely and effec-
tively, may lead to increased patient satisfaction in addition to cost 
savings.

complication arose or signs of new myocardial dysfunction were 
apparent, a CK-MB or cTn should be checked 8 to 12 hours after the 
procedure and repeated if newly abnormal; in that situation, SDD is 
not a feasible strategy. Additionally, clear instructions should be pro-
vided prior to discharge that include medication changes and a plan 
for DAPT, activity recommendations, and clear contact information in 
the event of an adverse event. It is advisable to have the patient’s family 
obtain at least a 30-day supply of DAPT medications prior to discharge. 
This is most feasible at hospitals that have on-site pharmacies.

After Discharge
SDD patients should be contacted within 24 hours of discharge to 
ensure no ischemic or vascular/bleeding complications have developed 
since their return home. Additionally, compliance with DAPT should 
be confirmed at this time along with plans for routine postprocedure 
follow-up. A proposed checklist for eligibility of SDD is provided in 
Table 38-3.

CONCLUSIONS
The importance of appropriate postprocedure management in patients 
undergoing PCI cannot be understated and has taken on additional 
meaning as postprocedure length of stay has continued to decrease. 
Clear patient communication, both verbal and written, along with 
rigorous medication reconciliation that includes a plan for dual-
antiplatelet therapy and a well-defined plan in case of complications 
may minimize adverse outcomes after PCI. The role of measuring 
cardiac biomarkers continues to evolve. Although current recommen-
dations strongly support biomarker testing in patients with procedural 
complications or evidence of myocardial injury but offer only weak 
support for routine testing after the procedure, the clinical relevance 

TABLE 38-3 Proposed Checklist for Eligibility for 
Same-Day Discharge

Preprocedural Factors

•	 No	acute	decompensated	heart	failure	or	shock
•	 No	contrast	allergy
•	 Nonemergent	percutaneous	coronary	intervention
•	 Adequate	social	support	is	available
•	 Patient	lives	close	to	medical	facility

Procedural/Angiographic Factors

•	 Uncomplicated	access
•		 Uncomplicated	lesion	and	procedure.
•	 Infusion	glycoprotein	IIb/IIIa	inhibitor	not	used	(bolus	is	acceptable)
•	 No	angiographic	complications	(side-branch	occlusion,	dissection,	

no-reflow	phenomenon)

Postprocedure Monitoring

•	 No	signs	or	symptoms	of	ischemia
•	 No	biomarker	elevation	(if	checked)
•	 Patient	able	to	ambulate	without	difficulty
•	 Patient	able	to	tolerate	oral	intake
•	 Patient	has	P2Y12	inhibitor	on	hand	prior	to	discharge

FIGURE 38-3	 The	radial	lounge	at	Pilsen	Hospital	in	Pilsen,	Czech	Republic,	which	facilitates	same-day	discharge.	(Photos	courtesy	Ivo	Bernat	MD.)
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EPIDEMIOLOGY AND NATURAL HISTORY
Peripheral arterial disease of the lower extremity is a common health 
problem.1 Epidemiologic studies have mostly used intermittent claudi-
cation (IC) as a symptomatic marker of the disease and an abnormal 
ankle-brachial index (ABI) to define the burden of asymptomatic PAD. 

The prevalence of the disease is dependent on the age of the population 
studied and the underlying atherosclerotic risk profile of the cohort. It 
is estimated that the overall disease prevalence is in the range of 3% to 
10%, increasing to about 15% to 20% in persons older than 70 years. 
More than half of all patients with lower extremity PAD may be 
asymptomatic.2-8

History that includes standardized questionnaires, such as the Rose 
Claudication Questionnaire used in the Framingham Heart Study, and 
physical examination may grossly underestimate the true burden of 
lower extremity PAD.2 Criqui and colleagues9 evaluated the prevalence 
of lower extremity PAD in a population of 613 men and women in 
southern California using four different modalities: the Rose Ques-
tionnaire, pulse examination, ABI, and pulse wave velocity. The detec-
tion rate of PAD with ABI and pulse-wave velocity was two to seven 
times higher than the detection rate of the Rose Questionnaire. Of 
interest, clinical examination of the pulse overestimated the prevalence 
of PAD by twofold.

To optimally manage patients with lower extremity PAD, whether 
symptomatic or asymptomatic, it is important to understand the global 
vascular disease burden, the natural history of the disease process, its 
impact on the patient’s lifestyle, and the risk factors for an individual 
patient. Such knowledge is key to reducing the mortality and morbidity 
of the individual patient.

VASCULAR ANATOMY OF THE LOWER EXTREMITY
The abdominal aorta bifurcates at the level of the fourth lumbar ver-
tebra into two branches, the right and the left common iliac arteries, 
which further divide into the external iliac artery, which normally 
follows the same axis of the common iliac artery, and the internal iliac 
arteries, which take a posteromedial track in relation to the common 
iliac artery. In addition to its terminal branches, the common iliac 
artery gives branches to the surrounding tissues, peritoneum, psoas 
muscle, ureter, and nerves. Occasionally, the common iliac artery pro-
vides accessory renal arteries to a normal or ectopic kidney. Figure 
39-1 depicts the arterial circulation of the lower extremity.

The external iliac arteries are larger than the internal iliac arteries. 
They descend along the medial border of the psoas major muscle and 
enter the thigh posterior to the inguinal ligament to become the 
common femoral arteries. The inferior epigastric artery arises medially 
from the distal external iliac artery and ascends behind the rectus 
abdominis muscle. This vessel is a useful landmark in predicting higher 
bleeding risk in arterial punctures proximal to its origin.10 The external 
iliac artery gives off other branches—namely, the deep circumflex, 
cremasteric, and several muscular and cutaneous branches—before it 
continues as the common femoral artery (CFA). Together the common 
iliac and the external iliac arteries contribute to the inflow of the lower 
extremity.

The CFA starts as a continuation of the external iliac artery, giving 
multiple branches to surrounding tissues, such as the pudendal arteries 

39 Lower Extremity Interventions
DEBABRATA MUKHERJEE

K E Y  P O I N T S

•	 Individuals	at	risk	for	lower	extremity	peripheral	artery	disease	
(PAD)	should	undergo	a	vascular	review	of	symptoms	to	assess	
walking	impairment,	claudication,	ischemic	rest	pain,	and	the	
presence	of	nonhealing	wounds.

•	 Despite	recent	advances	in	noninvasive	evaluation	of	lower	
extremity	PAD,	contrast	angiography	remains	the	gold	standard	for	
definitive	evaluation.	Contrast	angiography	provides	detailed	
information	about	arterial	anatomy	and	is	recommended	for	
evaluation	of	patients	with	lower	extremity	PAD	when	
revascularization	is	contemplated.

•	 Occlusive	disease	of	the	iliac	arteries	appears	to	occur	in	relatively	
young	patients	and	may	have	a	greater	impact	on	productivity	and	
lifestyle	compared	with	infrainguinal	lower	extremity	disease.

•	 The	excellent	intermediate-	to	long-term	patency	rates	following	
percutaneous	intervention	of	the	lower	extremity	arteries	has	led	to	
its	emergence	as	an	attractive	alternative	to	surgery	in	patients	
with	suitable	lesions.	Endovascular	intervention	is	recommended	
as	the	preferred	revascularization	technique	for	TransAtlantic	
Inter-Society	Consensus	(TASC)	type	A	iliac	and	femoropopliteal	
artery	(FPA)	lesions.

•	 Stenting	is	effective	as	primary	therapy	for	common	iliac	and	
external	iliac	artery	stenosis	and	occlusions.

•	 Technical	and	clinical	success	rates	of	endovascular	interventions	
for	iliac	artery	stenosis	exceed	90%	with	a	fairly	comparable	
intermediate-	and	long-term	patency	to	that	of	surgical	
revascularization,	making	them	the	initial	therapy	of	choice	for	
most	iliac	stenoses.

•	 Although	controversial,	surgery	remains	the	preferred	strategy	for	
patients	with	common	femoral	and	proximal	profunda	femoris	
obstructive	PAD.

•	 Lower	durability	of	percutaneous	intervention	may	be	offset	by	the	
less	invasive	nature	of	endovascular	interventions	and	resultant	
decreased	morbidity	and	mortality	compared	with	vascular	surgery.

•	 Interventions	can	be	repeatedly	done	if	they	fail,	but	repeat	surgery	
is	technically	more	challenging	and	may	be	limited	by	availability	
of	conduit.

•	 In	patients	with	anatomically	appropriate	lesions,	most	
practitioners	use	endovascular	interventions	preferentially	as	the	
initial	therapy	of	choice.

S E C T I O N  IV PERIPHERAL VASCULAR INTERVENTIONS
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assessment of patients with risk factors for atherosclerosis may be 
required in identifying patients with asymptomatic advanced PAD. 
Symptomatic patients can be classified based on the severity of ischemia 
based on either the Fontaine or Rutherford categories (Table 39-1).

Ankle-Brachial Index
The ankle-brachial index (ABI) is a ratio of the blood pressure in the 
dorsalis pedis or the posterior tibial artery, whichever is higher, to the 
blood pressure in the brachial arteries. ABI measurement is one of  
the most cost-effective methods for assessing PAD of the lower extrem-
ity, and it typically is done with a handheld Doppler ultrasound device. 
This is a noninvasive, fairly reproducible, and inexpensive test. The 
resting ABI should be used to establish the lower extremity PAD diag-
nosis in patients with suspected lower extremity PAD, defined as indi-
viduals with one or more of the following: exertional leg symptoms, 
nonhealing wounds, age 65 and older, or 50 years and older with a 
history of smoking or diabetes.11 The ABI should also be measured in 
both legs in all new patients with PAD of any severity to confirm the 
diagnosis of lower extremity PAD and establish a baseline.11 ABI results 
should be uniformly reported: noncompressible values are defined as 
greater than 1.40, normal values are 1.00 to 1.40, borderline is 0.91 to 
0.99, and abnormal is 0.90 or less. The most widely accepted definition 
of lower extremity PAD is a resting ABI of less than 0.9, which is 
usually associated with 50% or greater angiographic arterial stenosis 
with a reported sensitivity of 95% and close to 100% specificity.8 A 
resting ABI of 0.4 to 0.9 is suggestive of mild to moderate PAD, and a 
resting ABI below 0.4 is suggestive of severe PAD (Table 39-2). Resting 
ABI measurement can be artifactually high in the setting of tibial artery 
calcification usually seen in diabetics. The toe-brachial index (TBI) 
should be used to establish a diagnosis in patients in whom lower 
extremity PAD is clinically suspected but in whom the ABI test is not 
reliable because of noncompressible vessels (usually patients with long-
standing diabetes or advanced age). A TBI below 0.7 is considered 
abnormal.

The use of exercise ABI may be helpful in equivocal cases. For this 
the patient walks on the treadmill at a constant speed of 1 to 2 miles 
per hour and at a 10% to 12% incline for 5 minutes, or the exercise can 
be done with active pedal plantar flexion. A decrease of at least 
15 mm Hg in the ankle systolic pressure following the exercise chal-
lenge is considered an abnormal test. Patients with no significant  
PAD are expected to have an increase or no change in their ankle 
systolic pressure. Exercise treadmill tests may also be performed in 
individuals with claudication who are to undergo exercise training 
(lower extremity PAD rehabilitation) so as to determine functional 
capacity, assess nonvascular exercise limitations, and demonstrate the 
safety of exercise.

and the superficial circumflex artery; then it becomes the superficial 
femoral artery (SFA) after giving rise to the deep femoral artery (DFA) 
roughly 3.5 cm distal to the inguinal ligament. The DFA arises laterally 
and posteriorly from the CFA, whereas the SFA continues its pathway 
to end as the popliteal artery when it passes through the abductor 
canal. The DFA gives off perforating branches, usually three—the 
lateral and medial circumflex arteries and muscular branches—and the 
end of the DFA is the fourth perforating branch. The popliteal artery 
continues through the abductor’s canal, and after giving muscular, 
cutaneous, genicular, and sural branches, it terminates into the anterior 
tibial artery and the tibioperoneal trunk. The CFA, SFA, DFA, and the 
popliteal artery comprise the outflow of the lower extremity.

The anterior tibial artery runs between the two heads of the tibialis 
posterior muscle and then through the upper part of the interosseous 
membrane to the front of the leg medial to the head of the fibula. It 
descends down to the ankle and then continues to the dorsum of the 
foot, where it becomes the dorsalis pedis artery. The posterior tibial 
artery arises from the popliteal artery distal to the origin of the anterior 
tibial artery as the tibioperoneal trunk. After giving rise to the peroneal 
artery, the tibioperoneal trunk continues as the posterior tibial artery 
behind the leg and passes behind the medial malleolus to end by giving 
rise to the arteries of the foot, namely the calcaneal, which anastomoses 
with the calcaneal and malleolar branches of the peroneal and medial 
and lateral planter arteries. The anterior tibial artery, posterior tibial 
artery, and the peroneal artery are considered the runoff vessels.

DIAGNOSIS OF LOWER EXTREMITY PERIPHERAL 
ARTERIAL DISEASE

History and Physical Examination
Patients with lower extremity PAD may be asymptomatic (disease is 
detected during physical examination or screening tests), or they may 
present with intermittent claudication, rest pain, nonhealing ulcers,  
or intractable foot infections. In light of the limitations of clinical 
assessment in defining patients with asymptomatic PAD, additional 

FIGURE 39-1	 Arterial	tree	of	the	lower	extremity.	

Abdominal aorta
Common iliac artery
Internal iliac artery
External iliac artery
Common femoral artery
Deep femoral artery
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TABLE 39-1 Classification of Lower Extremity Peripheral 
Artery Disease by the Fontaine Stages and 
Rutherford Categories

FONTAINE RUTHERFORD

Stage Clinical Grade Category Clinical

I Asymptomatic 0 0 Asymptomatic

IIa Mild	claudication I 1 Mild	claudication

IIb Moderate	to	severe	
claudication

I 2 Moderate	
claudication

I 3 Severe	claudication

III Ischemic	rest	pain II 4 Ischemic	rest	pain

III 5 Minor	tissue	loss

IV Ulceration	or	
gangrene

IV 6 Ulceration	or	
gangrene

From	Dormandy	JA,	Rutherford	RB:	Management	of	peripheral	arterial	disease	(PAD).	TASC	
Working	Group.	Trans-Atlantic	Inter-Society	Consensus	(TASC).	J	Vasc	Surg	31:S1-S296,	
2000.
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with advanced PAD (Fig. 39-2). Pulse volume recordings are reason-
able to establish the initial lower extremity PAD diagnosis, assess  
localization and severity, and follow the status of lower extremity revas-
cularization procedures.

Segmental Blood Pressure
For this test, a series of blood pressure cuffs are placed at the level of 
the thigh (one or two cuffs), calf, ankle, foot, and the big toe. These 
cuffs are then inflated sequentially to about 20 mm Hg above the sys-
tolic pressure in that segment. The cuff pressure is then released slowly 
and a continuous-wave Doppler probe is used to obtain the pressure 
at each segment. A decrease between two consecutive levels of 
30 mm Hg or more indicates the presence of a stenosis in the segment 
proximal to the blood pressure cuff. Also, the presence of a 20- to 
30-mm Hg difference in the pressure at one limb, when compared with 
the contralateral limb at the same level, is suggestive of significant PAD 
proximal to the cuff in that limb.

Duplex Ultrasonography
Duplex ultrasound uses a 5- to 7.5-MHz transducer to assess  
and characterize suprainguinal and infrainguinal PAD with a high 
sensitivity and specificity (over 90%). Doppler velocities are ob -
tained (60-degree Doppler angle) to complement two-dimensional  

Pulse Volume Recording
Plethysmography is used to detect volumetric changes in the lower 
extremity blood flow and is performed with pressure cuffs inflated to 
60 to 65 mm Hg at various segments of the lower extremity. A normal 
tracing will have a rapid systolic upstroke and downstroke with a 
prominent dicrotic notch. This pattern changes as PAD develops and 
progresses, with a noted attenuation and widening of the arterial wave-
form. Ultimately, the waveform becomes flat (nonpulsatile) in patients 

TABLE 39-2 Grading Lower Extremity Peripheral Arterial Disease 
by Ankle-Brachial Index*

Supine Resting ABI Postexercise ABI

Normal >1.0 >1.0

Mild 0.8	to	0.9 >0.4

Moderate 0.4	to	0.8 >0.2

Severe <0.4 <0.2

From	Mukherjee	D,	Yadav	JS:	Update	on	peripheral	vascular	diseases:	from	smoking	ces-
sation	to	stenting.	Cleveland	Clinic	J	Med	68(8):723-733,	2001;	Table	2.
*Postexercise	ankle-brachial	 index	(ABI)	 is	measured	 following	 treadmill	exercise	at	1	 to	
2	mph,	10%	to	12%	grade,	for	5	minutes	or	is	symptom	limited.

FIGURE 39-2	 Segmental	limb	pressures	and	pulse	volume	recordings	(PVRs)	demonstrating	aortoiliac	disease.	The	PVR	waveforms	in	the	thigh	
segment	are	dampened,	and	the	segmental	pressures	in	the	thigh	are	decreased	when	compared	with	the	brachial	pressures.	(From	Rajagopalan	
S,	Mukherjee	D,	Mohler	E,	eds:	Manual	of	vascular	diseases.	Philadelphia,	2004,	Lippincott,	Williams	&	Wilkins,	p	17).
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Dose-saving algorithms are very effective in reducing radiation expo-
sure and should be used whenever possible.13

Magnetic Resonance Angiography
The use of gadolinium-enhanced magnetic resonance angiography 
(GEMRA; Fig. 39-3) in the assessment of lower extremity PAD has 
been compared with standard catheter angiography with a reported 
sensitivity and specificity for detecting stenosis greater than 50% of 
about 90% and 100%, respectively. Most contemporary studies report 
an agreement of 91% to 97% between MRA and catheter angiography. 
GEMRA is superior to duplex ultrasound in detecting greater than  
50% stenotic lesions (sensitivity of 98% vs. 88% and specificity of  
96% vs. 95%).8

Limitations of this technology include the tendency to overestimate 
the severity of stenosis and the fact that metal clips may give the 
impression of total occlusion, and metal stents can obscure vascular 
flow as well. In addition to these limitations, certain subsets of patients 
may not be able to be studied with MRA, such as those with pacemak-
ers and defibrillators and those with certain types of cerebral aneurysm 
clips.8 The principle role of MRA is in the initial evaluation for PAD, 
especially in patients with inflow disease, using “bolus chase” 3-D 
imaging, in which a single bolus of contrast is followed to the foot.

Contrast Angiography
Despite recent advances in noninvasive evaluation of lower extremity 
PAD, contrast angiography remains the gold standard. Traditionally, a 
pelvic/abdominal aortogram in the anteroposterior projection is done 
using a straight pigtail catheter (5 or 6 Fr) placed at the level of the 
L1-L2 vertebrae. Approximately 10 to 15 mL of isoosmolar contrast is 
injected at a rate of 15 mL/second with DSA technology. This allows 
an excellent view of the distal aorta, the origin of the common iliac 
arteries, and the external iliac and common femoral arteries. Angu-
lated views (left anterior oblique [LAO] of 30 degrees) can then be used 
to visualize the iliac and femoral bifurcations without overlap. Next, 
the pigtail catheter is placed above the aortic bifurcation (L3-L4) and 
DSA with bolus chase, 8 mL/second for 10 seconds, is used to assess 
the outflow and distal runoff. Selective injections and sheath injections 
can then be used to further define the territory of interest as needed. 
The use of “road map” technology can be used subsequently to help 
operators in their intervention and placement of balloons and stents. 

ultrasonography. Traditionally, arteries are classified into five catego-
ries based on the degree of stenosis: category 1 is considered normal, 
2 indicates stenosis of 1% to 19%, 3 is stenosis of 20% to 49%, 4 indi-
cates 50% to 99% stenosis, and 5 signifies total occlusion. Duplex 
ultrasonography may be useful to operators in planning access to a 
lesion that is amenable to endovascular therapy. It is also very helpful 
in identifying iatrogenic traumatic lesions and pseudoaneurysms. 
Direct ultrasound-guided compression or thrombin injection to repair 
femoral artery pseudoaneurysms is widely used in treating such lesions 
without the need for surgical procedures. One important limitation of 
Duplex ultrasonography is that it may overestimate residual stenosis 
following interventions, which limits its usefulness as a follow-up tool 
in this setting. Duplex ultrasound is recommended for routine surveil-
lance after femoral-popliteal or femoral-tibial-pedal bypass with a 
venous conduit. Minimum surveillance intervals are approximately 3, 
6, and 12 months and then yearly after graft placement.11

Computed Tomography Angiography
The use of spiral computed tomography angiography (CTA) in assess-
ing lower extremity PAD has 93% sensitivity and 96% specificity in 
detecting greater than 50% stenosis with high accuracy when com-
pared with digital subtraction angiography (DSA). A recent systematic 
review and meta-analysis12 suggested that CTA is highly accurate for 
assessment of PAD in all regions of the lower extremity arteries. CTA 
correctly identified hemodynamically significant lesions and also accu-
rately distinguished between greater than 50% stenoses and occlusions. 
Ninety-four percent of occlusions and 87% of nonoccluded segments 
with more than 50% stenosis detected by contrast angiography were 
correctly identified by CTA.12 The accuracy of CTA may actually be 
even higher than reported in this study, because all studies used con-
trast angiography as the reference standard but did not report whether 
biplanar views were used routinely. Because CTA reconstructions  
allow three-dimensional (3-D) assessment, significant disease may be 
detected by CTA but may not be recognized by angiography, which 
may lead to underestimation of specificity. CTA has advantages over 
magnetic resonance angiography (MRA) in patients with pacemakers 
and defibrillators and in those with metal clips, stents, or prosthesis 
(no significant artifact is seen in CTA as opposed to MRA), and it is 
significantly faster to perform than MRA. However, CTA requires the 
use of iodinated contrast, and it entails exposure to ionizing radiation. 

FIGURE 39-3	 Maximal	intensity	projection	images	of	a	normal	lower	extremities	runoff	three-dimensional	contrast-enhanced	magnetic	resonance	
angiography.	(From	Rajagopalan	S,	Mukherjee	D,	Mohler	E,	eds:	Manual	of	vascular	diseases,	Philadelphia,	2004,	Lippincott,	Williams	&	Wilkins,	
p	65).
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the recommendation of the Trans-Atlantic Inter-Society Consensus 
(TASC) working group for the revascularization strategy of iliac 
lesions.

Techniques
Access and Recanalization Techniques
In patients with a unilateral stenotic iliac lesion that does not involve 
the common femoral artery (CFA), ipsilateral access through the CFA 
with retrograde PTA is usually preferred because it provides direct 
access to the diseased segment and provides a coaxial alignment of the 
equipment (Fig. 39-4). Contralateral access with the use of a crossover 
sheath is reserved for patients with disease that involves the ipsilateral 
CFA (Fig. 39-5) when the surgeon plans to intervene on more distal 
lesions in the same limb or when jeopardizing flow to the affected limb 
by placement of the sheath in the ipsilateral CFA is a concern. Various 
crossover sheaths are available; the ArrowFlex sheath (Arrow Interna-
tional, Reading, PA) is more flexible and can be helpful in crossing over 
acute aortic bifurcation angles, but it provides less support than the 
Flexor Ansel, Raabe, and Balkin sheaths (Cook Medical, Bloomington, 
IN); these provide more support but are less compliant. If the iliac 

Contrast angiography remains the most readily used and widely avail-
able imaging technique in patients with PAD of the lower extremity 
when revascularization is contemplated. The use of noninvasive tech-
nologies, such as MRA or CTA, may be used prior to contrast angiog-
raphy to help identify the potential culprit lesion and plan the best 
approach (access point, catheter selection, etc.) to study such a lesion 
invasively.8 Contrast angiography may be associated with vascular 
access complications (bleeding, infections, pseudoaneurysms, and vas-
cular disruption), atheroembolism, contrast nephropathy, and contrast-
induced anaphylactoid reactions. These complications, although rare, 
should be considered in the decision-making process with regard to 
the assessment of PAD.

Overall, contrast angiography provides detailed information about 
arterial anatomy and is recommended for evaluation of patients with 
lower extremity PAD when revascularization is contemplated. When 
conducting a diagnostic lower extremity arteriogram in which the 
significance of an obstructive lesion is ambiguous, transstenotic pres-
sure gradients and supplementary angulated views should be obtained.11

INTERVENTIONS
Percutaneous or surgical interventions are indicated for severe lifestyle-
limiting symptoms, to reduce tissue breakdown in the context of criti-
cal limb ischemia (CLI), or for salvage in the context of acute limb 
ischemia (ALI). In general, endovascular procedures are indicated for 
individuals with a vocational or lifestyle-limiting disability due to 
intermittent claudication when clinical features suggest a reasonable 
likelihood of symptomatic improvement with endovascular interven-
tion and (1) the response to exercise or pharmacologic therapy has 
been inadequate or (2) the risk-benefit ratio is a very favorable (e.g., 
focal aortoiliac occlusive disease).

Iliac Artery Intervention for Inflow Disease

Indications
The indication for iliac artery (or aortoiliac) percutaneous intervention 
include (1) symptom relief in patients with IC who failed medical 
therapy; (2) management of CLI (rest pain, ulceration, or gangrene) 
prior to a planned distal lower extremity bypass surgery to restore or 
to preserve the inflow to the lower extremity; (3) in preparation for 
other invasive procedures, such as the placement of an intraaortic 
balloon pump (IABP); and (4) for treatment of flow-limiting dissection 
following invasive catheterization-based procedures.

Revascularization Options
Occlusive disease confined to the iliac arteries appears to occur in rela-
tively young patients and may therefore have a greater impact on 
productivity and lifestyle. For instance, the mean age of the cohort in 
the Dutch Iliac Stent Trial was approximately 59 years.14 These patients, 
over 90% of whom were smokers, were otherwise healthy compared 
with those with infrainguinal disease or more diffuse PAD. In general, 
any type of revascularization for this subset of patients can offer satis-
factory long-term results. Historically, aortobifemoral bypass surgery 
has been the gold standard for PAD that involves the iliac arteries 
because this procedure is associated with excellent long-term patency 
rates (85% to 90% at 5 years, 75% to 80% at 10 years, and 60% at 20 
years); however, it may be associated with an intraoperative mortality 
of roughly 1% to 3% and a major complication rate of 5% to 10%. This, 
combined with the excellent intermediate- to long-term patency rates 
following percutaneous intervention, has led to the emergence of  
percutaneous revascularization as an attractive alternative to surgery 
in patients with suitable lesions for such intervention. In a Swedish 
randomized controlled trial (RCT)15 in which 37% of randomized 
patients had iliac artery stenosis, equivalence in outcomes was evident 
between percutaneous transluminal angioplasty (PTA) and surgery.  
In the iliac disease subgroup, the patency rate at 1 year was 90% in  
the PTA arm versus 94% in the surgical arm. Table 39-3 summarizes 

TABLE 39-3 The Recommendation of the Trans-Atlantic 
Inter-Society Consensus (TASC) Working Group for 
the Revascularization Strategy of Aortoiliac 
Femoropopliteal Lesions

Iliac Disease Femoral Lesions

TASC	A Single,	<3	cm	of	CIA	or	EIA	
(unilateral/bilateral)

Single,	≤3	cm	in	length,	
does	not	involve	the	SFA	
or	popliteal	artery

TASC	B 1.	 Single,	3	to	10	cm,	not	
extending	into	the	CFA

2.	 Two	stenoses	<5	cm	long	
in	the	CIA	and/or	EIA,	
does	not	extend	to	the	CFA

3.	 Unilateral	CIA	occlusion

1.	 Single	stenoses	or	
occlusion	3	to	5	cm	
long,	does	not	involve	
the	distal	popliteal	artery

2.	 Heavily	calcified,	≤3	cm,	
or	multiple	stenoses	or	
occlusions	each	<3	cm

3.	 Single	or	multiple	
lesions	in	the	absence	of	
continuous	tibial	runoff

TASC	C 1.	 Bilateral	5-	to	10-cm	
stenosis	of	the	CIA	and/or	
EIA,	does	not	extend		
to	CFA

2.	 Unilateral	EIA	occlusion	or	
stenosis,	does	not	extend	
into	the	CFA

3.	 Bilateral	CIA	occlusion

1.	 Single	stenosis/occlusion	
>5	cm

2.	 Multiple	stenoses	or	
occlusions	3	to	5	cm,	
with	or	without	heavy	
calcification

TASC	D 1.	 >10-cm	lesions	or	diffuse,	
multiple,	unilateral	
stenoses	that	involve	the	
CIA,	EIA,	and	CFA

2.	 Unilateral	occlusion	that	
involves	both	the	CIA		
and	EIA

3.	 Bilateral	EIA	occlusions
4.	 Diffuse	disease	that	

involves	the	aorta	and	
both	iliac	arteries	or	
lesions	in	a	patient	that	
require	aortic	or	iliac	
surgery	(AAA)

Complete	CFA	or	SFA	
occlusions

From	Dormandy	JA,	Rutherford	RB:	Management	of	peripheral	arterial	disease	(PAD).	TASC	
Working	 Group.	 Trans-Atlantic	 Inter-Society	 Consensus	 (TASC).	 J	 Vasc	 Surg	 2000;	 31:
S1-S296.
An	endovascular	procedure	is	the	treatment	of	choice	for	type	A,	and	surgery	is	the	procedure	
of	choice	for	type	D.	At	present,	endovascular	treatment	is	more	commonly	used	in	type	B	
lesions,	 and	 surgical	 treatment	 is	 more	 commonly	 used	 in	 type	 C	 lesions.	 Evidence	 is	
insufficient	to	make	firm	recommendations,	particularly	in	cases	with	type	B	and	C	lesions.
AAA,	Abdominal	aortic	aneurysm;	CFA,	common	femoral	artery;	CIA,	common	iliac	artery;	
EIA,	external	iliac	artery;	SFA,	superficial	femoral	artery.
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placed. It is also superior to self-expandable stents when precision in 
stent placement is needed. The self-expanding stent provides the flex-
ibility in flexion points, which reduces the risk of stent deformity and 
fracture and is ideal in the setting of common iliac lesions that do not 
involve the ostium and those in the external iliac artery. Self-expanding 
stents were generally favored for the external iliac artery because they 
reduce the perforation risk.

Clinical Data
In the management of patients with IC secondary to iliofemoral 
disease, percutaneous revascularization (specifically PTA without 
stenting) has been compared with conservative management (specifi-
cally with exercise training, smoking cessation counseling, and anti-
platelet therapy with aspirin). The results revealed two important 
findings: First, PTA can effectively alleviate patients’ symptoms, 
improve treadmill distance, and improve ABI during a short-term 
follow-up period, although these benefits are mostly lost by 2 years. 
Second, although PTA improves perfusion to the feet, which may 
confer protection—particularly for populations at higher risk for limb 
loss, such as diabetics—supervised exercise improves functional 

artery is occluded, both approaches may be needed. For aortic bifurca-
tion lesions, a bilateral retrograde approach is used; the placement of 
kissing balloons—and, subsequently, kissing stents—is the optimal 
approach in this setting.

In lesions distal to the aortic bifurcation (in the body of the common 
iliac artery or the external iliac artery), PTA is attempted, and if satis-
factory results are achieved (<5 mm Hg residual gradient and <30% 
residual stenosis with no flow-limiting dissection), stenting may not 
be indicated. However, ostial lesions of the common iliac arteries (i.e., 
aortoiliac bifurcation lesions) are preferably stented with kissing stents. 
In general, 0.035-inch guidewires are used in PTA and in stenting of 
the iliac arteries, but 0.018- or 0.014-inch guidewires may be used as 
well. In nonocclusive lesions, a regular nonhydrophilic guidewire can 
be used; however, if crossing such lesions is difficult, the use of a 
hydrophilic wire is indicated.

Stent Choice
Both balloon- and self-expandable stents can be used in aortoiliac 
disease. The balloon-expandable stent is advantageous in the context 
of an aortic bifurcation lesion, in which kissing stents are usually 

FIGURE 39-4	 Left	external	iliac	artery	intervention.	A,	Abdominal	aortogram	with	runoffs	where	the	lesion	is	noted	(arrow).	B,	Using	an	ipsilateral	
approach,	the	lesion	is	crossed	with	a	guidewire.	C,	Angioplasty	is	done.	D,	Successful	final	result	with	resolution	of	the	obstructive	lesion	and	no	
flow-limiting	dissection	or	significant	elastic	recoil.	

A B C D

FIGURE 39-5	 Ostial	 external	 iliac	 artery	 occlusion.	A,	 The	 lesion	 is	 approached	 from	a	 contralateral	 access	point	 utilizing	a	 crossover	 sheath.	
B,	The	lesion	is	crossed	with	a	hydrophilic	guidewire,	a	balloon	is	placed	at	the	level	of	the	noted	distal	external	iliac	artery	lesion,	and	angioplasty	
is	done.	C,	The	first	stent	is	deployed	and	a	second,	more	proximal	stent	is	placed.	D,	Final	result	after	stent	placement.	

External iliac
artery

Internal
iliac artery

A B C D
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treatment of iliac artery lesions was compared in a multicenter pro-
spective randomized trial.24 The acute procedural success was higher 
with the S.M.A.R.T. stent (98.2%, vs. 87.5% with the Wallstent; P = 
.002). At 1 year, the patency rate was similar for both stents (91.1% with 
the Wallstent and 94.7% with the S.M.A.R.T. stent) with similar com-
plication rates (5.9% vs. 5.9%, respectively; P = nonsignificant [NS]).

Overall, the technical and clinical success rates of endovascular 
interventions for iliac artery stenosis exceeds 90% and approaches 
almost 100% in focal iliac lesions, with a fairly comparable intermedi-
ate- and long-term patency to that of surgical revascularization. Factors 
that negatively affect the long-term patency for either modality are  
the quality of the distal runoff vessels, the severity of ischemia, and  
the length of the diseased segment.25,26 Female sex has also been asso-
ciated with decreased patency following external iliac stents.27 Techni-
cal success is commonly defined as less than 30% residual stenosis 
(anatomic success), a postintervention mean translesion gradient of 
5 mm Hg or less and an increase in the ABI of more than 0.1, or a 
decrease in symptoms by one category (hemodynamic success). Another 
criterion that has been suggested is an improvement of at least one 
category of symptoms (clinical success).28 At this time, stenting is an 
effective primary therapy for common iliac artery and external iliac 
artery stenoses and occlusions.

Complications and Their Management
Complications rates are generally low in aortoiliac interventions. These 
include access-site complications (such as groin hematoma, retroperi-
toneal bleeding, pseudoaneurysm, and arteriovenous fistula [AVF] 
formation), thrombosis at the intervention site, arterial rupture, and 
distal embolization. These complications happen at a rate of less than 
5% to 6% in most series.29 Death, contrast-induced nephropathy, MI, 
and cerebrovascular accident (CVA) occur at a rate of less than 0.5%. 
The need for urgent vascular repair is reported to be around 2%. With 
regard to serious complications, rupture—particularly of the external 
iliac artery—seems to be reported more frequently with the iliac arter-
ies than with percutaneous interventions in other lower extremity 
arteries.29,30

When to Refer to Surgery
Surgery is usually reserved for patients with diffuse disease or those 
with long total occlusions. It is also the appropriate approach in those 
with associated infrarenal aortic aneurysms. Table 39-3 summarizes 
the recommendations of the TASC working group for the appropriate 
revascularization strategy of iliac lesions.

Femoropopliteal Intervention for Outflow Disease

Common Femoral Artery
Although controversial, many believe CFA revascularization should be 
done surgically. Concerns about elastic recoil and dissection following 
PTA and concerns about mechanical compression of stents and acute 
stent thrombosis have limited endovascular intervention to this terri-
tory. PTA has been used in cases of severe fibrotic lesions following 
previous surgery.

The superficial femoral artery (SFA) and the proximal popliteal 
artery are the most common anatomic sites of stenosis and occlusion 
in patients with IC. It is estimated that slightly more than a quarter of 
diseased SFAs progress over a 3-year period, and 17% may go on to 
occlusion. Predictors of progression are continued smoking, worsening 
symptoms, and the presence of an already occluded contralateral SFA.27 
For patients who have disease confined to the SFA, a supervised exer-
cise program might offer a functional outcome that is equivalent or 
even superior to percutaneous revascularization. This could be due to 
preserved iliac inflow and the DFA, which is a common and important 
source of collaterals for patients with SFA stenoses or occlusion. 
Surgery remains the gold standard when therapy is indicated, and 
primary femoropopliteal graft patency rates of about 80% at 5 years 
have been documented.27 Continued improvements in technology 
include metal alloys with shape memory and superelastic properties 

outcome and at the same time enhances global conditioning. These two 
strategies should therefore be considered complementary to each other 
because they address different but interrelated issues.16-18

Overall, for iliofemoral lesions, the clinical results of percutaneous 
revascularization are generally comparable to those of surgical bypass 
or reconstruction. A Swedish trial19 randomized patients with threat-
ened limb loss (40% with rest pain or gangrene) or claudication who 
did not improve with exercise training (60%) to either PTA or surgical 
revascularization. The study population had a mean age of 70 years, a 
26% prevalence of diabetes, and an average symptom duration of 18 
months. No differences were found between the PTA or surgery treat-
ment groups with regard to 1-year primary and secondary patency 
rates, which were 61% and approximately 72%, respectively. The com-
plication rates were not statistically different between treatment groups, 
although most of the adverse events involved patients who presented 
with rest pain or gangrene, which highlights the impact of baseline 
limb status on subsequent outcomes. Adverse events included a 1-year 
death rate of about 10% and a reocclusion rate of 5% (both treatment 
groups), a major amputation rate of 5.7% versus 16%, and a hematoma 
rate of 7.5% versus 4.1% (PTA vs. surgery, respectively). The infection 
and embolization rates were 8.2% each and were seen only in the surgi-
cal group, not with PTA. These findings were corroborated by the 
Veterans Administration (VA) Cooperative study,20 which randomized 
255 male patients with iliac or femoropopliteal disease and claudica-
tion or rest pain. To be eligible, patients had to be suitable for either 
PTA or surgery, which may have resulted in a case mix with less diffuse 
disease compared with the typical vascular surgery population. The 
average age was 61.5 years, 29% had diabetes, 20% had a history of 
myocardial infarction (MI), more than 25% had previous surgery or 
PTA for PAD, and 99% were current or previous smokers (~48 pack-
years each). Three study-related deaths occurred, all in the surgery 
group (n = 126). Of the 129 patients randomized to PTA, 20 procedural 
failures (15.5%) were reported but no deaths; also noted were an inabil-
ity to cross the lesion with a wire in 7.8%, inability to dilate the lesion 
in 2.3%, thrombosis within 24 hours in 3.9%, and no hemodynamic 
improvement after PTA in 1.6%. No stents were available for this trial. 
Seventeen of the patients who failed PTA subsequently underwent 
successful surgical revascularization. At a median follow-up of 2 years, 
no statistically significant difference was found between the PTA and 
surgery groups with regard to death and major amputations. This 
pattern of equivalent outcome held true at 4 years follow-up. However, 
the 2-year target-limb repeat revascularization rate was higher after 
PTA compared with surgery.16 In a review of the available literature 
from 1989 through 1997, Bosch and Hunink21 reported a higher tech-
nical success with stenting with no difference in complication rates and 
30-day mortality rates in their meta-analysis of six studies that included 
2116 patients with IC secondary to aortoiliac disease. The severity-
adjusted primary patency rates were 65% with PTA versus 77% with 
stenting for stenotic lesions and 54% for PTA versus 61% with stenting 
for occlusions.

A strategy of primary stenting, as opposed to provisional stenting, 
is generally recommended for aortoostial lesions. Although an equiva-
lent outcome between primary versus provisional stenting was reported 
in the Dutch Iliac Stent Trial,22 only 57% of patients randomized to 
PTA did not require stenting. In comparison, a strategy of routine 
implantation of the same stent (a Palmaz balloon-expandable stent) 
gave results that were superior to PTA in an RCT of 185 patients by 
Richter and colleagues.23 The authors reported a 4-year patency rate of 
94% in the stent arm versus 69% with PTA. Cumulative clinical success, 
defined as improvement of clinical stage of one level or more, was 89% 
for stenting and 67% for PTA, respectively. Major periprocedural com-
plications were noted in four patients in the stent group as opposed to 
three in the PTA group (3.7% overall). These findings were confirmed 
in the meta-analysis by Bosch and Hunink21 because stenting offered 
superior technical success rates and long-term patency compared with 
PTA in occluded arteries. The outcome of two different self-expanding 
stents, the stainless steel Wallstent (Boston Scientific, Natick, MA) and 
the nitinol S.M.A.R.T. stent (Cordis Endovascular, Warren, NJ), for the 
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of the descending branch of the DFA, which is less accessible to 
surgeons.

Access via the contralateral femoral artery (with a crossover sheath) 
or from the brachial artery can be used. Interventions are usually done 
in the context of limb-threatening ischemia; thus it is important to 
emphasize that a rather conservative approach with regard to balloon 
sizing is best in this setting, especially with no data available regarding 
the placement of stents in the DFA. Stents are used provisionally in the 
context of flow-limiting dissections or severe residual lesions.

Superficial Femoral Artery
Four approaches are possible to access the SFA, through (1) a contra-
lateral femoral artery (with a crossover sheath), (2) an ipsilateral ante-
grade common femoral approach, (3) a retrograde popliteal approach, 
or (4) a brachial artery approach. By accessing the contralateral CFA 
and then using a curved catheter—such as an internal mammary (IM), 
Judkins right, Cobra, or Simmons catheter—to engage the ostium of 
the common iliac artery of the diseased limb, a long, kink-resistant 
sheath (e.g., Balkin, Raabe, ArrowFlex) is placed. The contralateral 
approach is more popular because it provides excellent support and 
helps access other segments (iliac or infrainguinal vessels) on the same 
limb; however, the antegrade CFA access—which is relatively more 
challenging than the retrograde approach—is still widely used. An 
antegrade brachial approach might be the only viable option in patients 
with bilateral iliofemoral disease. The popliteal approach is the least 
used because it is associated with a higher risk of complications associ-
ated with the smaller size of the popliteal artery and the nearby vital 
structures that may be injured and because it is uncomfortable for the 
patient. In general, a familiarity with all the different approaches is 
necessary because the underlying anatomy of each patient will deter-
mine what would be a feasible vascular access point. Figure 39-6 shows 
an example of an SFA intervention.

Stent Choice
Stenting as the primary approach for femoropopliteal lesions is typi-
cally not indicated. Stents and other adjunctive techniques such as 
lasers, cutting balloons, atherectomy devices, and thermal devices can 
be useful in the femoral, popliteal, and tibial arteries as salvage therapy 
for a suboptimal or failed result from balloon dilation (e.g., persistent 
translesional gradient, residual diameter stenosis >50%, or flow-
limiting dissection).11,33 If stenting is indicated, self-expanding nitinol 
stents are generally used in SFA lesions in light of the high risk of stent 
compression and fracture. One small randomized study of 104 patients 
suggested that treatment of SFA disease by primary implantation of a 
self-expanding nitinol stent yielded results superior to those with the 
currently recommended approach of balloon angioplasty with optional 
secondary stenting at 6 to 12 months.34 Another study in 73 patients 

and stents coated with antiproliferative agents, and these are helping 
to surmount the problem of poor long-term durability, which is cur-
rently the main limitation of endovascular techniques. Femoropopli-
teal angioplasty can be considered for discrete single lesions less than 
10 cm, less than 5 cm for calcified stenosis, or less than 3 cm for mul-
tiple lesions, so long as the SFA origin or distal popliteal artery is not 
involved. Endovascular treatment of longer SFA lesions is more con-
troversial. Factors that have been found to adversely impact long-term 
patency are CLI (gangrene or rest pain), multiple stenoses or diffuse 
disease, and poor distal runoff.31,32

Indications
The low morbidity and mortality of endovascular intervention makes 
this the strategy of choice in patients with suitable lesions (see Table 
39-3). It is an appropriate option in the management of symptomatic 
patients with (1) femoropopliteal lesions less than 10 cm in length 
(unilateral or bilateral), (2) multiple stenoses or occlusions less than 
5 cm (not involving the trifurcation), (3) a single stenosis less than 
15 cm (not involving the trifurcation), and (4) prior to surgery in 
patients with no continuous tibial runoffs in order to improve inflow 
for surgical bypass.

Techniques
Common Femoral Artery
Access is usually obtained via the contralateral femoral artery (with a 
crossover sheath) or via the brachial artery. Lesions that involve the 
bifurcation of the common femoral artery (CFA) represent a challeng-
ing problem, and sometimes kissing balloons are needed to achieve 
desirable angiographic outcome.

Stents have historically not been recommended; however, the use 
of self-expanding nitinol stents is gaining popularity among some 
interventionalists. Stents are routinely used in salvage situations, and 
the flexible self-expanding stent is the appropriate choice in this vessel. 
Stenting, however, poses many concerns because stent compression or 
fracture can occur and may render future surgical repair more com-
plicated. It is important to point out that although restenosis rates are 
high in the CFA (>50%), restenosis may be associated with less limiting 
symptoms in patients who needed the PTA for persistent or critical 
symptoms.

Deep Femoral Artery
Revascularization of the DFA may be needed in the setting of total 
occlusion of the SFA, or of a femoropopliteal bypass graft, because the 
DFA plays an important role as a source of collaterals to the lower 
extremity. Surgery is the preferred strategy in this vessel; however, PTA 
may be tried in the setting of severe limb-threatening ischemia when 
surgery is contraindicated or if the disease involves the distal portion 

FIGURE 39-6	 Right	 superficial	 femoral	artery	 (SFA)	 intervention.	A,	 Abdominal	aortogram	 reveals	 the	 right	SFA	 lesion	 (arrow).	B,	 The	 lesion	 is	
crossed	and	angioplasty	 is	done	using	a	contralateral	access	point.	C,	Successful	percutaneous	 transluminal	angioplasty	 (PTA)	 result	with	no	
significant	residual	lesion	or	flow-limiting	dissection.	
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Specific Techniques: Laser, Atherectomy, SilverHawk
Although anecdotal experiences and reported case series have sug-
gested some benefits, the use of directional atherectomy and laser 
angioplasty has not been shown to offer any clear advantage over PTA 
in femoropopliteal PAD.40,41 A prospective database of 275 patients 
suggested that the SilverHawk device (Fox Hollow Technologies, 
Redwood City, CA) was an effective endovascular therapy for periph-
eral arterial intervention with a low mortality, low complication rate, 
low amputation rate, and rare need for conversion to surgical bypass.42 
Atherectomy devices may be particularly useful for ostial SFA bifurca-
tion lesions (Fig. 39-7) and calcified lesions.

Clinical Data
RCTs in patients with IC and FPA disease that compared medical 
therapy with PTA consistently revealed that PTA offers early symptom-
atic relief at 3 to 6 months compared with medical therapy, and out-
comes were similar at 2 years.41,43 Clinical acute success rates of PTA 
of FPA disease in the contemporary era exceeds 95%.33 Contemporary 
endovascular approaches that include stenting offer acute technical 
success rates of up to 99%, and short- to medium-term patency rates 
are superior to PTA alone.34 The mid- to long-term data of endovas-
cular interventions in patients with IC or CLI and FPA disease are 
summarized in Tables 39-4 and 39-5.

The advantage of placing a sent in the SFA is that it limits elastic 
recoil, scaffolds flow-limiting dissection, and provides a higher acute 
technical support; however, these advantages are counterbalanced by 
a stent-induced enhanced endothelial hyperplasic response that can 
result in in-stent restenosis (ISR) and negate the noted advantages of 
stenting on long-term follow-up. Restenosis following endovascular 
interventions depends on the severity of the disease (total occlusion 
vs. patent vessel with a high-grade lesion), the status of the distal 
runoffs, and the length of the lesion. Whether different stent material 
and/or drug elution with antiproliferative agents would result in 
improved outcomes will remain to be seen in future investigations.

Restenosis remains a limiting factor in achieving optimal intermedi-
ate to long-term patency. The use of brachytherapy in treating ISR 
resulted in a 50% reduction in the restenosis rate with no noted 
increased risk of late thrombosis. The use of sirolimus-eluting stents 
was not associated with superior results when compared with BMSs.37 
However, the Zilver PTX, a DES that elutes paclitaxel, showed sustained 

confirmed that primary stenting with a self-expanding nitinol stent for 
treatment of intermediate-length SFA disease resulted in morphologi-
cally and clinically superior midterm results compared with balloon 
angioplasty with optional secondary stenting.35 However, in a meta-
analysis of 934 patients, Mwipatayi and colleagues36 concluded that 
stent placement in femoropopliteal occlusive disease does not increase 
the patency rate when compared with PTA alone at 1 year.

The use of sirolimus-eluting S.M.A.R.T. stents for SFA occlusion 
was evaluated in the Sirolimus-Eluting Versus Bare Nitinol Stent for 
Obstructive Superficial Femoral Artery Disease (SIROCCO II)37 study 
and did not show any significant differences in clinical outcome com-
pared with bare-metal stents (BMSs). At 24 months, the restenosis rate 
in the sirolimus group was slightly higher in the BMS group (22.9% vs. 
21.1%, P > .05). Stent fractures, defined as one or more broken struts, 
were detected by the independent angiographic and radiographic core 
laboratory in eight patients in the BMS group and nine in the sirolimus 
stent group.37 The Zilver PTX paclitaxel-eluting stent (Cook Medical)—
a polymer-free, paclitaxel-coated, nitinol drug-eluting stent (DES)—
was also evaluated in several clinical studies.38,39 Dake and colleagues38 
compared the 12-month safety and effectiveness of the Zilver PTX with 
PTA and provisional BMS placement in patients with femoropopliteal 
PAD. Compared with the PTA group, the primary DES group exhibited 
superior 12-month event-free survival (90.4% vs. 82.6%, P = .004) and 
primary patency (83.1% vs. 32.8%, P < .001). Overall, femoropopliteal 
PAD treatment with the paclitaxel-eluting stent was associated with 
superior 12-month outcomes compared with PTA and provisional 
BMS placement. Longer term follow up of this cohort at 2 years dem-
onstrated that outcomes with the paclitaxel-eluting stent support its 
sustained safety and effectiveness in patients with femoropopliteal 
artery (FPA) disease, including the long-term superiority of the DES 
to PTA and to provisional BMS placement.39 Based on outcome data, 
the Zilver PTX is the first and only DES approved by the U.S. Food 
and Drug Administration (FDA) for SFA lesions. The IntraCoil (Sulzer 
IntraTherapeutics, St. Paul, MN) self-expanding peripheral stent; the 
LifeStent FlexStar (Bard, Murray Hill, NJ) peripheral vascular stent; the 
Complete SE (Medtronic Vascular, Santa Rosa, CA) vascular stent 
system; the Supera (Abbott Vascular, Abbott Park, IL) peripheral stent; 
the Viabahn (W.L. Gore, Flagstaff, AZ) endoprosthesis; and the Ever-
Flex (Covidien, Mansfield, MA) self-expanding stent are examples  
of some FDA-approved BMSs used in the femoral and peripheral 
arteries.

FIGURE 39-7	 Superficial	femoral	artery	(SFA)	ostial	bifurcation	lesion.	A,	Angiogram	reveald	the	right	SFA	ostial	occlusion	(arrow).	B,	The	lesion	
is	 crossed	and	atherectomy	 is	 done	using	a	 contralateral	 access	point.	C,	 Percutaneous	 transluminal	 angioplasty	 (PTA)	 result	with	 significant	
residual	lesion.	D,	Stenting	is	performed	with	no	residual	stenosis,	and	normal	flow	is	noted	in	the	deep	femoral	artery.	
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(THUNDER) trial,44 investigators randomly allocated patients under-
going FPA intervention to a paclitaxel-iopromide drug-eluting balloon 
or standard balloon angioplasty and found a significant reduction in 
the primary end point of late lumen loss with the DEB strategy (0.4 ± 
1.2 mm vs. 1.7 ± 1.8 mm; P < .001). Positive results were also observed 
in the randomized Femoral Paclitaxel (FemPac) trial, in which late 
lumen loss was significantly lower with a paclitaxel-iopromide DEB 
compared with balloon angioplasty (0.5 ± 1.1 vs. 1.0 ± 1.1 mm; P = 
.031).45 The Lutonix Paclitaxel-Coated Balloon for the Prevention of 
Femoropopliteal Restenosis Trial (LEVANT I) sought to evaluate the 
safety and efficacy of the Lutonix drug-coated balloon (DCB), which 
is coated with 2 µg/mm2 paclitaxel and a polysorbate-sorbitol carrier 
for treatment of FPA lesions.46 At 6 months, late lumen loss was 58% 
lower for the Lutonix DCB group (0.46 ± 1.13 mm) than for the control 
group (1.09 ± 1.07 mm; P = .016).46 Similarly encouraging data were 

safety and effectiveness in patients with FPA disease and has been 
approved by the FDA for use in the SFA.39 Nitinol, an alloy of nickel 
and titanium, is flexible and more likely to recover from being crushed 
when compared with stainless steel. A small single-center clinical trial 
compared the use of a self-expanding nitinol stent versus PTA with 
optional stenting (32% in this arm received stents) in symptomatic SFA 
disease (i.e., severe IC or CLI). In this trial, the use of stents was associ-
ated with lower rates of angiographic restenosis at 6 months (24% vs. 
43%, P = .05) and improved treadmill time at 6 to 12 months. This study 
is limited by its small size and short-term follow-up.34 Figure 39-8 lists 
the overall success and patency rates of PTA (with and without stenting) 
versus surgery in all claudicants.

Drug-eluting balloons (DEBs) have shown promise in patients 
undergoing intervention for FPA disease. In the Local Taxan With 
Short Time Contact for Reduction of Restenosis in Distal Arteries 

TABLE 39-4 Estimated Pooled Primary Patency Rates Following Balloon Dilation and Stent Implantation in Patients With Intermittent 
Claudication Secondary to Femoropopliteal Stenoses

Lesion Type and Year After Treatment

BALLOON DILATION STENT IMPLANTATION

Patency (%)* Range (%) Patency (%)* Range (%)

Stenosis: 0 100	(1.0) 98-100 100	(1.2) 99-100

1 77	(1.7) 78-80 75	(2.2) 73-79

2 66	(2.0) 63-71 67	(2.4) 65-71

3 61	(2.2) 55-68 66	(2.7) 64-70

4 57	(2.5) 54-63 NA NA

5 55	(2.8) 52-62 NA NA

Occlusion: 0 88	(2.9) 81-94 99	(2.3) 92-100

1 65	(3.0) 55-71 73	(2.8) 69-75

2 54	(3.1) 45-61 66	(3.0) 61-68

3 48	(3.3) 40-55 64	(3.2) 59-67

4 44	(3.5) 36-53 NA NA

5 42	(3.7) 33-51 NA NA

From	Muradin	GS,	Bosch	JL,	Stijnen	T,	Hunink	MG:	Balloon	dilation	and	stent	 implantation	 for	 treatment	of	 femoropopliteal	arterial	disease:	meta-analysis.	Radiology	221(1):137-145,	
2001.
Note:	Ranges	are	derived	from	sensitivity	analyses.
*Numbers	in	parentheses	represent	the	standard	error.
NA,	Not	available.

TABLE 39-5 Estimated Pooled Primary Patency Rates Following Balloon Dilation and Stent Implantation in Patients With Critical Limb 
Ischemia Secondary to Femoropopliteal Stenoses

Lesion Type and Year After Treatment

BALLOON DILATION STENT IMPLANTATION

Patency (%)* Range (%) Patency (%)* Range (%)

Stenosis: 0 83	(3.7) 69-88 100	(3.3) 94-100

1 60	(4.0) 46-63 74	(3.8) 68-80

2 49	(4.0) 35-54 66	(3.9) 59-72

3 43	(4.1) 30-51 65	(4.1) 58-71

4 40	(4.3) 26-46 NA NA

5 38	(4.5) 24-44 NA NA

Occlusion: 0 70	(3.5) 62-75 98	(3.2) 94-100

1 47	(3.5) 41-51 73	(3.6) 68-75

2 36	(3.6) 28-41 65	(3.7) 60-68

3 30	(3.7) 20-37 63	(3.9) 58-68

4 27	(3.9) 16-34 NA NA

5 25	(4.1) 13-32 NA NA

From	Muradin	GS,	Bosch	JL,	Stijnen	T,	Hunink	MG:	Balloon	dilation	and	stent	 implantation	 for	 treatment	of	 femoropopliteal	arterial	disease:	meta-analysis.	Radiology	221(1):137-145,	
2001.
Note:	Ranges	are	derived	from	sensitivity	analyses.
*Number	in	parentheses	is	the	standard	error.
NA,	Not	available.
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stenting is discouraged as a primary strategy, its use as a bailout strat-
egy in the context of flow-limiting dissections and perforations has 
been well established. The appropriate use of anticoagulation and anti-
platelet therapy safeguard against acute and subacute thrombosis and 
may limit the incidence and the consequences of distal embolization.

When to Refer to Surgery
Although somewhat controversial, surgery remains the preferred strat-
egy for patients with common femoral and proximal DFA obstructive 
PAD. It is also the preferred strategy for patients with a heavily calcified 
or completely occluded CFA, femoropopliteal calcified stenosis, occlu-
sions more than 15 cm in length, total occlusions (TOs) of the SFA that 
are more than 20 cm, and TOs of the popliteal artery or of the proximal 
trifurcation.2,8 It is important to point out that a strategy of initial PTA 
in lieu of surgery in selected patients is reasonable.19

Infrapopliteal (Runoff) Disease

Indications
Despite the fact that the first reported cases of endovascular interven-
tions in the management of infrapopliteal PAD was in 1964 by Dotter 
and Judkins, endovascular therapy has had a limited role in the man-
agement of infrapopliteal PAD. In patients with IC secondary to infr-
apopliteal PAD, medical therapy is the most appropriate initial strategy.8 
Tibioperoneal angioplasty is limited by recurrence and also by the need 
for highly skilled operators, because the need for emergency surgical 
bailout is associated with considerable risk that cannot be justified in 
patients with stable IC, especially when medical management is known 
to produce similar outcomes with limited risk.2 However, in carefully 
selected patients, and in the hands of experienced operators, an acute 
success rate of 95% (98% for stenosis, 86% for TO) with less than 1% 
significant complication rates can be achieved.26,51-53 The role of angio-
plasty in patients with CLI is more promising and justified because its 
results are comparable, if not superior, to infrapopliteal/tibial bypass 
surgery.53 Endovascular techniques can thus be used as a primary 
therapy or as an adjunctive therapy to bypass surgery to improve inflow 

seen with a paclitaxel-urea DEB (IN.PACT Pacific; Medtronic Vascu-
lar).47 A meta-analysis of the available data from randomized trials 
shows a significant improvement in clinical and angiographic out-
comes with DCBs.48 Another recent study compared a paclitaxel-
eluting balloon (PEB) with conventional PTA, followed by systematic 
implantation of a self-expanding nitinol BMS in patients at risk for 
restenosis.49 A total of 104 patients (110 FPA lesions in 110 limbs) were 
randomly assigned to either a PEB plus a BMS or regular balloon 
angioplasty plus a BMS. The primary end point was 12-month binary 
restenosis, and secondary end points were freedom from target-lesion 
revascularization (TLR) and major amputation. Post hoc subanalyses 
were performed for the comparison of long (≥100 mm) versus short 
lesions and true lumen versus a subintimal approach. The study found 
that predilation with DEB angioplasty prior to BMS implantation, 
compared with a regular balloon plus BMS in complex FPA lesions, 
reduces restenosis and target-lesion revascularization (TLR) at 
12-month follow-up.49 DEBs are likely to become available in the 
United States for clinical use in 2015 or 2016.

RCTs that compare PTA with surgery in the management of 
infrainguinal PAD are limited. This is partly because the choice of the 
revascularization modality will depend on how extensive the disease 
is in the individual patient, surgery being the most likely route of action 
in the setting of extensive long lesions and in those with CLI. In a 
multicenter RCT of 263 men, Wolf and associates16 reported three 
operative deaths in the surgical arm (n = 126) and none in the PTA 
arm (n = 129). No difference in survival was noted, although a trend 
was seen in favor of the PTA arm. Although patients in both arms had 
sustained improvement in both hemodynamics and quality of life, the 
success rate was higher in the surgical arm, and more limb salvage was 
reported than in the PTA arm. No differences were reported in clinical 
outcome on median follow up of 4 years. In a small randomized trial, 
a 1-year patency rate of 43% in the PTA arm (n = 30) versus 82% in 
the surgical arm (n = 24) was reported.50

Complications and Their Management
Dissection, perforation, and distal embolization are the complications 
encountered in femoropopliteal interventions. Although the use of 

FIGURE 39-8	 Patency	rates	for	percutaneous	and	bypass	
procedures	 in	 intermittent	 claudication.	 (Data	 adapted	
from	 the	 TransAtlantic	 Inter-Society	 Consensus	 [TASC]	
recommendation.)
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Clinical Data
Despite advances in modern aggressive revascularization techniques, 
the mortality and morbidity rates for this cohort of patients have 
remained substantial, with 30-day mortality rates of around 4% to  
10%, a 6% to 14% amputation rate, and 90-day graft failure rates of 
close to 5%.59 The 5-year patency rate for femoral below-knee bypass 
is about 75% (vein graft) to 60% (prosthetic grafts), whereas for distal 
bypass, it is about 50%.2 An important contributor to these poor out-
comes is the substantial disease burden in this cohort of patients, who 
have a preponderance of coronary artery disease (CAD), diabetes  
mellitus, and baseline tissue loss (foot ulcer, gangrene, or nonhealing 
wound).2,59,60

No RCTs have compared strategies for the treatment of below-knee 
arterial occlusive disease. Dorros and colleagues60 reported the largest 
prospective series of infrapopliteal angioplasty on 284 limbs with CLI 
(Fontaine stages III and IV) in 235 patients between 1983 and 1996. 
The mean age was 67 years, 69% were males, half had diabetes, more 
than a quarter had previous MI, a third had prior coronary artery 
bypass surgery, and 39% had prior peripheral vascular surgery. The 
overall acute technical success rate was 100% for inflow lesions and 
92% for infrapopliteal lesions. The success rate was 98% for stenoses 
but only 73% for occlusions. Complications were infrequent: 0.7% 
in-hospital all-cause mortality; 0.7% emergency vascular surgery; 9% 
in-hospital major amputation; and 0.4%, or one case each, of compart-
ment syndrome, major infection, and transfusion were reported. A 
more contemporary series (n = 60) reported by Söder and associates51 
involved an older (mean age, 72 yr) and sicker cohort: more than 75% 
had diabetes, almost 25% had baseline renal insufficiency, 90% pre-
sented with minor (81%) or major (9.7%) tissue loss, and the majority 
were not eligible for distal bypass surgery (no runoff in 70 limbs, 
single-vessel runoff in two limbs). This group reported a primary 
angiographic success rate of 84% (102 of 121) for stenosis and 61% (41 
of 67) for occlusions with corresponding restenosis rates of 32% and 
52% at follow-up angiography performed at a mean of 10 months after 
primary PTA. The rate of major complications was 2.8% (access-site 
pseudoaneurysms in two patients). The primary clinical success was 
63% (45 of 72). A 48% cumulative primary patency rate, a 56% second-
ary patency rate, and an 80% cumulative limb-salvage rate were 
reported at 18 months. Factors that independently correlated with 
continued lesion patency up to 12 months were angiographic improve-
ment to the site of most severe ischemia (6-month primary patency of 
68% vs. 16%; P = .001) and absence of renal insufficiency (patency of 
63% vs. 24%; P = .06%). Clinical success, defined as relief of claudica-
tion or avoidance of major amputation, was achieved in only 45 of 72 
limbs (63%) acutely, but this is comparable to results from surgical 
series. No patient in this series had a subsequent surgical bypass opera-
tion for the limbs, largely because of poor distal targets or pedal arter-
ies. The Drug-Eluting Balloon in Peripheral Intervention for Below the 
Knee Angioplasty Evaluation (DEBATE-BTK)61 investigated the effi-
cacy of a paclitaxel DEB versus conventional PTA for the reduction of 
restenosis in diabetic patients with CLI undergoing endovascular 
intervention of below-the-knee arteries. This was a randomized, open-
label, single-center study to compare DEBs and PTA. Inclusion criteria 
were diabetes mellitus, CLI (Rutherford class 4 or higher), significant 
stenosis or occlusion greater than 40 mm of at least one below-the-
knee vessel with distal runoff, and life expectancy greater than 1 year. 
Binary in-segment restenosis at a 1-year angiographic or ultrasono-
graphic follow-up was the primary end point. Clinically driven TLR, 
major amputation, and target-vessel occlusion were the secondary end 
points. This study reported that compared with PTA, DEBs strikingly 
reduce 1-year restenosis, TLR, and target vessel occlusion in the treat-
ment of below-the-knee lesions in diabetic patients with CLI.61

When to Refer to Surgery
In the management of infrapopliteal disease, bypass surgery has been 
associated with disappointing results. Just as with PTA, the patency 
rate of bypass grafting remains inferior to that of bypass grafting in 

in a diseased segment or to improve the outflow. Up to a quarter of 
patients with CLI have lesions isolated to arteries below the knee, and 
these occur mostly in patients with diabetes and other comorbid con-
ditions. Historically, the main concerns with regard to endovascular 
interventions of the infrapopliteal vessels were the long-term patency, 
complications, and technical failure of such interventions. With 
improved equipment, appropriate patient selection, and meticulous 
technical approach, acute success rates of over 90% and 5-year limb 
salvage rates of close to 90% are now possible on a more consistent 
basis, particularly in the context of a comprehensive strategy that 
includes medical, endovascular, and surgical modalities, as well as 
lesion surveillance long term.51 Local delivery of paclitaxel via DEBs 
has recently shown promising results in the treatment of femoropop-
liteal disease,48 and in the infrapopliteal area, a reduction in 3-month 
binary restenosis has been observed compared with historic controls 
treated with PTA.54

Techniques
Access and Recanalization Techniques and Devices
Antegrade ipsilateral femoral access is usually used for infrapopliteal 
interventions. The advantages of such access include a straight-line 
approach to the lesion and that it allows a shorter length of catheter or 
balloon shaft, more torque control, and a better mechanical advantage 
and “pushability” for occlusions or lesions that are difficult to cross. This 
approach requires experience to minimize complications at the access 
site. If combined below- and above-knee PTA is necessary, angioplasty 
of the tibioperoneal arteries initially might lower the risk of peripheral 
embolization. In the Uppsala series, six of the initial 40 procedures had 
embolization that required either transcatheter embolectomy or local 
streptokinase infusion. After altering their practice so that distal angio-
plasty was performed prior to more proximal lower limb angioplasty, 
no embolization was seen in the subsequent 54 procedures.

Because occlusion of these end arteries jeopardizes the feet and 
leaves no surgical bail-out options, the characteristics of reported suc-
cessful series must be carefully considered. In Dorros and colleagues’ 
series,53 tibioperoneal lesions had to be less than 10 cm in length, and 
distal vessels were visualized. Occlusions were less successfully opened 
than stenoses (73% vs. 98%), and a residual stenosis of up to 50% was 
acceptable for these relatively small vessels. Complete multivessel 
revascularization may not be necessary, especially when a significant 
improvement in ABI is already documented. If angioplasty results in 
straight-line flow to the foot, clinical success rates of up to 80% at 24 
months have been reported; conversely, the lack of straight-line flow 
portends failure within 11 months. Vasospasm usually abates with 
intraarterial nitroglycerin or verapamil.

Stent Choice
Stents are not recommended in the management of infrapopliteal 
disease; however, stent placement may be used as a bailout in the 
context of flow-limiting dissections. The Percutaneous Transluminal 
Angioplasty and Drug-Eluting Stents for Infrapopliteal Lesions in 
Critical Limb Ischemia (PADI) trial55 is a prospective, multicenter, 
randomized, controlled, double-arm study to investigate the safety and 
efficacy of primary paclitaxel-eluting stent (PES) implantation versus 
PTA in infrapopliteal lesions in CLI, and it was anticipated to report 
results in 2015. The primary end point will be primary patency of the 
treated site at 6 months.

Specific Techniques
Previous case series detailing the use of atherectomy in treatment of 
tibial lesions has had dismal results.56 Zeller and colleagues57 reported 
that below-knee native vessel lesions with a diameter of at least 2 mm 
can be treated with the SilverHawk catheter with a high success rate 
and a low complication rate. Orbital atherectomy was recently tested 
as a unique approach to infrapopliteal disease and provided predictable 
and safe lumen enlargement.58 Short-term data demonstrated substan-
tial symptomatic improvement and infrequent need for further revas-
cularization or amputation, but additional studies are needed.



 CHAPTER 39  Lower Extremity Interventions 623

Management Strategies of Acute Limb Ischemia
In approaching patients with suspected ALI, history and physical 
examination should be focused on establishing the underlying mecha-
nism of the ALI to categorize the patient based on the underlying leg 
symptoms and signs in addition to the Doppler assessment of the 
peripheral pulses. Once the diagnosis of ALI is made, the objective 
should be to prevent thrombus propagation and worsening ischemia. 
Thus anticoagulation with heparin, if not contraindicated, is the first 
step in management. Restoration of the flow as soon as possible is the 
next step (for viable limbs in Fontaine class I and II) using either 
pharmacologic or endovascular versus open catheter thromboembo-
lectomy. If the patient has a true late nonviable limb (class III), amputa-
tion is the only option because revascularization of such limbs is of no 
benefit but rather is associated with a high risk of mortality. Table 39-7 
gives the recommended medications and doses of thrombolytic 
therapy. In general, patients with clear embolic etiology and a discern-
ible location of obstruction by physical exam are taken to surgery for 
open embolectomy. If there is no clear embolic etiology, an arteriogram 
should be performed and the decision made, based on the findings, 
regarding endovascular versus surgical interventions.

Interventional Treatment
Pharmacologic Thrombolysis
Although systemic thrombolysis has no role in the management of 
ALI, catheter-directed thrombolytic therapy is effective in the manage-
ment of patients with class I and IIa ischemia. This approach is clearly 
less invasive, has less morbidity and mortality when compared with 
open surgery, and may reduce the risk of reperfusion injury. The  
choice of lytic therapy will depend on the location, anatomy, and 
patient comorbidities. Contraindication to thrombolysis should be 
observed.

Percutaneous Aspiration Thrombectomy
Percutaneous aspiration thrombectomy (PAT) is an alternative nonsur-
gical modality to treat ALI that uses large-lumen catheters and suction 
with a 50-mL syringe to remove embolus or thrombus from native 
vessels, bypass grafts, and runoff vessels. PAT devices such as the 
Amplatz Clot Buster (BARD-Microvena, White Bear Lake, MN) and 
the Straub Rotarex System (Straub Medical, Wangs, Switzerland) have 
been used with fibrinolysis to reduce the time and dose of the fibrino-
lytic agent or as a stand-alone procedure.

more proximal PAD as shown in Figure 39-7.2 Success in achieving 
limb salvage with minimal periprocedual complication is dependent 
on the status of distal circulation and on the overall risk profile of  
the patient. Amputation—primary, when no antecedent attempt is 
made on revascularization, or secondary, following failure of 
revascularization—may be necessary in patients with CLI complicated 
by intractable infections or uncontrollable rest pain.

ACUTE LIMB ISCHEMIA
Acute limb ischemia (ALI) is defined as a sudden or rapidly developing 
loss of limb perfusion that results in the development or worsening of 
symptoms and signs of limb ischemia with an eminent threat to limb 
viability. ALI may be the first manifestation of PAD in previously 
asymptomatic patients.8 More commonly, patients with IC will experi-
ence progression in their disease with development of rest pain, isch-
emic ulcers, and eventually gangrene. Although it may be gradual, this 
progression is usually the result of recurrent acute ischemic events. 
Two mechanisms are implicated in ALI: embolism and in-situ throm-
bosis. Differentiation based on history and clinical examination alone 
may be clinically impossible in 10% to 15% of cases. Although little 
information is available on the incidence of ALI in the general popula-
tion, it is estimated to be 14 per 100,000 and is the indication for 10% 
to 16% of all vascular procedures performed. Patients with embolic 
ALI are more likely to die than those with thrombosis, usually second-
ary to underlying cardiac disease, whereas patients with thrombotic 
ALI are more likely to lose their limbs when compared with those who 
have embolic ALI.

The natural history of ALI has remained largely unchanged despite 
the advances in the surgical, endovascular, and pharmacologic thera-
pies. Patients who present with ALI continue to have a particularly 
poor short-term outlook both in terms of loss of the leg and mortality, 
with 30-day amputation rates of between 10% and 30% and a mortality 
rate of 15%. The fact that overall mortality rates after intervention for 
acute ischemia have not improved dramatically over the past 20 years 
reflects the severity of the underlying atherosclerotic burden in these 
high-risk patients.2,8,62

An embolic event complicates atrial fibrillation, MI with left ven-
tricular thrombus, or peripheral pseudoaneurysm. Thrombosis in situ 
is usually encountered in patients with PAD and tenuous collateral 
circulation, or it may be seen in patients with prior bypass surgery with 
an acute thrombosis of the graft. Also of importance are other mecha-
nisms of ALI such as septic or cardiac tumor emboli; trauma, such as 
popliteal artery disruption; and dissection of large vessels with distal 
progression, such as aortic dissection with iliac artery occlusion. Table 
39-6 shows a recommended classification of ALI, which is useful in 
estimating the impact for the individual patient and in determining 
the prognosis of the limb at presentation.63

TABLE 39-6 Classification of Acute Limb Ischemia

Category

NEUROMUSCULAR

Description Findings Doppler

I Viable No	sensory	or	
muscle	weakness

Audible	arterial	
and	venous

IIa Threatened	
(marginally)

Minimal Often	inaudible	
arterial,	audible	
venous

IIb Threatened	
(immediately)

Mild	to	moderate,	
associated	with	
pain

Usually	inaudible	
arterial,	audible	
venous

III Irreversible Profound	deficit No	signals

From	 Weaver	 FA,	 Comerota	 AJ,	 Youngblood	 M,	 et	al:	 Surgical	 revascularization	 versus	
thrombolysis	for	nonembolic	lower	extremity	native	artery	occlusions:	results	of	a	prospective	
randomized	trial.	The	STILE	Investigators.	Surgery	versus	thrombolysis	for	ischemia	of	the	
lower	extremity.	J	Vasc	Surg	24(4):513-521,	discussion	521-523,	1996.

TABLE 39-7 Recommended Doses of Antiplatelet, 
Antithrombotic, and Thrombolytic Medications for 
Management of Acute Limb Ischemia

Medication Route Dosage Laboratory

Aspirin PO/PR 325	mg None

Clopidogrel PO 300	to	600	mg	
loading	dose	75	mg	
maintenance	dose

None

Heparin IV 600	U/kg	bolus	then	
12	U/kg/hr

aPTT,	plts,	Hct

Mannitol IV 12.5	to	25	g Creatinine

Plasminogen	
activator

IA Depends	on	agent* Hct,	fibrinogen,	FSP

Urokinase IA 80	to	200,000	U/hr	
tapered	infusion

Hct,	fibrinogen,	FSP

From	Rajagopalan	S,	Mukherjee	D,	Mohler	E,	eds:	Manual	of	vascular	diseases,	Philadel-
phia,	2004,	Lippincott,	Wilkins	&	Williams,	p	92.
*Depends	 on	 thrombolytic	 (retaplase	 0.25	 to	 1.0	U/hr;	 alteplase	 0.2	 to	 1.0	mg/hr;	
tenecteplase	0.25	to	0.5	mg/hr).
aPTT,	 Activated	 partial	 thromboplastin	 time;	 FSP,	 fibrin	 split	 products;	 Hct,	 hematocrit;	
IA,	 intraarterial;	 IV,	 intravenous;	 plts,	 platelet	 count;	 PO,	 per	 os	 (orally);	 PR,	 per	 rectum	
(rectally).
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CLI is poor secondary to comorbid conditions: mortality rates approach 
10% per year, and amputation rates of 25% to 45% at 1 year.2,8

Interventional Treatment and Surgery
Management of CLI depends on the patient’s risk profile (expected 
operative mortality, underlying renal function, and the risk of contrast 
nephropathy, etc.) and anatomic profile (multisegment, multivessel, the 
number of runoffs, the suitability of the disease to PTA vs. surgery, 
etc.). Figure 39-9 outlines a general approach to the management  
of CLI.

Periprocedural Antithrombotic Therapy
PTA and stenting are usually conducted with weight-based heparin-
ization to achieve an ACT of 200 to 250 seconds. A front load of 
aspirin and clopidogrel (300 to 600 mg) at least 12 hours prior to 
intervention is widely used. The use of glycoprotein IIb/IIIa may be 
useful in the context of diabetes or evidence of angiographic thrombus 
or ulceration and in patients with poor runoff (one vessel or none) to 
prevent distal embolization. After PTA and stenting, life-long aspirin 
therapy is recommended in light of the high cardiovascular event rate 
in patients with advanced PAD. Most clinicians prescribe adjunctive 
clopidogrel for 1 to 12 months after a lower extremity percutaneous 
intervention.

Post Peripheral Bypass Surgery Patient
Various types of vascular bypass grafts are used in the management of 
lower extremity PAD. A detailed discussion of this subject is beyond 
the scope of this chapter; however, interventionalists are likely to 

Percutaneous Mechanical Thrombectomy
The concept of creating a “hydrodynamic recirculation vortex” that 
would dissolve a thrombus and remove its fragments is the underlying 
thought behind most percutaneous mechanical thrombectomy (PMT) 
devices, such as AngioJet (Possis Medical, Minneapolis, MN), Hydro-
lyser (Cordis, Warren, NJ), and Oasis (Boston Scientific/Medi-tech, 
Natick, MA) thrombectomy systems. The efficacy of PMT depends on 
the age of the thrombus because fresh thrombi can be efficiently 
removed, unlike old, organized thrombi.

Surgery
The indications for surgery include patients with clear embolic etiol-
ogy, where an open embolectomy can be performed, and patients with 
CLI (classes IIb and III). Surgery is associated with the risk of infection, 
hemorrhage, and periprocedural cardiovascular adverse events.

CRITICAL LEG ISCHEMIA
Critical leg (or limb) ischemia (CLI) is characterized by persistent rest 
pain with or without ongoing tissue loss, ischemic ulceration, or gan-
grene. The term critical limb ischemia is traditionally used to describe 
patients with ischemic symptoms of more than 2 weeks duration. 
Patients with CLI usually have ankle systolic pressure below 40 mm Hg, 
toe systolic pressure below 30 mm Hg, reduced transcutaneous oxygen 
concentration (TCPO2) of less than 50 mm Hg, or combinations of 
these.

In general, the underlying etiology is almost exclusively atheroscle-
rosis, and frequently it is a multivessel and multisegment disease. 
Smoking and diabetes are the most potent risk factors and are associ-
ated with higher rates of amputation. The prognosis in patients with 

FIGURE 39-9	 Treatment	algorithm	for	patients	with	critical	limb	ischemia.	(From	Rajagopalan	S,	Mukherjee	D,	Mohler	E,	eds:	Manual	of	vascular	
diseases,	Philadelphia,	2004,	Lippincott,	Williams	&	Wilkins,	p	92).
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repair of popliteal artery aneurysms is a new technique that has 
emerged as an alternative to open surgical bypass. The evidence to 
support its use is limited, and long-term follow-up data are lacking; 
however, early results have been promising and have shown high rates 
of initial treatment success.67,68

Atheroembolism
Atheroembolism refers to the occlusion of arteries secondary to the 
detachment and embolization of atheromatous debris, which includes 
cholesterol crystals, platelets, fibrin, and calcium. Atheroemboli can 
originate from any atherosclerotic segment, although typically they 
originate from aortic atheromas and from aneurysms of the large and 
medium-sized arteries. They tend to occlude small end arteries and 
arterioles such as those of the kidneys, retina, brain, and extremities.

Clinical features of this disorder are usually reflective of acute isch-
emic complications and depend on the affected organ. Atheroembolic 
events in the lower extremity would result in painful cyanotic toes 
(blue toe syndrome) and are associated with digital and foot ulcer-
ations in addition to multiorgan dysfunction depending on the extent 
of the embolic burden. Levido reticularis is common in patients with 
atheroembolism and is encountered in up to 50% of patients. It is 
important to point out that distal pulses will remain intact, unlike with 
CLI and ALI secondary to thromboembolism, in which pulses are 
usually abnormal because atheroemboli occlude smaller, more distal 
vessels. The differential diagnosis includes many conditions such as 
vasculitis and prothrombotic conditions, such as antiphospholipid 
syndrome and heparin-induced thrombocytopenia (HIT).

Affected patients may have an elevated erythrocyte sedimentation 
rate (ESR), thrombocytopenia, eosinophilia, eosinophiluria, and hypo-
complementemia. The finding of cholesterol crystals in small arteries 
is a pathognomonic sign when found in skin or muscle biopsies. Trans-
esophageal echocardiography (TEE), CT scan, and MRA can be used 
to visualize the aorta (searching for shaggy, mobile atheromas), and 

encounter graft-related complications, the most serious of which is ALI 
secondary to graft thrombosis.

In general, acute thrombosis of bypass grafts is secondary to techni-
cal problems and usually presents in the early postoperative period and 
requires an urgent intervention. In this setting, patients should be 
anticoagulated and then evaluated for balloon catheter thrombectomy. 
Mature graft thrombosis occurs at a rate of 10% at 5 years and rarely 
presents with ALI. Such patients are managed with thrombolytic 
therapy to clear the thrombus burden, and then the underlying etiol-
ogy should be addressed either through an endovascular approach or 
by open surgery.64

MISCELLANEOUS CONDITIONS

Buerger Disease (Thromboangiitis)
Buerger disease is a nonatherosclerotic inflammatory vasculitis of the 
small and medium-sized arteries, veins, and nerves. It can affect upper 
and lower extremities and occurs most commonly in young male 
smokers. The etiology is uncertain, although a clear and strong associa-
tion exists with smoking and tobacco use. The mainstay of therapy is 
smoking cessation, and in fact without complete cessation of smoking 
and tobacco use, the prognosis for limb salvage is dismal.65 Medical 
therapy with antiplatelets, immunosuppressants (cyclophosophamide), 
and analgesics has been used.

Surgical revascularization of the lower extremity in the context of 
Buerger disease has a limited role in light of the diffuse nature of the 
disease and its tendency to involve distal small vessels before progress-
ing proximally. Bypass surgery, when feasible, should be done with an 
autologous vein and veins not affected by the disease process. Percu-
taneous intervention has no clear role in the management of patients 
with Buerger disease.

Peripheral Aneurysm
The most common cause of peripheral aneurysm formation is athero-
sclerosis. Other predisposing factors include hypertension, inflamma-
tory and infectious processes, trauma, connective tissue diseases, and 
familial tendencies. Whereas most aneurysms are asymptomatic, they 
can become the source of distal embolization, they can become 
infected, they may compress surrounding tissues, or they may rupture. 
Aneurysms of the lower extremity have particular complications 
depending on their location.

Iliac artery aneurysms are associated with atheroembolism, obstruc-
tive uropathies, iliac vein obstruction, and perineal or groin pain. The 
use of magnetic resonance angiography (MRA) or multidetector con-
trast computed tomography (CT) is the preferred strategy for diagno-
sis. Traditionally speaking, surgical resection is indicated if the 
aneurysm is symptomatic or is more than 3 cm in diameter. Endovas-
cular treatment using a variety of options available today, such as coil 
embolization or stent-graft placement, may be an alternative to surgery. 
Early experience indicates that endovascular treatment is safe and 
effective in the hands of skilled operators; however, large long-term 
follow-up studies are needed to determine whether this approach is a 
practical alternative to open surgery.66

Femoral artery aneurysm is associated with atheroembolism and 
venous obstruction. It can be diagnosed with ultrasound and is 
managed surgically if symptomatic. Case series of endovascular inter-
ventions have been reported, but the data are limited, and larger studies 
with long-term follow-up are needed to help identify the role of this 
approach in the setting of femoral artery aneurysm.67

Popliteal artery aneurysm is associated with thrombosis, atheroem-
bolism, venous obstruction, popliteal neuropathy, and infection. It can 
be bilateral in 50% of patients. Ultrasound can be used to make the 
diagnosis, although contrast angiography is generally needed prior to 
surgery to assess the proximal and distal circulation (Fig. 39-10). Once 
diagnosed, popliteal artery aneurysm should be resected to prevent its 
potentially devastating thromboembolic complications. Endovascular 

FIGURE 39-10	 Digital	substraction	angiography	of	 left	popliteal	artery	
showing	aneurysm.	
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revascularization in patients who remain symptomatic or those who 
progress to CLI. Advances in technology will likely continue to opti-
mize the role of percutaneous interventions in the management of 
PAD, and whereas such interventions are already very effective in the 
management of IC caused by iliofemoral disease, room for improve-
ment remains in the use of such interventions in the management of 
infrapopliteal disease and of ALI and CLI. The use of drug-eluting 
balloon therapy for de novo peripheral artery disease is quite promis-
ing. Although studies to date have been small in scale, the data from 
these trials are consistent in showing benefit over conventional balloon 
angioplasty.70 Pending issues that need to be resolved include (1) the 
development of devices of an appropriate length to facilitate treatment 
of disease that is often diffuse, (2) the long-term clinical outcomes of 
patients treated with drug-eluting balloons, and (3) the optimal dura-
tion of dual-antiplatelet therapy.

assessment of aneurysms by ultrasound and angiography is part of the 
workup to identify the source of the emboli if possible.

If the source cannot be identified, no definitive therapy exists, but 
antiplatelet therapy with aspirin has been advocated. If the source is 
identified, surgical removal or endovascular isolation of the source of 
the emboli is the only definitive therapy.69

CONCLUSIONS AND FUTURE DIRECTIONS
PAD of the lower extremity is a serious health problem associated  
with significant morbidity, and it is a reflection of advanced athero-
sclerosis that often affects other vascular trees. Although the manage-
ment of patients with IC is based on an integrated exercise program 
and pharmacologic modification of the associated risk factors, per-
cutaneous interventions have emerged as an alternative to surgical 
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From the inception of the subspecialty of interventional cardiology, 
to the Centers for Medicare and Medicaid Services (CMS) physi-

cian specialty designation for interventional cardiology, the scope of 
interventional cardiology has continued to expand. The discipline has 
grown beyond percutaneous management of coronary artery disease 
to include therapy for valvular and structural heart disease and endo-
vascular treatment of aortic aneurysm, venous disease, and peripheral 
arterial disease (PAD), including management of vascular disease in 
the upper extremity (UE) and proximal arch vessels.

The continued evolution of cardiology in the field of vascular medi-
cine has been a natural extension because atherosclerosis is a systemic 
process that is not isolated to the coronary vasculature and a high 
degree of correlation exists between the extent of atherosclerosis in the 
coronary, carotid, and brachial arteries.1 Coronary disease is associated 
with an increased risk of PAD, and among those with PAD, the risk of 
coronary and cerebrovascular ischemic events with significant morbid-
ity and mortality is extremely high.2-6 Most of the management con-
cepts and techniques for coronary arterial disease are transferable to 
the treatment of PAD when a conservative medical strategy or percu-
taneous therapy is employed.

General and interventional cardiologists care for patients with 
coexistent coronary and peripheral vascular disease and those with 

significant risk factors for the development of arterial vascular disease. 
These clinicians must have a thorough understanding of PAD, includ-
ing the application of screening tools and management strategies.

This chapter discusses the anatomy, epidemiology, risk factors, 
diagnosis, and treatment of PAD involving the UE (i.e., axillary and 
brachial arteries) and proximal arch vessel (i.e., subclavian artery). It 
excludes carotid arterial disease evaluation and management, which 
are discussed in Chapter 46.

EPIDEMIOLOGY AND RISK FACTORS FOR 
PERIPHERAL ARTERIAL DISEASE

Considering an age-adjusted prevalence of about 12%, PAD is esti-
mated to affect at least 8 to 12 million individuals in the United States.2,7 
Advancing age is strongly associated with the increased prevalence  
of PAD, and approximately 20% of U.S. adults older than 70 years  
have PAD.6,8

PAD has been reported to affect males and females equally, but 
studies have demonstrated a greater predilection for PAD among 
blacks than non-Hispanic whites (38% vs. 25% of men), and the ethnic 
propensity is independent of traditional risk factors for cardiovascular 
disease such as hypertension, hyperlipidemia, diabetes, kidney disease, 
and tobacco use.6,8,9 An estimated 25% to 40% of patients seen in the 
general cardiology clinic have PAD,2,3,5 and up to 50% of patients with 
PAD may be asymptomatic, illustrating the need for careful evaluation 
of patients of advancing age and those with risk factors for cardiovas-
cular and peripheral vascular disease.6

Unlike PAD involving the lower extremities, atherosclerosis is esti-
mated to account for only about 5% of cases of upper extremity (UE) 
ischemia. Obstruction of the brachiocephalic (innominate) or subcla-
vian (inflow) arteries accounts for most cases due to the propensity  
for atherosclerosis at those sites, with a fourfold higher occurrence on 
the left than the right.10,11 However, not all UE ischemia is related to 
inflow obstruction. Because of the relatively uncommon occurrence of 
atherosclerosis distal to the inflow arteries, numerous causes of UE 
arterial disease involving the large or medium-sized arteries (proximal 
to the wrist) or small arteries (distal to the wrist) must be considered. 
Conditions such as vasculopathies, aneurysm or entrapment syn-
dromes, embolic phenomena, medications, and chemical exposures 
can complicate the diagnosis due to the similarity of symptoms. Addi-
tional testing beyond the comprehensive history and physical examina-
tion may be required to elucidate the cause.12 Table 40-1 provides the 
differential diseases, exposures, and other conditions that should be 
considered.12,13

VASCULAR ANATOMY OF THE UPPER EXTREMITY 
AND AORTIC ARCH

Normal Anatomy
The normal branching pattern of vessels coming off the aortic arch in 
approximately 70% of the population14 includes the initial branch, the 
right brachiocephalic artery, the left common carotid artery, and the 
left subclavian artery. Variations from the typical branching pattern are 
discussed in the next section.

The right brachiocephalic artery (innominate) divides into the right 
subclavian and the right common carotid artery behind the right 
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•	 Arterial	disease	in	one	vascular	bed	is	a	harbinger	of	disease	in	
other	vascular	beds.

•	 The	differential	diagnosis	of	diseases	involving	the	upper	extremity	
(UE)	and	aortic	arch	branch	vessels	is	vast	and	requires	extensive	
knowledge	and	a	thorough	history	and	physical	examination.

•	 In	patients	with	suspected	arterial	disease,	blood	pressure	should	
be	measured	in	both	UEs,	and	if	Takayasu	arteritis	is	suspected,	
blood	pressure	should	be	measured	in	all	four	extremities.

•	 Anatomic	variation	in	the	UE	vessels	and	aortic	arch	occurs	in	
20%	to	30%	of	the	population,	and	the	pathologic	significance	
depends	on	the	anomaly.

•	 The	physical	examination	of	a	patient	with	UE	disease	is	
incomplete	in	the	absence	of	performing	diagnostic	maneuvers	to	
evaluate	for	thoracic	outlet	syndrome.

•	 Before	performing	percutaneous	intervention	for	UE	large	vessel	
disease,	the	relationship	of	branch	vessels	to	the	lesion	and	ostial	
involvement	of	the	lesion	should	be	thoroughly	evaluated.

•	 Percutaneous	intervention	in	the	brachiocephalic	artery	is	more	
complicated	than	revascularization	of	the	subclavian	artery	due	to	
the	potential	for	embolization	to	the	anterior	cerebral	circulation.

•	 Percutaneous	revascularization	has	become	first-line	therapy	
instead	of	surgery	for	treating	atherosclerotic	brachiocephalic	or	
subclavian	stenosis	because	of	the	high	technical	success	rates,	
the	low	restenosis	and	high	patency	rates,	and	lower	cost	with	
quicker	recovery	times.

•	 Management	of	UE	arterial	and	aortic	arch	vascular	disease	
requires	discernment	of	when	to	refer	patients	to	surgery	and	an	
understanding	of	the	management	of	aneurysmal	disease.
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in the left UE that is analogous to the right. Figure 40-1 demonstrates 
normal anatomy angiographically.

Smaller vessels provide extensive collateral circuits in the shoulder, 
elbow, and palm regions and are protective in allowing perfusion to 
the UE despite significant obstruction. UE large vessel disease is typi-
cally asymptomatic until the collateral support is insufficient or 
exhausted. Despite having protective collateral circuits, the UE remains 
vulnerable to ischemia if the obstruction occurs proximally because 
the UE is supplied by only one artery from the aorta.

sternoclavicular joint. The right subclavian artery then becomes the 
axillary artery at the lateral border of the first rib. The brachial artery, 
a continuation of the axillary artery, begins at the lateral border of the 
teres major muscle and terminates at the neck of the radius as it divides 
into the radial and ulnar arteries. The radial artery continues in the 
hand as the deep palmar arch, whereas the ulnar artery continues in 
the hand as the superficial palmar arch, which gives rises to the digital 
arteries.15 The left subclavian artery, the third branch off the aorta after 
the innominate and the left common carotid, has a branching pattern 

TABLE 40-1 Differential Diagnosis of Upper Extremity Vessel Obstructive Disease
Vessel Size Site, Disease State, and Substance Symptoms and Physical Examination Findings Symmetry and Acuity

Medium to Large

Atherosclerosis Brachiocephalic	artery
Subclavian	artery
Axillary	artery

Arm	claudication
Hand	or	finger	pain
Bruit,	pulse	deficit

Typically	unilateral
Chronic	and	progressive

Aneurysm Thoracic	outlet	syndrome
Trauma,	crutch	syndrome
Vasculitis
Fibromuscular	dysplasia

Pulsatile	mass	in	the	supraclavicular	fossa,	
hoarseness,	dyspnea,	transient	ischemic	attack	
(subclavian	artery)

Unilateral
Chronic	and	progressive

Thromboembolism Heart
Aortic	arch
Proximal	great	vessels

Varies	(e.g.,	ischemia,	pallor)	according	to	cause
Skin	ulcers
Osler	nodes
Janeway	lesions

Unilateral,	can	be	bilateral
Typically	acute

Entrapment Trauma
Thoracic	outlet	syndrome
Neoplasm

Pain,	especially	with	movement	or	certain	
positions

Unilateral
Chronic	and	progressive	unless	it	is	

an	acute	injury

Vasculitis	or	
arteritis

Giant	cell	(temporal)	arteritis
Kawasaki	disease
Takayasu	arteritis
Radiation-induced	arteritis

Constitutional	symptoms	(e.g.,	fever,	weight	loss,	
fatigue,	arthralgias,	myalgias),	rash,	bruit,	
pulse	deficit

Unilateral	or	bilateral

Vasospasm Nicotine
Cocaine
Methamphetamine

Digital	pallor
Cyanosis

Unilateral	or	bilateral
Acute	on	chronic

Small

Hematologic	
disorders

Cryoglobulinemia	(types	I,	II,	III)
Myeloproliferative	syndrome
Multiple	myeloma
Leukemia
Primary	macroglobulinemia

Constitutional	symptoms Unilateral	or	bilateral,	typically	bilateral
Progressively	worsening

Hypercoagulable	
states

Antiphospholipid	syndrome
Antithrombin	III,	protein	C,	or	protein	S	

deficiency
Heparin-induced	thrombocytopenia

Variable,	typically	mimicking	thromboembolic	
disease

Unilateral	or	bilateral,	typically	bilateral
Progressively	worsening

Rheumatologic	
disorders	
(vasculitis)

Rheumatoid	arthritis
Systemic	lupus	erythematosus
Scleroderma,	CREST	syndrome,	mixed	

connective	tissue	disease
Henoch-Schönlein	purpura

Constitutional	symptoms,	dysphagia,	nail	pitting,	
prominent	nailbed	capillary	loops,	skin	lesions	
(e.g.,	erythema	nodosum,	petechial	rash,	
pyoderma	gangrenosum,	palpable	purpura),	
sclerodactyly,	telangiectasias

Unilateral	or	bilateral,	typically	bilateral
Progressively	worsening

Infectious	diseases Hepatitis	C
Mycoplasma	pneumonia

Variable,	typically	mimicking	thromboembolic	
disease

Unilateral	or	bilateral,	typically	bilateral
Progressively	worsening

Embolic	and	
thrombotic	
diseases

Buerger	disease
Atheromatous	disease
Aneurysms
Atrial	fibrillation
Atrial	myxomas
Left	ventricular	thrombus
ASD/PFO
Endocarditis	or	valvular	disease

Varies	according	to	cause
Skin	ulcers
Osler	nodes
Janeway	lesions

Bilateral
Acute

Vasospasm Raynaud	phenomenon
Medications	or	illicit	substances

Finger	pain,	fixed	cyanosis,	ulcers,	gangrene Typically	bilateral
Acute,	chronic,	or	acute	on	chronic

Exposures Vinyl	chloride Digital	pallor
Cyanosis

Unilateral	or	bilateral
Chronic	and	progressive

Data	from	Rajagopalan	S,	Mukherjee	D,	Mohler	E:	Manual	of	vascular	diseases,	Philadelphia,	Lippincott	Williams	&	Wilkins,	2005,	p	216,	and	Stone	JH:	Immune	complex-mediated	small	
vessel	vasculitis.	In	Firestein	GS,	Budd	RC,	Gabriel	SE,	et	al,	editors:	Kelley’s	textbook	of	rheumatology,	ed	9,	Philadelphia,	Saunders,	2012.
ASD/PFO,	Atrial	septal	defect	or	patent	foramen	ovale;	CREST,	calcinosis	cutis,	Raynaud	phenomenon,	esophageal	dysfunction,	sclerodactyly,	telangiectasia.
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and diagnostic physical examination findings.12,14,16,17 The more 
common arterial variants in the forearm and collateral pathways that 
may form in the presence of main arterial obstruction are included. 
Figures 40-3 through 40-5 show examples of variant anatomy.

DIAGNOSTIC EVALUATION AND  
DISEASE CLASSIFICATION

History and Physical Examination
As with many other facets of medicine, the importance of a thorough 
history and physical examination in patients with suspected PAD 

Anatomic Variants
The anomalous circulation in the UE and aortic arch primarily results 
from alterations in embryologic development (Fig. 40-2). Although an 
exhaustive review of embryologic development is beyond the scope of 
this chapter, the resultant aortic arch and proximal branching vessel 
variants are the consequence of aberrant formation, including persis-
tence or abnormal regression, of the endocardial tube, the ventral and 
dorsal aortae, and the six paired branchial arch arteries or the inter-
segmental arteries.

Table 40-2 lists some of the more commonly encountered variants, 
their frequencies in the population, associated pathologic significance, 

FIGURE 40-1	 Normal	anatomy.	A,	Left	anterior	oblique	arch	aortogram.	B,	Right	subclavian	arteriogram.	C,	Left	subclavian	arteriogram.	A,	Artery;	
AA,	ascending	aorta;	B,	brachiocephalic	artery;	DA,	ductus	arteriosus;	EC,	external	carotid	artery;	IC,	internal	carotid	artery;	IM,	internal	mammary;	
LC,	left	carotid;	Lcor,	left	coronary	artery;	LS,	left	subclavian	artery;	RC,	right	carotid;	Rcor,	right	coronary	artery;	RS,	right	subclavian	artery;	RV,	right	
ventricle;	ta,	truncus	arteriosus;	V,	vein.	(From	Kadir	S:	Atlas	of	normal	and	variant	angiographic	anatomy,	Philadelphia,	WB	Saunders;	1991.)
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FIGURE 40-2	 Embryologic	transformation	of	the	aorta	to	a	normal	adult	pattern.	The	vessels	that	are	not	colored	are	not	derived	from	these	struc-
tures.	A,	Pharyngeal	arch	arteries	at	6	weeks;	by	this	stage,	the	first	two	pairs	of	arteries	have	largely	disappeared.	B,	Pharyngeal	arch	arteries	at	
7	weeks;	the	parts	of	the	dorsal	aortae	and	pharyngeal	arch	arteries	that	normally	disappear	are	indicated	with	broken	lines.	C,	Arterial	arrange-
ment	at	8	weeks.	D,	Sketch	of	the	arterial	vessels	of	a	6-month-old	neonate.	Note	that	the	ascending	aorta	and	pulmonary	arteries	are	considerably	
smaller	in	C	than	in	D.	This	represents	the	relative	flow	through	these	vessels	at	the	different	stages	of	development.	Observe	the	large	size	of	the	
ductus	arteriosus	(DA)	in	C	and	that	it	is	essentially	a	direct	continuation	of	the	pulmonary	trunk.	The	DA	normally	becomes	closed	within	the	first	
few	days	after	birth.	Eventually	 the	DA	becomes	 the	 ligamentum	arteriosum,	as	shown	 in	D.	 (From	Moore	K,	Persaud	TVN:	The	cardiovascular	
system.	In	Moore	K,	Persaud	TVN,	editors:	Before	we	are	born:	essentials	of	embryology	and	birth	defects,	ed	6,	Philadelphia,	WB	Saunders;	2003,	
p	264.)
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TABLE 40-2 Arterial Variants and Collateral Pathways of the Upper Extremity and Aortic Arch
Anatomic Variants Prevalence (%) Pathologic Significance Physical Examination Clues

Bovine	arch:	common	origin	of	brachiocephalic	and	
left	common	carotid	arteries

22 None No	specific	findings

Origin	of	left	common	carotid	from	the	
brachiocephalic	(middle	to	upper)

8-10 None No	specific	findings

Origin	of	left	vertebral	artery	from	the	aorta 4-6 None No	specific	findings

Origin	of	right	subclavian	from	left	aortic	arch,	distal	
to	left	subclavian	(arteria	lusoria)

2 Compression	due	to	esophageal	ring,	
prone	to	rupture	and	aneurysm	
(Kommerell	diverticulum)

Dysphagia

Common	origin	of	carotids <1 None No	specific	findings

Origin	of	radial	artery	from	brachial	or	axillary	artery 15-20 None No	specific	findings

Origin	of	ulnar	artery	from	brachial	or	axillary	artery 2-3 None No	specific	findings

Collateral Obstruction Site Donor Artery Pathologic Significance Physical Examination Clues

Proximal	subclavian	or	innominate	obstruction Vertebral,	other	neck,	
abdominal,	or	pelvic

Subclavian	steal	syndrome Weak	or	absent	pulse
Decreased	blood	pressure
Arm	weakness	or	pain

Distal	subclavian	or	axillary Subscapular,	intercostals,	
lateral	thoracic

None,	unless	collateral	supply	
insufficient,	then	ischemia

No	specific	findings

Brachial	artery Profunda	brachialis,	
radial,	ulnar

None,	unless	collateral	supply	
insufficient,	then	ischemia

No	specific	findings

Data	from	references	12,14,	16,	and	17.

FIGURE 40-3	 Common	origin	of	left	common	carotid	and	brachiocephalic	arteries	(i.e.,	bovine	arch).	A,	Schematic	drawing.	B,	Left	anterior	oblique	
arch	aortogram	of	a	bovine	arch.	B,	Brachiocephalic	artery;	LC,	left	carotid;	LS,	left	subclavian	artery;	RC,	right	carotid;	RS,	right	subclavian	artery.	
(From	Kadir	S:	Atlas	of	normal	and	variant	angiographic	anatomy,	Philadelphia,	WB	Saunders;	1991.)
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characteristic of a systemic disease process. The acuity or time course 
can be confusing because an acute onset of symptoms may be a mani-
festation of a chronic process with an acute exacerbation or simply an 
acute condition. In arterial ischemia, signs of acute or chronic arterial 
insufficiency can be distinct and aid in the diagnosis (Table 40-3).18

In vasospastic disease, the intermittent or constant nature of the 
symptoms helps to differentiate primary (nonobstructive) Raynaud 
disease from the secondary (obstructive) form. Primary Raynaud 
disease is typically intermittent, and the vasospastic symptoms resolve 
completely between bouts, whereas in secondary Raynaud disease, 
symptoms are persistent but may wax and wane in intensity. Normal 
vasomotor function must be differentiated from abnormal vasospastic 
disease. Normal physiologic arterial vasoconstriction of the cutaneous 
circulation in the hands and fingers occurs in response to stimuli such 
as cold exposure. During normal physiologic vasoconstriction, blood 
flow is continuous, whereas with vasospastic disease (i.e., Raynaud 
disease), there is cessation of blood flow.12

Blood pressure should be manually measured in both arms because 
a systolic gradient of greater than 15 to 20 mm Hg suggests a signifi-
cant stenosis, with a gradient of 20 mm Hg or more having a specificity 
of 94%.19 A systolic gradient of more than 10 mm Hg may indicate 
hemodynamic significance and justify further investigation.11 If 
Takayasu (giant cell) arteritis is suspected, blood pressure should be 
measured in all four extremities to evaluate the differential pressure 
between the upper and lower extremities.

Palpation should begin in the supraclavicular fossa because a pul-
satile mass suggests a subclavian artery aneurysm, and distal subcla-
vian artery aneurysms are typically caused by compression over a 
cervical rib (i.e., thoracic outlet syndrome [TOS]). Tenderness in the 
supraclavicular fossa and along the scalene muscles also suggests TOS. 
The brachial, radial, and ulnar arteries should be palpated because 
pulse deficits, especially radial or brachial, in a younger and otherwise 
previously healthy patient suggests Takayasu arteritis, whereas a uni-
lateral pulse deficit in an older adult patient with comorbidities of 
cardiovascular disease typically represents atherosclerotic disease.

The supraclavicular fossa should be auscultated for the presence of 
a bruit or murmur. A bruit suggests subclavian artery stenosis, whereas 
a continuous murmur suggests an arteriovenous fistula.12 The skin 
should be inspected for ulcers (e.g., atherosclerosis, embolism, vascu-
litis, Buerger disease), rashes, petechiae, purpura (e.g., vasculitis, rheu-
matologic illnesses), and cyanosis (e.g., vasospasm, drug or chemical 
exposure). Examination of the nails for pitting and nail bed capillary 
loops or splinter hemorrhages, which suggest vasculitis or endocardi-
tis, respectively.

Capillary refill (normal <5 seconds) should be evaluated bilaterally, 
and special techniques such as the Allen maneuver, the Halstead 
maneuver, or the Adson test can be performed if TOS is suspected. 
However, because the Adson sign (i.e., loss of the radial pulse in the 
arm) elicited by the test can be positive in asymptomatic patients, it 
should not be used as an independent indicator but considered in 

FIGURE 40-4	 Aberrant	 right	 subclavian	 (RS)	 artery	 and	 a	 common	
carotid	(CC)	trunk.	(From	Kadir	S:	Atlas	of	normal	and	variant	angio-
graphic	anatomy,	Philadelphia,	WB	Saunders;	1991.)

RS

RS
CC

FIGURE 40-5	 Schematic	drawing	of	the	right	aortic	arch	with	aberrant	
left	subclavian	artery.	(From	Kadir	S:	Atlas	of	normal	and	variant	angio-
graphic	anatomy,	Philadelphia,	WB	Saunders,	1991.)

TABLE 40-3 Signs of Arterial Ischemia
Course Signs

Acute Pulselessness
Palor
Poikilotherima
Pain
Paresthesias

Chronic Muscle	atrophy
Skin	bronzing
Focal	hair	loss
Digital	gangrene

Acute	or	chronic Nonhealing	ulcer

Data	from	Johnston,	SL,	Dieter	RS:	Upper	extremities	and	aortic	arch.	In	Topol	EJ,	Teirstein	
PS,	 editors:	 Textbook	 of	 interventional	 cardiology,	 ed	 6,	 Philadelphia,	 Saunders,	 2012,	
Chapter	38.

cannot be overstated. Although they are often not sufficient to elucidate 
the diagnosis because of the broad differential, they should nonetheless 
be complete so as to narrow the focus and avoid extraneous testing or 
referrals.

Because of the broad differential for UE ischemia, the history and 
review of systems should be comprehensive and should include detailed 
descriptions of the symptoms, comorbidities, exposures (e.g., chemi-
cals, vibratory tools, radiation), trauma, and a complete medication 
history including prescription drugs, illicit drugs, and tobacco use. 
Keys to narrowing the differential diagnosis include consideration of 
the previously described elements, the acuity of onset and time course 
(intermittent versus constant), exacerbating and alleviating factors, 
symmetry or asymmetry of symptoms, and physical examination find-
ings (see Table 40-1).

Unilateral symptoms suggest a more localized process (e.g.,  
entrapment, stenotic lesion), whereas bilateral symptoms are more 
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limb of more than 20 mm Hg indicates significant obstructive disease, 
and a gradient of more than 30 mm Hg suggests an occlusion.10 Similar 
to the ankle-brachial index in the lower extremity, a wrist-brachial 
index (WBI) or a finger-brachial index (FBI) of less than 0.85 or 0.70, 
respectively, is considered to be abnormal and indicates arterial insuf-
ficiency. Other diagnostic tools are listed in Table 40-4, along with the 
benefits and limitations of each study.8,10,11,17

Catheter-Based Angiography
Before performing selective angiography of the brachiocephalic or sub-
clavian arteries, an aortic arch angiogram using a soft, multi-sidehole 
catheter (e.g., pigtail catheter) and 30 to 40 mL of contrast material 
delivered by autoinjection (e.g., 15 to 20 mL/sec delivered over 2 
seconds, 0.3 to 0.5 seconds rate of rise, 900 psi) in a 30- to 40-degree 
left anterior oblique (LAO) projection using digital subtraction angi-
ography (DSA) should be performed.10,12,23 Based on improved toler-
ance, lower tonicity, and fewer side effects, the recommended contrast 
medium is iodixanol, an isoosmolar, nonionic agent.10,24,25 Access is 
typically obtained from the common femoral artery (CFA) for catheter-
based diagnostic angiography and for percutaneous intervention for 
stenosis, whereas radial and more commonly ipsilateral brachial artery 
access in combination with CFA access is used for treating occlusions. 
Indications for UE diagnostic angiography are given in Table 40-5.10-12

For selective engagement and angiography of the brachiocephalic 
and left subclavian arteries, various catheters can be used with hand-
injected contrast of 5 to 10 mL on DSA. Commonly, the Judkins right 
4 (JR4) catheter is selected, but alternatives include the internal 
mammary artery (IMA) and multipurpose (MP-A) catheter or spe-
cialty shaped catheters such as the Vitek (VTK), Simmons 1 or 2 
(SIMS), or Headhunter-1 (H-1). Catheter selection should be guided 
by the arch aortogram, with the initial catheter choice matching the 
level of difficulty of the arch type. For example, a JR4 is appropriate for 
a type 1 arch, whereas a VTK or H-1 is recommended for type 2, and 
the SIMS is used for a type 3 arch.10,12 Care should be taken when 
engaging, disengaging, or manipulating catheters to avoid vascular 
trauma or excessive scraping of the aorta (i.e., to minimize the risk of 
stroke).

conjunction with other objective findings.20 If subclavian steal syn-
drome is suspected, the Dieter test, in which a blood pressure cuff is 
inflated and then rapidly deflated (on the limb with subclavian steno-
sis) to induce hyperemia, vertebral flow reversal, and provocation of 
posterior cerebral symptoms, can clinically establish the diagnosis.21

Laboratory Testing
Initial laboratory tests in the evaluation of UE ischemia include a 
complete blood cell count (CBC), comprehensive metabolic panel 
(CMP), lipid panel, erythrocyte sedimentation rate (ESR), C-reactive 
protein (CRP), activated partial thromboplastin time (aPPT), and pro-
thrombin time (PT) or international normalized ratio (INR). Some 
authorities also recommend tests for rheumatoid factor (RF) and anti-
nuclear antibodies (ANAs).

Based on the initial differential diagnosis, additional testing may  
be needed. For example, if an embolic phenomenon, an idiopathic 
thrombosis, or a hypercoagulable state is suspected, tests for factor V 
Leiden mutation, protein C and protein S deficiencies, antithrombin 
III deficiency, and prothrombin 20210A polymorphism may be useful. 
If an infectious cause is suspected, a hepatitis panel, rapid plasma 
reagin (RPR) test, and blood cultures may be needed. Similarly, if a 
rheumatologic disorder is likely, tests for antiphospholipid antibodies 
and lupus anticoagulant may be helpful in addition to tests for RF  
and ANA. Because the laboratory workup can be time-consuming and 
expensive, a comprehensive history and physical examination are 
essential for guiding the investigation and selecting patients who 
require a more extensive evaluation.22

Vascular Laboratory Testing
Various noninvasive and invasive vascular diagnostic tests and imaging 
studies may be used in assessing the cause and severity of disease. 
Measuring segmental limb pressures in the arm, analogous to testing 
performed for lower extremity arterial disease, can identify the level of 
obstruction and the severity of disease. A difference in blood pressures 
between the left and right sides of 10 mm Hg or more is considered 
abnormal, a pressure gradient between adjacent segments in the same 

TABLE 40-4 Vascular Diagnostic Testing
Test Benefit Limitations

WBI/FBI Simple,	economical,	noninvasive Inaccurate	in	heavily	calcified,	noncompressible	vessels

Segmental	limb	
pressures

Establishes	presence,	severity,	and	anatomic	location	of	
disease

Useful	for	surveillance	after	revascularization

Inaccurate	in	heavily	calcified,	noncompressible	vessels

Finger	pulse	volume	
recording	with	
plethysmography

Differentiates	normal	from	diseased	limbs	or	obstructive	from	
vasospastic	disease

Useful	for	surveillance	after	revascularization

Accuracy	decreases	with	multilevel	disease,	less	accurate	in	
identifying	level	of	disease,	can	be	abnormal	in	low	cardiac	
output	states

Duplex	ultrasound Simple,	economical,	noninvasive
High	sensitivity	and	specificity	(>90%)
Color	flow	and	spectral	analysis	used	to	identify	flow	reversal,	

turbulence	at	aneurysms	or	other	arterial	lesions,	and	
stenosis	vs.	occlusion	in	low-flow	states

Useful	for	surveillance	after	revascularization

Highly	operator	dependent
Diagnostic	accuracy	limited	with	dense	calcification
Difficult	to	image	left	proximal	subclavian	and	other	segments	of	

the	subclavian	arteries	under	the	clavicle

CTA High-resolution	definition	of	anatomy
Allows	visualization	in	multiple	planes
Used	to	determine	candidacy	for	endovascular	procedures

Radiation	and	contrast	exposure
Limited	use	in	patients	with	contrast	allergy	or	severe	renal	disease
Acoustic	shadowing	artifact	with	pacemakers

Magnetic	resonance	
angiography

Excellent	anatomic	resolution
Lack	of	exposure	to	radiation
Provides	associated	soft	tissue	definition,	including	vascular	

wall	inflammation,	cysts,	aneurysms

Cannot	be	used	if	metal	present	(e.g.,	AICD,	pacemaker)
Time	consuming,	costly,	requires	prolonged	breath	holding
Prone	to	artifacts	(coil	dropout	and	venous	susceptibility)
Gadolinium	limits	use	in	CKD	stage	4	or	5

Catheter-based	
angiography

Allows	direct	visualization	of	vessels
Allows	for	assessment	of	pressure	gradients
Allows	structural	and	functional	assessment	with	IVUS	and	FFR

Invasive
Contrast	and	radiation	exposure

Data	from	references	8,	10,	11,	and	17.
AICD:	Automatic	implantable	cardioverter	defibrillator,	CTA,	computed	tomography	angiography;	CKD:	chronic	kidney	disease;	FFR,	fractional	flow	reserve;	FBI:	finger-brachial	index;	IVUS,	
intravascular	ultrasound;	WBI:	wrist-brachial	index.



 CHAPTER 40  Upper Extremities and Aortic Arch 635

For axillary and brachial artery angiography, the diagnostic catheter 
should be placed in the distal subclavian artery. The anteroposterior 
projection, with the patient in the neutral position, is used to visualize 
the distal subclavian, axillary, and brachial arteries, although slight arm 
abduction may enhance visualization.10,16

TREATMENT
Management of UE disease ranges from medical management to per-
cutaneous intervention or surgical treatment. Modification of risk 
factors and medical therapy for atherosclerotic disease are considered 
the standard of care for all patients, regardless of the degree of disease. 
When intervention is indicated, percutaneous management is favored 
over the surgical approach because of improved efficacy and patency 
rates with angioplasty and stenting in the modern era (Fig. 40-6) and 
the desire to avoid factors of surgery associated with increased morbid-
ity and mortality, such as increased cost, general anesthesia, and longer 
hospitalization and recovery times.11,12,26

Before initiating a brachiocephalic or subclavian intervention, the 
diagnostic images should be studied to determine the proximity of  
the lesion to the vertebral, carotid, and internal mammary arteries  
and the vessel takeoff from the aortic arch (left subclavian) or the 
brachiocephalic (right subclavian).

Access for percutaneous angioplasty and stenting (PTAS) is typi-
cally obtained from the CFA for intervention in stenosis, whereas 
ipsilateral brachial (less commonly, radial) artery access in combina-
tion with CFA access is used for treating occlusions provided there is 
a lack of severe aortoiliac disease. If CFA access is prohibited by severe 
aortoiliac disease, brachial access is recommended for the treatment of 
stenosis and occlusive disease.10

All endovascular operators should be aware of the complexities  
and potential complications of PTAS involving the UE or proximal 
arch vessels (Table 40-6) and appreciate that intervention in the 
innominate artery is more complex than subclavian intervention 

After selective engagement, orthogonal oblique projections are rec-
ommended for proper delineation and reduction in overlap. The right 
anterior oblique (RAO) view is recommended for the brachiocephalic 
bifurcation, origin of the right subclavian artery, and origins of the left 
vertebral artery and IMA from the left subclavian artery. The LAO view 
is recommended for improved visualization of the right vertebral 
artery and IMA.10,16 Patient positioning is neutral (i.e., anatomic posi-
tion), but abduction and external rotation may be needed for the 
evaluation when TOS is suspected of causing vascular compression.

TABLE 40-5 Indications for Aortic Arch and Upper Extremity 
Diagnostic Angiography

Screening	before	planned	coronary	artery	bypass	grafting	with	internal	
mammary	artery	grafting	in	the	following	patients

•	 Bilateral	arm	blood	pressure	differential	>10	mm	Hg
•	 History	of	radiation	therapy	for	the	neck	or	chest
•	 History	of	vasculitis	or	known	peripheral	arterial	disease,	especially	

angiographic	aortic	arch	or	iliofemoral	disease,	even	if	asymptomatic

Evaluation	of	acute	symptoms
•	 Cyanosis
•	 Acute	limb	ischemia
•	 Blue	digit	syndrome

After	blunt	or	penetrating	trauma	with	signs	of	vascular	injury

Evaluation	of	symptomatic	arm	claudication

Evaluation	for	unilateral	upper	extremity	embolization	when	a	proximal	
arterial	embolic	source	is	suspected	(e.g.,	vascular	thoracic	outlet	
syndrome)

Evaluation	of	suspected	steal	syndrome
•	 Subclavian	steal	syndrome	(i.e.,	vertebrobasilar	insufficiency)
•	 Coronary	steal	syndrome	(i.e.,	angina	from	internal	mammary	graft	

insufficiency)

Data	from	references	10	through	12.

FIGURE 40-6	 Long-term	patency	of	innominate	and	subclavian	artery	stenting.	(From	Brountzos	EN,	Petersen	B,	Binkert	C,	Panagiotou	I,	Kaufman	JA:	
Primary	stenting	of	subclavian	and	innominate	artery	occlusive	disease:	a	single	center’s	experience.	Cardiovasc	Intervent	Radiol	27:616-623,	2004.)
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primary site of compression. Neurogenic TOS accounts for 90% to 95% 
of cases and is more common in women. Vascular TOS (arterial and 
venous), which account for the most serious morbidity associated with 
this condition due to a tendency for aneurysm formation, occurs in 
5% to 10% of patients. Arterial TOS is equally distributed among males 
and female patients, whereas venous TOS tends to occur two times 
more often in men than women. Most patients with TOS tend to be 20 
to 40 years of age and have a history of repetitive motion of the UE, 
especially overhead movements, or neck trauma, with whiplash being 
the most common cause.

Symptoms of arterial TOS include claudication, pallor, coolness, 
digital ischemia, and pain in the hand and are typically caused by 
aneurysm-induced emboli or embolization from thrombus formation 
distal to a subclavian stenosis. Arm heaviness, swelling of the arm, 
cyanosis, and paresthesias of the fingers or hand are symptoms sug-
gesting venous TOS.29 Arm swelling is an important discriminator 
because it is typically absent in neurogenic or arterial TOS. As previ-
ously described, various provocative maneuvers can be used to elicit 
symptoms, although all suffer from low specificity. When vascular TOS 
is suspected, further evaluation, including duplex ultrasound, magnetic 
resonance imaging (MRI), and angiography (arteriography or venog-
raphy), may be useful.10,18 Angiography should be performed initially 
in the neutral position and then repeated in the provocative position.

Treatment of vascular TOS is reserved for patients who are symp-
tomatic or have evidence of embolization. Surgical intervention is con-
sidered for decompression in the setting of an acute vascular syndrome, 
whereas endovascular management using catheter-directed thrombo-
lytics or embolectomy can be used if necessary in the setting of acute 
embolization.10,12,29 However, other than thrombolysis, surgical decom-
pression is considered mandatory for first-line, definitive therapy. 
Endovascular therapy is reserved for second-line treatment.

Subclavian Steal Syndrome
In the setting of a significant brachiocephalic or subclavian stenosis or 
obstruction, blood flow from the vertebrobasilar or posterior cerebral 
circulation can be redirected in a retrograde fashion along the ipsilat-
eral vertebral artery toward the arm, causing symptoms of ischemia 
such as dizziness, unsteadiness, vertigo, ataxia, nystagmus, diplopia, or 
other visual changes. The condition, called subclavian steal syndrome 
(SSS), is somewhat controversial, and some argue that patients remain 
asymptomatic in the absence of concurrent cerebrovascular lesions 
such as contralateral carotid artery stenosis, contralateral vertebral 
artery stenosis, or hypoplastic posterior communicating arteries. In 
patients with those vascular lesions, there is inadequate blood flow to 
the posterior or vertebrobasilar circulation, resulting in ischemic 
symptoms, especially during vigorous arm activity.12,30 Transient 
obstruction in the proximal subclavian (Fig. 40-7) with respiration 
(i.e., Dieter sign) has been reported.21

Only an estimated 2.5 % of patients are symptomatic, with 80% of 
them having concurrently contralateral carotid or vertebral artery ste-
nosis. SSS has a threefold higher incidence in left subclavian artery 
stenosis compared with brachiocephalic artery lesions and is twice as 
likely to occur in 40- to 60-year-old men compared with women.31 
Further evaluation of symptomatic patients is indicated, and the rec-
ommended initial study is duplex ultrasonography of the carotid and 
vertebral arteries. Based on the results of the noninvasive studies, angi-
ography of the aortic arch and the brachiocephalic, subclavian, carotid, 
and vertebral arteries may be warranted to confirm the diagnosis and 
for anatomic definition before intervention.

Intervention is indicated only for symptomatic patients. A fresh 
thrombus is the primary contraindication to brachiocephalic (subcla-
vian) PTAS in this setting. In a study of 252 patients that compared 
endovascular treatment with extrathoracic bypass surgery, Song and 
colleagues found that endovascular treatment was safe and effective 
and had patency rates comparable to those of surgery in the short and 
medium terms, whereas surgery provided a more durable result in the 
long term.32

because of the potential for embolization to the anterior cerebral cir-
culation through the right common carotid artery.10-12 With that 
knowledge, use of a embolic protection device should be considered. 
Similarly, balloon angioplasty as a stand-alone therapy is rarely per-
formed now because of the excellent, durable results obtained with the 
combination of balloon angioplasty and stenting.

A long sheath- or guide-based system can be used. The sheath or 
guide is parked proximal to the lesion, taking care to avoid atheroem-
bolization, and the PTAS is carried out with an undersized balloon for 
predilation to avoid the risk of dissection (i.e., approximately 70% of the 
estimated vessel diameter). Balloon-expandable stents, which offer 
more accurate stent placement, are typically used for stenosis proximal 
to the vertebral artery. Self-expanding stents, which offer more flexibil-
ity and less deformability, are typically used to treat stenosis distal to the 
vertebral artery, where less placement accuracy is required but where 
flexion points related to the subclavian to axillary transition exist.

Because of the risk of dissection or rupture, conservative stent 
sizing is recommended. Typically, 6 to 8 mm is used for the subclavian, 
and 8 to 10 mm is used for the innominate artery.10,12

After stenting, lifelong aspirin and at least 4 weeks of clopidogrel 
are recommended with suggested follow-up intervals of 1 month, 6 
months, 12 months, and then annually.26 Bilateral cuff pressures should 
be taken at each visit, along with eliciting recurrent symptoms by the 
history and physical examination. Symptom recurrence or a more than 
10 mm Hg change in the arm cuff pressure differential should be eval-
uated with duplex ultrasonography because early detection and inter-
vention are important for maintaining patency.10,26

SPECIAL CONSIDERATIONS
The causes of large vessel disease of the UE are relatively limited and 
typically are categorized as embolic, aneurysmal, vasculopathic 
(including vasculitis and atherosclerosis), and entrapment syndromes. 
The following sections discuss common disease processes of the UE 
vessels that require specific knowledge and attention when suggested 
by the history or physical examination findings during evaluation.

Thoracic Outlet Syndrome
TOS is a term used to describe an array of symptoms that result from 
compression of the neurovascular structures passing through the 
scalene triangle (i.e., subclavian artery, subclavian vein, and brachial 
plexus), which has an anterior and posterior boundary of the anterior 
and middle scalene muscles, respectively, and a base of the cervical or 
first rib.27 Compression may also occur at the costoclavicular space 
(i.e., costoclavicular space syndrome), which is bounded by the clavi-
cle, first rib, costoclavicular ligament, and middle scalene muscle, or 
under the pectoralis minor and coracoid process (i.e., pectoralis minor 
space).28

Classification of symptoms is typically based on whether the bra-
chial plexus (i.e., neurogenic TOS), the subclavian artery (i.e., arterial 
TOS), or rarely, the subclavian vein (i.e., venous TOS) accounts for the 

TABLE 40-6 Complications of Percutaneous Angioplasty and 
Stenting of the Upper Extremity or Proximal Arch 
Vessels

Vascular	complications,	including	dissection,	perforation,	intrathoracic	
hemorrhage

Embolization,	including	thrombotic	and	atheroembolic	material

Cerebrovascular	accident	or	transient	ischemic	attack

Restenosis

Vascular	access	complications	(e.g.,	hematoma,	thrombosis,	
pseudoaneurysm,	especially	with	brachial	artery	access)

Stent	migration,	malposition,	dislodgement,	or	embolization
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challenges based on the UE and aortic arch anatomy and important 
branch vessels, and the potential for rare but serious complications. 
Because of the high technical success rate, low restenosis or high 
patency rates, and minimal complications with careful catheter manip-
ulation and conservative balloon and stent choices, percutaneous 
catheter-based intervention of symptomatic subclavian artery athero-
sclerotic disease remains the first-line therapy in the absence of acute 
thrombus.

Understanding when to refer patients to surgery is also important. 
Further reading regarding aneurysmal disease is recommended for 
practitioners managing UE or aortic arch vascular disease.
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Coronary Steal Syndrome
Similar to SSS, coronary steal syndrome (CSS), is a phenomenon in 
which coronary ischemia results from coronary blood flowing retro-
grade through the IMA away from the heart to supply the arm with a 
proximal stenosis in the subclavian artery. CSS has become increas-
ingly recognized over the past 2 decades because of the increased use 
of the IMA as a conduit in 75% to 90% of coronary arterial bypass graft 
operations.33 Similar to SSS, catheter-based intervention is considered 
first-line therapy for symptomatic patients, and surgery for CSS is 
similar to that for SSS.34,35

CONCLUSIONS
Diagnosis and management of UE vascular disease is similar to that 
for lower extremity disease, with important differences in the differen-
tial diagnoses for UE disease, unique catheter-based interventional 

FIGURE 40-7	 Dynamic	left	subclavian	artery	obstruction	(i.e.,	Dieter	sign)	and	exacerbation	of	a	proximal	subclavian	artery	kink	with	expiration.	
The	subclavian	arteriograms	were	obtained	during	inspiration	(left)	and	expiration	(right).	(From	Dieter	RS,	Morshedi-Meibodi	A,	Ahmed	MH,	et	al:	
Description	of	a	new	angiographic	sign:	dynamic	left	artery	obstruction,	Vasc	Dis	Manage	3:298-299,	2006.)
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BACKGROUND
Although the most common vascular disorder involving the intestines 
is ischemia, the clinical syndrome of chronic mesenteric ischemia 
(CMI), or chronic intestinal ischemia, is very unusual. Other etiologies 
associated with this uncommon syndrome include fibromuscular dys-
plasia, Buerger disease, and aortic dissection, but atherosclerosis is by 
the far the most frequent cause. Atherosclerotic disease of the aorta 
with associated aorto-ostial stenosis of the visceral vessels is a relatively 
common angiographic finding but an infrequent clinical problem.

In a population-based prevalence study of mesenteric artery steno-
sis, 553 healthy Medicare beneficiaries were screened with abdominal 
ultrasound for evidence of mesenteric disease.1 In 17.5% of the total 
cohort, there was significant narrowing of a mesenteric vessel (>50% 
diameter stenosis), and more than 97% of these cases represented 
isolated celiac artery narrowing. There was no correlation with age, 
race, gender, or body mass index and the presence of mesenteric artery 
stenosis. Only 1.3% of the patients had involvement of more than one 
mesenteric vessel.

Another natural history study reported on a group of 980 asymp-
tomatic patients with mesenteric ischemia who were monitored clini-
cally.2 Only three patients eventually developed symptoms, each with 

three mesenteric vessels severely affected. The most likely explanation 
for the infrequent occurrence of CMI in clinical practice is the redun-
dancy of the visceral circulation, which has multiple interconnections 
between the superior mesenteric artery (SMA) and the inferior mes-
enteric artery (IMA).

CLINICAL PRESENTATION
Women are much more commonly affected (70%) than men. The 
classic presentation of this disease is postprandial abdominal dis-
comfort with significant weight loss (Fig. 41-1). The abdominal dis-
comfort associated with eating leads these patients to avoid food, 
causing them to lose weight. Patients with CMI typically avoid food 
and demonstrate significant weight loss. However, patients with isch-
emic gastropathy may have atypical presenting symptoms such as vom-
iting, diarrhea, constipation, ischemic colitis, or lower gastrointestinal 
bleeding. Most patients have evidence of atherosclerosis in other vas-
cular beds and may have experienced prior myocardial infarction, 
stroke, or claudication.

Patients with atypical symptoms can be very difficult to diagnose, 
but a high degree of suspicion for CMI in patients with other manifes-
tations of atherosclerosis and unexplained weight loss is appropriate. 
Often, the diagnosis is delayed in patients who are being evaluated for 
a possible malignancy as an explanation for their weight loss. Patients 
with functional bowel complaints rarely experience significant weight 
loss, which helps to differentiate them from CMI patients. Evidence of 
significant obstruction of two or more of these mesenteric vessels is 
often found when classic symptoms and endoscopy suggest bowel isch-
emia,3 although single-vessel disease, usually of the SMA, has been 
described, particularly if collateral connections have been disrupted by 
prior abdominal surgery.

DIAGNOSIS
The diagnosis of CMI is a clinical one, based on symptoms and con-
sistent anatomic findings. If there is a high clinical suspicion of CMI, 
patients should undergo Doppler ultrasound (duplex) imaging or  
noninvasive angiography with computed tomographic angiography 
(CTA) and magnetic resonance angiography (MRA) to confirm their 
anatomy.

The ability to visualize the mesenteric vessels with duplex ultra-
sound is technically challenging and requires a skilled and dedicated 
sonographer. The reported accuracy for duplex imaging in identifying 
significant stenoses of the celiac artery and SMA approaches 90%.4,5 
With the relatively common application of CTA and MRA imaging for 
abdominal pathology, it is now possible to make the “anatomic” diag-
nosis without performing an invasive procedure.6

Invasive digital subtraction angiography is useful for diagnosis  
but requires a lateral aortogram to visualize the ostia of the mesen-
teric vessels (Fig. 41-2). Occasionally, an enlarged collateral vessel 
connecting a branch of the IMA with the SMA (arc of Riolan) is  
seen on the anteroposterior aortogram; it is an indication of proxi-
mal mesenteric artery disease. When critical stenoses (≥70%) in 
multiple vessels are found in symptomatic patients, revascularization 
is appropriate. However, in patients with borderline lesions or ques-
tionable symptoms, there is no stress test to confirm mesenteric 
ischemia.
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•	 Atherosclerotic	stenoses	commonly	involve	the	major	mesenteric	
arteries	(celiac,	superior	mesenteric,	and	inferior	mesenteric)	but	
rarely	cause	symptomatic	mesenteric	ischemia	because	of	the	
excellent	collateral	circulation	that	interconnects	the	visceral	
vascular	beds.

•	 The	classic	presentation	is	postprandial	abdominal	pain	with	
weight	loss.	Patients	with	functional	bowel	complaints	rarely	have	
significant	weight	loss.

•	 Patients	with	suspected	chronic	mesenteric	ischemia	(CMI)	
commonly	have	atherosclerosis	involving	other	vascular	territories	
such	as	coronary	disease,	stroke,	renovascular	disease,	or	lower	
extremity	atherosclerotic	disease.

•	 Symptomatic	mesenteric	ischemia	usually	results	from	disease	
affecting	two	or	more	vessels.	Single-vessel	disease	of	the	
mesenteric	circulation	is	a	rare	cause	of	symptomatic	mesenteric	
ischemia	but	may	occur	after	an	abdominal	surgery	that	interrupts	
the	collateral	circulation.

•	 Noninvasive	testing	with	ultrasound,	computed	tomographic	
angiography,	or	magnetic	resonance	angiography	is	an	
appropriate	screening	test	in	patients	with	suspected	CMI.

•	 Invasive	digital	subtraction	angiography	requires	a	lateral	view	to	
visualize	the	origins	of	the	mesenteric	vessels	as	they	arise	
anteriorly	from	the	aorta.

•	 Catheter-based	therapy	with	stents	has	largely	replaced	
conventional	open	surgery	as	the	treatment	of	choice	for	this	
disease.

•	 The	clinical	recurrence	rate	appears	to	be	about	1	in	5	patients,	so	
careful	clinical	and	noninvasive	follow-up	is	warranted.
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need for general anesthesia and the operative trauma associated with 
open surgery, and it is believed to result in lower rates of acute mortal-
ity and morbidity (Table 41-2).3,17,25-36

Because of the relative infrequency of this disease, there are no 
randomized trials comparing surgery to endovascular treatment for 
CMI. The 20-year (1977-1997) Cleveland Clinic experience in 85 
patients who had CMI treated with surgery demonstrated an 8% peri-
operative mortality rate, and one third of the patients had a major 
complication of surgery.16 Advanced age, hypertension, coronary 
disease, and disease in other vascular beds correlated with surgical 
complications. At late follow-up, 23% (n = 18) had objective evidence 
of restenosis, 21% (n = 16) had recurrent CMI symptoms, and 12% 
(n = 9) underwent target-vessel revascularization). Use of vein conduit 
as graft material was associated with poorer patency, compared with 

TREATMENT
Revascularization has traditionally been performed via open surgery 
with either endarterectomy or bypass grafting. However, this patient 
group has a high incidence of underlying coronary artery disease, and 
the perioperative surgical mortality rate ranges from 3.5% to 15% 
(Table 41-1),7-22 with the highest incidence of complications occurring 
in patients older than 70 years of age.23,24

Atherosclerotic aorto-ostial obstructions of the visceral vessels are 
similar to those of the renal arteries, and the technical considerations 
for percutaneous transluminal angioplasty (PTA) with stent placement 
are similar to those for renal artery intervention (Fig. 41-3). As with 
renal interventions, stent placement offers a superior late patency com-
pared to PTA alone.25 The endovascular approach circumvents the 

FIGURE 41-1	 Initial	clinical	presentation	of	CMI	patients.	(From	Silva	JA,	White	CJ,	Collins	TJ,	et	al:	Endovascular	therapy	for	chronic	mesenteric	
ischemia.	J	Am	Coll	Cardiol	47:944-950,	2006.)
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FIGURE 41-2	 A,	Anteroposterior	view	of	an	abdominal	aortogram	shows	the	branches	of	the	celiac	artery	(hepatic	and	splenic),	the	right	(R.)	and	
left	(L.)	 renal	arteries,	and	 the	superior	mesenteric	artery	(SMA).	B,	Lateral	view	of	an	abdominal	aortogram	shows	the	origin	of	 the	celiac	and	
superior	mesenteric	arteries.	
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of the patients had recurrence of their symptoms, but none had devel-
oped acute mesenteric ischemia. All patients with recurrent symptoms 
underwent successful retreatment without complication. The in-stent 
restenosis rate at 14 ± 5 months, with 90% of the vessels imaged with 
CTA, invasive angiography, or duplex ultrasound, was 29% (Table 
41-2). The target-vessel revascularization rate was 17%. The 5-year 
cumulative rates of freedom from death, symptom recurrence, or both 
were 72%, 79%, and 57%, respectively.

Complications of endovascular therapy can lead to serious conse-
quences. In a series of 156 patients reported from Mayo Clinic, serious 
complications occurred in 7%, including branch perforation, distal 
embolization, vessel dissection, and stent embolization.37 The use of 
antiplatelet therapy reduced the risk of embolization, and smaller plat-
form equipment (0.014-inch versus 0.035-inch) reduced the risk of 
complications.

The Achilles heel of endovascular therapy has been restenosis. 
Recently, a nonrandomized 225-patient CMI case series suggested a 

Dacron graft material. The 5-year survival rate was 64% (95% confi-
dence interval [CI], 53% to 75%), and the 3-year symptom-free sur-
vival rate was 81% (95% CI, 72% to 90%).

Data from Mayo Clinic on 229 consecutive CMI patients demon-
strated a propensity for higher-risk patients with more comorbidities 
to be referred for angioplasty with stenting, whereas lower-risk patients 
tended to have open repair.22 The researchers found that despite their 
lower-risk status, the surgical patients had greater morbidity and 
longer hospitalization compared with the endovascular group. They 
noted a higher restenosis rate for endovascular therapy, but there  
was no difference in secondary patency between surgery and stented 
patients.16,22,31

The largest single series of CMI patients included 59 patients and 
79 vessels treated percutaneously at the Ochsner Medical Center.34 The 
technical success rate was 96%, and symptom relief was achieved in 
88% of the patients. There was one perioperative death (1.7%) and two 
access site complications. At a mean follow-up of 38 ± 15 months, 17% 

TABLE 41-1 Surgical Outcomes for Chronic Mesenteric Ischemia

Author Year No. Patients No. Vessels
Technical 
Success (%)

30-Day 
Mortality (%)

Symptom 
Relief (%) Restenosis (%)

Kieny	et	al7 1990 60 69 100 3.5 NA 25

Cormier	et	al8 1991 32 90 100 9 NA 9

Cunningham	et	al9 1991 74 194 100 12 86 NA

McAfee	et	al10 1992 58 119 100 10 90 10

Calderon	et	al11 1992 20 36 100 0 100 0

Christensen	et	al12 1994 90 109 100 13 NA NA

Gentile	et	al13 1994 26 29 100 10 89 11

Johnston	et	al14 1995 21 43 100 0 NA 16

Moawad	&	Gewertz15 1997 24 38 100 4 78 23

Mateo	et	al16 1999 85 130 100 8 87 24

Sivamurthy	et	al17 2006 41 59 100 15 68 17

Atkins	et	al41 2007 49 88 100 4 88 20

NA,	Not	applicable.

FIGURE 41-3	 A,	Baseline	angiogram	of	tight	proximal	superior	mesenteric	artery	(SMA)	stenosis	with	brachial	artery	access.	B,	Final	angiogram	
after	deployment	of	balloon	expandable	stent.	
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comorbidities, including severe cachexia and a hostile abdomen. For 
lower-risk patients, either procedure is a reasonable alternative, and 
treatment selection should be governed by the patient’s informed 
choice.

CONCLUSION
The infrequent occurrence of CMI has made randomized controlled 
trials comparing treatment outcomes very difficult to perform. Case 
series have shown that percutanous therapy with stent placement offers 
the lowest morbidity and roughly equivalent long-term outcomes com-
pared to surgery. The current treatment recommendation is that 
patients who are candidates for either surgery or percutaneous therapy 
should receive percutaneous therapy with stent placement.

possible advantage for balloon expandable covered stents compared 
with bare metal stents.38 Significant reduction in restenosis was seen 
in both de novo lesions and restenosis lesions. No potential for an 
increased risk of stent thrombosis was observed. The disadvantage of 
the balloon expandable covered stents is the requirement for a larger, 
0.035-inch platform, rather than the smaller, safer, 0.014-inch stent 
platform. These encouraging data need confirmation in controlled 
trials.

Several papers have summarized noncontemporaneous compari-
sons of surgical therapy versus catheter-based therapies for CMI.39-43 
Complete surgical revascularization has benefits in terms of midterm 
patency, but usually at a cost of significant morbidity and mortality  
for the patients. Endovascular approaches are preferred in patients  
who are at increased risk for surgery, including those with severe 

TABLE 41-2 Percutaneous Outcomes for Chronic Mesenteric Ischemia

Author Year No. Patients No. Vessels
Technical 
Success (%)

30-Day 
Mortality (%)

Symptom 
Relief (%) Restenosis (%)

Matsumoto	et	al3 1995 19 20 79 0 52 NA

Hallisey	et	al26 1995 16 25 84 6 75 25

Allen	et	al27 1996 19 24 95 5 79 NA

Maspes	et	al28 1997 23 41 90 0 75 12

Nyman	et	al29 1998 5 6 100 0 80 60

Sheeran	et	al30 1999 12 13 92 8 75 16

Kasirajan	et	al31 2001 28 32 100 11 66 27

AbuRahma	et	al32 2003 22 24 95 0 67 30

Sharafuddin	et	al33 2003 25 26 96 4 85 8

Landis	et	al25 2005 29 33 97 6.9 90 16.3

Sivamurthy	et	al17 2006 21 29 95.3 16 27 32

Silva	et	al34 2006 59 79 96 1.7 83 29

Atkins	et	al41 2007 31 42 97 3 84 20

Oderich	et	al38 2013 42 42 98 0 98 12

NA,	Not	applicable.
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Atherosclerotic renal artery stenosis (ARAS) is associated with 
chronic renal ischemia and increased cardiovascular morbidity 

and mortality. The primary aim of renal revascularization therapies is 
to improve blood pressure control, salvage renal function, and reduce 
cardiovascular risk. Although technical advances in the endovascular 
treatment of ARAS have improved dramatically in the past decade, 
allowing patients with more extensive ARAS to be considered for 

revascularization, the indications for treating these patients remain 
controversial and highlight the major divergence in practice among 
physicians regarding the appropriate treatment for patients with 
ARAS.1 Small and large prospective, randomized clinical trials from 
Europe have failed to demonstrate the clinical benefit of renal revas-
cularization in reducing cardiovascular events or poor renal outcomes 
compared with medical therapy alone.2-4 Determining the essential role 
of renal revascularization and appropriate patient selection has become 
the central issue among physicians. Consensus regarding the technical 
aspects of renal stent revascularization has reached a general level of 
acceptance among interventionalists.

The emergence of percutaneous renal sympathetic denervation as 
a safe and effective technology in the treatment of drug-resistant 
hypertensive patients has highlighted the important role of the sympa-
thetic nervous system in hypertension.5 Ongoing large clinical trials in 
the treatment of hypertension and renal insufficiency in these patient 
populations, with and without ARAS, will ensure that renal interven-
tional therapies for hypertension control will remain an exciting area 
of clinical research.

EPIDEMIOLOGY AND NATURAL HISTORY
ARAS is the most common secondary cause of hypertension. Left 
untreated, it may progress to renal dysfunction. The prevalence of end-
stage renal disease in the United States is 372,407 patients per year, 
with approximately 100,000 new cases diagnosed each year6; 2.1% of 
these new cases are attributed to ARAS.7 ARAS is reported in 0.5% to 
5%8 of all hypertensive patients and 45% of patients with severe or 
malignant hypertension.9

The prevalence of ARAS increases with age, especially in patients 
with diabetes, hypertension, coronary artery disease (CAD), or aor-
toiliac occlusive disease.10 A population-based study reported a preva-
lence of renal artery stenosis (RAS) (>60% stenosis) to be 6.8% among 
patients older than age 65.11

In a Mayo Clinic series, more than 19% of patients with CAD and 
hypertension were found to have greater than 50% stenosis of the renal 
arteries.12 The risk factors for the development of ARAS are similar to 
those of CAD. Similarly, stroke and peripheral arterial disease (PAD) 
are highly prevalent among patients with end-stage renal disease on 
hemodialysis. ARAS is progressive in 36% to 71% of patients with this 
condition, and 39% of patients with greater than 75% ARAS progress 
to complete occlusion within the 3-year follow-up.13 In a prospective 
study of 84 patients with at least one abnormal renal artery, progression 
of RAS occurred at a rate of approximately 20% per year.14 Unfortu-
nately, it is difficult to identify the subset of patients who will progress 
to renal failure.

Although 90% of renal artery lesions are atherosclerotic, the 
remaining 10% result from other causes. Fibromuscular dysplasia 
(FMD), the second most common cause of RAS, results in fibrous 
thickening of the intima, media, or adventitia of the arterial wall. FMD 
is more common among women between the ages of 15 and 50 years 
and is recognized by its beaded appearance on angiography.15 Less 
common causes include trauma, dissection, external compression by a 
tumor or mass, thromboemboli, renal artery aneurysms, neurofibro-
matosis, vasculitis, retroperitoneal fibrosis, and radiation-induced 
stenosis.16
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K E Y  P O I N T S

•	 Renal	artery	stenosis	(RAS)	is	caused	by	a	heterogeneous	group	
of	diseases	with	various	causes,	clinical	manifestations,	courses,	
treatments,	and	outcomes.	Atherosclerotic	renal	artery	sclerosis	
and	fibromuscular	dysplasia	are	the	most	common	causes	of	
renal	artery	sclerosis.

•	 Patients	in	whom	atherosclerosis	is	progressive	may	have	signs	
and	symptoms	of	chronic	ischemic	renal	disease,	resulting	in	
renovascular	hypertension	and	renal	dysfunction.	However,	the	
causal	relationship	between	RAS,	hypertension,	and	renal	
dysfunction	is	difficult	to	prove.

•	 Duplex	Doppler	ultrasonography,	when	performed	noninvasively	in	
a	high-volume,	experienced	vascular	laboratory,	is	an	excellent	
diagnostic	tool	and	ideal	for	surveillance.	The	specificity	and	
sensitivity	of	ultrasound	is	competitive	with	computed	tomography	
angiography	and	magnetic	resonance	angiography,	but	ultrasound	
has	a	lower	cost.

•	 Renal	arteriography	remains	the	gold	standard	for	the	diagnosis	of	
atherosclerotic	renal	artery	sclerosis,	allowing	full	definition	of	the	
perirenal	abdominal	aorta	and	assessment	of	the	diameter	and	
contour	of	the	renal	artery	and	its	branch	vessels.	However,	
angiographic	evaluation	of	the	severity	of	atherosclerosis	(i.e.,	
percent	diameter	stenosis)	alone	may	be	inadequate	in	
establishing	the	cause	and	effect	between	atherosclerotic	renal	
artery	sclerosis	and	hypertension	or	renal	dysfunction.

•	 The	CORAL	study	demonstrated	that	renal	artery	stenting	does	not	
confer	a	significant	benefit	for	the	prevention	of	clinical	events	
when	added	to	comprehensive,	multifactorial	medical	therapy	in	
people	with	RAS	and	hypertension	or	kidney	disease.

•	 Accepted	consensus	indications	for	renal	artery	revascularization	
include	severe,	refractory	hypertension;	recurrent	pulmonary	
edema;	and	progressive	renal	insufficiency	despite	optimal	
medical	therapy.	However,	these	recommendations	are	based	on	
limited	supporting	clinical	trial	evidence.

•	 Percutaneous	revascularization	with	bare-metal	stents	represents	
the	current	endovascular	standard	of	care	for	atherosclerotic	
patients	with	appropriate	clinical	indications.	The	clinical	
effectiveness	and	safety	of	adjunctive	renal	endovascular	
technologies	(i.e.,	distal	protection	devices)	and	medications	(i.e.,	
glycoprotein	IIb/IIIa	inhibitors)	have	not	been	established	in	robust	
clinical	trials.

•	 Percutaneous	radiofrequency	renal	sympathetic	denervation	is	
safe,	but	its	efficacy	has	not	been	demonstrated	in	a	randomized,	
blinded,	sham-controlled	study.
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PATHOPHYSIOLOGY OF RENOVASCULAR 
HYPERTENSION AND ISCHEMIC NEPHROPATHY

The renal vasculature is richly innervated by sympathetic afferent and 
efferent nerve fibers that control renovascular resistance and the resul-
tant increase in renin release.17 Efferent renal nerve activity is con-
trolled by several inputs, such as aortic and carotid baroreflexes18 and 
cardiac stretch receptors.19 Renal nerves often receive greater sympa-
thetic activation than others, especially in the setting of essential 
hypertension.20 This disproportionate increase in renal sympathetic 
activity results in increased renovascular resistance and increased 
plasma renin activity, and it promotes the retention of sodium and 
water.21 The afferent renal nerves contribute to the pathogenesis of 
renovascular hypertension by increasing activation of the sympathetic 
nervous system.17

In unilateral ARAS, decreased blood flow through the affected 
kidney results in increased production of renin, which cleaves angio-
tensin to produce angiotensin I, which is converted to angiotensin II. 
Angiotensin II is a direct vasoconstrictor that stimulates aldosterone 
secretion and results in sodium reabsorption. The retained salt and 
water is then excreted by the unaffected kidney, producing a renin-
dependent hypertensive state. In bilateral ARAS or ARAS in a solitary 

FIGURE 42-1	 Main	and	accessory	 left	 renal	arteries	(LRA)	as	defined	
on	duplex	ultrasound.	

LRA

LRA Main

Accessory

FIGURE 42-2	 A	and	B,	Bilateral	renal	artery	stenosis	of	60%	to	99%	on	duplex	ultrasonography	in	a	69-year-old	woman.	

A B

functioning kidney without the ability to sense an elevated blood pres-
sure, pressure natriuresis does not occur, resulting in volume expan-
sion and suppression of renin activity. These patients become highly 
dependent on angiotensin II for glomerular filtration. Angiotensin  
II maintains the efferent arteriolar tone of the glomeruli. When 
angiotensin-converting enzyme inhibitors (ACEIs) or angiotensin 
receptor blockers (ARBs) are administered, the efferent arteriolar tone 
is no longer maintained, and glomerular filtration is decreased, result-
ing in renal insufficiency. Sodium restriction and diuresis convert bilat-
eral RAS to a renin-mediated form of hypertension.22

DIAGNOSTIC TESTS AND IMAGING
Duplex ultrasound, computed tomography angiography (CTA), and 
magnetic resonance angiography (MRA) are contemporary noninva-
sive imaging modalities used to diagnose RAS. Other tests can be used 
to assess the potential physiologic effect of RAS.

Ultrasonography
Duplex ultrasonography is a useful noninvasive test to screen for RAS, 
with sensitivity between 75% and 98% and specificity between 87%  
and 100%.23 Its sensitivity in identifying accessory renal arteries is 67% 
(Fig. 42-1). Duplex ultrasonography can produce images of the renal 
arteries, assess blood flow velocity and pressure waveforms, and 
measure kidney size without contrast or radiation exposure (Figs. 42-2 
and 42-3). Estimation of renal artery percent diameter stenosis is based 
on the renal artery velocity and the ratio of renal artery to aortic veloc-
ity (Table 42-1), and antihypertensive medications do not interfere 
with duplex imagining. It can also provide information regarding renal 
parenchymal disease, tumors, and calculi. It is less expensive than CTA 
or MRA, can be used for renal artery stenting surveillance, and can be 
easily performed at the patient’s bedside. Unfortunately, early studies 
of this technology reported a 10% to 20% rate of failure due to operator 
inexperience, patient obesity, or bowel gas.23 The test may be time 
consuming when done by inexperienced technologists.

The renal resistive index (RI) is a commonly used measure of resis-
tance to arterial flow within the renal vascular bed. It is calculated 
during duplex ultrasonography (see Fig. 42-3).

Peak Systolic Renal Parenchymal Velocity
An elevated RI is considered to be an indicator of nephrosclerosis and 
intrinsic kidney disease. Radermacher and colleagues used an RI 
greater than 0.8 as the sole screening tool to identify a patient subset 
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FUNCTIONAL ASSESSMENT OF RENAL  
ARTERY STENOSIS

Brain natriuretic peptide (BNP) is secreted by ventricular myocytes in 
response to increased myofibril stretch. Its production is also stimu-
lated by angiotensin II, which is elevated in patients with RAS, and by 
hypertension. BNP antagonizes plasma renin activity and promotes 
diuresis and sodium excretion. Silva and colleagues studied the role  
of BNP levels in patients with RAS and hypertension.30 In this small 
study, baseline BNP was elevated in patients with severe ARAS. A 
significant blood pressure response to renal stenting was seen in 
patients with elevated baseline BNP levels. The test may be useful in 
identifying patients with renovascular hypertension who would be 
likely to respond to stent revascularization; however, larger confirma-
tory studies are required to prove this.

Radionuclide imaging has been historically used to diagnose uni-
lateral RAS. With this technique, a detector gamma camera is used to 
assess baseline renal flow by injecting a radionuclide tracer (99mTc 
diethylene triamine pentaacetic acid [DTPA]). Repeat scans are per-
formed after administering the ACEI captopril, which decreases renal 
function on the ipsilateral side of RAS, whereas the uptake of the unaf-
fected side is normal or increased. The reported sensitivity and speci-
ficity are 90% and 93%, respectively.31,32 The wide availability of duplex 
ultrasound, CTA, and MRA has resulted in the near elimination of this 
test to diagnose RAS. It is occasionally used for cortical functional 
assessment of the ipsilateral and contralateral kidney in the setting of 
renal atrophy and RAS or for cortical functional assessment of a horse-
shoe kidney with RAS.

Plasma renin activity or plasma renin assay (PRA) has also been 
used as a screening test for renovascular hypertension. Plasma renin 
levels have a low specificity in the diagnosis of RAS, but the concomi-
tant use of an ACEI improves the specificity of PRA levels. PRA is 
measured at baseline and 1 hour after oral administration of 50 mg of 
captopril. Unfortunately, the sensitivity ranges widely, between 34% 
and 100%, and the specificity varies from 80% to 90%.33,34 In patients 
with bilateral or unilateral RAS in a solitary kidney, the sensitivity and 
specificity is this assay is much lower because the resultant volume 
overload suppresses PRA levels.

that may have a less than optimal response of blood pressure control 
and improved renal function with renal artery stent revasculariza-
tion.24 However, these findings were refuted by other studies suggesting 
improved renal function and blood pressure control after successful 
renal artery stenting.25,26 RI should not be considered the sole param-
eter in deciding whether a patient will have a clinically favorable 
response to percutaneous renal revascularization.

Magnetic Resonance Angiography and Computed  
Tomography Angiography
MRA and CTA, both excellent noninvasive techniques to evaluate 
patients for possible renal pathology, are widely available. If duplex 
ultrasonography is nondiagnostic, these modalities can be used to 
confirm the findings of duplex ultrasound and used for patients whose 
anatomy is unfavorable for invasive angiography. However, CTA does 
require the use of iodinated contrast. Both CTA and MRI can provide 
additional visualization of the aorta, accessory renal arteries, and renal 
parenchymal anatomy.

MRA requires no contrast but cannot be used in patients with fer-
romagnetic devices or those who are claustrophobic. Stented vessels 
cannot be adequately evaluated by MRA. Grobner and Marckmann 
and colleagues postulated that the gadolinium used in MRA was caus-
ative in the development of nephrogenic fibrosing dermopathy.27,28 
Since then, the use of MRA has been restricted to patients with a serum 
creatinine level less than 1.5 to 2.0 mg/dL. The sensitivity and specific-
ity of MRA are 62% and 84%, respectively.29 The drawbacks of CTA 
include large contrast load and nephrotoxicity, along with the radiation 
exposure. The sensitivity and specificity of CTA are 64% and 92%, 
respectively.29 CTA can also be used for stent surveillance if duplex 
ultrasonography is nondiagnostic (Fig. 42-4).

FIGURE 42-3	 Resistive	 index	 (RI)	 and	 prolonged	 acceleration	 time	
(≥100	msec)	in	a	patient	with	60%	to	99%	renal	artery	stenosis.	

TABLE 42-1 American College of Cardiology/American Heart 
Association Peripheral Arterial Guidelines for the 
Management of Renal Artery Stenosis

Degree of Stenosis (%) Duplex Criteria

0-59 RAR	<	3.5	and	renal	artery	PSV	<	200	cm/sec

60-99 RAR	≥	3.5	or	renal	artery	PSV	>	200	cm/sec	
(and	flow	turbulence)

Occluded Absence	of	arterial	flow	and	low-amplitude	
signal

PSV,	Peak	systolic	velocity;	RAR,	renal-aortic	ratio.

FIGURE 42-4	 Computed	 tomography	 angiography	 images	 after	 right	
renal	artery	stenting	demonstrates	patency	(arrow).	
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may suffice. In these instances, a renal duplex ultrasound should be 
considered.

Patients who have undergone successful stent revascularization are 
often prescribed antiplatelet and statin therapies. The routine use of 
clopidogrel (Plavix) in combination with aspirin after successful stent 
revascularization has not been adequately evaluated, but most investi-
gators use this combination in light of other indications (i.e., drug-
eluting coronary stent implantation). Statins (HMG-CoA reductase 
inhibitors) are frequently given to patients with ARAS; these agents 
may slow the progression of renal atherosclerosis after renal revascu-
larization and in some instances induce plaque regression.37 Cheung 
and coworkers found a reduction of ARAS progression from 30% to 
6% in patients without and with statins, respectively.37 They also found 
12 of 79 patients exhibited signs of disease regression.37 Statins should 
therefore be considered for all patients with established dyslipidemia 
and ARAS.

The CORAL Study
The Cardiovascular Outcomes in Renal Atherosclerotic Lesions 
(CORAL) study was a open-label, randomized, international, multi-
center, controlled clinical trial, sponsored by the National Heart, Lung, 
and Blood Institute (NHBLI) of the National Institutes of Health 
(NIH).38 The study compared medical therapy alone with medical 
therapy plus renal artery stenting in patients with atherosclerotic RAS 
and elevated blood pressure or chronic kidney disease, or both. Patients 
with severe ARAS (>60% angiographic stenosis) with a systolic blood 
pressure of 155 mm Hg or higher although on two or more antihyper-
tensive medications were eligible for enrollment in the trial. Although 
5322 patients were screened, only 947 were randomized.

The primary end point was death from cardiovascular or renal 
causes, myocardial infarction, stroke, hospitalization for congestive 
heart failure, progressive renal insufficiency, or need for kidney replace-
ment. Although the stent group had a modest but statistically signifi-
cant lowering of systolic blood pressure (2.3 mm Hg, P = .03), this did 
not translate into a lowering of clinical events. Over a median follow-up 
time of 43 months, there was not a significant difference between the 
two treatment groups in the occurrence of the primary end point or 
any of its individual components or all-cause mortality. The study 
concluded that renal artery stenting did not confer a significant benefit 
with respect to the prevention of clinical events when added to com-
prehensive, multifactorial medical therapy in people with RAS and 
hypertension or kidney disease.

There have been criticisms of the study. Patients with RAS of 60% 
or more could be enrolled in the study, and the mean degree of stenosis 
in the trial was 68%. There is debate about the severity of stenosis 
necessary to justify intervention. It is possible that patients with hemo-
dynamically insignificant lesions were enrolled in the study. The study 
authors reported that in patients with more than 80% stenosis, as 
measured by the investigators, no clear benefit was seen. The trial took 
almost 5 years to complete enrollment. Some patients who were eligible 
were not enrolled because of the preference of their physicians, who 
might have been convinced of the clinical benefit of the RAS.

Despite the negative results of the study, there are still situations in 
which patients can benefit from renal artery stenting. Patients with 
severe RAS and refractory hypertension or declining renal function 
despite intensive medical therapy may benefit from renal artery stent-
ing. Renal artery stenting should be considered for patients with severe 
RAS and recurrent acute pulmonary edema without an alternative 
cause.

Clinical Follow-Up
Patients must be monitored closely after renal artery intervention for 
recurrent or worsening hypertension or renal dysfunction. Although 
no medical society has offered guidelines, surveillance duplex ultraso-
nography should be considered every 6 months after the placement of 
a renal artery stent (Figs. 42-5 and 42-6). Four duplex ultrasound 

Assessment of renal vein renin level is another test for diagnosing 
renovascular hypertension. It is performed using a catheter to compare 
the renin levels of both kidneys. Although it may identify blood pres-
sure responders to endovascular intervention or surgery, it has fallen 
out of favor because of the invasive nature of the test. Measurement of 
plasma renin and renal vein renin activity is seldom needed in con-
temporary diagnosis and management of RAS because of the avail-
ability of noninvasive imaging modalities.

Identification of At-Risk Patients and Indications for Renal  
Artery Revascularization
ARAS should be suspected in patients with resistant hypertension or 
progressive renal insufficiency who have CAD or PAD. Specific clinical 
clues are listed in Table 42-2. Preprocedural identification of the patient 
with poorly controlled hypertension who is likely to benefit from renal 
stent revascularization is challenging. The recommendations of the 
American College of Cardiology/American Heart Association (ACC/
AHA) for the management of PAD, including revascularization in 
RAS, are as listed in Table 42-3.35 Appropriate indications for renal 
revascularization include unilateral RAS, bilateral RAS, or RAS involv-
ing a solitary functioning kidney in patients in whom blood pressure 
cannot be adequately controlled with maximal tolerable doses of at 
least three antihypertensive medications of different classes or if side 
effects of the antihypertensive medication prohibit sufficient control.36

In patients with unilateral RAS with normal renal function and 
well-controlled hypertension, revascularization may not be required. 
Instead, close follow-up for potential loss of pharmacologic control  
and accelerating hypertension or a potential decline in renal function 

TABLE 42-2 Clinical Clues Suggesting Renal Artery Stenosis
Hypertension	beginning	before	age	30	or	after	age	55
Acute	elevation	of	plasma	creatinine	levels	or	azotemia	after	initiation	of	

ACEI	or	ARB
Patients	with	hypertension	and	asymmetric	kidney	size
Moderate	to	severe	hypertension	in	patients	with	diffuse	atherosclerosis
Recurrent	congestive	heart	failure	or	flash	pulmonary	edema	in	a	patient	

with	hypertension
Malignant	hypertension
Resistant	hypertension
Epigastric	bruit

ACEI,	Angiotensin-converting	enzyme	inhibitor;	ARB,	angiotensin-receptor	blocker.

TABLE 42-3 Duplex Ultrasound Criteria for a Diagnosis of Renal 
Artery Stenosis

Indication
Classification of 
Recommendation

Level of 
Evidence

Asymptomatic	bilateral	or	unilateral	
RAS	in	a	solitary	kidney

IIb C

Accelerated	hypertension IIa B

Resistant	hypertension IIa B

Hypertension	and	unexplained	
unilateral	small	kidney

IIa B

Hypertension	with	intolerance	to	
antihypertensive	medications

IIa B

Progressive	kidney	disease	and	
bilateral	RAS	or	RAS	in	a	solitary	
kidney

IIa B

Chronic	renal	insufficiency	and	
unilateral	RAS

IIb C

Recurrent,	unexplained	CHF	or	sudden	
and	unexplained	pulmonary	edema

I B

CHF,	Congestive	heart	failure;	RAS,	renal	artery	stenosis.
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guiding catheter–compatible, premounted stent-balloon combinations 
on 0.014- to 0.018-inch wire systems designed specifically for renal 
interventions. Despite technical improvements, the enthusiasm for 
percutaneous renal artery stent revascularization has waxed and 
waned, in part because of the lack of clinical evidence supporting the 
effectiveness of renal stenting in ARAS patients to improve blood pres-
sure and renal function.2,4,44-46

Although the limitations of the trials (i.e., visual estimate of ARAS 
degree of stenosis, significant crossover to the intervention therapy, 
lack of standardized methods of blood pressure and microcirculation 
assessment, and the definition of clinical success) have been well enu-
merated, patients in these studies were all selected on the basis of 
angiographic lesion severity. Use of this inclusion criterion reflects the 
commonly held belief that angiographic lesion severity is proportional 
to renal ischemia and that stent revascularization will result in clinical 
benefit. However, this paradigm has been challenged by several inves-
tigators,47,48 underscoring the fact that although quantitative angiogra-
phy improves the accuracy of assessment compared with visual 
estimation, it does not improve the accuracy of diagnosing renal isch-
emia. ARAS angiographic severity may often be overestimated com-
pared with other modalities that may reflect the presence of renal 
ischemia.49

Among the other invasive modalities that can be used to assess 
ischemia is renal fractional flow reserve (FFR).50 A series of reports by 
Belgian investigators emphasized the importance of the invasive physi-
ologic assessment of ARAS lesions in preparation for renal revascular-
ization in a well-selected group of patients. De Bruyne and colleagues 
demonstrated that the magnitude of the renal artery occlusion was 
proportional to the activation of the renin-angiotensin system and 
required at least a 10% gradient (Fig. 42-7). Follow-up work by Man-
giacapra and coworkers suggested that similar invasive translesional 

criteria have been reported for the diagnosis of in-stent restenosis (ISR) 
(Table 42-4). If ISR is identified in a patient with stable renal function 
and well-controlled hypertension, the original indication for renal 
artery intervention should be reviewed, and close clinical monitoring 
should continue.

RENAL ENDOVASCULAR INTERVENTIONS

Invasive Assessment of Renal Ischemia
The first renal artery balloon angioplasty was reported by Andreas 
Grüntizig in Zurich, Switzerland, in 1977.42 The initial endovascular 
strategies consisted of balloon angioplasty alone and were associated 
with relatively poor acute procedural success and poor patency rates. 
These outcomes were the direct result of heavy renal aorto-ostial 
plaque burden and calcification with resultant vessel recoil and/or dis-
sections. However, with the introduction of balloon-expandable metal 
stents, many of the mechanical limitations of primary balloon angio-
plasty were overcome, with resultant acute procedural success rates as 
high as 98% and 9-month duplex Doppler binary restenosis rates of 
approximately 20% to 25%.43

Over the subsequent decade, the tools used for percutaneous renal 
artery intervention evolved rapidly, from hand-crimped stents on 5- or 
6-Fr balloons designed on 0.035-inch wire systems to low-profile, 6-Fr, 

FIGURE 42-5	 Follow-up	 renal	 artery	 duplex	 ultrasonography	 demon-
strates	a	patent	stent	(arrow).	

LRA Stent

FIGURE 42-6	 A,	In-stent	restenosis	is	demonstrated	by	duplex	ultrasound	with	very	high	peak	systolic	(440	cm/sec)	and	end-diastolic	(206	cm/
sec)	velocities.	B,	Right	renal	artery	in-stent	restenosis	(arrow)	is	confirmed	by	contrast	angiography.	

A B

TABLE 42-4 Ultrasound Criteria for the Diagnosis of 
In-Stent Restenosis

Percent In-Stent 
Restenosis (%) Criteria

>60 PSV	>	200	cm/sec	or	RAR	>	3.538

>60 PSV	>	225	cm/sec	or	RAR	>	3.539

>70 PSV	>	395	cm/sec	or	RAR	>	5.140

>60 PSV	>	280	cm/sec	or	RAR	>	4.541	(PTRAS	after	
fenestrated	and	branched	endovascular	repair)

PSV,	Peak	systolic	velocity;	PTRAS,	percutaneous	 transluminal	 renal	artery	stenting;	RAR,	
renal-aortic	ratio.
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Renal Contrast Angiography
Abdominal aortography should be performed before renal stenting. It 
assists in identifying the renal ostia, extent of ostial disease, accessory 
renal arteries, degree of perirenal aortic calcification, angulation of the 
renal artery takeoff from the aorta, and degree of aneurysmal enlarge-
ment of the abdominal aorta. If indicated, subsequent selective renal 
angiography can be performed with a series of 4-, 5-, or 6-Fr diagnostic 
catheters. Typical catheter configurations include internal mammary, 
renal double curve, Sos, and Cobra catheters. Left anterior oblique–
angled views often assist in the identification of the right and left renal 
ostia.51

Renal Artery Stenting
All patients should be pretreated with aspirin therapy; the efficacy of 
adjunctive use of clopidogrel, although widely practiced, has not been 
adequately studied in renal stent patients. After sheath insertion, the 
patient should be fully anticoagulated with unfractionated heparin to 
obtain an activated coagulation time of at least 250 seconds. In most 
cases, arterial access is acquired in a retrograde approach from either 
common femoral artery. However, in patients with severe bilateral 
aortoiliac disease or tortuosity or a sharply downward-angulated renal 
artery, an antegrade radial or brachial approach may be considered.

In most cases, renal artery revascularization is performed using a 
6-Fr guiding catheter. The guiding catheter should reflect the angle at 
which the renal artery arises off the aorta, location of the stenosis, 
anatomy of the perirenal aorta, and operator preference. The most 
commonly used guides are the internal mammary artery, renal stan-
dard curve, renal double curve, or hockey stick. The multipurpose 
guide is well suited for a brachial or radial approach. For the common 
femoral arterial approach, a sheath 35-cm long is preferable because it 
minimizes guide catheter manipulation in a potentially heavily dis-
eased perirenal aorta and can facilitate guiding catheter exchanges over 
smaller diagnostic catheters if required.

The goal of renal artery intervention is to achieve an optimal angio-
graphic and hemodynamic result with minimal manipulation of the 
renal artery and to minimize potential atheroembolization and dissec-
tion of the renal artery or aortic wall. The no-touch technique can be 
used in an attempt to minimize distal atheroembolization (Fig. 42-8). 
To use this technique, a 35-cm sheath is placed below the renal artery 
and a hand injection of contrast is performed to locate the renal ostium 
(see Fig. 42-8, A). A 0.035-inch, J-tip guidewire is advanced in the 
abdominal aorta superior to the renal arteries. Over this wire, the guide 
catheter is advanced in proximity to the renal artery. The 0.035-inch 

pressure gradient assessment after a bolus administration of intraarte-
rial dopamine might further improve the patient selection for renal 
stenting. In this small study (N = 53), a dopamine-induced mean pres-
sure gradient of 20 mm Hg or more before revascularization was the 
sole independent predictor of blood pressure improvement at the 
3-month follow-up. However, the investigators described an 18% non-
responder rate despite a dopamine-induced gradient of 20 mm Hg or 
more, underscoring the heterogeneity of the potential pathophysio-
logic mechanisms responsible for hypertension in this patient cohort.1

FIGURE 42-7	 Effects	of	a	balloon-induced,	unilateral,	controlled,	graded	
stenosis,	 expressed	 as	 the	 ratio	 of	 distal	 pressure	 (Pd)	 corrected	 for	
aortic	pressure	(Pa).	(Modified	from	De	Bruyne	B,	Manoharan	G,	Pijils	
M,	et	al:	Assessment	of	renal	artery	stenosis	severity	by	pressure	gradi-
ent	measurements.	J	Am	Coll	Cardiol	48:1851-1855,	2006.)
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FIGURE 42-8	 The	no-touch	technique:	guiding	the	catheter.	A,	35-cm	sheath	inserted	over	0.035-inch	guidewire.	B,	Guide	catheter	is	positioned	
near	 renal	 artery	 ostium	 with	 soft	 portion	 of	 0.035-inch	 wire	 out	 to	 protect	 the	 ostium.	 C,	 0.014-inch	 wire	 is	 advanced	 into	 the	 renal	 artery.	
D,	0.035-inch	guidewire	is	removed.	
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selective diagnostic catheter. With the 0.014-inch wire in the renal 
artery, the diagnostic catheter is removed, and the renal dilator/guide 
system is back-loaded onto the 0.014-inch wire. The dilator provides a 
smooth transition across the lesion and is gently withdrawn, allowing 
the guiding catheter to advance to the renal ostium; however, dottering 
of the renal lesion occurs with this technique, and the possibility of 
atheroembolization is a concern. The average diameter of a normal 
renal artery is approximately 5.0 to 6.0 mm, which depends on the 
presence of accessory renal arteries and poststenotic dilation.

Predilation of the renal lesion is highly recommended and should 
be performed with a balloon diameter slightly smaller than that of the 
renal reference vessel. Inflation is performed to full expansion of the 
balloon. Flank pain should be closely monitored because it indicates 
stretching of the adventitia. If detected, higher-pressure inflations 
should be avoided because further dilation could result in perforation. 
Most atherosclerotic renal artery lesions demonstrate significant recoil 
after balloon angioplasty and therefore require stent placement. 
Balloon-expandable stents should be positioned such that 1 to 2 mm 
of the stent protrudes into the aorta to ensure proper coverage of the 
arterial ostium. It is often necessary to place the stent in two views to 
ensure proper placement.

Use of the Ostial Pro Stent positioning system (Ostial Solutions, 
Kalamazoo, MI) can assist in proper stent placement and adequate 
coverage of the ostium of the renal artery (Fig. 42-10). It is a disposable 
device compatible with 6-, 7-, and 8-Fr systems. It has opaque gold-
plated feet that are used to identify the ostium and assist in placement 
of the stent to confirm coverage of the ostium.

After correct placement, the stent should be deployed with the 
proper pressure to achieve a 1 : 1 ratio with the diameter of the reference 
vessel. After stent deployment to nominal balloon pressures, the 
deflated balloon is reduced to within the stent confines, with the proxi-
mal aspect of the balloon protruding into the aorta. The balloon is then 
taken to high pressures for the postdilation step. For this maneuver, as 
the balloon is being deflated, the guide can be advanced forward to 
reengage the renal artery. The deflating balloon is used as a dilator to 
less traumatically advance the guide back into proper position if neces-
sary. A completion angiogram should be done to assess proper coverage 
of the renal ostium by the stent, the main renal artery, and its branches 
for signs of dissection or spasm and the renal parenchymal blush to 
exclude evidence of atheroembolization. Although there are no data to 
establish the routine use of aspirin and clopidogrel after stenting, most 
operators continue the use of these agents for at least 30 days.

Distal Protection Devices to Prevent Atheroembolization
Despite successful renal artery revascularization, renal function may 
deteriorate in 8% to 32% of patients.51 Although this decline in renal 
function may reflect the continued effects of underlying disease pro-
cesses (e.g., diabetes, hypertension) or reperfusion injury, atheroem-
bolization may also be a potential cause. During a simulated renal stent 
procedure, Hiramoto and coworkers demonstrated that angioplasty 
and stenting of ex vivo aortorenal atheroma specimens can produce 
thousands of atheroemboli particles.52 Intuitively, distal protection 
devices may provide beneficial results in selected patients by prevent-
ing distal atheroembolization, but limited clinical studies have proved 
inconclusive. Although several study authors53-55 have suggested an 
improvement in renal function or its stabilization associated with the 
use of distal protection devices, they are designed primarily for use in 
carotid artery stent procedures and coronary artery bypass grafts. 
Which patient cohort may potentially benefit from the use of these 
devices has not been clearly established.

Insight into the potential mechanism of atheroembolic decline in 
renal function was provided by Cooper and colleagues.56 This study 
randomized 100 patients in a 2 × 2 factorial design to distal protection 
(filter type) versus no distal protection and the glycoprotein IIb/IIIa 
platelet receptor inhibitor abciximab or placebo. Renal artery stenting 
with distal protection or abciximab alone was associated with a decline 
in estimated glomerular filtration rate (GFR) at 30 days. However, the 
combination of distal protection and abciximab use was not associated 

wire is then retracted to the soft portion of the wire so that the guide 
catheter begins to assume its shape and approach the ostium of the 
renal artery. The J-shaped portion of the wire is left outside to guide 
against the aortic wall (see Fig. 42-8, B).

The ostium of the guiding catheter is gently rotated and aligned 
with the renal ostium, with the J wire preventing guiding catheter 
intubation into the renal artery. From this position, a 0.014-inch  
wire is directed through the guide and into the distal renal artery (see 
Fig. 42-8, C). The 0.035-inch J wire is then removed, and the guide 
catheter is allowed to gently engage the ostium of the renal artery (see 
Fig. 42-8, D).

Another method for safely engaging the renal ostium is the exchange 
technique (Fig. 42-9). A 35-cm sheath is placed below the renal artery, 
and a hand injection of contrast is used to locate the renal ostium. A 
4-Fr, soft-tipped diagnostic catheter is used to gently locate and engage 
the renal ostium (see Fig. 42-9, B). Use of a small, soft catheter mini-
mizes the possibility of atheroembolization or dissection, which could 
be caused by a larger, stiffer guide. Once engaged, a 0.014- or 0.018-
inch guidewire is passed through the diagnostic catheter and into the 
main renal artery (see Fig. 42-9, C). The diagnostic catheter is then 
removed (see Fig. 42-9, D), leaving the guidewire in place. A 6- or 7-Fr 
guide is placed over the guidewire, maintaining the 35-cm sheath 
below the renal artery and facilitating placement the guide (see Fig. 
42-9, E). The renal predilation balloon can then be safely passed into 
the renal artery (see Fig. 42-9, F).

Another commonly used method for engaging the renal artery 
involves a dilator/guide system (Veripath Peripheral Guiding Catheter, 
Abbott Vascular Devices, Mountain View, CA). With this technique, 
the renal artery is wired with a 0.014-inch wire through the softer 

FIGURE 42-9	 The	exchange	technique.	A,	35-cm	sheath	inserted	over	
0.035-inch	guidewire.	B,	Renal	artery	engaged	with	a	5-Fr	diagnostic	
catheter.	C,	0.014-inch	wire	 inserted	 into	 the	 renal	artery	 through	 the	
diagnostic	catheter.	D,	Diagnostic	catheter	removed.	E,	Guide	inserted	
over	 the	 0.014-inch	 guidewire.	 F,	 Interventional	 equipment	 can	 be	
inserted.	
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restenosis.59 Brachytherapy,60 atherectomy, cryoplasty,61 and laser deb-
ulking62 techniques have been described.60

Although the efficacy of drug-eluting stents in the coronary vascu-
lature is well established, their use in renal revascularization is less 
clear. The GREAT trial was a randomized evaluation of bare-metal 
stents versus drug-eluting stents in 105 patients with ARAS. At 6 
months, no significant difference in stent patency between the two 
treatment arms was discerned (6.7% vs. 14.6%, P = .30). At 1 year, 
target lesion revascularization rates were 11.5% for bare-metal stents 
and 1.9% for drug-eluting stents (i.e., sirolimus-eluting balloon 
expandable stent versus bare-metal low-profile stent for renal artery 
treatment63). Although the rate of adverse events was lower in the 
treatment group, statistical significance was not demonstrated in this 
small patient cohort.

Drug-eluting stents also have been compared with brachytherapy 
for the treatment of renal ISR. At 3 years, there were lower rates of 
major adverse clinical events and target lesion revascularization with 
drug-eluting stents, but they did not reach statistical significance.64

One challenge for the use of drug-eluting stents in the renal arteries 
is sizing. Currently, the largest-diameter coronary artery drug-eluting 
stent is 4.0 mm, and overdilation of an undersized stent may reduce 
its radial strength. At this diameter, most small renal arteries can be 
safely treated, but recoil at the renal ostium may be problematic 
because the radial strength of these stents (designed for coronary arter-
ies) is not comparable with that of bare-metal stents designed specifi-
cally for the renal artery.

Another option for treatment of ISR is placement of a balloon-
expandable covered stent (iCast). In theory, this strategy could reduce 
the risk of neointimal proliferation through the stent struts. Use of this 
stent has been reported in the renal and iliac beds for treatment of 

with a decline in GFR. Abciximab use also was associated with lower 
incidence of platelet-rich emboli in the filter device.

The use of distal protection in the renal arteries is not without risk; 
occlusive devices (e.g., PercuSurge) can predispose to renal ischemia, 
and filter devices not specifically designed for the renal vasculature 
may cause renal artery spasm. Moreover, the distal filter wire may cause 
dissection of the distal renal vessel. These filters are associated with 
various filter efficiencies and may not trap all of the atheromatous 
debris generated by the renal intervention. Use of the filters is limited 
to renal arteries with sufficient “landing zones,” excluding their use  
in patients with early renal artery bifurcations. They are associated  
with a learning curve, and inexperience may prolong the procedure 
and increase contrast use. Filter retrieval also may be problematic 
because the recapture catheter can become entrapped within the newly 
deployed stent.

Management of In-Stent Restenosis
Duplex Doppler–defined restenosis rates after successful stenting 
depend on a variety of anatomic and patient-related factors. Smaller-
diameter vessels (<4 mm) can have restenosis rates as high as 40%, 
whereas larger vessels (>6 cm) usually have restenosis rates of less than 
10%.56 A history of tobacco use, diabetes, and time to restenosis evalu-
ation also appear to be associated with higher restenosis rates.57

Although the endovascular options for ISR treatment are many—
including repeat balloon angioplasty, repeat stenting deployment (i.e., 
bare-metal or drug-eluting stent), or placement of a covered stent 
(iCAST, Atrium Medical, Hudson, NH)—there are few data to suggest 
the superiority of any one modality.58 Because of the recoil in the vessel, 
balloon angioplasty for ISR usually does not provide a durable result. 
Placement of more metal into the vessel often results in recurrent 

FIGURE 42-10	 A,	 High-grade	 renal	 lesion	 is	 identified	 using	 a	 5-Fr	 diagnostic	 catheter.	 B,	 Ostial	 Pro	 Stent	 (Ostial	 Solutions,	 Kalamazoo,	 MI)	
demonstrates	four	gold-plated	feet	in	the	deployed	position	through	a	6-Fr	guide	catheter.	C,	The	deployed	radiopaque	feet	are	deployed	against	
the	 aortic	wall.	 These	markers	 are	 aligned	with	 the	 proximal	 balloon	marker	 before	 stent	 deployment.	D,	 After	 stent	 placement,	 the	 angiogram	
demonstrates	excellent	renal	stent	deployment	at	the	aortorenal	ostium.	
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muscle sympathetic activity.66 Two-year follow-up of this patient 
cohort demonstrated a substantial reduction in blood pressure, averag-
ing 33 mm Hg, which persisted without significant adverse events67 
(Fig. 42-11). The SYMPLICITY HTN-2 trial extended these original 
observations.

The SYMPLICITY HTN-2 trial68 was a multicenter, prospective, 
randomized, crossover trial of patients with baseline systolic hyperten-
sion of 160 mm Hg or higher despite taking three or more antihyper-
tensive medications. The trial randomized 106 patients in a 1 : 1 ratio 
to undergo renal denervation or previous drug treatment alone with a 
primary end point of blood pressure control assessed at 6 months. 
Six-month office-based blood pressure assessment demonstrated a 
mean reduction of 31/12 mm Hg below the pretreatment baseline 
values in the renal denervation cohort. The blood pressure values in 
the control group were unchanged, whereas 84% of the patients who 
underwent renal denervation had a reduction of systolic blood pres-
sure of at least 10 mm Hg. There were no serious procedure- or device-
related complications or adverse events in the renal denervation group. 
The trials demonstrated that catheter-based renal denervation could 
be safely used to substantially reduce blood pressure in patients with 
resistant hypertension.

In an effort to gain approval from the .U.S. Food and Drug Admin-
istration, the SYMPLICITY HTN-3 trial was performed at 88 sites in 
the United States. This study was a prospective, single-blinded, ran-
domized, sham-controlled study evaluating patients with refractory 
hypertension.69 Patients with refractory hypertension were random-
ized in a 2 : 1 fashion to renal denervation or sham procedure. After 
almost 2 years, the study enrolled 535 patients. Of the 1441 patients 
assessed for inclusion in this trial, only 37.1% (535) were randomized. 
The primary end point was the change in office systolic blood pressure 
at 6 months. The mean reduction in office systolic blood pressure was 
14.13 ± 23.93 mm Hg in the renal denervation group compared with 
11.74 ± 25.94 mm Hg in the sham group. This resulted in an absolute 
difference of 2.39 mm Hg, which was importantly not statistically sig-
nificant (P = .26) (Fig. 42-12). The difference was even less when 
ambulatory systolic blood pressures were compared. The renal dener-
vation group had a lower ambulatory systolic blood pressure, but the 
difference was only 1.96 mm Hg. The prespecified superiority margin 
for systolic blood pressure reduction was determined to be 5 mm Hg.

These results did not meet this end point for superiority. The safety 
end point showed no concerns, and there was no change in GFRs for 
patients receiving renal denervation therapy. The results were in con-
flict with prior nonblinded, nonsham studies and took most observers 
by surprise. There were many differences between SYMPLICITY 
HTN-3 and prior studies. Most important, this was a sham-controlled 

restenosis.65 Drug-eluting balloons may eventually play a role in this 
space as well but are clearly an off-label indication at this point.

Complications
Most complications associated with percutaneous renal artery revas-
cularization are related to arterial access. They include groin hemato-
mas, retroperitoneal hemorrhage, pseudoaneurysm, arteriovenous 
fistula, and infection. These complications should be treated as  
usual and are discussed in other sections of this textbook. Serious 
complications may arise due to atheroembolization to the kidneys, 
bowel, or lower extremities, resulting in renal failure, ischemic bowel, 
or digital ischemia, respectively.

Renal artery dissection can usually be treated with stent placement. 
Distal wire perforation may resolve spontaneously with reversal of 
anticoagulation or may require coil embolization. Renal artery perfora-
tion may respond to prolonged balloon inflation with reversal of anti-
coagulation or may require the placement of a stent graft.

Percutaneous Renal Sympathetic Denervation to Treat  
Resistant Hypertension
The kidney plays an essential role in the regulation of blood pressure 
through sodium, volume, and renin modulation and renal sympathetic 
neuronal activation. Renal sympathetic drive, which contributes to the 
development and perpetuation of hypertension and sympathetic 
outflow to the kidney, is activated in patients with essential hyperten-
sion. Studies indicate that the renal nerves contribute to the develop-
ment and maintenance of hypertension and all hypertensive processes. 
Efferent sympathetic outflow stimulates renin release, increases tubular 
sodium reabsorption, and reduces renal blood flow. Afferent signals 
from the kidney modulate central sympathetic outflow and directly 
contribute to neurogenic hypertension.

Early studies in nonselective surgical sympathectomy have demon-
strated effective control of severe hypertension. Catheter-based tech-
nologies enable selective denervation of the human kidney with 
radiofrequency energy (Medtronic, Minneapolis, MN) delivered to the 
renal artery lumen, ablating the renal nerves located in the adventitia 
of the renal arteries. Krum and colleagues, in a first study of this 
approach in humans, demonstrated successful renal denervation with 
resultant reduction of sympathetic activity, renin release, and central 
sympathetic outflow.5 This feasibility trial demonstrated that percuta-
neous sympathetic renal denervation was safe and effective in reducing 
blood pressure in patients with severe resistant hypertension.

A subsequent case report suggested that renal denervation was also 
associated with a decrease in norepinephrine level spill-over and in 

FIGURE 42-11	 Sustained	improvement	in	blood	pressure	(BP)	response	during	a	2-year	follow-up.	
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arms and evaluated the effect on angina. Remarkably, significant 
improvement in angina as measured by Canadian Cardiovascular 
Society class was seen for all treatment groups at 6 months: 2.0 ± 1.2, 
1.9 ± 1.3, and 2.2 ± 1.2, in high-dose, low-dose, and placebo groups, 
respectively (P = .413).

SYMPLICITY HTN-3 was the first blinded and sham-controlled 
study to evaluate renal denervation for the treatment of hypertension. 
Based on its results, any subsequent studies will likely be required to 
include a sham arm. The size of the study was also different from the 
preliminary studies. It was the largest randomized study of renal dener-
vation, and the larger sample size in the study might have influenced 
results based on the theory of regression to the mean: the more data 
points obtained, the more accurate the result. Randomization also 
tends to eliminate selection bias. Both factors likely played a role in the 
neutral result obtained.

Results of the trial could also have been affected by the population 
studied. In the renal denervation arm, 25% of the patients treated were 
African American. This subgroup showed a decreased or no response 
to therapy compared with non–African Americans.

Efficacy of the denervation is difficult to assess objectively. There 
were many new, inexperienced operators performing these procedures 
in this trial. Many of the operators performed fewer than five proce-
dures. The equipment used also was the newer-generation catheter and 
control unit. Despite the presence of error messages, the treatments 
were counted as completed. The efficacy of the procedure may be in 
question.

A combination of the described factors may have played a role in 
the negative results seen in SYMPLICITY HTN-3. Alternatively, the 
technology may not be clinically efficacious.

Various new technologies are being developed to achieve renal 
denervation. They include radiofrequency energy, ultrasound, and 
locally delivered drugs. The next renal denervation technology to be 
evaluated in the United States will likely be required to compare its 
results to that of a sham group. These new trials will ultimately deter-
mine the fate of this strategy for the treatment of hypertension and 
other medical conditions.
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FIGURE 42-12	 The	 primary	 end	 point	 from	 the	 SYMPLICITY	 HTN-3	
study.	At	6	months,	office	systolic	blood	pressure	dropped	in	the	sham	
and	treatment	groups.	The	difference	between	the	denervation	and	the	
sham	group	did	not	meet	significance.	(Modified	from	Bhatt	DL,	Kan-
dzari	DE,	D’Agostino	R,	et	al:	A	controlled	trial	of	renal	denervation	for	
resistant	hypertension.	N	Engl	J	Med	370:1393-1401,	2014.)
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DEFINITION AND EPIDEMIOLOGY
Hypertension (HTN) is estimated to be present in 77.9 million adults 
in the United States, including 60% to 75% of those older than 60 years 
of age.1 Globally, 51% of strokes and 45% of cases of ischemic heart 
disease are attributable to HTN.2 HTN-related stroke, cardiac disease, 
and renal failure are preventable with adequate lowering of blood pres-
sure (BP), which may be achieved by several means.3,4

Surveys suggest that almost 50% of U.S. patients with identified and 
treated hypertension have systolic blood pressure (SBP) values greater 
than 140 mm Hg, and 13% (26% of the uncontrolled cases) have SBPs 
greater than 160 mm Hg.5 Despite the wide availability of effective 
drugs for BP control, as many as 51% of patients have low adherence, 
resulting in a 38% increased rate of cardiovascular morbidity relative 
to those compliant with medications.6 Even in clinical trial settings, 
only 57% of patients elect to persist and adhere to medication recom-
mendations after 2 years, signaling the futility of relying on patient 
compliance for management of chronic HTN.7 Further, the BP values 
in a subset of patients who choose to be compliant with complex mul-
tidrug formulations remain above target pressures, and these patients 
are designated as having resistant hypertension. Despite compliance 
with medications, patients with BP values greater than clinical targets 
continue to have excess cardiovascular mortality, stroke, myocardial 
infarction, and onset of renal insufficiency.4,8,9 Treatment strategies to 
complement pharmacotherapy in reducing BP would address a large 
unmet clinical need and potentially reduce the cardiovascular morbid-
ity of uncontrolled HTN among patients who are either nonadherent 
or have HTN resistant to pharmacotherapy.

The pathophysiology of HTN is multifactorial, with neurohumoral 
activation making a significant contribution to its genesis (Fig. 43-1). 
Secondary pathologies such as arteriosclerosis and loss of vascular 
compliance further accelerate disease progression. A treatment 
approach addressing the separate components of the pathophysiology 
has resulted in the emergence of two separate and perhaps comple-
mentary device-driven strategies: sympathetic nervous modulation  
to decrease downstream maladaptive events in vascular tone and 
sodium balance and mechanical alteration of the systemic vascular 
resistance using an arterial-venous anastomosis to change vascular 
compliance.

NEUROMODIFICATION: TARGETING THE SYMPATHETIC 
NERVOUS SYSTEM AND HYPERTENSION

Renal Denervation: Science and Clinical Application
Maintenance of body fluid composition, volume, and vascular tone is 
a complex integrated process regulated by the autonomic nervous 
system that is heavily renal driven.10 The sympathetic nervous system 
(SNS) acquires signals reflecting changes in renal hydrostatic pressure 
and chemistry, the information is processed in the central SNS, and 
efferent signals from the CNS adjust the renal contribution to vascular 
tone and volume homeostasis. Afferent nerve endings rise from the 
kidney vasculature and parenchyma to relay information via the ipsi-
lateral cell bodies in the dorsal root ganglia to the posterior gray 
column; finally, the brainstem and midbrain integrate afferent signals 
from multiple end-organ sensors and baroreceptors (Fig. 43-2).10 Effer-
ent fibers rise from the CNS and extend to the sympathetic pregangli-
onic neurons in the intermediolateral cell column. At approximately 
T10-12 and L1-2, splanchnic nerves connect via prevertebral ganglia 
(e.g., celiac, mesenteric) to postganglionic neurons and communicate 
to the kidneys bilaterally.10 Additionally, the renal nervous system may 
reflexively autoregulate without CNS output.11

Afferent (from kidney to brain) and efferent (from brain to kidney) 
nerves function in a reflex loop: Afferent signals from the kidney to 
the CNS regulate the efferent sympathetic nerve output back to the 
kidney. Two main types of renal afferents are responsible for signaling 
information to the CNS—mechanosensitive and chemosensitive recep-
tors. Mechanosensitive receptors transmit hydrostatic data from the 
renal arteries, veins, and pelvis. Renal ischemia, ionic composition, 
adenosine concentration, osmolar concentration, oxidative stress, and 
chemicals (i.e., bradykinin) activate renal chemoreceptors.10

The efferent arm of the reflex loop innervates the renal tubules, 
juxtaglomerular apparatus, and renal vasculature. Increased renal sym-
pathetic efferent activity stimulates the β1-adrenergic receptor of the 
juxtaglomerular apparatus to release renin.12,13 α1B-Adrenergic receptor 
stimulation increases sodium resorption.13,14 α1A-Adrenergic stimula-
tion vasoconstricts renal arterioles, decreasing renal blood flow.13,15 The 
graded responses of low- or high-frequency signals from the CNS 
modify renal activity. Coincidentally, the efferents are colocated with 
the afferents in the renal adventitia, providing the anatomic feasibility 
for percutaneous ablation technology (Fig. 43-3).16

Data Supporting Renal Denervation

Preclinical Research
Of the vast preclinical research on renal sympathetic innervation in 
HTN, a few studies merit mention. Electrical stimulation of feline and 
canine renal afferents increased vasoconstriction-mediated BP rises.17 
Interruption of afferent fibers via dorsal rhizotomy in a rodent nephrec-
tomy model of chronic renal failure caused a decrease in norepineph-
rine turnover, attenuated HTN, and improved renal function, 
confirming the renal contribution to BP regulation.18 Surgical renal 
artery denervation (RDN) in several HTN models consistently lowered 
BP19,20 and improved natriuresis.21

Surgical Denervation for Hypertension Control
Before the development of antihypertensive pharmacotherapy, surgical 
thoracolumbar splanchnicectomy served as a therapeutic option for 
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•	 Uncontrolled	hypertension	is	a	significant	health	care	problem	with	
far-reaching	public	health	and	economical	consequences.

•	 Novel	therapies	target	neurohumoral	modulation	and	mechanical	
alteration	of	vascular	compliance	to	treat	hypertension.

•	 Reduction	of	the	sympathetic	nervous	output	from	the	renal	nerves	
has	some	supporting	clinical	data	but	remains	experimental.

•	 A	variety	of	technologies	can	be	used	to	modulate	renal	
sympathetic	tone	through	destruction	of	renal	nerves,	with	the	
most	common	modality	being	radiofrequency	ablation.
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RENAL ARTERY DENERVATION
Sympathetic modulation for treatment of HTN has been rediscovered, 
and various methodologies have been explored to ablate renal efferent 
and afferent sympathetics. The most developed technology is endovas-
cular radiofrequency (RF) ablation. Initial devices provide unipolar or 
bipolar RF ablation in repeated spiral patterns, using energy levels that 
attempt to achieve sufficient depth to reach the adventitia and disrupt 
nerve traffic. Delivery of pharmacoablative agents and transmission of 
focused ultrasonic energy to ablate renal nerves are investigational (see 
later discussion).

reducing BP.22,23 In a large, prospective, observational study, 1266 
patients underwent splanchnicectomy, and 467 received medical 
therapy; durable BP lowering in conjunction with improved 5-year 
survival was achieved by 81% in the surgical group versus 46% in the 
medical group.24 Additionally, symptomatic relief of headaches and 
precordial pain, reduction in cardiac size, and renal function improve-
ment were observed,23,25,26 at the cost of significant operative mortality 
(5%).24 Subsequent studies in nephrectomized patients observed post-
surgical reductions in resting sympathetic tone corresponding to sub-
stantial lowering of BP, reinforcing the pathophysiologic evidence for 
modulation of renal sympathetic output as a treatment for HTN.27,28

FIGURE 43-1	 Key	neurohumoral	contributors	to	hypertension	and	the	affected	target	organs.	NTS,	Solitary	nucleus;	PAG,	periaqueductal	gray;	PVN,	
paraventricular	nucleus	of	the	hypothalamus;	RAAS,	renin-angiotensin-aldosterone	system;	RVLM,	rostral	ventrolateral	medulla.	
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FIGURE 43-2	 Anatomy	of	the	sympathetic	autonomic	nervous	system	and	renal	innervation.	NTS,	Solitary	nucleus;	PVN,	paraventricular	nucleus	
of	 the	 hypothalamus;	 RVLM,	 rostral	 ventrolateral	 medulla.	 (From	 Bertog	 SC,	 Sobotka	 PA,	 Sievert	 H:	 Renal	 denervation	 for	 hypertension.	 JACC	
Cardiovasc	Interv	5[3]:249-258,	2012.)
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Radiofrequency Ablation: Symplicity Catheter System

Clinical Evidence
The Symplicity Catheter System (Medtronic, Minneapolis, MN) is a 
6-Fr RF catheter that directs energy (8 watts) to the endoluminal 
surface to ablate renal nerves located in the adventitia. This 

single-electrode catheter requires a manual 360-degree rotation to 
accomplish a circumferential ablation. The SYMPLICITY HTN-I and 
-II studies were performed with multiple independent ablations using 
a unipolar RF system, and the catheter underwent iteration from a 
fixed arch to a physician-enabled bend for the SYMPLICITY HTN-3 
study (FLEX catheter). This later catheter iteration enabled physicians 
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to alter both the pressure of the ablation lead on the artery wall and 
the angle of attack of the lead—both of which appear to be determi-
nates of depth of RF injury (Table 43-1).

Efficacy
SYMPLICITY HTN-1 was a proof-of-concept, first-in-man trial 
testing the safety and efficacy of RF ablation for HTN therapy. Forty-
five patients with treatment-resistant HTN were followed prospectively 
after bilateral renal nerve RF ablation. Despite treatment with a mean 
of 4.7 antihypertensive drugs, there was a decrease from the mean 
baseline office BP (177/101 mm Hg) of 27/17 mm Hg at 12 months 
after ablation (Fig. 43-4). Noradrenaline turnover was assessed in 10 
of the patients and was found to have decreased by 47% (95% CI, 28% 
to 65%), confirming a relationship between renal nerve ablation, 
reduction of sympathetic tone, and BP lowering.29

SYMPLICITY HTN-2 randomly assigned 106 patients with drug-
resistant HTN to either medical therapy or RF ablation in conjunction 
with medical therapy. Mirroring SYMPLICITY HTN-1, the patients 

FIGURE 43-3	 Cross-sectional	histology	reveals	the	adventitial	location	
of	 renal	 nerves.	 (From	 Sobotka	 PA,	 Mahfoud	 F,	 Schlaich	 MP,	 et	al:	
Sympatho-renal	axis	in	chronic	disease.	Clin	Res	Cardiol	100[12]:1049-
1057,	2011.)
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TABLE 43-1 Devices Designed for Renal Nerve Ablation

Device Attributes and Method of Ablation
Clinical Evidence and 
Development

6-Mo Results (Mean Office 
Blood Pressure)

Radiofrequency Ablation

Symplicity	(Medtronic,	Minneapolis,	MN) Single	unipolar	electrode
First	iteration:	ARCH	(preformed,	steerable,	

curved	catheter)
Second	iteration:	FLEX	(physician-

manipulated,	flexible	catheter)
6-Fr	system

Symplicity	HTN-1
Symplicity	HTN-2
Symplicity	HTN-3
Symplicity	HTN	Global	Registry

−22/−11	mm	Hg	(n	=	45)
−32/−11	mm	Hg	(n	=	52)
−14/6.75	mm	Hg	(n	=	364)
−11.9	mm	Hg	SBP	(n	=	932)

Spyral	(Medtronic,	Minneapolis,	MN) 4-Fr	multielectrode
0.014-inch	compatible

Symplicity	HTN-Spyral −16/−7	mm	Hg	(n	=	29)

EnligHTN	(St.	Jude	Medical,	St.	Paul,	
MN)

8-Fr	system
Basket	shape	with	four	unipolar	electrodes

ARSENAL −26/10	mm	Hg	(n	=	46)

Vessix	V2	(Boston	Scientific,	Natick,	MA) 8-Fr	system
Over-the-wire	balloon
Four	to	eight	bipolar	electrodes

REDUCE-HTN −25/−10	mm	Hg	(n	=	139)

OneShot	(Covidien,	Mansfield,	MA) 8-Fr	system
Irrigated	unipolar	lead
Helical	balloon-mounted

RHAS
RAPID	(not	recruiting)
This	device	is	no	longer	being	

clinically	developed.

−34/−18	mm	Hg	(n	=	8)

Celsius	Thermacool	Catheter	(Biosense	
Webster,	Diamond	Bar,	CA)

7-Fr	system
External	saline-irrigated	catheter

SWAN-HTN
RELIEF

−21/−11	mm	Hg	(n	=	10)

Chilli	II	(Boston	Scientific,	Natick,	MA) 8-Fr	system
Internal	saline-irrigated	catheter

SAVE

Ultrasound

PARADISE	Ultrasonic	Catheter	(ReCor	
Medical,	Menlo	Park,	CA)

Balloon-tipped,	self-centering	catheter	
containing	an	ultrasound	emitter	causing	
circumferential	distribution	of	energy

6-Fr	system

REALISE −32/−16	(n	=	20)

Therapeutic	Intravascular	Ultrasound	
System	(TIVUS)	(Cardiosonic	Ltd.,	
Tel-Aviv,	Israel)

TIVUS	I:	unidirectional	ultrasound	ablation	
catheter

TIVUS	II:	multidirectional	ultrasound	ablation	
catheter

0.014-inch	compatible
6-Fr	system

TIVUS	II

Surround	Sound	(Kona	Medical,	
Bellevue,	WA)

External	platform	that	delivers	focused,	
ablative,	low-energy	ultrasound	waves

WAVE	I
WAVE	II

−29/−12	mm	Hg	(n	=	24)
−19.4/16.5	mm	Hg	(n	=	17)

Pharmacologic	Tissue	Delivery

Peregrine	(Ablative	Solutions,	Menlo	
Park,	CA)

Self-centering	catheter	that	delivers	three	
needles	for	drug	injection

7-Fr	system

U.S.	FDA	510(k)	clearance	for	
periadventitial	drug	delivery

Bullfrog	Microinfusion	Catheter	(Mercator	
Microsystems,	San	Leandro,	CA)

Microneedle-equipped	balloon	for	delivery	of	
pharmacologic	agents

0.014-inch	compatible
6-Fr	system

U.S.	FDA	510(k)	clearance	for	
marketing

FDA,	Food	and	Drug	Administration,	Fr,	French;	HTN,	hypertension;	SBP,	systolic	blood	pressure.
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23.93 mm Hg in RDN group versus −11.74 ± 25.94 mm Hg in controls 
group; P = .26), resulting in a negative study.

The SYMPLICITY HTN-3 trial, although elegant in design, had 
unique trial elements that may have contributed to its negative find-
ings. In the 6 weeks before enrollment, approximately 20% of patients 
had medication changes, as did 40% of patients after ran domization. 
Thiazide diuretics and aldosterone antagonists require as long as 6 to 
8 weeks to reach maximal BP-lowering effects, suggesting that the BP 
baselines may not have been stable for some patients enrolled.35-37

Previously, RDN had been tested predominantly on Caucasians of 
European descent, but 26% of those enrolled in SYMPLICITY HTN-3 
were African American. Notably, medical therapy was more effective 
at lowering BP in African American patients (RDN group −15.5 mm Hg 
versus sham group −17.8 mm Hg, P = .641) compared with their non–
African American counterparts (RDN group −15.2 mm Hg versus 
sham group −8.6 mm Hg, P = .012), suggesting that pharmacogenomic 
variances related to race may play a role in HTN management.37

Finally, procedural variability may have played a significant role  
in the lack of efficacy. Approximately 74% of patients received ablation 
of fewer than four quadrants of any renal artery, whereas approxi-
mately 6% of patients had ablation of all four quadrants of the renal 
artery circumference bilaterally. Those with ablation in fewer than  
four quadrants demonstrated decreases in office and ambulatory BP of 
14.2 and 6.3 mm Hg, respectively, whereas those with four-quadrant 
bilateral RDN were had decreases of 24.3 and 10.3 mm Hg, respec-
tively (Fig. 43-5).37 Insufficient training at trial onset and use of a newer 
iteration of the ablation catheter (FLEX catheter) may have contributed 
to the differences in efficacy observed in SYMPLICITY HTN-2 com-
pared with SYMPLICITY HTN-3. Currently, RDN remains experi-
mental in the United States, and the proper selection of patients, 
optimal device design, and demonstration of technical success remain 
ill defined.

The Symplicity Global Registry plans to enroll 5000 patients and to 
assess both safety and efficacy of RDN. Six-month data for 913 patients 
showed a mean reduction of 11.9 mm Hg in office SBP, and those 
patients with the highest initial SBP (≥160 mm Hg) demonstrated the 
best response to RDN (mean decrease, 21.4 mm Hg).38

Complications and Management of Radiofrequency Ablation in 
Renal Denervation
The rate of serious complications documented with RDN is low. The 
most frequently reported complications are vasospasm, severe pain, 
renal artery dissection, renal artery stenosis, and vascular access com-
plications. Vasospasm is mild and may be preempted with calcium 
channel blockers or nitrates.39 Adventitial depth of ablation stimulates 
pain fibers that may trigger strong vagal reactions. Renal artery dissec-
tion resulting from catheter manipulation was reported in the SYM-
PLICITY HTN-1 trial, and those attempting ablation should be trained 
in renal artery stenting.40 Endovascular complications and bleeding are 
the most frequently reported complication, and careful, fundamentally 
sound vascular access remains paramount.30,40,41

Alternative Radiofrequency Devices
Efforts to provide more consistent ablation, improve ease of use, and 
shorten procedure times have resulted in the development of alterna-
tive RF devices that improve on the single-lead, unipolar RF first-
generation device. Later iterations apply multilead unipolar RF to 
deliver predictable circumferential denervation over a shorter duration 
and some use bipolar RF energy.

Multielectrode Radiofrequency Ablation
The EnligHTN Renal Denervation System (St. Jude Medical, St. Paul, 
MN) has a basket-like catheter design that causes contact with the 
endoluminal surface in a predictable pattern (Fig. 43-6; see Table  
43-1). The Ablation-induced Renal Sympathetic Denervation Trial 
(ARSENAL) enrolled 44 patients, recapitulating the inclusion/exclusion 
criteria and primary efficacy end point (office BP) from SYMPLICITY 

FIGURE 43-4	 Blood	pressure	lowering	among	treatment	groups	across	
all	 three	 SYMPLICITY	 trials	 through	 long-term	 follow-up.	 A,	 Mean	
decrease	in	office	systolic	blood	pressure	(SBP)	in	SYMPLICITY	HTN-1	
and	-2	through	3	years	of	follow-up	and	in	SYMPLICITY	HTN-3	through	
6	months.	.	B,	Mean	decrease	in	office	diastolic	blood	pressure	(DBP)	
of	 SYMPLICITY	 HTN-1	 and	 -2	 through	 3	 years	 of	 follow-up	 and	 in	
SYMPLICITY	HTN-3	through	6	months.	CI,	Confidence	interval.	
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took an average of 5.2 to 5.3 medications, and the mean baseline office 
BP reading was 178/97-98 mm Hg for both RF and medical therapy 
cohorts. After RF ablation, office BP measurements decreased by a 
mean of 32/12 mm Hg at 6 months, whereas the medical therapy 
group saw no changes (+1/0 mm Hg; P < .0001).30 Of the patients from 
the control group who crossed over to RDN therapy, SBP improved 
from 190.0 ± 19.6 mm Hg to 166 ± 24.7 mm Hg (P < .001) 12 months 
after denervation.31

On long-term follow-up at 3 years, there was a durable reduction 
of 32/14 mm Hg (n = 88) in patients from SYMPLICITY HTN-1 and 
33/14 mm Hg (n = 40) in patients from SYMPLICITY HTN-2 (see 
Fig. 43-4).32,33

SYMPLICITY HTN-3, was a U.S.-based prospective, blinded, ran-
domized, sham-controlled, pre–market approval trial for Medtronic’s 
Symplicity FLEX ablation catheter.34 Entry criteria included a stable 
medication regimen of three or more drugs prescribed at fully toler-
ated doses, including a diuretic, with an office SBP 160 mm Hg or 
higher. The trial randomized 530 patients to achieve 95% statistical 
power for detecting a mean difference of 15 ± 25 mm Hg in office SBP 
between treatment and control cohorts. Although the trial did confirm 
safety in the RDN cohort, no significant difference in BP between the 
treatment and control arms was seen (6-month office SBP, −14.13 ± 
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HTN-1. BP reduction was 26/10 mm Hg at 6 months, and this was 
sustained out to 18 months (24/10 mm Hg).41,42

Symplicity Spyral (Medtronic) is a multielectrode 4-Fr catheter 
delivered via a 0.014-inch guidewire in a rapid-exchange fashion (see 
Table 43-1 and Fig. 43-6). The first-in-man trial results in 29 patients 
were presented at the 2013 Transcatheter Cardiovascular Therapeutics 
(TCT) Scientific Symposium and showed a reduction of 16 ± 21 mm Hg 
systolic and 7 ± 12 mm Hg diastolic in office BP.43

The OneShot (Covidien, Mansfield, MA) device is a balloon-
mounted, helical ablation electrode that was tested in a small group  
of patients and showed a BP reduction of 34/13 mm Hg at 6 months 
(n = 8) and 31/10 mm Hg at 12 months (n = 6) (see Table 43-1).44 There 
are no further plans to develop this catheter.

The Vessix V2 catheter (Boston Scientific, Natick, MA) is another 
RF system that consists of an over-the-wire balloon catheter mounted 
with bipolar RF electrodes (see Table 43-1 and Fig. 43-6). Combined 
results from the REDUCE-HTN first-in-human and postmarketing 
studies of the Vessix RDN system showed a mean reduction in office 
BP of 25/10 mm Hg at 6 months (n = 139).45

Ultrasound Ablation
Ultrasound energy consists of high-frequency sound waves that can 
penetrate surrounding fluids and generate frictional heating in tissues, 
resulting in a rise in temperature that induces renal nerve injury.46 This 
technology would permit ablation without contact with the endolumi-
nal surface of the renal arteries.

The PARADISE Ultrasonic catheter (ReCor Medical, Menlo Park, 
CA) is a balloon catheter that causes renal artery ablation using ultra-
sound directed energy. Its first-in-man study of 20 patients with resis-
tant HTN (REALISE trial) showed a reduction in BP of 32/16 mm Hg 
over 3 months, but no follow-up data have been released since 2012 
(see Table 43-1 and Fig. 43-6).47

The Therapeutic Intravascular Ultrasound System (TIVUS) from 
Cardiosonic Ltd., Tel Aviv, Israel, completed enrolling its first-in-man 
trial in the winter of 2013.48

Using externally delivered ultrasound energy ablating renal nerves, 
Kona Medical (Bellevue, WA) reported 6-month BP reductions of 
29/12 mm Hg (n = 24) and 19.4/6.5 mm Hg (n = 17) for the WAVE I 
and WAVE II studies, respectively.49

FIGURE 43-5	 Mean	systolic	blood	pressure	changes	according	to	completeness	of	ablation	with	respect	to	circumferential	location	in	none,	one,	
or	both	renal	arteries.	Results	reported	as	mean	decrease	(mm	Hg)	and	standard	deviation.	ABPM,	Ambulatory	blood	pressure	monitoring.	(From	
Kandzari	DE,	Bhatt	DL,	Brar	S,	et	al:	Predictors	of	blood	pressure	response	in	the	SYMPLICITY	HTN-3	trial.	Eur	Heart	J	36:219-227,	2015.)
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Tissue-Directed Pharmacologic Ablation
The failure of the RF approach in the SYMPLICITY HTN-3 trial raised 
the possibility that “point-by-point” ablation with a limited number of 
focal burns may result in ineffective RDN. Even under ideal conditions, 
with perfect “circumferential” energy delivery, RF (thermal) injury is 
likely to miss more than 50% of the renal sympathetic nerves due to a 
lack of sufficient depth of energy penetration.50 Moreover, individual 
applications of RF energy may fail to successfully cause complete cir-
cumferential denervation or fail to successfully target key nerve trunks. 
It may be possible to achieve more complete denervation using a spe-
cialized drug delivery catheter to perform “chemical” RDN, with 
ethanol, a well characterized and predictable neurolytic agent.

A novel microneedle-based drug delivery catheter (Peregrine, Abla-
tive Solutions, Menlo Park, CA) has obtained 510(k) clearance from the 
U.S. Food and Drug Administration (FDA) to cause predictable peri-
arterial adventitial deep and circumferential renal sympathetic dener-
vation with minimal injury to the normal structures (intima and media) 
of the renal arterial wall (Fig. 43-7). In preclinical testing, microdoses 
of ethanol were delivered locally to the adventitial and periadventitial 
space of the renal artery (PeriVascular Renal Denervation, or PVRD), 
with evidence of rapid and almost complete sympathetic denervation, 
as assessed by renal parenchymal norepinephrine and histopathologic 
evaluation.51 This device, although cleared by the FDA to cause periar-
terial denervation on the basis of renal nerve studies, is not specifically 
approved for RDN; clinical trials for this specific indication are antici-
pated across multiple clinical applications, including HTN, heart 
failure, and sympathetically mediated tachyarrhythmias. Guanethidine 
is another agent considered for injection; it is already approved by the 
FDA for treatment of moderate to severe HTN.48

Beta-Irradiation of the Renal Artery
Prior research using radiation therapy in atrial fibrillation provided 
histologic evidence of nerve fibrosis.52 Investigators postulated that 
vascular brachytherapy, a well-developed treatment for coronary reste-
nosis, might have potential for inducing nerve damage in the renal 
vasculature as an alternative to RF ablation. Preclinical experiments in 
swine showed 50% nerve damage with doses of 50 Gray (Gy). No 
damage was seen to adjacent tissues.53
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muscle sympathetic nerve activity (MSNA) quantified sympathetic 
activity and confirmed successful denervation during early experience 
with RDN.29,54,55 However, not only is renal noradrenaline spillover 
technically challenging, but it gives no insight into renal afferent nerve 
activity. Likewise, few centers have the technical expertise to perform 
MSNA measurements, and it likely is not acceptable for patients to 
undergo repeated testing. Notably, a reduction in sympathetic tone is 
not automatically reflected by a reduction in BP.56 This can probably 
be explained by the complexity of pathophysiology and the variable 
role that MSNA can play in it. Ineffective reduction in BP after RDN 
ranges from 10% to 50%.29,57 Comparably, changes in left ventricular 

QUANTIFYING PROCEDURAL TECHNICAL SUCCESS, 
TITRATING ABLATIVE THERAPY, AND TARGETING 
IDEAL PATIENTS FOR RENAL DENERVATION

The failure of the SYMPLICITY HTN-3 trial to demonstrate a signifi-
cant benefit associated with RDN may represent technical failure of the 
device or the physician to cause significant RDN, or it may reflect the 
selection of a population whose renal nerve contribution to HTN was 
negligible. Both possibilities suggest the importance of tools to assist 
in patient selection and verification of successful denervation. In the 
past, measurement of renal noradrenaline spillover or assessment of 

FIGURE 43-6	 A	nonexhaustive	 representation	of	ablation	catheters	and	 technologies	currently	applied	 for	 renal	denervation.	Various	devices	use	
radiofrequency	energy:	A,	Vessix	(Boston	Scientific)	and	B,	EnligHTN	(St.	Jude	Medical).	Others	use	ultrasound:	C,	 intravascular	device—ReCor	
Medical’s	Paradise	catheter;	D	and	E,	extravascular	denervation	devices	by	Kona	Medical.	Perivascular	chemical	ablation	is	performed	by	Ablative	
Solutions’	Peregrine	catheter	(F).	(Images	courtesy	of	the	respective	manufacturers.)
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sensing changes in oxygen saturation, carbon dioxide tension, acidosis, 
glycemia, and hypoperfusion.63 CB stimulation signals to the solitary 
nucleus in the rostral ventrolateral medulla oblongata to elevate sym-
pathetic tone, increasing BP and minute ventilation.64 The carotid sinus 
is an outpouching of the internal carotid artery; it houses mechanore-
ceptors that detect BP changes and maintains arterial tone by modulat-
ing parasympathetic and sympathetic signaling. Chemoreflex and 
baroreflex control are intertwined: Heightened chemoreflex can cause 
sympathoactivation and inhibition of the baroreflex function.65

Preclinical research has shown that the CB chemoreceptor plays a 
significant role in HTN. Surgical CB denervation in both young and 
adult spontaneous hypertensive rats (SHR) prevented the onset of 
HTN and reduced systolic arterial pressures by approximately 
20 mm Hg through the decrease of sympathetic vasomotor tone.66 
MSNA in men with untreated hypertension and nonhypertensive con-
trols was measured at baseline and after inactivation of the chemore-
ceptor by administration of 100% oxygen.67 After chemoreceptor 
inactivation, hypertensive patients demonstrated a significant decrease 
in MSNA, whereas control patients showed no changes in sympathetic 
activity, confirming that chemoreceptor sympathetic input contributes 
to HTN. Prior experience in surgical CB excision showed a decrease 
of approximately 20 mm Hg in SBP in 29 hypertensive asthmatic 
patients.68 Given the potential benefits for treatment of chronic HTN, 
a trial of unilateral endovascular ablation of the CB for patients with 
resistant HTN is being conducted in Eastern Europe (Cibiem, Los 
Altos, CA; National Clinical Trial [NCT] 02099851).

Modulation of BP through manipulation of the carotid sinus is an 
old concept recently revived. Arterial baroreceptors rapidly reset in 
response to BP fluctuations and increase afferent baroreceptor firing 
when the BP is elevated. However, with chronically elevated BP,  
adjustment of baroreceptor response diminishes, and the threshold  
for activation changes. Therefore baroreceptors become less sensitive 
to change in the context of chronic HTN.63 Experiments exploring 
the role of the carotid sinus have elucidated the effect of electrical 
impulse stimulation to chronically regulate BP.69 Researchers in the 
past attempted to leverage this knowledge in the development of a 
device for anti-HTN therapy, but limitations in the technology of the 
1960s led to failure to create an appropriate stimulator for patients. 
Technological limitations in conjunction with the emergence of phar-
macotherapy caused baroreceptor stimulation to disappear from the 
therapeutic armamentarium. However, recognition of populations 
resistant to pharmacotherapy has stimulated renewed interest in baro-
receptor pacing, culminating in the clinical development of mature 
pacing systems for HTN management.

The Rheos baroreceptor pacing system (CVRx, Minneapolis, MN) 
was tested in the randomized, double-blind, parallel-design Rheos 
pivotal trial in patients with resistant HTN.70 All patients underwent 
implantation, but implementation of baroreceptor activation therapy 
(BAT) was randomized for the first 6 months. There was no difference 
in the primary end point of acute response (BAT 54% responders 
versus no-BAT 46% responders; P = .97), and the secondary end point 
of mean BP decrease just missed statistical significance (BAT 16 ± 
29 mm Hg versus no-BAT 9 ± 29 mm Hg; P = .08).70 The second-
generation device, Barostim neo, was evaluated in a prospective, open-
label fashion in 30 patients in Canada and Europe. Six months after 
implantation, BAT had reduced mean BP by 26 ± 4.4 mm Hg (P ≤ 
.001).71 With respect to safety, the Rheos pivotal trial showed 74.8% 
event-free procedural safety, which improved to 90% in the Barostim 
neo trial. A pivotal trial seeking FDA approval for the device is still 
underway (NCT 01679132).

In addition to baroreceptor stimulation, mechanoreceptor modula-
tion as an anti-HTN therapy is being explored. Likely an extrapolation 
from hypotensive responses observed after carotid stenting, CALM-
FIM (NCT 01831895) is a study investigating the BP-lowering effects 
of an implantable device in the carotid sinus that influences autonomic 
output via carotid sinus mechanoreceptors, the MobiusHD device 
(Vascular Dynamics, Mountain View, CA).

hypertrophy after RDN were observed to be independent from BP 
improvement.58 This indicates that BP may not necessarily be the best 
surrogate marker of technical success in RDN.

An appropriate tool to document the renal nerve contribution to 
elevated BP and the technical success of RDN may be available in the 
near future. Patents have been issued on a system that identifies 
changes in systemic BP and heart rate on stimulation of renal nerves. 
This diagnostic tool* could enable proper patient selection through 
screening for candidates whose BP is renal nerve activity dependent, 
and it could allow targeting of optimal ablation sites with documenta-
tion of technical success through the loss of systemic BP and heart rate 
changes after RDN.

The pathophysiology of multiple chronic diseases such as diabetes, 
arrhythmias, obstructive sleep apnea, heart failure, and chronic renal 
insufficiency is strongly attributed to the SNS, and modulation of sym-
pathetic tone may have additional salutary effects beyond lowering 
BP.59-62 A clinically meaningful and reproducible metric of the systemic 
sympathetic state ultimately may be required to select ideal candidates 
for RDN and to document technical success of intervention including 
alternative therapeutic targets such as diastolic heart failure or glucose 
intolerance.

ALTERNATIVE APPROACHES TO SYMPATHETIC 
MODULATION

The Carotid Body and Sinus
Given the role of excessive sympathetic tone in the pathogenesis of 
HTN and several chronic disease states, there is a long history of 
investigating sources of sympathetic tone, including the carotid body 
(CB) and carotid sinus. Located in at the bifurcation of the common 
carotid artery, the CB is a 1.5- to 7.0-mm, ovoid, bilateral organ inner-
vated by the nerve fibers of the glossopharyngeal nerve, the vagal 
nerve, and the sympathetic nerve of the adjacent superior cervical 
ganglion. The CB is the body’s primary peripheral chemoreceptor, 

FIGURE 43-7	 A	 three-needle	 delivery	 device	 (Peregrine)	 for	 injection	
of	 dehydrated	 ethanol	 into	 the	 adventitial	 and	 periadventitial	 space.		
(©	Justin	A.	Klein,	CMI,	2013.	All	Rights	Reserved.)

*Jie	Wang:	Mapping	sympathetic	nerve	distribution	for	renal	ablation	and	cath-
eters	for	same.	U.S.	Patent	8702619,	published	on	December	15,	2011,	and	
issued	on	April	22,	2014.



662 SECTION IV  PERIPHERAL VASCULAR INTERVENTIONS

and perhaps a mechanical therapy to change vascular compliance may 
assist in BP lowering, but it remains to be seen whether changes in 
vascular compliance impact clinical outcomes.75

The ROX AV-Fistula device (ROX Medical) is a self-expanding, 
4-mm nitinol clip that creates a fixed-diameter, common iliac arterial-
venous fistula. To implant the ROX Coupler, the venous and arterial 
walls are punctured from the venous side, and a self-expanding nitinol 
clip is deployed (Fig. 43-8). Real-time invasive hemodynamic assess-
ment allows immediate verification of technical success, and little pain 
is experienced during the creation of the anastomosis. Long-term 
patency of the device can easily be confirmed with bedside noninvasive 
techniques, and its effects may be reversed with application of a covered 
arterial stent. Complications seen in its use in COPD patients included 
episodes of right-sided heart failure, edema formation, venous steno-
sis, and the usual femoral access complications76,77 Prospective inves-
tigation of the use of the ROX Coupler to treat HTN is underway, with 
results expected in late 2014 (NCT 01642498). This device has CE 
conformity marking, allowing sale within the European Economic 
Area, and reimbursement for the procedure is currently available 
throughout Europe; commercial release awaits publication of the trial 
results.

Mechanical Reduction of Vascular Resistance and Increase of 
Compliance for Hypertension Management
While investigating the implantation of a percutaneous arterial venous 
fistula (AVF) (ROX Medical Inc., San Clemente, CA) intended for 
treating dyspnea in patients with chronic obstructive pulmonary 
disease (COPD), researchers noticed an instantaneous significant  
lowering of BP in hypertensive patients.72 This observation spurred 
interested in the use of a small central AVF to treat chronic HTN. 
Similar to observations in patients with chronic renal failure undergo-
ing new fistula implantation, the mechanism is thought to be the addi-
tion of a fixed-volume, central arterial-venous anastomosis reduces BP 
by adding a low-resistance, high-compliance venous attachment to the 
central arterial tree.73 With the addition of a low-capacitance circuit, 
total systemic vascular resistance and the effective arterial volume 
decrease.72 Another possible salutary effect may be improvement of 
compliance of the arterial tree and reduction of the pulse wave.  
Multiple analyses have consistently demonstrated the association of 
reduced arterial compliance and increased pulse wave velocity with 
adverse cardiovascular outcomes.74 HTN therapy with angiotensin-
converting enzyme (ACE) inhibitors does improve arterial compliance, 

FIGURE 43-8	 The	ROX	Coupler	(A)	is	a	4-mm	nitinol	clip	that	is	designed	to	cause	a	fistula	between	the	iliac	vein	and	artery	(B).	(Courtesy	ROX	
Medical,	San	Clemente,	CA.)
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AORTIC DISSECTION
Acute aortic dissection is an uncommon but potentially catastrophic 
illness. It occurs with an incidence of approximately 3.5 per 100,000 
person-years, and at least 8000 cases occur each year in the United 
States.1,2 About 0.5% of patients with chest or back pain have an aortic 
dissection.3 Two thirds of patients are male, with an average age at 
presentation of approximately 65 years. A history of systemic hyperten-
sion, found in up to 72% of patients, is by far the most common risk 
factor.1,2

Acute aortic dissection is diagnosed within 2 weeks of onset of 
symptoms, which is the high-mortality period. Patients surviving 2 
weeks are considered to have subacute disease, and chronic aortic dis-
section is diagnosed after 8 weeks. Aortic dissections are further clas-
sified according to their anatomic location using the Stanford and 
DeBakey classifications. The fundamental distinction is whether the 
dissection is proximal (i.e., involving the aortic root or ascending 
aorta) or distal (i.e., beyond the left subclavian artery) (Fig. 44-1).

Important precursors of typical aortic dissection include intramural 
hematoma, penetrating aortic ulcers, and localized intimal tears that 
are variants of a wall-dissecting process. Chronic hypertension affects 
arterial wall composition, causing intimal thickening, fibrosis, and 

calcification and extracellular fatty acid deposition. The extracellular 
matrix also undergoes accelerated degradation, apoptosis, and elastoly-
sis with hyalinization of collagen. Both mechanisms may eventually 
lead to intimal disruption. Adventitial fibrosis may obstruct nutrient 
vessels feeding the arterial wall and the small intramural vasa vasorum. 
Both result in necrosis of smooth muscle cells and fibrosis of elastic 
structures, rendering the vessel wall vulnerable to pulsatile forces and 
creating a substrate for aneurysms and dissections.1,2

In addition to chronic hypertension, smoking, dyslipidemia, and 
use of crack cocaine are risk factors. Rarely, inflammatory diseases 
destroy the media layers and cause weakening, expansion, and dissec-
tion of the aortic wall. Iatrogenic aortic dissection may be associated 
with invasive retrograde catheter interventions or occur during or after 
valve or aortic surgery.1,2

Men are affected twice as often as women by acute aortic dissection, 
with 60% of cases classified as proximal (type A) and 40% as distal 
(type B) according to the Stanford classification.1,2 Historical data for 
untreated aortic dissection of the ascending aorta show a mortality rate 
of 1% to 2% per hour within the first 24 hours, resulting in a mortality 
rate of up to 50% to 74% during the acute phase.1,2 Uncomplicated 
acute type B dissection is less frequently lethal, with survival rates for 
medically treated patients of 89% at 1 month, 84% at 1 year, and up to 
80% within 5 years.1,2 Survival may be significantly improved by the 
timely institution of appropriate therapy. Prompt clinical recognition 
and definitive diagnostic testing are essential in the management of 
aortic dissection.

Conventional treatment of Stanford type A (De Bakey types I and 
II) dissection (see Fig. 44-1) consists of surgical reconstruction of the 
ascending aorta with complete or partial resection of the dissected 
aortic segment. In type A dissections, interventional endovascular 
strategies have no clinical application except to relieve critical malper-
fusion before surgery of the ascending aorta. This is done by distal 
endovascular interventions in cases of thoracoabdominal extension of 
a proximal dissection (De Bakey type I) with distal ischemic complica-
tions. In Stanford type B dissections, stent graft placement aims to 
remodel the thoracic descending aorta, typically by sealing one or 
multiple proximal entry tears with a Dacron-covered stent, initiating 
thrombosis of the false lumen.4-7

Reconstruction of a collapsed true lumen may reestablish side 
branch flow (Fig. 44-2). Various scenarios of malperfusion syndrome 
are amenable to endovascular management, including static or dynamic 
collapse (i.e., intima invagination) of the aortic true lumen (i.e., pseu-
docoarctation) (Fig. 44-3), static or dynamic occlusion of one or more 
vital side branches, and an enlarging false aneurysm due to a patent 
proximal entry tear. Although peripheral pulse deficits often can be 
reversed with surgical repair of the dissected thoracic aorta, patients 
with signs of mesenteric or renal ischemia do not fare well. Mortality 
rates for patients with renal ischemia are between 50% and 70% and 
may be as high as 87% in cases with mesenteric ischemia.8-10

Surgical mortality rates for patients with acute peripheral vascular 
ischemic complications are similar to those for patients with mesen-
teric ischemia, and the in-hospital mortality rate may reach 89%.11-14 
Operative mortality rates for surgical fenestration are between 21% and 
61%, which has encouraged percutaneous interventional management 
by endovascular balloon fenestration of a dissecting aortic membrane 
to treat mesenteric ischemia, a concept often discussed as a niche 
indication in complicated cases of malperfusion.13-15
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•	 Acute	aortic	dissection	is	an	uncommon	but	potentially	
catastrophic	illness	that	occurs	with	an	incidence	of	approximately	
3.5	per	1	million	person-years,	with	at	least	8000	cases	
occurring	annually	in	the	United	States.

•	 Aortic	stent	grafts	are	primarily	used	to	reconstruct	the	compressed	
true	lumen	cranial	to	major	aortic	branches	and	to	increase	distal	
aortic	flow.	Proximal	communications	are	sealed	to	direct	flow	into	
the	true	lumen,	depressurize	the	false	lumen,	and	induce	
thrombosis	in	the	false	lumen,	with	fibrotic	transformation	and	
subsequent	remodeling	of	the	aortic	wall.

•	 Percutaneous	stent	graft	placement	in	the	dissected	aorta	is	safer	
and	produces	better	results	than	surgery	for	type	B	dissections.

•	 Use	of	endovascular	stent	grafts	for	repair	of	thoracic	aortic	
aneurysms	is	a	promising	and	less	invasive	therapeutic	alternative	
to	conventional	surgical	treatment.	Most	devices	use	a	metal	
skeleton	made	of	stainless	steel,	nitinol,	or	Elgiloy.

•	 Evaluation	for	repair	of	a	thoracic	aortic	aneurysm	considers	the	
patient’s	overall	risk	profile,	evidence	of	rapid	enlargement	of		
the	aneurysm,	diameter	equal	to	or	greater	than	5.5	cm,	and	
symptoms.	Suitability	for	endovascular	repair	is	based	on	clinical	
and	anatomic	considerations.

•	 Endoleaks	are	the	most	prevalent	complications	after	stent	graft	
treatment	of	thoracic	aortic	aneurysms.	Treatment	options	include	
transcatheter	coil	or	glue	embolization,	balloon	angioplasty,	
placement	of	endovascular	graft	extensions,	and	open	repair.

•	 Procedural	success	and	long-term	outcome	of	endovascular	repair	
of	abdominal	aortic	aneurysms	depend	on	proximal	and	distal	
fixation	and	sealing.
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Management of Stanford type B (De Bakey type III) dissection with 
the use of endovascular stent grafts has evolved slowly in anticipation 
of an unknown risk of paraplegia from spinal artery occlusion, as seen 
in up to 18% of cases after open surgery.14,15 After technical improve-
ments, a large series of patients has been successfully treated in various 
specialized centers by endovascular stent grafts placed to cover entry 
tears in the descending aorta and in the aortic arch. Studies have dem-
onstrated that closure of proximal entry tears is essential to reconstruct 
the aortic wall and reduce the total aortic diameter. Entry tear closure 
promotes depressurization of the false lumen, thrombus formation in 
the false lumen (Fig. 44-4), and remodeling of the entire aorta.5,6,15 In 
the near future, combined surgical and interventional procedures are 
likely to be developed for proximal dissections.16-18

Indications for Endovascular Aortic Interventions
Significant perioperative morbidity and mortality in cases of acute, 
complicated type B dissection have prompted alternative therapeutic 
concepts. Thoracic endovascular aortic repair (TEVAR), even though 
it is an off-label indication for dissection, has been approved by the 
U.S. Food and Drug Administration (FDA) for aneurysmal disease  
of the aorta. The natural course of aortic dissection is determined by 
two elements: early complications and late events. In the acute phase, 
TEVAR has abrogated impending rupture and relieved static and 
dynamic malperfusion. A later benefit appears to be false lumen 
thrombosis, mitigating the risk of aneurysmal dilation and subsequent 
rupture.

The role of interventional management of static or dynamic 
obstruction of aortic branch arteries in complicated and complex distal 
dissection was settled in 2010, when static obstruction of a branch was 
overcome by placing endovascular stents in the ostium of a compro-
mised side branch. Dynamic obstruction may benefit from stents in 
the aortic true lumen, sometimes combined with side branch stenting FIGURE 44-1	 Common	classifications	of	thoracic	aortic	dissection.	

Type I

Type II
Type III

Originates in the ascending aorta, propagates at least to the
aortic arch and often beyond it distally
Originates in and is confined to the ascending aorta
Originates in the descending aorta and extends distally
down the aorta or, rarely, retrograde into the aortic arch and
ascending aorta

DeBakey

Stanford
Type A

Type B

All dissections involving the ascending aorta,
regardless of the site of origin
All dissections not involving the ascending aorta

Stanford Type A Type B

DeBakey Type I Type II Type III

FIGURE 44-2	 Type	B	aortic	dissection	in	a	48-year-old	man.	Notice	the	dynamic	obstruction	of	the	true	lumen	(TL)	in	the	acute	phase.	After	stent	
graft	placement	across	the	proximal	thoracic	entry,	the	entire	true	lumen	of	the	thoracic	aorta	is	reconstructed	over	time,	with	complete	healing	of	
the	dissected	aortic	wall	and	shrinking	of	the	completely	thrombosed	(TH)	false	lumen	(FL).	

Acute

FL
TL

FL
TL

FL

TL

FL

TL

TH

Chronic Chronic After Stenting After Stenting
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The most effective method to avoid an enlarging false lumen is 
sealing of proximal entry tears with a customized stent graft (Fig. 44-5). 
Absence of a distal reentry tear is desirable for optimal results but  
is not a prerequisite. Compression of the true aortic lumen cranial to 
the main abdominal branches with distal malperfusion (i.e., pseudo-
coarctation) is usually corrected by stent grafts that expand the  
compressed true lumen and improve distal aortic blood flow.5,6,13,15 
Depressurization and shrinking of the false lumen is the most benefi-
cial result to be gained, ideally followed by complete thrombosis of  
the false lumen and remodeling of the entire dissected aorta (see  
Fig. 44-2).17

Like previously accepted indications for open surgical repair in 
complicated type B dissections, factors such as intractable pain with 
descending dissection, rapidly expanding false lumen diameter, 
extraaortic blood collection as a sign of imminent rupture, and distal 
malperfusion syndrome are accepted indications for emergent stent 
graft placement.17,18,20-22 Even late-onset complications such as malper-
fusion of vital aortic side branches are likely to justify endovascular 
stent grafting of an occlusive lamella to improve distal true lumen  
flow as a first option. Surgery is employed only after an unsuccessful 
attempt because surgical repair has failed to prove superior to inter-
ventional treatment even in uncomplicated cases. In complicated cases, 
endoluminal treatment has replaced open surgery in advanced aortic 
centers.4-6,20-23 Even in some cases of retrogradely extended type A dis-
sections, TEVAR is feasible as a primary approach to seal the entry  
or as a secondary step after open repair of the ascending aorta.17 
Open surgery may include an “elephant trunk” or transposition of  
arch vessels to provide optimal landing zones for endovascular comple-
tion in a hybrid approach.24,25 Treatment options are summarized in 
Table 44-1.

Stable Acute Type B Aortic Dissection
Patients with suspected acute aortic dissection should be admitted to 
intensive care and subjected to immediate diagnostic evaluation. 
Reduction of systolic blood pressure to 100 to 120 mm Hg with an eye 
on renal function and pain relief is an initial priority and is usually 

and preferentially without additional balloon fenestration because fen-
estration does not improve stress and tension on the thin aortic wall.19

Sometimes, bare-metal stents deployed from the true lumen into 
side branches can buttress the flap in a stable position.20 In rare cases, 
fenestration helps to create a reentry tear for the dead-end false lumen 
back into the true lumen, with the aim of preventing thrombosis of the 
false lumen and compromise of branches fed exclusively from the false 
lumen; however, this concept lacks clinical proof of benefit. Conversely, 
fenestration increases the long-term risk of aortic rupture because a 
large reentry tear promotes flow in the false lumen, which promotes 
aneurysmal expansion. There is also a risk of peripheral embolism 
from a patent but partly thrombosed false lumen.20,21

FIGURE 44-3	 Digital	 subtraction	 angiography	 of	 a	 thoraco-
abdominal	 type	 B	 dissection.	 A,	 Dynamic	 obstruction	 of	 the	
true	 lumen	distal	 to	 the	renal	arteries	causes	malperfusion	of	
the	 mesentery	 and	 both	 lower	 extremities.	 B,	 At	 follow-up	 3	
months	after	stent	graft	placement	in	the	proximal	descending	
aorta,	the	true	lumen	has	widened	as	a	consequence	of	aortic	
remodeling,	 and	 the	 patient	 is	 asymptomatic.	 However,	 the	
false	 lumen	(stars)	 in	 the	abdominal	aorta	 is	not	completely	
thrombosed.	

A B

*

*

*

*

FIGURE 44-4	 Interventional	 reconstruction	of	 the	dissected	aorta	with	
sealing	of	the	proximal	entries,	depressurization	of	the	false	lumen,	and	
initiation	of	the	false	lumen	thrombosis.	

Left subclavian artery

Thrombus

Stent graft

Perfused
false lumen

Proximal entry Left carotid artery
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surgery) in type B aortic dissections compared with a conventional rate 
of more than 60 beats per minute.26 After stable blood pressure and 
symptom relief are obtained, a patient with an uncomplicated type B 
aortic dissection can be discharged (usually within 14 days) on oral 
drugs. Clinical and imaging follow-up are advised at 3 and 6 months 
and annually thereafter.

Of 384 patients with type B dissections from the International 
Registry of Aortic Dissection (IRAD), 73% were managed medically 
with an in-hospital mortality rate of 10%.1,27 Short-term survival rates 
were 91% at 1 month and 89% at 1 year. The reported long-term sur-
vival rate with medical therapy varies between 60% and 80% at 4 to 5 
years and is about 40% to 45% at 10 years.1,27 Potential beneficial effects 
of early stenting are being studied in the ongoing Acute Uncomplicated 
Aortic Dissection Type B: Evaluation of Stent Graft Placement or Best 
Medical Treatment Alone (ADSORB) trial.28

Unstable Acute Type B Aortic Dissection
About 30% to 42% of acute type B aortic dissections are complicated, 
as evidenced by hemodynamic instability or peripheral vascular isch-
emia, and they have an unpredictable outcome.27 Acute lower limb and 
visceral ischemia has been reported in 30% to 50%, and malperfusion 
syndrome occurs frequently with extended dissections, with mortality 
between 50% and 85% if untreated.29 However, operative mortality 
rates for patients with acute aortic dissection complicated by renal 
ischemia are about 50% and can be as high as 88% for those with 
mesenteric malperfusion.30 Of 571 patients with acute type B aortic 
dissection in the IRAD, 390 were treated medically. In the 125 compli-
cated cases, 59 patients underwent standard open surgery, and 66  
were subjected to TEVAR. The in-hospital mortality rate was signifi-
cantly lower with TEVAR than after open surgery (10.2% vs. 33.9%,  
P = .002) (Fig. 44-6).31

achieved by morphine sulfate and intravenous beta-blocking agents 
with or without vasodilating drugs such as sodium nitroprusside at a 
dose of 0.3 µg/kg per minute or angiotensin-converting enzyme inhibi-
tors (Table 44-2).

The heart rate should be kept low; a heart rate below 60 beats per 
minute significantly decreases secondary adverse events (e.g., aortic 
expansion, recurrent aortic dissection, aortic rupture, need for aortic 

FIGURE 44-5	 A	selection	of	thoracic	stent	grafts	from	American	manufacturers	that	are	available	in	Europe:	A,	TAG	(Gore,	Flagstaff,	AZ).	B,	Valiant	
(Medtronic	AVE,	Santa	Rosa,	CA).	C,	Relay	stent-graft	(Bolton	Medical,	Sunrise,	FL).	D,	EndoFit	(Duke	Vascular,	Inc.,	Santa	Cruz,	CA).	

A B

DC

TABLE 44-1 Therapeutic Strategies for Aortic Dissection
Surgery

Type	A	aortic	dissection
Acute	type	B	dissection	complicated	by	the	following:

Retrograde	extension	into	the	ascending	aorta
Dissection	in	fibrilinopathies	(e.g.,	Marfan	syndrome,	Ehlers-Danlos	

syndrome)
Rupture	or	impending	rupture	(historically	classic	indication)
Progression	with	compromise	of	vital	organs

Medical Therapy

Uncomplicated	type	B	dissection
Stable,	isolated	arch	dissection
Uncomplicated	chronic	type	B	dissection

Interventional Therapy

Unstable	acute	or	chronic	type	B	dissection
Malperfusion
Rapid	expansion	(>1	cm/yr)
Critical	diameter	(≥5.5	cm)
Refractory	pain
Type	B	dissection	with	retrograde	extension	into	the	ascending	aorta
Hybrid	procedure	for	extended	type	A	aortic	dissection
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0.8%, with endovascular reintervention performed in 1.6%. Retrograde 
extension into the ascending aorta and neurologic complications were 
reported for 0.4% and 0.6%, respectively.34 Further results are listed in 
Table 44-3 and elsewhere.35-52

In patients deemed unsuitable candidates for conventional open 
surgical repair, 1- and 5-year survival rates were 74% and 31% with 
TEVAR compared with 93% and 78% (P < .001) survival rates for 
patients considered candidates for conventional open repair.35 A com-
parison between endovascular treatment of complicated type B aortic 
dissection and medical therapy of uncomplicated type B dissection in 
56 patients with a follow-up of 18.1 ± 16.9 months found similar out-
comes in both groups but a better midterm fate of the descending 
thoracic aorta in the stent graft group and no associated paraplegia. 
There were no differences in the 5-year survival rates (86.3% for both 
groups).36

Chronic Type B Aortic Dissection
Evolution of an acute dissection to a chronic dissection involves pro-
gressive thickening of the intimal flap due to fibrosis. More intimal 
tears are reported in chronic type B aortic dissection than acute dis-
section. The growth rate of the chronically dissected distal aorta is 
estimated to be between 0.10 and 0.74 cm in diameter per year, 
depending on the initial aortic diameter and state of hypertension.1,25

Unfortunately, the long-term outcome after medical therapy alone 
is suboptimal, with a reported 50% mortality rate at 5 years and delayed 
expansion of the false lumen in 20% to 50% of patients at 4 years.1,25 
Expansion of the false lumen, for which an initial diameter beyond 
4 cm and persistent perfusion of the false lumen are predictors, pre-
disposes patients to aortic rupture or retrograde migration of the dis-
section toward the ascending aorta.1,25 TEVAR should be considered 
when the aortic diameter exceeds 5.5 mm or when there is persistent 
thoracic pain or uncontrolled hypertension and rapid growth of the 
dissecting aneurysm (>1 cm/year).

Our group prospectively evaluated elective TEVAR in 12 patients 
with chronic type B dissection and compared the results with 12 
matched surgical controls. Proximal entry closure and complete 
thrombosis of the false lumen at 3 months were achieved in all patients. 
Stent graft treatment resulted in no morbidity or mortality, whereas 
surgical treatment resulted in four deaths (33%, P = .04) and five 
adverse events (42%, P = .04)5. These results were confirmed by similar 
observations (see Table 44-3).

Whether prophylactic use of TEVAR in patients with chronic type 
B aortic dissections is superior to medical treatment alone was evalu-
ated in the prospective, randomized, controlled Investigation of Stent 

The provisional extension to induce complete attachment  
(PETTICOAT) technique pushes the idea of endothoracic reconstruc-
tion further by extending the stent graft scaffold distally with open-cell 
bare-metal stents until distal malperfusion is corrected.32 Using this 
technique, aortic fenestration maneuvers and branch vessel revascu-
larization with side branch stents usually are not needed and have 
almost become obsolete.

A meta-analysis of outcomes for 942 patients from 29 studies found 
an in-hospital mortality rate of 9% and reintervention rate of 10.4%.33 
Emergency surgical conversion or periprocedural stroke was rare 
(0.6% and 3.1%, respectively), and the survival rate was 88% at mean 
follow-up of 20 months. A second meta-analysis of outcomes for 1304 
patients subjected to TEVAR for complicated acute type B aortic dis-
section found a technical success rate of 99% and a 30-day mortality 
rate of 2.6%.34 At late follow-up, false lumen thrombosis was docu-
mented in 92.9% of patients, and surgical conversion was required in 

TABLE 44-2 Initial Medical Treatment for Aortic Dissection
Drug Mechanism Dose Cautions and Contraindications

Esmolol Cardioselective	β1-blocker Load:	500	µg/kg	IV
Drip:	50	µg	kg−1	min−1	IV
Increase	by	increments	of	50	µg/min

Asthma	or	bronchospasm
Bradycardia
Second-	or	third-degree	AV	block
Cocaine	or	methamphetamine	abuse

Labetalol Nonselective	β1,2-blocker
Selective	α1-blocker

Load:	20	mg	IV
Drip:	2	mg/min	IV

Asthma	or	bronchospasm
Bradycardia
Second-	or	third-degree	AV	block
Cocaine	or	methamphetamine	abuse

Enalaprilat ACE	inhibitor 0.625-1.25	mg	IV	q6h
Maximum	dose:	5	mg	q6h

Angioedema
Pregnancy
Renal	artery	stenosis
Severe	renal	insufficiency

Nitroprusside Direct	arterial	vasodilator Begin	at	0.3	µg•kg−1•min−1	IV
Maximum	dose:	10	µg•kg−1•min−1

May	cause	reflex	tachycardia
Cyanide/thiocyanate	toxicity,	especially	in	renal	

or	hepatic	insufficiency

Nitroglycerin Vascular	smooth	muscle	relaxation 5	to	200	µg/min	IV Decreases	preload;	contraindicated	in	
tamponade	or	other	preload-dependent	states

Concomitant	use	of	sildenafil	or	similar	agents

ACE,	Angiotensin-converting	enzyme;	AV,	atrioventricular.

FIGURE 44-6	 Comparison	of	medical,	surgical,	and	endovascular	treat-
ment	of	complicated	type	B	aortic	dissection.	(From	Fattori	R,	Tsai	TT,	
Myrmel	T,	et	al:	Complicated	acute	type	B	dissection:	is	surgery	still	the	
best	option?	A	report	from	the	International	Registry	of	Acute	Aortic	Dis-
section.	JACC	Cardiovasc	Interv	1(4):395-402,	2008.)
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Grafts in Aortic Dissection (INSTEAD) trial.53 A total of 140 patients 
in stable clinical condition at least 2 weeks after the index dissection 
were randomly subjected to elective stent graft placement in addition 
to optimal medical therapy (n = 72) or to optimal medical therapy 
alone (n = 68). There was no difference in the all-cause death rate and 
a 2-year cumulative survival rate of 95.5% ± 2.5% with optimal medical 
therapy versus 88.9% ± 3.7% with TEVAR (P = .15) (Fig. 44-7). More-
over, the aorta-related death rate was not different (2.9% vs. 5.6%, P = 
.68), and the risk for the combined end point of aorta-related death and 
progression was similar (P = .65). Aortic remodeling (with true lumen 
recovery and thoracic false lumen thrombosis) occurred in 91.3% of 
patients with TEVAR and in 19.4% of those who received medical 
treatment (P < .001), which suggests ongoing aortic remodeling.

The 5-year follow up, which was evaluated in the INSTEAD-XL 
trial, revealed an all-cause mortality rate of 11.1% for TEVAR versus 
19.3% for medical therapy (P = .13), whereas the aorta-specific mortal-
ity rate was 6.9% versus 19.3 (P = .04), with a progression rate of 27.0% 
versus 46.1% (P = .04). Landmark analysis suggested a benefit of 
TEVAR for all-cause mortality (0% vs. 16.9%, P = .0003), aorta-specific 
mortality (0% vs. 16.9%, P = .0005), and progression (4.1% vs. 28.1%; 
P = .004) between 2 and 5 years.54

Aortic Stent Graft Placement
Aortic stent grafts are primarily used to reconstruct the compressed 
true lumen cranial to major aortic branches and to increase distal 

TABLE 44-3 Results of Endovascular Stent Graft Implantation in Various Clinical Conditions
Study Year N Technical Success (%) Paraplegia (%) Mortality (%) Follow-Up (mo)

Acute Complicated Type B Dissection

Bortone	et	al23 2004 43 100 0 7 21

Xu	et	al40 2006 63 95 0 10.6 48

Verhoye	et	al41 2008 16 100 0 27 36

Fattori	et	al31 2008 66 100 3.4 10.6 1

Szeto	et	al42 2008 35 97.1 2.8 2.8 18

Khoynezhad	et	al113 2009 28 90 NA 18	(1	yr)
22	(5	yr)

36

Alves	et	al114 2009 106 99 1.8 18	(acute	AD)
7	(chronic	AD)

35.9

Parsa	et	al115 2010 55 100 2 37	(overall)
6	(aorta	related)

14.4

Shu	et	al43 2011 45 100 NA 4.4	(1	yr) 13

Ehrlich	et	al44 2013 29 100 10 21	(1	yr)
39	(5	yr)

53

Wiedemann	et	al45 2014 110 100 4.5 15	(1	yr)
27	(5	yr)

60

Massmann	et	al46 2014 14 93 0 0 30

Chronic Type B Dissection

Nienaber	et	al5 1999 12 100 0 0 12

Kato	et	al47 2001 15 100 0 0 24

Eggebrecht	et	al47 2005 28 100 0 13.6 12

Jing	et	al61 2008 35 100 0 7.6 48

Nienaber	et	al53 2009 72 95.7 2.8 11.1	(overall)
5.6	(aorta	related)

24

Kang	et	al50 2011 76 100 0 15.7 34

Nienaber51 2013 72 100 2.8 11.3	(overall)
6.9	(aorta)

60

Andersen52 2014 75 100 0 14	(1	yr)
35	(5	yr)

34

AD,	Aortic	dissection;	NA,	not	applicable.

FIGURE 44-7	 Cumulative	 survival	 of	 patients	 with	 chronic	 type	 B	
aortic	dissection	within	24	months	after	randomization.	OMT,	Optimal	
medical	 therapy;	 TEVAR,	 thoracic	 endovascular	 aortic	 repair.	 (From	
Nienaber	CA,	Rousseau	H,	Eggebrecht	H,	et	al:	Randomized	compari-
son	of	strategies	for	type	B	aortic	dissection:	the	Investigation	of	STEnt	
grafts	in	Aortic	Dissection	(INSTEAD)	trial.	Circulation	120:2519-2528,	
2009.)
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maneuvers are not imperative or always required for safety reasons but 
may be relegated to an elective measure after an endovascular aortic 
intervention if intolerable signs or symptoms of ischemia occur.57 
However, before intentional LSA occlusion, careful attention must be 
paid to potential supraaortic variants (e.g., aberrant subclavian artery, 
nonintact vertebrobasilar system, dominant left vertebral artery) that 
originate directly from the aortic arch and other pathologies recog-
nized during preinterventional vascular staging.

Retrograde Type A Thoracic Aortic Dissection
TEVAR is associated with complications. New and unexpected com-
plications such as endoleak, graft migration, device separation, and 
retrograde type A thoracic aortic dissection (rATAD) have emerged. 
A European multicenter registry of 4750 procedures estimated the 
incidence of rATAD at 1.33%, with 25% being asymptomatic cases.58 
One single center reported a 2.5% rate of rATAD (n = 11); three of the 
patients had Marfan syndrome.59 Of interest, rATAD developed intra-
operatively in two patients, occurring 2 hours after the procedure in 
one patient, at 1 week in one patient, and in seven patients a month 
after TEVAR; eight of these cases were converted to open surgery, and 
two received medical treatment.59

Open surgery is the treatment of choice for potentially fatal com-
plications, but the procedure-related mortality rate after rATAD 
surgery is between 20% and 57%.58,59 The mechanisms of rATAD after 
TEVAR are unclear, but observations suggest that rATAD may have 

aortic flow. Proximal communications are sealed to direct flow into the 
true lumen, depressurize the false lumen, and induce thrombosis in 
the false lumen, with fibrotic transformation and subsequent remodel-
ing of the aortic wall. Stent graft placement across the origin of the 
celiac, superior mesenteric, and renal arteries may lead to fatal organ 
failure.

Important descriptive features of the thoracic aorta are derived 
from multislice computed tomography (CT), including the shape and 
size of the aortic pathology (i.e., diameter, length, and shape) and the 
condition of the aortic wall (e.g., atheroma, calcification, thrombus), 
and data are used for three-dimensional reconstruction. Although 
there is no standard convention for the measurement of vessel diam-
eters, many operators measure the inner wall of the vessel (i.e., endo-
thelial trailing edge) because it can ensure some degree of oversizing 
that is considered desirable for endograft placement. Contrast angiog-
raphy does not provide reliable measurements.

In addition to the initial obligatory diagnostic CT angiography or 
magnetic resonance angiography (MRA), transesophageal echocar-
diography (TEE) and intravascular ultrasound may be performed to 
obtain additional valuable information. For instance, flow-sensitive 
MR sequences or contrast-enhanced TEE views show the communica-
tion sites between true and false lumens and provide insights into the 
dynamic flow pattern in the false lumen before stent graft placement. 
Access vessels must also be evaluated for size and tortuosity because 
the stent graft delivery systems are quite large (up to 24 Fr) and can 
cause significant trauma to the femoral access site and iliac arteries.

Features that are unfavorable for thoracic stent graft use include 
severe aortic angulation or tortuosity, friable atheroma or thrombus 
lining the aortic wall, and aortic pathology involving the ascending 
aorta. The vicinity of relevant side branches, usually the left subclavian 
artery (LSA) or left common carotid artery, is critical when planning 
to place a stent graft for type B dissection. Appropriate periinterven-
tional image reconstruction of the aortic arch pathology enhances the 
result in individual cases.

The procedure is best performed in the catheterization and imaging 
laboratory using digital angiography and general anesthesia. The 
femoral artery is the most popular access site and can usually accom-
modate a 24-Fr stent graft system. In the Seldinger technique, a 260-cm 
stiff wire is placed over a pigtail catheter that is navigated with a soft 
wire in the true lumen under both fluoroscopic and transesophageal 
ultrasound guidance. In complex cases with multiple reentries in the 
abdominal aorta, the embracement technique, which uses two pigtail 
catheters, is useful (Fig. 44-8).

A pigtail catheter that has been installed in the true aortic lumen 
through the left brachial artery picks up the femoral pigtail catheter in 
the true lumen of the abdominal aorta and pulls it up into the aortic 
arch. This procedure ensures definite positioning of the stiff guidewire 
in the true lumen, which is essential for correct deployment of the stent 
graft. The stent is carefully advanced over the stiff wire, and the launch-
ing of the stent graft is performed with systolic blood pressure lowered 
to 50 to 60 mm Hg by infusion of sodium nitroprusside or by rapid 
right ventricular pacing to prevent dislodgement.55,56 After deploy-
ment, short inflation of a latex balloon can improve apposition of the 
stent struts to the aortic wall, although only if proximal sealing of 
thoracic communications is incomplete.

Paraplegia may occur after the use of multiple stent grafts, but this 
appears to be a rare phenomenon, especially when the stented segment 
does not exceed 16 cm long. Both Doppler ultrasound and contrast 
fluoroscopy are instrumental for documenting the immediate result or 
initiating adjunctive maneuvers. The navigation of wires and instru-
ments is easier for thoracic aortic aneurysms (TAAs) or ulcers, but dual 
imaging using ultrasound and fluoroscopy simultaneously is equally 
important.

A frequent anatomic consideration is the short distance between 
the origin of the LSA and the primary tear in type B dissections. Cover-
age of the ostium to the LSA must sometimes be accepted to perform 
endovascular aortic repair in the aortic pathology adjacent to the 
artery. According to observational evidence, prophylactic surgical 

FIGURE 44-8	 In	complex	cases	with	multiple	reentries	in	the	abdominal	
aorta,	 the	embracement	 technique	using	 two	pigtail	catheters	ensures	
navigation	 of	 the	 guidewire	 in	 the	 true	 lumen	 before	 stent	 graft	
placement.	
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Endovascular stent grafting has emerged as an alternative therapy 
to the open surgical repair of aortic dissection. Although patients at 
high surgical risk can benefit from the endovascular technology, the 
exact role of stent grafting awaits definition as long-term data and 
experience continue to accumulate and as devices and techniques 
evolve. Instead of replacing conventional surgical treatment com-
pletely, endovascular repair will likely play a complementary role and 
offer a less invasive option. The limitations of both approaches are 
distinct. What is considered high risk for surgery is defined by clinical 
parameters in terms of comorbidities, but contraindications to endo-
vascular stent grafting are defined by anatomic constraints. Both  
strategies will continue to coexist and may merge to generate hybrid 
procedures.

DESCENDING THORACIC AORTIC ANEURYSM

Endovascular Repair by Stent Grafts
TAAs, which were classified by Crawford and Safi (Fig. 44-9), occur 
predominantly in the elderly and have been increasing in incidence  
as the population ages and diagnostic capabilities advance.63 With 
an incidence of 6 to 10 per 100,000 person-years, TAAs are less 
common than abdominal aortic aneurysms (AAAs) but remain life-
threatening.63-65 In several series, the ascending aorta was involved in 
51%, the aortic arch in 11%, and the descending thoracic aorta in 38% 
of TAA cases. One fourth of the patients had concomitant infrarenal 
aneurysmal aortic disease, and up to 13% had multiple aneurysms, 
whereas the risk of having a TAA when AAA was diagnosed was 
between 3.5% and 12%.65

The pathogenesis of aortic aneurysms has not been fully estab-
lished, but it is thought to be multifactorial and include atherosclerosis, 
increased tissue protease activity, antiprotease deficiency, and genetic 
collagen defects such as Marfan syndrome and Ehlers-Danlos syn-
drome. Up to 20% of patients with an aneurysm have a first-degree 
relative with the same disorder.66

Weakening of the aortic wall can also be induced by inflammation 
resulting from microbiologic diseases or multisystem inflammation 
disorders. Aortitis induced by syphilis and Staphylococcus aureus infec-
tion is well known. Kawasaki syndrome is characterized by more cir-
cumscriptive wall thickening and aneurysm formation, whereas 
syphilis can induce diffuse wall thickening and aneurysm formation  
of the ascending aorta. Behçet disease, like other forms of vasculitis, 
may lead to local aneurysm formation and perforation rather than 

several causes, such as oversize ballooning, procedure- or device-
related factors, unfavorable aortic dissection anatomy, and natural pro-
gression of initial aortic dissection. Among possible TEVAR-related 
factors, injury from proximal bare spring with outward pointing radial 
force was suspected. Lack of conformability of stent grafts when pas-
sively bent at the aortic arch may cause traumatic strain to the wall and 
create a tear. Balloon dilation after TEVAR can cause injury to the inner 
layers and retrograde extension. Additional balloon dilation was per-
formed in 11 cases (23%) of rATAD in one series.58 Oversizing of the 
stent graft by more than 20% in relation to the landing zone diameter 
was considered a risk factor for rATAD.

Genuine fragility of the aortic wall may predispose to rATAD and 
be a sign of natural disease progression. Newly developed type A dis-
sections were observed in 4 of 180 and in 5 of 66 patients under 
medical treatment for acute type B dissection.48,60

Timing and Application of Endovascular Repair
The optimal timing for endovascular intervention in type B dissections 
remains controversial. Bortone and colleagues favor an early interven-
tion within 2 weeks of the initial diagnosis; stent graft placement was 
successful in all patients referred for intervention within the first 2 
weeks.23 A high rate of reverse remodeling is likely when the patient is 
treated early after development of the dissection flap. With the passage 
of time, the dissection flap becomes more fibrosed, thickened, and 
matured, and it is less amenable to TEVAR.

Shimono and coworkers reported that complete obliteration and 
resolution of the false lumen after endovascular stent graft treatment 
was more frequently achieved in cases of acute aortic dissection than 
those of chronic aortic dissection (70% vs. 38.5%).49 Conversely, others 
have observed higher mortality rates for patients with acute type B 
aortic dissection.47,61 Morphologic change of the initially fragile dis-
secting membrane to a more fibrotic and seemingly stable membrane 
in the chronic phase are critical for endovascular repair, suggesting that 
TEVAR is safer after a minimum of 4 weeks after the onset of aortic 
dissection but before the chronic stage.62 The more stable clinical status 
of patients in the chronic phase of aortic dissection may be an impor-
tant determinant of better survival after TEVAR.

Because of the lack of prospective, randomized data comparing 
immediate and delayed intervention in various clinical and anatomic 
conditions, no general recommendation has been issued about the 
timing of endovascular treatment. However, observational evidence 
may favor an early intervention during the window of aortic plasticity 
when justified by a low complication rate.

FIGURE 44-9	 Classification	of	thoracoabdominal	aortic	aneurysms.	
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surgical treatment. Endovascular treatment of aortic aneurysms is 
achieved by transluminal placement of one or more stent graft devices 
across the longitudinal extent of the lesion. The prosthesis bridges the 
aneurysmal sac to exclude it from high-pressure aortic blood flow, 
allowing sac thrombosis around the endograft and possible remodeling 
of the aortic wall (Fig. 44-10).

Endovascular aortic repair techniques were initially applied in cases 
of AAA, and efforts to adapt this technology for TAAs are ongoing. As 
is the case for AAAs, a less invasive approach to TAA repair is highly 
desirable because the patient population tends to be elderly and harbors 
multiple comorbidities.69,76,78 Continued development of endovascular 
therapy for thoracic aneurysms is likely to provide greater benefits in 
terms of patient outcomes than those observed with AAAs. Conven-
tional surgical treatment of TAA is physiologically more demanding 
and carries a greater operative risk. It mandates open thoracotomy, 
aortic cross-clamping, resection of the aneurysm, and replacement 
with a prosthetic graft; this often requires cardiopulmonary bypass.79 
For the aortic arch, surgical intervention is most likely the best method, 
and it is frequently combined with stent graft implantation to seal the 
distal aortic arch to the descending aorta.

Special systems have been designed so that implantation can be 
performed using an antegrade strategy.76-79 For thoracic descending or 
thoracic-abdominal aortic aneurysms, the surgical strategy has been 
developed over the last 15 years to prevent ischemic complications. The 
operation requires permissive hypothermia (32 to 34° C nasopharyn-
geal value), moderate heparinization (1 mg/kg), renal artery perfusion 
with 4° C crystalloid solution, aggressive reattachment of segmental 
arteries (especially between T8 and L1), sequential aortic clamping and 
cerebrospinal fluid drainage, left heart bypass during proximal anasto-
mosis, and selective perfusion of celiac and superior mesenteric arter-
ies during intercostal, visceral and renal anastomosis.76-79

Despite advances in operative technique, intraoperative monitor-
ing, and postoperative care, the mortality and morbidity rates for 
surgery remain substantial and less favorable than outcomes for open 
AAA repair. The mortality rate for TAA surgical repair ranges from 5% 
to 20% in elective cases and up to 50% in emergent situations.76,80-84

Major complications associated with surgical TAA treatment 
include renal and pulmonary failure, visceral and cardiac ischemia, 
stroke, and paraplegia. Paraplegia is a particularly devastating compli-
cation that is almost unique to the surgical treatment of TAAs, occur-
ring in 5% to 25% of cases, compared with less than 1% for AAAs.74,76,83-86 

dissection. Thoracic and abdominal aneurysm may develop in giant 
cell arteritis.

The use of cocaine and amphetamines can lead to aortic wall thin-
ning and aneurysm formation. In aortic stenosis, poststenotic aneu-
rysm formation can occur, which may be enhanced after aortic valve 
prosthesis implantation. An important cause of aneurysm formation is 
related to trauma, particularly high-speed deceleration trauma involv-
ing the aortic isthmus in 95%. About 15% to 20% of deaths are related 
to aortic trauma in these patients.

The natural history of TAAs is one of progressive expansion and 
weakening of the aortic wall, leading to eventual rupture.67-69 Initial 
aneurysmal size can also be an important predictor of aneurysm 
growth. A study of 721 patients found that TAA size had a profound 
impact on the risk of rupture, with an annual rate of 2% for aneurysms 
less than 5 cm, 3% for aneurysms 5 to 5.9 cm, and 7% for aneurysms 
larger than 6 cm in diameter. The risk appears to rise abruptly as tho-
racic aneurysms reach a size of 6 cm.70 Nondimensional variables with 
an impact on the expansion rate and risk of rupture should also be 
evaluated. In a multivariate regression analysis, the Mount Sinai group 
identified older age, pain (even uncharacteristic pain), and a history of 
chronic obstructive pulmonary disease as independent risk factors for 
TAA rupture.71

With an associated mortality rate of 94%, TAA rupture is usually a 
fatal event.64,72 Olsson and colleagues found that 22% of the patients in 
their survey with ruptured aortic aneurysms and dissection did not 
reach the hospital alive and that the diagnosis was made at autopsy.73 
The 5-year survival rate of unoperated TAA patients approximates 
13%, whereas 70% to 79% of those who undergo elective surgical 
intervention are alive at 5 years.74-76

A novel predictor for TAA rupture, the aortic size index, may be 
useful for predicting increasing rates of rupture, dissection, or death. 
Individual body surface area is used for the aortic size index (aortic 
diameter/m2), enabling improved selection of individual patients for 
surgical repair. An aortic size index of 2.75 cm/m2 or less represents 
a low risk of rupture (≈4%/year), 2.75 to 4.24 cm/m2 correlates with a 
moderate risk (≈8%/year), and greater than 4.25 cm/m2 indicates a 
high risk (≈20%/year), underlining the importance of aortic size for 
predicting complications.77 The risk of rupture should be assessed for 
all patients who are suitable candidates for surgical treatment.

The use of endovascular stent grafts for the repair of TAAs is emerg-
ing as a promising, less invasive therapeutic alternative to conventional 

FIGURE 44-10	 Computed	 tomography	 angiography	 shows	 a	 circumscribed	 aneurysm	of	 the	 descending	 thoracic	 aorta	 in	 a	middle-aged	man	
selected	for	endografting	(left).	One-year	follow-up	after	successful	endovascular	exclusion	of	the	aneurysm	by	stent	graft	placement	demonstrates	
marked	shrinkage	of	the	periprosthetic	aneurysm	and	optimal	wall	apposition	of	the	stent	graft	(right).	
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6, and 12 months and annually thereafter is recommended to monitor 
changes in aneurysm morphology, identify device failures, and detect 
endoleaks.

Hybrid Procedures for Aortic Arch Pathologies
The aortic arch morphology is challenging because of angulation and 
the proximity of the supraaortic branches that need to be preserved. 
Traditionally, open arch reconstruction using hypothermic cardiac 
arrest, extracorporeal circulation, and selective cerebral perfusion has 
been demonstrated to effectively manage aortic arch pathologies. 
However, this standard procedure for any arch pathology carries a 
significant mortality rate (2% to 9%) and risk of paraplegia and cerebral 
stroke in 4% to 13% of cases.96,97 Open repair is therefore often reserved 
for low-risk patients.

Hybrid arch procedures are a combination of debranching bypass 
(i.e., supraaortic vessel transposition) to establish cerebral perfusion 
and subsequent thoracic endografting to provide patient-centered 
solutions for complex aortic arch lesions. Hybrid arch procedures are 
performed without hypothermic circulatory arrest and extracorporeal 
circulation. These procedures could expand the treatment group to 
older patients with severe comorbidities and to those requiring repeat 
surgery who are currently ineligible for open surgical intervention. The 
key to success is the quality of the unimpaired suitable ascending aorta 
as a donor site for the debranching bypass and proximal landing zone 
for the endografts (Fig. 44-11).

Clinical Experience
The literature on thoracic stent grafting consists mostly of small to 
medium-sized case series with short- to medium-term follow-up (Table 
44-4). Nevertheless, these studies illustrate a consensual pattern of 
outcomes when viewed in the aggregate. Overall, successful device 
deployment is achieved in 85% to 100% of cases, and the periprocedural 
mortality rate ranges from 0% to 14%, falling within or below elective 
surgery mortality rates of 5% to 20%.87,94-112 Outcomes have improved 
over time with accumulated technical expertise, the use of commer-
cially manufactured devices, and improved patient selection criteria.

The published collective experiences of the European Collaborators 
on Stent-Graft Techniques for Abdominal Aortic Aneurysm Repair 
(EUROSTAR) and United Kingdom Thoracic Endograft registries  
(N = 249) demonstrate successful deployment in 87% of cases, a 30-day 
mortality rate of 5% for elective cases, and paraplegia and endoleak 
rates of 4% each.112 The FDA phase II trial data from exclusive deploy-
ment of the Gore TAG endograft in 142 patients with TAA revealed 
similar results: technical success in 98%, a 30-day mortality rate of 
1.5%, paraplegia in 3.5%, and endoleak in 8.8%.111 These results cannot 
be directly compared with the outcomes of contemporary surgical 
studies. Most patients with TAA repaired by the endovascular approach 
in these studies were older and sicker, having been deemed high-risk 
patients or not suitable for open surgical repair. For example, according 
to the American Society of Anesthesiologists (ASA) physical status 
classification; which predicts procedural risk (i.e., low risk, 1 to 2; 
intermediate risk, 3; high risk, 4 to 5; organ donor, 6), 52% of patients 
in the combined EUROSTAR and United Kingdom registries were 
preoperatively classified as ASA 3 or higher.112

True comparisons between conventional therapy and the endovas-
cular alternative can be made only after the completion of prospective, 
randomized, controlled trials. Although these trials are being con-
ducted, a few studies have compared endovascular treatment with 
anatomically similar open surgery historical controls. As part of the 
phase II Gore Excluder study, 19 TAA patients who were candidates 
for open repair received stent graft therapy and were compared with a 
nonrandomized cohort of 10 patients who had undergone open repair 
before the availability of thoracic stent grafts.103 All aneurysms met the 
same inclusion and exclusion criteria for anatomic involvement. The 
1-year survival rate was 89.5% for the endovascular group and 70% for 
the operative group. As expected, mean hospital stay (6.2 vs. 16.3 days) 

For these reasons, significant numbers of TAA patients are not candi-
dates for open repair and have been without a treatment option until 
recently.

Endovascular aneurysm repair of the thoracic aorta currently 
focuses on the descending portion. This aortic segment provides a 
substrate more amenable for endovascular stent graft repair due to 
avoidance of the great vessels proximally and major visceral branches 
and aortic bifurcation distally. Despite these anatomic advantages and 
the ability to draw from early experiences with endovascular AAA 
repair, the development of stent grafting in the thoracic aorta has pro-
gressed more slowly than that involving its infrarenal counterpart.

The thoracic aorta poses several challenges that have impeded 
simple adaptation of the endovascular devices and techniques devel-
oped for the abdominal aorta.87 First, the hemodynamic forces of 
the thoracic aorta are significantly more aggressive and place greater 
mechanical demands on thoracic endografts. The potential for device 
migration, kinking, and late structural failure are important concerns. 
Second, greater flexibility is required of thoracic devices to conform to 
the natural curvature of the proximal descending aorta and to lesions 
with tortuous morphology. Third, because larger devices are necessary 
to accommodate the diameter of the thoracic aorta, arterial access is 
more problematic. More TAA patients than AAA patients are women, 
and access vessels tend to be smaller in women. Fourth, as with con-
ventional open TAA repair, paraplegia remains a potential complica-
tion of the endovascular approach despite the absence of aortic 
cross-clamping.88,89 Fifth, TAAs often extend beyond the boundaries of 
the descending thoracic aorta and involve more proximal or distal 
aorta than desired. Management of the LSA in particular has gained 
considerable attention.90-92 With these challenges in mind, significant 
progress has been achieved since the first stent graft was deployed for 
TAA exclusion in 1992.57,88,93

Technical Aspects of Endovascular Repair
Early clinical experience with stent grafting of the thoracic aorta was 
based on the use of first-generation, homemade devices that were rigid 
and required large delivery systems (24 to 27 Fr).93,94 Since then, several 
commercial manufacturers of abdominal endografts have created 
derivatives for the thoracic aorta with dramatic improvements over 
homemade devices. The endoprostheses are composed of a stent 
(nitinol or stainless steel) covered with fabric (i.e., polyester or polytet-
rafluoroethylene [PTFE]).

Evaluation for repair of a TAA considers the patient’s overall risk 
profile, evidence of rapid enlargement of the aneurysm, a diameter of 
5.5 cm or greater, and symptoms. The suitability of the patient for 
endovascular repair is based on clinical and anatomic considerations. 
Preprocedural imaging with spiral CT or magnetic resonance imaging 
(MRI) is essential to characterize the lesion and access route. Measure-
ments from imaging data are used to select the appropriate diameter 
and length of a device. The aneurysm’s location is determined in rela-
tion to the LSA and celiac axis.

Successful TAA exclusion requires normal segments of native aorta 
at both ends of the lesion (i.e., landing zone or neck) of at least 15 to 
25 mm to ensure adequate contact between the endoprosthesis and the 
aortic wall and formation of a tight circumferential seal. Landing zones 
that are markedly angled or conical or that contain thrombus can result 
in poor fixation. Devices are oversized by 10% in diameter to provide 
sufficient radial force for adequate fixation. The vascular access route 
for device introduction and delivery to the pathologic target must be 
of sufficient size and suitable morphology. The preferred and most 
common site (41% to 58%) of vascular access is the common femoral 
artery. Less frequently, access to the iliac artery (9% to 44%) through 
an extraperitoneal approach is required.94,95 Severe stenosis and tortu-
osity of the abdominal and thoracic aorta distal to the target are also 
contraindications for endovascular repair.

Despite these criteria, treatment failures can occur. However, the 
specific contributing factors and frequencies are unknown, particularly 
over the long term. Follow-up surveillance with serial CT scans at 1, 
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FIGURE 44-11	 Contrast-enhanced	magnetic	resonance	angiography	of	the	aorta	in	a	case	of	an	aortic	aneurysm.	A,	Aneurysm	of	the	aortic	arch	
involves	 the	supraaortic	branches.	B,	Postinterventional	surgical	 result	after	a	hybrid	procedure	with	debranching	of	 the	supraaortic	vessels	and	
stent	graft	implantation	in	the	aortic	arch.	

A B

and length of intervention (155 vs. 256 minutes) were significantly less 
for those treated endovascularly. In a similar study, Ehrlich and col-
leagues found a decreased 30-day mortality rate (10% vs. 31%), mean 
hospital stay (6 vs. 10 days), and mean intervention time (150 vs. 325 
minutes) with endovascular repair; the paraplegia rate was also 
decreased (0% vs. 12%).98

Complications and Outcomes
The thoracic aorta has unique anatomic features and a distinctive bio-
mechanical and hemodynamic environment, which explain some of 
the rare late complications specific to devices used in this location. The 
descending thoracic aorta, unlike the abdominal aorta, is relatively 
mobile in the chest and is subject to a complex and vigorous three-
dimensional motion. Fixation points are the aortic root, origins of 
major branches, and a long, mobile aortic segment extending from the 
LSA to the celiac artery. The thoracic aorta elongates, angulates, and 
enlarges between these points, and aneurysms may develop.

The mechanical forces exert a complex pattern of dynamic circum-
ferential, radial, and axial forces on thoracic stent grafts, resulting in a 
stress field significantly different from that exerted on abdominal stent 
grafts. Development of aneurysms of the dissected aorta after stent 
graft treatment is an infrequent event. False-lumen thrombosis due to 
thoracic endografting is essential to prevent late aortic expansion, and 
close clinical and imaging follow-up are essential to monitor anatomic 
changes over time.

An unresolved problem, even after successful thoracic stent graft 
placement, is the fate of the distal aortic segment. In the case of large 
reentry points, the thoracic-abdominal segment of the false lumen has 
a tendency to remain patent and remodel completely, setting the stage 
for late complications such as aneurysmal enlargement at the proximal 
or distal end of the stent graft. Other complications include perfora-
tions of the fragile aortic intima by the ends of the metallic stent, 
especially in the early phase of acute aortic dissection, and injuries 
caused by stiff guidewires and devices manipulation, setting the stage 
for aneurysmal evolution. The risk of these complications seems to be 
reduced by introducing the more flexible and soft-tip delivery systems 
with the aid of minimally traumatic thoracic guidewires specifically 
designed for the interventions. The duration of an endovascular pro-
cedure may also correlate with complications such as stroke or bleed-
ing; both of which may be reduced by experienced operators requiring 
less than 30 minutes to complete a case.

Patency of the abdominal aortic false lumen may be related to 
persistent communications between the true lumen and false lumen. 
Treatment of these communications at the level of distal thoracic and 
abdominal aorta can obliterate the false lumen and reduce the aortic 
diameter, but in practice, closure is difficult to achieve because of the 
proximity or involvement of the visceral branches. Another source of 
late complications is distention of the aorta beyond the portion covered 
by the stent graft due to the mechanical weakness of the dissected 
aortic walls. Prevention of these complications can be partially achieved 
during the primary procedure by ensuring adequate landing zones 
proximal and distal to the stent graft and by closure of large fenestra-
tions along the length of the false lumen.

Prosthetic graft infection is a rare complication. The diagnosis 
requires imaging, hematologic, and clinical studies. The findings of air 
in the aneurysm sac or excessive soft tissue accumulation and progres-
sive enlargement of the aneurysm sac point to a stent infection. Simi-
larly, in the setting of suspicious imaging results, raised levels of 
systemic inflammation markers may be informative, as are the clinical 
symptoms of an infection. In most cases, positron emission tomogra-
phy (PET) radionuclide studies are helpful.

Treatment of thoracic endograft infection depends on the diagnos-
tic certainty, pathogenesis of the organism, extent of infection, and the 
presenting features and medical comorbidities of the patient. The spec-
trum of management strategies includes conservative treatment with 
targeted antibiotics delivered peripherally or by direct puncture and 
instillation into the perigraft space, insertion of another stent graft 
inside the infected graft, and excision of the infected stent graft with 
debridement of the surrounding tissue and in situ or extraanatomic 
vascular reconstruction.

Treatment of aortic graft infection remains problematic. In the 
absence of management algorithms that can define treatment in par-
ticular conditions based on patient presentation and degree of infec-
tion, decisions must be tailored to each patient and weigh the risks of 
the available options. A decision must be made about whether treat-
ment is intended to be curative or palliative. Curative treatment that 
requires an aggressive approach with open surgery and that is associ-
ated with a relatively high mortality rate may be justified. In cases of 
palliation, placement of an endovascular graft (graft-in-graft approach) 
to prevent life-threatening bleeding or fistulation may be considered. 
Patients with complex graft disease should always be treated in expe-
rienced centers that have the required treatment modalities at their 
disposal.
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TABLE 44-4 Summary Data on Studies of Endovascular Repair of Thoracic Aortic Aneurysm

Study N
Mean 
Follow-Up (mo) Devices

Technical 
Success

30-Day 
Mortality (%)

Long-Term 
Survival (%)

Paraplegia 
(%)

Endoleak 
(%)

Dake	et	al,	
199894

103 22 Homemade 83%	complete	
thrombosis

9 73	(actuarial	
2	yr)

3 24

Ehrlich	et	al,	
199898

10 NA Talent 80%	complete	
thrombosis

10 NA 0 20

Cartes-Zumelzu	
et	al,	200099

32 16 Excluder,	Talent 90.6% 9.4 90.6	(32	mo) 3.1 15.4

Grabenwoger	
et	al,	2000100

21 NA Talent,	Prograft 100% 9.5 NA 0 14.3

Greenberg	et	al,	
2000101

25 15.4 Homemade NA 20	(12.5	for	
elective,	33	
for	emergent)

NA 12 12

Temudom	et	al,	
2000102

14 5.5 Homemade,	
Vanguard,	
Excluder

78.6% 14.3 NA 7.1 14.3

Najibi	et	al,	
2002103

24 12 Excluder,	Talent 94.7% 5.3 89.5	(1	yr) 0 0

Heijmen	et	al,	
2002104

28 21 Talent,	AneuRx,	
Excluder

96.4% 0 96.4	(mean,	
21	mo)

0 28.6

Schoder	et	al,	
2003105

28 22.7 Excluder 100%,	89.3%	
complete	
exclusion

0 96.1	(1	yr),	
80.2	(3	yr)

0 0	25

Marin	et	al,	
2003106

94 15.4 Excluder,	Talent 85.1% NA NA NA 24

Lepore	et	al,	
2003107

21 12 Excluder,	Talent 100% 9.5 76.2	(1	yr) 4.8 19

Sunder-Plassman	
et	al,	2003106

45 21 Corvita,	Stenford,	
Vanguard,	
AneuRx,	Talent,	
Excluder

NA 6.7 NA 2.2 22.2

Ouriel	et	al,	
200387

31 6 Excluder,	Talent,	
Other	commercial

NA 12.9 81.6	(1	yr) 6.5 32.3

Bergeron	et	al,	
2003109

33 24 Excluder,	Talent NA 9.1 75.8	(mean	
24	mo)

0 0

Czerny	et	al,	
2004110

54 38 Excluder,	Talent 94.4% 9.3 63	(3	yr	event	
free)

0 27.8

Makaroun	et	al,	
2005111

142 29.6 TAG 97.9% 1.5 75	(2-yr	freedom	
from	death)

3.5 8.8

Leurs	et	al,	
2004112

249 1-60 Excluder,	Talent,	
Zenith,	EndoFit

87% 10.4	(5.3	for	
elective,	27.9	
for	emergent)

80.3	(1	yr) 4 4.2

Greenberg	et	al,	
2005116

100 14 Zenith NA NA 83	(1	year) 1 6

Wheatley	et	al,	
2006117

156 21.5 Gore 98.7% 3.8 76.6	(1	year) 0.6 11.5

Bavaria	et	al,	
2007172

140 24 Gore 98% 2.1 NA 2.9 10

Fairman	et	al,	
2008173

195 12 Talent 99.5% 2.1 83.9	(1	year,	all	
cause)

1.5	
(paraplegia)

NA

96.9	(1	year,	
aneurysm	
related)

3.6	(stroke)

Hughes	et	al,	
2010174

79 23 Zenith,	Gore,	Talent 98.7% 5.1 77	(55	mo,	
overall)

1.3	
(paraplegia)

2.5

86	(aorta	
specific)

2.5	(stroke)

Foley	et	al,	
2012118

195 60 Talent 100% NA 43.9 NA 5.7	(type	
I,	III)

Fossaceca	et	al,	
2013119

53 25.6 NA 100% 7.5 39 3.8 22.6

Matsumura	et	al,	
2014120

160 60 Zenith 100% NA 37 NA 5.7

NA,	Not	applicable.
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disease involving the entire thoracic aorta. In these patients, the tradi-
tional surgical treatment is a two-stage procedure called the elephant 
trunk technique.132 In the first stage, the ascending aorta and aortic arch 
are repaired by a median sternotomy, and an extra-long graft is used 
for reconstruction, which leaves the excess portion of the graft, the 
elephant trunk, dangling within the lumen of the remaining diseased 
aorta. In the second stage, the lesion in the descending aorta is repaired 
by a left thoracotomy, and the graft replacement is connected to the 
elephant trunk proximally. To bypass the need for thoracotomy, a few 
centers have successfully deployed thoracic stent grafts into the ele-
phant trunk extension, replacing the second stage of the traditional 
elephant trunk procedure.133

Following closely on the heels of early clinical experiences with 
stent grafting for TAA repair, experimental application of the less  
invasive approach has been extended to a growing number of other 
pathologies of the thoracic aorta. They include aortic dissection,5 trau-
matic aortic injury,134 penetrating atherosclerotic ulcer,135 and aortic 
rupture.136

ABDOMINAL AORTIC ANEURYSM

Therapeutic Strategies
Aneurysm of the abdominal aorta represents a potentially life-
threatening scenario affecting an increasingly important segment of 
the aging patient population. With improved overall health care, many 
patients reach an advanced age despite severe cardiovascular, hyper-
tensive, and pulmonary comorbidities, providing time for an AAA to 
enlarge to a critical diameter and qualify for open surgical or endovas-
cular treatment.

Although surgical resection and interposition of an abdominal 
aortic prosthesis (i.e., Dacron or Gore-Tex) have long been considered 
standard treatment, despite a well-known perioperative mortality risk, 
endovascular strategies have evolved over the past decade and have 
become an accepted standard of care for patients considered too sick 
or too old for open surgery. Advanced technology, ease of use, and the 
temptation of a fully percutaneous procedure have attracted a new 
breed of endovascular surgeons propelled by the prospect of avoiding 
surgical risk and inducing reconstructive remodeling of the aneurys-
matic aorta through depressurization and complete exclusion of the 
aneurysmal sac.

After deployment, the stent graft bridges the region of the aneu-
rysm, excluding it from the circulation while allowing aortic blood 
flow to continue distally through the prosthetic stent graft lumen. 
Between 30% and 60% of AAAs are anatomically suitable for endovas-
cular repair. When repair is undertaken, the rate of successful stent 
graft implantation has ranged from 78% to 94%.

A major technical difficulty associated with the stent graft tech-
nique that has yet to be overcome is endoleaks. They occur in 10% to 
20% of cases137 and are seen angiographically as persistent contrast flow 
into the aneurysmal sac due to failure to completely exclude the aneu-
rysm from the aortic circulation. If left untreated, endoleaks can leave 
the patient at risk for aneurysmal expansion or rupture. In a follow-up 
study of outcomes at 12 months or longer for more than 1000 stent 
graft recipients, the EUROSTAR investigators reported that almost 
10% of patients per year required secondary interventions, suggesting 
that there should be caution in the broad application of endovascular 
aneurysmal repair (EVAR).138

Physicians have embraced EVAR as the method of choice to treat 
AAAs in high-risk patients. EVAR has great appeal for this older popu-
lation because it leads to faster recovery with fewer systemic complica-
tions than open repair.139-144 Parodi and colleagues145 reported the first 
endovascular repair of an AAA in a human in 1991; they used a graft 
fashioned from prosthetic vascular grafts and expandable stents. More 
than 20,000 EVARs take place each year in the United States, represent-
ing 36% of all AAA repairs. More than 12% of procedures in Europe 
involve EVAR, and the expected annual growth rate is 15% (Medtronic 
Marketing Department, personal communication, 2006). EVAR is the 

With avoidance of aortic cross-clamping and prolonged iatrogenic 
hypotension, endovascular TAA repair was expected to result in lower 
incidences of paraplegia compared with conventional treatment. The 
initial concern after stent graft placement was the risk of spinal cord 
ischemia due to the frequent need to cover multiple intercostal arteries 
and the artery of Adamkiewicz, usually the only prominent interseg-
mental branch from the aorta at the lower thoracic or upper lumbar 
level. Paraplegia rates have ranged from 0% to 5% in endovascular 
studies,87,94-112 compared with 5% to 25% for open repair cases.74,76,81-84 
Although low, these rates remain significant, especially because it is 
impossible to reimplant intercostal arteries in this setting. Some evi-
dence suggests that the occurrence of paraplegia is associated with 
concomitant or prior surgical AAA repair and increased exclusion 
length due to the absence of lumbar and hypogastric collateral 
circulation.101-121 Adjunctive measures to further reduce spinal cord 
ischemic complication rates in endovascular TAA repair are being 
investigated.122

Endoleaks are the most prevalent complications after TAA stent 
graft treatment. However, their observed frequency is substantially less 
than that reported for AAA endograft repair,123 and the distribution of 
endoleak types is also different. TAA endoleaks occur more commonly 
at the proximal or distal attachment site (type I endoleak), whereas 
most AAA endoleaks are type II.124 Type I endoleaks are more serious 
and require expeditious intervention because they represent direct 
communications between the aneurysm sac and aortic blood flow.125

Treatment options for endoleaks include transcatheter coil or glue 
embolization, balloon angioplasty, placement of endovascular graft 
extensions, and open repair.126,127 Although current anatomic criteria 
limit thoracic stent graft exclusion to lesions located at least 15 to 
25 mm away from the origin of the LSA and celiac trunk, it is common 
for descending TAAs to be located within the proximal or distal neck 
length necessary for adequate fixation. At the proximal end, the landing 
zone can be extended by prophylactic transposition of the LSA to the 
left carotid artery or by bypass graft placement.88 Alternatively, the 
uncovered proximal portion of the Talent endograft can be placed 
across the LSA origin to achieve fixation without blocking flow. 
However, case reports of inadvertent coverage of the LSA origin found 
no resulting complications,128 and subsequent studies determined that 
these maneuvers may not be necessary as long as there is no obstruc-
tion of the right vertebral or carotid artery and the left internal 
mammary artery is not used as a coronary bypass conduit.90-92 Com-
plications such as left arm ischemia have been rare, possibly due to 
collateral blood supply through retrograde left vertebral flow. Most 
centers intentionally cover the LSA origin if necessary and reserve 
secondary revascularization procedures for treatment of related symp-
toms if they develop.57,88

For more proximal TAAs involving the aortic arch, branched and 
fenestrated stent grafts are being developed to accommodate perfusion 
through the great vessels.129,130 Although feasibility has been demon-
strated, it is already apparent that the required implantation techniques 
would be highly complex and would demand considerable technical 
expertise. Some centers have been investigating techniques to create 
fenestrations intraoperatively after device deployment and coverage of 
critical branches.131

In contrast, there are no easy management strategies to deal with  
a short distal neck. In this setting, fenestrated and branched grafts  
have been used in isolated cases, but the overall experience is limited. 
Intentional coverage of the celiac artery is not recommended given the 
risk of hepatic and visceral ischemia. Although a normal superior 
mesenteric artery may provide collateral flow, no methods exist to 
predetermine whether the collateral supply would be sufficient. More-
over, the celiac trunk may serve as a prominent source of retrograde 
endoleak if the artery is covered without adjunctive transcatheter 
occlusion.

In distal aneurysms that involve the descending thoracic and the 
abdominal aorta, combined open AAA repair and endovascular TAA 
exclusion is a novel treatment approach under investigation. Stent 
grafts are also being used to treat patients with diffuse aneurysmal 
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expansion. Some grafts attach superior to the renal arteries (i.e., supra-
renal attachment), but most devices require at least 15 mm of proximal 
neck to achieve fixation and sealing in the infrarenal position. The 
grafts require different delivery system sizes (i.e., profiles). Low-profile 
devices permit access through smaller arteries.

Most complications associated with EVAR are minor and can be 
watched carefully or treated easily with additional interventional pro-
cedures. Some complications occur during or soon after the procedure, 
whereas others may be noticed only during graft surveillance.155 A 
study by Ohki and colleages156 analyzed complication and death rates 
within 30 days after EVAR and reported them to be 17.6% and 8.5%, 
respectively. This remains an active and important area of EVAR 
research, and standards have been developed to facilitate reporting of 
endovascular abdominal aortic repair complications.157

Endoleaks can have substantial clinical significance because they 
carry an increased risk of symptoms or aneurysmal rupture. The term 
endoleak describes the continuation of blood flow into the extragraft 
portion of the aneurysm; this flow increases the size of the aneurysmal 
sac.158 Endoleaks occur in the acute setting during graft implantation 
or during the postoperative surveillance period. Most procedural 
endoleaks disappear without intervention. Endoleaks are graft related 
or non–graft related, and a classification system has been developed 
(Table 44-6).159 Type I endoleaks occur when the attachment is not 
complete proximally or distally; blood can flow into the aneurysmal sac, 
and it is not completely occluded by endograft attachment to the arterial 
wall. Type II endoleaks result from continued backflow from aortic 
branches, such as the inferior mesenteric artery and lumbar arteries. 
Flow occurs retrograde into the aneurysmal sac around the endograft. 
Type III endoleaks are caused by defects in the endograft structure that 
lead to leakage of blood flow from inside the endograft to the aneurys-
mal sac. Type IV endoleaks occur early after endograft placement and 
resolve when the fabric’s porosity is decreased by clotted blood.

Because endovascular repair uses a relatively new technology,  
graft surveillance for complications such as endoleaks is essential. 
Endoleaks are diagnosed by a variety of techniques: arteriography, 
pressure monitoring during or after the procedure, CT scanning, and 
duplex Doppler scanning. CT is the preferred method of detecting 
endoleaks. An analysis of 2463 patients from the EUROSTAR registry 
revealed that 171 had an endoleak by the time of their 1-month post-
operative evaluation and 317 developed an endoleak at a later date.160 
Of these, 7.8% had a type II endoleak, and 12% had a type I, type III, 
or combination leak.

Endoleaks are treated by coil embolization, placement of stent graft 
cuffs and extensions, laparoscopic ligation of inferior mesenteric and 
lumbar arteries, open surgical repair, and repeat EVAR procedures. 
Type I and III endoleaks require fairly urgent intervention because 
blood flow and sac pressure will continue to increase and lead to 
rupture. Type IV endoleaks usually resolve on their own. The manage-
ment of type II endoleaks is more controversial because some of them 
thrombose on their own, whereas others lead to sac enlargement.

method of choice for high-risk older patients because of its minimal 
incisions, shorter operating time, and reduced blood loss.

Indications for Treatment
Most asymptomatic AAAs are discovered serendipitously, often on 
imaging examinations for other complaints. Increasing evidence indi-
cates that there is value to screening patients for AAA, and it is likely 
that screening will be approved in the near future.146

After the diagnosis of AAA is made, two critical questions need  
to be answered: when to intervene and how to intervene. The avail-
ability of EVAR has made these decisions somewhat more complex 
while adding a significant treatment option. Studies have questioned 
whether aneurysms smaller than 5 cm in diameter should be treated.147 
However, the clinical recommendation remains to offer treatment for 
aneurysms between 5 and 5.5 cm in diameter, depending on the results 
of clinical trials.148 An exception to this guideline is that intervention 
should be offered despite the size of the aneurysm if symptoms develop 
or the aneurysm increases in size by 1 cm per year.149 If the patient is 
a woman with smaller native vessels, the relative size that represents 
aneurysmal disease may be less than the conventional 5 to 5.5-cm 
range.

Patient selection has emerged as the most important factor for suc-
cessful EVAR. Assessment begins with consideration of the body 
habitus and gender of the patient; small body size and female gender 
have been associated with a higher risk of procedure abortion.150,151 The 
comorbidities of the patient must be assessed, with careful attention to 
cardiac, pulmonary, and renal conditions. Risk stratification analysis 
indicates that survival for those at low to minimal risk is excellent over 
10 years. Those at highest risk succumb to cardiac disease or cancer, 
and survival is poorest for those patients.152 EVAR has shown a reduc-
tion in 30-day mortality relative to that achieved with open repair 
(1.2% vs. 4.6%). Risk stratification determines survival in general and 
shows that both open surgery and EVAR decrease the risk of death 
from AAA rupture.153

The characteristics of the aneurysm must be matched to the most 
suitable device; this has a direct impact on outcomes and the complica-
tion profile of the procedure. The aneurysm is evaluated from a three-
dimensional reconstruction CT scan or aortography with a calibrated 
catheter. At least four important features must be assessed before a 
patient’s eligibility for EVAR can be determined, and this analysis leads 
to a list of contraindications154 (Table 44-5). Experienced intervention-
ists can deal with some of these challenges, but morphologic features 
of the aneurysm and access vessels may preclude EVAR.

The key features of endovascular repair of AAAs that determine 
procedural success and long-term outcomes are proximal and distal 
fixation and sealing. Most devices have a metal skeleton made of  
stainless steel, nitinol, or Elgiloy. Attachment is facilitated by the use 
of hooks or radial force. After the graft is inserted through the sheath, 
it can be deployed by a self-expanding mechanism or by balloon 

TABLE 44-5 Evaluation for Endovascular Aneurysm Repair
Computed	tomography	assessment	for	EVAR	eligibility

Proximal	neck:	diameter,	length,	angle,	and	presence	or	absence	of	
thrombus

Distal	landing	zone:	diameter	and	length
Iliac	arteries:	aneurysms	and	occlusive	disease
Access	arteries:	diameter,	occlusive	disease

Contraindications	for	EVAR
Short	proximal	neck
Thrombus	in	proximal	landing	zone
Conical	proximal	neck
Greater	than	120-degree	angulation	of	the	proximal	neck
Critical	inferior	mesenteric	artery
Significant	iliac	occlusive	disease
Tortuosity	of	iliac	vessels

EVAR,	Endovascular	aneurysm	repair.

TABLE 44-6 Classification of Endoleaks
Type I: Attachment-Site Leaks

Proximal	end	of	endograft
Distal	end	of	endograft
Iliac	occluder	(plug)

Type II: Branch Leaks (Without Attachment-Site Connection)

Simple	or	to-and-fro	(from	only	one	patent	branch)
Complex	or	flow-through	(with	two	or	more	patent	branches)

Type III: Graft Defect

Junctional	leak	or	modular	disconnect
Fabric	disruption	(midgraft	hole)

Minor	(≤2	mm,	such	as	suture	holes)
Major	(≥2	mm)

Type IV: Graft Wall (Fabric) Porosity (30 Days After Graft Placement)
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(cost difference, £9826 [U.S. $14,867]; 95% CI, 7638 to 12,013 [11,556 
to 18,176]).167,168

The data presented by the EVAR trialists (30-day and midterm 
outcomes in EVAR 1 and data from EVAR 2 for patients unfit for open 
surgery) are sobering, but they also are provocative and revealing. In 
accordance with the DREAM studies,164,166,169,170 EVAR 1 showed sig-
nificant early survival benefit after 30 days with endovascular repair 
due to reduced periinterventional risk, corroborating previous obser-
vational evidence.37,38,171 Careful analysis of randomized data has pro-
vided highly valuable information:

Health status comprising age, comorbidities, and prognostic con-
founders was the most important denominator of individual progno-
sis, followed by, to a lesser degree, the nonsurgical nature of EVAR 
(which can be performed percutaneously with local anesthesia). 
Assessment of the general state of health of older and sicker patients 
and serious attempts at improvement should precede EVAR. Examples 
are cardiopulmonary workup, potentially including percutaneous cor-
onary intervention, and respiratory improvement as integral parts of 
strategic planning. For some conditions, it appears justified to reject 
EVAR when conservative care is more appropriate.

The nature of complications requiring reinterventions after EVAR 
is often related to technical shortcomings with current-generation 
devices or to unsuitable anatomy. Physicians and the industry must 
recognize those limitations and develop better devices and improved 
selection algorithms for treatment with EVAR.

Although the endovascular community should always embrace the 
primum non nocere principle and avoid well-intended but harmful 
treatment, it should also appreciate the evolving nature of the problem. 
Some patients considered unfit for surgery do improve and find them-
selves in a lower-risk category and fit for surgery or EVAR. EVAR 
technology and interventional skills improve with time and training, 
and the short-term differential advantage over open surgery is likely 
to increase.

Elderly patients may express a personal preference for a less trau-
matic procedure such as EVAR performed by an expert despite the lack 
of a clear-cut midterm advantage and accept surveillance and interven-
tions during follow-up. The higher costs of follow-up imaging needed 
with EVAR may be dramatically reduced with a smarter surveillance 
strategy based on clinical and ultrasound interrogation instead of serial 
CT or MRI.

Although EVAR may not improve the AAA prognosis compared 
with classic surgery at midterm, resulting in a current draw after an 
early advantage, EVAR is here to stay. Better staging and selection of 
patients, constantly improving technology,37 and the expertise of 
centers of excellence for aortic diseases can enhance matching patients 
with therapeutic options, including EVAR or conservative treatment. 
It is still wise to use clinical judgment and to offer a holistic approach 
with intelligent use of prognosticating tools and interdisciplinary 
cooperation, especially for the growing segment of older patients with 
multiple comorbidities.

Whether the results of the EVAR trials and the cautious voice of 
Jonathan Michaels39 will halt the trend of increasing use of EVAR 
instead of open surgery remains to be seen. It is certain, however,  
that the randomized data from EVAR 1 and EVAR 2 will refocus the 
debate on natural history and patient selection for a forward-moving 
technology.

Endograft surveillance is important to document normal and 
abnormal morphologic changes in the repair and in the involved 
vessels. This process is vital for the detection of endoleaks, increased 
aneurysm diameter, and device migration.161 The recommended sur-
veillance routine includes a CT scan at 1, 6, and 12 months and annu-
ally thereafter. If an endoleak is detected, scanning frequency increases 
to every 6 months until resolution of the endoleak is confirmed.

The use of EVAR technology has led to a greater understanding of 
the basic science of aneurysmal disease. For example, Curci and 
Thompson162 have been studying the relationship between the secre-
tion of matrix metalloproteinases (MMPs) and AAAs. They have mea-
sured increased levels in the aneurysmal wall compared with the 
normal arterial wall.

Randomized Trial Data and Analysis
The Endovascular Aneurysmal Repair (EVAR) Study Group has pro-
vided important revelations from randomized studies on the treatment 
of the moving target called AAA in the context of increasing age of 
patients, continuously refined technology, and improving operator 
skills. Whereas treatment of large AAAs with EVAR reduced the 
30-day mortality rate to 1.7%, compared with 4.7% with open repair 
(P < .009) on an intention-to-treat basis, the investigators were prudent 
to judge the early benefits only as a license to continue evaluation of 
EVAR by the use of longer follow-up.163,164 However, no differences 
were seen in total mortality or aneurysm-related mortality in the long-
term follow-up.165

In the Dutch Randomized Endovascular Aneurysm Repair 
(DREAM) study, 6 years after randomization, endovascular and open 
repair of AAAs resulted in similar rates of survival (68.9% vs. 69.9%, 
P = .97).166 Scores for measures of quality of life and sexual functioning 
favored EVAR only in the early postoperative period but equalized 
after 6 months compared with open repair, in parallel with a need for 
continued reinterventions with EVAR. A closer look, however, revealed 
that many late complications after successful EVAR had low prognostic 
impact, such as endoleak type II requiring reintervention in only 17 of 
79 cases. Severe complications such as graft rupture (n = 9), graft 
migration (n = 12), endoleak type I (n = 27), and graft thrombosis 
(n = 12), which required reintervention in 35 of 60 cases, were likely 
to be attributed to technical or procedural problems with the stent graft 
or unsuitable anatomy, underscoring the inherently immature nature 
of an emerging technology. Moreover, at least six different brands of 
endovascular devices were used by surgeons with different levels of 
experience.

Endovascular repair of AAAs was associated with a significantly 
lower rate of aneurysm-related mortality than no repair in patients 
who were ineligible for open repair (adjusted hazard ratio [HR] = 0.53; 
95% confidence interval [CI], 0.32 to 0.89; P = .02). The 30-day opera-
tive mortality was 7.3% in the endovascular repair group. The overall 
rate of aneurysmal rupture in the no-intervention group was 12.4 (95% 
CI, 9.6 to 16.2) per 100 person-years. This advantage did not result in 
any benefit in terms of total mortality (adjusted HR = 0.99; 95% CI, 
0.78 to 1.27; P = 0.97). A total of 48% of patients who survived endo-
vascular repair had graft-related complications, and 27% required rein-
tervention within the first 6 years. During 8 years of follow-up, 
endovascular repair was considerably more expensive than no repair 
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treatment of central venous stenosis, upper extremity and lower 
extremity DVT, and the insertion and retrieval of inferior vena cava 
filters.

THE VENOUS SYSTEM: BASIC HISTOLOGY  
AND PHYSIOLOGY

Veins are larger in caliber and more numerous than arteries. Arteries 
of the extremities run in the deep compartments, protected from 
superficial injury. Veins, on the other hand, course in both deep and 
superficial spaces. Additionally, the venous system has a much greater 
volume capacity than the arterial system, with thinner and less elastic 
walls. Most anatomists distinguish three layers in the walls of veins: 
tunica intima, tunica media, and tunica adventitia. Although the dis-
tinctions between the layers are subtle, in general the venous internal 
elastic membrane is poorly defined, and the tunica media is much less 
developed compared with that of arteries.

As in the arterial system, veins are commonly categorized into three 
major groups: large veins, medium-size veins, and venules and small 
veins. Only medium- and large-size veins are discussed in this chapter; 
for a complete review of venous embryology and anatomy, please refer 
to an anatomy textbook.

Medium-size veins range between 2 and 9 mm in diameter. They 
include veins from extremities distal to the axillary or inguinal crease 
and cutaneous veins. The intima consists of endothelium, basal lamina, 
and reticular fibers. The media consists of a very thin layer of circular 
smooth muscle and few collagen fibers. The adventitia, the thickest of 
all the layers, consists of both collagen and elastic fibers.

The large veins comprise veins that are central to the axillary or 
inguinal crease, the superior vena cava (SVC), the inferior vena cava 
(IVC), renal veins, hepatic veins, and azygos veins. The intima is 
similar to that of the medium-size veins. The tunica media is lacking 
in most of the large veins, with the exception of the gravid uterus and 
pulmonary veins. A thick adventitia makes up the greater part of the 
thickness of the wall. This layer is rich in elastic fibers and longitudi-
nally oriented collagen. The IVC is exceptional in that its adventitia 
contains scattered longitudinal bundles of smooth muscle. Large veins, 
similar to large arteries, get their nutrient blood supply from very small 
penetrating vessels called vasa vasorum.

Vein Valves
Valve leaflets consist of a thin fold of the intima, with a thin layer of 
collagen and a network of elastic fibers that extend toward the intima 
of the vessel wall. Anatomically, valves are typically bicuspid in struc-
ture and are more numerous in the veins of the lower extremity, where 
the force of gravity is greatest. In general, small- and large-size veins 
have no valves. The wall of the vessel becomes thinner and slightly 
expanded just above the attachment of each valve cusp, creating a 
cavity called the valve sinus. When competent, the valves are forced 
shut by the weight of the column of blood above and the manner in 
which this column interacts with the valve sinus. This interaction 
causes valvule coaptation, preventing venous reflux (Fig. 45-1).

Only medium-size veins have valves, because their predominant 
function is to ensure the antegrade flow of blood—both peripheral to 
central flow and superficial to deep flow. Unidirectional valves prevent 
retrograde flow of blood away from the heart.

K E Y  P O I N T S

•	 Venous	disease,	both	acute	(deep	venous	thrombosis	[DVT],	
pulmonary	embolism	[PE])	and	chronic	(postthrombotic	
syndrome,	ulcers,	varicose	veins),	is	widely	prevalent,	affecting	up	
to	one-quarter	of	the	population.

•	 The	superior	vena	cava	syndrome	manifests	as	severe	congestion	
and	edema	of	the	face,	arms,	and	upper	thorax	and	may	progress	
to	dyspnea,	cognitive	dysfunction,	and	headache.	It	is	commonly	
associated	with	malignancy,	indwelling	catheters,	or	pacemaker	
leads.

•	 The	use	of	thrombolytic	therapy	before	endovascular	stenting	of	
superior	vena	cava	syndrome	often	minimizes	the	length	of	stent	
required.

•	 Patients	with	Paget-Schroetter	syndrome	develop	spontaneous	DVT	
of	the	upper	extremity,	usually	in	the	dominant	arm,	after	
strenuous	physical	activity.	Heavy	repetitive	exertion	causes	
microtrauma	to	the	vessel	intima	and	leads	to	activation	of	the	
coagulation	cascade.

•	 Upper	extremity	deep	vein	thrombosis	(UEDVT)	not	associated	with	
indwelling	catheters	or	pacemaker	leads	should	prompt	further	
workup	for	a	vascular	compression	syndrome.

•	 Duplex	ultrasonography	is	usually	the	initial	test	of	choice	for	the	
diagnosis	of	DVT	because	of	its	widespread	availability,	portability,	
reproducibility,	and	cost.	However,	it	has	a	limited	role	in	central	
venous	stenosis.

•	 Clinical	PE	has	a	high	prevalence	in	patients	with	untreated	
proximal	DVT	and	is	associated	with	a	high	mortality	rate.	With	
treatment,	the	incidence	of	PE	decreases	to	5%	and	the	mortality	
rate	to	less	than	1%.

•	 For	lower	extremity	DVT,	catheter-directed	thrombolysis	(CDT),	or	
the	delivery	of	thrombolytic	agents	directly	into	a	thrombus,	offers	
significant	advantages	when	compared	with	systemic	therapy,	
which	may	fail	to	reach	and	penetrate	an	occluded	venous	
segment.

•	 Retrievable	inferior	vena	cava	filters	are	important	adjuncts	in	the	
care	of	patients	with	contraindications	to	anticoagulation	or	
recurrent	PE.	They	can	also	be	beneficial	in	the	treatment	of	
“free-floating”	iliac	vein	thrombus	and	in	patients	with	
compromised	cardiopulmonary	reserve.

•	 Percutaneous	mechanical	thrombectomy	is	an	important	adjunct	to	
CDT	and	may	result	in	a	shorter	time	to	vein	patency,	shorter	
length	of	hospitalization,	reduction	in	hemorrhagic	risk,	and	overall	
cost	savings.

As interventional cardiologists have expanded their skill set from 
coronary interventions to the endovascular management of 

peripheral arterial disease, venous intervention has also gradually 
become a common part of the repertoire of the “global cardiovascular 
interventionalist.” With greater recognition of the high prevalence, 
morbidity, and mortality associated with venous disease, more inter-
ventional cardiologists have become interested in the management  
of venous disorders, including both medical and catheter-based 
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ulcerations is not restricted to the elderly but certainly increases with 
age.1 Venous ulcers have had a major negative economic impact, with 
an estimated loss of approximately 2 million working days and treat-
ment costs of approximately $3 billion dollars per year in the United 
States.2 The chief clinical manifestations of chronic venous disease are 
aching, leg pain, heaviness, a sensation of swelling, itching, cramping, 
and restless legs.

Chronic venous disease can be graded according to the descriptive 
clinical, etiologic, anatomic, and pathophysiologic (CEAP) classifica-
tion, which provides an orderly framework for communication and 
decision making (Table 45-1).3 The pathophysiology of chronic venous 
disease in regard to its clinical expression has been well described; it 
involves venous valve incompetence, structural changes in the vein 
wall (manifested as hypertrophy), and the roles of elevated venous 
pressure and shear stress.4 Much newer work has been done in under-
standing the pathophysiology of the skin changes of chronic venous 
disease. These studies have validated that chronic inflammation has a 
key role in the skin changes of chronic venous disease. Support for the 
role of chronic inflammation in chronic venous disease has come to be 
known as the microvascular leukocyte-trapping hypothesis; elegant 
studies have shown elevated numbers of macrophages, T lymphocytes, 
and mast cells in skin biopsy specimens from lower limbs affected by 
chronic venous disease.5 The chronic inflammatory state in patients 
with chronic venous disease is related to the skin changes that are 
typical of the condition.4 Increased expression and activity of matrix 

FIGURE 45-1	 Venous	valves	with	schematic	 representation	of	normal	
and	abnormal	function.	
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TABLE 45-1 Revised CEAP Classification of 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	ascribed	to	venous	disease	(e.g.,	pigmentation,	
venous	eczema,	lipodermatosclerosis)

	 C4a 	 Pigmentation	or	eczema

	 C4b 	 Lipodermatosclerosis	or	atrophie	blanche

C5 Skin	changes	as	defined	above	with	healed	ulceration

C6 Skin	changes	as	defined	above	with	active	ulceration

S Symptomatic,	including	ache,	pain,	tightness,	skin	irritation,	
heaviness,	muscle	cramps,	and	other	complaints	attributable	
to	venous	dysfunction

A Asymptomatic

Etiologic Classification

Ec Congenital

Ep Primary

Es Secondary	(postthrombotic)

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

Adapted	from	Eklof	B,	Rutherford	R,	Bergan	J,	et	al:	Revision	of	the	CEAP	classification	for	
chronic	venous	disorders:	consensus	statement.	J	Vasc	Surg	40:1248,	2004.

Physiology
The venous system has a large capacity, accounting for approximately 
two thirds of the systemic blood volume. Veins, because of their unique 
vascular structure, can undergo a large change in volume with minimal 
change in transmural pressure. This characteristic is called venous 
capacitance.

Because of their low elastic tissue content and collagen-dense 
adventitia, veins are actually stiffer than arteries when compared at the 
same distending pressure. A person standing at rest has significantly 
elevated venous pressures at the level of the feet and calves, accumulat-
ing a large volume of blood in the lower extremities. The calf muscles 
augment venous return by working as a hydraulic pump. During 
walking or exercise, calf muscle contractions push the accumulated 
blood toward the heart, decreasing the venous pressures to near-zero. 
The venous pressure remains low even during calf muscle relaxation. 
At this time, the unidirectional venous valves prevent backflow of blood 
but allow antegrade flow toward the heart. The venous valves must be 
competent for the calf pump system to work efficiently. A normal pump 
system reduces venous pressures and volume in the exercising muscle, 
increases venous return, and improves arterial perfusion.

Varicose Veins
Incompetent valves in the saphenous system permit reflux of blood 
from the central veins to the peripheral veins. The superficial veins 
dilate once the volume of retrograde flow exceeds their capacity; this 
ultimately leads to poor coaptation and venous valve incompetence. 
This valve incompetence can occur in the deep and the superficial 
systems, creating a standing column of blood with a constant increase 
in pressure. The transmission of an elevated venous pressure into the 
superficial system leads to the characteristic clinical sequelae known 
as varicose veins.

Chronic Venous Disease
Chronic venous insufficiency is a significant problem in the United 
States, affecting as many as 25 to 40 million people. Venous valve 
incompetence is central to the venous hypertension that appears to 
underlie most or all signs of chronic venous disease. Chronic venous 
disease afflicts a large segment of the population, and the morbidity  
of edema, leg pain, and ulceration may result in lifestyle alterations, 
loss of work, and frequent hospitalizations. The prevalence of venous 
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(see later discussion) and (2) benign compressive or constrictive con-
ditions of the mediastinum, such as adenopathy from earlier histoplas-
mosis, fibrosing mediastinitis, previous irradiation, tuberculosis, and 
histiocytosis.10–14

Diagnosis of Central Venous Stenosis
The clinical presentation of SVC syndrome is relatively consistent and 
can be verified with multiple diagnostic modalities. Computed tomog-
raphy (CT) is helpful for the initial workup of SVC syndrome and often 
gives enough information to proceed directly to an endovascular pro-
cedure.15 An upper extremity venogram will reveal multiple collaterals 
if the obstruction is of long standing, but with acute SVC obstruction 
there are often surprisingly few collaterals. In most cases, the venogram 
demonstrates the level of involvement, but it can overestimate the 
length of involvement of the innominate veins and even the SVC 
because of the high resistance to flow.

Magnetic resonance (MR) imaging is helpful for the evaluation of 
SVC syndrome, and procedure planning can be based solely on MR 
imaging findings.16 MR imaging shows excellent, detailed anatomic 
information regarding the extent of occlusion and collateral flow. 
Ultrasound is not accurate in pinpointing the location of the central 
obstruction, especially when the obstruction is more proximal than the 
subclavian veins, because of poor acoustic penetration. However, the 
Doppler signal will raise a suspicion of obstruction because of the flat-
tened character of the waveform as a result of loss of venous pulsatility 
and respiratory phasicity. Ultrasound with Doppler can be a useful tool 
for follow-up after endovascular repair; obstructive changes in the 
waveform will raise suspicion of recurrent narrowing or occlusion of 
the recanalized vessel.

Technique
Endovascular therapy has emerged as the first-line treatment for 
central vein stenosis.17 It is important to have a plan of approach before 
attempting SVC recanalization or stent placement. Taking into account 
the patient’s clinical presentation and preprocedure noninvasive 
imaging findings is essential to a successful outcome.

Many operators have used femoral vein access, but others have used 
jugular, subclavian,18 and arm vein or even transhepatic venous 
approaches for stent delivery.19 One may use any combination of these 
approaches, but it is always paramount to have a guidewire “through 

FIGURE 45-2	 Venous	 hypertension	 as	 the	 hypothetical	 cause	 of	 the	
clinical	 manifestations	 of	 chronic	 venous	 disease,	 emphasizing	 the	
importance	of	inflammation.	
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TABLE 45-2 Clinical Scoring System for Central Venous Stenosis
Signs and Symptoms Grade

Neurologic Symptoms

Stupor,	coma,	blackout 4

Blurry	vision,	headache,	dizziness,	amnesia 3

Changes	in	mentation 2

Uneasiness 1

Laryngotracheal or Thoracic Symptoms

Orthopnea,	laryngeal	edema 3

Stridor,	hoarseness,	dysphagia,	shortness	of	breath 2

Cough,	pleural	effusion 1

Nasal and Facial Signs or Symptoms

Lip	edema,	nasal	stiffness,	epistaxis,	rhinorrhea 2

Facial	swelling 1

Venous Dilation

Neck	vein	or	arm	vein	distention,	upper	extremity	swelling	or	
upper	body	plethora

1

Modified	from	Kish	K,	Sonomura	T,	Mitsuzane	K,	et	al:	Self-expandable	metallic	stent	therapy	
for	superior	vena	cava	syndrome:	clinical	observations.	Radiology	189:531-535,	1993.

metalloproteinases (MMPs), especially MMP2, has been reported in 
lipodermatosclerosis,6 venous leg ulcers,7 and wound fluid from non-
healing ulcers.8

The treatment of chronic venous disease is beyond the scope of this 
chapter, but would be aimed at preventing venous hypertension, 
venous reflux, and chronic inflammation (Fig. 45-2). Compression 
stockings and devices are certainly the mainstay of controlling venous 
hypertension. However, endovenous ablation procedures utilizing laser 
energy or radiofrequency are available to treat venous reflux and are 
becoming a common part of the armamentarium used to combat 
venous disease. Clinical research is now being actively pursued to 
develop pharmacotherapy to alleviate the chronic inflammatory state 
of chronic venous disease, particularly targeting the interaction of 
leukocytes and endothelial cells.

CENTRAL VENOUS STENOSIS
SVC syndrome is a serious disorder resulting from impeded venous 
return from the upper body caused by obstruction of the SVC. The 
symptoms include severe congestion and edema of the face (facial 
plethora), arms, and upper thorax and may progress to dyspnea, head-
ache, and, ultimately, cognitive dysfunction. A clinical classification 
system has been used to classify symptom severity (Table 45-2). SVC 
syndrome is usually caused by extrinsic or intrinsic obstruction of  
the SVC, although bilateral obstruction of both brachiocephalic  
venous segments can result in a similar clinical syndrome. Extrinsic 
compression caused by mediastinal malignancy or lymphadenopathy 
is the most common cause of true SVC syndrome.9 The syndrome 
can also result from extension of central DVT to the SVC, usually in 
the presence of bilateral subclavian vein stenosis. Other etiologies 
include (1) thrombosis caused by underlying stenosis from long-term 
indwelling central venous catheters or other transvenous instruments 
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Stent Selection
Early reports of SVC stenting described the use of Gianturco stents 
(now known as the Cook-Z stent; Cook Medical, Bloomington, IN). 
This was the first self-expanding stent in wide use, and it had diameters 
that were acceptable. Although few complications have been reported, 
large sheath introducers (14 to 16 Fr) are required for this stent, and 
it is now used only in cases where inflow vessels must be covered 
because of the large spaces between the stent’s interstices. Similarly, the 
Palmaz stent (now called the Palmaz Genesis stent; Cordis Corpora-
tion, Miami, FL) was once commonly used for treatment of SVC syn-
drome but is now rarely used in this anatomic location. This stent is 
balloon-expandable and has a higher radial force than self-expanding 
stents. However, when extra radial force is needed, it can be used either 
primarily or secondarily within a deployed self-expanding stent that 
cannot sustain the radial force of SVC recoil.

In today’s era of endovascular therapy, self-expanding stent delivery 
systems are now mostly used for SVC stenting (Fig. 45-3).28,29 The 
newer self-expanding stent delivery systems are easily deployed and 
come on a small (6-7 Fr) delivery system. The WALLSTENT (Boston 
Scientific Corporation, Natick, MA) was one of the earlier versions of 
a self-expanding stent, and it is still widely used for SVC intervention. 
Its main shortcoming is that it foreshortens significantly on delivery, 
which makes precise placement difficult. Recent generations of self-
expanding stents are made of nitinol, a shape-memory superelastic 
alloy that offers greater flexibility and vessel adaptability. A few exam-
ples of self-expanding nitinol stents are the S.M.A.R.T. stents (Cordis 
Corporation, Miami, FL), the E-LUMINEXX (Bard Peripheral Vascu-
lar, Tempe, AZ), the Zilver (Cook Medical), and the Absolute Pro 
(Abbott Laboratories, Abbott Park, IL). Additionally, endovascular 
stent grafts are available in larger diameters and may result in better 
long-term patency compared with uncovered stents, although more 
study and experience is needed.30 For the SVC, a 12- to 16-mm stent 
diameter is usually adequate, but intravascular ultrasound (IVUS) can 
be a useful adjunct to both the diagnosis and the treatment of SVC 
syndrome.28

Complications
In a group of 59 patients with malignant disease, Lanciego and col-
leagues reported 6 reocclusions, all of which were treated successfully 
with restenting in combination with thrombolysis.29 One of the patients 
in their series had stent migration to the right atrium, which was suc-
cessfully treated.

Hemopericardium has been reported by several operators in the 
literature. This complication most often occurs during the procedure 
itself or immediately after stent placement,31 but delayed bleeding into 
the pericardium has also been described.32,33 The pericardial reflection 
can extend very high in the mediastinum, and the position is unpre-
dictable. In this regard, it is advisable to place stents high in the SVC 
without compromising clinical results. If there is a high index of sus-
picion for hemopericardium, an echocardiogram or right heart cather-
ization should be performed immediately.

DEEP VENOUS THROMBOSIS OF  
THE UPPER EXTREMITY

Upper extremity deep venous thrombosis (UEDVT) is an increasingly 
important clinical condition with potential consequences of significant 
morbidity and mortality. Subclinical pulmonary embolism (PE) may 
be present in 33% of patients with a UEDVT, but symptomatic PE is 
detected in only 4% to 9% of such patients.34,35 The venous pathway of 
the upper limb is less likely to develop a DVT compared with the lower 
limb because of the relatively high blood flow rate, gravitational effects, 
and lack of stasis.

Named after James Paget and Leopold von Schroetter, Paget-
Schroetter syndrome remains a leading cause of primary UEDVT. Also 
known as effort thrombosis or thoracic outlet syndrome (TOS), this 

and through,” especially if the stenosis is severe and difficult to pass.20 
A guidewire externalized from two separate access points allows for 
better overall support and control during stent delivery and deploy-
ment. This is particularly important in regard to preventing stent 
migration into the right side of the heart or pulmonary artery when 
the stenosis is near the SVC and right atrial junction. The stent is more 
likely to stay on the wire and can be more safely manipulated, removed, 
or moved to a different location.

Initially, accessing the SVC from the anterograde direction (e.g., 
right internal jugular vein, upper extremity veins) has several benefits. 
First, manipulation is easier because of the limited space in the internal 
jugular vein compared with the right atrium, which one has to work 
through when coming from a femoral vein access. Second, the distance 
from the access site to the obstruction is shorter, often making it easier 
to cross chronic total occlusions. Finally, accessing from the antero-
grade direction allows for good contrast visualization during injec-
tions. Other upper extremity access points, such as the brachial or 
basilic veins, are also viable options, especially in patients with short 
or obese necks. The entire venous intervention can be performed from 
this access, including thrombolysis, angioplasty, and stent placement 
in most cases.21 This approach is also comfortable and well tolerated 
by most patients. Hemostasis is not usually problematic; placing a 
pressure dressing for 20 minutes or holding pressure for 5 to 10 minutes 
is usually successful. If double-barrel stenting is required to treat the 
SVC, bilateral upper extremity access is ideal, with the stents each 
traversing the brachiocephalic veins.

Several operators advocate use of the common femoral vein for 
access, but it can be difficult to access an occluded or severely narrowed 
SVC from the femoral vein because of the anatomic relationship with 
the right atrium.22,23 From this direction, gentle wire manipulation 
often results in prolapse across the tricuspid valve, and aggressive wire 
manipulation risks right atrial perforation. Some operators have there-
fore crossed the obstruction from the internal jugular or brachial veins, 
creating a through-and-through access from the femoral vein access 
by snaring the wire and pulling it through the femoral vein.24 In addi-
tion, double-barrel stents into each of the brachiocephalic veins can be 
easily placed from bilateral common femoral vein access using a 
similar technique if necessary.

Some experience with the use of thrombolytic therapy before, and 
in conjunction with, SVC stent placement has been reported. Isolated 
pharmacomechanical thrombolysis plus primary stenting is a com-
bined procedure that opens an acutely thrombosed SVC rapidly to 
alleviate symptoms in seriously ill patients with SVC syndrome. 
O’Sullivan and colleagues25 reported a case series in which all patients 
received isolated pharmacomechanical thrombolysis with tissue plas-
minogen activator (tPA) delivered in a Trellis Peripheral Infusion 
System (Covidien, Mansfield, MA) that removed obstructive clot in 
minutes, compared with the 24 to 48 hours required for traditional 
catheter-directed thrombolysis (CDT). In each patient, stents were 
deployed immediately after pharmacomechanical thrombolysis in a 
combined procedure lasting less than 1 hour. In the appropriate clinical 
setting, thrombolysis for SVC syndrome before endovascular therapy 
can have great utility, especially if the clinical scenario suggests the 
coexistence of acute thrombosis in addition to mechanical obstruction. 
By resolving the acute thrombus, one needs only to stent the underly-
ing stenosis, which is typically shorter than the occluded segment that 
was occupied by thrombus. Because a shorter segment of vessel has to 
be stented, the number of stents used is reduced, as is, ultimately, the 
potential thrombogenic stent surface.

Gray and associates26 reviewed the outcomes from thrombolysis of 
SVC thrombus in 16 patients and reported no major complications and 
complete success in 56% without stents. Thrombolysis was effective in 
73%. Stents were not used in any of the patients, which may explain 
many of the poor clinical outcomes. Many patients with SVC syndrome 
have central venous catheters in place, on which they are dependent. 
In these patients, it may be necessary to temporarily remove the cath-
eter before stenting, then reinsert the catheter through the stent imme-
diately after the procedure.27
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be obtained in all patients undergoing evaluation for TOS.46 Presenting 
signs and symptoms of UEDVT are shown in Table 45-3.

Secondary UEDVT is associated with both exogenous and endog-
enous risk factors and usually develops in older, ill patients, with a 
slight preponderance among women.48 Among exogenous risk factors, 

syndrome was often regarded as a benign condition. As available case 
reports and literature grew in the 1990s, UEDVT was increasingly 
regarded as a more common and less benign disease with potential for 
increased PE, postthrombotic syndrome (PTS), and mortality.36-38 This 
change in view regarding UEDVT has been reflected by a higher degree 
of clinical awareness, more sensitive and ubiquitous noninvasive diag-
nostic techniques, and more effective contemporary treatments.39-41

Primary UEDVT remains a rare disorder (1 to 2 cases per 100,000 
persons per year).42,43 The term comprises effort thrombosis (Paget-
Schroetter syndrome), venous TOS, and idiopathic UEDVT. Patients 
with effort thrombosis develop spontaneous UEDVT, usually in their 
dominant arm, after repetitive strenuous activities such as rowing, 
wrestling, weight lifting, or baseball pitching, but they are otherwise 
young and healthy.44 The heavy exertion causes microtrauma to the 
vessels’ intima, leading to activation of the coagulation cascade. Sig-
nificant thrombosis may occur with repeated insults to the vein wall, 
especially if mechanical compression of the vessel is also present.45

TOS refers to compression of the neurovascular bundle (brachial 
plexus, subclavian artery, subclavian vein) as it exits the thoracic inlet 
(Fig. 45-4).46,47 Although this disorder may initially cause intermittent 
positional extrinsic vein compression, repeated trauma to the vessel 
can result in the formation of dense perivascular fibrous scar tissue that 
will persistently compress the vein.46 Compression of the subclavian 
vein typically develops in young athletes with hypertrophied muscles 
who do heavy lifting or frequently abduct their arms. Cervical ribs, 
long transverse processes of the cervical spine, musculofacial bands, 
and clavicular or first rib anomalies are sometimes found in these 
patients. Therefore plain films of the cervical spine and chest should 

FIGURE 45-3	 A,	 Venogram	of	 significant	 superior	 vena	 cava	 (SVC)	 stenosis.	B,	 Venogram	of	 SVC	 after	 use	 of	 a	12-mm	diameter	 balloon	 for	
angioplasty.	C,	Venogram	after	use	of	a	14-mm	WALLSTENT	(Boston	Scientific	Corporation,	Natick,	MA).	

B CA

TABLE 45-3 Signs and Symptoms of Deep Venous Thrombosis 
of the Upper Extremity*

Symptoms Signs

Axillary	or	
subclavian	vein	
thrombosis

Vague	shoulder	or	
neck	discomfort

Arm	or	hand	edema

Supraclavicular	fullness
Palpable	cord
Arm	or	hand	edema
Extremity	cyanosis
Diluted	cutaneous	veins
Jugular	venous	distention
Unable	to	access	central	

venous	catheter

Thoracic	outlet	
syndrome

Pain	radiating	to	
arm/forearm

Hand	weakness

Brachial	plexus	tenderness
Arm	or	hand	atrophy
Positive	Adson†	or	Wright‡	

maneuver

*These	are	nonspecific	and	may	be	recognized	with	provocative	maneuvers.
†Adson	maneuver:	 The	examiner	 extends	 the	patient’s	arm	on	 the	affected	side	while	 the	
patient	extends	the	neck	and	rotates	the	head	toward	the	same	side.	The	test	is	positive	if	
there	is	weakening	of	the	radial	pulse	with	deep	inspiration	and	suggests	compression	of	
the	subclavian	artery.
‡Wright’s	maneuver:	The	patient’s	shoulder	is	abducted	and	the	humerus	externally	rotated.	
The	test	is	positive	if	symptoms	are	reproduced	and	there	is	weakening	of	the	radial	pulse.
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Diagnostic Testing
Historically, the gold standard for the diagnosis of UEDVT, which 
involves direct imaging of the whole deep venous system of the arm, 
is contrast venography. In contemporary practice, however, contrast 
venography has a limited initial role due to its invasive nature, incon-
venience for patients, technical difficulty in performance and interpre-
tation, and possible contrast dye-related complications.

Instead, several noninvasive imaging modalities that are widely 
available serve as alternatives to contrast venography; these are high-
lighted in the following sections.

Contrast Venography
Contrast venography is the standard reference for the diagnosis of 
UEDVT. Ideally, contrast injections should be made into the medial 
antecubital vein or more distally (e.g., in the back of the hand), and 
imaging should be captured using digital subtraction angiography 
(DSA) techniques with modern equipment. This will ensure adequate 
opacification of the brachial, axillary, and subclavian veins. Manual (by 
hand) injections are preferred over power injectors to reduce the risk 
of serious contrast extravasation. A common pitfall of contrast venog-
raphy is nonfilling of the cephalic vein segment, and isolated throm-
bosis of this venous segment may go unnoticed. When imaging the 
central veins, it is essential to perform contrast opacification of the 
SVC during a single breath hold. If DSA imaging is inadequate due to 
poor patient cooperation or inability to maintain a breath hold, tradi-
tional cineangiography may be necessary. Contrast venography may 
not be feasible in up to 20% of patients because of inaccessibility of 
arm veins and contraindications for contrast agents (e.g., renal failure, 
hypersensitivity).

Despite some apparent disadvantages, venography may be required 
to confirm the diagnosis of UEDVT if suspicion for thrombosis 
remains high despite a negative noninvasive test. Venography is also 
required as a prelude to endovascular intervention, and it is used to 
assess response to these treatments, including thrombolytic therapy.

Duplex Ultrasonography
Duplex ultrasound has largely replaced invasive venography for the 
initial diagnosis of DVT. Its most advantageous features include no 
requirement for nephrotoxic contrast agents, its noninvasive nature, 
and the absence of ionizing radiation. In addition, it is widely available, 
portable, inexpensive, and can readily be performed at the bedside. 
Duplex ultrasonography has a high sensitivity and specificity for 
peripheral (jugular, distal subclavian, axillary) UEDVT.63 However, 
acoustic shadowing from the clavicle limits visualization of a segment 
of subclavian vein and may result in a false-negative study.64 Some 
technical recommendations regarding the use of duplex ultrasonogra-
phy for the diagnosis of UEDVT include using a combination of 

the positioning of central venous lines, malignancy, previous or actual 
episodes of lower extremity deep venous thrombosis (LEDVT), treat-
ment with oral contraceptives, and trauma appear to have the greatest 
impacts on the development of UEDVT. Patients with indwelling 
central venous catheters constitute a particularly high-risk population, 
especially when undergoing chemotherapy, invasive hemodynamic 
monitoring, chronic parenteral nutrition, hemodialysis, or transvenous 
pacing, with a more than 60% prevalence of either symptomatic or 
asymptomatic UEDVT.49-51 In fact, ispilateral catheter-related UEDVT 
may account for up to 70% of all secondary UEDVT cases.48 Malig-
nancy, either overt or undiagnosed, is also frequently associated with 
UEDVT (>30% of cases).43,52 The discovery of an otherwise unex-
plained UEDVT in an older patient should prompt a malignancy 
workup; some data indicate that occult malignancy, especially lung 
cancer or lymphoma, may be discovered during follow-up in as many 
as 24% of patients with UEDVT, mostly during the first week of hos-
pital admission.53

A history of previous episodes or an ongoing DVT of the lower 
extremities is associated with UEDVT in up to 18% of cases.48 In an 
ultrasound surveillance study, almost 30% of high-risk trauma patients 
developed UEDVT during the course of hospitalization, and UEDVT 
was asymptomatic in up to 30% of the cases.54 Treatment with oral 
contraceptives may also represent a significant risk factor in females 
(up to 14%) although the data are conflicting.55 Infrequently, UEDVT 
arises in carriers of peripheral venous catheters, usually from a super-
ficial phlebitis that has spread to the deep venous system,51 or is associ-
ated with intravenous drug abuse, especially of cocaine.56

The prevalence of hypercoagulable states in patients with UEDVT 
is uncertain because observational studies report varying results, but 
the best available data estimates range as high as 24%.43,57 Screening for 
coagulation disorders is controversial and has never been shown to be 
cost-effective.58 The yield of these tests is highest for patients with 
idiopathic UEDVT; a family history of DVT; a history of recurrent, 
unexplained pregnancy loss; or a prior DVT.

Finally, the increasing use of device therapy in cardiac patients has 
undoubtedly led to an increased prevalence of UEDVT and other 
venous obstructive complications. Unlike catheter-associated compli-
cations, which may be transient and treatable with removal of the 
device, placement of cardiac pacemaker or defibrillator leads is usually 
permanent. Moreover, it is now common to have two or even three 
leads traversing the subclavian vein, and repeat procedures for device 
upgrades or lead revisions are frequent. In some studies, the incidence 
of angiographic venous lesions after pacemaker implantation was 
approximately 64%, with UEDVT incidence as high as 23%.59,60 The 
majority of these UEDVTs are asymptomatic. Advanced age (≥65 
years), left ventricular ejection fraction 0.40 or less, and atrial fibrilla-
tion have all been associated with increased risk for subclavian vein 
obstruction after pacemaker implantation.59,61,62

FIGURE 45-4	 Illustration	 of	 the	 thoracic	 outlet	 anatomy.	
Notice	 the	 relationship	 of	 the	 subclavian	 vein	 to	 the	 sur-
rounding	structures:	the	anterior	scalene	muscle	posteriorly,	
the	first	rib	inferiorly,	the	clavicle	superiorly,	and	the	costo-
clavicular	 ligament	 anteriorly.	 In	 this	 example,	 the	 costo-
clavicular	ligament	is	abnormal	and	is	constricting	venous	
flow.	DVT,	Deep	venous	thrombosis.	(Modified	from	Urschel	
HC,	Patel	AN:	Surgery	remains	the	most	effective	treatment	
for	Paget-Schroetter	syndrome:	50	years’	experience,	Ann	
Thorac	Surg	86[1]:254-260,	Fig.	2,	2008.)
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extremity veins. Collateral veins typically develop, but they are gener-
ally not accessible for placement of intravenous lines and are usually 
inadequate for the normal efflux of venous blood from the arm. Stan-
dard anticoagulation typically includes unfractionated heparin or low-
molecular-weight heparin (LMWH) for 5 to 7 days, as a “bridge” to 
oral warfarin. Warfarin is typically continued for a minimum of 3 
months, with a goal international normalized ratio (INR) of 2.0 to 3.0. 
A longer duration of warfarin anticoagulation may be indicated if  
some form of coagulation abnormality is detected or if an underyling 
mechanical etiology is not definitively treated. Alternatives to warfarin 
in contemporary practice include the new oral anticoagulants (NOACs) 
such as dabigatran, rivaroxaban, and apixaban in the treatment of 
DVT.68

Thrombolytic Therapy
Because many patients with UEDVT are young, active, and healthy, 
thrombolytic therapy rather than conservative anticoagulation should 
be strongly considered on a case-by-case basis. Certainly, a young 
healthy patient with UEDVT may have significant long-term morbid-
ity if treated with only anticoagulation.69 In this regard, thrombolysis 
restores venous patency early, minimizes damage to the endothelium, 
and reduces the risk of long-term complications, especially the devel-
opment of PTS, with its disabling chronic aching and swelling of the 
arm and hand. The obvious disadvantage of thrombolytic therapy is 
greater risk of a bleeding complication.

The ideal candidate for thrombolytic therapy for UEDVT is an 
otherwise healthy young patient with a primary UEDVT or a patient 
with an indwelling central venous catheter in whom it is essential to 
maintain patency for central venous access.

Results from a large series of patients with UEDVT who were 
treated with CDT showed that treatment restored venous drainage, 
with subsequent low frequency of mild postthrombotic syndrome at 
follow-up.70 No intracerebral bleeding, clinical PE, or death occurred 
during treatment follow-up.70 Thrombolysis has the best chance of 
success if it is used within 4 to 6 weeks after symptom onset; older, 
organized thrombus is more resistant to thrombolysis. When one is 
performing CDT, the catheter should be placed directly within the 
entire length of visible thrombus; otherwise, the potential for collateral 
circulation to divert drug distribution away from the thrombus may 
lead to an unsuccessful procedure.

There are no randomized, prospective, controlled clinical trials 
comparing different thrombolytic agents for treatment of UEDVT. At 
our tertiary referral center, catheter-directed reteplase (Retavase) or 
tenecteplase (TNKase) are administered at 0.25 to 0.5 U per hour for 
8 hours.71 Clinical examination and serial venography are used to 
assess response to treatment. We often use a percutaneous mechanical 
thrombectomy (PMT) device in combination with thrombolytic 
therapy. This adjunctive catheter-based thrombectomy technique has 
the benefit of accomplishing thrombus extraction before thrombolytic 
therapy; this often initiates some blood flow, thereby improving drug 
distribution and reducing the dose and duration of thrombolytic 
therapy.72 (See “Percutaneous Mechanical Thrombectomy” for a com-
plete description.)

The time required to achieve complete thrombolysis in subclavian 
vein thrombosis can be as long as 72 hours, but it is not unusual to get 
much quicker or even immediate, on-the-table results depending on 
the age of the thrombus. Oral anticoagulants such as warfarin or a 
NOAC should be used for 3 to 6 months after successful thrombolysis 
for UEDVT. Certainly, duration of warfarin therapy should be indi-
vidualized on a case-by-case basis depending on the clinical situation.

Interventional Therapy
Catheter-based mechanical thrombectomy is an important adjunct to 
thrombolytic therapy, as stated earlier. The ability to perform instant 
thrombus removal and thereby restore some anterograde flow through 
the DVT allows for better overall drug distribution and delivery. More-
over, the ability to deliver thrombolytic agents directly into the clot 
instead of systemically reduces both the dose and treatment time.73

real-time compression gray-scale ultrasonography, color Doppler, and 
flow measurements using duplex technique with a 7.5-MHz linear-
array probe.

In considering the diagnosis of UEDVT with the use of duplex 
ultrasonography, the definition of thrombosis is critical. It is widely 
accepted that noncompressibility of a venous segment with or without 
visible thrombus constitutes thrombosis. There is a building body of 
evidence regarding the use of isolated flow abnormalities as predictors 
of venous thrombosis. Because of acoustic shadowing from the clavicle, 
these flow abnormalities can be crucial clues to underlying thrombosis 
that is otherwise not well visualized in the venous segments beyond 
the clavicle.64 These flow abnormalities seen on duplex ultrasound are 
only suggestive of thrombosis; contrast venography may be necessary 
if there is a high clinical index of suspicion for UEDVT. No studies 
have specifically addressed interobserver and intraobserver variability, 
but it is widely accepted in clinical practice that duplex ultrasonogra-
phy is operator dependent and that some patients are more difficult to 
investigate, especially those with extensive edema or morbid obesity.

Magnetic Resonance Imaging
MR venography is an accurate, noninvasive method for detecting 
thrombus in the central chest veins, such as the SVC and brachioce-
phalic veins. MR venography provides a complete evaluation of central 
collaterals, central veins, and blood flow patterns. The correlation with 
traditional contrast venography is very good; therefore MR venogra-
phy is a valuable imaging modality for the diagnosis of UEDVT when 
contrast venography is contraindicated or impossible. However, the 
increased use of pacemakers and internal defibrillators, the longer time 
required for image acquisition, and claustrophobia are potential draw-
backs to MR venography. Although it was once considered a preferred 
alternative to contrast dye–based techniques such as contrast venogra-
phy or CT venography for patients with renal disease, the recognition 
of nephrogenic systemic fibrosis and its association with gadolinium 
has slowed the widespread adoption of MR venography.65,66

Computed Tomography Venography
Already a mature technology, CT continues to evolve with the use of 
multidetector CT equipment that allows coronal and sagittal slice ref-
ormation and three-dimensional reconstruction. Moreover, the ability 
for rapid image acquisition gated to the cardiac cycle provides for high-
resolution imaging without motion artifact. This imaging modality will 
likely play a greater role in the management of UEDVT going forward. 
One major advantage of CT venography is the ability to assess for the 
presence of pulmonary emboli and other anatomic abnormalities that 
may underlie a patient’s upper extremity complaints (e.g., malignancy). 
Limitations to this technology include the need for a contrast agent, 
the use of ionizing radiation, and overall cost.

Treatment Options
The optimal approach for the treatment of UEDVT remains unknown, 
but in general there are two overarching goals: first, to prevent throm-
bus propagation and second, to restore normal venous anatomy. 
Arresting further thrombus formation reduces the risk of secondary 
events such as pulmonary embolization or disease recurrence. Restora-
tion of normal venous anatomy is achieved typically by recanalization 
of existing thrombus and is important in the prevention of PTS. It is 
quite likely that henceforth more patients with UEDVT will be 
approached with a multimodal effort. Treatment options will include, 
either individually or in combination, anticoagulant therapy, thrombo-
lytic therapy, endovascular intervention, and vascular surgery.

Anticoagulation
Anticoagulation represents the mainstay of therapy for UEDVT. Anti-
coagulation helps maintain the patency of venous collaterals and 
reduces thrombus propagation even in the absence of complete throm-
bus resolution.67 However, anticoagulation alone rarely achieves vessel 
recanalization, and the result is permanent obstruction of the upper 
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Surgical Therapy
Subclavian vein compression in patients with primary UEDVT repre-
sents an important cause of recurrent thrombosis and long-term mor-
bidity.77 After successful treatment of an acute UEDVT, it is paramount 
that some form of imaging be undertaken to evaluate for the presence 
of vein compression. After successful thrombolysis, venography in the 
neutral and shoulder-abducted positions can help demonstrate vein 
compression. Recent surgical series recommend surgical correction of 
extrinsic vein compression,77 which typically requires resection of part 
of the first rib or clavicle. Lysis of adhesions around the subclavian vein 
may also be required if anatomic anomalies have caused chronic, 
repeated trauma to the subclavian vein. Today, surgical thrombectomy 
is rarely required because of advancements in pharmacologic and 
catheter-based therapies. However, in symptomatic patients who are 
refractory to other therapies, surgical thrombectomy can restore 
venous patency.

Treatment of UEDVT is aimed at preserving the venous anatomy, 
preventing potentially fatal PE, and decreasing the risk of PTS. Treat-
ment depends on the cause, the duration of thrombosis, and the clini-
cal circumstances. For most patients with UEDVT, 3 to 6 months  
of oral anticoagulation is usually sufficient, especially for reversible 
conditions such as catheter-associated UEDVT. However, there is a 

Adjunctive percutaneous transluminal angioplasty (PTA) or stent-
ing of the subclavian vein has utility, especially for catheter-related 
stenosis when a hemodynamically significant pressure gradient 
remains after successful thrombolytic therapy.74 A flexible, self-
expanding, oversized nitinol stent is best suited for this location, but 
caution must be used, especially in the treatment of TOS, because the 
extrinsic compressive forces may lead to stent fracture and failure.47,75 
Intravascular ultrasound has proved to be very useful in determining 
stent sizing when treating subclavian vein stenosis. Figure 45-5 dem-
onstrates CDT of an acute right UEDVT in a patient with classic effort 
thrombosis.

Subclavian vein stenosis resulting from transvenous permanent 
pacemaker or internal cardiac defibrillator leads is becoming increas-
ingly common. Although these patients can have UEDVT or even SVC 
syndrome at presentation,76 the stenosis is more often discovered 
during elective upgrade of the cardiac device or during the addition or 
revision of leads. In such instances, the predominant role of interven-
tional therapy is to assist with lead delivery through what is often a 
chronically occluded or near-occluded vein composed of dense, scar-
like adhesions. In this scenario, balloon angioplasty to facilitate sheath 
insertion across the stenosis is usually adequate to provide a path 
through which the electrophysiologist can work.

FIGURE 45-5	 A,	Right	upper	extremity	venogram	of	a	42-year-old	right-handed	painter	with	acute	right	subclavian	vein	deep	venous	thrombosis.	
B,	Venogram	 in	same	patient	after	 successful	 “on-the-table”	catheter-directed	 thrombolysis	and	 rheolytic	 thrombectomy.	Provocative	maneuvers	
show	excellent	flow	with	the	arm	in	a	neutral	position	after	treatment	(C)	but	provoked	outlet	obstruction	with	the	arm	in	the	raised	and	externally	
rotated	position	(D),	as	evidenced	by	cessation	of	venous	flow	despite	successful	treatment.	
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echogenicity, surrounding tissue edema, and amount of venous dila-
tion, all of which may assist the provider in determining the age of  
the DVT.

Other noninvasive imaging techniques for the diagnosis of LEDVT 
include MR venography and CT venography. These modalities are 
comparable to conventional contrast venography but are subject to the 
multitude of limitations described previously.

Diagnostic Testing and Clinical Risk Stratification
D-dimer, which is formed as a byproduct in the degradation of cross-
linked fibrin by plasmin, reflects thrombus formation and has been 
proposed as an alternative or adjunct to initial diagnostic testing. 
Although D-dimer is sensitive for the diagnosis of DVT, D-dimer 
measurements are nonspecific, and elevated levels may be associated 
with preeclampsia, malignancy, infection, trauma, age, or recent 
surgery. The high sensitivity of D-dimer measurement and its favorable 
negative predictive value make it advantageous for exclusion of DVT 
when used in the correct patient population and typically in conjunc-
tion with other predictive models80; however, the low specificity and 
positive predictive value necessitate confirmatory noninvasive testing 
for positive results. A combined strategy using an assessment of clinical 
probability, D-dimer testing, and venous duplex ultrasound may hold 
the greatest diagnostic promise. The utility of this approach relies on 
the observation that its negative predictive value approaches 100% in 
outpatients with a low pretest clinical probability for DVT.81

Goals of Therapy
As understanding of the pathophysiology of venous thromboembolism 
has evolved, along with the constant refinement of endovascular 
devices and thrombotic therapy, so too have the overall goals of care. 
There are four general treatment goals for patients with LEDVT: (1) 
diminishing the severity and duration of lower extremity symptoms, 
(2) preventing PE, (3) minimizing the risk of recurrent venous throm-
bosis, and (4) preventing PTS. To successfully achieve these goals, a 
comprehensive treatment approach using multiple modalities is typi-
cally employed. This may be as simple as a brief duration of anticoagu-
lation, compression stockings, an avoidance of prolonged immobility 
in some patients. In others, it may include an extensive biologic workup 
for inherited thrombophilias, pharmacomechanical CDT, and IVC 
filter placement.

Detailed monographs and practice guidelines regarding the medical 
management of LEDVT are numerous and readily available.82 There is 
uniform agreement that adequate initial anticoagulation therapy is 
required to arrest further thrombus propagation and PE. Intravenous 
unfractionated heparin remains in widespread use but is gradually 
being replaced by LMWH as the anticoagulant of choice for the initial 
treatment of LEDVT. Both agents are relatively safe and effective when 
used in this context, with LMWH suitable for outpatient therapy 
because of improved bioavailability and more predictable anticoagu-
lant response. Serious potential complications of heparin therapy, such 
as heparin-induced thrombocytopenia and osteoporosis, seem less 
common with LMWH.

Although medical therapy with anticoagulation is the mainstay of 
the initial management of LEDVT, many patients, particularly those 
with large proximal iliofemoral DVTs, have persistent leg edema, pain, 
and difficulty ambulating. Some patients progress to develop phlegma-
sia cerulea dolens, a rare condition marked by severe venous hyper-
tension, cyanosis, venous gangrene, compartment syndrome, and 
eventually limb loss or circulatory collapse. These morbid symptoms 
arise from venous hypertension caused by outflow obstruction, and 
demand a treatment strategy more aggressive than simple anticoagula-
tion. Indeed, anticoagulation alone is associated with thrombus regres-
sion in only 50% of patients,83a fact that severely limits anticoagulation 
monotherapy, particularly in patients with very proximal DVTs.

Fortunately the modern evolution of endovascular techniques 
(including CDT, mechanical thrombectomy, and stenting) have signifi-
cantly increased the number of viable treatment options for LEDVT.84,85 

tendency to be more aggressive with thrombolytic therapy and 
catheter-based thrombectomy in individual cases, especially in younger 
patients who are at risk of chronic venous insufficiency or in an effort 
to minimize long-term morbidity and optimize functionality. A struc-
tured physical therapy program aimed at loosening the muscles com-
pressing the subclavian vein and weight loss, if indicated, is another 
important adjunct to complete therapy.

DEEP VENOUS THROMBOSIS OF  
THE LOWER EXTREMITY

DVT is a process that can affect any of the deep veins of the body, but 
it is most frequently seen in the deep veins of the lower extremity. 
Venous thrombus formation is initiated by intravascular clotting and 
is increased in the presence of several risk factors. These risk factors 
were postulated more than 100 years ago by Virchow and are sum-
marized by his classic triad of coagulation abnormalities, endothelial 
damage, and stasis. The main contributing risk factors for DVT of the 
lower extremities include advanced age, prolonged bed rest, and major 
surgery—particularly large abdominal operations and orthopedic pro-
cedures. Other commonly described risk factors include previous 
DVT, malignancy, trauma, varicose veins, chronic venous insufficiency, 
smoking, high estrogen states (e.g., pregnancy and the postpartum 
period, estrogen-containing contraceptive devices or pills), and hyper-
coagulable states, either primary or secondary.

The major complications of LEDVT include PE and PTS, and the 
treatment paradigms are aimed largely at preventing both. The inci-
dence of venous thromboembolism in the general population may 
reach 1.92 per 1000 person-years. Almost half of all cases are idio-
pathic. For those patients with a first episode of venous thromboem-
bolism, the 28-day mortality rate may reach 11% and may be as high 
as 25% in cancer-associated subgroups.78 Clinical PE occurs in 26% to 
67% of the cases of untreated proximal DVT and is associated with a 
mortality rate of 11% to 23% if untreated. With treatment, the inci-
dence of PE decreases to 5% and the mortality rate to less than 1%.

However, PTS is a cause of increased morbidity and disability as 
well. Up to two thirds of patients with iliofemoral DVT develop edema 
and pain, and 5% develop venous ulcers despite adequate anticoagula-
tion.69 Early diagnosis and treatment of DVT is essential to prevent 
mortality and morbidity from PE and PTS.

Diagnosis of Acute Deep Venous Thrombosis  
of the Lower Extremity

Venous Duplex Ultrasound
The clinical diagnosis of LEDVT is notoriously inaccurate: The classic 
signs and symptoms of DVT are as common in patients without DVT 
as they are in those with confirmed DVT. Objective confirmation of 
clinically suspected DVT is therefore required. Despite its many limita-
tions, contrast venography has historically been considered the “gold 
standard” for the diagnosis of acute DVT. However, it is invasive, not 
easily reproducible, and impossible to perform or interpret in 9 to 14% 
of patients; it fails to visualize all venous segments in 10% to 30% of 
studies; and it is associated with interobserver disagreements in 4% to 
10% of studies. Therefore contrast venography has been replaced by 
venous duplex ultrasound as the most widely used diagnostic test for 
acute DVT. In comparison with contrast venography, duplex ultra-
sound has the advantages of being widely available, noninvasive, por-
table, inexpensive, and easily repeatable. A complete ultrasound 
evaluation of the lower extremities includes an assessment of venous 
compressibility, intraluminal echogenic signals, venous flow character-
istics, and luminal color filling. Venous incompressibility, or failure to 
completely coapt the venous walls with gentle probe compression, is 
the most widely used diagnostic criterion for acute DVT.79 Normal flow 
in the proximal veins should be spontaneous and should vary with 
respiration, increasing during expiration and decreasing during inspi-
ration. Adjunctive gray-scale imaging may allow for more subtle char-
acterization of the thrombus including the degree of intraluminal 
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dramatically over the last decade because of expanding indications for 
insertion, particularly for primary prevention, and because of the 
increasing use of retrievable filters.

Manufacturer-recommended retrieval times vary by product, with 
some filters having on-label retrieval times for up to 1 year after 
implantation. In August 2010, the FDA mandated that implanting 
physicians and clinicians responsible for the ongoing care of patients 
with retrievable IVC filters consider removing the filter as soon as 
protection from PE is no longer needed.

Complications of IVC filters fall into three categories: procedure-
related, device-related, and thrombosis-related. Procedure-related 
complications include primarily insertion site complications. Device-
related complications include malpositioning, tilting, failure of com-
plete deployment, migration, fracture, and IVC perforation. These 
device-related complications affect the efficacy of the filter in second-
ary PE prevention. Thrombotic complications include PTS, recurrent 
DVT, and IVC thrombosis. The seriousness of these complications 
highlights the importance of appropriate case selection when IVC filter 
placement is being considered as an adjuvant treatment in the patient’s 
overall care.

Catheter-Directed Thrombolysis
In the early 1990s, Semba and Dake first reported the feasibility of CDT 
for iliofemoral vein thrombosis as an alternative to systemic anticoagu-
lation, systemic thrombolysis, or surgical venous thrombectomy.87 
CDT, or the delivery of thrombolytic agents directly into the thrombus, 
offers significant advantages over systemic therapy, which may fail to 
reach and penetrate an occluded venous segment. Because thrombo-
lytic agents activate plasminogen within the thrombus, local delivery 
of the drug directly into the thrombus enhances its overall effective-
ness. Focused delivery of higher concentrations of the drug can 
improve lysis rates, reduce the duration of treatment, and minimize 
complications associated with exposure of the patient to systemic 
thrombolytic therapy. Furthermore, with enhanced removal of obstruc-
tive thrombus, it is believed that venous valvular function will remain 
preserved and the incidence of PTS will therefore be reduced. In addi-
tion, successful CDT facilitates detection and correction of any under-
lying venous obstructive lesions with balloon angioplasty and/or stent 
placement.

Currently, no thrombolytic agents are approved for CDT by the 
FDA. The use of thrombolytic agents in CDT for venous thrombosis 
constitutes an “off-label” use. Although many thrombolytic agents are 
available in the United States for use in CDT, contemporary use 
involves mostly alteplase and tenecteplase. Although the various agents 
have unique properties that might theoretically confer an advantage of 
one over another, there remains no peer-reviewed consensus on a 
superior agent for CDT in cases of venous thrombosis. The literature 
on CDT for venous thrombosis has a paucity of prospective random-
ized comparative trials. Therefore the choice of thrombolytic agent is 
individualized to the physician’s discretion.

There is a large, ongoing, prospective multicenter randomized trial 
aimed at determining whether CDT should routinely be used in the 
treatment of proximal DVT for the prevention of PTS.88 The largest 
published experience with CDT to date has come from the National 
Venous Thrombolysis Registry,87 which included 287 patients who 
were treated with urokinase and monitored for 1 year. Overall, 71% of 
the patients were treated for iliofemoral DVT. Complete dissolution of 
thrombus was achieved in 31% of cases, and partial thrombus dissolu-
tion was reported in an additional 52%. Primary patency at 1 year was 
60%. Preservation of valvular competence was demonstrated in 72% 
of those patients with complete thrombolysis. Table 45-4 reviews the 
available clinical experience with CDT for the treatment of DVT.

The location of the LEDVT and the patient’s symptoms determine 
the access technique. For most cases of iliofemoral DVT, the ipsilateral 
popliteal vein is favored if the clinical situation allows. With the  
patient prone on the angiographic table, the popliteal vein should be 
accessed under ultrasound guidance, typically with a small-gauge 

The details of endovascular venous interventions—which are targeted 
to restore venous patency, preserve valvular function, and minimize 
the risk of late postthrombotic complications—are discussed in the 
following sections.

Inferior Vena Cava Filters
The primary indications for IVC filter placement include absolute con-
traindications to anticoagulation and recurrent thromboembolism 
while receiving therapeutic doses of anticoagulation for LEDVT. IVC 
filters may also be placed in the setting of massive or submassive PE 
when it is believed that any further pulmonary emboli may be lethal 
because of a compromised cardiopulmonary reserve. Although IVC 
filters are effective in reducing the risk of further pulmonary emboliza-
tion, they do not afford protection from further DVT. In fact, IVC 
filters may result in an increased risk of secondary DVT. In a study of 
high-risk patients with proximal DVT, Decousus and coworkers found 
that the initial beneficial effect of IVC filters for prevention of PE was 
counterbalanced by an excess of recurrent DVT (20.8%) compared 
with standard anticoagulation (11.6%), without any difference in 
mortality.86

Today, IVC filters are designed to be either permanent or optionally 
retrievable (Fig. 45-6). Optionally retrievable filters are approved for 
permanent placement but are designed to facilitate retrieval once the 
risk of further PE or contraindication to anticoagulation has passed. 
Currently, 11 permanent or optionally retrievable IVC filters have been 
approved by the U.S. Food and Drug Administration (FDA). Percuta-
neous transjugular or transfemoral insertion is most commonly used. 
Smaller delivery sheaths and lower device profiles have also facilitated 
access via the brachial vein or the popliteal vein. The choice of filter 
depends on IVC size and the required duration of insertion anticoagu-
lation can be safely started. The popularity of IVC filters has increased 

FIGURE 45-6	 Cook	 Celect	 retrievable	 inferior	 vena	 cava	 (IVC)	 filter,	
which	has	nitinol	construction,	is	used	in	IVCs	up	to	30	mm	in	diameter	
and	 is	 delivered	 via	 a	7-Fr	 delivery	 sheath.	 (Courtesy	Cook	Medical,	
Bloomington,	IN.)
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flexibility and ability to conform to various venous configurations. 
Care should be exercised to avoid stenting across the common femoral 
vein, particularly at the saphenofemoral junction. IVC filter placement 
during CDT for LEDVT should be used according to standard indica-
tions (described previously). Routine use of IVC filter placement 
during CDT has always been controversial because of the low inci-
dence of complications observed when thrombolysis is performed 
without filter protection. Acknowledging this controversy, we have 
generally been using retrievable IVC filters during CDT for LEDVT, 
especially in patients in whom the venogram has defined a true “free-
floating” iliac vein thrombus or in patients with a documented pulmo-
nary embolus and limited cardiopulmonary reserve.

Percutaneous Mechanical Thrombectomy
Several drawbacks to CDT as a monotherapy for LEDVT include the 
time required for thrombolysis, the need for intensive care monitoring, 
associated hemorrhagic risks, cost, and lack of prospective, random-
ized clinical trials. With these issues in mind, PMT is conceptually 
attractive because such a technique may obviate or reduce the time 
required for thrombolytic drug administration. In turn, this may result 
in a shorter time to vein patency, shorter length of stay, reduction in 
hemorrhagic risk, and overall cost savings. From a mechanistic stand-
point, PMT devices can be categorized as rotational, hydrodynamic, or 
ultrasound-facilitated. Pharmacomechanical thrombectomy is a term 
used to describe the treatment of thrombosis using both thrombolytic 
drugs and mechanical thrombectomy during the same procedure. 
Some PMT devices are able to deliver thrombolytics directly into the 
thrombus, whereas others may be used only as an adjuvant before the 
use of a standard multi-sidehole infusion catheter.

Rotational thrombectomy devices employ a high-speed rotating 
basket or impeller to pulverize or fragment thrombus. Preclinical eval-
uations of these devices have focused on clot removal and assessment 
of potential valve injury. In one such study, the Arrow-Trerotola per-
cutaneous thrombectomy device (Arrow International, Reading, PA) 
did not cause physiologically significant damage to valves 7 mm or 
larger in diameter.90

Hydrodynamic or rheolytic recirculation devices have become a 
common treatment modality for LEDVT. The AngioJet Thrombectomy 
System (Boston Scientific, Marlborough, MA) is the prototypical 
device in this category, which works based on the Venturi effect. 
Rapidly flowing saline jets are directed backward from the tip of the 
device to outflow channels in a coaxial fashion; this generates a vacuum 
force that draws thrombus into the catheter (Fig. 45-8). One major 
advantage of this PMT device is that the thrombectomy catheter can 
be delivered through a 6-Fr introducer sheath, which reduces access-
site complications. Newer iterations of this device also include the 
ability to spray thrombolytic agents directly into areas of thrombus 
using the Power Pulse technology, making it a simple device for phar-
macomechanical thrombectomy (Fig. 45-9). Using Power Pulse, the 
operator delivers the thrombolytic agent after a standard thrombec-
tomy run and then allows the drug to dwell, typically for 20 to 30 
minutes. After the dwell period, a final “clean up” run is performed, 
again using the standard thrombectomy settings. Two contemporary 
series using pharmacomechanical thrombectomy and the Power Pulse 
technique reported high technical success rates with acceptable safety 
and long-term improved functional outcomes.91,92

The Trellis Peripheral Infusion System (Covidien, Dublin, Ireland), 
which also combines pharmacologic and mechanical thrombectomy, 
consists of a catheter with proximal and distal occlusion balloons (Fig. 
45-10) and a sheath designed to aspirate contents between the bal-
loons. A sinusoidal nitinol wire placed between the balloons is rotated 
by an included battery-operated motor unit to mix the blood between 
the balloons. The wire oscillates at varying rates ranging from 500 to 
3000 revolutions per minute and is controlled by the operator. The 
Trellis device, which combines a high concentration of locally delivered 
thrombolytic medication with mechanical disruption of thrombus, has 
been used with success to treat patients with DVT.93 The occlusion 

micropuncture echogenic needle, and care should be taken to avoid 
inadvertent puncture of the popliteal artery. Should the popliteal vein 
be thrombosed, the ipsilateral posterior tibial vein may be accessed, a 
technique that confers the advantage of maintaining the patient in a 
supine position. After popliteal vein cannulation, a 5- to 6-Fr short 
sheath is introduced, through which all subsequent catheters can be 
exchanged. Next, a baseline venogram is obtained through the venous 
sheath using standard DSA imaging techniques. Then a combination 
of 0.035-inch straight and curved hydrophilic guidewires are used to 
cross the occluded venous segment. After wire and then catheter tra-
versal of the occluded venous segment, venography is repeated to 
confirm the intraluminal position of the catheter.

At this point, modern techniques generally favor moving directly 
to mechanical thrombectomy (described later), followed by the inser-
tion of an infusion catheter with multiple sideholes for dedicated, 
prolonged administration of thrombolytics, if necessary. When placing 
an infusion catheter for the direct delivery of thrombolytic agents, it is 
essential to position the delivery system directly across the thrombus 
in order to maximize plasminogen activation at the site of obstruction. 
Figure 45-7 illustrates the endovascular management of an acute left 
common iliac DVT. Patients are closely monitored in an interventional 
recovery unit during thrombolytic infusion. It is common for the dura-
tion of therapy to exceed 24 hours, particularly in cases with an exten-
sive thrombus burden. Follow-up venography should be performed 
every 8 to 12 hours to assess the infusion catheter and reposition as 
necessary. Weighing the risks versus the benefits of thrombolytic 
therapy, the infusion should ideally be continued until complete lysis 
is achieved.

In patients in whom venous patency has been restored and there is 
no underlying stenotic or occlusive lesion, thrombolysis is discontin-
ued and anticoagulation is initiated. Hemodynamically significant 
lesions that are uncovered in the iliac veins should be considered for 
endovascular stenting, although the long-term benefits of venous 
stenting are not well described. However, if left untreated, a significant 
iliac vein stenosis appears to pose a substantial risk of early rethrom-
bosis. Often these stenoses are actually caused by extrinsic compres-
sion of the iliac vein, typically the left common iliac vein, by the 
crossing of the right iliac artery at the iliocaval junction. This anatomic 
configuration, termed the May-Thurner syndrome, classically involves 
the left common iliac vein, but other variants have been described.89 
Because these lesions result from chronic, extrinsic compressive forces, 
balloon angioplasty alone is rarely successful, and the deployment of 
nitinol self-expanding stents is preferred because of their longitudinal 

TABLE 45-4 Single-Center Case Studies Supporting Catheter-
Directed Thrombolysis for Deep Venous 
Thrombosis*

Author N Agent
Outcome 
(% lysis)

Hemorrhage 
(%)

Molina	et	al 12 Urokinase 95 0

Comerota	et	al 7 Urokinase 71 0

Semba	&	Dake 27 Urokinase 92 0

Bjarnason	et	al 87 Urokinase 86 6.9	major/14.9	
minor

Patel	et	al 10 Urokinase 100 0

Ouriel	et	al 11 Reteplase 73 0

Castenada	et	al 25 Reteplase 92 4

Chang	et	al 10 Alteplase 90 0

Horne	et	al 10 Alteplase 90 30	minor

Razavi	et	al 36 Tenecteplase 83 2.7	major/8.3	
minor

N,	Number	of	patients.
*Series	evaluating	catheter-directed	thrombolysis	for	deep	venous	thrombosis.
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FIGURE 45-7	 A,	Extensive	thrombotic	occlusion	of	the	left	common	and	external	iliac	veins	with	some	extension	into	the	common	femoral	veins.	
Notice	the	severely	dilated	iliac	veins.	B,	After	pharmacomechanical	thrombolysis	using	rheolytic	thrombectomy	and	the	Power	Pulse	feature	of	the	
AngioJet	Thrombectomy	System	(Boston	Scientific,	Marlborough,	MA)	with	a	20-minute	dwell	time.	C,	Intravascular	ultrasound	(IVUS)	is	used	to	
confirm	extrinsic	compression	of	the	left	common	iliac	vein	and	to	assist	with	stent	sizing.	D,	Final	venogram	of	the	left	common	and	external	iliac	
vein	after	deployment	of	14	×	60	S.M.A.R.T.	Control	nitinol	self-expanding	stent	(Cordis	Corp.,	Miami,	FL).	
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FIGURE 45-8	 A,	The	AngioJet	Thrombectomy	System	(Boston	Scientific,	Marlborough,	MA)	comes	in	multiple	sizes	and	emits	high-velocity	saline	
jets	that	are	directed	backward	from	the	tip	of	 the	device	to	outflow	channels	in	a	coaxial	fashion.	B,	This	generates	a	vacuum	force	that	draws	
the	 thrombus	 into	 the	catheter	by	 the	Venturi	effect.	 (Image	courtesy	Boston	Scientific.	©	2014	Boston	Scientific	Corporation	or	 its	affiliates.	All	
rights	reserved.)

A B

FIGURE 45-9	 A,	AngioJet	Thrombectomy	System	(Boston	Scientific,	Marlborough,	MA)	with	a	simplified	set-up	process.	B,	It	also	has	the	ability	
to	directly	 spray	 thrombolytics	onto	 the	 clot	 using	 the	Power	Pulse	 spray	 feature.	 (Image	 courtesy	Boston	Scientific.	©	2014	Boston	Scientific	
Corporation	or	its	affiliates.	All	rights	reserved.)

A B
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Despite great advances in PMT technologies, complete on-the-table 
thrombus resolution rarely occurs, and adjunctive thrombolytic 
therapy is often required. Penetration of thrombolytics into the clot is 
often difficult with a passive infusion catheter. In an effort to improve 
thrombolytic penetration and enhance thrombus disruption, an 
ultrasound-based infusion system, the EkoSonic Endovascular System 
(EKOS Corporation, Bothell, WA) was developed. The EkoSonic cath-
eter combines high-frequency, low-power ultrasound with simultane-
ous CDT to accelerate clot dissolution. The exposure of the clot to 
nonfragmenting ultrasound has no thrombolytic effect on it own. 
However, the combination of directed ultrasound and local thrombo-
lytic infusion accelerates the thrombolytic process.94 Mechanistically, 
it is thought that the ultrasound waves work by loosening the fibrin 
matrix, increasing clot permeability and ultimately driving the throm-
bolytic agent deep into the thrombus for better drug distribution. In 
addition, the ultrasound energy is atraumatic with regard to the venous 
valves, a property that is theoretically important in the prevention of 
PTS. The EkoSonic catheter system consists of a 5.2-Fr, multilumen 
drug delivery catheter with one central lumen and three separate infu-
sion ports (Fig. 45-12). Each catheter has a matched ultrasound core 
wire that is placed in the central lumen and delivers the ultrasound 
energy evenly along the entire infusion pathway. After the catheter is 
positioned in the thrombus, an infusion of thrombolytic agent is 
started, along with saline to serve as a coolant. Ultrasound energy is 
then started and delivered simultaneously with the thrombolytic agent 
infusion. In a multicenter series of 53 patients, ultrasound-accelerated 
thrombolysis was shown to be a safe and efficacious treatment for DVT, 
with a high incidence of complete thrombolysis and a reduction in 
bleeding rates.95 This device has recently gained FDA approval for the 
use in the pulmonary arteries for treatment of PE.96

These exciting combination strategies continue to be developed and 
investigated; with further follow-up and study these interventions will 
be better defined for use in the evolving treatment paradigms for DVT.

FIGURE 45-10	 The	 Trellis	 8	 Peripheral	 Infusion	 System	 (Covidien,	
Dublin,	Ireland)	consists	of	proximal	and	distal	occlusion	balloons	with	
balloon	 inflation	syringes,	a	 thrombolysis	 infusion	port,	 the	 thrombus	
aspiration	 syringe,	 and	 a	 drive	 unit	 for	mechanical	 dispersion	 of	 the	
thrombolytic	agent.	

FIGURE 45-11	 A,	Acute	right	upper	extremity	deep	venous	thrombosis	with	classic	intraluminal	filling	defects	in	right	brachial	and	axillary	veins.	
B,	The	Trellis	8	system	is	deployed	in	the	right	brachial	and	axillary	vein	using	a	30-cm	treatment	zone.	C,	Completion	venogram	demonstrates	
complete	 resolution	 of	 thrombus	 in	 right	 brachial	 and	 axillary	 veins	 after	 pharmacomechanical	 thrombectomy	 using	 the	 Trellis	 8	 thrombolysis	
catheter	(Covidien,	Dublin,	Ireland).	

A B

C

balloons limit leakage of thrombolytic agent into the systemic circula-
tion, potentially reducing the risk of bleeding complications, and 
reduce embolization of particulate matter to the pulmonary circula-
tion. Figure 45-11 illustrates the use of the Trellis 8 system to treat a 
right brachial and axillary DVT.
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FIGURE 45-12	 A,	The	EkoSonic	Endovascular	System	(EKOS	Corporation,	Bothell,	WA)	has	an	ultrasound-generating	console	with	simplified	set-up.	
B,	The	catheter	is	placed	directly	into	the	thrombus,	where	microtransducers	transmit	high-frequency,	low-power	sound	waves.	

A

B
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Stroke is the leading cause of adult disability and the third leading 
cause of death in North America, Europe, South America, and Asia. 

Most strokes (80% to 85%) are ischemic in etiology. In the United 
States, atherosclerotic disease affecting the extracranial and intracra-
nial arterial circulation accounts for approximately 20% of ischemic 
strokes (Fig. 46-1) and thus is an important target for stroke preven-
tion.1 Cerebrovascular intervention has evolved largely for the treat-
ment of atherosclerotic disease with the goal of stroke prevention. 
Based on dramatic technological advances and increased operator 
expertise, these procedures can now be performed with a high rate of 
technical success. However, because of the potential for serious neuro-
logic complications from endovascular intervention in the cerebrovas-
cular circulation, clear documentation of the safety of these procedures 
and their overall clinical efficacy is of paramount importance. These 
considerations have raised the bar for cerebrovascular intervention 
compared with other peripheral vascular procedures.

In the field of cerebrovascular intervention, carotid bifurcation 
intervention is unique in that the natural history of carotid artery 
bifurcation disease has been well defined and large randomized trials 
have previously documented the clinical effectiveness of surgical revas-
cularization for this disease. There is already a large evidence base 
supporting carotid intervention in specific patient subgroups, and 
several randomized trials are ongoing in the remaining patient popula-
tions. With more than 140,000 carotid endarterectomy (CEA) proce-
dures performed each year in the United States, and more than 280,000 

worldwide, the potential impact of percutaneous revascularization has 
captured the interest of endovascular specialists who are keen to offer 
an alternative to surgery.

In contrast, endovascular intervention in the cerebrovascular cir-
culation outside of the carotid bifurcation has been hampered by two 
important considerations: the natural history of non–carotid bifurca-
tion cerebrovascular disease is less well defined, and there is a notable 
absence of randomized data documenting the benefit of revasculariza-
tion compared with medical therapy alone. Despite these obstacles, 
however, dramatic advances in the technical aspects of these interven-
tions have been made, and there is an increased recognition of the need 
for well-designed clinical studies that address these deficiencies. What 
is often underappreciated is that non–carotid bifurcation cerebrovas-
cular disease is responsible for at least the same number of ischemic 
strokes as carotid bifurcation disease and represents an equally impor-
tant target for stroke prevention.

This chapter summarizes the current status of carotid bifurcation 
intervention and the most frequently performed non–carotid bifurca-
tion cerebrovascular interventions, notably proximal vertebral artery 
(VA) and intracranial intervention.

CAROTID BIFURCATION INTERVENTION

Carotid Bifurcation Atherosclerosis and Stroke
The carotid bifurcation has a remarkable predilection for the develop-
ment of atherosclerosis, which is typically located at the origin of the 
internal carotid artery (ICA) (Fig. 46-2). This plaque is similar to that 
found at other sites throughout the arterial system in that it contains 
a dense cap of connective tissue with embedded smooth muscle cells 
and an underlying core of lipid and necrotic debris.2 Histologic studies 
of plaque from the carotid bifurcation of symptomatic and asymptom-
atic individuals have revealed features associated with the development 
of symptoms that are similar to those associated with plaque vulner-
ability in the coronary circulation: reduced amounts of collagen, 
increased inflammation, thinning of the fibrous cap, and increased 
cholesterol in the necrotic core.2,3 Based on our current understanding, 
these processes result in plaque fissuring or rupture at the carotid 
bifurcation, causing either occlusive or nonocclusive thrombus forma-
tion. The dominant mechanism of stroke is believed to result from 
distal thromboembolism to the anterior cerebral circulation. However, 
a number of considerations, such as the size and composition of the 
embolus, the presence of contralateral disease, the anatomy of the circle 
of Willis, and the activity of fibrinolytic pathways, may attenuate or 
accentuate the clinical consequence of the pathologic event. Conse-
quently, the same pathologic event may result in a reversible neurologic 
deficit (i.e., transient ischemic attack [TIA]), an irreversible neurologic 
deficit (i.e., stroke), or no symptoms at all.

Natural History of Carotid Artery Bifurcation Disease
In clinical practice, two dominant factors are used to determine the 
risk of ischemic complications from a lesion of the carotid artery bifur-
cation: the symptomatic status of the lesion and the severity of stenosis. 
Although many of these data are derived from the medical arms of the 
large randomized CEA trials performed between the late 1980s and 
early 2000s, these considerations continue to be used as the major 
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•	 Cerebrovascular	intervention	for	the	treatment	of	atherosclerotic	
disease	has	evolved	considerably.	The	potential	for	serious	
neurologic	complications	during	such	procedures	places	a	
premium	on	careful	studies	documenting	the	overall	clinical	
efficacy	of	intervention	compared	with	medical	therapy.

•	 Carotid	bifurcation	disease	and	intracranial	atherosclerosis	account	
for	15%	to	20%	of	all	ischemic	strokes	and	represent	an	
important	target	for	stroke	prevention.

•	 Contemporary	carotid	bifurcation	intervention	involves	the	use	of	
self-expanding	stents	with	embolic	protection	systems	to	reduce	
the	risk	of	distal	embolization.	The	technique	has	proved	to	be	
equivalent	to	carotid	endarterectomy	in	high-risk	patients.	There	
remains	debate	on	the	interpretation	of	randomized	trial	data	for	
carotid	stenting	and	on	Medicare	reimbursement	in	normal-risk	
patients.

•	 Proximal	vertebral	artery	disease	may	account	for	up	to	10%	of	
posterior	circulation	ischemic	events.	Intervention	at	this	site	is	
straightforward	and	safe	but	has	not	proved	to	be	superior	to	
medical	therapy	alone.

•	 Intracranial	intervention,	when	practiced	by	skilled	and	experienced	
operators,	is	technically	feasible	and	reasonably	safe.	Randomized	
studies	documenting	superiority	over	medical	therapy	are	needed.

•	 Further	refinements	in	technique,	technology,	and	patient	selection,	
together	with	dedicated	randomized	controlled	trials,	will	allow	
cerebrovascular	intervention	to	realize	its	true	potential	in	patients	
with	stroke.



698 SECTION IV  PERIPHERAL VASCULAR INTERVENTIONS

FIGURE 46-1	 Proportion	 of	 ischemic	 stroke	 subtypes	
according	 to	 race	 in	 the	 Northern	 Manhattan	 Study.	
(Adapted	from	White	H,	Boden-Albala	B,	Wang	C,	et	al:	
Ischemic	stroke	subtype	incidence	among	whites,	blacks,	
and	Hispanics:	 the	Northern	Manhattan	Study,	Circula-
tion	111[10]:1327-1331,	2005.)

50%

40%

30%

20%

10%

0%

Ischemic stroke subtype

Cryptogenic

Cardioembolic

Lacunar

Extracranial

Intracranial
Black

Hispanic
White

FIGURE 46-2	 Angiographic	images	from	the	carotid	bifurcation	show	the	spectrum	of	atherosclerotic	disease	at	this	site.	A,	Minimal	disease	at	the	
origin	of	the	internal	carotid	artery	(ICA).	B,	Mild	stenosis	extending	from	the	distal	common	carotid	artery	(CCA)	into	the	proximal	ICA.	C,	Moderate	
eccentric	 stenosis	 in	 the	 proximal	 portion	 of	 the	 ICA.	D,	 A	 thrombotic	 lesion	 in	 the	 proximal	 portion	 of	 the	 ICA	 in	 a	 patient	with	 recent	 stroke.	
E,	High-grade	stenosis	in	the	proximal	portion	of	the	ICA.	Notice	that	atherosclerotic	plaque	tends	to	accumulate	in	the	posterior	aspect	of	the	ICA.	
Arrows	indicate	location	of	plaque.	ECA,	External	carotid	artery.	
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was 11%.6 Not surprisingly, the risk of stroke was constant over the 
duration of the study. The implication from these findings is that 
carotid revascularization should be performed as expediently as pos-
sible after a neurologic event caused by a culprit symptomatic stenosis, 
whereas intervention for an asymptomatic lesion may be approached 
in a more elective fashion.7

Among symptomatic patients, a close relationship between the 
severity of stenosis as assessed by careful angiographic methods and 
subsequent risk of ipsilateral stroke has been demonstrated.8 The rela-
tionship is nonlinear, with a steep increase in risk associated with the 
tightest degree of stenosis (Fig. 46-4). However, for symptomatic 
patients with “near-occlusion” of the ICA—defined as a stenosis 
causing obstruction to flow sufficient to result in a decrease in the ICA 
diameter beyond the lesion (Fig. 46-5)—there are data to suggest that 
the risk of recurrent stroke is reduced compared with patients with 
severe stenosis without features of near-occlusion.9 One potential 
explanation for this finding is the reduced likelihood of distal cerebral 

criteria for choosing patients for endovascular procedures and for 
enrolling subjects in carotid endovascular trials.

Symptomatic lesions of the carotid bifurcation are associated with 
a high risk of recurrent ischemic stroke. In the North American Symp-
tomatic Carotid Endarterectomy Trial (NASCET), the risk of any ipsi-
lateral stroke at 2-year follow-up in medically treated patients with 
symptomatic stenoses of 70% to 99% was 26%.4 Among patients with 
symptomatic stenoses of 50% to 69%, the 5-year risk of any ipsilateral 
stroke was 22.2%.5 There is a close temporal relationship between these 
recurrent strokes and the index event, with a steep exponential decline 
in risk within the first months, followed by a more gradual decline and 
ultimate normalization of risk at 2 to 3 years (Fig. 46-3).

By contrast, asymptomatic lesions of the carotid bifurcation are 
associated with a much lower risk of ischemic stroke. Over a 5-year 
period after an asymptomatic carotid stenosis was diagnosed (more 
than 60% by ultrasound), the risk of any stroke among medically 
treated patients in the Asymptomatic Carotid Surgery Trial (ACST) 

FIGURE 46-3	 Change	in	risk	of	ipsilateral	stroke	over	time	in	medically	treated	(green	line)	and	surgically	treated	(purple	line)	patients	with	symp-
tomatic	stenosis	of	50%	to	69%	(A)	or	70%	to	79%	(B)	in	the	NASCET	trial	(North	American	Symptomatic	Carotid	Endarterectomy	Trial).	(Adapted	
from	Barnett	HJ,	Taylor	DW,	Eliasziw	M,	et	al:	Benefit	of	carotid	endarterectomy	in	patients	with	symptomatic	moderate	or	severe	stenosis.	North	
American	Symptomatic	Carotid	Endarterectomy	Trial	Collaborators.	N	Engl	J	Med	339[20]:1415-1425,	1998.)

Medical therapy
Surgical therapy

50%–69% Stenosis

R
is

k 
of

 s
tr

ok
e 

in
 th

e 
su

bs
eq

ue
nt

 y
ea

r
R

is
k 

of
 s

tr
ok

e 
in

 th
e 

su
bs

eq
ue

nt
 y

ea
r

Years of study

Years of study

0 1 2 3 4 5 6

0 1 2 3 4 5 6

70%–99% Stenosis

A

B

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

0.18

0.16

0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00



700 SECTION IV  PERIPHERAL VASCULAR INTERVENTIONS

embolization caused by diminished flow distal to a critical stenosis. 
Among asymptomatic patients, the association between stenosis sever-
ity and risk of subsequent stroke has been inconsistent.6,10 This finding 
likely underscores the heterogeneous nature of carotid plaque histol-
ogy in asymptomatic patients and suggests that assessments of plaque 
vulnerability may be a more potent predictor of recurrent events than 
severity of stenosis in this patient group.

Today there are more sophisticated models to predict the risk of 
stroke in patients with carotid disease, particularly for symptomatic 
patients.11,12 In addition to stenosis severity, these models incorporate 
variables such as age, sex, nature of the presenting symptomatic event, 
time since the index event, plaque surface morphology, and transcra-
nial Doppler findings to provide a more individualized estimate of risk. 
However, these models have yet to be incorporated into patient selec-
tion criteria in randomized trials to more fully establish their clinical 
relevance.

Benefit of Carotid Revascularization
The benefit of carotid revascularization in patients with carotid artery 
disease has been documented in several randomized controlled trials 
(RCTs) comparing medical therapy with surgical revascularization 
(i.e., CEA). These data are extremely important in any discussion of 
endovascular therapy for carotid bifurcation disease because they form 
the cornerstone justifying revascularization in certain subsets of 
patients. In a pooled analysis of data from the three major RCTs in 
symptomatic patients, CEA compared with medical therapy reduced 
the end point of stroke or operative death at 5 years in patients with 
carotid stenoses of 50% or greater, as assessed by carotid angiography 
using the NASCET criteria (Fig. 46-6).13 This benefit was more pro-
nounced in patients with stenoses of 70% to 99% (absolute risk reduc-
tion [ARR], 15.3%; 95% confidence interval [CI], 9.8% to 20.7%) than 
in those with stenoses of 50% to 69% (ARR, 7.8%; 95% CI, 3.1% to 
12.5%). In addition, the crossover of the event-free curves occurred 
very early in the patient cohort with 70% to 99% stenoses (1 to 2 
months) compared with the patient cohort with 50% to 69% stenosis 
(1 year). The incidence of perioperative stroke and/or death in these 
studies was uniformly less than 6%; the benefits derived from CEA are 
predicated on the maintenance of similar procedural outcomes. No 
significant benefit was observed in patients with near-occlusion of the 
carotid artery (ARR, 0.1%; 95% CI, −10.3 to 10.2), likely related to the 
lower risk of recurrent stroke with medical therapy in this group. These 
studies were performed in the late 1980s and early to mid-1990s; there-
fore the only stipulated medical therapy in the nonsurgical arm was 
aspirin. Contemporary medical therapy would likely attenuate the 
observed benefit associated with CEA. However, given the magnitude 
of the observed benefit associated with CEA in symptomatic patients, 
investigators have been reluctant to repeat randomized studies using 
contemporary medical therapy alone as a treatment arm.

Compared with medical therapy, CEA has also been shown to sig-
nificantly reduce the incidence of stroke or operative death at 5-year 
follow-up in asymptomatic patients with carotid stenoses of 60% or 
greater, as assessed by carotid ultrasound (11.8% versus 6.4%; ARR; 
5.4%; 95% CI, 3% to 7.8%).6 It is important to emphasize that in this 
asymptomatic population, the early hazard associated with revascular-
ization persists up to 2 years from the time of CEA. If the life expec-
tancy of the patient is less than 5 years, then significant benefit should 
not be anticipated. In addition, participation in these trials involving 
patients with asymptomatic carotid stenoses required documentation 
of a perioperative stroke and death rate of less than 3% at the investiga-
tion site, and the generalization of these findings is predicated on 
reproducing similar procedural outcomes.

Percutaneous Carotid Revascularization
Initial animal experimentation with percutaneous carotid revascular-
ization began in the late 1970s and was followed by the first clinical 
reports of carotid angioplasty in the early 1980s. The first rigorous 

FIGURE 46-4	 Hazard	of	ipsilateral	ischemic	stroke	within	3	years	after	
index	transient	ischemic	attack	or	stroke	as	a	function	of	the	percent	of	
carotid	stenosis,	determined	with	the	use	of	biplane	angiographic	views.	
(Adapted	from	Cuffe	RL,	Rothwell	PM:	Effect	of	nonoptimal	imaging	on	
the	relationship	between	 the	measured	degree	of	symptomatic	carotid	
stenosis	and	risk	of	ischemic	stroke.	Stroke	37:1785-1791,	2006.)
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FIGURE 46-5	 Angiographic	appearance	of	“near-occlusion”	of	the	inter-
nal	carotid	artery	(ICA).	A,	Reduction	in	diameter	of	the	ICA	compared	
with	 the	 external	 carotid	 artery	 (ECA)	 reflects	 a	 mild	 form	 of	 near-
occlusion	of	 ICA	(arrow).	B,	Major	collapse	of	 the	 ICA	beyond	critical	
stenosis	(arrow)	reflects	a	severe	form	of	near-occlusion	of	the	ICA	and	
is	often	referred	to	as	a	string	sign.	CCA,	Common	carotid	artery.	
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FIGURE 46-6	 Risk	of	any	stroke	or	operative	death	in	medically	treated	(green	line)	and	surgically	treated	(purple	line)	symptomatic	patients	with	
varying	degrees	of	carotid	artery	stenosis.	A,	Near-occlusion.	B,	70%	to	99%.	C,	50%	to	69%.	D,	30%	to	49%.	(Adapted	from	Rothwell	PM,	
Eliasziw	M,	Gutnikov	SA,	et	al:	Analysis	of	pooled	data	from	the	randomised	controlled	trials	of	endarterectomy	for	symptomatic	carotid	stenosis.	
Lancet	361:107-116,	2003.)13
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clinical testing of percutaneous carotid revascularization began in the 
mid-1990s. Although these studies demonstrated feasibility, two sub-
sequent pivotal developments allowed percutaneous carotid revascu-
larization to emerge as a viable alternative to CEA in the treatment of 
carotid disease: the ability to provide protection from distal emboliza-
tion at the time of intervention, using a variety of embolic protection 
devices (EPDs), and the use of self-expanding stents. Carotid artery 
stenting (CAS) using self-expanding stents in combination with 
embolic protection represents the contemporary approach to carotid 
revascularization.

Carotid Artery Stenting: The Procedure

Preprocedural Assessment
Before any CAS procedure is undertaken, clinical assessment of the 
patient and anatomic assessment of the aortic arch and carotid/cerebral 
vasculature are essential.14 Advanced age (>80 years) has been associ-
ated with significantly worse outcomes with CAS and should be care-
fully considered for the appropriateness of intervention.15,16 Decreased 
cerebral reserve, manifested by the presence of dementia or cognitive 
impairment, and a history of prior strokes or lacunar infarcts increases 
the likelihood that distal embolization will be clinically manifested  
and is a relative contraindication for the procedure.17 Anatomic 

assessments usually can be made based on noninvasive studies, notably 
computed tomography (CT) angiography and magnetic resonance 
(MR) angiography. CT angiography offers higher spatial resolution and 
superior visualization of the aortic arch compared with MR angiogra-
phy, and it allows an assessment of the degree of calcification of the 
aortic arch and carotid bifurcation lesion that is not possible with MR 
angiography. Table 46-1 lists the anatomic features that should be 
reviewed and highlights the importance of each. Overall, these ana-
tomic features allow the operator to more accurately determine the 
procedural risk and facilitate the planning of appropriate technique for 
procedural success.

Baseline Angiography
In most circumstances, CAS procedures are performed with the use of 
femoral artery access. Although the extent of baseline angiography 
varies depending on the preprocedural noninvasive assessment, high-
quality angiography of the carotid bifurcation, the ipsilateral ICA, and 
intracranial anterior circulation is essential. We administer a heparin 
bolus of 25 mg/kg before any diagnostic cerebrovascular procedure in 
an effort to minimize the risk of thrombotic complications. A variety 
of catheter types are used to perform angiography, depending on the 
personal preference of the operator and the anatomy of the aortic arch 
and great vessels. For patients with uncomplicated anatomy (i.e., type 



702 SECTION IV  PERIPHERAL VASCULAR INTERVENTIONS

The standard procedure for delivery of a 6-Fr sheath in the CCA is 
as follows. The CCA of interest is engaged with a diagnostic catheter. 
A stiff-angled glidewire is advanced into the ECA, and the diagnostic 
catheter is advanced over it. The glidewire is exchanged for a superstiff 
Amplatz or SupraCore wire, and then the diagnostic catheter is 
removed. The 6-Fr sheath and its dilator are delivered over the stiff wire 
to the distal CCA, after which the dilator is removed.

Although this standard approach is sufficient for approximately 
70% of cases, a number of variations to the technique may be necessary, 
depending on the specific anatomic features of the individual patient. 
Much of the learning curve in CAS involves achieving experience with 
these variations and learning how to predict which variation is appro-
priate for an individual patient’s anatomy. One of the pivotal dogmas 
in CAS is that guidewires and catheters should never be placed across 
the carotid lesion in order to deliver the sheath or guide to the CCA. 
It is preferable to refer the patient for CEA than to persist in risky 
attempts to deliver the guide or sheath.

Delivery of Embolic Protection Device
The use of EPDs is now considered the standard of care during CAS. 
Compelling observational data support this recommendation. Several 
studies have demonstrated that distal embolization is ubiquitous 
during CAS,21,22 and observational series have shown a significant asso-
ciation between decreased periprocedural rates of stroke and death and 
the use of EPDs.16,23 Over the last decade, three different device systems 
that provide protection from distal embolization at the time of carotid 
intervention have been developed.24,25 In clinical practice, the most 
popular and most user friendly of these systems is the filter-type EPD 
(Table 46-2). These systems allow continued antegrade flow during 
carotid intervention—an important consideration for patients with 
compromised collateral flow to the ipsilateral carotid territory (e.g., 
patients with contralateral carotid artery disease or occlusion).

Because filter-type EPDs have been used in most contemporary 
CAS registries and RCTs, more data exist to support their use in carotid 
intervention compared with other EPDs. Based on the submission of 
these data to the U.S. Food and Drug Administration (FDA), multiple 
filter-type EPDs have received FDA approval, including Accunet, 
EmboShield, Spider, Angioguard, FilterWire, and FiberNet devices 
(Fig. 46-7; see Table 46-2). Although there is some variation in the 
individual design of these devices, they typically contain a polyure-
thane membrane with pores of fixed size (ranging from 80 to 140 µm 
in different devices), supported by a nitinol frame. The Spider and 
Interceptor EPDs are unique in that the filter pores are formed by a 
nitinol mesh. Each filter is integrated with a 0.014-inch guidewire with 
a 3- to 4-cm shapeable floppy tip. With the exception of the EmboShield 
and Spider devices, the filter is fixed to the wire.

The technique for delivery of a filter-type EPD varies according to 
the design of the system. In systems such as the Accunet, FilterWire 

I aortic arch, no tortuosity of the great vessels), a Bernstein catheter 
functions well. For more complicated anatomies (e.g., type II or III 
arch, tortuosity of the great vessels, bovine origin of the left common 
carotid artery [CCA]), a Vitek or Simmons catheter is usually required.

Interventional Technique
The technique for CAS placement follows a number of well-defined 
steps. Before CAS placement, all patients should receive aspirin. In 
addition, it is our practice to administer clopidogrel for at least 3 days 
before the procedure. During the procedure, anticoagulation using 
unfractionated heparin to achieve an activated clotting time (ACT) of 
275 to 300 seconds is standard.18 For patients with a contraindication 
to heparin, a direct thrombin inhibitor such as bivalirudin has been 
shown to be safe.19 In a cohort of 3555 patients from the Carotid Artery 
Revascularization and Endarterectomy (CARE) registry, bivalirudin 
was associated with less need for transfusion (0.9% versus 1.5%; P = 
.01) and no difference in myocardial infarction (MI), stroke, and death 
at 30 days, compared with unfractionated heparin in a propensity score 
analysis.20 Most operators perform the procedure without the admin-
istration of sedatives, which enhances the ability to screen for any 
neurologic change during the procedure.

Delivery of Sheath or Guide to the Common Carotid Artery
In order to deliver the range of contemporary equipment required for 
CAS, a 6-Fr sheath or 8-Fr guide must be placed in the distal CCA. In 
patients with difficult aortic arch anatomy, bovine origin of the left 
CCA, occlusion of the external carotid artery (ECA), distal CCA 
lesions, or significant tortuosity of the great vessels, this can be one of 
the most technically challenging parts of the procedure. This portion 
of the procedure is “unprotected” in that there is no distal EPD to 
protect against distal embolization, so the safety of this step is heavily 
operator dependent.

TABLE 46-2 Filter-Type Embolic Protection Devices Used During 
Carotid Intervention

Filter Manufacturer Diameter (mm) Pore Size (µm)

Interceptor Medtronic 4.5,	5.5,	6.5 100

FilterWire	EZ Boston	Scientific 3.5-5.5 80

Angioguard	XP
Angioguard	RX

Cordis 4,	5,	6,	7,	8 100

EmboShield	
NAV6

Abbott	
Laboratories

2.5-4.8,	4-7 140

Spider ev3 3,	4,	5,	6,	7 50-200

Accunet	OTW
Accunet	RX

Abbott	
Laboratories

4.5,	5.5,	6.5,	
7.5

120

FiberNet Medtronic 3.5-5,	5-6,	6-7 40

OTW,	Over	the	wire;	RX,	monorail.

TABLE 46-1 Anatomic Assessments Recommended Before 
Carotid Artery Stenting and Their Impacts on 
Interventional Planning

Angiographic Assessment Impact on Interventional Procedure

Arch Anatomy

Type	I,	II,	or	III	arch
Anomalies	of	origin	of	great	

vessels
Tortuosity	of	proximal	portion	of	

great	vessels

Predict	difficulty	of	percutaneous	
approach	and	influence	strategy	for	
delivery	of	guide	or	sheath	to	CCA

Lesion Characteristics

Precise	location	of	lesion,	with	
definition	of	proximal	and	
distal	extent	of	lesion

Lesion	length
Complex	lesion	ulceration
Severity	of	stenosis
Severity	of	lesion	calcification
Diameter	of	vessel(s)	proximal	

and	distal	to	lesion

Influence	planned	location	for	stent	
placement	and	stent	length

Influence	strategy	for	delivery	of	guide	
or	sheath	to	distal	CCA

Influence	choice	of	stent	length
Predict	difficulty	of	crossing	lesion	

with	filter	device	or	wire
Predict	need	for	predilation	of	lesion	

before	filter	delivery
Influence	choice	of	stent	diameter

ICA Distal to Lesion

Assess	cervical	portion	of	ICA	
for	presence	of	disease	and	
tortuosity

Diameter	of	cervical	ICA

Influence	choice	of	landing	zone	for	
filter	or	proximal	occlusion	EPD

Increased	tortuosity	favors	use	of	
guide	to	provide	support	for	delivery	
of	filter

Influence	choice	of	diameter	of	
filter-type	or	proximal	occlusion	EPD

Patency of External Carotid 
Artery

Influences	strategy	for	delivery	of	
guide	or	sheath	to	distal	CCA

CCA,	Common	carotid	artery;	EPD,	embolic	protection	device;	ICA,	internal	carotid	artery.
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FIGURE 46-7	 Examples	of	filter-type	embolic	protection	devices	used	during	carotid	intervention.	A,	Angioguard	XP	(Cordis,	Warren,	NJ).	B,	Accunet	
(Abbott	Vascular,	Abbott	Park,	IL).	C,	Spider	(ev3,	Plymouth,	MN).	D,	FilterWire	EX	(Boston	Scientific,	Natick,	MA).	E,	FilterWire	EZ	(Boston	Sci-
entific).	F,	Interceptor	(Medtronic,	Minneapolis,	MN).	(From	Casserly	IP,	Sachar	R,	Yadav	JS:	Manual	of	peripheral	vascular	intervention,	Philadel-
phia,	2005,	Lippincott	Williams	&	Wilkins.)
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EZ, or Angioguard, the filter is delivered in a collapsed form across the 
carotid lesion on the attached guidewire. With the EmboShield system, 
a unique 0.014-inch wire (BareWire) is used to cross the lesion first; 
the filter is then delivered in a collapsed form over this wire and 
deployed over the distal portion of the wire. The Spider system allows 
the lesion to be crossed using any 0.014-inch wire followed by a 2.9-Fr 
delivery catheter. It allows delivery of the Spider filter, which is inte-
grated with a dedicated 0.014-inch wire that allows a small range of 
independent motion of the wire and filter. Predilation of the carotid 
lesion before delivery of the filter-type EPD is required in fewer than 
1% to 2% of cases. If it is required, a small-caliber coronary balloon 
(i.e., 2.0 mm diameter) that minimizes the risk of distal embolization 
should be used. Regardless of the filter-type EPD that is used, the filter 
should ideally be deployed in a straight and nondiseased portion of the 
cervical ICA, which is typically in the distal cervical portion of the 
vessel. The presence of tortuosity or disease in the cervical portion of 
the ICA may necessitate an alternative placement, but there must be at 
least 3 to 4 cm of distance between the proximal margin of the filter 
and the distal margin of the ICA lesion to allow subsequent delivery 
of interventional equipment.

Distal occlusion balloon EPDs were the first type of EPD used 
during a carotid intervention (circa 1998). The only remaining  
example of this type of system is the Percusurge GuardWire device 
(Medtronic Vascular, Minneapolis, MN), which consists of an 0.014-
inch angioplasty wire with a hollow nitinol hypotube and a distal 
compliant balloon that is inflated and deflated through the hypotube. 
The GuardWire is advanced across the carotid lesion with the balloon 
deflated. Complete interruption of antegrade flow is then achieved  
by inflating the balloon. After treatment of the carotid lesion, a mono-
rail Export catheter is used to aspirate the column of blood proximal 
to the balloon, thus removing any debris that may have embolized  
from the treatment site. The balloon is then deflated and the Guard-
Wire removed. There are no randomized comparisons of carotid inter-
vention using filter-type or distal occlusion EPDs. A retrospective 
comparison of outcomes from a large CAS registry showed no signifi-
cant difference in in-hospital death or stroke between these systems 

(2.3% for distal occlusion EPDs versus 1.8% for filter-type EPDs;  
P = .96).26

The most recent group of EPDs developed for carotid intervention 
are the proximal occlusion devices (e.g., the Parodi Anti-embolism 
System from Gore Medical, Flagstaff, AZ, and the MO.MA System 
from Medtronic). These systems attempt to protect the brain from 
distal embolization by eliminating antegrade flow in the ICA during 
the procedure, essentially generating an endovascular clamp.27 Compli-
ant balloons are inflated in the distal CCA and ECA, interrupting 
antegrade carotid flow and theoretically eliminating the risk of distal 
embolization from debris liberated during angioplasty and stenting. 
The success of such systems is predicated on adequate collateral circu-
lation from the circle of Willis to maintain cerebral perfusion. With 
the Parodi device (not currently available in the United States), retro-
grade flow is generated in the ICA by connecting the lumen of the 
catheter, whose tip is in the CCA and distal to the occlusive balloon, 
to a catheter in the femoral vein. Blood flows down its pressure gradi-
ent from the CCA, through the blood return system, and to the femoral 
vein. In contrast, the MO.MA device simply creates a static column of 
blood in the ICA without continuous flow reversal, and removal of this 
unfiltered column of blood is achieved by aspiration with a syringe. 
Proximal EPDs appear to be particularly useful for cases in which 
tortuosity or disease distal to the carotid bifurcation lesion precludes 
the use of filter-type or distal balloon-occlusion EPDs.

Data with proximal EPDs are more limited than those for distal 
EPDs, but they are emerging. The Proximal Flow Blockage Cerebral 
Protection During Carotid Stenting (PRIAMUS) study,27a an initial 
large registry using a proximal balloon-occlusion system, enrolled 416 
“real world” patients with carotid disease and reported a high rate of 
technical success (~99%) and acceptable clinical outcomes (4.5% inci-
dence of in-hospital stroke, death, or MI). Two prospective registries 
using the MO.MA system have also been reported. In the Proximal 
Protection with the MO.MA Device During Carotid Stenting 
(ARMOUR) study, 262 high-risk patients undergoing CAS with 
embolic protection were enrolled, with a reported 30-day rate of stroke, 
death, or MI of 2.7%.28 In a larger, single-center registry of 1300 
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Stent Selection and Placement
As in other vascular territories, the ability to stent carotid lesions has 
allowed operators to achieve a predictable angiographic result, deal 
with procedural complications such as dissection and abrupt vessel 
closure, and improve long-term patency by eliminating vessel recoil. 
Initial attempts at carotid stenting using relatively inflexible stainless 
steel balloon-expandable stents (e.g., Palmaz stent, Cordis, Warren, NJ) 
were associated with acute technical success. However, their use was 
abandoned owing to the subsequent development of stent crushing, 
likely related to compression of the superficially located carotid stent 
from neck movements.32 This complication led to the development and 
use of flexible self-expanding stents that could conform to the tortuous 
anatomy of the carotid bifurcation and changes in vessel shape associ-
ated with neck movements (Table 46-3). The functional properties of 
these stents are defined by their metal composition and design.33 
Nitinol, a nickel-titanium alloy, is the most widely used material for 
carotid self-expanding stents; because of its large elastic range, it 
confers an ability to withstand significant deformations. A variety of 
nitinol stents with either a closed- or an open-cell design is available. 
The closed-cell design offers superior scaffolding at the cost of reduced 
flexibility. A single cobalt-based alloy stent with a closed-cell design is 
currently available (e.g., WALLSTENT, Boston Scientific, Natick, MA). 
Both the metal composition and the design of this stent result in a more 
rigid stent with excellent scaffolding properties.

Carotid stents come in a variety of sizes that match the typical 
diameter of the ICA and CCA (5 to 10 mm), and they are typically 20 

patients who underwent CAS with embolic protection from the 
MO.MA device, the 30-day rate of stroke or death was a remarkable 
1.4%, and the procedural success rate was 99.7%.29 Finally, in a meta-
analysis of four studies including 2397 patients (mix of normal and 
high surgical risk and symptomatic and asymptomatic status) undergo-
ing CAS, the 30-day stroke rate was an impressive 1.7%.30 A small 
randomized trial examining the incidence of diffusion-weighted MR 
imaging defects also showed that there was clearly less distal emboliza-
tion with proximal EPDs compared with distal EPDs,31 but a significant 
effect on clinical outcome has yet to be demonstrated. Although these 
results are encouraging, a direct comparison of proximal versus distal 
embolic protection in a randomized trial with hard clinical outcomes 
is needed.

Angioplasty and Stenting
Figure 46-8 shows angiographic images from a carotid artery stent 
procedure.

Predilation
After placement of the EPD system, the lesion is usually predilated to 
facilitate stent delivery. Low-profile coronary balloons with diameters 
of 3.0 to 4.0 mm are used. Attempts to deliver the stent without predila-
tion have been associated with a greater amount of atheroembolism, 
likely related to increased trauma to the lesion with forcible passage of 
the stent across a tight stenosis.17

FIGURE 46-8	 Angiographic	 images	 from	a	 carotid	 artery	 stent	 procedure.	A,	 Baseline	 angiographic	 image	 shows	 severe	 internal	 carotid	 artery	
stenosis	(arrow).	B,	Placement	of	filter-type	embolic	protection	device	(5.5-mm-diameter	Accunet	filter,	Abbott	Vascular,	Abbott	Park,	IL).	C,	Pre-
dilation	(4.0-	by	20-mm	Maverick	balloon,	Boston	Scientific,	Natick,	MA).	D,	Placement	of	 tapered	6-	 to	8-mm-diameter	by	30-mm	long	self-
expanding	nitinol	stent	(Acculink,	Abbott	Vascular).	E,	Postdilation	with	5.0-	by	20-mm	Aviator	balloon	(Cordis,	Warren,	NJ).	F,	Final	angiographic	
appearance	after	removal	of	filter.	

Filter

Balloon BalloonStent

A B C D E F

TABLE 46-3 Self-Expanding Carotid Artery Stents
Stent Manufacturer Metal Composition Design Tapered Version Available FDA-Approved

Carotid	WALLSTENT Boston	Scientific,	Natick,	MA Cobalt	chromium Closed-cell No Yes

Exponent Medtronic,	Minneapolis,	MN Nitinol Open-cell No Yes

Precise Cordis,	Warren,	NJ Nitinol Open-cell No Yes

Protégé ev3,	Plymouth,	MN Nitinol Open-cell No Yes

AccuLink Abbott,	Abbott	Park,	IL Nitinol Open-cell Yes Yes

X-Act Abbott,	Abbott	Park,	IL Nitinol Closed-cell Yes Yes

Zilver Cook,	Bloomington,	IN Nitinol Open-cell No No

Cristallo	Ideale Invatec,	Roncadelle,	Italy Nitinol Hybrid Yes No
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Postprocedural Care and Follow-Up
At most centers, patients are admitted overnight to a step-down telem-
etry floor and typically discharged the next day. Neurologic and hemo-
dynamic monitoring are the most important components of care. All 
patients should receive lifelong aspirin therapy unless contraindicated, 
and clopidogrel is recommended for a minimum of 4 weeks after the 
procedure. Patients are seen at 1 month and 12 months after the pro-
cedure for clinical assessment and a carotid ultrasound study to screen 
for in-stent stenosis. Thereafter, yearly carotid ultrasound examination 
is recommended.37

COMPLICATIONS OF CAROTID INTERVENTION

Stroke
Stroke is the most important complication of CAS. Regardless of 
whether the patient is deemed to be at high or normal risk for CEA, 
the risk of periprocedural stroke is most strongly related to the patient’s 
symptomatic status.29 In studies of high-risk patients, most were 
asymptomatic. The 30-day incidence of stroke after CAS in multiple 

to 40 mm long. The nominal diameter of the stent used should be 1 to 
2 mm larger than the diameter of the largest treated vessel (usually the 
CCA). Stent lengths are chosen to provide complete lesion coverage. 
Initially, all carotid stents were cylindrical. However, tapered stents that 
conform to the size mismatch between the ICA and the CCA and 
facilitate treatment across the carotid bifurcation are now commonly 
used. The tapered stents used are usually 6 to 8 mm or 7 to 9 mm in 
diameter and either 30 or 40 mm long. The cylindrical stents used are 
usually 8 mm in diameter and of similar length (i.e., 30 to 40 mm). For 
most cases, any of the available carotid stents will achieve similar tech-
nical success and clinical outcomes. In the remaining cases (~25%), 
assuming that all stents are available to the operator, the choice of stent 
should be individualized and is largely influenced by arterial anatomy 
and lesion morphology.34 For example, stents with the greatest degree 
of flexibility—that is, open-cell-design nitinol stents with large open-
cell areas and highly flexible interconnecting bridges (e.g., Precise stent, 
Cordis; Zilver stent, Cook, Bloomington, IN)—may be optimal for 
treating lesions in tortuous locations. Calcified lesions should be treated 
with stents that have a high radial force and a moderate outward expan-
sive force, such as nitinol stents with a closed-cell design (e.g., Xact 
stent, Abbott). Finally, lesions with the greatest risk for distal embolism 
should be treated with stents that provide greater vessel scaffolding 
(closed-cell nitinol or cobalt alloy stents; e.g., WALLSTENT, Xact).

Postdilation
Postdilation of the self-expanding stent is typically performed with  
the use of a 4.5- to 5.5-mm diameter noncompliant balloon (e.g., 
Aviator, Cordis; Sterling, Boston Scientific). There is general agreement 
that postdilation is associated with the greatest propensity for plaque 
embolization; therefore experienced operators advocate a conservative 
approach to postdilation balloon sizing. A residual stenosis of less than 
20% is usually accepted.

After predilation, stent deployment, and postdilation, contrast 
angiography is performed to assess the angiographic result and detect 
any potential complications. When filter-type EPDs are being used, 
this practice allows the detection of “slow flow,” which is an important 
finding that requires special management.35 Slow flow is manifested by 
delayed antegrade flow in the ICA and may vary from complete cessa-
tion of antegrade flow to mild delay of ICA flow compared with the 
ECA (Fig. 46-9). Most likely, this phenomenon is caused by excessive 
distal embolization of plaque elements that occlude the filter pores, 
compromising antegrade flow through the filter (Fig. 46-10). The phe-
nomenon is frequent, occurring in 8% to 10% of cases,35,36 and is most 
commonly observed after postdilation of the stent (75% of cases) or 
after stent deployment (25% of cases). Predictors of this event include 
treatment of symptomatic lesions, increased patient age, and increased 
stent diameter.35 In patients with slow flow, the column of blood proxi-
mal to the filter has not been appropriately cleared of debris embolized 
from the treatment site by the filter EPD. In an effort to prevent distal 
embolization of this debris at the time of filter retrieval, use of an 
Export catheter to aspirate 40 to 60 mL of blood from the column of 
blood proximal to the filter before retrieval of the filter EPD is recom-
mended. If slow flow is observed after stent deployment, poststent 
dilation is discouraged, because it will probably exacerbate the degree 
of embolization from the treatment site.

Removal of the Embolic Protection Device and Final Angiography
Removal of filter-type EPD devices is achieved by advancing a retrieval 
sheath over the interventional wire and collapsing the filter. The col-
lapsed filter is then withdrawn carefully across the stent and removed. 
Most retrieval sheaths are available in a straight or angled shape to 
allow them to be advanced past the stent. Rarely, the patient may have 
to turn his or her head or external compression may have to be applied 
to the carotid to facilitate this maneuver. Final angiography at the 
treatment site, the EPD landing zone, and the ipsilateral anterior cere-
bral circulation is performed to assess the procedural outcome and 
detect any procedural complication (e.g., distal embolization, spasm at 
the filter site).

FIGURE 46-9	 Angiographic	appearance	and	complication	of	slow	flow	
during	carotid	intervention.	A,	Baseline	angiogram	shows	critical	bulky	
stenosis	at	the	origin	of	the	right	internal	carotid	artery	(ICA)	in	a	symp-
tomatic	 patient.	 B,	 Angiographic	 appearance	 after	 poststent	 dilation	
shows	cessation	of	flow	in	the	ICA	(arrow).	Notice	the	complete	filling	
of	the	external	carotid	artery.	C,	Angiographic	appearance	after	aspira-
tion	of	the	column	of	blood	proximal	to	the	filter	and	subsequent	retrieval	
of	the	filter.	D,	Angiogram	of	the	middle	cerebral	artery	after	retrieval	of	
the	filter	shows	occlusion	of	one	of	its	branches	(arrow).	
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ischemic in nature, with the dominant mechanism being distal embo-
lization of plaque due to manipulation of catheters and wires in the 
aortic arch and CCA and embolization of plaque elements associated 
with angioplasty and stent placement at the treatment site. Hemor-
rhagic strokes accounted for 15% to 20% of all strokes in larger high-
risk stent registries.42,43 The timing of these strokes is slightly later than 
that of ischemic strokes, and the dominant mechanism is probably 
related to cerebral hyperperfusion after CAS.

Neurologic deficits during the CAS procedure should be assumed 
to be ischemic in nature, and immediate cerebral angiography should 
be performed. A normal angiogram is associated with an excellent 
clinical outcome, and no further treatment should be instituted. In 
contrast, occlusion of a large artery (≥2-2.5 mm diameter) is associated 
with a poor neurologic outcome, and attempted recanalization using a 
combination of mechanical (i.e., angioplasty) and pharmacologic (i.e., 
thrombolytics, glycoprotein IIb/IIIa inhibitors) therapies by qualified 
interventionalists with experience in intracranial intervention is rea-
sonable.50 Even in skilled hands, however, the outcome of such rescue 
maneuvers is unpredictable, because conventional therapies have 
largely been designed to treat thrombus, and the occlusive emboli in 
the setting of CAS are composed of atheromatous debris.

Hemodynamic Depression
Baroreceptors located in the adventitia of the carotid sinus form part 
of the rapidly acting pressure control mechanism of the body and are 
activated by increases in blood pressure. Signals from these receptors 
are transmitted through the glossopharyngeal nerve (cranial nerve IX) 
toward the vasomotor center in the medulla, which in turn activates 
the vagus nerve (cranial nerve X) and reticulospinal tract, resulting in 
peripheral vasodilation, bradycardia, and decreased cardiac contractil-
ity (Fig. 46-11). Transient pressure from angioplasty and more pro-
longed pressure from self-expanding stents activates these baroreceptors, 
causing the hypotension and bradycardia that is frequently associated 
with CAS. In general, these hemodynamic effects are seen immediately 
at the time of intervention; in some patients, they persist into the 
postprocedural period for 24 to 48 hours.51-53 It is uncommon for sig-
nificant effects to be seen beyond 48 to 72 hours, because the barore-
ceptors gradually adapt to the pressure from the self-expanding stent.

In a retrospective analysis of 500 consecutive CAS cases from a 
single center, the frequency of procedural hemodynamic depression—
defined as a systolic blood pressure lower than 90 mm Hg or  
bradycardia of less than 60 beats/min—was 42%, with persistent hemo-
dynamic depression after the procedure in 17% of cases.51 Not surpris-
ingly, the location of the lesion at the carotid bulb was a predictor of 
the event. Prior endarterectomy was associated with a reduced inci-
dence of hemodynamic depression, most likely because of denervation 
of the carotid sinus.

The management of hemodynamic depression is usually straight-
forward. Prophylactic measures include withholding antihypertensive 
medications on the morning of the procedure and ensuring adequate 

observational studies of high-risk patients has ranged from 2.3% to 
6.9%28,36,38-43 with a majority of high-risk registry studies in recent years 
reporting stroke rates of 2.3% to 4.4%.28,36,38,40,41,43 These rates are com-
parable to the 30-day stroke rate of 3.1% that was observed in the sole 
randomized trial of high-risk patients.44 Approximately 80% of these 
reported strokes were ipsilateral to the treatment site; of these, 25% to 
33% were classified as major strokes (i.e., persistence of neurologic 
deficit beyond 30 days based on a National Institutes of Health [NIH] 
Stroke Scale score >3). The 30-day rate of stroke in the four contem-
porary trials of normal-risk, symptomatic patients ranged from 5% to 
9% (Table 46-4).45-48 A lower 30-day stroke rate of 2.5% was also 
reported in an asymptomatic subgroup from one trial of normal-risk 
patients.45

Although it has been poorly documented in most studies, our expe-
rience is that the majority of strokes occur at the time of the CAS 
procedure. This impression is corroborated by data from the Carotid 
and Vertebral Artery Transluminal Angioplasty Study (CAVATAS), in 
which 16 of 22 ischemic strokes in the 30-day period after carotid 
intervention occurred within the first 24 hours after the procedure.49 
Beyond 30 days, the risk of ipsilateral stroke with CAS is extremely 
low. In the Stenting and Angioplasty With Protection in Patients at 
High Risk for Endarterectomy (SAPPHIRE) trial, there were only  
two additional strokes (both minor) in the period between 30 days  
and 1 year after CAS among 167 patients, emphasizing the long-term 
safety of the procedure.44 Most procedure-related strokes (>80%) are 

TABLE 46-4 Thirty-Day Outcomes from Randomized Trials of CAS and CEA in Normal-Risk Patients

Trial

STROKE (%) MYOCARDIAL INFARCTION (%) DEATH (%)

CAS CEA P Value CAS CEA P Value CAS CEA P Value

CREST
	 Total 4.1 2.3 0.01 1.1 2.3 0.03 0.7 0.3 0.18
	 Symptomatic 5.5 3.2 0.04 1.0 2.3 0.08 3 0 NR
	 Asymptomatic 2.5 1.4 0.15 1.2 2.2 0.2 0 0 NA

ICSS 7.0 3.3 <0.01 0.4 0.5 NR 1.3 0.5 0.07

EVA-3S 8.8 2.7 <0.01 0.4 0.8 0.62 0.8 1.2 0.68

SPACE 7.5 6.2 NS NR NR NR 0.7 0.9 NS

CAS,	Carotid	artery	stenting;	CEA,	carotid	endarterectomy;	CREST,	Carotid	Revascularization	Endarterectomy	Versus	Stenting	Trial;	EVA-3S,	Endarterectomy	Versus	Angioplasty	 in	Patients	
with	Symptomatic	Severe	Carotid	Stenosis;	ICCS,	International	Carotid	Stenting	Study;	NA,	not	applicable;	NR,	not	reported;	NS,	not	statistically	significant	but	specific	P	values	not	reported;	
SPACE,	Stent-Supported	Percutaneous	Angioplasty	of	the	Carotid	Artery	Versus	Endarterectomy	trial.

FIGURE 46-10	 Schematic	 diagram	 of	 proposed	 mechanism	 of	 slow	
flow	and	rationale	for	aspiration.	A,	Carotid	bifurcation	lesion	with	filter	
placed	 distally.	 B	 and	 C,	 Balloon	 angioplasty	 and	 stenting	 result	 in	
embolization	 of	 debris	 from	 atherosclerotic	 plaque	 toward	 the	 filter,	
causing	 occlusion	 of	 filter	 pores	 and	 accumulation	 of	 debris	 in	 the	
column	of	blood	proximal	to	the	filter.	D	and	E,	Aspiration	proximal	to	
the	filter	removes	debris	from	the	column	of	blood	without	affecting	the	
debris	causing	occlusion	of	the	filter.	(From	Casserly	IP,	Abou-Chebl	A,	
Fathi	R:	Slow-flow	phenomenon	during	carotid	artery	intervention	with	
embolic	protection	devices:	predictors	and	clinical	outcome.	J	Am	Coll	
Cardiol	46[8]:1466-1472,	2005.)

A

Embolic
debris

Filter
Clogged

filter

ICA

CCA
Balloon Stent Export

catheter

B C D E



 CHAPTER 46  Carotid and Cerebrovascular Intervention 707

Hyperperfusion Syndrome
Cerebral hyperperfusion syndrome is a rare but potentially life-
threatening complication of carotid and vertebral revascularization 
procedures that improve flow to a chronically ischemic cerebral terri-
tory.54 The syndrome is thought to be caused by significant increases 
in cerebral blood flow (>100% of baseline) after revascularization,55 
which in combination with impaired cerebral autoregulation results in 
transudation of fluid into the brain’s interstitium and cerebral edema 
(Fig. 46-12). Although hypertension is always present in these patients, 
it is not a universal finding. Clinically, patients typically complain of a 
throbbing headache that is ipsilateral to the revascularization site, 
although the headache may be diffuse. Associated symptoms include 
nausea, vomiting, confusion, and visual disturbances. In the most 
severe cases, patients develop focal neurologic deficits and seizures.

The feared complication of the hyperperfusion syndrome is intra-
cerebral or subarachnoid hemorrhage, which is associated with a high 
mortality rate (40% to 60%) and severe morbidity among survivors. In 
12 observational studies published since 2003 reporting rates of hyper-
perfusion syndrome after carotid stenting, the incidence of hyperper-
fusion syndrome was 1.3% (73 of 5431 cases).56-59 There is some 
variation in the timing of the syndrome, but most cases manifested 
within 24 hours after the procedure, and cases beyond 2 to 4 days were 
rare. Based on data in patients undergoing carotid revascularization 
with CEA, an increased risk of the syndrome likely persists up to 28 
days after CAS. The rate of hemorrhagic complications of the syn-
drome after CAS appears to be high, with 25% to 60% of cases being 
complicated by intraparenchymal or subarachnoid hemorrhage.58,60,61

The low event rates for hyperperfusion syndrome in these reports 
preclude multivariate analyses of predictors of the syndrome after CAS. 
Several risk factors have been reported in the CEA literature, and these 
probably also apply in patients undergoing CAS. They include preexist-
ing hypertension, postprocedural hypertension, contralateral carotid 
occlusion, critical ipsilateral carotid stenosis, and incomplete circle of 
Willis.54 These risk factors permit the identification of patients who are 
at high risk for cerebral hyperperfusion after CAS. However, aggressive 
control of blood pressure after CAS is recommended in all patients to 
prevent it. One study reported an incidence of hyperperfusion syn-
drome of 3 (0.5%) among a cohort of 570 patients with the implemen-
tation of an aggressive blood pressure-lowering algorithm after carotid 
stenting.62

hydration with intravenous fluids before and during the procedure. 
Some operators routinely administer atropine (0.25 to 0.5 mg IV) 
before the angioplasty and stenting portion of the procedure, whereas 
others restrict its use to patients who have critical aortic stenosis or 
critical coronary artery disease or who demonstrate an exaggerated 
hemodynamic response to angioplasty or stent deployment. In the 
presence of severe asymptomatic (i.e., systolic blood pressure <75 mm 
Hg) or any symptomatic hemodynamic depression, the use of intrave-
nous pressors (e.g., phenylephrine, dopamine, epinephrine) is indi-
cated. For less severe asymptomatic hemodynamic depression, oral 
pseudoephedrine (40-60 mg every 4-6 hours) may be used in an effort 
to avoid intravenous pressors. For patients with persistent postproce-
dural hemodynamic depression, it is important to withhold routine 
antihypertensive medications and to carefully titrate these medications 
as the patient’s blood pressure returns to baseline. Providing the patient 
with an automated blood pressure cuff and ensuring daily contact 
between the patient and the health care provider is advisable to opti-
mize this management after hospital discharge.

FIGURE 46-11	 Diagrammatic	 representation	of	 the	effect	of	activation	
of	 mechanoreceptors	 in	 the	 carotid	 sinus	 during	 carotid	 intervention.	
CN,	Cranial	nerve.	
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FIGURE 46-12	 Graph	showing	the	increase	in	cerebral	blood	
flow	 (CBF)	 after	 carotid	 endarterectomy.	 Increase	 in	 CBF	
>100%	from	baseline	defines	the	patient	group	with	cerebral	
hyperperfusion	(purple	circles).	Within	this	group,	two	patients	
(arrows)	 developed	 clinical	 signs	 and	 symptoms	 consistent	
with	 cerebral	 hyperperfusion	 syndrome	 (CHS).	 CEA,	 Carotid	
endarterectomy.	 (From	van	Mook	WN,	Rennenberg	RJ,	 Sch-
urink	 GW,	 et	al:	 Cerebral	 hyperferfusion	 syndrome,	 Lancet	
4:877-888,	2005.)
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MI, as determined by preprocedural and postprocedural electrocardio-
grams and serial measurements of creatine kinase (CK) and CK-MB 
fraction, has been included in the end point of most high-risk CAS 
registries and trials. In this patient cohort, the 30-day incidence of MI 
has been in the range of 0% to 2.4%.28,36,38-44 More than 80% of these 
MIs were non-Q-wave in type. When CAS was compared with CEA 
in high-risk patients in the SAPPHIRE trial, there appeared to be a 
significant and consistent reduction in MI with CAS (2.4% versus 6.1%; 
P = .04).44 The risk of MI among normal-risk patients undergoing CAS 
is likely to be lower, a contention supported by data from the Carotid 
Revascularization Endarterectomy versus Stenting Trial (CREST), 
which reported 30-day MI rates of 1.1% in the CAS arm and 2.3% in 
the CEA group (P = .03) (see Table 46-4).45

Restenosis
In-stent restenosis (ISR) is an important late complication of CAS. 
Because of its acceptable sensitivity, safety, and accessibility, duplex 
ultrasound screening for carotid ISR66 has largely been used for fre-
quency estimates. Based on this method, the incidence of severe ISR 
(≥80%) is 3% to 4% at approximately 18 months of follow-up.67,68 
The rate of ISR at 2 years in a randomized trial of CAS and CEA was 
higher (11.1%) when a lower cutoff value (i.e., ≥70%) was used to 
define it.69 However, for less severe degrees of ISR, conventional ultra-
sound criteria for determination of the degree of stenosis in a non-
stented carotid artery may overestimate stenosis after CAS because of 
alterations in the compliance of the stented artery.70 Nonetheless, data 
suggest that ISR is associated with low rates of clinical events. In two 
large series, only 1 of 12 patients with severe ISR (>80%) was symp-
tomatic,67,68 and only 2 of 54 patients with ISR greater than 70% were 
symptomatic.69 Additionally, the rate of clinically driven target vessel 
revascularization was only 2.4% at 3 years in a randomized trial of 
high-risk patients.44

A serial intravenous ultrasound (IVUS) study demonstrated that 
the immediate postprocedural minimal carotid stent area is negatively 
correlated with the percentage of restenotic area at follow-up.71 Before 
this study, it was thought that such a relationship would not exist owing 
to the large caliber of the carotid artery. This finding emphasizes the 
need to balance the short-term procedural risk of distal embolization 
and stroke from aggressive poststent dilation against the long-term risk 
of ISR. As in the case of restenosis after CEA, the clinical benefits of 
revascularization for ISR after CAS have not been demonstrated. Both 
of these pathologies appear to be associated with a relatively benign 
clinical outcome,71 suggesting that a conservative approach is appropri-
ate. Repeat revascularization is usually limited to patients with severe 
ISR and may be influenced by other considerations, such as the pres-
ence of contralateral disease or occlusion. A variety of interventional 
techniques have been reported for treatment of carotid ISR, including 
angioplasty, cutting-balloon angioplasty, repeat stenting, and brachy-
therapy, with recurrence rates ranging from 0% to 50%.67,68,72,73

CAROTID ARTERY STENTING—CLINICAL DATA
Although the benefits of CEA compared with medical therapy have 
been clearly demonstrated in RCTs, these trials systematically excluded 
patients with certain baseline comorbidities or high-risk anatomic  
features (Table 46-5). Subsequent “real world” assessments of clinical 
outcomes with CEA have suggested that the conclusions of these trials 
might not be broadly applicable in clinical practice. For example,  
Wennberg and colleagues74 analyzed outcomes in 113,000 Medicare 
patients undergoing CEA between 1992 and 1993 and reported mor-
tality rates at least three times greater than those reported in prior 
RCTs. A single-center CEA registry of more than 3000 patients dem-
onstrated that comorbidities such as severe coronary artery disease, 
chronic obstructive pulmonary disease, and renal insufficiency were 
associated with a 7.4% incidence of perioperative death, stroke, or MI, 
compared with 2.9% in a low-risk cohort of patients without these 
comorbidities.75 Based on such data, initial attempts to demonstrate 

The cornerstones of management of hyperperfusion syndrome are 
prompt diagnosis and emergent institution of therapy. The diagnosis 
is initially a clinical one, based on the patient’s symptoms. Although 
confirmatory studies are helpful, the clinical diagnosis of hyperperfu-
sion syndrome mandates immediate medical therapy. Because blood 
flow is pressure dependent in patients with cerebral hyperperfusion 
syndrome, the major focus of therapy is a reduction in systemic arterial 
pressure.54 Several antihypertensive agents are contraindicated because 
they are associated with increased cerebral blood flow, including  
glycerol trinitrate, nitroprusside, calcium channel antagonists, and 
angiotensin-converting enzyme inhibitors. Recommended agents 
include beta-blockers, labetalol (mixed alpha- and beta-adrenergic 
antagonist), and clonidine (central alpha2-adrenergic antagonist), 
which have favorable effects on cerebral blood flow and cerebral perfu-
sion pressure in this clinical situation. Patients should be cared for in 
an intensive care setting that facilitates meticulous control of systemic 
arterial pressure. After institution of treatment, imaging studies (i.e., 
CT and MR imaging) are helpful to screen for hemorrhagic complica-
tions and assess for the presence of cerebral edema. In addition, tran-
scranial Doppler ultrasonography documenting a significant increase 
in flow velocity (>150% to 300% compared with baseline) in the ipsi-
lateral middle cerebral artery is useful in confirming the diagnosis.

Adverse Cardiac Events
MI has not been included in the outcome analysis of all RCTs of 
normal-risk patients. However, the importance of MI as a component 
of the primary composite end point is underscored by the increased 
risk of death among patients who suffer MI in the perioperative period 
after vascular surgery (Fig. 46-13).64,65 For this reason, the incidence of 

FIGURE 46-13	 Incidence	 of	 death,	 stroke,	 and	 myocardial	 infarction	
(MI)	at	30	days	in	high-risk	carotid	artery	stent	registries.	The	registries	
are	ordered,	with	the	most	recently	published	at	the	top	and	the	earliest	
published	at	the	bottom.28,36,38-43,63	
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Carotid Artery Stenting in High-Risk Patients
Among high-risk patients, outcomes of CAS using contemporary tech-
niques have been reported in the form of case series, industry-
sponsored registries, and a single RCT. In general, studies of high-risk 
patients have grouped symptomatic and asymptomatic patients 
together, with most patients (~75%) being asymptomatic. The enroll-
ment criteria have relied heavily on data from prior RCTs in normal-
risk patients; symptomatic patients with 50% or greater carotid stenosis 
and asymptomatic patients with 70% to 80% carotid stenosis being 
eligible for inclusion. Case series were particularly helpful in the  
early stages of the development of CAS but in general have suffered 
from a lack of stringent oversight. A large number of multicenter, 
industry-sponsored registries with stricter oversight have been per-
formed (Table 46-6, see Fig. 46-13).

The largest and most recently published of these registries are the 
EmboShield and Xact Post Approval Carotid Stent Trial (EXACT; N = 
2145) and the Carotid RX ACCULINK/RX ACCUNET Post-Approval 
Trial to Uncover Unanticipated or Rare Events study (CAPTURE2;  
N = 4175). In both of these studies, there was independent adjudication 
of neurologic outcomes. At 30 days, the rate of death was 0.9% in both 
trials; the rate of stroke was 3.6% in EXACT and 2.8% in CAPTURE2.38 
These event rates are somewhat lower than what was reported in 
smaller, earlier published registries of carotid stenting with distal EPD, 
in which the study populations ranged from approximately 200 to 500 
participants and the stroke rates were 3.4% to 6.9% (see Table 46-6 and 
Fig. 46-13).39,41-43 This temporal trend suggests that increased operator 
experience has played a role in reducing adverse outcomes.

Emerging data on the use of proximal EPDs also suggest that these 
devices may be associated with reduced rates of stroke. In a European 
multicenter registry of 157 high-risk patients treated with CAS and 
proximal embolic protection with MO.MA, the 30-day rate of stroke 
was 2.5%. Similarly, in another multicenter registry of 263 subjects 
treated with CAS and MO.MA, the stroke rate was 2.3% (see Table 46-6 
and Fig. 46-13).28,36 The SAPPHIRE trial is the sole randomized trial 
comparing CEA with CAS in high-risk patients.44 Enrollment in this 

TABLE 46-5 Criteria Used to Define a High-Risk Population in 
Studies of Carotid Artery Stenting

Clinical Criteria

Age	>	75-80	yr
Congestive	heart	failure	(class	III/IV)
Known	severe	left	ventricular	dysfunction	(LVEF	<30%-35%)
Planned	CABG	or	heart	valve	surgery
Recent	MI	(>24	hr	and	<4-6	wk)
Unstable	angina	(CCS	class	III/IV)
Severe	pulmonary	disease*
Contralateral	cranial	nerve	injury

Anatomic Criteria

Previous	CEA	with	recurrent	stenosis
Surgically	inaccessible	lesion
High	cervical	lesion	(at	or	above	C2)
Below	the	clavicle
Contralateral	carotid	occlusion
Radiation	therapy	to	neck
Prior	radical	neck	surgery
Severe	tandem	lesions
Spinal	immobility	of	the	neck

CABG,	Coronary	artery	bypass	surgery;	CEA,	carotid	endarterectomy;	CCS,	Canadian	Car-
diovascular	Society;	LVEF,	left	ventricular	ejection	fraction;	MI,	myocardial	infarction.
*Defined	as	need	for	home	oxygen,	partial	pressure	of	oxygen	(Po2)	<60	mm	Hg	on	room	
air,	forced	expiratory	volume	in	1	second	(FEV1)	<30%	to	50%	of	predicted.

TABLE 46-6 “High-Risk” Registries of Carotid Artery Stenting With Embolic Protection
Study Sponsor Sample Size Stent Embolic Protection Device Status

SAPPHIRE	(CAS	registry) Cordis 409 Precise Angioguard 3-yr	outcomes	published

ARCHeR	2,	3 Guidant ARCHeR	2—278
ARCHeR	3—145

Acculink	(OTW	&	RX) Accunet 2-yr	outcomes	published

SECuRITY Abbott	Vascular	
Devices

320 MedNova	Xact MedNova	NeuroShield/
EmboShield

1-yr	outcomes	presented

BEACH Boston	Scientifc 480 WALLSTENT FilterWire	EX	and	EZ 1-yr	outcomes	published

CABERNET EndoTex 380 NexStent FilterWire	EX 3-yr	outcomes	published

MAVErIC	International Medtronic 51 Exponent Interceptor 1-yr	outcomes	published

MAVErIC	II Medtronic Phase	I—99
Phase	II—399

Exponent GuardWire 1-yr	outcomes	published

PASCAL Medtronic 115 Exponent Any	CE	mark–approved	device 30-day	outcomes	presented

CREATE ev3 400 Protégé Spider 30-day	outcomes	published

MO.MA* Invatec 157 Any	carotid	stent MO.MA 30-day	outcomes	published

CAPTURE2 Abbott 4175 Acculink Accunet 30-day	outcomes	published

EXACT Abbott 2145 Xact EmboShield 30-day	outcomes	published

ARMOUR Invatec 262 Any	carotid	stent MO.MA 30-day	outcomes	published

ARCHeR,	Acculink	for	Revascularization	of	Carotids	in	High-Risk	Patients;	BEACH,	The	Boston	Scientific	EPI:	A	Carotid	Stenting	Trial	for	High-Risk	Surgical	Patients;	CABERNET,	Carotid	Artery	
Revascularization	Using	the	Boston	Scientific	EPI	FilteRwire	EX/EZ	and	the	EndoTex	NexStent;	CAPTURE2,	Carotid	RX	ACCULINK/RX	ACCUNET	Post-Approval	Trial	to	Uncover	Unanticipated	
or	Rare	Events;	CAS,	carotid	artery	stent;	CREATE,	The	Carotid	Revascularization	With	ev3	Arterial	Technology	Evolution	trial;	EXACT,	EmboShield	and	Xact	Post	Approval	Carotid	Stent	Trial;	
MAVErIC,	Evaluation	of	the	Medtronic	AVE	Self-Expanding	Carotid	Stent	System	With	Distal	Protection	in	the	Treatment	of	Carotid	Stenosis;	MO.MA,	a	prospective	multicenter	clinical	registry	
for	carotid	stenting	with	a	new	neuro-protection	device	based	on	endovascular	clamping;	OTW,	over-the-wire;	PASCAL,	Performance	and	Safety	of	the	Medtronic	AVE	Self-Expandable	Stent	
in	Treatment	of	Carotid	Artery	Lesions;	Rx,	monorail;	SAPPHIRE,	Stenting	and	Angioplasty	With	Protection	in	Patients	at	High	Risk	for	Endarterectomy	Endarterectomy;	SECuRITY,	a	registry	
study	to	evaluate	the	NeuroShield	bare	wire	cerebral	protection	system	and	Xact	stent	in	patients	at	high	risk	for	carotid	endarterterectomy.
*75%	of	patients	were	considered	high-risk.

equipoise between contemporary percutaneous carotid revasculariza-
tion and CEA focused on a high-risk patient cohort as the study popu-
lation of interest. Accepting that carotid revascularization has not been 
proven in RCTs to be more efficacious than medical therapy in this 
study population, surgical CEA has been widely employed by vascular 
surgeons on the basis that a beneficial effect in high-risk patients could 
be extrapolated from trial data in normal-risk study populations.
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incidence of death or disabling stroke was identical in each arm (6%; 
P = Not Significant). Not surprisingly, the low rate of stent usage was 
associated with a high rate of restenosis in the endovascular arm. Given 
the absence of EPD and carotid stent use in this trial, the relevance of 
the CAVATAS data to contemporary practice is limited.

The Stent-Protected Percutaneous Angioplasty of the Carotid 
Versus Endarterectomy (SPACE) trial and the Endarterectomy Versus 
Angioplasty in patients With Symptomatic Severe Carotid Stenosis 
(EVA-3S) trial were the first two RCTs comparing contemporary CAS 
technique (i.e., EPD and carotid stent use) with CEA.47,76 Both were 
performed in Europe, and the 30-day and long-term (2- to 4-year) 
outcomes have been published. In the EVA-3S trial, the 30-day inci-
dence of stroke or death was 9.6% in the CAS arm versus 3.9% in the 
CEA arm (P = .01).47 The SPACE trial reported the incidence of ipsi-
lateral stroke and death at 30 days in the CAS arm as 6.8% versus 6.3% 
in the CEA arm.76 Based on predefined statistical rules to prove the 
equivalence of CAS versus CEA, the SPACE investigators concluded 
that CAS failed to demonstrate equivalence. Because enrollment would 
have had to be doubled to provide enough power to prove equivalence, 
they stopped further patient recruitment into the trial.

For proponents of CAS, these results were disappointing and cer-
tainly raised concern regarding the safety of CAS in this patient subset. 
However, the results of both of these studies need to be interpreted in 
the context of several factors that challenge the validity of the findings. 
Neither study had a roll-in phase to ensure that operators were com-
pletely familiar with the equipment for CAS and to audit their clinical 
outcomes. This limitation was compounded by the fact that the thresh-
old carotid interventional experience required for operators in both of 
these studies was suboptimal. For example, in the EVA-3S trial, an 
operator who had performed only five prior CAS procedures was eli-
gible to treat randomized patients. Similarly, in the SPACE trial, eligible 
operators for the CAS arm need not have ever performed carotid stent-
ing; rather, eligibility was set by a threshold of having performed 25 
successful angioplasty procedures in any vascular bed. There were 
additional issues with regard to the interventional technique used in 
these studies. Despite the availability of EPDs, the EVA-3S study did 
not initially mandate their use. Only after an interim analysis demon-
strated an increased incidence of stroke among patients in whom EPDs 
were not used was the protocol amended to mandate their use. In the 
SPACE trial, the use of EPDs was left to the discretion of the operator, 
and they were ultimately used in only 27% of all patients. Predilation 
before stenting was performed in only 17% of patients in the EVA-3S 
trial, which is a definite deviation from accepted CAS technique in the 
United States. In a further deviation from accepted U.S. practice, 15% 
of patients in EVA-3S were not administered dual antiplatelet therapy 
after carotid stent placement. In summary, the data provided by the 
EVA-3S and SPACE trials did not support equivalency of CAS versus 
CEA in symptomatic patients at normal risk for CEA, but deficiencies 
in trial design and execution are believed by proponents of CAS to 
explain the signal of harm associated with CAS in these trials.

The remaining two RCTs of CAS versus CEA in normal-risk symp-
tomatic patients were the International Carotid Stenting Study (ICSS) 
and the CREST trial.45,46 More than 1700 patients from Europe, Aus-
tralia, New Zealand, and Canada were enrolled in the ICSS. Unfortu-
nately, this study did not have a roll-in phase, and the minimum 
training requirement for CAS operators was set at 50 total stenting 
procedures, of which only 10 had to be in the carotid territory. In addi-
tion, the use of EPDs was not mandated; they appear to have been used 
in approximately 80% of cases. Considerable controversy has been 
generated by the finding that there was an increased incidence of new 
ischemic lesions on diffusion-weighted MR imaging in patients treated 
at centers in which EPDs were used versus centers in which EPDs were 
not used. It is unclear whether this finding represents real harm due 
to EPD use or whether operators were inexperienced with their use. 
Accepting these limitations, the major finding of ICSS was that the 
incidence of stroke at 30 days was significantly lower with CEA than 
with CAS (3.9% versus 7.6%). This difference was driven largely by an 
excess of nondisabling strokes in the CAS group. At 120 days’ follow-up, 

study differed from the multicenter industry-sponsored registries in 
one important respect: The carotid lesion had to be deemed amenable 
to revascularization by both surgical and percutaneous methods. As a 
result, the overall risk of the cohort in the randomized portion of this 
trial was likely somewhat less than in registry-type studies.

Given its randomized design, the SAPPHIRE trial has provided the 
most robust data supporting the role of CAS with filter-type EPDs 
compared with CEA in high-risk patients. At 30-day and 1-year 
follow-up, there was a trend toward a reduction in the incidence of 
death in the CAS group, a significant reduction in the incidence of MI 
in the CAS arm, but no significant difference in stoke rate (Table 46-7). 
Target lesion revascularization (0.7% versus 4.6%; P = .04) and cranial 
nerve palsies (0% versus 5.3%; P = .003) were also significantly reduced 
in the CAS arm. At 3 years’ follow-up in this RCT, event rates were 
comparable between CAS and CEA patients: Death occurred in 19% 
of patients in the CEA arm and 21% of patients in the CAS arm (P = 
.68), and stroke occurred in 9% of patients in each arms. Overall, these 
data support the conclusion that CAS with embolic protection is not 
inferior to CEA in high-risk patients and provides equivalent long-
term protection from stroke events.73

Carotid Artery Stenting in Normal-Risk Patients
Carotid intervention remains investigational in normal-risk patients. 
In contrast to high-risk CAS trials, studies in normal-risk patients have 
typically included symptomatic and asymptomatic patients seen in 
isolation, according to the clearly established differences in their 
natural history based on symptomatic status. Additionally, most major 
normal-risk studies have had a randomized design and in general have 
compared CAS with CEA. A total of five randomized trials of carotid 
intervention in normal-risk patients have been completed (Table 46-8; 
see Table 46-4).

The CAVATAS trial was the first of these and included a largely 
symptomatic patient cohort with carotid disease.49 However, because 
this study enrolled patients between 1992 and 1997, the endovascular 
arm largely employed a strategy of angioplasty alone—EPDs were not 
available, and carotid stents became available only toward the end of 
the trial. Despite the lack of a contemporary CAS technique, the 30-day 

TABLE 46-7 Outcomes in the SAPPHIRE Trial (Based on 
Intention-to-Treat Analysis)

RANDOMIZED TRIAL

CAS (%) CEA (%)

30-Day Outcomes

Death 0.6 2.0

Stroke 3.1 3.3

MI 1.9 6.6

Death/stroke/MI 4.4 9.9

1-Year Outcomes

Death 7.4 13.5

Stroke 6.2 7.9

MI 3.0 7.5

30-day	death/stroke/MI	plus	death	and	
ipsilateral	stroke	between	31	days	and	1	yr

12.2 20.1

3-Year Outcomes

Death 18.6 21.0

Stroke 9.0 9.0

MI 5.4 8.4

30-day	death/stroke/MI	plus	death	and	
ipsilateral	stroke	between	1	and	3	yr

24.6 26.9

CAS,	 Carotid	 artery	 stenting;	 CEA,	 carotid	 endarterectomy;	 MI,	 myocardial	 infarction;	
SAPPHIRE,	 Stenting	 and	 Angioplasty	 With	 Protection	 in	 Patients	 at	 High	 Risk	 for	
Endarterectomy.
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P = .01), driven by an increased incidence of minor rather than major 
stroke. There was a lower rate of periprocedural MI in the CAS group 
(1.1% versus 2.3%; P = .03), and, not surprisingly, cranial nerve palsies 
were more frequent in the CEA group (4.8% versus 0.3%; P < .01).45 
Proponents of CAS are likely to promote CREST as an example of a 
well-designed and executed U.S.-based trial in which stroke rates with 
CAS were lower than in earlier, non–U.S.-based trials with recognized 
limitations. Although debate is likely to continue, CREST appears to 
have restored confidence among the interventional community that 
CAS will ultimately become a viable option for normal-risk symptom-
atic (and asymptomatic) patients.

In summary, results from trials of CEA versus CAS in normal-risk 
symptomatic patients are mixed. The optimal method of carotid revas-
cularization may depend on patient age, operator experience, and 
patient preference regarding the risks of periprocedural MI (higher 
with CEA), periprocedural stroke (higher with CAS, particularly if 
operators are inexperienced), and cranial nerve palsy (higher with 

the rates of death and stroke were significantly lower with CEA than 
with CAS (0.8% versus 2.3%, and 4.1% versus 7.7%, respectively). 
There was an extremely low rate of MI in both arms (0.4% for CAS 
and 0.5% for CEA).46

The CREST trial was a U.S.-based trial sponsored by the NIH that 
enrolled more than 2500 patients. Unlike other RCTs in normal-risk 
populations, both symptomatic (53%) and asymptomatic patients were 
included, a decision that was driven by initial problems with patient 
recruitment. In contrast to other trials of normal-risk patients, there 
was a stringent lead-in phase to ensure that operators were familiar 
with the single carotid stent and filter system used in the study and to 
audit clinical outcomes before approval for recruitment of patients into 
the randomized portion of the trial. The primary end point of the trial 
(periprocedural death, stroke, or MI plus ipsilateral stroke up to 4 years 
after carotid revascularization) occurred in 7.2% of the CAS group 
compared with 6.8% of the CEA group (P = .51). There was an increased 
incidence of stroke at 30 days in the CAS group (4.1% versus 2.3%;  

TABLE 46-8 “Normal-Risk” Carotid Artery Stent Trials

Trial
Planned 
Sample Size

Sites of 
Enrollment Funding

Clinical 
Enrollment 
Criteria

Lesion 
Enrollment 
Criteria

Endovascular 
Strategy

Primary End 
Points

Status of 
Trial

ICSS
(CAVATAS-2)

1500 Europe
Australia
Canada

Stroke	
Association

Sanofi	
Synthelabo

European	
Commission

TIA/stroke	
within	
12	mo

>50%	by	
NASCET	
method	or	
noninvasive	
equivalent

CAS	+	EPD 30-day	death/
stroke/MI

3-yr	death/
disabling	stroke

120-day	
outcomes	
published

EVA-3S 900 France National	
Research	
Organization

TIA/stroke	
within	4	mo

>60%	by	
NASCET	or	
noninvasive	
equivalent

CAS	+	EPD 30-day	death/
stroke

30-day	death/
stroke	+	
ipsilateral	
stroke	at	2-4	yr

4-yr	
outcomes	
published

SPACE 1900 Germany
Austria
Switzerland

Federal	Ministry	
of	Education	
and	Research

German	
Research	
Foundation

Industry	Funding

TIA/stroke	
within	6	mo

>50%	by	
NASCET	or	
70%	by	
Doppler

CAS	±	EPD 30-day	death/
ipsilateral	
stroke

2-yr	
outcomes	
published

CREST 2500 North	America
Europe

National	Institute	
of	Neurological	
Disorders	and	
Stroke—NIH

Guidant	
Corporation

Symptomatic >50%	by	
NASCET

>70%	by	
ultrasound

CAS	+	EPD 30-day	death/
stroke/MI

Ipsilateral	stroke	
after	30	days

30-day	
outcomes	
published

Asymptomatic >60%	by	
NASCET

>70%	by	
ultrasound

ACT	I 1540 North	America Abbott	Vascular Asymptomatic CAS	+	EPD Stroke/death/MI	
within	30	days	
+	ipsilateral	
stroke	at	
30-365	days

Enrollment	
began	April	
2005

TACIT 3700 North	America
Europe

NIH,	Pharma,	
Device	
Industry

Asymptomatic >60%	by	
ultrasound

CAS	+	EPD Stroke/death	at	
3-	to	5-yr	
follow-up

Held	due	to	
lack	of	
funding

SPACE2 3523 Germany
Austria
Switzerland

Federal	Ministry	
of	Education	
and	Research

German	
Research	
Foundation

Industry	Funding

Asymptomatic >50%	by	
ultrasound

CAS	+	EPD 30-day	stroke/
death

Ipsilateral	stroke	
at	5	yr

Enrolling	
study	
participants

ACT	 I,	 Asymptomatic	Carotid	Stenosis,	 Stenting	Versus	Endarterectomy	Trial;	CAS,	 carotid	artery	 stenting;	CAVATAS,	Carotid	and	Vertebral	 Artery	 Transluminal	 Angioplasty	Study;	CREST,	
Carotid	Revascularization	Endarterectomy	Versus	Stent	Trial;	EPD,	embolic	protection	device;	EVA-3S,	Endarterectomy	Versus	Angioplasty	in	Patients	With	Symptomatic	Severe	Carotid	Stenosis;	
ICCS,	 International	Carotid	Stenting	Study;	MI,	myocardial	 infarction;	NASCET,	North	American	Symptomatic	Carotid	Endarterectomy	Trial;	NIH,	National	 Institutes	of	Health;	SPACE,	Stent-
Supported	Percutaneous	Angioplasty	of	the	Carotid	Artery	Versus	Endarterectomy	Trial;	TACIT,	Transatlantic	Asymptomatic	Carotid	Intervention	Trial;	TIA,	transient	ischemic	attack.
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based on clinical and anatomic assessments, will allow physicians to 
make a more valid judgment regarding the risk-benefit ratio for the 
individual patient (Fig. 46-14).

Further, the current culture of viewing CAS and CEA as competi-
tive strategies for carotid revascularization is counterproductive and 
reminiscent of the debate on percutaneous coronary intervention 
versus coronary artery bypass surgery. Instead, these strategies should 
be viewed as complementary. The mode of revascularization that is 
most likely to achieve the safest procedural outcome for an individual 
patient should be chosen. Close examination of outcomes from CAS 
versus CEA trials should help elucidate those variables that favor one 
mode of revascularization over the other.

PROXIMAL VERTEBRAL ARTERY INTERVENTION
Atherosclerotic disease of the VA is most commonly located at the 
origin and proximal V1 extracranial segment of the vessel. Typically, 
disease at this location represents extension of plaque from the subcla-
vian artery into the proximal VA. In a large prospective New England 
registry of patients with symptomatic ischemia of the posterior circula-
tion, proximal VA disease was deemed the primary mechanism of 
stroke in 9%, underscoring the importance of atherosclerotic disease 
at this site.77 The mechanism of stroke was attributed predominantly 
to either hemodynamic compromise or artery-to-artery embolism (i.e., 
VA to distal posterior circulation).

CEA). Regarding asymptomatic patients at normal risk for CEA, 
further dissection of the data from the asymptomatic arm of the 
CREST trial is required. Currently, results from CREST 2 are eagerly 
awaited. CREST 2 is a randomized trial comparing CEA, CAS, and 
optimal medical therapy in symptomatic and asymptomatic patients 
with carotid artery disease. Completion of this trial is expected in 2016. 
Disappointingly, two planned trials intended to compare medical 
therapy with carotid revascularization in asymptomatic patients will 
not be completed because of enrollment and funding issues (Asymp-
tomatic Carotid Trial [ACT] and Transatlantic Asymptomatic Carotid 
Intervention Trial [TACIT]).19

CAROTID ARTERY STENTING—FUTURE PERSPECTIVE
Realizing the potential of CAS will require further refinements in inter-
ventional tools and technique. Perhaps more dramatic may be a reeval-
uation of the current paradigm for choosing patients for carotid 
revascularization. We need to move beyond using symptomatic status 
and percent carotid stenosis as the sole determinants of need for revas-
cularization. Combining more sophisticated prediction models that 
incorporate multiple clinical variables with advanced imaging studies 
of carotid plaque (e.g., tissue characterization with MR imaging or 
ultrasound) that allow a more accurate estimation of an individual’s 
risk of recurrent neurologic events is necessary. Additionally consider-
ing the individual’s estimated procedural risk (for either CEA or CAS), 

FIGURE 46-14	 Examples	of	anatomic	variations	that	increase	procedural	risk	during	carotid	artery	stenting.	A,	Type	III	aortic	arch.	B,	Bovine	origin	
of	the	left	common	carotid	artery	(CCA)	(long	arrow)	and	severe	tortuosity	in	the	left	CCA	(short	arrow).	C,	Severe	tortuosity	in	the	right	CCA	(arrow).	
D,	Marked	angulation	in	the	internal	carotid	artery	(ICA)	at	the	site	of	stenosis.	E,	Tandem	areas	of	angulation	distal	to	stenosis	of	the	ICA.	F,	Dense	
circumferential	calcification	at	lesion	site	(long	arrows)	and	severe	tortuosity	distal	to	the	ICA	stenosis	(short	arrow).	

A B C
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Endovascular Outcomes
Data regarding the endovascular treatment of proximal VA disease are 
largely derived from a number of single-institution case series treating 
a symptomatic patient population.80 With the use of contemporary 
stenting techniques, procedural success approaches 100% and peripro-
cedural neurologic complications are rare (Table 46-9). The high reste-
nosis rates associated with angioplasty alone have been significantly 
improved with stenting, with most series reporting ISR in 3% to 10% 
of patients. As expected, lesion length has been identified as an inde-
pendent predictor of ISR, and this may have implications for the selec-
tion of drug-eluting rather than bare-metal stents for longer lesions.82 
Long-term follow-up shows a late stroke rate of less than 1%, reinforc-
ing the overall safety of the procedure.

Coward and colleagues reported an analysis of a small subset of 
patients from the CAVATAS trial with proximal VA disease (mean 
stenosis, approximately 75%).83 From a cohort of 16 patients, 8 patients 
received endovascular therapy (angioplasty in 6, stenting in 2), and 8 
patients received medical therapy. There were two procedure-related 
posterior circulation TIAs in the endovascular therapy group and no 
neurologic events in the medically treated group. Although this trial 
subgroup involved a small number of patients and does not reflect 
contemporary endovascular techniques, it does reinforce the need for 
dedicated trials of endovascular revascularization versus medical 
therapy in patients with proximal VA disease to help define the benefit, 
if any, of endovascular revascularization in this patient cohort. Cur-
rently, the Vertebral Artery Stenting Trial (VAST) is comparing medical 
therapy with VA stenting for recently symptomatic VA stenoses greater 
than 50%.84

INTRACRANIAL INTERVENTION
Intracranial large vessel atherosclerosis is estimated to account for 5% 
to 10% of all ischemic strokes in the United States. In Asian, Hispanic, 
and black populations, the incidence of intracranial atherosclerosis is 
significantly greater and accounts for a greater proportion of all isch-
emic strokes.1,85 As in the extracranial circulation, atherosclerosis of 
the intracranial circulation has a predilection for specific anatomic 
sites, In the anterior cerebral circulation, these include the petrous, 
cavernous, and supraclinoid (Fig. 46-16) portions of the ICA and the 

Contemporary surgical revascularization of proximal VA disease 
typically involves transposition of the VA to the ipsilateral CCA or 
ICA. Other surgical options include VA endarterectomy and vein patch 
angioplasty.78 Although some centers have reported excellent proce-
dural and long-term results,79 these surgical techniques have now been 
almost completely replaced by endovascular therapies. However, lack 
of RCT data demonstrating a benefit of revascularization over medical 
therapy alone in patients with proximal VA disease makes clinical 
decision making problematic. Moreover, there is almost a complete 
absence of data regarding the natural history of asymptomatic patients 
with proximal VA disease and a relative paucity of data regarding the 
natural history in symptomatic patients. Given these uncertainties, 
most operators restrict endovascular revascularization to symptomatic 
patients, especially those for whom medical therapy has failed. Inter-
vention in asymptomatic patients should be strictly limited to those 
deemed at high risk based on the appearance of the lesion, the presence 
of poor collateral flow from the carotid circulation, and the existence 
of contralateral VA disease.

Technique
Most proximal VA interventions are performed using femoral artery 
access, but the ipsilateral brachial artery may also be used, particularly 
if the VA origin has a retroflexed takeoff from the subclavian artery80 
(Fig. 46-15). Radial access has also been described as a feasible alterna-
tive.81 A 6-Fr guide or 8-Fr sheath is delivered to the proximal subcla-
vian artery, and the lesion is crossed using a soft-tipped 0.014-inch 
coronary wire. This wire is advanced to the distal V2 segment of the 
VA to provide support for device delivery. Predilation with a coronary 
balloon is routinely performed to facilitate stent delivery. Stenting with 
a balloon-expandable stent is recommended to provide radial strength 
and reduce restenosis. For smaller-sized VAs (i.e., diameter <3.75 mm), 
we typically use a coronary stainless steel drug-eluting or bare-metal 
stent. For larger-sized VAs (>4 mm diameter), stainless steel or cobalt-
chromium peripheral balloon-expandable stents may be used. There is 
a lack of consensus regarding the need for EPDs during proximal VA 
intervention. If the V2 segment of the vessel is sufficiently large to 
accommodate current-generation filter-type EPDs (i.e., ≥4 mm) and 
the ostial lesion has a high-risk appearance (e.g., ulceration), the use 
of such devices is recommended.

FIGURE 46-15	 Vertebral	 artery	 intervention.	A,	 Right	 subclavian	 artery	 (SCA)	 angiography	 shows	 severe	 stenosis	 (arrow)	 at	 the	 origin	 of	 right	
vertebral	artery	(VA).	Because	of	the	takeoff	angle	of	the	right	VA,	it	was	decided	to	approach	the	lesion	from	the	right	brachial	artery.	B,	Inflation	
of	a	5.0-	by	12-mm	Palmaz	Blue	balloon-expandable	cobalt-chromium	stent	(Cordis,	Warren,	NJ)	at	the	ostium	of	the	right	VA.	C,	Final	angio-
graphic	appearance.	
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TABLE 46-9 Clinical Outcomes in Selected Series of Proximal Vertebral Artery Stenting

Study N
Technical 
Success (%)

Procedural 
Complications

Improvement 
in Symptoms

Mean Follow-Up 
(Months) Late Stroke Restenosis

Mukherjee	et	al 12 100 None 12/12 6.4 0 1/12

Malek	et	al 13 100 1	TIA 11/13 20.7 0 N/A

Jenkins	et	al 32 100 1	TIA 31/32 10.6 0 1/32

Chastain	et	al 50 98 None 48/50 25 1 5/50

Qureshi	et	al 12 92* None N/R 1 0 N/R

Ogilvy	et	al 50 100 None 41/43 21 0 11/36

Jenkins	et	al 105† 100 1	TIA
1	dissection

95/105 29 5 14/105‡

Parkhutik	et	al 29 100 1	stroke N/A 32 1 1/29

N/A,	Not	available;	TIA,	transient	ischemic	attack.
*Technical	success	defined	as	successful	deployment	of	distal	protection	device	and	final	residual	stenosis	of	<30%.
†97	cases	involved	proximal	vertebral	artery.
‡Target	vessel	revascularization.

FIGURE 46-16	 Intracranial	intervention.	A	and	B,	Baseline	cerebral	angiography	in	posteroanterior	(PA)	cranial	and	lateral	projections,	respectively,	
show	severe	stenosis	in	the	supraclinoid	portion	of	 the	internal	carotid	artery	(arrows).	C	and	D,	Cerebral	angiography	in	PA	cranial	and	lateral	
projections,	 respectively,	 after	 placement	 of	 3.0-	 by	 8-mm	 balloon-expandable	 Multilink	 Vision	 stent	 (Guidant	 Corporation,	 Indianapolis,	 IN).		
1,	Internal	carotid	artery;	2,	middle	cerebral	artery;	3,	anterior	cerebral	artery;	4,	anterior	choroidal	branch;	5,	ophthalmic	branch.	
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0.014-inch wires that could negotiate the tortuous intracranial anatomy 
and low-profile, flexible balloon dilation catheters.

As in other vascular territories, stents were used to address some 
of the shortcomings associated with angioplasty of intracranial vessels 
(i.e., vessel recoil, abrupt vessel closure, and restenosis). However, the 
tortuosity of the intracranial circulation presented a significantly 
greater challenge for stent delivery than that encountered in the coro-
nary circulation, so it was not until the availability of third- and fourth-
generation coronary stents with improved flexibility and lower crossing 
profiles that stenting of intracranial disease became more widespread. 
Today, a number of stents designed specifically for use in intracranial 
intervention, most notably the nitinol self-expanding Wingspan Stent 
(Boston Scientific), the balloon-expandable stainless steel Apollo stent 
(MicroPort Medical, Shanghai, China), and the balloon-expandable 
Pharos device (Micrus Endovascular, Sunnyvale, CA) have been devel-
oped and tested in prospective studies.91,92

Although stenting offers an effective treatment for arterial dissec-
tion and vessel recoil and improves restenosis rates, the use of stents 
in intracranial vessels raises a number of unique concerns. Intracranial 
arteries are particularly fragile because of the sparse adventitia and 
elastic layers of the media and hence are prone to perforation. Depend-
ing on the lesion location, such perforations result in either subarach-
noid or intraparenchymal hemorrhages, which are associated with 
high morbidity and mortality.93 Given this consideration, intracranial 
stents are typically undersized and inflated to lower pressures (4 to 8 
atm). However, several studies of stenting in the coronary circulation 
have shown that the use of stents that are appropriately sized to the 
reference vessel diameter and inflated to high pressures (14 to 16 atm) 
is required for optimal stent deployment and apposition of stent struts 
to the vessel wall. The latter considerations are believed to minimize 
the risk of stent thrombosis and to reduce the rate of restenosis.

As described, potentially serious consequences are associated with 
the current practice of intracranial stenting. Moreover, stenting is asso-
ciated with significantly more plaque shifting than angioplasty alone. 
Although the occlusion of small side branches in the coronary circula-
tion is usually a benign event, compromise of critical side branches 
from intracranial vessels (e.g., lenticulostriate branches of the MCA 
and perforating branches of the basilar artery) can have severe neuro-
logic consequences.94 Finally, significant complications (e.g., stent dis-
lodgement, vessel dissection, distal embolization of plaque) may occur 
with attempts to deliver stents through the technically challenging 
vascular terrain of the intracranial circulation.

main trunk of the MCA; in the posterior cerebral circulation, the distal 
VA (Fig. 46-17), vertebrobasilar junction, and midportion of the 
basilar artery are most commonly affected.

Intracranial atherosclerosis can cause ischemic stroke by a variety 
of mechanisms including hypoperfusion, thrombotic occlusion at the 
site of disease, distal embolization from the site of disease, and occlu-
sion of small penetrating arteries due to plaque extension. In identify-
ing those patients most likely to benefit from revascularization therapy, 
it is important to develop an understanding of the likely mechanism 
of stroke in each patient based on clinical evaluation, noninvasive 
imaging, and contrast angiography.

The natural history of asymptomatic intracranial atherosclerosis is 
largely unknown, but limited data suggest a benign course.86 By con-
trast, the Warfarin-Aspirin Symptomatic Intracranial Disease (WASID) 
trial provided a reasonable estimate of the high risk of recurrent events 
in patients with a recent TIA or stroke due to angiographically verified 
50% to 99% stenosis of a major intracranial vessel.87 In this cohort, the 
1-year risk of an ischemic stroke in the distribution of the diseased 
intracranial artery in medically treated patients was approximately 
12%. Additional retrospective studies have suggested a variety of clini-
cal and angiographic variables to further risk-stratify patients with 
symptomatic intracranial atherosclerosis, including recurrent symp-
toms despite medical therapy,88 lesion location (e.g., vertebral and ICA 
lesions proximal to major points of collateral supply have a lower risk 
than lesions involving the basilar artery or MCA), and severity of 
stenosis.89

Surgical revascularization of intracranial ICA and MCA disease 
was first performed in 1967 and subsequently tested in a large RCT of 
almost 1400 patients, which was reported in 1985.90 Patients were 
randomly assigned to surgical revascularization (by anastomosis of 
branches of the ECA to the cortical branches of the MCA) or to 
medical therapy with aspirin (325 mg four times daily). Surgical 
therapy was associated with a 14% increase in the relative risk of non-
fatal and fatal stroke, and this approach was subsequently abandoned 
as a therapy for the treatment of intracranial carotid disease. Despite 
this finding, initial attempts at percutaneous revascularization of intra-
cranial disease were made in the 1980s. The initial experience was 
disappointing, with limited technical success and prohibitively high 
complication rates. However, by the mid-1990s, a variety of technologi-
cal advances, borrowed from the coronary intervention field, and 
improved operator expertise resulted in a renewed enthusiasm for  
the technique. Technological advances included the availability of 

FIGURE 46-17	 Intracranial	 intervention.	A	 and	B,	 Baseline	 angiography	 of	 right	 vertebral	 artery	 (VA)	 demonstrates	 severe	 stenosis	 (arrows)	 in	
intracranial	portion	of	vessel	between	the	origin	of	the	posterior	inferior	cerebellar	artery	(PICA)	and	the	vertebrobasilar	junction	(VBJ).	C,	Vertebral	
artery	angiography	after	placement	(arrow)	of	3.0-	by	12-mm	Multilink	Vision	stent	(Abbott	Vascular,	Abbott	Park,	IL).	
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Clinical Outcomes
The initial data regarding intracranial intervention were derived mostly 
from retrospective observational case series at a small number of insti-
tutions with highly experienced operators; as such, they had significant 
limitations in applicability to broad clinical settings. Case series from 
the late 1990s and early 2000s reported the experience with intracranial 
angioplasty. However, the availability of balloon-expandable coronary 
stents appears to have improved the technical success rate to greater 
than 90% without a significant increase in periprocedural complica-
tions. A systematic review of 31 studies, many of which were early case 
series, reported results from 1177 intracranial stenting procedures. The 
median rate of technical success was 96% (interquartile range, 90% to 
100%), whereas the median rate of stroke and death was 7.7% (inter-
quartile range, 4.4% to 14.3%).96 A number of multicenter prospective 
studies of intracranial stenting for symptomatic atherosclerotic lesions 
have been performed in the past decade.97-101 Each of these studies 
reported procedural success rates of 90% or better, and four of the five 
studies reported procedural success of 95% or better.

Early complications rates have ranged from 2% to 7% for ischemic 
stroke, 1% to 3% for intracerebral hemorrhage, and 0% to 5% for death 
(Table 46-10). The evidence for long-term complication rates (e.g., 
restenosis) are less robust because there are fewer data, varying defini-
tions of restenosis, and differing strategies for patient surveillance. 
Nonetheless, in the Stenting of Symptomatic Atherosclerotic Lesions 
in the Vertebral or Intracranial Arteries (SSYLVIA) trial, between 30 
days and 1 year of follow-up, there were two strokes, giving a cumula-
tive 1-year stroke incidence of 14%. Repeat angiography at 6 months 
documented a restenosis rate of 32% in the intracranial cohort. In  
the overall group (intracranial and extracranial procedures), 39% of 
patients with restenosis were symptomatic (i.e., with TIAs or strokes).98 
In contrast to the SSYLVIA study, all patients in the Wingspan study 
with restenosis were asymptomatic. In this latter registry, the restenosis 
rate (>50% by angiography) at 6 months was 7.5%, and the incidence 
of ipsilateral stroke or death was 7.0%.97 These prospective studies 
underscore the technical success of intracranial procedures, mirroring 
the rates reported in other observational series. However, the 6-month 
and 1-year rates of death and stroke in prospective cohort studies 
appear to be greater than in retrospective longitudinal studies, high-
lighting potential publication bias in the latter type of study design. 
Indeed, the 14% rate of stroke at 1 year in the SSYLVIA study is 
remarkably similar to the 1-year risk of stroke reported in the WASID 
trial in medically treated patients.87,98

The Stenting and Aggressive Medical Management for Preventing 
Recurrent Stroke (SAMMPRIS) trial compared intracranial stenting 
with the Wingspan system plus optimal medical therapy versus optimal 
medical therapy alone in patients with symptomatic, severe intracra-
nial arterial stenosis.102 The primary end point was stroke or death at 

Technique
Intracranial intervention is almost universally performed with the use 
of femoral arterial access. Most operators use general anesthesia, in 
contrast to other cerebrovascular interventions, but conscious sedation 
has been shown to be a viable alternative.95 Preprocedural antiplatelet 
and procedural anticoagulation regimens mirror those practiced 
during carotid bifurcation intervention. The first task during anterior 
or posterior circulation intracranial intervention is the delivery of a 
guide or sheath to the distal CCA or the proximal subclavian artery, 
respectively. Sheaths are most commonly used (e.g., Shuttle sheath, 
Cook), and the inner luminal diameter of a 6-Fr sheath is adequate for 
delivery of standard interventional equipment. For normal-sized indi-
viduals, a 70-cm length sheath is optimal; longer sheath lengths may 
restrict the ability to treat distal intracranial lesions owing to limita-
tions in the length of current balloon and stent delivery systems. 
Through this sheath, a 6-Fr Envoy guide is advanced over an 0.035-
inch wire to the level of the distal cervical ICA for anterior circulation 
intracranial intervention, or the distal V2 segment of the VA for pos-
terior circulation intracranial intervention. Having achieved this plat-
form, a variety of 0.010- to 0.014-inch wires (e.g., Synchro, Boston 
Scientific) may be used to cross the intracranial lesion. In order to 
provide sufficient support for device delivery, the wire is usually 
advanced to the second- or third-order branches of the middle or 
posterior cerebral artery for anterior or posterior circulation interven-
tions, respectively.

Angioplasty is performed with the use of coronary balloons (e.g., 
Maverick, Boston Scientific), and the angioplasty technique is modified 
to minimize the risk of vessel perforation. These modifications include 
using balloon diameters that are 70% to 80% of the vessel diameter and 
performing slow, prolonged inflation of the balloon to less than 
nominal pressures (4 to 8 atm), followed by slow deflation. In addition, 
the minimal balloon length required to treat the lesion is chosen to 
minimize the risk of compromising flow in side or perforating branches. 
Whereas some operators adopt a strategy of “provisional” stenting (i.e., 
stenting only if the angioplasty result is suboptimal), an increasing 
number practice primary stenting (stent placement regardless of the 
initial angioplasty result). Currently, the most popular stents used for 
intracranial intervention are the recent generation of cobalt-chromium 
balloon-expandable coronary stents (e.g., Multilink Vision, Abbott; 
Driver, Medtronic), which have superior deliverability compared with 
stainless steel coronary stents. Balloon-expandable stents are sized 
0.5 mm smaller than the estimated vessel diameter and are inflated to 
moderate pressures (6 to 8 atm). The minimal stent length is used to 
attenuate the risk of plaque shift into critical side or perforating 
branches. Final angiography of the lesion site and distal cerebral cir-
culation is performed, and patients recover in a neurointensive care 
setting.

TABLE 46-10 Multicenter Prospective Observational Studies of Intracranial Stenting

Study Year N Lesions

LESION LOCATION

Technical 
Success (%)

ADVERSE OUTCOMES

Anterior Posterior Follow-Up
Ischemic 
Stroke

Intracerebral 
Hemorrhage Death

SSYLVIA 2004 61* 61 20 23 95 30	days 3	(5%) 1	(2%) 0

WINGSPAN 2007 45 45 23 22 100 30	days 1	(2%) 1	(2%) 0

Fiorella	et	al 2007 78 82 54 28 99 Periprocedural 4	(5%) 1	(1%) 4†	(5%)

Zaidat	et	al 2008 129 129 76 53 97 30	days 6	(5%) 3	(2%) 4‡	(3%)

INTRASTENT§ 2010 372 388 223 165 90 Periprocedural 28	(7%) 12	(3%) 8	(2%)

*43	lesions	were	intracranial.
†Deaths	were	due	to	the	4	ischemic	strokes.
‡3	deaths	were	due	to	either	ischemic	or	hemorrhagic	strokes.
§149	patients	were	enrolled	prospectively.	A	study	center	could	enter	consecutive	patients	retrospectively	if	done	completely	(n	=	239).
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CONCLUSIONS
Cerebrovascular intervention has evolved dramatically over the last 
decade. It is clear that these procedures are feasible and—when per-
formed by experienced endovascular specialists using contemporary 
interventional equipment and techniques—are safe. The challenge for 
the future is to advance understanding of the natural history of cerebro-
vascular atherosclerosis, more accurately predict those patients who will 
develop recurrent events, and refine the patient populations in whom 
endovascular revascularization provides meaningful clinical benefit.

30 days. The trial was stopped early after results from the first 451 of 
a planned 764 enrolled patients were obtained because of higher event 
rates in the intervention arm. At 30 days, stroke and death had occurred 
in 14.7% of the stenting and medical therapy group, compared with 
only 5.8% of the medical therapy alone group (P = .002). The disparity 
in outcome rates was driven primarily by intraprocedural complica-
tions, indicating that technical advances could potentially improve 
outcomes for intracranial intervention. Nonetheless, results from 
SAMMPRIS have dampened enthusiasm for endovascular therapy for 
obstructive intracranial arterial disease.
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Stroke affects approximately 750,000 Americans each year, resulting 
in almost 150,000 deaths.1 Stroke is the third leading cause of death 

in the United States after heart disease and cancer. It is the number one 
cause of disability and the number one reason for rehabilitation. There 
are more than 3 million stroke survivors in the United States, and one 
third of them are young adults with long-term disabilities.2

The causes of stroke include hemorrhage, thrombus, and embolus. 
Embolic strokes may extend artery to artery or from a heart chamber 
(left atrium or ventricle) to an artery, particularly in patients with atrial 
fibrillation. A major tenet of treatment of ischemic stroke is that time 
is brain.

The extent of ischemic brain injury is determined by the time from 
the onset of symptoms to reperfusion; the collateral circulation, includ-
ing an intact circle of Willis; and the penumbra of viability surrounding 
the infarcted brain tissue. The penumbra is the region of brain sur-
rounding the infarct area where the blood supply is significantly 
reduced but energy metabolism is maintained due to collateral flow. 
The viability of this area depends on the severity and duration of isch-
emia. If blood flow is rapidly restored, some ischemic brain tissue can 
be saved. For ischemic and hemorrhagic strokes, there are opportuni-
ties to minimize injury early after the onset of the stroke. This puts a 
premium on the rapid assessment of patients with stroke (Table 47-1).3

The goals of treatment include preventing or limiting the mortality 
and morbidity of the acute event and preventing recurrent events. 
More than 80% of strokes are ischemic.4 Ischemic stroke therapy, 

designed to achieve reperfusion as quickly as possible and minimize 
further damage, consists of intravenous thrombolysis or catheter-based 
reperfusion therapy, which can include intraarterial thrombolysis, 
mechanical thrombectomy, or balloon angioplasty with or without 
stent placement.

Although rapid initiation of intravenous recombinant tissue-type 
plasminogen activator (rtPA) with a door-to-needle time of less than 
60 minutes is important for a good outcome, the American Heart 
Association’s Get With the Guidelines–Stroke national registry reported 
that fewer than one in three stroke patients are treated in less than 60 
minutes of arrival at the hospital.5 Although a national heart attack 
quality initiative has enabled interventional cardiologists to achieve 
dramatic reductions in door-to-balloon times,6 acute stroke therapy 
languishes without a mandate to provide early reperfusion. As of 2013, 
a goal for door-to-treatment time was not standard of care for stroke 
therapy as it was for heart attacks.7 In the United States, most patients 
with acute ischemic stroke do not receive any form of reperfusion 
therapy, neither thrombolysis nor catheter-based therapy.8-10

NEW IMAGING STRATEGIES
The American Heart Association/American Stroke Association (AHA/
ASA) has a class I recommendation to perform noncontrast computed 
tomography (CT) or magnetic resonance imaging (MRI) for patients 
who are evaluated within 3 hours of stroke symptom onset to exclude 
intracranial bleeding.2 Imaging is the cornerstone for triaging candi-
dates for stroke therapy. The purpose of the baseline CT is to detect 
conditions that make the patient ineligible for thrombolysis, such as 
subdural, subarachnoid, or parenchymal intracranial hemorrhage 
(ICH). CT may also detect mass lesions or hemorrhagic infarctions.

Brain imaging in the setting of an acute stroke has four major goals. 
First, ICH must be excluded. The patient with ICH has a neurosurgical 
emergency, and the neurosurgeon needs to be involved immediately. 
Second, CT and MRI can be used to noninvasively identify intravas-
cular thrombus. Data regarding the geographic distribution and the 
size of the thrombus burden can assist in deciding on intravenous 
thrombolysis, intraarterial thrombolysis, or endovascular thrombec-
tomy. Third, the volume of the nonviable, irreversibly infarcted brain 
predicts the patient’s potential for recovery. Fourth, the size of the 
penumbra, the periinfarct zone of viable but ischemic brain tissue, can 
be assessed and compared with the volume of infracted brain tissue.

MANAGEMENT OF PHYSIOLOGIC VARIABLES
A cornerstone of managing acute stroke is reducing the risk of recur-
rent events and minimizing the disability due to the established stroke. 
Acute therapy involves management of physiologic variables, reperfu-
sion of ischemic tissue, and reduction of the risk of ICH. The patient’s 
level of consciousness, airway status, and oxygenation need to be deter-
mined immediately. An electrocardiogram is needed to rule out a 
concomitant myocardial infarction.

Hypertension
Most patients with stroke have arterial hypertension, which is associ-
ated with a poorer outcome, but lower blood pressure may decrease 
perfusion to the ischemic penumbra, extending the size of the 

47 Stroke Centers and Interventional Cardiology
CHRISTOPHER J. WHITE

K E Y  P O I N T S

•	 The	three	broad	categories	of	stroke	are	hemorrhagic,	thrombotic,	
and	embolic	(i.e.,	artery	to	artery	and	chamber	to	artery).

•	 Carotid	plaque,	unlike	coronary	lesions,	most	often	causes	
symptoms	due	to	atheroembolization	rather	than	thrombotic	
occlusion.

•	 The	size	of	a	brain	infarction	is	determined	by	the	time	it	takes	for	
reperfusion	to	occur,	the	patency	of	the	circle	of	Willis	as	a	
collateral	source,	and	the	viability	of	the	surrounding	penumbra	of	
ischemic	tissue.

•	 The	only	approved	treatment	for	acute	ischemic	stroke	is	
intravenous	thrombolysis	for	patients	within	3	to	4.5	hours	of	the	
onset	and	without	contraindications.

•	 The	risk	of	intracranial	hemorrhage	complicating	intravenous	
thrombolytic	therapy	for	stroke	is	increased	in	direct	relation	to		
the	size	of	the	stroke,	time	to	treatment	(>3	hours),	patient	age	
(>85	years),	and	uncontrolled	hypertension.

•	 Catheter-based	therapy	for	stroke	is	reasonable	in	patients	in	
whom	systemic	thrombolysis	is	contraindicated	and	at	risk	for	
larger	strokes	and	greater	disabilities.

•	 Catheter-based	therapy	for	stroke	is	different	from	catheter-based	
therapy	for	myocardial	infarction	in	that	the	occlusion	is	often	
embolic	in	origin	and	the	thrombus	may	be	older,	more	organized,	
and	more	resistant	to	thrombolysis.

•	 Interventional	cardiologists	with	carotid	stent	and	angiography	
experience	make	excellent	additions	to	a	multidisciplinary	stroke	
team	to	provide	around-the-clock	interventional	treatment	of	stroke	
patients	who	are	not	candidates	for	intravenous	thrombolysis.
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acute ischemic stroke (Table 47-2).12 Intravenous rtPA was shown to 
be an effective therapy for stroke in a metaanalysis of 2775 patients 
treated within 6 hours of onset.13 Patients treated within 90 minutes of 
onset had almost a threefold increase in good outcomes, a rate that 
dropped to a 1.6-fold increase if they were treated between 91 and 180 
minutes. For those treated between 180 and 270 minutes, the odds ratio 
for benefit was 1.4 times greater than for placebo. The risk of ICH was 
greater for the thrombolytic group (5.9%) compared with the placebo 
group (1.1%).

Intravenous rtPA has limited effectiveness in recanalizing stroke-
related arteries with a large clot burden. Recanalization rates range 
from less than 10% for internal carotid artery occlusions to approxi-
mately 50% for middle cerebral artery distal branch occlusions.14,15 
Many experts suggest that when pretreatment computed tomography 
angiography demonstrates proximal cerebral artery occlusion, endo-
vascular therapy should be offered to improve outcomes.16

The risk-to-benefit ratio for intravenous thrombolysis in ischemic 
stroke is narrow. About 11% more patients benefit at 3 months from 
intravenous lysis, whereas 6.4% develop ICH. Unfortunately, less than 
10% of eligible acute ischemic stroke patients receive reperfusion treat-
ment in the United States.17 Seven stroke patients must be treated with 
intravenous lysis to achieve an excellent outcome and avoid one stroke 
death or disability. For every 100 stroke patients treated with intrave-
nous thrombolysis within 3 hours, 32 have a better outcome despite 
the 3 who suffer significant ICH. At 1 year after treatment, those 
treated with intravenous lysis have a 30% increased likelihood of 
minimal or no disability compared with placebo, but there were no 
differences in the rates of mortality and recurrent strokes.18 The risk of 
hemorrhage is increased for older adult patients and those with larger 
strokes, diabetes mellitus, a history of stroke, or thrombocytopenia.

The European Cooperative Acute Stroke Study III (ECASS III) 
tested the efficacy of extending the treatment window for intravenous 
thrombolysis to between 3 and 4.5 hours after stroke symptom onset. 
Favorable outcomes occurred for 52.4% of patients assigned to rtPA 
and for 45.2% of the placebo group (odds ratio [OR] = 1.34; 95% CI, 
1.02 to 1.76; P = .04). However, the incidence of ICH was higher in the 
rtPA group (27%) compared with placebo (17.6%, P = .001). There was 
no difference in mortality rates between the two groups.

Important exclusion criteria in this trial included a history of stroke 
and diabetes mellitus, oral anticoagulation therapy regardless of inter-
national normalized ratio (INR), a National Institutes of Health Stroke 
Scale (NIHSS) score greater than 25, and age greater than 80 years.19 
The AHA/ASA published a science advisory with a class I, level of 
evidence B recommendation for the administration of rtPA to ischemic 
stroke patients who are admitted within 3 to 4.5 hours of symptom 
onset and meet the ECASS III inclusion criteria (Table 47-3).20

Treatment of the stroke patient with intravenous thrombolysis 
includes admission to an intensive care unit with frequent monitoring 
of vital signs and neurologic status. Arterial, central venous, and 

infarction. The best approach to treatment of hypertension during 
acute stroke is uncertain. Current recommendations include lowering 
systolic blood pressure to 220 mm Hg or less and diastolic pressure to 
120 mm Hg or less.11

Hypoglycemia
Severe hypoglycemia may mimic a stroke and can be detected by a 
finger-stick glucose determination. Immediate reversal is warranted 
with intravenous or oral glucose solutions, or both.

Hyperglycemia
Elevated blood glucose levels are associated with worse outcomes for 
acute stroke patients. This may be related to increased lactate produc-
tion, which increases infarct size, reduces the effectiveness of throm-
bolytic therapy, and may increase the risk of hemorrhagic transformation 
of infarcted brain tissue. Hyperglycemia can increase the extent of 
infarction in cerebral ischemia, and a blood glucose level above 200 
should be controlled to as close to the normal range as possible, using 
insulin if necessary.

Fever
Fever is associated with poorer stroke outcomes, possibly because of  
a detrimental effect on brain metabolism, increased free radical pro-
duction, or deterioration of the blood-brain barrier function. If bacte-
rial endocarditis is suspected, samples for blood cultures should be 
drawn, and an echocardiogram should be obtained before interven-
tional management. Current recommendations are to use antipyretics 
to maintain normothermia.

REPERFUSION STRATEGIES

Intravenous Thrombolysis
Intravenous administration of the thrombolytic agent rtPA is the only 
U.S. Food and Drug Administration (FDA)–approved therapy for 

TABLE 47-1 Seven Ds of Stroke Care
•	 Detection
•	 Dispatch
•	 Delivery
•	 Door-to-treatment	time
•	 Data
•	 Decision
•	 Drug	and	device	administration

TABLE 47-2 Randomized Trials of Thrombolytic Therapy for Acute Ischemic Stroke
Study Treatment Window Medications Tested Delivery Dose of Agent No. of Patients

NINDS	tPA	Stroke	Trial	
(parts	1	and	2)

3	hr	( 1
2	90	min) tPA IV 0.9	mg/kg	over	1	hr 624

ECASS	I 6	hr tPA IV 1.1	mg/kg	over	1	hr 620

ECASS	II 6	hr tPA IV 0.9	mg/kg	over	1	hr 800

Atlantis	A 6	hr tPA IV 0.9	mg/kg	over	1	hr 142

Atlantis	B 0	to	5	hr tPA IV 0.9	mg/kg	over	1	hr 613

ASK 4	hr Streptokinase IV 1.5	million	units	over	1	hr 340

MAST-I 6	hr Streptokinase IV 1.5	million	units	over	1	hr 622

MAST-E 6	hr Streptokinase IV 1.5	million	units	over	1	hr 310

PROACT	II 6	hr Prourokinase	plus	IV	heparin IA 9	mg	over	2	hr 180

ASK,	Australian	streptokinase	trial;	ECASS,	European	Cooperative	Acute	Stroke	Study;	IA,	intraarterial;	IV,	intravenous;	MAST-E,	Multicentre	Acute	Stroke	Trial–Europe;	MAST-I,	Multicentre	Acute	
Stroke	Trial–Italy;	NINDS,	National	Institute	of	Neurologic	Disorders	and	Stroke;	PROACT	II,	Prolyse	in	Acute	Cerebral	Thromboembolism	II;	tPA,	tissue	plasminogen	activator.
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thrombectomy during acute stroke intervention. Both devices have 
demonstrated superior outcomes compared with historical controls for 
intracranial thrombus removal.22,23

New mechanical thrombectomy devices (Solitaire FR, Covidien, 
Mansfield, MA; Trevo Proview Retriever, Stryker Neurovascular, 
Mountain View, CA) are self-expanding, stentlike devices (Fig. 47-6) 
that offer improved deliverability compared with conventional 

TABLE 47-3 Eligibility for Thrombolysis for Stroke
Indication:	ischemic	stroke	within	3	hours	of	onset	of	symptoms
Clinical	contraindications

•	 History	of	intracranial	hemorrhage	(ICH)
•	 Systolic	blood	pressure	>185,	diastolic	blood	pressure	

>110	mm	Hg
•	 Rapid	improvement	in	neurologic	status
•	 Mild	neurologic	impairment
•	 Symptoms	of	subarachnoid	bleeding
•	 Stroke	or	head	trauma	within	the	last	3	months
•	 Gastrointestinal	or	genitourinary	hemorrhage	within	3	weeks
•	 Major	surgery	within	3	weeks
•	 Recent	heart	attack
•	 Seizure	with	stroke
•	 Taking	oral	anticoagulants
•	 Received	heparin	within	48	hours

Radiologic	contraindications
•	 Evidence	of	ICH

Laboratory	contraindications
•	 International	normalized	ratio	>1.7
•	 Platelet	count	<100,000
•	 Elevated	activated	partial	thromboplastin	time
•	 Blood	glucose	<50	mg/dL

FIGURE 47-1	 Patient	with	 atrial	 fibrillation	had	an	acute	 right	middle	
cerebral	artery	occlusion.	

R. MCA

FIGURE 47-2	 Intracranial	administration	of	2	mg	of	recombinant	tissue-
type	plasminogen	activator	produced	partial	 recanalization	(arrow)	of	
the	right	middle	cerebral	artery	(MCA).	ACA,	Anterior	cerebral	artery.	

R. MCA R. ACA

bladder catheters should not be placed until at least 2 hours after 
completion of the thrombolytic agent infusion. An elevated blood pres-
sure may be lowered very cautiously. Head CT should be done if ICH 
is suspected. All anticoagulants (i.e., antithrombotic and antiplatelet 
therapy) should be held for at least 24 hours.

Intraarterial Thrombolysis
Intraarterial thrombolysis involves selective placement of a catheter 
into the cerebral vessels and is analogous in many ways to the treat-
ment of an acute myocardial infarction. There are also major differ-
ences between the catheter-based treatment of acute stroke and  
acute myocardial infarction. The benefit of catheter-based intracranial 
therapy is the ability to use smaller doses of lytic agents and to employ 
mechanical clot disruption and extraction with guidewires, balloons, 
and thrombectomy devices.

The effectiveness of intraarterial thrombolysis has been established 
in several trials. The Prolyse in Acute Cerebral Thromboembolism II 
(PROACT II) trial randomized patients admitted within 6 hours with 
stroke and angiographically documented occlusion of the middle cere-
bral artery to 9 mg of intraarterial prourokinase plus unfractionated 
heparin or to unfractionated heparin alone.21 Successful reperfusion 
was achieved in 66% of the intraarterial prourokinase group compared 
with only 18% of the control group (P < .001). Forty percent of the 
prourokinase group had slight or no neurologic disability (modified 
Rankin Scale score ≤2) at 90 days compared with only 25% of the 
control group (P = .04).

There were more symptomatic cases of ICH in the thrombolytic 
group compared with controls (11% vs. 3%, P = .03). The number 
needed to treat to make one patient independent was seven. This trial 
extended the efficacy for stroke treatment to 6 hours from onset of 
symptoms, but only 2% of all screened patients were enrolled. Contra-
indications to catheter-directed thrombolysis include recent brain 
surgery, unknown time of onset of the deficit, uncontrolled hyperten-
sion, and CT evidence of hemorrhage or tumor.

Mechanical Thrombectomy
An alternative strategy for reperfusion in stroke patients who are not 
candidates for thrombolysis is mechanical clot removal, or throm-
bectomy (Figs. 47-1 through 47-5). There are two approved devices 
(Merci Retriever, Concentric Medical, Mountain View, CA; Penumbra 
Stroke System, Penumbra Inc., San Leandro, CA) for mechanical 
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these high-risk patients had a favorable clinical outcome (modified 
Rankin Scale score ≤2) at 3 months, a very low risk of ICH (2.5%), and 
an acceptable mortality rate (12.5%).

Angioplasty and Stent Placement
Balloon angioplasty is commonly performed for residual stenoses after 
intraarterial lysis or mechanical thrombectomy. Balloons are com-
monly undersized to avoid arterial dissection and perforation. Often, 
lesions manifest acute recoil or flow-limiting dissections necessitating 
the use of off-label stents. There is interest in a strategy of immediate 
stent placement, similar to how acute myocardial infarction is treated. 
Immediate direct stenting of the culprit lesion can minimize the time 
for reperfusion of the infarct zone.28-35 Three stent systems are FDA 
approved for intracranial use (but not for acute stroke) in the United 
States: Neuroform (Boston Scientific, Natick, MA), Wingspan (Boston 
Scientific, Natick, MA), and Enterprise (Codman Neurovascular, 
Raynham, MA). These devices are self-expanding stents with extremely 
deliverable catheters to navigate the tortuous intracranial circulation.

The Stent-Assisted Recanalization in Acute Ischemic Stroke (SARIS) 
trial was a prospective, FDA-approved, single-site registry designed to 
test the efficacy of direct stent placement in acute stroke. Twenty 
patients were enrolled with severe impairment (NIHSS score = 14 ± 
3.8) with a duration of 313 ± 114 minutes from symptom onset to 
intervention. On baseline angiography, 17 patients had Thrombolysis 
in Myocardial Infarction (TIMI) 0 flow, and 3 patients had TIMI 1  
flow. All patients were successfully recanalized (TIMI 3, 60%; TIMI 2, 
40%). Serious complications included ICH in three patients, one of 
whom was symptomatic. The 1-month mortality rate was 25%. This 
rapid reperfusion strategy demonstrated marked improvement in the 
discharge NIHSS score (7.4), and at 1 month, almost one half of the 
patients were independently functioning with a modified Rankin Scale 
score of 1.36 These registry data suggest a potential role for early endo-
vascular therapy in selected stroke patients, but larger randomized 
trials are needed to quantify the risk-benefit ratio and to define better 
patient selection criteria.

Data strongly support the linkage between early restoration of 
blood flow and good clinical outcomes. A 30-minute delay in onset to 

mechanical thrombectomy catheters (i.e., Merci and Penumbra), 
which tend to be bulky and can be difficult to manipulate in the tortu-
ous intracranial vessels that are encased in skull bone.24,25

For patients admitted within 4.5 hours of stroke onset with occlu-
sion of a large intracranial vessel, one of the highest reperfusion rates 
(95%) for stroke thrombectomy was reported with a mean door-to-
device time of 95 ± 33 minutes.26 This result is consistent with results 
of randomized trial that demonstrated the superiority of the Solitaire 
FR device compared with the Merci Retriever.27 Almost two thirds of 

FIGURE 47-3	 Placement	of	the	MERCI	thrombectomy	catheter	(arrow)	
in	the	right	middle	cerebral	artery.	

FIGURE 47-4	 Retrieval	of	fibrous	clot	with	the	MERCI	device.	The	imprint	
from	the	left	atrial	appendage	can	be	seen.	

FIGURE 47-5	 Result	 after	 recanalization	 of	 the	 right	 middle	 cerebral	
artery.	
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hospitals to bring stroke patients to facilities with specialized treatment 
capabilities. Certified Primary Stroke Centers provide basic acute 
stroke care, including the initial assessment and treatment of stroke 
patients by stroke teams, stroke units, and 24-hour access to CT scans. 
Comprehensive Stroke Centers41 are intended for complicated or high-
risk stroke patients and offer specialized stroke personnel, including 
specialized neurologic intensive care unit; advanced neuroimaging 
capabilities; on-demand neurosurgical and endovascular interven-
tional capabilities; and the infrastructure to support these activities.

The Comprehensive Stroke Center has an endovascular specialist 
and neurosurgeon available at all times for consultation and immediate 
procedural support, including aneurysm clipping, ventriculostomy 
placement, intracranial pressure transducer placement, and percutane-
ous, catheter-based therapy for stroke. Dedicated stroke units enable 
close monitoring of stroke patients by providers accustomed to treating 
stroke patients and familiar with their unique needs. Part of the infra-
structure includes rigorous data collection and outcomes assessment 
for stroke patients to advance the field of stroke care. Community 
education about stroke risk factors and recognition and ambulance 
bypass systems are crucial components in building successful stroke 
treatment centers.

THE ROLE OF CARDIOLOGY IN A STROKE PROGRAM
There are similarities in the treatment of acute stroke and acute myo-
cardial infarction. Both emphasize achieving early reperfusion driven 
by early patient recognition of symptoms, early hospital admission, and 
early treatment initiation. However, there are also significant differ-
ences. For example, stroke thrombi usually have an embolic origin, 
making them older, more organized, and more resistant to lysis. The 
volume of clot is larger in stroke patients, and cerebral vessel tortuosity 
can make clot-busting therapy more difficult than the treatment of 
acute myocardial infarction.

My colleagues and I have reported our experience with a multidis-
ciplinary team that included interventional cardiologists and provided 
emergent endovascular therapy for patients with acute ischemic stroke 
who were ineligible for intravenous thrombolysis (Table 47-4).42,43 
A stroke neurologist in consultation with the interventional cardiolo-
gist and neuroradiologist is initially called to assess the patient and 

reperfusion delay caused a 20% increase in mortality and ICH, and 
each 30-minute delay in onset to reperfusion delay resulted in a 20% 
reduction in good or excellent outcomes.37

The demonstration that early endovascular reperfusion is similar in 
principle to early intravenous thrombolysis reperfusion mandates a 
system change in hospital care. We must focus on a rapid transition 
from intravenous to endovascular therapies, minimizing time delays.

Neuroprotection
Although many drugs and devices are under investigation to prolong 
the life of the penumbra, maintain the blood-brain barrier, and reduce 
hemorrhage and reperfusion injury, none has been proved effective in 
humans. The latest AHA/ASA Guidelines for the Early Management 
of Adults With Ischemic Stroke, published in 2007, conclude that “no 
intervention with putative neuroprotective actions has been estab-
lished as effective in improving outcomes after stroke, and therefore 
none currently can be recommended,” assigning neuroprotection a 
class III recommendation.2

Despite this pessimism, there is enthusiasm among investigators for 
systemic hypothermia as an emerging therapy for stroke. Hypothermia 
provides neuroprotection by decreasing cellular metabolism, limiting 
cytotoxicity, reducing free radical formation, and preventing blood-
brain barrier breakdown. Mechanisms of cooling include invasive 
central venous catheters and surface methods. Many data support the 
neuroprotective effects of hypothermia in animal models, but there  
are no comparative data for humans. The benefits of hypothermia are 
facilitated by early initiation.38,39

STROKE CENTERS
Stroke centers are a key component of building a successful stroke 
program. The concept of stroke centers was outlined by the Brain 
Attack Coalition (BAC) in 2000.40 Stroke centers are modeled after 
streamlined trauma care and acute myocardial infarction care in that 
they require rapid identification and triage of patients to provide timely 
access to care.

This systems-based approach requires community-wide coordina-
tion and planning. It includes empowering ambulances to bypass 

FIGURE 47-6	 Components	of	the	Solitaire	catheter	(Courtesy	Covidien,	Plymouth,	NH).	

(A) Total length

(B) Retrieval zone

(C)
Diameter

(E) Distal markers (F) Proximal marker

Introducer sheath

(D) Push wire

TABLE 47-4 Comparison of Catheter-Based Therapy in the Ochsner Clinic Series With Intravenous and Intraarterial Thrombolysis in Stroke 
Treatment Trials

Study Patients (N) Age, % Males NIHSS Baseline Symptomatic ICH Mortality at Follow-Up Good Outcome at Follow-up

NINDS 168 69	yr,	57% 14 6.4% 17%	at	3	mo 39%

STARS 389 69	yr,	55% 13 3.3% 13%	at	1	mo 35%

PROACT	II 121 64	yr,	58% 17 10% 25%	at	3	mo 26%

Ochsner	Clinic 42 64	yr;	44% 16 12% 9.5%	at	1	mo 45%

ICH,	Intracranial	hemorrhage;	NIHSS,	National	Institutes	of	Health	Stroke	Scale;	NINDS,	National	Institute	of	Neurologic	Disorders	and	Stroke;	PROACT	II,	Prolyse	in	Acute	Cerebral	Throm-
boembolism	II;	STARS,	Standard	Treatment	With	Alteplase	to	Reverse	Stroke	Study.
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Interventional cardiologists are poised to fill the significant man-
power shortage in treating acute stroke. As skilled angiographers,  
experienced interventionalists, and productive members of a multidis-
ciplinary team, they can meet the challenge of providing reperfusion 
therapy for this devastating disease.

determine the need for intervention. We considered stroke patients 
eligible for intervention if they were less than 8 hours from symptom 
onset. No specific cutoff or lower limit was used for their NIHSS score 
to exclude patients from intervention. Instead, patients were eligible if 
they had a serious deficit, even if the corresponding NIHSS score was 
comparatively low (e.g., monocular blindness).

In reviewing the most recent 124 consecutive stroke patients treated 
with catheter-based therapy, we found that successful revascularization 
led to good neurologic outcomes for selected patients. Medical comor-
bidities and increased age (>65 years) contributed to poor outcomes 
for stroke patients despite successful recanalization. There were no 
differences in outcomes based on the subspecialist treating the patient 
or the treatment device used. In support of broadening the number of 
physicians qualified to perform catheter-based stroke interventions, we 
demonstrated that interventional cardiologists participating in a stroke 
team achieved comparable outcomes for acute stroke patients to those 
of neurointerventionalists.

The most important problem facing stroke therapy is a lack of 
on-demand interventional therapy for most patients who are not can-
didates for lysis. Unlike the national standard of care for heart attacks, 
for which an army of interventional cardiologists have been mobilized 
behind a national effort to minimize door-to-balloon time for early 
reperfusion, endovascular therapy for stroke is uncommon because of 
the paucity of neurointerventional physicians to provide this service 
around the clock in most communities.9 Relatively few neuroradiolo-
gists are available to provide coverage all times in every hospital that 
accepts stroke patients for treatment. One way to expand this service 
is to take advantage of the army of manpower available from interven-
tional cardiology (Fig. 47-7).44

Interventional cardiologists are currently providing around-the-
clock interventional responses for acute myocardial infarction. With 
training and formation of a multidisciplinary stroke treatment group 
that includes neurology, radiology, and surgical specialties, the treat-
ment capabilities that are so badly needed in many communities  
could be extended. Many interventional cardiologists are currently 
performing carotid stent placement and intracerebral angiography. It 
is a reasonable and achievable step to enable competent carotid inter-
ventionalists who have cerebral angiography experience to perform 
acute stroke intervention (Table 47-5).

FIGURE 47-7	 The	 Ochsner	 Health	 System	 acute	 stroke	 intervention	
service	(OASIS)	provides	multidisciplinary	services	coordinated	by	the	
neurology	department	for	rapid	assessment	and	treatment	of	stroke.	

Neurology

Cardiology Radiology

Physical medicine
and rehabilitation

Neurology consult to ED 0–20 min
CT scan read 20–40 min

Catheterization or lytic therapy 40 min

TABLE 47-5 Strengths and Weaknesses of Cardiologists on the 
Stroke Intervention Team

Strengths

Excellent	catheter	skills
Experience	with	carotid	stent	placement	and	cerebral	angiography
Management	of	atherosclerotic	risk	factors	for	stroke
Rapid	response	24/7	to	assist	and	relieve	interventional	neuroradiology
Management	of	coexistent	cardiac	disease	(e.g.,	atrial	fibrillation)

Weaknesses

Limited	knowledge	of
	 Cerebral	anatomy
	 Computed	tomography	and	magnetic	resonance	imaging	interpretation
	 Localization	of	deficit
	 National	Institutes	of	Health	Stroke	Scale	and	neurologic	examination
Management	of	stroke	complications	(e.g.,	intracranial	hemorrhage)
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Intracardiac therapies for structural heart lesions continue to expand 
in scope and complexity due to advances in the imaging techniques. 

Structural heart interventions require an understanding of complex 
three-dimensional (3D) anatomic relationships, and soft tissue visual-
ization requires the addition of ultrasound-based imaging modalities, 
computed tomography (CT), and/or cardiac magnetic resonance 
imaging. In this regard, imaging has become an integral part of these 
procedures, from preprocedural planning and patient selection to 
intraprocedural guidance, postprocedural assessment of results, and 
long-term follow-up care. These imaging modalities require expertise 
in multiple imaging modalities and real-time integration for a success-
ful procedural outcome. This chapter first highlights the structural 
anatomy using each of these imaging modalities and then provides a 
guide to their use during intracardiac interventions.

FLUOROSCOPY AND ANGIOGRAPHY

Left-Sided Structures

Left Atrial Angiogram
A left atrial angiogram is rarely performed by direct injection, but the 
left atrium is frequently seen on the levophase of the right-sided angio-
gram or ventriculogram. Direct injection in the left atrial appendage 
(LAA) is performed to evaluate the anatomy before percutaneous 
closure (Fig. 48-1). Typically, the right anterior oblique (RAO) cranial 
view shows the LAA opening in the medial-lateral diameter and the 
RAO caudal view delineates the superior-inferior opening diameter 
(see Fig. 48-1). These views are also important to study the shape of 
the LAA, which is critical in percutaneous closure planning.1

K E Y  P O I N T S

•	 Structural	heart	disease	interventions	require	multimodality	imaging	
in	the	cardiac	catheterization	laboratory,	including	fluoroscopy,	
ultrasound-based,	and	three-dimensional	(3D)	rotational	imaging.

•	 Fluoroscopy	allows	real-time	use	of	radiopaque	devices,	and	
intraprocedural	ultrasound	imaging	shows	non–radiopaque	cardiac	
structures	and	helps	with	the	safety	and	precision	of	the	
procedures.

•	 Fluoroscopy	visualizes	a	large	area	of	heart	with	excellent	
temporal	and	spatial	resolution	and	projects	3D	in	two	dimensions	
(2D).	Therefore	multiple	projections	(commonly	biplane	imaging)	
are	needed	to	precisely	locate	devices	and	structures	in	3D	space.

•	 The	ability	to	acquire	a	3D	dataset	with	rotational	imaging	in	the	
cardiac	catheterization	laboratory	has	revolutionized	imaging	and	
fusion	possibilities.

•	 3D	and	biplane	echocardiography	help	considerably	to	localize	
structures	and	devices.	Live	3D	color	imaging	and	fusion	imaging	
will	further	advance	this	field	in	the	near	future.

•	 Ultrasound-based	imaging,	either	intracardiac	echocardiography	
(ICE)	or	transesophageal	echocardiography	(TEE),	is	used	to	
guide	septal	interventions	(transseptal	puncture,	patent	foramen	
ovale	and	atrial	septal	defect	closures),	left	atrial	appendage	
closure,	and	mitral	valve	interventions.	It	is	increasingly	being	
used	during	transcatheter	valve	implantations	and	for	paravalvular	
leak	closure.

•	 Synthesis	of	fluoroscopic,	computed	tomographic,	and	
echocardiographic	images	in	the	catheterization	laboratory	is	
expanding	the	scope	of	structural	heart	interventions.

48 Imaging for Intracardiac Interventions

S E C T I O N  V INTRACARDIAC INTERVENTION

FEMI PHILIP | MEHDI SHISHEHBOR | SAMIR R. KAPADIA

FIGURE 48-1	 A,	Right	anterior	oblique	(RAO)	cranial	view	of	left	atrial	appendage	(LAA)	injection.	The	“width”	of	the	LAA	opening	is	shown	by	the	
dotted	arrows	and	is	also	depicted	in	the	horizontal	view	in	transesophageal	echocardiography	(TEE)	(insert).	B,	RAO	caudal	view	of	the	LAA	in	
the	same	subject	shows	the	“height”	of	the	opening	(dotted	arrows),	which	corresponds	to	a	vertical	view	by	TEE	(insert).	

A

LAA

LAA

B
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FIGURE 48-2	 Right	anterior	oblique	(RAO)	30-degree	view	of	the	left	ventricle	in	diastole	and	systole.	The	aortic	valve	(open	arrow),	mitral	valve	
(solid	white	arrows),	and	papillary	muscles	are	shown.	In	diastole	(left	panel),	the	mitral	valve	is	open	and	there	is	clearance	of	contrast	as	the	
blood	enters	the	left	ventricle	from	the	left	atrium.	Anterior	and	posterior	leaflets	are	separate	in	diastole.	In	systole	(right	panel),	the	mitral	valve	
is	closed	and	the	aortic	valve	is	open.	In	this	view,	the	anterior,	apex,	and	inferior	walls	can	be	assessed.	AML,	Anterior	mitral	leaflet;	AV,	aortic	
valve;	PML,	posterior	mitral	leaflet.	
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Left Ventriculogram
The left ventricle is typically divided into inflow and outflow segments.2 
The inflow consists of the mitral valve (MV) apparatus, and the outflow 
portion includes the apex, left ventricular outflow tract (LVOT), and 
aortic valve (Fig. 48-2). The angle between the inflow and outflow tract 
is approximately 30 degrees in young persons and increases with 
“unfolding of aorta.” Because the interventricular septum maintains its 
position while the aorta is transposed anteriorly and more horizontally, 
there can be “bulging” of the septum.

A left ventriculogram is typically performed in the RAO 30-degree 
projection; however, different views should be considered depending 
on the purpose of the procedure. The RAO projection delineates the 
separation of atria from ventricles. Various structures seen on the RAO 
projection are shown in Figure 48-2. The anterior and inferior walls 
and the apex are seen without overlap in this view. The lateral wall and 
septum are overlapped, and their motion is perpendicular to the x-ray 
beam. Anterior and posterior MV leaflets are seen from the side in a 
longitudinal plane along with the inflow portion of the ventricle. It is 
critical to recognize this relationship when performing MV interven-
tion and devices must be advanced coaxially in the inflow (e.g., Inoue-
Balloon catheter [Toray Medical, Tokyo], MitraClip [Abbott Vascular, 
Abbott Park, IL]). Anterolateral and posteromedial commissures are 
superior and inferior in this view, and there is significant overlap 
between various segments of the anterior and posterior leaflets. The 
aortic valve and the coronary sinus can be appreciated in this view. The 
right coronary sinus and the noncoronary sinus are located on the right 
and left sides of the aortic root, respectively. The left coronary sinus is 
located between the right coronary sinus and the noncoronary sinus. 
In this view, the ostia of the right and left coronary arteries are located 
close to one another; this is useful for anterior/posterior localization 
in the aortic root.

The anatomic structures seen in the left anterior oblique (LAO) 
view are outlined in Figure 48-3. The LAO projection delineates the 

intraventricular groove and separates right ventricle from the left ven-
tricle. In order to align mitral inflow to the apex of the ventricle, some 
caudal angulation can be added to the LAO projection. This allows one 
to see the left ventricle in end-on projection so that papillary muscles, 
as well as anterior and posterior leaflets, can be clearly identified. The 
inflow and outflow of the ventricle are typically well separated in this 
view. The left and the right coronary sinuses and coronary ostia are 
separated clearly, and the noncoronary sinus is overlapped by the right 
coronary cusp (albeit located lower in the aortic root).

Unconventional views allow better delineation of certain parts of 
the left ventricle. The LAO cranial projection is typically better for 
assessment of the LVOT. The purpose of this projection is to see the 
anterior leaflet of the MV in a longitudinal view when it does not 
overlap the interventicular septum. It is also the view of choice to see 
the interventricular septum in the muscular portion for assessment of 
a ventricular septal defect. The LAO caudal projection allows one to 
see the MV end-on and to place the anterolateral and posteromedial 
commissures in their proper contexts: the bifurcation of left main 
coronary artery into left anterior descending and left circumflex arter-
ies and the posterior descending artery, respectively.

Aortogram
An ascending aortogram is performed to examine the aortic valve and 
root, aortic aneurysms, and, rarely, aortic dissections. The aortogram 
is performed in the RAO (30-degree) and LAO (40-degree) projec-
tions. A high rate of injection (20 mL/sec for 2-3 sec) and proper 
catheter positioning allows assessment of the different aortic cusps. The 
aortogram is usually performed with a multi-sidehole pigtail catheter 
positioned 2 to 3 cm above the sinus of Valsalva (Fig. 48-4). It is impor-
tant to recognize various anatomic relationships on fluoroscopy, 
including the relation of the noncoronary cusp to the interatrial septum 
(IAS) for transseptal puncture, the superior vena cava (SVC) for ICE 
imaging, and the anterior leaflet of the MV for antegrade interventions. 
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FIGURE 48-3	 Left	anterior	oblique	(LAO)	60-degree	view	of	 the	 left	ventricle	 in	diastole	and	systole.	The	aortic	valve	(open	arrow),	mitral	valve	
(solid	white	arrows),	and	papillary	muscles	(solid	black	arrows)	are	shown.	In	diastole	(left	panel),	the	mitral	valve	is	open	and	there	is	clearance	
of	contrast	as	the	blood	without	contrast	enters	the	left	ventricle	from	the	left	atrium.	Anterior	and	posterior	leaflets	are	separate	in	diastole.	In	this	
view,	the	lateral	and	the	septal	walls	can	be	assessed.	AML,	Anterior	mitral	leaflet;	Ant	PM,	anterolateral	papillary	muscle,	AV,	aortic	valve;	PML,	
posterior	mitral	leaflet;	Post	PM,	posterolateral	papillary	muscle.	
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FIGURE 48-4	 Shallow	right	anterior	oblique	(RAO)	and	left	anterior	oblique	(LAO)	aortograms	in	a	subject	with	aortic	stenosis	and	restricted	leaflet	
motion	(top	row).	For	each	view,	the	aortic	valve	(AV)	is	shown	in	closed	and	open	position.	The	corresponding	structures	for	each	aortogram	are	
delineated	by	dashed	lines	and	arrows	in	the	bottom	panel.	Notice	the	overlap	of	the	left	and	right	coronary	cusps	in	the	RAO	projection	and	the	
right	and	noncoronary	cusps	in	the	LAO	projection.	LCC,	Left	coronary	cusp;	NCC,	noncoronary	cusp;	RCC,	right	coronary	cusp.	
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Pulmonary Angiogram
Pulmonary angiography is the gold standard technique for diagnosing 
pulmonary embolism.3 In addition, it is used to assess a variety of other 
conditions such as pulmonary valve stenosis, pulmonary artery steno-
sis, anomalous pulmonary venous return, and pulmonary arteriove-
nous malformation. Frequently, a pulmonary artery angiogram is 
performed in the AP and lateral views to visualize the left atrium and 
assess pulmonary vein drainage before ASD closure (Fig. 48-6). The 
most commonly used catheters are the multi-sidehole pigtail and NIH 
catheters; they deliver a high injection rate of 40 mL/sec to visualize 
pulmonary veins. The dextro and levo phases of the injections are 
shown in Figure 48-7.

TRANSESOPHAGEAL ECHOCARDIOGRAPHY
Transesophageal echocardiography (TEE) has become an integral part 
of invasive cardiac procedures including ASD and PFO closure, mitral 
valvuloplasty, aortic valvuloplasty, percutaneous aortic valve replace-
ment, and percutaneous edge-to-edge repair.4 Most patients in cathe-
terization laboratories tolerate TEE placement in the supine position 
without endotracheal intubation. Judicious use of short-acting seda-
tives such as midazolam and good suction of the posterior pharynx are 
critical for patient comfort.

These relationships are well demonstrated in a posteroanterior (PA) 
view on a right atrial angiogram (Fig. 48-5).

Right-Sided Structures

Right Atrial Angiogram
A right atrial angiogram is typically performed to look at the IAS. A 
pigtail catheter, Berman Angiographic balloon catheter, or National 
Institutes of Health (NIH) catheter with rapid injection rate is used. 
Various anatomic structures are shown in Figure 48-5. This procedure 
can be used to guide transeptal puncture and closure of a patent 
foreman ovale (PFO) or atrial septal defect (ASD).

Right Ventriculogram
The right ventricle is a trabeculated ventricle with inflow and outflow 
tracts at right angles to each other. Most typically, a right ventriculo-
gram is performed in anteroposterior (AP) and lateral projection with 
the catheter positioned in midcavity to prevent ventricular ectopy. A 
pigtail, Berman Angiographic, or NIH catheter can be used to perform 
a right ventriculogram. The rate of injection (>25 mL/sec) and the 
volume of contrast (60 mL) administered must be higher in order to 
delineate the components of the right ventricular cavity. A right ven-
triculogram can be used to assess the tricuspid valve, pulmonary valve, 
right ventricular outflow tract (RVOT), pulmonary arteries, left atrium 
(interatrial septum), and pulmonary veins (see Fig. 48-5).

FIGURE 48-5	 Anteroposterior	(AP)	and	lateral	(LAT)	views	of	a	right	atrial	angiogram	are	shown	in	the	top	and	bottom	row,	respectively.	Dextro	
phase	(left	panel),	levo	phase	(right	panel),	and	two	phases	superimposed	on	each	other	(middle	panel)	are	presented.	antL	MV,	Anterior	leaflet	
of	 the	mitral	valve;	AO,	aorta;	 IVC,	 inferior	vena	cava;	LA,	 left	atrium;	LV,	 left	ventricle;	NCC,	noncoronary	cusp;	PA,	pulmonary	artery;	RA,	 right	
atrium;	RV,	right	ventricle;	SVC,	superior	vena	cava.	
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FIGURE 48-6	 Anteroposterior	(AP)	and	lateral	(LAT)	views	of	 the	right	ventricle	with	a	pigtail	catheter	 in	the	right	ventricular	outflow	tract.	Notice	
the	doming	of	the	pulmonic	valve	(black	arrows).	

AP LAT

The TEE probe contains a 3- to 7.5-MHz ultrasound transducer at 
its tip and can be advanced to the esophagus or stomach for proper 
visualization of cardiac structures.5 The tip of the probe can be ante-
flexed, retroflexed, or moved side to side as needed. The currently 
available TEE transducers are multiplane and consist of a single array 
of crystals that can be rotated from 0 to 180 degrees. The most common 
views are the 0-degree, 40- to 60-degree, 90-degree, and 120-degree 
views. The common positions for the TEE transducer are the upper 
midesophagus, the midesophagus, and transgastric positions. The 
most import TEE views are the four-chamber, long-axis, and two-
chamber views.

Three important planes can be visualized at 0 degrees, starting from 
the upper and moving to the lower esophagus (Fig. 48-8). From the 
upper midesophagus in a horizontal (0-degree) view or the basal short 
axis view, the aortic arch, pulmonary artery, LAA, pulmonary veins, 
and aortic valve can be visualized by scanning from left to right. In a 
0- to 20-degree midesophageal view or the four-chamber view, the left 
atrium, left ventricle, right atrium, right ventricle, MV, tricuspid valve, 
and IAS can be seen. The 0-degree transgastric view shows a cross 
section of the left ventricle and the MV (see Fig. 48-8).

FIGURE 48-7	 Normal	pulmonary	angiogram	is	shown	in	the	anteroposterior	view.	A	large	volume	of	dye	(40	mL/sec)	is	rapidly	injected	with	the	
use	of	a	National	Institutes	of	Health	(NIH)	catheter.	Left	panel	shows	the	pulmonary	artery	trunk	and	the	left	and	right	pulmonary	arteries	and	their	
branches.	Right	panel	shows	opacification	of	the	left	atrium	in	levo	phase.	Digital	subtraction	is	used	to	visualize	the	pulmonary	veins	(solid	white	
arrows).	LA,	Left	atrium;	PA,	pulmonary	artery.	

PA

LA

Levo phaseLevo phase

In a 40 to 60 degree, upper to midesophageal view, two important 
planes can be seen (Fig. 48-9). From this view, the aortic valve, RVOT, 
right atrium, IAS, and left atrium can be seen. From the 60-degree 
midesophageal level (the mitral commissural view), the MV, left ven-
tricle, and left atrium can be seen (see Fig. 48-9). In this view, the 
posterior mitral leaflet is to the left of the image display, and the ante-
rior leaflet is to the right. Typically, A2 is located in the middle of the 
left ventricular inflow tract with P1 and P3 on each side.

At 80 to 100 degrees from upper to lower esophagus, three impor-
tant planes can be visualized (Fig. 48-10). From the 90-degree upper 
to midesophageal view (the bicaval view), the SVC, right atrium, infe-
rior vena cava, IAS, and left atrium can be seen. From the 80- to 100-
degree midesophagus view (two-chamber view), the anterior and 
inferior left ventricular walls, LAA, MV, and coronary sinus can be 
visualized (see Fig. 48-10). In this view, the LAA can be examined for 
presence of thrombus; P3 is to the left of the image display, and A1 is 
to the right (see Fig. 48-10).

In the 120- to 160-degree midesophagus view (long-axis view), the 
left ventricle, left atrium, aortic valve, LVOT, MV, and ascending aorta 
can be seen (Fig. 48-11).
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FIGURE 48-8	 Transesophageal	 echocardiog-
raphy	“0-degree”	(horizontal)	midesophageal	
and	transgastric	views	(right	panels).	The	left	
panel	shows	the	heart	in	anteroposterior	view	
(refer	 to	 Figure	 48-5)	 and	 the	 orientation	 of	
the	other	images.	The	upper	right	panel	is	the	
four-chamber	view,	and	lower	right	panel	is	a	
short-axis	 view	 of	 the	 mitral	 valve	 with	 the	
corresponding	leaflet	segments.	The	posterior	
leaflet	is	divided	into	P1	to	P3,	and	the	ante-
rior	leaflet	into	A1	to	A3,	from	lateral	to	medial.	
AML,	Anterior	mitral	leaflet;	LA,	left	atrium;	LV,	
left	ventricle;	PML,	posterior	mitral	leaflet;	RA,	
right	atrium;	RV,	 right	 ventricle;	 TV,	 tricuspid	
valve.	
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FIGURE 48-9	 Transesophageal	echo-
cardiography	 “40-	 to	 60-degree”	
views	in	the	upper	to	middle	esopha-
gus	with	 the	probe	 turned	 to	 the	 left	
(upper	right),	at	 the	upper	to	middle	
esophageal	 junction	 with	 the	 probe	
directed	anteriorly	(lower	left),	and	in	
the	midesophageal	commisural	view	
(lower	 right).	 The	 upper	 left	 panel	
shows	 the	 heart	 in	 anteroposterior	
view	 (refer	 to	 Figure	 48-5)	 and	 the	
orientation	 of	 the	 other	 images.	 A1,	
Lateral	 scallop	 of	 the	 anterior	 leaflet		
of	 the	 mitral	 valve;	 IAS,	 interatrial	
septum;	LA,	left	atrium;	LAA,	left	atrial	
appendage;	LCC,	left	coronary	cusp;	
LV,	 left	 ventricle;	 NCC,	 noncoronary	
cusp;	P1	and	P3,	lateral	and	medial	
scallops	of	the	posterior	leaflet	of	the	
mitral	 valve;	 PA,	 pulmonary	 artery;	
PV,	 pulmonic	 vein;	P	 valve,	 pulmo-
nary	 valve;	 RA,	 right	 atrium;	 RCC,	
right	coronary	cusp;	RV,	right	ventri-
cle;	TV,	tricuspid	valve.	
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FIGURE 48-10	 Transesophageal	echocardiography	 “90-degree”	midesophageal	view	of	 the	 left	atrial	appendage	(upper	 right),	 the	bicaval	view	
(lower	left),	and	the	two-chamber	view	(lower	right)	as	the	probe	is	directed	from	left	to	right.	The	upper	left	panel	shows	the	heart	in	anteroposterior	
view	(refer	 to	Figure	48-5)	and	 the	orientation	of	 the	other	 images.	A1,	Lateral	scallop	of	 the	anterior	 leaflet	of	 the	mitral	valve;	EV,	Eustachian	
valve;	IAS,	interatrial	septum;	IVC,	inferior	vena	cava;	LA,	left	atrium;	LAA,	left	atrial	appendage;	LV,	left	ventricle;	P3,	medial	scallop	of	the	posterior	
leaflet	of	the	mitral	valve;	PV,	pulmonic	vein;	RA,	right	atrium;	RPA,	right	pulmonary	artery;	RV,	right	ventricle;	SVC,	superior	vena	cava.	
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FIGURE 48-11	 Transesophageal	echocardiography	“130-degree”	midesophageal	 long-axis	view	of	 the	ascending	aorta	(right	panel).	Left	panel	
shows	the	heart	in	anteroposterior	view	(refer	to	Figure	48-5)	and	the	orientation	of	the	other	image).	P2	and	A2	refer	to	the	middle	scallops	of	
the	posterior	and	anterior	mitral	leaflets.	AO,	Aorta;	LA,	left	atrium;	LV,	left	ventricle;	RV,	right	ventricle.	
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INTRACARDIAC ECHOCARDIOGRAPHY
Intracardiac echocardiography (ICE) provides excellent images of the 
intracardiac structures without the patient discomfort and airway 
issues associated with other modalities such as TEE.6 In certain situa-
tions, ICE can produce a clearer, better-defined image compared with 
TEE. These situations include assessment of the posterior part of the 
IAS, where the TEE probe is too close to the area of interest; of the 
pulmonary valve because of its anterior position; of the aortic arch for 
dissection because of air shadowing from the bronchus; and in some 
cases, of a mechanical aortic valve because of shadowing. ICE is less 
optimal for evaluating mitral regurgitation, LAA, and left ventricular 
wall motion (e.g., contrast distribution for alcohol ablation).

The two main ICE transducer systems are the mechanical/rotational 
and the phased-array systems. The mechanical transducers typically 
operate at 9 MHz or higher and produce a circular scan path perpen-
dicular to the catheter. Mechanical catheters are imaging catheters 
without color or Doppler capabilities; they are less useful than the 
phased-array systems, which allow a complete evaluation that is 

FIGURE 48-12	 The	basic	views	obtained	by	intracardic	echocardiography	(ICE)	in	the	neutral	position	(right	panels)	and	with	progressive	clockwise	
rotation	(left	panels).	The	corresponding	planes	are	shown	on	the	fluoroscopic	image	(center	panel).	Refer	to	Figure	48-5	for	orientation	of	fluo-
roscopic	image	and	the	structures	that	are	visible	in	the	neutral	position	from	the	level	of	the	superior	vena	cava	(top	right),	the	middle	right	atrium	
(middle	right),	and	the	tricuspid	valve	(bottom	right).	The	panels	on	the	left	were	obtained	by	turning	the	probe	clockwise	from	the	middle	right	
atrium	to	visualize	the	entire	 interatrial	septum	from	anterior	 to	posterior	aspect.	AV,	Aortic	valve;	LA,	 left	atrium;	PA,	pulmonary	artery;	RA,	right	
atrium;	RV,	right	ventricle;	SP,	septum	primum;	SS,	septum	secundum;	SVC,	superior	vena	cava;	TV,	tricuspid	valve.	
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comparable to TEE. In our catheterization laboratory, we exclusively 
use phased-array systems to guide our structural heart disease inter-
ventions. The phased-array systems use 64 piezoelectric elements with 
frequencies of 5.5, 7.5, 8.5, and 10 MHz to produce a single sector scan 
that is perpendicular to the long axis of the catheter. The probe is avail-
able as an 8- or 11-Fr catheter with “monoplane” imaging. Each device 
has two handles that allows the operator to move the probe tip anterior, 
posterior, or from side to side. The maximum tissue penetration with 
ICE is approximately 10 to 12 cm.

ICE is currently being used for assessment of the IAS, pulmonary 
veins, crista terminalis, eustachian valve, tricuspid annulus, coronary 
sinus ostium, aortic valve, ascending aorta, aortic arch, and in some 
cases, the MV. In general, there are three standard views; however, 
modification of these views by clockwise or counter-clockwise rotation 
may be necessary. One can typically start from the SVC and pull the 
probe back caudally for visualization of different structures. The initial 
view is from the SVC when the transducer is in the neutral position 
(Fig. 48-12). Subsequent counterclockwise rotation will turn the trans-
ducer anteriorly, where the ascending aorta, the aortic valve, part of 
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the IAS. In order to see the entire IAS, posterior flexion is applied to 
the probe. This allows enough depth so that the entire IAS can be 
visualized (Fig. 48-13).

The third standard view (anterior horizontal view) is obtained by 
flexing the probe in the middle right atrium with some clockwise rota-
tion (Fig. 48-14). This generates a short-axis view of the aortic valve 

FIGURE 48-13	 Intracardic	 echocar-
diography	 (ICE)	 in	 the	 anterior	 and	
posterior	 horizontal	 views	 (right	
panels).	 The	 corresponding	 planes	
are	shown	in	the	AP	(upper	left)	and	
lateral	(lower	left)	fluoroscopic	views	
(see	text	 for	details).	AP,	Anteropos-
terior;	AV,	aortic	valve;	LA,	left	atrium;	
LAT,	lateral;	RA,	right	atrium.	
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FIGURE 48-14	 Intracardiac	echocardiography	(ICE)	shows	puncture	in	a	good	location	as	demonstrated	by	needle	tenting	opposite	to	the	pulmonary	
veins	(A).	B	and	C,	Transseptal	puncture	in	a	patent	foreman	ovale	with	a	long	tunnel.	B,	Needle	with	stained	septum.	Notice	that	the	puncture	
site	is	close	to	the	end	of	the	septum	secundum	(SS).	C,	Position	of	ICE	probe	and	septal	staining	in	the	lateral	projection	(same	patient	as	in	B).	
Notice	that	the	ascending	aorta	is	anterior	and	the	Brockenbrough	needle	is	pointing	posteriorly	(C).	AHV,	Anterior	horizontal	view;	LA,	left	atrium;	
PFO,	patent	foramen	ovale;	PV,	pulmonary	vein;	RA,	right	atrium.	
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pulmonary trunk, and the tricuspid valve can be seen. Clockwise rota-
tion from the neutral position rotates the transducer posteriorly, where 
the IAS, right pulmonary artery, and descending aorta can be seen. The 
next view is typically obtained from the right atrium at the level of 
tricuspid valve (see Fig. 48-12). This view shows the tricuspid valve 
and the ascending aorta. Further clockwise rotation delineates part of 
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ICE is commonly used to guide this procedure and can identify  
the anteroposterior and superoinferior boundaries of the interatrial 
septum. The ICE catheter is introduced into the right atrium and then 
steered to the right with posterior flexion; this gives rise to the poste-
rior horizontal view. In this view, the superior and inferior cavoatrial 
junction is delineated, the aortic rim is well seen, and the right upper 
pulmonary vein is seen. While the catheter is kept in this orientation, 
the whole system is rotated clockwise and placed below the aortic 
valve. This produces the anterior horizontal view that localizes the 
short axis of the IAS and delineates its posterior extent (see Fig. 48-14, 
A). The appropriate site can also be confirmed in the anterior horizon-
tal view (Fig. 48-16).8

Patent Foramen Ovale
The details of this procedure are covered in Chapter 49. Briefly, under 
normal embryologic processes, the septum primum and septum 
secundum (two independent, crescent-shaped membranes) make up 
the IAS. During fetal life, the mobile septum primum allows right-to-
left shunting to maintain life. However, after birth left atrial pressure 
increases and helps to fuse these two membranes. In about 15% to 20% 
of individuals, this fusion does not occur, allowing occasional right to 
left shunting; this is referred to as a PFO.

Fluoroscopy is used in conjunction with ICE for percutaneous PFO 
closure. The most common views are the shallow LAO (10-degree), 
cranial (10-degree), and lateral (or 60-degree LAO) views, which allow 
better appreciation of the PFO orientation. Typically, a Gudel-Lubin 
catheter is used to cross the PFO, and while the catheter is being  
pulled back, injection is made to visualize the PFO on fluoroscopy  
(see Fig. 48-16). This allows visualization of the length of the tunnel 
(overlap between septum primum and septum secundum) and the 
thickness of the septum secundum. Additionally, balloon inflation in 
the PFO helps to determine the size of the PFO and to delineate the 
shape and size of the tunnel, allowing one to “feel” the quality of the 
tissue around the PFO (see Fig. 48-16). Deployment of the device is 
usually done in the shallow LAO cranial (10-10) view, which allows 
perpendicular visualization of the IAS. Last, injection of contrast mate-
rial under fluoroscopy from the guide catheter before release confirms 
good apposition.

ICE is commonly used to first assess the IAS in the longitudinal 
plane from top to bottom in the anterior and the posterior direction. 
This is done by turning the probe clockwise and counterclockwise at 
various heights in the right atrium (see Fig. 48-12). Next, the probe  
is flexed anteriorly, and the ultrasound beam is directed superiorly  
and posteriorly to visualize the anteroposterior length of the IAS (see 

and produces a better visualization of the anteroposterior section of 
the septum. Further clockwise rotation demonstrates the MV and its 
apparatus. It is possible to see the aortic valve in cross section by rotat-
ing the probe clockwise and posteriorly; however, this view is less 
reproducible than the anterior horizontal view (see Fig. 48-12). Occa-
sionally, the MV can be visualized from the coronary sinus, the right 
ventricle, or the superior aspect of the right atrium.

SPECIFIC PROCEDURAL USES FOR  
INTRACARDIAC IMAGING

Transseptal Puncture
Transseptal puncture has become an integral part of many intracardiac 
procedures, including percutaneous mitral valvuloplasty, MV repair, 
LAA closure, some cases of PFO closure, and ablation of atrial fibril-
lation.7 The goal is to cross the IAS through the fossa ovalis, an area 
2 cm in diameter that is bounded superiorly by septum secundum 
called limbus. It is located posterior and inferior to the aortic root in 
the midportion of the IAS. The procedure is performed with the use 
of the Brockenbrough needle (USCI, Billerica, MA), which is intro-
duced through an 8-Fr Mullins sheath and dilator combination. The 
procedure is performed primarily under fluoroscopic guidance, with 
ultrasound imaging (ICE or TEE guidance) as an important supple-
ment. Fluoroscopically, the most important landmarks are the position 
of the aorta (determined by placing a catheter in the aortic root) and 
the margins of right and left atria. These can be determined by right 
atrial angiography in the AP and lateral projections (see Fig. 48-5).  
The needle is withdrawn caudally in the AP projection from the SVC; 
three medial drops are identified, corresponding to the SVC–right 
atrial junction, the noncoronary sinus of the aorta, and the limbus of 
the fossa ovalis. The needle position is then checked in lateral projec-
tion to ensure posterior direction in relation to the aorta. The needle 
is advanced to the left atrium with close monitoring of pressure 
through the needle to ensure that there is no drop in pressure as the 
needle traverses the IAS. Staining of the septum can be very helpful  
if there is any doubt regarding the location of the puncture site (see 
Fig. 48-14).

TEE can also help determine the appropriate location of the punc-
ture site. The vertical distance from the MV and the aorta can be 
determined by the four-chamber and bicaval views, respectively (Fig. 
48-15). TEE also helps to rule out thrombus in the left atrium or the 
LAA appendage and to monitor the pericardium for presence of effu-
sion. The puncture site must be identified through recognition of 
tenting, which indicates the correct needle-tip position.

FIGURE 48-15	 Transesophageal	echocardiography	“65-degree”	(midesophagus)	view	(left	panel)	and	“0-degree”	(four-chamber)	view	(right	panel)	
show	the	location	of	the	puncture	site.	The	distance	between	the	puncture	site	and	the	aortic	and	mitral	valves	can	be	determined	on	these	views	
(left	and	right	panels,	respectively).	Presence	of	tenting	(white	arrow)	confirms	the	location	and	position	of	the	needle.	The	dotted	line	shows	the	
distance	from	the	transeptal	site	to	the	mitral	valve	annulus.	AV,	Aortic	valve;	LA,	left	atrium;	MV,	mitral	valve;	RA,	right	atrium.	
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FIGURE 48-16	 A,	Patent	foreman	ovale	(PFO)	with	septum	primum	(SP,	arrows)	and	septum	secundum	(SS)	is	shown	by	intracardiac	echocar-
diography.	The	image	is	rotated	to	match	the	fluoroscopic	image	(B).	The	SP	is	flimsy	(atrial	septal	aneurysm).	Lateral	fluoroscopic	views	show	
a	PFO	(B),	“feeling”	of	 the	PFO	with	a	sizing	balloon	(C),	and	proper	positioning	of	 the	device	with	a	right	atrial	angiogram	before	detachment	
(D).	LA,	Left	atrium;	RA,	right	atrium.	
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FIGURE 48-17	 Intracardiac	echocardiography	shows	the	presence	of	an	atrial	septal	aneurysm	(A),	the	overlap	of	septum	primum	(SP)	and	septum	
secundum	(SS)	delineating	 the	“tunnel”	and	 the	 thickness	of	 the	SS	(B),	 the	size	of	 the	PFO	(C),	and	 the	presence	of	additional	openings	(D).	
ASA,	Atrial	septal	aneurysm;	LA,	left	atrium;	PFO,	patent	foramen	ovale;	RA,	right	atrium.	
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Fig. 48-13). ICE should be carefully performed with consideration of 
the following points: (1) presence or absence of an atrial septal aneu-
rysm (Fig. 48-17, A); (2) relationship of septum primum to septum 
secundum to determine the length of the “tunnel” (see Fig. 48-17, B); 
(3) thickness of septum secundum (see Fig. 48-17, D); (4) size of the 
PFO (see Fig. 48-17, C); (5) presence of additional openings (see Fig. 
48-17, D); (6) degree of shunt; and (7) presence of a prominent Chiari 
network. ICE can also show whether the wire has crossed the PFO 
when other holes are present. Similarly, ICE can be very useful when 
transseptal puncture for a tunneled PFO is necessary (see Fig. 48-16). 
Typically, the puncture must be made fairly anteriorly, near the PFO, 
to adequately cover the PFO with the device.

Device deployment is typically performed under ICE and fluoros-
copy guidance. Proper but not excessive tension in device deployment 
can make the device sit well without the risk of deploying both disks 
into the left atrium. Once the device is deployed, proper interrogation 
of all margins provides reassurance that it will not embolize. “Push and 
pull” is performed, and simultaneous imaging with ICE confirms that 
the atrial tissue is between the disks. Once the operator is satisfied, the 
device is released and bubbles are injected to document any residual 
shunt.

In our institution, almost all PFOs are closed with the use of fluo-
roscopy and ICE guidance; however, TEE can also be used for this 
procedure. TEE is associated with greater patient discomfort and 
requires an additional operator. Two views are most helpful when using 
TEE: the (30 to 40 degree) midesophageal short-axis view of the aortic 
valve and IAS and the (90 to 100 degree) midesophageal bicaval view, 
which shows the IVC and SVC, the right atrium, and the IAS. However, 
every patient is different, and subtle changes in these views and angles 
may be necessary for better visualization.

Secundum Atrial Septal Defect
Secundum ASD results from underdevelopment of the septum secun-
dum that leads to a true opening in the IAS. The key elements in the 
assessment of ASD with echocardiography for percutaneous closure 
are (1) the location of the defect in the septum secundum (superior, 
inferior, anterior, or posterior); (2) adequacy of rims (Fig. 48-18);  
(3) identification of multiple defects; and (4) size of the defect. Pulmo-
nary angiography is the most helpful modality to identify anomalous 
venous drainage in the catheterization laboratory (see Fig. 48-7).

ICE is the preferred imaging method for this procedure.9 In general, 
the two views described for PFO are adequate for visualizing ASD and 
its structural detail. Individualization of views should be considered, 
because ASD occurs in many different sizes and shapes. Obliteration 
of color flow with balloon inflation allows proper sizing without over-
sizing, as commonly happens when only the waist of the balloon is 
used with fluoroscopy. (Fig. 48-19). Device deployment is guided by 
ICE, and proper gripping can be tested with “push and pull” maneu-
vers. Impingement of surrounding structures (i.e., MV, SVC, roof of 
the left atrium, aorta, and coronary sinus) should be carefully assessed 
before the device is released. A right atrial angiogram with end-on view 
of the device allows clear visualization of the device margins and its 
relation to the left atrial walls and aorta (Fig. 48-20).

Left Atrial Appendage Occlusion
The LAA is derived from the embryonic left atrium and is a bland 
pouch located on the anterior surface of the heart, It can have several 
variations in morphology.10 The ostium of the LAA is elliptical in shape 
and enlarges progressively with severity of atrial fibrillation.1 The 
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FIGURE 48-18	 Intracardiac	echocardiography	shows	the	inferior	and	superior	rims	of	a	secundum	atrial	septal	defect	(left	panel).	Notice	the	pres-
ence	of	a	small	anterior	rim	(right	panel).	AV,	Aortic	valve;	LA,	left	atrium;	RA,	right	atrium;	TV,	tricuspid	valve.	
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FIGURE 48-19	 Intracardiac	echocardiography	shows	the	process	of	atrial	septal	defect	(ASD)	sizing.	The	balloon	is	inflated	with	color	interrogation	
of	the	ASD.	Initially,	there	is	persistent	flow	around	the	ASD	balloon	(left	panel).	The	balloon	is	inflated	further	to	barely	obliterate	flow	across	the	
ASD,	and	size	is	measured.	This	allows	the	operator	to	choose	the	proper	size	of	ASD	closure	device	without	oversizing.	LA,	Left	atrium;	RA,	right	
atrium.	

Persistent flow Obliteration of color flow

RA

Balloon

LA

RA
Balloon

LA

FIGURE 48-20	 Right	anterior	oblique	(RAO)	caudal	views	of	a	right	atrial	angiogram	show	atrial	septal	defect	(ASD)	device	end-on	(A)	with	sur-
rounding	structures	 in	 the	dextro	(B)	and	levo	(C)	phase	of	contrast	 injection.	Notice	 the	relation	of	 the	device	 to	 the	right	atrial	(RA)	walls,	 left	
atrial	(LA)	walls,	and	aorta.	White	arrows	show	the	margin	of	the	left	atrial	device	disk.	Black	arrows	in	B	point	to	the	right	atrial	wall.	In	C,	the	
aortic	silhouette	 is	 traced	with	dashed	white	 line,	and	 the	 left	atrial	border	 is	shown	by	 the	dashed	black	 line.	CS,	Coronary	sinus;	 IVC,	 inferior	
vena	cava;	PA,	pulmonary	artery;	RV,	right	ventricle;	SVC,	superior	vena	cava.	
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valvuloplasty.16 TEE is most helpful in guiding this procedure (Fig. 
48-21). It helps with (1) providing guidance for transseptal puncture, 
(2) ruling out clots in the LAA before the procedure, (3) monitoring 
the degree and mechanism of mitral regurgitation with each balloon 
inflation, and (4) documenting the size of the hole at the site of inter-
atrial puncture after removal of the balloon. We prefer to use TEE in 
the cardiac catheterization laboratory for this procedure.17 This can be 
safely accomplished with the patient in supine position without endo-
tracheal intubation if proper sedation and suction of the posterior 
pharynx are performed. Careful interrogation of the MV with TEE in 
the esophageal and transgastric views is helpful for determining the 
mechanism and severity of mitral regurgitation. Currently, ICE is not 
very helpful for MV interrogation and assessment.

Fluoroscopy is also an important component of this procedure. A 
left ventricular angiogram can be used to assess the severity of mitral 
regurgitation; however, an adequate volume of dye must be injected in 
patients with mitral stenosis who have a large left atrium. Fluoroscopy 
is also used to ensure that the balloon is in proper position and that it 
is not entangled with the mitral subvalvular apparatus. The RAO pro-
jection on fluoroscopy is helpful to ensure coaxial entry of the balloon 
through the MV without going through the chordae. Partial inflation 
of the Inoue Balloon and advancement of the balloon to the cardiac 
apex in this view before engagement and inflation can ensure that the 
balloon is not entangled with the chordae.

Aortic Valvuloplasty
Fluoroscopy plays a significant role in visualizing the aortic valve and 
its orifice. Use of fluoroscopy in the LAO and RAO projections can 
help determine which leaflet has the most motion (see Fig. 48-4). Typi-
cally, an AL-1 catheter should be pointed under the moving leaflet to 
cross the valve with a straight wire. If the right coronary cusp is 

pectinate muscles within the LAA must be delineated, and they can be 
misread as thrombus. The use of real-time 3D TEE can help one dis-
tinguish between pectinate muscles and thrombi.11 The combination 
of TEE and CT imaging is effective to assess the left atrial and LAA 
anatomy. The TEE can assess functional and anatomic features that 
increase risk for thrombogenicity. CT imaging can assess the morphol-
ogy and provide anatomic information to guide LAA closure. Specifi-
cally, it can delineate the 3D orientation of the LAA relative to the 
pulmonary artery, the number and shape of lobes, and the orientation 
of the appendage.12 The morphologic appearance of the LAA has four 
categories based on CT analysis: (1) wind sock (long, dominant lobe); 
(2) cauliflower (short length with complex internal structure); (3) 
chicken wing (one prominent bend in the LAA); and (4) cactus (domi-
nant central lobe with secondary lobes).13 CT imaging can be used to 
plan placement of an LAA closure device by determining the IA septal 
puncture site, the distance from the fossa ovalis to the LAA ostium, 
the geometry of the LAA ostium, and the relationship of the LAA 
ostium to the left superior pulmonary vein and the MV annulus.14,15

Once transseptal assess is obtained and the delivery sheath is placed 
in the LAA, a pigtail catheter is placed in the LAA and LAA images 
are obtained. The best working view is an RAO 30-degree oblique  
and 30-degree caudal, which correlates with the TEE image at 135 
degrees. A simple RAO view correlates with the TEE image at 45 to  
90 degrees, whereas the cranial RAO correlates with the TEE image at 
0 degrees. Once the device is deployed, a TEE is used to interrogate 
adequate sealing of all the LAA lobes.

Mitral Valvuloplasty
Proper guidance with imaging can make percutaneous mitral valvulo-
plasty safer and more effective, especially in developed countries where 
patients are older in age and valves are less optimal for balloon 

FIGURE 48-21	 Mitral	valvuloplasty	using	the	Inoue-Balloon	catheter	 in	 the	right	anterior	oblique	(RAO)	projection	under	fluoroscopy	(left	panel).	
Upper	right	and	lower	right	panels	show	a	stepwise	balloon	inflation	in	the	110-	to	120-degree	long-axis	view	under	transesophageal	echocar-
diography	guidance.	LA,	Left	atrium.	
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positioned in the center of the regurgitant jet with the clip arm aligned 
perpendicular to the commissural line. The midesphageal long-axis 
view is used to guide the anteroposterior positioning, and the commis-
sural view guides the medial-lateral position. The addition of 3D TEE 
to 2D TEE provides superior guidance for the MitraClip procedure. 
3D Images of the MV from both the left atrial and the ventricular side 
provide better navigation, accurate alignment of the clip at the middle 
scallops of the MV, and visualization of the clip arms perpendicular to 
the commissural line (Fig. 48-24). In addition, TEE imaging is useful 
for assessment of mitral regurgitation with each attempt at treatment. 
The most common views are the midesophageal short-axis view (typi-
cally for transseptal puncture and to guide catheter manipulation), the 

moving, this motion is best appreciated in the RAO projection. If the 
left coronary cusp or the noncoronary cusp has the most motion, then 
the LAO projection is helpful. The LAO view is the safest view to cross 
the aortic valve to prevent inadvertent entry into coronary ostia with 
a straight wire. This procedure is done with fluoroscopy only.18,19 
Hemodynamic measurements are important to guide the aggressive-
ness of balloon valvuloplasty. In the event of complication, TEE or ICE 
can help determine the exact cause (e.g., the severity and mechanism 
of aortic insufficiency).

Pulmonary Valvuloplasty
Pulmonary valve stenosis is a common congenital abnormality. Many 
of these patients undergo pulmonary valvuloplasty in adulthood. Cine-
angiography, transthoracic echocardiography (TTE), TEE, and ICE are 
helpful modalities used for this procedure.20

Pulmonary artery angiograms in AP and ateral views are helpful to 
visualize the pulmonary annulus size and preexisting pulmonary insuf-
ficiency (Fig. 48-22). Occasionally, right ventriculography in the same 
views may be performed to assess the RVOT (Fig. 48-23). Severe sub-
pulmonary hypertrophy may be associated with significant dynamic 
RVOT obstruction after pulmonary valvuloplasty. Both TTE and TEE 
can be helpful in assessing pulmonary valve annular size. ICE provides 
useful assessment of pulmonary insufficiency and allows measurement 
of the annulus. An ICE probe can be placed in the RVOT for assess-
ment of the pulmonary valve (Fig. 48-23).

Percutaneous Mitral Valve Repair
The MV apparatus consists of the annulus, two leaflets, chordae, and 
the papillary muscles. The mitral annulus is saddle-shaped, with a 
trigonal part and lateral commissures as the highest points. There is 
some suggestion that the shape of the annulus changes when the left 
atrium and left ventricle dilate. The anterior leaflet is longer but covers 
only one third of the circumference of the annulus. The posterior leaflet 
is shorter but covers two thirds of the annulus.21 Unlike any other 
interventional procedures, the use of real-time echocardiographic 
imaging guidance is critical for percutaneous MV repair, and clear 
communication is needed between the interventionalist and the 
imaging specialist.

It is recommended that an imaging protocol consisting of predeter-
mined views for each step be used. An ideal puncture site should be 
in the superior and posterior aspect of the IAS to achieve a height of 
3.5 to 4.0 cm above the MV coaptation plane. The clip is then ideally 

FIGURE 48-22	 Pulmonary	 angiogram	 assessment	 of	 the	 pulmonic	
valve	with	 the	National	 Institutes	 of	Health	 (NIH)	 catheter.	Notice	 the	
presence	of	mild	pulmonary	 insufficiency	and	poststenotic	pulmonary	
artery	dilatation.	Digital	subtraction	was	used	for	better	visualization.	

FIGURE 48-23	 Pulmonary	valvuloplasty.	Left	panel,	Right	ventriculogram	shows	pulmonary	stenosis	 in	 the	 lateral	view.	Middle	panel	shows	an	
intracardiac	echocardiogram	(ICE)	probe	in	the	right	ventricular	outflow	tract,	also	in	the	lateral	view.	The	right	panel	shows	pulmonary	valve	(PV)	
doming	in	the	corresponding	ICE	view.	PA,	Pulmonary	artery;	RV,	right	ventricle.	
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and severity), for accurate positioning of the valve, and for assessment 
of the results of valve replacement (valvular or perivalvular leak and 
function). Again, complementary use of these imaging modalities is 
critical for the success of this procedure (Fig. 48-26). 4D Cardiac CT 
may allow better visualization of the aortic valve, its relation with  
coronary ostia, its morphology, and the extent of leaflet calcification 
(Fig. 48-27). Additionally, CT scanning is critically helpful in the 
assessment of iliac and femoral arteries for size, tortuosity, and extent 
of calcification.

Mechanical Prosthetic Valve Assessment
Occasionally, mechanical valves require a full assessment for the pres-
ence of dehiscence, vegetations, or obstruction secondary to thrombus 
or pannus formation. Although TTE and TEE can provide valuable 
information, some limitations persist. These include shadowing, pres-
sure recovery phenomenon, and difficulty in visualizing the aortic 
valve because of its anterior location.

Fluoroscopy has been helpful in measuring opening and closing 
angles of the mechanical aortic valve. Fluoroscopy cameras should be 
positioned so that tangential views of the leaflets are obtained (Fig. 
48-28). Because during the placement of the prosthetic aortic valve the 
rotational orientation can vary from patient to patient, there is no 
single view that can correctly visualize this valve. Therefore, we recom-
mend a systematic approach starting with the 20- to 30-degree RAO 
caudal view and gradually increasing this angle toward an LAO cranial 
projection. Occasionally, ventriculography may be helpful to see the 
subvalvular pathology (e.g., pannus). In patients with a low-profile 
tilting disk (e.g., Björk-Shiley valve [Pfizer, New York], St. Jude valve 
[St. Jude Medical, St. Paul, MN], Medtronic Hall valve [Medtronic, 
Minneapolis, MN]), transseptal puncture and pressure measurements 
with or without ventriculography may be necessary for better assess-
ment of the prosthetic valve. Although a prosthetic aortic valve can be 
crossed with a 0.014-inch pressure wire, the safety of such a procedure 

midesophageal commissural or two-chamber view, a midesophageal 
long-axis (“LVOT”) view (multiplane angle of approximately 120° to 
150°), and a transgastric short-axis view (multiplane angle 0° to 30°) 
at the MV level. For coronary sinus–related procedures, fluoroscopy 
and TEE are helpful for proper positioning of the device and evaluation 
of the effectiveness of the intervention. Angiography helps to deter-
mine left circumflex and coronary sinus relationships. CT can help 
patient selection by defining the relationships among the coronary 
sinus, mitral annulus, and left circumflex coronary artery.

Percutaneous Aortic Valve Replacement
Percutaneous aortic valve replacement is currently approved for 
patients with high-risk or inoperable aortic stenosis.22 Many approaches 
are being investigated with balloon-expandable or self-expanding 
stented or unstented valves. Accurate positioning of the valve is critical 
for both balloon-expandable and self-expanding valves; therefore 
proper imaging in the catheterization laboratory is of paramount 
importance.

Several elements are important to make this procedure accurate 
and reproducible. The aortic valve plane must be accurately defined 
(see Fig. 48-4). Fluoroscopy with minimal contrast injection at times 
can determine appropriate angles so that the aortic valve plane is seen 
without any overlap of the sinuses (Fig. 48-25). Typically, the LAO 
cranial and RAO caudal views are used. It is also important to observe 
which leaflets and commissures are calcified and restricted. Accurate 
definition of leaflet morphology may help to identify patients in whom 
compromise of coronary ostia is likely at the time of valve deployment. 
Injection of dye at the time of balloon valvuloplasty may also help to 
predict this relationship. The ascending aortic slope (horizontal versus 
vertical in LAO projection) may determine the ease or difficulty in 
delivering the valve. Angiography is important in determining the size, 
calcification, and degree of tortuosity of the iliac and femoral vessels. 
TEE is also important for valve assessment (calcification, annulus size, 

FIGURE 48-24	 Percutaneous	mitral	valve	repair.	Upper	panel	shows	the	device	in	the	left	atrium	pointing	toward	the	mitral	valve	(A),	the	opening	
of	the	clip	and	advancement	across	the	mitral	valve	(B),	grabbing	of	the	leaflet	tips	(C),	and	release	of	the	clip	(D).	The	open	arrows	indicate	the	
MitraClip	delivery	system	on	angiography.	 Lower	panel,	 Transesophageal	 echocardiography	 images	show	 the	device	 in	 the	 left	atrium	pointing	
toward	 the	mitral	valve	(A),	opening	and	advancement	of	 the	clip	across	 the	mitral	valve	(B),	perpendicular	orientation	of	 the	clip	 to	 the	mitral	
valve	coaptation	line	in	the	transgastric	view	(C),	and	the	final	result	with	a	double	orifice	(two	white	arrows)	(D).	The	open	arrows	indicate	the	
MitraClip	delivery	system	on	transesophageal	echocardiography.	
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FIGURE 48-25	 Left	anterior	oblique	(LAO)	cranial	“40	to	20	degree”	and	right	anterior	oblique	(RAO)	caudal	“20	to	20	degree”	views	of	the	aortic	
valve	and	its	plane.	The	proper	angulation	of	the	camera	must	be	customized	in	each	patient	so	that	the	all	cusps	are	superimposed.	Notice	that	
the	catheter	is	in	different	sinuses	in	different	phases	of	injection.	LCC,	Left	coronary	cusp;	NCC,	noncoronary	cusp;	RCC,	right	coronary	cusp.	
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FIGURE 48-26	 Percutaneous	aortic	 valve	 replacement.	Upper	panels	are	 left	 anterior	oblique	cranial	projections,	and	 lower	panels	 show	 trans-
esophageal	echocardiography	images	in	aortic	long-axis	view	(130	degrees).	A,	Valvuloplasty	balloon	(arrow)	in	the	aortic	position	with	contrast	
injection	depicting	the	distance	from	aortic	cusp	tips	to	coronary	ostia.	B,	Proper	positioning	of	the	stent-valve.	C,	Once	the	valve	is	appropriately	
positioned	(arrow),	it	is	deployed	with	rapid	pacing.	D,	Final	aortogram	shows	good	position	of	aortic	valve	with	mild	regurgitation	(open	arrow).	
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FIGURE 48-27	 Four-dimensional	computed	tomography	(CT)	of	the	aortic	valve	in	short-axis	(left	panel)	and	longitudinal	(right	panel)	cuts.	Notice	
the	significant	calcification	on	the	aortic	valve	(AV)	and	left	anterior	descending	artery	(LAD).	CT	can	also	help	to	determine	the	distance	between	
the	AV	and	the	left	main	trunk	(LMT).	

LMT

AV

LAD

FIGURE 48-28	 Prosthetic	aortic	valve	assessment	using	fluoroscopy.	Upper	 left,	The	valve	was	crossed	with	a	0.014-inch	pressure	wire.	Upper	
right,	Hemodynamic	 tracings	show	a	significant	gradient	across	 the	aortic	valve.	Opening	(middle	panels)	and	closing	(bottom	panels)	angles	
are	measured	in	the	middle	and	lower	row	of	images,	respectively.	Notice	that	the	valve	is	imaged	so	that	the	leaflets	are	seen	end-on.	
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anterior boundary is made by the aortic valve, the medial boundary is 
the LAA, and the lateral boundary is the LAA (Fig. 48-29). The most 
common locations for mitral PVL are anteromedial (between the LAA 
and the aortic valve) and posterolateral (the lowest portion of the MV 
away from the LAA and aortic valve).23

When TEE is used, the PVL can be localized relative to the defined 
boundaries described or, alternatively, a clock-face orientation can be 
used. Fig. 48-30 demonstrates the clock-face orientation of the MV as 
viewed from the left ventricle, which is also the position of the MV in 
the typical left anterior oblique C-arm angulation. The 90-degree TEE 
view demonstrates the leak origin (Fig. 48-30, A), which is confirmed 
by the 134-degree view (Fig. 48-30, B), and both views show the antero-
medial PVL origin (11 o’clock). Similarly, the aortic valve can be refer-
enced to a clock-face, as shown in Figure 48-29. Aortic PVLs are most 
commonly encountered at the 7 o’clock to 11 o’clock position (46%), 
followed by the 11 o’clock to 3 o’clock position (36%).22,23 An alternative 
designation is to identify the origin of the PVL with respect to the 

is unclear. In situations where both the mitral and the aortic valves 
have a mechanical prosthesis, apical puncture or crossing the aortic 
valve or MV with pressure wire can be considered.

Cardiac CT scanning also allows assessment of the opening and 
closing angles of the mechanical prosthetic valves. ICE can also be used 
to assess prosthetic aortic valve function. It is also possible to visualize 
the LVOT just below the mechanical aortic valve from right atrium 
using ICE.

Paravalvular Leak Closure
Multimodality imaging with TTE and TEE usually provides the initial 
diagnosis of paravalvular leak (PVL), and procedural guidance often 
requires 2D and 3D TEE, ICE, fluoroscopy/angiography, or more 
recently, the combination of CT, 3D TEE, and fluoroscopy. The MV is 
viewed from the left atrium, and the origin of the leak is defined by its 
position relative to surrounding structures close to the MV. The most 

FIGURE 48-29	 Mitral	valve	orientation.	A,	Clock-face	designation	of	 the	mitral	and	aortic	valves	(left	atrial	view).	B,	TEE	planes	(dashed	 lines)	
along	 the	mitral	valve	(viewed	from	the	 left	ventricle);	 typical	 left	anterior	oblique	(LAO)	C-arm	angulation.	L,	Left	coronary	cusp;	LAA,	 left	atrial	
appendage;	N,	noncoronary	cusp;	R,	right	coronary	cusp;	TEE,	transesophageal	echocardiography.	
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FIGURE 48-30	 Mitral	 paravalvular	 leak	 localization.	Both	 the	 TEE	90-degree	 view	 (A)	 and	 the	 TEE	134-degree	 view	 (B)	 demonstrate	 the	 leak	
(arrows).	C,	The	two	TEE	planes	are	interrogating	the	mitral	valve:	The	leak	is	at	the	intersection	(arrow).	Ao,	Aorta;	L,	left	coronary	cusp;	LA,	left	
atrium;	LAA,	left	atrial	appendage;	LV,	left	ventricle;	N,	noncoronary	cusp;	R,	right	coronary	cusp;	TEE,	transesophageal	echocardiography.	
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FIGURE 48-31	 Aortic	paravalvular	leak	localization.	A,	Transthoracic	echocardiogram	in	the	parasternal	short-axis	view	shows	a	leak	(arrow)	at	
the	native	right	(R)	coronary	cusp.	B,	Transesophageal	echocardiogram	in	the	short-axis	view	(45	degrees)	shows	a	leak	(arrow)	at	the	noncoro-
nary	(N)	cusp.	L,	Native	left	coronary	cusp.	
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FIGURE 48-32	 Use	of	intracardiac	echocardiography	(ICE)	to	guide	mitral	paravalvular	leak	(PVL)	closure.	A,	Color	flow	Doppler	image	demon-
strates	the	leak.	B,	Wire	is	placed	across	the	leak	(arrow).	LA,	Left	atrium;	LV,	left	ventricle;	RA,	right	atrium.	
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native cusp location (i.e., right, left, and noncoronary cusps). The 
short-axis view of the aortic valve, by TTE or TEE, is usually the most 
helpful view in defining the leak with respect to the cusps (Fig. 48-31). 
In addition, we use ICE for puncture of the IAS and for initial wire or 
catheter guidance if the PVL is well seen (Fig. 48-32). In general, we 
place the TEE probe after crossing the leak with a wire (if possible) to 
minimize the duration of TEE intubation in patients who are usually 
under conscious sedation alone (without endotracheal intubation or 
general anesthesia). In cases of lateral mitral PVL, the ICE catheter 
situated in the right atrium is inadequate to provide appropriate pro-
cedural guidance.

The integration of CT angiography with fluoroscopy (CT 
angiography–fluoroscopy fusion imaging) now provides an alternative 
to conventional fluoroscopically guided intervention. The location of 
the PVL on TEE and markings are made on a preprocedural noncon-
trast CT (Fig. 48-33). A CT-like image is made using the catheteriza-
tion laboratory’s C-arm to establish the position of the patient on the 
table and landmarks needed to register the preprocedural CT using 
syngo DynaCT (Siemens Healthcare, Forchheim, Germany) or Heart-
Navigator system (Philips Healthcare, Best, The Netherlands). The 
overlay is then fused with the real-time fluoroscopic image to provide 
a dynamic, integrated record of the location of the PVL in relation to 
the mitral or aortic valve. Provision of these stenciled “targets” allows 
optimal guidance for wires and interventional devices.

Recently, integration of 3D TEE with fluoroscopy has provided 
another alternative to image guidance. A 3D TEE matrix phase-array 
transducer (X7-2t, Philips, Andover, MA) instantaneously acquires a 
3D pyramidal dataset, which is fused with the dataset from live fluo-
roscopic imaging using the EchoNavigator (Philips). This combined 
display technology allows rotation and orientation of both datasets at 
the discretion of the interventionalist and allows for real-time wire or 
catheter guidance, evaluation of procedural success or need for addi-
tional devices, and assessment of complications.25

SUMMARY
The realm of imaging in intracardiac interventions is a large topic. Not 
all the procedures are covered in this chapter, but it provides a frame-
work for understanding the different modalities available and their 
respective roles during these procedures. The ideal choice of modalities 
is based on the intervention planned, local expertise, operator confi-
dence, training, and financial constraints. Multimodality imaging serves 
as the starting point for appropriate patient selection and for defining 
and guiding the intraprocedural and postprocedural strategy. Fluoros-
copy and echocardiography are the primary imaging modalities for 
guiding intracardiac interventions, but rapid advances in CT, magnetic 
resonance imaging, and hybrid imaging with fluoroscopic registration 
are bringing multimodality imaging to the catheterization laboratory.
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FIGURE 48-33	 Integration	of	computed	tomography	(CT)	and	real-time	fluoroscopy.	A,	Areas	of	interest	are	marked	on	the	preprocedural	CT	(LAO	
projection).	B,	CT	markings	are	overlaid	onto	 the	 real-time	fluoroscopic	 image	 in	 the	 catheter	 laboratory	 (LAO).	C,	Markings	 facilitate	 crossing	
of	the	leak	(RAO	projection).	Ao,	Aorta;	IVC,	inferior	vena	cava;	LAO,	left	anterior	oblique;	LPA,	left	pulmonary	artery;	MVA,	mitral	valve	annulus;	
PVL,	paravalvular	leak;	RA,	right	atrium;	RAO,	right	anterior	oblique;	SAG,	stiff-angled	Glidewire	(Terumo	Interventional	Systems,	Somerset,	NJ).	
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The advent of cardiopulmonary bypass support revolutionized the 
management of many structural cardiac abnormalities. Since the 

first surgical repair of an atrial septal defect (ASD) in 1952, surgical 
techniques have been steadily refined, conferring excellent short-term 
and long-term outcomes. Previous management of ASD was primarily 
surgical. The past 2 decades witnessed the growth of percutaneous 
techniques for the management of coronary and other vascular 
pathologies.

Refinements in percutaneous interventional technology and 
advances in cardiac imaging techniques permitted percutaneous treat-
ment of selected structural cardiac defects. ASD, one of the most 
common congenital cardiac anomalies, was one of the earliest to be 
approached percutaneously. King and Mills first reported ASD closure 
in five patients in 1976 using a double-umbrella device.1 They have 
since reported a 27-year follow-up of the five patients.2 The device 
required a very large delivery system, which limited its use. The early 
successes were followed by use of the Rashkind device and subse-
quently the Lock Clamshell Occluder in the late 1980s.3,4 Technological 
improvements produced the next generation of devices, which made 
percutaneous closure of a secundum ASD preferable to the surgical 
approach. Patent foramen ovale (PFO), which had been rarely treated 
surgically despite its known association with paradoxical embolism, 
also became accessible to percutaneous closure.

The years since the U.S. Food and Drug Administration (FDA) 
approval of selected devices for closure of ASDs and PFOs in 2006 have 
seen a paradigm shift in their management. Treatment of ASD and 
PFO shifted away from the surgical arena and into the catheterization 
laboratory, and as a result, patient recovery time was shortened, com-
plications were decreased, and treatment efficacy was maintained.

The association of PFO with other disease processes such as 
migraine was identified, which opened the door to new treatment 

options for many patients. Data from multicenter, randomized, con-
trolled trials evaluating transcatheter PFO closure for recurrent stroke 
and migraines have added further complexity to the management of 
these diseases.

This chapter describes the percutaneous closure of ASDs and PFOs. 
Explanations of the embryology, pathophysiology, and clinical associa-
tions of these anatomic defects are followed by a description of the 
procedure for closure, its indications, and complications.

PATENT FORAMEN OVALE

Embryology
PFO is a remnant of the fetal circulation. By day 18 of gestation, the 
primordium of the heart becomes evident. At the end of the fourth 
week, the endocardial cushions fuse to form the right and left atrio-
ventricular canals. The endocardial cushions serve as the primordium 
of the atrioventricular valves and the inferior wall of the atrium.

At this time, the common atrium undergoes a process of septation. 
The septum primum grows caudally toward the endocardial cushions, 
closing the interatrial communication (ostium primum). As the septum 
primum reaches its destination, the cells in its superior portion undergo 
apoptosis and coalesce to form the ostium secundum. A muscular 
septum secundum forms to the right of the septum primum and extends 
to reach the caudal border of the ostium secundum, forming a flaplike 
valve between both atria (Fig. 49-1 and Video 49-1).5

Oxygenated placental blood enters the right atrium from the infe-
rior vena cava (IVC) and is directed toward the interatrial septum 
(IAS) by the eustachian valve. The low left atrial pressure, the lack of 
blood flow through the pulmonary veins, and the preferential flow of 
the IVC to the IAS allow oxygenated blood to cross the foramen ovale 
and enter the systemic circulation. Blood entering the right atrium 
from the superior vena cava (SVC) is directed away from the IAS by 
the crista interveniens, preventing the mixture of nonoxygenated blood 
in this chamber. The right horn of the sinus venosus incorporates the 
SVC and IVC into the right atrium (Video 49-2).

At birth, the pulmonary vascular resistances and the right cardiac 
pressures fall, and the left atrial pressure increases, forcing the septum 
primum against the septum secundum and occluding the valvelike 
foramen ovale. Complete occlusion occurs in most of the population, 
but in approximately 25%, the fusion is incomplete, giving rise to a 
PFO6 (Video 49-3).

Incidence
The echocardiographic estimate for the incidence of PFO in the adult 
population is approximately 25%.6 Autopsy studies revealed probe-
patent PFOs of 0.2 to 0.5 cm in 29%.7 The frequency of PFO decreases 
with age and increases in size with each decade of life.8 Spontaneous 
PFO closure may occur during adulthood, although data suggest that 
PFOs may recanalize over time.9 The incidence rate of PFO is equal for 
both genders and among all ethnic groups; however, the PFOs in 
whites and Hispanics are larger and are associated with a greater degree 
of shunting.10

PFO was thought to be an inconsequential finding until 1877, when 
Cohnheim postulated that a venous thrombosis might paradoxically 
traverse a foramen ovale and produce a systemic embolism.11 Since 
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•	 Although	patent	foramen	ovale	(PFO)	and	atrial	septal	defect	
(ASD)	both	involve	an	abnormal	communication	across	the	
interatrial	septum,	their	causes	are	different.	PFO	results	from	lack	
of	fusion	between	the	septum	primum	and	the	septum	secundum,	
whereas	a	secundum	ASD	is	caused	by	the	absence	of	a	segment	
of	the	atrial	septum.

•	 PFO	has	been	associated	with	paradoxical	embolization,	
cryptogenic	stroke,	migraine	headache,	decompression	sickness,	
and	platypnea-orthodeoxia	syndrome.

•	 The	role	of	PFO	closure	for	migraine	headache	and	ischemic	
cerebrovascular	events	remains	unclear	in	view	of	data	from	
randomized	controlled	trials.

•	 Indications	for	ASD	closure	include	right	cardiac	chamber	
enlargement,	paradoxical	embolism,	and	platypnea-orthodeoxia	
syndrome.

•	 Percutaneous	closure	of	a	PFO	or	a	secundum	ASD	is	a	simple,	
safe,	and	effective	treatment	option	for	the	appropriate	candidates.

•	 Anatomic	variations	may	require	advanced	closure	techniques	for	
successful	closure.
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is not generally accepted.14 Among patients with cryptogenic strokes, 
patients with PFOs were less likely to have traditional cardiovascular 
risk factors such as hypertension, hypercholesterolemia, and tobacco 
use, which suggests a different mechanism for CVAs in this population 
subset.19

The mechanism by which a PFO may participate in the generation 
of a cryptogenic stroke is unclear. In situ thrombosis, paradoxical 
embolization, and predisposition to atrial arrhythmias have been pro-
posed as mechanisms for PFO-associated cryptogenic strokes.20 Para-
doxical embolization (i.e., passage of a venous thrombus into the 
systemic circulation through a PFO) has been the predominant theory 
(Fig. 49-2 and Video 49-4). Evidence that supports the role of PFOs in 
cryptogenic strokes includes case reports of the transit of thrombi 
across PFOs; cerebral distribution of cryptogenic CVAs that suggests 
an embolic nature; and the increased frequency of deep venous throm-
bosis in patients who had cryptogenic CVAs.21-23

The Paradoxical Embolism From Large Veins in Ischemic Stroke 
(PELVIS) trial found an increased frequency of positive magnetic reso-
nance venography testing for pelvic thrombus in patients with PFOs 
and cryptogenic CVAs compared with patients with known causes 
(20% vs. 4%, P < .03).24 The corollary that patients with pulmonary 
emboli and PFOs have a significantly higher stroke rate (13% vs. 2%, 
P = .02) is also true.25

In a prospective trial of 503 patients, Handke and colleagues showed 
that PFOs were more frequent among patients experiencing crypto-
genic strokes irrespective of age (<55 years: 43.9% vs. 14.3%, odds ratio 
[OR] = 4.70, P < .001; >55 years: 28.3% vs. 11.9%, OR = 2.92, P < 
.001).26 These data underline the causative role of paradoxical emboli-
zation in patients who had cryptogenic strokes. However, this associa-
tion is still being debated.

Most information available on the association of PFOs and crypto-
genic strokes originates from small, case-control or retrospective 
studies. A large, population-based, case-control study that included 
1072 participants (i.e., random controls, patients who had suffered 
noncryptogenic strokes, and patients who had suffered cryptogenic 
strokes) failed to show an association between cryptogenic strokes and 
PFOs.27 The lack of association might have been related to the study 
design because case selection included patients who did not have 
recurrent CVAs.

Data from the Stroke Prevention: Assessment of Risk in a Com-
munity (SPARC) trial, a prospective trial that questioned the veracity 
of a causal relationship between PFOs and strokes of unknown origin, 
have been published.28 The trial included 588 healthy volunteers in 
Olmstead County who underwent multimodality testing and follow-up 
for stroke risk assessment. Over 5 years, 41 of the subjects experienced 

FIGURE 49-1	 Diagram	and	sonogram	of	 the	 interatrial	septum	depict	
the	limbus	of	the	fossa	ovalis	and	the	anatomic	location	of	the	patent	
foramen	ovale.	

A

B

Limbus fossa ovalis
FIGURE 49-2	 The	 thrombus	 in	 transit	 from	 the	 right	atrium	 through	a	
patent	foramen	ovale	into	the	left	atrium	illustrates	the	concept	of	para-
doxical	embolization.	

then, PFOs have been associated with various disease processes, 
including cryptogenic stroke, paradoxical embolization, platypnea 
orthodeoxia syndrome, hypoxemia with normal pulmonary pressures, 
decompression sickness (DCS) in scuba divers and high-altitude pilots, 
and migraine headaches.12-17

Cryptogenic Stroke
The cause of a cerebrovascular accident (CVA) varies among age 
groups. Atrial fibrillation and small vessel disease contribute to most 
strokes in patients older than 50 years. Among patients younger than 
35 years, the most common causes include nonatherosclerotic arte-
riopathies, arterial dissection, and thromboembolism.9 However, in 
35% to 40% of patients with CVAs, the causes remain unknown even 
after a thorough evaluation, and the CVAs are classified as cryptogenic. 
Different causes that remain unidentified by current diagnostic modal-
ities may be included under this classification.

The search for the probable causes of cryptogenic strokes has gener-
ated conflicting information. In a retrospective case-control study, 
PFOs were four times more prevalent among young adults who expe-
rienced a stroke without an identifiable cause compared with others 
with known causes.13 In a meta-analysis, PFOs were found to occur up 
to six times more frequently among patients younger than 55 years 
who suffered a cryptogenic stroke compared with those who had iden-
tifiable causes of CVAs.18 Others found a higher frequency of PFOs 
among patients with cryptogenic strokes irrespective of age (<55 years, 
48% vs. 4%; >55 years, 38% vs. 8%; P < .001), although this observation 
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evaluated with an echocardiogram with a bubble study or a trans-
cranial Doppler.

Treatment of Cryptogenic Stroke
Medical Treatment
Controversy exists regarding the best method for the prevention of 
recurrent events in patients who have experienced cryptogenic strokes. 
Medical treatment with aspirin or oral anticoagulants has been 
reported. In the French PFO/ASA study, 267 patients who experienced 
cryptogenic strokes and had PFOs only or PFOs with ASAs were 
treated with aspirin or with aspirin and warfarin if they had a venous 
thrombosis.36 After 4 years of follow-up, there were 12 episodes of 
recurrent strokes and 9 recurrent transient ischemic attacks (TIAs). All 
episodes occurred in patients treated with aspirin.

In the Lausanne study,38 140 patients with the same characteristics 
were followed for 36 months. Treatment was assigned on the basis of 
number of risk factors and included surgical PFO closure (8%), oral 
anticoagulation with a target international normalized ratio (INR) of 
3 to 4 (26%), or aspirin (66%). There was 1.9% yearly event rate for 
CVAs and 3.8% for the combination of CVAs and TIAs. A meta-
analysis,39 which included 895 patients in the medical therapy arm, 
evaluated the benefit of medical therapy versus transcatheter closure 
of PFOs in patients with presumed paradoxical embolization. The 
analysis yielded a 1-year recurrence rate between 3.8% and 12%.

The PICSS trial was the only prospective, blinded, randomized trial 
that compared the efficacy of aspirin versus oral anticoagulation in 
patients with CVAs.38 It found no statistically significant difference in 
stroke recurrence between patients with PFOs treated with aspirin and 
those treated with warfarin (17.9% vs. 9.5%; HR = 0.52; 95% CI, 0.16 
to 1.67; P = .28). The high recurrence rate suggests other (non-PFO) 
mechanisms for CVAs in the older population. As expected, there was 
a slight increase in the rate of minor hemorrhage among patients on 
the warfarin arm. Currently, there is no consensus on the superiority 
of antiplatelet or oral anticoagulation therapy for patients with crypto-
genic strokes and PFOs.40

Surgical Treatment
Surgical closure of PFOs in patients who had cryptogenic strokes has 
been reported. The largest series included 91 consecutive patients with 
a mean age of 44 years and one prior CVA. Surgery was evaluated with 
intraoperative transesophageal echocardiography (TEE), and suture or 
patch closure was employed. Closure was achieved in 98% of cases, and 
the actuarial freedom from recurrence was 93% at 1 year and 83% at 
4 years. The surgical procedure was associated with significant morbid-
ity in 21%.41 Smaller series reflected similar closure rates and signifi-
cant morbidity.

Percutaneous Treatment
Percutaneous closure of PFOs has been available for the past decade. 
The available data reflect single-operator or multiple-center experi-
ences with moderate follow-up. Procedural success has been greater 
than 90% and may depend on the closure device used and associated 
anatomic variants. An ASA may decrease the rate of successful closure. 
Device modifications and growing experience and familiarity with the 
technique have greatly reduced the complication rate while maintain-
ing appropriate closure rates.

Windeker and coworkers reported results for 80 patients, with a 
procedural success rate of 98% and a 2.5% recurrent TIA rate at 5 
years.42 Residual shunting has been identified as a risk factor for recur-
rent CVAs; overall, percutaneous closure has a recurrent rate similar 
to that of medical therapy.43,44

The only series that compared medical therapy to percutaneous 
closure in patients with PFOs and cryptogenic strokes was published 
by Windeker and colleagues.45 Patients were nonrandomly assigned to 
percutaneous closure (n = 150) or medical treatment with aspirin (n = 
78) or oral anticoagulation (n = 78) with an INR of 2 to 3. They were 
followed for 2.3 ± 1.7 years. Groups were comparable in terms of age, 
gender, and cardiovascular risk factors. Percutaneous closure led to a 

a stroke. After adjusting for age and other cardiovascular comorbidi-
ties, PFOs were not found to be an independent predictor of stroke 
(hazard ratio [HR] = 1.28; 95% confidence interval [CI], 0.65 to 2.50). 
The Kaplan-Meier estimate of CVA-free survival was 91% and 93% for 
patients with and without PFOs, respectively. The trial confirmed that 
a PFO does not pose an increased risk of stroke in asymptomatic 
patients. Unfortunately, this trial included an older population (66.9 ± 
13 years) even though most other trials recognize the association 
between cryptogenic stroke and age in patients younger than 55 years; 
and the trial had a low prevalence of CVAs, which limited its ability to 
detect a statistically significant hazard. The hazard ratio may be as low 
as 0.65 or as high as 2.5 and still be consistent with the study’s 
findings.

Stroke Recurrence and Risk Identification
Prospective data from an observational study presented in abstract 
form have documented the incidence of CVAs among patients with 
PFOs as 1.10 per 100 person-years and in patients without PFOs as 
0.97 per 100 person-years.29 The low incidence does not make primary 
prevention cost effective, and additional risk factors that may detect 
people at risk need to be identified.

The reported recurrence rate of cryptogenic stroke varies from 1.2% 
to more than 16% but usually is about 2%.30,31 Retrospective studies 
have found the risk of recurrence to be related to PFO size, patency  
at rest, shunt severity, and the presence of atrial septal aneurysm 
(ASA).32-34 A prominent eustachian valve has been associated with 
increased patency of the foramen ovale and the risk of stroke recur-
rence because it preferentially directs blood flow to the IAS (Fig. 49-3 
and Video 49-5).35 It has been postulated that a mobile IAS may 
increase the size of the foramen ovale, facilitating the passage of 
thrombi. Recurrences of cryptogenic CVAs have been associated with 
the degree of septal protrusion. Patients with a septum excursion 
greater than 6.5 mm had a risk of recurrence of 12.3% compared with 
4.3% for controls at 3 years.30

The combination of ASA and PFO was associated with an increased 
risk of recurrence in a French PFO/ASA study (HR = 4.17; 95% CI, 
1.47 to 11.84).36 However, this finding was not supported by the Patent 
Foramen Ovale in Cryptogenic Stroke Study (PICSS).37 The PICSS trial 
was designed to define the rate of recurrent stroke or death among 
patients with and without PFOs, who were randomly treated with 
aspirin or warfarin over a period of 2 years. The multicenter, double-
blind study included 265 patients who had cryptogenic strokes and 365 
who had noncryptogenic strokes. PFOs were more frequently found in 
the cryptogenic stroke group (48% vs. 38%, P < .02), and larger PFOs 
were more frequently associated with the same stroke subtype (20% vs. 
9.7%, P < .001). There was no statistically significant difference in the 
time to recurrent stroke or death for the cryptogenic stroke group 
when categorized by PFO status (14.3% vs. 12%).

In all patients in the PICSS trial, there was no difference in stroke 
recurrence when categorized by the presence of PFOs and ASAs. 
However, the study has significant limitations that may alter the gen-
eralization of its results. The subjects were older and had a higher 
prevalence of CVA risk factors (i.e., diabetes and hypertension), and 
only 42% of the enrolled patients had had cryptogenic strokes. The 
subgroup analysis of patients who had cryptogenic stroke might have 
been underpowered for treatment assumptions. Because of the inher-
ent limitations of the study design, the small patient population, and 
the differences in control groups, the association between PFOs and 
CVAs cannot be established at this time. Larger randomized trials are 
required to answer this question.

Diagnosis of a Paradoxical Embolic Stroke
The diagnosis of a cryptogenic stroke is a diagnosis of exclusion. A 
complete evaluation to rule out other causes must be performed before 
assigning this diagnosis, and it should include a hypercoagulable  
evaluation, echocardiogram, heart rhythm evaluation, and carotid 
Doppler as detailed in Table 49-1. If the working diagnosis of para-
doxical embolization is still feasible, a right-to-left shunt should be 
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FIGURE 49-3	 Transesophageal	echocardiogram	in	the	bicaval	view	
(90	 degrees)	 identifies	 right	 atrial	 cardiac	 structures	 that	 may	
increase	 the	degree	of	 right-to-left	 shunt	across	a	patent	 foramen	
ovale	(PFO)	or	may	complicate	the	closure	procedure.	A,	Prominent	
eustachian	 valve.	 B,	 Atrial	 septal	 aneurysm.	 C,	 A	 25-mm	 AGA	
foramen	occluder	(AGA	Medical,	Plymouth,	MN)	successfully	cap-
tures	 the	septum	secundum	and	primum	closing	 the	PFO.	D	and	
E,	Lipomatous	hypertrophy	of	the	atrial	septum	also	creates	a	chal-
lenge	 in	 placing	 the	 closure	 device.	 Immediately	 after	 device	
deployment,	the	saline	contrast	study	is	mildly	positive.	

TABLE 49-1 Evaluation of Cryptogenic Stroke
Condition Diagnostic Test

Cerebrovascular	disease Carotid	Doppler,	magnetic	
resonance	angiography

Cardiac	source	of	embolism
	 Left	atrial	appendage	thrombus Transesophageal	echocardiogram
	 Left	ventricular	aneurysm Transthoracic	or	transesophageal	

echocardiogram
	 Ascending	aorta	atheroma Transesophageal	echocardiogram
	 Paroxysmal	atrial	fibrillation Holter	monitor

Hypercoagulable	state Protein	C	and	S	activity
Antithrombin	III	level
Lupus	anticoagulant
Anticardiolipin	antibody
Factor	V	Leiden
Prothrombin	20210A	mutation

lower risk of the combined end point of death, recurrent stroke, or TIA 
(8.5% vs. 24%; RR = 0.48; 95% CI, 0.23 to 1.01; P = .05). Patients with 
more than one event at baseline and those with complete occlusion of 
the foramen ovale were at lower risk for recurrent stroke or TIA after 
percutaneous treatment compared with those receiving medical 
therapy (7.3% vs. 33.2%; p = 0.01; 95% CI 0.08 to 0.81, and 6.5% vs. 
22.2%; p = 0.04; 95% CI 0.14 to 0.99, respectively). With its inherent 
limitations, this study demonstrated an advantage of percutaneous 
treatment of high-risk patients (i.e., recurrent CVAs), and the trials 
evaluating PFO closure have been developed as superiority trials rather 
than noninferior trials.

Percutaneous closure of PFOs in patients who experienced recur-
rent CVAs despite being on medical therapy carries a class IIb indica-
tion by the American Heart Association (AHA) guidelines on stroke 
prevention.46 Data to support PFO closure after a first stroke are insuf-
ficient. The FDA has permitted the use of the Amplatzer and Cardio-
Seal septal occluders under humanitarian device exemption only for 
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Related Disorders

Migraine Headache
Migraine headaches affect 12% of the U.S. population and generate 
significant morbidity and economic burden. The cause of migraine 
headache with aura has remained elusive. People with migraine head-
aches have a twofold increase in the risk of stroke, and the risk increases 
to 3.5 for patients younger than 35 years of age.54 Observational studies 
have revealed that patients who experience migraines have increased 
frequency of silent, deep, white matter lesions.55 Migraine headaches 
are more frequently seen in patients younger than 45 years of age who 
had experienced an infarct in the posterior cerebral circulation.56 These 
facts and the growing information obtained from the evaluation of 
PFOs and cryptogenic strokes prompted researchers to assess the fre-
quency of right-to-left shunting in migraineurs.

Anzola and coworkers evaluated right-to-left shunting by transcra-
nial Doppler (TCD) in 113 patients with migraine with aura and com-
pared these patients with 53 patients with migraine without aura and 
25 healthy age-matched controls.57 The incidence of PFO was signifi-
cantly higher among the migraineurs with aura compared with the 
migraineurs without aura or the controls (48% vs. 23% vs. 20%).57 
Retrospective analysis of patients who underwent PFO closure for 
cryptogenic strokes revealed a decrease in the frequency of attacks of 
migraine with aura in 80% or even complete resolution in 56%.58,59 
Unfortunately, these studies might have been influenced by recall bias; 
the therapeutic effect of aspirin or clopidogrel, which might have been 
used for migraine prophylaxis; a high placebo effect; and the fact that 
migraine frequency decreases with age. Retrospective studies also do 
not demonstrate a causal association. The high frequencies of PFOs 
and migraine headaches in the general population may favor a spuri-
ous association.

Anzola and colleagues prospectively compared patients with PFOs 
and cryptogenic strokes who underwent PFO closure (n = 23) with 
patients who had migraines, peripheral embolic events, or TIAs who 
underwent PFO closure (n = 27) and patients with migraines and PFOs 
who were treated medically (n = 27).60 After a 12-month follow-up, the 
frequency and intensity of the migraine attacks were significantly 
decreased in patients who underwent PFO closure.60

Nonrandomized registries of patients suffering from migraines 
with aura have shown a 70% to 90% improvement or symptom resolu-
tion after successful PFO closure.61-63 The association between migraine 
headache with aura and PFOs has generated new hypotheses on the 
cause of migraines. It is postulated that migraines may be related to 
microembolic events or high concentrations of circulating vasoactive 
substances that are not filtered by the lung because they cross to the 
systemic circulation through PFOs.

The Migraine Intervention with STARFlex Technology (MIST) 
trial64 tested the association between PFOs and migraine headaches 
with aura. It was a multicenter, blinded study that randomized 432 
patients with migraine to PFO closure with a STARFlex Septal Repair 
(NMT Medical, Boston, MA) implant or a sham procedure. The 
primary end point of cessation of migraines was not met. However, 
reduction in headache days in at least 50% occurred more frequently 
in the PFO closure group (42% vs. 23%, P = .038).64 The discrepancy 
between the results from the MIST trial and other registries may  
be related to the exclusion of patients with previous CVAs or TIAs  
and the lack of complete PFO closure in the MIST trial. The exclu-
sion of patients with previous TIAs or CVAs potentially filtered out 
those most likely to experience paradoxical embolization and clinical 
benefit.

There is an ongoing attempt to study such patients in a random-
ized fashion. The U.S.-based MIST II trial (evaluated PFO closure  
to treat migraine with aura; sponsored by NMT Medical, Boston,  
MA) and the ESCAPE trial (Effect of Septal Closure of Atrial PFO  
on Events of Migraine With the Premere PFO Occlusion Device; 
sponsored by St. Jude Medical Corp., Fullerton, CA) have been  
discontinued because of slow enrollment. The PREMIUM trial  
(evaluating use of the Amplatzer PFO occluder; sponsored by AGA 

patients who have experienced recurrent CVAs while on conventional 
medical therapy (i.e., oral anticoagulation with a therapeutic INR).

Results are available for three multicenter, randomized, controlled 
trials comparing PFO closure for recurrent cryptogenic stroke with 
medical therapy: RESPECT, CLOSURE 1, and PC.47-49 Two trials are 
ongoing: CLOSE and REDUCE.50,51

CLOSURE 1 (evaluation of the STARFlex septal closure system in 
patients with a stroke or transient ischemic attack due to presumed 
paroxysmal embolism through the patent foramen ovale) evaluated 
PFO closure with the CardioSeal and STARFlex septal occluders com-
pared with aspirin or warfarin, or both, in 909 patients 18 to 60 years 
old with a cryptogenic CVA or TIA during the 6 months before enroll-
ment. Over a 2-year follow-up, the composite end point of CVA or 
TIA, all-cause death at 30 days, and death from neurologic causes 
between 31 and 730 days was similar among groups: 5.5% versus 6.8% 
for closure compared with antiplatelet or anticoagulant therapy (HR = 
0.78; 95% CI, 0.45 to 1.35; P = 0.37).

The RESPECT trial (Randomized Evaluation of Recurrent Stroke 
Comparing PFO Closure to Established Standard of Care Treatment) 
compared PFO closure using the Amplatzer PFO occluder with anti-
platelet or anticoagulation therapy (i.e., aspirin, warfarin, clopidogrel, 
aspirin plus dipyridamole, or aspirin plus clopidogrel) in 980 patients 
followed over a mean of 2.6 years. Although the primary end point was 
negative by intention-to-treat analysis (recurrent CVA for closure: 
1.8% vs. 3.4% for antiplatelet/anticoagulant therapy; HR = 0.49; 95% 
CI, 0.22 to 1.11; P = .08), three patients randomized to device closure 
had a stroke before receiving the device. The as-treated cohort analysis 
showed a positive trend favoring the device closure cohort (1.1% vs. 
3.3%; HR = 0.27; 95% CI, 0.10 to 0.75; P = .007), and the per-protocol 
cohort analysis favored transcatheter closure (1.3% vs. 3%; HR = 0.37; 
95% CI, 0.14 to 0.96; P = .03). The subset analysis favored device 
closure for PFO with associated ASAs.

The PC trial (Patent Foramen Ovale and Cryptogenic Embolism) 
compared PFO closure using the Amplatzer PFO occluder with 
medical therapy (i.e., at least one antiplatelet or anticoagulant drug) in 
414 patients age younger than 60 years with a history of cryptogenic 
stroke, TIA, or peripheral embolism and documented PFO. The com-
posite end point of death, nonfatal stroke, TIA, or peripheral embolism 
was similar for the groups (3.4% vs. 5.2%; HR = 0.63; 95% CI, 0.24 to 
1.62; P = .34).

The primary end points for the completed trials have been negative. 
However, a meta-analysis of the completed randomized controlled 
trials for secondary prevention of cryptogenic stroke shows a statisti-
cally significant trend favoring transcatheter PFO closure using a per-
protocol analysis (HR = 0.64; 95% CI, 0.41 to 0.98, P = .043).52

The ongoing Gore REDUCE trial (Gore Helex Septal Occluder/
Gore Septal Occluder for Patent Foramen Ovale Closure in Stroke 
Patients) is evaluating PFO closure with the Gore Helex and Gore 
Septal Occluder devices compared with aspirin and estimates an 
enrollment of 664 patients with magnetic resonance imaging (MRI)–
confirmed stroke followed over 24 months. The expected completion 
date is January 2015. This trial is evaluating freedom from recurrent 
CVA or imaging-confirmed TIA after 24 months of follow-up.

The ongoing CLOSE trial (patent foramen ovale closure or antico-
agulants versus antiplatelet therapy to prevent stroke recurrence) is 
comparing stroke at 3 and 5 years after intervention using CE-marked 
devices approved by an interventional cardiology committee with 
aspirin, clopidogrel, or aspirin plus dipyridamole, with a separate 
group receiving warfarin, rivaroxaban, or dabigatran. The expected 
completion is December 2016.

Off-label transcatheter PFO closure during the randomized con-
trolled trials’ period exceeded trial enrollment. Patients who under-
went off-label closure had a higher risk profile compared with the 
randomized cohorts.53 The effects of these observations on trial results 
remains unclear. PFO remains a potential source for paradoxical 
embolism affecting other organs, especially in young patients without 
alternative explanations, including absence of atherosclerotic disease, 
arrhythmias, or hypercoagulable states.



752 SECTION V  INTRACARDIAC INTERVENTION

Diagnosis of Patent Foramen Ovale
Echocardiography plays an important role in the diagnosis of abnor-
malities of the atrial septum. Traditionally, TEE has been considered 
the gold standard to diagnose a PFO. The advantage of TEE is that it 
can identify all portions of the IAS, enabling the diagnosis of all sub-
types of ASDs, fenestrated atrial septum, and PFOs. TEE also allows 
detailed identification of lipomatous hypertrophy of the septum, atrial 
septal aneurysms, a prominent eustachian valve, or a long PFO tunnel 
that may alter a planned closing procedure (Video 49-6; see Fig. 49-3).

TEE can identify other potential sources of embolization (e.g., left 
atrial appendage thrombus, cardiac tumors, aortic atheroma). An  
ASA is defined as a redundancy of the atrial septum with excursion 
greater than 10 mm into either of the atria and a 15-mm base. The 
degree and direction of the interatrial shunt depend on the net pressure 
difference between the atria. The interatrial shunt direction changes 
with the phase of respiration and the cardiac cycle. It can be docu-
mented by color Doppler interrogation of the IAS (Fig. 49-4). Color 
interrogation along the fossa ovalis may cause erroneous identification 
of a PFO because of color cross-contamination when lowering the 
Nyquist limit.

Medical, Golden Valley, MN), which began enrolling in 2006, is 
ongoing but no longer recruiting patients.65 Until these results are 
available, PFO closure should not be considered for the treatment of 
migraine headache with aura.

Platypnea-Orthodeoxia Syndrome and Hypoxia
PFO has been associated with the rare platypnea-orthodeoxia syn-
drome. Platypnea refers to the feeling of dyspnea when in an upright 
posture, and orthodeoxia is arterial desaturation that occurs on stand-
ing. It is postulated that right-to-left shunting occurs across a patent 
foramen, particularly in the setting of an ASA.

Platypnea-orthodeoxia syndrome is seen primarily in very old 
patients and is associated with an event that alters the geometry of 
intrathoracic organs, such as a pneumonectomy or an enlarged ascend-
ing aorta. Extrinsic compression of the right atrium or decreased com-
pliance of the right ventricle may also predispose to shunting at the 
atrial level in these patients.66 It is postulated that in patients with an 
elongated aorta, the heart is shifted laterally so that the IVC drains 
directly toward the atrial septum, although this is not fully understood. 
This anatomic shift maintains the PFO open throughout the cardiac 
cycle and generates the physical findings.67

The diagnosis of platypnea-orthodeoxia syndrome is made by  
using saline contrast echocardiography with the patient in the supine 
and seated positions.11 Surgical or percutaneous closure has been 
done successfully, leading to marked improvement in the patient’s 
symptoms.68,69

Hypoxia related to PFOs may be observed in patients with severe 
pulmonary hypertension or obstructive sleep apnea.70 The mechanism 
involves transient or persistent elevation of the right atrial pressure  
in relation to the left atrial pressure or redirection of the IVC blood 
flow toward the IAS. Hypoxia related to right-to-left shunting at the 
atrial level has been associated with pulmonary arteriovenous mal-
formations, liver disease, amiodarone toxicity, pulmonary emboli  
with transient pulmonary hypertension, positive-pressure ventilation, 
hypovolemia, aortic aneurysm, right ventricular infarction, Ebstein 
anomaly, and carcinoid valve disease.

Making the diagnosis may be challenging because it requires docu-
mentation of right-to-left shunting while the patient is hypoxic, and 
frank improvement occurs after closure. In patients with severe pul-
monary hypertension with decreased right ventricular function, the 
PFO serves as an escape valve, which aids emptying of the right atrium 
into a lower pressure circuit (i.e., left atrium). In these patients, PFO 
closure may be fatal.

Decompression Sickness
DCS is caused by nitrogen bubbles that come out of solution in blood 
as the ambient pressure decreases when a person ascends from a dive. 
The amount of nitrogen bubbles generated depends on the total time 
spent in the dive, the speed of ascent, compliance with decompression 
stops, and individual factors such as cardiac output. The nitrogen 
bubbles usually stay in the venous circulation and make it to the lungs, 
where they are rapidly diffused. In a person with a PFO, the nitrogen 
bubbles may enter the systemic circulation and travel superiorly toward 
the brain, occluding a small arterial branch.

DCS in patients with PFOs is associated with early onset of cerebral 
or vestibular symptoms, which occur within 30 minutes after a dive, 
even after the person has performed all the appropriate rest stops.71 
The association of PFOs and DCS is relatively new. In a case-control 
study, Germonpre found an odds ratio of 2.25 for the development of 
DCS in divers with PFOs.72 In a small case-control study, divers with 
PFOs had a 4.5-fold greater risk of developing DCS than divers without 
DCS, and they were more likely to have silent ischemic lesions as 
shown on brain MRI.73 Torti found that divers with PFOs had a higher 
risk of developing DCS, required treatment for DCS, and had DCS that 
lasted more than 24 hours.74 Currently, PFO closure to prevent DCS is 
not indicated because of the low overall incidence and ease of avoid-
ance of DCS.

FIGURE 49-4	 A,	Association	of	interatrial	septal	anatomy	and	direction	
of	 interatrial	shunt.	B,	Transesophageal	echocardiograms	depict	 inter-
atrial	septal	mobility	related	to	left	and	right	atrial	pressures.	Ao,	Aorta;	
LA,	left	atrium;	LAp,	left	atrial	pressure;	RA,	right	atrium;	RAp,	right	atrial	
pressure.	(Modified	from	Amplatz	K,	Moller	H:	Radiology	of	congenital	
heart	disease.	St.	Louis,	1993,	Mosby.)
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the origin of the shunt. The number of transient signals correlates with 
PFO size and postprocedure PFO patency.75,79

Closure Devices
Two PFO septal occluder devices—the Amplatzer PFO occluder and 
the STARFlex septal closure system—were approved by the FDA under 
a registry and trial basis only for the treatment of recurrent paradoxical 
embolization in the setting of a therapeutic INR. NMT Medical has 
ceased operations, and the STARFlex septal closure device is no longer 
available. The Premere PFO closure device by St. Jude Medical is no 
longer under investigation for migraine treatment. The Gore Helex 
septal occluder (W.L. Gore, Flagstaff, AZ), Amplatzer multifenestrated 
cribriform septal occluder (ACSO) (AGA Medical, Golden Valley, 
MN), and the Amplatzer septal occluder (ASO) (AGA Medical, Plym-
outh, MN) (Figs. 49-7 through 49-9; see Fig. 49-20) have been used 
for off-label PFO closure and are described later in this chapter.

Amplatzer Patent Foramen Ovale Occluder
The APO is a self-expanding, double-disk device made from 0.005-inch 
nitinol wire (i.e., nickel-titanium alloy), with a polyester fabric sewn 
into both disks (Fig. 49-10). In the APO, the left atrial disk is smaller 

TEE’s diagnostic sensitivity is significantly lower than that of a saline 
contrast study; the addition of saline contrast improves TEE’s diagnos-
tic sensitivity.75 The injection of saline contrast through the femoral 
vein is superior for the diagnosis of PFOs by TEE and for the appropri-
ate sizing of ASDs.76 Appropriate provocative measures that transiently 
increase the right atrial pressure (i.e., Valsalva maneuver) may be dif-
ficult to perform during a TEE because of the patient’s sedation, relative 
hypovolemia from a fasting state, and the inability to close the glottis 
against the echo probe (Fig. 49-5 and Videos 49-7 through 49-9).

Fundamental imaging transthoracic echocardiography (TTE) has 
been considered inferior for the diagnosis of PFOs. However, the 
advent of second harmonic imaging has improved the sensitivity of 
TTE to 90%.77 An easier and more effective performance of a provoca-
tive maneuver (e.g., no sedation, euvolemia, complete glottic closure) 
during TTE may improve the image quality and is associated with a 
higher sensitivity than that of TEE for the diagnosis of PFOs.78 The lack 
of invasiveness makes TTE a more attractive screening tool for PFOs 
(Fig. 49-6).

TCD also has a role in the detection and quantification of right-to-
left shunt. TCD insonates the middle cerebral artery and detects high-
intensity transient signals when injected through a vein. Its sensitivity 
is similar to that of TEE, but its major limitation is its inability to detect 

FIGURE 49-5	 Transesophageal	 echocardiogram	before	 (A)	and	after	 (B)	placement	of	 a	25-mm	AGA	 foramen	occluder	 (AGA	Medical).	 Saline	
contrast	is	present	in	the	left	atrium	before	device	placement.	After	device	placement,	the	saline	contrast	study	is	negative.	

A B

FIGURE 49-6	 Transthoracic	echocardiogram	with	a	saline	contrast	study	at	 rest	(A)	and	during	a	Valsalva	maneuver	(B).	Transient	 increase	 in	
the	right	atrial	pressure	during	the	release	phase	of	the	Valsalva	maneuver	demonstrates	a	large	right-to-left	shunt	at	the	atrial	level	due	to	a	patent	
foramen	ovale.	

A B
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radius should not exceed the shortest distance obtained (Table 49-2). 
The 25-mm device is used in most cases. The APO has the advantage 
of being self-expanding, has a simple deployment, and is placed 
through a small venous sheath (8 Fr for 18-, 25-, and 30-mm sizes, and 
9 Fr for the 35-mm size). It is fully retractable until it is released. Its 
major disadvantage is that it is bulky within the atrial septum.

Premere Patent Foramen Ovale Closure System
The Premere PFO closure system was available to patients participating 
in the PFO for migraine trial sponsored by St. Jude Medical (Fig. 
49-11), which has been discontinued.

The Premere system has a very small profile and may be difficult to 
detect with echocardiography. Placement requires balloon sizing. Its 
unique design allows the operator to increase tension between the left 

than the right atrial disk except for the 18- and 30-mm devices, which 
have matched disk sizes. This relationship is inverted for the ASO. The 
ACSO has matched disk sizes. Both the APO and ACSO come in 18-, 
25-, 30-, and 35-mm sizes and have a 3- to 4-mm central component.

Device size represents the right atrial disk diameter. The right atrial 
disk stabilizes the device, preventing embolization from right to left. 
The thin stem allows various degrees of disk mobility that permits the 
PFO occluder to seat appropriately in a long tunnel or around a hyper-
trophied septum. The left atrial disk dimensions are designed to 
decrease interference with pulmonary venous drainage or with the 
mitral valve and to minimize the thrombogenic material in the sys-
temic circulation.

Device sizing depends on the measurement from the foramen ovale 
to the SVC and from the foramen ovale to the aorta. The right disk 

FIGURE 49-7	 Photograph	of	the	Helex	septal	occluder.	(Courtesy	W.L.	
Gore	&	Associates,	Newark,	DE.) FIGURE 49-8	 Photograph	of	the	AGA	cribriform	septal	occluder.	(Cour-

tesy	AGA	Medical,	Golden	Valley,	MN.)

FIGURE 49-9	 A,	Deployment	of	an	AGA	septal	occluder	(AGA	Medical).	A,	Once	in	place,	the	device	is	wiggled	to	ensure	stability.	B,	After	stability	
is	confirmed,	the	device	is	released	by	rotating	the	delivery	cable.	C,	After	it	 is	released,	the	cable	is	withdrawn	into	the	delivery	sheath	to	avoid	
trauma.	

CBA
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and right atrial components by pulling the suture linking the two 
components together until locked, allowing it to conform to various 
tunnel lengths. Its major disadvantages are the need for larger venous 
sheaths (11 Fr) and the many steps required for closure. The operator 
must be extremely careful not to overtighten the knot that holds the 
two disks together because excessively tightened knots cannot be loos-
ened later and may lead to device fracture or malapposition.

Future Devices
The Gore septal occluder is undergoing trials in the United States. It 
offers ease of deployment and retrieval and improved conformability 
to anatomy. Although the manufacturer closed operations, bioabsorb-
able devices such as BioSTAR (Fig. 49-12) and BioTREK (NMT 
Medical) point to the next generation of devices that minimize the 
material that persists within the atria after closure.

The Coherex device (Coherex Medical, Salt Lake City, UT) (Fig. 
49-13), which uses technology to selectively close the PFO tunnel 
without leaving significant material in the atrial chambers, has been 
approved for commercial use in Europe. SeptRx Intrapocket PFO 
Occluder (SeptRx, Inc., Fremont, CA) consists of a self-expanding 
nitinol frame that expands the PFO pocket and apposes the septum. 
Alternative methods of closure are being developed and include a 
suturing device (HeartStitch, Sutura, Inc., Fountain Valley, CA), tissue 
cauterization with radiofrequency (Cierra PFX Closure System, Cierra, 
Inc., Redwood City, CA) (Fig. 49-14), and the Coaptus RFA PFO 
Sealing System (CoAptus Medical Corporation, Redmond, WA).

Closure of Patent Foramen Ovale

Indications
The AHA and the American Academy of Neurology (AAN) guidelines 
identify PFO closure after one CVA as a class IIb indication.46 There is 

FIGURE 49-10	 Frontal	view	of	the	AGA	Amplatzer	PFO	occluder.	(Cour-
tesy	AGA	Medical,	Golden	Valley,	MN.)

TABLE 49-2 Selection Criteria for AGA Medical Patent Foramen 
Ovale Occluders and Delivery Systems

Distance From Defect to 
Superior Vena Cava or Aorta

Suggested 
Device Size

Delivery 
Sheath Size

>17.5	mm 35	mm 9	Fr

12.5-17.4	mm 25	mm 8	Fr

9-12.4	mm 18	mm 8	Fr

<9	mm None

FIGURE 49-11	 Photograph	 of	 the	 St	 Jude’s	 Premere	 patent	 foramen	
ovale	(PFO)	occluding	system.	(Courtesy	St.	Jude’s	Medical,	St.	Paul,	
MN.)

no FDA-approved indication for PFO closure for the primary preven-
tion of cryptogenic strokes, but PFO closure for cryptogenic stroke is 
FDA approved in patients who experience recurrent strokes presumed 
to be paradoxical in nature and who have failed conventional drug 
therapy or have had complications from drug therapy. Conventional 
drug therapy requires a therapeutic INR on oral anticoagulants.80

On October 31, 2006, the humanitarian device exemption label 
given to the CardioSeal septal occluder and the Amplatzer PFO 
occluder for PFO closure expired. PFO closure is performed only in 
patients enrolled in ongoing research protocols or registries, with the 
exception of off-label use of ASD closure devices used for PFO treat-
ment. There is no indication for PFO closure in patients who have 
migraines with aura and PFOs.

Percutaneous treatment for refractory hypoxemia related to right-
to-left shunting across a PFO is still available under humanitarian 
device exemption or by off-label application of the cribriform (AGA 
Medical) or Helex (Gore) occluders.

Preprocedure Considerations
The diagnosis should be confirmed before arrival at the catheterization 
laboratory. Percutaneous closure of secundum ASDs or PFO is per-
formed under ultrasound (TEE or intracardiac echocardiography 
[ICE]) and fluoroscopic guidance. The procedure begins with an expla-
nation of the risks and benefits of the procedure and with patient 
consent to treatment.

Adequate hydration decreases the risk of an air embolism. To 
decrease the risk of prosthetic infection, procedures are postponed 
until indolent infections (e.g., urinary tract infections, upper respira-
tory infections) are cleared. Patients are given intravenous antibiotics 
(i.e., cefazolin, vancomycin, or clindamycin) in transit to the catheter-
ization laboratory. Indwelling urinary catheters are not recommended 
to avoid transient bacteremia or a nidus for infection.

Venous Access
Femoral venous access provides a favorable angle of entry and is 
obtained with a 7- to 8-Fr short sheath. Generous soft tissue predilation 
is advised in preparation for a larger sheath exchange. A second venous 
sheath (8 or 10 Fr) is placed for ICE. If the contralateral vein is punc-
tured, a 25-cm sheath is preferred for ease of catheter manipulation.

An accessory venous variant should be suspected if resistance is 
met, which should lead to cessation of sheath advancement and to  
wire and catheter repositioning toward the larger venous channel  
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(Fig. 49-15). Hepatic vein access (Fig. 49-16) may be used for infrahe-
patic venous interruption as an alternative to a jugular approach.

Crossing the Interatrial Septum
An end-hole multipurpose catheter (MPA) is advanced over a stiff 
0.035-inch or 0.038-inch, 1.5-mm-long, J-tipped guidewire (Amplatzer 
wire). On arrival to the junction of the right atrium and IVC, the wire 
is advanced toward the IAS at the level of the aortic valve. The catheter 
may be advanced or rotated medially to direct the wire across the PFO.

If the guidewire does not cross easily, a Judkins right coronary 
catheter may be used instead. If the wire still cannot be threaded 
through the PFO, a hydrophilic-coated wire (Glidewire, Terumo 
Medical Corporation, Tokyo, Japan) may be used to negotiate through 

FIGURE 49-12	 Photographs	of	the	CardioSeal	(A),	STARFlex	(B),	and	BioSTAR	(C)	septal	occluders.	These	devices	are	no	longer	available.	(Cour-
tesy	NMT	Medical,	Boston,	MA.)

A
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FIGURE 49-13	 Photograph	 of	 the	 Coherex	 FlatStent	 EF.	 (Courtesy	
Coherex	Medical,	Salt	Lake	City,	UT.)

FIGURE 49-14	 Photograph	 of	 the	 PFx	 closure	 catheter	 with	 radiofre-
quency	ablation.	(Courtesy	Cierra,	Inc.,	Redwood	City,	CA.)
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the tunnel. If the crossing cannot be achieved after a significant amount 
of time or effort, it is important to confirm or refute the diagnosis of 
a PFO by repeating a bubble study from the femoral vein. For an extant 
PFO, intracardiac shunting occurs within the first five beats; the pres-
ence of late bubble passage into the left atrium implies an intrapulmo-
nary shunt. If significant passage of contrast is seen, septal puncture 
and closing the opening of the PFO with a device instead of inserting 
the device through the tunnel itself may be considered.

After entry into the left atrium, the guidewire is advanced to the 
left upper pulmonary vein, extending beyond the left main stem bron-
chus. Passage of the guidewire should occur without resistance. The 
wire tip should be kept in the pulmonary vein to avoid perforation of 
the left atrium or stimulation of a cough reflex. Placing the guidewire 
in the left atrial appendage is not recommended because it may lead 
to perforation. Incorrect localization of the wire is visualized as the 
wire coiling within the cardiac silhouette or detected as premature 
atrial depolarizations.

Anticoagulation
After passage across the foramen ovale, systemic anticoagulation is 
done with heparin to yield an activated clotting time of 200 seconds or 
greater. Heparin is administered. Aspirin (325 mg) should be adminis-
tered before the procedure and clopidogrel after the procedure.

Measurement for Device Selection
Echocardiographic measurements are made to aid in device selection 
(see Table 49-2). Some operators prefer to measure the PFO diameter 
with a sizing balloon to select the appropriate device (as with the St. 
Jude and CardioSeal devices) or identify a long PFO tunnel. Balloon 

FIGURE 49-15	 Venogram	demonstrates	accessory	venous	drainage	into	
the	left	common	iliac	vein.	Finding	an	aberrant	wire	course	or	resistance	
during	sheath	advancement	should	prompt	a	search	for	variations.	

FIGURE 49-16	 Cine	images.	A,	Hepatic	vein	access	is	obtained.	B, C,	and	D,	Amplatzer	multifenestrated	cribriform	septal	occluder	components	
are	serially	deployed.	Coils	are	then	deployed	at	the	hepatic	venous	entry	site	(E)	and	near	the	liver	capsule	(F)	to	ensure	hemostasis.	
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needle, or laser or radiofrequency energy may be used for cases with 
a redundant septum to enhance puncture safety.

Prominent Chiari Network and Redundant Eustachian Valve
Herniation of the Chiari network or a redundant eustachian valve 
should be sought before device release. These structures can be 
deflected using a steerable radiofrequency ablation catheter.

Multiple Shunts
For an ASD associated with a PFO, a single cribriform septal occluder 
may be used to minimize the shunt. If there is persistent shunting, a 
second device may be placed as long as there is no interaction with the 
mitral valve or pulmonary veins (Fig. 49-17).

Atrial Septal Aneurysms
Closure of an ASA with a PFO usually does not require a larger device. 
Closure of these PFOs is successful with a standard technique at 6 
months (see Fig. 49-3).81 It is imperative to capture the septum secun-
dum with the device to ensure a stable position, closure, and prevent 
device embolization or slippage.

Lipomatous Hypertrophy of the Atrial Septum
When closing a PFO in patients with lipomatous hypertrophy of the 
atrial septum, the device needs to straddle the septum secundum. 
Under fluoroscopy, a properly seated device produces the Pacman sign, 
in which cranial halves of the left and right atrial disks look like open 
jaws biting into the septum secundum. This position ensures device 
stability and PFO closure. The off-label use of an ASD or VSD occluder 
may be required for hypertrophy greater than 2 cm.

Complications
Percutaneous closure of PFOs is a safe procedure. Procedural compli-
cations occur in 4% to 7% of patients but are usually mild.45,82,83 A short 
procedural learning curve and significant device modifications have 
transformed PFO closure into an effective and safe procedure. Peripro-
cedural complications include air embolism, device migration, cardiac 
rupture and device erosion, vascular complications, and atrial arrhyth-
mias. Complications occurring after discharge include endocarditis, 
device fracture, and device thrombosis.

Procedure-Related Complications
Air embolus is a potentially devastating complication, but it can be 
easily recognized and avoided. Air embolus is caused by air entering 
the delivery sheath as the dilator is removed or during its preparation. 
It may also be associated with incomplete flushing of the device when 
introducing it to the delivery catheter or delivery sheath.

Adequate hydration before starting the procedure minimizes nega-
tive pressure swings and decreases the chances of air entry into the 
equipment. Maintaining catheters below atrial level at all times is key. 
Gentle flushing during slow dilator and wire withdrawal can offset the 
negative pressure void created by their retrieval. Preemptive use of 
positive-pressure ventilation in patients with airway or pulmonary 
disease helps minimize dangerous wide intrathoracic pressure swings 
during sedation.

Air bubbles in the delivery catheter can be easily recognized as the 
device is being pushed through the delivery sheath if done under fluo-
roscopy. Air embolism can manifest as sudden onset of hypotension, 
heart block, ventricular tachycardia, inferior ST-segment elevation 
(because the right coronary artery is anterior), and transient neuro-
logic decline. If air is seen within the delivery sheath, it is important 
to remove the device slowly to reduce the ensuing vacuum and let the 
delivery sheath bleed back. If the air bubble has entered the circulation, 
hypotension or ensuing arrhythmias should be treated with the stan-
dard advanced cardiac life support (ACLS) protocol. Supplemental 
oxygen may aid in bubble resolution. The placement of patients in the 
Trendelenburg position may decrease the risk of cerebral embolization. 
Direct aspiration of the right coronary artery may be warranted if an 

inflation must be done carefully to avoid tearing of the septum primum. 
With the use of the Amplatzer occluder, more than 95% of cases are 
done with a 25-mm or 30-mm device. The use of a sizing balloon is 
controversial with this device.

Delivery Sheath Insertion and Device Preparation
After the device is selected, the short sheath is removed and replaced 
with a long delivery sheath. The sheath is advanced until the dilator 
has crossed the IAS. The dilator is then separated, and the sheath is 
advanced slowly into the middle left atrium. The dilator and the guide-
wire are removed, and the sheath is connected to the manifold while 
ensuring that air bubbles are cleared meticulously. The occluder devices 
are loaded according to the manufacturers’ instructions. The device 
usually is attached to its delivery cable and retracted into the delivery 
catheter. Special care must be exercised to meticulously flush the deliv-
ery catheter and device to remove all air bubbles from the system. The 
delivery catheter is then introduced into the delivery sheath.

Device Positioning and Release
The device is pushed through the delivery sheath under fluoroscopy. If 
air bubbles are seen, the device is removed and prepared again while 
the sheath is allowed to bleed back. After the device reaches the tip of 
the delivery sheath, the sheath is withdrawn slowly until the entire left 
atrial disk is exposed. Echocardiographic confirmation of left disk 
deployment is required to ensure that the left atrial disk is not in the 
PFO tunnel. Traction is then applied on the device and the delivery 
sheath to ensure that the left atrial disk abuts the atrial septum.

After the left disk is in place, the delivery sheath is withdrawn until 
the right atrial disk is expanded. As this is confirmed by fluoroscopy 
and echocardiography, the device is wiggled back and forth to ensure 
appropriate seating. Echocardiographic evaluation of pulmonary veins 
and the mitral valve is performed to avoid device obstruction by these 
structures. It is normal to see color flow across the center but not 
around the newly placed and anticoagulated Amplatzer PFO occluder 
device, particularly those positioned in patients with ASAs.

If no obstruction exists and the device appears stable, in appropriate 
position, and fully expanded, release can be done according to the 
manufacturer’s recommendations. It is important to retract the deliv-
ery cable back into the delivery sheath to avoid cardiac perforation. 
After the device is released, its conformation changes slightly as a result 
of released tension. Rotation of up to 45 degrees is not unusual. A 
saline contrast study is performed to assess shunt severity. Shunting 
may be absent or significantly decreased after the device is released. 
Results of the bubble study become progressively negative as the device 
reaches its normal conformation and becomes endothelialized (Videos 
49-10 through 49-12).

Postprocedure Care
Our preference is to hospitalize patients overnight in a telemetry unit 
and administer two more doses of antibiotics. A chest radiograph is 
obtained to confirm or correct device position the day after the proce-
dure. A TTE and bubble study are done to quantify residual shunting 
24 hours and 6 months after the procedure. Patients are prescribed 
75 mg of clopidogrel daily for 1 to 3 months and daily aspirin for 6 
months. For patients with histories of CVAs or TIAs, aspirin therapy 
may be continued indefinitely. Standard precautionary measures 
against subacute bacterial endocarditis should be followed for 6 
months.

Special Considerations
Transseptal Puncture
Transseptal puncture is rarely required to close a PFO. It is favored in 
two instances: when the PFO tunnel is long and passage with a guide-
wire or delivery sheath is unsuccessful; and when the inferior border 
of an appropriately measured device interferes with the mitral valve. A 
SafeSept transseptal guidewire (Pressure Products Medical Supplies, 
Inc., Santa Barbara, CA), Bovie cauterizer attached to the transeptal 
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FIGURE 49-17	 Cine	images	of	a	symptomatic	patient	
with	a	residual	shunt	after	closure	of	an	atrial	septal	
defect.	A	and	B,	A	multipurpose	catheter	and	guide-
wire	are	used	 to	cross	 the	defect.	C,	The	catheter	 is	
then	 advanced	 into	 the	 left	 atrium.	 D,	 The	 wire	 is	
exchanged	for	an	Amplatz	Extra	Stiff	guidewire	posi-
tioned	in	the	left	upper	pulmonary	vein.	E	and	F,	The	
“stop	flow”	diameter	and	 residual	defect	contour	are	
obtained	with	the	use	of	a	sizing	balloon.	G	and	H,	A	
second	device	is	deployed.	
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Embryology
Unlike a PFO, an ASD occurs when a portion of the interatrial septum 
is absent. Incomplete caudal growth of the septum secundum or exces-
sive resorption of the septum primum gives rise to a secundum ASD. 
If the septum primum fails to reach the endocardial cushions, a 
primum ASD occurs with its associated abnormalities (e.g., cleft mitral 
valve, inlet ventricular septal defect). A sinus venosus ASD occurs 
when there is abnormal resorption of atrial septal tissue adjacent to the 
caval-atrial junction. An unroofed coronary sinus or the absence of 
atrial tissue adjacent to the site of coronary sinus drainage into the right 
atrium results in a coronary sinus ASD (Table 49-3 and Fig. 49-19).84

Anatomic and Morphologic Considerations
The secundum defect is located at the center of the atrial septum 
involving the fossa ovalis. This is a true tissue defect compared with a 
PFO. This is the only type of ASD that is amenable to transcatheter 
closure techniques. To permit percutaneous closure, there should be 
adequate tissue margins of the defect for securing the closure device 
to the tissue. Lack of an adequate tissue margin predisposes to device 
prolapse or potential embolization. Large defects also predispose the 
device to encroaching on the adjacent aortic root and the mitral valve, 
which can result in major complications.

A thorough assessment of the atrial septum using echocardiogra-
phy is a prerequisite for optimal closure. The choice of imaging depends 
on the operator’s experience and preferences. Sinus venosus–type 
defects are located in the perimeter of the atrial septum near the entry 
of the SVC. This defect prevents the normal separation of pulmonary 
veins from the right lung, the SVC, and the right atrium, and the result 
is anomalous drainage of one or more pulmonary veins.85 Typically, 
defects located close to the IVC are rare and are called caval defects. 
They can be associated with anomalous pulmonary venous drainage. 
Ostium primum ASDs, also known as endocardial cushion defects or 
atrioventricular canal defects, may be accompanied by ventricular 
septal defects and a cleft mitral valve. With the exception of secundum 
defects, management of other types of ASDs requires surgical repair 
and are not detailed here.

Clinical Presentation
Patients with ASDs usually remain asymptomatic during childhood. 
Typically, the pulmonary outflow murmur or a fixed split of the second 
heart sound detected during routine physical examination prompts 
further evaluation, which results in the diagnosis. Some patients may 
experience recurrent heart failure, have a predilection for recurrent 
respiratory infection during childhood, and have easy fatigability and 
exertional dyspnea.86 In adults, a long-standing ASD with significant 
shunting may manifest with atrial arrhythmias, pulmonary arterial 
hypertension, and heart failure.

Hemodynamics
The direction and magnitude of the shunt across an ASD depend on 
the size of the defect, right and left atrial pressures, right and left ven-
tricular compliance and end-diastolic pressures, vascular resistance in 
the pulmonary and systemic circuits, the phase of respiration, intra-
thoracic pressure, and intravascular volume status.87 In most patients 
with moderate- to large-sized ASDs, both atria are in open communi-
cation, and the mean atrial pressure is equal. The shunt is directed left 
to right because compliance of the right atrium and right ventricle is 
higher than that of the left atrium and left ventricle. In those with very 
small ASDs without equalization of atrial pressures, the gradient across 
the atria also plays a role in the direction of the shunt.

A close review of the Doppler performed across the defect shows 
that the flow occurs during the entire cardiac cycle. Left-to-right shunt-
ing occurs mostly during late systole and early diastole, but atrial 
contraction also provides additional flow augmentation. The shunt 

airlock exits. If warranted, transfer to a hyperbaric chamber may be 
considered.

Device-Related Complications
Device migration is characterized by the loss of the correct position of 
the device (Fig. 49-18). It may be related to incomplete device exit from 
the tunnel or placement of a smaller device in a large PFO or in an 
unrecognized ASD. If migration occurs, devices may be removed per-
cutaneously with a snare. If this cannot be done, surgical removal is 
recommended.

Device arm fracture was mostly seen with the use of the earlier-
generation PFO-Star closure device. However, it is now rarely 
encountered.

Device erosion is not seen in PFOs. However, data show that erosion 
does occur in patients with closures of large ASDs that lack an appro-
priate aortic rim of tissue.

Device thrombosis has been seen in patients with concomitant 
hypercoagulable states who undergo PFO closure. It was also seen in 
up to 2% of the patients who received STARFlex devices, but newer 
generations of the device have addressed this limitation.45 A device 
thrombus requires surgical removal. A hypercoagulability workup 
should be performed for every patient who undergoes PFO closure for 
paradoxical embolization. If the workup is positive for hypercoagula-
bility, therapeutic anticoagulation is warranted. Thrombus formation 
associated with AGA PFO closure devices has not been reported.

Transient arrhythmias may occur. Atrial arrhythmias may occur 
spontaneously in the first 6 weeks after the procedure and do not 
usually require treatment.

Case reports have documented an increase in headaches after 
device placement in patients with nickel allergy. Although the extent 
has been difficult to prove, nickel desensitization should nevertheless 
be performed before elective PFO closure.

Endocarditis may complicate PFO closure. Bacterial device infec-
tion or colonization may prove catastrophic. Strict sterile technique 
should be followed throughout the procedure, and antibiotic prophy-
laxis for subacute bacterial endocarditis should be continued for 6 
months. Surgical excision is warranted if endocarditis occurs.

Conclusions
Percutaneous closure of PFOs is an effective procedure that can be 
performed safely. Although the data support the association between 
PFO and various clinical syndromes, randomized controlled trial data 
have failed to confer superiority for transcatheter PFO closure com-
pared with medical therapy for migraine headaches or for prevention 
of recurrent events in patients with a prior cryptogenic stroke or TIA, 
rendering treatment decisions more complex. Patients will likely 
benefit most from a personalized approach by a multidisciplinary 
team.

ATRIAL SEPTAL DEFECT
Among the various congenital cardiac anomalies encountered in the 
adult population, ASD is one of the most common. It is easily treated 
and has an excellent long-term prognosis. Less than a decade ago, 
surgical repair was considered the standard of care and provided 
durable long-term results. Since the FDA approved a device for percu-
taneous ASD closure in December 2001, there has been a dramatic shift 
toward catheter-based closure of ASDs, which provides durable results 
paralleling surgical techniques, with remarkably less morbidity and 
extremely short recovery time and hospitalization. Patients and physi-
cians alike prefer the less invasive percutaneous approach, although no 
studies have directly compared the surgical and percutaneous tech-
niques for efficacy and safety.

The preceding section provided an in-depth discussion on the PFO 
with regard to its embryology, physiology, clinical pathophysiology, 
diagnosis, and catheter-based management. Because there is a consid-
erable overlap between the PFO and ASD, the following discussion 
highlights salient characteristics that are specific to ASD.
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FIGURE 49-18	 Cine	 images	 of	 device	 migration	
noticed	after	development	of	 ventricular	 ectopy	after	
closure	of	a	 large	atrial	 septal	defect	 (ASD).	A	 and	
B,	A	32-mm	Amplatzer	septal	occluder	(AGA	Medical)	
migrated	into	the	right	ventricular	cavity.	C,	An	inter-
nal	mammary	 artery	 (IMA)	 guide	 catheter	 directs	 a	
Cook	 retrieval	 forceps	 (Cook	Medical,	Bloomington,	
IN)	to	hold	the	device	position.	D,	After	device	migra-
tion	 to	 the	 right	 atrium,	 the	 Cook	 retrieval	 forceps	
holds	the	device	position,	and	a	25-mm	Gooseneck	
Snare	 is	 used	 to	 lasso	 the	 detachment	 pin.	 E,	 The	
device	is	externalized	with	a	large	sheath.	F	and	G,	
A	 new	 34-mm	 Amplatzer	 septal	 occluder	 device	 is	
then	successfully	deployed	across	the	ASD.	A

C

E

G

B

D

F



762 SECTION V  INTRACARDIAC INTERVENTION

Typical echocardiographic findings include right atrial and right 
ventricular enlargement, increased pulmonary artery pressure, and 
Doppler demonstrating continuous flow across the atrial septum.93 
Three-dimensional echocardiography with image reconstruction has 
been used to plan closure procedural details. ICE can also be used, but 
its use is mostly restricted to providing imaging guidance for percuta-
neous closure (Video 49-14).

Cardiac Catheterization
In current clinical practice, cardiac catheterization primarily for  
diagnostic purposes is uncommon, but it is used when there is a 

results in diastolic overloading of the right ventricle and increased 
pulmonary blood flow. Depending on the size of the defect, pulmonary 
blood flow may be as high as five times the systemic flow. In those with 
long-standing and untreated ASDs, pulmonary hypertension may 
ensue, which can result in reversal of the shunt’s direction, depending 
on the status of the right ventricle. Even in an uncomplicated ASD, a 
transient and small right-to-left shunt occurs during the early phase of 
ventricular systole and is further accentuated by respiration that 
decreases intrathoracic pressure. This is the rationale behind perform-
ing a saline contrast study during echocardiography for the detection 
of ASDs (Video 49-13).

Diagnosis
Physical examination findings usually initiate the evaluation for sus-
pected ASDs. This includes a hyperdynamic precordium, a fixed split 
of the second heart sound without respiratory variation, a loud pul-
monic component of the second heart sound, and pulmonary outflow 
tract murmur. Primum-type defects may have associated tricuspid and 
mitral regurgitation murmurs. The electrocardiogram further supports 
the clinical findings. Right-axis deviation, right ventricular hypertro-
phy, rSR′, and rsR′ pattern in the right precordial leads with normal 
QRS duration are common electrocardiographic findings in ostium 
secundum defects. An inverted P wave in lead III is seen in sinus 
venosus defects, whereas left-axis deviation may denote an ostium 
primum defect. Lengthening of the PR interval due to atrial enlarge-
ment and conduction delay can be seen in all three types of ASD.88 
Chest radiographic findings include right atrial and ventricular 
enlargement, prominent pulmonary artery, and increased pulmonary 
vascular markings.

Echocardiography
Echocardiography has replaced cardiac catheterization techniques for 
the diagnosis of ASDs.89,90 Even shunt fraction can be reliably calcu-
lated using an echocardiogram. A TTE with a saline contrast study 
should be done first. The defect may be visualized directly by TTE 
imaging, particularly from a subcostal view of the interatrial septum, 
but a TEE can provide much better anatomic characterization of the 
septum and the adjoining structures.91,92

FIGURE 49-19	 A,	Diagram	of	a	secundum	atrial	septal	defect	(ASD).	
B,	ASD	as	seen	on	an	intracardiac	echocardiogram.	C,	Color	Doppler	
interrogation	 identifies	 a	 left-to-right	 shunt.	 AO,	 Aorta;	 LA,	 left	 atrium;	
RA,	 right	 atrium;	 SVC,	 superior	 vena	 cava.	 (Modified	 from	 Patrick	 J.	
Lynch,	 Director,	 ITS	 Web	 Services	 Department,	 Yale	 University,	 New	
Haven,	CT.)
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TABLE 49-3 Atrial Septal Defect and Patent Foramen 
Ovale Characteristics

Feature Patent Foramen Ovale Atrial Septal Defect

Embryology Failure	of	the	septum	
primum	and	the	septum	
secundum	to	fuse	
completely

Pathway	or	channel	
between	tissue	flaps

Failure	of	the	septum	
primum	or	the	septum	
secundum,	or	both,	to	
develop	normally

Tissue	defect

Direction	of	
shunt

RA	pressure	greater	than	
LA	pressure;	shunts	right	
to	left

LA	pressure	greater	than	
RA	pressure;	may	stay	
closed	or	shunt	left	to	
right

Shunt	is	dynamic	and	
bidirectional

Shunt	direction	depends	
on	RA-to-LA	pressure	
difference,	RVEDP-to-
LVEDP	difference,	phase	
of	respiration,	and	
volume	status

Usually	RA	pressure	equal	
to	LA	pressure	but	
shunts	left	to	right	
because	the	RV	is	more	
compliant

Shunt	reverses	with	
Eisenmenger	physiology

Shunt	is	dynamic	and	
bidirectional

Shunt	direction	depends	
on	RA-to-LA	pressure	
difference,	RVEDP-to-
LVEDP	difference,	phase	
of	respiration,	and	
volume	status

ASD,	Atrial	septal	defect;	LA,	left	atrium;	LVEDP,	left	ventricular	end-diastolic	pressure;	PFO,	
patent	 foramen	 ovale;	 RA,	 right	 atrium;	 RV,	 right	 ventricle;	 RVEDP,	 right	 ventricular	 end-
diastolic	pressure.
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35 mm. Modifications to the basic technique may be needed to close 
very large ASDs; they are discussed separately.

The reported advantages of the Amplatzer device include ease of 
use, delivery with smaller-diameter catheters, and the facility to retrieve 
and reposition it before complete deployment. The device design also 
permits it to self-center across the defect.

Gore Helex Occluder
The Gore Helex septal occluder consists of a device and special delivery 
system (Fig. 49-22). The device is a non–self-centering, double-disk 
device that consists of a nitinol wire frame covered by an expanded 
polytetrafluoroethylene (ePTFE) membrane. The ePTFE membrane is 
treated with a hydrophilic coating to facilitate echocardiographic 
imaging during device implantation.

discrepancy between the clinical and echocardiographic findings. 
Invasive hemodynamic assessment (i.e., cardiac catheterization) is per-
formed during a planned percutaneous closure. A defect in the atrial 
septum is usually obvious when the guidewire or the catheter crosses 
the midline (i.e., atrial septum) into the left atrium. The site at which 
the catheter crosses provides diagnostic clues about the defects. In 
secundum defects, the site of crossing is midseptal, whereas in sinus 
venosus and primum defects, the catheter crosses the IAS at a high 
level and a low level, respectively. Angiograms can further demonstrate 
shunting and other associated anomalies.94 In the past, an injection in 
the right upper pulmonary vein was recommended, but this is rarely 
performed in current clinical practice.

We recommend a pulmonary arteriogram in a straight pulmonary 
artery projection to rule out associated partial anomalous pulmonary 
venous return (PAPVR). A right heart catheterization with measure-
ment of oxygen saturations in the innominate vein, the SVC, the right 
atrium, the right ventricle, and pulmonary arteries is also important to 
assess the magnitude of the shunt and rule out associated problems 
such as pulmonary hypertension and PAPVR. It is also important to 
measure left atrial pressure or left ventricular pressure, or both, espe-
cially in older adults (discussed later).

Closure of Atrial Septal Defect

Indications
Unrepaired ASDs that result in right heart volume overload can lead 
to progressive exertional dyspnea and exercise intolerance, atrial 
arrhythmias, and pulmonary hypertension. Calculation of the pulmo-
nary to systemic flow ratio (Qp/Qs) estimates shunt direction and 
magnitude, which is related to defect size and interventricular pressure 
and compliance differences. Over time, long-standing right-sided 
volume overload may alter Qp/Qs. A small Qp/Qs in the setting of 
right atrial or right ventricular overload should not preclude closure.

Right chamber enlargement as documented by echocardiography 
is accepted as an indication for percutaneous ASD closure. Other indi-
cations, including platypnea-orthodeoxia syndrome, paradoxical 
embolus, decompression sickness, and migraine headaches, are con-
troversial (these were discussed earlier).

Devices for Percutaneous Closure
Percutaneous closure of ASD has proved to be reliable, safe, and effec-
tive as indicated by the available data, but choosing defects with appro-
priate anatomic characteristics is critical for successful closure. Only 
two devices are approved by the FDA for percutaneous closure of 
secundum ASD. The ASO received FDA approval in December 2001, 
and the Gore Helex occluder received approval in August 2006.

Amplatzer Septal Occluder
The ASO is a self-expandable, double-disk device made from nitinol 
wire mesh (Fig. 49-20). The two disks are linked together by a connect-
ing waist, which corresponds to the balloon size of the ASD. To increase 
its closing ability, the disks and the waist are filled with polyester fabric. 
The polyester fabric is securely sewn to each disk by a polyester thread. 
The device is available in various sizes ranging from 4 to 38 mm (4 to 
20 mm at 1-mm increments, 22 to 38 mm at 2-mm increments), and 
the size refers to the diameter of the waist. Device selection is based 
on the stretched diameter of the defect (i.e., a 10-mm stretched defect 
requires a 10-mm device). Devices are chosen to be the same size as 
or 1 mm larger than the balloon-stretched diameter to ensure an 
appropriate fit and to avoid oversizing.

The pivotal study reported technical success rates of 95.7%.95 Tech-
nical success was defined as successful deployment of a device. The 
12-month closure success rate was 98.5%, with closure success defined 
as a shunt of less than 2 mm in patients in whom a device was success-
fully placed. Patient selection and optimal imaging are key to success.

Multiple ASDs in a patient may be closed with more than one 
device (Fig. 49-21). A cribriform device that is approved for closure of 
multifenestrated ASDs is available in four diameters: 18, 25, 30, and 

FIGURE 49-20	 Amplatzer	septal	occluder.	(Courtesy	AGA	Medical.)

FIGURE 49-21	 Chest	radiograph	obtained	after	deployment	of	two	AGA	
septal	occluders.	
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diastolic dysfunction can complicate transcatheter ASD closure and 
precipitate left heart failure due to an inability of the left ventricle to 
adjust to the increased preload.

After the right heart catheterization has been completed, a 0.035-
inch J-tipped guidewire guided through a 6-Fr multipurpose catheter 
is the best tool to cross the defect. The wire is positioned in the left 
upper pulmonary vein. After crossing the defect, the ASD diameter is 
measured with a balloon specifically designed for sizing atrial com-
munications, such as the Amplatzer (AGA Medical, Plymouth, MN) 
or the NuMed (NuMed, Inc., Hopkinton, NY) sizing balloon.

Under fluoroscopic and echocardiographic guidance, the balloon 
catheter is placed across the defect and gently inflated with diluted 
contrast until the left-to-right shunt ceases, as observed with echocar-
diography. The maximum achieved occlusive diameter is measured at 
the balloon waist. This is the stop-flow diameter. It is critical not to 
overinflate the balloon because this can lead to selection of an inap-
propriately large device and increase the risk of erosion. The diameter 
of the balloon is measured fluoroscopically and with echocardiogra-
phy, and the measurements should be in close agreement (<1 mm 
difference).

If an ASO is chosen, the sizing balloon is removed, and the appro-
priately sized sheath for delivery is advanced into the right atrium. The 
dilator is removed, and the sheath is de-aired and then advanced over 
the wire into the left atrium. Alternatively, the sheath and the dilator 
can be advanced over the guidewire into the left upper pulmonary vein, 
and the wire and the dilator can then be removed. It is important to 
de-air the sheath completely if the latter approach is taken because an 
air embolus can otherwise result.

The device is loaded and advanced into the delivery sheath under 
fluoroscopic and echocardiographic guidance (see Fig. 49-9 and Videos 
49-10 through 49-12). Meticulous attention must be paid to avoid 
suction of air into the system, which occurs particularly when using 
large-caliber delivery sheaths.

If the Helex occluder is chosen, its size needs to be at least two times 
the stop-flow diameter of the defect. The device can be delivered in 
two ways: by removing the sizing balloon and guidewire and advancing 
the chosen device and delivery system through a 10-Fr sheath across 
the defect under echocardiographic guidance or by removing the sizing 
balloon and leaving the guidewire in place and then sliding the guide-
wire through the tip of the catheter. The catheter is then advanced 
across the defect and into the left atrium, at which point the guidewire 
is removed.

Complications
Complications are common with closure of ASDs. Most are minor. The 
Amplatzer pivotal trial described a major adverse cardiac event 
(MACE) rate of 1.6% (7 of 442 patients). This included two arrhyth-
mias requiring treatment, three device embolizations with surgical 
removal, one embolization with percutaneous removal, and one deliv-
ery system failure. This compares with an MACE rate of 5.2% (8 of 
154) in the surgical control group in this study. Minor adverse cardiac 
events occurred in 6.1% of patients (27 of 442) compared with a rate 
of 18.8% (29 of 154) in the surgical group.

Erosions associated with the use of the ASO are the most common 
life-threatening complication. They are reported to occur with a fre-
quency of approximately 1 to 3 per 1000 implants (0.1% to 0.3%); 
however, the true incidence is unknown because the number of device 
implants is unknown.

Amin and colleagues described erosions associated with the use of 
the ASO and, based on a panel of physicians, developed recommenda-
tions to avoid this complication.97 They recommended using the stop-
flow method of balloon sizing. They also recommended only a gentle 
to-and-fro motion on the device after it is implanted. Patients at high 
risk for erosions were thought to be those needing an ASO greater than 
1.5 times the unstretched diameter of the defect and those with defi-
cient superior or aortic rims. It was also thought that devices that were 
deformed at the level of the aortic root (splayed around the aorta) were 
at higher risk of erosion.

The device is approved for closure of ASDs less than 18 mm in 
diameter. The device is available in 5-mm increments, from a 15-mm 
to 35-mm open disk diameter. Because the device is not self-centering, 
a ratio of the device to balloon-stretched defect of at least 2 : 1 is 
required to prevent residual shunting or device embolization.

In the pivotal study and the continued-access trial, technical success 
rates of 88.1% and 85.6% were achieved, respectively, with technical 
success defined as successful delivery of a device in patients in whom 
it was attempted.96 The clinical closure success rate for patients who 
had technical success was 98.1% in the pivotal study and 98% in the 
continued-access trial at 12 months from implantation. Clinical closure 
success was defined as a completely occluded defect or one with a 
clinically insignificant leak.

Theoretical advantages for the Helex occluder compared with the 
ASO are that it is a lower-profile device, has less nitinol and therefore 
less nickel exposure, and may have a lower risk of erosions. Disadvan-
tages include the larger and more complicated delivery system, the 
lower overall success rate, and the inability to close defects larger than 
18 mm in diameter.

Procedural Details
Aspirin therapy is started days before the procedure. Antibiotics are 
given within 30 minutes of achieving access. Patients should be ade-
quately anticoagulated with unfractionated heparin during the entire 
procedure and the activated clotting time maintained above 250 
seconds before device placement.

Typically, femoral venous access is used, and the size of the sheath 
is based on the size and type of the device and delivery sheath system 
chosen. TEE or ICE is used for imaging guidance during the proce-
dure. If ICE is used, a second venous sheath is required during the 
procedure.

We recommend performing a right heart catheterization with every 
ASD closure. This includes measurements of oxygen saturations and 
pressures in the innominate vein, SVC, right atrium, and pulmonary 
arteries, as well as performance of pulmonary arteriography. This 
information is important to assess PAPVR and pulmonary hyperten-
sion. If PAPVR is documented in the setting of a secundum ASD, it is 
important to decide how much of the total lung parenchyma is drain-
ing anomalously. If a single segmental vein is anomalous in the setting 
of a moderate-sized or larger ASD, device closure of the ASD is still 
indicated, and the anomalous vein can be left in situ. It is also impor-
tant to measure left atrial pressure or left ventricular end-diastolic 
pressure, or both, especially in older adults because left ventricular 

FIGURE 49-22	 Gore	Helex	septal	occluder	and	delivery	system.	(Cour-
tesy	W.L.	Gore	&	Associates,	Newark,	DE.)
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If the device cannot be percutaneously removed, surgical removal 
is necessary. The Helex pivotal trial and the continued-access trial 
reported MACE rates of 5.9% (7 of 119) and 3.9% (3 of 77), respec-
tively.96 This included a total of four cases of device embolization 
requiring percutaneous removal, one device removal due to wire frac-
tures, one skin allergy, two patients with migraines, one with paresthe-
sia, one hemorrhage requiring treatment, one allergic reaction (thought 
to be device related), and two possibly inappropriately sized devices. 
This compares with a MACE rate of 10.9% (14 of 128) for the surgical 
patients in the pivotal trial.

Minor adverse cardiac events occurred in 28.6% (34 of 119) of 
patients in the pivotal study and 27.3% (21 of 77) of patients in the 
continued-access study. Wire fractures were reported in 5% (6 of 119) 
of patients in the pivotal group and 6.5% (5 of 77) in the continued-
access group. Minor adverse cardiac events were reported in 28.1% (36 
of 128) of patients in the surgical arm of the pivotal study. No erosions 
related to the Helex device have been reported.

Wire frame fractures are a relatively common problem associated 
with the Helex device. Fagan and colleagues reported data on wire 
frame fractures for every Helex device implanted in the United States 
from April 2000 to April 2005.103 During this 5-year period, there were 
298 implants, of which 19 (6.4%) developed wire frame fractures. Two 
devices fractured by 1 month, 10 by 6 months, and 7 between 12 and 
18 months. Eight of the devices had multiple fractures. Multivariate 
analysis found large device size to be an independent predictor for wire 
frame fracture. The 30-mm and 35-mm devices accounted for 84% of 
all fractures. There were no clinical problems such as embolization or 
increased shunting related to the wire frame fractures in this study; 
however, Qureshi and coworkers subsequently reported a case of wire 
frame fracture that resulted in increased shunting and perforation of 
the mitral valve, resulting in severe mitral regurgitation requiring sur-
gical repair.104 Close follow-up of a patient experiencing a wire frame 
fracture is required. Embolization of the Helex occluder appears to be 
more common than that associated with the ASO. Fortunately, the 
Helex device is relatively easy to retrieve.

Latson and colleagues reported a postprocedural embolization rate 
of 2.3% (6 of 260 implants) in patients with 12-month follow-up 
data.105 Five of the embolizations occurred within 24 hours of the 
implantation procedure. In all six patients, the devices were removed 
by using transcatheter retrieval techniques, but these procedures were 
not explained further. We have used a vascular retrieval forceps and a 
gooseneck snare on separate occasions to grasp the device and pull it 
into a delivery sheath. As reported by Tan and colleagues, Latson sug-
gested snaring the locking loop and pulling the device into the delivery 
sheath.106 One case report details failure of percutaneous retrieval 
attempts of a Helex device that had embolized to the pulmonary artery 
in a small child.107

Special Considerations
Closure of Large Atrial Septal Defects
Closure of large ASDs (30 to 36 mm) or those with deficient rims 
(<5 mm) can be difficult. Because the Helex device cannot be used to 
close large ASDs, the focus of this discussion is on techniques that have 
been described for use with the ASO.

In patients with a deficient SVC (superior or anterosuperior rims 
[retroaortic]), it is very easy for the left atrial disk to prolapse through 
the defect on initial deployment. This can also occur with deficient 
posteroinferior rims. If multiple rims are deficient, the likelihood of 
successful closure decreases further. The operator’s familiarity with 
advanced techniques of deployment greatly improves the chances of 
procedural success, and it is imperative that the implanter become 
comfortable with several of these techniques.

In right upper pulmonary vein deployment, the delivery sheath is 
positioned with the tip in the right upper pulmonary vein.108 The left 
atrial disk is partially deployed in the os of the right upper pulmonary 
vein or near the roof of the left atrium, and the remainder of the device 
is then rapidly deployed by pulling down on the delivery sheath while 
fixing the delivery cable. After the device is fully exposed, the cable can 

These recommendations were derived from a panel of expert 
implanters and have not been verified in a prospective manner.  
Nevertheless, the recommendations have led to a general change in 
clinical practice, although they are not without controversy. El-Said 
and Moore reported a survey of members of the Congenital Cardio-
vascular Interventional Study Consortium (CCISC), in which 71.7% 
thought that a device in which the disks approximated each other and 
touched the aorta without splaying were at the highest risk of an 
erosion.98

The FDA convened an advisory panel on May 24, 2012, to address 
the erosion issue. The executive summary report that was prepared for 
this meeting99 listed 95 documented erosions and 8 suspected erosions. 
The time from ASO implant to erosion was 0 to 3139 days (8.6 years); 
50% of erosions occurred within the first week, 61% within the first 
month, and 87% within the first year. Thirteen percent of erosions 
occurred more than 1 year after implantation, with one erosion occur-
ring at 5.3 years and one at 8.6 years. The mortality rate for on-label 
adjudicated erosion events was 8.4% (8 of 95 patients).

The exact mechanisms by which erosions occur are unknown, but 
the current instructions for use for the ASO state, “Absence of the 
anterior superior (aortic) rim and device oversizing may be related to 
causation of erosion due to increased likelihood of device-tissue 
contact in the dynamic anatomic area of highest risk for erosion.”100 
The instructions for use and the FDA recommend clinical follow-up 
with a cardiologist and an echocardiogram at implantation, 1 day after 
the procedure, before discharge, and at 1 week, 6 months, and 12 
months after implantation. Annual cardiology follow-up is recom-
mended thereafter (without the specific recommendation for an 
echocardiogram).

Embolization can occur with the ASO, and the implanters need to 
be familiar with retrieval techniques (see Fig. 49-18). Levi and Moore 
reported a survey of AGA Medical proctors, which demonstrated an 
embolization rate of 0.55% (21 of 3824 device implants).101 DiBardino 
and coworkers reported an estimated embolization rate of 0.62% using 
data from the FDA’s Manufacturer and User Facility Device Experience 
(MAUDE) database.102 In the latter study, two deaths were associated 
with embolization. Device embolization can occur to the right heart, 
the left heart, or the aorta. Most device embolizations occur at the time 
of or shortly after implantation, although late embolization has been 
reported.

Percutaneous device retrieval is possible in a significant number  
of cases. The device should initially be stabilized with a bioptome or  
a snare so that it does not cause hemodynamic compromise. This  
may require a second venous line from an inferior or superior  
approach; one site of access is used to hold the device, and the second 
is used to snare and subsequently retrieve the device. A long, relatively 
stiff sheath can be advanced adjacent to the device. The tip of the  
sheath can be beveled by cutting it at a 30- to 45-degree angle. This 
facilitates pulling the device into the sheath. The right atrial micro-
screw can then be snared using a gooseneck snare delivered through a 
6-Fr cut pigtail catheter or other angled guiding catheter delivered 
through the retrieval sheath. The pigtail can be cut such that the distal 
end assumes a 90-degree angle in relation to the shaft of the catheter. 
This allows turning of the snare so that it may be steered to the 
microscrew.

After the microscrew is snared, the device is pulled back into the 
sheath. This may require rotation of the delivery sheath, the snare, or 
traction placed on the device from the bioptome to allow the micro-
screw to enter the beveled portion of the sheath. After the microscrew 
enters the sheath, the entire device may be withdrawn. A fully deployed 
device should not be pulled across the mitral or tricuspid valves 
because of the risk of valve damage. Instead, the long delivery sheath 
should be placed next to the device for retrieval if the device lies within 
the ventricle. Devices that embolize to the atria may be snared and 
pulled into the IVC. Traction using a bioptome from above may then 
be applied to the superior portion of the device to facilitate entry into 
the retrieval sheath. Devices may also be retrieved from the pulmonary 
artery or aorta using modifications of this technique.



766 SECTION V  INTRACARDIAC INTERVENTION

of the modified sheath is then cut off to reduce the risk of perforation. 
This modification of the Mullins sheath results in the device exiting 
the tip of the delivery sheath at an angle that makes deployment of the 
left atrial disk parallel to the septum much easier.

For the balloon-assisted technique (Fig. 49-23 and Videos 49-16 
through 49-18; see Video 49-14), Dalvi and associates reported a tech-
nique that uses a balloon as a buttress to prevent prolapse of the left 
atrial disk through the ASD during deployment. This technique is easy 
to learn and quite successful in our experience. To perform this pro-
cedure, a second venous line is inserted. The ASD is crossed in a 
standard fashion, and the defect is sized using the stop-flow technique. 
The appropriate device and delivery sheath are chosen and placed in 
the left atrium in the standard fashion. Through the second venous 
sheath, a catheter is placed in the LUPV, and a 0.035-inch guidewire is 
placed. The sizing balloon or a Meditech occlusion balloon can be 
placed over the guidewire. The balloon is inflated in the right atrium 
and placed against the right side of the atrial septum. The left atrial 
disk of the device is then deployed and pulled against the left side of 
the septum. The balloon helps prevent prolapse of the device at this 
time. The remainder of the device is deployed while the balloon 
remains in place against the septum. After the entire device is deployed, 
the sizing balloon is deflated.

TEE or ICE is used to assess the results. If the device has been cor-
rectly placed, the deflated balloon and guidewire are removed from 
across the septum. One disadvantage of this technique is that a second 
or third (if ICE is used) venous access is required.

Several other techniques have been described to assist in closure of 
large ASDs or those with deficient rims. They include the use of the 
dilator as a buttress similar to that described for the balloon-assisted 
technique, use of a right coronary guiding catheter, and use of a deflect-
able electrophysiology sheath.111,112

be pushed forward to reorient the device if necessary. Unsheathing of 
the device in this technique must be performed rapidly to be successful 
(Video 49-15).

In the left upper pulmonary vein (LUPV) deployment, the delivery 
sheath is placed in the LUPV, and the left atrial disk is deployed.109 The 
left atrial disk is held in place in the LUPV and assumes an oblong 
shape. The remainder of the device is unsheathed by retracting the 
delivery sheath over the cable. Tension on the cable is then released, 
allowing the right atrial disk to reconfigure against the septum. This 
results in the left atrial disk being released from the LUPV and orient-
ing correctly against the atrial septum. The unsheathing maneuver and 
the release of tension on the delivery cable must be performed sequen-
tially and rapidly for the procedure to be successful. Proper deploy-
ment of the left atrial disk in the LUPV is paramount; if the left atrial 
disk is deployed too far into the LUPV, it will not be released from the 
vein. Conversely, if the left atrial disk is not deployed far enough in the 
LUPV, it will be released prematurely, and the technique will not be 
successful. The left bronchus is a useful fluoroscopic landmark for the 
ostium of the LUPV and should be used as a guide for placement.

Alternative sheath uses are described subsequently. The Hausdorf 
sheath (Cook, Bloomington, IN) has a double curve at the distal end, 
which facilitates appropriate alignment of the left atrial disk against the 
septum. This sheath is available in 10-, 11-, and 12-Fr sizes. Its use is 
particularly helpful in patients with deficient superior or anterosupe-
rior rims.

A Mullins sheath may also be used. It has more of a curve compared 
with the standard 45-degree TorqVue delivery sheath and may help 
align the left atrial disk appropriately. Kutty and colleagues described 
the use of a Mullins sheath.110 The sheath is modified by cutting off the 
distal curved portion of the sheath parallel to the shaft. This results in 
what they called a straight side-hole sheath.110 The very sharp distal end 

FIGURE 49-23	 Steps	in	balloon-assisted	technique.	A,	 Inflation	of	an	occlusion	balloon	against	 the	right	atrial	side	of	 the	atrial	septum	with	the	
Amplatzer	delivery	sheath	in	place.	B,	Deployment	of	the	left	atrial	disk	using	an	occlusion	balloon	as	a	buttress	to	prevent	prolapse	of	the	disk.	
C,	Deployment	of	 the	 right	 atrial	 disk	with	 the	occlusion	balloon	still	 in	place.	D,	Deflation	of	 the	occlusion	balloon	and	 reconfiguration	of	 the	
Amplatzer	device	without	prolapse	of	disk	(see	Videos	49-14	and	49-16	through	49-18).	
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room in the left atrium to accommodate additional devices without 
impinging on adjacent structures.

Atrial Septal Defect Closure and Pulmonary Hypertension
Pulmonary hypertension (pulmonary artery systolic pressures 
>40 mm Hg) occurs in 6% to 50% of adults with ASDs.115-120 This is a 
frequently encountered phenomenon when considering transcatheter 
ASD closure. Until recently, there were few data to guide the decision 
to perform transcatheter ASD closure in these patients. The availability 
of pulmonary vasodilator therapy such as sildenafil, bosentan, or pros-
tacyclin has further clouded the issue.

Most studies use pulmonary artery systolic pressure (PASP) or right 
ventricular systolic pressure as assessed by echocardiography to divide 
patients into mild (PASP of 40 to 49 mm Hg), moderate (PASP of 50 
to 59 mm Hg), or severe (PASP >60 mm Hg) groups. Pressure esti-
mates are based on the modified Bernoulli equation using the tricuspid 
regurgitant velocity, ν (4ν2 + right atrial pressure).

Yong and colleagues reported 215 consecutive adult patients under-
going transcatheter ASD closure with the ASO.117 Of these patients, 
108 (50.2%) had some elevation of pulmonary artery pressure as 
assessed on baseline echocardiography. Mild pulmonary hypertension 
was seen in 62 (28.8%), moderate in 27 (12.6%), and severe in 19 
(8.8%). ASD closure was successful in 194 patients, and they were fol-
lowed for a median duration of 15 months. A decrease in PASP of at 
least 5 mm Hg as assessed by echocardiography was found on follow-up 
in 33.7%, 73.9%, 79.2%, and 100% of patients with no, mild, moderate, 
or severe pulmonary hypertension, respectively. For patients with 
moderate or severe pulmonary hypertension, the median reduction in 
PASP was 18 mm Hg. PASP normalized in 141 patients (75.8%), which 
included 48.8% of those with moderate or severe pulmonary hyperten-
sion. Functional deterioration occurred in two patients who had a 
baseline PASP of 50 mm Hg or more and whose disease was catego-
rized as New York Heart Association (NYHA) functional class II before 
ASD closure.

Multivariate analysis demonstrated that a higher baseline PASP, 
younger age, and smaller body size were independent factors associ-
ated with a reduction in PASP after transcatheter ASD closure. At the 
time of the cardiac catheterization in this study, all but three patients 
had a ratio of pulmonary artery to systemic pressure of 0.67 or less.

Balint and colleagues reviewed their experience with transcatheter 
closure of ASDs in patients with moderate or severe pulmonary hyper-
tension undergoing closure between April 1999 and November 2004.119 
Of the patients referred for ASD closure, 11% (54 of 484) had moderate 
or severe pulmonary hypertension. There were 34 (63%) patients with 
moderate and 20 (37%) with severe pulmonary hypertension. Early 
follow-up was performed a mean of 2.3 months from device closure, 
and the right ventricular systolic pressure (RVSP) decreased from 57 
to 51 mm Hg. The RVSP normalized in 26% (14 of 54) of patients, 
including 13 with moderate and 1 with severe pulmonary hyperten-
sion; however, 5 patients had an increase in RVSP greater than 
10 mm Hg compared with baseline.

Late follow-up information was obtained for 45 patients (83%) an 
average of 31 months from implantation. Two patients died during 
follow-up, one from bowel obstruction and one from pulmonary 
thromboembolism. Two patients had pulmonary vasodilators started 
after closure, and one patient was receiving prostacyclin therapy before 
closure and bosentan therapy after closure. Late follow-up echocardio-
grams were available for 39 patients. In this group, the mean RVSP 
decreased from 58 mm Hg at baseline to 44 mm Hg. RVSP increased 
by more than 10 mm Hg in three patients. In patients with moderate 
pulmonary hypertension, the RVSP decreased from 51 to 38 mm Hg, 
and in those with severe pulmonary hypertension, the RVSP decreased 
from 70 to 48 mm Hg. Overall, 17 (44%) of 39 patients at late follow-up 
had normalization of RVSP, including 15 with moderate and 2 with 
severe pulmonary hypertension.

De Lezo and associates reviewed their experience with adults with 
pulmonary hypertension and transcatheter ASD closure.120 Twenty-
nine (28.7%) of a total of 101 patients undergoing percutaneous closure 

Multifenestrated Atrial Septal Defects
Fenestrations are frequently encountered with secundum ASDs. These 
additional defects are often found along the posteroinferior portion of 
the atrial septum. In many situations, closure of the primary defect 
within the fossa ovalis is enough to provide closure of the secondary 
defects. If the secondary fenestrated portion of the septum is fairly 
remote (>7 mm) from the primary defect, closure using multiple 
devices may be required (discussed later). If the fossa ovalis has mul-
tiple fenestrations, use of a non–self-centering device such as the Helex 
device or the Amplatzer cribriform device is appropriate.

The procedural details for closure of fenestrated ASDs are different 
from those for a standard secundum ASD in that the defect is not 
balloon sized. Instead, the distance from the central-most defect to the 
furthest reaches of the outer-most defect is measured under TEE or 
ICE guidance. It is important to measure this in multiple views and to 
use the largest diameter measured to choose a device. This measured 
dimension represents the radius of the device to be chosen. The device 
must have a diameter at least twice the measured radius to ensure that 
all the holes are covered with device material.

After the device is chosen, the central-most defect is crossed under 
ultrasound guidance. The operator must ensure that the central defect 
is crossed and not one of the satellite lesions. This may be difficult, 
especially in the setting of a septal aneurysm. A variety of catheters 
may be used for this purpose, but we have found that a multipurpose 
or Judkins right coronary catheter is often successful. Because the 
fenestrations are often small, the use of a non–J-tipped wire such as a 
Wholey wire or Terumo wire is necessary. The wire within the catheter 
makes identification of the catheter on ultrasound easier. As the cath-
eter or wire crosses a very thin, floppy septum, the tissue is often moved 
out of plane on the echocardiogram, and it is important to look in 
several views to decide whether the appropriate hole has been crossed.

After the correct hole has been crossed, the guidewire is placed in 
the LUPV. If the Amplatzer cribriform device is chosen, the appropri-
ate delivery sheath is advanced across the septum, and the device is 
deployed as previously described. If a Gore Helex device is chosen, the 
sheath should be advanced over the guidewire as mentioned in the 
procedural section earlier. After the Helex sheath is across the defect, 
the guidewire is removed and the device deployed in the standard 
fashion. A full TEE or ICE study should be repeated after device 
deployment to make certain that all the defects have been covered with 
the device.

Multiple Atrial Septal Defects
Multiple ASDs have been reported to occur in up to 7.3% of cases.114 
They can often be treated with a single device. If the secondary defect 
is not covered appropriately by a single device, deployment of a second 
device is necessary if the secondary defect is thought to be hemody-
namically significant. Use of a second device may be anticipated if an 
Amplatzer septal occluder is chosen to close the primary defect and if 
the distance between the edges of the primary and secondary defects 
is 7 mm or more.

Several techniques have been used to close multiple defects,  
including simultaneous defect sizing and device deployment and 
sequential sizing and closure. We think either approach is acceptable. 
We typically perform sequential defect sizing and closure, in which one 
of the defects is crossed, sized, and then closed with an appropriate 
device. This is followed by crossing the secondary defect, sizing it, and 
closing it.

It does not matter which defect is addressed first. The relationship 
of the two devices to each other is likewise not critical. On some occa-
sions, the larger device can sandwich the smaller device; at other times, 
the disks are intercalated. Either approach is acceptable. Smaller defects 
are often at the posteroinferior portion of the septum, and after they 
are closed, the two devices may orient themselves at almost 90 degrees 
to each other. This is to be expected because the atrial septum is a 
three-dimensional structure. On rare occasions, more than two devices 
are necessary to close additional defects. Meticulous attention to echo-
cardiographic images is required to make certain that there is enough 
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had echocardiographic evidence of pulmonary hypertension. At 
cardiac catheterization, the PASP ranged from 41 to 147 mm Hg, with 
a mean of 64 mm Hg. The ratio of pulmonary to systemic pressure 
averaged 0.66, and the mean Qp/Qs ratio was 1 : 8. Three patients had 
systemic PASP and bidirectional shunts. They had further assessment 
with hyperoxia or balloon test occlusion of the ASD, or both, and 
underwent closure after a favorable test result. Immediately after the 
procedure, the mean PASP decreased to 54 mm Hg, and the pulmo-
nary to systemic pressure ratio decreased to 0.54. All symptomatic 
patients improved, including those with systemic-level pulmonary 
hypertension. After a mean follow-up period of 21 months, the mean 
PASP as assessed by Doppler had decreased further to 34 mm Hg, and 
no clinical deterioration was identified.

On the basis of the results of these studies, we recommend ASD 
closure in patients with any level of pulmonary hypertension and a 
left-to-right shunt. Those with a bidirectional shunt and systemic 
desaturation (aortic saturation <92%) should undergo pulmonary 
vasodilator testing with test occlusion of the ASD. If the response is 
favorable, percutaneous ASD closure may be performed. A favorable 
response is defined as a fall in the mean pulmonary arterial pressures 
with oxygen and test occlusion, with no decrease in the cardiac output 
and no increase in the right atrial pressure. If the response is unfavor-
able, the patient should be started on pulmonary vasodilator therapy, 
and cardiac catheterization should be repeated after several months to 
reassess the hemodynamics. If there has been a favorable change, the 
ASD may be closed at that time with a fenestrated device designed for 
such cases (Fig 49-24).

Diastolic Left Ventricular Dysfunction and Atrial Septal Defect Closure
An increasing number of patients older than 60 years are being referred 
for transcatheter closure of ASDs. Up to 25% of these patients may 
have left ventricular restrictive physiology.121 Closure of the ASD in this 
situation may result in an acute increase in left atrial pressure and 
precipitation of pulmonary edema and left heart failure.122 Anticipation 
of this complication is important, and proper evaluation of the patient 
before ASD closure is necessary.

Ewert and coworkers described a group of 18 patients older than 
60 years of age for whom transcatheter ASD closure was planned.123 
The patients underwent a baseline hemodynamic evaluation and TEE 
to assess the mitral valve inflow pattern. The ASD also was test occluded 
for 10 minutes with a sizing balloon, after which the left atrial pressure 
measurement and assessment of the mitral inflow Doppler were 
repeated. Eleven of the patients had no significant change in the left 
atrial pressure or the mitral Doppler findings, and of these, 10 under-
went uneventful transcatheter ASD closure. In one patient, the defect 
was too large to be closed in the catheterization laboratory. The remain-
ing 7 patients had a marked increase in the mean left atrial pressure 
from 14 to 23 mm Hg, with an increase in the a wave from 18 to 
26 mm Hg and the v wave from 24 to 41 mm Hg. The mitral valve ratio 
of the early (E) to late (A) ventricular filling velocities (E/A ratio) also 
increased dramatically in this group of patients. Two patients had 
transcatheter ASD closure; one subsequently developed atrial flutter 
and biventricular heart failure, and the second developed pulmonary 
edema shortly after the procedure. In the study, all patients who had a 
mean left atrial pressure greater than 10 mm Hg before test occlusion 
developed significantly elevated left atrial pressure after occlusion.

Schubert and colleagues described a group of 59 consecutive 
patients older than 60 years who were admitted for transcatheter ASD 
closure.121 They performed balloon test occlusion in all patients, who 
were considered to have restrictive left ventricular physiology if the 
mean left atrial pressure increased more than 10 mm Hg with test 
occlusion. Patients were divided into two groups based on whether the 
mean left atrial pressure increase was less than 10 mm Hg (group A) 
or greater than 10 mm Hg (group B) with test occlusion. Patients in 
group B underwent conditioning with dopamine, milrinone, and Lasix 
infusions for 48 to 60 hours before ASD closure, followed by stepwise 
discontinuation of the intravenous infusions and a change to oral Lasix 
24 to 36 hours after the procedure.

FIGURE 49-24	 Cine	 images	 show	 the	 deployment	 of	 a	 fenestrated	
device	 for	 atrial	 septal	 defect	 closure	 in	a	patient	with	a	bidirectional	
shunt	 and	 severe	 pulmonary	 hypertension	 responsive	 to	 pulmonary	
vasodilator	therapy.	After	ex	vivo	creation	of	the	fenestration,	the	fenes-
tration	 is	crossed	with	 the	use	of	an	extra	support	wire	before	device	
loading.	A,	After	it	is	deployed,	the	device	is	observed	in	a	stable	posi-
tion.	The	extra	support	coronary	wire	tip	is	kept	in	the	left	upper	pulmo-
nary	 vein	 for	 support.	 B,	 After	 measurements,	 a	 coronary	 balloon	 is	
advanced	over	the	wire	and	used	to	expand	the	fenestration.	C,	A	bare-
metal	stent	is	then	deployed	across	the	fenestration.	

A

B

C



 CHAPTER 49  Percutaneous Closure of Patent Foramen Ovale and Atrial Septal Defect 769

pressure increases significantly (>10 mm Hg) with test occlusion, the 
patient should undergo medical conditioning with diuretics and a drug 
such as milrinone or nesiritide. A Swan-Ganz catheter can be placed 
in these patients to monitor wedge pressures. After 48 to 72 hours  
of medical therapy, the patient can then undergo a repeat catheteriza-
tion, and if the left atrial pressure does not increase by more than 
10 mm Hg, the ASD can be closed and the patient weaned from the 
medications over the next 48 hours. Diuretics are usually necessary on 
discharge.

CONCLUSIONS
Percutaneous closure of the secundum ASDs has changed the approach 
to congenital heart disease. Transcatheter secundum ASD closure is 
now considered the procedure of choice. This technique has moved 
beyond the spectrum of simple secundum ASDs and is applicable to 
large, multiple, or multifenestrated defects and to complex patients, 
such as those with pulmonary hypertension or restrictive left ventricu-
lar physiology. Many other devices are in development for ASD closure, 
and they may further expand the spectrum of defects that can be closed 
and improve the safety of the procedure.

Forty-four of 59 patients were in group A, and 15 patients (25%) 
were in group B. All patients in group A had an uncomplicated  
recovery after ASD closure. In group B, the mean left atrial pressure 
increased from 10 to 21 mm Hg with test occlusion before medical 
conditioning of the left ventricle. After 48 to 72 hours of conditioning, 
the mean left atrial pressure increased from 5 to only 7 mm Hg with 
test occlusion.

The ASD was successfully closed in 11 of 13 patients. In two 
patients, there was no reduction in left atrial pressure with medical 
conditioning, and they underwent ASD closure with fenestrated Amp-
latzer devices. Two other patients in group B had ASD closure, but it 
was performed without medical conditioning; one of the patients 
developed pulmonary edema and required mechanical ventilation, and 
the second developed pleural effusion 4 weeks after the procedure. 
Both patients were managed medically.

It is apparent from these and other studies that older adults are at 
high risk for restrictive physiology of the left heart, which may be 
unmasked by transcatheter ASD closure. Recognition of this phenom-
enon is important. We recommend a protocol similar to that described 
by Schubert and colleagues, in which patients have their left atrial 
pressure assessed with and without balloon occlusion.121 If the left atrial 
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Atrial fibrillation (AF) is associated with a significant risk of stroke 
and systemic embolism. The worldwide prevalence of this arrhyth-

mia is increasing substantially as the global population ages. Although 
long-term treatment with oral anticoagulation (OAC) reduces throm-
boembolic risk, it is associated with an ongoing bleeding hazard and 
other limitations that deter its use.

The left atrial appendage (LAA) appears to be the dominant source 
of thromboembolism in patients with AF and has been described as 
“our most lethal human attachment.”1 Thrombus formation is normally 
prevented by vigorous blood flow in the appendage cavity, but LAA 
dysfunction can predispose to local thrombosis and systemic emboli-
zation. Local therapies that exclude the LAA from the systemic circula-
tion offer a mechanical alternative to OAC for cardioembolic stroke 
protection in these patients, and several devices for transcatheter LAA 
closure have been developed.

This chapter summarizes the approaches to risk assessment for AF 
patients, describes the mechanistic basis for LAA closure, reviews the 
devices with the Conformité Européenne (CE) mark or U.S. Food and 
Drug Administration (FDA) clearance and their safety and efficacy 
datasets, and provides a framework for selecting the appropriate 
patient for device therapy.

ATRIAL FIBRILLATION AND STROKE
AF is caused by disorganized electrical activity in the atria. Instead of 
pumping in a coordinated manner, the heart contracts rapidly and 
irregularly, reducing the flow of blood to the body.

AF is the most common sustained arrhythmia. In 2010, the esti-
mated prevalence of AF was between 2.7 and 6.1 million people in the 
United States and was approximately 33.5 million people worldwide.2 
The overall global burden of AF, its incidence, its prevalence, and its 
associated mortality have progressively increased over the past 2 
decades,3 and the prevalence of AF in the United States is expected to 
rise to between 5.6 and 12 million cases in 2050.2

Risk factors for AF include advancing age, male sex, diabetes mel-
litus, obesity, hypertension, and European ancestry. The cumulative 
risk of AF by 80 years of age in the Atherosclerosis Risk in Communi-
ties (ARIC) study was 21% among white men, 17% among white 
women, and 11% among African Americans.4

In addition to symptoms such as fatigue, palpitations, and shortness 
of breath, AF is associated with substantial morbidity, primarily due to 
stroke and thromboembolism. AF is associated with a fourfold to five-
fold increased risk of ischemic stroke after adjusting for other risk 
factors,5 and paroxysmal, persistent, or permanent forms of AF increase 
stroke risk to a similar degree.6 Subclinical AF of more than 6 minutes’ 
duration has been associated with an increased risk of ischemic stroke 
or systemic embolism.7

The relative contribution of AF to stroke is particularly large among 
the elderly. AF accounted for approximately 24% of strokes in those 80 
to 89 years of age in the Framingham Heart Study.5 AF-related ischemic 
strokes are more likely to be fatal than non-AF strokes, and among 
survivors, AF-related strokes are greater in severity and recur more 
frequently.8

ASSESSMENT OF THROMBOEMBOLIC AND  
BLEEDING RISK

An individualized assessment of thromboembolic risk is a critical  
part of therapeutic decision-making process. The CHADS2 and 
CHA2DS2VASc scores are well-validated schemes for the risk stratifi-
cation of ischemic stroke and systemic thromboembolism. Based on 
the individual comorbidities defined in Table 50-1, the scores are used 
to estimate the yearly risk of thromboembolic events and identify 
patients with AF who may derive clinical benefit from OAC (Table 
50-2).9,10 The CHA2DS2VASc score refines the CHADS2 score by pro-
viding greater weight for elderly age (A2) and incorporating the sex 
category (Sc) and vascular disease (V). The CHA2DS2VASc score can 
better identify patients who are at low risk (i.e., CHA2DS2VASc score 
= 0) and those who may not require OAC.10 The CHA2DS2VASc score 
can also identify those at risk for stroke despite anticoagulation.11
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•	 Atrial	fibrillation	(AF)	is	associated	with	substantial	morbidity,	
primarily	due	to	stroke	and	systemic	embolism.

•	 The	left	atrial	appendage	(LAA)	appears	to	be	the	primary	source	
of	thromboembolism	in	AF	and	therefore	is	a	target	for	mechanical	
therapies	for	stroke	reduction.

•	 Although	concomitant	LAA	excision	or	exclusion	is	commonly	
performed	during	cardiac	surgery	in	high-risk	patients,	insufficient	
resection	or	postoperative	residual	leaks	occur	frequently	and	may	
be	associated	with	thrombus	and	neurologic	events.

•	 Observational	studies	have	provided	conflicting	results	regarding	
the	efficacy	of	surgical	LAA	closure	for	stroke	reduction.

•	 Two	randomized	clinical	trials	that	compared	the	Watchman	LAA	
occluder	with	warfarin	in	oral	anticoagulation–eligible	patients	
have	shown	that	closure	with	the	device	is	an	acceptable	
alternative	to	long-term	warfarin	in	some	patients	for	the	prevention	
of	cardiovascular	death,	stroke,	and	systemic	embolism.

•	 The	Amplatzer	Cardiac	Plug	and	the	second-generation	Amulet	
occlude	the	LAA	using	a	mechanism	different	from	that	of	the	
Watchman.	Several	small-scale,	observational	case	series	suggest	
that	outcomes	for	the	Amplatzer	devices	are	similar	to	those	for	the	
Watchman	device.

•	 The	Lariat	device,	which	is	cleared	by	the	U.S.	Food	and	Drug	
Administration	for	soft	tissue	closure,	has	been	applied	clinically	to	
percutaneously	ligate	the	LAA	using	a	combined	transseptal	and	
transpericardial	approach.

•	 Evaluation	of	the	patient	with	AF	incorporates	an	assessment	of	
thromboembolic	and	bleeding	risk	using	well-validated	risk	
schemes,	such	as	the	CHA2DS2VASc	and	HAS-BLED	scores,	which	
are	based	on	individual	comorbidity	profiles.

•	 Appropriate	patient	selection	for	transcatheter	LAA	closure	requires	
the	assessment	of	the	individual’s	risk	of	thromboembolism,	
long-term	bleeding	risk	on	oral	anticoagulation,	short-term	
procedural	risk	of	device	implantation,	medication	noncompliance,	
and	patient	preference.
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The 2014 American Heart Association (AHA), American College 
of Cardiology (ACC), and Heart Rhythm Society (HRS) guidelines for 
the management of patients with AF recommend calculation of the 
CHA2DS2VASc score to assess stroke risk (class I, level B evidence) and 
the use of oral anticoagulants in patients with a CHA2DS2VASc score 
of 2 or greater (class I, level A evidence).12 The European Society of 
Cardiology (ESC) guidelines also recommend OAC in patients with a 
CHA2DS2VASc score of 2 or greater (class I, level A evidence) and state 
that OAC should be considered in patients with a CHA2DS2VASc score 
of 1 (class IIa, level A evidence).13

The decision to treat a particular patient with OAC is often influ-
enced by a real or perceived risk of bleeding. Several bleeding risk 
stratification schemes have been proposed. The HAS-BLED score, as 
defined in Table 50-3, provides better predictive capacity for bleeding 
events in OAC-treated patients compared with other scores and high-
lights risk factors that can be actively managed to reduce the bleeding 
risk.14-16 The 2012 update of the ESC guidelines for the management of 
atrial fibrillation recommend that the HAS-BLED score should be used 
to assess bleeding risk. In that system, a score of 3 or higher indicates 
high risk, and some caution and regular review is needed after the 
initiation of antithrombotic therapy (class IIa, level A evidence). The 
guidelines further recommend that the HAS-BLED score be used to 
identify modifiable bleeding risks that need to be addressed, but they 
do not recommend that it be used on its own to exclude patients from 
OAC therapy (class IIa, level B evidence).13

The 2014 AHA/ACC/HRS guidelines make no formal recommen-
dations regarding bleeding risk scores. However, it observes that a 
HAS-BLED score of 3 or higher indicates a high risk of bleeding that 
requires closer observation of a patient for adverse events, closer moni-
toring of international normalized ratios (INRs), and differential dose 
selections of oral anticoagulants or aspirin.12

ORAL ANTICOAGULATION FOR STROKE PREVENTION
Oral anticoagulants reduce the risk of thromboembolism in patients 
with nonvalvular AF. Warfarin, a vitamin K antagonist, reduces the  

TABLE 50-1 The CHADS2 and CHA2DS2VASc Scoring for 
Thromboembolic Risk in Atrial Fibrillation

Characteristic Points

CHADS2

C:	congestive	heart	failure 1

H:	hypertension 1

A:	age	≥75	years 1

D:	diabetes	mellitus 1

S2:	prior	stroke,	transient	ischemic	attack,	or	thromboembolism 2

Maximum	score 6

CHA2DS2VASc

C:	congestive	heart	failure 1

H:	hypertension 1

A2:	age	≥75	years 2

D:	diabetes	mellitus 1

S2:	prior	stroke,	transient	ischemic	attack,	or	thromboembolism 2

V:	vascular	disease	(i.e.,	prior	MI,	PAD,	or	aortic	plaque) 1

A:	age	65-74	years 1

Sc:	sex	category	(e.g.,	female) 1

Maximum	score 9

Modified	from	January	CT,	Wann	LS,	Alpert	JS,	et	al:	2014	AHA/ACC/HRS	guidelines	for	the	
management	of	patients	with	atrial	fibrillation:	a	report	of	the	American	College	of	Cardiology/
American	Heart	Association	Task	Force	on	Practice	Guidelines	and	the	Heart	Rhythm	Society,	
J	Am	Coll	Cardiol	64:e1-e76,	2014.
MI,	Myocardial	infarction;	PAD,	peripheral	arterial	disease.

TABLE 50-2 Yearly Risk of Stroke Based on CHADS2 and 
CHA2DS2VASc Scores

Score Adjusted Yearly Stroke Rate (%)

CHADS2

0 1.9

1 2.8

2 4.0

3 5.9

4 8.5

5 12.5

6 18.2

CHA2DS2VASc

0 0

1 1.3

2 2.2

3 3.2

4 4.0

5 6.7

6 9.8

7 9.6

8 6.7

9 15.2

Modified	from	January	CT,	Wann	LS,	Alpert	JS,	et	al:	2014	AHA/ACC/HRS	guidelines	for	the	
management	of	patients	with	atrial	fibrillation:	a	report	of	the	American	College	of	Cardiology/
American	Heart	Association	Task	Force	on	Practice	Guidelines	and	the	Heart	Rhythm	Society,	
J	Am	Coll	Cardiol	64:e1-e76,	2014.

TABLE 50-3 HAS-BLED Bleeding Risk Score for Hemorrhage Risk 
in Patients with Atrial Fibrillation

Characteristic Points

H:	hypertension	(uncontrolled	systolic	blood	
pressure	>160	mm	Hg)

1

A:	abnormal	liver	or	renal	function* 1	each,	maximum	2

S:	prior	stroke 1

B:	bleeding	history	or	disposition	(e.g.,	
anemia)

1

L:	labile	INR	(i.e.,	time	in	therapeutic	range	
<60%)

1

E:	elderly	age	(>65	yr) 1

D:	drugs	promoting	bleeding	or	excess	
alcohol	consumption	(>7	units/wk)

1	each,	maximum	2

Maximum	score 9

Modified	from	Pisters	R,	Lane	DA,	Nieuwlaat	R,	et	al:	A	novel	user-friendly	score	(HAS-BLED)	
to	 assess	 1-year	 risk	 of	major	 bleeding	 in	 patients	with	 atrial	 fibrillation:	 the	 Euro	Heart	
Survey,	Chest	138:1093-1100,	2010.
INR,	International	normalized	ratio.
*Abnormal	 liver	 function	 was	 defined	 as	 cirrhosis	 or	 biochemical	 evidence	 of	 significant	
hepatic	 derangement;	 abnormal	 renal	 function	 was	 defined	 as	 serum	 creatinine	 >200	
µmol/L	(2.26	mg/dL).

risk of ischemic stroke by approximately two thirds.17 Successful 
therapy with warfarin, however, is challenging. Warfarin has a narrow 
therapeutic window. The pharmacokinetics and pharmacodynamics of 
warfarin vary considerably because they are influenced by genetics, 
diet, and numerous drug-drug interactions.18 Regular laboratory 
monitoring and dose adjustment are required, and maintenance of 
anticoagulation in the therapeutic range can be difficult. Patients 
enrolled in clinical trials were in the therapeutic range 55% to 65% of 
the time.19-22
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Surgical Approaches

More than 60 years ago, Madden suggested that surgical resection of 
the LAA in patients with AF could prevent recurrent arterial emboli,37 
and concomitant exclusion or removal of the LAA during cardiac 
surgery in high-risk AF patients has become commonplace. The het-
erogeneity of surgical techniques that are used and the lack of random-
ized data make it particularly challenging to assess whether this 
approach is effective in reducing the risk of thromboembolism in the 
absence of long-term OAC.

The two general approaches to surgical LAA closure are exclusion 
and excision. Exclusion can be performed with running or mattress 
sutures, with or without felt pledgets, from the endocardial or epicar-
dial surface or with a stapler (Fig. 50-3). Excision can be performed by 
stapled excision or removal and oversewing.38 However, postoperative 
residual leaks and insufficient resection occur frequently and can be 
associated with thrombus and neurologic events.39,40 Incomplete or 
insufficient closure is more common with suture or staple exclusion 
than with excision.38-41

The results of observational studies that have examined the associa-
tion between surgical LAA closure and stroke reduction are conflicting 
(Table 50-5).38,41 The Left Atrial Appendage Occlusion Study III 
(LAAOS III) is recruiting participants and will randomly assign 
approximately 4500 patients with AF undergoing cardiac surgery to 

The novel (non–vitamin K antagonist) oral anticoagulants (NOACs) 
are noninferior or superior to warfarin for the prevention of stroke and 
systemic embolism, and they are more convenient because they do not 
require ongoing monitoring.19-22 The efficacy of the NOACs compared 
with warfarin is driven primarily by reductions in hemorrhagic stroke; 
rates of ischemic strokes are similar or only modestly reduced. The 
NOACs are associated with a similar or lower rate of major hemor-
rhage than warfarin, with the exception of gastrointestinal bleeding, 
which is greater with all NOACs except apixaban, for which the risk 
of gastrointestinal bleeding is similar (see Table 50-3).19-22

Oral anticoagulants are underused despite their proven efficacy in 
reducing stroke and systemic embolism.23-25 In the 2009 U.S. National 
Health and Wellness Survey, 36% of AF patients at high risk for throm-
boembolism were not being treated with an oral anticoagulant.26 In a 
large study of commercially insured patients with AF, 47% were not 
receiving an oral anticoagulant despite being at moderate to high risk 
for stroke.27 Patient characteristics associated with lower use of OAC 
include advancing age, perceived barriers to compliance, dementia, 
falls, hepatic or renal impairment, drug and alcohol abuse, gastrointes-
tinal bleeding, and intracranial hemorrhage.28 In the Outcomes Regis-
try for Better Informed Treatment of Atrial Fibrillation (ORBIT) study, 
patient refusal or preference, fall risk, and frailty were the factors asso-
ciated with the lowest use of OAC among patients at high risk for 
stroke.29

Therapeutic challenges with the NOACs include cost, lack of widely 
available antidotes, side effects, and the need for long-term compliance. 
The overall bleeding hazard with the NOACs (Table 50-4) must be 
evaluated in the context of a therapy that needs to be administered for 
years. The safety and efficacy of NOACs for patients at higher risk for 
bleeding has not been defined because patients with prior bleeding 
events or those thought to be at high risk for bleeding were excluded 
or not well represented in the pivotal randomized trials.19-22,30

LEFT ATRIAL APPENDAGE CLOSURE

Rationale
The LAA is a multilobed, trabeculated, broad-shaped structure with a 
narrow neck. During AF, there is decreased LAA contractility and 
function, leading to dilation and remodeling and causing the append-
age to function as a static pouch, predisposing patients to blood stagna-
tion and thrombosis (Fig. 50-1).31 Anatomic characteristics of the LAA, 
such as neck diameter, depth,32 extent of trabeculations,33 and 
cauliflower-type morphology,34,35 have been associated with AF stroke 
risk (Fig. 50-2).

The LAA was the source of more than 90% of thrombi in cases of 
stroke in which the thrombus could be identified.36 These data lend 
support to the hypothesis that elimination of the LAA may offer a 
preventive strategy for AF-related stroke.

TABLE 50-4 Bleeding Outcomes in Randomized Trials of Non–Vitamin K Antagonist Oral Anticoagulants Compared with Warfarin in 
Patients with Atrial Fibrillation

Study Study Drug

MAJOR BLEEDING* (% EVENTS/100 PT-YR) GI BLEEDING (% EVENTS/100 PT-YR)

Interv. Warf. HR (95% CI) P Value Interv. Warf. HR (95% CI) P Value

RE-LY19 Dabigatran† 3.11% 3.36% 0.93	(0.81-1.07) .31 1.51% 1.02% 1.50	(1.19-1.89) <.001

ARISTOTLE20 Apixaban 2.13% 3.09% 0.69	(0.60-0.80) <.001 0.76% 0.86% 0.89	(0.70-1.15) .37

ROCKET-AF21 Rivaroxaban 3.60% 3.4% 1.04	(0.90-1.20) .58 3.15% 2.16% NR <.001

ENGAGE-AF22 Edoxaban† 2.75% 3.43% 0.80	(0.71-0.91) <.001 1.23% 1.51% 1.23	(1.02-1.50) .03

CI,	Confidence	interval;	GI,	gastrointestinal;	HR,	hazard	ratio;	Interv.,	intervention;	NR,	not	reported;	pt-yr,	patient-years;	Warf.,	warfarin.
*Definitions	of	major	bleeding:	RE-LY,	clinically	overt	bleeding	with	decrease	in	hemoglobin	of	≥2	g/dL,	transfusion	of	≥2	U	of	packed	red	blood	cells	(PRBCs),	or	symptomatic	bleeding	
in	a	critical	area	or	organ;	ARISTOTLE	and	ENGAGE-AF,	clinically	overt	bleeding	with	a	decrease	in	hemoglobin	of	≥2	g/dL	or	transfusion	of	≥2	U	of	PRBCs,	occurring	at	a	critical	site	or	
resulting	in	death;	ROCKET-AF,	fatal	outcome,	involvement	of	a	critical	anatomic	site,	decrease	in	hemoglobin	of	≥2	g/dL,	transfusion	of	≥2	U	of	PRBCs,	or	permanent	disability.
†Event	rates	are	listed	for	dabigatran	(150	mg	bid)	and	edoxaban	(60	mg	daily)	dosages.

FIGURE 50-1	 A	left	atrial	appendage	thrombus	(arrow)	in	a	patient	with	
atrial	fibrillation	is	identified	by	transesophageal	echocardiography.	
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through a 14-Fr delivery sheath guided by transesophageal echocar-
diography (TEE) and fluoroscopy.

Device feasibility and long-term outcomes were evaluated in a pro-
spective, nonrandomized, multicenter study of 64 AF patients in North 
America who were at high risk for thromboembolism (CHADS2 score 
≥2) but who were not candidates for warfarin.54 Patients were treated 
after the procedure with indefinite aspirin and 4 to 6 weeks of clopi-
dogrel. Anatomic closure at the time of the procedure (i.e., residual 
flow area ≤3 mm wide) was achieved in 98% of cases, and safety out-
comes were excellent (i.e., only one major device-related adverse event 
within 1 month of the procedure). At the 5-year follow-up, the observed 
rate of stroke or transient ischemic attack was 3.8% per year, compared 
with an expected rate of 6.6% based on the CHADS2 score of the study 
population.

The European prospective, multicenter, observational experience 
provided further insight into device feasibility and clinical efficacy over 
a relatively short-term clinical follow-up. In this registry, a total of 180 

concomitant surgical LAA excision or exclusion or to conventional 
medical therapy. The primary end point is the first occurrence of stroke 
or systemic arterial embolism over a mean follow-up period of 4 
years.42 The results of this trial will help to define the efficacy of surgical 
approaches to stroke prevention.

Transcatheter Approaches

Percutaneous Left Atrial Appendage Transcatheter  
Occlusion System
The Percutaneous Left Atrial Appendage Transcatheter Occlusion 
(PLAATO) system (ev3, Plymouth, MN) was the first percutaneous 
device to be prospectively evaluated for the purpose of LAA closure.53 
The device consisted of a self-expanding nitinol cage covered with an 
occlusive expanded polytetrafluoroethylene (ePTFE) membrane, with 
small anchors along the struts and passing through the membrane to 
help anchor the device in the LAA (Fig. 50-4). The device was delivered 

FIGURE 50-2	 The	 four	 morphologic	 classifications	 of	 the	 left	 atrial	 appendage	 are	 shown	 by	 transesophageal	 echocardiography	 (top),	 cine-
angiography	 (middle),	 and	 three-dimensional	 computed	 tomography	 (bottom).	 A	 through	 C,	 Cauliflower	 morphology.	 D	 through	 F,	 Windsock	
morphology.	G	through	I,	Cactus	morphology.	J	through	L,	Chicken	wing	morphology.	(Modified	from	Beigel	R,	Wunderlich	NC,	Ho	SY,	et	al:	The	
left	atrial	appendage:	anatomy,	function,	and	noninvasive	evaluation,	JACC	Cardiovasc	Imaging	7:1251-1265,	2014.)
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the circumference of the distal portion of the device and help anchor 
the device in the LAA trabeculae. The device is connected to a delivery 
cable by a threaded insert in the proximal cap.

Device size corresponds to the diameter of the device measured at 
the proximal shoulders, which is its widest portion. The five sizes range 
from 21 to 33 mm. The manufacturer recommends oversizing the 
device by 8% to 20%. The Watchman device is used to occlude LAAs 
between approximately 17 and 33 mm in diameter, as long as there is 
sufficient depth to accommodate the device, whose length is approxi-
mately equal to its diameter. The device can be partially recaptured and 
redeployed before release from the delivery cable if the implant loca-
tion is too deep, or it can be fully recaptured and removed if it is 
deployed too proximally or a different device size is required. This 
device is CE marked for sale within the European Economic Area and 
is under consideration by the FDA for approval in the United States.

high-risk AF patients were treated with the PLAATO device.55 LAA 
occlusion was successful in 90%. The major periprocedural complica-
tion was cardiac tamponade, which occurred in 3.3% of cases. At 129 
patient-years of follow-up, the observed incidence of stroke was 2.3% 
per year, compared with the expected 6.6%.55 The device was not evalu-
ated beyond these studies due to financial considerations. However, the 
PLAATO experience serves as proof of principle for transcatheter 
occlusion of the LAA for stroke prevention.

Watchman Occluder
Device Characteristics
The Watchman LAA closure device (Boston Scientific, Natick, MA) is 
parachute shaped and consists of a nitinol frame and a polyethylene 
terephthalate (PET) fabric membrane cap that faces the body of the left 
atrium (Fig. 50-5). Small tines that project toward the left atrium line 

FIGURE 50-3	 Surgical	 techniques	used	to	close	the	 left	atrial	appendage	(LAA).	A,	Epicardial	suture	exclusion.	B,	Endocardial	suture	exclusion.	
C,	Stapled	excision,	with	 the	stapler	positioned	across	 the	base	of	 the	LAA	(left)	and	 the	LAA	removed	with	an	 intact	stump	(right).	Thrombotic	
complications	may	occur	if	the	residual	stump	is	too	large.	D,	Removal	of	the	LAA	by	scissors	or	electrocautery	(left),	followed	by	two-layer	suture	
closure	of	 the	LAA	stump	flush	with	 the	heart	surface.	(Modified	 from	Chatterjee	S,	Alexander	JC,	Pearson	PJ,	Feldman	T:	Left	atrial	appendage	
occlusion:	lessons	learned	from	surgical	and	transcatheter	experiences,	Ann	Thorac	Surg	92:2283-2292,	2011.)
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Implantation Procedure
Device selection is determined by LAA size, which is a combination of 
TEE and fluoroscopic measurements (Fig. 50-6). A 14-Fr double- or 
single-curved access sheath is introduced into the left atrium through 
a transseptal puncture in the inferoposterior aspect of the interatrial 
septum. The 14-Fr access sheath is carefully placed deep within the 
LAA and often telescoped over a diagnostic pigtail catheter to prevent 
laceration or perforation of the thin-walled, friable LAA.

The device, which is provided preloaded in a delivery system and 
attached to a delivery cable, is advanced to the tip of the access sheath, 

TABLE 50-5 Comparisons of Surgical Left Atrial Appendage Closure Techniques

Study Country No. Studied Closure Method
Closure Success 
Rate (%)*

Effect of LAA Closure 
on Stroke Prevention

Johnson	et	al,	200043 United	States 437 Excision 100 Positive

Katz	et	al,	200044 United	States 50 Endocardial	suture 64 None

Garcia-Fernandez	et	al,	200345 Spain 205 Endocardial	suture 90 Positive

Bando	et	al,	200346 Japan 812 Endocardial	suture Not	measured Negative

Blackshear	et	al,	200347 United	States 15 Thoracoscopic	epicardial	purse-string 93† Positive

Pennec	et	al,	200348 France 30 Endocardial
Excision

70-80
100

Negative
Positive

Schneider	et	al,	200549 Germany 6 Endocardial	suture 17 Negative

Healey	et	al,	200550 Canada 77 Epicardial	suture
Stapler

45
72

Positive

Kanderian	et	al,	200851 United	States 137 Excision
Suture	exclusion
Stapler

73	(20%	stapler)
23
0

Positive	trend

Bakhtiary	et	al,	200852 Germany 259 Clamp	and	epicardial	suture 100† Positive

Adapted	from	Chatterjee	S,	Alexander	JC,	Pearson	PJ,	Feldman	T:	Left	atrial	appendage	occlusion:	lessons	learned	from	surgical	and	transcatheter	experiences,	Ann	Thorac	Surg	92:2283-
2292,	2011.
LAA,	Left	atrial	appendage.
*Assessed	by	transesophageal	echocardiography.
†Remnant	size	not	measured.

FIGURE 50-4	 The	 Percutaneous	 Left	 Atrial	 Appendage	 Transcatheter	
Occlusion	(PLAATO)	device	was	the	first	to	be	prospectively	evaluated	
in	patients	with	atrial	fibrillation.	It	consists	of	a	self-expanding	nitinol	
cage	 covered	 with	 an	 occlusive	 expanded	 polytetrafluoroethylene	
(ePTFE)	membrane,	with	small	anchors	along	the	struts	and	passing	
through	the	membrane	to	help	anchor	the	device	in	the	appendage.	LA,	
Left	 atrium;	 LAA,	 left	 atrial	 appendage.	 (From	 Sievert	 H,	 Lesh	 MD,	
Trepels	T,	et	al:	Percutaneous	left	atrial	appendage	transcatheter	occlu-
sion	 to	prevent	stroke	 in	high-risk	patients	with	atrial	fibrillation:	early	
clinical	experience,	Circulation.	105:1887-1889,	2002.)

Anchors

Nitinol frame

ePTFE membrane

LA LAA

FIGURE 50-5	 The	Watchman	device	is	composed	of	a	self-expanding	
nitinol	 frame	with	a	polyethylene	 terephthalate	 fabric	cap.	Distal	 tines	
secure	 the	 device	 in	 the	 left	 atrial	 appendage	 trabeculae.	 The	 device	
length	is	approximately	equal	to	its	diameter.	The	device	is	fully	retriev-
able	before	release	from	the	delivery	cable.	

after which the sheath is withdrawn and the device deployed. Device 
implantation is guided by a combination of TEE and fluoroscopy, and 
TEE imaging plays a critical role in assessing the adequacy of device 
deployment (Figs. 50-7 and 50-8). The device is then released by coun-
terclockwise rotation of the delivery cable if the appropriate TEE and 
fluoroscopic measurements are met.

Clinical Data
Clinical outcomes for the Watchman device have been evaluated in 
several studies (Table 50-6). Safety and clinical efficacy have been 
evaluated in two bayesian, randomized clinical trials that tested 
whether LAA occlusion was noninferior to warfarin therapy for the 



FIGURE 50-6	 Preprocedural	transesophageal	echocardiographic	assessment	of	the	left	atrial	appendage	(LAA)	before	Watchman	occluder	implanta-
tion.	The	diameter	and	depth	of	 the	LAA	is	measured	at	0,	45,	90,	and	135	degrees	(A, B, C,	and	D,	respectively).	The	diameter	of	 the	LAA	is	
defined	as	the	distance	from	a	point	just	distal	to	the	left	circumflex	artery	(i.e.,	mitral	valve	annulus)	to	roughly	1	to	2	cm	from	the	tip	of	the	ridge	
of	the	left	upper	pulmonary	vein.	Alternatively,	the	LAA	ostium	can	be	measured	by	drawing	a	line	from	the	mitral	valve	annulus	across	to	the	ridge	
of	the	left	upper	pulmonary	vein	perpendicular	to	the	planned	axis	of	the	delivery	sheath.	The	initially	selected	device	size	is	often	modified	after	the	
delivery	sheath	is	introduced	into	the	LAA	because	this	may	clarify	the	maximal	implantation	depth.	(Copyright	©	MedReviews,	LLC.	Reprinted	with	
permission	of	MedReviews,	LLC.	Price	MJ:	Left	atrial	appendage	occlusion	with	 the	WATCHMAN™	for	stroke	prevention	 in	atrial	fibrillation,	Rev	
Cardiovasc	Med	15[2]:142-151,	2014.	Reviews	in	Cardiovascular	Medicine	is	a	copyrighted	publication	of	MedReviews,	LLC.	All	rights	reserved.)
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D

A CB

D

FIGURE 50-7	 Watchman	left	atrial	appendage	closure.	A,	Left	atrial	appendage	(LAA)	
angiography	 is	performed	 in	 the	 right	anterior	oblique	caudal	projection	 through	a	
6-Fr	diagnostic	pigtail	catheter	 that	has	been	advanced	 through	a	dedicated	14-Fr	
access	sheath.	B,	The	access	sheath	is	advanced	deeply	into	the	LAA	over	the	pigtail	
catheter	while	applying	counterclockwise	rotation	to	orient	the	sheath	coaxially	with	
the	 LAA	 ostium.	 C,	 Left	 atrial	 angiography	 after	 device	 deployment	 demonstrates	
successful	LAA	closure.	Contrast	can	enter	the	LAA	through	the	perforated	cap	of	the	
device,	which	endothelializes	in	the	weeks	after	implantation.	D,	Fluoroscopy	of	the	
device	after	 release	 from	 the	delivery	 cable.	 (Modified	 from	Price	MJ,	Holmes	DR:	
Mechanical	closure	devices	for	atrial	fibrillation,	Trends	Cardiovasc	Med	24:225-231,	
2014.)
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in a 2 : 1 ratio.56 The Prospective Randomized Evaluation of the Watch-
man Left Atrial Appendage Closure Device In Patients with Atrial 
Fibrillation Versus Long Term Warfarin Therapy (PREVAIL) trial ran-
domly assigned 407 AF patients with a CHADS2 score of 2 or greater 
to Watchman LAA closure or warfarin in a 2 : 1 ratio. In these trials, 
patients who received the Watchman device were continued on warfa-
rin therapy for approximately 6 weeks after the procedure, at which 
time they were transitioned to dual antiplatelet therapy with aspirin 

primary efficacy end point of stroke, systemic embolism, and cardio-
vascular or unexplained death in AF patients who were eligible for 
long-term OAC. The trials had different study sizes, entry criteria, and 
follow-up durations.

The Watchman Left Atrial Appendage System for Embolic Protec-
tion in Patients with Atrial Fibrillation (PROTECT-AF) trial randomly 
assigned 707 AF patients with a CHADS2 score of 1 or greater who 
were eligible for long-term OAC to Watchman LAA closure or warfarin 

FIGURE 50-8	 Transesophageal	echocardiographic	(TEE)	assessment	of	Watchman	occluder	implantation.	After	deployment	of	a	Watchman	30-mm	
left	atrial	appendage	(LAA)	occluder,	the	device	is	assessed	at	0,	45,	90,	and	135	degrees	(A, B, C,	and	D,	respectively).	Compression	is	deter-
mined	by	measuring	the	distance	across	the	shoulders	of	the	device.	The	device	is	released	if	compression	and	position	are	adequate,	the	LAA	is	
shown	to	be	sealed	by	color	Doppler	and	left	atrial	angiography,	and	the	device	is	well	anchored	according	to	a	tug	test.	In	this	case,	the	device	
is	approximately	13%	to	20%	compressed	and	is	well	positioned,	no	color	flow	is	seen	around	the	device	into	the	LAA,	and	the	LAA	moved	with	
the	device	as	a	unit	when	the	delivery	cable	was	tugged	gently.	The	device	was	therefore	released	from	the	cable	with	successful	LAA	occlusion.	
According	to	the	protocol	in	research	studies,	the	patient	was	treated	with	warfarin	and	aspirin	for	6	weeks,	when	repeat	TEE	confirmed	LAA	closure	
without	thrombus,	and	the	warfarin	was	then	discontinued.	The	patient	was	treated	with	aspirin	and	clopidogrel	for	5	more	months	and	then	was	
continued	on	aspirin	monotherapy.	(Copyright	©	MedReviews,	LLC.	Reprinted	with	permission	of	MedReviews,	LLC.	Price	MJ:	Left	atrial	appendage	
occlusion	with	the	WATCHMAN™	for	stroke	prevention	in	atrial	fibrillation,	Rev	Cardiovasc	Med	15[2]:142-151,	2014.	Reviews	in	Cardiovascular	
Medicine	is	a	copyrighted	publication	of	MedReviews,	LLC.	All	rights	reserved.)
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D

TABLE 50-6 Studies of Left Atrial Appendage Occlusion with the Watchman Device for Stroke Prevention in Nonvalvular Atrial Fibrillation
Study Study Design N Patients

Pilot57 Prospective	multicenter	registry 66 OAC	eligible

PROTECT	AF56,58 Randomized	clinical	trial 707 OAC	eligible

PREVAIL59 Randomized	clinical	trial 407 OAC	eligible

CAP60 Continued	access	registry 460 OAC	eligible

CAP2* Continued	access	registry 579 OAC	eligible

ASAP61 Prospective	multicenter	registry 150 OAC	ineligible

ASAP,	 ASA	Plavix	 Feasibility	 Study	with	Watchman	 Left	 Atrial	 Appendage	Closure	 Technology;	 CAP,	Continuing	 Access	 to	PROTECT-AF;	 CAP2,	Continued	Access	 to	PREVAIL;	OAC,	 oral	
anticoagulation;	PREVAIL,	Prospective	Randomized	Evaluation	of	 the	Watchman	LAA	Closure	Device	 In	Patients	with	Atrial	Fibrillation	Versus	Long-Term	Warfarin	Therapy;	PROTECT-AF,	
Watchman	Left	Atrial	Appendage	System	for	Embolic	Protection	in	Patients	with	Atrial	Fibrillation.
*Results	not	yet	reported.
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both arms were similar due to bleeding events in the warfarin group 
(see Fig. 50-10). Peridevice flow on follow-up TEE was a common 
finding (41% and 32% of patients at 6 weeks and 1 year after the pro-
cedure, respectively). It was mostly less than 3 mm in diameter and did 
not appear to be associated with thromboembolic events.62 Quality-of-
life measurements were significantly improved for the patients ran-
domly assigned to the device compared with those on warfarin.63

The aim of the smaller PREVAIL trial was to confirm procedural 
safety, particularly among newer operators, and to further explore 
clinical efficacy of LAA closure compared with warfarin.59 Operators 
without prior Watchman experience implanted the device in approxi-
mately 40% of the enrolled patients. Three coprimary end points were 
examined: procedural safety, primary clinical efficacy (i.e., composite 
of stroke, systemic embolism, and cardiovascular or unexplained 
death), and late clinical efficacy (i.e., ischemic stroke and systemic 
embolism occurring >7 days after the procedure).

The Watchman met the performance goal for procedural and device 
safety prespecified by the sponsor and the FDA, with safety events 
occurring in 2.2% of patients. Implantation by new operators was  
not associated with reduced rates of implant success or an increased 
risk of major adverse events, indicating that the training program 
implemented during the trial mitigated any substantial learning curve 
with the device. The rate of procedural complications, including stroke 
and serious pericardial effusions, were significantly reduced in the 
PREVAIL trial compared with PROTECT-AF and were consistent with 
that of the prospective continued access registry that followed the 
PROTECT-AF trial (Table 50-7).60

At a mean follow-up of 11.8 ± 5.8 months, the primary efficacy end 
point of stroke, systemic embolism, or cardiovascular death was similar 
between study arms, but LAA closure did not achieve noninferiority 
due to wide 95% credible intervals (device event rate of 0.064 vs. war-
farin event rate of 0.064; rate ratio = 1.07; 95% CrI, 0.57 to 1.89; rate 
ratio for noninferiority criterion: upper bound of 95% CrI <1.75). The 
rate of ischemic stroke or systemic embolism was noninferior to 
Watchman LAA closure. The clinical efficacy findings in the PREVAIL 
trial should be interpreted in the context of the relatively short 
follow-up and a much lower than expected rate of stroke and systemic 
embolism in the warfarin control group despite the baseline high-risk 
characteristics of the enrolled population.59

Although the PROTECT-AF and PREVAIL trials studied LAA 
closure in an OAC-eligible population, stroke prevention strategies are 
particularly challenging in patients who cannot tolerate anticoagula-
tion or in whom anticoagulation is contraindicated. The ASA Plavix 
Feasibility Study With Watchman Left Atrial Appendage Closure Tech-
nology (ASAP) trial was a prospective, multicenter, nonrandomized 
study that examined the clinical efficacy of Watchman LAA closure in 
150 AF patients who were ineligible for warfarin therapy.11 After 
implantation, patients were treated with clopidogrel for 6 months and 
with aspirin indefinitely. The rate of stroke or systemic embolism was 
2.3% per year at a mean follow-up of 14.4 ± 8.6 months, which was 
significantly less than the expected rate of 7.3% per year based on 
CHADS2 scores. Further data are required to robustly define the early 
safety of the Watchman device with postprocedural dual antiplatelet 
therapy rather than a brief course of OAC. The WATCHMAN LAA 
occluder has been approved by the FDA for use within the United 
States. It is indicated to reduce the risk of thromboembolism from the 
LAA in patients with AF who are at increased risk for stroke or sys-
temic embolism based on CHADS2 or CHA2DS2VASc and are recom-
mended for anticoagulation; are deemed by their physicians to be 
suitable for warfarin; and have an appropriate rationale to seek a non-
pharmacologic alternative to warfarin, taking into account the safety 
and effectiveness of the device compared with warfarin.

Amplatzer Cardiac Plug and Amulet
Device Characteristics and Procedural Approach
The Amplatzer Cardiac Plug (ACP, St. Jude Medical, Minneapolis, 
MN) consists of a self-expanding nitinol mesh that forms a distal lobe 
and proximal disk, each with a sewn polyester patch, and they are 

and clopidogrel for 6 months, followed by indefinite aspirin mono-
therapy if LAA sealing was confirmed by TEE (Fig. 50-9).

In the PROTECT-AF trial, Watchman LAA closure was noninferior 
and superior to warfarin for the primary efficacy end point at a mean 
follow-up of 3.8 ± 1.7 years (2625 patient-years) (rate ratio = 0.60; 95% 
credible interval [CrI], 0.41 to 1.05; posterior probability of noninferi-
ority >99.9%, posterior probability for superiority = 96%) (Fig. 50-10). 
LAA closure was also superior to warfarin therapy when the results 
were analyzed using traditional, frequentist statistical methods (hazard 
ratio [HR] = 0.61; 95% confidence interval [CI], 0.38 to 0.97; P = .04). 
The clinical efficacy of LAA closure was maintained after the comple-
tion of the protocol-mandated postprocedural adjunctive pharmaco-
therapy in the device group (i.e., warfarin and dual antiplatelet therapy) 
(HR = 0.32; 95% CI, 0.17 to 0.63; P < .001).

The rates of ischemic stroke did not differ between groups in the 
PROTECT-AF trial, although the rate of fatal and disabling stroke was 
lower in the device group (rate ratio = 0.37; 95% CrI, 0.15 to 1.00) (Fig. 
50-11). Cardiovascular and all-cause mortality were also reduced with 
LAA closure (HR = 0.40; 95% CI, 0.21 to 0.75; P = .005 and HR = 0.66; 
95% CI, 0.45 to 0.98; P = .04, respectively). Safety events were initially 
greater in device group and driven by procedural complications, 
although by the end of follow-up, the overall rate of safety events in 

FIGURE 50-9	 Anticoagulant	 and	antiplatelet	management	 strategy	 for	
patients	receiving	device	therapy	in	the	PROTECT-AF	and	PREVAIL	ran-
domized	 clinical	 trials	 of	 the	 Watchman	 left	 atrial	 appendage	 (LAA)	
occluder.	After	device	implantation,	patients	were	treated	with	a	combi-
nation	of	warfarin	and	aspirin	for	approximately	6	weeks,	at	which	time	
transesophageal	 echocardiography	 (TEE)	 was	 performed.	 If	 the	 LAA	
was	sealed	(i.e.,	residual	leak	<5	mm	wide	without	evidence	of	throm-
bus),	 warfarin	 was	 discontinued,	 and	 the	 patient	 was	 treated	 with	
aspirin	 and	 clopidogrel	 until	 6	 months	 after	 the	 procedure,	 at	 which	
time	 the	 clopidogrel	 was	 discontinued	 and	 the	 patient	 continued	 on	
aspirin	 monotherapy.	 In	 the	 PROTECT-AF	 trial,	 patients	 could	 also	
receive	clopidogrel	at	study	entry	if	clinically	indicated.	Asterisk,	Recom-
mended	dosage;	INR,	international	normalized	ratio;	PREVAIL,	Prospec-
tive	 Randomized	 Evaluation	 of	 the	 Watchman	 Left	 Atrial	 Appendage	
Closure	 Device	 in	 Patients	 with	 Atrial	 Fibrillation	 Versus	 Long	 Term	
Warfarin	 Therapy;	 PROTECT-AF,	 Watchman	 Left	 Atrial	 Appendage	
System	for	Embolic	Protection	in	Patients	with	Atrial	Fibrillation.	(Modi-
fied	from	Holmes	DR	Jr,	Kar	S,	Price	MJ,	et	al:	Prospective	randomized	
evaluation	 of	 the	 Watchman	 Left	 Atrial	 Appendage	 Closure	 device	 in	
patients	 with	 atrial	 fibrillation	 versus	 long-term	 warfarin	 therapy:	 the	
PREVAIL	trial,	J	Am	Coll	Cardiol	64:1-12,	2014.)

Implant – 45 Days
Warfarin: Dosage to achieve INR 2.0–3.0

Aspirin: 81 mg while on warfarin
Clopidogrel: No

LAA seal per 45 day TEE No LAA seal per 45 day TEE

45 Days – 6 Months
Warfarin: No

Aspirin: 325 mg*
Clopidogrel: Yes

45 Days – 6 Months
Warfarin: Yes

Aspirin: 81 mg while on warfarin
Clopidogrel: No

6 Months – 5 Years
Warfarin: No

Aspirin: 325 mg*
Clopidogrel: No

6 Months – 5 Years
Warfarin: Discontinued
when seal is adequate

Aspirin: On warfarin - 81 mg
Off warfarin - 325 mg* indefinitely

Clopidogrel: No
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FIGURE 50-10	 Long-term	clinical	and	safety	outcomes	in	the	PROTECT-AF	randomized	clinical	trial	of	the	Watchman	left	atrial	appendage	(LAA)	
closure	compared	with	warfarin	 therapy.	A,	Primary	efficacy	outcome	of	cardiovascular	death,	stroke,	or	systemic	embolism.	At	a	mean	of	3.8	
years	(2621	patient-years)	of	follow-up,	transcatheter	LAA	occlusion	with	the	Watchman	met	prespecified	criteria	for	noninferiority	and	superiority	
compared	with	warfarin.	B,	The	primary	safety	outcome	was	a	composite	of	major	bleeding	events	and	procedure-related	complications.	Although	
an	early	hazard	was	apparent	in	the	periprocedural	period	with	device	therapy,	the	overall	rate	of	safety	events	was	similar	in	both	groups,	primarily	
due	 to	ongoing	bleeding	events	 in	 the	warfarin	group.	PROTECT-AF,	Watchman	Left	Atrial	Appendage	System	 for	Embolic	Protection	 in	Patients	
with	Atrial	Fibrillation.	(Modified	from	Reddy	VY,	Sievert	H,	Halperin	J,	et	al:	Percutaneous	left	atrial	appendage	closure	vs	warfarin	for	atrial	fibril-
lation:	a	randomized	clinical	trial,	JAMA	312:1988-1998,	2012.)
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FIGURE 50-11	 Ischemic	 stroke	 and	 mortality	 outcomes	 in	 the	
PROTECT-AF	 randomized	 clinical	 trial	 of	 Watchman	 left	 atrial	
appendage	(LAA)	closure	compared	with	warfarin	therapy.	Isch-
emic	stroke	(A),	cardiovascular	mortality	(B),	and	all-cause	mor-
tality	(C)	at	a	mean	of	3.8	years	(2621	patient-years)	of	follow-up.	
Compared	with	warfarin,	 transcatheter	LAA	occlusion	 resulted	 in	
a	similar	rate	of	ischemic	stroke,	and	it	significantly	reduced	the	
rates	 of	 cardiovascular	 and	 all-cause	 mortality.	 PROTECT-AF,	
Watchman	Left	Atrial	Appendage	System	for	Embolic	Protection	in	
Patients	with	Atrial	Fibrillation.	(Modified	 from	Reddy	VY,	Sievert	
H,	Halperin	 J,	 et	al:	 Percutaneous	 left	 atrial	 appendage	 closure	
vs	warfarin	for	atrial	fibrillation:	a	randomized	clinical	trial,	JAMA	
312:1988-1998,	2012.)
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connected by a short, central waist. The distal lobe has hooks around 
its circumference that anchors the device in the LAA, and the proximal 
disk covers the mouth of the LAA from within the left atrium, akin to 
a baby pacifier (Fig. 50-12).64

The mechanism of LAA occlusion is different from that of the 
Watchman, which occludes the LAA by filling the appendage itself. 
Device sizing is based on the maximal diameter of the distal lobe’s 
landing zone, which is measured approximately 10 mm distal to the 
LAA orifice. The second-generation ACP, the Amulet, has a slightly 
longer distal lobe, more stabilizing hooks, a longer central waist, and 
a larger-diameter proximal disk with a recessed threaded insert (Fig. 
50-13).65 These modifications improve device stability, position, resid-
ual leak, and the incidence of device-associated thrombi.66

For the ACP or Amulet, the landing zone is measured approxi-
mately 12 to 15 mm from the LAA orifice.67 The device is delivered 
through a 12- to 14-Fr double-curved sheath that is introduced into 
the LAA from the right femoral vein through a transseptal puncture. 
The ACP and Amulet have the CE mark but are not approved for use 
in the United States.

Clinical Data
The safety and clinical efficacy of the ACP and Amulet devices  
for stroke prevention in AF have been examined in several nonran-
domized, retrospective and prospective, observational studies, many 
of which were single-center experiences (Table 50-8). Most studies 
evaluated the device in patients with intolerance or contraindications 
to OAC, and patients were usually treated with a limited course of 
antiplatelet therapy after device implantation.

Several tentative conclusions can be gleaned from the reported 
experience with the ACP and the Amulet. The rates of successful LAA 

TABLE 50-7 Safety Outcomes in Randomized Trials and Continued Access Registries of Left Atrial Appendage Occlusion with the 
Watchman Device Compared with Warfarin in Patients with Nonvalvular Atrial Fibrillation

Outcome

STUDY

P ValuePROTECT-AF (N = 463) CAP (N = 566) PREVAIL (N = 269)

Any	complication	within	7	days	of	procedure 8.7% 4.2% 4.5% 0.004

Procedure-related	stroke 1.1% 0% 0.7% 0.02

Pericardial	effusion	requiring	surgery 1.6% 0.2% 0.4% 0.03

Pericardial	effusion	requiring	pericardiocentesis 2.4% 1.2% 1.5% 0.32

Device	embolization 0.4% 0.2% 0.7% 0.37

Modified	from	Holmes	DR	Jr,	Kar	S,	Price	MJ,	et	al:	Prospective	randomized	evaluation	of	the	Watchman	Left	Atrial	Appendage	Closure	device	in	patients	with	atrial	fibrillation	versus	long-
term	warfarin	therapy:	the	PREVAIL	trial,	J	Am	Coll	Cardiol	64:1-12,	2014.
CAP,	Continued	Access	to	PROTECT-AF;	PREVAIL,	Prospective	Randomized	Evaluation	of	the	Watchman	Left	Atrial	Appendage	Closure	Device	In	Patients	with	Atrial	Fibrillation	Versus	Long-
Term	Warfarin	Therapy;	PROTECT-AF,	Watchman	Left	Atrial	Appendage	System	for	Embolic	Protection	in	Patients	with	Atrial	Fibrillation.

FIGURE 50-12	 Amplatzer	Cardiac	Plug	device	deployment.	A,	 Initial	 sheath	position.	B,	Adjustment	of	 the	sheath	position	with	a	portion	of	 the	
distal	lobe	extruded	from	the	sheath	to	form	a	safe,	ball-like	tip.	C,	Device	deployment	by	withdrawal	of	the	sheath	over	the	device	delivery	cable.	
D,	Final	device	position,	with	the	distal	lobe	acting	as	an	anchor	in	the	left	atrial	appendage	(LAA)	and	the	proximal	disk	forming	an	occlusive	lid	
over	the	mouth	of	the	LAA.	(Modified	from	Meerkin	D,	Butnaru	A,	Dratva	D,	et	al:	Early	safety	of	the	Amplatzer	Cardiac	Plug	for	left	atrial	appendage	
occlusion,	Int	J	Cardiol	168:3920-3925,	2013.)

A B C D

Left circumflex
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Left atrial
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FIGURE 50-13	 The	Amulet	left	atrial	appendage	occluder	consists	of	a	
self-expanding	nitinol	mesh	that	forms	a	distal	lobe	and	proximal	disk,	
each	with	a	sewn-in	polyester	patch.	The	distal	lobe	and	proximal	disk	
are	 connected	 by	 a	 short,	 central	 waist.	 The	 distal	 lobe	 has	 hooks	
around	its	circumference	that	anchor	the	device	in	the	left	atrial	append-
age	 (LAA),	 and	 the	 proximal	 disk	 covers	 the	mouth	 of	 the	 LAA	 from	
within	 the	 left	 atrium.	 (Courtesy	 St.	 Jude	 Medical,	 Minneapolis,	 MN.	
AMPLATZER,	 Amulet,	 and	 St.	 Jude	Medical	 are	 trademarks	 of	 the	 St.	
Jude	Medical,	Inc.	Or	its	related	companies.	Reprinted	with	permission	
of	St.	Jude	Medical,	©	2015.	All	rights	reserved.)
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closure are excellent. The most frequent procedural complication 
appears to be pericardial effusion, occurring at rates similar to those 
seen in the randomized Watchman experience, and clinical efficacy 
appears acceptable, with the important caveat that the dataset is sub-
stantially limited by the study designs.

A large, randomized clinical trial of the ACP compared with long-
term OAC (NCT01118299) was halted, likely due to the anticipated 
FDA approval of the Watchman. Trial reinitiation with the Amulet and 
a revised study design are planned.

Transcatheter Left Atrial Appendage Ligation with the Lariat Device
Device Characteristics and Procedural Approach

The Lariat (SentreHeart, Redwood City, CA) is 510(k) cleared by the 
FDA (i.e., safety and effectiveness information in the premarketing 
notification has been reviewed) for the approximation of soft tissue. It 
enables percutaneous delivery of a pretied surgical suture to ligate the 
LAA.78 This is accomplished through a combined subxyphoid (i.e., 
transpericardial) and transseptal approach (Fig. 50-14).

TABLE 50-8 Studies of Left Atrial Appendage Occlusion Using the First- and Second-Generation Amplatzer Cardiac Plug

Study Study Design N
Patient 
Population

Duration of 
Follow-up

Postprocedure 
Medical Regimen

Safety 
Outcomes (%)†

Efficacy 
Outcomes (%)

Park	et	al,	
201164

Retrospective,	
multicenter,	
observational

143 NR 24	hr NA PRCs:	7.0
SPE:	3.5
DE:	1.4
Stroke:	2.1

NA

Uena	et	al,	
201368

Prospective,	
multicenter,	
observational

52 OAC	ineligible 20	±	5	mo ASA/clopidogrel	
for	1-6	mo,	
then	ASA	
monotherapy

PRCs:	5.8
SPE:	0
DE:	1.9%
Stroke:	0

CV	death:	1.9%
Stroke:	1.9%

Meerkin	et	al,	
201369

Retrospective,	
single	
operator,	
observational

100 OAC	ineligible In	hospital NA PRCs:	1.0%
SPE:	1.0%
DE:	0
Stroke:	0

NA

Lam	et	al,	
201270

Prospective,	
two-center,	
observational

20 OAC	ineligible 12.7	±	3.1	mo ASA/clopidogrel	
for	1	mo

PRCs:	10
SPE:	0
DE:	0
Stroke:	0

Stroke:	0

Chun	et	al,	
201371

Prospective,	
single-center,	
observational

40 OAC	ineligible 1	yr ASA/clopidogrel	
for	6	wk	(76%)

PRC:	5%
SPE:	2.5
DE:	2.5	(late)
Stroke:	0

Death:	5
Stroke:	0

Guérios	et	al,	
201272

Single-center,	
observational

86 OAC	ineligible 25.9	pt-yr ASA/clopidogrel	
for	1	mo,	then	
ASA	for	3-4	mo

PRCs:	5.6
SPE:	2.2
DE:	1.1
Stroke:	2.3

Death:	3.5
Stroke:	0

Danna	et	al,	
201373

Single-center,	
observational

37 OAC	ineligible 1	yr ASA/clopidogrel	
for	1	mo,	then	
ASA	for	at	least	
for	5	mo

PRCs:	NR
SPE:	2.7
DE:	5.9
Stroke:	0

Death:	5
Stroke:	2.9

Horstmann	
et	al,	201474

Single-center,	
observational

20 OAC	ineligible	
(prior	ICH)

13.6	±	8.2	mo ASA	and	
clopidogrel	for	
3	mo,	then	ASA	
monotherapy

PRCs:	0
SPE:	0
DE:	0
Stroke:	0

Stroke:	0

Santoro	et	al,	
201475

Retrospective,	
multicenter,	
observational

134 OAC	unsuitable 680	±	351	days
238	pt-yr

ASA	and	
clopidogrel		
for	1-3	mo,	
then	ASA	
monotherapy

PRCs:	2.2
SPE:	2.2
DE:	0
Stroke:	0

Stroke	0.8
TE:	2.5

Wiebe	et	al,	
201476

Single-center,	
observational

60 OAC	unsuitable 1.8	yr ASA	and	
clopidogrel	for	
3	mo,	then	ASA	
monotherapy

PRCs:	11.7
SPE:	1.6
DE:	3.3
Stroke:	0

Death:	4.8
Stroke:	0

Freixa	et	al,	
201477*

Single-center,	
observational

25 OAC	ineligible	
or	stroke	with	
labile	INR

1	to	3	mo NR PRCs:	0
SPE:	0
DE:	0
Stroke:	0

Stroke:	0

Lam	et	al,	
201566*

Single-center,	
observational

17 OAC	unsuitable 90	days ASA	and	
clopidogrel	for	
3	mo,	then	ASA	
monotherapy

PRCs	5.8
SPE:	5.8
DE:	0
Stroke:	0

Stroke:	0

ASA,	Aspirin;	CV,	cardiovascular;	DE,	device	embolization;	ICH,	intracranial	hemorrhage;	INR,	international	normalized	ratio;	NA,	not	applicable;	NR,	not	reported;	OAC,	oral	anticoagulation;	
PRCs,	procedure-related	complications;	pt-yr,	patient-years;	SPE,	significant	pericardial	effusion;	TE,	thromboembolism.
*Case	series	using	the	second-generation	Amulet	device.
†Definitions	of	procedure-related	complications	and	significant	pericardial	effusion	varied	across	studies.
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Anatomic eligibility for the procedure is determined by cardiac 
computed tomography (CT). Appendages with a diameter greater than 
40 mm, lobes behind the pulmonary artery, or a posterior orientation 
should be avoided. A larger, second-generation device will allow 
closure of appendages as large as 45 mm in diameter. The procedure 
cannot be performed in patients with prior cardiac surgery because it 
requires an intact pericardium. The procedure should also be avoided 
in patients with prior pericarditis because pericardial adhesions can 
prevent manipulation in the pericardial space and hinder procedural 
success.

A 14-Fr, slightly curved, and soft-tipped sheath is introduced into 
the anterior pericardial space using an epidural or micropuncture 
needle under fluoroscopic guidance. After pericardial access is estab-
lished, an 8.5-Fr, transseptal sheath is introduced into the left atrium 
from the right femoral vein using the standard technique; an infero-
posterior location in the interatrial septum is preferred. A magnet-
tipped guidewire is advanced through the transseptal sheath into the 
anterior aspect of the LAA, and a complementary magnet-tipped 
guidewire advanced through the pericardial sheath and connected 
with the magnet-tipped wire in the LAA, forming a rail over which the 
Lariat snare is delivered.

The Lariat snare is advanced through the pericardial sheath and 
over the LAA and then closed at the LAA ostium using TEE and fluo-
roscopic guidance. The snare contains a preloaded and tied surgical 
suture. The operator releases the suture with a proximal actuator and 
then tightens the pretied knot using a suture-tensioning device, after 
which the snare is removed and the suture cut using a suture cutter. 
The pericardial sheath is exchanged for a drain, which is left in place 
for at least 4 to 6 hours.

Clinical Outcomes
The dataset for the safety and efficacy of LAA closure with the Lariat 
has been limited to a few small, observational studies.79,80 The studies 
suggest that the major complications associated with the procedure are 
significant pericardial effusions and postprocedural pericarditis. 
Results are insufficient to determine the clinical efficacy of the device 
for stroke prevention.

Bartus and colleagues conducted a single-center, nonrandomized 
study that enrolled 92 patients who had adequate anatomy for Lariat 
ligation according to CT imaging.79 The procedure was aborted in three 
patients (3.2%) due to unexpected pericardial adhesions. Successful 
closure, defined as a residual leak of less than 1 mm in diameter, was 

* *
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FIGURE 50-14	 Transcatheter	ligation	of	the	left	atrial	appendage	(LAA)	with	the	Lariat.	A,	Baseline	transesophageal	echocardiography	(TEE)	of	the	
LAA	 (asterisk)	at	 approximately	45	degrees.	B,	Baseline	 TEE	of	 the	 LAA	 (asterisk)	at	 approximately	135	degrees.	C,	Dry	pericardial	 access	 is	
obtained	by	carefully	advancing	a	17-gauge,	150-mm	Tuohy	(Pajunk)	needle	just	below	the	xyphoid	process	and	directed	slightly	laterally	using	
fluoroscopy	in	the	90-degree	lateral	position.	Dilute	contrast	can	be	injected	through	the	needle	lumen	to	confirm	the	position,	identify	tenting	of	
the	parietal	pericardium,	and	visualize	contrast	filling	the	pericardial	space	(arrow).	A	micropuncture	needle	can	also	be	used. D,	A	0.035-inch	
wire	is	advanced	through	the	needle	into	the	pericardium.	In	the	shallow	left	anterior	oblique	projection,	the	wire	should	lie	along	the	lateral	border	
of	the	heart	(arrow),	confirming	the	pericardial	location.	E,	A	soft-tipped,	slightly	curved	14-Fr	sheath	is	advanced	over	the	wire	into	the	pericardium	
(white	arrow),	and	a	8.5-Fr	transseptal	sheath	(yellow	arrow)	is	advanced	into	the	left	atrium	using	the	standard	technique.	Left	atrial	angiography	
demonstrates	the	left	atrial	appendage	(double	yellow	arrows).	F,	The	magnet-tipped	endocardial	wire	is	advanced	through	the	transseptal	sheath	
into	the	anterior	lobe	of	the	LAA	and	confirmed	by	TEE	(arrow).	

Continued
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G,	The	magnet-tipped	epicardial	wire	(double	arrows)	is	advanced	through	the	pericardial	sheath	and	connected,	preferably	
end	 to	end,	with	 the	epicardial	wire	(single	white	arrow).	The	over-the-wire	balloon	catheter	 is	advanced,	and	 the	compliant	balloon	 is	 inflated	
with	dilute	contrast	(yellow	arrow)	to	coregister	the	location	of	mouth	of	the	LAA	on	fluoroscopy	with	TEE.	H,	The	Lariat	snare	(arrow)	is	introduced	
into	the	pericardium	over	the	epicardial	wire	and	then	opened	and	advanced	over	the	LAA.	I,	The	Lariat	snare	is	closed	over	the	LAA,	and	the	opera-
tor	delivers	a	pretied	surgical	knot	by	means	of	an	actuator	at	the	proximal	end	of	the	device.	Left	atrial	angiography	through	the	transseptal	sheath	
confirms	LAA	closure	(arrow).	J,	The	suture	is	tightened	with	a	tensioning	device,	the	Lariat	snare	and	wires	are	removed,	and	the	suture	is	cut	
with	a	specialized	cutter.	LAA	angiogram	demonstrates	complete	ligation	of	the	LAA	without	residual	leak	(double	arrows).	K,	TEE	with	color	Doppler	
of	the	LAA	at	60	degrees	after	Lariat	ligation	shows	complete	closure	without	residual	flow.	An	asterisk	indicates	the	remnant	LAA.	L,	TEE	with	color	
Doppler	of	the	LAA	at	135	degrees	after	Lariat	ligation	shows	complete	closure	without	residual	flow.	An	asterisk	indicates	the	remnant	LAA.	

FIGURE 50-14, cont’d

G H I
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FIGURE 50-15	 The	WaveCrest	 left	atrial	appendage	(LAA)	occlusion	system.	A,	 The	occluder	has	an	expanded	polytetrafluoroethylene	cap	and	
tines	in	the	withdrawn	position.	B,	The	occluder	has	tines	rolled	forward	to	anchor	the	device	in	the	LAA.	The	tines	can	be	withdrawn	if	required	
for	device	repositioning	or	recapture.	(Courtesy	Coherex	Medical,	Salt	Lake	City,	UT.)

A B

achieved in 96% of cases. Procedural complications, all of which were 
significant pericardial effusions, occurred in three patients (3.2%), and 
pericarditis occurred in two patients (2.2%). At the 1-year follow-up 
assessment, slightly more than one half of the patients remained on 
warfarin therapy. There was no evidence of late leaks on follow-up 
TEE, and there were no thromboembolic events.

In a single-center study of 21 patients undergoing Lariat ligation, 
successful closure was achieved in 20 patients, complicated by a sig-
nificant pericardial effusion in 2 patients (10%) and pericarditis in 3 
patients (15%).80a There were no thromboembolic events over 352 ± 
143 days of follow-up.

A multicenter, retrospective study examined the early safety and 
efficacy of LAA closure with the Lariat device in 154 patients undergo-
ing the procedure in the United States.80b Enrolled patients were at high 
risk of thromboembolic and bleeding, with mean CHA2DS2VASc score 
of 4.1 ± 1.6 and a mean HAS-BLED score of 3.2 ± 1.2. Device success 
(i.e., suture deployment and a less than 5 mm leak by postprocedure 
TEE) was 94%. Similar to the Bartus experience,79 3% of cases were 
aborted due to unanticipated pericardial adhesions. Procedure-related 
major bleeding (i.e., Bleeding Academic Research Consortium type 3 
bleeding or greater) occurred in 9.1%, and significant pericardial effu-
sion occurred in 10.4% of patients. The incidence of pericarditis was 
not investigated. Among the 63 patients with immediate closure and 
on TEE follow-up, 3 patients had LAA stump thrombus (4.8%), and 
13 (20%) had residual leaks, approximately one third of which were 
5 mm or greater in diameter.

Another multicenter, observational study of 41 patients reported 
relatively frequent safety events after Lariat LAA ligation.81 Pericardial 
effusions that required pericardiocentesis occurred in eight patients 
(20%), LAA perforation occurred in four patients (9%), and late LAA 
leaks seen on follow-up imaging occurred in 24%.81

The consequences of residual leaks after the Lariat procedure are 
unknown, although incomplete surgical LAA ligation has been associ-
ated with subsequent thrombus formation and clinical events.40 Resid-
ual leaks after the Lariat procedure can be treated successfully with 
percutaneous approaches.82-84

LAA ligation can have an antiarrhythmic effect in selected patients 
because the LAA can be a source of AF. The Lariat procedure appears 
to isolate LAA electrical activity,85 and in an observational study, the 
AF burden in patients with known AF triggers in the LAA was signifi-
cantly reduced at 12 months after the Lariat procedure compared with 
baseline AF activity.86

The Lariat appears to provide high rates of immediate anatomic 
closure of the LAA, although procedural morbidity is not uncommon. 

Bleeding events and pericardial effusions drive procedural complica-
tions. Several questions regarding the Lariat remain unanswered, 
including whether safety events can be reduced with increased opera-
tor experience, what amount or type of postprocedure medical therapy 
is required (i.e., brief duration of antiplatelet or anticoagulation 
therapy), what are the rates and clinical consequences of late residual 
leaks, and whether the Lariat is effective in reducing thromboembolic 
events in the absence of long-term oral anticoagulant therapy.

WaveCrest Occluder
Device Characteristics and Procedural Approach
The WaveCrest LAA occlusion system (Coherex Medical, Salt Lake 
City, UT) has CE mark, and initiation of a pivotal trial in the United 
States is planned. The occluder consists of a self-expanding nitinol cage 
with a proximal ePTFE cap (Fig. 50-15). A foam skirt is incorporated 
through the distal portion of the occluder cap, which could potentially 
enhance LAA sealing. The system separates the act of LAA occlusion 
from device anchoring.

When the device is implanted, the occluder is positioned to occlude 
the LAA, and a set of anchors or tines are then deployed in a separate 
step to anchor the device in the LAA. Potential advantages of this 
device include less traumatic deployment and more flexibility in 
closing the LAA irrespective of its depth. There are no peer-reviewed 
publications regarding the safety and efficacy of LAA closure with the 
WaveCrest.

PATIENT SELECTION
Appropriate patient selection for transcatheter LAA closure incorpo-
rates a particular individual’s risk of thromboembolism, long-term 
bleeding risk on OAC, and the short-term procedural risk of device 
implantation. Other factors include patient compliance, personal pref-
erence, and relative or absolute contraindications to chronic OAC. 
Thromboembolic risk can be assessed using the CHADS2 and 
CHA2DS2-VASc scores (see Tables 50-1 and 50-2), and bleeding risk 
can be assessed using schemes such as HAS-BLED (see Table 50-3).

Not all strokes can be prevented by LAA-targeted strategies, and 
OAC can reduce the risk of stroke in AF patients independent of its 
role in preventing LAA thrombus. For example, as many as 25% of 
strokes in AF patients are linked to intrinsic cerebrovascular disease.87 
The mechanistic connections between the LAA and many risk factors 
that predict stroke in AF, including several components of the  
CHA2DS2VASc score, have not been fully elucidated. AF also is associ-
ated with platelet activation and a hypercoagulable state.88 For these 
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aging of the global population. Although chronic anticoagulation with 
vitamin K antagonists and the NOACs reduce the risk of stroke, they 
are substantially underused, in large part because of therapeutic chal-
lenges such as long-term bleeding risk.

The LAA appears to be the primary source of thromboembolism in 
AF, and it is therefore an attractive target for mechanical approaches 
to stroke prevention in this patient population. Several devices have 
been developed to percutaneously occlude or ligate the LAA. Robust 
safety and efficacy data are limited for most devices. The totality of the 
clinical trial data suggests that the Watchman LAA occluder is an 
acceptable alternative to warfarin therapy in many patients. Studies of 
larger cohorts are needed to determine the safety and clinical efficacy 
of the other devices beyond their ability to provide immediate ana-
tomic LAA closure. Patient selection for LAA closure must consider 
the risk of procedural complications, baseline thromboembolic risk, 
the risk and suitability of OAC, and patient preference.

reasons, LAA closure should not be considered a panacea for stroke 
prevention in the AF patient who is not an optimal candidate for OAC.

Society recommendations for LAA occlusion are listed in Table 
50-9. In brief, the AHA/ACC/HRS guidelines state that surgical exci-
sion of the LAA during concomitant cardiac surgery may be consid-
ered, but its efficacy is uncertain (class IIb, level C evidence).12 The ESC 
guidelines state that surgical excision may be considered during con-
comitant cardiac surgery (class IIb, level C evidence) and that trans-
catheter LAA closure may be considered in patients with a high stroke 
risk and contraindications to long-term OAC (class IIb, level B 
evidence).13

CONCLUSIONS
Atrial fibrillation is associated with increased risk of stroke and sys-
temic embolism, and its prevalence is growing significantly due to 
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Until the first publication by Inoue and coworkers describing per-
cutaneous mitral commissurotomy (PMC) in 1984, surgery was 

the only treatment for patients with mitral stenosis.1 Since then, the 
technique has evolved considerably. Many patients with a wide range 
of clinical conditions have been treated, enabling efficacy and risk to 
be assessed. These long-term results allow selection of the most appro-
priate candidates for PMC.2,3

DEVICES AND TECHNIQUES
Acting in the same way as surgical commissurotomy, PMC opens the 
fused commissures (Fig. 51-1). PMC is of little or no help in cases of 
restricted valvular mobility caused by valve fibrosis or severe subval-
vular disease or in cases of degenerative calcified mitral annulus. The 
techniques and devices used for PMC have varied over time and from 
group to group. Currently, the transvenous or transseptal approach 
using the Inoue balloon is largely predominant.

Transseptal Approach
The transvenous, or antegrade, approach is performed through the 
femoral vein. Transseptal catheterization is the crucial first step of the 
procedure. Usually, transseptal catheterization is performed under 
fluoroscopic guidance with use of several views. Continuous pressure 
monitoring is recommended. Echocardiography is not used systemati-
cally during transseptal catheterization, but it can enhance its safety, 
especially for less experienced operators and when technical difficulties 
are encountered (e.g., severe anatomic distortion).

The procedure has been done primarily with transesophageal echo-
cardiography (TEE), which is superior to transthoracic echocardiog-
raphy (TTE) for imaging the interatrial septum (IAS) (Video 51-1). 
Intracardiac echocardiography (ICE) is considered the imaging tool of 
choice in several catheterization centers to guide transseptal puncture 
because it may be used without additional operators or general anes-
thesia, although the price of the device seriously limits its use in most 
places.4

In experienced centers, the whole procedure can be performed 
using a single venous approach and noninvasive monitoring, which 
reduces the risk of vascular complications, discomfort, and cost. The 
retrograde transatrial approach has been abandoned due to its 
complexity.

Inoue Technique
The Inoue technique was the first to be described, and extensive experi-
ence has been acquired by many groups worldwide. The Inoue balloon, 
composed of nylon and rubber micromesh, is self-positioning and 
pressure extensible. It is large (24 to 30 mm in maximal diameter) and 
has a low profile (4.5 mm balloon diameter). The balloon has three 
distinct parts, each with a specific elasticity, enabling the parts to be 
inflated sequentially. This sequence allows fast, stable positioning 
across the valve. Each of the four balloon sizes (i.e., 24, 26, 28, and 
30 mm) is pressure dependent, and its diameter can be varied by up 
to 4 mm, as required by circumstances.

The main steps are as follows: After transseptal catheterization, a 
stiff guidewire is introduced into the left atrium. The femoral entry site 
and the atrial septum are dilated with a rigid dilator (14 Fr), and the 
balloon is introduced into the left atrium. Inoue recommended the use 
of a stepwise dilation technique under echocardiographic guidance.

Balloon size is chosen in accordance with the patient’s height: 
26 mm for very small patients or infants, 28 mm for patients shorter 
than 1.6 m, and 30 mm for patients taller than 1.6 m. The balloon is 
inflated sequentially. First, the distal portion is inflated with 1 or 2 mL 
of diluted contrast; it acts as a floating balloon catheter when crossing 
the mitral valve. Second, the distal part is further inflated, and the 
balloon is pulled back into the mitral orifice. Inflation next occurs at 
the level of the proximal part and then in the central portion, with the 
disappearance of the central waist at full inflation (Fig. 51-2 and Videos 
51-2 and 51-3).

The first inflation is performed 4 mm below the maximal balloon 
size, and the balloon size is increased in 1-mm increments. The balloon 
is then deflated and withdrawn into the left atrium. If mitral regurgita-
tion (assessed by color Doppler echocardiography) has not increased 
by more than one grade and the valve area is less than 1 cm2/m2 
of body surface area, the balloon is advanced again across the valve, 
and PMC is repeated with a balloon diameter increased by 1 mm  
(Fig. 51-3).1 The criterion for ending the procedure is an adequate valve 
area or an increase in the degree of mitral regurgitation.

Other Techniques
The double-balloon technique has been described extensively.5 The 
multitrack system, which is a refinement of the double-balloon tech-
nique that uses a monorail system and the metallic commissurotome, 
has a limited or no current use.

MONITORING THE PROCEDURE AND  
EVALUATING RESULTS

There are two ways to monitor the procedure and assess immediate 
results in the catheterization laboratory: hemodynamics and echocar-
diography. Echocardiography provides essential information. Besides 
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•	 The	efficacy,	safety,	and	applicability	of	the	Inoue	balloon	
technique	are	established	worldwide.	The	technique	is	the	point	of	
reference	for	percutaneous	mitral	commissurotomy	(PMC).

•	 Transesophageal	echocardiography	is	essential	for	monitoring	the	
procedure	and	for	assessing	the	immediate	results.

•	 Technical	experience	is	essential	for	the	safety	of	the	procedure	
and	the	selection	of	patients.

•	 PMC	provides	good	immediate	and	long-term	clinical	results	and	
carries	a	low	risk	when	performed	by	experienced	teams.

•	 Patient	selection	is	based	on	anatomy	and	other	predictors	of	
outcome.

•	 PMC	is	the	treatment	of	choice	for	patients	with	favorable	
characteristics.

•	 The	decision	must	be	individualized	for	other	patients,	and	PMC	and	
valve	replacement	should	be	considered	complementary	techniques.
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FIGURE 51-1	 Transthoracic	two-dimensional	echocardiography	before	(A)	and	three-dimensional	echocardiography	after	(B)	percutaneous	mitral	
commissurotomy	(PMC).	The	arrows	show	the	bilateral	commissural	opening	after	PMC.	

A BA

FIGURE 51-2	 Inoue’s	percutaneous	mitral	commissurotomy	technique.	A,	 Inflation	of	the	distal	portion	of	the	balloon,	which	is	then	pulled	back	
and	anchored	at	the	mitral	valve.	B,	Subsequent	inflation	of	the	proximal	and	middle	portions	of	the	balloon.	At	full	inflation,	the	waist	of	the	balloon	
in	its	midportion	has	disappeared.	

A B

its usefulness in guiding transseptal catheterization, echocardiography 
provides information on the course of the mitral opening, which is 
essential when using the stepwise Inoue technique. Echocardiography 
enables detection of early complications such as pericardial hemor-
rhage and severe mitral regurgitation.

Monitoring the Procedure
Because the accuracy of Doppler measurements during valvuloplasty 
is low, planimetry using two-dimensional echocardiography is the 
method of choice if it is technically feasible. Color Doppler assessment 
is preferred for sequential evaluation of the changes in the degree of 



790 SECTION V  INTRACARDIAC INTERVENTION

balloon correctly across the valve. Most failures occur early in the 
operator’s experience. Failures can also result from unfavorable 
anatomy such as severe atrial stenosis or predominant subvalvular 
stenosis.

Hemodynamics
PMC usually provides an increase of more than 100% in the valve  
area, with final valve areas ranging from 1.5 to more than 2 cm2. 
Improvement in valve function immediately decreases left atrial pres-
sure (Fig. 51-4) and slightly increases the cardiac index. Pulmonary 
arterial pressure and pulmonary vascular resistance gradually decrease. 
High pulmonary vascular resistance continues to decrease in the 
absence of restenosis.

PMC has a beneficial effect on exercise capacity. PMC improves the 
pump function of the left atrium and the left atrial appendage and 
decreases left atrial stiffness. It also decreases the intensity of spontane-
ous echocardiographic contrast in the left atrium.

Complications
Large series have enabled assessment of the risks of the technique 3,5-12 
The procedural mortality rate has ranged from 0% to 3% in most series. 
The main causes of death are left ventricular perforation and poor 
general condition of the patient.

The incidence of hemopericardium is between 0.5% and 12%. Peri-
cardial hemorrhage may be related to transseptal catheterization or to 
apex perforation by guidewires or the balloon itself when exaggerated 
movement occurs when using over-the-wire techniques. However, this 

regurgitation. The commissural opening, which is the main parameter, 
is usually assessed in the parasternal short-axis view during TTE. 
When available, real-time three-dimensional echocardiography is the 
most accurate method for assessing the degree of commissural opening 
using short-axis views (Video 51-4).6

An integrative assessment using the following criteria has been 
proposed for the desired end point of the procedure: mitral valve area 
of more than 1 cm2/m2 of the body surface area; complete opening of 
at least one commissure; or appearance or increment of regurgitation 
greater than grade 1 in the Sellers 0 to 4 classification. The strategy 
must be tailored to individual circumstances, taking into account clini-
cal and anatomic factors and the cumulative data of periprocedural 
monitoring. For example, balloon size, increments of size, and expected 
final valve area are smaller in older or pregnant patients, in whom the 
need for emergency surgery is a concern, and in cases of tight mitral 
stenosis, extensive valve or subvalvular disease, and nodular commis-
sural calcification.

After the procedure, the most accurate evaluation of the valve area 
is achieved by echocardiography. Color Doppler flow is the most sensi-
tive method for assessing the degree of regurgitation and interatrial 
shunting.

Immediate Results

Failures
The failure rate for PMC ranges from 1% to 17%.3,5,7-9 Failure is often 
caused by an inability to puncture the atrial septum or position the 

FIGURE 51-3	 Decision	making	during	the	stepwise	
dilation	 technique	 is	 based	 on	 echocardiographic	
findings	 after	 each	 balloon	 dilation.	 +,	 Incomplete	
split;	 ++,	 complete	 split.	 (Modified	 from	 Inoue	 K,	
Owaki	T,	Nakamura	T,	et	al:	Clinical	application	of	
transvenous	 mitral	 commissurotomy	 by	 a	 new	
balloon	catheter.	J	Thorac	Cardiovasc	Surg	87:394-
402,	1984.)
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mobility of the leaflets. Severe mitral regurgitation is uncommon, with 
a frequency between 2% and 19%, and the occurrence of severe mitral 
regurgitation remains largely unpredictable for a given patient.11,13 Sur-
gical findings have confirmed that severe mitral regurgitation occurs 
almost exclusively in patients with unfavorable anatomy, extensive sub-
valvular disease, and valve calcification. It often is related to noncom-
missural tearing of the posterior or anterior leaflet (Fig. 51-5).10 In 
these cases, one or both commissures are too tightly fused to be split. 
It may also be caused by excessive commissural splitting or rarely by 
rupture of a papillary muscle.

Development of severe regurgitation depends more on the distribu-
tion of morphologic changes than on their severity. Severe mitral 
regurgitation may be well tolerated; more often it is not, and surgery 
must be scheduled. In most cases, valve replacement is necessary and 
is more closely related to the extent of valve disease than to the tear 
itself.

The frequency of atrial septal defects (ASDs) after PMC varies from 
10% to 90%, according to the technique used for its detection.14 These 
shunts are usually small and restrictive, with high-velocity flow. Right-
to-left shunts occur on rare occasions in patients with elevated right-
sided heart pressures and pulmonary hypertension. Urgent surgery 

complication is virtually eliminated with the Inoue balloon technique. 
If hypotension occurs during PMC, hemopericardium must be sus-
pected and echocardiography immediately performed. Pericardiocen-
tesis in the catheter laboratory, ideally under echocardiographic 
guidance, usually allows stabilization of the patient’s condition and 
secondary transfer for cardiac surgery.

Embolism is encountered in 0.5% to 5% of cases. It is seldom the 
cause of permanent incapacitation and even more seldom the cause of 
death. It can be caused by gas if it occurs immediately after balloon 
rupture, by fibrinothrombotic material, or occasionally, by calcium 
accumulation. Although the incidence of embolism is low, its potential 
consequences are severe, and all possible precautions must be taken to 
prevent it. Treatment of cerebral embolism should be provided in col-
laboration with a stroke unit.

In most cases, the degree of mitral regurgitation remains stable or, 
more often, slightly increases after PMC. In a few cases, the degree of 
mitral regurgitation decreases, probably because of the increased 

FIGURE 51-4	 Hemodynamic	 changes	after	 percutaneous	mitral	 com-
missurotomy.	LA,	Left	atrium;	LV,	left	ventricle;	PA,	pulmonary	artery.	
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FIGURE 51-5	 Severe	 mitral	 regurgitation	 after	 percutaneous	 mitral	
commissurotomy.	A,	Transthoracic	echocardiography	shows	a	tear	of	
the	anterior	leaflet	(arrow).	B,	Doppler	color	flow	shows	severe	regur-
gitation	at	the	level	of	the	leaflet	tear	(arrow).	CA,	Anterior	commissure;	
CP,	posterior	commissure.	
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increases to between 46% ± 2% and 57% ± 3% for patients younger than 
50 years. Good functional results, defined as survival with no cardio-
vascular death or intervention, were reported for 30% ± 6% of patients 
with New York Heart Association (NYHA) class I or II disease.15

Prediction of long-term results is based on clinical variables such 
as age, valve anatomy as assessed by echocardiography scores, factors 
related to the evolutionary stage of the disease (i.e., higher NYHA class 
before valvuloplasty), history of previous commissurotomy, severe tri-
cuspid regurgitation, cardiomegaly, atrial fibrillation (AF), high pul-
monary vascular resistance, results of the procedure in terms of final 
gradient, valve area and quality of commissural opening, and existence 
of mitral regurgitation.15,19,20 Quality of the late results is independent 
of the technique used.18 A score combining these variables may be 
useful for patient selection and is relevant to follow-up (Table 51-1). 
Patients who have favorable immediate results but who are at high risk 
for further events must be carefully monitored to detect deterioration 
and institute timely intervention.

If PMC is initially successful, survival rates are excellent, the need 
for secondary surgery is uncommon, and functional improvement 
occurs in most cases (see Fig. 51-6). As confirmed with two-dimensional 
echocardiography or the Doppler technique, the improvement in valve 
function is stable in most cases. Determining the incidence of resteno-
sis is compromised by the lack of a uniform definition. Restenosis after 
PMC has been defined as a loss of more than 50% of the initial gain, 
with a valve area less than 1.5 cm2. After successful PMC, the incidence 
of restenosis is usually between 2% and 40% at 3 to 10 years.15-19,21-27 
Age, mitral valve area after PMC, and anatomy are predictors of 
restenosis.

Repeat valvuloplasty in cases of recurrent mitral stenosis can be 
performed with this nonsurgical procedure. Repeat valvuloplasty may 
be indicated if recurrent stenosis leads to symptoms, if it occurs several 
years after an initially successful procedure, and if the predominant 
mechanism of restenosis is commissural refusion. Using these criteria, 
repeat valvuloplasty may be performed in up to one-fourth of cases of 

(within 24 hours) is seldom needed for complications resulting from 
PMC. It may be required, however, for massive hemopericardium 
resulting from left ventricular perforation unresponsive to pericardio-
centesis or, less frequently, for severe mitral regurgitation leading to 
hemodynamic collapse or refractory pulmonary edema.

Overall, the incidence of failures and serious complications such as 
tamponade is related to the surgical team’s experience. When per-
formed by experienced teams on properly selected patients, PMC is a 
relatively low-risk procedure.

Predictors of Immediate Results
The definition of good immediate results varies from series to series. 
The two definitions are frequently employed: a final valve area larger 
than 1.5 cm2 and an increase of at least 25% in the valve area or a final 
valve area larger than 1.5 cm2 without mitral regurgitation greater than 
a grade 1 of 4. Prediction of immediate results is based on morphologic 
factors; preoperative variables such as age, history of surgical commis-
surotomy, functional class, small mitral valve area, presence of mitral 
regurgitation before valvuloplasty, sinus rhythm, pulmonary artery 
pressure, and presence of severe tricuspid regurgitation; and proce-
dural factors such as balloon size.5,15-18

Identification of the variables linked to outcome has enabled models 
to be developed with a high sensitivity of prediction.19 Nevertheless, 
the specificity is low, indicating insufficient prediction of poor immedi-
ate results. This low specificity is particularly true in regard to the lack 
of accurate prediction of severe mitral regurgitation.

Long-Term Results
Follow-up data representing long-term results over the past 20 years 
have been analyzed.9,15-19 In clinical terms, which are the most widely 
used, the overall long-term results of valvuloplasty are good. In our 
series (Fig. 51-6), which included 1024 patients, the 20-year survival 
rate was 73% ± 2%; the survival rate without any reintervention was 
34% ± 2%.15 When analyzing survival without surgery only, this figure 

FIGURE 51-6	 Good	long-term	functional	results	after	percutaneous	mitral	commissurotomy	according	to	immediate	(imm.)	results.	Good	functional	
results	are	defined	as	survival	considering	cardiovascular-related	deaths	without	mitral	surgery	or	repeat	percutaneous	mitral	commissurotomy	and	
in	cases	of	New	York	Heart	Association	functional	class	I	or	II	disease.	Kaplan-Meier	rates	are	presented	with	their	standard	errors.	(Modified	from	
Bouleti	C,	Iung	B,	Laouénan	C,	et	al:	Late	results	of	percutaneous	mitral	commissurotomy	up	to	20	years:	development	and	validation	of	a	risk	
score	predicting	late	functional	results	from	a	series	of	912	patients.	Circulation	125:2119-2127,	2012.)
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TABLE 51-1 Multivariable Analysis and Scoring for Predicting Long-Term Results of Percutaneous Mitral Commissurotomy
Factor Adjusted Hazard Ratio (95% CI) P Points (Total Score of 13)*

Age	and	final	mitral	valve	area
	 <50	yr	and	MVA	≥2.00	cm2 1 0
	 <50	yr	and	MVA	1.50-2.00	cm2	or	50-70	yr	and	MVA	>	1.75	cm2 2.1	(1.6-2.9) <.0001 2
	 50-70	yr	and	MVA	1.50-1.75	cm2	or≥70	yr	and	MVA	≥1.50	cm2 5.1	(3.5-7.5) <.0001 5

Valve	anatomy	and	sex
	 No	valve	calcification 1 0
	 Valve	calcification—Female 1.2	(0.9-1.6) .18 0
	 Valve	calcification—Male 2.3	(1.6-3.2) <.0001 3

Rhythm	and	NYHA	class
	 Sinus	rhythm	or	atrial	fibrillation	and	NYHA	class	I-II 1 0
	 Atrial	fibrillation	and	NYHA	class	III-IV 1.8	(1.4-2.3) <.0001 2

Final	mean	mitral	gradient
	 ≤3	mm	Hg 1 0
	 3-6	mm	Hg 1.1	(1.0-1.8) .05 1
	 ≥6	mm	Hg 2.5	(1.8-3.5) <.0001 3

Modified	from	Bouleti	C,	Iung	B,	Laouénan	C,	et	al.	Late	results	of	percutaneous	mitral	commissurotomy	up	to	20	years:	development	and	validation	of	a	risk	score	predicting	late	functional	
results	from	a	series	of	912	patients.	Circulation	125:2119-2127,	2012.
CI,	Confidence	interval;	MVA,	mitral	valve	area;	NYHA,	New	York	Heart	Association.
*At	20	years,	predicted	rates	of	good	late	results	were	55.1%	for	patients	with	scores	of	0	to	2,	29.1%	for	those	with	scores	of	3	to	5,	and	10.5%	for	those	with	scores	of	6	to	13.	The	
overall	C	index	(i.e.,	natural	extension	of	the	receiver-operating	characteristic	area	to	survival	analysis	and	its	95%	confidence	interval)	was	0.71	(95%	CI,	0.58	to	0.80).

late reintervention, allowing surgery to be postponed for a substantial 
number of patients.

Current experience shows positive immediate and midterm out-
comes for patients with favorable characteristics.26-29 In a series com-
prising 85 repeat valvuloplasties, the rate of cardiovascular survival 
without surgery was 60% ± 6% at 10 years, whereas after 10 years, the 
survival rate without reintervention was 50%.27 Although the results 
are less favorable for patients with worse characteristics, repeat valvu-
loplasty has a palliative role for patients who are at high risk for surgery.

If the immediate results are unsatisfactory, midterm functional 
results are usually poor. The prognosis for patients with severe mitral 
regurgitation after surgical commissurotomy or PMC is usually poor, 
with a lack of symptom alleviation and secondary objective deteriora-
tion. Surgical treatment is usually necessary in the following months.15 
In cases of an insufficient initial opening, delayed surgery is usually 
performed when extracardiac conditions allow it. Valve replacement is 
necessary in almost all cases because of the unfavorable valve anatomy 
that was responsible for the poor initial results.

Follow-up studies have shown that the overall degree of mitral 
regurgitation remains stable or slightly decreases during follow-up. 
ASDs are likely to close later in most cases because of a reduced inter-
atrial pressure gradient. The persistence of shunts is related to their 
magnitude or to unsatisfactory relief of the valve obstruction. These 
defects seldom require individual treatment. The low incidence of 
embolism during follow-up, the progressive decrease in intensity or 
disappearance of spontaneous echocardiographic contrast, and the 
improved left atrial function after PMC suggest a beneficial effect of 
the procedure on left atrial blood stasis, and a lower risk of thrombo-
embolism may be expected.30

There is no direct evidence that PMC reduces the incidence of AF, 
even though it has a favorable influence on the predictors of AF (e.g., 
atrial size, degree of obstruction).31 It is recommended that electric 
countershock cardioversion be performed early after successful PMC 
if the AF is of recent onset and in the absence of severe enlargement 
of the left atrium.

Several studies have compared surgical commissurotomy with 
PMC, mostly in patients with favorable characteristics.32 They have 
shown that valvuloplasty is at least comparable with surgical commis-
surotomy with regard to short-term and midterm follow-up up to  
7 years. There is no randomized comparison of percutaneous com-
missurotomy and surgical commissurotomy in patients with less favor-
able anatomy, and the results of observational series are somewhat 
contradictory.29,33,34

SELECTION OF PATIENTS
The application of PMC depends on four major factors: the patient’s 
clinical condition, the valve anatomy, the experience of the medical and 
surgical teams of the institution concerned, and the financial aspect.

Patient Evaluation
Evaluation of the patient must take into account the degree of func-
tional disability, contraindications to transseptal catheterization, and 
the risks involved in surgery as a function of the underlying cardiac and 
noncardiac status. Because of the small but definite risk inherent in the 
technique, the indications for intervention are limited to truly asymp-
tomatic patients with severe mitral stenosis (i.e., patients with normal 
physical working capacity on exercise testing), except in cases of urgent 
need for extracardiac surgery to allow continuation of pregnancy in 
young women or in patients with an increased risk of embolism, such 
as those with a previous history of embolism, heavy spontaneous con-
trast in the left atrium, or recurrent atrial arrhythmias.

PMC can be proposed for patients who are declared to be asymp-
tomatic but who have pulmonary hypertension at rest (i.e., systolic 
pulmonary pressure >50 mm Hg) or on exercise (>60 mm Hg), the 
thresholds of which should be refined by the experience gained in 
exercise echocardiography.35-37 The American College of Cardiology/
American Heart Association (ACC/AHA) guidelines suggest that PMC 
is reasonable in cases with very severe mitral stenosis (valve area 
>1 cm2).36 Under these conditions, PMC should be performed only by 
experienced interventionalists when the anatomy is suitable to achieve 
a safe, effective procedure. Contraindications to transseptal catheteriza-
tion include suspected left atrial thrombosis (Video 51-5) severe hem-
orrhagic disorder, and severe cardiothoracic deformity (Table 51-2).

Valvuloplasty is the only solution when surgery is contraindicated. 
It is also preferable to surgery, at least as the first attempt, in patients 
for whom cardiac surgery poses a high risk, as in the following 
situations.

In cases of severe pulmonary hypertension,38 even if the valve 
opening is suboptimal, valvuloplasty may produce a decrease in  
pulmonary pressures and therefore reduce the operative risk for 
patients with many comorbidities. However, the procedure must be 
avoided when life expectancy is severely reduced due to extracardiac 
factors.

For critically ill patients, valvuloplasty may be the sole treatment 
available when there is an absolute contraindication to surgery, or it 
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the risk of embolism.42 If the patient is clinically stable, as in the case 
of most patients with mitral stenosis, anticoagulant therapy can be 
given for 2 to 6 months. If a new transesophageal examination then 
shows that the thrombus has disappeared, PMC can be attempted.43

Another contraindication is moderate mitral regurgitation. PMC 
can, however, be carried out in selected patients with mitral regurgita-
tion of grade 2 or more if the risks related to surgery are high, such as 
in pregnant patients. In cases of combined mitral stenosis and severe 
aortic disease, surgery is indicated in the absence of contraindications. 
However, the coexistence of moderate aortic valve disease and severe 
mitral stenosis is another situation for which PMC is preferable so  
that the inevitable later surgical treatment of both valves can be 
postponed.

Combined severe tricuspid stenosis and tricuspid regurgitation 
with clinical signs of heart failure is an indication for surgery on both 
valves. Conversely, the existence of tricuspid regurgitation alone is not 
a contraindication to the procedure, even though it is a negative prog-
nostic factor, especially when it is associated with severe enlargement 
of the right atrium and AF.44

The definition of a threshold of valve area above which PMC should 
not be performed is somewhat arbitrary. Besides measuring the valve 
area and the mean gradient, the stature of the patient, his or her func-
tional disability, and pulmonary pressures at rest and on exercise 
should also be taken into account. Overall, for most patients with a 
mitral valve area greater than 1.5 cm2, the risks probably outweigh the 
benefits, indicating medical treatment only. However, PMC may be 
considered in selected patients with symptoms and no other cause, 
even more so if exercise testing is positive.36

Echocardiographic assessment allows the classification of patients 
into anatomic groups with a view to predicting the results. Most inves-
tigators use the Wilkins score5 (Table 51-3). Others use a general 
assessment of valve anatomy (Table 51-4) based on the potential surgi-
cal alternatives.15 A score has been developed that takes into account 
novel parameters such as the maximal excursion of the leaflets from 
the annulus in diastole and the ratio between the commissural areas, 
which is an approach used to evaluate the commissural area.19

may be used as a bridge to surgery in other cases.39 In this context, 
dramatic improvement has been observed in young patients, but the 
outcome is very dire for older patients with end-stage disease, who 
would probably be better treated conservatively.

For older patients, valvuloplasty results in a moderate but significant 
improvement in valve function at an acceptable risk, although subse-
quent functional deterioration is common.25 When surgery is high risk 
or contraindicated but life expectancy is still acceptable, PMC, even if 
only palliative, is a useful option. In patients who still have favorable 
anatomy, PMC can be attempted first, and surgery resorted to if the 
results are unsatisfactory. In other patients, surgery is preferable as the 
first option.

During pregnancy, surgery carries a substantial risk of fetal mortal-
ity and morbidity, especially if extracorporeal circulation is required.40 
From a technical point of view, during the last weeks of pregnancy 
(which is the time of PMC in most cases), the procedure may be chal-
lenging and should be performed only by experienced operators. The 
procedure is effective and allows for normal delivery in most cases. 
PMC is safe for the fetus, provided that protection is provided against 
radiation exposure by a shield that completely surrounds the patient’s 
abdomen and the procedure is performed after the 20th week. PMC 
also carries the potential risk of related hypotension and the ever-
present risk of complications that require urgent surgery. These data 
suggest that PMC can be a useful technique in the treatment of preg-
nant patients with mitral stenosis and refractory heart failure despite 
medical treatment.

For patients with a previous surgical commissurotomy, reoperation 
is associated with a higher risk of morbidity and mortality and requires 
valve replacement in most cases. PMC is feasible in this setting, 
although the procedure may be technically difficult in the case of 
funnel-shaped stenosis. PMC significantly improves valve function. 
The risks appear to be low, on a par with those of initial procedures.26,41 
One series showed good long-term results, and after a good initial 
result, one patient in three remains free of surgery, and one in five has 
good functional results at 20 years.26 Encouraging preliminary data 
suggest that PMC may postpone reoperation in selected patients.

The indications for PMC in this subgroup of patients are similar to 
those for primary PMC, but echocardiographic examination must be 
conducted with great care to exclude patients in whom restenosis is 
mainly caused by valve rigidity without significant commissural refu-
sion. In patients who have undergone mitral ring annuloplasty for 
correction of mitral regurgitation, PMC can be proposed if there is 
commissural fusion. Otherwise, surgical or transcatheter valve implan-
tation (i.e., valve in a ring) can be performed after discussion with the 
heart team.

Assessment of Valve Anatomy
The assessment of anatomy has several aims when establishing indica-
tions and prognosis. Anatomic contraindications to the technique 
must be excluded (see Table 51-2). One contraindication is left atrial 
thrombosis, which must be excluded by systematic performance of 
TEE a few days before the procedure. This recommendation is self-
evident if the thrombus is free floating or is situated in the left atrial 
cavity; it also applies when the thrombus is located on the IAS. If the 
thrombus is located in the left atrial appendage, it has not been shown 
satisfactorily that the Inoue technique under TEE guidance precludes 

TABLE 51-2 Contraindications to Mitral Valvuloplasty
Left	atrial	thrombosis
Mitral	regurgitation	greater	than	grade	1	of	4
Massive	or	bicommissural	calcification
Severe	aortic	valve	disease	or	severe	tricuspid	stenosis	plus	regurgitation	

associated	with	mitral	stenosis
Severe	concomitant	coronary	artery	disease	requiring	bypass	surgery

TABLE 51-3 Massachusetts General Hospital Classification of 
Mitral Valve Anatomy

Leaflet Mobility (1 to 4)*

1.	 Highly	mobile	valve	with	restriction	of	only	the	leaflet	tips
2.	 Midportion	and	base	of	leaflets	have	reduced	mobility
3.	 Valve	leaflets	move	forward	during	diastole,	mainly	at	the	base
4.	 No	or	minimal	forward	movement	of	the	leaflets	during	diastole

Valvular Thickening (1 to 4)

1.	 Leaflets	near	normal	(4-5	mm)
2.	 Midleaflet	thickening,	marked	thickening	of	the	margins
3.	 Thickening	extends	through	the	entire	leaflets	(5-8	mm)
4.	 Marked	thickening	of	all	leaflet	tissue	(>8-10	mm)

Subvalvular Thickening (1 to 4)

1.	 Minimal	thickening	of	chordal	structures	just	below	the	valve
2.	 Thickening	of	chordae	extending	up	to	one	third	of	chordal	length
3.	 Thickening	extending	to	the	distal	third	of	the	chordae
4.	 Extensive	thickening	and	shortening	of	all	chordae	extending	down	to	

the	papillary	muscle

Valvular Calcification (1 to 4)

1.	 Single	area	of	increased	echocardiographic	brightness
2.	 Scattered	areas	of	brightness	confined	to	leaflet	margins
3.	 Brightness	extending	into	the	midportion	of	leaflets
4.	 Extensive	brightness	through	most	of	the	leaflet	tissue

Modified	from	Abascal	V,	Wilkins	GT,	O’Shea	JP,	et	al:	Prediction	of	successful	outcome	in	
130	patients	undergoing	percutaneous	balloon	mitral	valvotomy.	Circulation	82:448-456,	
1990.
*The	total	score	is	calculated	by	adding	each	of	its	components.	A	total	score	of	less	than	
8	is	considered	favorable	anatomy	for	percutaneous	mitral	commissurotomy.
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EXPERIENCE OF THE MEDICAL AND SURGICAL TEAMS
The incidence of technical failures and complications and the quality 
of results are related to the operator’s experience.3 PMC should be 
restricted to teams that have extensive experience with transseptal 
catheterization and are able to perform an adequate number of proce-
dures. The interventionalists who perform PMC must also be able to 
perform emergency pericardiocentesis.

Because of the low prevalence of mitral stenosis in developed coun-
tries, ongoing experience is difficult to obtain.45 It seems appropriate 
to concentrate the performance of the procedure in experienced 
centers so that the management of the interventional procedure is 
made more effective by improving the selection of patients through 
clinical evaluation and echocardiographic assessment and by decreas-
ing risks.

INDICATIONS FOR PERCUTANEOUS  
MITRAL COMMISSUROTOMY

Selection of a candidate for PMC must be based on clinical and ana-
tomic variables. Anatomy is a simple, practical way to select patients 
for PMC, even though it should not be the sole criterion (Figs. 51-7 
and 51-8).

TABLE 51-4 Grading of Mitral Valve Anatomy by the Bichat 
Hospital, Paris, Classification

Echocardiographic 
Grade Mitral Valve Anatomy Implications

1 Pliable,	noncalcified	
anterior	mitral	leaflet	
and	mild	subvalvular	
disease	(i.e.,	thin	
chordae	≥10	mm	long)

Ideal	anatomy	for	
percutaneous	mitral	
commissurotomy

2 Pliable,	noncalcified	
anterior	mitral	leaflet	
and	severe	subvalvular	
disease	(i.e.,	thickened	
chordae	<10	mm	long)

Intermediate	anatomy	
that	may	be	treated	
by	commissurotomy	
or	valve	replacement

3 Calcification	of	mitral	
valve	of	any	extent		
as	assessed	by	
fluoroscopy,	whatever	
the	state	of	subvalvular	
apparatus

Unfavorable	anatomy	
for	which	the	only	
option	is	valve	
replacement

Adapted	 from	Iung	B,	Cormier	B,	Ducimetiere	P,	et	al:	 Immediate	 results	of	percutaneous	
mitral	commissurotomy.	Circulation	94:2124-2130,	1996.

FIGURE 51-7	 Management	of	severe	mitral	stenosis.	Surgical	commissurotomy	may	be	considered	by	experienced	surgical	teams	for	patients	with	
contraindications	to	percutaneous	mitral	commissurotomy.	CI,	Contraindication;	MS,	mitral	stenosis;	PMC,	percutaneous	mitral	commissurotomy.	
(Modified	from	Vahanian	A,	Alfieri	O,	Andreotti	F,	et	al:	Guidelines	on	the	management	of	valvular	heart	disease	(version	2012):	 the	Joint	Task	
Force	on	the	Management	of	Valvular	Heart	Disease	of	the	European	Society	of	Cardiology	(ESC)	and	the	European	Association	for	Cardio-Thoracic	
Surgery	(EACTS).	Eur	Heart	J	33:2451-2496,	2012.)
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group includes patients in good clinical condition and others who  
are not surgical candidates because of comorbidities. In this group  
of patients, we favor an individualistic approach that allows for the 
multifactorial nature of prediction. It is not possible to exclude the 
possibility of positive results for patients with unfavorable anatomy; 
consequently, we propose wider indications for valvuloplasty as the 
initial treatment of selected patients.

Current opinion is that surgery can be considered the treatment of 
choice for patients with bicommissural or heavy calcification. Con-
versely, data suggest that balloon valvuloplasty can be attempted as a 
first approach in patients with somewhat unfavorable anatomy, the 
more so because their clinical status argues in favor of it. The following 
cases fall into this category:
• Extensive lesions of the subvalvular apparatus
• Mild or moderate calcification, for which the 15-year event-free 

survival rates are 35% ± 4% and 24% ± 6%, respectively49

• Unicommissural calcification, for which successful PMC can be 
achieved in 73% of patients48

In these cases, surgery should be considered reasonably early if the 
results are unsatisfactory or there is secondary deterioration.

FUTURE PROSPECTS
The positive results that have been obtained with PMC during the past 
20 years support the important place of this technique in the treatment 
of mitral stenosis. It has virtually replaced surgical commissurotomy. 
PMC is a proof of concept in the field of percutaneous structural 
intervention. The success was anticipated because it reproduces an 

The indication for PMC is clear when surgery is contraindicated 
and in ideal candidates such as young adults with good anatomy  
(e.g., pliable valves) and only moderate subvalvular disease (echocar-
diography score <8) (see Table 51-3).46 In Europe, PMC has virtually 
replaced surgical commissurotomy.47 PMC is the procedure of choice 
for patients with favorable anatomy, provided that it is affordable. If 
restenosis occurs, patients treated with valvuloplasty can undergo 
repeat balloon catheterization or surgery without the difficulties and 
inherent risks resulting from pericardial adhesions and chest wall 
scarring.

Much remains to be done to refine the indications for other patients, 
especially those with unfavorable anatomy, who are more common in 
Western countries. For this group, some advocate immediate surgery 
because of the less satisfying results of valvuloplasty, whereas others 
prefer valvuloplasty as an initial treatment for selected candidates, 
reserving surgery for cases of failure or late deterioration.48 Unfortu-
nately, data on these patients from randomized studies are not avail-
able, and a comparison of the results of balloon commissurotomy with 
those of surgical series is difficult because of differences in the patients 
involved and because the surgical alternative is valve replacement in 
most cases (because open commissurotomy is seldom performed).

Valve replacement has its drawbacks, including operative mortality, 
particularly for older adults; and prosthesis-related complications, 
which have a cumulative incidence that compromises the late outcome, 
particularly for young patients who are most susceptible to the risk of 
long-term deterioration. The indications in this subgroup must take 
into account its heterogeneity with respect to anatomy, especially the 
extent and location of calcification. Clinical status is vital because this 

FIGURE 51-8	 Indications	for	intervention	for	rheumatic	mitral	stenosis	according	to	the	ACC/AHA	guidelines	for	the	management	of	valvular	heart	
disease.	AF,	Atrial	fibrillation;	LA,	left	atrial;	MR,	mitral	regurgitation;	MS,	mitral	stenosis;	MVA,	mitral	valve	area;	MVR,	mitral	valve	surgery	(repair	
or	 replacement);	NYHA,	New	York	Heart	Association;	PCWP,	pulmonary	capillary	wedge	pressure;	PMBC,	percutaneous	mitral	balloon	commis-
surotomy;	T 1

2,	pressure	half-time.	

Rheumatic MS

Severe MS
MVA ≤1.5 cm2

T ½ ≥150 ms

Progressive MS
MVA >1.5 cm2

T ½ <150 ms

Class IIb
Very severe MS

MVA ≤1 cm2

T ½ ≥220 ms

Asymptomatic
(stage C)

Favorable valve
morphology
No LA clot

No or mild MR

Favorable valve
morphology
No LA clot

No or mild MR

NYHA class III-IV
symptoms with

high surgical risk

Asymptomatic
(stage C)

New onset AF

Symptomatic
(stage D)

Symptomatic with no
other cause

PCWP >25 mm Hg
with exercise

Periodic
monitoring

YesYes

Yes
Yes

No

No

No

Yes YesNo No

No

PMBC
(IIa)

Favorable valve
morphology
No LA clot

No or mild MR

Periodic
monitoring

Periodic
monitoring

PMBC
(IIb)

PMBC
(IIb)

PMBC
(I)

MVR
(I)

Class IIa

Class I
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Evaluation and treatment can be improved through better imaging, 
especially three-dimensional echocardiography. Further improvement 
may be achieved by combining PMC with other interventional pro-
cedures such as closure of the left atrial appendage, ablation of the 
pulmonary veins, and in the distant future, percutaneous mitral  
valve implantation in cases of contraindication and failure or deterio-
ration after PMC. When treating mitral stenosis, we think that PMC 
and valve replacement must be considered complementary, not oppos-
ing, techniques. Each is applicable at the appropriate stage of the 
disease.

effective surgical procedure, and it is less invasive and carries a lower 
risk than surgery when performed in experienced centers.

Large-scale use of the technique could be beneficial in developing 
countries, where mitral stenosis occurs frequently in patients with 
anatomy favorable for PMC. However, application depends on the 
solution of logistic and economic problems. In developed countries, 
the problems are different because most candidates are older and have 
somewhat less favorable anatomy. Careful evaluation of results in this 
population is still needed to clearly define the indications for PMC and 
valve replacement.
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Chronic mitral regurgitation (MR) poses a significant public health 
burden, with more than 3 million people in the United States alone 

suffering from moderate or severe MR.1 Left untreated, chronic MR 
results in heart failure symptoms, left ventricular (LV) cavity dilatation 
and systolic dysfunction, enlargement of the left atrium (LA), atrial 
fibrillation, and pulmonary hypertension. Medical therapy may provide 
some relief from symptoms and is necessary to treat ischemic heart 
disease and heart failure in patients with MR and these underlying 
disease states. However, there has been no proven benefit of these 
treatments with regard to MR itself.2 Therefore surgical correction with 
mitral valve repair (MVRe) or replacement remains the mainstay of 
therapy for chronic MR. However, because of the invasive nature of 
open heart surgery and the frequent presence of comorbidities in this 
group, up to 50% of patients with severe MR may not be offered 
surgery.3 This is especially true for older patients and those with 
impaired LV function.4 Further, the role of surgery in patients with 
functional MR (FMR) remains unproven.

As a result, percutaneous technology is poised to significantly alter 
the treatment paradigm for chronic MR. Percutaneous MVRe offers 
the potential benefits of decreased morbidity, improved recovery time, 
and shorter hospital stay compared with open heart surgery. Current 
percutaneous options are loosely based on surgical repair techniques, 
with four primary methods to accomplish a reduction in MR: (1) edge-
to-edge (E2E) leaflet repair, (2) indirect coronary sinus annuloplasty, 
(3) direct annuloplasty, and (4) septal-lateral annular cinching. Percu-
taneous MV replacement is also being developed, although it is in its 
infancy. Overall, the field is very exciting, with promising initial studies 
highlighting the need for a better understanding of patient selection 
for appropriate management of MR.

MITRAL VALVE DISEASE

Mitral Valve Anatomy
The mitral valve (MV) complex is composed of the mitral annulus, 
anterior and posterior leaflets, chordae tendineae, and papillary 
muscles.5 The mitral annulus is the elliptical area of attachment of the 
MV to the base of the LA (Fig. 52-1). The posterior leaflet has three 
lobes or “scallops”: the lateral (P1), central (P2), and medial scallops 
(P3). The anterior leaflet scallops are named A1, A2, and A3, respec-
tively, corresponding to the posterior scallops. The anatomic position 
of the valve is such that the two leaflets meet at the anterolateral and 
posteromedial commissures. Chordae connect the leaflets to both the 
anterolateral and the posteromedial papillary muscles. The primary 
chordae connect to the free edge of the leaflet; the secondary chordae 
(“strut” chords) are thicker and connect to the rough zone of the leaflet; 
and the tertiary chordae are short and connect the basal zone of the 
leaflet to the ventricular free wall.

Etiology and Mechanism of Mitral Regurgitation
Anatomic or functional abnormalities of any of the structures in the 
MV apparatus may lead to MR.6,7 The disease process leading to MR 
may be primary MV disease, secondary regurgitation resulting from 
another cardiac disease, or MV involvement in a systemic inflamma-
tory disease (Table 52-1). Various terminologies are used to character-
ize the mechanisms of MR. The morphologic description, proposed by 
Carpentier, classifies the mechanism of regurgitation according to 
leaflet pathophysiology (Fig. 52-2).8 Type I regurgitation occurs in the 
presence of normal leaflet motion and is usually caused by annular 
dilatation or leaflet perforation. Type II is caused by leaflet prolapse, 
which is commonly the result of degenerative (myxomatous) disease, 
chordal elongation or rupture, or papillary muscle elongation or 
rupture. Type III is caused by restricted leaflet motion, which may arise 
from posterior wall motion abnormality or papillary muscle dysfunc-
tion due to ischemic cardiac disease. The restricted leaflet motion may 
also be caused by commissural fusion, leaflet or chordal thickening 
from rheumatic heart disease, or both.

This simplification has usefulness in terms of both the surgical 
approach and the percutaneous approach, because the goal of ther-
apy is to restore normal leaflet function but not necessarily normal 
valve anatomy. Another common method of categorizing MR is 
based on the etiology and mechanism of the MR. This classification 
is commonly used in the literature to study the clinical outcomes  
of patients (Table 52-2). In this classification scheme, MR is loosely 
categorized on the basis of an abnormal or normal MV as degenera-
tive or rheumatic disease (primary MR) and functional or ischemic 
disease (secondary MR), respectively. However, the terms functional 
MR, ischemic MR, and secondary MR are often used interchangeably 
and may represent many different mechanisms and morphologic 
variants.

Degenerative disease includes Barlow disease (myxomatous degen-
eration) and fibroelastic deficiency, both of which can result in MV 
leaflet prolapse and degenerative MR (DMR). Fibroelastic deficiency is 
the most common etiology (approximately 70%) among patients 
undergoing surgical MVRe in the United States. MR in rheumatic 
disease is a result of leaflet deformity caused by severe calcification and 
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K E Y  P O I N T S

•	 Mitral	regurgitation	(MR)	is	a	significant	problem,	and	the	number	
of	patients	with	MR	is	growing	together	with	an	increase	in	the	
number	of	patients	with	congestive	heart	failure.

•	 Various	percutaneous	approaches	to	mitral	valve	repair	are	under	
preclinical	and	clinical	investigation	and	show	promise.	These	
approaches	are	predominantly	based	on	established	surgical	
strategies	and	include	edge-to-edge	repair,	direct	and	indirect	
annuloplasty	methods,	and	chamber	remodeling	strategies.

•	 Different	percutaneous	techniques	provide	specific	advantages,	
depending	on	the	anatomic	and	functional	characteristics	of	MR.	
Selection	of	the	appropriate	technique	or	techniques	for	each	
patient	will	ultimately	determine	the	success	of	these	emerging	
technologies.

•	 Integration	of	established	imaging	modalities	both	in	and	out	of	
the	catheterization	laboratory	is	critical	for	the	safety	and	efficacy	
of	percutaneous	repair	technologies.	The	development	of	emerging	
imaging	modalities	will	likely	play	a	role	in	the	future	of	
percutaneous	technologies.

•	 Evaluation	of	new	percutaneous	devices	poses	a	significant	
challenge	because	these	devices	have	to	be	compared	with	
surgical	or	medical	options	depending	on	the	surgical	indication.	It	
is	likely	that	percutaneous	techniques	will	play	a	complementary	
role	to	surgery	or	medical	therapy.
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apical leaflet doming. Although this is a common cause of MR world-
wide, it is less frequently encountered in the United States.

FMR occurs in the setting of LV dysfunction and is seen in patients 
with coronary artery disease (ischemic MR) or with dilatated cardiomy-
opathy from other causes. Ischemic MR results from decreased closing 
force and increased tethering force on the leaflets.9 Various factors can 
lessen the closing force, including diminished left ventricular ejection 
fraction (LVEF), LV dyssynchrony, and decreased annular contraction; 
similarly, many factors can increase the tethering force, including papil-
lary muscle displacement, LV remodeling, and annular dilatation.10-13 It 
is becoming increasingly clear that significant interaction among ven-
tricular, valvular, and annular factors is involved in the generation, 
perpetuation, and progression of so-called functional MR (Fig. 52-3).

FIGURE 52-1	 Mitral	valve	anatomy.	A,	Left	ventriculogram	in	the	left	anterior	oblique	projection	shows	the	mitral	valve	in	short	axis,	with	labeled	
leaflet	segments.	B,	A	schematic	diagram	of	the	mitral	valve	in	short	axis.	C,	A	transthoracic	echocardiographic	image	of	the	mitral	valve	in	the	
parasternal	short-axis	projection.	A1,	A2,	and	A3,	Lateral,	central,	and	medial	scallops	of	the	anterior	leaflet;	P1,	P2,	and	P3,	lateral	central,	and	
medial	scallops	of	the	posterior	leaflet.	
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TABLE 52-1 Causes of Chronic Mitral Regurgitation
Primary	mitral	valve	disorder
Degenerative	valve	disease
Myxomatous	degeneration
Fibroelastic	deficiency
Rheumatic	valve	disease
Infective	endocarditis
Chordal	rupture
Idiopathic	causes
Traumatic	causes
Congenital	lesions
Cleft	anterior	mitral	leaflet	or	fenestration
Parachute	mitral	valve	abnormality
Prosthetic	valve	disorder
Paravalvular	regurgitation
Prosthetic	valve	degeneration
Prosthetic	valve	endocarditis
Secondary	mitral	valve	disorder	(cardiac	cause)
Ischemic	mitral	regurgitation	(coronary	artery	disease)
Papillary	muscle	dysfunction	or	rupture
Mitral	valve	annular	dilatation
Global	or	regional	ventricular	dysfunction
Left	ventricular	dilatation
Dilatated	(nonischemic)	cardiomyopathy
Hypertrophic	cardiomyopathy
Systemic	or	inflammatory	disease
Systemic	lupus	erythematosus
Amyloidosis
Connective	tissue	disorder
Rheumatoid	arthritis

FIGURE 52-2	 Carpentier	classification	of	mitral	regurgitation	according	
to	function	leaflet	mobility.	Type	I	exhibits	normal	leaflet	mobility,	as	with	
endocarditis.	Type	II	exhibits	excessive	leaflet	mobility,	as	in	degenerative	
disease	or	mitral	valve	prolapse.	Type	IIIA	exhibits	restricted	leaflet	motion	
caused	by	chordal	and	leaflet	thickening	due	to	rheumatic	heart	disease.	
Type	 IIIB	 exhibits	 restricted	 leaflet	 motion	 caused	 by	 ventricular	 wall	
motion	abnormality	resulting	from	dilatated	or	ischemic	cardiomyopathy.	

Type I Type II Type IIIA Type IIIB

Normal Excessive Restricted

TABLE 52-2 Carpentier’s Morphologic Classification With 
Mechanisms of Mitral Regurgitation (MR)

Type I: Normal Leaflet Motion

Annular	dilatation
Dilatated	cardiomyopathy—“functional	MR”*
Leaflet	perforation
Annular	calcification

Type II: Leaflet Prolapsed

Chordal	rupture	or	flail	leaflet
Chordal	elongation—“degenerative	MR”
Papillary	muscle	elongation
Papillary	muscle	rupture

Type III: Restricted Leaflet Motion

IIIA:	Fibrosis	of	the	subvalvular	apparatus—“rheumatic	MR”
IIIB:	Regional	left	ventricular	remodeling	or	wall	motion	abnormality—

“ischemic	MR”

*The	term	“functional	MR”	is	sometimes	used	to	describe	both	ischemic	and	nonischemic	
MR	 because	 they	 share	 the	 characteristics	 of	 left	 ventricular	 geometric	 remodeling	 and	
annular	dilatation	with	normal	leaflet	morphology.
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Imaging: Echocardiography
Echocardiography is the dominant modality for imaging the MV and 
for the assessment of MR severity. Two-dimensional transthoracic 
echocardiography (TTE) is useful to evaluate the valvular anatomy, to 
determine the structure and function of the LV, and to assess the origin 
and degree of regurgitation. Therefore TTE provides an understanding 
of MR severity as well as an insight into the primary or secondary 
nature of the disease. Furthermore, the anatomic assessment of the MV 
and the LV also allows determination of whether surgical or percutane-
ous MVRe may be feasible or whether valve replacement will be neces-
sary. Longitudinal data collected by serial echocardiography may be 
used to determine the timing of intervention and to follow up the 
results. If transthoracic images are not adequate, transesophageal echo-
cardiography (TEE) provides an excellent assessment of MV anatomy 
and severity of regurgitation. This can be particularly useful to deter-
mine whether valve repair is feasible.

Evaluation of the severity of valvular regurgitation with echo-
cardiography relies heavily on Doppler methods, including color, 
pulsed-wave, and continuous-wave Doppler. The American Society of 
Echocardiography has determined the qualitative and quantitative 
echocardiographic parameters that are useful in grading MR (Table 
52-3).22 The assessment of severity should rely on the integration of 
both quantitative and qualitative measures obtained by Doppler tech-
niques.23 In addition, structural findings such as a flail leaflet or an 
enlarged LA can add useful information with regard to regurgitation 
severity.

Color Doppler provides a number of qualitative and quantitative 
means to determine MR severity. A proximal flow convergence on 
color Doppler is present in severe regurgitation. The proximal isoveloc-
ity surface area (PISA) of this flow convergence can be used to accu-
rately quantitate the effective regurgitant orifice area (EROA).24 The 
width of the regurgitant jet at or just downstream from the regurgitant 
orifice is known as the vena contracta and is slightly smaller than the 
anatomic regurgitant orifice.25 This distinction is particularly relevant 
in some patients with FMR, in which the regurgitant orifice has a slit-
like rather than an oval shape. The area of the MR jet occupying the 
LA can provide a rapid semiquantitative assessment of regurgitation 
severity. However, this is influenced by instrument factors (e.g., gain) 
and by jet orientation (e.g., a central jet may appear more severe than 
an equally large jet that adheres to the atrial wall). In addition, the color 
jet area is influenced by the driving pressure across the valve and can 

Natural History
The natural history of chronic MR depends on the degree of regurgita-
tion, the cause of the underlying disorder, and the degree of LV 
dysfunction.14-16 Available data on the natural history of the disease are 
limited by small sample size, selection bias, inconsistent measures of 
MR severity, and the inclusion of disparate etiologies of regurgitation. 
However, it appears that many patients with chronic MR remain 
asymptomatic for many years.17 Among patients with mild MR, there 
is an inconsistent rate of progression to severe MR that appears to  
be independent of medical treatment.18 When chronic severe MR 
is present, approximately 5% to 10% of patients per year develop  
significant symptoms, clinical indication for surgery, death, or all of 
these.17,19

Whether there is a small risk of sudden cardiac death in patients 
with severe asymptomatic MR remains controversial, and the data are 
not compelling enough to subject patients to intervention for this 
reason alone in the absence of other indications for MVRe.19 The 
importance of symptoms in regard to long-term prognosis is demon-
strated by the high mortality rate reported for patients with New York 
Heart Association (NYHA) class III or IV symptoms, even in degen-
erative MV disease (Fig. 52-4). LVEF is also an important independent 
predictor of outcome in patients with FMR.16

Patients with degenerative MV disease have a favorable long-term 
prognosis whether they are treated conservatively or, when indicated, 
surgically. However, patients with degenerative MV disease and coro-
nary disease are fundamentally different from those with degenerative 
disease alone; the former have a worse prognosis that is dominated by 
the contribution of coronary disease.15 Conversely, in the absence 
of degenerative disease, the presence and degree of MR after myo-
cardial infarction is an independent predictor of mortality, emphasiz-
ing the need for accurate quantification; further studies are needed  
to investigate whether treatment of MR in these patients modifies 
outcomes.20,21

FIGURE 52-3	 Left	panel,	Balance	of	 forces	acting	on	mitral	 leaflets	 in	
systole.	Ao,	Aorta;	LA,	left	atrium;	LV,	left	ventricle.	Right	panel,	Infarction	
causes	LV	cavity	dilatation	and	papillary	muscle	displacement,	which	
together	result	in	annular	dilatation,	leaflet	tethering,	and	restricted	leaflet	
motion.	Both	factors	contribute	to	functional	mitral	regurgitation	(MR).	
Dark	 shading	 indicates	 inferobasal	 myocardial	 infarction	 (MI);	 light	
shading	 indicates	 normal	 baseline.	 (Modified	 from	 Liel-Cohen	 N,		
Guerrero	 JL,	 Otsuji	 Y,	 et	al:	 Design	 of	 a	 new	 surgical	 approach	 for	
ventricular	remodeling	to	relieve	ischemic	mitral	regurgitation:	insights	
from	 three-dimensional	 echocardiography.	 Circulation	 101:2756-
2763,	2000.)
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FIGURE 52-4	 Long-term	survival	of	patients	with	flail	leaflet	according	
to	New	York	Heart	Association	functional	class.	Survival	is	significantly	
less	in	patients	with	class	III	or	IV	heart	failure.	(From	Ling	LH,	Enriquez-
Sarano	M,	Seward	JB,	et	al:	Clinical	outcome	of	mitral	regurgitation	due	
to	flail	leaflet.	N	Engl	Med	335:1417-1423,	1996.)
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regurgitant volumes calculated with the use of cardiac MRI are more 
accurate and more operator or reader independent compared with 
those derived from TTE. However, limited experience with this modal-
ity currently limits its usefulness for research purposes.

3-D Echocardiography is a developing imaging modality that pro-
vides a more in-depth understanding of the anatomy of the MV appa-
ratus and the changes of MR. Because the position of the MV apparatus 
in the LV can be disrupted in all directions, 3-D echocardiography is 
more likely to define the exact mechanism of MR in ischemic disease 
and to detect multiple jets of MR that may affect the treatment 
approach.33 Furthermore, with recent advances, the ability to acquire 
real-time 3-D images allows use of the procedure to gauge safety and 
efficacy during both percutaneous and traditional surgical repairs.

SURGICAL MITRAL VALVE REPAIR
The American College of Cardiology and American Heart Association 
(ACC/AHA) guidelines provide a framework for patient selection and 
timing of MV surgery.34 Any patient with acute severe MR should 
undergo valve surgery. Valve surgery is also recommended for patients 
with chronic severe MR in the presence of symptoms and for patients 
without symptoms in the presence of LV systolic dysfunction or LV 
cavity dilatation (end-systolic dimension >40 mm). Valve surgery 
results in the preservation of LV function and improved survival.35,36

The onset of atrial fibrillation or the development of significant 
pulmonary hypertension (pulmonary artery systolic pressure >50 mm 
Hg at rest or >60 mm Hg with exercise) in an asymptomatic patient 
with normal LV size and systolic function is a reasonable indication 
for surgery. Management of asymptomatic patients with severe MR 
and normal LV size and function remains controversial, but surgery is 
considered reasonable at centers where repair is likely (>95% chance) 
and has a low operative risk (<1%); this is provided a class IIa recom-
mendation in the most recent ACC/AHA Guidelines.34,37,38

MVRe is the preferred method for surgical management of MR to 
restore normal leaflet function and annular size.34 When compared 
with MV replacement, the major advantages of MVRe are improved 
survival, preservation of LV function, freedom from anticoagulation, 
and fewer complications.39,40 Despite the advantages of MVRe, this 
technique appears to be underutilized: fewer than 50% of the patients 
undergoing MV surgery currently receive a repair procedure, even 
though about 90% are suitable.41,42

be enhanced by elevated blood pressure. Color Doppler imaging is also 
important in the parasternal short-axis view to determine the origin 
of the MR jet because percutaneous approaches (especially the Mitra-
Clip) are more effective in centrally originating jets than in medial or 
lateral ones.

Regurgitant volume can be assessed with the use of continuous-
wave Doppler data. Regurgitant volume is calculated by applying the 
continuity equation (conservation of mass), in which left-sided regur-
gitation volume is calculated as the difference between Doppler-
derived flows across the aortic and mitral valves.26 The stroke volume 
equals the cross-sectional area of the valve annulus, multiplied by the 
velocity-time integral of flow across the annulus. The regurgitant 
volume at the MV is calculated as the difference between stroke 
volumes across the MV and the aortic valve. This can also be expressed 
as a regurgitant fraction.

Pulsed-wave Doppler is useful to assess the effect of regurgitation 
on the pulmonary venous flow. A pulmonary venous flow that is 
blunted or reversed in systole can indicate severe regurgitation.27,28 The 
contour and density of the regurgitant envelope on continuous-wave 
Doppler is also useful: A dense, early-peaking, or triangular envelope 
is most consistent with severe regurgitation. In addition, the mitral 
inflow pattern is typically E-wave dominant (>1.2 m/sec) in severe 
regurgitation, reflecting increased flow across the valve.

Alternative Imaging Modalities
Although historically, echocardiography has been the dominant 
imaging modality in the assessment of MR, cardiac computed tomog-
raphy (CT), cardiac magnetic resonance imaging (MRI), and three-
dimensional (3-D) echocardiography are beginning to play more 
important roles.23,29-31 Coronary sinus devices that indirectly alter 
annular geometry are under development, so the relationship of the 
coronary sinus to the mitral annulus is becoming increasingly impor-
tant (Fig. 52-5). In addition, the coronary sinus and left circumflex 
arteries are close to each other and overlap in more than 90% of 
patients, creating the potential for cinching devices to hinder coronary 
blood flow.32 Cardiac CT has the potential to provide significant ana-
tomic details in the screening of patients and procedural planning.

With cardiac MRI, it is possible to obtain significant structural 
information regarding the geometry of the LV, mitral annulus, and 
leaflets, as well as quantitative regurgitant volumes.31 It is likely that 

TABLE 52-3 Qualitative and Quantitative Parameters Useful in Grading Mitral Regurgitation Severity
Mild Moderate Severe

Structural Parameters

LA	size Normal Normal	or	dilatated Usually	dilatated

LV	size Normal Normal	or	dilatated Usually	dilatated

Mitral	leaflets	or	support	apparatus Normal	or	abnormal Normal	or	abnormal Abnormal/flail	leaflet/ruptured	papillary	muscle

Doppler Parameters

Color	flow	jet	area Small,	central	jet	(usually	<4	cm2	
or	<20%	of	LA	area

Variable Large	central	jet	(usually	>10	cm2	or	>40%	of	LA	area)	
or	variable	size	wall-impinging	jet	swirling	in	LA

Mitral	inflow—PW A	wave	dominant Variable E	wave	dominant

Jet	density—CW Incomplete	or	faint Dense Dense

Jet	contour—CW Parabolic Usually	parabolic Early	peaking—triangular

Pulmonary	vein	flow Systolic	dominance Systolic	blunting Systolic	flow	reversal

Quantitative Parameters

Vena	contracta	width	(cm) <0.3 0.3-0.69 ≥0.7

Regurgitant	volume	(mL/beat) <30 30-59 ≥60

Regurgitant	fraction	(%) <30 30-49 ≥50

EROA	(cm2) <0.20 0.20-0.39 ≥0.40

CW,	Continuous	wave;	EROA,	effective	regurgitant	orifice	area;	LA,	left	atrium;	LV,	left	ventricle;	PW,	pulse	wave.
Data	from	Zoghbi	WA,	Enriquez-Sarano	M,	Foster	E,	et	al:	Recommendations	for	evaluation	of	the	severity	of	native	valvular	regurgitation	with	two-dimensional	and	Doppler	echocardiography.	
J	Am	Soc	Echocardiogr	16(7):777,	2003.
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of posterior leaflet or bileaflet prolapse is the most common. Posterior 
leaflet prolapse occurs in most cases of degenerative MV disease and 
is the primary cause of regurgitation in approximately 50% of patients. 
Prolapse results from chordal elongation or rupture and affects the 
central P2 segment most frequently. This type of problem is most often 
corrected by posterior leaflet quadrangular resection and plication of 
the valve annulus,8 usually accompanied by the placement of a pros-
thetic annuloplasty ring except in cases of severe calcification of the 
annulus.

Anterior leaflet prolapse, although less common than posterior 
leaflet prolapse, is a more challenging problem and has been commonly 
treated with initial valve replacement. However, several methods have 
been developed to treat anterior leaflet prolapse with leaflet repair. The 
most common are chordal transfer, artificial chordae creation, and the 
Alfieri E2E repair. Chordal transfer is performed by resection of a 
segment of the posterior leaflet, which is then transferred and sewn to 
the prolapsing segment of the anterior leaflet. A quadrangular repair 
of the anterior leaflet completes this procedure. Another method of 
anterior leaflet repair involves the creation of artificial chordae from 
Gore-Tex sutures. These artificial chordae are attached to the prolaps-
ing leaflet and the papillary muscle by pledgeted sutures.

The long-term results for mortality, recurrent MR, and reoperation 
with MVRe in experienced centers are outstanding and are far superior 
than those for MV replacement, and the mortality rate is similar to 
that of the general population (86% to 93% survival at 5 years).45-48 The 
Cleveland Clinic has achieved excellent results, including a 0.3% oper-
ative mortality rate, and a 10-year freedom-from-reoperation rate of 
93% in a reported series of 1000 consecutive patients (Fig. 52-6).47

Isolated Leaflet Repair With Edge-to-Edge Technique
Dr. Ottavio Alfieri (Milan, Italy) pioneered a creative repair known as 
the double-orifice, or E2E, technique. This procedure was initially 
developed for anterior leaflet prolapse: the free edges of the anterior 
and the posterior leaflets are sewn together in an attempt to increase 
leaflet contact and coaptation and reduce regurgitation.49 This tech-
nique also works for repair of posterior leaflet and bileaflet prolapse.50 
The resulting double-orifice MV usually does not cause stenosis, even 
when combined with an annuloplasty ring.

The first report of this technique was published in 1998.49 A larger 
series, published in 2001, consisted of 260 patients who underwent  
E2E repair, 81% of whom had DMR, and 80% of whom also had an 

Surgical Approach
MV surgery can be performed via median sternotomy, a minimally 
invasive approach that uses partial upper sternotomy or small right 
thoracotomy, or it can be performed robotically through multiple 
“ports.” Median sternotomy is required if concomitant coronary artery 
bypass is undertaken. Cardioplegic arrest and cardiopulmonary bypass 
are necessary regardless of the type of chest wall incision, although 
typically less than 1 hour is required for a valve repair.8 Techniques of 
repair address the annulus (annuloplasty with or without a rigid or 
flexible ring, decalcification, débridement), the leaflets (triangular or 
quadrangular resection, sliding annuloplasty, patch enlargement, 
decalcification, E2E repair), the chordae (resection or elongation of 
chords), the myocardium itself (e.g., remodeling through the Dor pro-
cedure, plication of scar, pericardial cushions, transventricular slings), 
the papillary muscles (realignment), or some combination of all these.

Isolated Annuloplasty
Isolated mitral annuloplasty is usually reserved for patients with FMR. 
Available annuloplasty techniques include suture alone, suture with 
buttressing material, and prosthetic annuloplasty devices. The choice 
of annuloplasty technique is surgeon and patient specific. A prosthetic 
annuloplasty band or ring is placed to correct annular dilatation, 
increase leaflet coaptation by reducing the anteroposterior dimension 
of the annulus, and prevent future annular dilatation.

Annuloplasty for FMR results in significant improvement in NYHA 
class, decreased hospital admissions for heart failure, and modest sur-
vival rates of 71% to 82% at 2 years and 58% at 5 years. Although 
favorable changes in LV size, shape, and function have been demon-
strated after successful MVRe, a propensity analysis failed to demon-
strate any mortality benefit compared with matched patients not 
undergoing valve surgery.38,43 The recurrence rate of FMR after isolated 
annuloplasty is disappointing (28% at 1 year) and, along with the 
usually comorbid conditions of this patient population, remains a limi-
tation to widespread use of the procedure.44

Annuloplasty With Leaflet Repair
The combination of annuloplasty and leaflet repair, referred to as Car-
pentier’s techniques, is most frequently performed for degenerative MV 
disease. Among the surgical methods of mitral leaflet repair, correction 

FIGURE 52-5	 Computed	tomographic	images	of	the	relationships	among	the	mitral	annulus	(MA),	the	coronary	sinus	(CS),	and	the	left	circumflex	
(LCX)	coronary	artery.	A,	The	CS	travels	along	the	posterior	MA	and	crosses	over	the	LCX	artery.	B,	The	distance	between	the	MA	and	the	CS	varies	
depending	on	the	location	along	the	annulus.	

A B
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There are currently five major approaches to percutaneous repair. 
The best-studied approach is the E2E repair, based loosely on the surgi-
cal repair championed by Dr. Alfieri. The second approach uses the 
proximity of the coronary sinus to the mitral annulus to accomplish 
favorable changes in annular geometry, bringing the posterior leaflet 
toward the anterior leaflet and thereby improving coaptation. In the 
third approach, LV reshaping, which accomplishes a reduction in 
septal-to-lateral diameter and improves leaflet coaptation, can reduce 
MR. In the fourth approach, called the transventricular (direct) 
approach, mitral annuloplasty is performed by various methods. 
Another novel approach involves the implantation of artificial chordae. 
Finally, recent preclinical and clinical work in transcatheter MV 
replacement has produced interesting results (Table 52-4).

Edge-to-Edge (Double-Orifice) Leaflet Repair With the  
MitraClip System
The MitraClip system (Evalve, Menlo Park, CA) is the best-studied of 
the options for percutaneous MVRe, and results of a randomized trial 
of its use were reported in 2010.59 The device uses a 24-Fr steerable 
delivery guide catheter and a transseptal approach to place a V-shaped 
clip (MitraClip) on the mitral leaflets, effectively achieving a double-
orifice repair similar to the Alfieri stitch (Fig. 52-7).60 The clip is 

annuloplasty ring placed.51 There was a low rate of in-hospital mortality 
(0.7%), and overall survival was good (94% at 5 years), with 95% 
freedom from reoperation (see Fig. 52-8). Most patients (>80%) were 
NYHA class I or II. A subsequent report comparing patients who did 
with patients who did not receive concomitant annuloplasty demon-
strated worse freedom from significant MR and a higher rate of reop-
eration in those with isolated E2E repair.52

Following Dr. Alfieri’s lead, the technique was adopted into practice 
at many prominent institutions performing MVRe, although usually 
as a specialized technique and not as a primary method. The introduc-
tion of percutaneous E2E repair has fueled interest in the surgical 
outcomes of this procedure, leading to the publication of a number of 
single-center case series.50,51,53-56 The procedure has been applied to 
both DMR and ischemic MR with favorable results. Although the 
surgical double-orifice MVRe has been shown to be effective as a treat-
ment for structural or functional MV disease, the surgical literature is 
limited by a lack of data on isolated E2E repair.57

A series of patients with up to 18 years (mean 9.2 years) of follow-up 
after surgical E2E repair was recently published by Dr. Alfieri’s group.58 
Of the 61 patients, 36 did not have concomitant annuloplasty due to 
heavy annular calcification or limited annular dilatation. The average 
age was 64 years, the average LVEF was 60%, and the indications for 
surgery were bileaflet prolapse/flail (46%), anterior prolapse/flail 
(18%), and posterior prolapse/flail (36%). Survival at 12 years was 51%, 
and freedom from reoperation was 58%. Of these 36 patients, 55% had 
3+ or greater MR, and residual MR greater than 1+ at hospital dis-
charge was a significant predictor of severe MR at follow-up (hazard 
ratio, 3.8; 95% confidence interval, 1.7 to 8.2; P = .001). Although this 
was a small series, these results question the long-term benefit of iso-
lated E2E repair in a group of relatively young patients with DMR and 
may be relevant to the discussion of percutaneous E2E repair in young 
and otherwise healthy patients.

Percutaneous Mitral Valve Repair
The aim of percutaneous strategies for MVRe is to provide relief from 
severe MR in patients who would otherwise not be candidates for 
surgical correction or in those who prefer a less invasive approach 
without the need for cardiopulmonary bypass. The latter is a more 
difficult proposition, especially in patients with primary (degenerative) 
MR, given the historical success and safety of surgical MVRe in treat-
ing this problem. These new technologies have shown promise in their 
various stages of evolution from preclinical to randomized trials.

TABLE 52-4 Percutaneous or Minimally Invasive Mitral Valve 
Repair Devices Under Development

Device Design Developmental Phase

Edge-to-Edge Leaflet Repair

MitraClip	(Evalve,	Menlo	Park,	CA) FDA	approval	for	DMR
Phase	III	trial	for	FMR
CE	Mark	approval

Indirect Annuloplasty via Coronary Sinus

CARILLON	Mitral	Contour	System	(Cardiac	
Dimensions,	Kirkland,	WA)

Phase	II	trial	enrolling
CE	Mark	approval

Cardiac Chamber Remodeling

iCoapsys	(Myocor,	Maple	Grove,	MN) First-in-human	implants
Development	halted

Basal	Annuloplasty	of	the	Cardia	Externally	
(BACE)	(Mardil,	Plymouth,	MN)

First-in-human	implants
Development	halted

PS3	System	(Ample	Medical,	Foster	City,	CA) First-in-human	implants
Development	halted

Direct Annuloplasty

Mitralign	Direct	Annuloplasty	System	
(Mitralign,	Salem,	NH)

First-in-human	implants
Phase	II	clinical	trial

GDS	Accucinch	Annuloplasty	system	(Guided	
Delivery	Systems,	Santa	Clara,	CA)

First-in-human	implants

Valtech	Cardioband	Annuloplasty	System	
(Valtech	Cardio,	Or-Yehuda,	Israel)

Phase	II	clinical	trial

Other Annuloplasty Devices

QuantumCor	RF	Annuloplasty	(Quantumcor,	
Lake	Forest,	CA)

Animal	studies

Artificial Chordae Insertion

NeoChord	DS1000	system	(NeoChord,	
Minneapolis,	MN)

First-in-human	implants

Transcatheter Mitral Valve Replacement

Tiara	valve	(Neovasc,	Inc,,	Richmond,	
Ontario,	Canada)

First-in-human	implants

Medtronic	Transcatheter	Mitral	Valve	
(Medtronic,	Minneapolis,	MN)

Animal	studies

Edwards	FORTIS	Transcatheter	Mitral	Valve	
(Edwards	Lifesciences,	Irvine,	CA)

First-in-human	implants

DMR,	 Degenerative	 mitral	 regurgitation;	 FDA,	 U.S.	 Food	 and	 Drug	 Administration;	
FMR,	functional	mitral	regurgitation;	RF,	radiofrequency.

FIGURE 52-6	 Freedom	from	reoperation	after	standard	Carpentier	repair	
for	degenerative	disease.	(From	Gillinov	AM,	Cosgrove	DM,	Blackstone	
EH,	 et	al:	 Durability	 of	 mitral	 valve	 repair	 for	 degenerative	 disease.		
J	Thorac	Cardiovasc	Surg	116:734,	1998.)
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adequate, the clip is released and remains attached to the MV leaflets. 
Eventually, fibrosis and scarring occur in the bridging segment, similar 
to that seen with surgical E2E repair (Fig. 52-8).61

MitraClip for Degenerative Mitral Regurgitation
Initial results from 27 patients in the phase I prospective, multicenter 
safety and feasibility trial called EVEREST I (Endovascular Valve Edge-
to-Edge Repair Study I) were published in 2005.62 All patients had 
moderate to severe MR (3+ or 4+), and most had primary MR (93%). 
Patients with rheumatic disease, severe mitral annular calcification, 

introduced via the guiding catheter into the LA, where the arms of the 
clip are opened when the clip is aligned with the long axis of the heart. 
The arms of the clip are rotated until they are perpendicular to the line 
of coaptation of the valve leaflets. The open clip is advanced into the 
LV and retracted during systole to grasp the middle scallops of the 
anterior and posterior valve leaflets in the gripper arms. Positioning is 
confirmed with TEE, and the clip is locked into position. If needed, 
the clip can be reopened, detached from the leaflets, and withdrawn 
into the LA, and the process can be repeated until a satisfactory func-
tional double orifice is created. When the positioning is considered 

FIGURE 52-7	 The	MitraClip	device	and	delivery	system.	A,	 The	device	with	gripper	arms	open,	attached	 to	 the	delivery	catheter.	B,	 The	device	
delivery	manipulation	system.	C,	A	schematic	diagram	of	placement	of	the	delivery	catheter	and	device	across	the	septum	and	on	the	mitral	valve	
before	device	release.	
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FIGURE 52-8	 MitraClip	implantation.	A,	Right	anterior	oblique	projection	shows	the	two	clips	and	a	single	delivery	catheter	after	 the	second	clip	
has	been	released.	B,	Left	anterior	oblique	projection.	C,	Transthoracic	echocardiography	images	of	a	patient	before,	immediately	after,	and	1	year	
after	percutaneous	mitral	valve	repair	with	the	Evalve	MitraClip.	

A

C

PRE-PROCEDURE POST-PROCEDURE 1 YEAR

B



 CHAPTER 52  Percutaneous Mitral Valve Repair 805

quality of life in these patients would be an important advance, and 
use of the MitraClip for this indication has produced encouraging 
results.

Among 149 patients with FMR included in the high-risk surgical 
cohort of EVEREST II and the continued access registry, 63% had prior 
cardiac surgery and 87% had NYHA class III or IV symptoms.69 
Despite their high-risk profile, these patients demonstrated a low 
(4.7%) mortality rate at 30 days. At 1 year, 82% had 2+ or less MR, and 
patients demonstrated significant reduction in LV volumes. The 
ACCESS-EU trial (A Two-Phase Observational Study of the MitraClip 
System in Europe) involved 567 high-risk patients, including 393 
patients (69%) with FMR; the average Logistic EuroSCORE (predicted 
mortality according to a logistic regression equation) was 23.70 Of the 
patients with FMR, 66% had an LVEF of less than 40%. Despite the 
high-risk profile, the mortality rate was only 2.8% at 30 days and 17% 
at 1 year. At 1 year, 78.6% of the FMR patients had 2+ or less MR, and 
71% of the entire group had NYHA class I or II symptoms.

The understanding that FMR patients fare relatively better with 
MitraClip than with surgical repair (as opposed to patients with DMR 
who are able to undergo surgery) is reflected in the clinical enrollment 
of the major trials. Whereas FMR patients constituted only 26% of the 
EVEREST I trial, they made up 71% of the EVEREST II/REALISM 
high-risk cohort and 77% of the ACCESS-EU registry. Furthermore, 
67% of the European commercial MitraClip experience has been in 
patients with FMR. This indication is not approved by the U.S. FDA, 
and patients with FMR who have prohibitive risks for surgery must  
be randomized to medical therapy versus MitraClip as part of the 
upcoming Cardiovascular Outcomes Assessment of the MitraClip Per-
cutaneous Therapy for Heart Failure Patients With Functional Mitral 
Regurgitation (COAPT) trial.

ANNULOPLASTY-BASED MITRAL VALVE REPAIR
Annuloplasty is an integral part of MVRe in most surgical approaches 
to improving MV leaflet coaptation and reducing MR, and it usually 
achieves a reduction in mitral annulus diameter of 25% or more. The 
coronary sinus covers about 50% of the mitral annulus perimeter and 
80% of the posterior intertrigonal distance.71 Indirect annuloplasty 
uses the anatomic proximity of the coronary sinus to the mitral annulus 
to modulate annular size and shape. However, there are several chal-
lenges to exploiting this relationship. The proximity and location of the 
coronary sinus to the annulus is variable (see Fig. 52-5).72 Furthermore, 
the left circumflex artery crosses between the myocardium and the 
coronary sinus in almost 50% of patients, increasing the risk of arterial 
compromise.71,72 Because pf marginal results and financial difficulties, 
most of the indirect annuloplasty devices are no longer available except 
the CARILLON Mitral Contour System developed by Cardiac Dimen-
sions (Kirkland, WA). Other approaches include direct annuloplasty, 
radiofrequency or ultrasound energy delivery to shrink the annulus, 
and “cinching” devices to remodel the annulus. These are all in various 
phases of development and clinic use. Proper definition of the ana-
tomic relationships with various imaging techniques, including cardiac 
CT, angiography, and echocardiography, may be helpful in matching 
the appropriate approach to the anatomy.

Indirect Annuloplasty

CARILLON Mitral Contour System
The CARILLON Mitral Contour System is a fixed-length, double-
anchor device (Fig. 52-9) that is advanced through a catheter and 
positioned in the coronary sinus. After the device is deployed and 
locked into position, tension is applied to the anchors of the device, 
resulting in tissue plication that reduces the MV annular diameter and 
MR. The procedure is performed percutaneously with internal jugular 
vein access followed by distal coronary sinus cannulation with a 9-Fr 
catheter. A measuring catheter is used to determine the optimal posi-
tioning of the distal anchor in the coronary sinus. The nitinol annulo-
plasty device is advanced down the catheter to the target position in 

severe LV systolic dysfunction, or severe LV cavity dilatation were 
excluded. The clip was successfully deployed initially in 24 patients 
(89%), and 3 patients went on to successful surgical repair6 or replace-
ment.5 Of the 27 original patients, 13 (48%) received a clip successfully 
and remained with MR severity 2+ or less at 6-month follow-up. The 
2-year results of the first human implantation have also been reported 
and showed only mild regurgitation and positive ventricular remodel-
ing.63 The primary end point of EVEREST I was acute safety at 30 days, 
defined as freedom from death, myocardial infarction, cardiac tam-
ponade, cardiac surgery for failed clip, clip detachment, stroke, or 
septicemia. Ultimately, only 15% of patients experienced a major 
adverse cardiac event (three clip detachments and one permanent 
stroke), less than the 34.4% required based on comparison with surgi-
cal event rates, thus demonstrating noninferiority for the clip.

The pivotal EVEREST II trial randomized 279 patients in a 2 : 1 
fashion, assigning 184 to the MitraClip group and 95 to surgery.64 Of 
these subjects, 73% had DMR. One primary end point was a safety end 
point (major adverse events such as death, stroke, myocardial infarc-
tion, reoperation, and transfusion), which was designed to show supe-
riority of the endovascular strategy. At 30 days, the primary safety end 
point was experienced by 9.6% of the percutaneous group and 57% of 
the surgical (control) group, although much of this difference was 
accounted for by the need for transfusion of more than 2 units of blood 
in the surgical group (53.2%, compared with 8.8% in the percutaneous 
group). Also notable, however, was the lack of death, major stroke, 
urgent/emergent surgery, or MV reoperation in any of the 136 Mitra-
Clip patients who achieved acute procedural success.

The second primary end point was for efficacy and was designed to 
show noninferiority to cardiac surgery with respect to a composite end 
point of freedom from surgery for valve dysfunction, death, or MR 2+ 
or worse. Analysis of clinical effectiveness showed the MitraClip to be 
noninferior to surgery (72.4% versus 87.8%, with a prespecified margin 
for noninferiority of 31%). At 4 years’ follow-up, Mauri and colleagues 
demonstrated similar survival (mortality rate, 17.4% versus 17.8%) and 
functional improvement, although patients receiving the clip had a 
much higher need for MV surgery (24.8% versus 5.5%).65 The presence 
of MR of 3+ or 4+ (18.8% versus 3.0%) was greater with MitraClip at 
1 year, although there was no significant difference in worsening MR 
or need for MV intervention between years 1 and 4. Subgroup analysis 
demonstrated that patients with FMR may derive greater benefit from 
the MitraClip (see later discussion).

Given the excellent results of MVRe in patients with DMR who had 
acceptable surgical risk, interest turned to the use of the MitraClip for 
those patients at prohibitive surgical risk. The published experience 
consists of 127 patients in EVEREST II and the high-risk Real-World 
Expanded Multi-Center Study of the MitraClip System (REALISM) 
continued access registry.66 The mean age of the group was 82 years; 
48% had prior cardiac surgery; and 86% had NYHA III or IV symp-
toms. Despite a predicted 30-day mortality rate of 13.2% based on 
mean Society of Thoracic Surgeons (STS) score, the observed mortality 
rate was only 6.3%. Mortality at 1 year was 23.6% and was correlated 
to the degree of residual MR at the time of index hospital discharge. 
Of the surviving patients, at 87% were in NYHA Class II or II at 1 year, 
and 85% had 2+ or less MR.

The safety and efficacy of the MitraClip thus far has been encourag-
ing, especially for patients who are at high risk for complications from 
surgical MV surgery. Given the published data, the U.S. Food and Drug 
Administration (FDA), in 2013, approved the device for use in patients 
with DMR who are considered to be at prohibitive risk for surgery.

MitraClip for Functional Mitral Regurgitation
As mentioned previously, surgery in patients with FMR is generally 
high risk, has poor durability, and is associated with worse overall 
survival than in patients with DMR.67,68 As a result, the major profes-
sional societies, including the ACC/AHA, the European Society of 
Cardiology (ESC), and the International Society for Heart and Lung 
Transplantation (ISHLT) provide a class IIb indication for MV surgery 
in patients with FMR. A percutaneous strategy to improve MR and 
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an average 50% reduction in regurgitant volume in the implanted 
patients, compared with a relatively stable volume in nonimplanted 
patients. LV systolic and diastolic volumes were significantly decreased 
in the implanted patients, whereas those nonimplanted demonstrated 
increase in volumes. Reduction in NYHA class from III to II was sus-
tained in the implanted group out to 2 years.74

Direct Annuloplasty

Mitralign Direct Annuloplasty System
Based on the concept of direct suture annuloplasty, the Mitralign 
Direct Annuloplasty System (Mitralign, Tewksbury, MA) uses a device 
composed of three metal anchors connected by standard suture mate-
rial. The anchors are placed in the mitral annulus, and the suture is 
cinched to perform the annuloplasty. The device is placed via retro-
grade ventricular access with the use of a unique translation catheter 
with a two-pronged “bi-dent” design for device delivery. The initial 
design used a magnetic guiding catheter placed in the coronary sinus, 
but in the most recent iteration, the anchors are placed from the ven-
tricular side using standard imaging techniques. The two anchors are 
positioned below the valve at the level of each posterior leaflet scallop 
and then deployed directly through the mitral annulus; they remain 
connected by suture material. The suture is then cinched, directly pli-
cating the annulus and emulating the results of a surgical, suture-based 
annuloplasty.

Successful implantation in one patient in South America and two 
patients in Europe was reported in 2008 as part of the pilot clinical 
study. Recently, the results of implantation in 15 high-risk patients with 
FMR was reported75: two patients required surgery, and at 30 days 80% 
of the patients had 2+ or less MR accompanied by significant quality-
of-life improvement. The 61-patient CE mark trial has completed 
enrollment, though data have not yet been presented.

GDS AccuCinch Annuloplasty System
Another device currently under development is the GDS Accucinch 
Annuloplasty System (Guided Delivery Systems, Santa Clara, CA). 
Like the Mitralign, it provides a catheter-based, retrograde transven-
tricular approach to place anchors in the myocardium directly beneath 
the mitral annulus, yielding a plication annuloplasty. No results of 
device implantation have been formally published, although some 
reports have been made. Among 18 patients who underwent implanta-
tion, 5 were converted to surgery, and no patients died within 30 days.

the coronary sinus. The distal anchor of the device is deployed by 
passive expansion and is locked into the fully expanded position by use 
of the delivery catheter. Tension is placed on the delivery system, 
bringing the proximal anchor toward the coronary sinus ostium. The 
amount of tension can be manipulated as needed to optimize reduction 
in annular dimension (approximately 25%) and reduction in MR, 
which is verified by real-time echocardiography. If the device position 
is considered to be optimal, the proximal anchor is deployed and 
locked into position in a similar fashion. If there is a concern about 
safety or efficacy, the device can be recaptured by advancing the deliv-
ery catheter over the device to collapse the anchors, and the apparatus 
can be adjusted or removed as necessary.

Clinical feasibility was evaluated in the prospective CARILLON 
Mitral Annuloplasty Device European Union Study (AMADEUS) trial 
using the next-generation CARILLON XE device in 48 patients with 
FMR and LV systolic dysfunction.73 The device was successfully 
implanted in 30 patients. At the 6-month follow-up, there was a durable 
and significant decrease in mitral annulus diameter (from 4.2 to 
3.78 cm [10%]), MR (average reduction, 23%), and NYHA class (from 
2.9 to 1.8), as well as improvement in the quality-of-life score and 
6-minute walk testing (from 307 to 403 meters). Of the remaining 18 
patients, 5 did not receive implantation because of coronary sinus–
related complications (n = 3) or fluoroscopic equipment failure (n = 
2), and 13 patients had retrieval of the device after implantation 
because of inadequate MR reduction or coronary compromise. With 
respect to safety, six patients (13%) experienced a total of seven com-
plications within 30 days of the procedure: one patient died of multi-
organ failure, three experienced myocardial infarction (none requiring 
percutaneous coronary intervention), and three experienced coronary 
sinus dissection or perforation. The complications were clustered early 
in the experience and resulted in changes to the implantation proce-
dure; improvement in safety was observed later in the study. On the 
basis of this early work, the CARILLON system was granted the CE 
mark of approval for use in Europe.

Improvements to the device were evaluated in the follow-up Tighten 
the Annulus Now (TITAN) study, which enrolled 53 patients at eight 
centers across Europe. The 36 patients in whom implantation was suc-
cessful were compared with the 17 patients in whom the device was 
retrieved. Patients were relatively young (mean age, 62 years) with  
a mean LVEF of 28% and NYHA class III symptoms. Mortality was 
1.9% at 30 days and 22.6% at 12 months, without a substantial differ-
ence between those who did and did not receive an implant. There was 

FIGURE 52-9	 The	CARILLON	Mitral	Contour	System.	A,	Photograph	of	the	device	with	proximal	and	distal	anchors	and	tension	element.	B,	A	fluo-
roscopic	 image	 of	 the	 device	 in	 place	 in	 the	 coronary	 sinus.	 C,	 An	 echocardiographic	 image	 of	 mitral	 regurgitation	 before	 device	 placement.	
D,	 The	 same	 view	 after	 device	 placement	 shows	 a	 significant	 reduction	 in	 the	 color	 jet	 of	mitral	 regurgitation.	 (Courtesy	 Cardiac	Dimensions,	
Kirkland,	WA.)
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durability of MR decrease (grade, from 2.9 to 1.1; jet area, from 7.4 cm2 
to 3.0 cm2) and NYHA class improvement (from 2.5 to 1.2) at 12 
months.70 A U.S. randomized trial (Randomized Evaluation of a Surgi-
cal Treatment for Off-Pump Repair of the Mitral Valve [RESTORE-MV]) 
enrolled patients with coronary artery disease and ischemic MR, com-
paring traditional open-heart coronary artery bypass grafting (CABG) 
with MVRe to CABG with Coapsys device placement. Intraoperative 
results from this trial were reported for the first 19 patients receiving 
the implant and showed a reduction in MR grade, from 2.7 ± 0.8 to 0.4 
± 0.7, after implantation (P < .0001).71 Because of funding issues, the 
trial was prematurely terminated after randomization of 165 patients 
(77 treated with MVRe and 87 with Coapsys); the results of this trial 
have not yet been published.

A percutaneous version of the system, the iCoapsys, is implanted 
through a pericardial access sheath. The ingeniously designed device 
was tried in two patients, but the Valvular and Ventricular Improve-
ment Via iCoapsys Delivery (VIVID) trial of clinical feasibility was 
prematurely discontinued because of financial constraints.72

Percutaneous Septal Sinus Shortening System
The Percutaneous Septal Sinus Shortening (PS3) system (Ample 
Medical, Foster City, CA) differs from the Coapsys system in that it 
creates a transatrial bridge rather than a transventricular bridge. This 
device uses the coronary sinus and a septal closure device to place a 
cord across the atrium, create tension on the annulus, and remodel the 
mitral annulus and the LA. Septal-lateral annular cinching occurs 
because of traction applied between the interatrial septum and the 
coronary sinus at the level of the P2 mitral segment.

Palacios and colleagues published the first human use of the PS3 in 
two patients with FMR. Both patients received implants before planned 
open heart surgery (at which time the device was removed). The results 
were encouraging, with a reduction in MR grade from 2 to 1 in one 
patient and from 3 to 1 in the other. There was a substantial reduction 
in mitral annulus diameter (31% in one patient and 29% in the other), 
comparable to that achieved with surgical annuloplasty and greater 
than that achieved by other percutaneous coronary sinus–based indi-
rect annuloplasty devices. No further testing is being done because of 
financial constraints.

Basal Annuloplasty of the Cardia Externally
The Basal Annuloplasty of the Cardia Externally (BACE) device 
(Mardil, Plymouth, MN) is a silicone band that is slipped around the 
base of the heart and positioned at the atrioventricular groove to 
“cinch” the annular and subvalvular LV and provide improved MV 
coaptation.77 The device is sutured to the myocardium, and chambers 
in the band are filled with saline to provide the appropriate level of LV 
support. Among nine sheep with FMR induced by continuous pacing, 
five sheep survived to 6-month follow-up. The MR was reduced from 
grade 4 to 0, a benefit that was sustained at 6 months. A follow-up 
study of five patients with depressed LVEF undergoing CABG who 
were implanted with the BACE device demonstrated a reduction in 
MR from an average of grade 3.3 to grade 0.8 (<1 in all patients). There 
were no device-specific complications.

Other Annuloplasty Devices
The application of subablative radiofrequency (RF) energy to remodel 
the mitral annulus is being investigated by QuantumCor (Lake Forest, 
CA).74 The concept, termed transventricular annulus remodeling, relies 
on scarring and shrinkage of the mitral annulus after application of RF 
energy directly to the annulus. The device is intended for both surgical 
and transcatheter (transseptal) uses; it has a malleable tip with seven 
electrodes to deliver RF energy. The catheter is connected to a pulse 
generator that is modulated by temperature sensors in the electrodes 
to regulate the amount and duration of energy delivery. The catheter 
can be manipulated to deliver energy to specific locations on the 
annulus, allowing for adjustment of the procedure to individual 
anatomy. Human data are not available.

Valtech Cardioband Annuloplasty System
The Valtech Cardioband Annuloplasty System (Valtech Cardio, 
Or-Yehuda, Israel) is implanted via a transseptal route. The device 
consists of a Dacron band that is implanted from trigone to trigone 
using multiple anchors (Fig. 52-10). The length of the band is then 
shortened under echocardiography guidance to provide optimal leaflet 
coaptation. Recently presented results of the procedure in 24 patients 
with FMR are encouraging.76 There was an average 20% reduction in 
annular dimension, and 85% of patients had 1+ or less MR at hospital 
discharge. At 6 months, 88% had NYHA I or II symptoms, and 88% 
had MR 2+ or less.

Cardiac Chamber Remodeling Devices
FMR caused by dilatated cardiomyopathy and ischemic MR caused by 
geometric alterations affect not only the mitral annulus but also the LA 
and the LV and their relationships to the annulus. One potential limita-
tion of the typical ring annuloplasty is that it does not address these 
alterations in paravalvular geometry. Devices have therefore been engi-
neered with this consideration in mind. However, financial hardship 
has led to abandonment of the Coapsys device, and the PS3 and BACE 
devices have been demonstrated only in limited use. They are included 
here for historical reference.

Coapsys and iCoapsys
The Coapsys (Myocor, Maple Grove, MN) annuloplasty system involves 
the surgical placement of pericardial implants off pump. These implants 
are placed on the epicardial surface of the heart, with a tethering sub-
valvular cord that crosses the ventricle internally. This cord is then 
cinched to decrease the mitral annulus diameter and eliminate MR. 
Advantages of the Coapsys system include the ability to treat FMR off 
pump, which allows the combination of off-pump bypass and MVRe. 
Conceptually, the device provides a more comprehensive mechanism 
of action by preserving normal valve dynamics and addressing the 
mitral annulus as well as the subvalvular space and abnormal LV 
geometry.

In the initial clinical feasibility trial, the device was successfully 
implanted in 34 patients with FMR at the time of bypass surgery. Data 
on the first 11 patients completing 1-year follow-up confirmed the 

FIGURE 52-10	 Valtech	Cardioband	direct	annuloplasty	system	(Valtech	
Cardio,	 Or-Yehuda,	 Israel)	 in	 place	 in	 the	 posterior	 mitral	 annulus.	
(Modified	 from	 Taramasso	 M,	 Maisano	 F:	 Transcatheter	 mitral	 valve	
repair:	 transcatheter	 mitral	 valve	 annuloplasty.	 EuroIntervention	 10:
U129-U135,	2014.)
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Transcatheter Mitral Valve Devices
The Tiara valve (Neovasc, Richmond, Ontario, Canada) is a transapi-
cally implanted, self-expanding valve constructed of a metal alloy 
frame and bovine pericardial leaflets. It is implanted via a transapical 
approach. Initial animal studies demonstrated successful implantation 
in 29 of 36 swine without any migration or embolization.79 Subsequent 
implantation was performed in seven cows that were monitored for 
150 days. Six of these animals had mild or moderate paravalvular leak 
over the follow-up period, perhaps due to size mismatch in the setting 
of only one available prosthesis size. Two patients underwent implanta-
tion in early 2014; both were not candidates for surgery because of their 
severe FMR with an LVEF of 20% to 30%. The procedures were per-
formed without complication. One patient had trivial paravalvular leak 
and a well-functioning valve but died 69 days later due to progressive 
cardiac and renal failure. The other patient had no paravalvular leak at 
follow-up and was alive at 5 months with NYHA class II symptoms.

Medtronic’s transcatheter mitral valve (Medtronic, Minneapolis, 
MN) consists of a self-expanding nitinol frame that is deployed via a 
surgical transatrial approach80 A transseptal device is currently under 
development. Animal studies have been performed, reportedly with 
good success and minimal paravalvular leak. First-in-man implanta-
tion is expected soon.

The Edwards FORTIS transcatheter mitral valve (Edwards Life-
sciences, Irvine, CA) is a cloth-covered, self-expanding nitinol stent 
with three bovine pericardial leaflets that is implanted via a transapical 
approach.81 Results of implantation in five patients considered inoper-
able for traditional open heart surgery were recently reported. Two 
patients had successful implantation with good device function and 
trivial MR and were doing well at follow-up. One patient had a good 
result of the valve replacement, with echocardiography 30 days later 
demonstrating good prosthesis function, but died at day 76 due to 

Artificial Chord Implantation
The NeoChord DS1000 system (NeoChord, Minneapolis, MN) allows 
transapical implantation of chordae on a beating heart without the 
need for cardiopulmonary bypass. Results of the Transapical Artificial 
Chordae Tendinae (TACT) trial, a prospective study in 30 patients at 
seven centers, were recently published.78 Patients on average were 64 
years of age with an LVEF of 59%, and all had severe MR due to isolated 
posterior leaflet prolapse. Six patients underwent conversion to stan-
dard MVRe, four suffered early chord dehiscence, and two did not 
demonstrate acute procedure success and required standard MVRe. 
Acute procedural success was defined as reduction of MR to 2+ or less 
and was achieved in 26 patients (86.7%); four patients did not have 
NeoChords placed and underwent standard MVRe. One patient died 
as a result of sepsis. At 30-day follow-up, 17 (58.6%) of 29 patients 
continued with 2+ or less MR. Although these results are not as good 
as those of traditional MVRe, the less invasive nature of this procedure 
demonstrates an interesting option for these patients. Further study is 
expected.

TRANSCATHETER MITRAL VALVE REPLACEMENT
Whereas transcatheter aortic valve implantation has made significant 
progress, and thousands of successful implantations have been  
performed, transcatheter mitral valve implantation has been applied  
in only a handful of patients. In large part, this is because radial  
force, which is used to secure aortic prostheses in a calcified aortic  
root, cannot be applied as easily in the mitral position. Furthermore, 
the saddle-shaped and dynamic mitral annulus that moves with  
each cardiac cycle makes it difficult to securely place a transcatheter 
prosthesis. A few valves are in preclinical or early clinical use  
(Fig. 52-11).

FIGURE 52-11	 Transcatheter	mitral	 valve	 replacement	 technologies.	A	and	B,	 Tiara	mitral	 valve.	C,	Medtronic	mitral	 valve.	D,	Edwards	FORTIS	
Valve.	(A	and	B,	From	Cheung	A,	Stub	D,	Moss	R,	et	al:	Transcatheter	mitral	valve	implantation	with	Tiara	bioprosthesis.	EuroIntervention	10:U115-
U119,	2014;	C,	from	Piazza	N,	Bolling	S,	Moat	N,	Treede	H:	Medtronic	transcatheter	mitral	valve	replacement,	EuroIntervention	10:U112-U114,	
2014;	D,	from	Bapat	V,	Buellesfeld	L,	Peterson	MD,	et	al:	Transcatheter	mitral	valve	implantation	(TMVI)	using	the	Edwards	FORTIS	device.	Euro-
Intervention	10:U120-U128,	2014.)
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FUTURE DIRECTIONS
Percutaneous MVRe is an exciting new field with many devices at early 
stages of preclinical and clinical evaluation. Most strategies are based 
on principles learned from surgical MVRe techniques. The most 
advanced technique is the E2E repair, although interesting data are 
accumulating for a variety of the direct and indirect annuloplasty tech-
niques. Percutaneous MVRe has the potential to be a “preventive” 
technology, because it may be applied early in the disease course to 
alter the natural history of MR by disrupting the pathologic feedback 
loop of MR and LV dysfunction.

It is unclear whether percutaneous devices need to eliminate all of 
the MR to be effective. If a percutaneous repair can achieve a significant 
and durable reduction of MR, albeit not complete elimination, it may 
still remain a worthy procedure if it prevents clinical events. However, 
it is important that percutaneous devices preserve future surgical 
options. If the procedure is safe, is relatively free of complications, and 
preserves surgical options, then the “nothing to lose” standard may be 
applied to these devices.

The need to determine which patients should be targeted in clinical 
trials is still present. Trials may have to address specific populations 
and progressively expand the role of these therapies to lower-risk surgi-
cal populations. Surgical techniques are beginning to be tailored to the 
specific valve anatomy, but the percutaneous techniques, in their inves-
tigational stages, continue to be limited to one type of device per 
patient. It seems likely that the future of percutaneous repair will be a 
combination of techniques to address the complexity of MR in most 
patients. However, this poses significant limitations to the device devel-
opment process with current regulations, and the use of multiple 
devices in the same patient is unlikely at the present time in the United 
States.

Percutaneous devices are becoming more specifically tailored to the 
etiology of MR and the anatomy of the individual patient; thus the 
proper imaging and patient selection criteria for each device will have 
to be learned by interventionalists. Improvements both in imaging 
techniques and in the interpretation of these techniques with regard to 
percutaneous repair will be necessary in preprocedural planning, in 
assessing intraprocedural efficacy and complications, and in postpro-
cedural follow-up. Finally, it will be critical to develop collegial interac-
tion among the specialties of cardiac imaging, interventional cardiology, 
and cardiothoracic surgery to achieve proper patient selection and 
clinical advancement in this burgeoning field.

progressive heart failure. In another patient, placement was difficult 
because of an LV apical aneurysm that necessitated a suboptimal trans-
apical cannulation site. Despite initial successful placement, the valve 
was found to be displaced 2 days later, and the patient ultimately died. 
In a fifth patient, initial placement appeared successful but repeat echo-
cardiography 15 days later in the setting of sepsis demonstrated 
reduced leaflet motion and prosthetic mitral stenosis; the patient died 
later that day.

Patient Selection
Indications for percutaneous intervention for MR remain similar to 
those for surgical intervention.33 Although there has been some inter-
est in lowering the threshold for the severity of MR for percutaneous 
therapies, with the contention that these treatments are less invasive 
and safer, there are no data to implement such liberalization. The major 
excitement in the field is derived from the ability to provide options 
for patients with higher surgical risk who are symptomatic with severe 
MR and who do not have any other options. The surgical risk assess-
ment should take into consideration not just the estimated mortality 
but also the morbidity and the risk of compromising quality of life. 
With this in mind, the most common target for these therapies, at least 
initially, will be older patients (irrespective of the etiology of MR) with 
poor LV function and patients with severe FMR, as identified in the 
Euro Survey, who are not undergoing surgical intervention. It is diffi-
cult to justify the use of these techniques in young patients with degen-
erative MV disease who are otherwise appropriate candidates for 
surgical MVRe. However, the fact that some of these therapies usually 
do not impair future surgical options is encouraging.

In many ways, percutaneous MV therapies fit the mold of “person-
alized medicine,” which has been cast in the world of pharmacotherapy. 
Identifying the mechanisms of MR and then defining the anatomy to 
predict whether a certain device will work is critical to the clinical 
application of these procedures. A clear understanding of the specific 
pathology causing MR is necessary to determine whether a percutane-
ous E2E repair is required or whether annular dilatation needs to be 
addressed with a direct or indirect annuloplasty device. A comprehen-
sive understanding of imaging technologies and parameters is key to 
success. Currently, in the United States, only the MitraClip is available 
as a commercial device, and only for patients with DMR. With the 
availability of some of these devices in Europe under the CE mark of 
approval, clinical data are accumulating to shed more light on the 
proper selection of patients.
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Aortic stenosis (AS) remains the most common form of adult 
acquired valvular heart disease in developed countries, and the 

prevalence increases with age.1 Ross and Braunwald2 described the 
natural history of symptomatic AS and confirmed that it carries a poor 
prognosis. Medically treated patients with symptomatic AS have 1- and 
5-year survival rates of 60% and 32%, respectively.3

Surgical aortic valve replacement (SAVR) has been for decades the 
only effective treatment for severe, symptomatic AS that alleviates 
symptoms and improves survival. For ideal candidates, SAVR has an 
estimated operative mortality rate of 4%.4 However, the operative mor-
tality rate and incidence of postoperative complications increase with 
age, becoming significantly higher when surgery is done urgently and 
increasing in the setting of extant comorbidities such as coronary 
artery disease, poor left ventricular function, renal insufficiency, pul-
monary disease, and diabetes.6 Because of these factors, one third of 
patients with valve disease are not referred for surgery.7

Before the introduction of balloon aortic valvuloplasty (BAV) by 
our group in 1986,8 SAVR was the only recommended therapy for 
patients with severe, symptomatic AS, but it was not offered to older 
adult or high-risk patients.9 Old age as a contraindication has continued 
to be redefined as devices and techniques have evolved, often making 
study comparisons difficult. Age is no longer considered an absolute 
contraindication to surgery, and octogenarians and nonagenarians are 
offered the option if they do not have significant physical or psychologi-
cal comorbidities.10-12 The percentage of patients 90 years of age or older 
undergoing heart surgery doubled from 1994 to 2001.11 Patients with 
poor left ventricular function also were more aggressively managed 
surgically.13-15 However, in Europe and the United States, many patients 
with severe AS were still not offered valve replacement.16,17

In the 1990s, the early enthusiasm for BAV in adult patients as a 
possible alternative to SAVR disappeared after recognition of the 
problem of restenosis. BAV appeared to provide only temporary  

benefit in terms of symptoms and a modest survival benefit with  
a relatively high complication rate.18,19 The role of BAV in adults 
remained controversial, as reflected in the updated American College 
of Cardiology (ACC) guidelines.20 Despite patients being designated as 
too sick for surgery, BAV was not offered to them in most centers 
because of its perceived limitations.16

Interest in learning the technique resurged with the development 
of transcatheter aortic valve replacement (TAVR) because balloon  
predilation of the aortic valve is integrated into the procedure. BAV 
continues to be indicated as a palliative procedure for patients with 
contraindications to TAVR and SAVR, and it can be used as a bridge 
to those procedures for some subsets of patients.

Developing TAVR has been for our group a fascinating 20-year-
long odyssey with a happy ending. TAVR emerged in 2002 to  
profoundly alter the landscape of cardiovascular medicine.21 This 
“disruptive” technology has provided an important medical break-
through. It evoked skepticism and criticism in the beginning, but 
thanks to many clinical trials and evidence-based investigations, it is 
widely accepted by the medical community. In the past decade, TAVR 
has been performed in more than 100,000 patients around the world, 
and its use is growing by 40% annually.

The field of TAVR is rapidly evolving through major refinements in 
technology, procedural techniques, patient selection, and biomedical 
engineering. With the development of better devices, new approaches, 
and new implantation strategies, TAVR has become much simpler and 
safer. Although the indications were initially limited to older adult AS 
patients with multiple comorbidities, they are appropriately expanding 
to include a broader population of patients with lower surgical risks, 
degenerated surgical bioprostheses, and other valvular diseases such as 
pure aortic or mitral insufficiency.

Most of our knowledge is founded on the extensive experience 
acquired with two devices, the balloon-expandable Edwards prosthesis 
and the self-expanding Medtronic CoreValve prosthesis, which have 
been implanted in equal numbers outside of the United States. U.S. 
Food and Drug Administration (FDA) approval for nonsurgical 
patients and high-risk patients was obtained for the Edwards device 
based on the results of the pivotal U.S. Placement of Aortic Trans-
catheter Valve (PARTNER) trial,22,23 and approval for the CoreValve 
device was obtained after the results of the U.S. CoreValve pivotal 
trials.24,25

Indications for TAVR were specified in the European and U.S. 
guidelines in 2012 and 2014, respectively.20,26 TAVR can be performed 
in patients with severe AS without a surgical option and as an alterna-
tive to surgery in high-risk patients for whom TAVR is favored by the 
heart team based on the individual risk profile and anatomic suitability. 
Based on these guidelines, TAVR is currently indicated for about 20% 
of all AS patients, with two thirds of the patient population sent to 
surgery and the remaining patients left with medical treatment.

In this chapter, we review BAV, highlight modifications in its tech-
nique and materials, analyze its results, and discuss its role in the era 
of TAVR. We describe the development of TAVR for calcific AS in 
adults, explain the implantation technique, review its short- and 
medium-term follow-up results, and consider future advances and 
clinical applications.
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•	 Balloon	aortic	valvuloplasty	is	used	to	palliate	the	symptoms	of	
severe	aortic	stenosis	and	as	a	bridge	to	more	definitive	therapy	
when	benefit	is	uncertain.

•	 Transcatheter	aortic	valve	replacement	(TAVR)	provides	a	survival	
and	symptomatic	advantage	for	patients	with	severe	aortic	stenosis	
who	are	at	high	or	extreme	risk	for	surgical	complications,	and	it	
is	the	treatment	of	choice	for	this	patient	population.

•	 Appropriate	patient	selection	by	a	multidisciplinary	team,	advances	
in	catheter	delivery	systems,	and	the	availability	of	alternative	
access	routes	have	improved	the	rates	of	vascular	complications	
and	paravalvular	aortic	insufficiency.

•	 Results	of	ongoing	clinical	trials	evaluating	patients	with	moderate	
operative	risk,	placement	of	valve	prostheses	in	degenerated	
bioprostheses,	and	the	use	of	fully	repostionable	and	retrievable	
catheter	valves	are	expected	to	further	expand	the	indications		
for	TAVR.
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symptomatic relief for selected older adult patients who have no other 
option.18-20,35

In most cases, BAV is done using the retrograde approach, but in a 
limited number of cases with poor femoral access, it can be performed 
through an antegrade approach. For both approaches, we typically 
perform the baseline hemodynamic study to confirm severe AS at the 
same time as the planned BAV intervention.

Retrograde Approach
Using our technique for the retrograde approach, the procedure is 
usually performed in less than 1 hour and has few complications (Fig. 
53-1). We have learned methods that make the procedure faster and 
safer for critically ill, fragile, and older adult patients. For patient prep-
aration, we use mild sedation with intravenous midazolam and local 
anesthesia. Unfractionated heparin (3000 to 5000 IU) is given intrave-
nously at the start of the procedure.

Cardiac Catheterization and Rapid Ventricular Pacing
Femoral arterial and venous access is obtained with 8-Fr sheaths. Coro-
nary angiography is obtained, and if indicated, coronary intervention 
is performed in the same setting, but it usually is done after the BAV 
is completed. Right heart catheterization is performed using a Swan-
Ganz thermodilution catheter. If the patient is being considered for 
TAVR, ascending aortic angiography is followed by abdominal aortic, 
iliac, and femoral angiography.

When using the appropriate technique, the stenotic aortic valve can 
be crossed within a few minutes in most cases. An Amplatz left coro-
nary catheter 2 (AL-2) is commonly used for this task. A straight-tip, 
fixed-core, 0.035-inch guidewire is positioned at the tip of the catheter. 
In the 40-degree left anterior oblique projection, the catheter tip is 
positioned at the rim of the valve. The catheter is slowly pulled back 
while maintaining firm clockwise rotation to direct the catheter tip 
toward the center of the valve plane. The guidewire is carefully moved 

BALLOON AORTIC VALVULOPLASTY
Since our first reported cases,8 we have published our experience with 
more than 1500 cases.27-34 Like others,18,19 we obtained immediate 
improvement in symptoms, hemodynamics, and left ventricular func-
tion but had disappointing medium- and long-term results. In our 
hands, BAV remains a valuable palliative procedure for frail, older 
adult patients who often have compromised clinical status due to con-
comitant coronary artery disease and other extracardiac comorbidities. 
Most of our patients have been turned down by surgeons, and BAV is 
attempted as a bridge to TAVR or surgical valve replacement in about 
50% of cases. The technique can obtain improved hemodynamic results 
and reduce complications for these high-risk patients.34

The goal of the procedure is to achieve a 100% increase in aortic 
valve area, which is a determinant of prognosis.18 In some reported 
series, the increase in aortic valve area after the procedure was very 
modest.35-37 The results of BAV are limited by the cardiac pathology. 
Degenerative AS is the most common reason for intervention,38-40 and 
it appears to be associated with a chronic inflammatory process.41 
Unlike rheumatic mitral stenosis, commissural fusion is not the pre-
dominant feature in most older adult patients with calcific AS,42 and 
the primary mechanism of the balloon action is fracture of the nodular 
calcium deposits, which improves leaflet mobility during left ventricu-
lar contraction.43

Early restenosis occurring within hours or days results from early 
recoil and may be related to the pathology of the valve components or 
inappropriate balloon diameter (due to size or insufficient infla-
tion).30,44 When restenosis occurs after several months, the process 
may be multifactorial, including the original degenerative process and 
an altered healing process with fibrosis and ossification.45,46 When 
patients develop recurrent symptoms, BAV can be repeated, usually 
after an interval of 12 to 24 months, and the dilations can be done 
serially.32-34,47,48 In many cases, the patient may undergo BAV as a bridge 
to SAVR or TAVR.20 Despite its limitations, BAV can provide marked 

FIGURE 53-1	 Balloon	aortic	valvuloplasty	for	transcatheter	aortic	valve	implantation	is	performed	under	rapid	ventricular	pacing	(A),	which	decreases	
the	effective	cardiac	output	by	inducing	ventricular	tachycardia	(B).	The	balloon	catheter	(C)	must	be	sized	to	the	aortic	annulus	to	avoid	severe	
aortic	insufficiency.	Doubling	of	the	valve	area	or	a	decrease	in	the	transvalvular	gradient	by	more	than	50%	(D)	is	considered	a	successful	result.	
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The balloon is rapidly deflated, the pacer is turned off, and the 
balloon is withdrawn from the valve. This step requires coordination 
of the two operators to quickly allow restoration of antegrade flow while 
maintaining a safe wire position in the left ventricle. Rapid balloon 
deflation and restoration of blood flow is important to minimize the 
time of hypotension and hypoperfusion. Time must be allowed for the 
heart rate and blood pressure to return to preinflation values before 
deciding to inflate the balloon again. Because the pressure gradient 
cannot be measured through balloon catheters, it is important to assess 
the effects of balloon dilation and the hemodynamic consequences by 
observing the waveform of the aortic pressure tracing and the heart 
rate response, rhythm, and blood pressure recovery. A sudden change 
in waveform with loss of the dicrotic notch or falling diastolic blood 
pressure may indicate severe aortic regurgitation. Improvement in the 
pressure slope suggests a successful procedure.

If the balloon does not appear to be fully expanded or there is no 
hemodynamic improvement, repeat inflations are usually carried out 
before remeasuring the transaortic pressure gradient. The residual gra-
dient is obtained by simultaneous measurement of the pressure in the 
left ventricle and aorta. If there is a significant gradient, the next larger 
size of balloon may be chosen, and the sequence is repeated. A pullback 
gradient is also obtained after the final balloon inflation.

For the final results, the pacemaker is removed, the cardiac output 
measured, and the final aortic valve area calculated. An optimal result 
is considered to be a doubling of the valve area or decrease of the gradi-
ent by 50% compared with the baseline value. Supravalvular angiogra-
phy is used to determine aortic regurgitation and its severity. If contrast 
cannot be used, assessment of aortic insufficiency and its severity may 
be performed by transthoracic echocardiography (TTE).

Immediate Management After Balloon Aortic Valvuloplasty
Manual compression is used for hemostasis at the venous entry site. 
Arterial hemostasis is achieved with the closure device as specified 
earlier. If a technical failure occurs, a pneumatic pressure device is used 
(FemoStop II Plus, Radi Medical Systems, Uppsala, Sweden).

When the case is uncomplicated, the patient is usually discharged 
within 2 days. However, when BAV is performed in patients with 
severely impaired LV function or when rescuing a patient from cardio-
genic shock, hemodynamic monitoring with inotropic support is 
usually required in the intensive care unit (ICU). Vagal reactions are 
the most common cause of hypotension associated with BAV. There 
must be a low threshold for ruling out pericardial tamponade or retro-
peritoneal bleeding when evaluating the hypotensive patient after BAV.

Antegrade Transseptal Approach
Patient preparation is similar to that described for the retrograde 
approach. Transseptal catheterization is performed through the right 
femoral vein using the left lateral view. The puncture is made in the 
middle third of a virtual line connecting the aortic calcification and 
the posterior border of the heart. When entry into the left atrium  
is confirmed, 5000 IU of heparin is administered intravenously. A 
Mullins sheath is then used to direct a 7-Fr Swan-Ganz catheter, which 
has an inner lumen compatible with a 0.035-inch guidewire (Edwards 
LifeSciences, Irvine, CA), across the mitral valve into the left ventricle 
under fluoroscopic guidance in the 40-degree anterior oblique projec-
tion. The transaortic gradient is determined with the Swan-Ganz cath-
eter in the left ventricle and the pigtail catheter in the aorta. The aortic 
valve area is calculated using the Gorlin formula.

For crossing the aortic valve, the Mullins sheath is advanced 
approximately 2 cm beyond the mitral valve. The balloon of the Swan-
Ganz catheter is inflated and directed into the LV outflow while 
approaching the native aortic valve. A 0.035-inch, straight wire may 
facilitate crossing the aortic valve with the balloon deflated as the 
catheter is pushed over the wire into the ascending aorta. The wire  
is removed, and the balloon is reinflated. The catheter is advanced  
into the descending aorta and positioned at the level of the distal  
aortic bifurcation with an Amplatz 0.035-inch, 360-cm-long extra-stiff 

in and out of the catheter tip over a short distance, sequentially 
mapping the valve surface and exploring for the valve orifice.

After the wire crosses the valve, the catheter is advanced over the 
wire in the right anterior oblique view and positioned in the middle of 
the left ventricle. The transvalvular gradient is obtained using the side 
arm of the femoral sheath or through a dual-lumen catheter to record 
aortic pressure. Cardiac output can then be measured and the aortic 
valve area calculated using the Gorlin formula.49 An extra-stiff Amplatz 
0.035-inch, 270-cm-long guidewire (Cook, Bjaeverskov, Denmark) is 
used to perform all catheter exchanges and to assist in stabilizing the 
valvuloplasty balloon during inflation, deflation, and withdrawal.

Before inserting the wire, a large pigtail-shaped curve is formed at 
the distal end of the wire using a dull instrument to prevent ventricular 
perforation and decrease ectopy. A temporary 6-Fr bipolar pacing lead 
is positioned in the right ventricular posterior wall and connected to 
a pulse generator capable of pacing at up to 220 beats/min. Pacing and 
sensing parameters are determined, and the blood pressure response 
to pacing at 200 to 220 beats/min is evaluated. Rapid ventricular pacing 
(RVP) causes a precipitous fall in blood pressure to at least 50 mm Hg, 
which is required to be effective. If this is not achieved at a rate of 200 
beats/min, the response is checked again at 220 beats/min. If a 2 : 1 
conduction block is seen, the rate needs to be reduced to 180 beats/
min or the lead position modified. The pacer is set on demand mode 
at 80 beats/min, serving as a backup in the event that a vagal episode 
or interruption of atrioventricular (AV) conduction occurs, resulting 
in bradycardia or asystole in response to balloon inflations.

Balloon Preparation and Balloon Aortic Valvuloplasty
The diagnostic catheter is removed from the left ventricle over the 
extra-stiff wire while carefully maintaining the looped flexible segment 
of wire in the left ventricular (LV) cavity. The 8-Fr sheath is replaced 
by a 10-Fr sheath over the extra-stiff wire. In our center, all procedures 
are performed using a 10-Fr sheath (Cook, Bjaeverskov, Denmark). 
The evolution of the technique has seen a reduction in the profile of 
the devices, decreasing local complications at the femoral artery punc-
ture site; which was previously the most common complication 
reported.50 At the end of the procedure, hemostasis is obtained by using 
an 8-Fr Angioseal vascular closure device (St. Jude Medical, Brussels, 
Belgium).

Most of our experience was obtained with specifically designed 
balloon catheters for BAV, the double-sized Cribier-Letac catheters. 
When their production was discontinued, we chose the Z-Med II 
balloon catheter (NuMed, Hopkinton NY), which is compatible with 
a 12- or 14-Fr sheath. We currently use the lower-profile Cristal bal-
loons (Balt Extrusion, Montmorency, France), which are compatible 
with a 10-Fr sheath. The 20- and 23-mm-diameter balloons are 45 mm 
long, and the 25-mm-diameter balloon is 50 mm long. We usually start 
with a 23-mm balloon. A 20-mm balloon is used if the valve is densely 
calcified or the aortic annulus is small (<19 mm as determined by 
echocardiography). In up to 25% of cases, the 25-mm balloon can be 
used if the aortic annulus diameter is larger than 24 mm. Other cath-
eters, such as the True balloon (Bard, Murray Hill, NJ) or the V8 
(InterValve, Minneapolis, MN), minimize balloon migration and facil-
itate valve expansion.

Short extension tubing with a three-way stopcock attached is con-
nected to a hand-held 30-mL Luer-Lok syringe filled with diluted con-
trast. The contrast is diluted (15% contrast and 85% saline) to reduce 
viscosity to facilitate the inflation and deflation cycles. After flushing 
the distal lumen, the balloon is partially inflated and then completely 
deflated one or more times to completely purge it of air bubbles.

The balloon catheter is advanced across the aortic valve, centering 
the valve between the two markers. Before using RVP, it was challeng-
ing to maintain the balloon in an optimal position during inflation. 
There must be clear communication between the operators manipulat-
ing the balloon catheter and the pacing device. RVP is turned on, and 
balloon inflation is started quickly and with enough pressure to rapidly 
inflate the balloon as soon as the blood pressure falls. RVP is continued 
for a few seconds after the balloon reaches maximal inflation.
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at high risk for SAVR because they are hemodynamically unstable  
and those who are candidates for BAV as a bridge to surgery or as a 
palliative procedure because they have serious comorbid conditions 
that preclude SAVR. BAV may be indicated for other reasons:
• It may be used for patients who have symptomatic AS in need of 

emergent noncardiac surgery. The hemodynamic improvement of 
BAV is immediate, and it may decrease the risk of general anesthe-
sia. In these situations, the BAV should be reserved for patients with 
severe AS who have the potential for hemodynamic compromise.

• It may be used to determine the contributing role of AS to dyspnea 
in patients with concomitant severe lung disease and to gauge 
potential improvement and risks of undergoing SAVR or TAVR.

• It may be used to assess the myocardial contractile reserve in 
patients with a low pressure gradient or low ejection fraction in 
whom associated cardiomyopathy is questionable. Patients with no 
demonstrated contractile reserve can have a perioperative mortality 
rate as high as 62%.56 The indication for SAVR or TAVR can be 
clarified 2 to 3 weeks after BAV if the left ventricular ejection mark-
edly improves.
BAV continues to have a role in the management of AS, particularly 

as a palliative modality for the increasing older adult population for 
whom the risk of valvular intervention is too high or inappropri-
ate.32,33,48,57,58 Interventional cardiologists and surgeons should become 
familiar with BAV, particularly if they are interested in TAVR, because 
it plays a crucial role in patient selection and valve implantation.

TRANSCATHETER AORTIC VALVE IMPLANTATION

Background
Treatment of patients who have valvular disease with percutaneous 
catheter–based systems has been an exciting area of research since the 
mid-1960s. The initial animal investigations were performed by Davies 
in 1965,59 followed by groups led by Moulopoulos in 1971,60 Phillips 
in 1976,61 and Matsubara in 1992.62 These investigators reported 
various catheter-based systems used for the temporary relief of AS, but 
no further human application was possible due to unsolved major 
limitations.

A new era of investigations started with the development of endo-
vascular stents, advancing the concept of balloon-expandable valvular 
prosthesis. In 1992, Andersen and colleagues63 reported their work in 
a porcine model in which they evaluated a transluminal stented heart 

guidewire (Cook, Bjaeverskov, Denmark). The balloon is deflated, and 
the Swan-Ganz catheter is removed. The 8-Fr venous sheath is replaced 
with a 10-Fr sheath for subsequent balloon dilations using the Cristal 
balloon catheter (12 or 14 Fr for NuMed balloons). The atrial septum 
is then dilated with an 8-mm-diameter balloon septostomy catheter 
through the 10-Fr sheath. The same balloon catheters are used as for 
the retrograde approach.

Dilation of the aortic valve is done preferentially with the 
23-mm-diameter balloon, which is advanced through the 10-Fr sheath 
and positioned across the aortic valve while the loop in the left ven-
tricle is carefully maintained. BAV is then performed as described 
earlier using RVP. TTE can assess the residual pressure gradient.

When two or three inflations using the largest selected balloon size 
are completed, the balloon catheter is removed. A 6-Fr pigtail catheter 
is advanced over the extra-stiff wire and positioned over the arch so 
that the wire can be removed shielded by the catheter, avoiding injury 
to the aorta or mitral valve. The final pressure gradient is obtained with 
the pigtail catheter in the left ventricle and another catheter in the 
aorta. Supraaortic angiograms may be obtained.

Hemostasis is obtained with manual compression of the femoral 
artery and vein after sheath removal. Bed rest is recommended for 24 
hours. ICU observation with inotropic support and prolonged hemo-
dynamic monitoring is required only for hemodynamically unstable 
patients, typically those presenting in cardiogenic shock.

Results of Balloon Aortic Valvuloplasty
Over the past 20 years, the results of BAV have been reported from 
many series and multicenter registries.51-55 Results have varied greatly, 
reflecting the different parameters and techniques used.

Our series included 323 consecutive patients with severe AS who 
underwent BAV (with the exception of patients undergoing percutane-
ous heart valve implantation) between January 2005 and December 
2008.33,34 In this group of patients, the average age was 80.5 ± 10 years, 
42% were women, and the mean logistic European System for Cardiac 
Operative Risk Evaluation (EuroSCORE) was 28.7 ± 12.5. New York 
Heart Association (NYHA) functional class III or IV disease was 
observed in 82% of patients, and the procedure was done emergently 
for the 15% of patients in cardiogenic shock.

BAV was done using the retrograde approach in 100% of cases. 
Success was achieved in 80.8% of the procedures. The in-hospital mor-
tality rate was 2.5%. Patients were discharged from the hospital after 
5.6 ± 3 days.

Over a mean follow-up of 20.7 ± 20.0 months, 26.3% of patients 
were bridged to SAVR or TAVR, and 8.7% had repeat BAV. The other 
patients received medical treatment alone. Patients bridged to SAVR 
had the most favorable outcomes. Patients bridged to TAVR had better 
outcomes than those treated by a single BAV. Our study confirmed  
that survival was poor for patients treated by a single BAV (56% mor-
tality rate at 1 year). In our series, the frequency of clinically apparent 
neurologic events was less than 2%. This compares favorably with the 
reported incidence of cerebrovascular events in a series of retrograde 
catheterizations of the aortic valve without intervention.55

Minimizing the duration of RVP and proper balloon inflation are 
important technical issues, and maintaining optimal heart rate and 
blood pressure during the procedure are crucial. Improvements in the 
procedure such as the use of RVP and vascular closure devices and 
continued experience with the procedure have resulted in decreased 
complication rates despite an increasingly older and sicker population 
of patients (Table 53-1).

Applications of Balloon Aortic Valvuloplasty
The updated American College of Cardiology and American Heart 
Association (ACC/AHA) guidelines for the management of patients 
with valvular heart disease continue to regard the role of BAV as con-
troversial.20 There are no class I or IIa recommendations for BAV. The 
class IIb indications for adult patients with severe AS are for those  

TABLE 53-1 Comparisons of Complication Rates in the Rouen 
Series and Mansfield Registry

Complications

Mansfield Scientific 
Aortic Valvuloplasty 
Registry 1986-1988 
(N = 492)

Rouen Series 
2002-2005 
(N = 141)

Procedural	death 2	(4.9%) 3	(2.1%)

Postprocedural	death	(<7	days) 12	(2.6%) 3	(2.1%)

Cerebral	embolic	events 11	(2.2%) 2	(1.4%)

Transient	ischemic	attacks 5	(1.1%) 0	(0%)

Ventricular	perforation	with	
tamponade

11	(2.2%) 0	(0%)

Severe	aortic	insufficiency 5	(1.1%) 2	(1.4%)

Vascular	complications	
(surgical	repair)

27	(5.5%) 0	(0%)

Nonfatal	arrhythmias 5	(1.1%) 5	(3.5%)

Other:	myocardial	infarction,	
sepsis,	renal	failure

8	(1.6%) 1	(1%)

Data	from	Agatiello	C,	Eltchanino	H,	Tron	C,	et	al:	Balloon	aortic	valvuloplasty	in	the	adult.	
Immediate	 results	 and	 in-hospital	 complications	 in	 the	 latest	 series	 of	 141	 consecutive	
patients	at	the	University	Hospital	of	Rouen	(2002-2005).	Arch	Mal	Coeur	Vaiss	99:195-
200,	2006.
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Risk Stratification
According to the guidelines,20,26 TAVR is being offered to patients 
who are at high risk for surgical complications due to their age or 
comorbidities. Patients are considered to have a high operative risk 
when their scores are in the upper decile for mortality or have a 30-day 
mortality risk greater than 15%. Surgical risk is most commonly esti-
mated by the Society of Thoracic Surgery Predicted Risk of Mortality 
(STS-PROM) and the EuroSCORE. The EuroSCORE II has been vali-
dated for patients undergoing valvular surgery.74 Previous versions 
of the EuroSCORE had overestimated the surgical mortality risk for 
high-risk patients, and as a result, the logistic EuroSCORE II was 
developed.74-76

The STS-PROM was derived from the STS database, a voluntary 
registry of practice outcomes. It estimates the risk of mortality, morbid-
ity, renal failure, and length of hospital stay after valvular and nonval-
vular cardiac surgery.77,78 This score underestimates the true mortality 
rate after cardiac surgery, but it more closely reflects the operative and 
30-day mortality rates for the highest-risk patients having aortic valve 
replacement.79

The STS-PROM and the EuroSCORE provide an objective way to 
quantify risk. Although thorough, these risk scores do not include 
certain characteristics that can complicate surgery and increase the 
operative mortality rate, such as previous mediastinal irradiation, chest 
wall deformity, severe calcification in the thoracic aorta (i.e., porcelain 
aorta), history of mediastinitis, liver cirrhosis, previous bypass grafting 
preventing safe reentry to the chest, or the patient’s frailty. The algo-
rithms for scoring were calculated from patients who underwent 
surgery, limiting their applicability to patients who are not considered 
surgical candidates. Clinical judgment and the patient’s level of inde-
pendent function are subjective parameters that influence outcomes 
after cardiac surgery but are difficult to measure. More accurate risk 
calculators that can more precisely estimate the risk of patients selected 
for TAVR are being investigated.

Patient Selection
Over the past decade, heart valve teams have become more proficient 
in performing TAVR while minimizing complications and obtaining 
perfect outcomes. Not every high-risk patient with severe, symptom-
atic AS needs to be treated with TAVR; the procedure should be per-
formed in patients who can consistently benefit. Certain patient 
characteristics have been associated with a poor prognosis after TAVR. 
Among surgically inoperable patients, those who were inoperable for 

valve. Despite encouraging experimental results, there was no develop-
ment of a human application. In 2000, Bonhoeffer and coworkers, 
using a valve from a bovine jugular vein mounted within an expand-
able stent, reported the feasibility of delivering the device inside the 
native pulmonary valve of lambs64 and thereafter were able to perform 
the first successful human percutaneous replacement of a pulmonary 
valve in a right ventricle–to–pulmonary artery prosthetic conduit with 
valve dysfunction.65

Our team in Rouen, France, has been working since the early 1990s 
on the development of a catheter-based treatment for nonsurgical 
patients with severe calcific AS that could overcome the high restenosis 
rate seen after BAV. Early cadaver work in 1994 provided information 
about the ability to deploy a Palmaz stent in the aortic position and 
contributed to designing appropriate stent dimensions. In 1999, under 
the auspices of Percutaneous Valve Technologies (Fort Lee, NJ), an 
original catheter valve was developed and tested in a sheep model.66 In 
vitro testing confirmed the valve’s hemodynamic profile and durability. 
An original animal model of chronic aortic regurgitation that allows 
the long-term evaluation of the catheter valve in the systemic circula-
tion was developed for in vivo testing.67

The first TAVR in a human was performed by our group in April 
2002,21 followed by an initial series of human implantations for com-
passionate use that were serially reported.68-72 After the acquisition of 
Percutaneous Valve Technologies by Edwards LifeSciences in 2003, 
further modifications of the Cribier-Edwards device were achieved 
with the development of the Edwards Sapien heart valve, which pre-
ceded multicenter clinical trials and the pivotal randomized PARTNER 
study in the United States.22,23

The first series of patients with severe AS treated with the self-
expanding CoreValve Revalving System (Medtronic, Minneapolis, 
MN) was later reported by Grube and colleagues.73 Since the first 
implantation of this device in 2004, several technologic improvements 
were obtained, and efficacy of the CoreValve was demonstrated in 
multiple registries and in the U.S. CoreValve pivotal trials.24,25

Edwards and Medtronic have developed new models of transcath-
eter valves and delivery systems, producing a clear-cut improvement 
in results and a decreased rate of complications. Other models of 
transcatheter valves have been launched by several companies, and 
some have already been approved in Europe.

In the following sections, we describe patient selection, procedural 
techniques and results, and future strategies for the balloon-expandable 
Edwards valves (Fig. 53-2) and the self-expanding Medtronic Core-
Valve. Other valve prostheses in different stages of development are 
reviewed.

FIGURE 53-2	 A,	The	Sapien	valve	 is	a	 trileaflet	bovine	pericardial	valve	mounted	on	a	balloon-expandable	stainless	steel	stent.	B,	The	second-
generation	Sapien	XT	valve	has	a	new	bovine	pericardial	leaflet	design,	and	it	is	mounted	on	a	cobalt-chromium	stent,	reducing	its	profile.	

BA
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Cardiac Catheterization and Angiography
Right and left catheterization can identify pulmonary hypertension 
and concomitant coronary artery disease, which may need to be treated 
before valve implantation. Aortic angiography establishes the correct 
angulation of the image intensifier during valve positioning and deter-
mines potential complicating factors in the aortic arch that may  
interfere with the procedure. Iliofemoral angiography is regularly per-
formed as the first evaluation of vessels diameters, calcification, and 
tortuosity.

Echocardiography
TTE or transesophageal echocardiography (TEE), or both, can assess 
the anatomy of the aortic valve (i.e., trileaflet or bicuspid valve), the 
severity of AS, the degree and distribution of valvular calcification, the 
annulus diameter (which was for many years the only way to select  
the appropriate prosthesis size), the left ventricular function, the  
pulmonary pressures, and concomitant valvular diseases. Cross-
sectional, three-dimensional TEE can be usefully added to the baseline 
evaluation.87

Computed Tomography
Computed tomography (CT) with three-dimensional reconstruction is 
invaluable for assessing the valvular (e.g., calcium distribution, leaflet 
length) and aortic root anatomy (e.g., diameters, angulation, calcifica-
tion, sinus of Valsalva), distance between the coronary ostia and 
annulus (i.e., assessing the risk of coronary occlusion during TAVR), 
and the aortobifemoral anatomy. CT is considered the best tool for 
accurately evaluating the dimensions of the ovoid aortic annulus (e.g., 
diameter, circumference, area) and selecting the appropriate size of 
prosthesis size to prevent valve embolization and paravalvular regur-
gitation (by an undersized device) or annulus rupture (by an oversized 
device). This information is applied to the model of prosthesis chosen 
(Fig. 53-3).

CT has a key role in evaluating the peripheral arteries and prevent-
ing complications of the transfemoral approach caused by using large 
introducers and delivery systems. The prosthesis may be delivered by 
various approaches. he transfemoral approach is considered the default 
approach by most teams because it is less invasive than alternative 
routes. Decreased sheath size allows the transfemoral approach to be 
used in more than 80% of the cases, whereas it was limited to 50% of 
cases by the first-generation devices. Selection depends on the tortuos-
ity, calcification, and internal diameter of the femoral, external iliac, 
and common iliac arteries. Abdominal aortic aneurysms or a history 
of their repair favors the use of alternative approaches.

Vascular complications have been associated with significant mor-
tality and may be prevented with appropriate screening.88,89 Safety 
should not be sacrificed if an approach other than transfemoral is 
available and patients are considered to be good candidates. If chronic 
renal insufficiency precludes a study with full contrast, intraarterial 
administration of a small contrast bolus90 or CT without contrast may 
provide appropriate images for the necessary measurements.

technical reasons had a better prognosis that those who were consid-
ered inoperable for medical reasons.80

Preprocedural risk assessment is performed using the EuroSCORE 
or the STS-PROM as described earlier. Patients are usually classified 
as at high risk for surgery when the logistic EuroSCORE and the STS-
PROM are greater than 20% and 10%, respectively. However, in Europe, 
there is a trend to include lower-risk patients (EuroSCORE >15%), 
and the Surgical Replacement and Transcatheter Aortic Valve Implan-
tation (SURTAVI) and PARTNER II trials are evaluating lower-risk 
patients.

Patient frailty, which has a significant impact on clinical outcome 
after SAVR and TAVR,81-83 has become another inclusion criteria. 
Severe lung disease, oxygen dependence, low body mass index, wors-
ening renal function, and low transvalvular pressure gradients are 
factors associated with a poor prognosis.84 Until a dedicated TAVR risk 
score is created, patient selection should be based on objective evi-
dence associated with an elevated risk of surgical mortality and use a 
multidisciplinary approach. The indication for TAVR and the benefit-
risk profile must be discussed in detail by a multidisciplinary team (i.e., 
heart valve team) of primary cardiologists, interventional cardiologists, 
cardiac surgeons, echocardiographers, radiologists, anesthesiologists, 
and geriatricians. Inclusion requires patients to have severe, symptom-
atic AS; be considered at high risk for surgical complications; have a 
greater than 1-year survival of their comorbidities; and benefit from 
valve replacement (Table 53-2).

Preprocedure Planning
Meticulous preprocedure planning with multimodality imaging  
assessment must be done for each patient to determine the feasibility 
and safety of TAVR and select the best approach. Prostheses can  
be placed by a transfemoral, transapical, transaortic, or subclavian 
approach.22,23,85,86

TABLE 53-2 Patient Characteristics Associated With 
Poor Prognosis After Transcatheter Aortic  
Valve Replacement

Chronic	kidney	disease	(>stage	3)
Severe	lung	disease

Oxygen	dependence
Slow	5-meter	walk

Frailty
Low	body	mass	index
Low	mean	aortic	gradient
Abnormal	Mini-Mental	State	Examination	result
Limited	6-minute	walk	test	distance
Nontechnical	reasons	for	inoperability
Moderate	or	severe	tricuspid	regurgitation

FIGURE 53-3	 A,	The	original	crimping	device	in	two	sizes	adapted	to	the	23-	and	26-mm	Sapien	valves.	B,	The	RetroFlex	3	delivery	system	for	
the	Sapien	valve	(top)	and	the	NovaFlex	delivery	system	for	the	Sapien	XT	valve	(bottom).	

A B
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FIGURE 53-4	 Transfemoral	transcatheter	aortic	valve	replacement.	A,	Balloon	aortic	valvuloplasty	with	simultaneous	aortography.	B,	Delivery	system	
and	valve	assembly	advanced	through	the	descending	aorta.	C,	Correct	valve	positioning	confirmed	by	angiography.	D,	Valve	deployment	under	
rapid	ventricular	pacing.	E,	Valve	in	place	after	delivery.	F,	Aortic	angiography	to	confirm	valve	position,	lack	of	aortic	insufficiency,	and	unrestricted	
flow	through	the	native	coronary	arteries	and	bypass	grafts.	

A B C
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Transcatheter Aortic Valves

Sapien Heart Valve
The Sapien prosthesis is the first generation of balloon-expandable 
valve. It was developed by Edwards LifeSciences in 2005, after the 
acquisition of Percutaneous Valve Technology. The device is a modified 
version of the percutaneous valve used in the first-in-human implanta-
tions and subsequent feasibility studies performed between 2002 and 
2005 by our group21,68-70 and then by other investigators.71,72 This valve 
has been used in all feasibility studies in Europe and Canada and was 
later used in the U.S. PARTNER trial and in many registries outside 
the United States, including the Sapien Aortic Bioprosthesis European 
Outcome (SOURCE) registry. This balloon-expandable model was the 
first one approved in the United States. The device consists of a bio-
prosthetic valve, a balloon catheter on which it is mounted, and a 
crimping tool.

The Sapien prosthesis is a trileaflet bioprosthesis made of bovine 
pericardium that is mounted in a balloon-expandable stainless steel 
stent (see Fig. 53-2, A). It has been pretreated to decrease calcification 
and functional deterioration. The stent has a fabric cuff placed on the 
ventricular side that covers one half of the frame, limiting stent expan-
sion and decreasing perivalvular insufficiency. Because the device has 
no sewing ring, the valve is oversized for the aortic annulus to ensure 
stability after deployment. It is available in two sizes: a 23-mm valve 
(for an aortic annulus of 18 to 22 mm) with a stent height of 14.5 mm 
and a 26-mm valve (for an aortic annulus of 21 to 25 mm) with a  
stent height of 16 mm. Bench-top testing showed its durability to be 
greater than 10 years. The Sapien valve provides a larger effective orifice 
area and lower hemodynamic profile than corresponding surgically 
implanted valves, but it is associated with a higher incidence of peri-
valvular insufficiency.91

The valve is mounted on a custom balloon that is 30 mm long with 
a diameter that corresponds to the prosthesis size. At its distal end, it 

contains a nose cone that facilitates crossing the native valve (Fig. 
53-4). The crimping tool is used to manually and symmetrically com-
press the overall diameter of the prosthesis from its expanded size to 
its minimal delivery profile. A cylindrical gauge is used to confirm the 
collapsed profile of the delivery system to ensure that it can move 
smoothly through the introducer sheath. A measuring ring is used to 
calibrate the balloon inflation to its desired size and to determine the 
amount of saline and contrast mixture in the syringe necessary for 
proper inflation at the time of deployment.

The RetroFlex catheter (see Fig. 53-3, B), an innovation that facili-
tates the passage of the mounted valve across the aortic arch from the 
retrograde approach, was initially evaluated by Webb and colleagues.72 
The catheter has a deflectable tip that changes direction when activated 
by the rotation of an actuator incorporated in the handle. The catheter 
is then used to direct the valve delivery system through the arterial 
system, around the aortic arch, and across the aortic valve, providing 
a less traumatic passage. The RetroFlex catheter assists in centering and 
supporting the valve as it crosses the calcified and stenotic native valve. 
This system also provides precise positioning at the aortic annulus.

The Sapien valve and deflecting guiding catheter are introduced 
through a 25-cm-long sheath with a hydrophilic coating that extends 
into the abdominal aorta to decrease vascular complications. The 
transfemoral delivery system requires a 22- and 24-Fr sheath for the 
23- and 26-mm valves, respectively. The Ascendra catheter (Edwards 
LifeSciences, Irvine, CA) is the delivery system used for the transapical 
route (Fig. 53-5). The catheter allows easy valve manipulation to 
improve the prosthetic orientation.

Sapien XT Valve
The Edwards Sapien XT (see Fig. 53-2, B) is a modified and improved 
version of the Sapien prosthesis. It has been commercially available  
in Europe since 2009 and was approved in the United States in June 
2014. It consists of a cobalt-chromium, balloon-expandable stent  
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e-sheath) of 16, 18, or 20 Fr for the 23-, 26-, and 29-mm valve sizes, 
respectively (Fig. 53-6); 16-, 18-, 20-, and 22-Fr polyethylene iliofemo-
ral arterial dilators (40 cm long); dedicated 20-, 23-, and 25-mm val-
vuloplasty balloons (40 mm long) for the 23-, 26-, and 29-mm valve 
sizes, respectively, for predilation of the native aortic valve; and two 
Atrion balloon inflation devices.

The transapical (or transaortic) kit includes the Ascendra 2 trans-
apical delivery catheter (22 Fr) optimized for a single-hand operation, 
the Ascendra sheath (24 Fr), a single-use crimper, a 20-mm Ascendra 
custom-designed valvuloplasty balloon catheter, and two Atrion infla-
tion devices. Dimensions and adequate requirements for the Sapien XT 
compared with other Edwards devices are shown in (Fig. 53-7).

with an integrated trileaflet bovine tissue valve and a polyethylene 
terephthalate fabric cuff. Its design renders it highly resistant to com-
pression after implantation.

The valve’s physical properties are similar to those of surgical bio-
prostheses. It has three sections of bovine pericardium and is manu-
factured with the ThermaFix anticalcification process. The transfemoral 
kit includes the NovaFlex delivery system (see Fig. 53-3), which con-
sists of a deflectable balloon catheter with a distal nose cone and a 
handle consisting of a flexing wheel, a flex indicator, and an alignment 
wheel used to mount the crimped valve on the balloon that is advanced 
into the abdominal aorta. The system also includes a single-use 
crimper; a 35-cm hydrophilic coated introducer (i.e., expandable 

FIGURE 53-6	 Annular	sizing	charts	for	determining	the	valve	size	when	using	the	Sapien	XT	and	Sapien	3	devices.	

Sapien XT Valve Sizing Chart

Annulus diameter (mm) 18 – 22

332 – 395

14

21 – 25

425 – 506

17

24 – 27

29 mm26 mm23 mm

528 – 660

19

Annulus area (mm2)

Expanded length (mm)

Sapien 3 Valve Sizing Chart

Annulus diameter (mm) 16 – 19

273 – 345

15.5

21 – 25

430 – 546

20

24 – 28

29 mm26 mm

18 – 22

338 – 430

18

23 mm20 mm

540 – 680

22.5

Annulus area (mm2)

Expanded height (mm)

FIGURE 53-5	 The	Ascendra	delivery	system	for	 transapical	delivery	of	 the	Sapien	valve	(top).	A,	Balloon	valvuloplasty	 is	performed	under	rapid	
pacing.	The	delivery	sheath	is	inserted	through	the	apex	of	the	left	ventricle	after	a	lateral	thoracotomy.	B,	Valve	deployment	under	rapid	ventricular	
pacing.	C,	Aortic	angiography	after	valve	implantation	confirms	the	absence	of	aortic	insufficiency.	

Ascendra delivery system

23 Fr

55 cm*

9.8 cm**

5.4 cm***
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dissected in the posterior aspect because sheath insertion is easier 
when the vessel is partially anchored.

Aortic Angiography
Ascending aortic angiography is performed in a projection that places 
all aortic cusps in line and perpendicular to the image intensifier. 
Ideally, the best projection is previously determined to minimize the 
radiation and contrast exposure during CT. It can also be facilitated by 
the use of online three-dimensional reconstruction systems.

Temporary Pacemaker Placement
A ventricular stimulation lead such as the 6-Fr Soloist lead (Medtronic, 
Minneapolis, MN) is placed in the right ventricle. After testing for 
appropriate capture, a RVP test is performed at a rate of 180 to 220 
beats/min as detailed in the BAV section.

Delivery Sheath Insertion
With the guidewire in the aorta, the previously inserted 8-Fr sheath is 
removed. Serial dilation of the femoral and iliac arteries is performed 
with arterial dilators of increasing size (16 to 22 Fr). The delivery 
sheath is then inserted and positioned in the descending aorta.

Crossing the Aortic Valve
After the patient is anticoagulated with heparin (100 IU/kg), the native 
aortic valve is crossed as described earlier using an AL-2 catheter and 
a straight guidewire. The previously shaped Amplatz 0.035-inch, 270-
cm-long, extra-stiff guidewire is then exchanged through the AL-2, 
and the catheter is withdrawn while maintaining the distal wire posi-
tion in the left ventricle. A pigtail catheter is advanced, and the valve 
pressure gradient is then obtained.

Prior Balloon Aortic Valvuloplasty
BAV is performed under RVP before TAVR with the technique 
described previously. A 20-, 23-, or 25-mm RetroFlex balloon (Edwards 
LifeSciences, Irvine, CA) is used for placement of a 23-, 26-, or 29-mm 
prosthesis, respectively. The valve prosthesis should be ready for inser-
tion before the completion of BAV in case severe aortic insufficiency 
and hemodynamic instability develops. Using the pigtail catheter 
placed in the ascending aorta above the native aortic valve, contrast is 
administered at the time of full balloon inflation to assess the risk  
of coronary obstruction by displacement of the native valve leaflet  
over the left main ostium and to confirm optimal valve sizing (see  
Fig. 53-4, A).

Transfemoral Approach to Valve Implantation

Room Requirements
Transfemoral TAVR can be performed in the cardiac catheterization 
laboratory or in the hybrid operating room. The room must be 
equipped with a fixed fluoroscopy unit that provides high image quality 
and can store reference images for roadmapping. The room needs to 
be large enough to allow all operators to work comfortably and the 
circulators to move freely. A cardiopulmonary bypass machine should 
be accessible if complications arise. Equipment to treat vascular or 
coronary complications should be stocked in the room and available 
on demand.

Anesthesia
The procedure can be done under general anesthesia92 or conscious 
sedation.93 General anesthesia is preferred if TEE is performed simul-
taneously during the procedure. If not, conscious sedation and local 
anesthesia provide enough relief during the procedure and have been 
increasingly accepted since the launch of smaller devices (i.e., Sapien 
XT and Sapien 3).

Continuous invasive hemodynamic monitoring should be used 
throughout the procedure. Vasopressor support should be used judi-
ciously because vasoconstrictors may interfere with the insertion  
and removal of the arterial sheath and predispose to vascular 
complications.

Infection and Antithrombotic Prophylaxis
To decrease the risk of prosthetic infection, patients are given intrave-
nous antibiotics (i.e., vancomycin or cefazolin) on call to the procedure 
room, and they are continued for 48 hours. Aspirin (160 to 325 mg) 
and clopidogrel (300 mg) are administered at least 24 hours before the 
procedure. After the procedure, clopidogrel (75 mg/day) is continued 
for 1 month, and aspirin (75 mg/day) is continued indefinitely.

Venous and Arterial Access
Femoral arterial access is obtained for aortic angiography with a 5- to 
6-Fr pigtail catheter, and a venous sheath is inserted for RVP. The 
contralateral artery is cannulated percutaneously or by surgical 
cutdown. If accessed percutaneously, it can be preclosed with suture-
mediated devices. Preclosing with a single 10-Fr Prostar device or with 
two Proglide devices (Abbott Vascular, Abbott Park, IL) is regularly 
performed with use of the Sapien XT device94 If surgical cutdown is 
performed, the common femoral artery should not be completely 

FIGURE 53-7	 Outer	sheath	diameters	(OD)	and	minimal	internal	vessel	diameters	required	with	the	three	generations	of	Edwards	balloon-expandable	
valves.	
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Direct Transaortic Approach to Valve Implantation
The retrograde direct transaortic approach is an interesting alternative 
to the transapical approach for patients in whom vascular access 
through the femoral artery cannot be considered.101 It involves a 5-cm 
incision in the chest by a ministernotomy or minithoracotomy. CT is 
used to determine the anatomy and calcification of the aorta, to 
confirm a minimal distance of 7 cm between the insertion site and the 
annulus, and to select the best puncture site for optimizing coaxial 
alignment with the native valve. The advantage of this approach over 
the transapical route is to avoid any trauma to the left ventricle.

Outcomes

Historical Results
The initial report of a successful percutaneous implantation of an aortic 
bioprosthesis in a patient with severe, symptomatic AS who was admit-
ted in cardiogenic shock in April 2002 was greeted with enthusiasm.21 
From 2003 to 2004, single-center registries that documented the feasi-
bility of the procedure done on a compassionate basis were started 
under the names of Initial Registry of Endovascular Implantation of 
Valves in Europe (I-REVIVE) and Registry of Endovascular Critical 
Aortic Stenosis Treatment (RECAST).68 These procedures used a 
23-mm bioprosthesis made of equine pericardium mounted on a stain-
less steel balloon-expandable stent, and valve placement was primarily 
done through the antegrade (transseptal) approach.

Procedural success was achieved in 75% of cases. Aortic valve area 
increased consistently from 0.6 to 1.6 cm2 and was accompanied by a 
fall in the mean transvalvular pressure gradient (37 to 9 mm Hg) and 
an increase in the left ventricular ejection fraction (LVEF) (45% ± 18% 
to 53% ± 14%). The 30-day mortality rate was 23%, and the 30-day 
major adverse cardiovascular and cerebrovascular event (MACCE) 
rate was 26%.68 The survival rate was 63% at 6 months and was limited 
by the severity of patients’ comorbidities.

Moderate to severe perivalvular aortic insufficiency, which occurred 
in 63% of patients, and valve embolization were procedural limitations 
imposed by the availability of a single valve size. Due to venous dis-
tensibility, sheath insertion was not limited by vessel size, tortuosity, 
or peripheral vascular disease. Valve placement was simple because the 
device crossed the smooth aspect of the aortic valve. However, the 
technique was challenging because it required a transseptal puncture, 
navigation of the catheter-valve ensemble across the mitral and aortic 
valve, and guidewire interaction with the mitral valve and subvalvular 
apparatus, contributing to poorly tolerated acute mitral insufficiency. 
The sum of these problems limited the diffusion of this approach, 
prompted technical improvements in the delivery system, and pro-
moted the resurgence of the retrograde approach.

Significant technical and prosthetic modifications followed to solve 
the previously encountered limitations. To reduce the degree of peri-
valvular regurgitation, valves were oversized in relation to the aortic 
annulus, and a second prosthesis size (26 mm) became available. The 
perimeter and area of the aortic annulus at the level of aortic leaflet 
insertion was identified for appropriate valve sizing. Necessary land-
marks for valve positioning were recognized, decreasing the risk of 
valve embolization. Catheters with a manually activated deflectable tip 
facilitated the valve delivery through the retrograde approach. Modi-
fications in the delivery sheath also reduced vascular complications. 
Sheath length was increased to deliver the catheter-valve ensemble 
directly in the descending aorta, decreasing the risk of vascular injury.98 
Minimal arterial diameter, vessel tortuosity, and vessel calcification 
were the major limiting factors.

Multicenter registries in the United States, such as the second 
Transcatheter Endovascular Implantation of Valves (REVIVAL II);  
the European Union, such as the second Randomized Multicenter 
Evaluation of Intravenous Levosimendan Efficacy (REVIVE II); and 
Canada, such as the Canadian Special Access Program, continued to 
evaluate procedural safety and efficacy. New valve modifications were 
added to improve long-term function, which included the use of 

Valve Insertion and Deployment
The prosthesis and delivery system are inserted in the sheath over the 
extra-stiff wire (see Fig. 53-4, B). After the delivery system reaches the 
aortic arch, the RetroFlex (or NovaFlex) catheter is activated, allowing 
safe passage of the delivery system across the aortic arch. The system 
is then advanced until it reaches the ascending aorta. In the predeter-
mined reference projection, the valve is positioned in the aortic 
position.

After confirmation of the appropriate location with angiography 
(and TEE if available) (see Fig. 53-4, C), the valve is deployed under 
RVP (see Fig. 53-4, D) after confirming that the systemic blood pres-
sure has reached and maintained its nadir. Balloon inflation is held 3 
to 5 seconds before deflation, and RVP is stopped to avoid traction on 
the prosthesis while the balloon catheter is being withdrawn (see Fig. 
53-4, E). The RVP run usually does not last longer than 15 seconds.

The delivery system is straightened and withdrawn. The transval-
vular pressure gradient can be measured and paravalvular leaks evalu-
ated by angiography (see Fig. 53-4, F) and echocardiography.

Sheath Removal and Arteriotomy Closure
The sheath is withdrawn with careful monitoring of the blood pressure 
and simultaneous contrast administration through a catheter placed at 
the level of the iliac bifurcation or into the iliac artery. A precipitous 
drop in blood pressure or extravasation of contrast indicates vascular 
rupture. This complication should be treated appropriately and expedi-
tiously using a covered stent or surgical repair. Immediate tamponade 
of the ruptured vessel with the large sheath or closure of the iliac artery 
or abdominal aorta with a large balloon can be urgently performed 
before arterial repair. The arteriotomy site is then closed surgically or 
percutaneously with the previously placed preclosure device.

Transapical Approach to Valve Implantation
Because the procedural steps of valve deployment for the transapical 
approach are similar to those for the transfemoral route, only the dif-
ferences are delineated (see Fig. 53-5).95-100 Femoral arterial and venous 
accesses are obtained for aortic root angiography and RVP as previ-
ously described. RVP can also be obtained with an epicardial lead.

A small left lateral thoracotomy is performed. The planes are dis-
sected until the LV apex is visualized. A purse-string suture is placed 
in a muscular segment of the apicolateral wall. After the patient is 
anticoagulated and the activated clotting time (ACT) reaches a thera-
peutic level, a direct puncture of the left ventricle is performed, and a 
7- or 8-Fr sheath is inserted into the left ventricle. A 0.035-inch, 
J-tipped wire is then advanced through the valve into the descending 
aorta while guided with a Judkins right curve catheter. The wire must 
be free of the papillary muscles or mitral chordal structures to avoid 
complications with the insertion of the delivery sheath.

After the wire is in the descending aorta, it is exchanged for an 
extra-stiff wire, the Amplatz 0.035-inch, 270-cm-long guidewire, and 
the Judkins right catheter is removed. The sheath is exchanged for  
the large delivery sheath that is inserted 3 to 4 cm into the LV cavity. 
Under RVP, BAV is performed with a 20-mm RetroFlex balloon (see 
Fig. 53-5, A). The Ascendra delivery system is advanced into the 
sheath and deaired. The valve-catheter ensemble is advanced into the 
aortic position, maintaining a position midway between the aorta and 
ventricle.

After confirmation of the appropriate position by TEE and angiog-
raphy, RVP and a breath hold by the patient are begun. The valve is 
deployed (see Fig. 53-5, B) as the blood pressure is at is nadir, and the 
balloon is deflated and withdrawn. After the degree of aortic insuffi-
ciency is assessed (see Fig. 53-5, C) and the valve position is confirmed 
by TEE, the ventricular sheath can be removed. If the valve needs to 
be postdilated, the procedure is done. If no further intervention is 
needed, the delivery sheath is removed,96 the puncture site repaired, 
and the anticoagulation reversed. The thoracotomy is closed over a 
drain.
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and to 6 months. The primary efficacy end point was hemodynamic 
status of the valve, QOL, and New York Heart Association (NYHA) 
class improvement at 12 months after implantation. Mean patient age 
was 82 years, and 84% and 85% of the transfemoral and transapical 
group had NYHA class III and IV heart failure, respectively. The 
EuroSCOREs were 26% and 34% for the transfemoral and transapical 
groups, respectively. The transapical cohort had more comorbidities.

After valve implantation, the mean aortic pressure gradient fell to 
10 mm Hg, and the aortic valve area rose to 1.6 cm2. These values 
remained the same at the 6-month and 1-year follow-up. Mean LVEF, 
which was reasonably well preserved at 54% before implantation, was 
unchanged. Patients who survived to the 1-year follow-up evaluation 
had a dramatic improvement in NYHA class (60% class I or II), and 
QOL scores improved at 1 year by 23 points. At the 18-month follow-up, 
patients in the transfemoral group had a 71% survival rate, and those 
in the transapical group had a 44% survival rate. However, compari-
sons between the transfemoral and transapical groups are not appro-
priate due to the major differences in comorbidities between the two 
groups, especially peripheral vascular disease, a marker of more severe 
atherosclerotic disease and poorer outcomes, in the transapical group.

SOURCE and SOURCE XT Registries
The SOURCE Registry, which catalogued Sapien aortic bioprosthesis 
outcomes, included 1123 consecutive patients who underwent trans-
femoral and transapical TAVR in 32 centers across Europe.103 It was 
created for postmarketing surveillance. Each center provided 100% of 
the consecutive patients’ data for analysis. Twenty-two of the 32 enroll-
ing centers had no prior experience with the Sapien valve and under-
went structured training and proctoring.

The mean logistic EuroSCOREs were 25.7% (transfemoral, n = 463) 
and 29.1% (transapical, n = 575). The overall procedural success rate 
was 93.8%, with 30-day mortality rates of 6.3% and 10.3% for the  
transfemoral and transapical approaches, respectively. At 30 days, func-
tional improvement was dramatic (NYHA class I/II at baseline of 19% 
vs. 86% at 30 days, P < .001), and the mean survival rate at 224 days 
was 74%. The symptomatic improvement persisted during follow-up. 
The mean transaortic pressure gradient decreased from 46.1 ± 6.7 to 
11.2 ± 4.9 mm Hg at 1 year. Most deaths and hospital readmissions were 
not valve related. Perivalvular aortic insufficiency remained constant 
during follow-up, and there was no structural deterioration of the valve.

Results from the transapical SOURCE registry confirm a similar 
procedural success (92.7%), with conversion to SAVR in 3.5% of cases. 
Although vascular injury was less common in the transapical group, it 
was associated with a higher mortality rate. Thirty-day and 1-year 
mortality rates for the transapical group were higher compared with 
those for the transfemoral group, but this likely reflects a selection bias. 
Patients who undergo the transapical approach are older, have more 
comorbidities, and have higher EuroSCOREs.

The SOURCE XT registry (December 2010 through May 2011)110 
included 2189 patients from 17 countries who received Sapien XT 
valves in 94 European centers. This registry, which monitored the new 
technology introduced into the European market, evaluated the results 
at 30 days and annually to 5 years of the Sapien XT valve and NovaFlex 
delivery system using various approaches (transfemoral, 62.7%; trans-
apical, 33.3%; other, 3.7%).

Complications were assessed according to the Valve Academic 
Research Consortium 2 (VARC 2) standards.112 The preliminary results 
were presented by Thomas at the 2012 Transcatheter Therapeutics 
Meeting. The STS-PROM was lower than in the SOURCE registry 
(8.4% vs. 12.7%). At 30 days, the all-cause mortality (6.3%), cardiac 
mortality (2.6%), and stroke (2.2%) rates were significantly lower than 
in the SOURCE registry (P < .0001). The rate of major vascular com-
plications had decreased from 27.5% to 10.1% (P < .0003), and the rate 
of major bleeding decreased from 19.3% to 10.6% (P < .01).112a

FRANCE and FRANCE 2 Registries
After the results released in 2009 of the first French TAVR registry 
(FRANCE), 109 of a total of 3195 consecutive patients were enrolled 

bovine pericardium, elongation of the skirt to decrease perivalvular 
insufficiency, and the addition of an anticalcification treatment, culmi-
nating in the prosthesis that is currently used.

The series of retrograde implantations published by Webb and col-
leagues showed an initial procedural success rate of 78%, which 
increased to 96% after the first 25 cases, reflecting an important learn-
ing curve.97 The observed 30-day mortality rate was 12%, whereas the 
expected 30-day mortality rate was 28%. At median follow-up, there 
was no evidence of valve deterioration, migration, restenosis, or val-
vular insufficiency. Moderate perivalvular leaks were seen in three 
cases at 1 month. Perivalvular aortic insufficiency was mild, clinically 
inconsequential, and stable during follow-up for most patients. This 
information led to approval and valve commercialization in Europe in 
the fall of 2007.

The initial experience of the transapical approach in the animal 
model was extrapolated to early human application and showed prom-
ising results.98,99 The first publicaton from Lichtenstein and colleagues98 
consisted of data on seven high-risk patients with AS. Valve implanta-
tion was successful in all of them, and there were no procedural deaths. 
Transvalvular gradient and aortic valve area improvement was seen in 
all patients, and the results were consistent with those found after 
retrograde implantation. The observed 30-day mortality rate was lower 
than the expected mortality rate (14% vs. 35%).95,98

Published multicenter experience using this innovative approach 
has been growing. Walther and colleagues102 reported a successful 
implantation rate of 93.2% and a conversion rate to SAVR of 6.8%. 
Trace to mild aortic insufficiency was seen in 23 patients. The 30-day 
mortality rate was 13.6%, whereas the predicted operative mortality 
rate was 26.8%. Extracorporeal circulatory support was used for 47% 
of patients during the initial procedures, but after familiarization with 
the technique, the rate dropped.

A U.S. feasibility study reported successful valve placement in 90% 
of cases and persistent improvement in symptoms, valve area, mean 
pressure gradient, aortic insufficiency, and quality of life (QOL).100 
Patient survival rates were 81.8% at 1 month, 71.7% at 3 months, and 
58.7% at 6 months. MACCE was seen in 65% and included a 5% inci-
dence of stroke, 2.5% need for emergent cardiac surgery, and 17.5% 
myocardial infarction rate.

Recent Results
Over the past 10 years, the Sapien valve and updated devices have been 
evaluated in several national and international registries103-107 and in 
one evidence-based trial, the pivotal U.S. PARTNER trial.22,23 A second 
randomized study—the PARTNER II trial, using the Sapien XT valve—
has finished enrollment. Results from the inoperable arm are sum-
marized below (Table 53-3). Results from the intermediate risk arm 
are expected in 2015. Results of the main series are summarized later.

Canadian Sapien Registry
The Canadian registry of the Sapien valve from 2005 to 2009 in six 
centers found very encouraging results.107 There were 339 high-risk 
patients (STS-PROM 9.8% ± 6.4%) enrolled, with 49.6% transfemoral 
and 50.4% transapical cases. The procedural success rate was 93.3%, 
with a 30-day mortality rate of 10.4%. The mortality rate was 22% at a 
mean follow-up of 8 months, and periprocedural sepsis, need for 
hemodynamic support, chronic kidney disease, and chronic obstruc-
tive pulmonary disease were independent predictors of late mortality, 
regardless of the approach. Patients with porcelain aorta and those who 
were frail had acute outcomes similar to those of the overall cohort, 
and patients with porcelain aorta had as good or better survival at the 
1-year follow-up.

PARTNER European Registry
Most short- and medium-term TAVR data have come from European 
and Canadian registries. The PARTNER European Registry,108 whose 
results were published in 2010, is one of three major registries outside 
the U.S. with experience using the Sapien valve. Its primary safety end 
point was freedom from death from the index procedure to 30 days 



822 SECTION V  INTRACARDIAC INTERVENTION

TA
BL

E 
53

-3
 

Ba
se

lin
e 

an
d 

Fo
llo

w
-U

p 
C

ha
ra

ct
er

is
tic

s 
of

 P
at

ie
nt

s 
U

nd
er

go
in

g 
Tr

an
sc

at
he

te
r 

Ao
rti

c 
Va

lv
e 

Re
pl

ac
em

en
t 

W
ith

 t
he

 S
ap

ie
n 

an
d 

Sa
pi

en
 X

T 
Va

lv
es

St
ud

y
N

Ag
e 

(y
r)

Lo
gi

st
ic

 E
S 

(%
)

ST
S 

Sc
or

e 
(%

)
PS

 
(%

)
AV

A 
Pr

e-
P 

(c
m

2 )

AV
A 

Po
st

-P
 

(c
m

2 )

M
ea

n 
G

ra
di

en
t 

Pr
e-

P 
 

(m
m

 H
g)

M
ea

n 
G

ra
di

en
t 

Po
st

-P
 

(m
m

 H
g)

N
YH

A 
C

la
ss

 I
II/

IV
 P

re
-P

 
(%

)

N
YH

A 
C

la
ss

 I
II/

IV
 a

t 
1 

Yr
 (

%
)

LV
EF

 
Pr

e-
P 

(%
)

LV
EF

 
Po

st
-P

 
(%

)

Su
rv

iv
al

 
at

 1
 Y

r 
(%

)

Sa
pi

en
 V

al
ve

Ca
na

da
10

7
33

9
81

±8
N

R
9.

8
93

.3
0.

63
±0

.1
7

1.
55

±0
.4

1
46

±1
7

10
±4

90
.9

N
R

55
±1

4
N

R
76

SO
UR

CE
	(

TF
)10

3
46

3
81

.7
25

.8
N

R
95

.2
0.

59
1.

7
53

.5
3.

95
76

21
.6

N
R

N
R

81
.1

SO
UR

CE
	(

TA
)10

3
57

5
80

.7
29

.1
N

R
92

.7
0.

59
1.

7
53

.5
3.

95
77

31
N

R
N

R
72

.1

PA
RT

N
ER

	c
oh

or
t	B

22
35

8
83

.1
±8

26
.4
±1

7.
2

11
.6
±6

96
.6

0.
6±

0.
2

1.
5±

0.
5

44
.5
±1

5.
7

11
±6

.9
92

16
.7

53
.9

57
.2

69
.3

PA
RT

N
ER

	c
oh

or
t	A

23
69

9
83

.6
29

.3
±1

6
11

.8
±3

.3
90

.2
0.

7±
0.

2
1.

59
±0

.4
42

.7
±1

4
10

.2
±4

93
12

52
.5
±1

3
56

±1
0

75
.8

PA
RT

N
ER

	E
U	

(T
F)

10
8

61
82

.3
25

.7
±1

1
11

.3
±6

96
.4

0.
6±

0.
2

1.
5±

0.
5

48
.9
±1

9
12

.7
±4

82
10

.4
52

.9
±1

7
56

.3
±1

3
79

.7

PA
RT

N
ER

	E
U	

(T
A)

10
8

69
81

.9
±5

33
.8
±1

4
11

.8
±6

95
.4

0.
6±

0.
2

1.
6±

0.
5

46
.6
±1

8
11

.5
±3

85
.5

14
.7

52
.8
±1

4
55

.2
±8

50
.7

FR
AN

CE
	(

TF
)10

9
95

83
.2
±7

25
.6
±1

1
17

.4
±1

1
92

.6
0.

66
±0

.1
1.

74
±0

.4
45

±1
6

10
.7
±5

70
N

R
47

±1
4

55
.1
±1

2
N

R

FR
AN

CE
	(

TA
)10

9
71

82
.1
±7

26
.8
±1

1
18

.4
±1

2
92

.6
0.

68
±0

.1
1.

74
±0

.4
48

±1
6

10
.7
±5

53
N

R
54

±1
2

55
.1
±1

2
N

R

Sa
pi

en
 X

T 
Va

lv
e

SO
UR

CE
	X

T11
0

21
66

81
.4
±6

20
.5
±1

2
8.

4
N

R
0.

7
1.

8
47

.6
10

.8
76

.9
12

.3
N

R
N

R
N

R

FR
AN

CE
	2

11
0

21
07

82
.9
±7

22
.2
±1

4
15

.6
±1

2
96

.9
0.

7±
.2

N
R

48
.6
±1

6
N

R
75

.5
10

.5
53

.8
±1

4
N

R
76

PA
RT

N
ER

11
1

28
4

84
±8

.7
N

R
10

3±
5

96
.3

0.
6±

0.
2

1.
6

45
.2
±1

4
10

96
.8

12
52

±1
3

N
R

77
.5

AV
A,

	A
or

tic
	v

al
ve

	a
re

a;
	E

S,
	E

ur
oS

CO
RE

;	
EU

,	
Eu

ro
pe

an
	U

ni
on

;	
LV

EF
,	

le
ft	

ve
nt

ric
ul

ar
	e

je
ct

io
n	

fra
ct

io
n;

	N
R,

	n
ot

	r
ep

or
te

d;
	N

,	
nu

m
be

r	
of

	p
at

ie
nt

s	
en

ro
lle

d;
	N

YH
A,

	N
ew

	Y
or

k	
H

ea
rt	

As
so

ci
at

io
n	

cl
as

si
fic

at
io

n;
	P

os
t-P

,	
af

te
r	

pr
oc

ed
ur

e;
	P

re
-P

,	
be

fo
re

	p
ro

-
ce

du
re

;	
PS

,	
pr

oc
ed

ur
al

	s
uc

ce
ss

;	
ST

S,
	S

oc
ie

ty
	o

f	T
ho

ra
ci

c	
Su

rg
eo

ns
,	

TA
,	

tra
ns

ap
ic

al
	a

pp
ro

ac
h;

	T
F,

	tr
an

sf
em

or
al

	a
pp

ro
ac

h.



 CHAPTER 53  Transcatheter Aortic Valve Interventions: From Balloon Aortic Valvuloplasty to Transcatheter Aortic Valve Implantation 823

deemed inoperable were randomized to optimal medical treatment 
(including BAV) or TAVR.

Results of the inoperable arm were reported first.22 Patients ran-
domized to TAVR had lower rates of all-cause mortality (30.7% vs. 
50.7%, P < .001), cardiovascular mortality (19.6% vs. 41.9%, P < .001), 
repeat hospitalization (22.3% vs. 44.1%, P < .001), and the composite 
end point of death or repeat hospitalization (42.5% vs.71.6%, P < .001). 
During up to 2 years of follow-up, there was no evidence of degenera-
tion of the valvular prosthesis or restenosis.113 Heart failure symptoms 
were less severe in patients treated with TAVR. Patients treated with 
TAVR had a higher incidence of major vascular complications (16.2% 
vs 1.1%, P < .001), major bleeding (22.3% vs. 11.2%, P < .001), and 
major strokes (5.0% vs.1.1%, P = .06). In patients with severe AS who 
are not suitable candidates for SAVR, TAVR should be the standard  
of care.

Results for the high-risk operative cohort were reported 1 year 
later.23 The all-cause mortality rate at 30 days was slightly lower with 
TAVR than SAVR (3.4% vs. 6.5%, P = .07) but was similar at 1 year 
(24.2% vs. 26.8%), 2 years (33.9% vs. 35%), and 3 years (44.2% vs. 
44.8%).3,8 Although the rates of all neurologic events were higher after 
TAVR at 30 days and 1 year (5.5% vs. 2.4% and 8.3% vs. 4.3%, P < .05), 
rates of major strokes were not significantly different between TAVR 
and SAVR at 30 days (3.8% vs. 2.1%, P = .2) or at 1 year (5.1% vs. 2.4%, 
P = .07).

There were other important differences in periprocedural risks 
between the two groups, with more major vascular complications 30 
days after TAVR (11.0% vs. 3.2%, P < .001) and more major bleeding 
(19.5% vs. 9.3%, P < .001) and new-onset atrial fibrillation (16.0% vs. 
8.6%, P = .006) after SAVR. Marked improvement of symptoms was 
similar after TAVR and SAVR, and it was sustained at 3 years for both 

from January 2010 to October 2011 at 34 centers in France in the 
FRANCE 2 registry.112 As of November 2011, patients in this registry 
had baseline demographics similar to those in the European PARTNER 
registry, but they received the Edwards Sapien XT valve (67%) or the 
Medtronic CoreValve (33%).

The transfemoral approach was used in 75% of cases, and the 
overall procedural success rate was 96.9%. The mortality rates at 30 
days and 1 year were 9.7% and 24%, respectively. Major stroke, major 
bleeding, and major vascular complications occurred in 2.3%, 4.5%, 
and 4.7% of patients, respectively. The only significant difference 
between the two valves was the rate of new pacemaker implantation, 
which was 11.5% for the Sapien XT and 24.2% for the CoreValve (P < 
.001). On multivariate analysis, the independent predictors of 1-year 
mortality were increased risk according to the logistic EuroSCORE, 
NYHA functional class III or IV, use of a transapical approach, and a 
periprosthetic regurgitation grade of 2 or more (scale of 0 to 4). At 1 
year, 89.5% of surviving patients had NYHA functional class I or II 
heart disease.

PARTNER Trial
The U.S. and Canadian multicenter, randomized PARTNER trial22,23 led 
to FDA approval of the Sapien valve. The primary end point of this 
pivotal trial was death from any cause at 1 year (see Fig. 53-6). The 
study design is shown in Figure 53-8.

Between 2007 and March 2009, it enrolled patients from 25 centers 
with severe, symptomatic AS who were poor surgical candidates. In 
one arm powered for noninferiority analysis, 699 patients with an 
elevated surgical risk (STS-PROM >10%) were randomized to SAVR 
or TAVR (transapical or transfemoral approach). In a second arm 
powered for superiority analysis, 358 patients with severe AS who were 

FIGURE 53-8	 The	PARTNER	trial	is	a	multicenter,	randomized	trial	that	evaluated	the	Sapien	valve	in	the	inoperable	and	high-risk	operable	popula-
tion	of	patients	with	severe	symptomatic	aortic	stenosis.	AVR,	Aortic	valve	replacement;	TAVR,	transcatheter	aortic	valve	replacement.	

PARTNER STUDY DESIGN

Assessment: high-risk AVR candidate
3105 total patients screened

Primary end point: all-cause mortality at 1 yr
(noninferiority)

Primary end point: all-cause mortality
over length of trial (superiority)
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(superiority)
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9.6%, P = .04), reaching the noninferiority threshold. Valve perfor-
mance was similar.117 The 29-mm prosthesis had similar performances 
in the nonrandomized registries.

The intermediate-risk cohort included patients with an STS-PROM 
greater than 4% who were randomized to TAVR or SAVR. Its primary 
end point was the nonhierarchical incidence of stroke or death at 2 
years. Enrollment has finished, and data are being adjudicated, but the 
results are not yet available. Results from the other nonrandomized 
registries are pending completion.

Complications

Stroke
The overall incidence of clinically significant stroke is 2.5% to  
4.2%.98-100,103-105,117 Stroke seriously affects the survival and QOL (Table 
53-4).23 Stroke has many causes, as shown by the occurrence of cardio-
vascular events during, shortly after, or distant from the TAVR proce-
dure.118 Strokes occur in 87% of patients within 24 hours after TAVR.

It was originally postulated that the rate of cerebrovascular accident 
(CVA) would be lower with the transapical approach because the aortic 
arch was not manipulated, but the incidence appears to be similar to 
that of other approaches. Studies suggest a higher incidence, with sub-
clinical perfusion abnormalities documented by magnetic resonance 
imaging (MRI).119 Cerebral embolization can occur during the passage 
of the valve across the aortic arch, while trying to traverse the aortic 
valve to gain access into the left ventricle, and during BAV and valve 

groups.114 From these results, TAVR emerged as a viable alternative to 
SAVR for high-risk patients. The choice is made by the interdisciplin-
ary heart team.

PARTNER II Trial
The PARTNER II trial compared the safety and effectiveness of the 
Sapien XT valve using the NovaFlex delivery system with the Sapien 
valve in a randomized controlled trial using rigorous trial methods, 
including the VARC 2 definitions115 for clinical outcomes. The study 
design is shown in Figure 53-9. It had two independently randomized 
populations: the inoperable cohort of patients randomized to the 
Sapien XT or Sapien valve using a transfemoral approach and the 
moderate-risk cohort of patients randomized to SAVR or TAVR with 
the Sapien XT valve using the transapical, transaortic, or transfemoral 
approach (see Fig. 53-6). In addition to these populations, there were 
seven nonrandomized nested registries for the inoperable population: 
inoperable small vessel, inoperable transapical, valve in valve, trans-
aortic, 29-mm Sapien XT transfemoral, 29-mm Sapien XT transapical, 
and 20-mm Sapien 3.

The primary end point for the inoperable cohort was a composite 
end point of death, disabling stroke, and repeat hospitalization. The 
results were presented at the American College of Cardiology meeting 
in 2013.116 At 30 days, there was no significant difference in the inci-
dence of the components of the composite end point or in the com-
bined end point (P = .6), whereas major vascular events were more 
common among patients implanted with the Sapien system (15.5% vs. 

FIGURE 53-9	 The	PARTNER	 II	 trial	evaluated	 the	Sapien	XT	valve	 in	an	 inoperable	population	 randomized	 to	Sapien	XT	or	Sapien	devices	with	
multiple	nonrandomized,	nested	registries	and	in	an	operable,	 intermediate-risk	population	randomized	to	 transcatheter	aortic	valve	replacement	
with	 the	Sapien	XT	or	 to	surgical	aortic	valve	 replacement.	AVR,	Aortic	valve	 replacement;	NR,	nested	 registry;	SDS,	Society	of	Thoracic	Surgery	
score;	TAVR,	transcatheter	aortic	valve	replacement.	
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Perivalvular insufficiency results from incomplete coverage of the 
annulus by the stent frame or malposition of the prosthesis (too aortic 
or too ventricular). It is a serious concern because more than mild 
aortic insufficiency has been associated with impaired midterm out-
comes.115 All efforts must be made to prevent paravalvular aortic insuf-
ficiency by rigorous assessment of the annulus shape and dimension 
by CT. Paravalvular insufficiency may result from inappropriate sizing, 
valve malposition, or stent underexpansion. Dilation of the implanted 
valve may be performed cautiously by adding 1 or 2 mL of saline and 
contrast mixture to the balloon catheter, which must be centered in the 
valve. Because the stent has a skirt that does not allow further expan-
sion, postimplantaton dilation with a larger balloon may cause flaring 
of the aortic portion of the stent, changing the conformation of the 
ventricular portion and worsening aortic insufficiency.

The incidence of paravalvular aortic insufficiency continues to 
decrease as new valve sizes become available, valves are sized appro-
priately, and valve skirts are modified. As newer types of valves appear, 
it is likely that aortic insufficiency will be further reduced.

Valve Embolization
Valve embolization usually results from malposition, an undersized 
prosthesis, or inappropriate capture during RVP. Valve embolization to 
the LV cavity requires urgent thoracotomy for removal of the prosthe-
sis and replacement of the aortic valve.

If aortic embolization occurs, the guidewire must not be removed 
from across the prosthetic valve until it is anchored in the distal aorta 
to prevent the valve from turning. A balloon catheter is placed in the 
proximal end of the valve, and the valve is pulled until it can be 
deployed or fully expanded distal to the left subclavian artery. After the 
embolized valve is fixed, a new valve can be placed in the aortic posi-
tion while correcting the original cause of the complication. If the 
guidewire is removed before fixing the valve in place, the valve may 
become inverted, preventing the passage of blood through it. This 
complication is often fatal unless the valve can be opened with a stent 
or surgically. Aortic angiography is recommended after valve manipu-
lation because it can cause aortic dissection.

Vascular Complications
Vascular complications occur in 6.6% of cases. They more commonly 
occur in procedures using the transfemoral approach than the trans-
apical approach (8% vs. 3.6%),103 but they are more likely to be fatal in 

implantation. The use of cerebral embolic protection devices during 
TAVR is being evaluated.

Heart Block
Conduction abnormalities are commonly seen in patients undergoing 
TAVR due to the proximity of the aortic annulus to the left bundle 
branch and the AV node. The incidence of conduction abnormalities 
among patients undergoing TAVR with the Sapien prosthesis is rela-
tively low and not significantly different from that after SAVR.

In the PARTNER trial, the incidence of complete heart block 
requiring a permanent pacemaker (PPM) was 4.7% (cohort B) and 
5.7% (cohort A), left bundle branch block occurred in 12% of patients, 
and first-degree AV block occurred in 15%. Preexisting right bundle 
branch block and the degree of oversizing of the prosthesis in relation 
to the left ventricular outflow tract are predisposing factors for pace-
maker dependency.120,121

Conduction defects related to trauma of the conduction tissue are 
transient. However, if there is myocyte necrosis in the interventricular 
septum, a new AV block will likely develop. With the CoreValve 
Revalving System, the insertion depth into the LV cavity is associated 
with more frequent complete heart block.122

Renal Dysfunction
Acute kidney injury after TAVR has an incidence of 12% to 28%, and 
it may progress and require renal replacement therapy for 1.4% of 
patients. Hypertension (odds ratio [OR] = 4.66), chronic obstructive 
pulmonary disease (OR = 2.64), and transfusion requirement (OR = 
3.47) are important risk factors for development of acute kidney injury. 
It is associated with a higher mortality rate (28% vs. 7%).111,123 Com-
pared with surgery, acute kidney injury (9.2% vs. 25%) and the need 
for dialysis (2.5% vs. 8.7%) are less common in patients undergoing 
TAVR. Development of advanced renal dysfunction after the proce-
dure is associated with high mortality rates.123

Severe Aortic Insufficiency
Severe aortic insufficiency is a rare event. It is categorized as valvular 
or perivalvular. Valvular (central) insufficiency is most commonly 
caused by the guidewire and disappears after the wire is removed. It is 
rarely caused by prosthetic malfunction or native leaflets that interfere 
with prosthetic function. This is treated with placement of a new valve 
inside the previously placed valve.

TABLE 53-4 Procedural Characteristics and Complications of Patients Undergoing Transcatheter Aortic Valve Replacement With the 
Sapien and Sapien XT Valves

Study
Proc. 
MR (%)

30-Day 
MR (%)

Valve in 
Valve (%)

Conv. Open 
AVR (%)

AI >2+ 
(%)

Major CVA 
or TIA (%)

Major 
VC (%)

MI 
(%)

AKI 
(%)

PM 
(%)

Major 
Bleeding (%)

Sapien Valve

Canada	(TF)107 1.8 9.5 2.4 1.2 6 0.6 13.1 0.6 1.8 3.6 NR

Canada	(TA)107 1.7 11.3 2.8 2.3 6 0.6 13 1.7 3.4 6.2 NR

Source	(TA)103 NR 10.3 3.3 3.5 2.3 2.6 2.4 0.6 7.1 7 9.9

Source	(TF)103 NR 6.3 0.6 1.7 1.5 2.4 10.6 0.6 1.3 7 8.9

SOURCE	(XT)110 NR 4% 5.5

	 PARTNER	Cohort	B22 1.1 5.0 1.7 0 12 5/0 16.2 0 1.1 3.4 16.8

Sapien XT Valve

	 PARTNER	Cohort	A23 0.9 3.4 2 2.6 12.2 5.6 11 0 1.2 3.8 9.3

	 PARTNER	EU	(TF)108 1.6 8.2 NR 1.6 5 3.3 7.2 3.3 NR 1.8 NR

	 PARTNER	EU	(TA)108 1.4 18.8 1.4 3 5 1.5 NR 6 2% 3.8 NR

FRANCE	TF109 NR 8.4 NR NR 9 4.2 6.3 2 1 5.3 NR

FRANCE	(TA)109 NR 16.9 NR NR 9 1.4 5.6 0 2.8 5.6 NR

FRANCE	2	(TF)112 2.9 8.5 1.4 0.4% 13.9 1.9 2.7 NR NR 11.5 2

FRANCE	2	(TA)112 4.1 13.9 2.9 0.7 9 4.4 1.9 NR NR 13.6 3.4

AI,	Aortic	insufficiency;	AKI,	acute	kidney	injury;	Conv.,	conversion	to;	CVA,	cerebrovascular	accident;	EU,	European	Union;	MI,	myocardial	infarction;	MR,	mortality	rate;	NR,	not	reported;	
PM,	pacemaker	placement;	Proc.,	procedural;	TIA,	transient	ischemic	attack;	V,	vascular	complications;	TA,	transapical	approach;	TF,	transfemoral	approach.
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preventing frame migration and minimizing the occurrence of para-
valvular leaks. The constrained center portion of the frame has high 
hoop strength that resists size and shape deformation, which is critical 
because this portion of the frame contains the supraannular valve 
leaflets. The frame is concave at this location to avoid the coronary 
ostium with the native valve, and it allows coronary cannulation after 
implantation. The outflow portion of the frame exerts low radial forces 
and orients the frame to the aorta parallel to flow through the valve.

Porcine pericardium was selected due to its lower profile compared 
with bovine pericardium and its durability. The three leaflet elements 
are constructed with long commissures that are similar to a suspension 
bridge and more uniformly distribute the aortic pressure load to the 
valve leaflets and the commisural posts. An angled takeoff of the posts 
further reduces the stress and optimizes leaflet motion. The ability to 
maintain functionality in a nonround shape at the inflow is a critical 
feature of the CoreValve Revalving System because the constrained 
portion of the frame that supports the valve remains in a circular 
configuration.128

Patient Selection
Selection of patients suitable for CoreValve TAVR is best facilitated by 
a multidisciplinary team that includes cardiac surgeons, interventional 
cardiologists, imaging specialists, and geriatricians. The multidisci-
plinary team reviews the clinical, anatomic, and vascular information 
for the individual patient and determines his or her suitability for 
CoreValve TAVR.

Clinical Criteria
The multidisciplinary team evaluates the overall surgical risk of patients 
being evaluated for CoreValve TAVR. Risk assessment includes stan-
dard scoring criteria, such as the STS-PROM129 and EuroSCORE,130 
along with other assessments for comorbidities, frailty, and disabil-
ity.131,132 Patients who have debilitating comorbidities that prevent 
recovery after TAVR should not treated with the procedure. Extreme-
risk patients are those who have an expected risk of death or irrevers-
ible comorbidities greater than 50% within 30 days after surgery.24 
High-risk patients have a greater than 10% risk of death within 30 days 
after surgery, although a slightly higher threshold (>15%) was used in 
a randomized study.25 Moderate- or intermediate-risk patients have an 
estimated surgical risk greater than 3%; the benefit of CoreValve TAVR 
compared with surgery in this subgroup is being evaluated in an 
ongoing study.133

Clinical contraindications to CoreValve placement include sepsis 
(including active endocarditis), recent myocardial infarction or CVA, 
left ventricular or atrial thrombus, uncontrolled atrial fibrillation, and 
severe mitral, pulmonary, or tricuspid regurgitation. Relative contra-
indications include active gastritis or peptic ulcer disease, uncontrolled 
bleeding diathesis, symptomatic carotid artery disease, and abdominal 
or thoracic aortic aneurysm.

Anatomic Criteria
The aortoannular complex should be carefully evaluated with imaging 
studies before the procedure. Multidetector CT is the gold standard for 
CoreValve size selection,24,25,134-137 and anatomic factors are included in 
the CoreValve selection matrix. Paramount to the reduction of para-
valvular regurgitation after CoreValve TAVR is selection of the appro-
priate valve size based on end-systole perimeter measurements by 
multidetector CT.

Vascular Criteria
The 18-Fr CoreValve Revalving System is advanced through an 18-Fr 
sheath, which requires the access vessel diameter to be larger than 
6 mm. In cases of severe calcification and vessel tortuosity, the access 
vessel diameter should be at least 7 mm. Although initial studies used 
aortography to select patients for CoreValve placement, later screening 
procedures included CTA of the torso, including the ascending and 
descending aorta and the subclavian, iliac, and femoral arteries.138

those using the transapical approach. Vascular complications include 
small dissection, vascular perforation, and vessel avulsion. Prevention 
requires vascular screening and determination of the appropriate 
luminal diameter and absence of luminal calcification.

Although vascular complications have been associated with higher 
mortality rates, increasing procedural experience has spawned effec-
tive prevention and intervention strategies, decreasing the associated 
mortality. Complications may arise from difficult sheath insertion  
or prolonged sheath time because the adluminal surface adheres to  
the endothelium. They are easily recognized by the sudden onset of 
hypotension.

Aortic occlusion balloons should be accessible to minimize bleed-
ing while stabilizing the patient. With the availability of expandable 
sheaths, catheter modifications that allow passage through a smaller 
arteriotomy site, availability of alternative access routes, and multidis-
ciplinary approaches for device implantation, the frequency of vascular 
complications will continue to fall, as observed in the PARTNER II 
inoperable arm.111

Aortic Root Dissection and Annular Rupture
Aortic root dissections may occur if the native valve is not appropri-
ately predilated and passage of the prosthesis is vigorous or occurs after 
attempts to capture an embolized valve. Aortic annular tear is seen in 
patients with a heavily calcified aortic root and can be avoided by limit-
ing the degree of prosthesis oversizing. These rare complications 
require urgent conversion to surgery and are often fatal.

Coronary Obstruction
The Sapien prosthesis is placed in the subcoronary position and should 
not interfere with the coronary ostia or future attempts at percutaneous 
revascularization.124 Coronary obstruction occurs in 0.6% of cases and 
is seen in patients with effacement of the sinotubular junction, which 
causes the coronary ostia to migrate.104

The distance between the ostia and the aortic annulus is routinely 
determined by CT angiography (CTA) during patient screening. Coro-
nary obstruction may be inconsequential if patients have functioning 
coronary artery bypass grafts. If occlusion occurs, emergency revascu-
larization can be performed.

COREVALVE TRANSCATHETER AORTIC  
VALVE REPLACEMENT

Three generations of the CoreValve transcatheter heart valve have  
been developed. The first-generation CoreValve was composed of a 
25-Fr delivery catheter that housed a self-expanding nitinol frame 
supporting a bovine pericardial valve.125,126 The second-generation, 
21-Fr delivery catheter used lower-profile porcine pericardial tissue 
and a scalloped inflow portion of the valve to provide better flow 
hemodynamics.126,127

The third-generation 18-Fr CoreValve percutaneous aortic valve 
achieved its lower profile by cutting the skirt and leaflet into six inde-
pendent sections and sewing these sections onto the nitinol frame. The 
third-generation CoreValve received Conformiteé Européenne (CE 
mark) approval in March 2007 and was approved by the FDA for 
extreme-risk patients in January 2014 and for high-risk patients in 
April 2014.

The CoreValve has three components: a self-expanding nitinol 
support frame with cells configured in a diamond design, which 
anchors a trileaflet porcine pericardial tissue valve; an 18-Fr Accutrek 
delivery catheter; and a disposable loading system. CoreValve frames 
are available in 23-mm (annular diameter of 18 to 20 mm), 26-mm 
(aortic annular diameter of 20 to 23 mm), 29-mm (annular diameter 
of 24 to 26 mm), and 31-mm (annular diameter of 26 to 29 mm) sizes.

The nitinol frame and has three levels of radial and hoop strength 
(Fig. 53-10). The frame inflow exerts a high radial expansive force to 
secure the frame in the aortic annular location. The strength of this 
portion of the frame prevents annular recoil and allows the frame  
to partially conform to the noncircular shape of the aortic annulus, 
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The CoreValve device is advanced over the 0.035-inch guidewire 
and positioned across the native valve. Aortography is used to identify 
the most inferior aspect of the valvular plane in the noncoronary sinus. 
The CoreValve bioprosthesis is then positioned with the inflow portion 
within the aortic annulus, which is approximately 4 mm below the 
annulus. The 0.035-inch super-stiff or Lunderquest wire is used to 
stabilize the CoreValve along the greater curvature of the aorta. 
Deployment of the CoreValve device then begins.

As the inflow aspect of the device begins to flare outward, aortog-
raphy is performed sequentially, and final positioning is obtained. 
After the CoreValve frame has been deployed, aortography is per-
formed to assess the degree of residual stenosis within the frame and 
the degree of aortic regurgitation. Hemodynamic measurements are 
obtained to ensure adequate separation of the left ventricular and 
aortic diastolic contours.140 TEE or TTE is performed to assess the 
degree of aortic regurgitation. Concordance of the angiographic, 
hemodynamic, and echocardiographic findings is critical for deter-
mining the need for balloon dilation after insertion. After a satisfactory 
result has been achieved, the vascular sheath is removed, and percuta-
neous or open closure is performed.

The patient should be observed with temporary pacemaker place-
ment in a cardiovascular ICU for 24 to 48 hours to monitor for conduc-
tion system disturbances. If they not are observed, the patient is 
monitored for an additional 72 hours and discharged. The patient is 
continued on the combination of aspirin and clopidogrel for 3 months 
after the procedure.

Procedure

Patients are pretreated with aspirin and clopidogrel. Depending on the 
clinical status of the patient, general anesthesia or conscious sedation 
can be used. A temporary 5-Fr pacing wire is positioned within the 
right ventricle. Arterial access is then obtained on the side contralateral 
to the planned 18-Fr sheath for CoreValve TAVR. Angiography-guided 
and ultrasound-guided methods have been used for arterial punc-
ture.139 After access has been obtained, anticoagulation is administered 
to achieve an ACT of 250 seconds or longer.

A 6-Fr pigtail catheter is advanced to the ascending aorta, and the 
distal tip of the catheter is positioned in the noncoronary sinus. A long 
sheath may be use to stabilize the injection catheter. The gantry position 
is optimized to allow visualization of all three coronary sinuses in the 
same plane. An angiographic catheter is then advanced over a standard, 
J-tip guidewire through the primary access sheath and advanced to the 
ascending aorta. The J-tip guidewire is exchanged for a 0.035-inch, 
straight-tip guidewire, which is used to cross the aortic valve.

After the guidewire is across the aortic valve, the catheter is 
advanced into the ventricle, and hemodynamic measurements are 
obtained. A 0.035-inch, super-stiff or extra-stiff guidewire is advanced 
through the angiographic catheter and positioned in the apex of the 
left ventricle. Careful shaping of the distal portion of the wire prevents 
inadvertent perforation. If severe valvar calcification is present, balloon 
valvuloplasty may be performed using a balloon sized to the minor 
axis of the multidetector CT.

FIGURE 53-10	 Significant	improvements	have	occurred	in	the	prostheses	for	transcatheter	aortic	valve	replacement,	minimizing	paravalvular	insuf-
ficiency,	facilitating	coaxiality,	and	allowing	repositioning.	

Sapien 3 valve Lotus valve Engager valvePortico valve

JenaValveAcurate valveDirect Flow valveCentera valve
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LVEF improved from 37.3% ± 7.6% at baseline to 46.0% ± 11.3% after 
the procedure and to 51.4% ± 11.0% at late follow-up (P < .001). No 
worsening of mitral valve function has been found after CoreValve 
implantation.153

Patient-prosthesis mismatch is an important predictor of outcome 
after traditional SAVR.154 The indexed effective orifice area (EOA) was 
measured after CoreValve implantation in 74 patients with severe, 
symptomatic AS.155 Patient-prosthesis mismatch was classified as 
severe (indexed EOA <0.65 cm2/m2) or moderate (indexed EOA = 0.65 
to 0.85 cm2/m2). The indexed EOA increased from 0.35 ± 0.13 to 
0.97 ± 0.34 cm2/m2 after aortic valve implantation (P < .001) and was 
accompanied by significant clinical improvement. Severe and moder-
ate patient-prosthesis mismatches were found in 16% and 23% of 
patients, respectively. Patients with a severe patient-prosthesis mis-
match were more symptomatic and had a smaller indexed EOA at 
baseline than those with a moderate or no patient-prosthesis mismatch 
(0.28 ± 0.09 vs 0.36 ± 0.12 cm2/m2, P < .05). Functional status and 
mortality at 30 days and 6 months were not significantly different for 
patients with severe patient-prosthesis mismatch and those with mod-
erate or no patient-prosthesis mismatch.

A sustained improvement in NYHA class has been demonstrated 
12 to 24 months after CoreValve implantation.143,145 In the 18-Fr Cor-
eValve Safety and Efficacy Registry analysis, the NYHA class improved 
by at least one class for 72% of patients, and 18% had no change 2 years 
after the procedure (P < .001) (see Fig. 53-9).143 In a single-center series 
of 126 patients, improvement of QOL scores was demonstrated at 5 
months, and gains were sustained 24 months after the procedure.145 In 
a series of 30 patients who underwent CoreValve implantation, QOL 
assessments and scales for physical and mental health were improved 
5 months after the procedure.156 The NYHA class was improved at 
discharge and after 5 months. Preprocedural evaluation showed severe 
impairment of perceived QOL by patients compared with the general 
population of those older than 75 years as evidenced by physical and 
mental scores; there were striking improvements in both scores 5 
months after the procedure.156

Complications
Unique complications have been reported after TAVR,88 necessitating 
a refinement of the end points used for traditional SAVR.157 The VARC 
developed standardized definitions for outcomes after TAVR, and 
these criteria will form the evidence base for future studies.

Strokes and Transient Ischemic Attacks
Stroke has been reported in approximately 5% of patients after tradi-
tional SAVR158; similar stroke rates have been reported after CoreValve 
placement and SAVR.25 The CVAs after TAVR are likely caused by 
embolization of atherothrombotic material during advancement of the 
device to and across the aortic valve.159 Microembolization demon-
strated by MRI is common after TAVR,160,161 but clinically detectable 
strokes are uncommon (2.9% to 5.1%).126,144 A broader definition of 
stroke that includes transient ischemia attacks (<24 hours) with new 
structural defects seen on imaging studies may increase the reporting 
of this complication in contemporary series.162 Novel embolic protec-
tion devices to protect the cerebral circulation are being developed.

Aortic Regurgitation
The significance and treatment of aortic regurgitation after CoreValve 
placement are determined by its cause.163 Significant aortic regurgita-
tion due to paravalvular leaks is uncommon after CoreValve TAVR and 
primarily results from low positioning of the CoreValve frame, incom-
plete expansion of the frame into the eccentrically shaped annulus, 
rigidity of the underlying aortic annulus due calcification, or undersiz-
ing of the valve relative to the aortic annular size. When the CoreValve 
frame is underexpanded, postdeployment valvuloplasty may useful. 
When the CoreValve frame is positioned too low after deployment, 
retraction of the frame loops using a retrieval snare may allow appro-
priate positioning within the annulus.164-166

Alternative Vascular Access Sites
Several alternative access sites have been used to facilitate CoreValve 
implantation in patients with suboptimal iliofemoral access.141,142 The 
left subclavian (or axillary) artery may be used if there is an adequate 
lumen caliber (>6.0 mm or >6.5 mm in the absence of a patent left 
internal mammary graft) and an aortoventricular angle of less than 70 
degrees. The right subclavian artery can be used with an adequate 
lumen caliber (>6.0 mm) and an aortoventricular angle of less than 30 
degrees.

Clinical Series
Several single-center and multicenter series have reported the results 
of CoreValve implantation.109,126,143-150 The CoreValve Advance Interna-
tional Post-Market Study was a prospective, observational, interna-
tional study that enrolled 1015 patients with an average age of 81 ± 6 
years and mean logistic EuroSCORE of 19.4% ± 12.3%.151 Thirty days 
after CoreValve implantation, the all-cause mortality rate was 4.5%, the 
cardiovascular mortality rate was 3.4%, and the rate of stroke was 
3.0%.151 The 12-month rates of all-cause mortality, cardiovascular mor-
tality, and stroke were 17.9%, 11.7%, and 4.5%, respectively.151 The 
12-month rates of all-cause mortality were 11.1%, 16.5%, and 23.6% 
for patients with a logistic EuroSCORE of 10% or less, EuroSCORE 
between 10% and 20%, and EuroSCORE greater than 20% (P < .05), 
respectively.151

The U.S. CoreValve Extreme-Risk Pivotal Trial was a prospective, 
multicenter, nonrandomized investigation evaluating the safety and 
efficacy of a self-expanding TAVR in patients with severe, symptomatic 
AS who had risks prohibiting surgery.24 The primary end point was a 
composite of all-cause mortality or major stroke at 12 months, which 
was compared with a prespecified objective performance goal.24 A total 
of 506 patients were recruited, and 489 underwent attempted treatment 
with the CoreValve.24 The rate of all-cause mortality or major stroke at 
12 months was 26.0%, compared with 43.0% for the performance goal 
(P < .0001). Individual 30-day and 12-month events included all-cause 
mortality (8.4% and 24.3%, respectively) and major stroke (2.3% and 
4.3%, respectively).24 Procedural events at 30 days included life-
threatening or disabling bleeding (12.7%), major vascular complica-
tions (8.2%), and the need for a PPM (21.6%).24 The frequency of 
moderate or severe paravalvular aortic regurgitation was lower 12 
months after self-expanding TAVR (4.2%) than at discharge (10.7%,  
P = .004 for paired analysis).24

In the U.S. High-Risk Pivotal Trial, patients were recruited with 
severe AS who were at increased risk for surgery as determined by the 
heart team at each study center.25 A total of 795 patients were randomly 
assigned in a 1 : 1 ratio to TAVR with the self-expanding transcatheter 
valve (TAVR group) or to surgical aortic valve replacement (surgical 
group). In the as-treated analysis, the rate of death from any cause at 
1 year was significantly lower for the TAVR group than for the surgical 
group (14.2% vs. 19.1%), with an absolute reduction in risk of 4.9% 
(upper boundary of the 95% confidence interval [CI], −0.4; P < .001 
for noninferiority; P = .04 for superiority).25 The results were similar 
in the intention-to-treat analysis. In a hierarchical testing procedure, 
TAVR was noninferior with respect to echocardiographic indices of 
valve stenosis, functional status, and QOL.25 Exploratory analyses sug-
gested a reduction in the rate of MACCEs and no increase in the risk 
of stroke.25

Valve Performance After Implantation
Sustained reductions in aortic valve pressure gradients and improve-
ments in effective orifice areas have been reported after CoreValve 
implantation (see Fig. 53-8).24,25 Improvements in aortic valve areas 
and reductions in mean aortic valve pressure gradients have been 
sustained at the 1- and 2-year follow-up evaluations.24,25,143,145 One 
series showed an improvement in left ventricular function after Core-
Valve implantation.152 In patients with an LVEF of less than 50%, the 
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remodeling of the aortic root in cases of degenerative AS.176 Because 
the degenerative native aortic valve is not removed but is circumferen-
tially displaced during TAVR, patients with a narrow sinus of Valsalva 
and low origin of the native coronary arteries may be predisposed to 
coronary occlusion by displacement of the native valve.177

Coupled with the constrained CoreValve frame diameter in the 
region of the coronary ostia and better preprocedural screening using 
aortography and CTA to ensure an adequate sinus of Valsalva width 
and height, coronary occlusion now occurs in less than 1% of cases. 
When it does occur, rescue percutaneous coronary intervention can be 
performed to reestablish coronary perfusion.178

Ongoing Investigations
The SURTAVI trial is a multicenter, randomized study primarily based 
in Europe. It is designed to evaluate the safety and efficacy of CoreValve 
TAVR compared with SAVR in a broader patient population, including 
approximately 2500 patients at intermediate risk for SAVR. Intermedi-
ate or moderate risk for this study has been defined as a greater than 
3% risk of death within 30 days of valve implantation.

EMERGING VALVE TECHNOLOGIES

Sapien 3 Valve
The Sapien 3 device, the latest generation of balloon-expandable valve 
developed by Edwards LifeSciences, has been approved and commer-
cialized in several European countries and is under investigation in the 
United States (see Fig. 53-10). It is a modified and improved version 
of the Sapien XT valve. It consists of a trileaflet bovine pericardial tissue 
valve with an optimized shape for hemodynamics and durability. It is 
mounted into a cobalt-chromium frame with enhanced geometry for 
an ultralow delivery profile. Four sizes are available: 20, 23, 26, and 
29 mm (see Fig. 53-6). A polyethylene terephthalate outer skirt mini-
mizes paravalvular leaks.

The Edwards Commander Delivery System was designed for the 
transfemoral approach and offers a dual articulation for coaxiality. The 
device can be used in 14-Fr, ultralow-profile introducer e-sheaths for 
the 23- and 26-mm valves and 16-Fr sheaths for the 29-mm valve. The 
Edwards Certitude Delivery System (18 Fr) with articulation features 
was designed for the transapical approach.

Centera Valve
The Centera valve is the first self-expanding model of a transcatheter 
valve developed by Edwards LifeSciences with the goal of improving 
deliverability and allowing valve repositioning. The device consists of 
a treated, trileaflet bovine pericardial valve mounted into a nitinol stent 
and delivered by a motorized, low-profile delivery system (14 Fr) 
requiring a single operator for delivery. The device is under investiga-
tion in Europe.

Lotus Valve
The Lotus aortic valve replacement system (Boston Scientific, Natick, 
MA) is a bioprosthetic valve with three bovine pericardial leaflets 
mounted into a braided nitinol frame that can be delivered through a 
transfemoral approach. The valve is fully repositionable and retrievable 
before detachment, does not require rapid pacing for deployment, and 
has an adaptive seal that minimizes paravalvular regurgitation.

The Lotus valve has been evaluated in the Repositionable Percuta-
neous Replacement of Stenotic Aortic Valve Through Implantation of 
the Lotus Valve System (REPRISE) family of trials. Initial feasibility 
was evaluated in the first REPRISE trial, which included patients with 
severe AS at high risk for operative mortality (STS-PROM >8%) and 
showed a procedural success rate of 81%, absence of procedural 30-day 
and 1-year mortality, no evidence of moderate or severe paravalvular 

Higher degrees of postimplantation aortic regurgitation (≥2+) have 
been associated with worse clinical outcomes, including low cardiac 
output, respiratory failure, delirium, new left bundle branch block,  
and in-hospital death.134 Moderate to severe aortic regurgitation 
improved in more than 80% of patients in the first year after CoreValve 
implantation, likely due to annular remodeling and CT-based valve 
sizing.24

Vascular Access Complications
Due to the relatively large (18-Fr) caliber sheath required for place-
ment, vascular complications may occur during and after CoreValve 
placement. In a series of 91 consecutive patients who were treated with 
TAVR using the 18-Fr Medtronic CoreValve System, vascular events 
occurred in 13 patients (13%), and 7 (54%) of these cases were related 
to incomplete arteriotomy closure with the Prostar device.167

Depending on how major vascular complications were defined, the 
incidence varied from 4% to 13%.167 Meticulous preprocedural screen-
ing using CTA, the use of vascular ultrasound guidance for arterial 
access,139 and the use of alternative (e.g., subclavian) access have 
improved case selection and prevented vascular complications.

Conduction System Disturbances
AS is commonly associated with latent and manifest conduction 
disease in the His bundle and the trifascicular conduction system.168,169 
Conduction system disease is more extensive in cases with calcified 
valves and greater valve obstruction.168 Because of the location of the 
AV node and origin of the left bundle adjacent to the junction of the 
right coronary and noncoronary cusps, irritation of the membranous 
septum can affect AV conduction.

Paired electrophysiologic studies of patients undergoing BAV 
showed that a new intraventricular conduction defect (i.e., QRS 
complex duration greater than 100 msec) or bundle branch block 
occurred in 5 of 13 patients who had a normal QRS duration before 
the procedure.170 In four patients, the newly acquired intraventricular 
conduction defect was still seen on follow-up electrocardiographic 
tracing.170

SAVR is associated with an almost sixfold increased risk of PPM 
placement compared with other cardiac operations.171 In a series of 354 
patients undergoing SAVR, 29 (8.5%) patients required early PPM 
placement.172 Preoperative conduction system disease was the only 
independent predictor of PPM placement (P < .01); the relative risk 
for PPM placement in this group was 2.88 (95% CI, 1.31 to 6.33).172

Conduction disturbances and heart block occur in some patients 
after percutaneous placement of the CoreValve.173 In an initial series 
of 30 patients undergoing CoreValve placement, the incidence of new, 
postoperative conduction system disturbances diagnosed by 12- to 
24-hour Holter monitoring was 68.0%.174 Left bundle branch block 
occurred in 45.8% to 55%,173,174 and complete AV block requiring PPM 
implantation occurred in approximately 20% of patients.174

In another series of 30 patients who underwent CoreValve place-
ment, 10 underwent PPM implantation during the same admission 
(33.3%).175 PPM placement was performed for prolonged, high-grade 
AV block in four cases, episodic high-grade AV block in five, and sinus 
node disease in one.175 The need for a PPM correlated with a left axis 
deviation at baseline and left bundle branch block with a left axis devia-
tion (P = .002).175 Baseline right bundle branch block is an important 
predictor of the need for a PPM.173 It was also related to a diastolic 
interventricular septal dimension greater than 17 mm on transthoracic 
echocardiography (P = .045, r = 0.39) and the baseline thickness of the 
native noncoronary cusp (P = .002, r = 0.655).175 Attention to avoiding 
septal trauma during balloon valvuloplasty before CoreValve implanta-
tion and higher CoreValve positioning (<6 mm below the sinus) may 
decrease the need for a PPM after CoreValve placement.

Coronary Artery Occlusion
Coronary occlusion after CoreValve TAVR is rare. Multidetector CTA 
has shown that the distance between the aortic annulus and the coro-
nary arteries is reduced in patients with AS, likely due to longitudinal 
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Symetis Acurate Valve
The Acurate aortic heart valve (Symetis, Écublens, Switzerland) is a 
self-positioning, self-expanding valve placed by the transapical and 
transfemoral route. The unique design has three stabilization arms that 
allow the valve to maintain coaxiality while being deployed. The stent 
body is not covered, which minimizes the risk of coronary obstruction. 
Sizes range from 23 to 27 mm.

A small study of the valve in high-risk patients with severe, symp-
tomatic AS who were not considered surgical candidates for open heart 
surgery demonstrated 100% valve implantation, a 12% 30-day mortal-
ity rate, and a 2% PPM placement rate.187 The 6-month follow-up 
showed appropriate valve function.187 In 2014, the Accurate valve was 
approved for use in Europe. Results from a first-in-man series of a new 
transfemoral delivery system (Acurate-neo) showed successful proce-
dures in 14 of 15 patients with no procedural deaths or pacemaker 
placements, a mean postprocedural gradient of 7.7 + 3.1 mmHg. Post-
procedural paravalvular AI was none/trace in 50%, and no patients had 
moderate or severe AI.188

Engager Valve
The Engager aortic valve (Medtronic, Minneapolis MN) is a self-
expanding, repositionable bioprosthesis for TAVR with a special stent 
design that minimizes paravalvular aortic insufficiency and allows 
rotational positioning. It accommodates an aortic annulus of 19 to 
26 mm.

Initial studies show appropriate valve function, with a mean pres-
sure gradient of 17 mm Hg, no coronary obstruction, and trace or mild 
aortic insufficiency in all patients. It is available in sizes of 23 and 
26 mm.189

Other Valve Prostheses
Numerous other TAVR prostheses are being evaluated. Their avail-
ability will depend on the results of initial feasibility trials and how 
they perform against the older-generation devices.

OTHER USES FOR TRANSCATHETER AORTIC  
VALVE REPLACEMENT

TAVR has been evaluated for the treatment of degraded bioprosthetic 
valves in patients unsuitable for repeat surgery.190 The transcatheter 
procedure is performed by the previously described approaches, but 
the valve prosthesis is positioned at various heights depending on the 
type of valve degeneration. Sizing is determined by the internal diam-
eter of the valve.

Initial reports are encouraging, with important residual pressure 
gradients found in smaller prostheses.191 Although the hemodynamic 
performance of the valve-in-valve implants were similar to those in 
reports of surgical valves, it remains to be seen whether underdeploy-
ment will accelerate degradation of the transcatheter heart valves and 
lead to earlier valve failure. Early data have shown that valve-in-valve 
treatment is a safe and feasible alternative for treating high-risk patients 
with failing bioprostheses.192

The CoreValve Revalving System has also been used to treat degen-
erated bioprosthetic valves.193-195 In the first-reported valve-in-valve 
procedure, the CoreValve was used to treat a stenotic 21-mm aortic 
bioprothesis.194 The CoreValve also has been successfully implanted in 
patients with a prior mechanical mitral valve prosthesis.158

CONCLUSIONS
Catheter-based treatment of AS is rapidly expanding. With the devel-
opment of TAVR, restenosis after valvuloplasty has been overcome. 
Medium- and long-term follow-up data on patients treated with TAVR 
are slowly becoming available, and as more patients reach significant 

insufficiency, and a stroke in one patient (9.1%).179 After the procedure, 
the mean transvalvular pressure gradient was 13.7 mm Hg, and all 
patients had significant improvement. The PPM placement rate was 
36.4%.179

Reprise II included a second valve size (23 and 27 mm). It showed 
100% procedural success, a 4.2% all-cause mortality rate at 30 days, 
CVA rate of 5.9%, moderate aortic insufficiency or greater paravalvular 
aortic insufficiency in 1% of patients, and a need for new PPM place-
ment in 28.6% of patients that was mostly associated with valve 
oversizing.180

The Reprise III trial began enrollment in the United States in 2014 
to evaluate the Lotus valve in patients with severe AS who are at high 
or extreme risk for SAVR. The study includes 23-, 25-, and 27-mm 
valve sizes.

Direct Flow Valve
The Direct Flow Medical (DFM) transcatheter aortic valve is a unique 
prosthesis with a nonmetallic design and an inflatable support struc-
ture that allows precise valve placement and manipulation.181,182 It is 
placed through a transfemoral approach and uses an 18-Fr delivery 
system.

In a multicenter, 100-patient cohort of high-risk patients with 
severe AS, use of the DFM valve showed a 99% rate of freedom from 
all-cause mortality at 30 days, a 99% rate of no or mild aortic insuffi-
ciency, and a mean transvalvular pressure gradient of 12.6 mm Hg.181 
Data from up to a 2-year follow-up showed appropriate valve function, 
no evidence of structural deterioration, and no change in aortic 
insufficiency.183

The Transcatheter Aortic Valve Replacement System U.S. Feasibility 
(SALUS) trial in the United States is evaluating the use of the DFM 
valve in inoperable patients. An ongoing trial is actively recruiting 
high-risk or inoperable patients with severe aortic stenosis, random-
izing participants to DFM or CoreValve systems.

Portico Valve
The Portico transcatheter heart valve (St. Jude Medical, Minneapolis, 
MN) is a self-expanding, nitinol prosthesis with bovine pericardial 
leaflets and a porcine pericardial sealing cuff that can be delivered 
through a transfemoral, transaortic, subclavian, or transapical ap-
proach. The valve is repositionable and resheathable, allowing a greater 
degree of manipulation before valve deployment. Its positioning does 
not require RVP.

The U.S. Portico trial was designed to compare the Portico valve 
with other commercially available valves implanted in high-risk and 
inoperable cohorts using a transfemoral or alternative access approach. 
Initial data showed successful device implantation in all patients and 
demonstrated the ability to recapture. Its hemodynamic profile was 
comparable to that of other newer prostheses, with a postprocedural 
mean transvalvular pressure gradient of 10 mm Hg and mild or trace 
aortic insufficiency in 90% of patients.184 The study temporarily halted 
enrollment due to concerns of reduced leaflet mobility, but is now 
actively enrolling.

JenaValve
The JenaValve (JenaValve Technology, Munich, Germany) consists of 
a self-expanding, nitinol stent designed to be placed in the subcoronary 
position. Its leaflets are made of porcine root valve tissue fitted with a 
porcine pericardial skirt. It is placed by the transapical route and has 
a set of “feelers” that allows the valve to be implanted in the correct 
orientation and prevents coronary obstruction. Sizes range from 23 to 
27 mm.185,186

Results from a pivotal trial demonstrated a procedural success rate 
of 89.6%, CVA rate of 3%, and 30-day mortality rate of 7.6%. No 
patients had severe paravalvular aortic insufficiency, and mild or trace 
aortic insufficiency was seen in 86.4%.186
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medical bodies is needed to facilitate technologic diffusion in a safe 
and effective manner.
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milestones and valve durability is confirmed, indications for TAVR 
may be expanded.

Successful TAVR depends on patient selection and the cooperation 
of cardiac surgeons, interventional cardiologists, anesthesiologists, and 
all individuals who participate in the care of these patients, many of 
whom are frail. Centers interested in performing TAVR need specific 
training in this procedure in addition to a commitment to appropriate 
imaging equipment and personnel required to perform the procedures 
safely. A concentrated effort by industry, physicians, and governing 
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Isolated pulmonary and tricuspid valve dysfunction, whether 
acquired or in the context of congenital heart disease, can be  

clinically asymptomatic and tolerated for a long time.1 In Western 
countries, acquired tricuspid or pulmonary valve diseases are rare  
and mostly related to conditions such as rheumatic fever, infective 
endocarditis, and carcinoid syndrome. In cases of congenital heart 
disease, valve dysfunction is a primary component of many anatomic 
defects and a common secondary consequence of several early repair 
strategies.

Increasing knowledge about potential harmful effects of chronic 
pulmonary regurgitation has made surgical revision of the right ven
tricular outflow tract (RVOT) a frequently performed operation in this 
population.2 Typically, most patients require several repeat operations 
during their lifetime to halt the detrimental effects of valvular dysfunc
tion. Since the techniques of transcatheter pulmonary valve implanta
tion (TPVI) were first described by Philipp Bonhoeffer and colleagues 
more than a decade ago, the procedure has gained worldwide accep
tance and has become a routine interventional procedure.3

Several devices have been investigated for purposes of interven
tional pulmonary valve implantation, but only the Melody transcath
eter pulmonary valve (Medtronic, Minneapolis, MN) has obtained 
European and American regulatory approval. Interventional proce
dures focusing on percutaneous tricuspid valve replacement or inter
ventional treatment of severe tricuspid regurgitation are evolving but 
remain at a much earlier stage of clinical practice and have not obtained 
the level of a standard procedure.4

This chapter explores the clinical applications of this revolutionary 
technology. Indications, patient selection, updated clinical results, and 
future directions of pulmonary and tricuspid valve interventions are 
discussed.

TRANSCATHETER PULMONARY VALVE IMPLANTATION

Background and Clinical Indications
Over the past decades, advances in cardiac surgery, interventional 
procedures, intensive care, and noninvasive imaging have led to a 
substantial increase in life expectancy for many patients with con
genital heart disease. This challenging, heterogeneous population of 
patients who were treated by corrective, semicorrective, or palliative 
surgical procedures, sometimes decades ago, is growing inexorably. 
Comparing birth registries for the years 1950 to 1959 and 1990 to 1999, 
the life expectancy of patients with congenital heart disease expressed 
by 18year survival rates has increased from 10% to 70%.5

Studies have shown that the numbers of adult patients with con
genital heart disease are already similar to those for the pediatric popu
lation and will continue to grow.6 For approximately 20% of these 
adults and children late after neonatal repair of complex congenital 
heart disorders such as tetralogy of Fallot, pulmonary atresia, persis
tent trunk, or dtransposition with RVOT obstruction, RVOT dysfunc
tion manifesting as an obstructive lesion or as pulmonary regurgitation 
becomes clinically evident.

Surgical pulmonary valve replacement using valved homograft or 
porcine (e.g., Medtronic Hancock) and bovine xenograft conduits (e.g., 
Medtronic Contegra) helps to treat RVOT dysfunction. Undeniably the 
most frequent mode of repeat operation in patients with congenital 
heart disease, surgical pulmonary valve replacement is a safe procedure 
and is performed with low morbidity and mortality rates.2 However, 
an important drawback is the limited life span of the conduits. Due to 
growthrelated undersizing and degeneration of the conduit causing 
obstruction or pulmonary regurgitation, conduit life span is about 10 
years.710 Most patients must undergo several open heart procedures 
during their lives that raise potential risks for bleeding, adhesions, and 
sternal or cutaneous related complications.

To minimize the number of open heart operations, delaying surgi
cal interventions for as long as possible has been the strategy of choice. 
This policy risks delaying necessary treatment beyond the point of no 
return, when right ventricular (RV) dysfunction, impaired exercise 
capacity, and increased risk of sudden cardiac death, which can result 
from chronic adverse RV loading conditions,1113 may be irreversible.

The correct timing for surgical pulmonary valve replacement is 
unknown and remains a highly controversial issue among cardiologists 
who take care of children and adults with congenital heart disease.2,14 
Using magnetic resonance imaging (MRI), attempts have been made 
to establish RV volume thresholds as predictors of outcome after 
conduit placement. Cutoff points for RV endsystolic and enddiastolic 
volumes (EDV) have been reported, with some suggesting values (EDV 
= 150 to 170 mL/m2)1416 above which normalization of RV dimensions 
is less likely after pulmonary valve replacement. However, the impact 
of the timing of pulmonary valve replacement on RV function, exercise 
performance, and particularly, longterm survival remains undefined.

To postpone and potentially reduce the number of operations 
patients have to undergo throughout their lives, transcatheter stent 
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K E Y  P O I N T S

•	 Transcatheter	pulmonary	valve	implantation	(TPVI)	is	suitable	for	
patients	with	dysfunctional	right	ventricle–to–pulmonary	artery	
conduits	and	for	patch	reconstructed	outflow	tracts	in	selected	
cases.

•	 Two	stent-mounted	valves,	the	Melody	for	right	ventricular	outflow	
tracts	of	less	than	22	mm	and	the	Sapien	for	those	less	than	
29	mm,	are	approved	for	use	within	and	outside	the	United	States.

•	 TPVI	is	performed	with	the	patient	under	general	anesthesia,	and		
a	femoral	approach	is	used.	The	procedure	results	in	early	
symptomatic	improvement	and	reduction	of	right	ventricular	
volumes.

•	 TPVI	can	be	complicated	by	device	displacement,	homograft	
rupture,	or	coronary	artery	compression	at	the	time	of	
implantation;	these	should	be	avoidable	by	careful	assessment		
of	anatomy	and	correct	prestenting	procedures.

•	 TPVI	has	become	part	of	routine	clinical	practice,	with	more	than	
3000	procedures	performed	worldwide	in	the	past	decade.	It	
prolongs	conduit	life	and	may	reduce	the	number	of	operations	
required	by	patients	with	congenital	heart	disease	during	their	
lifetimes.

•	 Percutaneous	tricuspid	valve	implantation	into	a	dysfunctional	
biologic	prosthesis	has	been	successfully	performed	in	small	
numbers	of	patients.

•	 Percutaneous	tricuspid	valve	implantation	is	mainly	reserved	for	
high-risk	patients	with	conditions	that	preclude	surgery.
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line, which is blue to signify the outflow end of the device. The valve 
is packaged and sterilized in a solution containing 1% glutaraldehyde 
and 20% isopropyl alcohol (see Fig. 541). The delivery system (Ensem
bleTM, Medtronic, MN) contains a balloon in balloon (BiB) deploy
ment design.

The Ensemble delivery system (Medtronic, Minneapolis, MN) con
tains a ballooninballoon deployment design. At its distal end, the 
valved stent is frontloaded and crimped (see Fig. 542). The system is 
available with outer balloon diameters of 18, 20, and 22 mm to fit dif
ferent outflow tract diameters. To avoid incorrect implantation and 
potential failure, the tip of the delivery system is blue to correspond to 
the outflow suture of the device as described previously.

The body of the system is composed of a onepiece, 22Fr Teflon 
sheath containing a braidedwire, elastomerreinforced lumen. The 
retractable sheath that covers the stented valve during delivery is pulled 
back just before deployment. Contrast can be delivered through the 
retracted sheath from a side port to confirm positioning of the device 
before deployment. The proximal portion of the system has three ports, 
one for the guidewire (green), one to deploy the inner balloon (indigo), 
and one to deploy the outer balloon (orange) (see Fig. 542).

Sapien Pulmonic Transcatheter Heart Valve
The Edwards Sapien valve is radiopaque and made of a trileaflet bovine 
pericardial valve that is sewn by hand into a stainless steel stent (14 or 
16 mm long) (Fig. 543). A fabric polyethylene terephthalate sealing 
cuff covers the proximal part of the stent and is designed to prevent 
paravalvular leakage. The valve tissue is fabricated from three equal 
sections of bovine pericardium that have been preserved in glutaral
dehyde to crosslink the xenograft tissue and preserve its flexibility and 
strength.

The device was initially designed for aortic valve replacement and 
obtained CE certification for TPVI in 2010.29 The valve is commercially 
available in 23 and 26mm diameter sizes and is crimped onto the 
designated balloon delivery system (Retroflex). A 29mm diameter 
valve is also available for the aortic position (Sapien XT, Edwards 
Lifesciences, Irvine, CA).

In 2013, the third generation of the Retroflex III delivery system 
(Edwards Lifesciences, Irvine, CA.) was FDA approved. It consists of 
a balloon catheter and a deflectable guiding catheter. The system 

implantation into stenotic conduits has been carried out,1719 although 
baremetal stenting can potentially convert a pressure overload due to 
obstruction into a volume overload due to free pulmonary incompe
tence. With the introduction of percutaneous valve implantation, a 
nonsurgical technique has become available. It enables treatment of 
conduit obstruction and regurgitation. This minimally invasive method 
can potentially avoid open heart surgery for RVOT dysfunction in 
children and adults by restoring acceptable RV loading conditions.

Since the first description of a percutaneously implanted heart valve 
in 2000,3 more than 3000 TPVIs have been performed worldwide.20 
The Melody device became commercially available in Europe and 
Canada in 2006. It was certified by Conformité Européenne (CE) in 
2006 and approved by the U.S. Food and Drug Administration (FDA) 
for clinical use in the United States in 2010, making the new percutane
ous strategy available to a broader population.

TPVI is performed to prolong the life span of conduits from the 
right ventricle to the pulmonary artery (RVPA) and therefore post
pone open heart surgery in children and adults with congenital heart 
disease. Over the past 10 years, increasing operator experience with 
TPVI has resulted in improved safety, efficacy, and outcomes, including 
freedom from transcatheter or surgical reintervention for pediatric or 
adult patients who underwent this procedure.2128

Indications, technical aspects, and early and late results of TPVI 
using the Melody valve and the Sapien valve (Edwards Lifesciences, 
Irvine, CA) as nonsurgical treatment options for RVOT dysfunction 
are reviewed in the following sections.

Devices and Delivery Systems

Melody Transcatheter Pulmonary Valve
The Melody transcatheter pulmonary valve is composed of a segment 
of bovine jugular vein with a central valve (Figs. 541 and 542) sutured 
inside an expanded platinumiridium stent. The currently used 
Cheatham platinum stent (CP Stent CP8Z34, NuMed, Hopkinton, NY) 
is 34 mm long it can be crimped to minimum of 6 mm in diameter 
and reexpanded up to 22 mm. It consists of an eightcrown zigzag 
pattern with six segments along its length that are reinforced at each 
strut intersection with a gold weld. The venous segment is attached to 
the frame by continuous 50 polypropylene sutures around the entire 
circumference at the inflow and outflow and also discretely at each 
strut intersection. The suture is clear for all points except the outflow 

FIGURE 54-1	 Melody	transcatheter	pulmonary	valve	in	an	oblique	view.	
Notice	the	blue	line	that	identifies	the	outflow	end	of	the	device.	(Cour-
tesy	Medtronic,	Minneapolis,	MN.)

FIGURE 54-2	 Melody	device	and	its	delivery	system.	A,	Crimped	device	
on	the	delivery	system	with	a	retractable	sheath	covering	the	device	to	
protect	it	during	the	delivery.	B,	Retracted	sheath.	C,	Deployment	of	the	
inner	 balloon	 (indigo	 access).	 D,	 Deployment	 of	 the	 outer	 balloon	
(orange	access).	(Courtesy	Medtronic,	Minneapolis,	MN.)

A

B

C

D
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recommended this procedure based on class IIa evidence (evidence 
level B).31

There is no absolute lower age limit, but an adequate body size (e.g., 
weight >20 kg) is required to accommodate femoral placement of the 
introducer.24 Table 541 summarizes clinical indications for Melody 
and Sapien TPVI.

Morphologic Criteria
Size and shape of the implantation site, also called the landing zone, 
and its anatomic relation to the coronary arteries are decisive morpho
logic criteria. They must be correct when considering patients as can
didates for TPVI.

Size and Shape of the Implantation Site
The Melody device cannot be dilated to a diameter of more than 
22 mm. Patients with nondilated conduits between the RV and PA of 
22 mm or less offer an ideal environment for TPVI with this device. 
In contrast, native or patched outflow tracts after surgical repair for 
tetralogy of Fallot tend to be dilated and too large (>22 mm) and 
therefore do not provide a secure landing zone for Melody valves. In 
these cases or if the conduit size at surgical implantation is at least 
18 mm but no larger than 29 mm with significant discrete narrowing, 
the Sapien valve may be used for treatment.3234

In our experience, the RVOT shape after prestenting is important 
because of the engineered nature of sutured pericardial tissue. Optimal 

requires a 22Fr sheath (for the Sapien 23mm valve) or 24Fr hydro
philic sheath (for the Sapien 26mm and Sapien XT 29mm valve) (see 
Fig. 543). According to the manufacturer’s data, improvements in 
design (e.g., Edwards eSheath) offer smaller sheath sizes for the 23mm 
valve (18 Fr), the 26mm valve (19 Fr), and the 29mm XT model 
(16 Fr). The guiding catheter has a control handle on the catheter hub, 
which can be rotated to deflect the catheter passing through the tri
cuspid aperture to the RVOT. The Retroflex III system also contains a 
retractable nose cone catheter, which facilitates atraumatic delivery.

Patient Selection Criteria

Clinical Criteria
Clearcut guidelines do not exist for treating RVOT dysfunction caused 
by obstruction or regurgitation. This issue is slightly less complex in the 
setting of RVOT obstruction because patients with significant obstruc
tion tend to develop symptoms early. According to the 2010 European 
Society of Cardiology (ESC) and Association for European Pediatric 
Cardiology (AEPC) guidelines for the management of grownup con
genital heart disease30 include indications for surgical intervention or 
TPVI in patients with RVPA conduits, patients with RVOT obstruc
tion should be treated if the gradient exceeds 60 mm Hg or with symp
toms due to RVOT obstruction regardless of the RVOT gradient.

In the clinical setting, indications for TPVI can be adapted from 
the indications for RVOT bare metal stenting.18 In cases of RV pressure 
overload due to RVOT obstruction, symptomatic patients should 
undergo TPVI if the RV systolic pressure exceeds 65% of systemic 
pressures. In the absence of symptoms, patients should undergo treat
ment if RV pressures exceed 75% of systemic pressures as estimated by 
echocardiography and noninvasive blood pressure measurement.21

Pulmonary regurgitation can be clinically asymptomatic and be 
tolerated for a long time. When to intervene is the subject of ongoing 
discussions. It is common sense to base the indication criteria for 
transcatheter or surgical treatment on a combined assessment of MRI 
derived RV enddiastolic volume and systolic function, cardiopulmo
nary exercise testing (as an objective measure of the patient’s exercise 
capacity), and atrial or ventricular dysrhythmia. According to the 2010 
ESC recommendations of the ESC grownup congential heart disease 
task force, TPVI may be indicated if the patient has severe pulmonary 
regurgitation (assessed by echocardiography or MRI) and one of the 
following: severe RV dilation, severe RV dysfunction, symptoms, or 
impaired exercise capacity.30

In 2011, the American Heart Association (AHA) stated, “It is  
reasonable to consider the percutaneous pulmonary valve replace
ment in patient with RVPA conduits with moderate to severe pulmo
nary regurgitation or stenosis provided the patient meets inclusion/
exclusion criteria for the available valve.” The AHA writing committee 

FIGURE 54-3	 A,	Top	view	of	 the	Sapien	pulmonic	 transcatheter	heart	valve	B,	The	Retroflex	 III	delivery	system.	(Courtesy	Edwards	Lifesciences	
LLC,	Irvine,	CA.	Edwards,	Edwards	Lifesciences,	RetroFlex,	RetroFlex	II,	RetroFlex	3,	RF3,	Edwards	SAPIEN,	SAPIEN,	SAPIEN	XT	and	SAPIEN	3	are	
trademarks	of	Edwards	Lifesciences	Corporation.)

A B

TABLE 54-1 Clinical and Morphologic Requirements for 
Percutaneous Pulmonary Valve Implantation

Clinical	indications	in	the	context	of	RV	pressure	overload	or	pulmonary	
stenosis:
RV	systolic	pressure	>65%	of	systemic	pressure	in	symptomatic	patients
RV	systolic	pressure	>75%	of	systemic	pressure	in	asymptomatic	

patients
Clinical	indications	in	the	context	of	RV	volume	overload	or	pulmonary	

regurgitation:
Severe	pulmonary	regurgitation	on	echocardiography	or	MRI	and
One	or	more	of	the	following:

•	 Severe	RV	dilatation	>150	mL/m2	or	the	RV/LV	end-diastolic	
ratio	of	>1.5	and/or

•	 Rapidly	progressive	RV	dilation	and/or
•	 Severe	RV	dysfunction	and/or
•	 Symptoms	and/or
•	 Sustained	atrial	or	ventricular	arrhythmia	and/or
•	 Impaired	exercise	capacity	(<65%	compared	with	normal	peak	

oxygen	consumption)

LV,	Left	ventricular;	MRI,	magnetic	resonance	imaging;	RV,	right	ventricular.
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prefer threedimensional MRI of the whole heart to assess the ana
tomic relationship of the coronary arteries and the proposed implanta
tion site (Fig. 545). We recommend selective coronary angiography 
and particularly aortic root angiography and simultaneous high
pressure balloon inflation within the landing zone (discussed later) at 
the time of catheterization in all patients to rule out the risk of coro
nary compression (Fig. 546).

Procedure

Laboratory Setup
TPVI should be performed in a catheterization laboratory with a 
monoplane or, preferably, biplane fluoroscopy setup. Procedures must 
be performed under sterile conditions meeting the standards for surgi
cal valve implantations. Autotransfusion kits (e.g., pleural drainage 
kits, cell saver) should be available in cases of acute bleeding. Although 
simultaneous surgical backup is not required, TPVI should be per
formed at institutions with a (congenital disease) surgical program. 
Ideally, the surgical team has access to and experience with extracor
poreal circulation equipment.

TPVI is usually performed using general endotracheal anesthesia, 
although use of conscious sedation is feasible. Peripheral, central 
venous, and 5Fr arterial line access is needed for continuous hemo
dynamic monitoring and anesthesia management. Femoral access  
is preferred because it allows an easier working position in the 

valved stent function in Sapien procedures is guaranteed by a circular 
RVOT shape. In TPVI procedures with the Melody valve, the RVOT 
shape has much less impact on the hemodynamic outcome.

Studying the patient’s operative reports in detail and, unless con
traindicated, using MRI before the procedure help to understand the 
anatomy of the outflow tract and to avoid implantation failure. Cine 
MRI can determine the maximal and minimal dimensions of the 
RVOT and its shape throughout the cardiac cycle. If there is doubt 
about the reliability of MRIderived measurements, balloon sizing of 
the RVOT at the time of catheterization is recommended and is dis
cussed later (Fig. 544). The minimal diameter for TPVI is not less than 
16 mm to avoid unacceptable residual gradients. Rare exceptions to 
this rule include cases in which threedimensional imaging and echo
cardiographic assessment suggest that sufficient space is available to 
deploy a valve to a reasonable diameter.

Assessment of Coronary Artery Anatomy
Coronary artery anatomy varies according to the type of congenital 
heart defect and is affected by surgical reinsertion into the aorta. In 
some cases, one or more of the relevant coronary artery branches are 
near the main PA. This configuration exposes patients who undergo 
RVOT interventions to the risk of fatal coronary artery obstruction due 
to expansion of the RVOT.18,35

The course of proximal coronary arteries in relation to the RVOT 
must be assessed before percutaneous valve deployment. Some centers 

FIGURE 54-4	 Balloon	sizing	for	the	right	ventricular	outflow	tract.	Fluoroscopy	shows	the	balloon	sizing	maneuver	from	90-degree	(A)	and	0-degree	
(B)	left	anterior	oblique	views.	

A B

FIGURE 54-5	 Noninvasive,	three-dimensional,	whole	heart	imaging	by	magnetic	resonance	tomography	was	performed	in	a	patient	with	pulmonary	
atresia	with	an	intact	ventricular	septum	after	repair	by	pulmonic	homograft	implantation.	The	patient	had	ventricular	outflow	tract	dysfunction	before	
percutaneous	pulmonary	valve	implantation.	
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especially in cases of borderline dimensions derived by MRI. Disten
sibility of the site can be assessed only by balloon interrogation and  
is therefore strongly recommended in cases of expected high disten
sibility of the RVOT (i.e., patchextended or native outflow tracts).  
Soft sizing balloon catheters (e.g., PTS, NuMed, Hopkinton, NY) are 
commonly used for balloon interrogation. They should be partially 
inflated when positioned distally to the supposed landing zone and 
then slowly retracted across the RVOT back into the RV. The use  
of biplane orthogonal fluoroscopy allows accurate twodimensional 
measurements.

The anteriorposterior imaging plane with cranial tilt is ideal for 
visualizing the pulmonary bifurcation and distal end of the stented 
valve. The anteriorposterior cranial view with or without left anterior 
oblique angulation is used to assess the bifurcation. The lateral plane 
visualizes the anterior chest and landing zone for the transcatheter pul
monary valve and seems to be the ideal view during stent positioning.

The risk of coronary compression should be minimized before 
implanting a Melody or Sapien valve. The preferred stepwise approach 
includes noninvasive, threedimensional MRI of the whole heart to 
judge the proximity of the proximal coronary arteries to the RVOT (see 
Fig. 545). For all patients at the time of catheterization, aortic root 
and selective coronary artery angiography should be performed along 
with simultaneous highpressure balloon inflation in the landing zone 
and selective coronary angiography (see Fig. 546).18,21,35

The Medtronic guidelines for Melody valve Implantation36 recom
mend a combined aortic root angiogram and balloon dilation to 
outline the coronary anatomy and exclude the risk of coronary ostium 
or coronary compression. For larger distances between the landing 
zone and the coronary arteries, a lowpressure balloon can be used. If 
coronary arteries are close, full inflation is indicated to avoid false
negative screening results and ensure that valve insertion is adequately 

catheterization laboratory. Preparation of both groins for vascular 
access allows a quick change in case of problems. Jugular vein access 
can also be obtained if required. Use of a 10Fr sheath (maximum) for 
initial venous access is appropriate.

Recommendations include aseptic technique meeting surgical stan
dards, initiation of effective heparinization at the beginning of the 
procedure (100 IU/kg of heparin or a standard dose of 5000 IU in 
adults, repeated as required), and a single dose of broadspectrum 
intravenous antibiotics for endocarditis prophylaxis.

Hemodynamic Assessment
Right heart catheterization is performed using standard techniques to 
assess pressures and saturation levels. Routine measurements are made 
for the RV, PA, and aorta, and additional measurements (e.g., branch 
PAs) are made as appropriate. To provide a stable position before 
advancing the delivery system, a stiff guidewire (e.g., Amplatz Ultra 
Stiff guidewire [0.035 inch × 260 cm]; Lunderquist [0.035 inch × 
260 cm], Cook, Bloomington, IN) is positioned in a distal branch PA, 
which preferably has few curves and is as distal as possible. In an 
endeavor to maintain the guidewire’s tip at the level of the diaphragm, 
the operators must not interfere with the tricuspid valve chordae.

Pulmonary artery (biplane) angiography is performed using appro
priate catheters (e.g., balloontipped, pigtail, MultiTrack [NuMed, 
Hopkinton, NY]). The catheter’s tip should be placed just beyond the 
expected position of the pulmonary valve to allow assessment of the 
proposed landing zone and estimation of pulmonary regurgitation.

Morphologic Assessment
Assessing the suitability of the size and shape of the landing zone is a 
crucial part of preparation before the final TPVI procedure. Invasive 
morphologic assessment during catheterization is often necessary, 

FIGURE 54-6	 Assessment	of	risk	for	coronary	compression.	A,	The	0-degree	and	90-degree	left	anterior	oblique	(LAO)	and	0-degree	with	45-degree	
caudal	angulation	aortic	root	angiograms	show	high-pressure	balloon	inflation	within	the	eligible	landing	zone,	which	is	performed	to	rule	out	coro-
nary	compression.	B,	The	0-degree	and	90-degree	LAO	aortic	root	angiograms	show	compression	of	the	left	anterior	descending	coronary	artery	
(arrow)	during	balloon	 inflation	 in	 the	 conduit.	 The	procedure	was	 therefore	 abandoned	 in	 this	 patient,	 and	no	percutaneous	pulmonary	 valve	
implantation	was	performed.	

A

B
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Deployment of the Melody valve is achieved by handinflating the 
inner (indigo) balloon. After confirmation of the position, the outer 
(orange) balloon is inflated to complete deployment. The inner balloon 
is then deflated, followed by deflation of the outer balloon while 
recording the deflation.

The delivery system is removed with great care through the 
implanted valve to avoid leaflet damage. Sheath closure should not be 
attempted before careful and slow withdrawal of the balloon and deliv
ery system into the inferior vena cava. Repeat angiography of the 
RVOT can rule out extravasations for confirmation of valvar compe
tence. The RV pressure and RVPA pressure gradient are measured to 
assess the outcome. After removing all catheters and the venous sheath, 
hemostasis is achieved with a single Zstitch on the skin over the 
venous access and with manual compression of the arterial access.

Periprocedural Interventions
PREDILATION OF THE LANDING ZONE. Over time, RVOT anatomy 

evolves in response to the repair strategies and RVPA conduits used. 
Besides the hemodynamic problems related to stenosis, aberrant 
anatomy may challenge cannulation when using a large delivery 
system. Predilation of heavily calcified or tortuous conduits can facili
tate positioning of the system.

Observational studies have found that prestenting the conduit 
before TPVI is associated with a lower risk of developing Melody stent 
fractures.37 It provides an unmistakable landmark for correct valve 
positioning and can produce superior immediate hemodynamic  
results because it enhances rigidity of the landing zone.24,27 Prestenting 
of the conduit before TPVI has become standard practice in most 
centers. Because of the short length (14 to 16 mm) of the valve and 
better stability, prestenting before Edwards Sapien implantation is 
preferred.38

For prestenting with baremetal stents, the balloonexpandable 
IntraStent (Max LD, EV3, Plymouth, MN) can be used on a balloon
inballoon dilation catheter (BiB catheter, NuMed, Hopkinton, NY). 
They are chosen because they have smaller nominal balloon diameters 
than those subsequently used in the TPVI delivery system. This 
approach leaves some degree of residual outflow tract obstruction but 
reduces the risk of conduit rupture and facilitates safer anchoring of 
the valved stent.

Typically, an uncovered stent is used if obstruction (“jailing”) of the 
origin of a pulmonary branch artery is expected after deployment of 
the preimplantation stent. Covered baremetal stents (e.g., CP stent, 
NuMed, Hopkinton, NY) are preferred in small conduits that require 
dilation to diameters larger than their original sizes. This approach can 
reduce the risk of bleeding due to conduit rupture.

The optimal timing of prestenting in relation to definitive TPVI is 
unknown. Some centers allow stent ingrowth for 2 to 3 months, espe
cially if inadequate sealing by covered stents is expected. In our experi
ence, a combined procedure and a twostage procedure are valid 
options. For the latter, temporal free pulmonary regurgitation after 
prestenting is well tolerated in most patients (Fig. 547).

POSTDILATION OF THE VALVED STENT. According to the Medtronic 
proctors’ guidelines, postdilation of the valved stent is indicated if there 
is a gradient of more than 20 mm Hg caused by the valve’s diameter; 
preimplantation or postimplantation residual valve stenosis should be 
ruled out or treated separately when applicable.36 A residual RVOT 
gradient of more than 25 mm Hg is associated with a significantly 
higher rate of reintervention and reoperation during followup.21

An aggressive approach to residual RVOT obstruction is required 
to improve the longterm outcome after TPVI. Highpressure dilation 
to a maximum balloon size of 24 mm is needed for the valved stent. 
The covered Melody device is thought to be the safest option with 
regard to conduit rupture. Ultrahighpressure balloons such as the 
MullinsX ultrahighpressure dilation catheter (NuMed, Hopkinton, 
NY) or Atlas PTA dilation catheter (CR Bard, Murray Hill, NJ) are 
suitable. Multiple postimplantation dilations can be considered in 
cases of residual gradients to achieve further expansion of the device 

mimicked by the balloon position. An aortic root angiogram may be 
preferable to a selective coronary artery angiogram because intubation 
of the coronary artery by the catheter may lead to a falsenegative test 
result. If evidence of coronary artery compression is found, the proce
dure must be abandoned.

Device Setup
Before implantation, preparations include checking and removing the 
manufacture’s identification label and flushing, crimping, and loading 
the valved stent onto the delivery system. The valved stent should be 
flushed by hand at least two times in bowls filled with sterile, isotonic 
sodium chloride solution for approximately 30 seconds each time to 
remove residues of the glutaraldehyde preservative and to test leaflet 
function.

The device is then crimped using hand tools over the barrel of a 
sterile 2mL syringe before being frontloaded onto the delivery 
system. The blue stitching on the distal portion of the device must 
match the blue portion of the delivery system (the carrot), which is 
then verified by an independent observer to guarantee correct device 
orientation. Further crimping is performed while advancing the sheath 
carefully over the device during saline flushing through the side port 
to exclude air bubbles from the system and facilitating uncovering of 
the device (see Fig. 542).

Device Implantation
After removing the angiography catheter (e.g., MultiTrack catheter), 
the femoral vein is dilated to 22 or 24 Fr. This is unnecessary if an 18Fr 
sheath is used for periprocedural interventions (discussed later) 
because the outer diameter is about 22 Fr.

The delivery system is introduced into the access site and advanced 
into the landing zone under fluoroscopic guidance. The tip of the 
guidewire must be seen at all times. If its position has been lost, 
advancement of the delivery system must stop because the risk of 
peripheral vascular rupture is high when trying to push the wire back 
into position while carrying the delivery system. The delivery system 
can be safely removed and repositioned as long as the valve is at least 
partially covered.

The operator must reestablish a stable wire position with the use of 
catheters before advancing the delivery system. Coordination between 
first and second operator is necessary to safely advance the system into 
the desired position. Pushing the system in the groin moves it forward 
or backward; turning is impossible. Driving the wire will determine 
how the delivery system’s end moves up to the landing zone. If the 
carrot makes turns well, the wire is kept fixed. If the carrot hesitates at 
the entry into the RVOT, the operator may push the delivery system 
while fixing the guidewire, causing the tip to move backward.

In another maneuver, the delivery system is pushed while slightly 
pulling on the guidewire to make the carrot come loose from the con
duit’s wall and allow advancement. Additional maneuvers can be used 
by experienced operators to advance the delivery system when it is at 
the entrance to the conduit. Partial uncovering of the device provides 
more flexibility of the tip of the delivery system, facilitating crossing 
of tortuous and stenotic outflow tracts. Looping the system within the 
right atrium generates a forward force that often overcomes resistance 
and aids passage into the conduit.

If the delivery system has been placed too distally, forward pushing 
of the guidewire rather than backward pulling of the delivery system 
often helps to withdraw the delivery system slightly. After the most 
distal part of the delivery system has passed the landing zone, the wire 
should be first straightened in the right atrium (the loop keeps the 
tricuspid valve open) before continuing the implantation process. The 
outer sheath is retracted, uncovering the stented valve, which some
times results in forward movement. Because there are no radiopaque 
markers on the outer sheath, complete uncovering of the delivery 
system can be confirmed only by checking the double markers placed 
on the proximal portion of the system (i.e., balloon shaft). It must be 
completely uncovered before balloon inflation. Contrast injection into 
the side arm of the delivery system can offer further confirmation.
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procedural complication rate of 2.7% and minor complication rate of 
11.9% for 1003 Melody procedures.40 Major procedural complications 
related to Melody TPVI include homograft rupture (2.2%), perforation 
of branch pulmonary arteries or guidewire injury to the PA (1.7%), 
damage to the tricuspid valve (1.6%), device dislodgment (0.5%), com
pression of coronary arteries (0.3%), and PA obstruction (0.3% in the 
London experience).

Early phase 1 results from an international multicenter clinical trial 
of Sapien TPVI in 36 patients demonstrated successful valve deploy
ment in 97%, but 7 patients (20.5%) experienced adverse events.34 The 
major complication was device dislodgment. Homograft rupture 
occurred in none of the patients. All of the Sapien patients underwent 
prestenting (33.3%) or periprocedural stenting procedures (66.6%). 
Risk factors for homograft ruptures are still not understood. The com
plication is difficult to avoid. No recommendations regarding patient 
selection and risk reduction can be given except for the avoidance of 
aggressive dilation of the RVOT before deployment of a covered stent 
or a valved stent, which is covered by nature.

Interventionrelated coronary compression is a welldescribed 
complication in the setting of baremetal stenting of the RVOT.18 
Approximately 5% to 6% of patients who are candidates for TPVI  
have coronary artery anatomy that increases the risk of coronary 
obstruction.27 Several reports have described this potentially cata
strophic complication,41,42 which is strongly associated with early pro
cedural death.24

Although coronary compression is avoidable in most patients, it 
remains a complex issue, and ruling out the risk for this complication 
is one of the most difficult steps in preprocedural planning for TPVI. 
Using a stepwise approach can minimize the risk. In case of doubt 

and optimize the hemodynamic result without damaging the bovine 
venous valve.21

Results

Immediate Hemodynamic Outcome
The hemodynamic outcome after TPVI in the largest published reports 
using the Melody20,21,24,27,39 or the Sapien device32,34 is summarized in 
Table 542.

Significant reductions in RV pressure, RVOT gradient, and ratio of 
RV to systemic pressure were demonstrated with both devices. Dia
stolic pulmonary arterial pressures rise after deployment, indicating 
restoration of valvar competence.20,21,34 Angiography before and after 
insertion shows a significant reduction in pulmonary regurgitation in 
most patients. Paravalvar leaks after the procedure occur in approxi
mately 2% of the interventions.27 Data from the Melody Registry 
involving 40 international centers that treated more than 1000 patients 
by TPVI were reviewed.40 Invasively measured RV systolic pressure fell 
from 62 ± 18 mm Hg to 43 ± 12 mm Hg (P < .0001), and percentage 
of patients with RVOT regurgitation of greater than grade 2 decreased 
(49% to 1%, P < .0001).40

Immediate Procedural Complications
Several singlecenter and multicenter trials consistently reported a low 
periprocedural complication rate using the Melody pulmonic valve. 
The London experience with 155 patients21 and the U.S. Melody valve 
trial that enrolled 124 patients39 found similar procedural complication 
rates of 6%. Smaller trials showed an overall early complication rate of 
up to 11%.28 Analysis of the Melody Registry data found a major 

FIGURE 54-7	 Two-staged	procedure	with	prestenting	before	transcatheter	pulmonary	valve	implantation	(TPVI).	A	two-stage	procedure	with	prestent-
ing	of	a	mixed	dysfunctional	xenograft	(A)	was	performed	to	allow	ingrowth	of	the	right	ventricular	outflow	tract	(RVOT)	stents	(B)	before	TPVI	with	
a	Melody	valve	was	performed	3	months	later	(C).	The	temporally	free	RVOT	regurgitation	after	prestenting	was	accepted.	

A B C

TABLE 54-2 Hemodynamic Outcome Immediately After Transcatheter Pulmonary Valve Implantation (TPVI)

Parameter*

U.S. MELODY VALVE 
TRIAL  

(N = 124)

LONDON MELODY 
EXPERIENCE  
(N = 151)

MUNICH/BERLIN 
MELODY EXPERIENCE 

(N = 102)

PHILADELPHIA 
MELODY EXPERIENCE  

(N = 104)

EARLY SAPIEN 
EXPERIENCE  

(N = 7)

LATER SAPIEN 
EXPERIENCE  

(N = 36)

Before After Before After Before After Before After Before After Before After

RV	systolic	pressure	
(mm	Hg)

65 41† 63 45‡ NA NA 72 47‡ NA NA 55 42‡

Peak	RV	to	PA	
gradient	(mm	Hg)

37 12† 37 17‡ 37 14 39 11‡ NA NA 27 12‡

RV	to	systemic	
pressure	(%)

0.74 0.42† 0.69 0.45‡ 0.62‡ 0.36‡ NA NA 0.78 0.39‡ 0.60 0.40‡

*Invasively	measured	pressures	and	gradients	were	reported	before	and	after	TPVI	 in	 the	 largest	 trials	(N	>	100)	of	 the	Melody20,21,24,39	and	Sapien	 implants32,34	 in	 the	pulmonary	artery	
(PA)	position.	In	all	studies,	a	profound	improvement	in	right	ventricular	(RV)	to	systemic	pressure	ratio	in	response	to	TPVI	was	seen	(†P	=	.001,	‡P	<	.001).	Some	data	were	not	available	
(NA).	All	parameters	are	expressed	as	medians.
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patients with RVPA conduits,32,34 these conduits and native RVOT,38 
or native RVOT interventions only.49 In the largest series of 36 patients 
(Congenital Multicenter Trial of Pulmonic Valve Regurgitation Study
ing the Sapien Interventional Transcatheter Heart Valve [COMPAS
SION]) involving only patients with RVPA conduits, successful valve 
deployment was achieved in 33 of 34 attempts.34 In cases of native 
RVOT dysfunction after transannular repair of tetralogy of Fallot, a 
successful valve implantation was achieved in 9 of 10 eligible patients.49 
The COMPASSION trial reported an early complication rate of 7 of 34 
deployed valves primarily due to device migration (three cases, with 
two requiring surgical retrieval). Other complications included pulmo
nary hemorrhage (two cases), ventricular fibrillation (one case), and 
stent migration (one case).

In the report by Boone and colleagues of seven patients with a 
median followup of 10 months (range, 30 days to 3.5 years), no stent 
fractures were described.32 In this series, recatheterization was neces
sary in one patient 9 months after the initial implantation due to 
restenosis of the baremetal stent. The rate of freedom from reinterven
tion at 6 months of followup was 97% in the COMPASSION trial, and 
one patient underwent elective placement of a second valve due to 
conduitinduced distortion of the initial implant. Haas and colleagues 
demonstrated a significant reduction of the RVOTtoPA gradient, 
reduction in RV systolic pressure, and an increase in diastolic pul
monary pressure from 6.3 to 14.5 mm Hg, which was a sign of tre
mendously decreased pulmonary regurgitation with freedom from 
reintervention after 6 months.38 However, studies including more 
patients with longer followup times are required to assess perfor
mance of the Sapien device in the pulmonary position.

Nature and Management of Stent Fractures
Stent fractures may lead to stent embolization and especially to reste
nosis.21 Observational data suggest that prestenting reduces the risk of 
stent fractures.37,50 Prestenting the conduit with a baremetal stent 
before TPVI is therefore standard practice in most centers. Stent frac
tures most commonly affect one or more struts, do not impact stent 
integrity (type I), and have no significant hemodynamic effect.51 In 
cases of radiologic evidence of multiple strut fractures and increased 
RVOT velocity (measured by echocardiography), the fractures do 
impact stent integrity and can lead to restenosis (type II).

Implantation of a second device within the index device (i.e., valve
invalve procedure) is indicated and can be performed successfully.4,52 
This strategy relieves RVOT obstruction effectively, enhances stent 
integrity, and minimizes the risk of stent embolization. Technically,  
the second TPVI procedure corresponds to the initial implantation. 
The first valved stent provides a perfect landmark for positioning the 
second device, facilitating the valveinvalve procedure.

There has been only one reported case of device embolization into 
the PA. Stent disintegration resulted from stent fractures (type III).51 
This complication is avoidable as long as stent fractures are diagnosed 
quickly and a valveinvalve procedure is performed. Stent fractures 
are significantly associated with dynamic RVOTs, as seen in noncalci
fied RVOT or noncircumferential homografts.53 This information is 
useful for patient counseling and confirms the prestenting strategy to 
support the landing zone before TPVI. To detect stent fractures and 
plan reinterventions, patients must be closely followed after TPVI with 
repeated chest radiography and echocardiography.

Valved Stent Endocarditis
Infective endocarditis after TPVI has been observed in approximately 
1% to 3% of patients during 1 to 4year followup.24,4346,50 The Melody 
Registry preliminary data reveal a 1year postTPVI rate of 2.7%.40 At 
first glance, the rate of endocarditis after TPVI seems to be similar to 
the observed rate of endocarditis after surgical RVOT reconstruction, 
which ranges from approximately 0% to 5% of patients during 1 to 
4year followup. However, Villafañe and coworkers stated that a risk 
comparison between TPVI and surgically implanted bioprosthetic 
valves is impossible. Infective endocarditis is not the primary objective 
in larger surgical series and is therefore underestimated.46 Trials 

about the risk of coronary compression, we recommend abandoning 
the Melody or Sapien valve procedure. In experienced hands, careful 
technique and attention to the recommended instructions for use help 
to avoid fatal complications.

Follow-Up and Outcomes
Clinical Consequences
The success of TPVI depends on device function during followup. 
Short and mediumterm results of TPVI with the Melody or Sapien 
valve are thought to be similar, although more data are available for 
the former. Longterm outcome data for both valved stents are not yet 
available.

The overall mortality rate for TPVI during followup procedures 
was 0% to 5% and was not related to the device itself. Failure of the 
Melody or Sapien device may be related to malfunction of the stent or 
sewn valve. Although failure of the valve leading to pulmonary regur
gitation occurs rarely and only in the context of endocarditis,4346 the 
most common reason for reoperation and reintervention is repeat 
stenosis of the stent portion of the device. Restenosis of the stent can 
be caused by late recoil or loss of radial strength of the device due to 
stent fractures.

We have demonstrated rates of freedom from reoperation of  
93% ± 2%, 86% ± 3%, 84% ± 4%, and 70% ± 13% and rates of freedom 
from transcatheter reintervention (second TPVI or balloon dilation) 
of 95% ± 2%, 87% ± 3%, 73% ± 6%, and 73% ± 6% at 10, 30, 50, and 
70 months, respectively (median followup of 28 months).47 Initially, 
the most common reason for reintervention was occurrence of the 
hammock effect, in which the venous wall of the bovine valve hangs 
into the stented valve’s lumen.48 This effect occurred with the first 
design of devices that had only proximal and distal sutures. After 
device modification with sutures placed at all struts of the stent, no 
further cases of the hammock effect have been seen.

Stent fractures now represent the most common reason for reinter
vention after Melody implantation. Without prestenting the RVOT, 
stent fractures occur in 20% to 21%21,39 of valve placements, compared 
with 5% to 16% of cases after prestenting.24,28 Nordmeyer and col
leagues reported a stent fracture rate of 11%.40

In the U.S. Melody trial,39 the rate of survival free from RVOT 
reintervention was 95.4% ± 2.1% at 1 year and 87.6% ± 4.5% at 2 years. 
The rate of freedom from a second TPVI was 96.9% ± 2.0% at 1 year 
and 90.4% ± 4.4% at 2 years. The rate of freedom from pulmonary valve 
dysfunction was 93.5% ± 2.4% at 1 year and 85.6% ± 4.7% at 2 years. 
By multivariable Cox regression analysis, a higher mean RVOT gradi
ent on discharge echocardiography and younger age were associated 
with shorter freedom from transcatheter pulmonary valve dysfunction. 
The association between high RVOT gradients on echocardiography 
after TPVI and increased risk for reintervention draws a parallel to the 
London findings that a residual RVOT gradient of more than 25 mm Hg 
(invasively measured) results in higher rates of reintervention during 
followup.21 It is thought that aggressive postprocedure dilation should 
be performed, especially in very stenotic conduits, to improve the long
term outcomes for these patients.

Data are available from the major four short and mediumterm 
observational studies with a total of more than 450 patients with 1 to 
5 years of followup.21,24,28,39 The rate of freedom from valve dysfunction 
or reintervention was approximately 94% at the 1year followup 
assessment. The patients who did not require reintervention had con
sistently mild or less pulmonic valve regurgitation at the 1year 
followup. Pulmonary regurgitation decreased from median values of 
16% to 27% to 1% to 2%. Median peak velocity over the RVOT was 1.9 
to 2.7 m/sec at thee 1year echocardiographic followup. Nordmeyer 
and coworkers reported preliminary but promising Melody Registry 
data with a rate of 92.5% for 1year freedom for all case events and 
94.2% for TPVIrelated events.40

There are no comparison studies with conventional surgery regard
ing pulmonary valve replacement by Sapien valves. Data on function 
of the Sapien valve are limited and available from smaller short and 
mediumterm observational studies with a total of fewer than 100 
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pulmonary regurgitation (reduction in pulmonary regurgitation frac
tion as assessed by MRI: 39.0% ± 8.6% vs. 3.0% ± 4.7%, P < .001). As 
in the surgical series of pulmonary valve replacement, relief of the RV 
volume overload resulted in a reduction in RV enddiastolic volume 
and the total RV stroke volume in patients with predominantly pulmo
nary regurgitation.12,14

Remarkably, there is no further reduction of RV size or improve
ment of RV function on MRI and exercise capacity parameters 1 year 
after TPVI compared with the early functional outcome.57 The ideal 
timing of a surgical or percutaneous RVOT intervention remains 
unknown because longterm data are lacking. However, these func
tional results suggest treating patients with pulmonary regurgitation 
before the onset of RV dysfunction or impaired exercise capacity.

Because of the righttoleft ventricular interaction, an important 
physiologic consequence of RV enlargement and dysfunction is sec
ondary left ventricular dysfunction in some patients, which can influ
ence exercise capacity. The impact of TPVI on left ventricular systolic 
and diastolic function is not trivial. Improved systolic function due to 
TPVI as estimated by the ejection fraction on myocardial velocity 
imaging has been reported in several studies.23,55 Improvement in left 
ventricular diastolic function has also been reported.22,47,56

Extended Indications and Future Directions
Approximately 15% of patients with dysfunction of the RVOT are 
eligible for the approved implantable valves.29 Many patients are poor 
candidates because of their small physical size, limited vascular access, 
or the size and shape of the RVOT. It is not surprising that TPVI has 
moved beyond the original indications for offlabel use in conditions 
with less than ideal hemodynamic and anatomic circumstances.

Case series report of effective and safe TPVI in patients with pul
monary hypertension22 or failed bioprosthetic valves.20 Most patients 
with RVOT dysfunction had patch enlargement of the RVOT as part 
of the initial surgical repair strategy. This clinical challenge prompted 
novel and sometimes creative approaches to treat RVOT failure using 
existing interventional pulmonic valve technology. Reports have 
described TPVI in native, stentaugmented RVOTs, which provided a 
landing zone that was nondistensible or could not distend beyond 
22 mm for the Melody or 26 mm for the Sapien device.25,51

A small case series by Cheatham and coworkers described implan
tation or postimplantation dilation for the Melody valve using a 24mm 
balloon.58 This approach appeared not to compromise valve function, 
and it may effectively expand the pool of eligible patients.58

Patients with RVOT dysfunction with a predominantly regurgitant 
lesion and an enlarged outflow tract may not be eligible for TPVI. 
Several treatment strategies, including Melody valve implantation  
into the branch pulmonary arteries59,60 or anchoring by a baremetal 
stent implanted across the main pulmonary artery into a pulmonary 
branch (“jailing”), have been described as potential options.61 A hybrid 
approach combining intraoperative TPVI with simultaneous conduit 
downsizing62 or direct exposure of the RV or RVOT (i.e., bailout pro
cedure after a failed percutaneous attempt) showed feasibility.63

Innovative, experimental technologies include the selfexpanding 
Medtronic Native Outflow Tract device,64 infundibular reducer 
devices,65 and lowprofile pulmonary valves such as the Colibri heart 
valve (Broomfield, CO), which requires 12 to 16Fr delivery systems.48 
They offer treatment alternatives to surgery to a much broader patient 
population.

TRANSCATHETER TRICUSPID VALVE IMPLANTATION

Background and Clinical Indications
Patients with tricuspid regurgitation may be asymptomatic for pro
longed periods before RV dysfunction or failure occurs. Surgical treat
ment is often reserved for advanced stages of tricuspid disease when 
dysfunction, particularly in the setting of congestive heart failure, has 
led to atrial arrhythmias, hepatic congestion, ascites, peripheral edema, 

directly comparing the incidence of endocarditis with the two tech
niques are lacking.

Factors predisposing to endocarditis reported in the literature 
include prior episodes of endocarditis,21,43,44 male gender,43 multiple 
stents,43 dental treatment,21,43 previous fungal infection,21 and septic 
wounds.21,43 Relevant residual RVPA gradients were related to an 
increased risk of endocarditis.44 Turbulence across the valve (e.g., due 
to stent fracture) can predispose to endothelial damage and thrombus 
formation with subsequent infection.46

Villafañe and colleagues recommend early surgical treatment in the 
setting of restenosis or regurgitation and in patients with no clinical 
improvement in response to medical treatment.46 McElhinney and 
coworkers suggest that Melody valve replacement is not required 
during the acute treatment as long as there is no involvement of the 
valve system.44 All patients with prosthetic valves, including those who 
have undergone Melody or Sapien TPVI, are at highest risk for endo
carditis, and prophylaxis for bacterial endocarditis is strongly recom
mended for these procedures.54

Functional Outcome
Several studies have shown a significant improvement in the New York 
Heart Association (NYHA) functional class after TPVI.20,21,39 Improve
ment has largely been maintained for the duration of followup,  
irrespective of the type of lesion (i.e., predominantly stenosis or pre
dominantly regurgitation).27

Although symptomatic improvement beyond NYHA classification 
(i.e., quality of life) has not been systematically investigated, Gillespie 
and McElhinney observed that even patients who were in NYHA class 
I before intervention frequently report better performance of daily 
routines and improved exercise tolerance after intervention.27

Due to a variety of factors, exercise cardiopulmonary function is 
frequently abnormal in patients with complex congenital heart disease 
and is often assessed to guide decision making about interventions  
in patients with RVOT dysfunction. Peak oxygen consumption related 
to body weight ( �V /kgO2 ) and other metabolic parameters such as 
ventilatory efficiency and anaerobic oxygen consumption has been 
evaluated in studies of patients undergoing pulmonary valve replace
ment.23,5557 Exercise testing data show that patients with a predomi
nantly stenotic lesion had a different response to TPVI compared with 
patients with a predominantly regurgitant lesion. Only patients with  
a predominantly stenotic lesion showed an improvement in peak 
�V /kgO2 .

It is assumed that significant RVOT obstruction limits augmenta
tion of cardiac output, which is elicited by exercise, reducing exercise 
capacity. Lurz and colleagues demonstrated that reduction of the 
RVOT gradient was the only independent predictor of improved exer
cise capacity early after TPVI.23 Pulmonary regurgitation may be 
reduced to a minimum (as a percentage and an absolute value) at peak 
exercise and may not be the limiting factor for cardiac output augmen
tation during exercise. This may reflect the shortening of diastole and 
reduced pulmonary vascular resistance during exercise.23 By relieving 
only pulmonary regurgitation without improving the RV ejection frac
tion, peak �V /kgO2  may not be affected much in this subgroup, explain
ing differences in exercise capacity for the two groups.

Functional and morphologic MRI with analysis of biventricular 
function and calculation of great vessel blood flow is performed before 
and within 1 month after TPVI. The data are mixed regarding changes 
in the RV ejection fraction after pulmonary valve replacement. Some 
studies found no change,24,39 and others reported improvements in the 
acute period or short term.26,55,56 We found an improvement in the 
effective RV stroke volume in patients with predominantly pulmonary 
stenosis (40.6 ± 11.0 vs. 46.8 ± 8.0 mL/m2, P < .001) and with a pre
dominantly regurgitant lesion (37.1 ± 6.2 vs. 44.7 ± 7.5 mL/m2, P < 
.001).23 In the stenotic subgroup, improvement resulted from a 
decreased RV endsystolic volume and enhanced RV ejection fraction 
after relief of the pressure overload. In contrast, the RV ejection frac
tion remains unchanged in the regurgitant subgroup, with improve
ment in the RV and LV effective stroke volume due to abolishment of 
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10 underwent implantation into various failing bioprosthetic valves. 
Five cases included implantation into dysfunctional conduits forming 
part of a Fontan palliation procedure. The median NYHA class was III, 
and all patients were considered to be at too high a risk for conven
tional surgery for tricuspid prosthesis failure. The primary lesion was 
predominantly stenosis (mean gradient >5 mm Hg), although a few 
patients had significant regurgitation.

Cullen and colleagues reported a singlecenter series of transvenous 
Melody valveinvalve implantations for bioprosthetic valve dysfunc
tion that enrolled 10 patients with failing tricuspid prostheses.4 Nine 
other patients with dysfunctional mitral protheses where enrolled for 
valveinvalve implantation in the mitral position. After discussion 
with an interdisciplinary board and consultation with a cardiac 
surgeon, patients were considered candidates for the interventional 
procedure if they had significant bioprosthetic tricuspid valve dysfunc
tion (i.e., stenosis or regurgitation, or both) with comorbid conditions 
that precludes a repeat sternotomy and valve replacement. Informed 
consent was obtained after detailed instruction on the potential risks 
of the procedure, including the offlabel use of the Melody valve and 
discussion of therapeutic options (i.e., repeat open surgery and medical 
therapy). The median NYHA class was III, with 7 of the 10 patients 
suffering from moderate or worse tricuspid valve regurgitation with a 
mean inflow gradient of 10 ± 4.3 mm Hg.

Roberts and colleagues stated that a careful evaluation of the inner 
dimension of the tricuspid bioprosthesis by echocardiography was nec
essary.73 They thought it was essential to determine a suitable anchor 
point and to ensure that adequate expansion of the stentedvalve would 
be achievable.73

In summary, selection for valveinvalve implantation should 
follow the ESC, EACTS, or the ACC/AHA guidelines for valve surgery. 
This is essential for patients at high risk for conventional surgery.76

Devices for Tricuspid Valve Implantation
Two percutaneous devices have been described for transcatheter valve 
implantation in failing bioprosthetic valves. They are the Edwards 
Sapien valve and its iterations and the Medtronic Melody valve. Their 
technical profiles are described in the “Devices and Delivery Systems” 
section.

If appropriate to the underlying size of the dysfunctional biopros
thesis, the Melody valve is thought to be preferable. The valve is longer 
(NuMed CP Stent CP8Z34 is 34 mm long) than the Edwards Sapien 
valve (14 or 16 mm long), facilitating coaxial alignment (Fig. 548). 
The longer length of the Melody device allows it to cover the entire 

and failure to thrive.66 For that reason, patients undergoing tricuspid 
repair or replacement procedures tend to be at higher risk and have 
poorer outcomes.66

Primary tricuspid valve disease is rare. The underlying cause can 
be congenital (e.g., Ebstein’s anomaly, primary tricuspid dysplasia) or 
acquired (e.g., rheumatic disease, endocarditis, carcinoid disease). RV 
volume or pressure overload, left heart systolic, and diastolic failure or 
mitral valve dysfunction can result in secondary RV enlargement, geo
metric distortion, and tricuspid annular dilation. These circumstances 
can promote concomitant tricuspid regurgitation (i.e., functional tri
cuspid regurgitation).67

Approximately 80% of cases of significant tricuspid regurgitation 
are functional in nature.68 The incidence of tricuspid regurgitation is 
likely to increase with the rising numbers of elderly patients with con
genital or acquired left or right heart defects or failure. In 2012, the 
European Society of Cardiology and the European Association for 
Cardiothoracic Surgery (ESC/EACTS) updated the guidelines on the 
management of valvular heart disease and raised the indication level 
of class I and IIa for most situations of functional tricuspid regurgita
tion.69 These more assertive recommendations were confirmed by the 
American College of Cardiology and American Heart Association 
(ACC/AHA) in 2014.68

Tricuspid valve surgery has become the third most frequently per
formed valve surgery in the United States.66 Although patients under
going surgery for tricuspid failure have demonstrated aggravation of 
risk factors, the perioperative mortality rate has declined but nonethe
less remains significant.66 With evolving percutaneous mitral valve 
repair techniques, as shown in the Endovascular Valve EdgetoEdge 
Repair Study II (EVEREST II),70 a transcatheter approach for tricuspid 
valve repair or replacement seems to be fundamental and may have 
significant benefits for this highrisk population.

Patient Selection Criteria in Selected Series
Van Garsse and coworkers reported the first percutaneous transcath
eter valveinvalve implantation in stenosed tricuspid valve biopros
thesis in 2011.71 Tanous and colleagues described the use of a Melody 
valve for creation of a functional tricuspid valve in a patient with a 
right atrial–to–right ventricle conduit for a palliative Fontan procedure 
of tricuspid atresia.72 Later, two extended series reported successful 
implantation of the Melody valve into failed tricuspid prostheses,4,73 
along with other case reports with smaller patient numbers.74,75

In the international multicenter series by Roberts and coworkers,73 
of the 15 patients with failed tricuspid prostheses who were enrolled, 

FIGURE 54-8	 A	Melody	device	was	used	for	a	valve-in-valve	implantation	in	the	tricuspid	position	in	a	patient	with	severe	stenosis	of	a	prosthetic	
biologic	tricuspid	valve.	Angiograms	show	a	right	ventricle	in	systole	before	implantation	(A),	a	guidewire	in	the	right	pulmonary	artery	and	stable	
device	positioning	after	inflating	both	balloons	of	the	balloon-in-balloon	delivery	system	(B),	and	the	stent	position	within	the	biologic	prosthesis	
and	relative	to	the	right	ventricle.	There	is	no	tricuspid	regurgitation.	
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In the series reported by Cullen and coworkers, all patients under
went successful implantation of a 22mm Melody valve into the exist
ing dysfunctional bioprosthetic valve.4 Among the tricuspid patients, 
there was no periprocedural death, myocardial infarction, stroke, or 
device dislodgment. The mean diastolic inflow gradient decreased 
from 10 ± 4.3 mm Hg to 5.6 ± 2.5 mm Hg. The degree of valve regur
gitation improved after valveinvalve implantation to at least mild in 
all but one case.

Follow-Up and Outcomes
Mean followup was 9 months in the series reported by Roberts and 
coworkers NYHA functional class improved in 12 of the treated 
patients. Nine of the patients sustained the good interventional result 
9 months after implantation, and one percutaneous valveinvalve had 
to be replaced.73

A substantially shorter average followup of 41 days (range, 11 to 
209) was reported by Cullen and associates.4 The 30day readmission 
rate for the tricuspid patients was 30% (3 of 10). One of these patients 
suffered a Melody valve failure due to occlusive valve thrombosis 18 
days after his procedure and needed surgical valve replacement. An 
underlying heparininduced thrombocytopenia was later discovered. 
NYHA functional class improved for 9 of the 10 treated patients with 
tricuspid dysfunction.

Extended Indications and Future Directions
In addition to the previously described series of valveinvalve implan
tations, several research groups selected patients with comparable 
morbidity profiles to demonstrate the feasibility of percutaneous 
deployment of the stentmounted Sapien, Sapien XT, and Melody 
valves into the venous system (i.e., inferior or superior vena cava, or 
both). The focus was not on the tricuspid regurgitation itself, but rather 
on its hemodynamic disturbance. The procedures are therefore called 
cavalvalve implantations.7881

Several animal experimental studies examined the feasibility of per
cutaneous valve implantation into a native tricuspid valve.82,83 Like the 
early, promising results of percutaneous valve replacement in the 
mitral position,84 Kefer and colleagues demonstrated the feasibility of 
Sapien valve implantation into a native tricuspid annulus after failed 
repair without a bioprosthesis and mixed tricuspid disease.77 However, 
the group reported that the procedure had technical challenges due to 
the lack of a rigid landing zone and fluoroscopic markers compared 
with implantation in a bioprosthesis.

SUMMARY
The aim of percutaneous pulmonary valve implantation is to prolong 
the life span of RVPA conduits that were surgically placed. The 
increased conduit life span and postponed surgery should reduce the 

dysfunctional bioprosthetic valve. Prestenting the deployment site 
before implantation is not necessary. Advantages of the Edwards 
Sapien valve for the tricuspid area include the larger available diameter 
(up to 29 mm) and the relatively shorter stent length, which ensures 
that the stent does not protrude significantly into the right ventricle, 
particularly in smaller hearts.34,74

No valve has been approved or certified to be implanted in the 
tricuspid position. Implantation in the tricuspid position remains an 
offlabel use.

Procedure
Like TPVI, tricuspid valveinvalve procedures should be performed 
in hybrid operating rooms that provide catheterization laboratory 
equipment with a monoplane or, preferably, biplane fluoroscopy setup. 
Procedures are performed in sterile conditions and usually under 
general anesthesia. Recommended hemodynamic monitoring is the 
same as for TPVI. Periprocedural imaging by intracardiac echocar
diography (ICE) or transesophageal echocardiography with optional 
threedimensional support may be helpful for safer device deployment 
(Fig. 549).4,77

Femoral venous access is preferred because it provides an easier 
working position in the catheterization laboratory. Jugular vein access 
can be performed if required.4,73,76 Right heart hemodynamic measure
ments and angiography of the caval system and right ventricle should 
be completed if applicable (see Fig. 548).

An extrastiff guidewire (i.e., Amplatz Ultra Stiff guidewire [0.035 
inch × 260 cm] or Lunderquist [0.035 inch × 260 cm]) is advanced into 
the distal PA through a balloon wedge catheter. Balloon sizing of the 
tricuspid prosthesis is performed (e.g., 22mm ZMed II balloon, 
NuMed, Hopkinton, NY).4 The desired stentmounted valve is pre
pared and mounted onto the delivery system (i.e., Edwards Retroflex 
III delivery system for the Sapien valve and Ensemble for the Medtronic 
Melody valve) (see Figs. 542 and 543) as described previously. The 
delivery system is then introduced into the prepared puncture site and 
advanced over the exchange wire. The delivery system is maneuvered 
across the dysfunctional tricuspid prosthesis. The position is con
firmed by fluoroscopic and echocardiographic imaging before valve 
deployment.

Results
In the series of Roberts and colleagues, procedural success with device 
deployment was achieved in all of the tricuspid patients.73 The mean 
tricuspid gradient decreased from 12.9 to 3.9 mm Hg, and the degree 
of tricuspid regurgitation was reduced to mild or none.

Procedural complications occurred in one patient (i.e., atrioven
tricular block requiring a pacemaker). Another patient had endocar
ditis 8 weeks after the procedure. One patient with preexisting 
multiorgan failure died 17 days after the procedure.

FIGURE 54-9	 Periprocedural	echocardiographic	imaging	of	Melody	valve	implantations	in	the	tricuspid	position.	The	Melody	valve	tricuspid	valve	
implantation	procedure	is	guided	triplane	(A),	color	Doppler	(B),	and	three-dimensional	echocardiography	(C).	
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percutaneous implantation of pulmonary valves, the risks of stent frac
tures and graft rupture have not been sufficiently explored. Further 
research is necessary to avoid these complications.

The percutaneous approach to tricuspid valve replacement has 
moved beyond its early experimental stage and extended the applica
tion of pulmonary valve implantation. Although it has been shown to 
be feasible, it is currently reserved for highrisk patients with condi
tions that preclude surgery. Evolution of the interventional treatment 
of dysfunctional valves and RVOTs can be achieved only by creative 
thinking and close cooperation of cardiologists, surgeons, imaging 
specialists, and biomedical engineers.

number of open heart operations needed over the life spans of children 
and adults with congenital heart disease or acquired heart disease that 
required implantation of pulmonic conduits. This sophisticated strat
egy improves life expectancy.

Pulmonary valve replacement with stentmounted bovine or 
porcinederived valves is the noninvasive treatment of choice for 
patients with RVOT dysfunction. It is considered superior to insertion 
of baremetal stents. Indications continue to be extended, even to 
patients with native but dysfunctional outflow tracts, but limitations 
still exist for percutaneous valve implantation. Although significant 
improvement has been achieved in the early and late outcomes after 
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By virtue of the broad variability in its phenotypic expression, 
hypertrophic cardiomyopathy (HCM) is a unique cardiovascular 

condition with a potential for the development of clinical symptoms 
during any phase of life.1-7 The genetic foundation of HCM has been 
directly related to abnormalities of the genes encoding the cardiac 
sarcomere unit and may result in a complex disease phenotype that 
encompasses a spectrum of clinical and pathologic presentations. In 
the past, the nomenclature regarding HCM was often misleading. Idio-
pathic hypertrophic subaortic stenosis or hypertrophic obstructive car-
diomyopathy (HOCM) typically described only a subset of patients 
with this disorder. With improved understanding of the clinical het-
erogeneity of this process, hypertrophic cardiomyopathy appears to be 
a more appropriate descriptive term.

The rapid demystification of the genetic underpinnings of HCM 
has greatly expanded understanding of this entity. HCM is inherited 
in an autosomal dominant fashion, with more than 12 genes identified 
as being involved in the phenotypic manifestation.1,7-10 Three of those 
genes account for more than 50% of the known cases of HCM.1,9,11 
Traditionally, the diagnosis of HCM has been primarily clinical, involv-
ing the use of echocardiography to evaluate for certain characteristic 
features such as asymmetric septal hypertrophy or systolic anterior 
motion of the mitral valve (SAM) with left ventricular outflow tract 
(LVOT) obstruction. Although there have been dramatic advances in 
understanding of the genetic predisposition for this disease state, the 
utility of genetic study for the absolute diagnosis remains preliminary. 
However, the future holds promise that genetics will become a more 
reliable tool for establishing and confirming this diagnosis. The use of 
genotyping in risk stratification is also evolving.

Given the heterogeneity of the disease process even within the same 
family, its clinical course and long-term outcomes differ significantly. 

Therefore management strategies span the range from close outpatient 
follow-up to surgical remodeling of the myocardium. HCM appears to 
be an evolving process in some patients, and the phenotype changes 
with age. This presents a challenging dilemma in terms of grasping the 
clinical course of this disorder. Consequently, therapeutic strategies 
need to be individualized for each patient.

EPIDEMIOLOGY
The prevalence of this genetic disorder is on the order of 1 : 500 in the 
general adult population, and it is one of the more common cardiac 
genetic disorders known.1,6,9 Although it is not routinely accounted for 
in general practice, it is not uncommon to see patients with HCM in 
tertiary referral centers. The clinical heterogeneity of this disorder 
plays into the difficulty in establishing a diagnosis. Often, the presenta-
tion lacks the classic features on echocardiography. HCM is a disease 
process that is known to evolve with age, and the development of left 
ventricular hypertrophy (LVH) has been observed to occur in children 
after full growth is attained.12-14 This can make diagnosis of HCM chal-
lenging and suggests that repeat evaluation at periodic intervals may 
be required to establish a diagnosis.

NATURAL HISTORY OF THE DISEASE
The heterogeneity of HCM lies not only in its varied presentations but 
also in its natural history in the patient population. Attempts to under-
stand the links between genotype, phenotype, and natural history have 
yielded only limited clinical associations. Selection bias played a sig-
nificant role in the initial attempts to characterize patient outcomes. 
Earlier studies from tertiary referral centers implied ominously high 
annual mortality rates of 3% to 6%; however, this work was limited by 
a significant referral bias.1 More recent data from regional and 
community-based centers suggest an annual mortality rate of approxi-
mately 1%.3,4 However, in selected populations, the annual mortality 
rate may be as high as 5% to 6%, particularly in those symptomatic 
patients who are eventually referred to larger centers.1,15,16

The clinical course of the HCM population is often difficult to 
predict and poses a challenge to clinicians. However, the options in 
terms of disease progression remain limited. The most feared and  
least predictable of the entities is sudden cardiac death (SCD), particu-
larly in the younger population. More commonly, patients develop 
symptoms such as angina, syncope, or exertional dyspnea. These symp-
toms can become progressively worse over time, and such patients  
can progress toward end-stage heart failure with failure of the left 
ventricle (LV). HCM patients also develop atrial fibrillation (AF) and 
are at risk for embolic strokes. A certain percentage of HCM patients 
remain asymptomatic and have a comparably normal life expectancy. 
However, at some point even they are at risk for the development of 
SCD or AF. The challenge for clinicians is to closely monitor those who 
eventually develop symptoms and to offer timely therapy when it is 
indicated.

CLINICAL PRESENTATION
Although the spectrum of clinical presentation in HCM is large, most 
patients are actually asymptomatic and are diagnosed as the result of 
a murmur on examination, an abnormal electrocardiogram (ECG),  
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•	 Hypertrophic	cardiomyopathy	is	a	disease	process	that	varies	
broadly	in	its	clinical	presentation	and	has	been	associated	with	
many	different	genetic	mutations.

•	 Obstructive	disease	is	present	in	a	small	proportion	of	patients,	
where	the	severity	of	obstruction	varies	depending	on	loading	
conditions	and	adrenergic	state	in	the	individual	patient.

•	 Imaging	with	echocardiography	and	magnetic	resonance	imaging	
are	primarily	used	to	make	the	diagnosis.

•	 Medical	management	is	indicated	in	symptomatic	patients	as	an	
initial	intervention.	Patients	at	high	risk	for	sudden	cardiac	death	
should	be	considered	for	an	implantable	cardioverter-defibrillator.

•	 If	an	experienced	surgical	team	is	available,	myectomy	is	
considered	to	be	the	treatment	of	choice	in	good	surgical	
candidates	when	symptoms	persist	despite	optimal	medical	
therapy.

•	 Alcohol	septal	ablation	provides	an	excellent	treatment	option	
when	surgical	myectomy	is	not	thought	to	be	optimal	for	an	
individual	patient.	Careful	attention	to	anatomic	details	and	
appropriate	selection	of	patients	are	requisites	for	procedural	
success.



848 SECTION V  INTRACARDIAC INTERVENTION

(PET), and magnetic resonance imaging (MRI) technologies have 
demonstrated significant reversible and nonreversible myocardial per-
fusion defects in this subset of patients, including autopsy findings of 
myocardial infarction in up to 15% of such patients.1,7,37-41

Collectively, these data have led to a mounting body of evidence 
suggesting that microvascular dysfunction may have a pivotal role in 
the development of myocardial ischemia and infarction in this group. 
The etiology of microvascular dysfunction is probably multifactorial 
and due in part to arteriolar medial hypertrophy, which results in 
reduced luminal diameter, impaired coronary vasodilatory response, 
and a supply-demand mismatch due to an abnormally thickened ven-
tricle.1,7,38,42 In addition, early work has suggested that evidence of 
microvascular dysfunction, as demonstrated by PET, is an independent 
predictor of increased mortality and may portend a worse prognosis 
years before the development of clinical deterioration.43

Syncope in patients with HCM is not an uncommon phenomenon 
and has a diverse array of possible etiologies, making the exact deter-
mination of mechanism challenging. Whereas it is regarded as an 
ominous prognostic sign and a known risk factor for SCD in the 
younger population, syncope in the adult population has not been 
independently associated with premature death, and recurrent epi-
sodes are rarely reported in patients who have suffered SCD.44-46 
Arrhythmic sources of syncope may be supraventricular (e.g., AF or 
flutter) or ventricular (e.g., VT or fibrillation). Hemodynamic mecha-
nisms of syncope all result in a sudden and severe reduction in cardiac 
output that may involve ischemia, outflow tract obstruction, or severe 
diastolic dysfunction. Additionally, it has been suggested that activa-
tion of LV baroreceptors due to elevated intracavitary pressures may 
induce reflex hypotension and a consequent syncopal episode in a 
selected subgroup of patients.47

Heart failure—as manifested by a symptom complex of exertional 
dyspnea, orthopnea, and progressive fatigue—is most commonly 
encountered in adult patients with HCM, but it has been described in 
the juvenile population as well.1 Usually, in the setting of preserved 
systolic function, symptoms are most commonly the consequence of 
diastolic dysfunction due to an abnormally thickened and noncompli-
ant ventricle.7 The combined influence of other variables such as isch-
emia, AF, and mitral regurgitation may also play a significant role in 
the development of hemodynamic decompensation in this population. 
A smaller number of patients with HCM and heart failure may have 
significantly reduced LV systolic function and chamber enlargement. 
It is important to recognize this subset of patients, given the potential 
alteration in therapeutic strategy.45

AF complicates the course of approximately 20% of patients with 
HCM and is associated with an increased risk of heart failure–related 
death.21,28 The risk seems to be substantially greater in the subset of 
patients with outflow tract obstruction or an earlier onset of arrhyth-
mia (<50 years of age). Advanced age, left atrial enlargement, and 
congestive symptoms are independently linked with the development 
of AF. Although it is strongly associated with an increased risk of fatal 
and nonfatal stroke, AF does not appear to be a risk factor for the 
development of SCD, and approximately one third of patients have no 
long-term sequelae from this arrhythmia.28

Severe functional deterioration due to dyspnea, chest pain, palpita-
tions, or pulmonary edema may complicate the course of the chroni-
cally affected. This is most likely caused by the loss of atrial contraction, 
reduction in diastolic filling time, and exacerbation of underlying 
ischemia.7,28

The nature of the clinical presentation may also be affected by a 
particular patient’s age or gender. In contrast to their younger coun-
terparts, older adult patients with HCM often develop marked symp-
tomatology at an advanced age (>55 years), have lesser degrees of LVH 
usually confined to the septum, and have a dynamic subaortic gradient 
due to restricted excursion of the often anteriorly displaced mitral 
leaflets and posteriorly directed septal motion.48 Whereas HCM seems 
to have a male predominance, female patients often are diagnosed at a 
later age, are more symptomatic, and are at a greater risk of death due 
to heart failure or stroke.49

or unexplained LVH discovered by echocardiography. The complex 
pathophysiologic interplay among LVOT obstruction, diastolic dys-
function, myocardial ischemia, and mitral regurgitation typically 
results in the presenting complaints of exertional dyspnea, chest dis-
comfort, syncope or near syncope, and SCD. Symptomatic patients 
who will have an adverse clinical course typically follow one of several 
pathways: (1) those at high risk for SCD; (2) progressive symptoms of 
exertional dyspnea and chest pain associated with presyncope or 
syncope in the setting of preserved LV function; (3) development of 
progressive congestive heart failure due to severe LV remodeling, 
which results in systolic dysfunction; and (4) consequences of supra-
ventricular or ventricular arrhythmias such as AF or ventricular tachy-
cardia (VT).1,7,17-19

SCD is the most common presentation and source of mortality in 
HCM.1,7,18,20,21 In addition, SCD is the single leading cause of cardio-
vascular death among young people as well as the most common cause 
of mortality in competitive athletes.1,22 It is most commonly observed 
in asymptomatic children and young adults, and it appears that there 
is no advanced age at which the risk of SCD becomes negligible.23 
Whereas SCD is obviously the most fearsome and most dramatic com-
plication of HCM, those at high risk for SCD actually constitute only 
a small fraction of the disease spectrum,1,6,7,24,25 and much effort has 
been devoted to the premorbid identification of this subset of patients. 
Currently identified risk factors for SCD include prior cardiac arrest, 
family history of SCD, unexplained syncope or near-syncope, LV 
thickness greater than 30 mm, a high-risk genetic mutation (e.g., 
β-myosin heavy chain mutations Arg403Gln and Arg719Gln), hypo-
tensive response during exercise stress testing, and nonsustained VT 
on Holter monitoring (Table 55-1).1,7,18,24,26-31 In addition, an LVOT 
gradient greater than 30 mm Hg has been associated with an increased 
risk of SCD, progression to heart failure, and morbidity related to 
arrhythmia, including stroke.32,33 However, an incremental increase in 
the subaortic gradient above 30 mm Hg has not been demonstrated  
to impart any additional risk. It is uncommon for HCM patients to 
suffer SCD without at least one of the aforementioned risk factors 
(<3%).24

It has been suggested that the etiology of SCD in this population is 
related to the development of complex ventricular tachyarrhyth-
mia,7,34,35 often during mild to moderate physical exertion and with a 
circadian predilection for the early morning hours.36 Chest pain, both 
typical and atypical in character, is a common feature in HCM and has 
been reported in up to 80% of patients in this population.37 In many 
cases, angiography reveals normal coronary arteries. Despite this 
finding, numerous studies incorporating nuclear single-photon emis-
sion computed tomography (SPECT), positron emission tomography 

TABLE 55-1 Risk Factors for Sudden Cardiac Death
Spontaneous	sustained	VT
Nonsustained	VT	(>3	beats	at	rate	of	>120	beats/minute)	on	ambulatory	

monitoring
Family	history	of	cardiac	arrest	or	SCD
Prior	personal	history	of	cardiac	arrest
Unexplained	syncope	(especially	if	exertional)
Abnormal	response	to	exercise	stress	testing	(especially	hypotension)
LV	thickness	greater	than	30	mm
Early	onset	of	disease
Nuclear	stress	testing	demonstrating	ischemia	(even	if	related	to	

microvascular	disease)
High-risk	genetic	mutation	(see	Table	55-2)
Concomitant	CHF	or	severe	aortic	stenosis
Other	comorbidities,	such	as	pulmonary	embolus	and	malignancy
LVOT	gradient	>30	mm	Hg
Atrial	fibrillation*
Near	syncope*

CHF,	 Congestive	 heart	 failure;	 LV,	 left	 ventricle;	 LVOT,	 left	 ventricular	 outflow	 tract;	 SCD,	
sudden	cardiac	death;	VT,	ventricular	tachycardia.
*Direct	relationship	with	SCD	less	well	established.
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of the anterior mitral leaflet, which results in mitral-septal contact 
during midsystole7 (Fig. 55-1). Obstruction may not be present under 
resting conditions but can be provoked by pharmacologic (i.e., amyl 
nitrite) or physiologic (i.e., Valsalva) maneuvers. Significant mitral 
regurgitation frequently accompanies SAM owing to distortion of the 
valvular apparatus and malcoaptation of the anterior and posterior 
leaflets (Fig. 55-2).

Mitral regurgitation is also observed in up to 30% of patients who 
do not demonstrate obstructive physiology; it is primarily caused by 
leaflet prolapse, chordal rupture, or trauma resulting in calcification or 
fibrosis.12 Less commonly, a midcavitary gradient is formed because of 
the anomalous insertion of the anterolateral papillary muscle directly 
onto the anterior mitral leaflet or an exaggerated proliferation of mid-
ventricular papillary musculature coming into apposition with the 
ventricular septum.7,13,56

Whereas the threshold for therapeutic intervention has traditionally 
been a gradient of greater than 50 mm Hg, it has been demonstrated 
that the presence of a resting LVOT obstruction of 30 mm Hg or greater 
is an independent predictor of death from heart failure or stroke, pro-
gression of heart failure symptoms, and reduced functional capacity as 
well as SCD.32 It is important not to misinterpret the Doppler spectral 
display of mitral regurgitation as an LVOT gradient, given its frequent 
presence in the setting of obstruction and its close spatial orientation 
to the LVOT. In the setting of SAM, mitral regurgitation is usually 
posteriorly directed into the left atrium and is often difficult to distin-
guish from LVOT flow. It is most useful to sweep anterior to posterior 
with continuous Doppler imaging to distinguish these two flows.

Given the magnitude of LVH consummate with HCM, it is not 
surprising that more than 80% of patients have evidence of diastolic 

DIAGNOSIS

Echocardiography
Given its safety and ubiquity, two-dimensional echocardiography is the 
most common method for establishing the clinical diagnosis of HCM 
via identification of a thickened, nondilated LV in the absence of 
comorbidities known to cause such a degree of LVH (i.e., hypertension 
or aortic stenosis).1,7,50 Although LVH was classically thought to involve 
primarily the ventricular septum, its morphologic expression is 
extremely heterogeneous, and virtually any pattern of thickening may 
be observed.1,7,51 In addition, there are significant differences in the 
pattern of hypertrophy between young and elderly patients. Elderly 
patients are often found to have an elliptical ventricular cavity with 
hypertrophy predominantly of the basal septum. In contrast, younger 
patients (<55 years) often have a crescent-shaped ventricular cavity 
associated with diffuse hypertrophy of the interventricular septum.52

Whereas a maximal wall thickness greater than 15 mm is the tra-
ditional echocardiographic benchmark for HCM, the degree of hyper-
trophy exhibits considerable variability (with a mean thickness of 
approximately 22 mm).51 It is important to realize, however, that a 
paucity of characteristic LVH (>15 mm) on echocardiographic exami-
nation does not exclude the presence of an HCM gene mutation.7,9,53,55 
Therefore serial echocardiographic assessment may be necessary for 
adequate identification of suspected carriers, especially in the younger 
population, in whom the development of LVH may be delayed until 
after puberty.1,18,55

LVOT is observed in approximately 20% of patients with HCM and 
is usually dynamic in nature.21,32 Subaortic obstruction is due to SAM 

FIGURE 55-1	 Echocardiographic	parasternal	long	(A)	and	apical	three-chamber	(B)	views	demonstrate	systolic	anterior	motion	(SAM)	(arrow)	at	
rest,	which	results	in	severe	left	ventricular	outflow	tract	obstruction	in	a	patient	with	severe	symptomatic	hypertrophic	obstructive	cardiomyopathy.	

Rest
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FIGURE 55-2	 Color	Doppler	images	display	flow	acceleration	in	the	left	ventricular	outflow	tract	(white	arrow),	which	results	in	posteriorly	directed	
mitral	regurgitation	(red	arrow)	in	the	parasternal	long	(A)	and	apical	three-chamber	(B)	views.	
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the degree or location of obstruction, to evaluate for coronary disease 
before a planned surgical therapy (i.e., myectomy or pacemaker 
implantation), or if anginal symptoms that may be attributable to isch-
emia are present in older patients.

The coronary arteries in patients with HCM are usually normal and 
typically of large caliber. Quite different from intramyocardial “bridg-
ing,” compression of the left anterior descending (LAD) coronary artery 
may be observed during systole due to contraction of the hypertrophied 
ventricle, which results in a “sawfish” appearance.64 Ventriculography 
may demonstrate systolic cavity obliteration, varying degrees of mitral 
regurgitation, and occasionally the hypertrophied septum prolapsing 
into the LVOT. Direct measurement and localization of the gradient is 
easily obtained by passing a multipurpose catheter into the apical 
portion of the LV and slowly withdrawing it while continuously moni-
toring the pressure waveform. Use of a wire via a guide catheter often 
results in increased control during the pullback and a more accurate 
determination of the level of obstruction. Contrary to what is observed 
in aortic stenosis, the gradient is reduced before the aortic valve is 
crossed. This same technique can be performed using simultaneous 
aortic and LV pressure waveforms to allow side-by-side comparison.

The gradient in HCM is characteristically labile and various phar-
macological and physiologic maneuvers similar to echocardiography 
may be employed to accentuate the obstruction in the catheterization 
laboratory. The term postextrasystolic potentiation,65 or Brockenbrough-
Braunwald-Morrow sign, refers to the augmentation of LV pressure 
with a concomitant decrement in aortic systolic and pulse pressures as 
a result of increased LVOT obstruction in the cardiac cycle that follows 
a premature ventricular contraction. Postextrasystolic increase in the 
gradient between LV and aorta is seen even with aortic stenosis, but, 
unlike the case in HCM, the pulse pressure (stroke volume) does not 
decrease. This is because in aortic stenosis, the larger stroke volume of 
the postextrasystolic beat leads to a higher gradient with no change in 
the severity of obstruction (Fig. 55-3).

Genetic Overview
HCM is the result of mutations in genes primarily encoding sarcomeric 
proteins that regulate contractile, regulatory, and structural functions; 

dysfunction by echocardiogram. This is manifested by reduced 
maximal flow velocity in early diastole, an increase in isovolumic relax-
ation time, and an increased atrial contribution to ventricular filling.50,57 
These findings are similar in patients with and without an LVOT gradi-
ent or cardiac symptoms, suggesting that diastolic dysfunction may be 
an earlier clinical manifestation in the spectrum of this disease process. 
Several studies have suggested that the presence of significant diastolic 
dysfunction by transthoracic or tissue Doppler echocardiography 
implies an increased risk of cardiac arrest, VT, or progression to sig-
nificant cardiac symptoms.58

Electrocardiography
ECG findings in HCM are extremely heterogeneous, and most patients 
(>90%) have demonstrable abnormalities.1,7,11,59 However, no pattern is 
highly specific for the condition, and the presence of a normal tracing 
does not imply absence of the disease state.11,60 Increased voltages con-
sistent with LVH and early repolarization abnormalities are most com-
monly encountered; left axis deviation, left atrial enlargement, T-wave 
inversion, and nonspecific ST-segment abnormalities are also fre-
quently observed. The degree of LVH by ECG does not appear to 
correlate with the magnitude of hypertrophy when assessed by 
echocardiography.14

In a subset of Japanese patients with hypertrophy primarily limited 
to the ventricular apex, giant T-wave inversions were frequently seen 
in the anterior leads; these are often termed Yamaguchi disease.61 
Pathologic Q waves, often in the inferolateral leads, may be observed 
in up to 50% of patients with known HCM. Although it is not apparent 
on the surface ECG, approximately one third of patients have delayed 
His-Purkinje conduction on formal electrophysiologic studies, possi-
bly owing to strain on the anterior fasciculus, which overlies the hyper-
trophied ventricle.59

Magnetic Resonance Imaging
In comparison with traditional echocardiography, cardiac magnetic 
resonance imaging (CMRI) offers the advantages of superior resolution 
with precise morphologic characterization, enhanced tissue contrast 
capability, and production of three-dimensional images.62 As a result, 
CMRI can better detect areas of hypertrophy that are not well visual-
ized or are missed by traditional echocardiography. Particularly in 
patients with atypical hypertrophy of the anterolateral free wall, CMRI 
is a powerful adjunctive tool in the diagnosis of HCM.62

Through delayed hyperenhancement techniques, CMRI has dem-
onstrated that asymptomatic patients with HCM frequently have 
patchy foci of myocardial scarring at the junction of the interventricu-
lar septum and the right ventricular free wall. Furthermore, scarring 
is limited to the areas of abnormal hypertrophy, and the degree of 
scarring is proportional to the magnitude of hypertrophy, whereas wall 
thickening was inversely related.39 In addition, a greater extent of 
hyperenhancement has been positively associated with high risk for 
SCD and with progressive disease.63

CMRI also allows for better characterization of papillary muscle 
insertion and orientation. It is not uncommon to see hypertrophic, 
displaced, or distorted papillary muscles contributing to the obstruc-
tion or to mitral valve dysfunction. Assessment of mitral valve anatomy 
may be critical before the modality for relief of obstruction is chosen, 
because patients with mitral valve anomalies are best treated with the 
use of myectomy rather than ablation. Considering all these facts, 
CMRI is a valuable adjunctive imaging modality for the diagnosis  
of HCM.

Catheterization and Hemodynamics
Given the wealth of hemodynamic and anatomic data that can be 
derived noninvasively by echocardiography, cardiac catheterization is 
not required for the diagnosis of HCM. Catheterization is often used, 
however, if noninvasive imaging is of insufficient quality to quantify 

FIGURE 55-3	 Brockenbrough-Braunwald-Morrow	 sign	 (postextrasys-
tolic	 potentiation):	 simultaneous	 left	 ventricular	 and	 aortic	 pressure	
tracing	demonstrates	the	augmentation	in	left	ventricular	pressure	with	
concomitant	decrement	in	aortic	systolic	and	pulse	pressures	as	a	result	
of	 increased	 left	ventricular	outflow	 tract	obstruction	after	a	premature	
ventricular	contraction	(arrow).	
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TREATMENT

Medical Therapy
Medical therapy should be considered the initial therapeutic approach 
for the treatment of symptoms arising from the numerous pathophysi-
ologic processes constituting HCM. Because of the relatively small 
number of cases, pharmacologic therapy for HCM is largely based on 
expert opinion, clinical experience, and retrospective observational 
analyses. Although patients with LVOT obstruction make up the great-
est proportion of the symptomatic population, a significant number of 
patients without obstruction may also suffer the consequences of dia-
stolic dysfunction, such as heart failure, angina, and AF.1,7,18 Given the 
increasing use of early genetic and echocardiographic screening of 
athletes and affected families, it has become apparent that a significant 
percentage of phenotypically affected patients are entirely asymptom-
atic for an extended time. The available data also suggest that this 
population does not warrant empirical therapy until and unless symp-
toms develop, although this conclusion is somewhat controversial.1,5,7,21 
Historically, the pharmacologic treatment of HCM has been limited to 
beta-blockers, verapamil, and disopyramide.

Pharmacotherapy
β-Adrenergic Receptor Blocking Agents
Beta-blockers have traditionally been the drugs of choice for the treat-
ment of HCM. This may stem from the fact that the physiologic effects 
of these agents are well suited to address much of the problematic 
pathophysiology encountered in this population. Their negative chro-
notropic effect results in increased diastolic filling time, which reduces 
left atrial pressure and may improve congestive symptoms related to 
diastolic dysfunction. This is especially true in cases complicated by 
supraventricular arrhythmias such as AF. The negative inotropic effect 
of these agents results in reduced myocardial oxygen consumption 
with a resultant decrease in anginal symptoms.

Although there is no convincing evidence that beta-blockers effec-
tively reduce resting LVOT gradients, prior work and a large amount 
of clinical experience suggest that these agents reduce provocable gra-
dients as well as substantially improving disabling symptoms related to 
exertion.1,2,7,75 This is supported by data demonstrating an inverse rela-
tionship between peak oxygen consumption (VO2) and degree of 
LVOT obstruction during cardiopulmonary exercise testing.7,76 As a 
result, beta-blockers as a class are the favored agents for patients with 
latent outflow tract obstruction.

The first agent initially used for the treatment of HCM, propranolol, 
has largely been replaced by newer-generation, longer-acting, nonse-
lective beta-blocking agents including atenolol and metoprolol.7,16,75 
Given the significant heterogeneity in clinical symptomatology, even 
within the same patient at different times in the disease course, it is 
important to individualize the titration of therapy based on current 
symptoms, resting heart rate (goal of 55 to 60 beats/minute), exertional 
capacity, and the presence of untoward side effects.

Verapamil
Functioning both as a negative inotrope and a negative chronotrope by 
blocking the intracellular migration of calcium ions, the nondihydro-
pyridine calcium channel blocking agent verapamil produces symp-
tomatic improvement in patients with HCM through increased diastolic 
filling time and enhanced diastolic ventricular relaxation without nega-
tively affecting systolic function and while ensuring reduced myocar-
dial oxygen consumption.7,77,78 In addition, verapamil has been shown 
to increase absolute myocardial blood flow during pharmacologic stress 
testing while also reducing ischemic burden and improving exercise 
tolerance in the asymptomatic patient population.79,80 These effects may 
result from verapamil’s enhanced vasodilatory properties, which are 
more pronounced than those seen with beta-blockade and may well 
explain this agent’s superior efficacy in patients with chest pain.

Whereas verapamil has classically been used in both obstructing 
and nonobstructing disease, caution should be exercised in initiating 

they are inherited in an autosomal dominant manner.1,7-10 More than 
400 mutations involving 12 genes have been described, the most 
common of which include the cardiac troponins T, C, and I; cardiac 
myosin-binding protein C; cardiac β- and α-myosin heavy chains; 
myosin ventricular essential and regulatory light chains; cardiac α-
actin; and titin.8,10 Whereas most of these mutations are missense, 
resulting from substitution of an incorrect amino acid, deletions, inser-
tions, and splice-site mutations are also well described.66

Several nonsarcomeric mutations that produce phenotypes similar 
to HCM have been identified. PRKAG2 affects the regulatory subunit 
of the adenosine monophosphate (AMP)-activated protein kinase and 
may result in preexcitation, progressive conduction system abnormali-
ties, and mild ventricular hypertrophy due to aberrant accumulation 
of glycogen within the myocyte.66,68 Mutations of 2α-galactosidase or 
acid-α1, 4-glucosidase (both of which are lysosome-associated mem-
brane proteins) frequently result in multisystem glycogen storage 
disease and may also cause extreme LVH associated with ventricular 
preexcitation and mental retardation.66,67,69

There is great phenotypic heterogeneity among carriers of the same 
mutations, in part because of the effect of modifier genes and environ-
mental factors.7,70 Whereas it has long been known that many young 
carriers do not demonstrate the morphologic characteristics of the 
disease state until after adolescence, it has now been demonstrated that 
phenotypic expression of LVH can be delayed into late adulthood 
owing to incomplete penetrance of mutations involving cardiac 
myosin-binding protein C or troponin T.7,53,54,60,71 The majority of 
studied HCM cases have involved familial mutations, but sporadic 
cases are also well described and may constitute a significant propor-
tion of the population. Recent work involving the systematic molecular 
screening of known HCM cases has demonstrated that two mutations 
(MYBPC3 and MYH7) may account for 82% of familial cases. Muta-
tions were detected in up to 60% of sporadic cases.10 These data imply 
that a relatively limited screening process may be sufficient to identify 
the culprit gene in most familial cases and that identifiable mutations 
are responsible for most sporadic cases.

Given the fact that a number of studies have identified specific 
genetic mutations (Table 55-2) seemingly associated with a worse clini-
cal prognosis and higher rates of SCD, there was initial enthusiasm that 
genetic testing could prospectively identify patients at higher risk for 
premature death.1,9,18,31,53,54,72 However, significant limitations, includ-
ing selection bias, the small number of included familial cohorts,  
low frequency of specific gene mutations, and variability of the pheno-
typic product, have hindered most genotype-phenotype correlation 
studies.72,73 Therefore, because of the numerous genetic and environ-
mental influences affecting the phenotypic product, there remains a 
great deal of clinical heterogeneity associated with specific mutations, 
making accurate risk stratification based on genetic analysis alone 
impractical at this time.

TABLE 55-2 Sarcomeric Gene Mutations of Hypertrophic 
Cardiomyopathy

β-Myosin	heavy	chain	14q12	MYH7	30-40
Myosin	binding	protein	C	11q1	MYBPC3	30-40
Cardiac	troponin	T	1q32	TNNTT2	15-20
Cardiac	troponin	I	19q13.4	TNNI3	1-5
α-Tropomyosin	15q22.1	TPM1	1-5
Myosin	essential	light	chain	3p21	MYL3	<1
Myosin	regulatory	light	chain	12q24.3	MYL2	<1
Cardiac	troponin	C	3p	TNNC1	rare
α-Myosin	heavy	chain	14q12	MYHH6	rare
Actin	15q14	ACTC	rare
Titin	2q24.3	TTN	rare

Modified	from	Tsoutsman	T,	Lam	L,	Semsarian	C:	Genes,	calcium	and	modifying	factors	in	
hypertrophic	cardiomyopathy.	Clin	Exp	Pharmacol	Physiol	33(1-2):139-145,	2006,	and	
Ho	CY,	Seidman	CE:	A	contemporary	approach	to	hypertrophic	cardiomyopathy.	Circulation	
113(24):e858-e862,	2006.
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sustained symptomatic relief and quality-of-life assessment, little 
improvement in functional capacity, and a more modest reduction in 
outflow gradient in most patients compared with the earlier uncon-
trolled trials.1,7,91,93

Of importance, a subpopulation of older adult patients (age >65 
years) was objectively measured to have both symptomatic and clinical 
benefit as a result of DDD pacing.92 However, during the same period, 
a randomized trial did demonstrate a significant improvement in exer-
cise tolerance, symptom score, and LVOT gradient in patients with 
symptoms refractory to drug therapy and with resting gradients greater 
than 30 mm Hg.93 Therefore there may be subsets of patients in whom 
dual-chamber pacing is of some symptomatic or clinical benefit. 
However, no data  suggest that dual-chamber pacing effectively reduces 
the risk of SCD in this patient population.7,89,92

Further work suggests that the reduction in LVOT gradient depends 
on optimal timing of the atrioventricular interval, with too short an 
interval interfering with diastolic filling and left atrial emptying and 
too long an interval resulting in ineffective reduction of outflow 
obstruction.94 Taking this into account, recent nonrandomized, obser-
vational data have demonstrated a significant reduction in symptoms, 
improved functional capacity, and consistent reduction in LVOT gradi-
ent when serial echocardiographic assessment was used to optimize 
the atrioventricular interval, pacing rate, and mode settings in patients 
using DDD pacemakers.95 This may constitute the foundation for 
further randomized trials in this area.

Whereas data comparing dual-chamber pacing with surgical septal 
myectomy have demonstrated improvement in both groups in regard 
to functional status, a significantly greater reduction in LVOT gradient, 
improved subjective symptom status, and increased overall exercise 
duration was reported in patients who underwent myectomy.96 There-
fore, although it is not considered a primary therapeutic modality for 
most patients with symptomatic HCM, it has been suggested that  
the use of dual-chamber pacemakers may be reasonable in certain 
subsets of patients, including older adult patients averse to more inva-
sive therapies and patients in whom pharmacotherapy is limited owing 
to bradycardia.7

Implantation of an Implantable Cardiac Defibrillator
Ventricular fibrillation or tachycardia is the primary mode of SCD in 
patients with HOCM. Given the success of implantable cardiac defi-
brillators (ICDs) in reducing arrhythmic mortality in patients with 
coronary artery disease and a reduced ejection fraction, there has been 
an increasing interest in using the ICD for prevention and treatment 
of HOCM-related arrhythmic death.97 Although randomized data are 
lacking, a multicenter, retrospective trial demonstrated that implanta-
tion of an ICD in patients classically considered to be at high risk for 
SCD resulted in appropriate device intervention and aborted SCD in 
almost 25% of the enrolled patients over a 3-year period.35 Patients in 
whom the device was implanted for primary prevention purposes 
experienced appropriate intervention at a rate of 5% annually, com-
pared with patients who received the device after cardiac arrest or 
sustained VT, in whom appropriate intervention was noted at a rate of 
11% annually.1,7,35,98 Based on these results, it has been suggested that 
ICD implantation is reasonable, should be considered in patients with 
one or more risk factors for SCD, and is warranted in patients with a 
prior history of cardiac arrest or sustained VT.1,7

Device selection should be based primarily on individual patient 
preference and characteristics. Dual-chamber devices have the advan-
tage of atrial sensing and pacing functions and the ability to discrimi-
nate supraventricular from ventricular arrhythmias, resulting in a 
reduction in the number of inappropriate interventions. However, the 
dual-chamber devices have a higher potential for complications 
(usually related to the transvenous lead systems) than do single-
chamber devices.98

According to the most recent guidelines from the American College 
of Cardiology and American Heart Association (ACC/AHA), ICD 
implantation is recommended for patients with prior documented 
cardiac arrest, ventricular fibrillation, or hemodynamically significant 

this agent in symptomatic patients with large resting gradients owing 
to well-documented reports of severe hemodynamic decompensation 
resulting in cardiogenic shock and pulmonary edema.7 In addition, 
verapamil should not be used in infants with HCM because of a well-
established increased risk of SCD when it is administered in the intra-
venous formulation.7

Approximately 5% of patients with HCM will progress to an end 
stage characterized by impaired systolic function and symptoms of 
heart failure. Standard therapy for congestive heart failure—including 
diuretics, cautious use of vasodilators, beta-blockers, avoidance of 
calcium channel blockers, and possibly digoxin—should constitute the 
pharmacologic regimen in these patients.1 In symptomatic patients, it 
is common clinical practice to initiate therapy with beta-blockers 
rather than verapamil. Should the patient be intolerant of side effects 
(i.e., fatigue, depression, or impotence), or if symptoms persist despite 
adequate titration of the medication, consideration should be given  
to changing (or adding) therapy to verapamil.1,7,45 At present, no data 
suggest that combination therapy is more effective than either a beta-
blocker or verapamil alone.

Disopyramide
Disopyramide, a class IA antiarrhythmic agent, has a side-effect profile 
that includes a negative inotropic effect with reduced contractility and 
a reflexive increase in systemic vascular resistance, both of which have 
made it an attractive agent for the treatment of HCM for more than 30 
years. Although it appears to have little or no effect on diastolic func-
tion, disopyramide has been shown to effectively reduce the outflow 
obstruction resulting from SAM, with improved symptomatic control 
in patients with resting gradients for whom other forms of therapy 
have failed.7,81,83 Because of the possible potentiation of supraventricu-
lar arrhythmias such as AF and case reports of QT prolongation 
leading to torsades de pointes, close supervision and monitoring are 
essential during the initiation of this therapy.84 Other side effects of 
disopyramide are primarily related to its anticholinergic properties; 
they include dry mouth (32%), urinary retention (14%), constipation 
(11%), and, rarely, hypoglycemia.

Amiodarone
Although current data are somewhat conflicting and conclusive evi-
dence is lacking, it has been suggested that amiodarone may reduce 
the risk of SCD and improve survival in selected high-risk patients  
who have nonsustained VT on Holter monitoring.85 However, some 
reports suggest that amiodarone may improve a patient’s symptom 
score and functional status but may also be proarrhythmic and thus 
lead to an increased risk of SCD due to ventricular arrhythmia.86,87 In 
contrast, more recent data indicate that lower-dose amiodarone 
(200 mg/day) in high-risk patients with recurrent nonsustained VT is 
not associated with any increase in cardiovascular mortality.29 Amio-
darone has been demonstrated to be effective for the treatment and 
prevention of ventricular arrhythmias in patients with HCM.88 Selec-
tion of which patients are appropriate for chronic, long-term empirical 
therapy with this agent, especially considering its attendant side-effect 
profile, may be impossible to specify until more definitive trial data 
become available.

Dual-Chamber Pacing
Dual-chamber pacing, as a less invasive alternative to surgical septal 
myectomy, was met with initial enthusiasm in the early 1990s, when 
several observational and uncontrolled studies demonstrated a signifi-
cant decrease in outflow gradient, reduced symptomatology with 
improved quality of life, and homogenous redistribution of myocardial 
perfusion reserve.89,90 Although the exact mechanism is unclear, it has 
been proposed that activation of the right ventricular apex results in  
a dyssynchronous contraction of the septum with a reduction in 
outflow tract obstruction in the short term and a positive ventricular 
remodeling effect in the long term.89,91 However, subsequent random-
ized controlled crossover trials comparing DDD-mode with AAI-
mode pacing demonstrated a significant placebo effect in regard to 
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desired region for resection and to monitor the effect of resection on 
the gradient intraoperatively.102

Despite its more aggressive nature, an alteration in the classic 
Morrow procedure has been described in which an extended myectomy 
is combined with partial excision and mobilization of the papillary 
muscles, which results in amelioration of the outflow tract obstruction, 
reduced tethering of the subvalvular mitral structures, and a more 
individualized surgical resection depending on the extent and location 
of the patient’s LVH.102,104 In patients with specific comorbidities, such 
as AF or coronary artery disease, myectomy may be combined with 
adjunctive surgical procedures such as the maze procedure to treat AF 
or coronary bypass grafting in a single, efficient procedure.

Mitral valvular abnormalities, such as elongated and flexible leaf-
lets, substantially contribute to the degree of outflow tract obstruction 
in an important minority of patients. These patients often benefit from 
mitral valve plication at the time of myectomy to more effectively 
reduce the degree of outflow tract obstruction that results from SAM 
and to reduce the associated mitral regurgitation.52,102,105,106 Mitral valve 
replacement is typically reserved for patients with significant primary 
valvular abnormalities such as myxomatous degeneration leading to 
mitral valve prolapse or regurgitation.7,107

The modern-day septal myectomy procedure carries a relatively low 
operative risk due to continued technical refinement, with a cumula-
tive operative mortality rate of approximately 1% to 3% overall, and 
there are more recent reports of less than 1% mortality in very expe-
rienced centers.1,7,41,108,109 Left bundle branch block (LBBB) after myec-
tomy is understandably very common because of the location of the 
procedure. Complete heart block requiring implantation of a perma-
nent pacemaker is more recently a rare complication, as is iatrogenic 
formation of a ventricular septal defect.7,107,110

A conclusive reduction in long-term mortality after myectomy has 
yet to be demonstrated in a randomized controlled fashion. However, 
nonrandomized multicenter observational data (as well as a wealth of 
clinical experience) suggest that this procedure results in significant 
improvement in a patient’s functional capacity, heart failure symptoms, 
quality of life, and possibly even life expectancy.1,7,14,102 In addition, 
reduction of the outflow tract gradient usually results in amelioration 
of SAM of the mitral apparatus and the resultant mitral regurgita-
tion.7,102,111,112 One clinical surgical series suggested that patients treated 
with surgical myectomy have an excellent prognosis, with a life expec-
tancy similar to that of the general population, which may be partly 
due to a reduction in the rate of SCD.113

Septal Ablation
Percutaneous septal ablation was introduced by Sigwart in 1995 in an 
effort to provide an alternative treatment strategy to relieve outflow 
tract obstruction in symptomatic patients who do not wish to undergo 
the more invasive surgical myectomy, who are suboptimal surgical 
candidates due to comorbidities, or who are located in areas without 
sufficient surgical expertise.114 Through selective infusion of 100% 
ethanol into either the first or second septal perforator arteries, the 
septal ablation technique attempts to mimic the effect of the more 
traditional Morrow myectomy by inducing a controlled infarct in the 
basal portion of the hypertrophied septum, resulting in scarring, thin-
ning, and akinesis and leading to a significant reduction in the LVOT 
gradient and SAM of the mitral valvular apparatus.1,7,45,114,117 Despite 
the paucity of large-scale randomized controlled trials documenting 
the long-term outcome of these patients, short-term observational 
studies have demonstrated a significant reduction in LVOT gradient, 
often a rapid reduction in limiting symptoms, improved exercise toler-
ance after ablation, and a mortality rate equal to or less than that of 
surgery at 1% to 4%.7,115,120 The short-term success of this procedure 
combined with its obviously less invasive nature has led to a dramatic 
increase in its use over the past 10 years, with ablation estimated to be 
15 to 20 times more common than surgical myectomy. More than 5000 
ablations have been performed worldwide to date.7,121-123

It is very important to carefully screen all patients being considered 
for septal ablation and to select those patients who will realize 

VT (class I). In addition, it may be reasonable to consider an ICD in 
patients with HCM under the following circumstances99:

• Sudden death presumably caused by HCM in one or more first-
degree relatives (class IIa)

• Maximal LV wall thickness 30 mm or greater (class IIa)
• One or more recent, unexplained syncopal episodes (class IIa)
• Nonsustained VT (particularly before 30 years of age), in the 

presence of other SCD risk factors (class IIa)
• Abnormal blood pressure response to exercise, in the presence 

of other SCD risk factors (class IIa)
It may be reasonable to consider ICD implantation in high-risk chil-
dren with HCM, based on unexplained syncope, massive LV hypertro-
phy, or a family history of SCD, after taking into account the relatively 
high rate of complications of long-term ICD implantation (class IIa).99

The usefulness of ICD is uncertain in specific scenarios, especially 
when only one risk factor is present. The usefulness of ICD implanta-
tion is considered uncertain in patients with HCM who have isolated 
bursts of nonsustained VT in the absence of other SCD risk factors 
(class IIb). Likewise, the usefulness of ICD implantation is uncertain 
in patients with an abnormal blood pressure response to exercise in 
the absence of other risk factors (class IIb).99 ICD implantation is not 
recommended as a routine strategy in patients who have no indication 
of increased risk for SCD (class III). In addition, ICD implantation in 
patients with HCM in the absence of clinical manifestations of HCM 
is potentially harmful and should not be performed (class III). Fur-
thermore, ICD placement as a strategy to permit patients with HCM 
to participate in intense competitive athletics is not recommended 
(class III).99

Among those who meet indications for ICD placement, single-
chamber devices are reasonable in younger patients who do not need 
atrial or ventricular pacing (class IIa).49 Dual-chamber ICD implanta-
tion should be considered for patients with sinus bradycardia or par-
oxysmal AF (class IIa). Among patients with HCM who meet 
indications for ICD implantation, dual-chamber ICD may be reason-
able in those with an LVOT gradient greater than 50 mm Hg and 
significant heart failure symptoms who may benefit from right ven-
tricular pacing (most commonly patients older than 65 years of age) 
(class IIa). In addition, ICD implantation should be considered in all 
patients with New York Heart Association (NYHA) class III-IV symp-
toms on maximal medical therapy and an ejection fraction of 50% or 
less who do not have any other indication for an ICD (class IIb).49

Surgery
Patients with resting or provocable gradients greater than 50 mm Hg 
who continue to experience significant functional limitation (i.e., 
NYHA class III-IV) due to limiting symptoms of exertional dyspnea, 
chest pain, or recurrent syncope despite maximal medical therapy may 
be considered candidates for surgical therapy.1,7,18 Surgical therapy is 
not currently recommended for patients who are without significant 
outflow tract obstruction, for those who have relatively mild symptoms 
with obstruction, or to treat associated complications of this condition 
(e.g., AF, syncope) alone.7

There has been a significant evolution in the spectrum of surgical 
therapy for HOCM designed to effectively reduce outflow tract 
obstruction, from the original isolated septal myotomy performed by 
Cleland100 in the 1960s to the more modern and widely employed 
Morrow myectomy101 in combination with mitral valve repair or even 
replacement in selected patients.102,103 The “gold standard” septal myec-
tomy, described by Morrow, is performed via an aortotomy so that the 
proximal septum is approachable via the aortic valve. Between 5 to 15 g 
of myocardial tissue is resected, from the base of the aortic valve to a 
region distal to the mitral leaflets, such that the area of mitral-septal 
contact that results in SAM is removed and the LVOT is enlarged.7,101,102 
Because it is of critical importance to correctly identify the involved 
portion of the ventricular septum and to resect enough myocardium 
to relieve the outflow tract gradient, most experienced centers employ 
transesophageal echocardiography (TEE) to assist in localizing the 
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may arise from the left main trunk, the ramus intermedius, the left 
circumflex artery, diagonal branches, or even a branch of the right 
coronary artery.124

A temporary transvenous pacemaker is placed in advance as a pro-
phylactic measure in case of the development of complete heart block 
during, or in days after, the ablation. Because heparin will be used for 
anticoagulation during the procedure, care should be taken to mini-
mize the risk of bleeding during pacemaker insertion. After successful 
placement of both the temporary pacemaker and the arterial sheath, 
heparin is administered to achieve an activated clotting time of 250 to 
300 seconds to prevent thrombosis in guide catheters and on wires.

After angiographic identification of the septal arteries, close atten-
tion must be given to vessel size, angulation, and the distribution of 
myocardial territories served by the given vessel. Angulation of the 
septal vessels, either at the origin from the primary vessel (e.g., the 
LAD) or at the bifurcation of a larger septal artery, is an important 
consideration in vessel selection. Vessels with angulations greater than 
90 degrees are often technically challenging and result in difficulty 
passing the balloon into the selected vessel, with frequent prolapse of 
the wire into the mid-LAD.124 Specialized techniques using catheters 
that allow control of the distal angle (Venture Catheter, St. Jude 
Medical, St. Paul, MN) may be useful in these circumstances.

There is substantial variation in the distribution of blood flow  
supplied by the septal perforators in patients with HOCM compared 
with the unaffected population. In both autopsy and angiography 
studies, it has been demonstrated that the first septal artery may 
provide blood flow to regions other than the targeted basal septum 
(including the right ventricle); it may supply the basal septum incom-
pletely and share this responsibility with a second septal branch, or it 
may subtend a substantially larger distribution of myocardium than 
would be expected.124,125 Therefore an intimate knowledge of the myo-
cardial distribution of blood flow supplied by the selected septal branch 
is essential to accurately target the correct area for ablation and to avoid 
infarction of an unanticipated region or an oversized infarction of the 
septum itself. This is most commonly accomplished during the proce-
dure by the selective injection of dye under cine guidance and the 
concomitant use of transthoracic echocardiography (TTE) using 
injectable contrast material (see later discussion).

After angiographic assessment of the septal anatomy, a guide cath-
eter providing extra support (such as a 6- or 7-Fr XB catheter) is used 
to engage the left main trunk. Subsequently, a 0.014-inch extra support 
wire with a soft tip is passed into the selected septal perforator branch, 
most commonly the first septal perforator (Fig. 55-4). A short angio-
plasty balloon, usually 1.5 to 2 mm in diameter and 10 mm in length, 
is passed over the guidewire and into the septal branch. Difficulty in 
passing the balloon may be resolved by use of a stiffer guidewire to 
provide greater support for balloon placement.124 Care must be taken 
to seat the balloon deeply enough into the septal artery and to fully 
expand the balloon to ensure that the injected ethanol is not refluxed 
in to the LAD. Conversely, if the balloon is placed too deeply into the 
septal vessel, the injected ethanol may spare the basal portion of the 
septum, resulting in an unsuccessful procedure (Fig. 55-5).

It is essential at this point to verify the distribution of myocardium 
being supplied by the selected vessel, given the substantial degree of 
variability in the cardiac anatomy in this patient population. This  
can be accomplished by traditional angiography or TEE, often with  
the aid of echocardiographic contrast. After correct positioning, as 
described earlier, the operator inflates the balloon (typically to 10 to 
12 atmospheres) to occlude the perforator, and 1 to 2 mL of contrast 
material is injected to assess the full extent of myocardium supplied by 
the chosen vessel. Contrast should be injected slowly so as to mimic 
the anticipated alcohol infusion. Extreme caution should be taken to 
verify that the infused contrast material does not reflux into the LAD 
or into other coronary arteries (e.g., the posterior descending artery), 
thus possibly exposing a large amount of unintended myocardium  
to damage when the ethanol is infused. Aggressive contrast infusion 
may overwhelm collateral vessels and create an inferior LV wall 
infarction.

maximum benefit from the intervention (Table 55-3). As in the case of 
patients recommended for the traditional myectomy, the updated 
American College of Cardiology/European Society of Cardiology 
(ACC/ESC) consensus statement recommends that selection criteria 
include patients with septal hypertrophy greater than 18 mm, dynamic 
LVOT obstruction with a gradient greater than 50 mm Hg (either  
at rest or with provocation), and severely limiting heart failure symp-
toms (i.e., NYHA functional class III-IV) despite maximal medical 
therapy.7,124 A thorough search for abnormalities that are better 
addressed surgically is essential before proceeding with catheter-based 
septal ablation. Such abnormalities include anomalous papillary 
muscle insertion into the mitral valve, an anatomically abnormal 
mitral valve with a long anteroposterior leaflet, coexistent coronary 
artery disease, primary valvular disease (aortic or mitral), and subaor-
tic membrane or pannus, none of which would be adequately addressed 
by septal ablation.7,124 Abnormally elongated and flexible anterior 
mitral leaflets resulting in an anterior location of the coaptation line 
and outflow tract obstruction also are not correctable via catheter-
based techniques and require surgical myectomy with plication.12 In 
addition, many experienced centers refer patients with a septal thick-
ness greater than 2.5 cm for surgical correction.

Procedural Technique
Given the fact that most cases of HOCM are diagnosed noninvasively 
with echocardiography and, often, no invasive hemodynamic studies 
have been performed before ablation, many operators reconfirm the 
presence of significant LVOT obstruction by positioning an end-hole 
catheter in the ventricular apex and recording a slow pullback under 
fluoroscopic guidance. Alternatively, simultaneous measurement of the 
ascending aortic and intracavitary pressures may be obtained via the 
placement of an ascending aortic catheter and an end-hole catheter as 
described earlier. If an LVOT gradient is not confirmed under basal or 
resting conditions, provocation with amyl nitrate or the Valsalva 
maneuver may be attempted.124 Failure to confirm a significant gradi-
ent after these maneuvers should prompt the operator to further 
pursue alternative etiologies for the patient’s symptom complex.

Standard diagnostic coronary cineangiography is performed as a 
first step to clearly define the patient’s anatomy and to evaluate for 
concomitant atherosclerotic disease. Once this is completed, attention 
is turned to selection of the appropriate septal perforator branch 
through which to perform the ablation. To best view the anatomy of 
the septal branches as they course through the basal interventricular 
septum, the camera should be positioned in the right anterior oblique 
(RAO) posteroanterior (PA) cranial view or PA cranial view. It is also 
important to determine the septal vessel’s course along the septum (i.e., 
on the right or left side), using the left anterior oblique (LAO) projec-
tion. At times, septal anatomy may vary such that one subdivision runs 
along the left side of the septum and another runs along the right. 
Selection of the left-sided subdivision is optimal for the ablation, 
because there is a reduced likelihood of inducing complete heart block 
during ethanol infusion. Most septal perforators arise from the LAD, 
substantial anatomic variation has been described in which the vessels 

TABLE 55-3 Patient Selection Criteria for Alcohol Septal Ablation
Severe	heart	failure	symptoms	(i.e.,	NYHA	class	III-IV)	despite	maximal	

medical	therapy
Septal	thickness	>18	mm
Subaortic	gradient	>50	mm	Hg	(resting	or	with	provocation)	due	to	

mitral-septal	contact
Absence	of	papillary	muscle	or	mitral	valvular	anomalies	(i.e.,	anomalous	

papillary	muscle	insertion)
Absence	of	significant	coronary	arterial	disease
Compatible	septal	perforator	branch	arterial	anatomy
Relative	contraindications	to	surgical	myectomy	(i.e.,	age,	comorbidity)*

NYHA,	New	York	Heart	Association.
*Relative	 contraindication	 to	 surgical	 myectomy	 is	 a	 controversial	 selection	 criteria	 not	
uniformly	followed.
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contrast agent, is no longer available in many countries, second- and 
third-generation agents are currently used. These agents have proved 
to be suboptimal because they traverse the capillary beds rapidly and 
produce a large amount of echocardiographic “shadowing” from the 
opacified ventricles. Therefore, it is important to dilute these agents 
before injection. In our laboratory, the contrast vials are typically 
opened 10 to 15 minutes before the time of expected use so as to 
decrease their potency. The contrast is then further diluted with sterile 
saline in a 1 : 5 or 1 : 10 mixture at the time of injection.

Pulsed-wave Doppler echocardiography is the imaging method of 
choice in using the diluted contrast material to avoid destruction of 
the microbubbles with the higher-frequency continuous-wave ultra-
sound. This procedure allows the operator to verify that the chosen 
vessel primarily supplies the proximal interventricular septum and not 
portions of the inferior wall, LV papillary musculature, or right ven-
tricular free wall via the moderator band.124,126 Ideally, contrast material 
will appear in the basal portion of septum responsible for the greatest 
extent of septal-mitral contact. Appearance of contrast in the distal 
septum or other regions of myocardium is a contraindication to 
ethanol infusion, because it can result in infarction of an undesired 
territory or an infarction of unanticipated size.

As a final method of ensuring that the desired area of myocardium 
has been selected, it is recommended that the operator document a 
greater than 30% reduction in the LVOT gradient during balloon infla-
tion. A rather rapid reduction in gradient can be observed with pro-
longed balloon occlusion of a septal perforator branch. Such an 
observation suggests that the correct septal distribution has been tar-
geted for ablation.124,127 Before proceeding with ethanol injection, it is 
essential to confirm that the balloon has not migrated during this 
process and that the previously placed temporary pacemaker continues 

After angiographic confirmation of septal occlusion, further assess-
ment of the septal distribution is obtained via contrast echocardiogra-
phy (Fig. 55-6). After careful inspection of the septum in the apical 
long-axis, four-chamber, and parasternal long-axis views, 1 to 2 mL of 
Albunex contrast is injected into the septal branch through a tuberculin-
type syringe. Because Albumex, a first-generation echocardiographic 

FIGURE 55-4	 This	figure	demonstrates	alcohol	septal	ablation	performed	in	a	hypertrophic	cardiomyopathy	patient	with	severe	obstructive	symptoms	
despite	medical	therapy.	A,	Coronary	angiogram	(digital	subtraction	angiography)	demonstrates	the	introduction	of	a	0.014-inch	guidewire	into	a	
septal	perforator	branch	with	anatomic	characteristics	ideal	for	septal	ablation.	B,	Coronary	angiogram	demonstrates	the	introduction	of	a	1.5-	by	
10-mm	balloon	(arrow)	into	the	selected	septal	vessel.	Injection	of	contrast	into	the	balloon	and	the	left	anterior	descending	coronary	artery	sub-
sequently	confirmed	correct	positioning.	

A

B

FIGURE 55-5	 Schematic	overview	of	the	alcohol	septal	ablation	proce-
dure	depicts	the	resultant	basal	septal	scar	and	enlargement	of	the	left	
ventricular	 outflow	 tract.	 If	 the	 balloon	 is	 placed	 distally,	 the	 anterior	
septum	 is	 not	 ablated,	 which	 can	 result	 in	 a	 suboptimal	 result.	 IVS,	
Interventricular	septum.	

IVS

Alcohol

Scar
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ablation.7,116,124 The incidence of complete heart block has decreased in 
recent years and now ranges from 5% to 40%, with an average value  
of 12% to 15% at experienced centers.7,109,116,117,124,132 The presence of 
a preexisting LBBB and a rapid bolus injection of ethanol during  
ablation have both been positively correlated with an increased inci-
dence of high-degree atrioventricular block requiring permanent pace-
maker implantation.132 Extravasation of alcohol into the LAD during 
infusion is a rare but catastrophic complication that often results in a 
large infarction of the middle to distal anterior wall and is clearly 
associated with increased mortality. Coronary dissection caused by the 
extra support guidewire or the catheter has been reported in rare 
instances. Tamponade due to perforation of the right ventricular apex 
during insertion of a transvenous pacing wire or during interatrial 
septal puncture for periprocedural hemodynamic monitoring has also 
been reported. Overly extensive infarction of the interventricular 
septum as a result of too generous a quantity of infused alcohol or too 
rapid an infusion rate during ablation can result in a ventricular septal 
rupture.124

Ventricular arrhythmias can be seen both during and up to 48 
hours after the procedure, but this complication is rare and usually 
does not require prolonged therapy. Unlike myectomy, septal ablation 
results in the formation of a large intramyocardial scar that may serve 
as substrate for future malignant ventricular arrhythmias. There has 
been some conjecture that this could result in an increased risk of late 
arrhythmic mortality, especially in younger patients undergoing abla-
tion.7,35,116,129 However, this hypothesis has yet to garner substantial 
evidentiary support. Patients should be observed closely for recur-
rence of symptoms or any arrhythmia. ICD implantation should  
be considered if there is evidence of nonsustained VT, but this is 
extremely rare. Objective assessment of functional capacity using exer-
cise testing is appropriate for monitoring these patients. Repeat alcohol 
ablation may be considered if symptoms recur and an appropriate 
septal perforator is available for injection. If repeat ablation is not 
feasible, surgical myectomy may need to be considered in this group133 
(Fig. 55-8).

Despite the increased number of septal ablation procedures per-
formed worldwide, there remains a paucity of randomized controlled 
trials. Existing data suggest that septal ablation and surgical myectomy 
have similar success rates in both short and longer terms.134 In the 
immediate postprocedural period (3 to 72 hours), both modalities of 
septal reduction result in similar degrees of LVOT gradient reduction, 
and this improvement appears to be maintained for up to 1 year after 
either procedure.1,7,109,116,120,130,133-136 A meta-analysis demonstrated that, 
after adjusting for preprocedural gradient, the reduction in gradient 
after the procedure is similar in the two modalities137 (Fig. 55-9). In 
addition to improvements in NYHA functional class and in the 

to have a suitable pacing threshold. This is easily done by fluoroscopic 
verification and injection of another 1 to 2 mL of contrast agent 
through the guide catheter.

After confirmation of proper balloon positioning, the operator may 
proceed with ethanol injection. Whereas most experienced centers use 
between 1 to 3 mL of desiccated ethanol, this volume may be adjusted 
based on the appearance of the septal anatomy and the degree of con-
trast washout.7,116,124,128-130 Research has documented similar midterm 
hemodynamic outcomes with reduced complication rates, especially 
the requirement for a permanent pacemaker, when smaller amounts 
of ethanol (1 to 2 mL) are used.131 If there is rapid contrast washout 
due to collateralization of the septal branch, the rate and volume of 
ethanol infusion should be reduced to prevent the alcohol from escap-
ing to undesirable areas of myocardium via the collaterals.115,116,124

The ethanol is injected into the vessel over a 1- to 5-minute period 
with the balloon remaining inflated. During the initial infusion, con-
tinued monitoring of the resting gradient is essential to judge the 
efficacy of the procedure. In general, a reduction in the LVOT gradient 
to less than 30 mm Hg in the setting of a resting gradient greater than 
50 mm Hg, or a greater than 50% reduction of a provocable gradient, 
is considered indicative of a successful procedure in the catheterization 
laboratory116,124 (Fig. 55-7).

Before the balloon is disengaged from the septal vessel, it is recom-
mended that the guidewire be placed again into the septal branch for 
smooth removal of the balloon and maintenance of access across the 
left main trunk and the LAD. As a final step, angiography of the LAD 
and septal vessels is performed to verify the integrity of the coronary 
circulation. Phasic flow may be observed in the injected septal branch 
immediately after the ablation, although total occlusion is frequently 
observed. Postprocedural care should take place in a coronary inten-
sive care unit for 48 hours after ablation to allow for the rapid identi-
fication and treatment of possible complications. The amount of 
induced myocardial tissue destruction often results in elevation of the 
enzyme creatinine phosphokinase (CPK) to levels between 800 and 
1200 U/L, although this is variable depending on the amount of alcohol 
injected, vessel size, and the method of enzyme measurement.7,115,122,130,131 
The transvenous pacing wire may be discontinued 48 hours after the 
procedure if there is an absence of bradyarrhythmia or heart block that 
would require continued observation or a permanent pacemaker. In 
most centers, the patient is transferred to a regular nursing floor for 
another 48 to 72 hours to observe for postprocedural complications 
before discharge.

The complication rate after septal ablation is relatively low and is 
comparable to that of septal myectomy. As opposed to the LBBB so 
commonly observed after septal myectomy, a right bundle branch 
block (RBBB) is observed in up to 80% of patients who have undergone 

FIGURE 55-6	 Contrast	echocardiography	(apical	three-chamber	views)	confirm	the	desired	distribution	of	myocardial	blood	flow	on	injection	of	an	
appropriately	selected	septal	perforator	artery	before	ethanol	infusion.	SAM,	Systolic	anterior	motion	of	the	mitral	valve.	

SAM-
septal

Flow
convergence

Echo
contrast Alcohol
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Canadian Cardiovascular Society (CCS) angina class, the number of 
syncopal and presyncopal events was reduced to a similar significant 
degree in both groups at 6- and 12-month follow-up.109,120,135

Both procedures have advantages and associated complications, 
underscoring the importance of careful patient selection and consid-
eration of comorbidities before an intervention is chosen. Complete 
heart block requiring permanent pacemaker has been reported in up 
to 25% of patients undergoing alcohol ablation, compared with only 
5% to 10% after myectomy.109,135 Given that ablation commonly pro-
duces a pattern of RBBB, patients with a preexisting LBBB are at very 
high risk of complete heart block after the procedure.137 In addition, it 
has been suggested that female gender, first-degree atrioventricular 
block, and an increased volume of injected alcohol are additional risk 
factors for postprocedural complete heart block.138 In contrast, myec-
tomy produces a LBBB and less commonly requires permanent pacing. 
Myectomy can result in mild to moderate aortic insufficiency in up to 
10% to 20% of patients but rarely leads to an adverse outcome.135 By 
the nature of the procedure, ablation results in a permanent scar in the 
interventricular septum, and there remains some concern that this may 
serve as substrate for future ventricular arrhythmias, although this has 
not as yet been objectively documented.

As would be expected, ablation results in a reduced length of stay 
compared with myectomy and substantially contributes to an overall 
reduction in cost. Mortality is relatively low with both interventions 

FIGURE 55-7	 Contrast	echocardiography.	The	images	on	the	left	were	taken	before	alcohol	ablation.	The	images	on	the	right	were	acquired	from	
the	same	patient	6	months	after	successful	ablation	and	clearly	demonstrate	scarring	(white	arrow)	in	the	basal	septum	with	a	resultant	increase	
in	the	left	ventricular	outflow	tract	area	and	decrease	in	the	outflow	tract	obstruction.	Systolic	anterior	motion	(open	arrow)	is	present	at	baseline	
and	absent	on	follow-up.	

VALSALVA

FIGURE 55-8	 Pathology	specimen	of	the	basal	interventricular	septum	
in	 a	 patient	 with	 hypertrophic	 cardiomyopathy	 several	 years	 after	 an	
ethanol	ablation	demonstrates	fibrosis	and	scarring.	
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Although the current guidelines provide an important framework that 
helps in evaluation and treatment of HCM, the unique characteristics 
and preferences of each patient should play a vital role in the decision-
making and management strategies.

Despite significant improvement in the understanding of disease 
pathophysiology in the last few decades, there are considerable gaps in 
that need to be addressed to improve care in this patient population. 
Long-term data on alcohol septal ablation will define its precise role in 
relation to myectomy in the management of medically refractory 
HCM. In addition, establishment of referral systems that facilitate the 
treatment of HCM at centers of excellence would be critical in optimal 
management. Improvements in risk stratification for SCD will more 
accurately identify patients with HCM at risk for SCD. Development 
of subcutaneous and leadless ICD systems will likely reduce complica-
tions and lower the threshold for device implantation in young patients. 
The role of genetic testing will also become clearer as genotyping 
becomes cheaper and more accessible. Further research is needed for 
a more thorough understanding of the genetic basis of this disease and 
to develop greater and more widespread clinical utility of genotyping 
in HCM.
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and approaches 1% in experienced centers.7,45,109,135 Several meta-
analyses have also shown similar postprocedural outcomes, with no 
difference in long-term mortality between ablation and myec-
tomy.137,139,140 In summary, either surgical myectomy or alcohol ablation 
may be selected as a viable treatment option in symptomatic patients 
with LVOT obstruction. Which therapy should be selected is a complex 
decision that must be made only after taking into consideration the 
patient’s clinical situation.

CONCLUSIONS
HCM is a complex genetic disease with multiple heterogeneous phe-
notypes and clinical manifestations. Because of the considerable het-
erogeneity of the disease and the lack of randomized controlled trials 
in this arena, HCM is variably managed across the world. The manage-
ment in any patient with HCM should ideally focus on the following 
aspects:

• Control of heart failure symptoms
• Assessment of the risk of sudden death and appropriate risk 

management
• Treatment of AF
• Management of LVOT obstruction using invasive techniques, 

when indicated
• Screening of family members

FIGURE 55-9	 A,	Short-term	mortality	risk	difference	(RD)	estimates	for	septal	ablation	(SA)	and	septal	myectomy	(SM)	groups.	B,	Postprocedure	
reduction	in	left	ventricular	outflow	tract	gradient	 from	preprocedure	value;	standardized	mean	difference	(SMD)	between	the	SA	and	SM	groups.	
CI,	Confidence	interval.	
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The clinical presentation of patients with pericardial effusion varies. 
Some are completely asymptomatic, but others develop pericar-

dial tamponade and cardiovascular collapse. Pericardiocentesis is a 
catheter-based technique that uses a needle to aspirate the pericardial 
fluid, usually under fluoroscopic or echocardiographic guidance.

Percutaneous balloon pericardiotomy (PBP) is a relatively novel 
catheter-based technique that is gradually replacing the more invasive 
surgical pericardial window procedure. The improved techniques for 
percutaneous access to the pericardial space and the adjunctive use of 
pericardioscopy provide additional opportunities for the use of this 
space in diagnostic and interventional techniques. As a result, novel 
pericardial interventions, such as epicardial mapping and ablation, 
percutaneous pericardial biopsy (PPB), and intrapericardial echocar-
diography, are rapidly evolving.

PERICARDIAL EFFUSION AND TAMPONADE
The normal pericardium is a fibroelastic sac composed of visceral and 
parietal layers separated by a thin layer (20 to 50 mL) of straw-colored 
fluid.1 The normal pericardium has a steep pressure-volume curve; it 
is distensible when the intrapericardial volume is small but becomes 
gradually inextensible when the volume increases.1 The intrapericar-
dial pressure depends on the relationship between the absolute volume 
of a pericardial effusion, speed of fluid accumulation, and pericardial 
elasticity. The clinical presentation is related to the size of the effusion 
and the rapidity of fluid accumulation.

Pericardial effusion may result from a variety of clinical conditions 
(Table 56-1). Among medical patients, malignant disease is the most 
common cause of pericardial effusion with tamponade.1,2 Pericardial 
tamponade is a clinical syndrome with defined hemodynamic and 
echocardiographic abnormalities that result from the accumulation of 
intrapericardial fluid and impairment of ventricular diastolic filling.1,3 
The ultimate mechanism of hemodynamic compromise is the compres-
sion of cardiac chambers due to increased intrapericardial pressure.

In all cases of cardiac tamponade, initial treatment consists of 
removing pericardial fluid by prompt pericardiocentesis and drainage. 
Reaccumulation of fluid with recurrence of cardiac tamponade may be 
an indication for a surgical intervention.1

Autopsy and surgical studies have shown that myocardial or peri-
cardial metastases are found in approximately 50% of patients who 
have cardiac tamponade due to malignancy.3-7 Although the short-term 
survival of patients with cardiac tamponade depends primarily on its 
early diagnosis and relief, long-term survival depends on the prognosis 
of the primary illness regardless of the intervention performed.4,5,8

PERICARDIOCENTESIS

Indications
Pericardiocentesis is the technique of catheter-based aspiration of peri-
cardial fluid.1,3 It is used to diagnose and treat patients with pericarditis 
with pericardial effusion, pericardial effusion with pericardial tampon-
ade, and effusive-constrictive pericarditis.

Many asymptomatic patients with large effusions do not require 
pericardiocentesis if they have no hemodynamic compromise, unless 
there is a diagnostic need for fluid analysis. In a prospective study with 
long-term follow-up of patients with large, idiopathic, chronic pericar-
dial effusions, Sagrista-Sauleda and colleagues9 concluded that the 
pericardial effusions were usually well tolerated for long periods by 
most patients with severe tamponade; however, they could develop 
unexpectedly at any time. Although pericardiocentesis was effective in 
resolving these effusions, recurrences were common, prompting the 
study authors to recommend referral of patients with recurrences for 
pericardiectomy.10

When cardiac tamponade occurs, the emergency drainage of peri-
cardial fluid by pericardiocentesis is lifesaving therapy for a patient who 
would otherwise develop pulseless electrical activity and cardiac arrest. 
Pericardiocentesis can relieve tamponade, obtain fluid for appropriate 
analysis, and assess hemodynamics before and after pericardial fluid 
evacuation to exclude effusive-constrictive pericardial effusion. Elec-
tive pericardiocentesis is contraindicated for patients receiving antico-
agulation, those with bleeding disorders or thrombocytopenia with 
platelet counts less than 50,000/µL, and those with hemorrhagic peri-
cardial tamponade complicating aortic dissection. Pericardiocentesis is 
also ill advised when the effusion is very small or loculated.1,3

Technique
Pericardiocentesis is most commonly performed using a subxiphoid 
approach under electrocardiographic (ECG) and fluoroscopic guid-
ance (Fig. 56-1, A).3 Traditionally, pericardiocentesis has been per-
formed in the cardiac catheterization laboratory with arterial and right 
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•	 Pericardiocentesis	is	a	catheter-based	procedure	in	which	fluid	is	
aspirated	from	the	pericardium.	It	is	done	to	diagnose	and	treat	
patients	with	pericarditis	with	pericardial	effusion,	pericardial	
effusion	with	pericardial	tamponade,	and	effusive-constrictive	
pericarditis.

•	 The	pericardial	space	can	be	safely	entered	with	a	blunt-tipped	
needle	using	a	subxiphoid	approach	under	fluoroscopic	guidance,	
even	in	the	absence	of	significant	pericardial	effusion.

•	 Percutaneous	balloon	pericardiotomy	(PBP)	is	an	effective	therapy	
for	recurrent,	free	flowing,	and	hemodynamically	significant	
pericardial	effusions,	especially	if	associated	with	neoplastic	
disease.

•	 PBP	consists	of	creating	a	parietal	pericardial	window	with	a	
balloon	catheter	under	fluoroscopic	guidance	in	the	cardiac	
catheterization	laboratory.

•	 PBP	is	a	less	invasive	alternative	than	a	surgical	pericardial	
window	and	avoids	its	perioperative	risks.

•	 PBP	should	be	avoided	in	patients	with	large	pleural	effusions	or	
marginal	pulmonary	reserve	to	avoid	further	pulmonary	
compromise.

•	 Catheter-based	diagnostic	and	interventional	techniques	in	the	
pericardial	space	have	become	increasingly	common	and	include	
epicardial	mapping	and	ablation,	intrapericardial	delivery	of	
therapies,	intrapericardial	echocardiography,	pericardioscopy-
guided	biopsy,	and	potentially,	other	advanced	techniques.



862 SECTION V  INTRACARDIAC INTERVENTION

catheter is frequently left in place for continuous drainage and as a 
route to instill sclerosing or chemotherapeutic agents when needed. 
The catheter is secured to the skin using sterile sutures and covered 
with a sterile dressing. The success rate of pericardiocentesis is greater 
and the incidence of complications improves with increasing size of 
the effusion.

With increasing need to access the pericardial space (discussed 
later), especially in patients with no pericardial effusion (“dry taps”), 
variations in the technique have been developed. For example, a 
microneedle or a 17-gauge Tuohy needle (Pajunk Medical Systems, 
Norcross, GA) containing a curved tip can be introduced using the 
subxiyphoid approach while observing its track fluoroscopically in the 
lateral projection. This reduces the risk of inadvertent right ventricular 
puncture.

Complications
Potential complications of pericardiocentesis include a heart or coro-
nary vessel laceration, sometimes causing fatal consequences. Punc-
ture of the right atrium or ventricle with hemopericardial fluid 
accumulation, arrhythmias, air embolism, pneumothorax, and punc-
ture of the peritoneal cavity or abdominal viscera has been reported. 
Acute pulmonary edema may infrequently occur when the pericardial 
tamponade is decompressed too rapidly.

The right xiphocostal, apical, right-sided, and parasternal ap-
proaches also are used for pericardiocentesis. Although they may be 
useful under certain circumstances, they are associated with a greater 
incidence of complications. The right xiphocostal approach is associ-
ated with a higher incidence of right atrial and inferior vena cava 
injury. Puncture of the left pleura and the lingula occurs more fre-
quently with the apical approach, and puncture of the left anterior 
descending artery and the internal mammary artery is more common 
with the parasternal approach.

Echocardiographically guided pericardiocentesis is a safe and effec-
tive technique. In a cohort of 1127 therapeutic echocardiography-
guided pericardiocenteses performed in 977 patients at the Mayo 
Clinic (1979 through 1998), the procedural success rate was 97% 
overall with a total complication rate of 4.7%.10 Echocardiography may 
be especially useful for patients with loculated effusions, and unlike 
pericardiocenteses performed in the cardiac catheterization laboratory, 
the left chest wall is often used with echocardiographically guided 
pericardiocenteses.

Postprocedural Management
Pericardiocentesis may not completely evacuate the effusion in most 
cases because active secretion and bleeding may continue into the 
pericardial space.1,3 The pericardial catheter should be left in place for 
24 to 72 hours after the initial fluid evacuation until total daily drainage 
is 75 to 100 mL or less.

The patient is admitted for continuous ECG monitoring and assess-
ment of the rate of pericardial drainage. The pericardial space should 
be drained every 8 hours and the catheter flushed with heparinized 
saline. Systemic antibiotics—usually first-generation cephalosporin for 
empirical coverage of gram-positive bacteria—are administered for the 
duration of the catheter stay. Based on the cause of the effusion, the 
patient’s clinical and hemodynamic condition, and the amount of fluid 
drained, the pericardial catheter is usually removed within 72 hours, 
or decisions for additional therapy are contemplated.

Echocardiography can be used to monitor resolution of the peri-
cardial effusion and signs of cardiac compression before catheter 
removal. Patients who continue to drain more than 75 to 100 mL/24 
hours after 3 days of standard catheter drainage should be considered 
for more aggressive therapy. Reaccumulation of the pericardial fluid is 
particularly common in patients with malignant pericardial effusions. 
Additional therapeutic approaches to prevent pericardial fluid reac-
cumulation include intrapericardial instillation of sclerosing agents 
and use of chemotherapy, radiotherapy, PBP, and surgical pericardial 

heart pressure monitoring.3 The procedure is now also performed in 
the noninvasive laboratory, intensive care unit, or at bedside under 
echocardiographic guidance. With all modalities, it is a safe procedure 
when performed by appropriately trained personnel.

Pericardiocentesis is a procedure based on the Seldinger technique 
of percutaneous catheter insertion. After administration of local anes-
thesia to the skin and deeper tissues of the left xiphocostal area, the 
pericardial needle is connected to an ECG lead. The needle is advanced 
from the left of the subxiphoid area while aiming toward the left shoul-
der. This is usually done under fluoroscopic or echocardiographic 
guidance, but blinded procedures can be undertaken during emer-
gency procedures. Often, a discrete pop is felt as the needle enters the 
pericardial space. When ST-segment elevation is observed on the ECG 
lead tracing, it signifies that the needle has touched the epicardium and 
should be withdrawn slightly until the ST-segment elevation disap-
pears (see Fig. 56-1, B).

After the pericardial space is entered, a stiff guidewire is introduced 
into the pericardial space through the needle, which is then. A catheter 
is then inserted into the pericardial sac over the guidewire (Fig. 56-1, 
C). The drainage catheter typically has an end hole and multiple side 
holes. Intrapericardial pressure is measured by connecting a pressure 
transducer system to the intrapericardial catheter. Pericardial fluid is 
then removed, and samples of pericardial fluid are sent for appropriate 
biochemical, cytologic, bacteriologic, and immunologic analyses for 
diagnostic purposes; the first sample is usually reserved for microbio-
logic studies.

In cases of pericardial tamponade, aspiration of fluid should be 
continued until clinical and hemodynamic improvement occurs. The 

TABLE 56-1 Causes of Pericardial Effusion and Tamponade
Idiopathic Cases

Infections
	 Viral
	 Bacterial
	 Fungal
	 Others

Metabolic	disorders
	 Uremia
	 Myxedema

Collagen and Other Autoimmune Disorders

Systemic	lupus	erythematosus

Rheumatoid	arthritis

Rheumatic	fever

Dressler	syndrome

Others

Neoplastic Disorders

Primary

Pericardial	metastasis

Local	invasion

Volume	overload

Chronic	heart	failure

Miscellaneous Disorders

Chest	wall	irradiation

Cardiotomy	or	thoracic	surgery

Adverse	drug	reaction

Aortic	dissection

After	myocardial	infarction

Trauma

From	Jneid	H,	Maree	AO,	Palacios	 IF:	Pericardial	 tamponade:	clinical	presentation,	diag-
nosis	and	catheter-based	therapies.	In	Parillo	J,	Dellinger	PR,	editors:	Critical	care	medicine,	
ed	3,	St.	Louis,	2008,	Mosby.
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than 75 to 100 mL/24 hours after 3 days of standard catheter drainage 
have been considered for more aggressive therapy. Several approaches 
are available to prevent reaccumulation of pericardial fluid, including 
intrapericardial instillation of sclerosing agents, chemotherapy, and 
radiation therapy.14,15 A surgically created pericardial window may 
provide an alternative for the treatment of pericardial effusions,16,17 but 
morbidity and late recurrences are common.8,18,19

The use of a subxiphoid surgical pericardial window has been advo-
cated as primary therapy for malignant pericardial tamponade based 
on the high initial success in relieving tamponade18-23 and an acceptable 
recurrence rate.19 However, it is associated with high morbidity 
rates.8,16-23 Patients with advanced malignancy and cardiac tamponade 
are often poor candidates for surgical therapy. Because life expectancy 
is already limited, the increased length of hospital stay associated with 
a surgical procedure may compromise the quality of their remaining 
lives. The malnutrition and chemotherapy associated with advanced 

window. Reaccumulation of fluid with recurrence of cardiac tampon-
ade is considered an absolute indication for a pericardial window.

PERCUTANEOUS BALLOON PERICARDIOTOMY
Management of cardiac tamponade or large pericardial effusions at risk 
for progression to tamponade remains controversial and is dictated to 
a large extent by local institutional practices. Life-threatening cardiac 
tamponade requires immediate removal of pericardial fluid to relieve 
the hemodynamic compromise and to prevent recurrence.

For many patients with a pericardial effusion and tamponade, stan-
dard percutaneous pericardial drainage with an indwelling pericardial 
catheter is sufficient to avoid recurrence. Recurrences after catheter 
drainage have been reported for 14% to 50% of patients with pericar-
dial effusion and tamponade.5,11-13 Patients who continue to drain more 

FIGURE 56-1	 A,	Diagrammatic	representation	of	a	pericardiocentesis	procedure	using	the	subxiphoid	approach.	B,	The	pericardial	needle	is	con-
nected	 to	 an	 electrocardiographic	 (ECG)	 lead.	 The	 needle	 is	 advanced	 from	 the	 left	 of	 the	 subxiphoid	 area,	 aiming	 toward	 the	 left	 shoulder.	
ST-segment	elevation	is	seen	on	the	ECG	lead	tracing	when	the	needle	 touches	the	epicardium.	The	needle	should	be	retracted	slightly	until	 the	
ST-segment	elevation	disappears.	C,	After	the	pericardial	space	is	entered	with	the	pericardial	needle,	a	guidewire	is	introduced	in	the	pericardial	
space	through	the	needle.	The	needle	is	removed,	and	a	catheter	is	inserted	in	the	pericardial	sac	over	the	guidewire	anteriorly	or	inferiorly	in	the	
pericardial	sac.	(Modified	from	Jneid	H,	Maree	AO,	Palacios	IF:	Pericardial	tamponade:	clinical	presentation,	diagnosis	and	catheter-based	therapies.	
In	Parillo	J,	Dellinger	PR,	editors:	Critical	care	medicine,	ed	3,	St.	Louis,	2008,	Mosby.)
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malignancy increase the risk of infection and other perioperative com-
plications. It is preferable to offer a less invasive alternative.

Palacios and colleagues24 proposed PBP as a less invasive alternative 
to the surgical pericardial window procedure. With this technique, a 
pericardial window and adequate drainage of pericardial effusion can 
be done percutaneously with a balloon catheter (Fig. 56-2). Since their 
initial report of 8 patients, the multicenter PBP registry investigators 
have reported data on more than 130 patients.25

Technique
The PBP technique is relatively simple and safe. It is performed in the 
catheterization laboratory with the patient under local anesthesia and 
mild sedation with intravenous narcotics and a short-acting benzo-
diazepine. There is minimal discomfort. Patients may be candidates  
for PBP if they have undergone prior pericardiocentesis and have  
persistent catheter drainage. PBP also may be done as a primary 
therapy at the time of initial pericardiocentesis. For those who have 
previously undergone standard pericardiocentesis using the subxi-
phoid approach, a pigtail catheter has typically been left in the pericar-
dial space for drainage. For patients who continue to drain more than 
75 to 100 mL/24 hours after 3 days, PBP is offered as an alternative to 
a surgical procedure.

The subxiphoid area around the indwelling pigtail pericardial cath-
eter is infiltrated with 1% lidocaine. A 0.038-inch guidewire with a 
preshaped curve at the tip is advanced through the pigtail catheter into 
the pericardial space (Fig. 56-3, A). The catheter is then removed, 
leaving the guidewire in the pericardial space. The location of the wire 
should be confirmed by its looping within the pericardium.

FIGURE 56-2	 Percutaneous	 balloon	 pericardiotomy	 technique.	 (From	
Ziskind	AA,	Pearce	AC,	Lemmon	CC,	et	al:	Percutaneous	balloon	peri-
cardiotomy	for	the	treatment	of	cardiac	tamponade	and	large	pericardial	
effusions:	 description	 of	 technique	 and	 report	 of	 the	 first	 fifty	 cases.		
J	Am	Coll	Cardiol	21:1-5,	1993.)

FIGURE 56-3	 Anteroposterior	fluoroscopic	 images.	A,	The	0.038-inch	
guidewire	has	been	advanced	through	the	pigtail	catheter	and	can	be	
seen	looping	freely	in	the	pericardial	space.	B,	As	the	balloon	is	inflated	
manually,	a	waist	is	seen	at	the	pericardial	margin.	C,	The	waist	disap-
pears	 with	 full	 inflation	 of	 the	 balloon	 as	 the	 pericardial	 window	 is	
created.	
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Postprocedural Management
After the PBP procedure, the patient is returned to a telemetry floor. 
The pericardial catheter should be aspirated every 6 hours and flushed 
with heparinized saline (5 mL of 100 U/mL). Pericardial drainage 
volumes should be recorded, and the catheter should be removed after 
there is no significant pericardial drainage (75 to 100 mL) for 24 hours.

After predilation along the track of the wire with a 10-Fr dilator, a 
20-mm-diameter, 3-cm-long balloon dilation catheter (Boston Scien-
tific, Natick, MA) is advanced over the guidewire and positioned to 
straddle the parietal pericardium. Care should be taken to advance the 
proximal end of the balloon beyond the skin and subcutaneous tissue. 
Precise localization of the balloon is accomplished by gentle inflation 
to identify the waist at the pericardial margin. The balloon is inflated 
manually until the waist produced by the parietal pericardium disap-
pears (see Fig. 56-3, B and C). If the pericardium is apposed to the 
chest wall, as indicated by failure of the proximal portion of the balloon 
to expand, a countertraction technique should be used in which the 
catheter is withdrawn slightly and then gently advanced while the skin 
and soft tissues are pulled manually in the opposite direction. This 
maneuver isolates the pericardium for dilation (Fig. 56-4).

Fluoroscopic imaging using multiple views (preferably biplane fluo-
roscopy) helps to ensure correct positioning of the balloon, which 
should be straddling the parietal pericardium (Fig. 56-5). At the opera-
tor’s discretion, 5 to 10 mL of radiographic contrast material may be 
instilled into the pericardial space to help identify the pericardial 
margin. Two or three balloon inflations are then performed to ensure 
the creation of an adequate opening in the pericardium. Although 
transthoracic and transesophageal echocardiography may provide 
additional guidance to some aspects of the procedure, it is our experi-
ence that the balloon cannot be imaged adequately with echocardiog-
raphy to identify the waist at the site of the pericardial margin.26

The balloon dilation catheter is then removed, leaving the 0.038-
inch guidewire in the pericardial space. A new pigtail catheter is then 
advanced over this guidewire and placed in the pericardial space. If 
PBP is being performed at the time of primary pericardiocentesis, the 
pericardium is entered using a standard subxiphoid approach, and a 
drainage catheter is inserted into the pericardial space. After the peri-
cardial pressure has been measured, most of the pericardial fluid 
should be withdrawn, which reduces the volume remaining to pass into 
the pleural space.

Technical variations of the subxiphoid technique have included 
dilation of two adjacent pericardial sites, use of the apical approach,27 
use of an Inoue balloon catheter,27-29 use of double balloons,30 use of 
a combination of one long and one short balloon,31 and use of an 
18-mm dilating balloon to facilitate introduction of a 16-Fr chest tube 
into the pericardial space.32 Other investigators have attempted lapa-
roscopic pericardial fenestration,33,34 used a cutting pericardiotome,35 
or implanted a pericardioperitoneal shunt.36 Thoracoscopic techniques 
have been developed to create a larger pericardial window with low 
morbidity rates compared with those for open surgical techniques.37 
With this technique, adequate long-term drainage may be provided 
and specimens for pathologic study obtained.33,38

FIGURE 56-4	 Countertraction	 technique	 to	 separate	 the	 pericardium	
from	the	adjacent	chest	wall	is	shown	in	a	transverse	view	from	below.	
A,	Initial	trial	inflation	of	the	balloon	demonstrates	trapping	of	the	proxi-
mal	portion	of	the	balloon	in	the	chest	wall	structures.	B,	Simultaneous	
traction	on	the	skin	and	pushing	of	the	balloon	catheter	results	in	dis-
placement	of	the	pericardium	away	from	the	chest	wall,	allowing	proper	
inflation	to	occur.	(Modified	from	Ziskind	AA,	Burstein	S:	Echocardiog-
raphy	vs.	fluoroscopic	imaging	[letter].	Cathet	Cardiovasc	Diagn	27:86,	
1992.)

A
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FIGURE 56-5	 Lateral	fluoroscopic	image	of	balloon	inflation.	A,	A	waist	is	seen	at	the	pericardial	margin.	B,	It	disappears	with	full	inflation.	
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contrast from the pericardial space does not appear to correlate with 
procedural success. Based on experience with the subxiphoid surgical 
pericardial window procedure, it is unlikely that a long-term commu-
nication persists between the pericardium and the pleural cavity or 
subcutaneous tissues.

Sugimoto and colleagues studied 28 patients who underwent  
surgical subxiphoid pericardial window procedures followed by  
tube decompression; 93% experienced permanent relief.43 Postopera-
tive echocardiograms demonstrated thickening of the pericardium-
epicardium with obliteration of the pericardial space. Autopsy data that 
confirmed this fusion were available for four patients. The study 
authors concluded that the success of the subxiphoid pericardial 
window procedure depended on the inflammatory fusion of the epi-
cardium to the pericardium, not on maintenance of a window.43 Based 
on this surgical experience, it is unlikely that the PBP window remains 
open indefinitely. It is also possible that PBP, by leading to more effec-
tive pericardial drainage and maintaining a fluid-free pericardial space 
for a prolonged time, may permit autosclerosis to occur.

Results

Evidence-Based Literature
Palacios and coworkers reported the initial results of PBP in eight 
patients with malignant pericardial effusion and tamponade.24 The 
technique was successful in all patients. There were no immediate or 
late complications related to the procedure. The mean time to radio-
logic development of a new or a significantly increased pleural effusion 
was 2.9 ± 0.4 days (range, 2 to 5 days). The mean follow-up in this 
initial report was 6 ± 2 months (range, 1 to 11 months). No patients 
had recurrence of pericardial tamponade or pericardial effusion. Five 
patients died at 1, 4, 9, 10, and 11 months after PBP. In all cases, the 
cause of death was the patient’s primary malignant disease. The remain-
ing three patients were alive and free of cardiac symptoms at the time 
of the report. After this initial favorable experience, the multicenter 
PBP registry was developed to collect additional data on a larger group 
of patients.

Multicenter Registry Experience
The PBP technique has been studied in a multicenter registry to evalu-
ate its therapeutic effectiveness and risks systematically. Data on 130 
patients undergoing PBP from 1987 to 1994 in 16 centers have been 
analyzed.25,41 In this cohort of 130 patients, the mean age was 59 ± 13 
years, 52% were men, 69% had cardiac tamponade, and 58% had a 
prior pericardiocentesis procedure performed. Of these patients, 85% 
had known malignancy (mostly lung cancer), and only 15% had non-
malignant pericardial effusion (i.e., predominantly idiopathic or 
related to human immunodeficiency virus infection [HIV]).

PBP was defined as successful if there was no recurrence of peri-
cardial effusion on echocardiographic follow-up and if no complica-
tions occurred that required surgical exploration or a surgical 
pericardial window. PBP was successful in 111 (85%) of 130 patients, 
with no recurrences of pericardial effusion or tamponade during a 
mean follow-up of 5.0 ± 5.8 months. Five cases were considered failures 
because of pericardial bleeding, and those patients underwent surgical 
windowing. Thirteen patients had recurrence of pericardial effusion 
(mean time to recurrence, 53 ± 65 days). Of those 13 patients, 12 
underwent surgical pericardial procedures, but 6 had a subsequent 
recurrence. Minor complications occurred in 11 patients (13%); the 
most common was fever. No patient had documented bacteremia or 
positive pericardial fluid cultures. After PBP, thoracentesis or chest 
tube placement was required in 15% of patients with preexisting 
pleural effusions, compared with 9% of patients without preexisting 
pleural effusions.

Of the 104 patients with a history of malignancy, 86 died, compared 
with 2 of 16 patients with nonmalignant disease. The mean survival 
time for patients with a history of malignancy was 3.8 ± 3.3 months. 
No procedure-related variables were found to influence survival or 
freedom from recurrence (e.g., number of sites dilated, visualization of 

At the time of the catheter removal, there often is evidence on  
the chest radiograph of a new or increasing pleural effusion. Follow- 
up two-dimensional transthoracic echocardiography is performed 
approximately 48 hours after removal of the pericardial catheter. Data 
are being collected on immediate removal of the pericardial catheter 
after PBP to facilitate early discharge. However, leaving the pericardial 
catheter in place may provide a measure of safety by allowing monitor-
ing to determine whether the window is effective and whether bleeding 
is occurring. Periodic postprocedural echocardiography can be used 
to check for reaccumulation of pericardial fluid. Chest radiography 
should be performed to monitor the possible development of a pleural 
effusion (usually left) caused by drainage of the pericardial fluid.

Mechanism
The precise mechanism by which PBP works remains unclear. We 
assume that balloon inflation results in localized tearing of the parietal 
pericardial tissues, creating a communication of the pericardial space 
with the pleural space and possibly with the abdominal cavity.39,40 The 
use of a flexible fiberoptic pericardioscope introduced over the guide-
wire after PBP has demonstrated a pericardial window freely commu-
nicating with the left pleural space41 (Fig. 56-6).

Chow and colleagues supported this finding with their postmortem 
studies of balloon dilation, in which they used an Inoue balloon 
inflated to a maximum diameter of 23 mm.42 Balloon dilation pro-
duced, without tearing, a smooth, oval pericardial window measuring 
18.8 ± 16.4 mm. Histologic analysis revealed fragmentation and break-
age of the elastic and collagenous fibers in the connective tissue border-
ing the pericardial sites.42

We have demonstrated passage of pericardial fluid from the peri-
cardial space to the pleural space in some patients after PBP by manu-
ally injecting 10 mL of radiographic contrast material through the 
pericardial catheter. However, the ability to visualize free exit of 

FIGURE 56-6	 Pericardioscopic	view	of	the	balloon	pericardiotomy	site.	
The	scope	has	been	withdrawn	over	a	guidewire	to	visualize	the	external	
pericardial	 surface.	 This	 figure	demonstrates	direct	 communication	of	
the	pericardial	window	with	the	left	pleural	space.	G,	Guidewire;	L,	lung	
in	left	pleural	space	immediately	outside	the	pericardium;	P,	pericardial	
window	created	by	balloon	dilation.	
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the pericardial to the pleural space, but in many cases, it is difficult to 
determine whether the effusion results from drainage of fluid from the 
pericardial space or from the progression of concomitant pleural 
disease. For this reason, it is desirable to remove most of the pericardial 
fluid before creating the PBP window to limit the potential volume of 
fluid that can immediately move to the pleural space.

Duration of Catheter Placement
Most patients have a drainage catheter left in the pericardial space to 
monitor fluid output after the procedure. It is typically removed when 
pericardial drainage is less than 75 to 100 mL/24 hours. It may be pos-
sible to perform PBP without leaving a pericardial catheter in place, 
permitting an even shorter hospital stay and further decreasing the risk 
of infection.

Management of Balloon Rupture
Balloon rupture at the time of PBP can occur as a result of the combi-
nation of a large balloon, excessive inflation pressure, and an inelastic 
pericardium. Uncommonly, balloon rupture may be accompanied by 
catheter fracture because excessive resistance limits withdrawal. Our 
experience suggests that the frequency of balloon rupture can be mini-
mized with proper technique, particularly the use of countertraction 
to isolate the pericardium, thereby avoiding dilation of the adjacent 
nonpericardial tissues.26 Hemiballoon dislodgment sometimes occurs, 
and Block and Wilson have described a technique to retrieve it by 
placing a second pericardial catheter, snaring the guidewire, and using 
a second catheter to pull the balloon fragment back.44

Adjunctive Diagnostic Approaches
Although patients with pericardial effusion may have a history of 
malignancy, in only 50% of them is malignancy the cause of the effu-
sion.1,4 Although cytologic analysis of the pericardial fluid may aid in 
the diagnosis, pericardial tissue is not routinely obtained by PBP for 
pathologic analysis, as is the case during a surgical pericardial window 
procedure. To address this need, a percutaneously introduced pericar-
dial bioptome has been successful in providing diagnostic quality 
tissue.25 With the use of an aggressive serrated-jaw bioptome (Boston 
Scientific, Natick, MA) (Fig. 56-8, A) that is advanced though an 8-Fr 
vascular introducer, multiple samples can be obtained from the pos-
terolateral aspect of the parietal pericardium (see Fig. 56-8, B). This 
technique remains investigational.

Summary
PBP offers a nonsurgical alternative for the management of pericardial 
effusion. PBP is particularly useful for critically ill patients with 
advanced malignancy and limited survival for whom it is desirable to 
avoid the risks and discomfort of anesthesia and surgery. PBP appears 
to palliate malignant pericardial disease successfully for the duration 
of their survival.

The decision to perform PBP rather than pericardiocentesis with or 
without sclerotherapy may depend on patient and institutional vari-
ables. PBP should be considered if pericardial fluid recurs after primary 
pericardiocentesis. In institutions with an aggressive surgical approach 
to malignant pericardial disease, this less invasive alternative to a surgi-
cal pericardial window may be considered for the primary treatment 
of malignant cardiac tamponade. In contrast, pericardiocentesis alone, 
without PBP at that time, is preferred if the cause of the pericardial 
fluid is unknown.

Samples of pericardial fluid should be sent for cell counts, cytologic 
analysis, culture, and special stains to assist with the diagnosis. Simple 
pericardiocentesis is also preferred if uremic platelet dysfunction or 
other coagulation abnormalities exist or there is the possibility of bac-
terial or fungal infection that could be spread to the pleural space.

The immediate and late results of PBP for patients with malignant 
pericardial effusion appear to be similar to those of surgical pericardi-
otomy. However, the role of PBP in the management of nonmalignant 
pericardial disease remains unclear. It is possible that PBP could be 

free fluid exit, duration of catheter placement). There was no signifi-
cant difference in recurrence rates if PBP was performed as a primary 
treatment or after failed pericardiocentesis.

Technical Considerations

Echocardiographic and Chest Radiographic Qualifications
Echocardiography should be performed before PBP to rule out locu-
lated pericardial fluid. If pericardial fluid is not free flowing, a surgical 
approach should be considered. If the chest radiograph reveals evi-
dence of a large pleural effusion before PBP, this issue is less clear.

If a left effusion is moderate or large before PBP, the chance of 
needing thoracentesis is high, and PBP should be performed only if 
the cardiac benefits outweigh the risks of thoracentesis or chest tube 
placement. Patients with marginal pulmonary mechanics, such as 
those who have undergone pneumonectomy, should be evaluated with 
caution, because the development of a left pleural effusion may com-
promise their remaining lung function.

Prophylactic Antibiotic Administration
Febrile episodes were documented six times in the first 37 patients, 
although no patient had documented bacteremia or positive pericar-
dial drainage cultures. Beginning with the 38th patient, prophylactic 
antibiotic therapy was initiated and continued until the catheter was 
removed. No febrile episodes were seen in 49 subsequent patients. It is 
unclear whether this was related to prophylactic antibiotics, a random 
effect, or more extensive operator experience, with a concomitant 
decrease in procedural time and catheter manipulation.

Bleeding Risk
The risk of bleeding from the pericardiotomy site appears to be 
increased in patients with platelet or coagulation abnormalities. For 
this reason, we do not recommend performing PBP on patients with 
uremic pericardial effusions or when coagulation parameters cannot 
be normalized (i.e., refractory coagulopathy or thrombocytopenia). In 
patients at high risk for bleeding, a surgical procedure under direct 
visualization may be safer.

Fluoroscopic Guidance
Attempts to guide balloon placement by transthoracic or transesopha-
geal echocardiography have been disappointing. Although the dilating 
balloon can be visualized, it is not possible to distinguish proper place-
ment (with a discrete waist) from entrapment of the proximal balloon 
in the soft tissues and ineffective pericardial dilation. We have found 
fluoroscopic guidance to be particularly essential to the countertrac-
tion technique and think it should be mandatory for PBP.26

Risks of Cardiac and Pulmonary Injury
Because PBP is not performed until successful access to the pericardial 
space is obtained and the guidewire is seen to be freely looping within 
the pericardium, the risks of cardiac injury are usually small. If the 
right ventricle is inadvertently entered and the balloon advanced, the 
results may be catastrophic. For this reason, PBP should be performed 
only by operators who have extensive experience with pericardiocen-
tesis. In the emergency setting, it may be prudent to stabilize the 
patient with pericardiocentesis and leave a catheter in place for elective 
PBP under more controlled conditions.

Pleural Effusion
Development of a large pleural effusion after PBP is a significant 
concern. A left pleural effusion develops in most patients within 24 to 
48 hours of the procedure (Fig. 56-7). In most cases, the pleural effu-
sion resolves, presumably because of the greater resorptive capacity of 
the pleural surfaces.

Thoracentesis or chest tube placement was required in 15% of 
patients with preexisting pleural effusions, compared with 9% of those 
without preexisting pleural effusions in the multicenter PBP registry. 
It is likely that some patients have a large volume of fluid flow from 
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FIGURE 56-8	 A,	Pericardial	bioptome	with	a	center	needle	and	aggressive	serrated-jaw	configuration.	B,	Percutaneous	pericardial	biopsy	specimen	
from	a	patient	with	newly	diagnosed	lung	cancer.	It	contains	sheets	of	squamous	cell	carcinoma.	Malignant	cells	are	seen	trapped	in	the	fibrin	of	
the	inflammatory	exudate.	(From	Ziskind	AA,	Rodriguez	S,	Lemmon	C,	Burstein	S:	Percutaneous	pericardial	biopsy	as	an	adjunctive	technique	for	
the	diagnosis	of	pericardial	disease.	Am	J	Cardiol	74:288-291,	1994.)

A B

FIGURE 56-7	 Posteroanterior	chest	radiographs.	A,	At	admission,	the	radiograph	shows	an	enlarged	cardiac	silhouette.	B,	At	24	hours	after	per-
cutaneous	balloon	pericardiotomy,	a	new	left	pleural	effusion	is	seen.	C,	One	month	later,	complete	resolution	of	the	left	pleural	effusion	is	apparent.	
(From	 Palacios	 IF,	 Tuzcu	 EM,	 Ziskind	 AA,	 et	al:	 Percutaneous	 balloon	 pericardial	 window	 for	 patients	 with	 malignant	 pericardial	 effusion	 and	
tamponade.	Cathet	Cardiovasc	Diagn	22:244-249,	1991.)
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arrhythmias, such as supraventricular tachycardias and idiopathic ven-
tricular tachycardia, also possess epicardial foci that cannot be ablated 
except from the epicardium.

Catheter-based intervention techniques in the pericardial space 
gained momentum after invasive cardiologists realized that pericardial 
fluid is not a prerequisite for a safe percutaneous entry into the peri-
cardial space. Sosa and colleagues48 were the first to show that the 
pericardial space can be safely entered with a blunt-tipped needle using 
a subxiphoid approach under fluoroscopic guidance. In their seminal 
work in 1996 in patients with Chagas disease,48 they advanced an epi-
dural needle toward the right ventricular apex until a slight negative 
pressure was felt, and they confirmed the needle position by small 
injections of contrast to delineate the cardiac silhouette. They estab-
lished the feasibility and safety of epicardial mapping in patients with 
Chagas disease and recurrent ventricular tachycardia, one of whom 
underwent a successful epicardial circuit ablation.48

Epicardial mapping and ablation were subsequently adopted by 
several interventional electrophysiologists.49 Sosa and colleagues50 per-
formed epicardial mapping to guide endocardial and epicardial abla-
tion in a series of 10 consecutive patients with ventricular tachycardia 
and Chagas disease. Epicardial mapping in that study enabled the 
detection of an epicardial circuit in 14 of 18 mappable ventricular 
tachycardias and helped guide endocardial ablation in four patients 
and epicardial ablation in six. The same approach was also attempted 
successfully in patients with recurrent ventricular tachycardia after 
myocardial infarction, demonstrating that postinfarction pericardial 
adherence does not preclude epicardial mapping and ablation.51

It has since become clear that failure of endocardial ablation can 
reflect an epicardial arrhythmic substrate, which can be safely treated 
by epicardial mapping and ablation using the percutaneous pericardial 
technique. In one series of 48 patients with prior unsuccessful endo-
cardial ablation, Schweikert and colleagues52 showed that epicardial 
instrumentation and ablation provided a safe and effective alternative 
strategy.

Laham and colleagues53 subsequently confirmed the safety of sub-
xiphoid access of the normal pericardium in a large animal model, 
using fluoroscopic guidance and continuous positive pressure of 20 to 
30 mm Hg (achieved by saline infusion using an intraflow system) to 
push the right ventricle away from the needle’s path. Access to the 
pericardial space was achieved in all 49 Yorkshire pigs with no adverse 
events, and histologic examination of 15 animals 1 month after the 
procedure showed no evidence of myocardial damage.53 Many invasive 
cardiologists argue that needle advancement under continuous posi-
tive pressure by saline infusion may not be necessary for a successful 
technique.

In addition to the subxiphoid approach for pericardial puncture 
(i.e., from the epicardial surface of the heart), other investigational 
approaches have been studied. Mickelsen and colleagues examined 

used for the treatment of pericardial effusions caused by viral infection, 
HIV-related disease, hypothyroidism, collagen vascular disease, and 
idiopathic effusions. PBP was reported with favorable results in a series 
of pediatric patients with nonmalignant effusions.45 Additional long-
term follow-up is needed on larger numbers of patients to clarify the 
role of this procedure in nonmalignant pericardial disease.

The application of PBP to patients with malignant pericardial 
disease is likely to increase in the future. It may expand to the treatment 
of patients without malignancy,45 especially those with limited survival 
time (e.g., advanced HIV infection). PBP procedures need not be 
limited to tertiary care hospitals, although they should be performed 
in centers that routinely perform pericardiocentesis procedures. The 
infrequency of effusive pericardial disease and the larger number of 
patients required limit the feasibility of randomized studies to compare 
the effectiveness of various treatment strategies.

Vaitkus and colleagues performed a meta-analysis of prior studies 
in which treatment of malignant pericardial effusions was defined as 
successful if the patient survived the procedure, the symptoms did not 
recur, and no other interventions directed at the pericardium were 
required regardless of the length of survival.46 Success rates for the 
various treatments are shown in Figure 56-9. Because no randomized 
data are available comparing the efficacy of PBP with that of a surgical 
or thoracoscopic pericardial window or with catheter drainage and 
sclerotherapy, the combined use of PBP with sclerotherapy has not 
been done.

NOVEL CATHETER-BASED INTERVENTIONS IN THE 
PERICARDIAL SPACE

The use of percutaneous intervention techniques in the pericardial 
space has been progressively increasing and now encompasses multiple 
disciplines in cardiology. Many factors contributed to the emergence 
of these techniques. Epicardial catheter mapping and ablation in the 
electrophysiology laboratory have opened a new horizon in cardiac 
electrophysiology, which was previously limited largely to the operat-
ing room. The pericardial space has been recognized as a natural drug 
receptacle that can restrict drug delivery to the heart, with many inves-
tigators attempting to exploit it as a reservoir to deliver therapeutic 
substances.47 There has been an increasing need to replace the standard 
pericardiocentesis procedure with a safer technique, particularly in 
patients with small pericardial effusions who are at high risk for 
complications.

Epicardial Mapping and Ablation
Epicardial scar-related reentry has been recognized as an important 
cause of ventricular tachycardia, especially in patients with nonisch-
emic cardiomyopathy. Other infrequent but clinically significant 

FIGURE 56-9	 Success	 rates	 with	 95%	 confidence	
intervals	 (bars)	 for	 various	 treatment	 modalities	 for	
malignant	pericardial	effusions.	(From	Vaitkus	PT,	Her-
rmann	 HC,	 Le	 Winter	 MM:	 Treatment	 of	 malignant	
pericardial	effusion.	JAMA	272:272,	1994.)
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procedure and therefore avoided instilling air into the pericardial 
cavity.25 Selig and colleagues described a modified PPB technique using 
echocardiographic guidance without fluoroscopy.60

Palacios and coworkers reported a case series of seven patients with 
pericardial effusion undergoing PPB.61 After complete drainage of the 
pericardial fluid under fluoroscopic and ECG guidance and using the 
subxiphoid approach, Palacios and colleagues exchanged the 5-Fr 
drainage pigtail catheter for an 8-Fr, 23-cm Arrow braided sheath and 
subsequently passed a 7-Fr BiPal biopsy forceps (Cordis, Johnson and 
Johnson, Bridgewater, NJ) through the sheath and away from the 
cardiac shadow to the lateral pericardial wall (Fig. 56-10). They 
obtained a total of five biopsy specimens per patient with no complica-
tions and demonstrated that pericardial biopsy added incremental 
diagnostic value to the analysis of pericardial fluid alone. In their case 
series, PPB confirmed the absence of malignant invasion in four 
patients with neoplastic disease and lymphocytic and organizing effu-
sive pericarditis in one and two patients, respectively.61

In summary, the PPB technique is safe and feasible in the cardiac 
catheterization laboratory. It is less invasive than surgical biopsy, can 
be easily modified to obtain tissue samples from pericardial masses, 
and has increased the diagnostic yield of pericardiocentesis and peri-
cardial fluid analysis. One clinical scenario in which PPB may prove 
to be of particular importance is in the setting of tuberculous pericar-
dial effusion because Mycobacterium tuberculosis is rarely cultured and 
a positive acid-fast stain is infrequently obtained from the pericardial 
fluid, which makes tuberculosis, unlike malignant pericarditis, a com-
monly missed diagnosis without the technique of PPB.

Pericardioscopy
Seferovic and associates62 reported their experience with the use of 
pericardioscopy to assist pericardial biopsy and demonstrated the 
diagnostic value of pericardial biopsy to be significantly improved by 
pericardioscopy-guided extensive sampling. Their study included 49 
patients with large pericardial effusions undergoing parietal pericardial 
biopsy. In 12 patients (group 1), pericardial biopsy was guided by fluo-
roscopy and obtained three to six samples per patient. In 22 patients 
(group 2), four to six pericardial biopsies per patient were obtained by 
pericardioscopic guidance using a 16-Fr flexible endoscope. In group 
3, extensive pericardial sampling (18 to 20 samples per patient) was 
performed, guided by pericardioscopy in 15 patients.

Sampling efficiency was better with pericardioscopy (group 2, 
84.9%; group 3, 84.2%) compared with fluoroscopic guidance (group 

transvenous access to the pericardial space for epicardial lead implan-
tation for cardiac resynchronization therapy.54 This approach was fea-
sible in eight pigs, which underwent puncture of the terminal anterior 
superior vena cava or the right atrial appendage to access the pericar-
dial space. However, it resulted in a hemodynamically significant peri-
cardial effusion in four of the eight animals.54

Intrapericardial Echocardiography
Intrapericardial echocardiography is being investigated at the Massa-
chusetts General Hospital55 and is another example of a promising 
catheter-based technique in the pericardial space. Rodrigues and 
coworkers55 introduced phased-array ultrasound transducers into the 
pericardial space of seven goats with 10-Fr steerable catheters advanced 
using the transthoracic subxiphoid approach. They obtained detailed 
imaging of cardiac structures. This promising approach may help 
establish the relative positions of the ablation catheters and may facili-
tate epicardial ablation in the electrophysiology laboratory.

Several devices are being studied for safe and effective percutaneous 
access to the pericardial space. An example is the PerDUCER (Come-
dicus, Columbia Heights, MN), which provided efficient, safe, and 
effective pericardial access in the normal or minimally abnormal peri-
cardial space.56,57

Percutaneous Pericardial Biopsy
PPB was described in 1988 by Endrys and colleagues,58 who reported 
a series of 18 patients undergoing pericardial biopsy using an endo-
myocardial bioptome inserted through an 8-Fr, 4 0-cm Teflon sheath 
with a curved tip and multiple side holes.58 Endrys and colleagues 
allowed air to enter the pericardium to delineate the visceral and pari-
etal pericardial layers, and they obtained an average of eight samples 
per patient with no complications. They therefore showed that PPB 
could be safely performed using conventional invasive cardiology 
techniques.58

Because the floppy nature of the bioptome made it difficult to direct 
it to the appropriate site in the pericardial cavity, a modified technique 
using the distal portion of a 9-Fr, right Judkins coronary guiding cath-
eter was adopted to target pericardial biopsy sites.59 Ziskind and col-
leagues subsequently used a special pericardial bioptome with a central 
needle and serrated jaws to perform pericardial biopsy.25 They also 
maintained separation of the visceral-pericardial layer by avoiding 
complete evacuation of pericardial fluid at the beginning of the 

FIGURE 56-10	 A,	Contrast	injection	through	an	Arrow	braided	sheath	confirms	the	intrapericardial	location.	B,	A	biopsy	is	obtained	through	a	7-Fr	
BiPal	catheter	passed	through	the	sheath	and	away	from	the	cardiac	shadow	into	the	lateral	pericardial	wall.	
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LAA, over which the Lariat snare is advanced and closed at the mouth 
of the LAA using transesophageal echocardiography and fluoroscopic 
guidance. The preloaded suture is released from the snare and tight-
ened with the suture-tensioning device. The snare is removed, and the 
suture is cut using a suture cutter. The pericardial sheath is exchanged 
for a drain, which is left in place for at least 4 to 6 hours or more if 
needed.

Price and colleagues64 reported the results of the multicenter U.S. 
registry inclusive of 154 consecutive patients undergoing LAA ligation 
with the Lariat device at eight sites. Device success was achieved in 
94% of patients, with an 86% procedural success rate and 10% major 
complication rate. Significant pericardial effusion occurred in 16 
patients (10.4%) after the procedure.

CONCLUSIONS
Pericardial effusion is caused by myriad conditions and can complicate 
acute pericarditis and chronic effusive constrictive pericarditis or  
result in acute cardiac tamponade (Fig. 56-11). Pericardiocentesis  
(Fig. 56-12) serves as a diagnostic and therapeutic modality in patients 
with pericardial effusions. PBP is an effective therapy for recurrent, 

1, 43.7%; P < .01). Pericardial biopsy in group 3 had higher diagnostic 
value than in group 1 for revealing a new diagnosis (40% vs. 8.3%,  
P < .05) or establishing the cause (53.3% vs. 8.3%, P < .05). For group 
2, pericardial biopsy had a higher yield in establishing the cause than 
for group 1 (40.9% vs. 8.3%; P < .05). No major complications were 
observed in their study.

Percutaneous Left Atrial Appendage Suture Ligation
Percutaneous left atrial appendage (LAA) suture ligation is an alterna-
tive to oral anticoagulation for stroke prevention in patients with atrial 
fibrillation. The Lariat procedure63 to percutaneously close the LAA 
depends on the ability of the operator to safely access and work in the 
pericardial space in a patient who usually has no pericardial effusion. 
It is performed in patients who have suitable LAA anatomy amenable 
to Lariat ligation.

A13.5-Fr soft-tipped sheath is introduced into the pericardial space, 
and a transseptal puncture is performed by means of the femoral vein 
by standard techniques. A magnet-tipped, 0.025-inch guidewire is 
advanced into the anterior aspect of the LAA. A magnet-tipped, 0.035-
inch wire is then advanced into the pericardium through the pericar-
dial sheath to form a connection with the magnet-tipped wire in the 

FIGURE 56-11	 A,	Parasternal	long-axis	view	shows	a	large	pericardial	effusion	located	predominantly	posteriorly	and	adjacent	to	a	tumor	mass	
in	a	patient	diagnosed	with	 lung	cancer.	The	 left	atrium	appears	very	small	due	 to	extrinsic	compression	by	 the	 tumor.	B,	M-mode	view	of	 the	
pericardial	effusion	measuring	4.2	cm	in	its	maximal	diameter.	C,	Marked	respiratory	variation	in	the	inflow	velocities	across	the	tricuspid	valve	
suggests	 increased	 intrapericardial	pressure.	D,	Marked	 respiratory	variation	 in	mitral	 inflow	E	velocities	 (>25%)	suggests	cardiac	 tamponade.	
IVS,	 Interventricular	septum;	LA,	 left	atrium;	LV,	 left	ventricle;	LVPW,	 left	ventricular	posterior	wall;	MV,	mitral	valve;	PE,	pericardial	effusion;	RV,	
right	ventricle.	
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epicardial mapping and ablation, intrapericardial delivery of therapies, 
intrapericardial echocardiography, pericardioscopy-guided biopsy, 
and percutaneous LAA suture ligation.

free-flowing, and hemodynamically significant pericardial effusions, 
especially those associated with neoplastic disease.

Catheter-based diagnostic and interventional techniques in the 
pericardial space have become increasingly common and include 

FIGURE 56-12	 A,	The	pericardial	space	 is	accessed	by	 the	subxiphoid	approach	using	a	micropuncture	kit	 in	a	patient	with	a	 large	pericardial	
effusion.	 Injection	of	 iodinated	contrast	material	 into	 the	pericardial	space	confirmed	 intrapericardial	 location.	Subsequent	 transthoracic	echocar-
diogram	imaging	with	a	bubble	study	further	confirmed	pericardial	access.	B,	A	0.035-inch	guidewire	is	positioned	in	the	pericardial	space,	over	
which	a	draining	catheter	is	subsequently	advanced	to	evacuate	the	effusion	(Video	56-1).	
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This chapter summarizes the current state of the art of transcatheter 
therapy for structural congenital heart disease (CHD). It discusses 

catheter-based therapies that are available for some of the more 
common congenital defects, including semilunar valve stenosis, pul-
monary artery (PA) stenosis, coarctation of the aorta, secundum atrial 
septal defect (ASD), and patent ductus arteriosus (PDA). New develop-
ments in transcatheter pulmonary valve replacement (TPVR) are also 
reviewed.

Percutaneous balloon valvuloplasty provides effective treatment in 
patients with congenital pulmonary or aortic valve stenosis. Surgical 
valvotomy for congenital semilunar valve stenosis has been replaced 
by these interventional catheterization techniques in most pediatric 
centers. Balloon-expandable stenting is standard therapy for most 
patients with PA stenosis. These arterial lesions often are elastic in 
nature—a characteristic that makes balloon angioplasty alone a less 
successful intervention. Coarctation stenting is an effective therapeutic 
intervention for selected patients with coarctation of the aorta. Trans-
catheter occlusion devices provide a safe, highly effective therapy for a 
secundum ASD or a PDA and constitute the treatment of choice for 
these defects. Finally, TPVR is now routine therapy for selected patients 
with a dysfunctional right ventricle–to–pulmonary artery (RV-PA) 
conduit or bioprosthetic pulmonary valve (BPV); this remarkable new 
intervention can replace reoperation and is therefore an important 
therapeutic option for many patients.

PULMONARY BALLOON VALVULOPLASTY
Pulmonary valve stenosis is a common disorder, accounting for 
approximately 8% of congenital cardiac defects.1 Except for neonates 
with critical pulmonary stenosis, patients with untreated pulmonary 
valve stenosis often survive well into adulthood.2 However, when more 
than mild obstruction to right ventricular (RV) outflow is present, 

pulmonary valve stenosis should be relieved to prevent progression of 
obstruction,3 RV hypertrophy, myocardial fibrosis, and dysfunction. 
Left untreated, significant pulmonary valve stenosis eventually pro-
duces clinical symptoms such as fatigue, dyspnea, and exercise intoler-
ance. These long-term sequelae can be avoided if pulmonary valve 
stenosis is treated in childhood. Nevertheless, treatment is indicated at 
any age if hemodynamically significant pulmonary stenosis is docu-
mented. Since its introduction in 1982 by Kan and associates,4 percu-
taneous balloon valvuloplasty has been shown to provide substantial 
relief of right ventricular outflow tract (RVOT) obstruction in patients 
with valvular pulmonary stenosis. Balloon pulmonary valvuloplasty 
can be performed safely and is minimally invasive. It is therefore 
regarded as the treatment of choice for patients with moderate to 
severe isolated pulmonary valve stenosis.

In congenital pulmonary valve stenosis, the valve leaflets are thick-
ened and the commissures are fused to varying degrees. The lines of 
commissural fusion may appear as two or three raphes extending from 
the valve annulus to a small central orifice.5 During childhood and 
young adulthood, the pulmonary valve leaflets are typically supple, 
doming upward during systole (Fig. 57-1). In older adults, pulmonary 
valve calcification may occur and may lead to diminished leaflet mobil-
ity. A less common form of pulmonary stenosis has been referred to 
as pulmonary valve dysplasia or dysplastic pulmonary valve syndrome.5,6 
It often occurs as a familial trait or as part of Noonan syndrome. A 
dysplastic pulmonary valve is characterized by thick, cartilaginous 
valve leaflets with poor mobility. The pulmonary valve annulus is often 
hypoplastic, and there may be little or no commissural fusion.

In isolated pulmonary valve stenosis, balloon dilation reduces the 
degree of valvular obstruction by separating fused commissures or by 
tearing the valve leaflets themselves.7,8 Patients with severe pulmonary 
valve dysplasia with hypoplasia of the annulus and absence of commis-
sural fusion may have minimal improvement after balloon valvulo-
plasty.9 However, because a spectrum of pulmonary valve dysplasia 
exists, some patients with this disorder may derive substantial benefit 
from the balloon valvuloplasty procedure.10

Indications for Intervention
In contrast to balloon aortic valvuloplasty, the indications for inter-
vention in balloon pulmonary valvuloplasty have been relatively con-
stant over time and closely correlate with the surgical indications for 
valvuloplasty. Additionally, the peak instantaneous pressure gradients 
measured by echocardiography correlate more closely with resting 
peak systolic gradients in the catheterization laboratory. For this 
reason, most physicians refer patients for catheterization and balloon 
valvuloplasty once the echocardiographic peak instantaneous pressure 
gradient is 40 mm Hg or higher or symptoms develop. The current 
recommendations for performing balloon pulmonary valvuloplasty 
are as follows11:

• Critical pulmonary stenosis, defined as pulmonary stenosis in a 
cyanotic infant requiring a PDA to provide adequate pulmonary 
blood flow

• Resting catheterization peak systolic ejection gradient or echo-
cardiographic peak instantaneous pressure gradient 40 mm Hg 
or greater

• Resting catheterization or echocardiographic gradient less than 
40 mm Hg in the setting of RV dysfunction or symptoms
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•	 Catheter-based	therapies	are	available	for	a	wide	variety	of	
congenital	structural	cardiovascular	defects.

•	 Balloon	dilation	provides	relief	of	obstruction	for	patients	with	
congenital	pulmonary	or	aortic	valve	stenosis.	This	therapy	may	
not	be	adequate	if	the	valve	is	hypoplastic	or	calcified.

•	 Congenital	pulmonary	artery	stenosis	can	be	effectively	relieved	
with	balloon-expandable	stents;	late	stent	redilation	may	be	
necessary	in	a	growing	child.

•	 Coarctation	of	the	aorta	can	be	treated	with	balloon-expandable	
stenting;	covered	stents	may	provide	an	important	safety	
advantage	for	older	patients	with	a	fragile	aorta.

•	 Transcatheter	occlusion	devices	are	available	to	safely	and	
effectively	treat	a	secundum-type	arterial	septal	defect	or	a	patent	
ductus	arteriosus.

•	 Transcatheter	pulmonary	valve	replacement	is	effective	therapy	in	
patients	who	have	a	dysfunctional	right	ventricle–to–pulmonary	
artery	conduit	or	a	bioprosthetic	pulmonary	valve,	as	in	
postoperative	tetralogy	of	Fallot.
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valve and positioned with the valve at the midportion of the balloon. 
Partial balloon inflation, with a mixture of saline and contrast, is 
helpful to determine the precise location of the valve on the balloon. 
Care should be taken to avoid inflating the balloon across the tricuspid 
valve, which can result in tricuspid valve injury.

The valvuloplasty balloon or balloons are then inflated by hand 
until the waist produced by the valve on the balloon disappears. The 
period of balloon inflation is kept as brief as possible to minimize 
obstruction to RV outflow. Typically, three or four balloon inflations 
are performed with minor adjustments in balloon position to ensure 
adequate dilation of the pulmonary valve. After the dilation is com-
pleted, the valvuloplasty catheter is withdrawn and replaced with a 
diagnostic catheter. The residual RVOT gradient and cardiac output 
are measured to document the effectiveness of the procedure. A repeat 
RV angiogram may be performed if necessary to document the degree 
of subvalvular infundibular narrowing (which may be increased imme-
diately after valvuloplasty) present at this point (Fig. 57-3).

Infants
Newborns and infants with critical pulmonary stenosis or atresia are 
frequently critically ill and hypoxemic (because of a right-to-left atrial 
shunt) and may have associated hypoplasia of the RV and tricuspid 
valve (Fig. 57-4). Because of these factors, in addition to the presence 
of severe RVOT obstruction, it is a technical challenge to successfully 
catheterize the PA and properly position a valvuloplasty balloon across 
the RVOT in these infants.14-18 In infants with critical pulmonary ste-
nosis, we prefer to perform the procedure with the child receiving 
prostaglandin E1 infusion, for three reasons: first, the infant is in a more 
stable hemodynamic state during the procedure; second, a left-to-right 
ductal shunt maintains pulmonary blood flow during balloon occlu-
sion of the RVOT; and third, the presence of a PDA allows the exchange 
guidewire to be positioned across the pulmonary valve and into the 
descending aorta, a course that facilitates catheter exchanges and sub-
sequent valve dilation.

Acute Results
In patients with isolated pulmonary valve stenosis, percutaneous 
balloon valvuloplasty can be expected to provide excellent relief of 
obstruction (Fig. 57-5). Numerous studies have clearly documented 
significant acute reduction in the peak systolic pulmonary valve  
gradient to 30 mm Hg or less (i.e., mild residual stenosis). In their 
landmark 1982 report, Kan and colleagues reported the acute effects 

For patients with a dysplastic pulmonary valve who meet these criteria, 
balloon valvuloplasty is an acceptable option, although the results may 
not be satisfactory, as discussed later.

Other indications for balloon pulmonary valvuloplasty, which are 
not discussed in this text, include treatment for pulmonary atresia with 
an intact ventricular septum but without RV-dependent coronary cir-
culation and as a palliative procedure for patients with cyanotic CHD 
associated with pulmonary stenosis (e.g., tetralogy of Fallot [TOF]).

Technique
Balloon pulmonary valvuloplasty is usually performed with a percuta-
neous transfemoral venous approach. Right heart catheterization doc-
uments the severity of the lesion. RV angiocardiography is performed 
to confirm the nature of the lesion and to measure the diameter of the 
pulmonary valve annulus. Typically, the lateral projection is best suited 
to this purpose. Once the decision is made to proceed with valvulo-
plasty, an end-hole catheter is advanced to the left PA. The left PA 
provides better wire and balloon stability than a right PA position. We 
recommend crossing the tricuspid valve with a balloon-tipped cathe-
ter, whenever possible. This helps to prevent positioning of the catheter 
and wire between tricuspid valve cords and lowers the risk of tricuspid 
valve injury during balloon valvuloplasty. An exchange-length guide-
wire is advanced to the distal left PA, and the end-hole catheter is 
removed. The balloon valvuloplasty catheter is then inserted over the 
exchange wire. A balloon valvuloplasty catheter is used whose inflated 
balloon diameter is approximately 15% to 25% larger than the pulmo-
nary valve annulus diameter. Balloon oversizing improves valvulo-
plasty effectiveness, and injury to the pulmonary valve annulus is 
unlikely when balloons smaller than 140% of the annulus’s diameter 
are used.12,13

If the pulmonary valve annulus exceeds 25 mm or if the single-
balloon catheter required is too large for safe introduction into a 
patient’s femoral vein, we recommend a double-balloon technique, 
with two balloons positioned across the valve and inflated simultane-
ously (Fig. 57-2). The effective dilating diameter of two equal-sized 
balloons can be calculated based on cross-sectional area or on circum-
ference. The sum of the balloon diameters by the circumference 
method is 120% of the equivalent single-balloon diameters, and by the 
area method it is 130%. Therefore the operator first selects the optimal 
single-balloon size, multiplies this diameter by 1.2 or 1.3, and then 
selects two balloons whose diameters are half of that product. Once 
inserted, the balloon valvuloplasty catheter is advanced across the 

FIGURE 57-1	 Lateral	 right	 ventricular	angiogram	 in	a	child	with	con-
genital	pulmonary	valve	stenosis.	The	valve	is	thickened	and	domed	in	
systole.	There	is	poststenotic	dilation	of	the	main	pulmonary	artery.	

FIGURE 57-2	 Double-balloon	pulmonary	valve	dilation	in	a	child	with	
pulmonary	valve	stenosis.	Two	balloons	may	be	used	if	a	single-balloon	
catheter	requires	a	sheath	that	is	thought	to	be	too	large	for	the	child’s	
femoral	vein	or	if	the	valve	annulus	is	too	large	for	a	single	balloon.	
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dysplastic pulmonary valve. The Pediatric Valvuloplasty Registry 
described five major complications (0.6%), primarily confined to 
infancy. There were two procedure-related deaths (0.2%), and in one 
neonate RVOT perforation and tamponade occurred. Two children 
developed severe tricuspid regurgitation related to injury to the tricus-
pid valve apparatus. Minor complications included femoral venous 
thrombosis, hemorrhage, and transient arrhythmias.

Several other studies have shown similar results, including data 
from the Congenital Cardiac Catheterization Outcomes Project 
(C3PO),23 which included 211 cases from eight institutions between 
2007 and 2010. The overall procedural success rate was 91% with 88% 
of patients obtaining a reduction in the valve gradient to less than 
25 mm Hg. The independent risk factors for procedural failure on 
multivariate analysis were the presence of supravalvular stenosis and 
evidence of a dysplastic pulmonary valve. Only one patient had a life-
threatening adverse event (ventricular fibrillation). Although the 
overall rate of adverse events was 12%, most of these were mild; only 
3% of patients experienced a more severe adverse event. An important 
finding of this study was that 6% of neonates and 2% of adults required 
reintervention.

Adults
Several reports have described the successful application of percutane-
ous balloon valvuloplasty for treatment of adults with pulmonary valve 
stenosis.20,22,25-36 Table 57-1 summarizes the pertinent clinical and 
hemodynamic data from 14 publications describing the acute results 
of pulmonary valvuloplasty in adolescents and adults. Pulmonary val-
vuloplasty has been performed successfully in patients as old as 84 
years. In most published cases, a single-balloon technique has been 
used. When a 20- to 25-mm-diameter balloon was insufficient, 
however, the double-balloon technique has often been necessary.

In these reports, balloon valvuloplasty acutely reduced the peak 
systolic gradient by 60% to 65%, from a range of 53 to 260 mm Hg 
before the procedure to 2 to 90 mm Hg after valvuloplasty. In most 
cases, the peak systolic gradient immediately after valvuloplasty was in 
the mild range (20 to 40 mm Hg). In one report, there was a significant 
improvement in New York Heart Association (NYHA) classification in 
adults 30 days after valvuloplasty.36 Therefore the available data clearly 
indicate that percutaneous balloon valvuloplasty provides effective 
therapy in adults as well as in children with congenital pulmonary 
valve stenosis. Balloon valvuloplasty appears to be effective even in the 
oldest patients, in whom valve calcification may be present.25

of valvuloplasty in an 8-year-old child with pulmonary stenosis.4 The 
procedure decreased the peak gradient from 48 to 14 mm Hg and was 
performed without significant complications. Other studies have con-
firmed this initial observation that valvuloplasty provides impressive 
gradient relief acutely.12,14-16,19-24

The largest published clinical series of balloon pulmonary valvulo-
plasty was reported by the Pediatric Valvuloplasty Registry.19 This reg-
istry reported the acute results of pulmonary valvuloplasty performed 
in 784 patients between 1981 and 1986. Overall, balloon dilation 
resulted in an acute decrease in the peak systolic pressure gradient 
from 71 to 28 mm Hg. The residual pressure gradients immediately 
after valvuloplasty were ascribed in part to subvalvular infundibular 
obstruction related to RV hypertrophy. Effectiveness of the procedure 
was not related to age (the series included 35 adults older than 21 
years), but a larger residual gradient was observed in patients with a 

FIGURE 57-3	 Lateral	right	ventricular	angiogram	before	(A)	and	immediately	after	(B)	valvuloplasty	in	an	infant	with	pulmonary	stenosis.	There	is	
marked	systolic	narrowing	of	the	right	ventricular	infundibulum	after	valvuloplasty	that	was	not	present	before	the	procedure.	Such	dynamic	infun-
dibular	narrowing	may	account	for	some	residual	gradient	that	may	be	measured	immediately	after	the	procedure	and	typically	improves	with	time.	

A B

FIGURE 57-4	 Anteroposterior	right	ventricular	angiogram	in	a	newborn	
with	 pulmonary	 valve	 atresia	 and	 right	 ventricular	 hypoplasia.	 The		
right	 ventricle	 is	 small,	 and	 its	 outflow	 tract	 is	 evident	 immediately	
beneath	the	imperforate	pulmonary	valve.	There	was	significant	tricus-
pid	regurgitation.	
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these patients.41 In a study we performed comparing patients under-
going balloon valvuloplasty to an age-matched cohort of surgical 
patients,39 although the residual gradient was slightly less after sur-
gery (16 vs. 24 mm Hg, respectively; P = .01), the surgical group had 
significantly more pulmonary valve insufficiency and late ventricular 
arrhythmias.

In one study,40 mild or moderate pulmonary regurgitation was asso-
ciated with impaired exercise capacity, specifically lower peak oxygen 
consumption, when compared with lesser amounts of regurgitation 
(85% ± 17% vs. 96% ± 16% of predicted; P = .03). In the same study, 
RV dilation (end-diastolic volume z-score >2) was present in 40% of 
the study group, and the indexed end-diastolic volume of the RV cor-
related with the pulmonary regurgitation fraction (R = .79; P < .001). 
These results suggest that relatively modest amounts of pulmonary 
regurgitation may result in long-term RV dilation and reduced exercise 
tolerance. Alternatively, these results may simply reflect the severe 
nature of the pulmonary stenosis in these patients before intervention 
and the aggressive balloon dilation procedures required: median age 
at intervention was 0.2 years; median RV-to-aorta pressure ratio was 

Long-Term Results
Long-term studies of balloon pulmonary valvuloplasty have confirmed 
that the benefits of this procedure are durable and comparable to the 
results of surgical valvotomy.24,37-41 In several studies, the degree of 
residual stenosis remained low (<40 mm Hg, below the current indica-
tions for intervention).24,37-39,41 In the Pediatric Valvuloplasty Registry, 
16% of patients required reintervention with either repeat valvulo-
plasty or surgical valvotomy during a follow-up period of 8.7 years.38 
Independent risk factors for a suboptimal late outcome included small 
valve annulus diameter, higher early residual gradient, smaller ratio of 
balloon-to-annulus diameter, and earlier year at initial intervention. 
This is similar to what we have found in our own long-term follow-up 
data.39

Pulmonary insufficiency, typically mild to moderate, is a com-
mon late complication of balloon pulmonary valvuloplasty.24,40-41 
Resultant RV dilation correlates with the degree of pulmonary 
insufficiency.40-41 However, pulmonary valve replacement, even in 
patients who develop RV dilation, has typically not been required for 

FIGURE 57-5	 Simultaneous	right	ventricular	(RV)	and	pulmonary	artery	(PA)	pressure	 recordings	before	and	 immediately	after	pulmonary	valve	
dilation	in	a	15-month-old	boy	with	severe	pulmonary	stenosis.	The	right	ventricular	systolic	pressure	was	reduced	from	86	to	36	mm	Hg.	The	
pulmonary	valve	systolic	gradient	decreased	from	66	to	20	mm	Hg	(pressure	recordings	were	made	on	the	same	scale).	
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TABLE 57-1 Summary of Published Reports of Pulmonary Valvuloplasty in Adults

Study (Author) No. of Patients Age Range (yr) Balloon Technique

PEAK SYSTOLIC GRADIENT 
(mm Hg)

Before After

Tentolouris25 1 84 Double 70 34

Herrmann26 8 23-66 Single 66 22

Sherman27 4 48-67 Single	(3)
Double	(1)

109 38

Al	Kasab22 12 21-37 Double 86 28

Fawzy28 8 21-45 Double 107 36

Flugelman29 1 62 Single 260 90

Presbitero30 3 21-45 Single 130 29

Park31 3 24-40 Double 108 51

Cooke32 1 61 Single 105 13

Leisch33 6 21-59 Single 78 38

Shuck34 1 23 Single 30 2

Pepine20 1 59 Single 130 30

Chen35 53 13-55 Single 191 38

Taggart36 40 18-82 Single	(12)
Double	(8)

54 22
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The gradient criteria listed are resting peak systolic gradients measured 
in the catheterization laboratory with the patient sedated. Extrapola-
tion to echocardiogram-derived Doppler peak instantaneous pressure 
gradients or mean gradient is not reliable, especially in the setting of 
aortic insufficiency.46 Additionally, given the impact of general anes-
thesia on systemic blood pressure, resting gradients should be obtained 
under light conscious sedation whenever possible.

Infants
Aortic balloon valvuloplasty is indicated for infants with critical aortic 
stenosis, which is defined as isolated aortic stenosis with either 
depressed LV systolic function or evidence of ductal dependency  
to maintain adequate cardiac output. Infants with critical aortic steno-
sis typically have severe congestive heart failure and shock with pro-
found LV dysfunction (Fig. 57-6). Notably, the gradient across the 
aortic valve does not reflect the degree of aortic stenosis because of 
poor ventricular function and low anterograde flow across the aortic 
valve.

Children and Young Adults
In isolated valvular aortic stenosis, aortic balloon valvuloplasty is indi-
cated in children with either of the following:

• Resting peak systolic gradient 50 mm Hg or higher
• Resting peak systolic gradient 40 mm Hg or higher if there are 

any symptoms (e.g., anginal chest pain, syncope) or ischemic 
changes on either resting or exercise electrocardiography (ECG)

Less well-established indications are:
• Resting peak systolic gradient 40 mm Hg or higher without 

symptoms or ischemic ECG changes in a patient who plans to 
become pregnant or to participate in competitive sports

• Resting peak systolic gradient less than 50 mm Hg in heavily 
sedated or anesthetized patients if the echocardiographically 
derived mean gradient is more than 50 mm Hg

Aortic valvuloplasty is not indicated in patients with a resting peak 
systolic gradient of less than 40 mm Hg who are without symptoms or 
ischemic ECG changes, nor in patients with severe insufficiency who 
have a surgical indication for aortic valve repair or replacement.

110% before valvuloplasty; and median balloon-to-annulus diameter 
ratio was 1.3 (range 1.0 to 2.0).

Late follow-up data, therefore, document excellent long-term 
results after percutaneous pulmonary balloon valvuloplasty and 
support the use of this procedure as the treatment of choice for patients 
with isolated valvular pulmonary stenosis.

Complications
Beyond infancy, percutaneous balloon pulmonary valvuloplasty is a 
very safe procedure. In the Pediatric Valvuloplasty Registry, the only 
two deaths occurred in infants with critical pulmonary stenosis, and 
the single case of perforation and tamponade occurred in an 8-day-old 
neonate.19 Minor complications were primarily related to vascular 
injury or hemorrhage and were also much more common during the 
first 12 months of life. Overall, the Pediatric Valvuloplasty Registry 
reported a 1.2% to 1.8% frequency of major complications and a 4.8% 
frequency of minor complications in 168 infants. In contrast, in 656 
children and adults, the frequency of major complication was 0.8% and 
the frequency of minor complication was 1.7%.

In the C3PO study of 211 balloon pulmonary valvuloplasty proce-
dures in the current era across several institutions,23 the overall adverse 
event rate was 12%, and most of these (79%) were of low severity. 
Again, neonates were more likely to experience adverse events (19% 
vs. 6%). In the overall cohort, the most common type of adverse event 
was transient arrhythmias and conduction abnormalities, which were 
seen in 5% of patients.

There have been no reports of long-term arrhythmias after valvu-
loplasty. Valvuloplasty may cause injury to the femoral vein, especially 
when the procedure is performed in infancy. As discussed earlier, the 
mild pulmonary valve insufficiency commonly seen after pulmonary 
valvuloplasty, while perhaps not entirely benign,40 is rarely of clinical 
importance and may be less severe than after surgical valvotomy.39

Conclusions and Recommendations
Percutaneous balloon pulmonary valvuloplasty is the treatment of 
choice for children and adults with isolated congenital valvular pulmo-
nary stenosis. Valvuloplasty successfully reduces significant RVOT 
obstruction, with a residual gradient that is usually in the trivial to mild 
range (i.e., <30 mm Hg). Follow-up studies have documented long-
term effectiveness, with little restenosis. Late pulmonary insufficiency 
is common and may cause RV dilation, but need for pulmonary valve 
replacement is atypical. Pulmonary valvuloplasty is indicated in neo-
nates with critical pulmonary stenosis and in patients of any age with 
isolated pulmonary valve stenosis whose resting peak systolic pressure 
gradient exceeds 40 mm Hg in the presence of a normal cardiac output.

AORTIC BALLOON VALVULOPLASTY
Aortic valve stenosis accounts for 4% to 6% of all cases of CHD.42 Left 
ventricular (LV) outflow tract obstruction elicits LV hypertrophy and 
myocardial fibrosis, which may eventually lead to LV dysfunction and 
congestive heart failure. Unlike most cases of congenital pulmonary 
valve stenosis, congenital aortic stenosis tends to progress over time.38,43

Successful percutaneous balloon valvuloplasty in children with 
congenital aortic valve stenosis was first reported in 1984 by Lababidi 
and colleagues.44,45 Balloon valvuloplasty typically reduces the LV 
outflow tract obstruction to the mild range, and at most centers, it is 
the treatment of choice for children with congenital aortic stenosis who 
require intervention. In the last 30 years, there have been a few changes 
to the technique but considerable debate on the indications for percu-
taneous intervention.

Indications for Intervention
The current recommended indications for aortic valvuloplasty reflect 
the 2011 scientific statement from the American Heart Association.11 

FIGURE 57-6	 Anteroposterior	 left	 ventricular	 angiogram	 in	a	newborn	
with	critical	aortic	valve	stenosis.	The	aortic	valve	leaflets	are	thickened,	
and	there	is	severe	left	ventricular	dysfunction.	
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to temporarily lower stroke volume.48,49 After valvuloplasty, repeat 
measurements of LV and aortic pressures and aortic root angiography 
are performed to quantify the residual aortic stenosis gradient and 
degree of resultant aortic insufficiency.

Newborn Critical Aortic Stenosis
In newborns with critical aortic stenosis, prostaglandin E1 infusion is 
initiated to maintain patency of the ductus arteriosus and support 
cardiac output. Intravenous inotropic support, and occasionally extra-
corporeal membrane oxygenation support, may be required to stabilize 
the patient before the procedure. Often, a transumbilical approach 
(Fig. 57-8) is used to spare the infant’s femoral artery (which may be 
required for future percutaneous valve dilation procedures).

The carotid artery50 and transvenous antegrade51 approaches have 
also been reported as means to avoid femoral artery injury in small 
infants. The carotid approach can be accomplished by a cut-down 
procedure or by percutaneous access with ultrasound guidance. This 
route provides a relatively direct access to the aortic valve and is espe-
cially useful in low-birth-weight neonates with critical aortic stenosis. 
A single-balloon technique is employed with a single inflation. In 
contrast, McElhinney and colleagues52 reported starting with smaller 
balloons and performing serial dilations with progressively larger bal-
loons until the desired degree of relief was obtained.

Rapid ventricular pacing is not necessary to stabilize the balloon 
during inflation given the depressed LV function. The most challeng-
ing aspect of the procedure is often crossing the aortic valve. Special 
care must be taken to avoid perforation of an aortic valve leaflet (by 
crossing with a very soft wire), because severe aortic insufficiency due 
to leaflet tear is poorly tolerated.

Acute Results
Since its first description, the effectiveness of balloon valvuloplasty in 
children and adolescents with congenital aortic valve stenosis has been 
clearly demonstrated, and the results have proved comparable to those 
of surgical valvotomy.43,47,53-61 The Pediatric Valvuloplasty Registry,53,59 

FIGURE 57-7	 Balloon	dilation	in	a	child	with	severe	aortic	valve	steno-
sis.	The	waist	produced	by	the	valve	annulus	on	the	balloon	is	evident.	
Ventricular	 pressure	 was	 monitored	 throughout	 the	 procedure	 by	 a	
catheter	placed	in	the	left	ventricle	through	a	transseptal	puncture.	

FIGURE 57-8	 Balloon	dilation	in	a	newborn	with	critical	aortic	stenosis	
(same	patient	as	 in	Fig.	57-6).	The	catheter	was	 introduced	 through	
the	umbilical	artery,	 thereby	avoiding	potential	 femoral	artery	injury	in	
a	newborn	with	low	cardiac	output.	

Technique
Percutaneous aortic valvuloplasty is usually performed from a retro-
grade transarterial approach, although the antegrade transseptal 
approach can also be used. In infants, alternative approaches include 
the carotid artery and the umbilical artery (see later discussion). We 
prefer the retrograde approach and use a transseptal catheter for con-
tinuous LV pressure monitoring throughout the procedure. After the 
transseptal puncture is accomplished, heparin is administered to 
increase the activated clotting time (ACT) to approximately 250 to 300 
seconds. The aortic stenosis gradient is measured before angiography 
with simultaneous ventricular and aortic pressure recordings. Alterna-
tively, a single catheter with both end and side holes can be used to 
simultaneously measure the LV and aortic pressures. Aortic root and 
LV angiography are helpful to determine the baseline aortic insuffi-
ciency and measure the aortic valve annulus.

Once the decision has been made to proceed with balloon valvu-
loplasty (see indications described previously), a balloon with the 
proper diameter is chosen. This diameter is based on the aortic valve 
annulus diameter, which can be measured by echocardiography or by 
angiography. Typically, the balloon diameter is 90% to 100% of the 
aortic valve diameter. Unlike pulmonary balloon valvuloplasty, over-
sized balloons are not used for aortic valvuloplasty because they have 
been shown to increase the risk of injury to the aortic valve and 
annulus.47 The single-balloon technique, as opposed to the double- 
balloon technique (which requires two arterial access points) is  
chosen primarily after consideration of the femoral arterial size to 
minimize the risk of femoral arterial injury. In our experience, a 
double-balloon technique is rarely needed until the aortic annulus is 
larger than 25 mm.

The balloon or balloons are inflated until the waist produced on the 
balloon by the valve is relieved (Fig. 57-7). Balloon inflation is kept as 
brief as possible to minimize arterial hypotension during the proce-
dure. To minimize balloon movement during inflation, which has been 
suggested to cause increased aortic insufficiency during valvuloplasty, 
rapid ventricular pacing may be performed via a venous access site  
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by era, surgeon preference, and heterogenous practice variation even 
within institutions.

The effectiveness of balloon dilation, in terms of both acute success 
and long-term freedom from reintervention, likely relates to the under-
lying morphologic substrate.66 If a technically adequate balloon dila-
tion fails to achieve a satisfactory hemodynamic result in a patient with 
congenital aortic valve stenosis, a more complex diagnosis is suggested; 
such patients may be found to have annular hypoplasia or valve leaflet 
calcification. Most congenitally stenotic aortic valves are bicuspid, 
involving a single central or eccentric commissure with a variable 
degree of fusion of its edges. The valve leaflets themselves are thickened 
but are rarely calcified in childhood. In older patients and in children 
with prior valve surgery, the leaflets may calcify, becoming less mobile 
and less amenable to balloon dilation. In congenital aortic valve steno-
sis, as in pulmonary valve stenosis, balloon valvuloplasty reduces the 
degree of stenosis by separating valve leaflets along the lines of com-
missural fusion (Fig. 57-10). In marked contrast, balloon valvuloplasty 
has proved to be much less successful in older patients with calcific 
aortic stenosis.60,67-70 In these patients, the aortic valve stenosis is 
acquired, primarily as a result of calcium deposition within the leaflets, 
and little or no commissural fusion is present.71,72

Based on the Pediatric Valvuloplasty Registry, several other factors 
are associated with suboptimal results during balloon aortic valvulo-
plasty. A suboptimal result is defined as failure to perform the valvu-
loplasty (which occurred in 4.1% of registered patients), an immediate 
residual gradient of 60 mm Hg or more, an LV systolic pressure 
exceeding the aortic systolic pressure by 60% or more, mortality, or 
major morbidity.59 Overall, a suboptimal outcome was reported for 
17% of the 630 valvuloplasty procedures. Independent predictors for a 
suboptimal outcome included age younger than 3 months, a greater 
predilation systolic gradient, a balloon-annulus diameter ratio of less 
than 0.9, the coexistence of an unrepaired coarctation, and earlier year 
of the procedure. The effect of the balloon-annulus diameter ratio has 
been thoroughly evaluated, and the optimal ratio was found to be 
between 0.90 and 0.99. Smaller ratios were associated with an increased 
risk of suboptimal gradient relief. Larger ratios were associated with a 
greater risk of aortic insufficiency after valvuloplasty.

the largest series of balloon aortic valvuloplasty procedures for con-
genital aortic stenosis, reported the acute results of 630 balloon valvu-
loplasty procedures in 606 children (age 1 day to 18 years) at 23 
institutions between 1984 and 1992. The procedure usually produced 
an immediate 60% decrease in peak systolic gradient across the aortic 
valve53 (Fig. 57-9). The mortality rate was 2.4% and was primarily 
limited to newborns; there were no deaths in patients older than 3 
months of age.

Severe aortic regurgitation is uncommon. Vascular complications 
have been limited primarily to neonates and young infants and have 
diminished in recent years with the development of lower-profile 
sheaths and catheters.

Traditionally, a good procedural result was a residual aortic valve 
gradient of 20 to 40 mm Hg47,53-59 with little to no worsening of the 
aortic insufficiency. In single-center series, some degree of aortic insuf-
ficiency is common after aortic balloon valvuloplasty, and several 
studies have shown that the degree of aortic insufficiency, like the 
degree of aortic stenosis, progresses over time.62-65 It is less clear how 
procedural technique (including the use of rapid ventricular pacing) 
and patient selection affect both the occurrence and the progression of 
aortic insufficiency after valvuloplasty.

Long-term follow-up data of 509 and 272 patients who underwent 
valvuloplasty at single institutions revealed relatively high rates of 
aortic reintervention and aortic valve replacement.63,65 In the study by 
Brown and colleagues,63 a very interesting finding was that patients 
with residual gradients less than 35 mm Hg and with moderate or 
severe aortic insufficiency immediately after dilation were no more 
likely to require late aortic valve replacement than patients with resid-
ual gradients greater than 35 mm Hg with mild insufficiency. These 
data suggest that a more aggressive balloon valvuloplasty to obtain 
lower residual gradients, even at the cost of creating more aortic insuf-
ficiency, may be better for patients in the long term. Similar results 
were found in the other large follow-up study.65 However, there are 
limitations to generalizing the results of a single-center experience, 
especially when the primary outcome measures of aortic reinterven-
tion and aortic valve replacement are highly dependent on timing of 
referral. Timing of referral across the United States is largely influenced 

FIGURE 57-9	 Aortic	and	 left	ventricular	pressure	 tracings	 in	an	11-day-old	 infant	with	critical	aortic	stenosis,	measured	before	and	 immediately	
after	balloon	dilation.	The	peak	systolic	gradient	decreased	from	96	to	29	mm	Hg.	Notice	the	improved	aortic	pulse	pressure	after	valvuloplasty,	
which	is	indicative	of	an	improved	cardiac	output.	(From	Beekman	RH,	Rocchini	AP,	Andes	A:	Balloon	valvuloplasty	for	critical	aortic	stenosis	in	
the	newborn:	influence	of	new	catheter	technology.	J	Am	Coll	Cardiol	17:1172-1176,	1991.)
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restenosis (5 to 20 years) should be expected after a successful balloon 
dilation procedure. As stated earlier, we caution against comparing 
follow-up peak instantaneous gradients determined by Doppler echo-
cardiography against catheter-based measurements of peak systolic 
gradient obtained immediately after valvuloplasty because a false 
impression of restenosis may be obtained from echocardiography-
derived assessments of valve gradients.46

Several studies have examined aortic restenosis requiring reinter-
vention during middle- and long-term follow-up, including a prospec-
tive study examining the intermediate effectiveness of balloon 
valvuloplasty at our institution.51,63,65,77-80 The recent study by Brown 
and coworkers represents the largest series of patients with 20-year 
follow-up data.63 The rate of survival free from any aortic reinterven-
tion was 89% at 1 year and steadily declined to 27% at 20 years. Simi-
larly, the rate of survival free from aortic valve replacement was 47% 
at 20 years. Predictors of reintervention and aortic valve replacement 
included a higher postvalvuloplasty gradient, whereas a higher grade 
of acute aortic insufficiency was associated only with shorter time to 
aortic valve replacement. Long-term mortality was low (88% survival 
at 20 years), and the highest hazard for death was during the first year 
after valvuloplasty. These results are similar to what has been found in 
other long-term follow-up studies.65

Critical Aortic Stenosis
Neonates with critical aortic stenosis appear to have a substantially 
higher risk of restenosis and progressive aortic insufficiency after 
balloon valvuloplasty: the reintervention-free survival rate has been 
approximately 50% at 5 years,52,73-74 with aortic valve replacement or 
surgical repair of aortic insufficiency required in approximately 50% 
of patients at 10 years.52,73

Studies have found significant abnormalities during exercise testing 
and cardiac magnetic resonance imaging (MRI) in patients who have 
undergone aortic valvuloplasty.81-82 This underscores the importance of 
ongoing medical supervision, particularly for patients who require 
intervention early in life.

Complications
Percutaneous balloon aortic valvuloplasty is a relatively safe procedure, 
and mortality is rare outside of early infancy.53 Early mortality after 
balloon valvuloplasty in neonates has ranged from 13% to 18%; l5-year 
mortality has ranged between 5% and 28%52,63,73-74 These data compare 
favorably with the surgical experience, in which morbidity and mortal-
ity rates have been relatively high in neonates with critical aortic ste-
nosis. Other complications reported in the Pediatric Valvuloplasty 
Registry were rare and included potentially life-threatening arrhyth-
mias, cardiac perforation, and mitral valve injury. As described in 
detail earlier, valvuloplasty-induced aortic valve insufficiency may be 
an important complication of the procedure, but its relative incidence 
and importance in long-term patient outcomes is controversial.63,83

Femoral artery injury, thrombosis, and occlusion were relatively 
common in the past, particularly in infants, but their incidence has 
improved with current low-profile sheaths and angioplasty catheters.84 
We prefer not to exceed a 4-Fr exit profile in neonatal femoral arteries 
and to use the transumbilical approach for neonatal critical aortic 
stenosis if possible. Newer, 3-Fr sheaths are commonly used in infants 
who weigh less than 4 kg. Because future transfemoral valvuloplasty 
procedures (for restenosis) are likely to be necessary in these patients, 
femoral artery access should be preserved if at all possible.

A more recently recognized complication of neonatal aortic balloon 
valvuloplasty is aortic wall injury, in particular the creation of an 
intimal flap.85 This diagnosis is made by angiography, echocardiogra-
phy, or direct observation by the surgeon or pathologist. The complica-
tion was found in 28 (15%) of 187 procedures performed over a 23-year 
period, with no change in frequency over the study period. In one 
instance, a flap in the proximal ascending aorta extended into a coro-
nary artery ostium, causing death, and another patient died suddenly 
at home. Multivariate analysis showed that aortic wall injury was more 

Critical Aortic Stenosis
In newborns with critical aortic stenosis, balloon aortic valvuloplasty 
has proved to be remarkably successful, with results comparable to 
those of surgical intervention at several premier institutions.52,73-75 The 
Congenital Heart Surgeons Society reported the results of intervention 
in 110 neonates with critical aortic stenosis from 18 institutions.74 
Balloon aortic valvuloplasty was the initial procedure in 82 patients, 
and surgical valvotomy in the remaining 28. Relief of aortic stenosis 
was significantly better in the balloon valvuloplasty group (gradient 
reduction of 65% ± 17% and median residual gradient of 20 mm Hg 
vs. 41% ± 32% and 36 mm Hg in the surgical group), although there 
was also a trend toward more aortic insufficiency in the balloon group. 
Early mortality was 18%, with no difference between groups.

In a study from our center,73 30 neonates were assigned to balloon 
valvuloplasty and 17 to surgical intervention on an intent-to-treat 
basis; early mortality was 13% in both groups. Early mortality was 14% 
in a series of 113 neonates treated with balloon aortic valvuloplasty, 
with about one third of survivors requiring repeat intervention within 
1 year.52 Echocardiographic estimates of valve thickness or mobility 
have not correlated with valvuloplasty success in neonates.

Long-Term Results
Percutaneous balloon valvuloplasty and all other forms of therapy for 
congenital aortic valve stenosis should be regarded as palliative thera-
peutic procedures. As is the case after surgical aortic valvotomy,76 late 

FIGURE 57-10	 The	mechanism	of	balloon	aortic	valvuloplasty	is	dem-
onstrated	 during	 surgery	 in	 an	 18-year-old	 woman	 with	 congenital	
aortic	valve	stenosis.	A	20-mm	balloon	had	been	 inflated	across	 the	
valve	(A),	producing	a	3-	to	4-mm	tear	across	the	line	of	commissural	
fusion	(black	arrow)	(B).	The	valve	leaflets	are	thick	and	dysplastic.	
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Failure of angioplasty alone is often related to elastic recoil of the 
PA. These observations have led to the application of stent therapy to 
treat PA stenosis or hypoplasia. Since Mullins and colleagues first 
reported the use of balloon-expandable stents in the pulmonary arter-
ies and systemic veins in 1988,90 transcatheter stenting has become the 
treatment of choice for many patients with PA stenosis and has dem-
onstrated excellent early and long-term effectiveness.

Technical Considerations
PA stenosis is considered significant when the measured gradient 
across the area of stenosis is greater than 20 to 30 mm Hg, the RV 
pressure is greater than one half to two thirds of systemic pressure due 
to distal obstruction, or there is relative flow discrepancy of greater 
than 35%/65% to each lung.91 In low pulmonary flow states such as 
palliated single-ventricle lesions, gradients may be much lower, and the 
subjective angiographic appearance instead may determine the need 
for intervention. Stent use in pediatrics is complicated by a wide range 
of patient sizes and the need to account for somatic growth of young 
patients over time. The implantation of stents in older children who 
are capable of accommodating stents that can ultimately be dilated to 
adult size in the future is well accepted. The implantation of small 
stents in infants and small children is more controversial but is gener-
ally considered as a palliative approach in cases when angioplasty has 
been unsuccessful or other options are limited.91 Data evaluating PA 
interventions from a multicenter prospective registry, the C3PO study, 
found that 46% of all stent implantations used smaller, premounted 
stents.92 Use of these stents was more common in younger patients and 
in nonelective or emergent cases and provides evidence of the relatively 
widespread use of small- and medium-diameter stents within the pedi-
atric population in current practice.

There are no stents developed specifically for use in pediatric 
patients with CHD, and therefore all stents used in this setting repre-
sent off-label use of coronary and peripheral stents developed for adult 
purposes.93-95 Ideally, large stents, which ultimately can be dilated to a 
diameter of 18 mm, are appropriate for use in the pulmonary arteries 
of a patient who can accommodate the appropriate delivery sheath. In 
some smaller patients, the internal jugular vein may accommodate a 
larger sheath than is possible with the femoral venous approach. Addi-
tionally, a hybrid surgical approach, either with direct stent placement 
during cardiac surgery or via sternotomy and sheath placement in the 
main PA, can allow for placement of larger stents in smaller patients.

The balloon size chosen for stent implantation is typically up to 3 
times the narrowest vessel dimension, not to exceed the dimension of 
the adjacent normal vessel. Although it is usually recommended that 
vessel side branches not be “jailed” in the process of stent placement, 
if jailing is necessary to address the stenosis, the use of an open cell 
stent can allow for later angioplasty through the stent struts to reopen 
these side branches in the event of restricted flow. In very proximal 
branch PA stenosis or distal main PA stenosis, techniques such as the 
simultaneous implantation of bilateral proximal PA stents96 (“kissing 
stents”) or implantation of a single stent crimped onto two balloons, 
extending from the main PA into both the proximal branch pulmonary 
arteries (“bifurcating” or “flowering” stent), may be used.97

New imaging technologies such as rotational angiography and 
three-dimensional (3-D) reconstruction can be useful in some cases of 
PA stenosis. This technology can augment traditional biplane angiog-
raphy and allow for more complete understanding of the 3-D anatomy 
of the stenotic area, can help determine ideal angles for profiling an 
area of stenosis, and can be used as a roadmap to guide stent placement 
(Fig. 57-11; Videos 57-1 and 57-2).

Acute and Intermediate Outcomes
Early clinical studies of PA stenting used the Palmaz (Cordis, Bridge-
water, NJ) stainless steel balloon-expandable stent98-101 (Figs. 57-12 and 
57-13). A multiinstitutional study of percutaneous stenting in the pedi-
atric population was reported by O’Laughlin and colleagues in 1993.98 

likely in patients with severe ventricular dysfunction at the time of the 
procedure, in procedures with greater numbers of balloon dilation 
attempts, and in procedures supervised by less experienced interven-
tional staff.

Current Controversies
Several articles have compared the outcomes of aortic balloon valvu-
loplasty and surgical valvotomy for neonatal and infant congenital 
aortic stenosis.78,79 Citing improved gradient reduction, a lesser degree 
of resultant aortic insufficiency, and less need for reintervention during 
follow-up, these authors have questioned the use of aortic balloon 
valvuloplasty as first-line therapy in infants and children. Again, ret-
rospective, single-center studies are subject to several important limi-
tations, probably the most important of which is center-related biases 
and the generalizability of the results to all patients.

The technique for aortic balloon valvuloplasty has improved over 
time with innovations such as rapid ventricular pacing and lower-
profile catheters and sheaths. Additionally, understanding of the rela-
tive importance of residual aortic stenosis and resultant aortic 
insufficiency is changing with time. Surgical valvotomy has additional 
long-term risks that are just beginning to be understood, including the 
impact of cardiopulmonary bypass and circulatory arrest on neonatal 
and infant neurodevelopment. Predicting which patients (i.e., which 
valves) would most benefit from aortic balloon valvuloplasty versus 
surgical valvotomy or repair is likely the next most important step to 
ensuring the highest quality of care in these challenging patients.

Fetal Intervention
Balloon valvuloplasty has been proposed for fetuses with aortic ste-
nosis for the purpose of preventing the development of hypoplastic  
left heart syndrome. Research has focused on accurately identifying 
fetuses at risk for this progression, developing techniques for in  
utero intervention, reducing the risks of technical failure and of fetal 
demise, and predicting which fetuses are most likely to benefit from 
intervention.86

Conclusions and Recommendations
Percutaneous balloon aortic valvuloplasty provides effective palliative 
treatment for congenital valvular aortic stenosis in infants, children, 
and young adults. At most pediatric cardiology centers, it is the treat-
ment of choice. Valvuloplasty successfully reduces the peak systolic 
aortic stenosis gradient to the 20- to 40-mm Hg range, a result that 
compares favorably with open surgical valvotomy. Aortic insufficiency 
is not significantly increased in most patients. Mortality is uncommon 
and has been limited to critically ill neonates and young infants.

We recommend balloon valvuloplasty for patients whose resting 
peak systolic pressure gradient exceeds 50 mm Hg, for those whose 
resting peak gradient exceeds 40 mm Hg in association with symp-
toms or ischemic ECG changes, and for patients with heart failure and 
low cardiac output regardless of gradient. Balloon valvuloplasty is 
effective in neonates, children, and young adults with congenital aortic 
valve stenosis in whom commissural fusion is the primary anatomic 
cause of outflow obstruction. The procedure is less likely to be effective 
in patients with a hypoplastic valve annulus or with valve leaflet 
calcification.

BALLOON-EXPANDABLE STENTING FOR PULMONARY 
ARTERY STENOSIS

PA stenosis occurs commonly in patients with CHD. It is encountered 
as an isolated lesion in patients with arteriopathies such as Williams 
or Alagille syndrome or as a feature of complex CHD (e.g., TOF) both 
before and after surgery. Balloon angioplasty of PA stenosis or hypo-
plasia has yielded mixed results. Numerous reports document an 
immediate success rate of only 60% to 70% after balloon angioplasty 
of this lesion,87-89 with restenosis rates in follow-up as high as 35%.89
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FIGURE 57-11	 Three-dimensional	(3-D)	reconstruction	of	64-slice	computed	rotational	angiogram	(CRA-64)	performed	on	a	15-year-old	boy	with	
tetralogy	of	Fallot	obtained	after	complete	repair	and	placement	of	a	25-mm	Hancock	valved	conduit,	with	proximal	right	pulmonary	artery	(RPA)	
stenosis	before	(A)	and	after	(B)	RPA	stenting.	These	single	views	of	 the	3-D	reconstruction	displayed	at	8-degree	 left	anterior	oblique	(LAO-8)	
profile	the	proximal	RPA	stenosis	well.	(See	also	Videos	57-1	and	57-2.)	(Courtesy	Dr.	Aimee	Armstrong,	University	of	Michigan,	Ann	Arbor.)
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FIGURE 57-12	 Anteroposterior	pulmonary	artery	angiograms	before	(A),	during	(B),	and	after	(C)	right	pulmonary	artery	stenting	in	a	5-month-old	
infant	after	repair	of	pulmonary	atresia	and	ventricular	septal	defect.	There	is	severe	proximal	right	pulmonary	artery	stenosis	before	stenting.	After	
stent	implantation,	there	is	improvement	in	the	stenosis,	but	a	small	upper	lobe	branch	has	been	jailed.	
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± 2.3 years, confirmed the lasting hemodynamic benefits in these chil-
dren and documented the feasibility of late stent redilation. Although 
nonobstructive neointimal proliferation was seen almost universally, 
clinically important in-stent restenosis was uncommon. Repeated stent 
dilation in these patients was primarily indicated to accommodate 
somatic growth. There were no late complications. Despite this and 
many studies reporting a low rate of late in-stent restenosis, a 2014 
study by Hallbergson and coworkers used a more defined criterion for 
restenosis (>25% narrowing of contrast-filled lumen–to–stent diame-
ter), reported an incidence of 24%.104 These authors found that patients 
with TOF who had multiple aortopulmonary collaterals, Williams syn-
drome, or Alagille syndrome had the highest incidence of in-stent 
restenosis; no association was found with stent type.

As previously mentioned, it is important that stents implanted into 
the pulmonary arteries of children can be safely and effectively redi-
lated to a larger diameter as the child grows. Reports from several 
institutions confirm the experimental observations that PA stents can 
be safely redilated to a larger diameter.98-99,101,103-106 In 2003, Duke and 
colleagues106 reported safe and effective stent redilation in 12 children 
with PA stenosis. Redilation was required because of a combination of 
patient growth and neointimal proliferation. Redilation increased the 
PA stent diameter to beyond its initial implantation size and effectively 
decreased the systolic gradient. These authors found neointimal pro-
liferation to be precipitated by overdilation of stents at the time of 
implantation, in agreement with the practice of placing stents at a size 
that is no larger than the size of the normal adjacent vessel.

Conclusions and Recommendations
Experimental and clinical data from several centers indicate that 
balloon-expandable stenting provides an effective form of therapy for 
many patients with PA stenosis or hypoplasia. Because balloon angio-
plasty alone is initially unsuccessful in as many as 30% to 40% of 
patients, stenting is now considered standard first-line therapy for 
most children with PA stenosis. If at all possible, implanted stents 
should have the capacity for later redilation when the child has grown. 
In infants and small children in whom larger stents may be difficult to 
implant, a hybrid approach for implantation and/or an understanding 
that small stents will require later surgical intervention is necessary. 
Despite these techniques, angioplasty alone may be preferable in 
selected situations in an attempt to avoid implanting smaller stents 
with limited growth potential.

A total of 121 Palmaz stents, 80 for branch PA stenosis, were implanted 
in 58 patients, most of whom had undergone repair of TOF. In this 
series, stenting resulted in an increase in PA diameter from 4.6 to 
11.3 mm, with an immediate decrease in RV systolic pressure. A 
follow-up cardiac catheterization was performed in 25 patients 8 
months after stenting, and restenosis was identified in only 1 patient. 
The clinical benefits derived from PA stenting in children, including 
alleviation of symptoms and deferral of surgical intervention, were 
further validated in a large single-institution series by Fogelman and 
associates.99 The largest series of PA stenting in children was reported 
by McMahon and colleagues in 2002.102 Over a 12-year period, 664 
Palmaz stents were implanted in 338 patients, most with a diagnosis of 
repaired TOF; the mean age was 12.2 years. After stenting, the systolic 
pressure gradient across the stenosis decreased from 41 to 9 mm Hg, 
and the mean diameter of the stented vessels more than doubled. With 
improved techniques and increased experience, morbidity and mortal-
ity decreased significantly during the second half of this series.

The adverse events associated with PA angioplasty and stenting 
collected in the C3PO registry were reported by Holzer and cowork-
ers.92 From 2007 to 2009, 1315 cases of PA rehabilitation were per-
formed in 969 patients, 495 (38%) of which involved stent placement. 
The authors found an adverse event rate of 22%, with high-severity 
(moderate, major, or catastrophic) events in 10%. There was no signifi-
cant difference between stent placement and standard balloon angio-
plasty alone. There were two procedure-related deaths (0.015%). The 
most common adverse events were reperfusion injury/endotracheal 
tube bleeding in 40 patients (12% of the adverse events), heart block 
in 37 patients (11%), confined vascular tears in 23 patients (7%), and 
stent malposition/embolization in 21 patients (6%). Unconfined tears 
occurred in 9 patients (3%), and aneurysm formation occurred in 5 
patients (2%). Independent risk factors for a high-severity adverse 
event included hemodynamic vulnerability, age less than 1 month, use 
of cutting balloons for angioplasty, and operator experience of less than 
10 years.

Long-Term Outcomes
The longest follow-up series was reported in 2009 by Law and col-
leagues,103 who described the long-term outcome of children who were 
originally enrolled in the investigational device exemption (IDE) PA 
stent trial approved by the U.S. Food and Drug Administration (FDA) 
between 1989 and 1992. Their data, with a mean follow-up time of 13.2 

FIGURE 57-13	 Anteroposterior	pulmonary	artery	angiograms	obtained	before	and	after	left	pulmonary	artery	stenting	in	an	infant	with	hypoplastic	
left	heart	syndrome	and	left	pulmonary	artery	hypoplasia.	A,	Before	stenting,	there	is	diffuse	hypoplasia	of	the	proximal	left	and	central	pulmonary	
artery.	B,	After	stenting	with	two	balloon-expandable	stents,	there	is	significant	improvement	in	the	pulmonary	artery	diameter	and	flow.	The	patient	
has	a	bidirectional	Glenn	shunt	(superior	vena	cava–to–pulmonary	artery	anastomosis).	
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patients after surgical coarctation repair. These lesions can be difficult 
to manage surgically because the operative procedure may require a 
period of hypothermic circulatory arrest. Pihkala and colleagues108 
reported the successful use of stent therapy in four children with trans-
verse arch hypoplasia. Successful stenting in infants with complex 
aortic arch obstruction after the Norwood operation for hypoplastic 
left heart syndrome has also been described.109 In these infants, an 
antegrade approach via the femoral vein or a carotid cutdown may be 
used to avoid femoral artery injury while allowing for implantation  
of a relatively large-sized stent with larger diameter potential to  

BALLOON-EXPANDABLE STENTING FOR 
COARCTATION OF THE AORTA

Coarctation of the aorta accounts for 8% to 10% of all CHD. For 7 
decades, surgical repair has been a conventional therapy for patients 
with a native (unoperated) or recurrent postoperative coarctation. 
Coarctation balloon angioplasty has been available since the mid-
1980s, but its effectiveness has been diminished by restenosis (15% to 
20% of patients) and aneurysm formation (approximately 5% of 
patients). As a result, in the late 1980s, balloon-expandable stenting 
emerged as the most recent transcatheter therapy for coarctation (Fig. 
57-14). A stent’s radial strength opposes elastic aortic wall recoil and 
may improve vessel integrity, thereby decreasing the risk of aneurysm 
formation at the dilation site. The availability of covered stents may 
provide an even safer therapy for coarctation in patients with a vulner-
able aortic wall (e.g., Turner syndrome) and in older adults.

Technical Considerations
Stent therapy can benefit patients who have a native unoperated coarc-
tation or a recurrent postoperative coarctation with equal effectiveness 
(Figs. 57-15 and 57-16). Most interventionalists attempt to limit stent-
ing to older children and adolescents so as to maximize initial implant 
diameter and minimize the need for later stent redilation after somatic 
growth has occurred. Stent placement for native or recurrent coarcta-
tion of the aorta is indicated in patients who have a peak systolic ejec-
tion gradient greater than 20 mm Hg or a gradient of less than 
20 mm Hg with associated systemic hypertension or LV dysfunction.91

Mild coarctation (i.e., resting systolic gradient <20 mm Hg) posed 
a therapeutic dilemma in the past because it was generally thought that 
the benefits did not outweigh the risks of surgery. However, more 
recent data suggest that mild coarctation may be associated with long-
term rest and exercise hypertension and perhaps LV hypertrophy and 
diastolic dysfunction. Marshall and colleagues107 reported the results 
of stent treatment in 33 patients with mild native or residual coarcta-
tion. At follow-up catheterization after stent placement, LV end-
diastolic pressure had decreased significantly, from 17 to 14 mm Hg. 
Although larger clinical studies with longer follow-up periods are nec-
essary, these data do suggest that there may be a place for nonsurgical 
intervention for mild degrees of coarctation.

Transcatheter stent therapy may also provide a reasonable treat-
ment strategy for anatomic variations of coarctation that pose difficult 
surgical dilemmas. For example, hypoplasia of the transverse aortic 
arch is responsible for residual obstruction in a small proportion of 

FIGURE 57-14	 Aortic	stent	explanted	6	weeks	after	stenting	of	an	experi-
mental	coarctation	in	a	canine	model.	The	Palmaz	P-308	stainless	steel	
stent	is	almost	completely	covered	with	a	thin	layer	of	neointima.	The	
sutures	used	to	create	the	experimental	coarctation	are	evident.	

FIGURE 57-15	 Anteroposterior	aortograms	obtained	before	and	after	stenting	in	a	14-year-old	teenager	with	a	discrete	native	(unoperated)	coarcta-
tion	 of	 the	 aorta.	 A,	 Before	 stenting,	 there	 is	 a	 severe	 stenosis,	 and	 a	 systolic	 gradient	 of	 41	mm	Hg	was	measured.	 B,	 After	 stenting	with	 a	
balloon-expandable	stainless	steel	stent	dilated	to	a	diameter	of	16	mm,	the	pressure	gradient	is	entirely	eliminated.	
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clinical trials or under compassionate use approval. In 2014, Sohrabi 
and colleagues described the first prospective randomized trial com-
paring bare-metal and covered CP stents in patients with native coarc-
tation.110 In their experience with 120 patients with a mean age of 23.6 
years, procedural success was 100% in both groups with similar overall 
complication rates. However, patients undergoing covered CP stent 
implantation experienced a nonsignificantly lower recoarctation rate 
and a higher occurrence of psuedoaneurysm compared with the bare-
metal stent group. Whereas covered stents may indeed be useful in 
preventing recurrent stenosis by preventing ingrowth within the stent, 
the association with pseudoaneurysm is less clear and may have been 
related to case-specific technical issues in this study.

Although this study does not support the routine use of covered 
stents compared with bare-metal stents, selective use of covered stents 
may be particularly effective in stenting of complex coarctation 
anatomy and in patients in whom the aortic wall is more fragile (e.g., 
arteriopathies, advanced age).111-112 With the use of covered stents, 
more complex and tighter coarctation can be treated with lower rates 
of complications.113

Clinical Outcomes
Numerous clinical studies in the last 2 decades have documented the 
effectiveness and relative safety of transcatheter stenting of coarctation 
of the aorta in both pediatric and adult populations.107,114-121 A prospec-
tive, observational, multiinstitutional study carried out by 36 centers 
from the Congenital Cardiovascular Interventional Study Consortium 
(CCISC) compared the safety and efficacy of stent placement with that 
of balloon angioplasty and surgery for native coarctation of the aorta 
in patients weighing more than 10 kg.122 Although all three arms of the 
study showed significant improvement in follow-up resting systolic 
blood pressure and coarctation gradient, the stent group achieved a 
lower gradient compared with the angioplasty group. Of the three, the 
stent group had the lowest likelihood of any complication (2.3% vs. 
9.8% for angioplasty and 18.1% for surgery). In particular, aortic wall 
injury was significantly greater on follow-up imaging in the angio-
plasty group (21.4%) compared with the stent group (3.1%), primarily 
because of an increased risk of aneurysm formation. Stent patients 
were more likely to require a planned reintervention, most often for 
stent redilation as part of a staged approach or secondary to patient 
somatic growth. There was no difference in unplanned reinterventions 
between the treatment groups. Although these results must be inter-
preted with some caution given the nonrandomized nature of the 

accommodate somatic growth. Imaging of the aortic arch with rota-
tional angiography and 3-D reconstruction can be of great value in 
visualization of complex or atypical coarctation anatomy (Fig. 57-17; 
Video 57-3).

In most reported series, balloon-expandable bare-metal stents have 
been used. More recently, use of the covered Cheatham platinum (CP) 
stent (NuMed, Hopkinton, NY) has been reported (Fig. 57-18). Ini-
tially described to treat vessel complications as a bail-out procedure, 
this covered stent is currently available in the United States only in 

FIGURE 57-16	 Anteroposterior	aortograms	obtained	before	and	after	stenting	in	an	11-year-old	child	with	a	severe	native	coarctation	of	the	aorta.	
A,	Before	stenting,	there	was	a	severe	stenosis	that	measured	approximately	2	mm	in	diameter.	B,	After	the	coarctation	was	stented	with	a	bare-
metal	stainless	steel	stent	intentionally	dilated	to	a	subtherapeutic	diameter	(8	mm)	in	an	attempt	to	avoid	undue	aortic	wall	trauma,	the	gradient	
decreased	from	31	to	10	mm	Hg.	
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FIGURE 57-17	 Three-dimensional	 reconstruction	 of	 rotational	 angio-
gram	performed	on	a	10-year-old	boy	with	mild	transverse	arch	hypo-
plasia,	 and	 long-segment	 coarctation	 of	 the	 aorta	 distal	 to	 the	 left	
subclavian	 artery	 after	 placement	 of	 a	 Palmaz	4010	 stent	 (see	 also	
Video	57-3.)	(Courtesy	Dr.	Jeffrey	Zampi,	University	of	Michigan,	Ann	
Arbor.)
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complex lesions, use of a balloon smaller than 14 mm in diameter for 
initial stent delivery, and an immediate poststent residual gradient of 
more than 10 mm Hg. Neointimal hyperplasia was present in 8.4% at 
follow-up, with a similar incidence in the two stent groups. Stent frac-
ture was more common in the bare-metal group (5%), and the majority 
of these patients required reintervention due to restenosis. Somatic 
growth as a cause of reintervention was significantly associated with 
age younger than 15 years and use of a balloon diameter smaller than 
14 mm at initial stent implantation.

Another long-term issue with patients after coarctation repair is 
systemic hypertension. Many studies have found that patients with 
coarctation continue to exhibit elevated blood pressure after their 
initial intervention or develop hypertension over time, even in the 
setting of a good anatomic result of intervention.114,123 Holzer and 
coworkers120 reported the intermediate and long-term follow-up results 
(up to 60 months) in patients included in the multiinstitution CCISC 
study. Twenty-three percent of patients continued to have systolic 
blood pressure greater than the 95th percentile, 9% had an upper-to-
lower limb blood pressure gradient greater than 20 mm Hg, and 32% 
were taking antihypertensive medications. Eighty percent of patients 
studied a mean of 5.3 years after stent implantation for coarctation also 
exhibited abnormally elevated exercise blood pressure response.125

Lifelong surveillance for these patients, even after successful ana-
tomic relief of coarctation, is therefore warranted for regular assess-
ment of blood pressure, monitoring with cross-sectional imaging for 
late development of aneurysm formation or recurrent coarctation, and 
assessment of ventricular systolic and diastolic function.

Conclusions and Recommendations
Coarctation stenting is an effective approach to native and postopera-
tive recurrent coarctation of the aorta. Most pediatric interventional-
ists limit stent implantation for coarctation to large children and 
adolescents to avoid the need for aortic stent redilation after somatic 
growth in a smaller child. Stent implantation is a promising interven-
tion for more difficult variations on coarctation anatomy, particularly 
transverse arch hypoplasia, arch obstruction after the Norwood opera-
tion, and mild degrees of coarctation that have not warranted surgery 
in the past. In older adults in whom the aortic wall is friable, covered 
stents may provide a safer alternative because of the increased risk of 
aortic wall injury with coarctation dilation. Longer-term follow-up 
studies are necessary to more precisely define the late risks of stent 
restenosis, aortic aneurysm formation, the safety of late stent redilation 

study, the findings suggest that stent therapy may be the lowest-risk 
intervention available to this patient population.

The largest series of coarctation stenting to date was reported in 
2007 by Forbes for the CCISC.117 In that multiinstitutional study, 627 
stents were placed in 555 patients for native (52.3%) or recurrent post-
operative coarctation. The median age was 15 years, and the median 
weight was 56.4 kg. A successful treatment outcome was achieved in 
97.9% of procedures, with the systolic gradient decreasing from 32 to 
3 mm Hg acutely. Complications occurred in 14.3% of procedures and 
included aortic wall injury (intimal tear, dissection/rupture, and aneu-
rysm) in 3.9%, stent migration in 5%, and cerebral vascular accident 
in 0.7%. Acute aortic aneurysm formation was observed in six proce-
dures (1.1%). Two patients (0.4%) with severe aortic wall injury were 
sent emergently to surgery but experienced severe neurologic injury 
and later died. Acute aortic wall complications were associated with 
performance of prestenting balloon angioplasty (odds ratio [OR], 
4.18), location of coarctation in the abdominal aorta versus the isthmus 
or transverse aorta (OR, 5.74), and age greater than 40 years (OR, 2.95). 
At intermediate follow-up (median of 12 months), about one quarter 
of patients in the CCISC study underwent additional aortic arch 
imaging, with identification of an abnormality in 29% of patients.116 
These abnormalities included aneurysm (9%), intimal tear/dissection 
(3%), stent fracture (4%), and stent reobstruction (11%). The authors 
identified an increased risk of aortic wall pathology in follow-up if the 
ratio of balloon diameter to coarctation diameter exceeded 3.5, but 
they found no association between age and late development of aortic 
wall pathology.

Data on long-term outcomes of stent implantation for aortic coarc-
tation are limited, with the longest reported follow-up being 15 
years.113,120,123-125 Butera and associates113 reported their long-term, 
single-center experience using both bare and covered stents in patients 
with coarctation. Recoarctation occurred as a result of neointimal 
hyperplasia, somatic growth, or stent fracture. In the bare-metal stent 
group, over a median follow-up period of 81.7 months, 23.9% of 
patients required reintervention due to restenosis, at a mean of 49.4 
months from initial stent placement. Three patients (4.5%) required 
reintervention with covered stent implantation due to late aneurysm 
formation. There was a 100% success rate with reintervention. The 
covered stent group had a similar reintervention rate (22.4%) at an 
earlier mean follow-up time of 18.4 months. Three of 15 of these 
patients underwent staged redilation due to the severity of the initial 
lesion, and this may have contributed to the earlier time at reinterven-
tion in this group. Independent risk factors for reintervention included 

FIGURE 57-18	 Anteroposterior	aortograms	obtained	before	and	10	months	after	bare-metal	stenting	of	a	severe	coarctation	(same	patient	as	 in	
Fig.	57-16).	A,	The	initial	angiogram	demonstrates	a	small	saccular	aneurysm	on	the	medial	aspect	of	the	stented	area.	B,	After	stenting	with	a	
covered	Cheatham	platinum	(CP)	 stent	 under	 compassionate	use	approval,	 the	aneurysm	 is	 excluded	and	 the	 residual	 coarctation	 stenosis	 is	
relieved.	Reflux	of	contrast	material	into	several	intercostal	arteries	is	evident.	
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exertion, and a frequent sensation of palpitations.126,130 The electrocar-
diographic (ECG) findings may be normal early in childhood or at any 
age if right atrial enlargement or RV dilation has not yet occurred. Over 
time, typical ECG changes with right axis deviation, right atrial 
enlargement, and RV dilation become more clearly apparent.

Transthoracic (TTE) or transesophageal (TEE) echocardiography 
remains the mainstay of diagnosis.131 In standard long-axis views, the 
first indication of an ASD may be dilation of the anteriorly located  
RV. In short-axis views, that dilation may again be noticed, especially 
in the region of the infundibulum. In four-chamber views, both the 
right atrium and the RV will be seen to be dilated. However, the ASD 
is best seen and evaluated in both long- and short-axis subcostal views. 
These views allow for complete evaluation of the total septal length  
and provide excellent visualization of the defect margins. Color flow 
mapping is of great importance. This allows determination of the  
direction of flow across the defect (left-to-right or right-to-left) and 
provides further assessment to exclude the possibility of multiple 
defects (Fig. 57-19).

Occasionally, poor acoustic windows preclude clear TTE images. 
This is more likely in the adult patient, in the presence of obesity or 
with chronic lung disease. At those times, elective TEE should be 
performed to confirm the diagnosis before further discussion regard-
ing possible defect closure and repair.132 Echocardiography is also 
invaluable in achieving a noninvasive measure of RV and PA pressures. 
Excessive elevation of right-sided pressures should introduce some 
caution before proceeding with defect repair, especially if there is color 
flow evidence of right-to-left shunting across the ASD. Other causes of 
pulmonary vascular disease should be excluded before attributing the 
cause to an ASD.

Treatment and Outcomes
Surgical repair has long been the mainstay of treatment for ASDs.129,130,133 
However, over the last 2 decades, substantial advances have been made 
with percutaneous closure devices. At this time, an initial attempt at 
percutaneous closure of appropriate secundum ASDs is considered the 
standard of care.134,135,136 Currently, in the United States, two devices are 
approved for use by the FDA: the Amplatzer Septal Occluder (St. Jude 
Medical, St. Paul, MN) and the Helex Septal Occluder (W. L. Gore & 
Associates, Flagstaff, AZ).137,138 Although they are different in design 
and construction, the principles of function, deployment, and follow-up 
are similar for the two devices (Figs. 57-20 and 57-21). After deploy-
ment, both devices are designed to have two discs separated by a 
central core or waist. One disc is positioned on the left atrial side of 
the defect, with the core or waist straddling the defect, and the other 
disc apposed to the atrial membrane from the right atrial side of the 
atrial septum. The devices have intrinsic recoil that apposes both discs 
to each other, holding the devices in place on the atrial septum.

Irrespective of the device used, defect sizing is required before 
deployment. Reliance may be placed on the TTE measurements with 
an empiric factor adjustment (e.g., 115% of the TTE measurement). 
However, most operators continue to rely on balloon sizing of the 
defect before choosing a particular device size.135,136 That is accom-
plished by using a large, compliant balloon inflated across the atrial 
septum, with the narrowest area (“stretched diameter” or “waist”) mea-
sured by angiographic calibration (Fig. 57-22). The current recom-
mendation is to employ a “stop-flow” technique for defect sizing. Once 
the sizing balloon is positioned across the atrial septum, it is slowly 
inflated while careful observation is maintained with TEE or intracar-
diac echocardiography (ICE). As soon as color flow across the defect 
is arrested, no further inflation occurs, and an angiographic measure-
ment of that balloon waist size is used to choose the closure device. 
This technique is used to avoid oversizing of the closure device, the 
main factor thought to contribute to both early and late erosions of 
closure devices.139

Both devices are deployed though a delivery sheath that typically is 
extended from the femoral region, although other access sites have 
been used. The left atrial disc is initially deployed, and the device is 

after somatic growth in children, and blood pressure response to exer-
cise in the face of a rigid, stented aortic segment.

TRANSCATHETER CLOSURE OF THE SECUNDUM 
ATRIAL SEPTAL DEFECT

ASDs result from deficient development of the intraatrial septum. 
Sinus venosus defects result from abnormal development of either the 
superior or the inferior horns of the sinus venosus and are located 
superiorly or inferiorly along the posterior margin of the atrial septum. 
Superior sinus venosus defects frequently have associated anomalous 
drainage of the right upper pulmonary vein. Primum ASDs result from 
deficiencies of the septum secundum, frequently as part of the complex 
of maldevelopment of the endocardial cushions (atrioventricular canal 
[AVC] defects). In the most severe form (complete AVC), the primum 
defect is part of a complex that includes an inlet ventricular septal 
defect (VSD) and a common atrioventricular valve. In the least severe 
form, the primum ASD defect is associated with a cleft in the anterior 
mitral valve leaflet.

Secundum ASDs result from deficiencies of the central portion of 
the atrial septum, the septum primum. These defects, usually in the 
region of the fossa ovalis, may be extensive in size, varied in shape, and 
often multiple in number (fenestrated atrial septum). It is secundum-
type defects, often with substantial peridefect margins and positioned 
some distance from other vital structures, that lend themselves well to 
percutaneous device closure. Further discussion in this section focuses 
on secundum ASDs.

Physiology
ASDs represent one of the most common forms of acyanotic CHD.126 
Although the left atrial pressure is typically higher than that in the right 
atrium, flow across the atrial septum is determined in large part by the 
end-diastolic pressure within each ventricle, which reflects relative 
ventricular compliance. The net size of the atrial-level shunt is there-
fore only in part dependent on the size of the ASD. Elevation of either 
left or RV systolic pressure in the face of ventricular outflow tract 
obstruction will not affect atrial-level shunting if ventricular relaxation 
is not adversely impacted.

With persistence of atrial-level shunting, the right atrial and ven-
tricular end-diastolic volumes are chronically increased, and both 
atrial and ventricular dimensions increase accordingly.126 Additional 
RV volume results first in delayed pulmonary valve closure compared 
with the aortic valve (causing the clinical sign of the fixed, split second 
heart sound) and a flow murmur across a normal pulmonary valve 
(identical to that of pathologic pulmonary valve stenosis, but without 
an ejection click).127 The additional pulmonary blood flow is well toler-
ated in most cases but rarely can lead to pulmonary hypertension and 
pulmonary vasoocclusive disease.

Ultimately, Eisenmenger-type physiology prevails, at which point 
the shunt flow is right to left, and the patient becomes cyanotic.128,129,130 
That pathologic end point should not be confused with right-to-left 
shunting resulting from a decrease in RV compliance with long-
standing RV dilation. This latter scenario carries a substantially better 
prognosis than pulmonary vasoocclusive disease and can be diagnosed 
either on the basis of relatively normal RV and PA pressures deter-
mined by echocardiography or at cardiac catheterization.

Clinical Presentation and Diagnosis
ASDs are typically asymptomatic during the first 2 decades of life. 
Diagnosis is most often made after detection of a murmur, which is 
indistinguishable from that of pulmonary valve stenosis, or with aus-
cultation of a fixed, split second heart sound.127 Infrequently, infants or 
children exhibit failure to thrive or other more overt signs of congestive 
heart failure or have recurrent lower respiratory tract infections. Later, 
in the third and fourth decades of life, the symptoms of previously 
undiagnosed ASD may include undue fatigue, increased dyspnea on 
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additional femoral venous access site is required for positioning of the 
ICE probe within the right atrium. Deployment of the devices with 
echocardiography alone has also been described.132 3-D echocardio-
graphic imaging is frequently used with device placement.140 This 
modality provides an en face view of the septum, allowing the inter-
ventionalist to better appreciate the true shape and size of the defect. 
Whichever echocardiographic modality is used, it is imperative to 

retracted back onto the atrial septum with both fluoroscopic and echo-
cardiographic guidance. The remainder of the device is then deployed 
within the right atrium so that the waist or core of the device straddles 
the defect. The delivery cable remains attached to the device until the 
time of release and can be used to retract the device if positioning is 
not acceptable (Fig. 57-23). Even after release, the device can be 
retrieved with various intravascular snares if necessary.

To ensure adequate device deployment, echocardiographic imaging 
is used in addition to fluoroscopy.131 Most pediatric institutions con-
tinue to use TEE, but ICE has increased in popularity. Use of ICE 
avoids the necessity of general anesthesia in most patients, but an 

FIGURE 57-20	 Amplatzer	 septal	 occluder.	 The	 device	 is	 constructed	
from	an	alloy	of	nickel	and	titanium.	The	two	atrial	discs	are	separated	
by	the	central	waist.	In	this	photograph,	the	tethering	cable,	covered	by	
the	 delivery	 sheath,	 remains	 attached	 to	 the	 device.	 (Courtesy	 AGA	
Medical,	Golden	Valley,	MN.)

FIGURE 57-21	 The	Helex	septal	occluder.	The	device	 is	composed	of	
a	nickel-titanium	wire	with	a	patch	of	microporous	expanded	polytetra-
fluoroethylene	 attached	 along	 its	 length.	 The	 elastic	 properties	 of	 the	
wire	form	the	device	into	two	equal-sized	opposing	disks	that	reside	on	
either	 side	 of	 the	 atrial	 septum	 after	 deployment,	 thus	 occluding	 the	
defect.	(Courtesy	W.L.	Gore	&	Associates,	Flagstaff,	AZ.)

FIGURE 57-19	 Subcostal	 short-axis	 transthoracic	 echocardiographic	
images	show	a	secundum	atrial	septal	defect	 in	 two	dimensions	(A)	
and	with	color	flow	mapping	(B).	The	defect	 is	central	 in	 the	septum	
and	has	excellent	margins	for	device	support.	
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FIGURE 57-22	 Still	 frame	of	an	angiogram	demonstrating	 inflation	of	
the	balloon	sizing	catheter	across	 the	atrial	septum.	The	 indentations	
on	the	balloon	(white	arrows)	indicate	the	stretched	margin	of	the	atrial	
septal	defect.	 That	diameter	 is	measured,	and	an	appropriately	 sized	
septal	occluder	is	chosen	accordingly.	

FIGURE 57-23	 Still-frame	 lateral	 image	(A)	demonstrates	 full	deploy-
ment	 of	 an	 Amplatzer	 Septal	 Occluder	 with	 the	 cable	 still	 attached.	
Distortion	 of	 the	 superior	margin	 of	 the	 right	 atrial	 disk	 of	 the	 device	
(solid	white	 arrow),	 resulting	 from	downward	 tension	by	 the	delivery	
cable,	is	typical	at	 this	stage	of	deployment.	Retraction	and	redeploy-
ment	 of	 the	 device	 is	 easily	 achieved	 while	 it	 is	 still	 attached	 to	 the	
delivery	cable.	A	transesophageal	echocardiographic	probe	is	visible	in	
the	 image.	 B,	 Still-frame	 lateral	 image	 after	 release	 of	 the	 Amplatzer	
Septal	Occluder	from	the	delivery	cable.	The	septal	occluder	immediately	
assumes	the	typical	position,	with	the	right	and	left	atrial	disks	parallel	
to	each	other.	

B
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ensure that atrial septal tissue is present between the left and right atrial 
device discs in all different planes to ensure proper and safe device 
deployment before the device is released from the delivery cable.

Percutaneous device closure has proved effective in repair of ASDs, 
with minimal morbidity and no effective mortality. Closure rates are 
comparable to those achieved with surgery over similar time periods 
(97% to 99% at 12 months), but procedural morbidity is considerably 
lower.134,140,141 Percutaneous closure avoids the necessity of a sternot-
omy, cardiopulmonary bypass, or mediastinal and chest-tube drainage, 
but it does have the disadvantage of some limited exposure to ionizing 
radiation. However, fluoroscopy times are typically brief, and low-dose 
adjustments can be used. The risk of device embolization is also small 
and in most cases is related to operator inexperience. The incidence of 
this complication is in the region of 0.1%.135,136 Most acute complica-
tions have been related to rhythm disturbances, usually atrial flutter or 
intermittent supraventricular tachycardia. However, these complica-
tions are also rare, occurring less than 1% of the time. Thrombus for-
mation on the device, with distal embolization, is of great concern and 
justifies the recommendation for aspirin therapy until device endothe-
lialization has occurred.141,142 Collective review of this potential 
problem, including evaluation of various generations of early septal 
occluder devices, reveals a low incidence (54 patients over a 14-year 
period).

Cardiac erosion with possible hemodynamic compromise, particu-
larly by the Amplatzer Septal Occluder, is the most significant short- 
and long-term complication of percutaneous ASD closure.143,144 The 
incidence appears to be low (<0.11%), according to both the manufac-
turer and published data, and in most cases is related to device oversiz-
ing.143 Deficiency of the retroaortic rim, with resulting need to position 
the device in a manner that straddles the aorta, may also be a risk 
factor.139 Deficiency of that rim or oversizing of the device can cause 
either aortic compression or direct impingement of the wall of the 
aorta by either left or right atrial margins of the device (Fig. 57-24). 
Additionally, oversizing of the device or placement of a device that is 
too large to be accommodated by the total septal length can cause part 
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Physiology
Discussion regarding the influence of the PDA on the physiology of 
the neonate, particularly with regard to prematurity and hyaline mem-
brane disease, is beyond the scope of this text. The discussion here will 
be confined to the effect of the PDA on older children and adults, in 
whom the impact is similar. The main factors contributing to the effects 
of a PDA are the size of the vessel and the relative resistance of the 
systemic and pulmonary vascular beds. When it is small, the hemody-
namic effect is negligible, with flow occurring only during systole and 
limited by the resistance of flow through the narrow ductus. As the 
PDA increases in size, flow through the PDA continues to be from left 
to right as long as the pulmonary vascular resistance is lower than that 
of the systemic vascular bed (even in the presence of a completely 
unrestrictive vessel). Under those circumstances, PA pressures are 
equal to aortic pressures, and the flow is left to right during both systole 
and diastole.

With persistent shunting through a large ductus, the left atrium and 
LV become increasingly volume loaded and dilated. Further, owing to 
this increased runoff into a lower-resistance pulmonary vascular bed, 
the aortic pulse pressure (i.e., the difference between the aortic systolic 
and diastolic pressures) widens considerably. With continued LV dila-
tion, wall stress and end-diastolic pressures continue to increase, which 
in turn increases the myocardial oxygen requirement. With the 
decrease in aortic diastolic pressure, coronary perfusion pressure can 
at times become narrowed. Although this is theoretically important, it 
is usually of little clinical concern, and the presence of coronary isch-
emia with only an isolated PDA has not been described.

Like other shunt lesions that expose the pulmonary vascular bed to 
persistently high-pressure and high-flow situations, large PDAs can 
ultimately result in the development of pulmonary vasoocclusive 
disease.148 At that time, flow direction across the PDA reverses, and 
Eisenmenger physiology prevails.149 Development of those changes 
depends on ductal size and the duration of its presence, resistance to 
flow across the vessel, and individual patient susceptibility.

Clinical Presentation and Diagnosis
In infancy and childhood, the clinical presentation of PDA may vary 
from completely asymptomatic to the full spectrum of congestive heart 
failure. Symptoms may thus be completely absent but could include 
failure to thrive, dyspnea, poor feeding, and excessive perspiration. In 
older children, adolescents, and adults, congestive symptoms are less 
likely. It is not uncommon for the diagnosis to be suspected when an 
incidental murmur is heard during a well-child examination. Rarely, 
patients undiagnosed in infancy may have presenting symptoms of 
endocarditis or pulmonary vasoocclusive disease if the PDA is suffi-
ciently unrestrictive.

Clinical signs may be absent if the PDA is small and hemodynami-
cally insignificant; with increasing size of the PDA, more typical clini-
cal features become apparent. The pulse pressure may be wider than 
expected (by palpation and blood pressure measurement), and a 
murmur of variable grade and duration may be auscultated. If the PDA 
is small, flow may occur only during systole, and a systolic regurgitant 
murmur will be present. In the larger PDA, flow occurs throughout the 
entire cardiac cycle, and the more typical multiphasic continuous 
machinery murmur is present. As with all left-to-right shunt lesions, 
if flow is substantial, a middiastolic tricuspid flow murmur may also 
be audible. These clinical features remain the same if the PDA is suf-
ficiently stenotic. However, if the PDA offers little resistance to flow 
and PA pressures remain significantly elevated over time, the murmur 
may become diminished and disappear altogether as pulmonary vas-
cular resistance increases to systemic levels. At that point, with Eisen-
menger physiology present, flow across the PDA becomes right to left, 
and measured oxygen saturations in the lower extremities become 
lower than those in the upper extremities.150

Confirmation of the diagnosis relies on echocardiography. The PDA 
is well seen in many different views, but the parasternal short-axis view 

of the superior margin of the left atrial disc to abut against the roof of 
the left atrium. Continuous rocking motion of the device against either 
the aorta or the atrial wall may result in erosion. If any of these findings 
become apparent, either during device deployment or after complete 
deployment, the device should be withdrawn, and attempts to reposi-
tion or resize the device should be made. If the findings persist despite 
these attempts, the device should be removed.139

Follow-Up
An echocardiogram should be performed within 24 hours of ASD 
device closure to exclude the presence of a pericardial effusion. After 
device implantation, patients should remain on aspirin for at least 6 
months, during which time complete device endothelialization occurs. 
Prophylaxis against subacute bacterial endocarditis is also recom-
mended during that period and should be continued if residual atrial-
level shunting is apparent at the time of the 6-month echocardiogram. 
After that, follow-up should be done at least on an annual basis, with 
echocardiography obtained during those visits. The right atrial and RV 
dimensions return to normal within 6 months if no significant atrial-
level shunting remains.145

TRANSCATHETER CLOSURE OF PATENT  
DUCTUS ARTERIOSUS

The ductus arteriosus is a muscular artery that extends from the under-
surface of the aortic arch to the roof of the main PA but is mostly 
directed to the left. Although some degree of anatomic variation does 
occur (e.g., a right aortic arch, in which the ductus arises from the base 
of the left innominate artery), the relationship is generally consistent. 
It provides a vital function during fetal life, allowing blood that has 
entered the main PA via the RV to be redirected into the aorta. At birth, 
with an increase in arterial oxygen content and a decrease in circulat-
ing prostaglandins, the ductus arteriosus spasms and later becomes 
fibrotic with permanent closure. This occurs usually by 5 to 7 days in 
full-term infants, but may not occur for up to 3 weeks. Persistence of 
the ductus arteriosus after that time occurs in 1 of every 2500 to 5000 
live births.146,147 After closure, the ductus arteriosus has no further 
significance, unless it is associated with a right aortic arch and aberrant 
origin of the left subclavian artery. Those anatomic associations result 
in a vascular ring that could prove clinically significant with airway 
compromise or feeding difficulty in infancy.

FIGURE 57-24	 Diagram	 demonstrates	 different	 relations	 of	 the	 Amp-
latzer	Septal	Occluder	to	the	aorta	after	deployment.	A,	Close	proximity,	
possibly	 touching.	 B,	 Straddling	 the	 aortic	 root.	 C,	 Distortion	 of	 the	
aorta,	which	may	increase	the	risk	of	erosion.	

A B C
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various techniques for their safe delivery and variations on the initial 
design and delivery have occurred. In general, after basic angiography 
of the PDA is complete, an appropriately sized coil is chosen. The PDA 
deemed ideal for coil closure should narrow significantly along its 
course (to <2 mm), be sufficiently long to accommodate the multiple 
loops of the coil, and have a sufficient aortic ductal diverticulum. In 
that way, the loops of the coil on the aortic end of the PDA do not 
cause flow disturbance in the proximal descending aorta once deployed.

Gianturco coils are delivered in a retrograde manner from the 
aortic end. Once the delivery catheter (typically a right coronary artery 
catheter or a similarly shaped catheter) has crossed the PDA, approxi-
mately two thirds of a loop of coil is extruded beyond the catheter tip 
(within the main PA) by a pusher wire of appropriate diameter. The 
entire catheter-coil complex is then slowly withdrawn until the par-
tially extruded coil is seen to “catch” on the PA wall. At that point, the 
catheter is retracted back over the pusher wire into the aorta, with the 
coil held statically in place. As the catheter is withdrawn, the body of 
the coil straddles the length of the PDA until it is completely extruded 
from the delivery catheter, when it springs back into the aortic ductal 
diverticulum and coils appropriately. With correct delivery, approxi-
mately two thirds of the coil remains on the pulmonary end of the 
PDA, a portion of the coil straddles the narrowest section of the vessel, 
and the remainder of the coil is tightly looped within the aortic 
ampulla. Repeat angiography is performed at a variable time after 
delivery to confirm appropriate placement and complete closure.

The risk of coil embolization has resulted in modifications of both 
the coil design and the delivery method. Detachable coils (Cook) used 
a screw mechanism on a modified Gianturco coil that allowed reposi-
tioning and retrieval if the initial positioning was incorrect.159,160 
However, that modification did not completely alleviate the risk of coil 
embolization after deployment. Snare techniques to control coil deliv-
ery have also been described.161 Once the initial loop of coil is advanced 
into the main PA, and before retraction of the delivery catheter back 
into the aorta, a gooseneck-type snare is positioned on the coil to 
maintain control at the time of delivery. Although this technique is 
successful in experienced hands, greater coordination between the 
primary catheterizer and the assistant is necessary. Difficulty loosening 
the snare from the coil after complete delivery may also result in dis-
placement after an apparently successful initial coil deployment.

The snare technique is now rarely required since the advent of the 
Nit-Occlud PDA closure device (PFM Medical, Cologne, Germany). 
This device is a further modification of the detachable coil but has  
a unique cone shape that is available in different sizes and lengths  

obtained immediately above the level of the pulmonary valve is ideal. 
If the PDA is small, two-dimensional imaging may not be helpful; in 
those cases, color flow mapping in the main PA reveals the flow occur-
ring in an opposite direction to the antegrade PA flow. Caution should 
be used to avoid confusing a pulmonary insufficiency color jet with 
that of the PDA. Doppler interrogation of the ductal flow can also help 
in determining the degree of stenosis across the PDA and in estimating 
the PA pressure.

Treatment and Outcomes
During the last 3 decades, percutaneous therapy for patients with an 
isolated PDA has become the standard of care at most institutions in 
the United States.151 The exceptions are premature neonates and those 
patients in early infancy who have particularly large, hemodynamically 
significant lesions. In those cases, surgical therapy is still regarded as 
routine. However, the advent of newer generations of ductal closure 
devices and occlusive plugs has begun to extend the age and size at 
which PDA closure is now attempted.152,153

When necessary, surgical PDA repair is performed, in most cases 
via the left lateral thoracotomy approach. Usually, the PDA is identi-
fied, tied off, and ligated. A left-sided chest tube drain remains in place 
for a brief period after surgery, and hospitalization may extend for 3 
to 4 days. The most significant, but fortunately rare, complications are 
damage to the recurrent laryngeal nerve and inadvertent ligation of the 
left PA or descending aorta (the latter with often catastrophic conse-
quences if not immediately identified).154,155 There is a low but not 
unexpected morbidity from wound and skin infections. Pain and dis-
comfort are not insignificant, and in most cases opioid analgesics are 
required during the first 24 hours. There is also a low incidence of 
vascular recanalization, but that may depend on surgical technique.

Transcatheter device closure of the PDA has been available for 
about 30 years. Various methods have been prominent during this 
time, but with evolution of device technology and operator technique, 
two categories of devices are currently in use: coils and occluder 
devices. Given the differences in their design and delivery, these are 
discussed separately.

Coils
Stainless steel Gianturco coils (Cook, Bloomington, IN), of various 
thicknesses, lengths, and loop diameters, were initially available for 
general vascular occlusion (Fig. 57-25).,,156-158 The application of these 
coils for small PDA closure began in the early 1990s, and since then, 

FIGURE 57-25	 Partial	(A)	and	 full	(B)	extrusion	of	a	Gianturco	coil	 from	its	delivery	sleeve.	The	coil	has	polyester	fibers	attached	 that	promote	
thrombosis	once	deployed.	
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the PDA and in the proximal descending aorta, the larger, aortic end 
with the cap is advanced out of the aortic end of the sheath. The device 
and sheath complex is then pulled back, with the cap positioned on 
the side wall of the aorta or within the ductal diverticulum. At that 
point, the delivery cable and device are kept exactly in place and the 
sheath is pulled back to deploy the remainder of the device within the 
body of the PDA. Before final release, repeat angiography is performed 
to ensure adequate positioning of the device. The delivery cable is then 
unscrewed from the device (Fig. 57-28).

This device has proved to be highly effective in closing larger PDAs, 
with success rates exceeding 98% at 6 to 12 months after closure.163,170 
The complication profile for this device has also been low, with few 
serious side effects. Similar concerns regarding left PA or aortic coarc-
tation apply, but in practice, this has not been a large concern.170,172,173 
Patient selection is important in avoiding those complications, and this 
device should be avoided if the PDA is smaller than 1 to 1.5 mm in the 
narrowest diameter or the PDA is an aortopulmonary window-type 
defect with no obvious ampulla. Under those circumstances, a modi-
fication of device delivery can be employed, with the aortic cap posi-
tioned within the PDA itself and not against the side wall of the aorta. 
Hemolysis occurring immediately after delivery of Amplatzer occluder 
devices has also been rarely described, but it has either been self-
limited or has resolved with coil placement within the device.171

The ADO II is a “biconical” modification of the original device. It 
is manufactured from a thinner-bore nitinol mesh and can be delivered 
through smaller guide catheters. The softer nature of the device allows 
improved conformation on both the aortic and the pulmonary end of 
the ductus, making it more suitable for smaller patients.173,174

FDA approval of other vascular occlusion plugs—the Amplatzer 
Vascular Plugs (AVP) I, II, and IV (St. Jude Medical)—has also widened 
the spectrum of devices available for PDA closure.152,153 These plugs are 
available in many different sizes. Although they are mostly applicable 

FIGURE 57-26	 The	Nit-Occlud	PDA	occlusion	device.	The	device	con-
sists	 of	 a	 preformed	 coil	 in	 a	 conical	 shape	 and	 is	 designed	 to	 be	
positioned	 in	 the	 aortic	 ductal	 ampulla,	 with	 a	 section	 of	 coil	 that	
straddles	 the	patent	ductus	arteriosus	and	a	smaller	 counter-coil	 that	
resides	 in	 the	pulmonary	ductal	ampulla	after	 release.	(Courtesy	PFM	
Medical,	Cologne,	Germany.)

FIGURE 57-27	 Amplatzer	 Duct	 Occluder	 I.	 The	 device	 is	 constructed	
from	 an	 alloy	 of	 nickel	 and	 titanium.	 The	 larger	 end	 with	 the	 cap	 is	
designed	to	be	placed	on	the	aortic	end	of	the	patent	ductus	arteriosus,	
within	the	ductal	diverticulum.	The	other	end	tapers	slightly	and	houses	
the	screw	thread	for	placement	of	the	delivery	cable.	This	image	shows	
the	device	attached	to	the	delivery	cable	and	the	delivery	sheath.	(Cour-
tesy	AGA	Medical,	Golden	Valley,	MN.)

(Fig. 57-26). The device is typically deployed in the descending aorta 
with a tethering cable passed antegrade from the pulmonary side. The 
body of the device is extruded into the descending aorta. The extruded 
device and delivery catheter are then retracted until the body of the 
closure device is lodged within the ductal ampulla. The delivery cath-
eter is withdrawn back across the ductal vessel, deploying the remain-
der of the device but maintaining control. Confirmatory angiography 
can then be performed, and if the position is acceptable, the device is 
released from the tethering delivery cable. Until that point, the device 
can easily be retracted and redeployed if necessary.162,163

Previously, simultaneous deployment of multiple coils was used for 
closure of large PDAs.164,165 Since the advent of the newer duct occluder 
devices and plugs, this technique is largely of historical significance.

In general, coil occlusion has been successful in occluding small 
PDAs, with closure rates between 95% and 100% at 2 years.166,167 Duct 
size has been shown to be the single most important factor in predict-
ing complete early and late closure. Small, residual shunts that are 
present early after attempted closure raise the prospect of persistent 
hemolysis with resulting anemia.168 In most cases, this resolves within 
72 hours; if not, a repeat catheterization with further coil placement 
may be necessary. Early experience with coil occlusion was also associ-
ated with mild stenosis of the left PA or descending aorta.169 However, 
with refinement of technique and appropriate patient selection for coil 
placement, this is of less clinical concern in the current era of PDA 
closure.

Duct Occluder Devices
Currently, the only FDA-approved noncoil device is the Amplatzer 
Ductal Occluder family of devices (ADO I and ADO II; St Jude 
Medical).170,171 The ADO I is a cone-shaped device that tapers from a 
larger-circumference rimmed edge (“cap”). This device is designed to 
be delivered through a sheath via the antegrade venous approach, and 
it has a delivery cable that remains attached until release (Fig. 57-27). 
The cable can also be used for retraction and repositioning of the 
device if necessary. Once the delivery sheath has been placed across 
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dilation and dysfunction. Over the past decade, there has been increas-
ing clinical emphasis on restoration of pulmonary valve function with 
surgical pulmonary valve replacement before the development of irre-
versible RV dysfunction. Common long-term limitations to both 
RV-PA conduits and BPVs include recurrent stenosis and regurgita-
tion. There is strong evidence that such dysfunction can be associated 
with exercise intolerance, arrhythmias, RV dysfunction, and an 
increased risk of late sudden death.175,176 There is also evidence to show 
that intervention on a dysfunctional RV-PA conduit or BPV can halt 
or even reverse the risk of these adverse outcomes.177-179 The long-
established standard of care for clinically important RV-PA conduit or 
BPV stenosis or regurgitation is reoperation involving cardiopulmo-
nary bypass and its attendant risks. Such patients face a lifetime of 
repeat RVOT operations.180,181

TPVR within an existing RV-PS conduit or BPV is one of the 
newest transcatheter interventions for structural heart disease and has 
continued to evolve rapidly since its introduction to the field. The goal 
of this novel therapy is to prolong the interval between surgical RVOT 
interventions (either RV-PA conduit or BPV replacement), with the 
intention to reduce the total number of open heart operations required 
over the lifetime of a patient. A second goal is to reduce the overall 
time during which a patient lives with some degree of clinically impor-
tant RVOT dysfunction (valvular stenosis or insufficiency). Percutane-
ous pulmonary valve implantation was introduced in the year 2000 by 

in smaller patients, they are on occasion suitable for adult-sized 
patients. Ductal closure rates with these devices appear similar to those 
achieved with other available means.163,171

Follow-Up
Anticoagulation is not required after PDA occlusion with either coils 
or other devices. Prophylaxis for subacute bacterial endocarditis 
remains indicated for at least the first 6 months and as long as residual 
PDA shunting is present. Follow-up echocardiography should be per-
formed at least 6 months after PDA closure; thereafter, if no murmur 
is present, further testing is not necessary.

TRANSCATHETER PULMONARY VALVE REPLACEMENT
Disruption, removal, and replacement of the native pulmonary valve 
are common to a number of palliative and reparative surgeries for 
treatment of CHD. Placement of an RV-PA RVOT conduit is common 
in surgical palliation of some forms of TOF, transposition of the great 
arteries, truncus arteriosus, and aortic valve disease treated with the 
Ross procedure. Even more commonly, in “typical” TOF with pulmo-
nary stenosis, surgical palliation involves enlargement of the pulmo-
nary valve annulus with a transannular patch; this results in long-term 
pulmonary valve incompetence, which can be associated with late RV 

FIGURE 57-28	 A,	Still-frame	lateral	aortogram	of	a	moderate-sized	patent	ductus	arteriosus	(PDA).	A	well-formed	ductal	diverticulum	is	present.	
B,	The	Amplatzer	Duct	Occluder	has	been	deployed	within	the	PDA	but	remains	attached	to	its	delivery	cable.	Retraction	and	redeployment	is	still	
possible	at	this	point.	C,	Still-frame	view	of	lateral	aortogram	after	device	release.	The	ductus	is	completely	occluded,	and	the	device’s	cap	is	well	
positioned	within	the	ductal	ampulla.	
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dysfunction. If there is an associated atrial-level communication, the 
patient will become cyanotic as a right-to-left atrial shunt develops in 
response to the decreased RV compliance associated with progressive 
myocardial hypertrophy and fibrosis. Similarly, the physiology of 
conduit or BPV insufficiency can be compared with that of native pul-
monary valve insufficiency. It results in an increased volume load on 
the RV that causes dilation and can eventually lead to the development 
of systolic and diastolic dysfunction. If left untreated, RV-PA conduit 
stenosis and insufficiency can also lead to LV dysfunction secondary to 
septal shift and adverse ventricular/ventricular interactions.185

Clinical Presentation and Diagnosis
Patients with RV-PA conduit or BPV stenosis or insufficiency may be 
detected early by the presence of a systolic or diastolic murmur, respec-
tively, often without symptoms. As conduit dysfunction progresses in 
severity or duration, patients may report exercise intolerance and short-
ness of breath with modest aerobic exercise.175 Eventually, with progres-
sive RVOT dysfunction, patients may develop with right-sided heart 
failure. RV dysfunction is known to increase the risk of late arrhythmia 
and sudden death.176 Echocardiography and cardiac MRI are the non-
invasive diagnostic studies of choice for assessment of conduit or BPV 
regurgitation or stenosis. For RVOT stenosis, Doppler peak systolic 
gradients lower than 30 mm Hg are considered mild and those between 
30 and 50 mm Hg are moderate (in the face of normal RV systolic 
function). For RVOT insufficiency, cardiac MRI is the imaging modal-
ity of choice to quantify RV systolic and diastolic volumes.

Studies with cardiac MRI show that RV size and function can 
predict which patients may benefit from intervention for a dysfunc-
tional RV-PA conduit or BPV.186,187 Intervention is probably indicated 
for an RVOT with stenosis and/or regurgitation if the RV ejection 
fraction is diminished or if RV diastolic volume exceeds 160 to  
180 mL/m2. Geva and colleagues showed that all patients who had an 
RV end-systolic volume greater than 95 mL/m2 had evidence of RV 
dysfunction by MRI.185 Studies of patients with repaired TOF have 
found that elevation of B-type natriuretic peptide correlates with RV 
size, ejection fraction, diastolic function, and exercise capacity.188

Once the decision has been made that a dysfunctional RVOT 
conduit warrants intervention, the feasibility of TPVR must be evalu-
ated. Currently, TPVR with the Melody valve is recommended only for 
RV-PA conduits that were 16 mm or larger in diameter at surgical 
implantation and that have clinically important stenosis or insuffi-
ciency. Valved homograft or heterograft conduits are equally suitable 
for Melody valve implantation. Precatheterization evaluation typically 
includes cardiac MRI to evaluate the anatomic dimensions of the surgi-
cal RVOT (conduit or BPV),189,190 the anatomy of the more distal pul-
monary artery, and the size and function of the RV. Cardiac MRI also 
can provide valuable information regarding the proximity of the RVOT 
to underlying coronary arteries. This is critical information, because 
RVOT rehabilitation before or during valve implantation can rarely 
cause coronary artery compression, occasionally with fatal results.191

Patients with significant RVOT stenosis or insufficiency after repair 
of TOF using a transannular patch who have not undergone surgical 
PVR are infrequently candidates for TPVR. However, some centers 
have recently demonstrated occasional success with TPVR in this 
population.192 Efforts to develop new TPVR technology designed for 
the patch-augmented or native RVOT, which is typically quite dilated 
and dynamic throughout the cardiac cycle, are ongoing.

Treatment and Outcomes
In the United States, the only FDA-cleared option for TPVR is the 
Medtronic Melody valve. The valve is a trileaflet bovine jugular venous 
valve that has been treated and preserved with glutaraldehyde and 
sutured into a 34-mm-long platinum-iridium stent (see Fig. 57-29). 
The stent is covered throughout its length by venous tissue. The valve 
is supplied in two versions: a 16-mm valve, which is indicated for dila-
tion from 18 to 20 mm, and an 18-mm valve for dilation from 18 to 

Bonhoeffer and colleagues.182,183 This technology was subsequently 
acquired by Medtronic (Minneapolis, MN) and marketed as the 
Melody transcatheter pulmonary valve and the Ensemble delivery 
system (Figs. 57-29 and 57-30). In 2010, based on the results from the 
U.S. pivotal trial, Medtronic received humanitarian device exemption 
(HDE) approval from the FDA to market the device in the United 
States. It has been used in other countries since 2006. As of August 
2014, approximately 7000 Melody valves have been implanted in more 
than 180 centers worldwide. The Edwards SAPIEN transcatheter heart 
valve (Edwards Lifesciences LLC, Irvine, CA) has FDA approval for 
transcatheter aortic valve replacement but currently remains an inves-
tigational device for TPVR.184

Physiology
RVOT obstruction is common in native as well as repaired CHD. 
Patients who undergo surgical repair that involves the placement of an 
RV-PA valved conduit or BPV require long-term monitoring (includ-
ing echocardiography and cardiac MRI) to detect recurrent RVOT 
dysfunction, specifically stenosis or regurgitation, which eventually 
occurs in most. The physiology of conduit or BPV stenosis is similar to 
that of native pulmonary valve stenosis. There is an increase in RV 
systolic pressure directly related to the severity of the stenosis and the 
RV stroke volume. This elevated RV systolic pressure stimulates myo-
cardial hypertrophy and also, over time, fibrosis. Eventually, if it is  
not relieved, severe stenosis will result in RV systolic and diastolic 

FIGURE 57-29	 The	 Medtronic	 Melody	 transcatheter	 pulmonary	 valve	
consists	 of	 a	 bovine	 jugular	 venous	 valve	 sutured	 onto	 a	 28-mm	
balloon-expandable	stent.	(Courtesy	Medtronic,	Minneapolis,	MN.)

FIGURE 57-30	 The	 Medtronic	 Ensemble	 transcatheter	 valve	 delivery	
system	is	designed	to	percutaneously	deliver	the	Melody	valve.	It	con-
sists	of	a	16-Fr	delivery	catheter	with	a	22-Fr	distal	pod	that	encloses	
the	crimped	Melody	valve.	(Courtesy	Medtronic,	Minneapolis,	MN.)
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properly on the delivery balloon (implanting the valve “upside down” 
will cause complete RVOT obstruction that could be fatal). A formal 
intraprocedural “time out” at this step is recommended to ensure and 
document that the TPVR is properly oriented on the delivery system 
before implantation. The delivery system is advanced over the ultrastiff 
guidewire into the target implant site within the RVOT. Once it is in 
the desired position, the delivery sheath is retracted to uncover the 
valve and balloon. The Melody valve is then implanted with sequential 
inflation of the inner and then the outer balloon of the Ensemble 
delivery system. The dilation balloons are then deflated, and the deliv-
ery system is withdrawn over the guidewire. Repeat hemodynamic 
measurements and angiography are performed to document the 
immediate outcome (Figs. 57-31 and 57-32). If significant residual 
stenosis is present or a paravalvular leak is noticed, a high-pressure 
balloon can be used to postdilate the TPVR. Adequate RVOT prepara-
tion before TPVR typically obviates this need. It is recommended that 
the patient be heparinized throughout the procedure.

Variations on the technique described here, particularly prestenting 
of a stenotic conduit before Melody valve implantation, have become 
widespread. Evidence suggests that prestenting of the RV-PA conduit 
with at least one bare-metal stent (in some cases, multiple stents) 
before TPVR may improve the hemodynamic outcome and decrease 
the incidence of late Melody stent fracture.194,195 As experience with this 
procedure continues to grow, new techniques and changes in the 
device will undoubtedly occur to make TPVR safer, more successful, 
and applicable to a larger range of RVOTs and patients.

Results
After an initial report on the first 34 patients, McElhinney and col-
leagues reported the short- and medium-term follow-up results from 
the expanded U.S. Melody valve trial in 136 patients over a period of 
almost 30 months.196,197 This study evaluated the safety, procedural 
success, and short- and medium-term effectiveness of the Melody valve 
in patients with dysfunctional RV-PA conduits or BPVs. TPVR was 
attempted in 124 (91%) of 136 patients; of the remaining 12 patients, 
TPVR was not attempted in 6 because there was evidence of coronary 
artery compression during provocative testing. Melody valve implanta-
tion was successful in 123 of the 124 attempts (conduit rupture occurred 
in one patient, necessitating emergent surgical conduit replacement). 
Among the cohort with a primary TPVR indication of pulmonary 
stenosis or mixed pulmonary stenosis and pulmonary regurgitation, 
the median peak RV-PA pressure gradient was acutely reduced from 
43.5 to 14 mm Hg. Pulmonary regurgitation was graded as none or 

22 mm. Some have found these valves to function well at smaller 
implant diameters and to be expandable to 24 mm, but these implant 
diameters are not listed on the FDA-cleared instructions for use.  
Valve implantation is performed with the 22-Fr sheathed Ensemble 
delivery system on an 18-, 20-, or 22-mm outer balloon catheter with 
a balloon-in-balloon design to facilitate a more controlled deployment 
(see Fig. 57-30).

Technique
TPVR is most commonly performed from a femoral venous approach, 
but the internal jugular venous approach has also been used suc-
cessfully, as have other central venous and hybrid perventricular  
strategies, when indicated. After baseline hemodynamic measure-
ments are obtained, RV angiography is performed to assess RV func-
tion, the anatomy of the RVOT, and the branch pulmonary arteries;  
all are important for determining the valve implantation site and the 
need for concomitant procedures (e.g., branch pulmonary artery 
rehabilitation).

Although there are a number of approaches to the procedure, exist-
ing RVOT stenosis is typically treated with a combination of serial 
ultra-high-pressure angioplasty and large-diameter bare-metal stent 
implantation. It is important to establish that there will be no coronary 
artery compression with RVOT rehabilitation before the implantation 
of any stent. Therefore during balloon angioplasty of the RVOT, the 
spatial relationship of the RVOT and coronary arteries is assessed with 
aortography or selective coronary angiography.193 Once the possibility 
of coronary compression is ruled out, the RVOT is rehabilitated to the 
desired TPVR implant diameter, with placement of large-diameter 
bare-metal stents (frequently several telescoped within one another for 
added radial strength). Early data suggested that inadequate conduit 
preparation (prestenting) resulted in an increased incidence of TPVR 
stent fracture and valve dysfunction, prompting a shift in approach to 
more comprehensive RVOT preparation.194 An existing BPV, in con-
trast to an RV-PA conduit, rarely requires placement of a preparatory 
bare-metal stent because the BPV itself typically prevents compressive 
forces from interacting with the TPV when it is placed in a “valve-in-
valve” fashion.

After RVOT preparation, and with an ultrastiff exchange wire posi-
tioned in a distal pulmonary artery, the Melody valve is serially rinsed 
in normal saline baths to adequately dilute the gluteraldehyde solution. 
The stent is hand-crimped onto the 18-, 20-, or 22-mm balloon of the 
Ensemble delivery system and loaded into a self-sheathing mechanism. 
It is of vital importance to be certain that the Melody valve is oriented 

FIGURE 57-31	 Lateral	angiograms	in	a	10-year-old	boy	8	years	after	a	Ross	procedure	following	aortic	valve	endocarditis.	A,	Before	Melody	valve	
implantation,	 there	 is	 significant	 stenosis	and	 regurgitation	of	 the	 right	 ventricle–to–pulmonary	artery	 (RV-PA)	homograft.	B,	 After	Melody	 valve	
implantation,	there	is	relief	of	the	stenosis,	and	Doppler	echocardiography	documents	only	trace	valve	regurgitation.	
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TPVR candidates and is more common in patients with abnormal coro-
nary artery anatomy.202

The most common complication in follow-up has been Melody stent 
fracture. In the expanded U.S. experience of 150 patients, freedom from 
Melody stent fracture was 77% at 14 months and 60% at 39 months.194 
Transcatheter implantation within a prestented RV-PA conduit or a 
BPV was associated with a longer freedom from Melody stent fracture, 
whereas transcatheter pulmonary valve compression behind the ante-
rior chest wall was associated with shorter freedom from Melody stent 
fracture. Among patients with a Melody stent fracture, freedom from 
RVOT intervention was 49% at 2 years. The European experience 
described by Lurz reported a 21% incidence of late stent fracture.200 
These data have strongly shifted clinical practice toward the placement 
of RVOT stents before Melody valve implantation.

The most common complication in follow-up has been Melody 
stent fracture. In the U.S. experience reported by Zahn, implantation 
of a second Melody valve within a fractured first valve stent (i.e., a 
“valve-in-valve” procedure) appeared to provide safe and effective 
treatment for recurrent stenosis secondary to stent fracture in some 
patients.203

Fever after catheterization seems to be a relatively common occur-
rence, seen in as many as 40% to 80% of patients in some early studies, 
but is infrequently associated with infection.204 The development of 
Melody valve endocarditis has been reported; risk factors have not yet 
been determined.205,206

Conclusion
Similar to advances in transcatheter aortic valve replacement, the avail-
ability of TPVR is a remarkable advance for many patients. This tech-
nology provides a transcatheter intervention for the dysfunctional 
RVOT (at this time, in the presence of a dysfunctional RV-PA conduit 
or BPV) that has the ability to ameliorate both stenosis and regurgita-
tion. Studies have shown that TPVR improves RV hemodynamics and 
extends the lifespan of the existing RVOT. Although early data dem-
onstrate excellent effectiveness and low complication rates, TPVR 
remains a work in progress, with only a single first-generation device 
currently available in the United States. Device competition within the 
transcatheter pulmonary valve marketplace and development of new 
devices intended for the patch-augmented RVOT can be expected to 
expand the population of patients who will benefit from this minimally 
invasive therapy.

trivial in all patients immediately after TPVR. The RV end-diastolic 
volume, as measured by cardiac MRI, demonstrated substantial reduc-
tion at the 6-month follow-up, whereas the RV ejection fraction was 
not changed. Although medium-term follow-up was limited, no patient 
had evidence of moderate or severe pulmonary regurgitation at 1 or 2 
years of follow-up. Most patients remained in NYHA class I at 2 years. 
Improvements in cardiopulmonary exercise capacity were modest.198 
Freedom from recurrent RVOT intervention was 95.4% at 1 year and 
87.6% at 2 years, which closely matched freedom from valve dysfunc-
tion (93.5% and 85.6% at 1 and 2 years, respectively). Ten of the 11 
patients requiring RVOT reintervention received transcatheter therapy 
(90% received a second Melody implant, all in the presence of stent 
fracture with associated RVOT obstruction).

More recently, Gillespie and associates published their multicenter 
experience of Melody valve specifically within failed BPVs in the pul-
monary position.199 Acute procedural success was high in this cohort, 
with no major procedural morbidity, and only two stent fractures iden-
tified at a median follow-up of 12 months.

There is a far more extensive international experience with TPVR, 
and the Melody valve received a CE mark in the European Union and 
a Canadian Medical Device License in 2006. One review by Lurz and 
colleagues reported results in 155 consecutive patients, with a median 
follow-up period of 28 months.200 The procedure resulted in an imme-
diate decrease in RVOT gradient from 37 to 17 mm Hg (P < .001) with 
no more than mild angiographic pulmonary regurgitation in any 
patient. Freedom from reintervention was achieved in 95% of these 
patients at 10 months after implantation.

Complications
TPVR has proved to be safe, with a procedural mortality of less than 
0.2%.201 Acute complications typically relate to RV-PA conduit injury 
(ranging from mild tear with associated pseudoaneurysm formation to 
frank conduit rupture with life-threatening hemorrhage), distal guide-
wire pulmonary artery injury, or more commonly, catheterization-
related adverse events such as vascular injury or arrhythmia.197 A trial 
is ongoing in the United States to evaluate the use of covered stents in 
the RVOT for treatment of clinically relevant conduit injury. Coronary 
artery compression is identifiable during prestent provocative testing 
and is therefore avoidable, but stent- and valve-related coronary artery 
compression has been described, occasionally with catastrophic results. 
Coronary compression can be anticipated in approximately 5% of 

FIGURE 57-32	 Lateral	angiograms	in	a	14-year-old	girl	who	had	undergone	a	Rastelli	procedure	for	complex	transposition.	Two	years	earlier,	she	
had	undergone	bare-metal	stenting	of	 the	 right	ventricle–to–pulmonary	artery	(RV-PA)	homograft	 for	stenosis	but	was	 left	with	 free	 regurgitation	
(A).	After	Melody	valve	implantation	(B),	there	is	no	residual	conduit	stenosis	or	regurgitation	(white	arrow).	

A B

Competent valve
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The many efforts to maximize therapy for patients with acute myo-
cardial infarction (AMI) have yielded significant benefits. Begin-

ning with thrombolytic therapy for AMI and continuing with primary 
percutaneous coronary intervention (PCI) for ST-segment elevation 
myocardial infarction (STEMI), the mortality rates for this devastating 
ischemic event have decreased from almost 15% in clinical trials in the 
late 1980s1 to less than 5% in recent primary PCI trials.2 Before these 
innovations, ischemic heart disease was the leading cause of congestive 
heart failure (CHF). Although further improvements in reperfusion 
are needed, current efforts have produced growing numbers of patients 
with CHF who have survived what would have been fatal events in the 
past. The prevalence of CHF has increased dramatically over the pre-
ceding decade, and more than 10% of the U.S. population older than 
65 years of age carry the diagnosis.

Although the mechanisms are still under investigation,3,4 we under-
stand that development of CHF after myocardial infarction is more 
than the loss of contractile tissue. The condition is partially determined 
by the ventricular remodeling that occurs in response to myocardial 
necrosis.5 The inflammatory response to myocardial necrosis leads to 
infarct expansion, dilation of the left ventricular (LV) cavity, and 
replacement of cardiomyocytes with fibrous tissue.3,5 The remodeling 
process results in an infarct border zone that is ischemic and may drive 
inflammation and further adverse remodeling.6

Treatment of the border zone is one target of cardiovascular regen-
erative therapies because increasing the contractile reserve of the 
border zone correlates with improved ventricular remodeling.6,7 
However, available therapies to alter the remodeling process and pro-
gression to CHF remain limited, and death rates for CHF continue to 
rise. Based on current trends, the problem is predicted to increase to 
more than 6 million cases by the year 2030.

The increasing burden of CHF has been addressed with pharmaco-
logic therapy, which in some patients can improve and delay the mor-
bidity and mortality of CHF; with electrical therapy, including cardiac 
resynchronization therapy; with LV remodeling surgery; and with 
mechanical therapy using the first LV assist device for destination 
therapy. During the past 15 years, cardiovascular medicine has taken 
great interest in the potential of regenerative therapies, particularly 

stem cell therapies, to prevent and treat cardiac dysfunction because 
this approach can address the underlying problem: loss of cardiomyo-
cytes due to ischemic death. Although there was much excitement and 
fanfare in the beginning, the field has had to address many challenges. 
However, there has been progress, and there is hope for improving 
patient outcomes in the future.

APPROACHES TO CELL THERAPY
The field of cell transplantation for the treatment of LV dysfunction 
after ischemic injury continues to make significant progress. Dozens 
of completed studies and meta-analyses suggest overall benefit for 
patients treated compared with controls.8-11 The goal has not changed: 
define a cell type that can incorporate into the recipient myocardium, 
survive, mature, and electromechanically couple to similar cells and to 
native cardiomyocytes.

The field began with differentiated cell transplantation (Fig. 58-1, 
A). The goal was to functionally achieve myoplasty through transplan-
tation of autologous skeletal myoblasts (SKMBs) that would engraft 
into injured myocardium in patients with ischemic CHF.12 Another 
strategy that has been implemented in clinical studies is stem cell 
mobilization (see Fig. 58-1, B), which involves the pharmacologic 
mobilization of a patient’s own bone marrow cells into the blood-
stream, homing of the stem cells to engraft in areas of myocardial 
damage, and directing the engrafted stem cells to differentiate into 
cardiomyocytes and vascular structures that fully integrate with the 
native myocardium.

Comprehensive studies have shown some patient benefit from stem 
cell transplantation (see Fig. 58-1, C). It involves removal of stem cells 
from the bone marrow of the patient (i.e., autologous graft) or a well-
screened donor (i.e., allogeneic graft) and injection of whole bone 
marrow or a selected population of bone marrow–derived stem cells 
into the infarct zone.

Questions abound about how these strategies can lead to clinical 
benefit by preventing (for patients in the periinfarct period) or treating 
(for patients with CHF) cardiac dysfunction. In this chapter, we sum-
marize the current state of knowledge, examine the findings of ongoing 
studies, and consider the future of stem cell therapy.

Differentiated Cell Transplantation
The goal of differentiated cell transplantation is substitution of scarred 
myocardium with viable cells, ultimately improving myocardial func-
tion. Several cell types, including smooth muscle cells and SKMBs, 
have been studied as candidates for differentiated cell transplantation. 
The value of these cell types is judged by their accessibility and their 
ability to be expanded in vitro before transplantation.

The first cell therapy for CHF was cardiomyoplasty. During this 
procedure, the heart was wrapped in skeletal muscle that was then 
paced to increase contractility of the weakened heart.13-15 Skeletal 
muscle was engrafted in the epicardial layers of the heart,16,17 a process 
now recognized as ingrowth and engraftment of SKMBs.18

Early preclinical and clinical studies with SKMBs set the stage for 
the benefits associated with the delivery and engraftment of exogenous 
cells into the heart to prevent and treat cardiac dysfunction. Studies 
found that exogenous cells could engraft into the heart and that the 
engraftment of SKMBs could produce clinical benefits, including 
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•	 Advances	in	reperfusion	therapy	have	produced	a	large	population	
of	patients	with	chronic	heart	failure	who	need	new	approaches	
such	as	stem	cell	therapy	to	improve	outcomes.

•	 Large-scale	clinical	trials	with	meaningful	outcomes	are	needed	to	
determine	efficacious	cell	populations	and	regenerative	strategies.	
The	time	for	small	studies	with	multiple	subgroups	is	past.

•	 Improvements	in	cardiac	function	with	cell	therapy	do	not	
necessarily	imply	improvements	in	electrical	conduction	or	
arrhythmogenic	risk.

•	 Multiple	delivery	strategies	and	devices	have	entered	the	clinical	
realm.

•	 Advances	in	the	generation	of	cardiomyocytes	from	induced	
pluripotent	stem	cells	suggest	autologous	cardiac	myocyte	
regeneration	may	be	possible	in	the	future.
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cells). However, studies do suggest that the normal physiologic response 
to myocardial injury is mobilization of stem cells, homing of these cells 
to the damaged myocardium, and differentiation of some of the stem 
cells into cardiomyocytes. If this natural repair mechanism can be 
potentiated, clinically meaningful myocardial regeneration may be 
achievable.

Excitement surrounding the use of stem cells is based on their 
unique biologic properties and their capacity to self-renew and regen-
erate tissue and organ systems. Figure 58-2 groups stem cell popula-
tions of interest in myocardial regeneration based on their cardiogenic 
potential. It was once thought that all stem cell populations listed in 
Figure 58-2 could differentiate into cardiomyocytes.28,29 Although 
many of these cell populations may lead to improved cardiac func-
tion,28,30 most adult stem cells cannot differentiate into cardiomyocytes. 
The one unmanipulated adult cell population that may have the ability 
to differentiate into adult cardiomyocytes is cardiac stem cells.31,32 All 
cells that have pluripotent to totipotent potential, such as embryonic 
stem cells (ESCs) and induced pluripotent stem cells (iPSCs), can 
generate adult cardiomyocytes.33,34

Bone Marrow–Derived Mononuclear Cells
Transplantation of adult stem cells by infusion into the infarct-related 
vessel or by endocardial injection has progressed to the point that data 
from randomized controlled trials are becoming available for patients 
with AMI (Table 58-1) and CHF (Table 58-2). The first randomized 

inducing reverse remodeling of adverse LV remodeling.19-21 Studies 
also demonstrated the importance of mechanical coupling of exoge-
nous cells to the cellular milieu of the heart.22 SKMBs do not integrate 
into the electrical syncytium of the myocardium and have been shown 
in animal studies to induce slow conduction,23 increase the risk of 
reentrant rhythm,24 and increase premature ventricular contractions 
and ventricular tachycardia in patients.12

Despite the arrhythmogenic risk of using SKMBs, the need for 2 to 
3 weeks between skeletal muscle biopsy and production of sufficient 
SKMBs for transplantation in humans, and no viable vasculature 
grown in response to SKMB engraftment, SKMBs are still being devel-
oped as a strategy for the treatment of CHF.

Myocardial Regeneration
Since the turn of the century, a significant body of literature has cor-
rected the once strongly held belief that the heart cannot repair itself. 
Studies have shown that after myocardial infarction in humans, there 
is a transient mobilization of stem cells and expression of stem cell 
homing factors that recruit these cells to the heart.25,26

Human female hearts transplanted into men were found to have 
cardiomyocytes and vascular structures that stained positive for the Y 
chromosome, suggesting that the cells originated from the transplant 
recipient’s stem cells.27 Unfortunately, studies also demonstrated that 
stem cell engraftment with differentiation into cardiomyocytes was an 
infrequent event (i.e., 0.02% of cardiomyocytes and 3.3% of endothelial 

FIGURE 58-1	 Schematic	diagram	of	differentiated	cell	 transplantation	(A),	stem	cell	mobilization	(B),	and	stem	cell	 transplantation	strategies	of	
cell	therapy	for	the	treatment	of	cardiac	dysfunction	(C).	FACS,	Fluorescence	activated	cell	sorting.	
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stem cell trial for patients with AMI was the Bone Marrow Transfer to 
Enhance ST-Elevation Infarct Regeneration Trial (BOOST).32 The trials 
of stem cell therapy for AMI can be summarized as follows:
• They have mostly focused on patients with a first STEMI and pre-

sumed normal LV function at baseline.
• All patients underwent primary PCI with restoration of antegrade 

flow.
• Bone marrow harvest was done on the day of stem cell infusion.
• Varied cell preparation approaches have been used, with cell dosing 

based on CD34+ cell numbers.
• Cells were delivered down the infarct-related vessel by direct infu-

sion or using a stop-flow technique that occludes coronary flow 
during infusion.

• Baseline and follow-up measurements of LV function consisted of 
an LV angiogram, cardiac magnetic resonance imaging (MRI), or 
echocardiography.
Although this strategy has not always improved cardiac function 

(see Table 58-1), most trials have demonstrated increased cardiac func-
tion ranging from 2% to 6%. In some trials, the early benefits seen with 
cell therapy were lost with subsequent follow-up, suggesting that infu-
sion of bone marrow–derived mononuclear cells (BMMNCs) acceler-
ates healing of the heart but may not further improve it.50 In contrast, 
serial follow-up from the largest bone marrow infusion trial, the Rein-
fusion of Enriched Progenitor Cells and Infarct Remodeling in Acute 
Myocardial Infarction (REPAIR-AMI) study,39 showed continued 
improvement in cardiac function and clinical parameters, including 
hospitalization for heart failure, reinfarction, and survival. After 4 
months, the treated population had an increase in ejection fraction 
(EF) of 6% compared with baseline, and the control population exhib-
ited only a 2.5% increase. In later follow-up studies, evidence of 

FIGURE 58-2	 Stem	cell	populations	of	interest	for	myocardial	repair	are	
stratified	 by	 the	 differentiation	 capacity	 of	 the	 given	populations.	 iPS,	
Induced	pluripotent	stem	cells;	MAPC,	multipotent	adult	progenitor	cells.	
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TABLE 58-1 Stem Cell Transplantation in Acute Myocardial Infarction

Study
No. of Patients/
Placebo Control? Cell Type

Delivery 
Method

Time After 
Infarction (days)

Baseline LV 
Function (%) Comments

Chen	et	al35 69/yes BM-derived	
MSCs

Intracoronary 18.4	±	1.5 49-53 Improvement	in	perfusion,	cardiac	function,	
and	decreased	LV	dilation;	no	increase	in	
restenosis

BOOST36,37 60/yes BMMNCs Intracoronary 4.8 50-51 Six	months	after	MI,	increase	in	EF	(6.7%)	in	
patients	who	received	BM	cells	compared	
with	0.6%	in	optimal	medical	management;	
controls	caught	up,	benefit	not	lost	at	18	mo

ASTAMI38 100/yes BMMNCs Intracoronary 5-8 46 Noted	chest	pain	and/or	ECG	changes	with	
infusion;	no	improvement	6	mo	after	cell	
stem	cell	infusion

REPAIR-AMI39 204/yes BMMNCs Intracoronary 4 47-48 Modest	improvement	in	EF	4	mo	after	stem	
cell	infusion,	5.5%	with	stem	cells	vs.	3.0%	
for	placebo;	for	EF	<49%	at	baseline,	
improvement	of	7.5%	with	stem	cells	vs.	
2.5%	for	placebo

Janssens	
et	al40

66/yes BMMNCs Intracoronary 4 46-49 First	randomized,	placebo-controlled,	blinded	
study	for	cell	therapy	at	the	time	of	AMI;	no	
benefit	seen

Yousef	et	al41 62/no BMMNCs Intracoronary 7 51 Registry	control	group;	improved	LV	function	
and	quality	of	life	and	mortality	out	to	5	yr

Hare	et	al42 53/yes MSCs	
(allogeneic)

Intravenous 1-10 53 Trend	toward	improvement	in	LV	function	in	
AWMI;	evidence	of	decreased	arrhythmia	in	
treated	patients

Penn	et	al43 28 MAPCs	
(allogeneic)

Adventitial 2-5 43 Registry	control;	significant	improvement	at	
50	M	dose

TIME	trial44 120/yes BMMNCs Intracoronary 3	or	7 36 No	benefit	of	BMMNC	delivery	3	or	7	days	
after	AMI

LATETIME45 87/yes BMMNCs Intracoronary 14-21 36 No	benefit	of	BMMNC	delivery	2-3	wk	after	AMI

AMI,	Acute	myocardial	infarction;	AWMI,	anterior	wall	myocardial	infarction;	BM,	bone	marrow;	BMMNCs,	bone	marrow–derived	mononuclear	cells;	ECG,	electrocardiographic;	EF,	ejection	
fraction;	LV,	left	ventricular;	MAPCs,	multipotent	adult	progenitor	cells;	MSCs,	mesenchymal	stem	cells.
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NOVEL AUTOLOGOUS STEM CELL INDICATIONS  
AND TYPES

Several groups have used novel approaches to improve outcomes for 
patients with cardiovascular disease. In the placebo-controlled Granu-
locyte Colony-Stimulating Factor (G-CSF)–Mobilized Auto-CD34+ 
Cells for Reduction of Angina Episodes in Patients With Refractory 
Chronic Myocardial Ischemia (ACT34) study, patients had G-CSF 
mobilization followed by apheresis and isolation of CD34+ cells.56,57 
These cells were injected using an endoventricular approach with the 
Noga catheter. The 1-year follow-up data for this patient population 
revealed sustained benefit of the 6-month findings of a decrease of 5.6 
angina events per week and a doubling of exercise treadmill time 
compared with baseline.

Disappointingly, phase III of the Controlled Study to Determine  
the Efficacy and Safety of Targeted Intramyocardial Delivery of  
Autologous CD34+ Cells for Increasing Exercise Capacity During 
Standardized Exercise Testing in Subjects With Refractory Angina  
Pectoris and Chronic Myocardial Ischemia (RENEW) study (https://
clinicaltrials.gov/ct2/show/NCT01508910) was stopped prematurely 
by the sponsor, leaving this population of patients to wait for future 
cell therapies.

Two trials focused on the utility of autologous myocardium-derived 
stem cells in patients with evolving ischemia-induced myocardial 
remodeling or ischemic cardiomyopathy. The Cardiosphere-Derived 
Autologous Stem Cells to Reverse Ventricular Dysfunction (CADU-
CEUS)58 trial (https://clinicaltrials.gov/ct2/show/NCT00893360?term
=CADUCEUS&rank=1) generated autologous cardiosphere-derived 
cells (CDCs). The Stem Cell Infusion in Patients with Ischemic Car-
diomyopathy (SCIPOIO)59 trial (https://clinicaltrials.gov/ct2/show/
NCT00474461?term=NCT00474461&rank=1) isolated autologous 
cardiac stem cells (CSCs).

decreased clinical events has been maintained up to 2 and 5 years after 
treatment.53

The REPAIR-AMI study remains the benchmark against which all 
AMI studies are compared. Success of the REPAIR-AMI study led to 
the Effect of Intracoronary Reinfusion of Bone Marrow–Derived 
Mononuclear Cells on All-Cause Mortality in Acute Myocardial 
Infarction (BAMI) study (http://www.bami-fp7.eu). BAMI is the first 
study of stem cell treatment of patients with AMI that is powered to 
determine a mortality benefit. A planned total of 3000 patients will be 
enrolled, and the control group will receive standard of care without 
sham or placebo infusion.

Recently completed studies of BMMNCs for AMI were designed 
and executed by the Cardiovascular Cell Therapy Research Network. 
They attempted to address the important question of optimal timing 
for cell therapy. The Transplantation in Myocardial Infarction Evalua-
tion (TIME) study randomized patients between bone marrow cells 
and placebo and to treatment 3 or 7 days after primary PCI. The sub-
sequent LateTIME study was designed to explore whether delayed 
delivery of cells after AMI could improve global and regional LV func-
tion. Patients were randomized to receive cells or placebo at 2 to 3 
weeks after primary PCI.

The TIME study results were negative and showed no benefit of 
BMMNC infusion at 3 or 7 days after AMI 4 or 12 months later.54 The 
results of the LateTIME trial were predictably negative.55 Whether 
the findings were negative because the cell preparation was devoid of 
functional benefit or because there are no signals for stem cell homing 
to the heart 2 to 3 weeks after AMI25 is unknown because the same 
cell preparation failed in the TIME trial. This negative experience 
highlights the importance of validating the functional reparative 
potential of the cell processing protocol in animal studies and in 
proven human cell preparations such as those developed by Dimmeler 
and colleagues.39

TABLE 58-2 Stem Cell Transplantation in Chronic Heart Failure

Study
No. of Patients/
Placebo Control? Cell Type Delivery Method

Etiology of 
Cardiomyopathy

Response of 
LV Function to 
Treatment Comments

Tse	et	al46 8/no BMMNCs Stem	cell	transplantation	
(Noga	catheter–guided	
intramyocardial	
injection

Severe	ischemic	
heart	disease

Unchanged Despite	no	change	in	EF,	
improvement	in	target	wall	
thickening	and	wall	motion	seen	
by	MRI;	no	acute	procedure-
related	complications	seen

Seiler	et	al47 21/yes Stem	cells	
mobilized	
from	the	BM

GM-CSF,	first	dose	
intracoronary,	then	
subcutaneous	for	
2	wk

Chronic	ischemia Unchanged	but	
decreased	
ischemia

Stem	cell	mobilization	to	induce	
angiogenesis	as	assessed	by	
improved	coronary	collateral	
blood	flow	after	2	wk	of	daily	
GM-CSF	administration

Assmus	
et	al48

75/yes	with	
crossover

CPCs	or	
BMMNCs

Intracoronary	infusion Ischemic	
cardiomyopathy

Improved	with	
BMMNCs	only

Baseline	EF	≈	40%;	2.9%	
improvement	with	BM-MNCs;	
1.2%	without	therapy;	0.4%	
with	CPCs

Perin	et	al49 21/yes,	
nonrandomized

BMMNCs Noga	catheter–guided	
intramyocardial	
injection

Severe	ischemic	
cardiomyopathy

Improved

Schaefer	
et	al50

10/no BMMNCs Catheter-based	
intramyocardial	
delivery

Chronic	ischemia Unchanged	but	
decreased	
ischemia

Decreased	stress-induced	
ischemia	and	CCS	angina	score

FOCUS51 92/yes BMMNCs Noga	catheter–guided	
intramyocardial	
injection

Ischemic	
cardiomyopathy

Unchanged No	benefit	observed	in	LVESVI,	
MVO2,	or	reversible	defects

POSEIDON52 30/no Allogeneic	and	
autologous	
MSCs

Endocardial Ischemic	
cardiomyopathy

Unchanged Not	placebo	controlled	and	
underpowered	but	equivalence	
of	safety	for	allogeneic	vs.	
autologous

BM,	Bone	marrow;	BMMNCs,	bone	marrow–derived	mononuclear	cells;	CCS,	Canadian	Cardiovascular	Society;	CPCs,	circulating	progenitor	cells;	GM-CSF,	granulocyte-macrophage	colony-
stimulating	 factor;	 LV,	 left	 ventricular;	 LVESVI,	 left	 ventricular	 end-systolic	 volume	 index;	 MRI,	 magnetic	 resonance	 imaging;	 MSCs,	 mesenchymal	 stem	 cells;	 MVO2,	 maximum	 oxygen	
consumption.

http://www.bami-fp7.eu
https://clinicaltrials.gov/ct2/show/NCT01508910
https://clinicaltrials.gov/ct2/show/NCT01508910
https://clinicaltrials.gov/ct2/show/NCT00893360?term=CADUCEUS%26rank=1
https://clinicaltrials.gov/ct2/show/NCT00893360?term=CADUCEUS%26rank=1
https://clinicaltrials.gov/ct2/show/NCT00474461?term=NCT00474461%26rank=1
https://clinicaltrials.gov/ct2/show/NCT00474461?term=NCT00474461%26rank=1
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III Cardiopoietic Cells for Treatment of Ischemic Heart Failure. 
(CHART-1) trial (https://clinicaltrials.gov/ct2/show/NCT01768702) 
with a goal of enrolling 240 patients overseas.

The second approach in clinical development is a proprietary cell 
culturing system developed by Aastrom Biosciences in which adherent 
cells are propagated for 2 weeks in an enclosed system. The phase  
II Ixmyelocel-T Administered via Transendocardial Catheter-Based 
Injections to Subjects With Heart Failure Due to Ischemic Dilated  
Cardiomyopathy (IDCM) trial (https://clinicaltrials.gov/ct2/show/
NCT01670981?term=ixCELL+DCM&rank=1) is delivering these cells 
by endocardial injection in patients with ischemic and nonischemic 
cardiomyopathy. This trial is estimated to enroll 108 patients.

MAPCs are stromal cells derived from the bone marrow. They can 
differentiate into endothelial, epithelial, and mesenchymal cell types.72 
They can be expanded in culture for more than 80 population dou-
blings and still maintain their pluripotency by differentiating into most 
somatic cell types.72 Whether these multipotent stem cells exist in vivo 
or are the result of serial cell passages in culture remains to be deter-
mined. However, the multipotent cells can be significantly expanded, 
and their reparative and immunomodulation properties hold the 
potential for benefit in cardiovascular disease,73 stroke (https://
clinicaltrials.gov/ct2/show/NCT01436487?term=NCT01436487&r
ank=1), graft-versus-host disease, and other pathologies.

MSCs and MAPCs can decrease cardiac myocyte cell death, 
decrease infarct size, and improve cardiac remodeling and function in 
rodent74 and porcine models75 of AMI. Each cell type has entered the 
clinical realm, with MSC clinical trials entering the phase III arena.

The MAPC phase I trial was a dose-ranging study in which 20, 50, 
and 100 million MAPCs were delivered to patients with a first-time 
STEMI and a postprimary PCI EF of 45% or less.43 In contrast to 
BMMNC or MSC trials, the MAPC phase I trial used catheter-mediated 
adventitial delivery of the MAPCs with the Mercator MedSystems 
Cricket catheter 2 to 5 days after primary PCI. As the balloon is inflated 
on this catheter, a single needle is deployed that goes through the 
medial layer of the infarct-related artery and delivers the MAPCs to 
the adventitia (Fig. 58-3). Preclinical studies have demonstrated that 
the MAPCs in the adventitia distribute throughout the infarct zone.75 
MAPC delivery resulted on average in an absolute increase in EF of 
more than 12% in patients with a baseline EF of less than 45%.43 As in 
other studies, no significant improvement was observed in patients 
with an EF greater than 45%.76,40

The ease of delivery of MAPCs with the Cricket catheter with 
respect to clinical workflow after PCI led to the development of a clini-
cal study to investigate the utility of stem cell delivery in cases of 
non–ST-segment elevation myocardial infarction (NSTEMI). NSTEMI 
has a higher 1-year mortality rate than STEMI,77 probably due to the 
fact that patients with NSTEMI have a greater likelihood of prior AMI 
and impaired EF. MAPCs in this setting have the potential to decrease 
infarct expansion and through immunomodulatory effects decrease 
adverse remodeling that may be initiated by an ischemic event in an 
impaired ventricle and to decrease the risk of additional plaque rupture 
along the coronary tree. This trial began active enrollment in 2015.

From an interventional perspective, it is interesting to compare the 
loss of efficacy in the translation of MSCs and MAPCs from preclinical 
studies to human studies. The efficacy of intravenous delivery of MSCs 
went from a relative increase of about 80% in rats to 10% at the high 
dose of MSCs used in the phase I trial.65,42 For MAPCs, the improve-
ment in EF found in a porcine AMI model was about 38%, compared 
with about 35% in the phase I trial.75,43 Although the consistency in 
effect in the MAPC trial may reflect the cell type, it is more likely that 
the difference in translation resulted from the delivery method. In the 
MAPC trial, the cells were delivered to the adventitia, avoiding the 
atherosclerotic intima of the diseased coronaries. In contrast, the effi-
ciency of MSC delivery to the myocardium in patients with coronary 
artery disease might have been inhibited compared with that observed 
in rodents, which had nondiseased arteries.

Studies are needed to define optimal strategies for stem cell delivery 
to the heart. The Cricket catheter offers one intriguing strategy for 

Based on the relative dosing of stem cells in preclinical trials, it 
appears that CDCs may be the most potent of all the adult stem cells.60 
If true, CSCs or CDCs may be the best cells to use for stem cell trans-
plantation (see Fig. 58-1). The CADUCEUS trial delivered autologous 
CDCs through the infarct-related vessels in stable patients with a low 
EF within 1 year of an AMI. In the SCIPIO trial, CSCs were isolated 
from atrial tissue obtained at the time of coronary artery bypass 
surgery.

The CSCs were cultured, and after sufficient propagation, the cells 
were injected into injured myocardium using a percutaneous approach. 
The CSC population was infused into a coronary artery on average 3 
to 4 months after open heart surgery.59 Just as stem cells can be rapidly 
harvested from adipose tissue,61,62 it may be possible to rapidly isolate 
CSCs from the left atrial appendage in the operating room or from 
endomyocardial biopsies in sufficient numbers to allow meaningful 
myocardial support.

The CADUCEUS team is studying allogeneic CDCs in the phase I/
II Allogeneic Heart Stem Cells to Achieve Myocardial Regeneration 
(ALLSTAR) trial. Data from the Stem Cell Infusion in Patients with 
Ischemic Cardiomyopathy (SCIPIO) trial varied but on average showed 
an approximately 9% increase in cardiac function. In the CADUCEUS 
trial, the investigators demonstrated a significant decrease in myocar-
dial scar by MRI and a trend toward improved LV volumes.58 These 
preliminary trials are good examples of the novel approaches being 
undertaken to investigate and optimize adult stem cell therapy.

Mesenchymal Stem Cells and Multipotent Adult  
Progenitor Cells
Stromal progenitor cells account for less than 0.05% of the adult bone 
marrow. Mesenchymal stem cells (MSCs) and multipotent adult pro-
genitor cells (MAPCs) form subpopulations of bone marrow stromal 
progenitor cells that maintain the ability to differentiate along multiple 
lineages.29,63

MSCs can be immunoselected by cell surface CD45 negativity and 
cultured through as many as 40 population doublings before attaining 
senescence. The benefits observed after MSC transplantation at the 
time of myocardial infarction may have little to do with the cells them-
selves, but rather reflect how the factors they secrete alter the tissue 
microenvironment. The so-called paracrine effect of MSCs has been 
demonstrated64 by showing that injection of the supernatant of MSC 
cultures at the time of myocardial infarction results in benefits similar 
to those associated with MSC transplantation.

We have demonstrated that the CXC motif chemokine 12 (CXCL12), 
previously designated stromal cell–derived factor 1 (SDF-1), released 
by MSCs results in the recruitment of cardiac stem cells to the infarct 
border zone and inhibits cardiac myocyte death through the binding 
of CXCL12 to the CXCR4 receptor–expressing cardiomyocytes in the 
infarct border zone.65,66 This is consistent with the work demonstrating 
that the relative benefit of a dose of CDCs (discussed earlier) correlates 
with the level of CXCL12 expression by the CDC preparation.67

Preclinical studies demonstrated that modulation of Wnt/β-catenin 
signaling through transforming growth factor-β1 (TGF-β1) pretreat-
ment or, more precisely, by modulating disabled 2 (DAB2)–induced 
MSCs, increased expression of proteins in vitro that are normally 
expressed by cardiomyocytes, leading to an improved functional 
response.68

Two strategies are being studied to improve the function of MSCs 
for the treatment of CHF. They involve harvesting of bone marrow–
derived MSCs and growing them under conditions that optimize their 
effects. The first effort has focused on inducing a cardiopoietic program 
within the MSC.69,70 This elegant work has detailed pathways that 
optimize the cardiac potential of adult MSCs. The Cardiopoietic Stem 
Cell Therapy in Heart Failure (C-CURE) trial found that the cardio-
poietic MSCs had the potential to improve cardiac function (e.g., EF 
increased 7% with cells but 0.2% with placebo), decrease end-systolic 
volume (16 mL relative to placebo), and improve the 6-minute walk 
distance.71 This cell-processing protocol is being studied in the phase 

https://clinicaltrials.gov/ct2/show/NCT01768702
https://clinicaltrials.gov/ct2/show/NCT01670981?term=ixCELL+DCM%26rank=1
https://clinicaltrials.gov/ct2/show/NCT01670981?term=ixCELL+DCM%26rank=1
https://clinicaltrials.gov/ct2/show/NCT01436487?term=NCT01436487%26rank=1
https://clinicaltrials.gov/ct2/show/NCT01436487?term=NCT01436487%26rank=1
https://clinicaltrials.gov/ct2/show/NCT01436487?term=NCT01436487%26rank=1
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STEM CELL–BASED CHEMOKINE AND  
CYTOKINE STRATEGIES

An early focus of clinical trials for stem cell repair of the myocardium 
was based on cytokine-mediated mobilization of the marrow space 
using G-CSF and granulocyte-macrophage colony-stimulating factor 
(CM-CSF).73 There is little evidence that stem cell mobilization of the 
marrow space in the periinfarct period with G-CSF leads to a signifi-
cant change in cardiac function or remodeling.

One possible explanation for the failure of G-CSF mobilization in 
clinical trials is that mobilized hematopoietic stem cells are unable to 
home due to dysfunctional CXCR4 (the CXCL12 receptor) expression. 
G-CSF mobilizes stem cells by the degradation of CXCR4, releasing 
the stem cell from its anchor in the bone marrow. There is increasing 
evidence that the stem cell mobilizing agent AMD3100 (an antagonist 
to the CXCR4 receptor) induces stem cell mobilization that leads to 
improvement in cardiac function in preclinical models.85 The early use 
of AMD3100 leads to stem cell mobilization but does not lead to per-
sistent inhibition of CXCR4 binding in the myocardium,85 whereas 
persistent AMD3100 administration leads to mobilization of stem cells 
but no improvement in cardiac function. These data suggest a poten-
tially important role for cardiac CXCR4 expression in the myocardial 
response to stem cell–mediated repair.

The bone marrow naturally releases stem cells into the bloodstream 
on a daily basis. The idea of cytokine-based stem cell mobilization is 
to increase the number of circulating stem cells when the heart is 
signaling to recruit them. Although G-CSF and AMD3100 induce stem 
cells to enter the bloodstream, if the heart is not signaling to recruit 
them to the injured myocardium, no benefit can be realized.25,86 We 
and others have taken the opposite approach: prolong the period that 
the heart signals to recruit stem cells to the injured myocardium and 

delivery of stem cells to the infarct region immediately after primary 
PCI, obviating the need for complex delivery systems or additional 
procedures at a later date in the catheterization laboratory.

Cardiac Regeneration
There is little evidence that adult stem cells regenerate lost cardiomyo-
cytes. Regeneration of cardiomyocytes and myocardial structures 
probably require ESCs, cardiomyocytes generated from iPSCs, or gene 
therapy to induce local directed differentiation.78,79 ESCs continuously 
replicate cell lines derived from an embryonic origin isolated from the 
blastocyst’s inner cell mass.80 Properties of ESCs include derivation 
from the preimplantation or periimplantation embryo, prolonged 
undifferentiated proliferation with conditional constraints, and the 
ability to form tissues derived from all three germ layers. When they 
are properly cultured, ESCs expand at a rapid rate and group to form 
embryoid bodies that have the ability to differentiate into a wide variety 
of specialized cells, including cardiomyocytes.

Adult somatic cells can be differentiated into cardiomyocytes 
directly or through the intermediate step of generating iPSCs.81,82 
Transplantation of these cells leads to engraftment of cardiomyocytes 
in the infarct zone and improvement in cardiac function and remodel-
ing. How these cells will ultimately translate into clinical use is unclear. 
Translation will require scaffolds and biologics to optimize the vascu-
larization, integration, and workload of these contractile networks.

Published clinical data are not available for the delivery of signifi-
cant numbers of cardiomyocytes to treat patients with CHF. There 
remains much excitement for the future of these cells, but for now, 
autologous iPSC-derived cardiomyocytes have shown significant utility 
for understanding the mechanisms associated with arrhythmias and 
cardiomyopathies.83,84

FIGURE 58-3	 Schematic	representation	of	microneedle	catheter–mediated	delivery	to	the	coronary	adventitia	and	photographs	of	deflated	and	inflated	
the	Mercator	Cricket	catheter.	Ga,	Gauge.	
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Many studies have suggested an increased incidence of ventricular 
tachycardia in patients who received SKMBs (see Table 58-1). This may 
be a spurious result because all of the patients in these trials had a 
history of myocardial infarction. However, although SKMBs do express 
connexin 43 in culture, they do not express connexin 43 after trans-
plantation, and SKMBs do not electrically couple with the native myo-
cardium.24 Establishment of connexin 43 expression in SKMBs 
decreases the arrhythmogenic risk of the cells.

These data coupled with clinical data demonstrating a decrease in 
clinical measures of arrhythmia in patients who received intravenous 
MSCs after AMI42 suggest that the clinical indications for stem cell 
therapy could be expanded from improving cardiac function to 
decreasing reentry. A trial could be designed in which specific stem 
cells would be injected into the mapped circuit to reverse the area of 
slow conduction or remodel the size of the scar instead of inducing 
further LV injury to interrupt a reentrant circuit. The safety associated 
with cell therapy justifies expanding indications and using novel trial 
designs to address clinical populations with unmet needs.

FUTURE DIRECTIONS AND CONTROVERSIES
The field of stem cell therapy for the treatment of cardiovascular 
disease is continuing to make significant strides at the molecular level. 
Unfortunately, clinical progress, especially in the United States, has 
lagged. Critical issues in basic science and clinical science need to be 
addressed to advance stem cell therapy to prevent or treat cardiac 
dysfunction and improve outcomes for patients with heart disease.

Bench Investigation
The first issue in the area of basic science is delineating the molecular 
mechanisms associated with adult stem cell–based repair of the heart. 
As we have shown with CXCL12 over the past 15 years, defining the 
molecular mechanisms associated with stem cell–based repair can 
identify novel targets for therapy, provide insights into the biology of 
tissue healing,90-92 and create agents for clinical investigation. Other 
molecules, such as stem cell factor93 and thymosin β4 (TMSB4X),94,95 
may someday enter the clinical realm to further advance the concept 
of endogenous stem cell pool activation96,97 and improve clinical 
outcomes.

The second issue is whether we can achieve cardiogenesis. Few data 
show that unmanipulated cardiomyocytes can divide and regenerate 
themselves after myocardial injury. However, genetic manipulation of 
cardiomyocytes in engineered murine models can induce cardiomyo-
cytes to divide and the infarct size to regress.98,99 Whether innovative 
pharmacologic strategies can activate these pathways after myocardial 
infarction remains to be seen.

Clinical Investigation
There have been limited advances in cell therapy trials over the past 4 
years, especially in the academic arena. Perhaps the greatest advance-
ment is the launch of the European BAMI trial, which is powered to 
detect a mortality benefit for cell therapy for AMI. In the United States, 
the National Institutes of Health (NIH)–sponsored Cardiovascular 
Cell Therapy Research Network (CCTRN) has contributed three trials 
with negative results to the literature in part due to poor trial design 
and possibly due to an ineffective cell preparation protocol. Unfortu-
nately, the Sepax system for cell processing that was implemented by 
the CCTRN was never validated against an efficacious cell therapy 
protocol.

Other trials in the United States subdivided cohorts into underpow-
ered groups that resulted in uninterpretable52,100 and possibly inap-
propriately interpreted101 findings, offering the field no real direction. 
It is also clear that the field can no longer advance on the execution of 
small, underpowered studies.100 This contrasts with European clinical 
studies such as the CELLWAVE study (discussed earlier) and several 
industry-academic collaborations such as those being executed by  

take advantage of the fact that there are always circulating stem cells 
in the bloodstream.

In 2003, we defined CXCL12 as a stem cell homing factor to injured 
tissues.25 We demonstrated that prolonging CXCL12 signaling in the 
myocardium by the delivery of mesenchymal stem cells, which express 
CXCL12 at baseline, or enhanced CXCL12-expressing mesenchymal 
stem cells produces significant preservation of cardiomyocytes and 
cardiac function.65 We also demonstrated that reestablishment of 
CXCL12 expression through the delivery of a CXCL12-containing 
plasmid to a model of ischemic cardiomyopathy leads to remodeling 
of the scar and improvement in the EF.87

Based on these data and those from porcine models, CXCL12 gene 
transfer is under clinical development. In a phase I, open-label, dose-
escalation study, a plasmid CXCL12 (JVS-100) was delivered by 15 
endocardial injections using a helical injection catheter.6 Fifteen injec-
tions of 1 mL per injection targeted the infarct and infarct border zone, 
delivering 5-, 15-, or 30-mg total. The trial demonstrated a dose-
dependent improvement in the 6-minute walk distance and N-terminal 
pro-B-type natriuretic peptide (NT-proBNP) levels, as well as neovas-
cularization of the infarct border zone and stabilization of ventricular 
size and function at the higher two doses.6

The utility of transient CXCL12 overexpression in CHF was dem-
onstrated in the randomized, double blind, placebo-controlled, 93 
patient Sdf-1 Treatment Of Patients—Heart Failure (STOP-HF) trial. 
In STOP-HF, high-risk patients with ischemic cardiomyopathy who 
received 30 mg of JVS-100 demonstrated a statistically significant 11% 
increase (p = 0.01) in ejection fraction and a trend towards a 25 mL 
increase in stroke volume (p = 0.09) relative to placebo.88

CXCL12 overexpression is also being studied in ischemic cardio-
myopathy using retrograde infusion through the coronary sinus in the 
JVS-100 Administered by Retrograde Delivery to Cohorts of Adults 
with Ischemic Heart Failure (RETRO-HF) trial (https://clinicaltrials.gov/
ct2/show/NCT01961726?term=NCT01961726&rank=1). This is the 
first trial implementing retrograde infusion as a strategy for delivering 
a biologic, and it may open treatment options for patients with a LV 
wall thickness too thin for endocardial injection.

The direct overexpression of CXCL12 prepares and induces the 
myocardium to engraft circulating stem cells.89 It has similarly been 
shown that preparing the heart before stem cell infusion increases the 
efficacy of the procedure. In the Cardiac Extracorporal Shock Wave 
Therapy for Induction of Therapeutic Neovascularization and Homing 
of Bone Marrow Progenitor Cells in Patients With Chronic Ischemic 
Heart Disease (CELLWAVE) study (https://clinicaltrials.gov/ct2/show/
NCT00326989?term=NCT00326989&rank=1), the investigators used 
shock wave therapy directed at the heart to induce myocardial expres-
sion of CXCL12 and vascular endothelial growth factor (VEGF) in 
patients with chronic ischemic cardiomyopathy. Twenty-four hours 
later, patients underwent bone marrow harvest and intracoronary infu-
sion of autologous bone marrow cells. This study found that only 
patients who received the combination of shock wave therapy with 
autologous bone marrow infusion had improvement in the EF, whereas 
shock wave or cell infusion alone had no effects.89 This is an excellent 
example of the execution of a clinical trial to test an important hypoth-
esis and increase our understanding of the factors associated with 
successful cell therapy.

ELECTRICAL EFFECTS OF CELL THERAPY
As the field of stem cell therapy identifies strategies that preserve or 
improve cardiac function in patients with AMI or CHF, it is becoming 
clear that the mechanical and electrical effects of therapy are indepen-
dent.20,24 We previously demonstrated that SKMBs or MSCs (1 million 
of each cell type) delivered in the periinfarct period to the myocardium 
results in similar improvements in cardiac function. However, when 
these hearts undergo an electrophysiology study with the introduction 
of extrasystoles, the rate at which ventricular tachycardia is induced 
depends on the cell type the animal received.24 Hearts of animals that 
received SKMBs were always inducible for ventricular tachycardia.

https://clinicaltrials.gov/ct2/show/NCT01961726?term=NCT01961726%26rank=1
https://clinicaltrials.gov/ct2/show/NCT01961726?term=NCT01961726%26rank=1
https://clinicaltrials.gov/ct2/show/NCT00326989?term=NCT00326989%26rank=1
https://clinicaltrials.gov/ct2/show/NCT00326989?term=NCT00326989%26rank=1
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patients continues to decline. If adult stem cell therapy is going to have 
a significant impact on patient outcomes, it must be transitioned to 
patients with ischemic cardiomyopathy before their index event and 
who have NSTEMI.

CONCLUSIONS
Stem cell therapy for the prevention and treatment of cardiac dysfunc-
tion continues to make progress. The balance of data suggests that  
there is a therapeutic effect, and the bench science is coalescing around 
some common mechanisms of action. Given the growing prevalence 
of patients with CHF and myocardial infarction combined with the 
economic burden of CHF, the potential human and societal benefits 
are vast.

Caladrium, Inc. (CXCR4+ progenitor cells), Capricor (cardiac cell–
derived cardiospheres), Juventas Therapeutics (CXCL12 gene transfer), 
and Celyad, Inc. (cardiopoietic mesenchymal stem cells) in which suf-
ficiently sized trials are focusing on clinically relevant populations in 
collaboration with academic bench science groups investigating mech-
anisms of action before embarking on clinical trials. The bench to 
bedside to bench paradigm is alive and well in the field and is the most 
likely avenue to bring advances to clinical populations.101

An important issue is whether stem cell therapy can produce sig-
nificant benefit for patients with NSTEMI. All trials have focused on 
patients with a first STEMI with normal cardiac function before the 
ischemic event. Although this study population has been essential for 
demonstrating proof of concept and biologic effect, it is not the one 
most at risk for adverse cardiac events, and the number of STEMI 
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Percutaneous coronary intervention (PCI) has evolved dramatically 
over the past 3 decades, fundamentally altering the management 

of ischemic coronary artery disease (CAD). Bare-metal stents (BMSs) 
and drug-eluting coronary stents (DESs) are used in more than 90% 
of PCI procedures. Coronary arteriography is a fundamental compo-
nent of PCI, providing prognostic information about the baseline 
lesion morphology and severity, quantification of anterograde perfu-
sion, and adequacy of the final result. Although conventional visual 

angiography has formed the cornerstone of clinical decision making 
for patients undergoing cardiovascular interventions, quantitative 
analyses of procedural and late angiograms have elucidated the thera-
peutic mechanisms of new devices and drugs and identified the factors 
predisposing to procedural complications, thrombosis, and restenosis, 
improving patient selection for these procedures.

The standard criteria used to stratify the baseline procedural risk 
of patients undergoing PCI are reviewed in this chapter. These criteria 
have been modified since the availability of DESs, and several predic-
tive scores (e.g., SYNTAX trial score) have provided useful tools for 
deciding between multivessel PCI and coronary artery bypass grafting 
(CABG) in patients with complex CAD. Newer methods to assess 
myocardial perfusion beyond coronary flow that provide important 
prognostic information for patients with acute myocardial infarction 
(AMI) are discussed. The quantitative angiographic methods used for 
evaluating early and late procedural outcome after PCI are outlined, 
including the value of these indices as surrogates for clinical outcome 
in novel stent studies.

QUALITATIVE ANGIOGRAPHY
Calculation of the procedural risk for PCI begins with accurate assess-
ment of the complexity of the baseline coronary anatomy. Predictors 
for an adverse procedural outcome after balloon angioplasty were iden-
tified in early series, but a standardized approach to the assessment of 
lesion morphology in patients undergoing PCI was lacking until the 
late 1980s. Refinement of these criteria was necessary after the intro-
duction of coronary stents to estimate procedural risk, particularly 
with the continued availability of the alternative of CABG.

ACC/AHA Task Force Criteria for Lesion Morphology
A joint task force of the American College of Cardiology (ACC) and 
American Heart Association (AHA) established criteria to estimate 
procedural success and complication rates after balloon angioplasty 
based on the presence or absence of specific high-risk lesion charac-
teristics more than 2 decades ago.1 Although these criteria were devel-
oped based solely on the task force’s clinical impressions (Table 59-1), 
their estimates of procedural success and complications closely cor-
related with the procedural outcomes demonstrated in patients under-
going multivessel balloon angioplasty.2 Chronic total occlusion, 
high-grade stenosis, stenosis on a bend of 60 degrees or more, and 
occlusion location in vessels with proximal tortuosity were associated 
with adverse outcomes.2 The most complex lesion morphologies (i.e., 
type C lesions) were associated with less satisfactory procedural out-
comes.3,4 Definitions for these variables are provided (Table 59-2).

With the improved outcomes associated with the use of coronary 
stents, contemporary composite risk scores were proposed.5,6 The 
Society for Cardiac Angiography and Interventions (SCAI) Registry 
evaluated 61,926 patients (74.5% received stents) from the ACC 
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K E Y  P O I N T S

•	 Although	clinical	outcomes	after	percutaneous	coronary	
intervention	(PCI)	have	continued	to	improve	over	the	past	2	
decades,	precise	assessment	of	coronary	lesion	complexity	
remains	valuable	in	estimating	early	and	late	procedural	risk.

•	 Aggregate	scores	that	consider	the	vessel	patency	and	underlying	
lesion	morphology	provide	the	most	predictive	information	for	
estimating	outcome.	The	SYNTAX	trial	score,	a	quantitative	
assessment	of	the	extent	of	coronary	artery	disease,	has	provided	
valuable	insights	into	the	selection	of	patients	for	multivessel	PCI	
or	coronary	artery	bypass	grafting.

•	 Longer	lesions,	thrombus-containing	lesions,	degenerated	
saphenous	vein	grafts,	severe	tortuosity	and	angulation,	and	total	
coronary	occlusions	hold	the	highest	risk	for	failure	with	PCI.

•	 Assessment	of	myocardial	blood	flow	and	myocardial	perfusion	is	
useful	in	predicting	prognosis	for	patients	with	ST-segment	
elevation	myocardial	infarction	(STEMI)	and	may	be	valuable	in	
predicting	events	in	patients	with	non–ST-segment	elevation	
myocardial	infarction	as	well.	More	quantitative	than	qualitative	
indices	are	preferred	to	assess	the	value	of	new	drugs	and	devices	
STEMI	patients.

•	 Coronary	angiography	is	standard	for	assessing	lesion	severity	
before	and	after	PCI,	but	physiologically	intermediate	(40%	to	
70%)	lesions	require	assessment	using	adjunct	modalities,	such	
as	fractional	flow	reserve.

•	 For	research,	reliable	and	reproducible	methods	of	severity	
assessment	using	quantitative	angiography	have	provided	
important	insights	into	the	mechanisms	of	benefit	of	new	drugs	
and	devices	in	patients	undergoing	coronary	intervention.	Use	of	
novel	quantitative	programs	has	yielded	three-dimensional	
imaging	methods	for	precise	characterization	of	total	occlusions	
and	bifurcation	disease.

•	 Late	clinical	restenosis	can	be	predicted	by	the	quantitative	
measurement	of	percent	diameter	stenosis	and	late	lumen	loss	in	
patients	undergoing	drug-eluting	and	bare-metal	stent	placement.

•	 Quantitative	angiographic	methods	remain	an	essential	tool	for	
assessing	the	outcome	after	new	device	and	drug	therapy	in	
patients	undergoing	intervention	for	ischemic	heart	disease.

S E C T I O N  VI EVALUATION OF INTERVENTIONAL TECHNIQUES
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Each lesion is also weighted by its contribution to the myocardial 
bed that it supplies.8 In a right-dominant system, the right coronary 
artery supplies approximately 16% and the left coronary artery supplies 
84% of the flow to the left ventricle, of which 66% is supplied by the 
left anterior descending artery and 33% is supplied by the left circum-
flex coronary artery. These factors have been included in the weight 
given to each segment.

Lesions are further graded by their complexity, including multiple 
tandem lesions, morphology of total occlusions, bifurcation and trifur-
cation involvement, aortoostial location, diffuse disease and small ves-
sels, severe tortuosity, length greater than 20 mm, heavy calcification, 
and thrombus.8,9 An online algorithm (http://www.syntaxscore.com) 
automatically sums each of these features to calculate the total score.

The SYNTAX score is an important prognostic tool for risk stratify-
ing patients with multivessel disease who are being considered for 
coronary revascularization. Its predictive value was assessed for 1292 

National Cardiovascular Data Registry and classified their lesions in 
four groups: non–type C, type C, non–type C occluded, and type C 
occluded (Table 59-3).5 These simplified criteria provided better dis-
crimination for success or complications than the ACC/AHA original 
classification with a c statistic of 0.69 for success using the ACC/AHA 
original classification system, 0.71 using the modified ACC/AHA 
system, and 0.75 for the SCAI classification.5

The Mayo Clinic risk score was constructed by adding integer 
scores for eight morphologic variables, and it was compared with the 
ACC/AHA risk score for 5064 patients undergoing PCI, of whom 183 
(4%) experienced an adverse event (e.g., death, Q-wave myocardial 
infarction, stroke, emergency CABG).6 The Mayo Clinic risk score 
offered significantly better risk stratification than the ACC/AHA lesion 
classification for the development of cardiovascular complications, 
whereas the ACC/AHA lesion classification was a better system for 
determining angiographic success.6

SYNTAX Score
The SYNTAX score was developed during the Synergy Between Per-
cutaneous Coronary Intervention With Taxus and Cardiac Surgery 
(SYNTAX) trial to classify patients according to the complexity and 
extent of CAD.7,8 A lesion is defined as significant when it causes a 
greater than 50% reduction in luminal diameter by visual assessment 
in a vessel that is more than 1.5 mm in diameter.8 A multiplication 
factor of 2 is used for nonocclusive lesions, and 5 is used for occlusive 
lesions, reflecting the difficulty of the percutaneous treatment.8 Up to 
12 lesions are identified within the coronary tree, and each lesion is 
assessed for its severity, including total occlusion (with appropriate 
characterization) and side branches and their size.8

TABLE 59-1 American College of Cardiology/American Heart 
Association Characteristics of Type A, B, and C 
Coronary Lesions

Type	A	lesions:	high	success	rate	(≈85%),	low	risk
Discrete	(<10	mm)
Concentric
Readily	accessible
Nonangulated	segment	(<45	degrees)
Absence	of	thrombus
Little	or	no	calcium
Less	than	totally	occlusive
Not	ostial	in	location
Smooth	contour,	no	major	side	branch
No	side	branch	involvement

Type	B	lesions:	moderate	success	rate	(60%-85%),	moderate	risk
Tubular	(10-20	mm	long)
Eccentric
Moderate	tortuosity	of	proximal	segment
Bifurcation	lesion	requiring	double	guidewire
Some	thrombus
Moderate	to	heavy	calcification
Total	occlusion	<3	mo	old
Moderately	angulated	(45-90	degrees)
Irregular	contour

Type	C	lesions:	low	success	rate	(≈60%),	high	risk
Diffuse	(>20	mm	long)
Excessive	tortuosity	of	proximal	segment
Extremely	angulated	segment	(>90	degrees)
Total	occlusion	>3	mo	old
Inability	to	protect	major	side	branches
Degenerated	vein	grafts	with	friable	lesions

Modified	from	Ryan	TJ,	Faxon	DP,	Gunnar	RP,	et	al:	Guidelines	for	percutaneous	translu-
minal	coronary	angioplasty:	a	report	of	the	American	College	of	Cardiology/American	Heart	
Association	Task	Force	on	Assessment	of	Diagnostic	and	Therapeutic	Cardiovascular	Pro-
cedures	 (Subcommittee	on	Percutaneous	Transluminal	Coronary	Angioplasty).	 J	Am	Coll	
Cardiol	12:529-545,	1988.

TABLE 59-2 Definitions of Preprocedural Lesion Morphology
Variable Definition

Eccentricity Stenosis	with	one	of	its	luminal	edges	in	the	
outer	one	fourth	of	the	apparently	normal	
lumen

Irregularity Lesion	ulceration,	intimal	flap,	aneurysm,	or	
sawtooth	pattern

	 Ulceration Small	crater	consisting	of	a	discrete	luminal	
widening	in	the	area	of	the	stenosis	but	does	
not	extend	beyond	the	normal	arterial	lumen

	 Aneurysmal	dilation Segment	of	arterial	dilation	larger	than	the	
dimensions	of	the	normal	arterial	segment

	 Sawtooth	pattern Multiple,	sequential	stenotic	irregularities

Lesion	length Measured	shoulder	to	shoulder	in	an	
unforeshortened	view

	 Discrete Lesion	length	<10	mm
	 Tubular Lesion	length	10-20	mm
	 Diffuse Lesion	length	>20	mm

Ostial	location Origin	of	the	lesion	within	3	mm	of	the	vessel	
origin

Lesion	angulation Vessel	angle	formed	by	the	centerline	through	
the	lumen	proximal	to	the	stenosis	and	
extending	beyond	it	and	a	second	centerline	
in	the	straight	portion	of	the	artery	distal	to	
the	stenosis

	 Moderate Lesion	angulation	>45	to	90	degrees
	 Severe Lesion	angulation	>90	degrees

Bifurcation Medium	or	large	branch	(>1.5	mm)	originates	
within	the	stenosis,	and	the	side	branch	is	
completely	surrounded	by	stenotic	portions	of	
the	lesion	to	be	dilated

Lesion	accessibility
	 Moderate	tortuosity Lesion	is	distal	to	two	bends	≥75	degrees
	 Severe	tortuosity Lesion	is	distal	to	three	bends	≥75	degrees

Degenerated	SVG Graft	characterized	by	luminal	irregularities	or	
ectasia	comprising	>50%	of	the	graft	length

Calcification Readily	apparent	densities	within	the	apparent	
vascular	wall	at	the	site	of	stenosis

	 Moderate Densities	seen	only	with	cardiac	motion	before	
contrast	injection

	 Severe Radiopacities	seen	without	cardiac	motion	
before	contrast	injection

Total	occlusion TIMI	grade	0	or	1	flow

Thrombus Discrete,	intraluminal	filling	defect	with	defined	
borders	that	is	largely	separated	from	the	
adjacent	wall;	contrast	staining	may	or	may	
not	be	seen

SVG,	Saphenous	vein	graft;	TIMI,	Thrombolysis	in	Myocardial	Infarction.

http://www.syntaxscore.com
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fraction, unprotected left main disease, peripheral vascular disease, 
female sex, and chronic obstructive pulmonary disease. The combina-
tion of clinical variables and the SYNTAX score has the best discrimi-
natory value for patients undergoing multivessel PCI.19,20

In a effort to further integrate clinical and angiographic variables 
into a combined risk score, the Acute Catheterization and Urgent 
Intervention Triage Strategy–Percutaneous Coronary Intervention 
(ACUITY-PCI) trial included six: insulin-treated diabetes, renal insuf-
ficiency, baseline cardiac biomarker elevation or ST-segment deviation, 
bifurcation lesion, small vessel or diffuse CAD, and extent of CAD.21 
The ACUITY-PCI score had the best discrimination, calibration, and 
index of separation compared with other risk scores.21 In a comparative 
analysis of 2094 patients enrolled in the ACUITY Study, the SYNTAX 
score; combined clinical variables plus SYNTAX score (CSS); new risk 
stratification (NERS) score; age, creatinine, and ejection fraction 
(ACEF) score; Global Registry for Acute Coronary Events (GRACE) 
score; and Thrombolysis in Myocardial Infarction (TIMI) study score 
were compared for their risk assessment of 1-year mortality, cardiac 
mortality, myocardial infarction, target-vessel revascularization (TLR), 
and stent thrombosis for patients with non–ST-segment elevation 
acute coronary syndromes undergoing PCI.22 In this analysis, scores 
incorporating clinical and angiographic variables (i.e., CSS and NERS) 
showed the best balance between discrimination and calibration.22

Risk Assessment Using Specific Lesion Morphologic Criteria
Despite the value of risk scores in estimating aggregate procedural risk, 
they have several limitations when applied to individual patients. Iden-
tification of lesion characteristics, such as eccentricity, irregularity, 
angulation, and tortuosity, is limited by substantial interobserver vari-
ability. Agreement with ACC/AHA classification was found for only 
58% of lesions in one series, with disagreement by two classification 
grades identified for almost 10% of lesions.2 Similarly, the SYNTAX 
score suffers from the interobserver variability inherent in visual esti-
mation of disease severity. The weighted κ value for the interobserver 
reproducibility of the SYNTAX score was 0.45, whereas the intraob-
server weighted κ value was 0.59.9

Rather than a composite score, the description of individual mor-
phologic features may be more predictive of early and late outcomes 
after PCI. Some ACC/AHA morphologic features are associated with 
complicated procedures (e.g., thrombus, saphenous vein graft [SVG] 
degeneration, angulated segments), whereas others are associated with 
unsuccessful but uncomplicated procedures (e.g., chronic total occlu-
sions, diffuse disease).

Irregular Lesions
With the advent of coronary stents, the prognostic importance of 
irregular lesions has been diminished substantially, although identifi-
cation of an irregular plaque on angiography suggests an acute coro-
nary syndrome and intracoronary thrombus. Semiquantitative and 
quantitative measurements of lesion irregularity were developed in the 
early 1990s to better characterize lesion morphology in patients with 
acute coronary syndromes, but these methods have not found clinical 
utility independent of other clinical risk factors.

A novel technique of identifying plaque rupture defined any irregu-
lar lesion with ulceration, flap, or aneurysm on a qualitative angiogram 
as suspicious for plaque rupture. Intravascular ultrasound (IVUS)–
detected lesions with or without plaque rupture were compared with 
the corresponding angiograms.23 Proximal coronary location, a wide 
cavity, and counterflow rupture were strong predictors of correct angi-
ographic diagnoses, enabling four specific angiographic patterns to be 
identified using three-dimensional (3-D) IVUS plaque rupture recon-
struction.23 An aneurysmal or ulcerated lesion was one of several com-
ponents of a stent thrombosis risk score.24

Angulated Lesions
Vessel curvature at the site of maximum stenosis should be measured 
in the most unforeshortened projection using a length of curvature that 

lesions in 306 patients who underwent PCI for three-vessel disease in 
the Arterial Revascularization Therapies Study Part II.10 The rate of 
major adverse cardiac and cerebrovascular events at 370 days was 
27.9% in the highest SYNTAX score tertile and 8.7% in the lowest 
SYNTAX tertile (hazard ratio = 3.5, P = .001).10 By multivariable analy-
ses, the SYNTAX score independently predicted outcome and the risk 
of major adverse cardiac and cerebrovascular events. Compared with 
the modified ACC/AHA lesion classification scheme, SYNTAX score 
showed a better discrimination ability and goodness of fit.10

The SYNTAX score has been used to predict outcomes for patients 
enrolled in DES studies.11,12 In an analysis of 819 patients with left main 
CAD who underwent revascularization in two Italian centers, the out-
comes of patients undergoing PCI and CABG were studied. In patients 
with a SYNTAX score of 34 or less, the 2-year mortality rates were 
similar for CABG and PCI (6.2% vs. 8.1%, P = .461).11 Among patients 
with a SYNTAX score greater than 34, those treated with CABG had 
lower mortality rates than those treated with PCI (8.5% vs. 32.7%, P < 
.001).11 A similar correlation of the SYNTAX score and surgical 
outcome was not found for patients undergoing CABG.13,14

The value of the SYNTAX score in predicting clinical outcomes has 
been investigated and validated in other clinical settings, including 
patients who underwent primary PCI for ST-segment elevation myo-
cardial infarction (STEMI) or non–ST-segment elevation myocardial 
infarction (NSTEMI).15 The SYNTAX score is advocated in European 
and U.S. revascularization guidelines to risk-stratify patients with 
complex CAD to the most appropriate revascularization modality.16,17

Determining risk based purely on anatomic descriptions without 
the addition of clinical variables is an important limitation of the 
SYNTAX score. Patients with equivalent scores may have very different 
outcomes because of different comorbidities. To address this limita-
tion, attempts have been made to combine clinically based scores with 
the SYNTAX score. The SYNTAX score II was developed to optimize 
decisions about the revascularization strategy.18 It was developed and 
validated on the basis of a core model consisting of the anatomic 
SYNTAX score, age, creatinine clearance value, left ventricular ejection 

TABLE 59-3 SCAI Classification of Class I Through IV Lesions
Type I Lesion*

1.	 Does	not	meet	ACC/AHA	criteria	for	type	C	lesion
2.	 Patent

Type II Lesion

1.	 Meets	any	of	the	following	criteria	for	type	C	lesion:
•	 Diffuse	(>2	cm	long)
•	 Excessive	tortuosity	of	proximal	segment
•	 Extremely	angulated	segments	>90	degrees
•	 Inability	to	protect	major	side	branches
•	 Degenerated	vein	grafts	with	friable	lesions

2.	 Patent

Type III Lesion

1.	 Does	not	meet	ACC/AHA	criteria	for	type	C	lesion
2.	 Occluded

Type IV Lesion

1.	 Meets	any	of	the	following	criteria	for	type	C	lesion:
•	 Diffuse	(>2	cm	long)
•	 Excessive	tortuosity	of	proximal	segment
•	 Extremely	angulated	segments	(>90	degrees)
•	 Inability	to	protect	major	side	branches
•	 Degenerated	vein	grafts	with	friable	lesions

2.	 Occluded

Modified	 from	 Krone	 R,	 Shaw	 R,	 Klein	 L,	 et	al:	 Evaluation	 of	 the	 American	 College	 of	
Cardiology/American	 Heart	 Association	 and	 the	 Society	 for	 Coronary	 Angiography	 and	
Interventions	lesion	classification	system	in	the	current	“stent	era”	of	coronary	interventions	
(from	the	ACC	National	Cardiovascular	Data	Registry).	Am	J	Cardiol	92:389-394,	2003.
ACC/AHA,	 American	 College	 of	 Cardiology/American	 Heart	 Association;	 SCAI,	 Society	 for	
Cardiac	Angiography	and	Interventions.
*Highest	success	rate	expected,	lowest	risk.
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the use of EPDs during SVG PCI has been given a class I recommenda-
tion in the ACC/AHA PCI guidelines.16 One exception may be in 
patients treated for in-stent restenosis (ISR), for which embolic protec-
tion may not be required.

Restenosis and TLR rates are lower with DESs compared with BMSs 
in SVG interventions, even though mortality and stent thrombosis 
rates are similar.47 Self-expanding stents made with expanded poly-
tetrafluoroethylene (ePTFE) provide no additional advantage over 
noncovered balloon-expandable stents in the development of early 
complications or late restenosis.48,49

Thrombus
Conventional angiography is relatively insensitive for the detection  
of coronary thrombus but may be useful in up to 15% of patients 
undergoing PCI for an acute coronary syndrome.50 Angiographic 
thrombus is usually identified by the appearance of discrete, intralu-
minal filling defects within the arterial lumen, and it is associated with 
a 6% to 73% incidence of ischemic complications after PCI.50 A large 
thrombus burden is an independent predictor of stent thrombosis in 
patients with STEMI treated with DESs,51 and it may be managed with 
intensive anticoagulation therapy before PCI to reduce periprocedural 
complications.52

The primary PCI-related complications of thrombus-containing 
lesions are distal embolization and thrombotic occlusion, and the risk 
of angiographic thrombus complications is related to the size of the 
coronary thrombus. Routine rheolytic thrombectomy provides no 
benefit in patients with AMI,53 although it may be useful for patients 
with a large thrombus burden. Several aspiration catheters have been 
used in patients with AMI and large thrombus burden, but large-scale 
studies are lacking.54

Traditionally, the extent of coronary thrombus has been deter-
mined using the semiquantitative TIMI thrombus grade (TTG). A 
novel method to assess intracoronary thrombus burden uses the dis-
crepancy of luminal areas assessed with edge detection and video den-
sitometry and measured with the Cardiovascular Angiography Analysis 
System II.55 Thrombus remains an important predictor of outcome 
after PCI.3

Ostial Location
Ostial lesions begin within 3 mm of the origin of the coronary artery, 
and they are classified as aortoostial or nonaortoostial lesions. Balloon 
angioplasty of ostial lesions is limited by suboptimal procedural 
outcome, primarily due to technical factors such as difficulties with 
guide catheter support, lesion inelasticity precluding maximal balloon 
expansion, and early vascular recoil limiting the acute angiographic 
result. Debulking techniques such as directional and rotational ather-
ectomy improve compliance of the aortoostial lesion but have had 
limited effect on preventing late restenosis. Ostial lesions have been 
associated with higher rates of TLR after DES placement.29,56

Coronary stenting, recently performed with DESs, has become the 
default therapy for most aortoostial lesions, although there are unique 
challenges of stent placement in the aortoostial location, such as pro-
trusion of the stent into the aorta precluding subsequent injection 
catheter engagement, compression, and avulsion of the stent struts into 
the aorta when new devices such as cutting balloon angioplasty are 
used to treat ISR.

Aortoostial lesions remain associated with higher failure rates  
than nonaortoostial lesions.54 Isolated nonaortoostial stenoses of the 
left circumflex and left anterior descending coronary arteries57 and 
ostial side branch bifurcation lesions are also effectively treated with 
DESs,54,58 but they pose unique challenges regarding vessel wall geom-
etry, adequate ostial branch coverage (particularly for a narrow angle 
with the adjacent branch), and plaque shifting causing compromise of 
the parent or adjacent branch vessels. Whereas stent protrusion into 
the parent vessel of less than 1 mm is usually well tolerated, greater 
stent protrusion precludes treatment of the parent branches.58 Stent 
fractures have been reported with more advanced stenting techniques 
used to treat the parent vessel and ostial side branch stenoses.

approximates the balloon length used for coronary dilation. Although 
balloon angioplasty of highly angulated lesions is associated with an 
increased risk of coronary dissection, in the era of coronary stenting, 
the greatest impediment of angulated lesions is the inability to deliver 
the stent to the stenosis and straighten the arterial contour after stent 
placement, which may predispose to late stent fracture. One of the 
advantages of bioresorbable scaffolds has been less vessel straightening 
than conventional metallic stents, particularly as the scaffold is resorbed 
over time.25

Lesion Calcification
Coronary artery calcium remains an important marker for coronary 
atherosclerosis. Conventional coronary angiography has limited sensi-
tivity for the detection of smaller amounts of calcium and is only 
moderately sensitive for the detection of extensive lesion calcium (60% 
and 85% sensitivity for three- and four-quadrant calcium, respec-
tively).26 Coronary calcification reduces the compliance of the vessel 
and may predispose to dissection at the interface between calcified 
plaque and normal wall after balloon angioplasty.27 Coronary calcifica-
tion also reduces the ability to cross chronic total occlusions, and in 
severely calcified lesions, stent strut expansion is inversely correlated 
with the circumferential arc of calcium.26 Patients treated with 
sirolimus-eluting stents who had lesion calcification had higher TLR 
rates than those who did not.28,29 A pooled analysis of seven trials of 
first- and second-generation DESs identified severe calcification as an 
independent predictor of poor outcome after PCI.30

Rotational atherectomy is the preferred pretreatment method in 
patients with severe lesion calcification, particularly ostial lesions, and 
it facilitates the delivery and expansion of coronary stents by creating 
microdissection planes within the fibrocalcific plaque. Even with these 
contemporary methods, moderate or severe coronary calcification is 
associated with reduced procedural success and higher complication 
rates, including stent dislodgment. A novel device, the Diamondback 
360 Orbital Atherectomy System (Cardiovascular Systems, St. Paul, 
MN), used centrifugal action of a diamond-coated crown to modify 
calcified lesions in a series of 443 patients with severe calcification to 
facilitate stent placement; stent delivery was successful in 97.7% of 
cases.31 In less severely calcified lesions, no difference in the restenosis 
rate was found after paclitaxel-eluting stent implantation in calcified 
or noncalcified vessels.32 Calcification in SVGs usually occurs within 
the reference vessel wall rather than the lesion and is associated with 
older graft age, insulin-dependent diabetes, and a history of smoking.33 
Calcified lesions were an independent predictor of stent thrombosis in 
one series.34

Degenerated Saphenous Vein Grafts
SVGs degenerate over time, with 25% occluding within the first year 
after coronary bypass surgery35 and 50% developing occlusion within 
10 years after surgery, often necessitating repeat revascularization. 
SVGs are the most common site for a culprit lesion in patients with 
acute coronary syndromes after CABG36 and account for 6% of all 
PCIs.37 PCIs for SVG lesions have been associated with a worse late 
outcome compared with native vessel interventions.4,38,39 The SVG 
plaques are particularly prone to distal embolization.38 The risk of 
embolic complications appears to be related to the degree of overall 
graft degeneration and the length and bulkiness of the lesion.40 The risk 
of embolization may be reduced with the use of excimer laser atherec-
tomy41,42 and with the use of undersized balloons.43

Embolic protection devices (EPDs) have been associated with 
improved angiographic and clinical outcomes in percutaneous SVG 
interventions.40 In the landmark Saphenous Vein Graft Angioplasty 
Free of Emboli Randomized (SAFER) trial, use of a distal balloon 
occlusion EPD was associated with a decrease (9.6% vs. 16.5%) in the 
30-day composite outcome of death, myocardial infarction, emergency 
CABG, or TLR compared with no embolic protection.44 Subsequent 
noninferiority comparisons have demonstrated similar benefit with 
proximal occlusion and distal filter EPD, with the benefit limited to 
reduction in periprocedural myocardial infarction.45,46 When feasible, 
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side branch occlusion in bifurcation lesions is related to the extent of 
atherosclerotic involvement of the side branch and geometry of the 
carina.64

Several classification systems have been proposed (Fig. 59-1).65-68 
The Medina classification is the most commonly used and character-
izes stenoses in the proximal parent vessel (0 = no disease; 1 = disease), 
distal vessel (0 = no disease; 1 = disease), and side branch (0 = no 
disease; 1 = disease). For example, a bifurcation lesion that involves the 
proximal and distal parent vessel and a side branch with a greater than 
50% diameter stenosis is designated Medina 1,1,1, whereas a bifurca-
tion lesion involving only the proximal parent vessel is designated 
Medina 1,0,0.66

One stent usually is preferable to two stents in the parent vessel and 
side branch.69,70 If two stents are planned for the parent vessel and side 
branch due to complex bifurcation disease, several stenting techniques 
are possible, including simultaneous kissing stents, crush and double-
kissing (DK) crush, culotte, T, and T plus protrusion (TAP) stenting. 
Common to all of these strategies is a final kissing balloon inflation in 
the parent vessel and side branch,71,72 although a sequential two-step 
dilation of the branch vessel followed by the parent vessel may also be 
suitable.73 There is no consensus on which techniques are the optimal 
treatment strategy for bifurcation lesions.74,75

The origin of the side branch rather than the parent vessel is the 
most common location of failure (recurrence) after bifurcation stent-
ing,76 and one study of Medina 0,0,1 bifurcation lesions suggested that 
a two-stent strategy was associated with lower rates of clinical resteno-
sis than a single-stent strategy.77 Other studies have suggested that the 
DK crush technique is superior to culotte stenting for left main CAD78 
and native vessel bifurcations.79

Dedicated bifurcation stents were developed to provide adequate 
vessel coverage and side branch access,67,80-86 but they have been chal-
lenged with their higher profile and difficult delivery. A specifically 
designed side-branch stent has also shown favorable results.87-90 Drug-
eluting balloons have been used in bifurcation lesions with mixed 
results.91

The angiographic analysis of bifurcation lesions is a challenging 
task. Although the visual assessment of these lesions is inaccurate, the 

Long Lesions
Lesion length may be estimated quantitatively as the shoulder-to-
shoulder extent of atherosclerotic narrowing greater than 20%, 
although many clinicians estimate lesion length based on the identifi-
cation of a normal-to-normal segment, which is usually longer than 
the length obtained with quantitative methods. Conventional balloon 
angioplasty of long lesions has been associated with reduced proce-
dural success, particularly when the segment is diffusely diseased (e.g., 
>20 mm long), primarily because of the more extensive plaque burden 
in long lesions.

Stents improve late outcomes compared with balloon angioplasty, 
but stent and lesion length remain the most important predictors of 
restenosis in the stent era.59 Coronary stents have been used to treat 
suboptimal angiographic results (i.e., spot stenting) and dissections 
after balloon angioplasty of longer lesions, although the “full metal 
jacket” stent approach to diffuse disease is associated with a higher 
recurrence rate in the absence of complete stent expansion, particularly 
in smaller vessels. Overlapping sirolimus-eluting stents provide safe 
and effective treatment for long coronary lesions.60 However, stent 
length greater than 35 mm remains a risk factor for restenosis and the 
need for revascularization.61 Longer stented lesions were associated 
with stent thrombosis in one series.34

In a contemporary analysis of 10,004 patients undergoing surveil-
lance, binary restenosis was detected in 2643 (26.4%) patients.62 Use of 
a first-generation DES or BMS (odds ratio [OR] = 0.35) and use of a 
second-generation DES or first-generation DES (OR = 0.67) were inde-
pendent predictors of lower rates of restenosis. On multivariate analy-
sis, smaller vessel size (OR = 1.59 for each 0.5-mm decrease), total 
stented length (OR = 1.27 for each 10-mm increase), complex lesion 
morphology (OR = 1.35), diabetes mellitus (OR = 1.32), and history of 
bypass surgery (OR = 1.38) were independently associated with reste-
nosis and were similar across the spectrum of stent devices.62

Bifurcation Lesions
Bifurcation lesions are common (up to 20% of all PCIs), and their 
percutaneous management is associated with higher rates of restenosis 
and thrombosis compared with nonbifurcation lesions.63 The risk of 

FIGURE 59-1	 Schematic	classification	systems	for	types	of	bifurcation	stenoses.	

Bifurcations involving two vessels: main and side branch

Medina 1,1,1
Duke type D
Safian type IA
Lefevre type 1

Medina 1,0,1
Duke type F
Safian type IIA

Medina 0,1,1
Safian type IIIA
Lefevre type 4

Bifurcations involving one vessel: main and side branch

Medina 1,1,0
Duke type C
Safian type IB
Lefevre type 2

Medina 1,0,0
Duke type A
Safian type IIB
Lefevre type 3

Medina 0,1,0
Duke type B
Safian type IIIB
Lefevre type 4a

Medina 0,0,1
Duke type E
Safian type IV
Lefevre type 4b
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in quantifying the length of the totally occluded segment. Coronary 
occlusions are common findings97 and often lead to the decision to 
perform coronary bypass surgery rather than PCI in the setting of 
multivessel disease.98,99

The success rate for recanalization depends on the occlusion dura-
tion and on certain lesion morphologic features, such as bridging col-
laterals, occlusion length greater than 15 mm, and absence of a nipple 
to guide wire advancement. Although newer technologies and tech-
niques have been used to recanalize refractory occlusions,100,101 better 
guidewires and wire techniques have accounted for much of the 
improvement in crossing success.102 Simultaneous coronary injections 
are sometimes useful for identifying the length of the total occlusion 
(Fig. 59-2). After the occlusion has been crossed, coronary stents have 
been used to provide the best long-term outcomes.103 DESs usually are 
preferred to BMSs.104

standard quantitative coronary angiography (QCA) packages designed 
for single lesions cannot overcome the complexities of the bifurcation 
lesions.92,93 In an effort to address this shortcoming, dedicated bifurca-
tion QCA algorithms have been developed, such as the Cardiovascular 
Angiography Analysis System (Pie Medical Imaging, Maastricht, The 
Netherlands) and QAngio XA (Medis, Leiden, The Netherlands).93-95 
In a survey of experts in the field of bifurcation PCI, accuracy and 
precision of visual estimates of stenosis severity in phantom bifurcation 
lesions varied greatly and was less precise compared with the dedicated 
QCA algorithms, justifying the use of these software packages in clini-
cal and research practice.96

Total Occlusion
Total coronary occlusion is identified as an abrupt termination of the 
epicardial vessel; anterograde and retrograde collaterals may be helpful 

A B

C

FIGURE 59-2	 Simultaneous	 coronary	 injections	 to	 visualize	
contralateral	collaterals.	A,	A	 total	occlusion	of	 the	middle	 left	
anterior	descending	(LAD)	artery	is	visualized	by	contrast	injec-
tion	in	the	left	coronary	artery	(arrow).	The	distal	portion	of	the	
LAD	 is	not	 visualized.	B,	 Injection	of	 the	 right	 coronary	artery	
shows	 right-to-left	 collaterals	 that	 fill	 the	 LAD	 to	 the	 point	 of	
occlusion	(arrow).	C,	Simultaneous	injection	of	the	left	and	right	
coronary	 arteries	 provides	 sufficient	 visualization	 of	 the	 total	
occlusion	to	allow	wire	crossing.	
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and nicardipine124 and aspiration of atherosclerotic debris have each 
been used to correct the no-reflow episode.

Distal Embolization
Periprocedural myonecrosis provides clinical evidence of distal par-
ticulate embolization during PCI. Angiographic distal embolization  
is migration of a filling defect or thrombus that distally occludes  
the target vessel or one of its branches.125 It occurs in approximately 
10% of patients with AMI undergoing PCI. Embolic complications 
occur more often in patients with AMI and in patients undergoing 
balloon angioplasty of SVG lesions, particularly those with a recent 
occlusion.

Coronary Perforation
Coronary perforation is an uncommon (<1%) complication of PCI that 
is associated with significant morbidity and mortality.126-130 Coronary 
perforations are uncommon in patients undergoing balloon angio-
plasty (0.1%) compared with patients undergoing atheroablative 
therapy (1.3%, P < .001).127,131 Perforation due to coronary guidewires 
may manifest late after the procedure.132 Initial management strategies 
include prolonged balloon inflation, reversal of anticoagulation, and in 
refractory cases, use of PTFE-covered stents.133-135

Prognosis after coronary perforation depends on the extent of 
extravasation into the pericardium.131 A classification scheme has 
been developed based on the angiographic appearance of the 

The optimal technique for coronary revascularization is deter-
mined using four angiographic parameters: location of the proximal 
cap, occlusion length, existence of branches and size and quality of the 
target vessel at the distal cap, and suitability of collaterals for retrograde 
techniques.105 On the basis of these four characteristics, there has been 
a substantial improvement in the ability of the operator to secure access 
to the coronary vessel.105

A key component to the assessment of total occlusion is definition 
of the collateral grades that provide blood flow to the jeopardized 
myocardium.106 The Rentrop classification system includes Rentrop 
grade 0 (no filling), grade 1 (small side branches filled), grade 2 (partial 
epicardial filling of the occluded artery), and grade 3 (complete epicar-
dial filling of the occluded artery). Anatomic collaterals summarized 
by the 26 potential pathways were consolidated into four groups: 
septal, intraarterial (bridging), epicardial with proximal takeoff (atrial 
branches), and epicardial with distal takeoff.107 The size of the collateral 
connection can be quantified as group 0 (no continuous connection 
between donor and recipient artery), group 1 (continuous threadlike 
connection ≤0.3 mm), or group 2 (continuous small, branchlike col-
lateral through its course ≥0.4 mm).107

Angiographic Complications After Percutaneous  
Coronary Intervention
Although the frequency of angiographic complications during PCI has 
been reduced substantially with the use of coronary stents, untoward 
effects resulting from disruption of the atherosclerotic plaque and 
embolization of atherosclerotic debris, thrombus, and vasoactive 
mediators still occur during 5% to 10% of PCIs (Table 59-4).

Coronary Dissection
Plaque fracture is an integral component of balloon angioplasty, 
although significant vessel wall disruption resulting in reduced antero-
grade flow and lumen compromise is a relatively uncommon occur-
rence (≈3%).108

The National Heart, Lung, and Blood Institute (NHLBI) coronary 
dissection criteria categorize the severity of coronary dissection after 
PCI (see Table 59-4), with the prognostic implications of the coronary 
dissection depending on extension into the media and adventitia, axial 
length, existence of contrast staining, and effect on anterograde coro-
nary perfusion. It is sometimes difficult to assess the angiographic 
residual lumen in the setting of coronary dissection because of the 
frame-to-frame lumen diameter changes seen with two-dimensional 
(2-D) imaging. IVUS or optimal coherence tomography may provide 
a more accurate reflection of the lumen’s circumference.109-111 Dissec-
tions resulting in a residual stenosis area of 60% or greater by IVUS109 
and those extending to more than 5 to 10 mm in axial length are asso-
ciated with a worse prognosis. A residual coronary dissection is an 
independent predictor of stent thrombosis.63

No-Reflow Phenomenon
Reduced flow during PCI, also known as the no-reflow phenomenon, 
is defined as a reduction in anterograde flow despite a patent lumen  
at the site of PCI.112 It occurs during 1% to 5% of PCIs. The no-
reflow phenomenon is a strong predictor of mortality after PCI.113 It 
is more common (15%) during primary angioplasty for AMI.114 Pre-
dictors include a higher plaque burden, thrombus, lipid pools seen  
by IVUS, higher lesion elastic membrane cross-sectional area, pre-
infarction angina, and TIMI flow grade 0 on the initial coronary 
angiogram.115-118

Compared with aspirates obtained from patients without the 
no-reflow phenomenon, aspirates obtained from patients who devel-
oped it contained more atheromatous plaque and significantly more 
platelet and fibrin complex, macrophages, and cholesterol crystals.119 
The 30-day mortality rate was significantly higher (27.5%) for patients 
with combined slow-flow and no-reflow phenomenon than for patients 
with normal coronary blood flow after PCI (5.3%; P < .001).114 Intra-
coronary or intragraft nitroprusside,120 adenosine,121 verapamil,122,123 

TABLE 59-4 Complications After Percutaneous Coronary 
Intervention

Variable Definition

Abrupt	closure Obstruction	of	contrast	flow	(TIMI	grade	0	or	1)	in	a	
dilated	segment	with	previously	documented	
anterograde	flow

Ectasia Lesion	diameter	greater	than	the	reference	diameter	in	
one	or	more	areas

Luminal	
irregularities

Arterial	contour	that	has	a	sawtooth	pattern	consisting	
of	opacification	but	not	fulfilling	the	criteria	for	
dissection	or	intracoronary	thrombus

Intimal	flap Discrete	filling	defect	in	apparent	continuity	with	the	
arterial	wall

Thrombus Discrete,	mobile	angiographic	filling	defect	with	or	
without	contrast	staining

Dissection*
	 A Small	radiolucent	area	within	the	lumen	of	the	vessel
	 B Linear,	nonpersistent	extravasation	of	contrast
	 C Extraluminal,	persisting	extravasation	of	contrast
	 D Spiral-shaped	filling	defect
	 E Persistent	lumen	defect	with	delayed	anterograde	flow
	 F Filling	defect	accompanied	by	total	coronary	occlusion

Length Measured	end	to	end	for	type	B	through	F	dissections

Staining Persistence	of	contrast	within	the	dissection	after	
washout	of	contrast	from	the	remaining	portion	of	
the	vessel

Perforation
	 Localized Extravasation	of	contrast	confined	to	the	pericardial	

space	immediately	surrounding	the	artery	and	not	
associated	with	clinical	tamponade

	 Nonlocalized Extravasation	of	contrast	with	a	jet	not	localized	to	the	
pericardial	space,	potentially	associated	with	clinical	
tamponade

Side	branch	loss TIMI	grade	0,	1,	or	2	flow	in	a	side	branch	>1.5	mm	
in	diameter	that	previously	had	TIMI	3	flow

Coronary	spasm Transient	or	permanent	narrowing	>50%	when	a	
<25%	stenosis	was	previously	identified

TIMI,	Thrombolysis	in	Myocardial	Infarction.
*National	Heart,	Lung,	and	Blood	Institute	classification	system	for	coronary	dissection.
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persistent dissection of NHLBI grade B or higher after stenting, greater 
total stent length, and a smaller final minimal lumen diameter within 
the stent.140 DESs administered with longer durations (3 to 6 months) 
of dual antiplatelet therapy have similar stent thrombosis rates similar 
to those found with BMSs,141,142 although premature discontinuation of 
dual antiplatelet therapy has been associated with higher stent throm-
bosis rates (6% to 29%) with the use of first-generation DESs.143,144

Other factors that predispose to stent thrombosis are diabetes, prior 
brachytherapy, bifurcation lesions with two stents, AMI, renal failure, 
lower ejection fraction, and longer stent length.143,144 One concern is 
the occurrence of very late (>1 year) stent thrombosis with the use 
of a DES145 due to inflammation from the stent.146,147 The likelihood 
has been substantially reduced with the use of second- and third-
generation DESs. The estimated incidence of very late stent thrombosis 
ranges from 0.2% to 0.6% per year up to 3 years after stent placement. 
Long-term dual antiplatelet therapy may not completely prevent stent 
thrombosis.142 A lower stent thrombosis rate has been found for 
second-generation DESs,148-150 and a shorter duration of dual antiplate-
let therapy has been recommended.

Restenosis Pattern
When ISR occurs after BMS implantation, the risk of recurrence can 
be predicted by the pattern of restenosis.151,152 Using the Mehran clas-
sification system, pattern I includes focal (<10 mm long) lesions, 
pattern II is defined as an ISR greater than 10 mm within the stent, 
pattern III includes an ISR greater than 10 mm extending outside  
the stent, and pattern IV is a totally occluded ISR.151 Pattern I can 
be classified further by the location of the restenosis: Ia, at the articula-
tion or gap; Ib, at the edge of the stent; Ic, within the stent; and Id, 
multifocal.151

The need for recurrent TLR increased with increasing ISR class, 
from 19% to 35%, 50%, and 83% in classes I through IV, respectively 
(P < .001).151 Restenosis after DES implantation usually is more focal 
than after BMS placement,153 and with the sirolimus-eluting stent, it is 
more commonly seen at the margin of the stent due to balloon injury 
that is not covered with the stent.154

Late Aneurysm Formation
Late vessel wall expansion of greater than 20% after PCI is called a 
coronary artery aneurysm or, more precisely, a pseudoaneurysm. 
Aneurysms are rare findings after balloon angioplasty, atheroablation, 
and coronary stenting.

Coronary artery aneurysms most likely arise from tears or dissec-
tion and incomplete healing that compromises vessel wall integrity  
and results in vessel wall expansion. Coronary artery aneurysms are 
seen after less than 1% of DES placements, and their cause in this 
setting may be related to expansion of all three layers of the arterial 
wall due to inflammation, the effects of cytostatic or cytotoxic drugs, 
and malapposition of the stent struts.155,156 Rarely, coronary artery 
aneurysms can become infected, requiring surgical intervention.157,158

Coronary Perfusion
Evaluation of pharmacologic and mechanical methods to reperfuse 
coronary occlusions in patients with STEMI is supported by the devel-
opment of a reproducible angiographic method to assess the degree of 
coronary recanalization achieved with these therapies. The TIMI flow 
grade classification characterizes the extent of coronary recanalization 
in patients with STEMI treated with systemic thrombolytic agents and 
in patients with NSTEMI and unstable angina (Table 59-6).159 The 
TIMI frame count160 and the TIMI myocardial perfusion grade were 
developed to further quantify anterograde flow and assess distal micro-
vascular perfusion.161

TIMI Flow Grade Classification
The TIMI flow grade system is a valuable tool for assessing the efficacy 
of reperfusion strategies in patients with STEMI and for identifying 
patients at higher risk for an adverse outcome with acute coronary 

perforation. Type I perforations have an extraluminal crater without 
extravasation, type II perforations contain pericardial or myocardial 
blushing, and type III perforations have a diameter equal to or greater 
than 1 mm with contrast streaming and cavity spilling.131 Type I per-
forations were associated with no deaths and cardiac tamponade in 
8% of patients; type II perforations were associated with no deaths and 
cardiac tamponade in 13% of cases; and type III perforations were 
associated with a higher mortality risk and other adverse events.131,136,137

Coronary Spasm
Coronary spasm is a transient or sustained reduction in the diameter 
stenosis by more than 50% in an arterial segment with insignificant 
(<25%) baseline narrowing. Although coronary spasm may occur in 
approximately 5% of cases, its frequency has been reduced with the 
routine use of coronary vasodilators such as nitroglycerin and calcium 
channel blockers. Wire straightening of the vessel can mimic coronary 
spasm.

Abrupt Closure
Abrupt closure during coronary intervention is defined as an abrupt 
cessation of coronary flow to TIMI grade 0 or 1. It occurs during 3% 
to 5% of balloon angioplasty procedures. Abrupt closure may be caused 
by coronary dissection, embolization, or thrombus formation within 
the vessel. Its incidence has been markedly reduced with the availabil-
ity of coronary stents.138

Stent Thrombosis
The Academic Research Consortium has proposed criteria for the 
timing and definitions used to document stent thrombosis in clinical 
studies. Timing of stent thrombosis is defined as acute (<24 hours), 
subacute (24 hours to 30 days), late (30 days to 1 year), and very late 
(after 1 year).139 The categories of definite stent thrombosis, probable 
stent thrombosis, and possible stent thrombosis have been proposed 
as a more inclusive and standardized way to characterize the occurrence 
of this event in patients undergoing stent implantation (Table 59-5).

The incidence of BMS thrombosis within 30 days of the procedure 
is less than 1%. Predictive factors for stent thrombosis include 

TABLE 59-5 Academic Research Consortium (ARC) Stent 
Thrombosis Definitions

Event Definition

Definite
	 Angiographic	

confirmation
TIMI	flow	grade	0	with	occlusion	originating	in	or	

within	5	mm	of	the	stent	in	the	presence	of	a	
thrombus	or

TIMI	flow	grade	1,	2,	or	3	originating	in	or	within	
5	mm	of	the	stent	in	the	presence	of	a	thrombus

Plus	at	least	one	of	the	following	criteria	within	the	
last	48	hr:

•	 New	acute	onset	of	ischemic	symptoms	at	rest	
(typical	chest	pain	lasting	>20	min)

•	 New	ischemic	ECG	changes	suggesting	acute	
ischemia

•	 Typical	rise	and	fall	in	cardiac	biomarkers
	 Pathologic	

confirmation
Evidence	of	recent	thrombus	within	the	stent	

determined	at	autopsy	or	by	examination	of	tissue	
retrieved	after	thrombectomy

Probable Unexplained	death	within	the	first	30	days,	
irrespective	of	the	time	after	the	index	procedure

MI	that	is	related	to	documented	acute	ischemia	in	
the	territory	of	the	implanted	stent	without	
angiographic	confirmation	of	stent	thrombosis	and	
in	the	absence	of	another	cause

Possible Unexplained	death	>30	days	after	intracoronary	
stenting

ECG,	 Electrocardiographic;	 MI,	 myocardial	 infarction;	 TIMI,	 Thrombolysis	 in	 Myocardial	
Infarction.
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artery. The standard distal landmarks for epicardial vessels are the first 
branch of the posterolateral artery for the right coronary artery, the 
most distal branch of the obtuse marginal branch in the dye path 
through the culprit lesion in the circumflex system, and the distal 
bifurcation, which is also known as the moustache, pitch fork, or whale’s 
tail, in the left anterior descending coronary artery. These frame counts 
are corrected for the longer length of the left anterior descending coro-
nary artery by dividing the TFC by 1.7 to arrive at the corrected TIMI 
frame count (CTFC).

The CTFC provides several advantages over TIMI flow grades. The 
CTFC is quantitative rather than qualitative, objective rather than sub-
jective, and a continuous rather than a categorical variable. Observer 
variability is substantially less with TFC measurements compared with 
TIMI flow grades.160 Although it was traditionally assumed that basal 
flow in nonculprit arteries in the setting of AMI after thrombolysis was 
normal, use of the CTFC has shown that basal flow in the uninvolved 
artery is abnormal.163

TIMI Myocardial Perfusion Grade
Epicardial flow does not necessarily imply tissue-level or microvascu-
lar perfusion. These findings led to the development of the TIMI myo-
cardial perfusion grade (TMPG) (Table 59-7 and Fig. 59-3), which is 
a multivariate predictor of mortality in AMI.161 The TMPG permits 
risk stratification even within epicardial TIMI grade 3 flow. Despite 
achieving normal TIMI grade 3 flow after reperfusion therapy, patients 
with diminished microvasculature perfusion (TMPG 0 or 1) have a 
persistently elevated mortality rate of 5.4% compared with patients 
with both TIMI grade 3 flow and TMPG 3, who have a mortality rate 
less than 1%.161

The TIMI flow grades and TMPGs can be combined to identify a 
group of patients with very low or very high mortality risks after 
STEMI. Patients with both TIMI grade 3 flow and TMPG 3 flow had 
a mortality rate of 0.7%, whereas patients with both TIMI grade 0 or 
1 and TMPG 0 or 1 flow had a mortality rate of 10.9%.

Another approach to assess myocardial perfusion is to use digital 
subtraction angiography (DSA) to quantitatively characterize the 
kinetics of dye entering the myocardium during contrast angiography. 
DSA is performed at end-diastole by aligning cineframe images taken 

syndromes or undergoing PCI. Several thrombolytic trials have identi-
fied an important relationship between the 90-minute TIMI flow grade 
after thrombolysis and clinical outcome.162 In the Global Utilization of 
Streptokinase and Tissue Plasminogen Activator for Occluded Coro-
nary Arteries (GUSTO) angiographic substudy, the mortality rate for 
patients with TIMI grade 2 flow (7.4%) was similar to the mortality 
rate for those with TIMI grade 0 or 1 flow (8.9%). In contrast, the 
mortality rate was lowest (4.4%) for patients with TIMI grade 3 flow.162

Despite these important associations, the TIMI classification system 
has several limitations. Substantial observer variability has been seen 
for the TIMI flow grade, with the best agreement between the angio-
graphic core laboratory and clinical centers occurring when the artery 
is graded as open or closed (TIMI grade 0 or 1 flow; κ = 0.84).160 
Observer agreement is only moderate when assessing TIMI grade 3 
flow (κ = 0.55) and is poor in the assessment of TIMI grade 2 flow (κ 
= 0.38). The lack of concordance for determining TIMI flow grade was 
also shown between experienced angiographic core laboratories.

Another limitation of the TIMI flow grade is that it provides ordinal 
values rather than continuous values, limiting its statistical power in 
clinical trials. Although the TIMI flow grade has classically compared 
flow in the infarct-related vessel to flow in the normal, nonculprit 
artery, flow in the non–infarct-related artery in patients with STEMI 
is not truly normal compared with flow in patients without STEMI.163 
Difficulties in reproducibly assessing myocardial flow relative to other 
vessels (e.g., right coronary artery, total occlusions of the contralateral 
vessel) led some investigators to modify the definition of TIMI grade 
3 flow to include opacification of the distal coronary artery within 
three cardiac cycles.164 The three cardiac cycle definition of TIMI grade 
3 flow results in an absolute rate increase of approximately 10% com-
pared with the original definition.165 Accordingly, more quantitative 
measures of anterograde flow were developed.

TIMI Frame Count
The TIMI frame count (TFC) provides a quantitative assessment of the 
number of frames required for dye to reach standardized distal land-
marks, and it may provide a more objective and precise method of 
estimating coronary blood flow than the TIMI flow grade.160 The first 
frame used for TIMI frame counting is the cineframe in which a 
column of dye touches both borders of the coronary artery and moves 
forward, and the last frame is the cineframe in which dye begins to 
enter (but does not necessarily fill) a standard distal landmark in the 

TABLE 59-6 Thrombolysis in Myocardial Infarction (TIMI) Flow 
Grade Classification

Grade Definition

3	(complete	
reperfusion)

Anterograde	flow	into	the	terminal	coronary	artery	
segment	through	a	stenosis	is	as	prompt	as	
anterograde	flow	into	a	comparable	segment	
proximal	to	the	stenosis.	Contrast	material	clears	as	
rapidly	from	the	distal	segment	as	from	an	
uninvolved,	more	proximal	segment.

2	(partial	
reperfusion)

Contrast	material	flows	through	the	stenosis	to	opacify	
the	terminal	artery	segment,	but	contrast	enters	the	
terminal	segment	perceptibly	more	slowly	than	more	
proximal	segments.	Alternatively,	contrast	material	
clears	from	a	segment	distal	to	a	stenosis	
noticeably	more	slowly	than	from	a	comparable	
segment	not	preceded	by	a	significant	stenosis.

1	(penetration	
with	minimal	
perfusion)

A	small	amount	of	contrast	flows	through	the	stenosis	
but	fails	to	fully	opacify	the	artery	beyond.

0	(no	perfusion) No	contrast	flow	through	the	stenosis

Modified	from	Sheehan	FH,	Braunwald	E,	Canner	P,	et	al:	The	effect	of	intravenous	throm-
bolytic	therapy	on	left	ventricular	function:	a	report	on	tissue-type	plasminogen	activator	and	
streptokinase	from	the	Thrombolysis	in	Myocardial	Infarction	(TIMI)	Phase	I	Trial.	Circulation	
72:817-829,	1987.

TABLE 59-7 Thrombolysis in Myocardial Infarction (TIMI) 
Myocardial Perfusion Grades

Grade Definition

3 Normal	entry	and	exit	of	dye	from	the	microvasculature.	There	
is	a	ground-glass	appearance	(“blush”)	or	opacification	of	
the	myocardium	in	the	distribution	of	the	culprit	lesion	that	
clears	normally	and	is	gone	or	is	mildly	or	moderately	
persistent	at	the	end	of	the	washout	phase	(approximately	
three	cardiac	cycles),	similar	to	an	uninvolved	artery.	Blush	
that	has	only	mild	intensity	throughout	the	washout	phase	
but	fades	normally	is	also	classified	as	grade	3.

2 Delayed	entry	and	exit	of	dye	from	the	microvasculature.	There	
is	a	ground-glass	appearance	or	opacification	of	the	
myocardium	in	the	distribution	of	the	culprit	lesion	that	is	
strongly	persistent	at	the	end	of	the	washout	phase	(i.e.,	dye	
is	strongly	persistent	after	three	cardiac	cycles	of	the	washout	
phase	and	does	not	diminish	or	only	minimally	diminishes	in	
intensity	during	washout).

1 Slow	entry	of	dye	into,	but	failure	to	exit	the	microvasculature.	
There	is	a	ground-glass	appearance	or	opacification	of	the	
myocardium	in	the	distribution	of	the	culprit	lesion	that	fails	
to	clear	from	the	microvasculature,	and	dye	staining	is	seen	
on	the	next	injection	(≈30	sec	between	injections).

0 Failure	of	the	dye	to	enter	the	microvasculature.	There	is	
minimal	or	no	ground-glass	appearance	or	opacification	of	
the	myocardium	in	the	distribution	of	the	culprit	artery,	
indicating	lack	of	tissue-level	perfusion.



920 SECTION VI  EVALUATION OF INTERVENTIONAL TECHNIQUES

A B

C D

FIGURE 59-3	 Thrombolysis	in	Myocardial	Infarction	(TIMI)	myocardial	perfusion	grade	using	digital	subtraction	angiography.	Perfusion	grade	0	is	
characterized	by	the	absence	of	the	typical	ground-glass	filling	(arrows)	of	the	distal	vascular	bed	during	coronary	injection	(A)	and	washout	(B).	
Perfusion	grade	1	is	demonstrated	by	persistent	contrast	staining	(arrows)	at	the	beginning	(C)	and	end	(D)	of	the	coronary	injection.	
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E F

G H

Perfusion	grade	2	is	manifested	by	a	very	prominent	contrast	appearance	(arrows)	at	the	end	of	coronary	injection	(E)	that	
washes	 out	 at	 the	 end	 of	 the	 contrast	 injection	 (F).	 Perfusion	 grade	3	 is	 shown	as	 a	 normal	 ground-glass	 appearance	 (arrows)	 of	 the	 distal	
vascular	bed	at	the	end	of	the	contrast	injection	(G)	that	washes	out	at	the	end	of	the	injection	(H).	

FIGURE 59-3, cont’d
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Properly applied, this method appears to correlate weakly with auto-
mated edge-detection algorithms. If caliper measurements are obtained 
from nonmagnified images, the correlation with automated edge-
detection algorithms is less accurate.

Computer-Assisted Quantitative Coronary Angiography
QCA was initiated almost 30 years ago by Brown and colleagues,168a 
who magnified 35-mm cineangiograms obtained from orthogonal pro-
jections and hand-traced the arterial edges on a large screen. After 
computer-assisted correction for pincushion distortion, the tracings 
were digitized, and the orthogonal projections were combined to form 
a 3-D representation of the arterial segment, assuming an elliptical 
geometry. Although the accuracy and precision were enhanced com-
pared with visual methods, the time needed for image processing 
limited clinical use of this method.

Several automated edge-detection algorithms were then developed 
and applied to directly acquired digital images or to 35-mm cinefilm 
digitized images using a cine-video converter. Subsequent iterations of 
these first-generation devices used enhanced microprocessing speed 
and digital image acquisition to render the end-user interface more 
flexible, and they substantially shortened the time required for image 
analysis.

QCA is divided into several distinct processes, including film digi-
tization (when applicable), image calibration, and arterial contour 
detection (Fig. 59-4). For processing 35-mm cinefilm, a cine-video 
converter is used to digitize images into a 512 × 512 (or larger) × 8-bit 
pixel matrix. Optical (preferably) or digital magnification results in an 
effective pixel matrix up to 2458 × 2458.169

For estimation of absolute coronary dimensions, the diagnostic or 
guiding catheter usually serves as the scaling device. A nontapered 
segment of the catheter is selected, and a centerline through the cath-
eter is drawn. Linear density profiles are then constructed perpendicu-
lar to the catheter centerline, and a weighted average of the first and 
second derivative functions is used to define the catheter edge points. 
Individual edge points are then connected using an automated algo-
rithm, outliers are discarded, and the edges are smoothed. The diam-
eter of the catheter is used to obtain a calibration factor, which is 
expressed in millimeters per pixel. The injection catheter dimensions 
may be influenced by whether contrast or saline is imaged within the 
catheter tip and by the type of material used in catheter construction. 
As high-flow injection catheters have been developed, more quantita-
tive angiographic systems have been using contrast-filled injection 
catheters for image calibration.

The automated algorithm is then applied to a selected arterial 
segment. Absolute coronary dimensions are obtained from the minimal 
lumen diameter (MLD) reference diameter, and from these, the percent 
diameter stenoses are derived. For most angiographic systems, interob-
server variabilities are 3.1% for percent diameter stenosis and 0.10 to 
0.18 mm for MLD for cineangiographic readings. Interobserver vari-
abilities are slightly higher (<0.25 mm) for repeated analyses of the 
digital angiograms due to the slightly lower resolution compared with 
cineangiography. The two most commonly used QCA systems are 
described in the following sections.

Cardiovascular Angiography Analysis System
The Cardiovascular Angiography Analysis System (Pie Data Medical 
B.V., Maastricht, The Netherlands) is a QCA system developed for 
offline cineangiographic analysis (see Fig. 59-2). The edge-detection 
algorithm incorporates an optional correction for pincushion distor-
tion. Its edge detection uses a weighted (50%) sum of the first and 
second derivatives of the mean pixel density, and it applies minimal-
cost criteria for smoothing of the arterial edge contours.

In addition to reporting an interpolated reference diameter and an 
MLD, subsegment analysis provides mean, minimum, and maximum 
subsegment diameters. Specific reporting algorithms have been devel-
oped for DESs, for patients undergoing radiation brachytherapy, and 
for those undergoing peripheral intervention.

before dye fills the myocardium with those taken at the peak of myo-
cardial filling to subtract the spine, ribs, diaphragm, and epicardial 
artery. A representative region of the myocardium that is free of overlap 
by epicardial arterial branches is sampled to determine the increase in 
the gray-scale brightness of the myocardium when it first reached its 
peak intensity. The circumference of the myocardial blush is measured 
using a hand-held planimeter.

The number of frames required for the myocardium to first reach its 
peak brightness is converted into time (seconds) by dividing the frame 
count by 30 (for images acquired at 30 frames per second). The rate of 
rise in brightness (gray-scale change per second) and the rate of growth 
of blush in circumference (centimeters per second) can then be calcu-
lated. Using DSA, microvascular perfusion was reduced in AMI patients 
compared with normal patients, as demonstrated by a reduction in peak 
brightness (gray-scale peak), the rate of rise in brightness, the blush 
circumference, and the rate of growth of the blush circumference.165

Coronary Flow Velocity
Absolute flow velocity can be measured using PCI guidewire veloc-
ity.166 With this technique, the guidewire tip is placed at the coronary 
landmark after PCI, and a Kelly clamp is placed on the guidewire at 
the point at which it exits the Y-adapter. The guidewire tip is then 
withdrawn to the catheter tip, and a second Kelly clamp is placed on 
the wire where it exits the Y-adapter. The distance between the two 
Kelly clamps outside the body is measured as the distance between the 
catheter tip and the anatomic landmark inside the body. Velocity (cen-
timeters per second) may be calculated as this distance (centimeters) 
divided by the product of the TFC (frames) and the film frame speed 
(frames per second). Flow (milliliters per second) may be calculated 
by multiplying velocity and the mean cross-sectional lumen area 
(square centimeters) along the length of the artery to the TIMI 
landmark.

QUANTITATIVE ANGIOGRAPHY
QCA is most commonly performed using automated arterial contour 
detection, although video densitometry and digital parametric imaging 
have also been tried with limited success. Whereas online QCA is 
somewhat cumbersome to use in the catheterization laboratory, offline 
QCA has proved to be valuable for research investigation in determin-
ing the effect of new drugs and devices on lumen dimensions early and 
late after PCI. For clinical decision making about intermediate lesions, 
neither trained visual estimates nor online quantitative angiography is 
a substitute for precise physiologic measurements of stenosis severity, 
such as fractional flow reserve or coronary Doppler measurements.167

Nonquantitative Estimates of Lesion Severity
Virtually every interventionalist visually estimates angiographic steno-
sis severity, although the estimations are of limited value for research 
studies because of substantial interobserver variability. Blinded review 
of cineangiograms by experienced cardiologists found that the average 
visual estimate of percent diameter stenosis was 85% before PCI (versus 
68% using quantitative methods) and 30% after PCI (versus 49% using 
quantitative methods); these differences correspond to a 200% error  
in the estimation of percent diameter stenosis.168 Visual estimates 
of stenosis severity also result in some values (e.g., 90% to 99% diam-
eter stenosis) that are physiologically untenable for anterograde flow. 
Inherent visual overestimation and underestimation of stenosis sever-
ity can be overcome by retraining the clinician’s eye.

A more quantitative approach to the assessment of lesion severity 
uses hand-held or digital calipers to estimate quantitative diameters 
and percent diameter stenosis. Angiographic images are magnified, 
and calibration is performed by measuring the known dimensions of 
the diagnostic or guiding catheter using digital calipers. The observer 
then visually identifies the lumen border using the calipers, and a cali-
bration factor is obtained to determine absolute coronary dimensions. 
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FIGURE 59-4	 Quantitative	coronary	angiography.	A,	 Image	calibration	 is	performed	using	 the	nontapered	portion	of	 the	 injection	catheter	as	 the	
calibration	source.	B,	The	automated	edge	detection	algorithm	(Coronary	Measurement	System,	Medis,	Leiden,	The	Netherlands)	is	applied	to	the	
arterial	contour,	and	the	minimal	lumen	diameter	is	identified.	A	diameter	function	profile	curve	(insert)	shows	the	diameters	of	the	vessel	along	
the	 length	of	 the	analysis	 segment.	C,	 After	 coronary	stent	placement,	 the	 identical	 length	of	artery	 is	analyzed	 to	assess	 lumen	 improvement.	
D,	At	the	time	of	angiographic	follow-up,	the	location	of	late	lumen	loss	along	the	length	of	the	analysis	segment	is	identified.	

A B

C D

Coronary Measurement System
Specific features of the Coronary Measurement System (CMS, Medis, 
Leiden, The Netherlands) include two-point, user-defined centerline 
identification; arterial edge detection using a weighted (50%) sum of 
the first and second derivatives of the mean pixel density; arterial 
contour detection using a minimal-cost matrix algorithm; and an 
interpolated reference vessel diameter. One limitation of the minimal-
cost algorithm used with the first-generation CMS system (and the 
Cardiovascular Angiography Analysis System II system) has been its 

inability to precisely quantify arterial lumen contours characterized by 
abrupt changes.

The CMS-GFT algorithm (Medis, Leiden, The Netherlands) is not 
restricted in its search directions, incorporating multidirectional infor-
mation about the arterial boundaries for construction of the arterial 
edge that is suitable for the analysis of complex coronary artery lesions. 
Specific reporting algorithms have been developed for bifurcation 
lesions (Fig. 59-5), for DESs (Fig. 59-6), for patients undergoing radia-
tion brachytherapy (Fig. 59-7), and for those undergoing peripheral 
intervention.
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Factors Contributing to Variability Using Quantitative  
Coronary Angiography
Variability associated with measurements of MLD and reference dia-
meter is affected by several factors, including the biologic differences 
among lumen diameters (e.g., reference vessel size, vasomotor tone, 
thrombus), inconsistencies in radiographic image acquisition para-
meters (e.g., quantum mottling, out-of-plane magnification, fore-
shortening), and variations in angiographic measurement (e.g., frame 
selection, factors affecting the edge-detection algorithm) (Table 59-8). 

These factors should be controlled to improve the overall diagnostic 
accuracy of QCA.

Biologic Variability
Studies that include a wide range of vessel sizes have more biologic 
variability in vessel diameter (reflected in the standard deviation  
of the measurements) than those that are more restrictive in their 
inclusion criteria. Vasomotor tone may also affect the reference vessel 
size, resulting in distal vasoconstriction and vasospasm that dynami-
cally affect the arterial diameter in paired measurements. Transient 

FIGURE 59-5	 Bifurcation	quantitative	analysis.	Quantitative	angiographic	analysis	of	bifurcation	lesions	is	complicated	by	the	difficulty	in	identifying	
the	minimal	lumen	diameter	at	the	site	of	vessel	branching.	Three	methods	of	bifurcation	analysis	have	been	employed.	The	first	is	conventional	
quantitative	angiography	separately	applied	to	each	branch	(A,	before	intervention;	B,	after	intervention).	The	second	method	is	application	of	the	
edge	algorithm	to	both	branches	(C,	before	intervention;	D,	after	intervention).	
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The	third	method	is	beginning	analysis	at	the	ostium	of	the	branch	(E,	before	intervention;	F,	after	intervention).	FIGURE 59-5, cont’d

FIGURE 59-6	 Drug-eluting	stent	quantitative	angiographic	analysis.	A,	Quantitative	angiography	is	performed	on	a	focal	stenosis	in	the	midportion	
of	the	left	anterior	descending	coronary	artery.	B,	After	placement	of	a	drug-eluting	stent,	the	proximal	and	distal	portions	of	the	stent	are	identified	
(solid	bars).	A	5-mm	proximal	and	distal	edge	is	also	analyzed	(shaded	boxes).	From	these	measurements,	the	minimal	lumen	diameters	within	
the	stent	(stent	segment)	and	within	the	region	of	analysis	(analysis	segment)	are	identified.	

A B

Analysis segment

Stent segment
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FIGURE 59-7	 Brachytherapy	analysis.	A,	Quantitative	angiography	is	performed	on	a	focal	stenosis	in	the	midportion	of	the	left	anterior	descending	
coronary	 artery.	 B,	 After	 balloon	 angioplasty,	 the	 proximal	 and	 distal	 portions	 of	 the	 balloon	 injury	 are	 identified	 (dotted	 lines).	 After	 radiation	
brachytherapy,	the	proximal	and	distal	portion	of	the	radiation	injury	are	identified	(solid	lines).	A	5-mm	proximal	and	distal	edge	of	the	radiation	
zone	is	also	analyzed	(shaded	boxes)	to	identify	the	edge	effect.	From	these	measurements,	the	minimal	lumen	diameters	within	the	segment	of	
balloon	injury	(injury	segment),	the	segment	of	radiation	injury	(radiation	segment),	and	the	region	of	analysis	(analysis	segment)	are	identified.	
The	shaded	portion	 in	 the	diameter	 function	profile	curve	(insert)	 represents	 the	 region	of	 the	artery	 that	was	 treated	with	 radiation	but	was	not	
injured	with	the	balloon.	

A B

Radiation segment

Injury segment

Analysis segment

TABLE 59-8 Correctable Sources of Imaging Error During Acquisition
Source of Error Potential Corrections

Biologic Variation in Lumen Diameter

Vasomotor	tone Nitroglycerin,	100-200	µg	intracoronary	every	10	min

Variations in Image Acquisition
Single Studies

Vessel	motion
	 Cardiac End-diastolic/end-systolic	cine	frame
	 Respiratory Breath	hold

Vessel	foreshortening Obtain	multiple	angiographic	projections

Insufficient	contrast	injection Use	7-	or	8-Fr,	large,	high-flow	catheters

Branch	vessel	overlap Obtain	multiple	angiographic	projections

Pincushion	distortion Image	objects	in	center	of	image

Sequential Studies

X-ray	generator	(pulse	width/beam) Repeat	study	in	same	imaging

X-ray	tube	(focal	spot/shape/tube	current) Repeat	study	in	same	imaging

Image	intensifier	(magnification/resolution) Repeat	study	in	same	imaging

Differences	in	angles	and	gantry	height Record	gantry	height/angle/skew	on	worksheet

Image	calibration Use	measured	catheter	diameter

Errors in Image Analysis

Electronic	noise Recursive	digitization	and	frame	averaging

Quantum	noise Spatial	filtering	of	digital	image	data

Automated	edge-detection	algorithm Minimize	observer	interaction

Selection	of	reference	positions Interpolated	or	averaged	normal	segment

Identification	of	lesion	length Use	of	side	branches,	other	landmarks

Frame	selection End-diastolic	frame	showing	worst	view
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the arterial edge using a 50% weighted threshold of the first- and 
second-derivative extrema may produce systematically larger reference 
and obstruction diameters than those using a 75% weighted value 
(weighted toward the first-derivative extremum) or the first-derivative 
extremum itself. These systematic differences may also affect the accu-
racy and reproducibility of the absolute and relative angiographic mea-
surements. Each angiographic core laboratory should independently 
determine its own variabilities during the performance of QCA studies, 
potentially permitting standardization of techniques among different 
core laboratories.

Quantitative Angiographic Indices

Lumen Improvements After Percutaneous Coronary Intervention
Early and late angiographic results after PCI have been described using 
a number of QCA criteria. Coronary stents provide a superior residual 
lumen compared with balloon angioplasty, but they may result in 
higher amounts of late intimal hyperplasia and late lumen loss than is 
seen after balloon angioplasty. The net balance is that stents provide a 
larger late angiographic result.

Angiographic Success
The change in MLD that occurs immediately after PCI is called the 
acute gain (in millimeters), and the loss of MLD that occurs during 
the follow-up period is the late loss (in millimeters). Relative changes 
that occur in the percent diameter stenosis are provided by the follow-
ing relationship: % diameter stenosis = (1 − [MLD/reference vessel 
diameter]) × 100.

Traditionally, angiographic success after PCI has been defined as 
achievement of a less than 50% residual diameter stenosis,1 which is 
most often associated with at least 20% improvement from the baseline 
diameter stenosis and symptom improvement. With the advent of 
coronary stents and the determination that stent thrombosis is associ-
ated with a suboptimal initial angiographic result, a more contempo-
rary definition of angiographic stenting success is attainment of a less 
than 20% residual diameter stenosis within the stent, although higher 
(up to 30%) inflow or outflow diameter stenosis may exist due to 
residual plaque at the stent margins. Although the documented dispar-
ity between visual and quantitative estimates of angiographic success 
remains a challenge for self-reporting registries that describe proce-
dural outcomes, there has been documented improvement in angio-
graphic success rates over the past decade with the widespread use of 
coronary stents.175

Binary Angiographic Restenosis
Several binary criteria have been used to describe angiographic reste-
nosis after PCI. Binary angiographic restenosis is best defined as a 50% 
or greater diameter stenosis at follow-up, although other dichotomous 
criteria have been used (e.g., loss of <50% of the initial gain, MLD loss 
of ≥0.72 mm). Binary angiographic restenosis after DES placement may 
occur within the stent (i.e., ISR), within the 5-mm margins of the stent 
(i.e., edge restenosis), or within the segment between the proximal and 
distal reference segments (i.e., in-segment or in-lesion restenosis).

Late Lumen Loss
The long-term success of PCI can be measured by several QCA param-
eters. Serial QCA studies have shown that there is an approximately 
0.50-mm reduction in lumen diameter that develops within 3 to 6 
months after balloon angioplasty, although angiography cannot dif-
ferentiate whether this reduction in lumen diameter results from 
intimal hyperplasia or arterial remodeling or constriction.

Lumen loss after balloon angioplasty follows a near-gaussian distri-
bution. Because there is little or no arterial remodeling after BMS 
placement, late lumen loss after stent placement primarily results from 
intimal hyperplasia, and angiographic estimates of volumetric percent 
volume obstruction correlate well with intravascular ultrasound mea-
surements of intimal hyperplasia.176 Several technical factors may com-
promise the ability of late lumen loss to characterize overall reductions 

maximum coronary vasodilation may be achieved with intracoronary 
(50 to 200 µg), intravenous (>10 µg/min), or sublingual (0.4 to 0.8 mg) 
nitroglycerin.

Acquisition Variability
Acquisition factors that affect variability include cardiac and respira-
tory motion artifact, vessel foreshortening, inadequate filling of the 
coronary artery (i.e., streaming), overfilling of the aortic cusp with 
contrast, and failure to separate overlapping branch vessels from the 
stenosis.170 These factors may lead to overestimation or underestima-
tion of lesion severity. Out-of-plane magnification and pincushion 
distortion may also contribute to small errors in angiographic imaging.

For sequential studies, use of the identical angiographic imaging 
laboratory allows replication of the x-ray generator, tube, and image 
intensifier parameters. With the introduction of digital imaging and 
archiving, image compression has raised potential problems with the 
quality of image quality for analysis. The Digital Imaging and Com-
munications in Medicine (DICOM) 2 : 1 Joint Photographic Experts 
Group (JPEG) lossless compression has become the industry standard 
for image storage and transfer. It requires approximately 500 megabytes 
of storage for each imaging study.

The effect of image compression and decompression on image 
quality was evaluated by a joint task force of the American College of 
Cardiology and European Society of Cardiology using JPEG) images 
at compression ratios of 1 : 1 (uncompressed), 6 : 1, 10 : 1, and 16 : 1.171 
Intraobserver analysis showed significant systematic and random 
errors in the calibration factor at JPEG compression ratios of 10 : 1 and 
higher, and they should not be used in QCA clinical research studies.171 
Similar issues exist for the analysis of S-VHS video tapes, which have 
substantial loss of image resolution. Flat-panel image acquisition does 
not affect the quality of QCA.172

Measurement Variability
Analysis of two or more orthogonal projections permits a more accu-
rate assessment of the physiologic significance of lesion severity, 
although a second, technically suitable projection in many cases is 
unavailable due to vessel foreshortening, overlap, and poor image 
quality. If orthogonal projections are not available, analyses of the 
worst-view projection may provide sufficiently accurate information 
for clinical studies.

Herrington and colleagues173 used a components-of-variance model 
to show that the process of acquiring and performing QCA on selected 
cineframes accounted for 57% of the total measurement variability, 
whereas day-to-day variations in the patient, procedure, and equip-
ment accounted for 30% of total variability. Frame selection accounted 
for the remaining 13% of total variability. When direct digital angiog-
raphy is performed and random errors associated with noise in the 
cine-video pathway are eliminated, frame selection may be a much 
more important contributor to overall measurement variability. Frame 
selection has been associated with substantial interobserver variability, 
and the frame demonstrating the sharpest and tightest view of the 
stenosis should be used.

Core laboratory reproducibility of various angiographic parameters 
may affect sample size calculations for various studies.174 In a repeated 
(over 1 year) comparisons of five quantitative parameters (e.g., MLD, 
ejection fraction) and six qualitative parameters (e.g., TMPG, TTG), 
MLD and ejection fraction were the most reproducible, yielding the 
smallest sample size calculations, whereas percent diameter stenosis 
and centerline wall motion require substantially larger trials.174 Of the 
qualitative parameters, all except TIMI flow grade gave reproducibility 
characteristics yielding sample sizes of many hundreds of patients. 
Reproducibility of TMPG and TTG was only moderately good within 
and between core laboratories, underscoring an intrinsic difficulty in 
assessing them.174

Automated QCA systems have differences in the preferred method 
of calibration, location of the arterial border, construction of its 
contour; use of minimal-cost or smoothing algorithms, and selection 
of normal reference segments. Edge-detection algorithms that identify 
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BMSs and DESs were fully explained statistically by their differences 
in late loss and percent diameter stenosis. However, because of the 
curvilinearity of the logistic model, trials comparing two effective 
DESs can have significant differences in mean late losses and percent 
diameter stenosis but negligible expected differences in TLR risk. 
Others have suggested a stronger relationship between late loss and 
TLR for comparative DES trials,182 but whether late lumen loss will 
serve as a meaningful surrogate end point in DES comparative trials 
remains controversial.

Limitations of Quantitative Coronary Angiography
The ability of QCA to accurately detect the presence and severity of 
coronary atherosclerosis is limited by several factors. Compensatory 
arterial dilation occurs during the early stages of coronary athero-
sclerosis, resulting in a preserved coronary lumen despite significant 
coronary atherosclerosis. Routine coronary angiography can accu-
rately measure the arterial lumen but is relatively insensitive for the 
detection of arterial wall atherosclerosis, circumferential plaque distri-
bution, vessel wall calcification, and lumen dimensions after stent 
implantation.

Coronary angiography is limited to a lesser extent by radiographic 
factors, such as cardiac motion, pincushion distortion, and quantum 
mottling. Most analytic systems have difficulty discriminating values 
less than 1.0 mm due to the limitations of radiographic imaging of 
small objects (e.g., veiling glare, point spread function). Newer methods 
incorporating adaptive simultaneous coronary border detection have 
been developed to more accurately assess smaller vessel dimensions. 
Interpretation of 2-D angiographic views can be affected by foreshort-
ening and overlapping of vessels, leading to inaccurate measurements, 
particularly in tortuous vessels.183

Three-Dimensional Imaging
Some commercial software systems have developed 3-D reconstruc-
tion of a coronary artery by fusing two or more orthogonal angio-
graphic images to address some of the limitations associated with 2-D 
QCA.184,185 The 3-D QCA yields a more accurate depiction than stan-
dard 2-D QCA of intermediate lesions using fractional flow reserve as 
the reference standard.186 Validation of 3-D QCA against IVUS in small 
studies has shown good correlation between the two in assessing vessel 
geometry, especially assessment of segment length.187,188 In an analysis 
of patients with left main stenosis, 3-D QCA was better than 2-D QCA 
in identifying a significant left main stenosis when using IVUS as the 
gold standard.189 Given these results, 3-D QCA reconstruction is 
proving to be a promising tool for clinical and research applications in 
interventional cardiology.

in lumen diameters, including calibration errors at the time of post-
procedural or follow-up assessments and the relocation of the MLD 
between the postprocedural and follow-up examinations.177 The distri-
bution of late lumen loss after placement of DES is unlike the distribu-
tion of late lumen loss after BMS placement, with a narrowing variance 
(i.e., standard deviation) due to the reduced tissue growth and a right-
ward skew of the late lumen loss histogram.178

The patient-based relationship between late lumen loss and TLR 
was examined in 1314 patients with de novo lesions who were treated 
with BMSs or paclitaxel-eluting stents.179 Analysis found that the rela-
tionship between late lumen loss and TLR was monotonic and curvi-
linear, with the likelihood of TLR not exceeding 5% until the analysis 
segment late loss was greater than 0.5 mm, and did not exceed 10% 
until late loss was greater than 0.65 mm.179 At lower magnitudes of late 
lumen loss, there was a very small incremental increase in the occur-
rence of TLR. With higher degrees of late lumen loss, the relationship 
of late loss and TLR was steep and almost linear.179 The rate of TLR 
was related to median late loss and measures of its statistical distribu-
tion. TLR increased with the lack of homogeneous biologic response, 
manifested by greater variance (i.e., higher standard deviations) and a 
greater right skew of the late lumen loss histogram.179

To correct for the rightward skew and to develop better predictive 
models of restenosis, an optimized power transformation was applied 
to data from patients enrolled in two sirolimus-eluting stent trials to 
predict binary angiographic restenosis rates and compare them with 
observed restenosis rates.178 The mean in-stent late loss was 0.17 ± 
0.45 mm after sirolimus-eluting stent placement and 1.00 ± 0.70 mm 
after BMS placement. If a normal distribution was assumed, late loss 
accurately estimated in-stent binary angiographic restenosis for the 
BMS (predicted 35.4% vs. observed 35.4%) but underestimated the 
binary restenosis rate in the sirolimus-eluting stent arm (predicted 
0.6% vs. observed 3.2%). Power transformation improved the reliabil-
ity of the estimate in the sirolimus arm (predicted 3.2% vs. observed 
3.2%). Another study did not confirm the value of the power transfor-
mation as a predictor of binary angiographic restenosis.180

To formally evaluate four potential angiographic surrogate markers 
for TLR by applying well-defined criteria of surrogacy to an extensive 
database of randomized DES trials, Pocock and colleagues analyzed 11 
multicenter, prospective, randomized stent trials enrolling 5381 
patients with a single treated lesion and follow-up angiography.181 
Based on four surrogate criteria, late loss and percent diameter stenosis 
strongly predicted the risk of TLR, with in-segment percent diameter 
stenosis being the most highly predictive (c statistic = 0.95). Whereas 
late loss as a surrogate was dependent on vessel size, percent diameter 
stenosis was independent of vessel size. Differences in TLR rates for 
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Intravascular ultrasound (IVUS) is the first clinical imaging method 
to directly visualize atherosclerosis and other pathologic conditions 

within the walls of blood vessels. Because the ultrasound signal is able 
to penetrate below the luminal surface, the entire cross section of an 
artery—including the complete thickness of a plaque—can be imaged 
in real time. This offers the opportunity to gather diagnostic informa-
tion about the process of atherosclerosis and to directly observe the 
effects of various interventions on the plaque and arterial wall.

The first ultrasound imaging catheter system was developed by 
Bom and colleagues in Rotterdam in 1971 for intracardiac imaging of 
chambers and valves.1 In the early to mid-1980s, several groups began 
work on catheter systems designed to image plaque and facilitate 
balloon angioplasty and other catheter-based interventions. The first 
images of human vessels were recorded by Yock and colleagues in 1988, 
with coronary images produced the next year by the same group and 
by Hodgson and colleagues.2 The intervening period has seen rapid 
technical improvements of the systems, with significant enhancement 
in image quality and miniaturization of the imaging catheters.

IMAGING SYSTEMS AND PROCEDURES

Basic Principles
IVUS imaging systems use reflected sound waves to visualize the vessel 
wall in a two-dimensional, tomographic format, analogous to a histo-
logic cross section. These systems use significantly higher frequencies 
than noninvasive echocardiography, achieving greater radial resolu-
tions at the expense of limited beam penetration. The resolution, depth 
of penetration, and attenuation of the acoustic pulse by tissue are 
dependent on the geometric and frequency properties of the trans-
ducer. Current IVUS catheters used in the coronary arteries have 
center frequencies ranging from 20 to 45 megahertz (MHz), providing 
theoretical lower limits of resolution (calculated as half the wave-
length) of 31 and 19 µm, respectively. In practice, the radial resolution 

is at least two to five times poorer (i.e., 80 to 150 µm) and is determined 
by factors such as the length of the emitted pulse and the position of 
the imaged structures relative to the transducer. There are two basic 
catheter designs, based on solid-state or mechanical approaches (Fig. 
60-1). Both types of catheters generate a 360-degree, cross-sectional 
image plane that is perpendicular to the catheter tip.

Solid-State Dynamic Aperture System
In the solid-state approach, the individual elements of a circumferen-
tial array of transducer elements, mounted near the tip of the catheter, 
are activated with different time delays to create an ultrasound beam 
that sweeps the circumference of the vessel. As the number of elements 
has increased, there have been progressive improvements in lateral 
resolution. Complex miniaturized integrated circuits in the catheter tip 
control the timing and integration of the transducer activation and 
route the resulting echocardiographic information to a computer, 
where cross-sectional images are reconstructed and displayed in real 
time. One of the technical advantages of the multielement approach is 
the ability to manipulate the beam electronically—achieving, for 
example, the ability to focus at different depths.

The current solid-state coronary catheter system (Volcano Corpo-
ration, San Diego, CA) has 64 transducer elements arranged around 
the catheter tip and uses a center frequency of 20 MHz. The latest 
coronary catheters in a rapid-exchange configuration are 3.5 Fr in 
scanner diameter and thus compatible with a 5-Fr guide catheter. 
Larger intracardiac echocardiography (ICE) or peripheral imaging 
catheters are produced in both over-the-wire and rapid-exchange con-
figurations. As an exception, a phased-array catheter (8- or 10 Fr) for 
ICE imaging (Siemens Healthcare, Erlangen, Germany) uses a different 
technology, adapted from transesophageal echocardiography, which 
provides a sector ultrasound image with capabilities of color/spectral 
Doppler and real-time three-dimensional imaging. The catheter is 
compatible with multiple-frequency imaging (5 to 10 MHz) so that the 
operator can determine the desired trade-off between resolution and 
penetration (up to 15 cm).

Mechanically Rotating Single-Transducer System
In the mechanical approach, a single transducer element is rotated at 
1800 rpm, inside a protective sheath at the distal tip of a catheter, via 
a flexible torque cable that is spun by an external motor drive unit 
attached to the proximal end of the catheter. Images from each angular 
position of the transducer are collected by a computerized image array 
processor, which synthesizes a cross-sectional ultrasound image of the 
vessel. Mechanical IVUS systems are commercially available from 
several manufacturers in slightly different configurations. Currently 
available coronary imaging catheters use a 40- or 45-MHz transducer 
with a distal crossing profile of 3.2 Fr, compatible with 6-Fr (Infraredx, 
Burlington, MA; Volcano) or 5-Fr guide catheters (Boston Scientific 
Corporation, Natick, MA; Terumo Corporation, Tokyo, Japan). Larger 
catheters with lower center frequencies are also available for intracar-
diac and peripheral imaging.

The catheters are advanced over a standard guidewire using a short 
rail section located distal to the protective sheath at the catheter tip. To 
improve the trackability and pushability, one manufacturer (Terumo) 
provides an imaging catheter with a second, long-rail section located 
proximally in addition to the standard short-rail section at the catheter 
tip. Unlike the solid-state catheter that incorporates the transducer 
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•	 Intravascular	ultrasound	(IVUS)	is	the	first	clinical	imaging	method	
to	directly	visualize	atherosclerosis	and	other	pathologic	conditions	
within	the	walls	of	blood	vessels.

•	 Improvements	in	core	IVUS	technology	have	allowed	for	higher-
resolution	images	and	greater	operator	convenience.

•	 IVUS	has	provided	significant	insights	into	biologically	mediated	
processes	of	the	vasculature,	such	as	the	extent	of	plaque	burden,	
vascular	remodeling,	and	restenosis.

•	 IVUS	is	a	practically	useful	tool	in	clarifying	situations	in	which	
angiography	results	are	equivocal	or	difficult	to	interpret,	selecting	
the	appropriate	catheter-based	intervention,	and	optimizing	the	
results	of	coronary	procedures.

•	 Advanced	technical	developments	currently	being	explored	may	
further	enhance	the	usefulness	of	IVUS	in	both	research	and	
clinical	arenas	of	interventional	cardiology,	particularly	with	
sophisticated	therapeutic	technologies	to	modify	local	vascular	
biology.
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from the catheter tip is shorter than that of mechanical systems, which 
may also be beneficial in IVUS-guided intervention with chronic total 
occlusion (CTO) lesions. The solid-state catheter includes no moving 
parts and therefore is free from nonuniform rotational image distor-
tion (NURD) (Fig. 60-2). This artifact can occur with mechanical 
systems when bending of the drive cable interferes with uniform trans-
ducer rotation, causing a wedge-shaped, smeared image to appear in 
one or more segments of the image. This may be corrected by straight-
ening the catheter and motor drive assembly, lessening tension on the 
guide catheter, or loosening the hemostatic valve of the Y-adapter.

Overall, technical improvements are continuously being made in 
both systems, and good-quality images can be achieved with either of 
them in most cases. With both systems, serial cross-sectional images 
can be reconstructed into a longitudinal display mode, and both still 
frames and video images can be digitally archived on local storage 
memory or on a remote server using Digital Imaging and Communica-
tions in Medicine (DICOM) Standard 3.0. Either system can be 

assembly surrounding the guidewire lumen, the fact that the guidewire 
runs outside the catheter, parallel to the imaging segment, results in a 
shadow artifact in the mechanical IVUS image (the guidewire 
artifact).

Head-to-Head Comparisons
Mechanical systems have traditionally offered advantages in image 
quality compared with the solid-state systems because of their higher 
center frequencies and the larger effective aperture of a transducer 
element. In particular, near-field resolution is excellent with mechani-
cal catheters, and digital subtraction of the ring-down artifact is not 
required. In addition, a stationary outer sheath of mechanical catheters 
allows the transducer to be moved through a segment of interest in a 
precise and controlled manner.

Conversely, the longer, rapid-exchange design of the solid-state 
catheter may track better than the short-rail design of the mechanical 
systems in complex coronary anatomy. The distance of the transducer 

FIGURE 60-1	 Diagrams	of	the	two	basic	imaging	catheter	designs:	solid-state	(A)	and	mechanical	(B)	approaches.	

A B

FIGURE 60-2	 Common	image	artifacts.	A,	A	“halo”	or	a	series	of	bright	 rings	 immediately	surrounding	 the	mechanical	 intravascular	ultrasound	
catheter	 (arrow)	 is	usually	 caused	by	air	 bubbles	 that	need	 to	be	flushed	out.	B,	Radiofrequency	noise	 (arrows)	appears	as	alternating	 radial	
spokes	or	random	white	dots	in	the	far-field.	The	interference	is	usually	caused	by	other	electrical	equipment	in	the	cardiac	catheterization	labora-
tory.	C,	“White	cap”	artifacts	caused	by	side	lobe	echoes	(arrows)	originate	from	a	strong	reflecting	surface,	such	as	metal	stent	struts	or	calcifica-
tion.	Smearing	of	the	strut	image	can	lead	to	the	mistaken	impression	that	the	struts	are	protruding	into	the	lumen,	potentially	interfering	with	area	
measurements	and	the	assessment	of	apposition,	dissection,	and	so	on.	D,	Nonuniform	rotational	distortion	(NURD)	results	in	a	wedge-shaped,	
smeared	appearance	in	one	or	more	segments	of	the	image	(between	9	and	4	o’clock	in	this	example).	E,	A	“wrinkling”	(or	“accordion”)	artifact	
is	 caused	by	an	artificial	 vessel	 kink	associated	with	 intravascular	 instrumentation	 (a	guidewire	or	 imaging	catheter);	 this	 results	 in	an	abrupt	
change	of	arterial	dimensions	with	external	compression	by	a	heterogeneous	or	low-echoic	structure	(arrows)	partially	surrounding	the	artery.	
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Safety
As with other interventional procedures, the risks of spasm, dissection, 
and thrombosis exist when intravascular imaging catheters are used. 
Early multicenter studies documented complication rates of 1% to 3%, 
including transient spasm as the most frequently reported event. Major 
complications, such as dissection, thrombosis, and abrupt closure with 
“certain relation” to IVUS, were identified in fewer than 0.5% of the 
cases. These studies were performed with first-generation catheters in 
the early 1990s, and it is likely that the incidence of spasm and other 
complications is substantially lower with the current generation of 
catheters. No acceleration in the progression of atheroma or allograft 
vasculopathy of arteries previously imaged by IVUS (compared with 
noninstrumented arteries) has been reported.3,4

IMAGE INTERPRETATION

Three-Layered Appearance of Arterial Wall
The interpretation of IVUS images relies on the fact that the layers of 
a diseased arterial wall can be identified separately. In muscular or 
transitional arteries, such as the coronary, iliofemoral, renal, and pop-
liteal systems, relative echolucency of the media compared with the 
intima and the adventitia gives rise to a three-layered appearance 
(bright–dark–bright) (Fig. 60-3). The lower ultrasound reflectance of 
the media is caused by the presence of less collagen and elastin than 
in the neighboring layers. Because the intimal layer reflects ultrasound 
more strongly compared with the media, a spillover effect, known as 
“blooming,” may be seen at the intima–media border. This results in a 
slight overestimation of the thickness of the intima and a correspond-
ing underestimation of the medial thickness. Conversely, the media 
can appear artifactually thick when ultrasound signal attenuation 
occurs within the intimal layer. Compared with the intima–media 
border that may not be correctly delineated, the media–adventitia 
border, corresponding to the external elastic membrane (EEM), is 
accurately rendered because a step-up in echo reflectivity occurs at this 
boundary and no blooming appears. The adventitia and periadventitial 
tissues are similar enough in echoreflectivity that a clear outer adven-
titial border cannot be defined.

Several deviations from the classic three-layered appearance are 
encountered in practice. In truly normal coronary arteries from young 
patients, echoreflectivity of the intima and the internal lamina may not 
be sufficient to resolve a clear inner layer. This is particularly true when 

installed directly into the cineangiogram system, enabling operators to 
quickly and easily incorporate IVUS interrogations into their interven-
tional procedures.

Imaging Procedures
Before IVUS imaging, an intravenous injection of 5000 to 10,000 units 
of heparin or equivalent anticoagulation should be administered (an 
activated clotting time of >250 seconds is recommended). Intracoro-
nary nitroglycerin (100 to 200 µg) should also be routinely adminis-
tered before delivery of the IVUS catheter to induce maximal 
vasodilation and prevent vasospasm. The image integrity of the IVUS 
system should be checked before the catheter is inserted. Mechanical 
catheters require a saline flush before insertion to eliminate any air in 
the protective sheath. Incomplete flushing can leave microbubbles 
adjacent to the transducer, resulting in poor image quality once the 
catheter is inserted (see Fig. 60-2, A). With a solid-state catheter, the 
catheter tip is first positioned in the aorta or a large proximal coronary 
vessel (not adjacent to any vessel wall) so that the ring-down artifact 
(a “halo” surrounding the catheter) can be electronically subtracted 
from the image before the catheter enters the coronary artery. If a 
significant ring-down artifact is observed with a mechanical catheter, 
microbubbles within the protective sheath may be suspected, requiring 
repeated saline flush procedures until the artifact is removed (see Fig. 
60-2, A).

The technique for delivering IVUS catheters is similar to that used 
for standard angioplasty or stent catheters. The imaging element is 
advanced at least 10 mm distal to the area of interest over a standard 
0.014-inch angioplasty guidewire, and the length of the target vessel is 
systematically scanned by retracting the transducer within the protec-
tive sheath (mechanical system) or by withdrawal of the entire catheter 
(solid-state system). Automated pullback devices withdraw the imaging 
element at a steady rate of 0.5 or 1.0 mm per second, which allows 
accurate axial registration of each cross section for serial studies or 
precise longitudinal distance measurements. Recent technological 
advances also allow coregistration of the ultrasound image with con-
trast angiography, providing precise localization of the ultrasound 
findings on the angiogram. Unless the patient complains of chest dis-
comfort or myocardial ischemia is suspected, image acquisition is rec-
ommended to include the distal vessel, the lesion site, and the entire 
proximal vessel back to the aorta. Accurate evaluation of the aortoos-
tial segment requires that the guide catheter be disengaged slightly 
from the ostium.

FIGURE 60-3	 Intravascular	 ultrasound	 image	 (A)	 and	 schematic	 diagram	 (B)	 demonstrate	 the	 classic	 three-layered	 appearance	 of	 the	 intima	
(plaque),	the	media,	and	the	adventitia.	In	many	cases,	the	media	is	difficult	to	resolve	clearly	in	some	portion	of	the	image,	but	in	this	image,	it	
stands	out	in	all	sectors.	Notice	the	speckled	appearance	of	the	blood	within	the	lumen,	particularly	near	the	luminal	border.	
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various positions within the arterial tree, they provide useful land-
marks with regard to longitudinal and cross-sectional image orienta-
tion (Fig. 60-4).5 The pericardium appears as a bright and relatively 
thick layer with varying degrees of “spoke-like” reverberations created 
by the interwoven fibrous strands. The myocardium is often viewed on 
the side opposite to the pericardium as a variable pattern of homoge-
nous, low-echoic gray-scale signals.

By default, current IVUS systems display the cross-sectional image 
as viewed from the ostium of the coronary artery tree. Therefore in the 
left anterior descending (LAD) artery, the left circumflex (LCx) artery 
and the diagonal branches should emerge approximately 90 degrees 
counterclockwise from the pericardium, whereas septal branches typi-
cally emerge on the side opposite the pericardium (i.e., on the myo-
cardium side). The distal LAD is accompanied by one or two anterior 
interventricular vein (AIV) branches, which run parallel to the LAD 
for a variable distance.

In the LCx artery, the great cardiac vein (GCV) runs superior to 
the LCx in most cases and immediately inferior to the left auricle. 

the media has a relatively high content of elastin. At the other end of 
the spectrum, patients with a significant plaque burden may have thin-
ning of the media underlying the plaque, often to the degree that the 
media is indistinct or undetectable in at least some part of the IVUS 
cross section. This problem can be exacerbated by the blooming phe-
nomenon. Even in these cases, however, the inner adventitial boundary 
(at the level of the EEM) is usually identifiable. For this reason, the 
plaque-plus-media cross-sectional area (CSA) is adopted as a surrogate 
measure for plaque CSA alone. Adding in the media represents only a 
tiny percentage increase in the total CSA of the plaque.

Image Orientation
The determination of image orientation within the artery is another 
important aspect of image interpretation. The IVUS beam penetrates 
beyond the artery, providing images of perivascular structures includ-
ing the pericardium, the myocardium, and the cardiac veins. Because 
these structures have a characteristic appearance when viewed from 

FIGURE 60-4	 Perivascular	 landmarks.	A,	 In	 the	proximal	portion	of	 the	 left	main	coronary	artery,	a	clear	echo-free	space	filled	with	pericardial	
fluid,	called	the	transverse	sinus,	is	found	adjacent	to	the	artery,	immediately	outside	the	left	lateral	aspect	of	the	aortic	root.	B,	In	this	distal	cross	
section	from	the	left	anterior	descending	(LAD)	coronary	artery,	the	right	(R)	and	left	(L)	branches	of	the	anterior	interventricular	vein	(AIV)	are	seen	
to	straddle	the	coronary	artery.	The	pericardium	appears	as	a	typical	bright	stripe	with	rays	emitting	from	it	(arrows).	C,	At	the	level	of	the	middle	
right	coronary	artery,	the	veins	arc	over	the	artery,	typically	at	a	position	just	adjacent	to	the	right	ventricular	(RV)	marginal	branches.	D,	The	great	
cardiac	vein	(GCV),	running	superiorly	to	the	left	circumflex	(LCx)	coronary	artery,	appears	as	a	large,	low-echoic	structure	with	fine	blood	speckle.	
Recurrent	atrial	branches	emerge	 from	 the	LCx	artery	 in	an	orientation	directed	 toward	 the	GCV,	whereas	 the	obtuse	marginal	branches	emerge	
opposite	the	GCV	and	course	inferiorly	to	cover	the	lateral	myocardial	wall.	
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echoreflectivity at follow-up IVUS imaging, and its area is calculated 
as the difference between the stent and lumen CSAs. With motorized 
pullback, area measurements can be added to calculate volumes using 
the Simpson’s rule. For standardized data expression, the volume is 
presented as a volume index or average area, calculated as the absolute 
volume divided by the length of the analyzed segment.

Arterial remodeling is a bidirectional vessel response represented 
as the increase or decrease in vessel size that occurs during the develop-
ment of atherosclerosis. In clinical settings, direct evidence of remodel-
ing can be derived from serial changes in the EEM CSA in two or more 
IVUS measurements obtained at different times. In single-time-point 
studies, measurements of reference sites are used as a surrogate for the 
original vessel size before the artery became diseased. The reference 
segment or segments should be measured without any major interven-
ing side branches. Classification of arterial remodeling includes posi-
tive (or adaptive) remodeling, no or intermediate remodeling, and 
negative (or constrictive) remodeling. A remodeling index (the ratio 
of the EEM CSA at the lesion site to that at the reference site) as a 
continuous variable may also be used, in combination with the cate-
gorical classifications (positive remodeling = remodeling index >1.0 or 
1.05; negative remodeling = remodeling index <1.0 or 0.95).6

Plaque Composition on Gray-Scale Intravascular Ultrasound
Early changes of atherosclerotic disease (“fatty streaks”) are too thin to 
be visualized with IVUS. As plaque continues to develop, it can be 
detected with IVUS because it has different acoustic properties, 
depending on the composition of the plaque (Fig. 60-5). Regions of 
calcification are recognized as an intensely bright, echoreflective inter-
face that creates a dense shadow more peripherally from the catheter, 
a phenomenon known as acoustic shadowing. This acoustic shadowing, 
often accompanied by “reverberations” (regularly spaced arcs deep to 
the initial bright interface), precludes determination of the true thick-
ness of a calcium deposit as well as visualization of any deeper tissue. 
Calcium deposits are described qualitatively as superficial or deep, 
according to the leading-edge location of the acoustic shadowing 
within the inner versus outer half of the plaque-plus-media thickness. 
The arc of calcium can be measured in degrees with the use of an 
electronic protractor centered on the lumen.

Densely fibrous tissue also appears as bright (echoreflective) on the 
ultrasound scan and can cause signal attenuation or partial acoustic 
shadowing. The extent of shadowing depends on the thickness and 
density of the fibrotic component as well as the transducer power. Fatty 
plaque has less echoreflectivity than fibrous plaque due to extensive 
lipid infiltration. The brightness of the adventitia can be used as a gauge 
to discriminate predominantly fatty from fibrous plaque: an area of 
plaque that appears darker than the adventitia is considered fatty. In 
some cases with an image of extremely good quality, IVUS may iden-
tify the presence of a lipid pool from the appearance of a dark region 
within the plaque. However, the sensitivity and specificity of gray-scale 
IVUS for the detection of lipid accumulations are both relatively low. 
False channels within the plaque can give a similar appearance, and 
occasionally, shadowing from an adjacent calcified or fibrous region 
can mimic the appearance of a lipid pool.

Advanced Tissue Characterization

Radiofrequency Ultrasound Signal Analysis
Because visual interpretation of conventional gray-scale IVUS images 
is limited in the precise detection and quantification of specific plaque 
components, several advanced signal analysis techniques have been 
developed and introduced into the research and clinical arenas. One 
commercialized approach is to identify tissue components using 
computer-assisted analysis of raw radiofrequency (RF) signals in the 
reflected ultrasound beam.7 This RF-IVUS analysis is based on the fact 
that greater information contained in the backscattered ultrasound 
signal than is revealed by the conventional amplitude-based image 
presentation alone.

Therefore, viewed from the LCx, the recurrent arterial branches emerge 
in an orientation directed toward the GCV. In contrast, the obtuse 
marginal branches emerge opposite the GCV and course inferiorly to 
cover the lateral myocardial wall.

Unlike other epicardial coronary arteries typically accompanied by 
parallel venous structures, the proximal and middle right coronary 
artery (RCA) segments show a unique vein appearance: the vein arc 
crosses around the RCA in a “horseshoe” pattern, often at a position 
adjacent to the right ventricular (RV) marginal branches. The RV 
branches commonly have a geographic relationship with the pericar-
dium similar to the diagonal branches of the LAD (roughly 90 degrees 
counterclockwise from the pericardium). The recurrent atrial branches 
typically emerge opposite the RV marginal branches.

Longitudinal image orientation facilitates accurate stent implanta-
tion in terms of optimal stent edge positioning, whereas cross-sectional 
image orientation is important particularly in terms of guidewire 
direction in the treatment of CTO lesions. In off-line IVUS analysis, 
accurate longitudinal and cross-sectional orientation is essential for 
linking images of different phases of the same lesion in detail. The 
cross-sectional image orientation as presented on the screen can vary 
between serial imaging runs. The combination of perivascular land-
marks and branching patterns allows the experienced operator to iden-
tify the vessel and the segment from the IVUS image alone; this can 
then provide a reference to the actual orientation of the image in space.

Quantitative Measurements
Unlike coronary angiograms, IVUS has an intrinsic distance calibra-
tion, which is usually displayed as a grid on the image. Electronic 
caliper (diameter) and tracing (area) measurements can be performed 
at the tightest cross section and at reference segments located proximal 
and distal to the lesion. The reference segment is typically selected as 
the most normal-looking cross section (i.e., largest lumen with smallest 
plaque burden) occurring within 10 mm of the lesion with no inter-
vening major side branches.

In principle, all ultrasound measurements should be performed at 
the leading edge of boundaries because of the higher accuracy and 
reproducibility compared with those at the trailing edge.5a For vessel 
measurement, the interface between the media and the leading edge 
of adventitia that corresponds to the EEM is used. In cross sections 
with large plaque burden or significant calcification, the circumference 
of EEM may not be fully identifiable because of ultrasound signal 
attenuation or acoustic shadowing. Extrapolation from the closest 
identifiable EEM border is acceptable only if the attenuation or acous-
tic shadowing involves a relatively small arc (<90 degrees). For lumen 
measurement, the interface between the lumen and the leading edge 
of the intima is used. Stagnant blood flow or the use of higher-frequency 
IVUS can increase the intensity of blood speckle, which may obscure 
the blood–tissue interface on a still image. A review of moving images 
can help identify the true lumen border. During the procedure, saline 
can be injected through the guide catheter to reduce blood speckle. 
Metal struts of stents are seen as bright focal points in a circular-
arrayed pattern on the IVUS scan, and stent measurement is per-
formed at the leading edge of stent strut in the same way as in the 
nonstented segment.

Vessel and lumen diameter measurements are important in every-
day clinical practice, where accurate sizing of devices is needed. All 
diameter measurements are performed relative to the center of mass 
rather than the center of the IVUS catheter. The maximum and 
minimum diameters (i.e., the major and minor axes of an elliptical 
cross section) are the most commonly used dimensions. The ratio of 
maximum to minimum diameter defines a measure of symmetry.

Area measurements of vessel, lumen, and stent are performed with 
computer planimetry, using the interfaces of the leading edges. Plaque 
CSA (i.e., plaque-plus-media CSA) is calculated as the difference 
between the EEM and lumen CSAs. The ratio of plaque to EEM  
CSA is termed percent plaque area, plaque burden, or percent cross-
sectional narrowing. Neointimal hyperplasia within the stent has low 
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rapid-exchange design with a protective outer sheath, except for an 
NIRS probe mounted adjacent to an extended bandwidth IVUS trans-
ducer. Unlike other light-based imaging techniques, this system does 
not require removal of blood from the imaging field. The light reflected 
from tissue is analyzed by a spectrometer.

With the use of a diagnostic algorithm, the processed data are color 
coded and displayed in a two-dimensional map of the vessel called a 
“chemogram” with the spatial (circumferential and longitudinal) infor-
mation (see Fig. 60-6, E). The current system is specifically designed 
for the detection of lipid-rich plaque, which is exhibited yellow on the 
chemogram, and a color scale from red to yellow indicates increasing 
algorithm probability of a lipid component of the vessel wall. The 
chemogram data are also laid in a halo surrounding the cross-sectional 
IVUS image in real time (see Fig. 60-6, D). A summary of the results 
for each 2-mm section of artery is displayed as a block chemogram and 
is also portrayed in the central catheter artifact of the cross-sectional 
IVUS image. A lipid core burden index is computed as the fraction of 
valid pixels within the scanned region that exceed a lipid probability 
of 0.6, multiplied by 1000. The accuracy of NIRS has been validated in 
coronary autopsy specimens and subsequently in vivo.8,9

DIAGNOSTIC APPLICATIONS

Abnormal Lesion Morphology
Dissection appears as a fissure or separation within intima or plaque 
(Figs. 60-7). The severity of a dissection can be quantified according 
to depth (intimal, medial, or adventitial) and extent (circumferential 
and longitudinal). Intrastent dissection is characterized as separation 
of neointimal hyperplasia from stent struts.

Intramural (intravascular) hematoma is recognized as an accumu-
lation of blood within the medial space that displaces the internal 
elastic membrane inward and the EEM outward (Fig. 60-8). On the 
IVUS image, it is observed typically as a homogenous, hyperechoic, 

One system (IB-IVUS, Terumo) simply uses integrated backscatter 
(IB) values, calculated as the average power of the backscattered ultra-
sound signal from a sample tissue volume, to differentiate tissue types. 
Two other systems employ spectral RF analyses with a classification 
tree algorithm developed from ex vivo coronary datasets (Virtual  
Histology, Volcano) or a pattern recognition technique based on  
the degree of spectral similarity between the backscattered signal  
and a reference library of spectra from known tissue types (iMap, 
Boston Scientific). All systems generate color-mapped images of the 
vessel wall, with a distinct color for each plaque component category 
(Fig. 60-6).

When combined with automated pullback and border detection 
techniques, these systems can provide a quantitative assessment of each 
tissue category over a three-dimensional coronary artery volume. All 
systems have demonstrated a correlation of IVUS-determined plaque 
compositions with corresponding histopathology of coronary speci-
mens.7 Current technical limitations include limited spatial resolution 
(100 to 250 µm); no classifications for thrombus, blood, or intimal 
hyperplasia; and potential errors caused by poor ultrasound penetra-
tion through extensive calcification.

Intravascular Ultrasound Combined With  
Near-Infrared Spectroscopy
Spectroscopy determines chemical compositions based on the analysis 
of spectra induced by interaction of light with tissue materials. Among 
the various spectroscopic techniques, the diffuse reflectance near-
infrared spectroscopy (NIRS) is the frontrunner, showing the ability to 
identify the lipid component of atherosclerotic plaques in clinical set-
tings. The commercially available coronary spectroscopy system (TVC 
Imaging System, Infraredx) incorporates a dual-modality imaging 
catheter that provides simultaneous IVUS and NIRS imaging for 
coregistered acquisition of structural and compositional information. 
The 3.2-Fr imaging catheter is compatible with a 6-Fr guide and is 
configured similarly to conventional mechanical IVUS catheters in a 

FIGURE 60-5	 Plaque	 characterization	 by	 gray-scale	 interventional	 ultrasound.	 A,	 Soft	 (fatty)	 plaque.	 B,	 Fibrous	 plaque.	 C,	 Deep	 calcification.	
D, Superficial	calcification.	E,	Circumferential,	“napkin-ring”	calcification	with	multiple	arcs	of	reverberation	(arrows). F,	Large	plaque	burden	with	
deep	ultrasound	signal	attenuation	(despite	absence	of	bright	calcium)	suggesting	fibroatheroma	with	a	necrotic	core	or	pathologic	intimal	thicken-
ing	with	a	lipid	pool.	G,	Plaque	with	a	large	low-echoic	region	suggesting	a	lipid	pool	(arrow).	H,	Ruptured	(ulcerated)	plaque	with	a	remnant	of	
a	fibrous	flap	(arrow).	
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crescent-shaped area, but it may have a heterogeneous or layered 
appearance when contrast dye or saline is trapped in the false lumen. 
Entry and exit points may or may not be observed.

Extramural (extravascular) hematoma is visualized outside the 
arterial wall. It manifests with an irregular shape and an echodim 
pattern due to the dilution of red blood cell concentration and dis-
semination through an echogenic adventitia or perivascular tissue (see 
Fig 60-8, H). Extramural hematoma is most often realized after an 
interventional procedure, such as atherectomy or recanalization of 

FIGURE 60-6	 Examples	of	plaque	characterization	by	radiofrequency–intravascular	ultrasound	(RV-IVUS)	analyses	and	near-infrared	spectroscopy	
(NIRS).	A,	Virtual	Histology	system	(Volcano).	Plaque	components	are	determined	by	analyses	of	spectral	RF	signals	with	a	classification	algorithm.	
B,	Integrated	backscatter	(IB)-IVUS	(Terumo).	C,	iMap	(Boston	Scientific).	Classification	of	tissue	is	made	based	on	the	degree	of	similarity	between	
the	sample	and	a	reference	frequency	spectrum.	This	method	enables	confidence	level	(CL)	assessment	of	each	plaque	component.	D,	NIRS-IVUS.	
Spectroscopy	data	are	laid	in	a	halo	surrounding	the	cross-sectional	IVUS	image	in	real	time.	A	color	scale	from	red	to	yellow	indicates	increasing	
algorithm	probability	of	lipid	content.	E,	A	chemogram	(a	two-dimensional	map	of	spectroscopy	data).	The	x-axis	represents	millimeters	of	pullback	
in	the	artery,	and	the	y-axis	represents	degrees	of	rotation.	

Fibrous 40%
Fibro-fatty 2%

A

D E

B C

Necrotic Core 50%
Calcium 8%

Dense fibrous 1%
Firosis 36%

Lipid pool 59%
Calcification 4%

Fibrotic 75% (CL 82%)

Lipidic 5% (CL 55%)

Necrotic 18% (CL 70%)

Calcified 2% (CL 73%)

FIGURE 60-7	 Four	examples	of	dissection.	A,	A	superficial	(intimal)	dissection	starting	at	6	o’clock	and	extending	clockwise.	The	dissection	flap	
does	not	extend	far	into	the	lumen.	B,	A	deeper	(medial)	dissection	with	a	flap	that	extends	into	the	lumen	may	compromise	flow	or	precede	abrupt	
closure.	 Injection	of	contrast	 in	 this	setting	can	demonstrate	 free	fluid	flow	behind	 the	flap	to	better	define	 the	extent	of	 tear.	C,	Eccentric	plaque	
with	a	deep	(adventitial)	dissection	at	8	o’clock	that	penetrates	the	external	elastic	lamina	and	extends	into	the	adventitia.	D,	Intramural	hematoma	
appears	as	an	accumulation	of	blood	within	the	medial	space,	displacing	the	internal	elastic	membrane	inward	and	the	external	elastic	membrane	
outward.	
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CTO lesions, and requires careful attention to antithrombolytic and 
antiplatelet treatment.

True aneurysm is defined as having an intact vessel wall and a 
maximum lumen area 50% larger than the proximal reference. In con-
trast, pseudoaneurysm shows a loss of vessel wall integrity and damage 
to adventitia or perivascular tissue.

Thrombus is typically recognized as an intraluminal mass, often 
with a layered, lobulated, or pedunculated appearance (see Fig. 60-8, 
F). Acute thrombus may appear as a relatively echodense mass with 
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acute coronary syndrome (ACS), multiple plaque ruptures are fre-
quently detected by three-vessel IVUS examination, suggesting that 
ACS is associated with pancoronary destabilization. However, lumen 
compromise and clinical symptoms likely depend on the severity of 
the original or coexisting stenosis or on thrombus formation, not solely 
on plaque rupture.

Extensive positive remodeling has also been shown to correlate 
with unstable plaque. Culprit lesions responsible for ACS typically 
represent extensive positive remodeling. Multiple clinical studies have 
also shown that preinterventional positive remodeling or large plaque 
burden assessed by IVUS predicts unfavorable acute- and long-term 
outcomes after PCI. Pathology studies support this clinical IVUS 
finding by demonstrating that lesions with positive remodeling fre-
quently exhibit large, soft, lipid-rich plaques with increased inflamma-
tory cell infiltrate. A clinical study with synergy of IVUS and optical 
coherence tomography has also linked positive remodeling with thin-
ning of the fibrous cap in serial coronary examinations.11

Advanced Tissue Characterization
A number of clinical studies have indicated that plaque vulnerability, 
as determined by RF-IVUS (large lipid or necrotic core, or thin-cap 
fibroatheroma [TCFA]) is related to unstable lesion characteristics, 
clinical presentations, and future adverse events. Among them, the 
Providing Regional Observations to Study Predictors of Events in the 
Coronary Tree (PROSPECT) trial, one of the largest natural history 
trials, prospectively employed three-vessel imaging with Virtual His-
tology IVUS (VH-IVUS) in 697 patients with ACS.12 In this trial, a 

speckling or scintillation, whereas old organized thrombus often has a 
darker ultrasound appearance. Thrombus is also more likely than soft 
plaque to have the appearance of blood flow in microchannels. 
However, none of these IVUS features is pathognomonic for thrombus, 
and slow blood flow, air bubbles, stagnant contrast, and echolucent 
plaque should be considered as differential diagnoses. Injection of 
contrast or saline may disperse the stagnant flow from the lumen, often 
allowing differentiation of stasis from thrombus.

Unstable Plaque

Gray-Scale Intravascular Ultrasound
By gray-scale IVUS, morphologic features associated with clinical 
instability or high risk for cardiovascular events after percutaneous 
coronary intervention (PCI) include noncalcified plaque with ultra-
sound attenuation, an echolucent zone within plaque, and scattered 
spotty calcification. In particular, echoattenuated plaque (or attenuated 
signal plaque, defined as the absence of the ultrasound signal behind 
plaque that is either hypoechoic or isoechoic to the reference adventitia 
but contains no bright calcium) likely represents either fibroatheroma 
with a necrotic core or pathologic intimal thickening with a lipid pool 
(see Fig. 60-5, F).10

Plaque rupture is diagnosed when a hypoechoic cavity within the 
plaque is connected with the lumen and a remnant of the ruptured 
fibrous cap is observed at the connecting site (see Fig. 60-5, H). Rup-
tured plaques are often eccentric, less calcified, large in plaque burden, 
positively remodeled, and associated with thrombus. In patients with 

FIGURE 60-8	 Problems	with	stent	deployment	detected	by	intravascular	ultrasound	(IVUS).	The	diagram	indicates	the	locations	of	the	cross	sections	
shown	 in	 the	 IVUS	 images.	A,	 Incomplete	expansion	 relative	 to	 the	ends	of	 the	stent	and	 the	 reference	segments.	B,	An	edge	dissection	with	a	
disruption	of	plaque	(arrow)	at	 the	stent	margin.	C,	Significant	 residual	plaque	burden	at	 the	segment	uncovered	by	 the	stent.	D,	Spasm	at	 the	
adjacent	 nonstented	 segment.	E,	 Incomplete	 apposition,	 in	which	 there	 is	 a	 gap	 between	 a	 portion	 of	 the	 stent	 (arrows)	 and	 the	 vessel	wall.	
F,	Tissue	protrusion	(plaque	prolapse,	thrombus,	or	both)	(arrows)	within	the	stent.	G,	Intramural	(intravascular)	hematoma	detected	as	an	accu-
mulation	of	blood	within	the	medial	space	(arrows)	starting	from	the	edge	of	the	stent.	H,	Extramural	(extravascular)	hematoma	(arrow)	visualized	
as	an	irregularly	shaped,	echodim	pattern	in	the	perivascular	tissue.	
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(YELLOW) trial, a prospective, randomized, single-center trial to 
determine the impact of statin therapy on intracoronary plaque lipid 
content assessed by NIRS, also demonstrated significant reduction of 
lipid content in obstructive lesions after short-term (7 weeks) intensive 
statin therapy.24 Advanced tissue characterization techniques may 
supplement the simple plaque quantification by gray-scale IVUS, 
thereby enhancing the usefulness of IVUS-defined end points in the 
evaluation of new pharmacologic therapies.

Myocardial Bridging
Myocardial bridging (MB) is a common congenital coronary anomaly 
that is located most frequently in the LAD. Although most patients are 
presumed to be asymptomatic, MB can cause typical or atypical angina, 
arrhythmia, or myocardial infarction, most likely because of direct 
compression effects on the MB segment or accelerated atherosclerosis 
in the segment proximal to the MB. In vivo diagnosis of MB has tra-
ditionally been made with coronary angiography, based on the char-
acteristic “milking” effect. For this reason, MB can be underdiagnosed 
in patients who have weak systolic arterial compression. IVUS can 
detect MB with much greater sensitivity, both by functional assessment 
(systolic arterial compression) and by a characteristic echolucent band 
(halo) appearance partially surrounding the artery. In a consecutive 
series, MB was identified by IVUS in 23% of 331 patients, whereas 
angiography alone detected MB in only 3%.25 A histopathologic study 
demonstrated that the characteristic halo on the IVUS image of MB 
corresponds to muscle tissue overlying the coronary artery.26 The direct 
assessment of muscle tissue by IVUS regarding length, thickness, and 
location, in combination with a functional measurement of systolic 
arterial compression, may provide prognostic information in specific 
patients and determine the indication and strategy of treatment, espe-
cially when unroofing surgery is considered (7% to 9% of symptomatic 
MB patients may require surgery due to refractory angina despite 
medical treatment).

INTERVENTIONAL APPLICATIONS

Angiographic Lesion Ambiguity
Preinterventional IVUS has been used to clarify situations in which 
angiography results are equivocal or difficult to interpret, especially in 
ostial lesions or tortuous segments in which the angiogram may not 
lay out the vessel well for interpretation. Particularly, in the assessment 
of left main coronary artery (LMCA) disease, angulations, calcifica-
tion, or spasm in this location can lead to poor catheter engagement 
and confounded angiographic interpretation (Fig. 60-9). Several inves-
tigators have demonstrated that a high percentage of patients with 
angiographically normal LMCA are seen to have disease by IVUS. 
Conversely, another IVUS study demonstrated that fewer than half of 
the angiographically ambiguous LMCA lesions had significant steno-
sis.27 This was especially true for ostial LMCA disease, in which only 
36% of the lesions had a significant stenosis, and 41% had plaque 
burden less than 50% as assessed by IVUS. Therefore patients with 
LMCA disease merit IVUS or physiologic assessment before a blind 
decision about treatment strategy is made, because the result of detailed 
evaluation can dramatically alter management and prognosis.

At bifurcation lesions including distal LMCA disease, the extent of 
side-branch involvement can be difficult to assess by angiography 
alone, and the decision to pursue revascularization or protection of the 
side branch is often dependent on ambiguous demonstration of these 
complex lesions. The combination of plaque and carina shift after 
balloon dilation or stenting may cause severe narrowing or occlusion 
of a side branch, particularly in the presence of preexisting ostial 
disease. Conversely, the ostium of a jailed side branch can falsely 
appear stenosed on coronary angiography. This “pseudo” side-branch 
encroachment is caused by spasm, flow disturbance, or dye streaming 
due to jailing of the branch orifice by the stent. Although true or 
pseudo encroachment may be identified by looking across from the 

fibroatheroma (defined by VH-IVUS as the presence of >10% conflu-
ent necrotic core) was classified as a TCFA if more than 30 degrees of 
the necrotic core abutted the lumen in three or more consecutive 
frames. Multivariate analysis identified three baseline IVUS character-
istics that independently predicted events at 3 years: (1) plaque burden 
greater than 70% (hazard ratio [HR], 5.03); (2) VH-determined TCFA 
(HR, 3.35); and (3) minimal luminal area (MLA) less than 4.0 mm2 
(HR, 3.21). Major adverse cardiac events (MACE) occurred in 18% of 
those lesions with all three of these characteristics and in fewer than 
1% of lesions with none of them. These results were replicated in 
several other prospective trials in which VH-determined TCFA was 
again associated with an increased occurrence of cardiac events.13,14

Identification of lipid-core plaque by NIRS-IVUS may also help 
identify vulnerable atherosclerosis. A higher prevalence of lipid-core 
plaque in patients with ACS has been reported compared with those 
with stable angina.15 Another study revealed that most culprit lesions 
of ST-segment elevation myocardial infarction (STEMI) are character-
ized by a large, often circumferential lipid-core plaque concentrated at 
the culprit site.16 In this study, a maximum lipid core burden index over 
a 4-mm length greater than 400 was found to be a signature of plaques 
causing STEMI. In a study of early coronary artery disease, NIRS-IVUS 
also demonstrated a higher lipid content in the vascular wall in patients 
with endothelial dysfunction than in those with normal endothelial 
function.17 Finally, several large, prospective, multicenter studies are 
ongoing to evaluate the ability of NIRS-IVUS to predict long-term 
coronary events, including the PROSPECT-II trial (900 ACS patients) 
and the Lipid-Rich Plaque (LPR) study (9000 patients with ACS or 
stable angina). The ongoing PROSPECT-II trial also includes a sub-
study cohort that is being randomized to everolimus-eluting bioresorb-
able vascular scaffold versus guideline-determined medical therapy for 
plaque stabilization.

Serial Monitoring of Disease Progression or Regression
The ability of IVUS to quantify arterial wall disease in a precise and 
reproducible manner allows serial evaluation of atherosclerotic plaque 
or transplant vasculopathy for the assessment of disease progression 
or regression. In serial studies for this purpose, the same IVUS system 
(in terms of catheter type, imaging console, and pullback device) 
should be used for serial imaging procedures at baseline and follow-up 
in a given patient. The use of automated pullback is mandatory for 
accurate axial registration of analysis segments. Some investigators 
recommend electrocardiogram (ECG)-gated image acquisition with a 
dedicated pullback device or software-based ECG-gated frame analysis 
of IVUS images obtained with a conventional pullback device, although 
the exact impact of these approaches on the outcomes of clinical 
studies has not been documented. A certain length of untreated coro-
nary segment (typically 30 to 50 mm) is preselected for serial analyses 
using anatomic landmarks such as major side branches. Volume data 
are often normalized by pullback length (expressed as mean area) or 
by vessel size (expressed as percent volume) for comparative analysis.

The change of the intima or the plaque volume measured by IVUS 
has been increasingly used as a surrogate end point in clinical trials of 
the natural history of atherosclerosis and transplant vasculopathy and 
in monitoring the results of pharmacologic interventions such as lipid 
lowering. Relying on angiographic assessment alone for accurate eval-
uation of disease progression or regression is extremely challenging, 
particularly with a diffuse extent of disease and a variable degree of 
arterial remodeling. One pending question is whether disease progres-
sion or regression measured by gray-scale IVUS effectively reflects an 
increased or decreased risk of future cardiovascular events. Although 
several clinical trials suggest a significant association, a discrepancy 
between the imaging end point and clinical outcome has also been 
implied in some studies.18-21 Clinical trials using IB-IVUS or Virtual 
Histology have demonstrated stabilization of plaque composition by 
antiatherosclerotic agents despite lack of change in total plaque volume 
observed by conventional IVUS measurement.22,23 More recently, the 
Reduction in Yellow Plaque by Intensive Lipid-Lowering Therapy 
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and optimal MLA cutoff values can vary depending on lesion loca-
tion, vessel size, and amount of myocardium supplied by the target 
vessel.29-31 Overall, a metaanalysis of 11 clinical studies comparing 
IVUS and FFR identified the best MLA cutoff value to define the 
functional significance as 2.61 mm2 in non-LMCA trials.32 However, 
the pooled sensitivity and specificity of MLA were only 0.79 (95% 
confidence interval [CI], 0.76 to 0.83) and 0.65 (95% CI, 0.62 to 0.67), 
respectively. Recent prospective multicenter trials also reported 
limited correlations between IVUS and FFR,31 indicating IVUS-
measured MLA is only one of many factors affecting coronary flow 
hemodynamics.

Compared with non-LMCA lesions, the IVUS-determined MLA 
appears to have better accuracy to predict significant FFR in LMCA 
lesions (MLA cutoff = 5.35 mm2; pooled sensitivity, 0.90, and specific-
ity, 0.90, in the metaanalysis previously cited),32-35 presumably due to 
relatively fewer variations in this location with respect to vessel 
anatomy and the amount of downstream myocardial burden. The clini-
cal safety of deferred revascularization based on the IVUS-MLA was 
evaluated in a prospective multicenter study in which the predefined 
IVUS criterion of an MLA equal to or greater than 6 mm2 was used 
for patients with intermediate LMCA disease. In this study, cardiac 
death and event-free survival were both comparable in the deferred 

parent artery into the ostium of the branch, accurate assessment 
requires direct IVUS imaging of the side branch.

Intermediate Lesions
Intermediate coronary lesions identified by angiography (40% to 70% 
angiographic stenosis) represent a challenge for revascularization deci-
sion making. A number of physiologic studies have demonstrated that 
a considerable number of intermediate lesions referred for elective 
interventions are in fact hemodynamically insignificant and can be 
successfully managed with medical treatment alone. In early studies of 
proximal coronary lesions, MLA measured by IVUS demonstrated 
reasonable correlations with results from physiologic assessments. The 
ischemic MLA threshold was identified as 3.0 to 4.0 mm2 for major 
(non-LMCA) epicardial coronary arteries based on physiologic assess-
ment with coronary flow reserve, fractional flow reserve (FFR), or 
stress scintigraphy. Among patients with intermediate coronary lesions 
in whom intervention was deferred based on IVUS findings (MLA 
>4.0 mm2), only 2.8% had target-lesion revascularization, and the 
composite event rate was 4.4% at up to 2 years.28

Later studies expanded the study population to encompass a  
wide variety of lesions and indicated that the diagnostic accuracies  

FIGURE 60-9	 Two	examples	of	left	main	coronary	artery	(LMCA)	assessment	by	intravascular	ultrasound	(IVUS).	A,	A	moderate	stenosis	(orange	
arrow)	is	observed	at	the	distal	LMCA	segment	by	angiography	(left).	IVUS	reveals	a	significant	lumen	narrowing	with	napkin-ring	superficial	calci-
fication	at	the	corresponding	segment	(right).	B,	A	significant	stenosis	(orange	arrow)	at	the	orifice	of	the	LMCA	is	suspected	by	angiography	(left).	
IVUS	demonstrates	reverse	vessel	tapering	of	the	corresponding	segment	(orange	arrow)	with	only	mild	plaque	accumulation	(blue	arrows)	(right).	
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Selection of Device Size and Length
When assessed by IVUS, angiographically “normal” reference seg-
ments for PCI have a plaque burden of 35% to 51%. Precise measure-
ments of vessel size and lesion length by IVUS can guide the optimal 
sizing of devices to be employed. IVUS-guided balloon sizing was first 
systematically pursued by the Clinical Outcomes with Ultrasound Trial 
(CLOUT), followed by a randomized multicenter study (the Balloon 
Equivalent to Stent Study [BEST]) in which the nominal balloon size 
chosen was the closest size to the media-to-media diameter measured 
at the lesion site and inflation pressure was determined based on the 
compliance curve to attain the target diameter. In a contemporary DES 
trial of complex lesions (Angiography Versus IVUS Optimization 
[AVIO]), the size of the postdilation balloon was selected based on the 
average of the media-to-media diameters at multiple sites within the 
stented segment. The precise vessel size measurement is also critically 
important for size selection of self-expanding stents or full-bioresorbable 
coronary scaffolds, because undersizing of these devices is not amend-
able once they are deployed in the lesion.

Assessment of true lesion length by IVUS dictates the exact length 
of stent necessary to appropriately scaffold a lesion. Numerous IVUS 
studies of DES have identified greater reference plaque burden as an 
independent predictor of subsequent stent edge restenosis or thrombo-
sis (Fig. 60-10).48-51 The STLLR (The Impact of Stent Deployment Tech-
niques on Clinical Outcomes of Patient Treated With the CYPHER 
Stent) trial also demonstrated that geographic miss had a significant 
negative impact on both clinical efficacy and safety at 1 year after DES 
implantation.52 Complete coverage of reference disease is currently 
recommended; however, longer stent length has also been reported to 
be independently associated with DES restenosis and thrombosis. 
On-line IVUS guidance can facilitate the determination of appropriate 
stent length for anchoring the stent ends in relatively plaque-free  
vessel segments while minimizing stent length for complete lesion 
coverage. One practical approach was proposed in a single-center reg-
istry in which stepwise IVUS criteria (plaque burden <50% as the 
primary target zone) were used to determine the optimal landing zone 
for DES.53

Common Stent Problems at Deployment
Postinterventional IVUS can identify several stent deployment issues 
(see Fig. 60-8). Incomplete stent expansion (or stent underexpansion) 

versus the revascularized group over a 2-year follow-up period.36 
Another study group also confirmed the safety of IVUS-guided defer-
ral of revascularization for intermediate LMCA disease but used a 
larger MLA cutoff value (7.5 mm2), which was predetermined based 
on the lower range of normal LMCA MLA in their clinical database.37 
In practice, however, the judgment should be made in conjunction 
with other information, such as the presence of diabetes,38 plaque 
burden at the MLA site, and FFR.39

Preinterventional Plaque Assessment
Preinterventional IVUS imaging is useful in determining the appropri-
ate catheter-based intervention strategy. With current IVUS catheters, 
most significant stenoses can be safely imaged before intervention, 
providing detailed information about the circumferential and longitu-
dinal extent of the plaque and the character of the tissue involved. 
When observed by IVUS, angiographically hazy lesions represent a 
spectrum of morphologies, including calcium, dissection, thrombus, 
and excessive plaque burden with extreme remodeling. In particular, 
the presence, location, and extent of calcium can significantly affect the 
results of intervention (see Fig. 60-5). After balloon angioplasty, dis-
sections are often observed at the junction of calcified and noncalcified 
plaque, where shear forces from dilation are high. For lesions with 
extensive superficial calcium, plaque modification through the use of 
rotational atherectomy may be required before balloon dilation or stent 
implantation. Conversely, even for lesions with significant calcification 
on fluoroscopy, IVUS may find the calcification to be distributed in a 
deep portion of the vessel wall or to have a calcium arc of less than 180 
degrees. In these cases, stand-alone stenting is usually adequate to 
achieve lumen expansion large enough for a drug-eluting stent (DES).

Evaluation of plaque composition by preinterventional IVUS may 
also predict the occurrence of distal emboli during balloon dilation or 
stenting that may result in the “slow-flow” or “no-reflow” phenomenon 
leading to periprocedural myocardial infarction (MI). In gray-scale 
IVUS, predictive findings include large plaque burden with ultrasound 
signal attenuation (non–calcium-related), a large low-echoic region 
suggesting a lipid pool, and thrombus-containing plaque (see Fig. 
60-5).40 Recent studies with IB-IVUS, VH-IVUS, or NIRS-IVUS also 
demonstrated that the amount of lipid or necrotic core at preinterven-
tion was related to findings suggesting distal emboli.41-46 Identification 
of high-risk plaques may help in selecting lesions suitable for distal 
protection devices.47

FIGURE 60-10	 Proximal	disease	development	8	months	after	implantation	of	a	drug-eluting	stent.	The	new	stenosis	at	the	proximal	stent	margin	
was	primarily	caused	by	plaque	proliferation	despite	minimal	neointimal	hyperplasia	observed	inside	the	stent	(lower	images).	Baseline	intravascular	
ultrasound	shows	a	significant	residual	plaque	at	the	corresponding	uncovered	segment	(upper	images).	
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LCx), 6.3 mm2 (ostial LAD), 7.2 mm2 (within the polygon of conflu-
ence zone), and 8.2 mm2 (LMCA).67 Stent underexpansion was again 
identified as an independent predictor for MACE at 2 years (adjusted 
HR, 5.56; 95% CI, 1.99 to 15.49; P = .001), and the MACE-free survival 
rate was significantly lower in patients with underexpansion (observed 
at one or more segments) compared with no underexpansion (90 ± 3% 
vs. 98 ± 1%; log-rank P = .001).

Unlike BMS, the relative benefit of obtaining a larger MSA to ensure 
a greater “safety margin” for an unexpected amount of neointima (the 
“bigger is better” theory) can significantly vary among DES types, 
depending on the variability of subsequent neointimal proliferation. 
Also, given the wide variety of clinical backgrounds, patient risk 
factors, lesion morphologies, and disease complexities in clinical prac-
tice, it is unlikely that a single prespecified MSA end point could be 
effectively applied to all target lesions. Nevertheless, the ability of IVUS 
to assess the results of stent implantation more precisely than angiog-
raphy significantly contributes to enhanced clinical judgment for indi-
vidual patients. The utility of IVUS to ensure adequate stent expansion 
cannot be overemphasized, particularly if there are clinical risk factors 
for DES failure (e.g., diabetes, renal failure).

Guidance for Complex Interventions
IVUS is useful in several aspects during complex interventions such as 
PCI on distal LMCA lesions, as discussed previously, and CTO lesions. 
In lesions with abrupt-type occlusion, the entry point at the CTO 
ostium is often difficult to identify by angiography. If there is a side 
branch located near the entrance of the CTO, the IVUS catheter can 
be inserted into the side branch to examine the target for wire penetra-
tion.68 Also, the IVUS catheter may possibly be inserted into the sub-
intimal space to determine the direction of the true lumen. A true 
lumen is surrounded by all three layers of the vessel (i.e., intima, media, 
and adventitia). Side branches may provide another clue: They should 
communicate with the true but not with the false lumen. However, 
insertion of the IVUS catheter into the subintimal space carries the 
potential risk of enlarging the subintimal space.

In PCI on CTO lesions, the solid-state catheter is often preferred, 
because the distance of its transducer from the catheter tip is shorter 
than that of mechanical systems (10 versus 20 to 33 mm, respectively). 
For this type of application, a shorter-tip solid-state catheter (2.5 mm 
tip-to-imaging distance) is also available (Eagle Eye Platinum ST, 
Volcano). The longer monorail design of solid-state catheters may also 
offer better trackability and less frequent catheter trapping, which can 
occasionally be caused by separation of the IVUS catheter and guide-
wire within the complex lesion anatomy. Finally, as with other inter-
ventional procedures, proper balloon and stent sizes as well as acute 
complications can accurately be evaluated by IVUS. Particularly, intra-
mural or extramural hematoma (or perforation) can occur during the 
CTO procedure. Early detection and precise assessment of these condi-
tions are crucial for safe and effective treatment of CTO lesions.

Stent Problems at Follow-Up

Restenotic Lesions
The primary mechanism of restenosis can be accurately identified by 
IVUS, and it significantly affects the treatment strategy in patients with 
restenotic lesions. In nonstent interventions, the majority of late lumen 
loss was caused by negative arterial remodeling (a decrease in EEM-
CSA); only about a quarter of the late loss is caused by tissue prolifera-
tion. In contrast, late loss in stented lesions is primarily caused by 
neointimal proliferation rather than by chronic stent recoil. However, 
initial stent underexpansion can result in clinically significant lumen 
compromise, even with minimal neointimal hyperplasia (Fig. 60-11). 
An IVUS study of ISR lesions after BMS demonstrated that 20% of 
lesions had an MSA of less than 5.0 mm2, and an additional 4.5% had 
other mechanical problems that contributed to restenosis.69 In most of 
these cases, stent underexpansion or other mechanical problems were 
not suspected angiographically at the time of reintervention. An IVUS 

is defined as inadequate expansion of a portion of the stent compared 
with the distal and proximal reference dimensions; this may occur, for 
example, where dense fibrous or calcified plaque is present. Incomplete 
stent apposition (ISA) or stent malapposition occurs when part of the 
stent structure is not fully in contact with the vessel wall; this is defined 
by IVUS as one or more struts clearly separated from the vessel wall 
with evidence of blood speckle behind the strut in a segment not 
associated with any side branches. Isolated ISA observed after deploy-
ment usually is not directly linked to adverse clinical events, provided 
that the lumen is large enough to preserve blood flow. On the other 
hand, significant ISA possibly increases local flow disturbances, delays 
healing or increases the potential risk for stent deformation at subse-
quent procedures. An early clinical study demonstrated an unexpect-
edly high percentage of these IVUS-detected stent deployment issues, 
even after angiographically successful results. These observations led 
to the concept of the high-pressure stent deployment technique used 
today.

After stent implantation, IVUS may reveal tears at the edge of the 
stent (or edge dissections) in 10% to 15% of the cases. These tears have 
been attributed both to shear forces created at the junction between 
the metal edge of the stent and the adjacent, more compliant tissue and 
to the effect of balloon expansion beyond the edge of the stent (the 
“dog-bone” phenomenon). Minor, non–flow-limiting edge dissections 
do not appear to have an impact on late angiographic in-stent resteno-
sis (ISR).54,55 In fact, when imaged at follow-up, 75% were healed—a 
frequency similar to that seen after balloon angioplasty.56 In contrast, 
significant residual dissections can lead to an increased risk of early 
MACE. The practical strategy is to make a determination from the 
IVUS image as to whether the tear is flow-limiting. If this is the case, 
an additional stent is placed to cover this region. By angiography, the 
tears are typically recognized as haziness at the stent edge. However, 
when investigated by IVUS, angiographic hazy lesions can represent a 
spectrum of abnormal anatomic morphologies and periprocedural 
complications, such as calcium, dissection, thrombus, hematoma, 
spasm, and excessive residual plaque burden at the reference segment 
(see Fig. 60-8). The etiology of persistent haziness can be precisely 
defined by IVUS because it has higher sensitivity than contrast angi-
ography for detecting abnormal entities in the vessel wall. In addition, 
IVUS can demonstrate the precise location and severity of these 
findings.

Optimization of Stent Expansion
There is compelling evidence that procedure-related factors are impor-
tant contributors to the development of both restenosis and thrombo-
sis after stent implantation, regardless of stent type. In particular, stent 
underexpansion represents the most consistent risk factor across clini-
cal IVUS studies. In the bare-metal stent (BMS) era, the predicted risk 
for restenosis was reported to decrease 19% for every 1-mm2 increase 
in minimum stent area (MSA).57 IVUS studies of BMS thrombosis also 
reported extremely high incidences of stent underexpansion (52% to 
78%) in patients with early (acute or subacute) stent thrombosis,58,59 a 
result that was subsequently replicated in DES studies (42% to 85% in 
patients with early thrombosis).48,51,60,61

Several investigators have evaluated the predictive value of IVUS-
determined MSA for ISR in various types of stents. With receiver-
operating characteristic (ROC) analysis, the optimal diagnostic 
thresholds of MSA that best predict long-term stent patency were 
reported to be 5.0 to 5.7 mm2 for DES and 6.4 to 6.5 mm2 for 
BMS.62-65 IVUS-determined MSA remains an independent predictor of 
restenosis (odds ratio (OR), 0.48 to 0.77), irrespective of DES type, 
including sirolimus-, paclitaxel-, zotarolimus-, and everolimus-eluting 
stents.64,66

In bifurcation lesions, inadequate postprocedural MSA and 
increased neointimal hyperplasia are the major mechanisms of reste-
nosis in the side branch ostium. In a series of cases of unprotected 
LMCA disease treated with single- or two-stent strategies, the MSA 
cutoffs that best predicted subsequent restenosis were 5.0 mm2 (ostial 
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LISA was first brought into the spotlight in intracoronary brachy-
therapy trials (9.3% average incidence by IVUS). However, subsequent 
IVUS studies revealed that it also occurs in up to 5% to 6% of balloon-
expandable BMS recipients. In DES, the incidence of LISA varies sig-
nificantly among different DES types and patient populations. In 
elective stenting, clinical trials of second-generation DES showed  
lower incidences of LISA, particularly in phosphorylcholine-coated 
zotarolimus-eluting stents (0.4% in the ENDEAVOR I to IV trials), 
compared with reports of 8% to 13% in patients treated with first-
generation sirolimus- or paclitaxel-eluting stents.73 Higher incidences 
were observed in more complex studies enrolling patients with acute 
MI or CTO and in those treated with atherectomy before stenting. A 
metaanalysis of seven randomized trials reported that the risk of LISA 
in patients with a DES was four times higher than in those with a BMS 
(OR, 4.36; 95% CI, 1.74 to 10.94; P = .002).74

LISA primarily results from structural vessel wall changes that 
occur during the follow-up period (“biologic ISA”), in contrast to 
“mechanical ISA” seen with initial stent deployment. The most com-
monly reported mechanisms for LISA are “dissolution of thrombus” 
present at the baseline, and “regional positive vessel remodeling” dis-
proportional to peristent plaque area change.75 Whereas thrombus dis-
solution can be seen in patients with any type of stent deployed for 
treatment of thrombus-containing lesions, abnormal positive vessel 
remodeling is observed more frequently in patients who received a 
DES or brachytherapy. With regard to vessel remodeling, incompletely 
apposed struts are seen primarily in eccentric plaques, and the gaps 
develop mainly on the disease-free side of the vessel wall.76 The com-
bination of mechanical injury at stent implantation and biologic injury 
by DES components may predispose the vessel wall to chronic, patho-
logic dilatation in the setting of little underlying plaque.77

Theoretically, long persistence of incompletely apposed DES struts 
might be associated with delayed reendothelialization, allowing fibrin 
and platelet deposition. A significant gap or aneurysm formation can 
also reduce local blood flow, promoting platelet adhesion and the 
coagulation cascade. However, it is still debatable whether LISA inde-
pendently contributes to the occurrence of stent thrombosis. Most 
clinical trials have failed to show a prospective association between 
LISA and later thrombotic events, whereas multiple IVUS studies have 
demonstrated that LISA is frequently observed in lesions of late DES 
thrombosis. This discrepancy may represent a multifactorial process  
of late DES thrombosis involving several other factors or pathways. 
Most prospective studies were underpowered to detect a possible 

study of DES restenosis also reported that 21% of ISR lesions had an 
MSA of less than 5.0 mm2 at the MLA site, 38% of which were not 
associated with significant neointimal hyperplasia.70 For this type of 
ISR, mechanical optimization is the first priority, and IVUS can be 
helpful to differentiate mechanical issues from exaggerated neointimal 
proliferation that may truly require DES implantation within the origi-
nal restenotic stent.

For DES treatment of ISR, early clinical studies suggested a hypoth-
esis that full DES coverage of the original stent might be important for 
the prevention of recurrent restenosis. However, this aggressive opti-
mization strategy has been associated with several clinical issues and 
may not be feasible in every case. In a retrospective IVUS study of BMS 
restenosis treated with sirolimus-eluting stents, 77% of the uncovered 
BMS segments maintained adequate lumen patency at follow-up.71 
Therefore as long as the original BMS is well expanded and has a 
segment with sufficient lumen area, conservative coverage with DES 
can be a clinical option (the “spot stenting” strategy). Another study 
from the TAXUS (Boston Scientific) stent trials evaluated follow-up 
IVUS results in patients who did not require revascularization at 9 
months.72 At 3 years, revascularization was required in 4.9% of 
paclitaxel-eluting stents and 6.7% of BMS. Multivariate analysis identi-
fied MLA at 9 months as a significant predictor of later revasculariza-
tion for both stent types. Several investigators have used advanced 
tissue characterization techniques of IVUS to assess atherosclerotic 
changes of in-stent neointima (so-called neoatherosclerosis), although 
the validity of this application and its clinical implications are yet to 
be established.

Late-Acquired Incomplete Stent Apposition
With serial IVUS performed immediately after the procedure and at 
follow-up, ISA can be classified as baseline or late-acquired (Fig. 
60-12). At follow-up, baseline ISA may have resolved or may persist; 
therefore ISA observed at follow-up could be either persistent baseline 
ISA (persistent ISA) or newly developed ISA in a segment in which 
struts were completely apposed to the vessel wall at baseline (late-
acquired ISA, or LISA).

Despite optimal angiographic results with high-pressure balloon 
dilation baseline ISA can be observed with IVUS in 8% to 30% of DES 
recipients. This morphologic abnormality primarily results from selec-
tion of an undersized stent, stent underexpansion, or insufficient stent 
conformability in calcified or complex-shaped lesions (the so-called 
mechanical ISA).

FIGURE 60-11	 Drug-eluting	stent	(DES)	restenosis	results	primarily	 from	stent	underexpansion.	Preinterventional	 intravascular	ultrasound	(upper	
images)	reveals	significant	stent	underexpansion	at	the	midsegment	with	only	a	small	amount	of	focal	neointimal	hyperplasia.	This	type	of	in-stent	
restenosis	 can	 be	 successfully	 treated	 with	 mechanical	 optimization	 by	 balloon	 dilation	 (lower	 images)	 and	 may	 not	 require	 additional	 DES	
implantation	within	the	original	restenotic	stent.	

Preintervention Neointima Stent

Neointima StentPost-balloon
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edge of the fractured strut may chronically stimulate the vessel wall 
during cardiac movement. Conversely, deployment of long and rigid 
stents in angulated lesions with hinge motion can lead to significant 
alteration of local physiology, so that the strut fracture may help restore 
the original dynamic state, at least in some cases. The exact incidence 
and clinical implications of strut fractures remain to be further inves-
tigated in large clinical studies.

Impact of Intravascular Ultrasound Guidance on  
Long-Term Outcomes
A number of studies have provided evidence for the long-term benefits 
of IVUS in both BMS and DES implantation (Tables 60-1 and 60-2). 
In the DES era, the clinical impact of IVUS guidance was assessed for 
complex lesions (e.g., unprotected LMCA, bifurcation, long lesions) 
and in unselected patient populations. The largest prospective multi-
center registry (8582 patients) including unselected patients treated 
with second-generation DES was the Assessment of Dual Antiplatelet 
Therapy With Drug-Eluting Stents (ADAPT-DES),79 in which IVUS 
guidance was significantly associated with lower incidences of definite 
or probable stent thrombosis (0.7% vs. 1.5%, P = .002), MI (3.5% vs. 
5.6%, P < .0001), and ischemia-driven target-lesion revascularization 
(4.8% vs. 6.0%, P = .02) at 2 years.

On the other hand, controversial results were also reported in some 
IVUS-guided stent trials. This discrepancy may have resulted, in part, 
from underpowered study design, differing procedural end points for 
IVUS-guided stenting, or various adjunctive treatment strategies that 
were used in these trials in response to suboptimal IVUS findings. 
Overall, two metaanalyses of clinical BMS studies have demonstrated 
that IVUS-guided stenting significantly lowers long-term angiographic 
restenosis and target lesion or vessel revascularization, with a neutral 
effect on death and nonfatal MI compared with an angiographic opti-
mization (Table 60-3).80,81 More recently, four large metaanalyses 
of IVUS-guided DES studies also indicated that IVUS guidance can 
offer significantly lower rates of restenosis, mortality, MI, stent throm-
bosis, and MACE compared with angiographic guidance alone (see 
Table 60-3).82-85

relationship of LISA with rare thrombotic events. A literature-based 
metaanalysis suggested a significantly higher risk of late or very late 
DES thrombosis in patients with late (persistent or late-acquired) ISA 
compared with those without LISA (OR, 6.51; P = .02).74 However, 
careful interpretation is still required because of the inherent limita-
tions of literature-based analyses of heterogeneous studies.

Another methodologic issue with respect to the clinical relevance 
of LISA is lack of appropriate grading or classification. Reported LISA 
is a spectrum ranging from tiny incomplete apposition to extensive 
aneurysm formation, and LISA associated with late thrombosis is often 
at the extreme end of this spectrum (Fig. 60-13). Finally, the late devel-
opment of ISA may simply represent a pathologic process within the 
arterial wall, such as chronic inflammation with endothelial dysfunc-
tion weakening the vessel structure rather than serving as a direct 
cause of thrombosis.77 To accurately identify LISA posing a risk for 
future events across the spectrum, a better understanding of this phe-
nomenon is essential.

Strut Fracture
Stent strut fracture is not a rare phenomenon in peripheral artery 
stenting (it occurs in up to 65% of cases of femoropopliteal stenting 
and can also occur after DES implantation in coronary lesions. By 
angiography, strut fracture is diagnosed as complete or partial separa-
tion of the stent at follow-up where there had been contiguity of the 
stent at baseline. IVUS can directly visualize stent struts, offering more 
detailed morphologic assessment and classifications. By IVUS, strut 
fracture is defined as longitudinal strut discontinuity and can be cat-
egorized on the basis of its morphologic characteristics as strut separa-
tion, strut subluxation, or strut intussusception (Figs. 60-14 and 
60-15).73 Another recently proposed classification focuses on potential 
mechanisms of the strut fracture, categorizing them on the basis of the 
presence (type I) or absence (type II) of aneurysm at the fracture site.78 
Studies using angiography or IVUS have reported the incidence of DES 
fracture to be between 0.8% and 7.7%; ISR or stent thrombosis occurred 
in 22% to 88% of these cases.73

Theoretically, strut fracture of the DES can reduce the local drug 
dose delivered to the arterial wall, as well as affecting the mechanical 
scaffolding of the affected lesion segment. In addition, the irregular 

FIGURE 60-12	 Classification	 of	 incomplete	 stent	 apposition	 (ISA).	 Baseline	 ISA	 can	 either	 resolve	 (resolved	 ISA)	 or	 remain	 (persistent	 ISA)	 at	
follow-up.	Late-acquired	ISA	without	vessel	expansion	is	typically	seen	in	thrombus-containing	lesions,	whereas	late-acquired	ISA	with	focal,	posi-
tive	vessel	remodeling	is	more	characteristic	with	brachytherapy	and	drug-eluting	stents.	

Baseline ISA (+)

Follow-up

Resolved ISA Persistent ISA Late-acquired ISA

Remodeling (–) Remodeling (+)

Follow-up

Baseline ISA (–)

Text continued on p. 949
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FIGURE 60-13	 Extensive	 late-acquired	 incomplete	 stent	 apposition	 observed	 at	 follow-up	 (lower	 images)	 after	 implantation	 of	 two	 overlapping	
drug-eluting	stents	(DES).	At	follow-up,	large	gaps	between	the	stent	and	the	vessel	wall	(red	areas)	are	detected	throughout	the	stented	segment,	
whereas	the	stent	struts	are	well	apposed	to	the	vessel	wall	at	baseline	(upper	images).	

A

DES
DES

Baseline

Follow-up

B C D E

A B C D E

A

DES
DES

B C D E

A B C D E

FIGURE 60-14	 Stent	strut	discontinuity	(fracture)	observed	8	months	after	deployment	of	three	overlapping	drug-eluting	stents.	On	the	cross-sectional	
intravascular	ultrasound	(IVUS)	image	(bottom	row,	middle	image),	an	abnormal	paucity	of	stent	struts,	not	seen	at	baseline,	was	detected	at	a	
portion	of	the	mid-stent.	The	longitudinal	IVUS	image	(top)	shows	an	acute-angled	bend	at	the	corresponding	segment	(arrows).	In	this	particular	
case,	however,	the	stent	fracture	(complete	separation	type)	was	not	associated	with	increased	intimal	hyperplasia.	

Proximal stent

Mid stent

Distal stent
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TABLE 60-1 Intravascular Ultrasound Versus Angiographic Guidance of Bare-Metal Stent Implantation

Study N Population Study Design IVUS Criteria for Optimal Deployment

Criteria 
Fulfilled 
(%) End Points Results

Albiero	
et	al

312 De	novo
Native

Multicenter
Registry

Complete	apposition,	no	ref	disease,	
MSA	≥60%	of	average	ref	VA	(early	
phase)	or	MSA	≥	distal	ref	LA	(late	
phase)

NA 6-mo	angiography IVUS	better	(early	
phase)

Blasini	
et	al

212 De	novo	and	
restenotic

Native	and	SVG

Single	center
Registry

Complete	apposition,	no	residual	
dissection,	MSA	>8	mm2	and/or	90%	
of	average	ref	LA

50 6-mo	angiography IVUS	better

Choi	
et	al

278 De	novo
Native

Single	center
Registry

Complete	apposition,	no	residual	
dissection,	MSA	≥80%	of	distal	ref	LA

NA Acute	closure
6-mo	MACE

IVUS	better

Gaster	
et	al

108 De	novo	and	
restenotic

Native

Single	center
Randomized

MUSIC	criteria 64 6-mo	angiography,	
CFR,	FFR,	TVR,

2.5-yr	MACE

IVUS	better

AVID 759 De	novo
Native	and	SVG

Multicenter
Randomized

MUSIC	criteria NA 12-mo	TLR IVUS	better
(subset	analysis)

CENIC 54,526 De	novo	and	
restenotic

Native	and	SVG

Multicenter
Registry

Operator	discretion — In-hospital	MACE IVUS	better

CRUISE 499 De	novo	and	
restenotic

Native

Multicenter
Nonrandomized

Operator	discretion — 9-mo	TVR IVUS	better

DIPOL 259 De	novo
Native

Multicenter
Randomized

Complete	apposition,	MSA	>7.5	mm2	
or	80%	of	average	ref	LA

>90 6-mo	MACE IVUS	better

OPTICUS 550 De	novo	and	
restenotic

Native

Multicenter
Randomized

MUSIC	criteria 56 6-mo	angiography
12-mo	MACE

No	difference

PRESTO 9,070 De	novo	and	
restenotic

Native

Multicenter
Nonrandomized

Operator	discretion — 9-mo	MACE No	difference

RESIST 155 De	novo
Native

Multicenter
Randomized

MSA	>80%	of	average	ref	LA 80 6-mo	angiography
18-mo	MACE

IVUS	better	
(nonsignificant	
reduction)

SIPS 269 De	novo	and	
restenotic

Native

Single	center
Randomized

MLA	>65%	of	average	ref	LA 69 6-mo	angiography
2-yr	TLR

IVUS	better

TULIP 144 Long	lesions
>20	mm

Single	center
Randomized

Complete	apposition,
MLD	≥80%	of	average	ref	diameter
MSA	≥	distal	ref	LA

89 6-mo	angiography
12-mo	MACE

IVUS	better

AVID,	 Angiography	 Versus	 IVUS-Directed	 Stent	 Placement	 trial;	 CENIC,	 Central	Nacional	 de	 Intervenções	Cardiovasculares;	 CFR,	 coronary	 flow	 reserve;	 CRUISE,	 Can	Routine	Ultrasound	
Influence	Stent	Expansion	study;	DIPOL,	Direct	Stenting	Versus	Optimal	Angioplasty;	FFR,	fractional	flow	reserve;	IVUS,	intravascular	ultrasound;	LA,	lumen	area;	MACE,	major	adverse	cardiac	
events;	MLD,	minimal	lumen	diameter;	MSA,	minimum	stent	area;	MUSIC,	Multicenter	Ultrasound-Guided	Stent	Implantation	in	Coronaries;	OPTICUS,	Optimization	With	ICUS	to	Reduce	Stent	
Restenosis;	PRESTO,	Prevention	of	Restenosis	With	Tranilast	and	Its	Outcomes	trial;	ref,	reference	vessel;	RESIST,	Restenosis	After	Intravascular	Ultrasound	Stenting;	SIPS,	Strategy	for	IVUS-
Guided	 PTCA	 and	 Stenting;	 SVG,	 saphenous	 vein	 graft;	 TLR,	 target	 lesion	 revascularization;	 TVR,	 target	 vessel	 revascularization;	 TULIP,	 Thrombocyte	 Activity	 Evaluation	 and	 Effects	 of	
Ultrasound	Guidance	in	Long	Intracoronary	Stent	Placement;	VA,	vessel	area.

FIGURE 60-15	 Stanford	classification	of	stent	strut	fracture.73	By	intravascular	ultrasound,	strut	fracture	is	defined	as	longitudinal	strut	discontinuity	
and	can	be	categorized	on	the	basis	of	its	morphologic	characteristics.	Blue	and	red	arrows	represent	stent	fracture	and	resulting	movement	of	the	
stent	segments,	respectively.	

SEPARATION

Complete
(circumferential)

Partial

SUBLUXATION INTUSSUSCEPTION
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TABLE 60-2 Intravascular Ultrasound Versus Angiographic Guidance of Drug-Eluting Stent Implantation

Study N Population Study Design
IVUS Criteria for Optimal 
Deployment

Criteria 
Fulfilled 
(%) End Points Results

Agostoni	et	al 58 De	novo
Left	main

Single	center
Registry

Operator	discretion — 14-mo	MACE No	difference

Chen	et	al 628 De	novo
Left	main

Multicenter
Registry

Operator	discretion — 1-yr	MACE,	stent	
thrombosis,	MI

No	difference	(MACE)
IVUS	better	(stent	

thrombosis,	MI)

Costantini	et	al 1350 De	novo	and	
restenotic

Native

Single	center
Registry

Operator	discretion — 3-yr	MACE	stent	
thrombosis

IVUS	better

Fujimoto	et	al 480 De	novo
Native	and	SVG

Single	center
Registry

Operator	discretion — 8-mo	angiography,	
MACE,	TLR

No	difference

Hur	et	al 8371 De	novo	and	
restenotic

Native	and	SVG

Multicenter
Registry

Operator	discretion — 3-yr	death IVUS	better

Jakabčin	et	al 210 De	novo
Native
Complex	lesions

Single	center
Randomized

Good	apposition,	optimal	
stent	expansion	with	
MSA	of	5	mm2	or	
>90%	of	distal	ref	LA	
for	small	vessel,	and	
no	edge	dissection

NA 18-mo	MACE No	difference

Kim	et	al 758 De	novo
Native
Bifurcation
(BMS	+	DES)

Single	center
Registry

Operator	discretion — 4-yr	MACE,	stent	
thrombosis

IVUS	better

Roy	et	al 1768 De	novo	and	
restenotic

Native	and	SVG

Single	center
Registry

Operator	discretion — 30-day	and	12-mo	
MACE,	stent	
thrombosis

IVUS	better

Youn	et	al 341 De	novo
Native,	STEMI

Single	center
Registry

Operator	discretion — 3-yr	death,	MI,	
TVR,	TLR

No	difference

ADAPT-DES 8582 De	novo	and	
restenotic

Native	and	SVG

Multicenter
Registry

Operator	discretion — 2-yr	stent	
thrombosis,	MI

IVUS	better

AVIO 284 De	novo
Native

Multicenter
Randomized

SA	>	“AOR”	determined	
by	the	size	of	an	
optimal	postdilation	
balloon	based	on	
media-to-media	
diameter	measurements

48 Postprocedure	MLD
9-mo	MACE

IVUS	better	
(postprocedure	
MLD)

COBIS 487 De	novo
Native
Bifurcation

Multicenter
Registry

Operator	discretion — 1-yr	death	or	MI IVUS	better

EXCELLENT 1421 De	novo
Native

Multicenter
Nonrandomized

Operator	discretion — 1-yr	MACE,	stent	
thrombosis,	MI

Angiography	better

IRIS-DES 3244 De	novo
Native

Multicenter
Registry

Operator	discretion — 2-yr	MACE IVUS	better	(in	
patients	with	a	stent	
length	>22	mm)

MAIN-COMPARE 975 De	novo
Native
Left	main
(BMS	+	DES)

Multicenter
Registry

Operator	discretion — 3-yr	mortality IVUS	better

MATRIX 1504 De	novo	and	
restenotic

Native	and	SVG

Multicenter
Registry

Operator	discretion — 2-yr	TVF,	MACE,	
stent	thrombosis

IVUS	better

RESET 543 De	novo
Native
Long	lesions	

requiring	a	
stent	≥28	mm

Multicenter
Randomized

Operator	discretion — 1-yr	MACE IVUS	better	(per	
protocol)

ADAPT-DES,	Assessment	of	Dual	 AntiPlatelet	 Therapy	With	Drug-Eluting	Stents;	 AOR,	achievable	optimal	 result;	 AVIO,	 Angiography	Versus	 IVUS	Optimization;	COBIS,	Korean	Bifurcation	
Registry;	CSA,	cross-sectional	area;	EXCELLENT,	Efficacy	of	Xience/Promus	Versus	Cypher	in	Reducing	Late	Loss	After	Stenting;	IRIS-DES,	Interventional	Cardiology	Research	In-cooperation	
Society–Drug-Eluting	Stents;	 IVUS,	 intravascular	ultrasound;	LA,	 lumen	area;	MACE,	major	adverse	cardiac	events;	MAIN-COMPARE,	Revascularization	 for	Unprotected	Left	Main	Coronary	
Artery	Stenosis:	Comparison	of	Percutaneous	Coronary	Angioplasty	Versus	Surgical	Revascularization;	MATRIX,	Comprehensive	Assessment	of	Sirolimus-Eluting	Stents	in	Complex	Lesions;	
MI,	myocardial	infarction;	MLD,	minimum	lumen	diameter;	MSA,	minimum	stent	area;	NA,	not	applicable;	ref,	reference	vessel;	RESET,	Real	Safety	and	Efficacy	of	a	3-Month	Dual	Antiplatelet	
Therapy	Following	Zotarolimus-Eluting	Stents	Implantation;	SA,	stent	area;	STEMI,	ST-segment	elevation	myocardial	infarction;	SVG,	saphenous	vein	graft;	TLR,	target	lesion	revascularization;	
TVF,	target	vessel	failure;	TVR,	target	vessel	revascularization.
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greater tissue penetration of the ultrasound signal and its practical 
usefulness (i.e., no need for blood clearance) for real-time procedural 
guidance and assessment of treatment effects.

Current technical efforts in invasive imaging are aimed not only at 
further improvement in anatomic information acquisition but also at 
biologic or physiologic assessment of the target segment. These 
enhancements may allow a more comprehensive evaluation of the 
novel treatment device with both mechanical and biologic effects  
and could help realize the ultimate goal of delivering the most effec-
tive treatment to individual patients with truly low rates of 
complications.
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In comparison with the BMS studies, most of the reported DES 
studies were registries (rather than randomized control trials), in 
which IVUS-guided stent optimization was performed based on the 
individual operator’s discretion. In contrast, the majority of the BMS 
trials used prespecified IVUS criteria for optimal stent expansion. It is 
also noteworthy that IVUS guidance appears to contribute to reduced 
hard end points (death, MI, or thrombotic events) in DES implanta-
tion, whereas improved restenosis and revascularization rates repre-
sent predominant benefits of IVUS-guided BMS implantation.

SUMMARY AND FUTURE PERSPECTIVES
IVUS has evolved into an indispensable tool for research and clinical 
purposes with mounting evidence supported by large-scale clinical 
trials. Although advances in intravascular optical coherence tomogra-
phy now allow rapid assessment of microscopic details of coronary 
surface structures, the demand for IVUS remains high because of its 
ability to provide a more complete picture of the vessel wall due to the 

TABLE 60-3 Intravascular Ultrasound Versus Angiographic Guidance of Stent Implantation: Metaanalyses

Stent 
Type

No. of 
Patients

Studies 
(RCT)

OUTCOMES IMPROVED BY IVUS GUIDANCE

Outcome OR P

Casella	et	al BMS 2,972 9	(5) MACE 0.79 .03

Binary	restenosis 0.75 .01

Revascularization 0.62 .00003

Parise	et	al BMS 2193 7	(7) MACE 0.69 .03

Binary	restenosis 0.64 .02

Revascularization 0.66 .004

Ahn	et	al DES 26,503 17	(3) MACE 0.74 <.001

Mortality 0.61 <.001

Myocardial	infarction 0.57 <.001

Stent	thrombosis 0.59 <.001

TVR 0.82 .022

Jang	et	al DES 24,849 15	(3) MACE 0.79 .001

Mortality 0.64 <.001

Myocardial	infarction 0.57 <.001

Stent	thrombosis 0.59 .002

TVR 0.81 .01

Jang	et	al
Propensity	score	

matched	subanalysis

DES 13,545 9 MACE 0.79 .01

Mortality 0.58 .01

Myocardial	infarction 0.56 .04

Stent	thrombosis 0.52 .004

Klersy	et	al DES 18,707 12	(3) MACE 0.80 <.001

Mortality 0.60 <.001

Myocardial	infarction 0.59 .001

Stent	thrombosis 0.58 .007

Zhang	et	al DES 19,619 11	(1) MACE 0.87 .008

Mortality 0.59 <.001

Stent	thrombosis 0.58 <.0001

Zhang	et	al
Propensity	score	

matched	subanalysis

DES 5,300 6 Mortality 0.73 .04

Myocardial	infarction 0.63 .01

Stent	thrombosis 0.57 .004

BMS,	Bare-metal	stents;	DES,	drug-eluting	stents;	RCT,	randomized	controlled	trial;	IVUS,	intravascular	ultrasound;	MACE,	major	adverse	cardiac	events;	OR,	odds	ratio;	TVR,	target	vessel	
revascularization.
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Despite a steady decrease in the incidence of acute coronary events, 
cardiovascular disease continues to be the major cause of death 

worldwide, with 17.6 million deaths per year, representing about one 
third of total global deaths, and with an expected increase to 23.4 
million deaths by the year 2030.1-5

Coronary atherosclerosis is a condition that can remain asymptom-
atic over decades. Prevention of the transition from asymptomatic, 
nonobstructive disease to symptomatic, occlusive disease could reduce 
the death rate dramatically. The transition correlates with acute coro-
nary thrombosis, also known as atherothrombosis. It occurs mostly 
because of plaque rupture or erosion and less frequently because of 
calcific nodules.6 In the United States, atherothrombosis is responsible 
for more than 1 million acute coronary events per year.3,7,8

The suspected precursor lesion for plaque rupture is the thin-cap 
fibroatheroma (TCFA).6 It can be detected by invasive imaging tech-
niques,9 but morphologic features alone may not be enough to identify 
a TCFA that is likely to rupture. Many stabilize, and the plaque never 
ruptures. Others remain as TCFAs, and a minority rupture. Because 
few ruptured plaques produce obstructive thrombosis, the incidence 
of adverse clinical events related to TCFAs is low, and it has been dif-
ficult to apply the concept of vulnerable plaques (VPs) preceding coro-
nary thrombosis and acute coronary syndrome (ACS) in clinical 
cardiology.

This chapter describes a systematic approach to VPs. First, we 
review the definition, incidence, risk factors, and anatomic locations 
of VPs and consider the composition and pathophysiologic aspects of 
these lesions as a means to understand plaque vulnerability. Then we 

summarize the field of invasive plaque imaging, comment on nonin-
vasive imaging modalities, and describe therapeutic approaches, 
including pharmacologic prevention and aggressive percutaneous 
coronary intervention (PCI).

CLINICAL CHARACTERISTICS OF  
VULNERABLE PLAQUES

Definition
A high-risk VP is a nonobstructive, silent coronary lesion that suddenly 
becomes obstructive and symptomatic (Fig. 61-1). Pioneering studies 
by Ambrose and Fuster in 1988 described the baseline angiographic 
characteristics of lesions that produced acute myocardial infarctions 
(AMIs).10 The investigators found that lesions evolving to complete 
occlusion had a mean percent diameter stenosis of 48%. Many studies 
have reproduced these findings, supporting the concept that most 
lesions responsible for AMI evolve from nonobstructive disease.11

Incidence
The number of nonobstructive, asymptomatic plaques that progress to 
obstructive, symptomatic lesions manifesting as acute events consti-
tutes the estimated incidence of this condition. Several studies have 
retrospectively addressed this issue. One study included 1228 patients 
who underwent PCI for symptomatic coronary artery disease (CAD). 
The incidence of nonobstructive, nonculprit lesions that required addi-
tional PCI was 12.4% in the first year and 5% to 7% per year for years 
2 to 5 after the initial procedure (Fig. 61-2).12 A second study included 
3747 post-PCI patients from the National Heart, Lung, and Blood 
Institute (NHLBI) registry.13 The incidence of nonobstructive, noncul-
prit lesions that required additional PCI was 6% in the first year, 
ranging from 4.4% to 12.8% according to the number of vessels 
involved (Fig. 61-3). Although relevant historically, these studies over-
estimate the number of events per year.

Another study included a total of 1059 patients evaluated by com-
puted tomography angiography (CTA). VPs were classified according 
to the presence or absence of positive remodeling and low-attenuation 
(“soft”) morphology seen on imaging.14 The prevalence of VPs was only 
4.5%, but the incidence of acute coronary events was 11% for plaques 
with one high-risk variable and up to 22% for plaques with both vari-
ables. Absence of these high-risk variables was a strong protective 
predictor, with an incidence of coronary events as low as 0.5%.

A study using optical coherence tomography (OCT) reported a 12% 
incidence of TCFAs in sites other than the culprit lesion responsible 
for the ACS.15 The investigators found that most TCFAs occurred in 
the proximal segments of the coronary vasculature. Despite an inci-
dence of 11% to 22%, the actual area occupied by the plaques in the 
coronary circulation may not be large.

Groups led by Cheruvu and Virmani performed detailed histo-
pathologic analyses of the entire vasculature of 50 human hearts and 
demonstrated that only 1.1% to 1.6% of the coronary vessel area was 
occupied by TCFAs.6,16 Of all lesions studied, 10.8% corresponded to 
TCFAs.16 This finding is in agreement with another study that identi-
fied an 11% incidence of TCFAs and a slightly higher incidence among 
patients with ACS, suggesting a more unstable profile of the coronary 
lesions in these subjects.17

61  High-Risk Vulnerable Plaques: Definition, 
Diagnosis, and Treatment
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K E Y  P O I N T S

•	 High-risk	atherosclerotic	plaques,	also	called	vulnerable	plaques	
(VPs),	display	specific	features	that	predispose	patients	to	
intracoronary	thrombosis	from	plaque	rupture,	plaque	erosion,	or	
calcified	nodules.

•	 The	interplay	among	pathophysiologic	processes	in	the	atheroma,	
including	plaque	progression,	inflammation,	lipid	metabolism,	
plaque	rupture,	and	healing,	determines	a	variety	of	outcomes,	
ranging	from	asymptomatic	disease	to	acute	coronary	syndromes	
and	sudden	cardiac	death.

•	 Inflammatory	plaque	regulation,	plaque	neovascularization,	
intraplaque	hemorrhage,	and	defective	efferocytosis	play	pivotal	
roles	in	plaque	vulnerability	and	offer	potential	targets	for	the	
diagnosis	and	treatment	of	VPs.

•	 Plaque	instability	can	be	detected	by	several	invasive	and	
noninvasive	technologies	according	to	the	properties	of	VPs.

•	 The	rate	of	progression	to	plaque	rupture	remains	low,	which	
makes	prediction	of	adverse	clinical	events	challenging.

•	 Advances	in	clinical	and	translational	research	have	provided	
insight	into	the	natural	history	of	plaques,	but	further	study	is	
required.

•	 Systemic,	regional,	and	local	therapies	are	used	for	VPs.	Systemic	
treatment	with	pharmacologic	agents	has	demonstrated	the	most	
compelling	evidence	for	plaque	regression	and	reduction	of	
adverse	clinical	outcomes.
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FIGURE 61-1	 Sequential	coronary	angiograms	of	
the	 left	anterior	descending	coronary	artery	were	
performed	 at	 12-month	 intervals.	 Rapid	 pro-
gression	 from	nonobstructive	and	asymptomatic	
to	 severely	 obstructive	 and	 symptomatic	 fulfills	
the	 clinical	 definition	 of	 vulnerable	 plaques.		
A,	Normal	vessel	seen	by	angiography.	B,	Non-
obstructive,	 asymptomatic	 coronary	 disease	 in	
the	 proximal	 segment	 (arrows).	 C,	 Obstructive,	
symptomatic	 coronary	 disease	 with	 acute	 coro-
nary	syndrome	(arrows).	D,	The	degree	of	steno-
sis	is	10%	to	20%	12	months	after	local	therapy	
with	a	stent	(36	months	after	the	baseline	angio-
gram).	 (Courtesy	 Mount	 Sinai	 Medical	 Center	
Cardiac	Catheter	Laboratory,	New	York,	NY.)
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FIGURE 61-2	 Hazard	 rates	per	 year	 for	 target-lesion	 (blue)	and	
non–target	 lesion	(red)	events	after	percutaneous	coronary	inter-
vention	 were	 derived	 from	 a	 life	 table	 survival	 analysis.	 Target-
lesion	events	 include	any	repeat	 revascularization	or	other	event	
(i.e.,	death,	myocardial	infarction	[MI],	acute	coronary	syndrome	
[ACS],	 congestive	 heart	 failure	 [CHF])	 attributed	 to	 the	 target	
lesion.	Non–target-lesion	events	include	all	repeat	revasculariza-
tions	 involving	 the	 target	 vessel	 outside	 the	 target	 lesion,	 any	
non–target	vessel	 revascularization,	and	any	death,	MI,	ACS,	or	
CHF	that	was	not	attributable	to	the	target	lesion.	(Modified	from	
Cutlip	DE,	Chhabra	AG,	Baim	DS,	et	al:	Beyond	restenosis:	five-
year	 clinical	 outcomes	 from	 second-generation	 coronary	 stent	
trials.	Circulation	110:1226-1230,	2004.)
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These retrospective and pathologic studies provided the foundation 
for the Providing Regional Observations to Study Predictors of Events 
in the Coronary Tree (PROSPECT) trial, the first prospective study of 
the natural history of VPs.18 A total of 697 patients with ACS under-
went three-vessel coronary angiography and gray-scale and radiofre-
quency assessment, also known as intravascular ultrasound with 
intravascular ultrasound and virtual histology (IVUS-VH) analysis. 
The incidence of nonculprit lesions responsible for major adverse car-
diovascular events (MACEs) was 11.6% at 3.4 years. However, most of 
these events were rehospitalizations for progressive angina. Cardiac 
death or AMI affected only 4.9% of the population. Three independent 

variables predicted these events: a plaque burden of 70% or greater 
(hazard ratio [HR] = 5.03, P < .001), a minimal luminal area of 4 mm2 
or less (HR = 3.21, P = .001), and IVUS-VH–derived TCFA morphol-
ogy (HR = 3.35, P < .001). Plaques exhibiting all three features had an 
HR up to 11.05 (P < .001). Nevertheless, the prevalence of these high-
risk plaques was only 4.2%.

The PROSPECT trial results supported the idea that VPs are 
uncommon, are composed of a combination of anatomic features, and 
are associated with mild or “soft” events rather than death and AMI. 
VPs are predominately asymptomatic and harmless in most cases. They 
can manifest simultaneously in multiple segments, highlighting a 
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FIGURE 61-3	 Kaplan-Meier	analysis	of	non–target-lesion	percutaneous	coronary	intervention	(PCI)	required	in	the	first	year	after	PCI,	according	to	
the	initial	degree	of	coronary	artery	disease.	(Modified	from	Glaser	R,	Selzer	F,	Faxon	DP,	et	al:	Clinical	progression	of	incidental,	asymptomatic	
lesions	discovered	during	culprit	vessel	coronary	intervention.	Circulation	111:143-149,	2005.)
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proinflammatory milieu that may respond to systemic rather than focal 
therapies. Moreover, plaque rupture does not always lead to ACS, and 
prior studies have found evidence of old healed areas within the ath-
eroma (i.e., fibroinflammatory lipid plaque) that occurred without 
causing a clinical event.19 About 30% to 40% of ACS cases result from 
processes other than plaque rupture.6,19 These and other limitations 
seriously challenge the VP hypothesis, and the current clinical approach 
therefore employs systemic therapy as a preventive tool for all and 
imaging for a few patients.

Risk Factors
Multiple regression analysis in retrospective studies has identified mul-
tivessel CAD at baseline (i.e., three- and two-vessel CAD), previous 
PCI, and age younger than 65 years as independent predictors of VPs. 
Treatment with statins failed to protect patients in the first year.13 IVUS 
studies also identified age, hypertension, diabetes mellitus (DM), heart 
failure, and dyslipidemia as predictors of IVUS-derived TCFAs.20 DM 
is strongly associated with higher rates of IVUS-derived TCFAs (21.6% 
vs. 13.1%, P = .01) and with rates up to 54.4% among patients with a 
diagnosis of DM for more than 10 years.21 The incidence of TCFAs was 
seven times higher for men than women.16

Serum myeloperoxidase is a potential biomarker of plaque vulner-
ability.22,23 Similarly, inhibition of lipoprotein-associated phospholipase 
A2 ameliorates inflammation and decreases atherosclerotic plaque for-
mation. Levels of biomarkers play a key role in necrotic core expansion 
or contraction, as demonstrated by the Integrated Biomarkers and 
Imaging Study 2 (IBIS-2).24

In isolated studies, levels of high-sensitivity C-reactive protein (hs-
CRP), white blood cells, interleukin-18, and tumor necrosis factor-α 
(TNF-α) inversely correlated with fibrous cap thickness. However, 
hs-CRP appeared to be the only independent predictor by regression 
analysis.25 Although hs-CRP has been postulated as a modulator of 
neovascularization,26 the clinical evidence for primary prevention by 
hs-CRP is limited and subject to debate. Further research is needed to 
elucidate the role of biomarkers for predicting plaque rupture and 
coronary events.27-29 Serum levels of micro-RNAs have been proposed 
as markers of early ACS and for identifying high-risk plaques.30

Anatomic Distribution
The proximal segment is responsible for 80% of AMIs in all three major 
coronary vessels,31 a finding that has been reproduced by in vivo OCT 
studies (Fig. 61-4).32,33 At bifurcations of segments, the TCFA is pre-
dominately located in the proximal rim as evaluated by OCT and 
IVUS.34

The characteristics of high-risk VPs determine the pathophysiology 
and offer targets for diagnostic evaluation by various imaging tech-
niques. High-risk lesions are positively remodeled, have large plaque 
burden, and are usually located in the proximal segments of the coro-
nary arteries.

Plaque Rupture and Erosion
Plaque rupture is the most common cause of atherothrombosis,  
including 70% to 75% of all adverse cardiac events and up to 85% of 
events among hypercholesterolemic white men. In plaque rupture, 
disease progresses through lipid core expansion and macrophage accu-
mulation at the edges of the plaque, leading to fibrous cap disruption 
(Fig. 61-5).

The second most common cause of atherothrombosis is plaque 
erosion. Included initially in “other causes of coronary thrombosis,” 
plaque erosion gained attention in the past decade as a significant 
substrate for coronary thrombosis and sudden cardiac death among 
premenopausal women.16 Plaque erosion is associated with cigarette 
smoking, suggesting that thrombosis in these patients may be related 
to a systemic prothrombogenic pathway rather than a local athero-
thrombotic mechanism.

Unlike plaque rupture, erosion occurs in plaques with no specific 
features suitable for detection. Most of these plaques exhibit histologic 
patterns similar to plaques responsible for stable angina. They are 
characterized by a thick, smooth muscle cell–rich fibrous cap, reduced 
necrotic core areas, and a low degree of inflammation (Fig. 61-6). They 
also display neutral or negative remodeling, preserved integrity of the 
internal elastic lamina without disruption of the tunica media, and 
intact histology of the contractile elastic lamellae (Fig. 61-7).35,36 
Patients with plaque erosion also demonstrate chronic or late-stage 
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FIGURE 61-5	 Cross	section	of	a	coronary	artery	containing	a	ruptured	
plaque	at	the	shoulder	of	the	fibrous	cap	with	a	nonocclusive	thrombus	
superimposed.	The	large,	necrotic	core	can	be	identified	by	cholesterol	
crystals	and	extensive	 intraplaque	hemorrhage	due	 to	plaque	rupture.	
Trichrome	stain	 renders	 the	 thrombus	 red,	 the	collagen	blue,	and	 the	
lipid	colorless.	(Courtesy	Dr.	K.	Raman	Purushothaman,	Mount	Sinai	
Hospital,	New	York,	NY.)

FIGURE 61-4	 Distribution	of	thin	cap	fibroatheromas	(TCFAs)	in	the	proximal,	middle,	and	distal	segments	of	the	three	coronary	arteries.	LAD,	Left	
anterior	descending	coronary	artery;	LCx,	left	circumflex	coronary	artery;	RCA,	right	coronary	artery.	(From	Tanaka	A,	Imanishi	T,	Kitabata	H,	et	al:	
Distribution	and	frequency	of	thin-capped	fibroatheromas	and	ruptured	plaques	in	the	entire	culprit	coronary	artery	in	patients	with	acute	coronary	
syndrome	as	determined	by	optical	coherence	tomography.	Am	J	Cardiol	102:975-979,	2008.)
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FIGURE 61-6	 Plaque	erosion.	In	the	cross	section	of	a	coronary	artery	
containing	a	stenotic	atherosclerotic	plaque	with	an	occlusive	thrombo-
sis	superimposed,	the	endothelium	is	missing	at	the	plaque-thrombus	
interface,	 but	 the	 plaque	 surface	 is	 otherwise	 intact.	 Trichrome	 stain	
renders	 the	 thrombus	 red,	 the	 collagen	 blue,	 and	 the	 lipid	 colorless.	
(Courtesy	Dr.	Erling	Falk,	Aarhus,	Denmark.)

Fibrous
tissue

Lipid

Thrombus



956 SECTION VI  EVALUATION OF INTERVENTIONAL TECHNIQUES

positive vascular remodeling; (6) increased vasa vasorum neovascular-
ization; and (7) intraplaque hemorrhage.39

LARGE PLAQUE BURDEN AND THE  
EXPANSION HYPOTHESIS

The PROSPECT trial identified large plaque burden (>70%) as the 
most powerful predictor of future coronary events. The plaque expan-
sion hypothesis, which refers to the correlation between plaque volume 

thrombus in healing states at higher frequencies than those with plaque 
rupture.37

Plaque rupture is the most frequent substrate for ACS, and its  
precursor lesion, TCFA, is considered the hallmark of high-risk VPs 
(Fig. 61-8).38 The classic histologic patterns of TCFA include (1) a large 
plaque burden (>70%) associated with rapid growth (i.e., expansion 
hypothesis); (2) a thin, fibrous cap with an increased stress-strain rela-
tionship; (3) a large necrotic core with an increased ratio of free cho-
lesterol to esterified cholesterol; (4) increased plaque inflammation; (5) 

FIGURE 61-7	 Plaque	rupture.	A	through	E,	Histologic	sections	show	plaque	erosion	with	acute	thrombus.	F,	Histologic	sections	show	an	adjacent	
lesion	without	 thrombus.	A	46-year-old	man	with	a	history	of	non–ST-segment	elevation	acute	myocardial	 infarction	and	sirolimus-eluting	stent	
placement	in	the	proximal	left	anterior	descending	coronary	artery	(LAD)	5	years	antemortem	died	suddenly	and	was	sent	to	autopsy	for	suspected	
stent	thrombosis.	Histology	showed	a	patent	stented	segment	with	no	thrombosis	in	the	LAD;	acute	plaque	erosion	with	a	nonocclusive	thrombus	
was	identified	in	the	proximal	left	circumflex	coronary	artery	(LCx).	A	low-power	image	of	the	proximal	LCx	(A)	shows	plaque	erosion	with	nonoc-
clusive	platelet-rich	thrombi	(Thr)	and	underlying	fibroatheroma	with	an	early	necrotic	core	(NC)	and	focal,	mild	calcification	(Ca2+)	(Movat	pen-
tachrome	stain);	boxes	b	and	c	indicate	the	sections	magnified	in	parts	B	and	C,	respectively.	A	high-power	image	(B)	shows	luminal	thrombus	
and	an	underlying	early	NC	with	foamy	macrophages.	A	high-power	image	(C)	shows	a	luminal	surface	lacking	endothelium,	which	is	in	contact	
with	an	acute	thrombus.	Lack	of	endothelium	at	the	luminal	surface	is	confirmed	by	immunostaining	for	two	endothelial	markers:	CD34	(D)	and	
VE-cadherin	(E).	A	high-power	image	of	an	adjacent	section	(F)	shows	a	normal	endothelialized	surface,	which	is	confirmed	by	immunostaining	
for	CD34	(G)	and	VE-cadherin	 (H)	 (arrows).	 (From	Otsuka	F,	 Joner	M,	Prati	 F,	 et	al:	Clinical	 classification	of	plaque	morphology	 in	coronary	
disease.	Nat	Rev	Cardiol	11:379-389,	2014.)
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FIGURE 61-8	 Thin-cap	 fibroatheroma	 is	 characterized	 by	 a	 very	 thin	
fibrous	cap	and	a	 large	necrotic	core	(trichrome	stain).	(Courtesy	Dr.	
K.	Raman	Purushothaman,	Mount	Sinai	Hospital,	New	York,	NY.)

and plaque vulnerability, explains the significant differences in plaque 
volume between ruptured coronary and aortic plaques and TCFAs (see 
Figs. 61-6 and 61-7). The plaque expansion hypothesis also reconciles 
differences in percent diameter stenosis of ruptured plaques of ACS 
and nonobstructive TCFAs.

The hypothesis that larger plaque volume is associated with more 
vulnerable phenotypes was postulated by Narula and colleagues after 
detailed analysis of 295 coronary plaques from patients who had died 
suddenly.40 The investigators reported that 70% of culprit lesions with 
plaque rupture were determined to be obstructive by angiography, with 
a percent diameter stenosis greater than 75%, whereas this was 
observed in only 40% of the specimens classified as TCFAs. Less 
obstructive plaques with 50% to 75% stenosis were seen in 25% of the 
ruptured plaques and in 50% of the TCFAs. Only 5% of the specimens 
in the plaque rupture group and 10% in the TCFA group had less than 
50% stenosis (Fig. 61-9) The larger percent diameter stenosis docu-
mented in ruptured plaques suggests that TCFAs undergo a significant 
expansion of the plaque burden before rupture.41 Recurrent cycles of 
plaque rupture and healing lead to increased plaque volume.42 These 
data support the transition from vulnerable (nonobstructive) to 
thrombosed (severely obstructed), ruptured plaques43 and the use of 
physiologic testing such as fractional flow reserve (FFR).44,45

PLAQUE PATHOLOGY

Stress-Strain Relationships
Autopsy studies have shown that ruptured plaques are characterized 
by a mean fibrous cap thickness of only 23 ± 19 µm. In one study, 95% 
of ruptured caps measured 64 µm thick or less in the coronary and 
60 µm thick or less in the aorta.46 An important histologic feature of 
TCFAs is a fibrous cap 65 µm thick or less.

Thin caps are unable to withstand the circumferential tensile stress 
applied by the oscillations of arterial blood pressure. The ratio of the 
circumferential tensile stress to the radial strain of the fibrous cap 
equals the stiffness of the tissue.47 Soft (fatty) tissue is more strained 
than stiff (fibrous) tissue when equally stressed. As caps become 
thinner, the stress increases exponentially (Fig. 61-10). Stress also 
increases as lipid pools become larger.

The strength of a fibrous cap is as important as its thickness. This 
was confirmed in an elegant study by Stone and coworkers.48 They 

demonstrated that a large plaque burden and low local endothelial 
shear stress predict plaque progression and luminal narrowing by pro-
filing vascular segments with coronary angiography and IVUS in 506 
patients undergoing prospective evaluation of clinical events at 1 year.48

Microcalcificatons are common features of the fibrous caps of 
human atheromas. They increase plaque vulnerability by concentrating 
stress, which facilitates cap rupture.49 Research techniques such as 
intravascular palpography are being used for assessment of a vulner-
able plaque with a radial resolution of less than 65 µm and for quan-
tifying the stress-strain relationship of fibrous caps, but these methods 
have not been validated in clinical practice.50

Increased Ratio of Free Cholesterol to Esterified Cholesterol
Oxidized low-density lipoprotein (oxLDL) cholesterol is avidly taken 
up by macrophages by means of scavenger receptors, producing a 
cytoplasm overloaded with lipid droplets. Continuous inflow of oxLDL 
leads to extracellular lipid accumulation in the matrix of the plaque 
and cell death. Distribution of oxLDL plays a pivotal role in plaque 
growth according to mathematical models based on physical laws.51 
Similarly, preclinical experimentation has demonstrated how oxLDL 
isoforms are associated with plaque vulnerability depending on the 
predominant type of molecule and that they mostly induce macro-
phage apoptotisis.52 The necrotic core is formed by apoptosis of lipid-
laden macrophages, foam cells, and erythrocytes. Active collagen 
dissolution by metalloproteinases contributes to core expansion, which 
plays a major role in plaque vulnerability.

In the aorta, TCFAs exhibit necrotic core areas of 40% and ruptured 
plaques up to 50% of the total plaque area.53 However, other studies of 
coronary arteries show necrotic areas of as little as 24% and 34% in 
TCFAs and ruptured plaques, respectively.19 Core composition may 
influence the propensity for plaque rupture and thrombosis. An 
increased ratio of free cholesterol to esterified cholesterol with oxidized 
cholesterol increases the likelihood of thrombosis by interacting with 
the oxidized low-density lipoprotein (lectin-like) receptor 1 (OLR1), a 
cell surface receptor for oxLDL, and enhancing the expression of tissue 
factor.38-40,54,55

Increased Plaque Inflammation
Macrophages and T cells can degrade the extracellular matrix by secre-
tion of proteolytic enzymes such as plasminogen activators and matrix 
metalloproteinases (MMPs), including collagenases, elastases, gelatin-
ases, and stromelysins. The enzymes weaken the already thin fibrous 
cap and predispose it to rupture.56 This process was confirmed by 
Suzuki and colleagues, who found increased levels of MMP1, MMP13, 
and interleukin-6 (IL-6) in the coronary vessels of patients who had 
AMIs, supporting the role of MMPs in plaque rupture leading to clini-
cal events.57

Among the many MMPs that have roles in atherosclerosis, two 
subtypes, MMP7 and MMP12, seem to be selectively localized in spe-
cific subsets of macrophages; especially those located in the necrotic 
core that have low arginase 1 expression, representing a marker of 
activation and enhanced inflammation.58-60 The aim of continuous 
entry, survival, and replication of monocytes or macrophages in 
plaques is to remove oxLDL and reduce oxidation and generation of 
reactive oxygen species. When the macrophage scavenger capacity 
becomes overloaded, cell death is activated by apoptosis, releasing 
MMPs and tissue factor.61 This link among inflammation, apoptosis, 
and thrombosis was elegantly documented by Hutter and coworkers 
in human and murine atherosclerotic lesions,62 confirming plaque 
inflammation as a pivotal feature of plaque vulnerability.63

Two subclasses of monocytes or macrophages have been identified 
in atheromas.64 The first type, classically known as activated macro-
phages (M1), promote inflammation. The second type (M2) appears to 
be antiinflammatory. The ratio between M1 and M2 macrophages 
affects atherosclerosis progression and plaque regression. Factors that 
shift the ratio toward increased M2 cell content include increased 
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Vascular Remodeling
As a defense mechanism, the vessel wall can expand significantly to 
harbor large atheromas without obstructing the lumen (Fig. 61-11). 
Also known as remodeling, this process is linked to high-risk athero-
sclerosis. The remodeling process promotes higher stress at the level of 
the fibrous cap, which makes plaques more prone to rupture and clini-
cal events. Cilla and associates75 compared the geometric and physical 
properties of the different types of plaque remodeling (Fig. 61-12). The 
mechanisms responsible for remodeling involve an inflammatory 
process at the base of the plaque at the intimomedial junction, which 
leads to digestion of the internal elastic lamina and compromise of the 
tunica media and adventitia. Several studies have shown increased 
expression of MMPs in the intimomedial interface of remodeled 
plaques.67,76,77 Disruption of the internal elastic lamina is associated 
with medial and adventitial inflammation, and evidence suggests that 

numbers of helper T-cell–secreted molecules (e.g., IL-4, IL-13), peroxi-
some proliferator-activated receptor δ (PPARδ), and the lipid sphingo-
sine 1-phosphate (S1P).65,66

M2 macrophages are also responsible for efferocytosis, or the 
removal of short-lived apoptotic bodies from the atheroma. Defective 
efferocytosis leads to secondary necrosis, a process linked to advanced 
disease. The failure of macrophage efflux, prothrombotic factors, 
inflammatory chemokines, and collagenases increase the size of the 
necrotic core, leading to plaque rupture and thrombosis.67

The macrophage scavenger receptor CD163 is a key mediator in 
plaque stabilization. It promotes defensive pathways involving the 
metabolism of hemoglobin released by intraplaque hemorrhage (dis-
cussed later).68-71 Other novel inflammatory markers such as pentraxin 
have been linked to plaque vulnerability,72,73 as have leukocyte-derived 
microparticles, but their application in clinical practice awaits more 
research.72-74

FIGURE 61-9	 Luminal	obstruction	in	cases	of	fibroatheroma	(FA),	thin-cap	fibroatheroma	(TCFA),	and	plaque	rupture	(PR)	with	various	degrees	
of	percent	diameter	stenosis.	The	bar	graph	(A)	and	plot	diagram	(B)	show	a	greater	than	50%	cross-sectional	vascular	area	stenosis	in	most	
PRs	and	TCFAs.	The	distribution	indicates	that	TCFAs	may	further	enlarge	before	plaque	rupture.	The	plot	diagram	shows	numeric	data	through	the	
lower,	median,	and	upper	quartiles.	The	whiskers	represent	the	sample	minimum	and	sample	maximum	observations.	The	pink	boxes	and	their	
divisions	indicate	indicate	median	and	interquartile	range	(lower	and	upper	quartiles).	
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FIGURE 61-10	 Relationship	between	circumferential	stress	(vertical	axis)	and	fibrous	cap	thickness	(horizontal	axis).	Notice	the	exponential	increase	
in	circumferential	stress	when	cap	thickness	is	reduced	to	less	than	200	µm.	(Modified	from	Loree	HM,	Kamm	RD,	Stringfellow	RG,	Lee	RT:	Effects	
of	fibrous	cap	thickness	on	peak	circumferential	stress	in	model	atherosclerotic	vessels.	Circ	Res	71:850-858,	1992.)
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FIGURE 61-11	 Large	human	 thrombotic	plaque	 in	 the	 left	main	coro-
nary	 artery	 shows	 extensive	 remodeling	 and	 a	 large	 necrotic	 core.	
(Courtesy	Dr.	K.	Raman	Purushothaman,	Mount	 Sinai	Hospital,	New	
York,	NY.)

FIGURE 61-12	 Idealized	cross-sectional	models	and	geometric	param-
eters:	fibrous	cap	thickness	(fc),	lumen	radius	(r),	lipid	core	area	(alc),	
lipid	core	width	(w),	 lipid	core	angle	(α),	and	atheroma	plaque	area	
(ap).	A,	Positive	arterial	remodeling.	B,	Negative	arterial	remodeling	with	
an	eccentric	atheroma	plaque.	C,	Negative	arterial	 remodeling	with	a	
concentric	atheroma	plaque.	(From	Cilla	M,	Pena	E,	Martinez	MA,	Kelly	
DJ:	 Comparison	 of	 the	 vulnerability	 risk	 for	 positive	 versus	 negative	
atheroma	plaque	morphology.	J	Biomech	46:1248-1254,	2013.)
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FIGURE 61-13	 Diagram	explains	the	direction	of	positive	and	negative	
remodeling.	EEM,	External	elastic	membrane.	(Modified	from	Schoen-
hagen	P,	Ziada	KM,	Kapadia	SR,	et	al:	Extent	and	direction	of	arterial	
remodeling	in	stable	versus	unstable	coronary	syndromes:	an	intravas-
cular	ultrasound	study.	Circulation	101:598-603,	2000.)

Remodeling ratio (RR) = EEM area lesion / EEM area proximal reference

Culprit lesion

EEM contour

Culprit lesion

EEM contour

Proximal
reference

Proximal
reference

Positive
remodeling

RR >1.05

Negative
remodeling

RR <0.95

MMP10 plays a regulatory role in atherosclerosis progression by influ-
encing plaque inflammation and vascular remodeling.78 Burke and 
colleagues also demonstrated that marked expansion of the internal 
elastic lamina occurred in plaque hemorrhage with or without 
rupture.79

The clinical relevance of remodeling was pioneered by Schoenha-
gen and coworkers, who studied 85 patients with unstable coronary 
syndromes and 46 patients with stable coronary syndromes by using 
IVUS before PCI.80 The remodeling ratio (RR) is the area of the exter-
nal elastic membrane at the lesion divided by the same area at the 
proximal reference site. Positive remodeling was defined as an RR value 
greater than 1.05, and negative remodeling was defined as an RR value 
less than 0.95 (Fig. 61-13). The RR was higher at target lesions in 
patients with ACS than in patients with stable angina. Positive 
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through the deeper layers of the vessel wall, which is probably medi-
ated by vasa vasorum neovascularization.85

Vasa Vasorum Neovascularization
Atherosclerotic neovascularization evolves early in atherogenesis as a 
defense mechanism against hypoxia and oxLDL deposition in the 
tunica intima.86 In advanced disease, the neovessels may play a defen-
sive role, allowing lipid removal from the plaque through the adventitia 
and leading to plaque regression as described earlier. The adventitial 
vasa vasorum is the main source of neovascularization in atheroscle-
rotic lesions (Fig. 61-15).

Neovascularization, elegantly delineated by Barger and colleagues 
with cinematography (Fig. 61-16), is distributed from the epicardial fat 
to the plaque throughout vessel wall, although some originates directly 
from the vessel lumen.87 Neovessels from the adventitial vasa were 28 
times more numerous (96.5%) compared with those from the luminal 
side (3.5%).68 Neovessels from the adventitial vasa were characteristic 
of severely stenotic lesions and correlated with the extent of inflamma-
tory cell infiltration and lipid core size. Conversely, neovessels from the 
lumen were found in plaques with 40% to 50% stenosis and were 
associated more often with intraplaque hemorrhage or hemosiderin 
deposits.88

Neovessels can serve as a pathway for leukocyte recruitment to 
high-risk areas of the plaque, including the cap and the shoulder. 
Expression of vascular cell adhesion molecule 1 (VCAM-1), intracel-
lular adhesion molecule 1 (ICAM-1), and E-selectin is twofold to 
threefold higher in neovessels compared with the arterial luminal 
endothelium, confirming the pivotal role of neovessels as a pathway 
for leukocyte recruitment in human coronary plaques.89

Angiogenesis is stimulated by inflammatory cells. For instance, 
apoptotic microvesicles at the submicrometer level found in athero-
sclerosis plaques are highly proangiogenic by regulating CD40L and 
are produced mostly by macrophages.90 Histologic evidence has docu-
mented atherosclerotic neovascularization as a pathway for macro-
phage infiltration in advanced, lipid-rich plaques (Fig. 61-17).91 
Neovessel content was significantly increased in plaques with severe 
inflammation associated with increased macrophage and T-lymphocyte 
infiltration.92 Ruptured plaques exhibited the highest degree of neo-
vascularization.93 Further analysis of plaque angiogenesis in DM docu-
mented a complex morphology, including sprouting, red blood cell 
(RBC) extravasation, and perivascular inflammation.94

Neovascularization may increase calcification, as demonstrated by 
the close link between immature endothelial cells and osteoblasts in 
atherosclerotic plaques and in cellular tissue expressing vascular 
calcification–associated factor (VCAF).95 Using micro-CT imaging, 
studies have shown increased vasa vasorum density and iron and gly-
cophorin A content in nonstenotic, noncalcified plaques. The calcium 
content was inversely proportional to neovessel content.96 Detection of 
TCFAs should quantify vasa vasorum neovascularization in the adven-
titia, tunica media, and atherosclerotic plaque.

In summary, plaque neovascularization is initially a defense mecha-
nism to provide oxygen and to remove lipid from the plaque. It may 
eventually fail, leading to extravasation of RBCs, perivascular inflam-
mation, and intraplaque hemorrhage.

Intraplaque Hemorrhage
Neovessel leakage leads to extravasation of plasma and RBCs into the 
plaque, which is known as intraplaque hemorrhage. Leakage of RBCs 
from immature neovessels is mediated by various growth factors and 
chemokines that are expressed in VPs.97 Compared with nonhemor-
rhagic atheromas, hemorrhagic plaques have lower levels of epidermal 
growth factor (EGF), placental growth factor (PGF), and angiopoietin 
1 and increased levels of vascular endothelial growth factor (VEGF).97,98 
RBC lysis contributes to lipid deposition and the plaque homeostasis 
dictated by the balance between proatherogenic factors and defense 
mechanisms.99 Extracorpuscular hemoglobin can induce oxidative 

remodeling was more common in ACS cases (51.8% vs. 19.6%), 
whereas negative remodeling was more common in chronic stable 
angina cases (56.5% vs. 31.8%), confirming the histopathologic asso-
ciations between plaque remodeling and vulnerability.80

Newer technologies to detect TCFAs should yield exact measure-
ments that quantify the degree of vascular remodeling. The method 
appears to provide an appropriate correlation between invasive and 
noninvasive approaches.81

Corti and associates were the first to document the eccentric pattern 
of plaque regression after aggressive lipid therapy.82 Many studies have 
confirmed this observation (Fig. 61-14).83,84 Lipid is the main plaque 
component that can be reversed with therapy, and the eccentric pattern 
of plaque regression suggests an effective reverse lipid transport system 

FIGURE 61-14	 A,	Volume-rendered	high-resolution,	 three-dimensional	
micro-computed	tomography	(micro-CT)	image	of	the	descending	aorta	
vasa	vasorum.	B	and	C,	histologic	cross-sections	demonstrate	athero-
sclerotic	lesions	in	the	inferior	vena	cava	(black	arrows).	D,	Highlighted	
differentiated	 arterial	 (red)	 and	 venous	 (blue)	 vessels	 of	 the	 vasa	
vasorum	(area	corresponding	 to	box	 in	A).	(Masson	 trichrome	stain,	
bar	500	microns).	(From	Langheinrich	AC,	Michniewicz	A,	Sedding	DG,	
et	al:	Correlation	of	vasa	vasorum	neovascularization	and	plaque	pro-
gression	in	aortas	of	apolipoprotein	E(−/−)/low-density	lipoprotein(−/−)	
double	 knockout	 mice.	 Arterioscler	 Thromb	 Vasc	 Biol	 26:347-352,	
2006.)
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FIGURE 61-15	 A	and	B,	Baseline	and	
follow-up	 intravascular	 ultrasound	
images	 of	 a	 single	 coronary	 cross	
section	 after	 24	 months	 of	 rosuvas-
tatin	 treatment.	 C	 and	 D,	 Measure-
ments	 superimposed	 on	 the	 same	
cross	sections	demonstrate	the	reduc-
tion	in	atheroma	area.	EEM,	External	
elastic	membrane.	(From	Nissen	SE,	
Nicholls	 SJ,	 Sipahi	 I,	 et	al:	 Effect	 of	
very	 high-intensity	 statin	 therapy	 on	
regression	 of	 coronary	 atherosclero-
sis:	 the	 ASTEROID	 trial.	 JAMA	 295:
1556-1565,	2006.)
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FIGURE 61-16	 Color	 images	 obtained	
during	the	injection	of	silicone	polymer	into	
the	coronary	arteries	of	the	cleared	left	ante-
rior	 descending	 coronary	 artery	 demon-
strate	 regions	 of	 vessels	 with	 abundant	
neovascularization.	 The	 positive	 regions	
are	composed	of	networks	of	small-caliber	
vessels	 coming	 from	 the	 adventitia	 and	
penetrating	 the	 tunica	media	 into	 the	ath-
erosclerotic	 plaque.	 (From	 Barger	 AC,	
Beeuwkes	R	3rd,	Lainey	LL,	Silverman	KJ:	
Hypothesis:	vasa	vasorum	and	neovascu-
larization	 of	 human	 coronary	 arteries,	 a	
possible	role	in	the	pathophysiology	of	ath-
erosclerosis.	N	Engl	J	Med	310:175-177,	
1984.)
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PLAQUE IMAGING

Invasive Techniques
Coronary angiography can delineate the coronary lumen, but it does 
not provide information about the vessel wall. It is therefore not appro-
priate for the detection of VPs.

Many intracoronary imaging techniques have been proposed to 
identify TCFAs. Every imaging technique should have appropriate vali-
dation using histology as the standard for identifying key histomor-
phologic components. Because most atherosclerotic plaques (i.e., 
TCFAs and non-TCFAs) have some degree of fibrous cap thickness, 
shear stress pattern, necrotic core area, macrophage area, positive 
remodeling, and vasa vasorum neovascularization, the sensitivity and 
specificity of these features alone is not enough for identification.

Proper histologic validation must include accurate assessment of 
the degree of the histomorphologic components, which involves linear 
regression analysis. The validation process should be confirmed in 
animal models of TCFA before being applied in human coronary  
arteries.104 The ultimate test should be a natural history study of all 
techniques to determine whether specific plaque components have 
prognostic implications.

Intracoronary techniques for detecting TCFAs include IVUS, 
virtual histology, intravascular OCT, elastography, angioscopy, spec-
troscopy, and modalities such as thermography, intravascular palpog-
raphy, and intravascular magnetic resonance imaging (MRI) that have 
been studied in research settings but have not found substantial use in 
clinical practice. Table 61-1 summarizes these techniques, the compo-
nent detected, and their resolution or accuracy. The interventionalist 
must understand the potential and discern the limitations of these 
techniques before considering them for clinical use.

tissue damage by its heme iron, with subsequent production of reactive 
oxygen species. Similarly, hemoglobin inside the atheroma can trigger 
macrophage differentiation.69

The defense mechanism against free hemoglobin is haptoglobin, 
which irreversibly binds to free hemoglobin, forming a haptoglobin-
hemoglobin complex. The haptoglobin gene (HP) has two codominant 
alleles (HP*1 and HP*2), The haptoglobin gene cluster resides at chro-
mosome 16q22. The protein products of the two HP alleles are struc-
turally different, and the cardiovascular effects of the polymorphisms 
play a major role in patients with DM.100 Multiple independent epide-
miologic studies examining incident cardiovascular disease have dem-
onstrated that individuals with DM who are homozygous for the HP*2 
allele have a risk of cardiovascular events four to five times higher than 
those who are homozygous for the HP*1 allele.

The mechanism by which the homozygous HP*2 genotype regu-
lates inflammation and enhances plaque vulnerability is decreased 
haptoglobin clearance. This is explained in part by a defective CD163 
receptor in macrophages, which is the receptor in charge of removing 
the haptoglobin-hemoglobin complex from an atheroma.101 Similarly, 
persons homozygous for the HP*2 allele have a higher inflammatory 
cell content, greater level of neovascularization, and higher MMP levels 
in the atheroma (Fig. 61-18).102,103 Detection of TCFAs should include 
identification of intraplaque hemorrhage, iron deposition, RBC mem-
branes, and hemosiderin deposits in macrophages. In patients with 
DM, genotyping may offer additional prognostic value.

In summary, atherosclerotic lesions at high risk for plaque rupture 
and thrombosis are composed of a large lipid core, a thin fibrous cap 
subject to increased shear stress, macrophage infiltration, positive 
remodeling, vasa vasorum neovascularization, and increased intra-
plaque hemorrhage. Plaques at risk for erosion and thrombosis do not 
exhibit specific morphologic features that can be detected by imaging 
techniques. Although this limits the lesion-oriented approach to high-
risk VPs, clinical events can be significantly reduced by identifying and 
treating TCFAs.

FIGURE 61-17	 Histologic	evidence	of	atherosclerotic	neovascularization	
as	 a	 pathway	 for	 macrophage	 infiltration	 in	 human	 aortic	 plaques	
obtained	 at	 autopsy.	 Bicolor,	 contrasting	 immunohistochemical	 tech-
nique	reveals	microvessels	in	cross	sections	(arrows),	identified	with	the	
monoclonal	endothelial	cell	marker	CD34	linked	to	a	blue	chromogen,	
and	 inflammatory	 cells,	 identified	with	 a	 combined	macrophage	 and	
T-cell	marker	(CD68-CD3)	linked	to	a	red	chromogen.	(From	Fuster	VM,	
Fayad	PR,	Corti	ZA,	Badimon	JJ:	Atherothrombosis	and	high-risk	plaque,	
part	I:	evolving	concepts.	J	Am	Coll	Cardiol	46:937-954,	2005.)

Intraplaque
hemorrhage

Iron content

Inflammatory cells
and
neovascularization
(dual staining)

Homozygous HP*2
genotype present

Homozygous HP*2
genotype absent

FIGURE 61-18	 Histologic	 analysis	 of	 plaques	 from	 diabetic	 patients	
homozygous	 for	 the	 HP*2	 allele	 (left)	 were	 compared	 with	 control	
plaques	(right).	HP*2	plaques	had	a	higher	inflammatory	cell	content,	
higher	 degree	 of	 neovascularization,	 and	 higher	 level	 of	 intraplaque	
hemorrhage.	 (Courtesy	 Dr.	 K.	 Raman	 Purushothaman,	 Mount	 Sinai	
Hospital,	New	York,	NY.)
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Intravascular Ultrasound
Unlike angiography, IVUS allows visualization of the disease in the 
vessel wall and provides cross-sectional and longitudinal images of 
atherosclerotic plaques in vivo.105 IVUS is based on transmitting and 
receiving high-frequency sound waves from tissue through a low-
profile catheter (≈1 mm), reaching a radial resolution between 100 to 
250 µm. IVUS is safe, quick, and easy.

IVUS allows identification of hemodynamically significant lesions 
that may be underestimated by angiography, particularly in nonoc-
clusive plaques with positive remodeling. IVUS delineates the degree 
of calcification, plaque burden, and arterial remodeling. It uses the 
amplitude of the backscattered ultrasound signal to differentiate highly 
echogenic components such as calcium and dense fibrous tissue from 
echolucent tissue such as lipid and necrotic core. However, it cannot 
clearly differentiate between fibrous and fatty plaques.106 Gray-scale 
IVUS as an isolated technology is not capable of distinguishing plaque 
types.

The application of other imaging protocols and algorithms to IVUS, 
including integrated backscatter IVUS analysis and IVUS-VH, may 
contribute to better identification of the various plaque components. 
Researchers have studied backscatter analysis, which extracts fre-
quency components of a signal buried in the original IVUS signal. The 
imaging signal from a small volume of tissue creates an integrated 
backscatter pattern.107

Several studies have reported the IVUS characteristics of culprit 
lesions and the presence of multiple ruptured plaques in patients with 
acute coronary events.105,108 One study evaluated the long-term out-
comes of VPs arbitrarily defined as plaques with rupture, lipid core, 
dissection, or thrombus by conventional IVUS during ACS in culprit 
and nonculprit locations. Multiplicity of VPs in the nontarget vessels 
(HR = 2.2; 95% confidence interval [CI], 1.4 to 3.4, P = .001) was the 
only independent predictor of long-term critical events. DM and ACS 
were significantly associated with the multiplicity of VPs.109

IVUS can be used to identify several features of TCFAs, including 
fibrous cap thickness, necrotic core area, plaque inflammation, degree 
of positive remodeling, plaque neovascularization, and calcified 
nodules. Because the IVUS resolution is lower than that needed to 
detect TCFAs, efforts at quantifying cap thickness with IVUS always 
overestimate the values compared with those provided by histology. 
With IVUS, ruptured plaques show thinner caps than nonruptured 
plaques (Fig. 61-19).110 However, when ruptured plaques are histologi-
cally evaluated, the mean cap thickness is about 8 to 10 times lower 

TABLE 61-1 Summary of Current Invasive Detection 
Technologies

Technology Component Detected Resolution/Accuracy (µm)

IVUS Remodeling,	calcium 100-250

IVUS	with	virtual	
histology

Necrotic	core,	
calcium,	collagen

480

Optical	coherence	
tomography

Necrotic	core,	fibrous	
cap	thickness,	
macrophages

5-20

IVUS	elastography Plaque	strain 100-250

Intravascular	
magnetic	
resonance	
imaging

Necrotic	core 250

Angioscopy Surface	appearance	
of	the	plaque

NA

Spectroscopy Necrotic	core NA

Thermography Metabolic	activity	of	
the	plaque

0.05°	C	accurate

IVUS,	Intravascular	ultrasound;	NA,	not	applicable.

than the resolution of IVUS (23 ± 19 µm in the coronary and 34 ± 
16 µm in the aorta).111 The significant overestimation of cap thickness 
is related to poor axial resolution, which means that no IVUS-related 
technology can detect TCFAs, the most common form of VPs.110 IVUS 
can detect the necrotic core with a sensitivity of 46% and a specificity 
of 97%. Several studies using an integrated backscatter approach have 
attempted to improve these results.112 A prospective study demon-
strated that 93% of clinical events were associated with plaques with 
large echolucent areas, a surrogate of the necrotic core, suggesting a 
prognostic value for IVUS.113 Similarly, some studies have proposed 
the attenuation of the echo signal inside the plaque as being indicative 
of large necrotic cores, but no histologic validation has corroborated 
this finding.114 Although IVUS provides useful information about 
plaque echogenicity, we conclude that the exact sensitivity and accu-
racy needed to identify necrotic cores is unclear, and the resolution 
may not be sufficient to properly quantify this important feature of 
plaque vulnerability.106

Detection of plaque inflammation in the fibrous cap requires a 
resolution of 10 to 20 µm to identify macrophages. Because IVUS 
resolution is 10 to 20 times lower, it cannot detect macrophages in 
atherosclerotic plaques.

IVUS is an excellent tool for detecting remodeling, a major feature 
of plaque vulnerability, in contrast to detection of other features of 
plaque composition.115 IVUS-identified arterial remodeling helped to 
understand the paradox of lumen and plaque size in VP (i.e., large 
plaques can appear to be nonobstructive on angiography), leading to 
the realization that ruptured plaques are larger than nonruptured 
plaques.108 Because no other imaging modality can show remodeling 
better than IVUS, it is considered the standard for detecting remodel-
ing in vivo.115

IVUS can detect flow within the plaque and identify neovascular-
ization (i.e., functional neovessels). Whereas real-time IVUS is limited 
to evaluating plaque perfusion, advances with the use of contrast 
agents have dramatically improved the quality of Doppler ultrasound. 
Intravascular injection of microbubbles (i.e., small, encapsulated air or 
gas bubbles or albumin microspheres) can boost the Doppler signal 
from blood vessels. Microbubbles can help in visualizing flow in 
smaller vessels, even at the capillary level, as has been shown by 
contrast-enhanced echocardiography (CEE).116 Direct visualization of 
atherosclerotic plaque microvessels using CEE was successfully done 
by Staub et al in carotid plaques. This has been validated with histology 
in animal models and in humans.117,118 In coronary arteries, IVUS-CEE 
has successfully identified plaque neovessels with spatiotemporal 
changes and enhancement-detection techniques (Fig. 61-20).119

To improve resolution, an IVUS prototype using harmonic imaging 
with transmission of ultrasound at 20 MHz (fundamental) and detec-
tion of contrast signals at 40 MHz (second harmonic) was developed 
to identify adventitial neovessels in rabbit models.120 However, vasa 
vasorum detection of coronary atherosclerosis with IVUS imaging is 
still evolving for clinical use.

Another important feature of atheromatous lesions that are prone 
to rupture and that can be properly identified with IVUS is the finding 
of high-risk calcifications such as calcified nodules. This was demon-
strated by Lee and colleagues by analyzing sequential pathologic speci-
mens in 856 sections from 29 coronary arteries from autopsies.121 They 
carefully matched each segment with ex vivo IVUS images every 
2 mm. IVUS quantified the degree of calcification in 285 frames; 94% 
consisted of nonnodular calcium, and 6% were calcified nodules.

The investigators found that calcified nodules had several features 
that distinguished them from nonnodular calcifications: a convex 
shape of the luminal surface of calcium (100% vs. 16.0%, P < .001), 
protrusion with a convex shape of the luminal surface (94.1% vs. 9.7%, 
P < .0.001), irregular luminal surface (64.7% vs 11.6%, P < 0.001), 
and irregular leading edge of calcium (88.2% vs. 19.0%, P < .001). 
The calcium nodules can protrude through and rupture the fibrous  
cap, becoming thrombogenic and leading to ACS as reported by 
autopsy data.6
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IVUS data about calcified nodules can provide useful prognostic 
information. This was shown by Xu and colleagues by performing a 
subgroup analysis of the PROSPECT study that included 699 patients 
with ACS.122 Of these patients, 314 had nonculprit calcific nodules after 
imaging the three major coronary arteries. When correlated with coro-
nary angiography, heavy calcification was seen in only three cases, 
whereas 35 and 19 had moderate calcification and hazy calcification, 
respectively. No calcification was seen in 257 patients. Characteristics 
of patients with nonculprit lesions and calcific nodules included older 
age, higher incidence of hypertension, and chronic kidney disease. 
Calcific nodules were located superficially in 91% of the patients and 
proximally in 55%, and one third of the patients had at least one calcific 
nodule. Calcified nodules in nonculprit coronary segments in patients 
with ACS were prevalent, and their distribution correlated with areas 
associated with thrombotic events, but the rates of MACEs were lower 
for lesions with calcified nodules than those without them during 3 
years of follow-up.

Virtual Histology
Considering the significant limitations of IVUS, Nair and Vince at the 
Cleveland Clinic studied the ultrasound scattered reflection wave as an 

alternative to improve tissue characterization.107,123 The backscattered 
reflection wave is received by the transducer and converted into 
voltage. This voltage is known as backscattered radiofrequency data.

Using a combination of previously identified spectral parameters  
of the backscattered ultrasound signal, the researchers developed a 
color-coded classification scheme and constructed an algorithm to 
determine plaque composition in vivo. A color was assigned to each 
component was displayed on the IVUS image (Fig. 61-21). Four major 
plaque components were tested: fibrotic tissue (dark green), fibrofatty 
tissue (yellow-green), calcific-necrotic core (red), and dense calcium 
(white). The Movat pentachrome–stained histologic images identified 
homogeneous regions representing each of the four plaque compo-
nents (Fig. 61-22).

The unit of analysis (i.e., box) was initially composed of 64 backscat-
tered radiofrequency data samples 480 µm long.123 The algorithm 
developed was then validated ex vivo, with sensitivities and specificities 
between 79% and 93% for the four plaque components.123 The initial 
studies were performed in ex vivo human coronary specimens with a 
30-MHz, 2.9-Fr, and mechanically rotating IVUS catheter (Boston Sci-
entific, Natick, MA). The initial catheter approved by the U.S. Food and 
Drug Administration (FDA) was a 20-MHz device (Eagle Eye Gold, 

FIGURE 61-19	 Diagrams	show	nonruptured	and	ruptured	plaques.	intravascular	ultrasound	images	highlight	the	fibrous	cap	and	a	large	echolucent	
area	under	 the	 cap,	 suggesting	a	 large	necrotic	 core.	 The	graphs	describe	 lipid	area,	 cap	 thickness,	and	 lipid	percent	 area	 in	 ruptured	 versus	
nonruptured	plaques.	(Modified	from	Ge	J,	Chirillo	F,	Schwedtmann	J,	et	al:	Screening	of	ruptured	plaques	in	patients	with	coronary	artery	disease	
by	intravascular	ultrasound.	Heart	81:621-627,	1999.)
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Volcano, San Diego, CA). The catheter was upgraded with a 45-MHz 
transducer that is available for clinical practice. In vivo validation 
studies have shown positive results.124

VH gained significant attention with the PROSPECT trial.18 
IVUS-VH–derived TCFAs were associated with increased adverse 

cardiac events (HR = 3.35, P < .001). Most important, the highest-risk 
lesions (HR = 11.05, P < .001) were a conglomerate of several features, 
including a greater than 70% plaque burden, low minimal luminal area, 
and TCFA morphology. Isolating TCFAs by using VH may not be 
enough to categorize lesions as VPs. Use of VH also has been ques-
tioned by some studies that reported a poor correlation between 
IVUS-VH findings and histology for certain atheroma features in 
animal models125,126 and for VH findings and clinical presentations of 
patients with ACS.127

It would be ideal to perform a prospective study randomizing 
patients with high-risk plaques documented by VH or other modalities 
to receive medical or invasive therapies, although the large number of 
patients needed and the increased costs may limit the ability to test this 
hypothesis. The PROSPECT ABSORB trial is an investigator-initiated, 
multicenter, randomized clinical trial that is designed to test the ability 
of the ABSORB Bioresorbable Vascular Scaffold plus guideline-directed 
medical treatment to safely increase the luminal diameter of VPs com-
pared with medical treatment alone.

The PROSPECT trial results were reproduced in the VH-IVUS in 
Vulnerable Atherosclerosis (VIVA) study.128 The prospective study 
included 170 patients with stable angina or ACS with elevated cardiac 
biomarkers who were referred for PCI. They underwent three-vessel 
IVUS-VH before PCI and after PCI of the culprit vessel and were fol-
lowed for up to 3 years. The composite primary end point of total 
MACEs included death, myocardial infarction (MI), and unplanned 
revascularization, and nonrestenotic MACEs included a combined  
end point of death, MI, and unplanned revascularization, excluding 
in-stent, restenosis-driven events.

A total of 30,372 mm of IVUS-VH data were analyzed, including 
1096 plaques that were classified by IVUS-VH. From these, 19 lesions 
resulted in MACEs, including 13 nonculprit lesions and 6 culprit 
lesions (Fig. 61-23). Whereas the PROSPECT study was based in ana-
lyzing and following individual plaques,18 the VIVA study assessed the 
association between IVUS-VH–based plaque classification and nonre-
stenotic MACEs on a whole-patient scale. These studies highlight the 
association between IVUS-VH–derived TCFAs and MACEs, confirm-
ing that this technology can identify plaques likely to cause adverse 
clinical events. VH also can be used to identify several features of 
TCFAs, including fibrous cap thickness, necrotic core area, plaque 
inflammation, and degree of positive remodeling.

Evaluation of cap thickness by IVUS-VH is limited. In their initial 
publication, Nair and Vince commented on the limitations: “The 
window size currently applied for selection of regions of interest and 
eventual tissue map reconstructions is 480 µm in the radial direction. 
Detection of thin fibrous caps (≤65 µm below the resolution of IVUS) 
is be compromised, restricting the detection of vulnerable athero-
mas.”123 As a result, lesions with a fibrous cap thickness greater than 
65 µm are incorrectly classified as TCFAs and perhaps overestimated. 
With an axial resolution of 250 µm, the method is insufficient to deter-
mine fibrous cap thickness.

Investigators have proposed a classification of IVUS-VH–derived 
TCFAs.129 They have been defined as plaques with a rich necrotic core 
(>10%), without evident overlying fibrous tissue, and with a percent 
plaque volume of 40% seen on at least three consecutive images. These 
histologic features identify TCFAs that are prone to rupture. As also 
defined by histology, IVUS-VH–derived TCFAs cluster around the 
proximal segments of the arteries, are more often associated with posi-
tive remodeling, and are more frequently found in patients with ACS 
than those with stable angina.130,131 Sawada and coworkers evaluated 
the ability of IVUS-VH and OCT to detect TCFAs in the same coro-
nary lesions. IVUS-VH was very effective in detecting the absence of 
TCFAs. However, IVUS-VH diagnosed only half of the TCFAs com-
pared with OCT.132

An initial concern was about the accuracy of using IVUS-VH–
derived TCFAs to serve as surrogates for VPs and the prognostic  
value they could provide. This concern was mostly addressed by the 
PROSPECT trial, which highlighted the value of IVUS-VH–derived 
TCFAs. The concept was reinforced by a publication by Kubo and 

FIGURE 61-20	 Differential	intravascular	ultrasound	images	identify	the	
vasa	vasorum	and	show	the	postinjection	signals	subtracted	from	the	
baseline	 signals.	 A,	 Black	 and	 white	 image	 (signal	 intensity	 of	 Fig.	
61-1,	A	through	C).	B,	Color-coded	version	of	A.	C,	Threshold	needed	
to	 show	 most	 significant	 areas	 of	 enhancement.	 (Modified	 from	
Vavuranakis	M,	Kakadiaris	IA,	O’Malley	SM,	et	al:	Images	in	cardiovas-
cular	medicine.	Detection	of	 luminal-intimal	border	and	coronary	wall	
enhancement	 in	 intravascular	 ultrasound	 imaging	 after	 injection	 of	
microbubbles	and	simultaneous	sonication	with	transthoracic	echocar-
diography.	Circulation	112:e1-e2,	2005.)
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FIGURE 61-21	 Color-coded	reproduction	of	virtual	histology	intravascular	ultrasound	(IVUS-VH)	plaque	composition	displayed	in	vivo	in	the	catheter	
laboratory.	Arrow	on	angiogram	indicates	the	cross	section	imaged.	

FIGURE 61-22	 Definitions	of	the	plaque	components	visualized	with	virtual	histology	intravascular	ultrasound.	(Courtesy	Dr.	D.G.	Vince,	Cleveland	
Clinic	Lerner	Research	Institute,	Cleveland,	OH.)
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colleagues, which addressed the natural history of IVUS-VH–derived 
TCFAs in 99 patients undergoing PCI who were followed for 12 
months with serial evaluations of coronary vasculature using IVUS-
VH.133 Of the 20 IVUS-VH–derived TCFAs seen at baseline, 15 (75%) 
healed: 13 (65%) became thick-cap fibroatheromas, and 2 became 
fibrotic plaques (10%). Only 5 (25%) remained unchanged. The inves-
tigators also reported the occurrence of 12 new IVUS-VH–derived 
TCFAs that developed during the follow-up period: 6 from pathologic 
intimal thickening and 6 from TCFAs identified at baseline. No acute 
coronary events resulting from the initially identified or newly formed 
IVUS-VH–derived TCFAs occurred during the follow-up period.133

IVUS-VH was initially developed to identify calcific necrotic cores. 
However, the incidence and degree of calcification in necrotic cores 
varies, and necrotic cores without calcification may not be properly 
identified.134 Most advanced atherosclerotic lesions have some degree 
of necrotic core. IVUS-VH is used to validate the presence or absence 
of a necrotic core and determine the necrotic core area (mm2) and 
percent of total plaque area.135 A PROSPECT substudy reported that 
plaques with large areas of attenuation on gray-scale analysis are  

associated with a large amount of IVUS-VH–detected necrotic core  
and are markers of fibroatheromas (i.e., TCFAs or thick-capped 
fibroatheromas).136

Despite the cumulative clinical evidence and proposed clinical 
applications for IVUS-VH, proper validation of necrotic core areas with 
histology using linear regression analysis has not been performed in 
humans and probably never will be. Limited studies have attempted  
to identify the correlations between necrotic core areas by using IVUS- 
VH with histology in a porcine model, and they demonstrated that 
IVUS-VH was unreliable in terms of necrotic core assessment.125,126

Many pathologic studies have established that necrotic core areas 
from patients with ACS are larger than those from patients with 
chronic stable angina.19 Conversely, fibrous plaque areas (i.e., collagen) 
were significantly smaller in patients with ACS.53 Surmely and associ-
ates concluded that data on plaque composition obtained by IVUS-VH 
contradict previously published histopathologic data.127 However, 
Rodriguez-Granillo and colleagues identified larger necrotic areas in 
ruptured plaques and in nonculprit lesions from patients with ACS.137 
Validation with histology in cases of carotid atherosclerosis showed a 

FIGURE 61-23	 Kaplan-Meier	plot	of	the	cumulative	major	adverse	cardiac	event	(MACE)	rates	in	the	VH-IVUS	in	Vulnerable	Atherosclerosis	(VIVA)	
study.	A,	All	lesions.	B,	Lesions	with	a	plaque	burden	(PB)	greater	than	70%.	C,	Noncalcified,	virtual	histology	intravascular	ultrasound	thin-capped	
fibroatheromas	(VHTCFAs).	D,	Noncalcified	VHTCFAs	with	a	PB	greater	than	70%.	E,	Nonculprit	lesions.	F,	Culprit	lesions.	
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demonstrated by Kubo and associates, who studied patients with ACS 
and assessed fibrous cap thickness after statin treatment.151

OCT also can identify the mechanisms that lead to plaque throm-
bosis.152 It can provide direct evidence of cap discontinuity with a clear 
cavity created inside the plaque; assess the type of thrombus formation 
after plaque erosion or rupture, including differentiation between red 
and white thrombus; and detect calcium in the atheroma as a pro-
truding calcification, calcified nodule, or superficial calcium deposi-
tion.152,153 Figure 61-30 compares intracoronary imaging modalities for 
assessment of plaque rupture.

The lipid pool and the necrotic core are signal-poor components 
and are therefore diffusely delineated with respect to the surrounding 
tissue. The lipid-rich plaque can be recognized by large areas of ill-
defined, signal-poor regions that are evident to the naked eye. This 
lipid pool is quantified by measuring the lipid arc (i.e., maximal degree 
of lipid pool) or by the number of quadrants involved on a particular 
cross-sectional OCT image.154 When the cap is thick and the signal is 
strong, the operator can tell that the signal is coming from a fibrous 
plaque mostly composed of collagen. OCT can identify lipid-rich 
plaques according to the characteristics of the signal described previ-
ously. This classification of the plaque moderately correlates with 
IVUS-VH for necrotic core identification.151

Linear correlations of human coronary plaque collagen were per-
formed, and regression plots of OCT and measured collagen showed 
a correlation value of 0.475 (P < .002) and predictive values for collagen 
between 89% and 93%.155 Nevertheless, OCT does not validate necrotic 
core areas as effectively as it does cap thickness and collagen, and 
further experimentation is warranted to achieve better necrotic and 
lipid tissue evaluation.156,141

Results from a study performed in the Thorax Center, Rotterdam, 
The Netherlands, demonstrated how vessel wall components, includ-
ing necrotic cores and macrophages, can be distinguished by their 
optical properties with good histologic correlation.157 Another study 
identified large necrotic cores as predictors of luminal stenosis from 
nonobstructive lesions when analyzed by OCT.148

OCT resolution allows proper identification of plaque inflamma-
tion (i.e., macrophage accumulation) in atherosclerotic plaques.140 The 
first correlation in vitro was performed by Tearney and coworkers, who 
identified multiple strong backscatter reflections from caps with abun-
dant macrophage infiltration, resulting in a relatively high OCT signal 
variance.158 The signal variance was processed with the use of logarith-
mic transformation (Fig. 61-31). Linear regression analysis showed 
correlations for raw and logarithmic OCT-derived and immunostained 
macrophages of 0.84 (P < .0001) and 0.47 (P < .05), respectively. In 
vivo studies showed increased macrophage density in ruptured plaques 
from patients with ACS (in culprit and nonculprit lesions) compared 
with nonruptured plaques from patients with chronic stable angina 
(Fig. 61-32).159 OCT also can assess the content of macrophages located 
in the fibrous cap and enabled correlation of this macrophage density 
with the peripheral white blood cell count.160

OCT has limited plaque penetration; the depth is reduced to 2 to 
3 mm. It is therefore not possible to image beyond the internal elastic 
lamina, and OCT cannot assess the diameter of the vessel to calculate 
the remodeling index. This is a significant limitation of OCT.

OCT is the gold standard for quantifying neovascularization and 
the effects of novel antiangiogenic therapies in common diseases such 
as age-related macular degeneration, extrafoveal choroid neovascular-
ization, and proliferative diabetic retinopathy.161 However, the number 
of studies specifically assessing atherosclerotic neovascularization or 
intraplaque hemorrhage is limited.

A study by Kitabata and colleagues proposed the use of OCT to 
identify intraplaque structures that may represent neovessels. These 
microchannels were defined as no-signal, tubuloluminal structures 
without a connection to the vessel lumen seen on three consecutive 
cross-sectional OCT images (Fig. 61-33). The investigators reported 
that plaques with microchannels displayed characteristics of vulnera-
bility, including plaque rupture, positive remodeling, and thin fibrous 
caps, compared with plaques without these structures. A later study 

diagnostic accuracy of 99.4% for TCFAs, 96.1% for calcified TCFAs, 
85.9% for fibroatheromas, 85.5% for fibrocalcific atheromas, 83.4% for 
pathologic intimal thickening, and 72.4% for calcified fibroathero-
mas.138 In a prospective study of 16 patients who underwent PCI, 
IVUS-VH analysis was correlated with assessment of coronary ather-
ectomy specimens. Correlation coefficients ranged from 0.90 to 0.97 
for plaque components.139

Detection of macrophages in the fibrous cap requires a resolution 
of 10 to 20 µm. Because IVUS-VH resolution is at least 10 to 20 times 
lower, it is impossible for it to detect plaque inflammation in vivo.

IVUS is an excellent tool for detecting positive remodeling, and 
IVUS-VH should preserve this advantage. Positive remodeling is 
related to large necrotic core areas, which are more frequently seen  
in patients with ACS. Conversely, plaques with negative or constric-
tive remodeling are associated with smaller necrotic core areas,  
which usually are seen in patients with chronic stable angina. Studies 
have evaluated IVUS-VH–derived necrotic core areas in plaques with 
positive and negative remodeling and found smaller necrotic core 
areas in positively remodeled plaques.108 However, some investigators 
have demonstrated contradictory data, with strong correlations 
between large IVUS-VH–derived necrotic core areas and positive 
remodeling.136

Vasa vasorum neovascularization and intraplaque hemorrhage 
require highly sophisticated technology and cannot be identified with 
IVUS-VH. Because of contradictory findings for the identification of 
necrotic core areas and remodeling, it impossible to determine the 
value of IVUS-VH–derived plaque composition in clinical practice.

Optical Coherence Tomography
OCT is a high-resolution intravascular imaging technique that is 
approved for clinical use. Among the invasive modalities, OCT pro-
vides the highest resolution (5 to 20 µm).140 This resolution translates 
into sensitivity and specificity values between 92% and 100% for all 
components of TCFAs141 and produces superb images (Fig. 61-24). 
Optical frequency domain imaging (OFDI) allows high-speed com-
prehensive imaging, scanning up to 5 cm with a single saline flush  
(Fig. 61-25).142

As the use of OCT has grown in clinical practice, guidelines have 
been developed for its application in the identification of plaque 
rupture, fibrous cap erosion, intracoronary thrombus, and TCFA 
location.143-145 OCT can predict the no-reflow phenomenon in patients 
with large lipid cores who undergo PCI for ACS.146 OCT can identify 
several high-risk plaque characteristics, including eccentric plaque dis-
tribution, concave lumen shape, intimal laceration, ruptured plaque, 
microchannels, lipid pools or a large lipid pool covered with a thin 
fibrous cap, macrophage accumulation, calcium deposition, and 
luminal thrombus (Fig. 61-26).147,148

Figure 61-27 compares OCT with IVUS-VH for the detection of 
TCFAs. OCT can be used to detect several features of TCFAs, including 
fibrous cap thickness, necrotic core area, plaque inflammation, degree 
of positive remodeling, plaque neovascularization, and intraplaque 
hemorrhage.

OCT is the only imaging tool that can identify a fibrous cap thick-
ness of 65 µm or less. This was demonstrated with histologic studies 
using proper linear regression analysis (r = 0.89) (Fig. 61-28). In vivo 
studies showed that fibrous cap thickness was lowest in patients  
with AMI, intermediate in patients with unstable angina, and highest 
in patients with chronic stable angina (Fig. 61-29).149 OCT can be 
used to estimate the incidence of TCFAs according to the clinical 
syndrome.

OCT has allowed researchers to identify levels of cap thicknesses 
that are associated with various clinical presentations. For instance, 
Yonetsu and colleagues demonstrated that the critical cap thickness 
associated with ACS was lower than 80 µm based on analysis in vivo 
of 266 lesions from 103 patients with ACS and stable angina.150 In 
addition to measuring fibrous cap thickness, OCT can identify plaque 
rupture, fibrous cap erosion, and thrombosis more accurately than 
other imaging modalities, including IVUS and angioscopy. This was 
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intense yellow color indicates a thin fibrous cap overlying a lipid core 
according to histologic studies.

Uchida and colleagues evaluated the prospective clinical value of 
the three types of plaques in a prospective, three-vessel angioscopic 
study that included 157 patients with chronic stable angina.165 The 
incidence of ACS was evaluated 12 months later. Most patients (75%) 
had white plaques, which were associated with a low incidence of ACS 
(3.3%). The second group of patients (18%) had yellow plaques, which 
were associated with an intermediate incidence of ACS (7.6%). The 
third group of patients (8%) had glistening yellow plaques, which were 
associated with an impressive incidence of ACS (68%) and death in 
22% of cases.165 The investigators also evaluated the fibrous cap thick-
ness of the three types of plaques in autopsy specimens (Fig. 61-34). 
White plaques were associated with thick caps (400 µm), yellow 

reported that the microchannels identified by OCT were markers of 
progression from nonobstructive to obstructive plaques148 and that 
they were associated with unstable clinical syndromes.162 However, 
histologic validation of the structures observed with in vivo OCT 
imaging has not been done.162,163

Angioscopy
Direct visualization of atherosclerotic plaques can provide information 
about plaque composition and has the potential to identify specific 
plaque components.164 Angioscopic classification of coronary lesions is 
performed according to the color of plaques in a bloodless field. White, 
yellow, and glistening yellow plaques have been studied in patients with 
CAD. Yellow plaques are associated with high concentrations of 
cholesterol-laden crystals with or without plaque degeneration, and an 

FIGURE 61-24	 In	 vivo	 optical	 coherence	
tomography	(OCT)	images	of	various	coronary	
plaque	 types	(left	column)	are	compared	with	
corresponding	 intravascular	ultrasound	(IVUS)	
images	(right	column).	A,	From	9	o’clock	to	2	
o’clock,	the	three-layer	structure	(a,	adventitia;	
i,	intima;	m,	media)	of	a	typical	intimal	hyper-
plasia	is	shown	by	OCT,	along	with	a	magnified	
area	 (inset).	 A	 homogeneous,	 signal-rich	
pattern	indicates	the	fibrous	plaque	(F),	which	
is	partly	obscured	by	a	guidewire	artifact	(aster-
isk).	B,	Fibrous	plaque	(F)	on	the	IVUS	image	
corresponds	 to	 that	 shown	 in	A.	C,	 A	 signal-
poor	 region	surrounded	by	sharp	borders	 rep-
resents	calcific	plaque	(arrows).	D,	On	the	IVUS	
image	 corresponding	 to	 C,	 calcium	 is	 easily	
identified,	 but	 the	 strong	 signal	 obscures	 the	
structure	in	front	of	the	calcium	deposit,	and	a	
back-shadow	artifact	obscures	that	behind	the	
deposit.	E,	In	a	lipid-rich	plaque,	a	signal-poor	
region	(arrow	 in	 inset),	 surrounded	by	diffuse	
borders	 and	 separated	 by	 a	 thin	 cap	 (arrow-
heads	 in	 inset),	 is	 consistent	 with	 a	 thin-cap	
fibroatheroma.	The	asterisk	 indicates	a	guide-
wire	 artifact.	 F,	 The	 intravascular	 ultrasound	
image	corresponding	 to	E	 suggests	a	superfi-
cial	echolucent	region	(arrow).	(Modified	from	
Low	AF,	Tearney	GJ,	Bouma	BE,	Jang	IK:	Tech-
nology	Insight:	optical	coherence	tomography—
current	status	and	future	development.	Nat	Clin	
Pract	 Cardiovasc	 Med	 3:154-162,	 quiz	 172,	
2006.)
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FIGURE 61-26	 An	optical	coherence	 tomography	cross	section	 from	a	nonculprit	vessel	of	a	patient	with	an	ST-elevation	myocardial	 infarction.	
A,	From	1	to	11	o’clock,	a	relatively	signal-rich	layer	is	seen	covering	a	signal-poor	region.	This	layer	becomes	thinner	from	4	to	8	o’clock.	The	
underlying	signal-poor	region	is	diffusely	delineated	at	4	to	6	o’clock	but	is	more	marked	at	6	to	8	o’clock	(shaded	area	in	the	magnification	in	
B),	suggesting	a	lipid	pool	and	a	calcific	pool,	respectively,	according	to	criteria	by	Yabushita	and	colleagues.158	C,	Magnification	of	the	diffusely	
delineated	signal-poor	region	in	A	illustrates	the	difficulty	in	manually	measuring	the	thickness	of	the	overlying	fibrous	cap	(white	traces).	Measure-
ments	from	left	to	right	are	60,	80,	70,	and	130	µm.	If	the	first	measurement	is	correct,	the	lesion	can	be	diagnosed	as	a	thin-cap	fibroatheroma	
(TCFA)	using	the	current	criteria.	D	through	F,	Three	consecutive	frames	show	findings	consistent	with	luminal	macrophage	accumulation.	There	
is	 a	 signal-rich	 band	 (D)	 from	7	 to	9	o’clock,	with	 strong	 light	 attenuation	 creating	an	underlying	 signal-poor	 region	 that	 is	 relatively	 sharply	
demarcated	laterally	(arrows).	The	appearance	as	a	whole	is	reminiscent	of	a	TCFA,	but	inspection	of	adjacent	frames	(E	and	F,	0.4	mm	apart)	
suggests	that	there	is	no	typical	lipid	pool	or	necrotic	core,	which	would	be	expected	in	a	TCFA	having	a	large	necrotic	core.	Instead,	the	attenuated	
area	becomes	somewhat	 transparent,	with	even	sharper	borders	 in	E,	and	 it	disappears	 in	F,	 revealing	a	 relatively	homogeneous,	bright	 tissue	
composition,	consistent	with	a	fibrous	plaque.	The	high	light	attenuation	in	D	can	be	attributed	to	shadowing	from	the	luminal	signal-rich	band,	
which	 probably	 represents	 macrophage	 infiltration.	 (From	 Radu	 MD,	 Falk	 E:	 In	 search	 of	 vulnerable	 features	 of	 coronary	 plaques	 with	 optical	
coherence	tomography:	is	it	time	to	rethink	the	current	methodological	concepts?	Eur	Heart	J	33:9-12,	2012.)
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FIGURE 61-25	 In	 vivo	 optical	 fre-
quency	domain	 imaging	(OFDI)	of	a	
coronary	stent	deployed	 in	a	porcine	
model	 shows	 normal	 endothelium	
(red),	 dissections	 induced	 by	 the	
balloon	 during	 stent	 deployment	
(white),	and	stent	struts	(blue).	(From	
Bouma	 BE:	 New	 insights	 from	 OCT,	
polarization-sensitive	 OCT,	 and	 the	
emergence	of	OFDI.	Presented	at	 the	
Transcatheter	Therapeutic	Intervention	
[TCT]	 meeting,	 Washington,	 DC,	
2006.)
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FIGURE 61-27	 A	thin-cap	fibroatheroma	is	imaged	in	vivo	by	three	different	invasive	modalities.	A,	Conventional	intravascular	ultrasound	(IVUS)	
imaging.	B,	Virtual	histology	intravascular	ultrasound	(IVUS-VH).	C,	Optical	coherence	tomography	(OCT).	The	yellow	arrow	from	B	to	C	corresponds	
to	 the	matching	cross-sectional	 frame	of	 the	same	arterial	segment	by	IVUS-VH	(B)	and	OCT	(C).	(From	Sawada	T,	Shite	J,	Garcia-Garcia	HM,	
et	al:	Feasibility	of	combined	use	of	intravascular	ultrasound	radiofrequency	data	analysis	and	optical	coherence	tomography	for	detecting	thin-cap	
fibroatheroma.	Eur	Heart	J	29:1136-1146,	2008.)

Lipid pool
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FIGURE 61-28	 Optical	 coherence	 tomography	 (OCT)	 evaluation	 of	
fibrous	cap	thickness.	A,	Minimal	fibrous	cap	thickness	was	44.1	µm	
by	 OCT	 (arrow).	 B,	 Minimal	 fibrous	 cap	 thickness	 was	 40.4	µm	 by	
histologic	measurement	(arrow).	The	necrotic	core	is	visualized	under-
neath	the	fibrous	cap.	C,	Linear	regression	analysis	shows	an	excellent	
correlation	 between	 OCT	 and	 histologic	 measurements	 in	 29	 human	
atherosclerotic	plaques.	(From	Jang	IK:	Optical	coherence	tomography:	
studies	at	MGH.	Presented	at	Transcatheter	Cardiovascular	Therapeutics	
(TCT)	meeting,	Washington,	DC,	September	24-28,	2002.)
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FIGURE 61-29	 In	vivo	quantification	of	fibrous	cap	thickness	by	optical	coherence	tomography.	Cap	thickness	was	lowest	in	patients	with	acute	
myocardial	infarction	(AMI),	intermediate	in	patients	with	acute	coronary	syndrome	(ACS;	unstable	angina	and	non-ST	segment	elevation	myocardial	
infarction),	and	highest	in	patients	with	chronic	stable	angina	pectoris	(SAP).	As	a	result,	the	incidence	of	thin-cap	fibroatheroma	(TCFA)	is	highest	
in	those	with	AMI	and	lowest	in	those	with	SAP.	(From	Jang	IK,	Tearney	GJ,	MacNeill	B,	et	al:	In	vivo	characterization	of	coronary	atherosclerotic	
plaque	by	use	of	optical	coherence	tomography.	Circulation	111:1551-1555,	2005.)
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plaques with thinner caps (80 µm), and glistening yellow plaques with 
the thinnest caps (10 to 20 µm).

Other angioscopic studies of patients with ACS have shown a higher 
incidence of yellow plaques. Asakura and coworkers performed three-
vessel angioscopy in patients 1 month after AMI.166 Yellow plaques were 
detected in 90% of 21 culprit lesions, and the number of these plaques 
was equally prevalent in the infarct-related and non–infarct-related 
coronary arteries (3.7 ± 1.6 vs. 3.4 ± 1.8 plaques per artery), suggesting 
a diffuse rather than a localized process in patients with AMI.

To evaluate the predictive value of yellow plaques in clinical prac-
tice, Ohtani and colleagues performed culprit vessel angioscopy in 552 
patients with chronic stable angina, ACS, or AMI.167 Yellow color 
intensity was graded. The number of yellow plaques varied from zero 
to five or more (Fig. 61-35). After 5 years, 7.1% of patients had devel-
oped ACS. The mean number of yellow plaques was higher in the 
patients with an ACS event compared with those without the event (3.1 
± 1.8 vs. 2.2 ± 1.5, P = .008). However, the yellow color intensity scale 
was similar and lacked predictive value.

FIGURE 61-31	 Raw	(A)	and	logarithm	base	10	(B)	optical	coherence	tomography	(OCT)	images	of	a	fibroatheroma	with	a	low	density	of	mac-
rophages	within	the	fibrous	cap.	C,	Corresponding	histology	for	A	and	B	(CD68	immunoperoxidase	stain,	×100).	Raw	(D)	and	logarithm	base	
10	(E)	OCT	images	of	a	fibroatheroma	with	a	high	density	of	macrophages	within	the	fibrous	cap.	F,	Corresponding	histology	for	D	and	E	(CD68	
immunoperoxidase	stain,	×100).	Correlations	are	shown	between	the	raw	(G)	and	logarithm	base	10	(H)	OCT	signal	(normalized	standard	devia-
tion	[NSD])	and	CD68	percent	area	staining	(diamonds,	NSD	data;	solid	line,	linear	fit).	(From	Tearney	GJ,	Yabushita	H,	Houser	SL,	et	al:	Quan-
tification	of	macrophage	content	in	atherosclerotic	plaques	by	optical	coherence	tomography.	Circulation	107:113-119,	2003.)
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FIGURE 61-30	 Fibrous	cap	rupture	during	acute	coronary	syndrome	assessed	by	various	 invasive	modalities.	A,	Optical	coherence	 tomography	
demonstrates	a	lipid-rich	area	(L)	and	a	fibrous	cap	discontinuation	(arrows)	that	protrudes	into	the	lumen.	B,	Angioscopy	shows	a	yellow	lesion	
with	cap	disruption	(arrows)	and	ulceration	(U).	C,	 Intravascular	ultrasound	shows	an	eccentric	plaque	 rupture	at	 the	shoulder	(arrow).	(From	
Kubo	T,	Imanishi	T,	Takarada	S,	et	al:	Assessment	of	culprit	lesion	morphology	in	acute	myocardial	infarction:	ability	of	optical	coherence	tomog-
raphy	compared	with	intravascular	ultrasound	and	coronary	angioscopy.	J	Am	Coll	Cardiol	50:933-939,	2007.)
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decreased yellow intensity that correlates with the plaque volume 
reduction shown by IVUS.169 These findings have been reproduced in 
several studies, especially in diabetic patients for whom the morpho-
logic features of plaques determined by angioscopy can reveal impor-
tant prognostic information.170,171

The main limitation of coronary angioscopy is the need for a  
blood-free environment to visualize the vessel wall, which requires 
proximal occlusion with a low-pressure intracoronary balloon. The 
risk of ischemia and vessel injury is increased with this method. 
Another option is to flush saline continuously before introducing the 
angioscope, which transiently displaces blood. Color interpretation is 
usually subjective and can be affected by the angulation of the catheter. 

An in vivo study that compared angioscopy with OCT demon-
strated that yellow plaques identified by angioscopy had a 98% sensitiv-
ity and 96% specificity for the identification of a fibrous cap measuring 
less than 110 µm thick by OCT.168 The investigators also found that 
plaques with angioscopic yellow grade 3 had a mean fibrous cap thick-
ness of 40 ± 14, but they did not specify the sensitivity and the correla-
tion coefficients for plaques with fibrous caps measuring less than 
65 µm.168 Clinically, yellow plaques are seen more commonly at the site 
of culprit lesions, are more likely to rupture, and carry an increased 
risk of subsequent coronary events.

Similar to other imaging modalities, angioscopy has been used to 
demonstrate plaque stabilization with statin therapy, as manifested by 

FIGURE 61-32	 Optical	 coherence	 tomography	
images	 of	 plaques	 from	 patients	 with	 stable	
angina	(upper	left)	and	after	myocardial	infarc-
tion	(MI)	(upper	right).	Increased	signal	area	is	
seen	at	 the	fibrous	cap	after	MI	 (detail),	high-
lighting	areas	of	increased	macrophage	density.	
The	 black	 arrows	 denote	 areas	 of	 fibrous	 cap	
rupture.	 Lower	 left,	 Increased	 macrophage	
density	 in	 ruptured	(green	bar)	compared	with	
nonruptured	(purple	bar)	plaques.	Lower	right,	
Macrophage	density	 in	culprit	 (green	bar)	and	
remote	(purple	bar)	plaques	from	patients	with	
ST-elevation	 myocardial	 infarction	 (STEMI),	
acute	 coronary	 syndrome	 (ACS),	 and	 stable	
angina	 pectoris	 (SAP).	Macrophage	 density	 is	
higher	 in	 culprit	 and	 remote	 plaques	 from	
patients	 with	 STEMI	 and	 ACS	 compared	 with	
SAP.	LP,	Lipid	pool.	(From	MacNeill	BD,	Jang	
IK,	 Bouma	 BE,	 et	al:	 Focal	 and	 multi-focal	
plaque	 macrophage	 distributions	 in	 patients	
with	acute	and	stable	presentations	of	coronary	
artery	disease.	J	Am	Coll	Cardiol	44:972-979,	
2004.)
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FIGURE 61-33	 Microchannels	 representing	plaque	neovascularization.	A,	Eccentric,	 lipid-rich	plaque	 (L)	with	microchannels	 (arrows	on	 inset).	
B,	Intracoronary	thrombus	(arrowheads)	and	two	additional	microchannels	(arrows).	(Modified	from	Kitabata	H,	Tanaka	A,	Kubo	T,	et	al:	Relation	
of	microchannel	structure	identified	by	optical	coherence	tomography	to	plaque	vulnerability	in	patients	with	coronary	artery	disease.	Am	J	Cardiol	
105:1673-1678,	2010.)
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FIGURE 61-34	 Correlation	between	angioscopic	appearance	(upper	panel)	and	histopathologic	features	of	plaques	at	the	time	of	autopsy	(lower	
panel).	The	white	plaque	seen	in	the	upper	A	(arrows	highlight	its	white	appearance)	is	associated	with	a	thick	cap	(black	arrows)	in	histology	
as	seen	in	A′.	Yellow	plaque	seen	in	upper	B	(yellow	color	highlighted	by	arrows	in	B)	is	associated	with	a	thinner	cap	as	denoted	by	arrows	in	
lower	B’.	Glistening	yellow	plaque	as	seen	in	upper	C,	where	black	arrows	point	to	the	glistering	yellow	color,	is	associated	with	the	thinnest	cap	
in	histology	as	pinpointed	by	the	arrows	in	lower	C′.	(From	Uchida	Y,	Nakamura	F,	Tomaru	T,	et	al:	Prediction	of	acute	coronary	syndromes	by	
percutaneous	coronary	angioscopy	in	patients	with	stable	angina.	Am	Heart	J	130:195-203,	1995.)
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FIGURE 61-35	 A	representative	case	with	no	yellow	plaque	(A)	and	one	with	multiple	yellow	plaques	(B).	In	A,	no	yellow	plaques	were	detected	
in	the	right	coronary	artery.	In	B,	three	yellow	plaques	were	detected	in	the	right	coronary	artery,	and	the	maximum	color	grade	of	yellow	plaques	
was	3.	The	cross	sections	are	numbered	according	to	their	location	along	the	vessel,	as	shown	on	the	angiographic	image.	(From	Ohtani	T,	Ueda	
Y,	Mizote	I,	et	al:	Number	of	yellow	plaques	detected	in	a	coronary	artery	is	associated	with	future	risk	of	acute	coronary	syndrome:	detection	of	
vulnerable	patients	by	angioscopy.	J	Am	Coll	Cardiol	47:2194-2200,	2006.)
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For patients with STEMI, Madder and colleagues reported a 5.8-
fold higher maximum LCBI (4 mm) in culprit lesions compared with 
nonculprit plaques.179 Large LCBI scores were reported for 95% of 
culprit lesions. The investigators identified a threshold (maxLCBI4mm 
> 400) for detecting culprit segments during STEMI with 85% sensitiv-
ity and 98% specificity. Similar results were reported by Erlinge and 
coworkers at the Transcatheter Cardiovascular Therapeutics meeting 
in 2013.183 In patients surviving cardiac arrest, plaques with a large 
LCBI score were responsible for the clinical event.182 Accumulated 
evidence suggests that large necrotic core lesions appear to be most 
relevant substrate for life-threatening ACS.

Studies have found that plaques with large LCBI scores determined 
by NIRS are associated with increased risk of periprocedural AMI after 
PCI.181,184 Plaques with a very large LCBI scores may benefit from 
placement of an embolic protection device (e.g., filter) to prevent distal 
embolization and reduce the incidence of periprocedural MI. This is 
the rationale of the Coronary Assessment by Near-Infrared of Athero-
sclerotic Rupture-Prone Yellow (CANARY) trial, and it will soon be 
known whether spectroscopy is a useful tool in the catheter laboratory 
for identifying a lipid core plaque that is at high risk of rupturing 
during therapy and causing complications.

NIRS in combination with IVUS has been shown to accurately 
detect high-risk plaques compared with OCT.185 Roleder and associates 
evaluated 60 patients undergoing coronary angiography. OCT and 
combined NIRS-IVUS were done on 76 identical coronary segments. 
When OCT was used to define TCFAs based on a fibrous cap measur-
ing less than 65 µm, the lesions exhibited positive remodeling, a higher 
plaque burden, a higher plaque volume, a smaller cross-sectional area, 
and longer plaque lengths, whereas NIRS revealed a greater LCBI score 
for 2-mm segments. OCT had greater accuracy for identifying TCFAs 
when an LCBI score higher than 315 and a remodeling index higher 
than 1.046.185

Most clinical data on NIRS come from cross-sectional studies, and 
there are few studies regarding its application for evaluation of the 
natural history of VPs with prospective follow-up. Accrued data appear 
to support the plaque expansion hypothesis, and it would be of great 
utility to assess the natural history and prognosis of lipid-rich athero-
mas with greater than 70% plaque burdens because of their potential 
for increasing MACEs during follow-up.

The ongoing PROSPECT II trial hopes to address these issues.186 It 
is an investigator-initiated, multicenter, prospective registry for assess-
ing the ability of intracoronary NIRS to identify non–flow-obstructing 
VPs that ultimately promote coronary events. This trial is recruiting 
900 patients with ACS at 20 hospitals in Sweden, Denmark, and 
Norway. After patients undergo PCI of all culprit and obstructive 
lesions, three-vessel IVUS plus NIRS imaging will be performed to 
assess the proximal 6 to 8 cm of each coronary artery. The follow-up 
period will be at least 3 years, with assessment of secondary outcomes 
related to the safety and efficacy of bioabsorbable stents. Patients who 
have lesions with greater than 70% stenosis will be randomized to 
bioresorbable stenting plus optimal medical therapy or to optimal 
medical therapy alone to assess a primary safety end point.

The Lipid-Rich Plaque (LRP) study is an ongoing, multicenter clini-
cal trial that is recruiting 9000 patients with ACS from centers in the 
United States, Europe, and Japan to evaluate the role of LCBI in pre-
dicting future MACEs. The LRP study will test whether a nonobstruc-
tive, lipid-rich plaque documented by IVUS plus NIRS is associated 
with new coronary events within 24 months.187 These study designs 
will help to evaluate potential therapies for the prevention of cardiac 
events in patients with obstructive plaques with high-risk features.

Finally, NIRS can be used to follow patients after therapy. It has 
documented plaque regression after aggressive medical therapy with 
statins (Fig. 61-36).188

Elastography, Palpography, and Intravascular Thermography
Several additional intravascular imaging modalities have been designed 
to identify and characterize high-risk plaques. They assess the physical, 
mechanical, and metabolic features of VPs. Although some data 

To overcome these issues, a quantitative colorimetric method was 
developed.

Ishibashi and colleagues proposed a more accurate grading system 
for interpretation of coronary angioscopic data using quantitative  
colorimetric analysis based on the L*a*b* color space and brightness 
algorithm.172 Based on this algorithm, plaque disruption in culprit 
lesions of patients with ACS was found in 79% of those lesions with 
high yellow color intensity (b* value >23) but only 41% of those with 
b* values lower than 23 (P = .007).172

Because angioscopy is only a surface evaluation technique, it cannot 
provide direct information about plaque composition. Fibrous cap 
thickness, inflammatory cell infiltration, necrotic core size, and remod-
eling are mostly considered surrogate parameters based on color 
coding and correlation coefficients. A prospective study of coronary 
angioscopy in nonobstructive coronary lesions would help to elucidate 
the angioscopic factors associated with clinical events.

Spectroscopy
Spectroscopy is a nondestructive optical technology with the ability to 
analyze the chemical composition of plaque components.173 After irra-
diation of tissue with a laser beam, scattered photons are acquired to 
identify specific features of plaque vulnerability. Plaque components 
such as calcium and cholesterol have specific absorption and reflec-
tance patterns of light, producing a pattern that is converted into an 
image. This modality is important for the identification of the necrotic 
core, fibrous cap, and inflammation.174

Two modalities are being evaluated for intravascular detection  
of high-risk VPs: near-infrared and Raman spectroscopy. Both tech-
niques have good correlations with histologic analyses of coronary  
and aortic tissue.175 However, the complexity of signal analysis may 
force investigators to focus on only one or two features of plaque 
vulnerability.

The physicochemical characteristics of lipid and calcium and their 
shift patterns make Raman spectroscopy highly sensitive for plaque 
detection. However, only a few photons are recruited into the Raman 
shift, providing poor tissue penetration and a low signal-to-noise ratio. 
Backscattered noise can also decrease signal quality and limit imaging 
interpretation. Newer technologies in combination with IVUS have 
improved image quality by increasing signal acquisition.176

Near-infrared spectroscopy (NIRS) measures diffuse reflectance 
signals with the use of near-infrared light. The spectrometer emits light 
onto a substance and measures the light that is reflected over a wide 
range of optical wavelengths, which are processed as a spectrum, 
applied to an algorithm that predicts the probability of VPs, and dis-
played on a chemogram. The main objective of NIRS is quantification 
of the necrotic core. The result is reported on a scale of 1 to 999, called 
the lipid core burden index (LCBI). Because of this feature, NIRS has the 
potential for becoming the standard for necrotic core evaluation.177

The NIRS system was evaluated in 106 patients undergoing PCI in 
a multicenter study, with encouraging results.178 The investigators com-
pared in vivo imaging with autopsy NIRS signals by using multivariate 
analysis. They found that NIRS appropriately identified lipid core–
containing plaques in vivo. NIRS can be performed without replacing 
the blood in the vessel, but it can detect only one characteristic of VPs, 
offering no input on the superficiality of lipid cores or fibrous cap 
thickness.

Catheters that combine NIRS with IVUS provide complementary 
data for evaluation of atherosclerosis by combining assessment of 
plaque burden, plaque composition, and vascular remodeling.179 
Multiple-imaging technology has shown excellent correlation with 
adverse cardiac events,180 similar to that reported by the PROSPECT 
trial.18 The combination of a catheter providing IVUS for determining 
plaque burden and minimal luminal area and NIRS for evaluating 
necrotic core content offers a more comprehensive assessment of the 
high-risk lesion.181 This has been proved by correlating NIRS findings 
with clinical findings in various clinical scenarios, including ST- 
elevation myocardial infarction (STEMI),179 periprocedural MI,177 and 
in cardiac arrest survivors.182
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Despite these findings, the cooling effect of blood and other limitations 
significantly reduce the use of intravascular thermography in patient 
care.

Because of the low signal-to-noise ratio of surface MRI, it has been 
used for intravascular imaging.152 Conventional MRI resolution is 
approximately 460 µm, but intravascular MRI resolution is 250 µm, 
and it may provide valuable information on plaque characterization of 
coronary lesions. This technology is undergoing aggressive clinical 
testing in the United States and Europe, with more than 100 patients 
enrolled. Intravascular MRI has a safe profile at 30-day follow-up as 
described in the first-in-human study published,153 but there is no 
strong evidence supporting its utility in clinical practice.

Noninvasive Imaging Techniques
Many scientific advances in noninvasive imaging have improved the 
characterization of atherosclerotic plaques and detection of high-risk 
lesions. Noninvasive imaging techniques used for VP assessment 
include MRI (previously discussed), CTA, and nuclear imaging.

Computed Tomography Angiography
Advances in the field of CT and the use of newer protocols allow 
detailed examination of vascular structures and evaluation of coronary 
atherosclerotic plaques. One study reported that multidetector CT 
(MDCT) identified some differences in the plaque morphologies of 

support their ability to identify high-risk plaques, evidence is lacking 
for their use in the clinical arena.

Plaque composition affects the response of the vessel wall to pulsa-
tile changes in blood pressure that deform the fibrous cap. The mechan-
ical strain patterns can be measured with elastography or palpography, 
which uses IVUS to assess the deformation of tissue caused by intra-
luminal pressure.127 The stress-strain relationship in coronary lesions 
determined by elastography or palpography is displayed on a color-
coded scale.128 Purple indicates low strain (i.e., hard, stiff cap), whereas 
yellow indicates a region of high strain (i.e., soft, deformable cap).129

Palpography has high sensitivity and specificity for detecting VPs. 
Deformation of more than 2% indicates increased macrophage infiltra-
tion, reduced smooth muscle cell content, and low collagen content 
(Fig. 61-37).129,130 Palpography findings correlate with CRP levels and 
the likelihood of an STEMI. The limitations in measuring fibrous cap 
thickness, necrotic core, remodeling, neovascularization, and intra-
plaque hemorrhage may explain why these features are less applicable 
to identifying VPs than other methods.

Intravascular thermography has proposed for the assessment of 
VPs. Macrophage and lymphocyte infiltration of VPs increase the tem-
perature of the vascular wall. By using a catheter-based thermistor, it 
is possible to assess changes of temperature of 0.05° C with a discrimi-
nation of 0.5 mm. Studies evaluating this modality showed by multi-
variate analysis that a change in temperature was an independent 
predictor of positive remodeling, plaque rupture, and ACS.189-191 

FIGURE 61-36	 Angiography,	intravascular	ultrasound	(IVUS,	insets),	fractional	flow	reserve	(FFR),	and	near-infrared	spectroscopy	(NIRS)	images	
of	a	severely	obstructive	lesion	before	and	after	7	weeks	of	aggressive	lipid-lowering	therapy.	Significant	reductions	occurred	in	the	lipid	core	burden	
index	(LCBI)	without	angiographic	or	IVUS	changes.	(From	Kini	AS,	Baber	U,	Kovacic	JC,	et	al:	Changes	in	plaque	lipid	content	after	short-term	
intensive	versus	standard	statin	 therapy:	 the	YELLOW	 trial	 (reduction	 in	yellow	plaque	by	aggressive	 lipid-lowering	 therapy).	J	Am	Coll	Cardiol	
62:21-29,	2013.)
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8 mm (range, 2 to 17 mm), and more than 80% of plaques measure 
more than 1.0 mm2. These dimensions are above the detection thresh-
old for plaque thickness by coronary CTA.198 Because most TCFAs are 
located in the proximal segments of the epicardial coronary arteries, 
coronary CTA can visualize areas where the vessel lumen is the greatest 
and detect and quantify high-risk atheromas.19,191

Newer automated software applications for coronary CTA allow 
submillimeter isotropic resolution with subsequent attenuation-based 
tissue characterization. This approach can quantify the total coronary 
plaque burden and identify some individual plaque components in a 
way comparable to IVUS199-202 or OCT.203 Low attenuation can be used 
as a marker of lipid-rich plaques,204,205 and the napkin-ring sign can be 
used as a surrogate for the necrotic core.206 This qualitative character-
istic of high-risk plaques is a central area of low CT attenuation that is 
in apparent contact with the lumen and surrounded by a ringlike, 
higher-attenuation tissue in a noncalcified plaque.207 This feature has 
been associated with slow-flow and the no re-flow phenomenon during 
ACS208 and was identified as an independent predictor for future ACS 
events in a prospective study of 895 patients followed for about 2.3 
years (HR = 5.6, P < .001).209

Coronary CTA can identify other features of high-risk atheromas, 
such as positive remodeling,81,210 spotty calcifications,211,212 and plaque 
rupture, by visualizing contrast dye penetration into the lesion, a 
feature that correlates with large atheroma volume and low-attenuation 
imaging.213 Coronary CTA is also a useful tool for the prospective 
evaluation of dynamic changes in coronary plaque size and morphol-
ogy, and it can detect atheroma changes after statin therapy.214

Advances in computational fluid dynamics have allowed scientists 
to design useful algorithms that permit anatomic and physiologic 
evaluation of the coronary tree. These tools can assess endothelial shear 

TCFAs and non-TCFAs and determined that the ringlike enhancement 
seen by MDCT indicated a precursor lesion likely to rupture.192

The ability of coronary CTA to provide prognostic information 
according to the type of plaque identified has been validated in two 
studies.193 Kristensen and colleagues studied plaque volume in 312 
patients with non–ST-segment elevation myocardial infarction under-
going coronary CTA before cardiac catheterization.194 Twenty-three of 
the patients had a coronary event during a median follow-up of 16 
months. The study authors reported that the volume of nonobstructive, 
noncalcified plaque measured by coronary CTA acted as a strong pre-
dictor of future coronary events, with a hazard ratio of 1.18 per 
100 mm3 of plaque volume increase. Curiously, there was no associa-
tion between the presence of coronary calcification and occurrence of 
cardiovascular events.194

The second study, which was an exploratory substudy of the PROS-
PECT trial, enrolled 32 patients who underwent coronary CTA.195 The 
investigators found that having a higher total atheroma volume (970 
vs. 811 mm3, P < .01) at baseline was associated with the development 
of cardiac events at a mean follow-up of 39 months.195

The main limitation of coronary CTA is the low spatial resolution 
(≈400 µm) of the CT scanners used in clinical practice, which pre-
cludes identifying TCFAs,196 compared with imaging modalities such 
as OCT or IVUS-VH that have enhanced resolution and higher diag-
nostic accuracy. Classically, coronary CTA has been considered useful 
only for noninvasive evaluation of the calcified and fibrofatty compo-
nents of plaque because its ability to differentiate high-risk plaques is 
extremely low.189,190,192,197 However, some features of high-risk athero-
sclerotic plaques can be detected by coronary CTA (Table 61-2).

Data suggest that rupture-prone plaques are enlarged in all three 
dimensions. They have a large necrotic core with a mean length of 

FIGURE 61-37	 Vulnerable	plaque	is	identified	by	intravascular	ultrasound	(A),	elastography	(B),	macrophage	staining	(C),	and	collagen	staining	
(D).	 In	the	elastogram,	a	vulnerable	plaque	(arrow	in	A)	is	indicated	by	a	high	strain	on	the	surface	(arrow	in	B).	The	corresponding	histology	
reveals	many	macrophages	(arrow	in	C),	as	well	as	a	thin	cap	(arrow	in	D)	and	a	lipid	pool	(LP).	Box	plots	correlate	content	of	macrophages	
and	smooth	muscle	cells	(SMC)	with	the	level	of	strain.	High	levels	of	strain	are	associated	with	significant	increases	in	macrophage	content	and	
significant	decreases	in	SMC	content.	(Modified	from	Schaar	JA,	De	Korte	CL,	Mastik	F,	et	al:	Characterizing	vulnerable	plaque	features	with	intra-
vascular	elastography.	Circulation	108:2636-2641,	2003.)
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TABLE 61-2 Computed Tomography Morphologic Features of Vulnerable Plaques

Study Groups Compared Follow-Up Item Measured
Value in ACS or 
Culprit Plaque

Value in SAP or 
Stable Plaque

No. of Patients or 
Plaques

Plaque Burden

Pflederer	et	al,	
2010297

ACS	vs.	SAP — Plaque	volume	(mm3) 193	±	115 104	±	52 ACS,	55;	SAP,	55

Versteylen	et	al,	
2013298

ACS	vs.	SAP 26	±	10	mo Total	NCP	volume	(mm3) 28	(16-59) 4	(0-20) ACS,	25;	SAP,	101

Madder	et	al,	
2011213

Disrupted	vs.	
nondisrupted	
plaques	in	UAP

— Plaque	volume	(mm3) 313	±	356 118	±	93 Disrupted,	133;	
nondisrupted,	161

Kristensen	et	al,	
201194

Prospective	ACS	or	
SCD

16	mo Hazard	ratio,	100	mm3	
NCP	volume	increase

1.18	(1.06-1.31) — N	=312;	19	ACS	or	SCD

Motoyama	et	al,	
200914

ACS	vs.	no	ACS 27	±	10	mo Plaque	volume	(mm3) 134.9	±	14.1 57.8	±	5.7 ACS,	15;	no	ACS,	1044

Papadopoulou	
et	al,	2012195

MACE	vs.	no	MACE 32	mo Total	plaque	volume	
(mm3)

970 811 MACE,	8;	no	MACE,	24

Plaque Composition

Pflederer	et	al,	
2010297

ACS	v.s	SAP — Mean	attenuation	(HU) 85.6	±	45.1 143.8	±	104.1 ACS,	55;	SAP,	55

Madder	et	al,	
2011213

Disrupted	vs.	
nondisrupted	
plaques	in	UAP

— Low-attenuation	(<50	HU)	
plaque	volume	(mm3)

99	±	161 118	±	93 Disrupted,	133;	
nondisrupted,	161

Ferencik	et	al,	
2006299

ACS	vs.	SAP — Total	<90	HU	NCP	
volume	(mm3)

91	(51-109) 49	(40-75) ACS,	21;	SAP,	13

Motoyama	et	al,	
2007215

ACS	vs.	SAP — Low-density	(<30	HU)	
plaques	(%)

79 9 ACS,	38;	SAP,	33

Ozaki	et	al,	
201143

Culprit	ACS	vs.	
stable	plaques

— Low-density	(<30	HU)	
plaques	(%)

88 18 Culprit,	25;	stable,	22

Ito	et	al,	2011203 TCFA	vs.	non-TCFA — Mean	attenuation	(HU) 44.9	±	19.2 78.7	±	25.0 TCFA,	37;	non-TCFA,	85

Kashiwagi	et	al,	
2009192

TCFA	vs.	non-TCFA — Mean	attenuation	(HU) 35.1	±	32.3 62.0	±	33.6 TCFA,	25;	non-TCFA,	80

Motoyama	et	al,	
200914

ACS	vs.	no	ACS 27	±	10	mo Low-attenuation	(<30	HU)	
plaque	volume	(mm3)

20.4	±	3.4 1.1	±	1.4 ACS,	15;	no	ACS,	1044

Yamamoto	et	al,	
2013300

MACE	vs.	no	MACE 3.3	±	1.2	yr Hazard	ratio/	low-
attenuation	(≤34	HU)	
plaque

8.23	(2.41-37.7) — N,	453;	MACE,	15

Napkin Ring Sign

Pflederer	et	al,	
2010297

ACS	vs.	SAP — Frequency	(%)	of	NRS 14 0 ACS,	55;	SAP,	55

Tanaka	et	al,	
2008301

Culprit	ACS	vs.	
stable	plaques

— Frequency	(%)	of	NRS 41 18 Culprit,	27;	stable,	40

Otsuka	et	al,	
2013209

ACS	vs.	no	ACS	
segments

2.3	±	0.8	yr Frequency	(%)	of	NRS 41 3 ACS,	24;	no	ACS,	1150

Kashiwagi	et	al,	
2009192

TCFA	vs.	non-TCFA — Frequency	(%)	of	NRS 44 4 TCFA,	25;	non-TCFA,	80

Ito	et	al,	2011203 TCFA	vs.	non-TCFA — Frequency	(%)	of	NRS 65 16 TCFA,	37;	non-TCFA,	85

Maurovich-Horvat	
et	al,	2012207

Histologically	
advanced	vs.	
early	plaques

— Frequency	(%)	of	NRS 24.4 1.1 Advanced;	132,	early,	
472

Positive Remodeling

Madder	et	al,	
2011213

Disrupted	vs.	
nondisrupted	
plaques	in	UAP

— RI 1.5	±	0.4 1.1	±	0.3 Disrupted,	133;	
nondisrupted,	161

Ozaki	et	al,	
201143

Culprit	ACS	vs.	
stable	plaques

— RI 1.15	±	0.06 0.99	±	0.09 Culprit,	25;	stable,	22

Kitagawa	et	al,	
2009189

Culprit	ACS	vs.	
stable	plaques

— RI 1.26	±	0.16 1.09	±	0.17 Culprit,	21;	stable,	44

Hoffmann	et	al,	
2006302

Culprit	ACS	vs.	
stable	plaques

— RI 1.4	±	0.3 1.2	±	0.3 Culprit,	13;	stable,	12

Motoyama	et	al,	
2007215

ACS	vs.	SAP — Frequency	(%)	of	RI	>1.1 87 12 ACS,	38;	SAP,	33

Motoyama	et	al,	
200914

ACS	vs.	no	ACS 27	±	10	mo RI 1.27	±	0.39 1.13	±	0.16 ACS,	15;	no	ACS,	1044
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Study Groups Compared Follow-Up Item Measured
Value in ACS or 
Culprit Plaque

Value in SAP or 
Stable Plaque

No. of Patients or 
Plaques

Kim	et	al,	
2010303

Culprit	ACS	vs.	
stable	plaques

— RI 1.44	±	0.43 0.90	±	0.44 Culprit,	35;	stable,	36

Ito	et	al,	2011203 TCFA	vs.	non-TCFA — RI 1.14	±	0.20 0.95	±	0.16 TCFA,	37;	non-TCFA,	85

Kashiwagi	et	al,	
2009192

TCFA	vs.	non-TCFA — RI 1.14	±	0.15 1.02	±	0.10 TCFA,	25;	non-TCFA,	80

Pflederer	et	al,	
2010297

ACS	vs.	SAP — RI 1.6	±	0.4 0.97	±	0.17 ACS.	55;	SAP,	55

Yamamoto	et	al,	
2013300

MACE	vs.	no	MACE 3.3	±	1.2	yr Hazard	ratio/RI	≥	1.2 8.3	(2.83-26.7) — N,	453;	MACE,	15

Spotty Calcium

Kitagawa	et	al,	
2009189

ACS	vs.	SAP — Frequency	(%)	of	spotty	
calcium

60 38 ACS,	21;	SAP,	80

Motoyama	et	al,	
2007215

ACS	vs.	SAP — Frequency	(%)	of	spotty	
calcium

63 21 ACS,	38;	SAP,	33

Kim	et	al,	
2010303

Culprit	ACS	vs.	
stable	plaques

— Frequency	(%)	of	spotty	
calcium

95 23 ACS,	35;	SAP,	36

Pflederer	et	al,	
2010297

ACS	vs.	SAP — Frequency	(%)	of	spotty	
calcium

20 0 ACS,	55;	SAP,	55

Ozaki	et	al,	
201143

Culprit	ACS	vs.	
stable	plaques

— Frequency	(%)	of	spotty	
calcium

26 16 Culprit,	25;	stable,	22

ACS,	Acute	coronary	syndrome;	MACE,	major	adverse	cardiac	event;	N,	total	number	of	patients	in	study;	NCP,	noncalcified	plaque;	NRS,	napkin	ring	sign;	RI,	remodeling	index;	SAP,	stable	
angina	pectoris;	SCD,	sudden	cardiac	death;	TCFA,	thin-cap	fibroatheroma;	UAP,	unstable	angina	pectoris.

TABLE 61-2 Computed Tomography Morphologic Features of Vulnerable Plaques—cont’d

in culprit lesions compared with nonculprit plaques (P < .0001) and 
that 93% of the patients had increased levels of 18F-NaF in culprit 
plaques. Among patients with stable angina, 45% had plaques with 
increased 18F-NaF uptake, and they were mostly nonobstructive 
lesions seen on coronary angiography and displayed more high-risk 
features on IVUS compared with plaques without 18F-NaF uptake. It 
is possible that 18F-FDG can help to identify atheroma microcalcifica-
tion associated with plaque inflammation as a marker of plaque 
vulnerability.227

MMP-rich plaques have been identified in preclinical studies with 
the use of nuclear radiotracers, LDL receptor 1 with the use of 99mTc-
labeled anti-LOX-1 antibody, apoptotic cells with the use of annexin 
A5213, and neovascularization with the use of αβ3-integrin–targeted 
PET.228-231 Other promising agents for noninvasive imaging include 
high-density lipoprotein (HDL) cholesterol–based contrast and gold 
nanoparticles.221,232

Figure 61-38 summarizes the potential targets in VPs that are suit-
able for identification with nuclear imaging. Despite encouraging 
results for noninvasive techniques, they are unable to provide accurate 
plaque localization and anatomic evaluation of the lesions. Further 
studies with appropriate histologic validation are required to clarify the 
strengths and weaknesses of these technologies.

The BioImage study, which includes a comprehensive assessment 
of cardiovascular risk factors, will provide substantial data to discern 
the role of noninvasive modalities in the identification of atheroscle-
rotic plaque vulnerability. This trial is recruiting more than 6000 
asymptomatic patients with moderate to high cardiovascular risk 
between 50 to 65 years of age who are undergoing three-dimensional 
vascular ultrasound and other advanced imaging modalities to predict 
events during a 3-year follow-up. The results will elucidate the natural 
history of plaques, ultimately leading to better therapeutic and preven-
tive approaches.233

Cardiac Magnetic Resonance Imaging
MRI can provide quantification of the atherosclerotic plaque burden 
and lesion composition.234 It allows three-dimensional evaluation of 
vascular structures, with outstanding depiction of components of the 
atherothrombotic plaque such as lipid, fibrous tissue, calcium, and 

stress and FFR, providing information that can help risk-stratify coro-
nary plaques.216,217 The Prediction of Progression of Coronary Artery 
Disease and Clinical Outcomes Using Vascular Profiling of Shear Stress 
and Wall Morphology (PREDICTION) trial enrolled 506 patients who 
underwent three-vessel IVUS and repeat imaging at the 1-year 
follow-up. The investigators found that a large plaque burden and low 
endothelial shear stress were independent predictors of plaques 
enlargement.48 Despite promising results, reproducibility demands use 
of the same automated software for serial measurements.218

In summary, coronary CTA can characterize the anatomy of the 
main epicardial coronary vessels and identify several features of plaque 
vulnerability, with the exception of fibrous cap measurements and 
neovascularization. Table 61-2 summarizes the parameters of VPs that 
can be assessed by coronary CTA.219 Nanoparticle-contrast–based 
techniques for coronary CTA have identified inflammatory cell activity 
in animal studies.220,221 Large, prospective trials should be performed 
to confirm the findings from prospective registries and smaller, shorter 
studies and to assess the role of systemic or local therapies for high-risk 
lesions in combination with coronary CTA.

Nuclear Imaging
Nuclear imaging using positron emission tomography (PET) and CT 
has provided useful information for patients with VPs.222 These tech-
niques address the molecular aspects of atheromas, and when used 
with dual gating protocols, they can provide images with less motion 
artifact and image quality appropriate for clinical studies.223

Specific tracers are used for the identification of various plaque 
components. Among the tracers and markers of plaque vulnerability 
that have been used with nuclear imaging, 18F-fluorodeoxyglucose (18F-
FDG) is the most studied in preclinical and clinical experiments. 
Studies have demonstrated that 18F-FDG uptake correlates with plaque 
macrophage density in animal models and human atherosclerosis and 
predicts future cardiovascular events.224,225

The utility of PET and CT to detect high-risk plaques using 
18F-sodium fluoride (18F-NaF) and 18F-FDG has been demonstrated 
in clinical settings. Joshi and colleagues studied 40 patients with AMI 
and 40 with stable angina undergoing elective invasive coronary  
angiography.226 They reported that 18F-NaF uptake was 34% higher 
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about different aspects of VP, imaging, physiologic tests, and serum or 
genetic markers should be combined to enhance VP detection. 
Although individual imaging modalities have reached a certain degree 
of technologic sophistication, a combination, such as OCT with back-
scattered IVUS and IVUS with Raman spectroscopy, may offer a better 
future.

The PROSPECT trial, which assessed three-vessel coronary imaging 
in patients with ACS, has provided prognostic information about inva-
sive plaque imaging in CAD. If the adverse event rate at follow-up is 
higher than expected with pharmacologic therapy, the scientific com-
munity will need to consider additional strategies.

Nanotechnology in multimodality imaging, including cardiac MRI 
and nuclear imaging with PET, is being applied to the evaluation of 
high-risk plaques. Lipid-encapsulated perfluorocarbon nanoparticles 
have been used to target pathways involved in VP formation in pre-
clinical models with promising results.247

THERAPY

Systemic Therapy
The treatment of high-risk VPs relies on aggressive medical therapy, 
which can reduce coronary events and improve survival. Systemic 
therapy is the cornerstone of plaque stabilization, with documented 

thrombus.235 MRI combined with cellular and molecular targeting is 
providing important data on the biologic activity of high-risk VPs, 
especially carotid and aortic lesions.236

A longitudinal study by Zhao and coworkers demonstrated the 
ability of MRI to document lipid content reduction in carotid plaques.237 
This work led to the characterization of plaque in coronary vessels by 
MRI. The task is difficult and image quality is poorer because of  
limited resolution, the deep intrathoracic position of coronary arteries 
(4 to 10 cm from the surface), the smaller dimensions, and the tortu-
ous and irregular course of these vessels under continuous move-
ment.238 Despite these limitations, several studies have demonstrated 
comparable coronary plaque assessment by MRI and IVUS, including 
features such as vascular remodeling,239 intracoronary thrombus,240 
and coronary wall thickness241 and distensibility242 (Fig. 61-39).243 MRI 
can detect edema in the coronary wall of the culprit lesions in patients 
with acute vascular injury and ACS.244

Animal studies using contrast-enhanced MRI have been able to 
detect high-risks plaques.245 Preclinical studies have employed molecu-
lar imaging techniques that target various VP components and assess 
inflammatory, lipid, reparative, thrombotic, and neovascularization 
pathways.246

A comprehensive approach to invasive therapy is becoming manda-
tory for the interventionist interested in the prevention of recurrent 
coronary events. Because each technology can provide information 

FIGURE 61-38	 Targets	 in	 the	 pathophysiologic	 pathways	 of	 atherosclerotic	 plaque	 that	 can	 be	 identified	 by	 nuclear	 imaging	 modalities.	 ECM,	
Extracellular	matrix;	FCH,	fluorocholine;	FDG,	fluorodeoxyglucose;	GP,	glycoprotein;	LDL,	low-density	lipoprotein;	L19,	antibody	against	the	extra-
domain	B	of	 fibronectin;	MCP,	monocyte	 chemoattractant	 protein;	MDA2,	malondialdehyde	 epitope	on	oxidized	 low-density	 lipoprotein;	MMPs,	
matrix	metalloproteinases;	ox-LDL,	oxidized	low-density	lipoprotein;	RGD,	arginine-glycine-aspartate	sequence.	(Modified	from	Langer	HF,	Haubner	
R,	Pichler	BJ,	Gawaz	M:	Radionuclide	imaging:	a	molecular	key	to	the	atherosclerotic	plaque.	J	Am	Coll	Cardiol	52:1-12,	2008.)
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attenuation of plaque angiogenesis.251,252 In the Effect of Rosuvastatin 
on Intravascular Ultrasound-Derived Coronary Atheroma Burden 
(ASTEROID) trial, aggressive therapy with rosuvastatin led to an abso-
lute regression of atheroma volume (Fig. 61-40).84

Another potent antiatherogenic therapy involves increasing HDL 
levels. Studies using bezafibrate, a peroxisome proliferator-activated 
receptor α (PPARα) agonist, and fenofibrate have demonstrated 
reduced events and plaque regression, respectively.253,254 These benefi-
cial effects may be caused by HDL augmentation and reverse choles-
terol transport and by recruitment of endothelial progenitor cells into 
the damaged endothelium.255

The beneficial effects of statin therapy on VPs in terms of plaque 
regression and stabilization have been documented many times with 

reductions in lipid content, inflammation, and vasa vasorum 
neovascularization.248

Intensive statin therapy has produced a significant decrease in coro-
nary events in patients with stable disease (i.e., Trending to New 
Targets [TNT] and Incremental Decrease in Events Through Aggres-
sive Lipid Lowering [IDEAL] trials) and in patients with ACS (i.e., 
Aggrastat to Zocor [A to Z] and Pravastatin or Atorvastatin Evaluation 
and Infection Therapy–Thrombolysis in Myocardial Infarction 22 
[PROVE IT–TIMI 22] trials). Statins have reduced the incidence of 
coronary death, AMI, and heart failure, independent of recurrent 
infarction.249,250 Early intensive statin therapy for ACS was associated 
with clinical benefits that became evident after 4 to 12 months, includ-
ing a decrease in serum VEGF levels, which probably represents an 

FIGURE 61-39	 Coronary	 artery	 cross-sectional	 area	 (i.e.,	 outer	 contour	 area)	 and	 lumen	 area	 compared	 with	 mean	 wall	 thickness	 for	 men	
(A)	and	women	(B).	 The	outer	 contour	area	and	 the	 lumen	area	were	positively	 correlated	with	mean	wall	 thickness:	 for	men,	 r	=	0.53	(P	<	
.0001)	and	r	=	0.09	(P	<	.05),	respectively;	for	women,	r	=	0.62	(P	<	.0001)	and	r	=	0.09	(P	<	.05),	respectively.	However,	the	slope	of	the	
outer	contour	area	increase	was	significantly	greater	than	that	of	the	lumen	area	increase	(P	<	.0001	for	both	men	and	women).	(From	Kelle	S,	
Hays	AG,	Hirsch	GA,	et	al:	Coronary	artery	distensibility	assessed	by	3.0	Tesla	coronary	magnetic	resonance	imaging	in	subjects	with	and	without	
coronary	artery	disease.	Am	J	Cardiol	108:491-497,	2011.)
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FIGURE 61-40	 Relationship	between	mean	low-density	lipoprotein	cho-
lesterol	 levels	 and	 median	 change	 in	 percent	 atheroma	 volume	 for	
several	intravascular	ultrasound	trials.
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OCT, angioscopy, MRI, and IVUS-VH.82,256 In addition to high-dose 
statin therapy, angiotensin-converting enzyme (ACE) inhibitors, beta-
blockers, and aspirin have reduced the rates of death and AMI and are 
therefore mandatory to achieve stabilization of high-risk VPs.248

Several interventions improve endothelial function by increasing 
endothelial progenitor cell regeneration, mobilization, and release into 
the circulation, contributing to the passivation of the inflammatory 
environment. These interventions include exercise, statins, angiotensin 
receptor blockers, ACE inhibitors, and some peroxisome proliferator-
activated receptor agonists.257,258

The n-3 fatty polyunsaturated acids provide a stabilizing effect 
through regulation of adhesion molecule expression, proinflammatory 
and proangiogenic growth factors secreted by the endothelium, and 
attenuation of the nuclear factor-κB system.259 Nishio and coworkers 
studied 49 nonculprit TCFAs from 30 patients with dyslipidemia who 
were not receiving treatment.260 The patients were randomized to 
receive 1800 mg/day of eicosapentaenoic acid (EPA) plus a statin or a 
statin only. The statin dose was adjusted to achieve an LDL target of 
less than 70 mg/dL. Post-PCI assessment and OCT were performed at 
the 9-month follow-up. The investigators reported features of plaque 
stabilization such as a higher increase in plaque thickness and greater 
decrease in lipid arch and lipid pool by OCT in patients receiving EPA 
plus a statin compared with those receiving a statin alone.

Another method to achieve plaque stabilization is reversal of the 
cholesterol transport system. This therapeutic alternative has been pro-
posed to promote cholesterol efflux from macrophages by activation of 
the ATP-binding cassette transporters ABCA1 and ABCG1. Studies are 
ongoing.86,261

In the search for systemic therapies, other approaches are being 
studied. For instance, preclinical data have demonstrated that vaccina-
tion against endothelial tyrosine kinase (TEK, formerly called TIE2), 
the angiopoietin receptor, promotes the formation of smaller athero-
sclerotic plaques with a more stable phenotype.262 Similarly, both 
animal and human experiments have demonstrated that the selective 
inhibition of lipoprotein-associated phospholipase A2 reduces its 
plasma activity and is associated with a decrease in plaque and necrotic 
core areas.24,263

Despite the tremendous value of systemic therapy, patients have a 
22% recurrent event rate within 2 years and demonstrate resistance to 
systemic therapy, as confirmed in the PROVE IT trial.264 Even the best 
combination of systemic therapies does not successfully prevent all 
episodes of plaque rupture and thrombosis. Nonetheless, intravascular 
imaging studies have demonstrated significant plaque regression with 
statin use.

One study included 1039 patients with coronary disease who 
underwent IVUS at baseline and after 104 weeks. They were random-
ized to atorvastatin (80 mg) or rosuvastatin (40 mg).265 At 104 weeks, 
the percent atheroma volume (PAV) decreased by 0.99% (95% 

confidence interval [CI], −1.19 to −0.63) in the atorvastatin group and 
by 1.22% (95% CI, −1.52 to −0.90) in the rosuvastatin group (P = .17). 
The normalized total atheroma volume (TAV) was more favorable for 
patients receiving rosuvastatin compared with those on atorvastatin: 
−6.39 mm3 (95% CI, −7.52 to −5.12) compared with −4.42 mm3 (95% 
CI, −5.98 to −3.26) (P = .01). Plaque regression was induced in most 
patients in both groups: 63.2% of the patients receiving atorvastatin 
and 68.5% of the patients receiving rosuvastatin for PAV (P = 0.07) and 
64.7% and 71.3%, respectively, for TAV (P = .02).

A similar study with a smaller sample size and shorter follow-up 
period (7 weeks) reported similar findings using combinations of intra-
vascular modalities, including FFR, NIRS, and IVUS.188 Statin therapy 
can also decrease atheroma size and plaque morphology,214 and it can 
induce reductions in the lipid content of obstructive lesions.266

Other therapies targeting pathways involved in TCFA formation 
include inhibition of MMP activity by doxycycline, which appeared to 
be as effective as simvastatin in reducing the incidence of plaque 
rupture in a cholesterol-fed rabbit model of atherosclerosis.267 Simi-
larly, the use of beta-blockers decreased shear stress and the plaque 
vulnerability index seen in transgenic models of atherosclerosis.268

Despite the encouraging results from animal studies, some of these 
concepts await validation in humans. The strongest clinical evidence 
obtained for systemic therapy for VPs comes from statin studies. 
However, it is not clear whether the plaque regression in atheromas 
seen by serial imaging during follow-up was responsible for the lower 
rates of coronary events among patients in the statin trials. Newer 
systemic therapies are urgently needed for high-risk patients.

Regional Therapy
Regional therapy is intravascular treatment of coronary segments 
using pharmacologic agents and physicochemical treatment to stabi-
lize high-risk VPs. Regional therapies include photodynamic therapy 
(PDT), endoluminal phototherapy, and cryotherapy.269-271 PDT, which 
has gained attention in recent years, uses photosensitizing (light-
sensitive) drugs, light, and tissue oxygenation to treat targeted diseases, 
mostly in the field of oncology.272

Photosensitizing agents (i.e., porphyrins) are administered locally 
or parentally. They are selectively absorbed and retained in tissues, 
enabling targeted therapy when the tissues are exposed to light at  
an appropriate wavelength. The surrounding normal tissue does  
not absorb the photosensitizer and is spared therapeutic injury. Activa-
tion of the photosensitizer in tissue generates free radicals and cyto-
toxic effects, mostly apoptosis (i.e., DNA fragmentation) or delayed 
necrosis.

The application of PDT to atherosclerotic plaques was successfully 
performed in vivo by Waksman and associates in hypercholesterolemic 
rabbits.273 PDT induced a significant reduction (92% ± 6%) in the 
population of nuclei of all cell types in plaques relative to controls  
(P < .01). This effect partly resulted from a reduction in smooth muscle 
cells (i.e., antibody staining for α-actin) and macrophages (i.e., RAM11 
staining) (Fig. 61-41). The results suggest that PDT can almost elimi-
nate macrophages from atherosclerotic plaques and may provide a 
therapeutic alternative for high-risk VPs refractory to aggressive sys-
temic therapy.

Endoluminal phototherapy and cryotherapy are being investigated, 
but experience with them is limited. Publications about PDT, endolu-
minal phototherapy, and cryotherapy during the past few years have 
been limited.

Local Therapy
Coronary stents can stabilize high-risk VPs by thickening the fibrous 
cap through the formation of neointimal hyperplasia. As predicted by 
Peter Libby and highlighted by Patrick Serruys in 2006, “If we could 
identify potentially unstable atheromas before they are evident, we 
might contemplate angioplasty on nonsignificant stenosis to induce 
smooth muscle cell proliferation and reinforce the plaque fibrous 



 CHAPTER 61  High-Risk Vulnerable Plaques: Definition, Diagnosis, and Treatment 983

stents increased fibrous cap thickness by 396%, 322%, and 270%, 
respectively (P < .0001 for all comparisons) (Table 61-3). Stent-induced 
fibrous cap rupture was identified in 63% of stented lesions. Peristrut 
inflammation, fibrin deposition, and hemorrhage increased, and endo-
thelialization decreased in DESs compared with metallic stents (P < 
.05) (Table 61-4). These effects were obtained at the cost of increased 
cap damage and potentially iatrogenic, peristrut healing patterns, 
including increased inflammation, fibrin deposition, hemorrhage, and 
decreased endothelialization.

Newer self-expanding devices with very thin struts and with low-
pressure expanding profiles have been successfully tested in a large 
animal model of localized atherosclerosis and produced promising 
results.277 Evidence from clinical settings has supported the use of this 
approach, published first as a case report.278 Later, a small clinical 
registry that included 29 patients demonstrated that the implantation 
of a self-expanding shield in noncomplex coronary lesions of interme-
diate severity was a safe and feasible strategy, with encouraging angio-
graphic and IVUS results reported during a follow-up period of 9 
months.279

The vShield Evaluated at Cardiac Hospital in Rotterdam for Inves-
tigation and Treatment of TCFA (SECRITT) trial evaluated a self-
expanding endovascular device (vShield [Prescient Medical, Inc., 

cap.”274 In an editorial, Michael Davies wrote, “The time for prophylac-
tic angioplasty has not come yet, but it may.”275

In an editorial entitled “Locking the Barn Door Before the Horse 
Is Stolen,” Eugene Brauwald addressed the concept of prophylactic 
stenting: “The clinical application of VPs at risk of future rupture 
require the development of measures for the prevention of plaque 
rupture that are more potent than those currently employed in what 
we refer to as intensive prevention. Perhaps stenting or surgically 
bypassing these plaques could be considered in some patients.”9 
However, stenting VPs is highly controversial, and the risk-benefit 
ratio must be evaluated in animal models because stenting may increase 
the risk of periprocedural AMI.

To evaluate these parameters, we developed an animal model of 
spontaneous VPs in New Zealand hypercholesterolemic rabbits that 
were followed for 4 years. The animals were randomized to three 
groups: metallic stents, drug-eluting stents (DESs), and controls (N = 
16).276 Only stent struts deployed into VPs were evaluated. Fibrous cap 
thickness, stent-induced fibrous cap rupture (Fig. 61-42), and peristrut 
healing (Fig. 61-43) were evaluated, including peristrut inflammation 
(see Fig. 61-43, A), fibrin deposition (see Fig. 61-43, B), hemorrhage 
(see Fig. 61-43, C), and strut endothelialization (see Fig. 61-43, D). 
Metallic stents, β-estradiol–eluting stents, and everolimus-eluting 

FIGURE 61-41	 Histologic	 images	 show	 the	
effects	of	photodynamic	therapy	on	atheroscle-
rotic	 plaques	 from	 hypercholesterolemic	
rabbits.	 A,	 Macrophages	 (arrowhead)	 in	 the	
untreated	 control.	B,	 Seven	days	 after	 photo-
dynamic	 therapy.	(From	Waksman	R:	Photo-
dynamic	 therapy,	 New	 York	 and	 London,	
2004,	Taylor	&	Francis.)

A B

FIGURE 61-42	 Histologic	 section	 illustrates	 the	 various	 components	 of	 a	 thin-cap	 fibroatheroma	 28	 days	 after	 stent	 deployment.	 A,	 The	 strut	
compresses	the	old,	thin	fibrous	cap	(arrow).	B,	A	cellular	neointimal	layer	has	been	laid	down,	creating	a	new,	thick	fibrous	cap	(arrow)	(elastic	
tissue	trichrome	stain;	×20).	
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After 6 months, the percent diameter stenosis decreased, FFR remained 
stable, and no increase in MACEs was seen in the vShield group. The 
results suggested that implanting a self-expandable vShield prosthesis 
in a TCFA with the purpose of producing plaque passivation and cap 
sealing is feasible and safe. The long-term results of this ongoing trial 
should answer several questions about the local treatment of TCFAs 
with implantation of intravascular devices.280

Local therapeutic options include blocking proangiogenic factors.281 
Stents coated with the VEGF-specific antibody bevacizumab demon-
strated encouraging results in terms of angiogenesis control in small 
studies.282,283 However, it is not known whether local antiangiogenic 
therapy with stent-based or non–stent-based modalities will require a 
single-dose or multiple-dose approach. Evidence from experiments 
treating nonatherosclerotic angiogenesis favors repeated dosing. A 
controlled-release delivery system may ensure a sustained inhibitory 
effect on proangiogenic factors.284 Other local therapies, including 
blocking molecular pathways or specific genes related to plaque vul-
nerability, have been tested.285 Further studies are needed to elucidate 
the clinical applications of this approach.

One study highlighted the potential implications of thrombus aspi-
ration without stenting in 31 patients with ACS when assessing plaque 

FIGURE 61-43	 Micrographs	display	examples	of	numeric	scoring	(on	a	scale	of	I	to	IV)	applied	to	four	categories	of	strut-related	healing	patterns	
at	28	days	after	stent	deployment:	A,	 inflammation;	B,	fibrin	deposition;	C,	hemorrhage;	D,	endothelialization.	Score	criteria	 for	categories	A,	B,	
and	C	assessed	the	extent	of	the	perimeter	of	each	strut	affected	as	follows:	I,	up	to	one	quadrant	around	the	strut	(25%);	II,	up	to	two	quadrants	
(50%);	III,	up	to	three	quadrants	(75%);	and	IV,	up	to	four	quadrants	(100%).	Scores	for	endothelialization	(category	D)	were	as	follows:	I,	up	
to	25%	endothelial	coverage;	II,	up	to	75%	endothelial	coverage;	III,	up	to	100%	endothelial	coverage;	and	IV,	complete	coverage	with	neointimal	
tissue.	

A B

C DD

TABLE 61-3 Planimetric Data on Fibrous Cap Thickness for Stented and Nonstented Thin-Cap Fibroatheromas

Fibrous Cap Area (µm2)
Metallic Stents
(n = 127)

β-Estradiol–Eluting Stents
(n = 46)

Everolimus-Eluting Stents
(n = 41)

Controls
(n = 122)

Before	stenting 26	±	3.9 24.4	±	1.7 23	±	1.9 27	±	1.3

Four	years	after	stenting 107	±	6.5* 87.6	±	6.7*† 72.8	±	3.9*† 27	±	1.3

*P	<	.0001	compared	with	the	control	group.
†P	<	.05	compared	with	the	metallic	stent	group.

TABLE 61-4 Planimetric Data on Iatrogenic Peristrut Healing 
Patterns for Metallic and Drug-Eluting Stents in 
Thin-Cap Fibroatheromas

Vascular Healing
Metallic Stents
(n = 127)

β-Estradiol–
Eluting Stents
(n = 46)

Everolimus-
Eluting Stents
(n = 41)

Inflammation	score 0.9	±	0.1 1.1	±	0.1* 1.1	±	0.1*

Fibrin	score 0.6	±	0.1 1.1	±	0.1* 1.1	±	0.2*

Hemorrhage	score 0.1	±	0.0 0.1	±	0.0 0.2	±	0.1*

Endothelization	
score

3.7	±	0.1 3.2	±	0.2* 3.6	±	0.1

*P	<	.05	compared	with	metallic	stent	group.

Doylestown, PA]) in a pilot study that included 23 patients from a 
larger trial currently taking place in Europe.280 This study identified 
IVUS-VH–derived TCFAs with thin caps by using diagnostic modali-
ties that included angiography, FFR, IVUS-VH, and OCT. Patients 
were randomized to optimal medical therapy or vShield implantation. 
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integrity by OCT.286 Prati and associates demonstrated that aspiration 
thrombectomy, when yielding an excellent angiographic result, is 
enough and does not require stent implantation if there is no evidence 
of plaque rupture by OCT. These patients remained asymptomatic after 
2 years of follow-up, and successful angiographic results were docu-
mented. This suggests that documenting the integrity of the fibrous cap 
with OCT after thrombectomy may have clinical implications for the 
treatment of plaques associated with ACS.

Targeted molecular therapy such as gene silencing has been tested. 
Monocyte infiltration into the arterial wall is promoted by monocyte 
chemoattractant protein 1 (MCP1), a chemokine implicated in the 
development of atherosclerosis. Blockade of the MCP1 pathway can 
reduce new atheroma formation and limit progression and destabiliza-
tion of established atherosclerosis. For example, in apolipoprotein E–
knockout (ApoE−/−) mice fed a high-fat diet, local RNA interference 
of MCP1 by site-specific delivery of adenovirus-mediated small hairpin 
RNA enhanced plaque stability and prevented plaque disruption, and 
it was associated with lower inflammatory levels and lower MMP 
activity.287

Because of the diffuse pattern of the disease, local therapy to rein-
force VPs is subject to controversy, and the risk of late stent thrombosis 
only adds to the controversy.288 However, proponents of stenting argue 
that the clinical event rate associated with high-risk TCFAs (18% at  
3 years in the PROSPECT trial) may be higher than the clinical event 
rate associated with stenting (4% to 6% for the first year and 1% to  
2% per year thereafter). New stent designs, including biodegradable 
materials, and self-expanding delivery systems may reduce the long-
term risk of stent thrombosis, preserving the integrity of the fibrous 
cap with neointimal tissue.289,290 The Absorb bioresorbable vascular 
scaffold (Abbott Vascular, Santa Clara, CA) demonstrated good results 
6 months after implantation compared with a cobalt-chromium 
everolimus-eluting stent for the treatment of coronary lesions.291

The treatment of high-risk TCFAs resistant to aggressive medical 
therapy remains controversial, but it also offers opportunities for inter-
ventional cardiologists. Prospective, randomized clinical trials are 
needed to elucidate this issue.

FUTURE DIRECTIONS
Despite more than 2 decades of study and treatment of high-risk VPs, 
they continue to cause AMI and premature death. Identification of the 

main factors associated with plaque instability has not ensured predic-
tion of rupture and thrombosis, and the search for effective early diag-
nosis and treatment to prevent catastrophic consequences goes on.

Extensive research with invasive and noninvasive imaging, clinical 
trials, biomarker assessment, and focal, regional, and systemic therapies 
has shown that VPs are not responsible for an increased incidence of 
future events. The incidence of death and AMI in the PROSPECT trial 
was only 4.9% at 3.4 years, highlighting the excellent contemporary 
outcomes of aggressive medical therapy in secondary prevention. 
Moreover, a TCFA by itself is not sufficient to characterize a VP. The 
current definition of a VP includes a thin fibrous cap, large plaque 
burden, and reduced lumen determined by IVUS.8

The details of plaque stabilization or regression, or both, in response 
to medical and interventional therapies are still unclear. Issues of early 
detection and prevention must be addressed. Most patients with high-
risk TCFAs first come to attention because of sudden cardiac death or 
AMI, and efforts should be made to identify them sooner and treat 
them accordingly.

The data from ongoing studies support noninvasive imaging as an 
effective tool to identify subclinical atherosclerosis.292 Methods include 
assessment of flow-mediated brachial artery vasodilation, coronary 
calcium score, and intimomedial thickness, as in the Multi-Ethnic 
Study in Atherosclerosis (MESA) trial293; three-dimensional vascular 
ultrasound imaging and other modalities, as in the BioImage study233; 
and carotid and femoral two- or three-dimensional ultrasound, 
abdominal aortic two-dimensional ultrasound, noncontrast CT, and 
combined 18FDG-PET and MRI in younger patients (40 to 54 years 
old), as in the Progression and Early Detection of Subclinical Athero-
sclerosis (PESA) study.294 Invasive imaging, including coronary angi-
ography, continues to play a role in risk stratification based on data 
demonstrating that the plaque burden may predict outcomes such as 
MACEs better than ischemia evaluation.295

Aggressive pharmacologic treatment has reduced the rate of sec-
ondary events, but there is a role for other systemic therapies to 
decrease clinical events by targeting inflammation, cholesterol homeo-
stasis, and neovascularization pathways. Interventional therapy is an 
option for high-risk TCFAs refractory to medical therapy. Ongoing 
studies of intracoronary imaging and bioabsorbable stents may provide 
alternative approaches for diagnosis and therapy that reduce the 
burden of cardiovascular events.296 Randomized clinical trials are 
needed to elucidate the risk-benefit ratios of all VP therapies.
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Optical coherence tomography (OCT) is an innovative real-time, 
tomographic imaging modality that is able to assess and display 

tissue microstructure, providing close correlation with pathology. 
OCT delivers near-infrared light to the wall of the coronary artery 
through small-diameter optical fibers. The light that illuminates the 
vessel is absorbed and reflected (backscattered) by the structures in the 
tissue to different degrees, with an axial resolution of 2 to 15 µm. This 
resolution is ideal for measurement of tissue-level properties. Different 
tissue types have different optical characteristics. This feature makes 
OCT especially useful for following plaque progression and regression 
and the vascular response to coronary stent implantation.

Although its resolution is not sufficient to distinguish individual 
cells (including regenerating endothelium), OCT is able to measure the 
density of cellular aggregates and to provide information about their 
composition. For example, the OCT imaging signal characteristics 
observed in ex vivo coronary arteries in the presence of a pool of foamy 
macrophages (high signal intensity with sharp attenuation) have been 
demonstrated to correlate with cell density,1 and in a preclinical model, 
fibrin deposition on stent struts, as detected by light microscopy and 
scanning electron microscopy (SEM), has specific attenuation proper-
ties by OCT.2 Data also indicate that OCT imaging can be used to 
monitor the progress and transformation of cells in culture.3

The new generation of FD-OCT systems has significantly improved 
signal-to-noise ratio, with superior near-field image quality and faster 
acquisition. OCT provides excellent differentiation between the lumen 
and the arterial wall, with accurate measurements of lumen areas and 
volumes and bright stent strut identification. The lumen profile display 
automatically detects lumen contour on every frame and provides 
immediate identification of the minimal luminal area (MLA) for PCI 
procedures. Quantitative measurements of lumen, stent, and neointi-
mal areas obtained by OCT are highly reproducible.4 OCT acquires 
3-D images of the entire coronary artery in less than 5 seconds, 
enabling the use of a nonocclusive, contrast-flushing method without 
risk of major arrhythmias. Based on these properties, OCT may be 
used at different times as part of diagnostic and interventional proce-
dures, before and after stent implantation (Fig. 62-1).

By taking advantage of progress in miniaturization, OCT can 
potentially be combined with additional techniques, including Doppler 
ultrasound, IVUS,5 or sensors, to further improve its diagnostic capa-
bilities. Fully integrated FD-OCT system with near-infrared molecular 
imaging has been developed for the study of lipid-rich plaques with 
inflammation in preclinical models.6

PHYSICAL PRINCIPLES OF OCT IMAGING
The ability of OCT to create tomographic cross-sectional images of a 
vessel is based on optical interference of near-infrared light.7 Light is 
emitted and collected back from the tip of a small-diameter optical 
fiber that rotates rapidly inside a transparent sheath of the catheter. For 
longitudinal scanning of the vessel, a drive motor unit on the table pulls 
back the fiber as it rotates within the sheath. The collected light carries 
information about the depth-resolved backscattering reflectivity of the 
tissue structures at the illuminated spot. Unlike ultrasound, in which 
the depth information can be resolved by measuring the time-of-flight 
of acoustic reflections, light is too fast to resolve depth information by 
direct measurement of photon time-of-flight. To overcome this prop-
erty, the collected light is combined with a reference light beam to 
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K E Y  P O I N T S

•	 Optical	coherence	tomography	(OCT)	is	an	innovative	catheter-
based	imaging	technology	that	uses	light	and	fiberoptic	technology	
to	obtain	unique	details	of	the	vessels	on	a	microscopic	scale.	
OCT	provides	real-time,	full	tomographic	views	of	the	coronary	
arteries	with	accurate	measurements.

•	 OCT	is	used	to	quickly	map	the	extension	and	type	of	coronary	
artery	disease,	guiding	precise	percutaneous	coronary	interventions	
(PCI)	in	complex	patient	and	lesion	cohorts	immediately	and	over	
time,	increasing	safety	and	vascular	acceptance	of	novel	devices,	
including	bioresorbable	scaffolds.	Because	of	its	unique	properties	
and	high	axial	imaging	resolution,	OCT	is	able	to	overcome	many	
of	the	limitations	of	coronary	angiography	and	intravascular	
ultrasound	(IVUS)	for	evaluating	calcium,	plaque	at	risk	of	rupture,	
and	stent	strut	coverage.	Additionally,	OCT	provides	quantitative	
indices	that	can	be	used	to	assess	the	effectiveness	of	new	device	
and	drug	interventions.

•	 OCT	can	reliably	assess	and	quantify	atherosclerotic	plaque	
characteristics	(thin	fibrous	cap,	thrombus,	neovessels,	lipid	pool,	
foamy	macrophages),	differentiating	early	from	advanced	coronary	
lesions,	with	close	correlation	with	pathology.	OCT	can	easily	
detect	and	penetrate	calcium,	revealing	spiky	superficial	
calcification	that	can	block	stent	progression	into	the	vessel	and	
measuring	thickness	and	circumferential	distribution.	Based	on	
accurate	vessel	mapping,	a	procedural	plan,	including	stent	
length,	size,	and	landing	zone,	can	be	generated.	In	complex	
interventional	settings	in	which	risk	of	PCI	failure	is	increased	
(e.g.,	complex	bifurcation,	late	stent	thrombosis,	in-stent	
restenosis,	neoatherosclerosis),	OCT	may	add	critical	information	
and	orient	more	precise	treatment.	Frequency-domain	OCT	
(FD-OCT)	systems	produce	a	clear	vision	of	very	long	segments	of	
coronary	arteries	in	only	a	few	seconds,	with	a	more	complete	
picture	of	the	vessel	involvement	and	easier	image	interpretation	
compared	with	standard	methods.	Three-dimensional	(3-D)	
reconstruction	of	OCT	images	automatically	detects,	quantifies,	
and	displays	features	of	interest,	such	as	the	shape	of	the	lumen	
and	the	longitudinal	position	of	the	minimal	luminal	area	(MLA).

•	 For	OCT	to	be	accepted	by	the	medical	community	in	the	future,	
ease	of	use	and	interpretation,	even	by	the	least	experienced	
operators,	will	be	required.	A	direct	link	between	OCT	and	
angiography	will	soon	be	available	with	angio-OCT	coregistration.	
Coregistration	enables	synchronization	of	imaging	during	the	
procedure,	leading	to	better	integration	of	OCT	into	PCI	workflow.	
Direct	tableside	control	of	acquisition	and	analysis	by	the	operator	
will	make	easier	the	use	of	OCT	in	daily	practice,	and	automatic	
detection	of	site	and	amount	of	stent	strut	malapposition	and	
thrombus	volume	will	be	possible.	Finally,	the	combination	of	
FD-OCT	with	spectroscopic	techniques	will	improve	discrimination	
among	tissue	constituents	in	complex	atherosclerotic	lesions	and	
allow	detailed	analysis	of	the	cellular	and	biochemical	
composition	for	vulnerable	plaque	detection.	Concurrent	data	
collection	from	combined	modalities	will	dramatically	expand	the	
structural	and	functional	information	available	to	the	cardiologist	
and	guide	development	and	clinical	use	of	novel	cardiovascular	
therapies.
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FIGURE 62-1	 Culprit	lesion	in	acute	myocardial	infarction	during	primary	percutaneous	coronary	intervention.	A,	Real-time,	high-resolution,	three-
dimensional	reconstruction	of	the	culprit	vessel.	B,	Cross-sectional	analysis	supplying	information	on	the	morphology	and	severity	of	 the	lesion.	
C,	Automatically	traced	contour	detection	using	an	algorithm	to	provide	lumen	profile	changes	across	the	entire	vessel	and	to	immediately	assess	
the	severity	and	extension	of	coronary	lesions.	D,	Longitudinal	reconstruction	displays	the	extension	of	the	ruptured	plaque	(asterisk).	
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generate lower-frequency optical interference signals. These modu-
lated interference signals can be measured with electronic components 
and digitally decoded to generate an optical backscattering profile of 
the tissue at the illuminated spot (A-scan). Multiple backscattering 
profiles are collected as the catheter core rapidly rotates within the 
vessel. These profiles are then represented in a 2-D grayscale image, 
the OCT B-scan frame displayed to the user (Fig. 62-2).

In FD-OCT, interference signals generated by an interferometer at 
various wavelengths are mathematically processed by Fourier transfor-
mation to determine the amplitudes of reflections returning from dif-
ferent depths. As in magnetic resonance imaging, the frequency of the 
recorded signal encodes position in the image. Although this makes 
FD-OCT more computationally intensive, A-scan repetition rates are 
10 to 100 times greater than in time-domain OCT (TD-OCT), allow-
ing dramatically faster B-scan frame rates (hundreds of Hertz). 
FD-OCT provides a far more comprehensive visualization of the intra-
vascular region during the transient blood displacement period.

FD-OCT can be further subcategorized into two approaches: 
swept-source OCT (SS-OCT), also known as optical frequency domain 
imaging (OFDI), and spectral-domain OCT (SD-OCT). SS-OCT uses 
a narrowband light source; the wavelength is tuned or “swept” through 
a broad spectral range as a function of time. The mechanical actuation 
necessary to sweep the source wavelength and create interference 
fringe modulation is on the nanometer scale and therefore can be 
accomplished rapidly and in compact microelectromechanical systems 
(MEMS)–based packaging. Conversely, SD-OCT uses a broadband 
light source, similar to TD-OCT, but avoids the need for mechanical 
actuation by dispersing the broadband spectral components in a spec-
trometer and capturing modulated fringes using a parallel array of 
detectors, such as a charge-coupled device (CCD) camera. Commercial 
and research intravascular OCT imaging systems are usually SS-OCT, 

primarily because of instrumentation cost and complexity advantages 
of SS-OCT in the 1250- to 1360-nm wavelength regions that are appro-
priate for intravascular imaging.

The C7XR OCT system, manufactured by St. Jude Medical (St. Paul, 
MN), formerly LightLab Imaging (Westford, MA), was introduced as 
the first commercially available FD-OCT system for coronary imaging 
in the European Union in 2009 and in the United States in 2010. 
Employing a 2.7-Fr intravascular catheter with a rapid-exchange 
monorail tip, the C7XR system has a spatial resolution of 15 µm and 
acquires 500 axial lines per frame at a rate of 100 frames/sec. At the 
tip of the catheter is a 125-µm-diameter optical fiber assembly that 
consists of an integral side-looking lens. The optical assembly is encap-
sulated in a hollow torque wire that translates motion from a drive 
motor located outside the patient’s body. The C7XR system can volu-
metrically image a 5-cm vessel segment in approximately 3 seconds. 
High-speed data acquisition is a key feature of the C7XR system, 
because it enables pullback image acquisition during a low-volume 
injection of contrast medium or saline through the guide catheter.8 The 
current instructions for use of the C7XR system recommend injection 
of a maximum 14-mL bolus of contrast material at a maximum rate of 
4 mL/sec.

The latest generation of St. Jude Medical’s OCT system, the 
ILUMIEN OPTIS PCI optimization system, has a higher image acqui-
sition rate (180 frames/sec) and can acquire a 75-mm pullback image 
in only 2.1 seconds. This system combines OCT and wireless fractional 
flow reserve (FFR) measurement on the same console and has instant 
3-D reconstruction capability of the lumen and vessel wall for optimiz-
ing stent planning.

Two additional FD-OCT systems are commercialized or in an 
advanced phase of development and testing. The Massachusetts 
General Hospital (MGH, Boston, MA) OFDI system, developed by the 
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Image Acquisition
The second-generation FD-OCT devices improved image quality and 
significantly increased the speed of image acquisition by a factor of 10. 
FD-OCT uses a contrast flush (3 to 4 mL/sec for 2 to 3 sec) to clear the 
blood column and allow a clear path for the light beams to be emitted, 
reflected, and detected.11 Imaging catheters are designed for rapid 
exchange over a 0.014-inch guidewire delivery, have a crossing profile 
of 2.4 to 2.8 Fr, and are compatible with 6-Fr or larger guiding catheters. 
Because of the very high speed of the pullback, FD-OCT has the ability 
to scan longer segments of artery in few seconds, without need to 
occlude the vessel, resulting in minimal ischemic electrocardiographic 
changes and no major arrhythmias during imaging acquisition.12

Barlis and associates13 reported data on 468 patients from six Euro-
pean medical centers with occlusive and nonocclusive flushing tech-
nique. Major complications during OCT imaging included ventricular 
fibrillation (1.1%) due to balloon occlusion or deep guide catheter 
insertion or both, air embolism (0.6%), and vessel dissection (0.2%). 
There was no major adverse cardiac events within the 24 hours after 
OCT examination. Lehtinen and colleagues14 evaluated the safety 
of FD-OCT in 230 OCT evaluations in 210 patients. PCI was per-
formed in 44.3% of the examinations. OCT was successful in 87.8%  
of examinations. Periprocedural complications were rare; chest pain, 
the most commonly seen complication, occurred in 10.9% of OCT 
examinations.

Artifacts
Artifacts can be detected in all types of imaging, including OCT. Some 
artifacts are common to OCT and IVUS, whereas others are unique to 
the OCT imaging systems. Nonuniform rotational distortion (NURD) 
is caused by increased friction on the rotating components of the cath-
eter during image acquisition and results in circumferential imaging 
loss or shape distortion. Data on bench tests have shown fewer NURD 

academic research group led by Drs. Brett E. Bouma and Gary Tearney 
at the MGH Wellman Center for Photomedicine, is the first second-
generation intracoronary OCT system to be used in vivo.9 The light 
source of the MGH OFDI system is a high-speed wavelength swept 
laser that uses a polygon-mirror/grating filter to tune over a broad 
(120-nm-wide) bandwidth centered at 1320 nm. The high speed of this 
laser enables cross-sectional imaging at 100 frames/sec with 512 
A-lines per image. The axial resolution of the MGH OFDI system is 
7 µm, and the ranging depth is 4.6 mm in tissue (refractive index n = 
1.4). MGH also fabricates their own OFDI catheters; an asymmetric 
ball lens at the tip is custom designed to correct for aberrations in the 
catheter sheath. The MGH OFDI system and catheter produce images 
of very high resolution; the demonstration of 2-D and 3-D images 
obtained from this system paved the way for the development of 
current commercial FD-OCT systems that are now largely adopted in 
interventional cardiology.

The same MGH academic group constructed an OCT system that 
uses a very broad bandwidth light source and common-path SD-OCT 
technology, termed microoptical coherence tomography (µOCT), 
whose resolution is improved by an order of magnitude of 10 (axial 
resolution ≤1 µm and a lateral resolution ≤2 µm in tissue), compared 
with the FD-OCT systems. µOCT images of cadaver coronary arteries 
provide clear pictures of cellular and subcellular features associated 
with atherogenesis, thrombosis, and responses to coronary stents.10

The Terumo (Tokyo, Japan) OFDI system uses a 1.3-µm scanning 
laser as a light source. The imaging range is 5 mm with an axial resolu-
tion of less than 20 µm in the water. The OFDI catheter (2.4-Fr crossing 
profile) is a short monorail design for a 0.014-inch guidewire and 
contains the imaging core rotating within a close sheath. No catheter 
priming is required for use, and no blood comes into the sheath during 
the pullback. The imaging core rotates at a speed of 9600 rpm, allowing 
imaging at 158 frames/sec. A pullback length of up to 150 mm is sup-
ported at the maximum pullback speed of 40 mm/sec (among eight 
available speeds).

FIGURE 62-2	 A,	Schematic	representation	of	the	principles	of	frequency-domain	optical	coherence	tomography	(FD-OCT).	Interference	signals	gener-
ated	by	an	interferometer	at	various	wavelengths	are	processed	mathematically	by	Fourier	transformation	to	determine	the	amplitudes	of	reflections	
returning	from	different	depths.	The	frequency	of	the	recorded	signal	encodes	position	in	the	image.	B,	Cross-sectional	tomogram	of	the	coronary	
artery.	 The	 reflectivity	profile	of	 the	 tissue,	obtained	 from	 the	 light	beam,	called	A-scan,	contains	 information	about	 the	spatial	dimensions	and	
location	of	structures	within	the	item	of	interest.	A	cross-sectional	tomograph	may	be	achieved	by	laterally	combining	a	series	of	these	axial	depth	
scans	(circumferential	dotted	line).	A-scan	repetition	rates	are	typically	10	to	100	times	greater	 than	in	previous	systems,	allowing	dramatically	
faster	frame	rates.	
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the early phase of coronary atherosclerosis and monitoring of the pro-
gression over time. The OCT measurements of the intimal thickness 
are well correlated with findings on histologic examination.16 Patho-
logic evaluations have demonstrated that OCT is highly sensitive and 
specific for plaque characterization.

Yabushita and coworkers17 developed objective OCT imaging cri-
teria for differentiating distinct components of atherosclerotic tissues. 
In their histology-controlled OCT study of 357 autopsy segments from 
90 cadavers, fibrous plaques were characterized by homogeneous 
signal-rich regions, fibrocalcific plaques by signal-poor regions with 
sharp borders, and lipid-rich plaques by signal-poor regions with 
diffuse borders. Validation tests revealed good intraobserver and 
interobserver reliability (κ = 0.83 to 0.84), as well as excellent sensitiv-
ity and specificity: 71% to 79% and 97% to 98%, respectively, for fibrous 
plaques, 95% to 96% and 97% for fibrocalcific plaques, and 90% to 94% 
and 90% to 92% for lipid-rich plaques. These definitions formed the 
basis for the in vivo assessment of plaque components. Using these 
definitions, Kawasaki and colleagues18 reported that OCT provides 
better separation of coronary plaque constituents than integrated back-
scatter or conventional IVUS. For fibrotic plaques, the sensitivities 
were 98%, 94%, and 93%, respectively, and the specificities were 94%, 
84%, and 61%. For calcified plaques, the sensitivities were 100%, 100%, 
and 100%, and the specificities were 100%, 99%, and 99%. For lipidic 
plaques, the sensitivities were 95%, 84%, and 67%, and the specificities 
were 98%, 97%, and 95%, respectively (Fig. 62-4).

Coronary thrombus can easily be detected in vivo by OCT in 
various clinical settings, including acute coronary syndromes and stent 
thrombosis.19 A close correlation with pathology was demonstrated in 
108 coronary arterial segments at postmortem examination.20 White 
thrombus is imaged as an homogeneous, signal-rich, irregular mass 
with low-backscattering attenuation, whereas red thrombi are irregu-
larly shaped, mural or luminal masses protruding into the lumen, 
characterized by high-backscattering attenuation and signal-free 

artifacts with OCT compared with IVUS.15 The sew-up artifact results 
from rapid artery or imaging wire movement during single-frame 
imaging formation, leading to single-point misalignment of the lumi-
nal border. Increased friction and deformation on the rotating compo-
nents of the catheter, mainly caused by tortuous segments of coronary 
arteries or narrow calcified lesions, may result in coexisting multiple 
artifacts (Fig. 62-3). The fold-over artifact is more specifically related 
to the new generation of FD-OCT devices. It is the consequence of 
“phase wrapping” or “aliasing” along the Fourier transformation when 
structure signals are reflected from outside the system’s field of view.

Eccentric catheter position may affect OCT images differently 
before and after stent implantation. Tangential signal dropout due to 
eccentric catheter position adjacent to the luminal wall can lead to 
misinterpretation of lesions, generating a false impression of thin-cap 
fibroatheroma (TCFA) (Fig. 62-3, E). In stented coronary arteries, 
eccentric catheter position may distort the strut image at the far site as 
a result of the longer distance between each A-line and reduced lateral 
resolution.7

All cross-sectional images (frames) obtained with a pullback need 
to be initially screened for quality assessment and should be excluded 
from analysis if any portion of the image is out of the screen or if a 
side branch occupied more than 45 degrees of the cross section, or if 
the image had poor quality caused by residual blood, artifacts, or 
reverberation.

Image Interpretation
The high resolution of OCT allows superb definition in the near field 
with precise bordering of the intima and media within the coronary 
arterial wall. In the OCT image, the intima appears as a signal-rich 
layer nearest to the lumen, whereas the media is visualized as a signal-
poor middle layer that in normal segments encircles the vessel. The 
ability to evaluate subtle intimal thickening in vivo allows detection of 

FIGURE 62-3	 Increased	friction	and	deformation	on	the	rotating	components	of	the	optical	convergence	tomography	catheter	can	result	in	multiple	
artifacts.	A,	 Seam	 line	artifact	 (arrow)	 is	 caused	by	 rapid	artery	 or	 imaging	wire	movement	 during	 single-frame	 imaging	 formation,	 leading	 to	
misalignment	of	 the	 luminal	border.	Nonuniform	rotational	distortion	can	 lead	 to	shape	distortion	and	mirror	artifacts	(B).	C,	 Image	attenuation	
due	 to	 suboptimal	 purge	of	 the	 imaging	 catheter.	D,	 Image	attenuation	due	 to	 subobtimal	 flushing	of	 the	 coronary	artery.	E,	 Tangential	 signal	
dropout	(arrow).	F,	Fold-over	artifacts	(arrows).	
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Among the various plaque components with clinical impact, mac-
rophage accumulation plays a major role to trigger progression and 
instability of atherosclerotic coronary lesions. Autopsy series have 
shown that the thin caps of ruptured plaques are heavily infiltrated by 
macrophages. Given the close proximity to the lumen and its unique 

shadowing. Using a measurement of OCT signal attenuation within 
the thrombus, Kume and colleagues19 demonstrated that a cutoff value 
of 250 µm in the half-width of signal attenuation can differentiate 
white from red thrombi with a high sensitivity (90%) and specificity 
(88%) (Fig. 62-5).

FIGURE 62-4	 Imaging	of	normal	and	diseased	coronary	arteries.	A,	Normal	healthy	vessel	wall.	There	is	a	uniform,	three-layered	structure	com-
posed	of	 intima,	media,	 and	adventitia.	 Intima	 is	 identified	as	a	bright	 area	nearest	 to	 the	 lumen,	whereas	 the	media	 layer	 can	be	 seen	as	a	
low-intensity	area	encircling	the	normal	vessel.	B,	Intimal	thickening.	Concentric	intimal	thickening	appears	as	a	homogeneous	signal-rich	lesion;	
the	external	elastic	membrane	is	visible.	C,	Fibrous	plaque	with	concentric	intimal	thickening	and	a	homogeneous,	signal-rich	appearance.	Some-
times	the	internal	or	external	elastic	membrane	can	be	identified.	D,	Fibroatheroma	lesion	with	lipid	pool	and	an	overlying	thick	fibrous	cap	(cap	
thickness	=	500	µm).	The	lipid	core	is	characterized	as	a	signal-poor	region	within	an	atherosclerotic	plaque,	with	poorly	delineated	borders	and	
fast	signal	drop-off	(from	12	to	2	o’clock).	E,	Thin-cap	fibroatheroma.	The	lipid-rich	plaque	has	a	cap	thickness	of	less	than	65	µm	(from	4	to	
8	o’clock,	the	cap	thickness	=	60	µm).	F,	Fibrocalcific	plaque	with	360	degrees	of	calcified	arc	seen	as	a	signal-poor,	heterogeneous	region	with	
sharply	delineated	borders.	
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FIGURE 62-5	 Thrombus	evaluation	by	optical	coherence	tomography.	A,	White	thrombus	(8	to	9	o’clock)	is	visualized	as	intraluminal,	protruding	
tissue	with	low	attenuation	and	low	backscattering	of	the	optical	signal.	B,	Red	thrombus	(7	to	10	o’clock)	is	identified	as	a	high-backscattering	
mass	that	protrudes	into	the	lumen	with	signal-free	shadowing	due	to	high	attenuation.	C,	Recanalized	thrombus	is	characterized	by	signal-rich,	
high-backscattering	septa	dividing	the	vessel	lumen	into	multiple	small	cavities	that	communicate	with	each	other	(“Swiss	cheese”	morphology	at	
pathology	assessment).	
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findings.23 However, postfixation and frozen measurements in excision 
tissues are not easily comparable to in vivo assessment because of  
possible changes in arterial optical properties caused by technical 
preparation and tissue shrinkage.24 The processes of dehydration, paraf-
fin embedding, sectioning, and staining result in a reduction of the 
circumference by approximately 19% ± 5% and a reduction in wall 
thickness of 18% ± 2%. Furthermore, backscattering of OCT signals 
due to fixation of cross-linked collagen may significantly enhance the 
delineation between lumen and vessel wall, compared with in vivo 
lumen measures, resulting in an artificial increase of reflectivity. The 
wide gap in lumen dimensions observed between OCT and histology 
findings in nonstented coronary segments was less clear when the 
arteries were treated with metallic stent implantation, with approxi-
mately 6% greater stent area and 10% greater luminal area by OCT 
across all stent types.25

In measurements of lumen diameter and luminal area, there is a 
good correlation between OCT and IVUS.26,27 However, compared 
with IVUS, the earlier generation of image wire TD-OCT systemati-
cally underestimated the lumen dimensions.28 Several factors may 
explain this difference, including inadequate spatial resolution of 
IVUS, stretch of small arteries by the IVUS catheter (Dotter effect), 
and reduction of intracoronary perfusion pressure during occlusive 
OCT image acquisition. Nevertheless, current FD-OCT no longer uses 
occlusive acquisition and is much accurate in lumen profile measures 
compared with the old TD-OCT.

To clarify differences in measures among current imaging tech-
niques, a prospective, multicenter study comparing quantitative coro-
nary angiography, IVUS, and FD-OCT was performed by Kubo and 
colleagues29 in 100 patients and in a phantom model. OCT accurately 
measured the MLA compared with the actual phantom, whereas IVUS 
significantly overestimated the MLA in 10% of the patients and was 
less reproducible than OCT (P < .001 vs. OCT). In the clinical study 
Optical Coherence Tomography Compared with IVUS in a Coronary 
Lesion Assessment Study (OPUS-CLASS), the minimal lumen dia-
meter (MLD) measured by quantitative coronary angiography was 
significantly smaller than that measured by FD-OCT or IVUS (P < 
.001), and the MLA measured by IVUS was significantly greater  
than that measured by OCT, demonstrating that more accurate mea-
surements of the coronary lumen may be achieved by using FD-OCT 
compared with IVUS or angiography.

axial resolution, OCT enables detection of the pool of foamy macro-
phages confined to the luminal surface of the plaque.21 Macrophages 
are identified in OCT by the presence of high-intensity, signal-rich, 
linear or confluent punctuate regions (bright spots) accompanied by 
high attenuation and confirmed in adjacent consecutive frames. 
Tearney and associates21 tested ex vivo the ability of OCT to assess 
macrophage distribution within the fibrous cap. A high degree of posi-
tive correlation was reported between OCT signals and histologic mea-
surements of fibrous cap macrophage density (r < .84, P < .0001). A 
range of OCT signal standard deviation thresholds (6.15% to 6.35%) 
yielded 100% sensitivity and specificity for identification of caps con-
taining greater than 10% CD68 staining (Fig. 62-6). Concerns have 
been raised about the specificity of bright-spot signals with intense 
attenuation in identifying macrophages. OCT may fail to discriminate 
macrophages from calcified tissue, especially if deeply embedded into 
the vessel wall.21a

Thanks to the technology ameliorations in optics and to efforts  
to standardize the methodology of imaging acquisition and inter-
pretation, the adoption of OCT by cardiovascular centers is con-
tinuously increasing. A consensus document on standardization, 
validation, and reporting for OCT was published in 2012 by the  
International Working Group for Intravascular Optical Coherence 
Tomography Standardization and Validation.22 This document, which 
is currently undergoing a revision process, provides a common plat-
form for collecting and interpreting imaging data with a high standard 
of quality and reliability. The following main topics are included in the 
document:

• Equipment for OCT imaging
• Image display techniques
• Image acquisition protocols
• Qualitative assessment, including definition
• Quantitative manual and automatic measurements
• Validation
• Reporting standards

Quantitative Measurements
When OCT and IVUS measurements were evaluated in postmortem, 
perfusion-fixed samples, both techniques were found to significantly 
overestimate the lumen and stent dimensions compared with pathology 

FIGURE 62-6	 Macrophage	evaluation	by	optical	coherence	tomography	(OCT).	A,	Accumulations	of	foamy	macrophages	appear	as	confluent	or	
punctuate,	high-backscattering	regions	within	the	artery	wall	(3	to	9	o’clock	and	11	o’clock).	The	close	proximity	to	the	luminal	surface	provides	
more	 reliable	 detection	 of	 the	 pool	 of	 macrophages	 in	 thin-cap	 fibroatheroma,	 compared	 with	 similar	 signals	 located	 in	 deeper	 vessel	 layers.		
B,	 Signals	 of	macrophages	may	be	more	 clearly	 visualized	by	OCT	 imaging	with	 the	 use	 of	 an	 inverse	 gray	 scale	 (red	 arrows).	Macrophage	
accumulations	cause	shadowing	of	the	underlying	tissues.	
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CURRENT CLINICAL APPLICATIONS

Assessment of Coronary Atherosclerosis
Rupture of vulnerable plaque is responsible for most thrombotic coro-
nary events. Morphologic features of vulnerable plaque include a large 
lipid core, a TCFA (fibrous cap thickness <65 µm), and an accumula-
tion of macrophages localized at the subsurface of the fibrous cap. 
Because OCT has a near–histologic grade resolution, many in vitro and 
in vivo studies have been done to validate the capability of OCT to 
visualize these advanced and risky plaque features30-32 (Fig. 62-7).

Kubo and colleagues31 used OCT, IVUS, and angioscopy in 30 
consecutive patients with acute myocardial infarction (AMI) to assess 
the ability of each imaging method to detect the specific characteristics 
of vulnerable plaque. OCT was superior in detecting plaque rupture 
(73% compared with 40% for IVUS and 43% for angioscopy; P = .021), 
erosion (23%, 0%, and 3%, respectively; P = .003), and thrombus 
(100%, 33%, and 100%; P < .001). Intraobserver and interobserver 
variability of OCT yielded acceptable concordance for these character-
istics (κ = .61 to .83).

Because fibrous cap thickness in most ruptured plaques is less than 
65 µm, the resolution required for imaging of risky plaques should be 
at the level of 50 µm or better. OCT is the only available imaging 
technique with enough resolution to detect TCFAs.33,34 Kume and 
coworkers34 examined the reliability of OCT in measuring fibrous cap 

Reproducibility of OCT lumen and length measurements was  
evaluated by Fedele and associates.26 In their study, OCT measure-
ments were taken twice at intervals of 5 minutes in 25 patients under-
going coronary angiography. The per-segment and per-frame analyses 
proved to have excellent reproducibility with high correlation for 
intraobserver and interobserver measurements and intra-pullback 
assessments of both lumen area and segment length (R ≥ .95 and 
P < .001 for all). Similarly, Jamil and colleagues reported good inter-
study correlation for FD-OCT in evaluating both stented and native 
coronary arteries undergoing PCI (R2 = .99 and P < .001 for mean 
luminal area and MLA in repeated evaluations of the same coronary 
lesion).27

A dedicated, semiautomated contour-detection system is used for 
measurements. A significant advantage of FD-OCT imaging systems 
is in delineating three-dimensional (3-D) contours of long segments 
of coronary arteries in only few seconds. A contour-detection algo-
rithm that automatically traces lumen boundaries of the longitudinal 
(L)-mode view has been implemented in the OPTIS coronary system. 
The software automatically shows the cross-sectional areas calculated 
at all frames of a pullback as a graph superimposed on the longitudinal 
image. This lumen contour function enables quick and precise com-
parison of the automatically detected MLA with the reference areas 
over the entire length of the vessel scanned. A good correlation (r = 
.99) between manual and quantitative, fully automated 3-D lumen 
contour detection methods has been demonstrated.28

FIGURE 62-7	 Unstable	plaque	features.	A,	Lipid-rich	lesion	with	overlying	thick	fibrous	cap	(6	to	2	o’clock,	500	µm)	distinguished	by	a	signal-
poor	region	with	poorly	delineated	borders	and	fast	signal	drop-off.	B,	Microvessels	in	the	far	field	(10	o’clock)	are	identified	as	low-signal	cavities	
with	a	diameter	of	50	 to	150	µm	and	a	 trajectory	parallel	 to	 the	 lumen.	 Inflammatory	cells	and	 red	blood	cells	may	flow	 into	a	stable	plaque	
through	these	structures,	resulting	in	conversion	into	an	unstable	lipid	plaque.	Longitudinal	optical	coherence	tomography	follow-up	of	these	plaques	
might	better	 clarify	 their	 role	 in	 the	pathogenesis	of	advanced	 lipid	plaque.	C,	 Thin-cap	fibroatheroma	(TCFA)	with	 lipid-rich	plaque	and	a	cap	
thickness	of	less	than	65	µm	(7	to	2	o’clock).	D,	Macrophages	are	seen	as	a	signal-rich,	confluent	or	punctuate	region	that	exceeds	the	intensity	
of	background	speckle	noise	(1	to	2	o’clock).	E,	Plaque	rupture	is	distinguished	by	the	presence	of	fibrous-cap	discontinuity	and	a	cavity	formation	
(11	o’clock)	in	continuity	with	the	lumen.	Ruptured	plaques	usually	have	an	extensive	lipid	core	and	a	thin	fibrous	cap.	The	fibrous	cap	is	typically	
thinnest	at	the	site	of	rupture,	and	the	plaque	cavity	indicates	loss	of	lipid	core	due	to	the	rupture.	F,	Plaque	rupture	(from	10	to	1	o’clock)	and	
protruding	luminal	thrombus	(from	1	to	3	o’clock).	
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primary PCI established the real incidence of plaque erosion in living 
patients and demonstrated similar incidences in men and women, 
independently by age.42

In patients with acute coronary syndrome and large thrombus 
burden, the morphology of the culprit plaque has been used to decide 
invasive strategies.43 A recent nonrandomized study tested the use of 
a nonstent strategy in selected cases, based on OCT-derived morphol-
ogy of the culprit plaque after thrombus removal. The initial strategy 
involved thrombus aspiration and treatment with medical therapy 
(aspirin, a loading dose of clopidogrel or prasugrel, and a bolus of 
abciximab). Stenting was performed only if one or more of the com-
ponents of “optimal reperfusion”—Thrombolysis in Myocardial Infarc-
tion (TIMI) grade 3 flow, angina relief, and greater than 50% reduction 
in ST elevation on the postintervention electrocardiogram—were 
absent. If optimal reperfusion was achieved, stenting could be either 
immediate or postponed, to allow more time for the antithrombotic 
regimen to work, as determined by results of a second angiogram and 
OCT. The trigger for stenting was residual stenosis in the culprit lesion 
of greater than 70% or evidence of plaque prolapse. Only 62% of the 
patients received stent implantation. During a minimum follow-up 
period of 12 months, only one nonfatal myocardial infarction occurred, 
and only one additional stent implantation was performed for angina. 
The authors concluded43 that medical management without stents is 
safe and feasible in OCT-selected patients with ACS and large throm-
bus burden, possibly reducing the risk of no reflow phenomena in this 
setting. In this study, OCT revealed culprit lesion characteristics that 
were not disclosed by angiography and facilitated the treatment deci-
sions (Fig. 62-9). Considering the possible impact on clinical, logisti-
cal, and legal aspects, similar studies should be considered only as 
hypothesis-generating and need eventually to be proved in prospective 
randomized clinical trials.

The natural history of the atherosclerotic plaque is not well under-
stood. Prospective studies that use OCT are important to define which 
features of the plaque are associated with negative clinical outcome. 
Uemura and colleagues prospectively studied the ability of OCT to 
predict the natural history of coronary plaques.44 They enrolled 53 
patients, with 69 nonobstructing coronary plaques, who underwent 
both PCI and OCT. A second coronary angiogram was performed at 
a mean follow-up time of 7 months to assess progression of the original 

thickness. In 35 lipid-rich plaques from 38 human cadavers, a good 
correlation was observed between OCT cap thickness and histologic 
measures (r = .90; P < .001). Sawada and colleagues35 compared the 
feasibility of combined use of OCT and virtual histology (VH-IVUS) 
for detection of in vivo TCFA. VH-IVUS significantly overestimated 
the presence of TCFA compared with OCT. Jang and associates36 ana-
lyzed OCT images in 57 patients with stable angina pectoris (SAP), 
acute coronary syndrome (ACS), or AMI. The AMI group more often 
had a thinner cap, more lipid, and a higher percentage of TCFA (72%, 
compared with 50% for the ACS group and 20% for the SAP group;  
P = .012).

Using OCT, Tanaka and colleagues30 investigated the relationship 
between culprit lesion morphology and the patient’s activity at the 
onset of ACS. TCFA was a lesion predisposed to rupture in both rest-
onset and exertion-triggered ACS, whereas plaque rupture in those 
with fibrous caps thicker than 65 µm was strictly related to exertion 
level. Fujii and associates37 performed a prospective OCT analysis of 
all three major coronary arteries to evaluate the incidence and predic-
tors of TCFA in patients with AMI and SAP. Multiple TCFAs were 
observed more frequently in AMI patients than in SAP patients (69% 
vs. 10%; P < .001). In the entire cohort, multivariate analysis revealed 
that the only independent predictor of TCFA was AMI (odds ratio 
[OR] = 4.12; 95% confidence interval [CI] = 2.35 to 9.87; P = .02). In 
addition to its reliability as a tool to accurately measure fibrous cap 
thickness in vivo, an OCT study conducted by Takarada and cowork-
ers38 demonstrated that statin therapy in patients with hyperlipidemia 
significantly increased the thickness of the fibrous cap (from 151 ± 110 
to 280 ± 120 µm; P < .01) at 9 months’ follow-up. Therapies to prevent 
or cause regression of atherosclerosis are under intense research, and 
OCT may become a unique invasive tool for monitoring the impact of 
pharmacotherapy on advanced coronary plaques (Fig. 62-8).

Increasing attention has been paid to plaque erosion, involving a 
culprit plaque underneath an occlusive thrombus with no communica-
tion between the plaque and the lumen.39 It remains a challenge to 
distinguish erosion-prone plaques from stable plaques by imaging. 
However, OCT has demonstrated the ability to identify nonruptured 
plaque underlying coronary thrombosis.40,41 A prospective, multi-
center, age-matched study conducted with OCT in 140 patients with 
ST-segment elevation myocardial infarction (STEMI) treated with 

FIGURE 62-8	 Change	 in	 cap	 thickness	after	 treatment	with	high-dose	3-hydroxy-3-methylglutaryl-coenzyme	A	 (HMG-CoA)	 reductase	 inhibitors.	
A,	A	lipid-rich	plaque	with	a	cap	thickness	of	120	µm	(arrows)	and	dense	macrophage	signal	accumulation	(arrowheads)	at	a	nonculprit	site	of	
the	left	anterior	descending	coronary	artery.	B,	After	9	months	of	medical	treatment	with	a	high-dose	statin	(atorvastatin,	80	mg	once	daily),	optical	
coherence	 tomography	 revealed	 an	 increased	 thickening	 of	 the	 cap	 (320	µm,	 arrows),	 paralleled	 by	 a	 decrease	 in	 signals	 of	 macrophages	
(arrowheads).	Serum	levels	of	cholesterol	and	C-reactive	protein	showed	significant	changes	between	 these	 time	points:	 low-density	 lipoprotein	
cholesterol	from	162	to	68	mg/dL,	high-density	lipoprotein	cholesterol	from	35	to	61	mg/dL,	and	C-reactive	protein	from	2.16	to	0.68	mg/L.	
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optimizing the stent deployment, quantifying the degree of stent cover-
age, and evaluating the mechanisms of delayed healing and thrombus 
formation.47

OCT can be used as an adjunct to PCI:
1. Preprocedure (assessment of the intracoronary environment before 

stent implantation to select stent strategy and devices)
a. To establish the real extent and severity of the atheroscle-

rotic disease and choose the appropriate stent size and 
length (Fig. 62-10)

b. To carefully assess the landing zone to avoid lipid-rich plaque or 
TCFA sitting at the stent edges (Fig. 62-11)

c. To establish the presence, type, and distribution of coronary 
calcium; speckled calcification, spotty calcified nodules, circum-
ferential distribution, and thickness of calcium can be used to 
guide lesion preparation for metallic stents or bioresorbable scaf-
folds (Figs. 62-12 and 62-13)

d. To establish the 3-D anatomy and identify plaque distribution in 
complex lesion settings (e.g., bifurcation: plaque distribution 
involving the flow divider region or limited to the opposite vessel 
wall; carina characteristics: spared or involved by pathology, 
“eyebrow” carina, eventually prone to displacement and occlu-
sion of the side branch) (Fig. 62-14)

2. Immediately after stent implantation
a. To detect stent apposition and full expansion
b. To establish the full coverage of the diseased segment
c. To unmask stent distortions, edge dissections, tissue protrusion, 

and remaining thrombus
d. To determine the access to major side branches (Fig. 62-15)

3. Stent observed at follow-up
a. To disclose and measure the degree of stent strut coverage by 

tissues (quantitative analyses)
b. To assess strut coverage tissue characteristics (e.g., backscatter 

intensity) and differentiate restenosis from neoatherosclerosis 
(Fig. 62-16)

c. To discover late stent apposition, peristrut cavities, and local signs 
of toxicity in the case of a drug-eluting stent (DES) (Fig. 62-17)

d. To eventually detect causative mechanisms of stent failure and 
possibly individualize the treatment

PRINCIPLES OF STENT IMAGING
Metallic stent struts are strong reflectors of light and appear as bright 
points along the circumference of the vessel. Because light cannot 
penetrate the metallic strut, a shadow is generated behind. Therefore 

plaques. Thirteen (18.8%) of 69 lesions showed progression on angi-
ography at follow-up. Several plaque characteristics detected by OCT 
were predictive of progression: intimal laceration (61.5% in those 
plaques with progression vs. 8.9% in those without progression; P < 
.01), presence of microchannels (76.9% vs. 14.3%; P < .01), lipid pools 
(100% vs. 60.7%; P = .02), TCFA (76.9% vs. 14.3%; P < .01), macro-
phage images (61.5% vs. 14.3%; P < .01), and intraluminal thrombi 
(30.8% vs. 1.8%; P < .01). Regression analysis revealed TCFA and 
microchannel images to be strong predictors of disease progression, 
each with an odds ratio of approximately 20. The luminal diameter of 
the stenosis was not predictive of plaque progression.

Cross-sectional studies of risk stratification by OCT have also been 
published. Yonetsu and associates45 reported a study of 266 coronary 
plaques identified on angiography. A reliable measure of cap thickness 
was obtained in 188 (70.7%). The thickness of the fibrous cap was an 
independent predictor of plaque rupture, and the cutoff thickness for 
plaque rupture prediction was estimated to be less than 67 µm, in line 
with the data described by pathology.

Finally, Guo and associates performed a cross-sectional study to 
evaluate the characteristics of coronary plaques associated with coro-
nary thrombosis.46 They included 42 patients with coronary plaque 
rupture detected by OCT in 216 native coronary artery lesions. Plaques 
were divided into those with thrombus (64% of coronary plaques) and 
those without thrombus. Ruptured plaques with thrombus had signifi-
cantly thinner fibrous caps than those without thrombus (57 µm vs. 
96 µm; P = .008).

Putting all this information together, OCT can be used to evaluate 
morphologic features of atherosclerotic plaques and attempt risk-
stratification of rupture or progression according to specific morpho-
logic characteristics. However, it remains unknown which patients 
undergoing diagnostic or interventional procedures should be screened 
for early detection of high-risk plaque and which changes in therapeu-
tic management might occur after such accurate evaluation. The pos-
sibility of online synchronization of coronary angiography with OCT 
through coregistration might have a significant impact on patients and 
lesions, answering some of these questions.

Stent Assessment
Given the large number of stents implanted each year, the exceptional 
technical evolution, and the major remaining issues of stent failure  
and thrombosis, OCT plays a very significant role for immediate and 
long-term stent assessment. OCT may contribute at various stages of 
stent placement: mapping the vessel pathology before implantation, 

FIGURE 62-9	 Angiographically	silent	 ruptured	TCFA.	A,	Coronary	angiogram	displays	minimal	perivascular	contrast	at	 the	body	of	 the	 left	main	
coronary	(LM,	arrow)	and	a	significant	narrowing	at	the	ostium	of	the	left	anterior	descending	(LAD)	coronary	artery.	B,	Optical	coherence	tomog-
raphy	pullback	 technique	demonstrates	a	 large	 lumen	at	 the	 left	main	site	with	 thin-cap	fiberatheroma	(minimum	cap	 thickness	=	40	µm)	and	
multiple	plaque	ruptures	(C, D,	and	E)	involving	the	proximal	body	(arrows).	The	more	severe	lesion	at	the	LAD	ostium	had	stable	characteristics.	
F,	Three-dimensional	navigation	views	display	the	locations	of	plaque	disruptions	(arrow).	LCX,	Left	circumflex	coronary	artery.	
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manually by joining the middle point of each consecutive strut around 
the circumference48 (Fig. 62-18).

Strut Apposition
For accurate evaluation of stent apposition, the stent surface must be 
measured from the center of the stent reflection.49 Two forms of strut 
apposition exist: protruding, in which the strut boundary is located 
above the level of the luminal surface, and embedded, in which the 
strut boundary is below the level of the luminal surface.50 Incomplete 
stent apposition (ISA), synonymous with malapposition, is defined as 
separation of the strut from the lumen border by a distance greater 
than the width of the stent strut according to each stent specification.51 
ISA can be addressed at a cross-sectional level, expressed as number 
and length of consecutive cross sections with ISA together with area 
and volume measurements, or at a strut level, expressed as maximum 
distance of ISA at each strut. Acute malapposition can be readily dis-
played by OCT immediately after stent deployment, whereas the 

light reflection from the luminal surface of the metal does not provide 
a direct measurement of strut thickness. The luminal surface of the 
strut is expected to be found in the middle of the blooming, so half of 
the blooming value should be used as standard for calculation. When 
strut-level analysis is performed, the center of the luminal surface of 
the strut blooming is determined for each strut, and its distance to the 
lumen contour of the vessel wall is automatically calculated.

The monochromatic peak wavelength of the FD-OCT is differently 
reflected, refracted, and absorbed by biodegradable polymeric scaffolds 
compared with the metallic struts. Because a larger amount of the OCT 
light energy is transmitted through the polymeric struts, only part of 
it is reflected at the endoluminal and abluminal sides of the struts, 
generating a visible optical frame border. As a consequence, the vessel 
wall can be imaged through the struts without any major signs of 
attenuation, and its luminal area can be readily measured behind the 
polymeric struts. At follow-up, most of the struts are fully covered and 
embedded in the vessel wall, and the luminal area can be drawn with 
an automated detection algorithm.47 Because polymeric struts are 
accurately imaged at baseline, the device area can be obtained 

FIGURE 62-10	 Optical	coherence	tomography	(OCT)	for	lesion	preparation.	OCT	performed	before	stent	implantation	allows	one	to	map	the	exten-
sion	and	 type	of	coronary	plaque	and	 to	 immediately	plan	 the	most	appropriate	stent	selection	(i.e.,	size,	 length).	Given	 the	escalating	 role	of		
the	fully	bioresorbable	scaffold,	OCT	has	an	increasing	value	in	monitoring	the	effect	of	lesion	preparation	for	scaffold	implants.	A,	Coronary	angi-
ography	shows	a	proximal	lesion	on	the	left	anterior	descending	(LAD)	coronary	artery	after	dilation	with	a	compliant	balloon	(arrow).	B,	Corre-
sponding	 lumen	profile	display	produces	a	visual	overview	of	 the	 treated	segment	with	automatic	detection	of	minimal	 luminal	area	(MLA)	and	
lesion	length.	An	inadequate	result	of	balloon	dilation,	with	insufficient	plaque	modification,	is	displayed.	C,	Longitudinal	view	shows	the	presence	
of	calcification	at	the	MLA	site	(asterisks).	A′,	Coronary	angiography	of	the	LAD	after	additional	high-pressure	dilation	with	a	noncompliant	balloon	
(arrow).	 B′,	 Lumen	 profile	 display	 demonstrates	 sufficient	 plaque	 modification	 with	 adequate	 gain	 at	 MLA	 site.	 C′,	 Longitudinal	 reconstruction	
confirms	the	presence	of	cracks	at	calcified	plaque	without	major	dissection	(arrow);	the	vessel	is	ready	for	stent	implantation.	AS,	Area	stenosis;	
Φ,	diameter.	
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FIGURE 62-11	 Role	of	the	landing	zone	in	coronary	stenting.	Baseline	optical	coherence	tomography	of	the	culprit	vessel	in	a	patient	with	ST-segment	
elevation	myocardial	infarction	(STEMI)	was	performed	immediately	after	manual	thrombus	aspiration.	The	extent	of	the	culprit	lesion	is	shown	in	
the	 longitudinal	reconstruction	(A),	whereas	the	severity	 is	better	appreciated	in	 the	cross-sectional	view	(B).	Proximally	 to	 the	culprit	plaque,	a	
mild,	 lipid-rich	thin-cap	fibroatheroma	(TCFA,	asterisk)	is	observed	(A	and	C),	with	foamy	macrophages	bordering	the	subsurface	(high-density	
signal	 with	 sharp	 attenuation).	 After	 implantation	 of	 an	 everolimus-eluting	 stent	 (EES)	 (A′),	 a	 wide	 lumen	 was	 obtained	 at	 the	 culprit	 site	
(B′).	However,	the	proximal	edge	of	the	EES	(arrow)	landed	exactly	at	the	TFCA	(C′,	asterisk),	disrupting	the	surface.	At	9-month	elective	follow-up	
(A″),	the	EES	shows	a	perfect	result	at	the	culprit	site,	with	full	strut	coverage	and	minimal	neointima	(B″).	However,	a	high-degree	focal	restenosis	
is	visible	at	the	proximal	edge,	with	large	lipid	infiltration	masking	the	struts	underneath	(C″,	asterisk).	The	trauma	induced	by	stent	implantation	
on	a	mild	TCFA	at	the	landing	zone	(C′)	might	have	been	responsible	for	the	accelerated	neoatherosclerosis,	leading	to	significant	in-stent	edge	
restenosis	(C″).	
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FIGURE 62-12	 Calcium	detection	and	quantification	by	optical	coherence	tomography	(OCT).	Near-infrared	light	easily	penetrates	calcium,	without	
any	shadowing	(different	from	intravascular	ultrasound).	Therefore	OCT	can	be	applied	as	a	superior	imaging	tool	for	calcium	detection	and	quan-
tification,	providing	 information	on	circumferential	extension,	 thickness,	and	distance	 from	the	 luminal	surface.	Calcified	 lesions	 in	OCT	result	 in	
signal-poor	 regions	with	 sharp,	well-delineated	 borders	 visible	 in	 longitudinal	 and	 cross-sectional	 views.	A,	 OCT	 longitudinal	 reconstruction	 of	
multiple	 heavily	 calcified	 lesions.	B	 through	 F,	 Cross-sections	 provide	 information	 on	 calcium	 location,	 circumferential	 distribution,	 and	 depth.	
Superficial	spikes	of	calcium	may	protrude	into	the	lumen,	blocking	the	stent	and	making	difficult	to	progress	inside	the	coronary	arteries.	
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FIGURE 62-13	 Optical	coherence	 tomography	(OCT)	 is	used	 to	guide	 implantation	of	a	bioresorbable	vascular	scaffold	(BVS).	Plaque	 type	and	
constituents	and	lesion	preparation	may	significantly	impact	scaffold	expansion	and	nonuniform	distribution	of	polymeric	struts.	Adequate	lesion	
preparation	and	BVS	sizing	are	crucial,	because	large	malapposition	is	uncorrectable	and	excessive	overexpansion	results	in	acute	stent	disruption.	
Given	 the	ability	of	OCT	 to	 visualize	 coronary	plaques,	 side	branches,	 stent	apposition,	 expansion,	and	mechanical	 integrity,	 combined	with	a	
superb	lumen	accuracy	in	measurements,	this	imaging	technique	has	become	the	choice	for	guiding	BVS	implantation	in	complex	lesions.	A,	Coro-
nary	angiography	shows	the	target	lesion	on	the	middle	left	anterior	descending	(LAD)	coronary	artery,	without	any	evidence	of	calcification.	OCT	
longitudinal	 (B)	 and	 cross-sectional	 (C	 to	F)	 views	of	 the	 target	 lesion	after	 balloon	preparation	based	on	morphologic	 criteria	 show	calcified	
nodules	and	plaques	with	calcium	extending	for	no	more	than	one	arc	of	quadrants	(C, D,	and	F,	arrowheads).	A′,	Coronary	angiography	after	
BVS	 implantation	 on	 the	 LAD	 shows	 a	 good	 luminal	 result.	 The	 results	 at	 various	 cross	 section	 levels	 corresponding	 to	 the	 longitudinal	 view		
(B′)	display	full	strut	apposition,	even	in	the	presence	of	calcified	components	(C′	to	F′),	with	nonuniform	strut	distribution.	
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FIGURE 62-14	 Optical	coherence	 tomography	(OCT)	multimodality	views	 in	complex	 lesion	settings.	A,	Coronary	angiography	 reveals	a	severe	
stenosis	involving	the	left	main	coronary	artery	(LM).	Longitudinal	view	(B)	and	three-dimensional	reconstruction	(C)	show	the	lesion	characteristics	
(e.g.,	 large	 lipid	 content,	 asterisk)	and	extent.	 The	 LM	bifurcation	and	 the	ostia	of	 the	 left	 anterior	 descending	 (LAD)	and	 left	 circumflex	 (LCX)	
arteries	were	not	 involved	by	pathology.	No	difference	in	size	between	LM	and	the	landing	zone	for	stenting	at	 the	proximal	LAD	was	observed,	
limiting	the	risk	of	mismatch	and	vessel	dissection.	A	second	lesion	was	disclosed	by	OCT	at	the	bifurcation	with	D1.	D,	Automatic	lumen	profile	
display	makes	accurate	measurement	of	lesion	severity,	extension,	and	reference	segments	immediately	available.	AS,	Area	stenosis;	MLA,	minimal	
luminal	area;	Φ,	diameter.	
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FIGURE 62-15	 Optical	coherence	tomography	(OCT)	findings	immediately	after	stent	implantation.	A,	Distal	edge	dissection	induced	by	the	stent	
at	the	transition	between	calcified	and	lipid	plaque	components.	The	cross	section	(inset	a)	shows	an	additional	dissection	of	a	lipid-rich	plaque	at	
the	origin	of	a	side	branch.	B,	Proximal	edge	dissection	extending	for	4	mm	in	length.	The	cross	section	(b)	shows	a	tear	deeply	penetrating	into	
the	media.	C,	Stent	malapposition	caused	by	proximal	edge	distortion	(“concertina	effect”).	The	cross	section	(c)	shows	multiple	strut	layers	in	a	
single	stent	resulting	from	deformation	and	strut	fold-over.	D,	Stent	underexpansion	and	overexpansion	caused	by	tapering	of	the	underlying	vessel,	
with	nonuniform	stent	cell	expansion.	Despite	dilation	with	a	high-pressure	larger	balloon,	some	cells	remained	unexpanded	and	others	were	deformed	
and	excessively	opened	at	the	proximal	stent	site	(d).	E,	OCT	pullback	in	the	main	vessel	documents	stent	protrusion	after	treatment	of	a	side	branch	
(e).	F,	Perfect	result	of	a	stent	implantation	shows	full	stent	expansion	and	apposition	and	wide	access	to	the	side	branch	(f ).	
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FIGURE 62-16	 Angiographically	silent	detachment	of	immature	neointima	in	drug-eluting	stent	(DES).	A	62-year-old	man	was	admitted	for	stage	
revascularization	of	the	right	coronary	artery	2	months	after	percutaneous	coronary	intervention	and	DES	implantation	on	the	proximal	left	anterior	
descending	(LAD)	coronary	artery.	A,	Coronary	angiography	displays	a	perfect	result	of	the	LAD	procedure.	No	stenosis	and	a	TIMI	3	flow	grade	
were	observed.	Multimodality	OCT	 reveals	a	 long	 intimal	 flap	detached	 from	 the	stent	 strut	 surface.	B,	 Three-dimensional	 reconstruction	shows	
tissue	detachment	(arrowheads).	C,	The	 intimal	flap	 is	more	evident	 in	 the	cross-sectional	view	 from	9	o’clock	 to	3	o’clock	(arrowheads)	and	
discloses	optical	tissue	properties	of	immature	intima	formation	with	signal	attenuation	(3	o’clock	to	7	o’clock).	D,	The	detachment	is	also	seen	
in	the	longitudinal	reconstruction.	LCX,	Left	circumflex	coronary	artery;	LM,	left	main	coronary	artery.	
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FIGURE 62-17	 Optical	coherence	tomography	(OCT)	detection	of	asymptomatic	large	stent	malapposition	at	follow-up.	Long	segment	of	incomplete	
stent	apposition	(ISA)	was	discovered	by	OCT	at	the	time	of	elective	follow-up	after	implantation	of	a	drug-eluting	stent	in	a	patient	with	ST-segment	
elevation	myocardial	infarction	(STEMI).	This	finding	might	have	been	caused	by	the	underlying	characteristics	of	the	culprit	plaque	(reabsorption	
of	the	original	plaque	or	remaining	thrombus),	or	it	might	have	been	acquired	at	a	late	stage	(inflammatory	response	to	drug	or	polymer).	A,	Coro-
nary	angiography	shows	a	perfect	result	on	the	left	anterior	descending	coronary	artery	at	midterm	follow-up	(arrow).	B,	Longitudinal	view	shows	
a	long	segment	(10	mm)	of	malapposed	struts	(oval),	immediately	before	the	bifurcation	(Br).	C,	Cross	section	of	the	middistal	stent	shows	perfect	
strut	apposition	and	coverage.	D	and	E,	Cross	sections	of	the	segment	with	large	area	of	ISA	(double-headed	arrows)	show	cluster	of	malapposed	
struts,	partially	uncovered	(arrows).	F,	Cross	section	of	the	proximal	stent	shows	the	presence	of	subclinical	white	thrombus	attached	to	the	stent	
struts	(arrowheads	on	F,	circle	on	the	longitudinal	reconstruction,	B).	
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FIGURE 62-18	 Optical	coherence	tomography	assessment	enables	full	visualization	of	the	box	structure	of	the	bioresorbable	polymeric	strut,	permit-
ting	accurate	assessment	of	stent	expansion	and	malapposition	without	shadowing	of	the	underlying	pathology.	Because	a	significant	amount	of	
the	light	energy	is	transmitted	through	the	polymeric	struts,	a	visible	optical	frame	border	can	be	generated.	As	the	light	is	penetrating	the	plastic	
boxes,	 the	vessel	wall	can	be	 imaged	 through	 the	struts	without	any	major	signs	of	attenuation,	and	 its	 luminal	area	can	be	 readily	measured	
behind	the	polymeric	struts.	A,	Coronary	angiography	shows	good	result	after	 implantation	of	a	bioresorbable	vascular	scaffold	on	the	proximal	
left	anterior	descending	coronary	artery,	with	maintained	side-branch	patency.	B	 to	E,	Cross	sections	show	good	scaffold	expansion	after	 lesion	
preparation	(plaque	cracks	in	D)	and	no	edge	dissection.	F,	Automatic	lumen	profile	display	demonstrates	a	perfect	result,	with	a	minimal	luminal	
area	(MLA)	of	5.9	mm2	and	limited	residual	area	stenosis	(AS)	of	11%.	G,	Longitudinal	reconstruction	confirms	the	absence	of	residual	pathology	
at	reference	segments.	Φ,	Diameter.	
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detection of persistent or late malapposition requires comparison of 
images obtained immediately after stent implantation with corre-
sponding (sister) images at follow-up.

By using serial OCT, Ozaki and colleagues52 demonstrated that ISA 
observed at follow-up after implantation of a sirolimus-eluting stent 
was more frequently derived from acute malapposition without neo-
intimal growth, rather than acquired late due to positive vascular 
remodeling. Similar findings were reported by Inoue and associates53 
with the use of current-generation DES. Acute malapposition with a 
strut vessel distance of 380 µm or greater remained persistent more 
frequently over lipid or calcified plaque than over fibrous plaques 
(lipid, 13.4%; calcified, 18.2%; fibrous, 4.2%; lipid vs. fibrous, P = .001; 
calcified vs. fibrous, P = .02) and was associated with the presence of 
thrombi at follow-up (Fig. 62-19). Therefore the outcome was influ-
enced by both the amount of malapposition at stent implantation and 
the underlying nature of the treated plaque.

Kubo and colleagues54 showed that ISA (47% vs. 18%), dissection 
(40% vs. 16%), and tissue protrusion (58% vs. 20%) immediately after 
stent implantation are more often detected by OCT than by IVUS. With 
the systematic use of OCT in daily practice, suboptimal results includ-
ing stent malapposition, remaining thrombus, plaque prolapse, and 
edge dissection are observed more frequently than expected. Gonzalo 
and coworkers55 evaluated the reproducibility of these findings with 
OCT. The reproducibility of edge dissection, tissue prolapse, in-stent 
dissection, and strut malapposition detected by OCT was 100% (κ = 
1.0). However, minor abnormalities detected by OCT might not always 
require additional treatment. Kawamori and associates56 studied such 
abnormalities immediately after stent implantation and at follow-up. 
In most cases, limited stent malapposition, plaque prolapse, or minor 
edge dissections substantially improved or resolved at follow-up.

A comprehensive analysis of OCT edge dissections was recently 
reported by Chamié and colleagues.57 Qualitative and morphometric 

assessments at the stent edges revealed that the dissections were fre-
quently associated with remaining plaques (TCFA and lipid-rich 
lesions) at the landing zone and with the technique of implantation, 
suggesting some geographic mismatch as the main causative factor. 
They concluded that dissections with longitudinal length less than 
1.75 mm, fewer than two concomitant flaps, a flap depth of less than 
0.52 mm, and a flap opening of less than 0.33 mm and not extending 
into the media have favorable outcomes and can be left untreated. 
Similar findings were reported by Radu and coworkers58 using serial 
OCT after DES implantation to assess the morphology, healing 
response, and clinical outcomes of angiographically silent OCT edge 
dissections. Angiographically silent dissections were not associated 
with acute stent thrombosis or restenosis during follow-up of up to 1 
year, and in almost all cases resulted in a complete sealing (Fig. 62-20).

On the other hand, Prati and colleagues59 reported a clinical benefit 
of OCT guidance in correcting stent abnormalities by optimizing deci-
sions during PCI (the Centro per la Lotta contro o’Infarto-Optimisation 
of Percutaneous Coronary Intervention [CLI-OPCI] study). The addi-
tion of adjunctive information obtained by OCT resulted in signifi-
cantly lower 1-year cardiac mortality (1.2% vs. 4.5%; P = .010), 
combination of cardiac death and MI (6.6% vs. 13.0%; P = .006), and 
combination of all composite major adverse cardiac events (9.6% vs. 
14.8%; P = .044).59

Strut Coverage
Histopathology obtained from autopsy cases highlights delayed healing 
and incomplete endothelial coverage as predictors of late stent throm-
bosis after DES implantation. Unlike BMS, which develop circumfer-
ential coverage with an average thickness of 500 µm or more, easily 
measured by IVUS and angiography, the smaller amount of neointimal 
growth after DES implantation is largely under the limit of resolution 
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FIGURE 62-20	 Optical	 coherence	 tomography	 (OCT)	 use	 in	 bifurcation	 lesions.	 Corresponding	 coronary	 angiography	 and	 OCT	 findings	 after	
implantation	of	a	provisional	stent	on	the	left	anterior	descending	coronary	artery	across	the	D1	bifurcation.	A,	Angiography.	A	linear	defect	was	
encroaching	the	ostium	of	the	first	diagonal	artery	(white	arrow),	and	a	hazy	area	was	observed	at	the	distal	stent	edge	(yellow	arrow).	B,	Three-
dimensional	OCT	reconstruction	provides	additional	insights	in	the	presence	of	ambiguous	angiographic	imaging.	In	this	case,	a	linear	dissection	
involved	the	ostium	of	the	side	branch	(white	arrow),	without	obstructing	the	lumen,	whereas	the	haziness	at	the	distal	stent	edge	was	caused	by	
a	longer	dissection	extending	for	more	than	4	mm	longitudinally	(yellow	arrow).	An	adjunctive	stent	was	implanted	to	correct	this	edge	dissection.	
No	additional	treatment	was	done	at	the	bifurcation.	C,	Superficial	dissection	flap	(white	arrow)	at	the	ostium	of	D1.	D,	Distal	stent	edge	dissection	
deeply	penetrates	 into	 the	media	(yellow	arrow)	due	 to	 incomplete	coverage	of	a	fibrocalcific	plaque	at	 the	 landing	zone	(Ca++)	with	additional	
stent	malapposition	(asterisk).	
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FIGURE 62-19	 Stent	implantation	during	primary	percutaneous	coronary	intervention:	detection	of	acute	malapposition.	A,	Coronary	angiography	
after	stent	implantation	in	a	patient	with	ST-elevation	myocardial	infarction	(STEMI).	A	perfect	angiographic	result	is	seen	at	the	culprit	site	in	the	
proximal	right	coronary	artery,	with	restored	coronary	patency.	B,	Optical	coherence	tomography	(OCT)	longitudinal	reconstruction	confirms	a	wide	
lumen	but	reveals	a	large	malapposition	at	the	proximal	stent	edge,	extending	for	5	mm	(white	arrows).	C	to	G,	OCT	cross-sectional	views	dem-
onstrate	full	coverage	of	a	thin-cap	fibroatheroma	(D,	asterisk),	some	plaque	protrusion	at	the	culprit	site	(E,	asterisk),	and	a	large	proximal	edge	
malapposition	undetected	by	angiography	(F	and	G).	The	malapposition	extends	for	almost	the	entire	stent	circumference,	with	an	area	of	malap-
position	greater	than	3	mm2	(F,	double	arrowhead).	
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of these imaging techniques.60 Preclinical studies have demonstrated a 
close degree of correlation between OCT, light microscopy, and SEM 
in detecting coverage in DES.2 In particular, all struts completely 
covered by FD-OCT were also fully covered by SEM.

The time course of tissue coverage after stent implantation is differ-
ent according to stent type. In BMS, normal neointima was observed 
in all cross sections 6 months after stent implantation. In contrast,  
at a later phase during an extended period of 5 years or longer,  
neointima undergoes various OCT signal changes with increase neo-
vascularization, late lipid infiltration up to plaque disruption, and 
eventually, thrombus formation.60 In DES, OCT performed at different 
time points demonstrated a higher rate of uncovered stent struts com-
pared with BMS, ranging from 15% at 3 months to 5% at 2 years, and 
a higher degree of heterogeneity in coverage.61,62 However, different 
DES devices have different rates of coverage and uneven neointima 
response, possibly related to the polymer characteristics and specific 
drug kinetics.63 Paclitaxel-eluting stents (PES) implanted in patients 
with STEMI resulted in a significantly higher rate of uncovered and 
malapposed struts compared with BMS,64 but in the same setting, a 
similar vascular response to BMS was observed with first-generation 
zotarolimus-eluting stents (ZES).51 Despite the fact that neointimal 
coverage in DES may progress overtime, previous midterm OCT 
studies have shown that uncovered stent struts in first-generation DES 
decreased but did not disappear in 6 to 12 months.62 More recent OCT 
data on current-generation DES (biolimus- and everolimus-eluting) 
has shown less heterogeneity, a higher degree of coverage, and a low 
rate of malapposition compared with first-generation DES across all 
indications, including STEMI, supporting the better-observed clinical 
outcome.46,53,63,65

The optimal time for assessing DES coverage remains to be defined. 
Early assessment of strut coverage can involve the more difficult sepa-
ration between fibrin and neointima tissues. Optical density of stent 
strut coverage, measured with novel OFDI, revealed that fibrin-covered 
struts had lower signal density than mature neointima tissue. Densi-
tometry analysis may be a promising method for characterization of 
early stent tissue coverage. Conversely, longer time intervals (6 to 13 
months) might be more useful for measuring the advanced rate of  
strut coverage and the accelerated progression of the lesions.66 The 
extent of strut coverage has been used as a surrogate variable of 
outcome in numerous OCT trials. However, the clinical relevance of 
measuring the completeness of stent coverage has not been fully dem-
onstrated. Although this parameter may provide prognostic informa-
tion, it is not clear how patient management might be changed or 
outcomes improved by this analysis. In any case, strut coverage must 
be interpreted with caution because OCT cannot detect endothelial 
cells or their functionality. Further, the composition of the material 
covering stent struts (whether cellular or noncellular in nature) remains 
incompletely addressed by current-generation OCT.

ANALYSIS OF STENT FAILURE

In-Stent Restenosis
OCT provides an in vivo characterization of the tissue involved in 
in-stent restenosis (ISR). Gonzalo and colleagues67 evaluated the mor-
phologic characteristics of ISR by OCT in 24 patients (DES, 84%; BMS, 
16%). The ISR tissue was classified based on optical pattern character-
istics (homogeneous, heterogeneous, or layered), signal backscatter 
(high vs. low), presence and type of microvessels (peristruts vs. intrain-
timal), lumen shape (regular vs. irregular), and presence of abnormal 
intraluminal material. Tissue structure was layered in 52%, homoge-
neous in 28%, and heterogeneous in 20%. The predominant optical 
pattern was backscattering, found in 72% of cases. This classification 
has been adopted in studies addressing OCT findings and treatment 
of ISR.

The OCT studies assessing ISR were able to detect a new pathologic 
entity of late stent failure, neoatherosclerosis. The current concept and 
knowledge of in-stent neoatherosclerosis evolved quite recently, based 

on accurate pathologic and OCT tissue assessment.68,69 Neoatheroscle-
rosis is recognized by pathology as clusters of lipid-laden foamy mac-
rophages within the neointima, with or without necrotic core formation, 
neovessels, and microcalcifications. Pathology and OCT studies have 
demonstrated that neoatherosclerosis is more common and occurs 
earlier in DES compared with BMS, with significantly more TCFA.69-71 
Despite the outstanding details provided by FD-OCT, current systems 
may be limited as to proper evaluation of the entire spectrum of quali-
tative characteristics of the neointima. Consequently, the definitions of 
lipid-laden neointima used in OCT publications may differ, from a 
signal-poor region with invisible struts to neointima with a diffuse 
border and high-attenuation signals.72 Intraintima neovascularization 
or calcification or both were frequently observed by OCT in presence 
of neoatherosclerosis.73,74 Sometimes, neointima with echolucent 
layers75 mimics or partially overlaps advanced OCT patterns of neo-
atherosclerosis (Fig. 62-21).

Characterization of neoatherosclerosis by OCT also provides some 
prognostic data and is useful to guide the most appropriate therapeutic 
strategy for patients with stent failure. Indeed, neoatherosclerosis, char-
acterized by a large amount of lipid and TCFAs, frequently manifests 
with an acute coronary syndrome and is associated with more peripro-
cedural myocardial infarction.71 Therefore the soft composition of neo-
atherosclerotic tissue detected by OCT may suggest a different treatment 
strategy compared with the fibrotic tissue of conventional ISR.76

Stent Thrombosis
One of the most useful clinical applications of OCT is in the evaluation 
and treatment of stent thrombosis, which remains a potential life-
threatening complication after stent implantation. Through better 
mechanistic understanding of the processes involved, OCT allows tai-
lored and more effective treatments of stent thrombosis. OCT may 
differentiate the presence of stent under expansion, malapposition, 
aggressive ISR, neoatherosclerosis, and the degree of stent coverage, 
identifying the main causative factors and bystanders. In a small-scale 
OCT study comparing patients with subacute stent thrombosis with 
those with an uneventful course (controls), a smaller MLA was 
observed in patients with stent thrombosis, with the MSA preferen-
tially located at the thrombus site.77 Guagliumi and associates78 assessed 
with OCT 18 consecutive cases of late and very late stent thrombosis. 
Stent malapposition was observed in 78% of all cases, with a maximal 
area of malapposition significantly greater than in the uneventful 
matched controls. Patients with stent thrombosis also showed a signifi-
cantly higher percentage of uncovered struts and a higher number of 
sections with greater than 30% uncovered struts. The length of the 
segment with consecutive uncovered struts was the only OCT predic-
tive factor for stent thrombosis at multivariate analysis. Kang and col-
leagues79 demonstrated in a series of 33 patients with very late stent 
thrombosis that neoatherosclerosis was the primary mechanism in 
70% (median time from initial stent implantation to stent thrombosis, 
62 months), whereas malapposition was observed in only 25%.

Very large cohorts of patients with stent thrombosis have been 
prospectively recruited since 2011 at the European level with a multi-
modalities approach that includes OCT, blood platelet function, and 
genetic information collected at the time of stent thrombosis. OCT was 
used during the acute phase of stent thrombosis, immediately after 
thrombus aspiration, to differentiate the main mechanism implicated 
and possibly provide the most appropriate treatment (Fig. 62-22). The 
Prevention of Stent Thrombosis by an Interdisciplinary Global Euro-
pean Effort (PRESTIGE) project, supported by a grant of the European 
Union Community (FP7-Seventh Health Program, Health 201o.2.4.2-
1, Reducing in-stent thrombosis) has been completed, and the final 
results will be available in late 2015.

BIORESORBABLE VASCULAR SCAFFOLDS
The bioresorbable vascular scaffold (BVS) represents a breakthrough 
innovation in the treatment of coronary artery disease. Because the 
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and constituents, plaque burden, and lesion preparation may have 
significant effects on scaffold expansion, including nonuniform strut 
distribution (see Fig. 62-23). In addition, the reduced device expand-
ability with first generation BVS (dilation after implantation is limited 
to a 0.5-mm larger balloon) requires an accurate matching between 
scaffold size and the reference vessel, because large malapposition is 
uncorrectable and overexpansion can cause acute scaffold disruption. 
In dealing with long and diffuse disease, implantation of multiple BVS 
may be required. Because of the thickness of the current scaffolds, 
overlap implantation should be avoided. In this setting, OCT provides 
unique details of the actual position of the two platinum markers, the 
only visible part of the scaffold (Fig. 62-24).

Despite the reassuring safety data of BVS reported in trials, some 
concern has recently been addressed by registries regarding the real-
world rate of stent thrombosis. A large European multicenter registry, 
the Gauging coronary Healing with biOresorbable Scaffolding plaT-
forms in EUrope (GHOST-EU) registry,81 including 1189 patients 
treated with BVS, reported a cumulative incidence of definite or 

strut is completely absorbed, fully biodegradable stents can provide 
short-term vessel scaffolding of the coronary lesions without perma-
nent implantation, restoring vessel anatomy and vasomotion tone in a 
reasonable time.80 OCT has a major role in assisting BVS technology 
development and in vivo proof of concept. Serial OCT assessment of 
the vascular response to BVS implantation demonstrates complete 
strut reabsorption at 3 to 5 years, with an increase of scaffold area 
compensating for the increase of the neointima. As a consequence, an 
unchanged lumen area has been reported between 1 and 3 years. The 
amount of coverage seems to be related to the local shear stress after 
implantation, highlighting the critical role of optimal stent expansion 
to avoid persistent malapposition and speed the healing of thicker 
struts (Fig. 62-23).

Current BVS have a large crossing profile (1.4 to 1.5 mm), thicker 
struts (approximately 160 µm), less radial force, and less radiopacity 
compared with last-generation DES. Therefore BVS implantation, par-
ticularly in the setting of a complex lesion, can provide advantages 
through the use of high-resolution imaging techniques. Plaque type 

FIGURE 62-21	 Late	stent	thrombosis	due	to	advanced	neoatherosclerosis.	A	63-year-old	man	previously	treated	with	two	paclitaxel-eluting	stents	
on	left	circumflex	obtuse	marginal	(LCx-OM)	coronary	arteries	was	admitted	3	years	later	for	a	non–ST-elevation	myocardial	infarction	(NSTEMI).	
A,	 Coronary	 angiography	 after	 thrombus	 aspiration.	 Three-dimensional	 (B)	 and	 longitudinal	 (C)	 optical	 coherence	 tomography	 views	 display	
multiple	 in-stent	segments	 infiltrated	by	 lipid-laden	neointima	(i.e.,	neoatherosclerosis)	(ovals).	Cross	sections	substantiate	 the	heterogeneity	of	
the	vascular	response,	showing	coexisting	sections	of	 lipid-rich	plaques	(D, E,	and	H),	signals	of	 foamy	macrophage	accumulation	(D, E,	and	
H,	arrows),	and	uncovered	stent	struts	(F	and	G,	asterisks).	
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FIGURE 62-22	 Very	late	stent	thrombosis	due	to	stent	malapposition.	Multiple	second-generation	drug-eluting	stents	(DES)	were	implanted	in	partial	
overlap	 to	 treat	an	occluded	 left	descending	coronary	artery	during	an	anterior	ST-elevated	myocardial	 infarction	(STEMI).	The	patient	 remained	
asymptomatic	for	4	years	and	continued	to	take	aspirin.	He	was	urgently	rehospitalized	due	to	a	recurrent	anterior	STEMI.	A,	Three-dimensional	
optical	 coherence	 tomography	 (OCT)	 pullback	 image	 obtained	 after	manual	 thrombus	 aspiration	 identified	 an	 in-stent	 thrombotic	 lesion	 at	 the	
proximal	stent	segment	(arrow).	B,	Long	view	reconstruction	shows	an	overall	uniform	and	good	stent	expansion,	no	significant	neointimal	tissue,	
and	good	coverage	with	the	exception	of	a	short	proximal	segment	where	thrombus	was	deposited.	C,	OCT	cross-sectional	view	at	that	level	reveals	
a	cluster	of	grossly	malapposed	and	uncovered	struts	(asterisk)	with	large	remaining	thrombus.	D,	Coronary	angiography	after	manual	thrombus	
aspiration	shows	a	small	filling	defect	corresponding	to	the	site	of	occlusion	(arrow).	Large	malapposition	associated	with	lack	of	coverage	was	
identified	as	the	causative	mechanism	in	this	case	of	late	DES	thrombosis.	OCT	proved	that	large	malapposed	and	uncovered	struts	may	remain	
asymptomatic	for	years,	then	suddenly	precipitate	stent	thrombosis	in	the	presence	of	a	trigger	thrombogenic	factor	despite	aspirin	prophylaxis.	
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FIGURE 62-23	 Acute	and	follow-up	evaluation	of	bioresorbable	vascular	scaffolds	(BVS).	Current	BVS	have	a	large	crossing	profile,	thicker	struts	
(approximately	160	µm),	and	less	tensile	strength	compared	with	last-generation	drug-eluting	stents	(DES).	This	device	is	not	recommended	for	
lesions	that	cannot	be	adequately	prepared	because	of	the	presence	of	calcification.	Less	symmetry	of	strut	distribution	can	be	acutely	observed	
in	the	presence	of	calcium	(A).	Optical	coherence	tomography	(OCT)	identifies	different	plaque	components	and,	through	optimal	lesion	prepara-
tion,	may	prevent	nonuniform	strut	distribution	(B	to	D).	Given	the	thicker	struts,	BVS	coverage	is	more	sensitive	to	local	shear	stress	after	implan-
tation.	Complete	apposition	at	implantation	allows	substantial	polymer	strut	coverage	even	at	3	months’	follow-up	(A′, B′, C′, D′).	
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be useful in assessing the immediate results of different mechanical and 
pharmacologic interventions.

Bifurcation lesions and related stent procedures are actively inves-
tigated with OCT because of the limited accuracy of angiography in 
detecting complex anatomy at the branching points. OCT performed 
before the procedure can provide unique data on carina type, plaque 
distribution, and accumulation at flow divider. In bifurcation, OCT was 
able to identify the proximal rim at the ostium of the side branch as a 
region more likely to contain TCFA.83,84 After stent placement, OCT 
may reveal incomplete strut apposition, guiding distal cell recrossing 
in bifurcation stenting to reduce malapposition and stent deformity.85 
The new generation of dedicated stents for bifurcation lesions and the 
fully resorbable polymeric stent implanted across a branch may present 
additional reasons for investigation by OCT (Fig. 62-25).

USE OF OCT IN NONCORONARY ARTERIES
The ability of OCT to characterize the nature of atherosclerotic plaque 
can be expanded to the assessment of the carotid and peripheral vas-
culature. OCT was tested for possible use in the detection of carotid 
stenosis and to distinguish between stable and advanced atheroscle-
rotic plaques.86 Meissner and colleagues87 studied the role of OCT in 
ex vivo peripheral vascular diseases, showing morphometric findings 
comparable with those reported in coronary arteries.87 Although the 
evidence for OCT application in carotids and peripheral arteries is still 
missing, FD-OCT with suitable imaging elements offers greater tissue 
penetration at distance and may represent a promising technology for 
future vascular medicine.

probable scaffold thrombosis of 1.5% at 30 days and 2.1% at 6 months, 
with 16 of 23 cases occurring within the first 30 days. These data high-
light the adjunctive role of high-resolution imaging techniques to get 
a more in-depth understanding of BVS procedures when used in 
lesions of increased complexity.

PROMISING CLINICAL APPLICATIONS IN STENTED 
CORONARY LESIONS

The use of OCT in PCI and in patients with stents has been demon-
strated to be safe and effective for providing additional information. 
However, the benefit of OCT guidance in complex coronary interven-
tions is not fully understood or yet documented. Nevertheless, at least 
three major clinical settings that hold the highest risk of PCI failure 
and negative outcome might reap large benefits from the immediate 
use of OCT: late and very late stent thrombosis, recurrences of ISR, 
and complex bifurcation requiring advanced operative techniques.82

In late stent thrombosis, OCT may detect and measure the rate and 
distribution of uncovered and malapposed struts, the heterogeneity of 
the in-stent vascular response, and eventually the formation of de novo 
atherosclerotic lesions within the stented segment. In addition in this 
setting, OCT permits quantification of the completeness of thrombus 
removal after manual or mechanical thrombus aspiration and may 
eventually suggest additional antithrombotic treatments. Because of 
the small size of the tip of hydrophilic coating catheters, OCT may 
easily reach and cross difficult lesions, including severe ISR. Various 
patterns of ISR have been demonstrated, suggesting possible different 
tissue components to guide tailored therapy. In this context, OCT can 

FIGURE 62-24	 Optical	coherence	tomography	(OCT)	allows	precise	side-by-side	positioning	of	the	BRS.	A,	Three-dimensional	OCT	reconstruction	
after	BRS	implantation.	The	blue	dotted	line	represents	the	side-by-side	position	of	the	two	stents.	The	white	arrows	indicate	the	distal	markers	of	
the	proximal	stent	and	the	proximal	markers	of	the	distal	stent.	The	yellow	arrows	indicate	the	proximal	markers	of	the	proximal	stent	and	distal	
markers	of	 the	distal	 stent.	B,	 Angiogram	depicts	 the	 stented	 segment	during	 implantation.	 The	white	arrows	 indicate	 the	distal	markers	of	 the	
proximal	stent	and	the	proximal	markers	of	the	distal	stent.	The	yellow	arrows	indicate	the	proximal	markers	of	the	proximal	stent	and	distal	markers	
of	the	distal	stent.	C,	Coronary	angiography	showing	the	BRS	and	final	result.	
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it has the potential to significantly impact physicians’ and researchers’ 
understanding of coronary artery disease in order to better diagnose 
and treat substantial components.

FUTURE OF OCT
Some expected advances in intravascular OCT technology are 
improved imaging speed and usability, automated image classification 
and enhanced visualization, incorporation of alternative optical con-
trast sources, and OCT-combination devices.

Improvements in light-source sweep rates will enable faster rota-
tional and pullback rates and provide physicians with the ability to 
capture a high-density scan of the entire coronary artery between 
consecutive heartbeats, minimizing motion artifacts and reducing 
further the volume of contrast injected to displace blood during image 
acquisition. Clinical usability of OCT systems will be improved by 
features such as robust catheter autocalibration, debris-insensitive con-
nectors, self-synchronizing flush and acquisition, and integration with 
existing catheter laboratory systems and networks.

Advanced image processing algorithms will be developed to classify 
tissue types and automatically detect in 3-D display features of interest 
such as the shape of the vessel lumen, stent strut malappostion, and 
thrombi deposition. The longitudinal position between the reference 
and where the cross-sectional area is smallest (MLA) will be found 
automatically. The algorithm will recognize and avoid residual blood, 
guidewire reflections, and other structures that may appear to be part 
of the vessel wall. Interpolation across side branches will be accom-
plished by imposing continuity of the inner surface of the vessel across 
neighboring frames. Volume coregistration with IVUS, angiography, 
computed tomography, or previous OCT data sets will lead to better 
four-dimensional visualization of pathology and interventional guid-
ance and feedback.

UPCOMING TECHNOLOGIES
Despite advantages in intracoronary imaging technology, angiography 
is the only tool available at the very time point of stent placement. 
Translating a desired implantation location, obtained from OCT data, 
to the angiogram could result in better immediate and long-term out-
comes. To avoid the difficulties in matching the geographic position of 
the cross-sectional OCT images on angiography, an angiography with 
OCT coregistration system has been proposed. The basic principle of 
this system consists of tracking the radiopaque lens marker of the OCT 
catheter on cine, acquired during the OCT pullback. It offers the pos-
sibility to directly display a matched side-by-side view of OCT and 
angiography in the catheterization laboratory. Instant precise auto-
matic measurements provide the data necessary to guide stent selec-
tion and positioning. Stent implantation based on accurate device 
sizing and its positioning, which in turn is based on vessel wall mor-
phology, could result in potential benefit for clinical outcome.88

FD-OCT allows the acquisition of spectroscopic data and polariza-
tion, Doppler, and other imaging modes for plaque characterization.89 
Interpretation of current images is limited to the evaluation of gray-
scale signals and identification of individual plaque components that 
requires individual experience. The application of a postprocessing 
color-coding software-based algorithm on analysis of either spectral 
OCT backscattered data or other optical tissue properties should 
improve the characterization of atherosclerotic coronary plaques and 
provide a more objective assessment. Moreover, Tearney and col-
leagues reported on a new type of micro-OCT that enables imaging  
of the 3-D microstructure; this outstanding level of resolution may 
dramatically improve evaluation of lesion vulnerability and the TCFA 
approaching the rupture. Also, OCT identification of plaque cellular 
components, such as inflammatory cells, is likely to be improved by 
3-D microstructure visualization.90 When FD-OCT is fully exploited, 

FIGURE 62-25	 Optical	coherence	 tomography	use	 in	bifurcation	 lesions.	Treatment	of	coronary	bifurcation	 lesions	 is	challenging	because	of	 the	
risk	of	jailing	or	occluding	major	side	branches.	Plaque	distribution	and	distinctive	characteristics	of	the	carina	(i.e.,	spared	or	involved,	morphol-
ogy)	play	a	major	role	 in	complications.	The	eyebrow	carina,	even	spared	from	pathology,	may	shift	 toward	the	side	branch	during	provisional	
stenting,	obstructing	 the	ostium.	Guidewire	protection	of	 the	side	branch	 is	mandatory	 in	 the	case	of	an	elongated	carina.	Longitudinal	(A)	and	
three-dimensional	(A′)	reconstructions	before	stent	implantation	show	the	eyebrow	carina	at	the	bifurcation	level	(straight	arrows).	B	and	B′,	The	
same	vessel	after	stent	implantation	demonstrates	the	shifting	of	the	carina	to	obstruct	the	side	branch	(curved	arrows).	
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CONCLUSIONS
OCT enables real-time, full tomographic, in situ visualization of  
vessel microstructure with a unique high axial resolution. Previously 
unrevealed details on atherosclerotic plaque architecture and stent  
vascular response can be easily observed and quantified and would 
accelerate the understanding of coronary artery disease formation and 
treatment. Advances in the technology of FD-OCT have improved the 
ease of use and broadened the application of OCT from a research 
diagnostic tool toward an established technique for guiding coronary 
procedures.
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To provide functional information and a wider range of classifiable 
tissue types, future OCT systems will incorporate alternative optical 
approaches such as polarization sensitivity, Doppler/phase sensitivity, 
and spectral sensitivity to both endogenous and exogenous sources of 
contrast (spectrally tunable optical nanoparticles). Other intravascular 
diagnostic devices that provide complementary information, such as 
ultrasound, absorption spectroscopy, fluorescence spectroscopy, and 
Raman spectroscopy, may be engineered to reside alongside OCT in 
the same catheter probe. IVUS and OCT imaging with a single catheter 
may enable visualization of tissue microstructure in superficial layers 
of the artery wall at the same time as the deeper layers of the artery for 
evaluation of plaque burden and vessel remodeling. The combination 
of OCT with near-infrared, Raman, or other spectroscopic techniques 
may improve discrimination among tissue constituents in complex 
atherosclerotic lesions and allow for detailed analysis of the cellular 
and biochemical composition of TCFA lesions for vulnerable plaque 
detection.

Concurrent data collection from these modalities will dramatically 
expand the structural and functional information available to the car-
diologist and should guide development and clinical use of novel car-
diovascular therapies.
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New and expensive medical technologies and treatments have con-
tributed to the steady increase in health care costs.1 The past 10 

years have witnessed an expansion in the diagnostic and therapeutic 
tools used in coronary interventions and the introduction of catheter-
based interventions for noncoronary cardiac conditions.

Although percutaneous coronary intervention (PCI) remains a 
common major medical procedure in the United States, data suggest 
that the volume of PCIs is declining or expected to grow minimally in 
the near future.2-4 However, there is significant expansion in the volume 
of noncoronary interventions, including those for peripheral arterial 
and structural heart diseases, and a concomitant increase in the 
involvement of interventional cardiologists in these procedures.5

Understanding basic concepts of medical economics has become a 
necessity because of changes in the field, an aging population, and 
limitations on resources and reimbursements engendered by the 
Patient Protection and Affordable Care Act. This chapter provides an 
overview of medical economics and evaluates the economics of various 
aspects of interventional cardiology.

MEDICAL ECONOMICS: CONCEPTS AND METHODS
A fundamental concept of economics is that resources are limited and 
can never satisfy all societal wants. When resources are used for health 
care, they are unavailable for other uses, such as education, infrastruc-
ture, and the environment. Cost is more than money required to 
provide a particular good or service; it is an opportunity cost that rep-
resents the consumption of the society’s resources required to produce 
a good or service that could have been used for other purposes.1

Because opportunity cost remains a fundamental concept rather 
than a real measurement tool, other metrics for cost are necessary. The 
typical accounting price that is used in the regular market, which adds 
a reasonable amount of profit to the cost of production, is not clearly 
applicable in the U.S. medical field due to cost shifting of many other 
expenses, such as bad debts, rejected payment by third parties, and fees 
for services, including employee salaries, cost of maintenance, and 
expansion of services.6 Because the addition of cost-shifting fees dis-
torts the relationship between U.S. medical charges and medical 
resource consumption, the charges should not be used as a surrogate 
for medical costs in research and policy evaluations.6

Other cost concepts used in medical economics include average 
cost, marginal cost, incremental cost, induced cost, and indirect cost. 
Average cost is overall cost per unit; it is the total cost divided by the 
total number of units of production. Marginal cost is the cost of pro-
ducing one additional (or one less) unit of product, such as a PCI or 
coronary bypass operation. It excludes costs that do not vary as a direct 
function of production (i.e., fixed costs), such as the cost of the inter-
ventional laboratory or operating room facilities.

Incremental cost is the extra cost associated with an expansion in 
activity of a given service. Incremental cost is particularly useful in 
focusing on the costs of shifting groups of patients from one diagnostic 
or therapeutic strategy to another, and it is essential in economic evalu-
ations. For example, when a hospital is starting a transcatheter aortic 
valve replacement (TAVR) program, the incremental cost adjusts for 
the cost of hiring specialists who perform this procedure or training 
an existing interventional cardiologist, hiring a TAVR coordinator, 
training the catheter laboratory staff about the procedure, and new 
equipment for or adjustment to the existing catheter laboratory or 
operating room.

Induced cost (or savings) is the cost of the tests or therapies added 
or averted as a consequence of an initial management decision or 
resource use, or both. For example, interventions that may cause more 
complications increase the use of resources, whereas an intervention 
that decreases complications or resource use may reduce (save) cost.6

Medical Economics Terminology
Overall economic evaluations provide vital information to decision 
makers on the inputs and outcomes of a health or medical intervention 
compared with available alternatives.7 These analyses build on the 
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•	 Three	forms	of	full	economic	evaluations	that	do	not	assume	
equivalence	of	health	outcomes	are	cost-effectiveness	analysis	
(CEA),	cost-utility	analysis	(CUA),	and	cost-benefit	analysis	(CBA).

•	 CEA	and	CUA	are	widely	used	to	decide	whether	a	medical	
intervention	is	economically	attractive;	CBA	is	used	much	less	
often	for	this	purpose.

•	 CEA	and	CUA	assess	the	incremental	costs	for	a	therapy	or	
strategy	to	produce	an	incremental	unit	of	health	benefit.

•	 Health	benefits	are	traditionally	assessed	as	the	number	of	added	
life	years	or	quality-adjusted	life	years.

•	 Costs	and	benefits	are	usually	assessed	for	a	designated	period,	
typically	a	lifetime	time	horizon	that	requires	assessing	future	costs	
and	health	benefits.

•	 Future	costs	and	health	effects	are	commonly	weighted	in	relation	
to	the	time	at	which	they	occur,	and	they	usually	receive	less	
weight	than	current	ones.

•	 Three	types	of	medical	cost	studies	are	cost-effectiveness	
simulations	using	Markov	models,	observational	studies,	and	
randomized	controlled	trials.

•	 Although	a	scientific	approach	demands	use	of	cost-effectiveness	
acceptability	curves	when	assessing	whether	a	treatment	is	
cost-effective,	thresholds	may	be	used	when	policy	makers	seek		
a	benchmark	with	which	to	evaluate	treatments	and	studies.

S E C T I O N  VII OUTCOME EFFECTIVENESS OF  
INTERVENTIONAL CARDIOLOGY
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potential cost savings. Second, due to the complexity of the instruc-
tions for reporting to the CMS, hospitals may choose to interpret the 
instructions differently, which results in significant variability in 
uncovering the hospital’s actual cost of providing care. Third, the RCCs 
are an average of all cost-charge relationships within a large hospital 
revenue (ancillary) center such as the radiology, pharmacy, or labora-
tory departments, and the Medicare RCCs may not be particularly 
accurate in converting these charges to costs if the individual patient’s 
resource consumption is not averaged appropriately. The RCC method 
is limited to hospitals using standardized methods of billing, which are 
applicable to most U.S. hospitals but no hospitals outside the United 
States, and it requires access to patients’ bills. Physician costs are not 
included in this approach.6

The second approach depends on calculating the hospital and inter-
vention costs from reimbursement rates for DRGs reported to the CMS 
by hospitals. This approach also has limitations. First, it is not sensitive 
to variations in resource-use intensity within a DRG because DRG 
reimbursement rates represent the average cost for a particular diag-
nosis or procedure among all patients in that DRG. Second, the CMS 
decides in many cases not to increase reimbursement to cover the costs 
of a new technology, and the cost of new technologies may therefore 
not be reflected in the DRG.6 However, this approach does not require 
collection of hospital bills, and with some assumptions, it can be 
applied to any hospitalization in any health care system, which simpli-
fies its use. By assigning DRGs to hospitalizations within studies when 
DRGs from hospital bills are not available, this approach can be used 
for international studies. Assigning costs to a DRG for hospitalization 
in international studies is complicated and controversial.6,10

Many studies estimate costs by counting only big-ticket items used, 
such as the number of diagnostic cardiac catheterizations, PCIs, or 
coronary artery bypass grafting (CABG) procedures; days in the inten-
sive care unit (ICU); and total hospital length of stay. A unit price is 
then assigned to each item. The resulting linear formula (total cost ≈ 
Σ price × quantity) is simple and inexpensive to use, which make it 
desirable in clinical research.

The approach also has some significant disadvantages. First, the 
source of cost weights is often acquired from available unrelated eco-
nomic sources external to the resource data being analyzed, and it is 
therefore of uncertain quality. Second, the appropriate set of big-ticket 
items necessary to estimate costs accurately by this method has never 
been rigorously defined. For example, some studies, especially multi-
center clinical trials, may use the more easily obtained total hospital 
length of stay instead of defining specific ICU and non-ICU hospital 
lengths of stay, which may be more representative of accurate costs. 
Third, most studies treat big-ticket items similarly to preserve the 
desired simplicity, although they are not necessarily homogeneous. For 
example, by using payments according to the DRG, an uncomplicated, 
single-vessel PCI would typically be assigned the same price as a 
complex, three-vessel PCI or complex graft intervention that was com-
plicated by abrupt closure, but the true costs of these procedures are 
substantially different.6

Evaluation of Physician Costs
Physician costs are estimated by one of two approaches. The first 
approach depends on acquiring the fee-for-service bills from physi-
cians’ offices. This approach has several limitations. First, most patients 
receive services from several physicians, and collecting bills from many 
offices is a far more complicated process than collecting hospital bills. 
Second, due to multiple services with different costs and reimburse-
ments in physicians’ offices, cost shifting is used to cover unreimbursed 
and underreimbursed services without the detailed report of real costs 
that is required by hospitals when they practice cost shifting. Using 
fee-for-service bills does not accurately reflect the true market price 
for physician services.6

To overcome the limitation of using physicians’ bills, another 
approach was proposed by using the Medicare Fee Schedule based on 
the resource-based relative-value scale (RBRVS).11 The RBRVS ties the 
price of a service to the long-term cost of providing that service. 

results of clinical effectiveness studies but go beyond them to include 
a broader view of clinical, humanistic, and economic outcomes.8

Clinical outcomes are medical events that are considered meaning-
ful by medical professionals. Humanistic outcomes include a broad 
array of intangible personal attributes, typically self-reported by 
patients, such as quality of life and spiritual well-being.7 Economic 
outcomes represent the consumption and production of resources  
and their monetary value from the perspective of a decision maker.7 
A full economic evaluation is a study that compares one or more 
interventions or approaches with a defined standard of care, especially 
the cost of each intervention or approach in relation to the effects  
(i.e., benefits or returns) of each. Comparing only investment costs 
between interventions or approaches is considered a partial economic 
evaluation.9

Cost Measurement
A thorough economic evaluation should account for all relevant costs. 
It includes the costs for the new treatment or test, concomitant therapy, 
and treating complications and subsequent events. For example, a new 
treatment for acute coronary syndrome (ACS) may increase bleeding 
but reduce stent thrombosis or recurrent myocardial infarction (MI) 
and therefore the risk and cost of readmission. Fair evaluation must 
account for the extra cost of increased bleeding and the potential 
savings for decreased rates of recurrent MI.1

The time frame for the economic evaluation needs to be long 
enough to encompass all costs resulting from a particular intervention 
because subsequent and long-term clinical complications may be 
decreased or increased by a treatment or test. Although some therapies 
may pay for themselves with immediate savings, others may have 
higher costs initially but later have significant savings. Economic evalu-
ation must have sufficient scope to account for all relevant costs, 
including early and late adverse events.1 Because costs may accrue over 
a lifetime, a lifetime time horizon is the most inclusive, although it may 
not always be feasible.

Evaluation of Procedure and Hospital Costs
Evaluation of the true cost of a specific procedure and the associated 
hospital stay is a challenging process. In practice, it is difficult and  
often impractical to obtain detailed data on the resources being con-
sumed for an intervention and to add all costs to perform a marginal 
or incremental cost analysis (i.e., bottom-up approach). Performing a 
bottom-up cost analysis (i.e., microcosting analysis) is a complex, time-
consuming process that requires identification of all the inputs into a 
health care service and assignment of an appropriate cost to each. Even 
if this process is achievable for simple treatments, it becomes compli-
cated when considering a complex interventional procedure such as a 
PCI and very complicated when accounting for the entire hospital stay 
from admission to discharge.1 Therefore most U.S. cost studies start 
with an aggregated measure of costs, such as can be obtained from 
hospital or physician bills (i.e., top-down analysis).

To overcome the complexity, cost data in the United States are 
obtained mainly by one of two approaches. The first approach involves 
converting hospital charges (from hospital bills) to costs using the 
ratios of costs to charges (RCCs) included in each hospital’s annual 
Medicare Cost Report. This report is based on annual reporting of 
every hospital to the Centers for Medicare and Medicaid Services 
(CMS) that includes details of expenses for direct patient care, over-
head, capital equipment, and other expenditures related to billed 
charges. Although the Medicare RCCs are not designed for research, 
they provide a moderately standardized means of estimating cost 
across hospitals in the United States. Costs calculated with the RCC 
method also are used to recalibrate diagnosis-related group (DRG) 
weights by the CMS.

The method provides a valuable tool for multicenter cost research, 
but it has several limitations. First, the approach does not separate 
overhead from most other fixed costs and therefore provides an esti-
mate of average rather than marginal cost, and it may overestimate 
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Depending on the data available in the report in relation to the Ameri-
can Medical Association’s Current Procedural Terminology (CPT) 
classification system, physicians’ costs can be estimated. This approach 
is not ideal, but it has the advantage of being objective and consistent, 
and it may represent the best available national measure of the eco-
nomic value of physicians’ work.11

Factors That Impact Cost Assessment
The different perspectives of patients, providers, health payers, and 
society lead to different assessments of cost. Whereas patients may 
consider only out-of-pocket or copayment costs, health payers con-
sider the cost of the procedure, associated hospital costs, and whether 
medications are generic or nongeneric. Providers may consider cost in 
relation to the health benefit for an individual patient and weigh it 
against the public health implications of the procedure used. The cost 
of a health service should ideally assess the immediate cost of the 
strategy and consider the overall societal perspective because health 
care choices ultimately rest with all stakeholders in society. Societal 
costs include hospital costs, physician fees, outpatient testing, outpa-
tient drug therapy costs; nonmedical direct expenses (e.g., transporta-
tion to the medical facility, child care, housekeeping); and the economic 
impact of lost productivity because of illness.6,10

Total societal cost cannot be measured effectively because each 
component is measured by a proxy. To eliminate some of this uncer-
tainty, payer costs are often measured instead. However, payer costs do 
not represent the complete spectrum of the societal costs. Whereas 
CMS uses DRGs to pay hospitals regardless of the cost of service to the 
provider, private insurance may use a different scheme to pay provid-
ers. Payments may therefore significantly vary between payers.10

Time effects are important to medical cost analyses because infla-
tion and deflation change the cost of a procedure. A common approach 
is to pick a base year and use the medical inflation rate to deflate all 
costs in subsequent years to the base year.6,10,12

Another important factor in determining cost is geography. The 
costs of material and labor inputs to medical care can vary substantially 
from one part of the country to another and between large urban 
university hospitals and small rural community hospitals. The differ-
ences in cost for medical services according to geography need to be 
adjusted. Several geographic adjustment indices are available, includ-
ing the Medicare area wage index for adjusting DRG reimbursement 
and the Medicare Fee Schedule geographic adjustment factor.6,10,12 
International studies require more complex adjustments.

Analytic Methods
Several forms of economic evaluations can be performed, and each is 
based on the selection and measurement of health outcomes. Although 
the term cost-effectiveness is frequently used for all medical economic 
analyses, it is only one type of assessment. The most basic form of 
economic evaluation is called a cost-consequence study, which is a table 

TABLE 63-1 Types of Full Economic Assessment
Feature Cost-Effectiveness Analysis Cost-Utility Analysis Cost-Benefit Analysis

Definition Form	of	economic-efficiency	
analysis	in	which	costs	are	valued	
in	monetary	terms	and	health	
benefits	are	valued	in	natural	units

Variant	of	cost-effectiveness	analysis	in	which	health	
benefits	are	expressed	on	a	scale	that	incorporates	
longevity	and	patient	preferences	(i.e.,	utilities)	for	
the	health	states	produced

Form	of	economic-efficiency	
analysis	in	which	costs	and	
outcomes	(health	benefits)	
are	valued	in	monetary	terms

Measurement Natural	units	(e.g.,	number	of	
added	life	years)

Summary	measure	in	quality	of	life	units	(e.g.,	
QALYs)

Summary	measure	in	monetary	
units	(e.g.,	U.S.	dollars)

Results Cost-effectiveness	ratio:
(C1	−	C2)/(HB1	−	HB2)

Cost-utility	ratio:
(C1	−	C2)/(QALY1	−	QALY2)

Net	benefits:
(B1	−	B2)	−	(C1	−	C2)	or	

(B1	−	B2)/(C1	−	C2)

B1,	Monetary	value	of	health	outcomes	of	alternative	1;	B2,	monetary	value	of	health	outcomes	of	alternative	2;	C1,	total	costs	of	alternative	1;	C2,	total	costs	of	alternative	2;	HB1,	health	
benefit	of	alternative	1;	HB2,	health	benefit	of	alternative	2;	QALY1,	quality-adjusted	life	years	of	alternative	1;	QALY2,	quality-adjusted	life	years	of	alternative	2.

that lists the individual economic and health outcomes of alternative 
interventions.

A more advanced but still basic economic form is called a cost iden-
tification study, which measures only the investment cost of interven-
tions and is used to provide the data needed to better design future 
studies that consider the economic and health outcomes of two or more 
alternative therapies. Another advanced form of economic assessment 
is called cost minimization analysis (CMA), which differs from cost 
identification in assuming equivalence in health outcomes among alter-
native therapies and examines economic outcomes. Although it exam-
ines only economic outcomes, under the assumption of equivalence, a 
CMA is in practice a form of full economic evaluation.7

Three forms of full economic evaluations do not assume equivalence 
of health outcomes: cost-effectiveness analysis (CEA), cost-utility anal-
ysis (CUA), and cost-benefit analysis (CBA). Their definitions and 
differences are summarized in Table 63-1.7 Whereas CEA and CUA are 
widely used to decide whether a medical intervention is economically 
attractive, CBA is used much less often because it requires measuring 
all health-related benefits of an intervention or approach in monetary 
terms without emphasis on the longevity or quality of the lives involved.7

The primary goal of CEA is to evaluate health care intervention 
options in common terms so that policy and other decision makers 
can be informed about the most efficient method of producing extra 
health benefits from among the alternative ways that health care dollars 
can be distributed. In CEA and CUA, the metric used to assess cost-
effectiveness is the incremental cost-effectiveness ratio (ICER). An 
ICER is the ratio of incremental costs to incremental health benefits, 
or ICER = (C1 − C2)/(HB1 − HB2), in which C1 and C2 are the costs 
for treatment 1 and 2, respectively, and HB1 and HB2 are the health 
benefits of treatment 1 and 2, respectively.1

ICER is a ratio that has a distribution because there is uncertainty 
in the cost and effectiveness measurements. When patient-level data 
are available, it is possible to consider the uncertainty in cost and 
effectiveness due to the play of chance (i.e., stochastic error). To 
examine the confidence intervals of cost and effectiveness due to the 
play of chance, an approach called bootstrap analysis is widely used.13 
It depends on sampling the cost and effectiveness distributions concur-
rently, which allows multiple estimates of the ICER to be made and 
plotted as a pictorial four-quadrant distribution (Fig. 63-1).

The ICER defines the cost that should be assumed for gaining one 
unit of output. If one of the alternatives is the usual practice, the ICER 
can reveal how much it costs to gain a unit of outcome when moving 
from the usual practice to the alternative. The health benefit may be 
measured in any sensible unit, such as the number of MIs averted, but 
most economic analyses use the conventional option of measuring 
clinical benefits as the number of added life years (LYs) or quality-
adjusted life years (QALYs).1,14 Both approaches require estimation of 
life expectancy with and without the proposed intervention.

Although LYs are conceptually simple because the estimation 
depends only on survival, many therapies are used primarily to improve 
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Assessing the cost-effectiveness over a lifetime horizon requires 
assessment of future costs and health benefits. Future costs and health 
gains are commonly weighted in relation to the time at which they 
occur, and future costs and health effects usually receive less weight 
than current ones. This process is called discounting.17

Discounting assumes that money available or spent now is more 
valuable than money available or spent in the future because money 
available now can be put to immediate use. Because costs are dis-
counted, the benefits of health interventions must also be discounted. 
Discounting is not an adjustment for inflation, which is a separate 
consideration. Even in the absence of inflation, most individuals prefer 
to have an equivalent health benefit or money now rather than in the 
future. The discount rate captures this time preference. When data for 
costs are derived from different years, older costs are usually inflated 
to their equivalent values in more recent years to provide a consistent 
economic basis. If future medical inflation costs rise uniformly, future 
purchasing power for health care remains the same, and there is no 
need to adjust for medical inflation.17

Sensitivity Analysis
Even in the most carefully conducted cost-effectiveness studies, con-
siderable uncertainty may remain regarding the parameters used to 
measure costs and health effects. Accounting for the play of chance 
with bootstrap analysis is not sufficient to explain the additional uncer-
tainty or bias.

To identify and assess the degree to which uncertainty in the 
parameter may affect the overall results, CEAs usually perform mul-
tiple evaluations in which one or more of the parameters are varied 
across reasonable ranges. The ranges reflect intrinsic variability or 
regional variation. For example, the cost of diagnostic cardiac catheter-
ization may be cheaper in some institutions or health care delivery 
settings compared with others, and to determine the cost-effectiveness 
of PCI in patients with stable coronary artery disease (CAD), the cost 
of PCI can be varied over a range to determine the maximal cost at 
which it remains cost-effective. This process (i.e., sensitivity analysis) 
enables a reasonable appraisal about the parameters that are most 
important in the analysis and the stability of the reference case results.16

quality of life rather than to increase longevity, and a broader measure-
ment if QALYS is needed. To estimate QALYS, it is first necessary to 
estimate utility. Utility is the relative desirability of a particular health 
outcome or health state, assessed as the preference of a rater (typically 
a patient or member of the general public) for that outcome relative to 
the defined and extreme alternatives (e.g., death, excellent health). 
Every health state has a unique utility.

In health care economics, utility usually is scaled from 0 to 1 with 
a utility of 0 for death and 1 for perfect health and functioning. The 
relationship between utility and cost can be assessed by CUA with the 
use of QALYs, which is life expectancy multiplied by utility. The value 
of 1 year of life in excellent health is represented by 1.0 QALY (i.e., one 
LY multiplied by a utility of 1).1

Utility Assessment
Utility may be measured by patient preference methods or by surveys 
that have been mapped to patient preference methods. Theoretically, 
the best direct measure of utility is the standard gamble method 
because it assesses overall quality of life and risk aversion. However, 
this measure is difficult to obtain and may not be practical to admin-
ister in large trials.15

Most economic analyses derive utilities from surveys (e.g., 
EuroQol-5D, Health Utilities Index). Using this method, patient health 
states are defined by a number of explicit domains, such as physical 
functioning and pain. Previously measured utility weights from 
patients (i.e., those with the condition of interest) or the general public 
(i.e., those who are at risk for the condition of interest) are assigned to 
each possible health state.1

Time Horizon and Discounting
The time horizon of an analysis reflects the period over which clinical 
health benefits and costs should be considered and included in the 
analysis. The time frame should be the same for the clinical outcomes 
and costs. Although the time for many trials may be limited to a short 
or intermediate time horizon due to limitations in budgets and enroll-
ment, the evaluation of cost-effectiveness from the societal perspective 
requires a long-term or lifetime time horizon.16

FIGURE 63-1	 Distribution	of	cost-effectiveness.	 In	quadrant	A,	 the	new	 therapy	 is	more	effective	and	more	costly	 than	 the	previous	standard.	 In	
quadrant	B,	the	new	therapy	dominates	the	standard	because	it	is	more	effective	and	less	expensive.	In	quadrant	C,	the	new	therapy	is	less	effec-
tive	and	less	expensive.	In	quadrant	D,	the	new	therapy	is	dominated	by	the	standard	because	it	is	less	effective	and	more	expensive.	Dots	represent	
individual	estimations	of	the	incremental	cost-effectiveness	ratio	from	the	dual	bootstrap	analysis.	
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Descriptive cost studies are useful when data about cost are not readily 
available in the literature, and they are typically used to make sample 
size projections for RCTs or to inform cost-effectiveness and other 
health policy studies in conjunction with appropriate sensitivity analy-
ses. Observational comparison data can be helpful in estimating the 
real-world cost outside the restrictions or requirements of an RCT, but 
they usually require statistical techniques to adjust for treatment selec-
tion bias and for bias that may be related to variations in medical costs 
over time, in various geographic locations, and in different practice 
settings.

A second major approach to economic evaluation is measurement 
of economic cost as an end point in an RCT. Strengths of this approach 
include (1) using prospective, complete data collection; (2) a well-
defined protocol that measures directly the economic and clinical  
outcomes with few assumptions and little simulation; (3) random 
assignment to eliminate treatment selection bias; (4) concomitant col-
lection of economic and clinical data that alleviates concerns about 
inconsistencies among data sources; and (5) collection of patient-level 
data, permitting estimation of stochastic error. A potential disadvan-
tage is that RCTs mandate protocol-driven care that can deviate from 
usual clinical practice (i.e., extra protocol-driven angiography or man-
dated office follow-up visits) and that distort resource use patterns, 
making them unsuitable for economic analysis. Another limitation is 
that the high selection criteria for patients involved in the trial may 
render the cost analysis inapplicable to the general population.

Clinical trials usually have a time frame of weeks to several years. 
If the study is using a lifetime time horizon for the CEA, survival, 
utility, and cost must be estimated beyond the time frame of measured 
data.6,10,12

Benchmarks in Economic Analysis
Patients and their physicians wish to obtain all of the health benefits 
that are available from modern medical technology. However, the 
resources of a society are not adequate to meet this need for every 
individual, which forces difficult and potentially divisive choices. There 
is no absolute standard that can be applied to assess how much a 
certain society is willing to pay for medical care.

Willingness to pay may be better understood by constructing a 
cost-effectiveness acceptability curve (Fig. 63-3), in which a range of 
ICER willingness-to-pay thresholds are displayed on the x-axis, and 
the y-axis indicates the probability that the new therapy has an ICER 

Sensitivity analyses have typically assessed the effect of varying 
selected parameters related to cost-effectiveness one at a time. A more 
contemporary approach, called a Monte Carlo simulation, permits all 
parameters to be varied simultaneously. These sophisticated analyses 
yield a cost-effectiveness acceptability curve, which accounts for 
uncertainty in all model estimates. The curve generated displays the 
likelihood that a new intervention will have a cost-effectiveness ratio 
that falls below a particular societal willingness to pay (see “Bench-
marks in Economic Analysis”).16

DATA SOURCES FOR ECONOMIC ANALYSIS  
AND DECISION MAKING

The three main types of medical cost studies are cost-effectiveness 
simulations using Markov models, observational studies, and random-
ized controlled trials (RCTs).

Simulation With Markov Models
Many economic analyses are developed as simulations. Simulations 
most commonly involve the construction of a decision tree to model 
the prognosis of a patient after the choice of a management strategy.

The Markov model is widely used in CEA because it is a convenient 
way of modeling prognosis for clinical problems with ongoing risks. 
The model assumes that the patient is always in one of a finite number 
of states of health referred to as Markov states (Fig. 63-2). Introduction 
of the intervention may cause the patient to move to another Markov 
state. The transition from one state to another represents the events of 
interest, and the time of this transition is referred to as a Markov cycle. 
Cumulative QALYs are calculated by assigning a utility to each health 
state and running the model for health cycles until death, Similarly, 
costs are accumulated during the Markov cycles. The incremental costs 
of an intervention compared with a previous standard divided by the 
incremental benefits yields an ICER.

Markov models are often informed by the medical literature, 
including RCTs when available. For example, patients with stable CAD 
who undergo CABG may move from being disabled by angina to being 
well, may remain disabled, or may die (see Fig. 63-2). Patients who die 
do not move to another state, whereas disabled or well patients may 
move from one health state to another. Assuming that the incremental 
utility of the well state is 1.0, that of the dead state is 0, and that of 
disabled states is 0.6, if the patient spends an average of 2.5 cycles in 
the well state and 1.25 cycles in the disabled state before entering the 
dead state, the utility assigned would be (2.5 × 1) + (1.25 × 0.6) = 3.25 
quality-adjusted cycles. This number is the quality-adjusted life expec-
tancy of the patient.18

Cost-Effectiveness Analysis With Patient-Level Data
Observational cost studies include descriptive series without an intrin-
sic comparison group and nonrandomized treatment comparisons. 

FIGURE 63-2	 Movement	among	Markov	states	of	health.	

Disabled

Well Dead

FIGURE 63-3	 Cost-effectiveness	acceptability	curve.	Points	A,	B,	and	C	
represent	increasing	willingness-to-pay	thresholds.	Point	A	is	the	lowest,	
and	 there	 is	 a	 low	 probability	 of	 the	 new	 therapy	 being	 considered	
cost-effective.	Point	C	 is	 the	highest	willingness-to-pay	 threshold	with	
the	highest	probability	of	the	new	therapy	being	cost-effective.	Point	B	
is	in	between.	ICER,	Incremental	cost-effectiveness	ratio.	
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with CABG ($16,553 OMT vs. $24,614 CABG, P < .001). There was 
no significant difference between CABG and PCI ($25,831 PCI vs. 
$24,614 CABG, P > .05).25

The Bypass Angioplasty Revascularization Investigation in Type 2 
Diabetes (BARI 2D) trial randomized 2368 patients with type 2 diabe-
tes and heart disease to undergo prompt revascularization with OMT 
or OMT alone.24 There was no significant difference in the mortality 
rates between patients undergoing prompt revascularization and those 
undergoing medical therapy. Although there was no difference between 
patients undergoing PCI and OMT in freedom from major adverse 
cardiovascular events (MACEs), CABG was associated with fewer 
MACEs than OMT.24

CEA of the BARI 2D trial showed that revascularization was associ-
ated with significantly higher costs compared with OMT. The 4-year 
costs were higher for CABG ($80,900 CABG vs. $60,600 OMT, P < 
.0001) and PCI ($73,400 PCI vs. $67,800, P < .02). Using the $50,000/
LY benchmark, OMT was more cost-effective than PCI ($600/LY), and 
CABG was probably more cost-effective than OMT ($47,000/LY).26

The Clinical Outcomes Utilizing Revascularization and Aggressive 
Drug Evaluation (COURAGE) trial, which randomized 2287 patients 
with stable CAD to PCI with OMT or OMT alone, showed that PCI 
was not associated with a reduction in the risk of death, MI, or other 
MACEs when added to OMT.23 The COURAGE trial showed that 
although PCI was associated with an incremental benefit for the first 
12 to 24 months in the key domains of physical limitations, frequency 
of angina, and quality of life, the benefit disappeared by 36 months.27

CEA of the COURAGE trial showed that PCI was associated with 
an added cost of approximately $10,000 per patient without a signifi-
cant gain in LYs or QALYs. The ICER for PCI varied from slightly more 
than $168,000 to slightly less than $300,000 per LY or QALY gained, 
and PCI was therefore not considered cost-effective.28

Drug-Eluting Stents Versus Bare-Metal Stents in Stable 
Multivessel Disease
The use of BMSs improved outcomes compared with balloon angio-
plasty but was associated with a high rate of in-stent restenosis (ISR), 
which prompted development of DESs. The presumed impact of reduc-
ing restenosis rate was proved in multiple RCTs and a meta-analysis of 
17 RCTs.29-31 The meta-analysis showed that the introduction of DESs 
significantly reduced the incidence of restenosis without a significant 
impact on the incidence of death, MI, or stent thrombosis compared 
with BMSs.31

A prospective economic analysis of the Sirolimus-Eluting Balloon-
Expandable Stent in the Treatment of Patients With De Novo Native 
Coronary Artery Lesions (SIRIUS) trial, which compared sirolimus-
eluting stents (SESs) with BMSs, showed that use of an SES was associ-
ated with an initially higher cost of $2881 per patient but that the 
additional cost attenuated over 1 year to $309 due to the significant 
reductions in repeat revascularization, with an ICER of $1650 per 
repeat revascularization avoided.32 Similarly, CEA of the Treatment of 
De Novo Coronary Disease Using a Single Paclitaxel-Eluting Stent 
(TAXUS IV) trial showed that the use of a paclitaxel-eluting stent 
(PES) compared with a BMS was associated with a 12.2% reduction in 
target-vessel revascularization (TVR), resulting in a 1-year cost differ-
ence of $572 in favor of DES per patient, with an ICER of $4678 per 
TVR avoided and $47,798 per QALY gained.33

The Basel Stent Kosten Effektivitäts Trial (BASKET), which ran-
domized 826 consecutive patients to a first-generation DES (i.e., SES 
and PES) or third-generation BMS, showed that use of a DES was 
associated with higher total costs at 6 months (€10,544 DES vs. € 9639 
BMS, P < .0001) and at 18 months (€11,808 DES vs. €10,450 BMS), 
with an unattractive ICER of €64,732 to avoid one MACE (i.e., cardiac 
death, MI, or TVR). However, analysis of different subgroups showed 
that although the chance of finding an attractive ICER was 1.6% for 
low-risk patients, it was more than 87.4% likely for high-risk patients.34 
Results of this trial suggested that a DES might be more cost-effective 
for patients at higher risk for restenosis (i.e., those with small vessels, 

below this threshold. The curve can be constructed from Markov 
model simulations or from patient-level data. The curve can be used 
to estimate what is acceptable for a treatment.

Although from scientific standpoint cost-effectiveness acceptability 
curves should be used when assessing whether a treatment is cost-
effective, a threshold may be used instead when policy makers seek a 
benchmark with which to compare treatments and studies. Wealthier 
countries may be willing to pay more (i.e., accept a higher threshold) 
for a given treatment than poorer countries.1,19 In the United States, a 
cost-effectiveness ratio less than $50,000 per LY or QALY is frequently 
regarded as economically attractive, in part because it approximates 
the cost of providing chronic hemodialysis to patients with renal 
failure, a cost that meets willingness to pay by Medicare.1 Conversely, 
a cost-effectiveness ratio greater than $100,000 per added LY or QALY 
is frequently regarded as economically unattractive. The range between 
these two benchmarks is the gray zone in which there is no consensus 
on whether a treatment is economically acceptable.1

Assigning the same ICER threshold for different treatments in wide 
range of diseases and for different disease burdens may not be reason-
able. Some countries may assign a general threshold for most cases but 
allow a higher threshold for treatment that relieves a considerable 
burden of illness (i.e., rule of rescue). For example, in The Netherlands, 
the average acceptable ICER is about €20,000, but an ICER of €80,000 
per QALY is acceptable for illnesses associated with a considerable 
burden (i.e., impact of premature death and disability).20 Similarly, in 
Great Britain, the limit of an acceptable ICER varies between £20,000 
and £30,000, depending on the burden of the disease.21

MEDICAL ECONOMICS OF CORONARY 
INTERVENTIONS IN STABLE CORONARY  
ARTERY DISEASE

The therapeutic strategies for stable CAD are optimal medical treat-
ment (OMT) and revascularization with PCI or CABG. In the setting 
of stable CAD, OMT and revascularization have similar efficacy for  
the prevention of MI and death.22-24 However, the impact of the strate-
gies on patient quality of life and the costs of the options vary substan-
tially in the short and long term. OMT carries the lowest initial cost, 
but it is usually less effective in relieving angina.23 The initial cost 
savings may be offset by the increased rate of repeated use and subse-
quent clinical interventions, including hospitalizations and additional 
revascularization. Similarly, the initial cost of PCI is usually lower than 
that of CABG, but the need for repeat revascularization may increase 
the cost of the PCI strategy in the long term. The following sections 
discuss the comparative cost-effectiveness of these strategies for treat-
ing CAD.

Optimal Medical Therapy Versus Revascularization
OMT for stable CAD has significantly improved over the past few 
decades. Similarly, PCI has been improved with the use of bare-metal 
stents (BMSs) and drug-eluting stents (DESs), and CABG has been 
improved by increased use of the left internal mammary artery as a 
surgical conduit and use of the less invasive off-pump and minimally 
invasive keyhole techniques.

The Medicine, Angioplasty, or Surgery Study II (MASS II) random-
ized 611 patients to CABG, PCI, or OMT. MASS II showed a lower 
incidence of the primary outcome, the composite end point of overall 
total mortality, Q-wave MI, or refractory angina requiring revascular-
ization, in the CABG group compared with PCI and OMT, with no 
significant difference found between the latter two therapeutic strate-
gies at 5 years.22

CEA of MASS II showed that the event-free costs significantly 
favored OMT compared with PCI ($9071 OMT vs. $19,967 PCI, P < 
.01) or with CABG ($9071 OMT vs. $18,263 CABG, P < .01) and 
favored CABG compared with PCI ($18,263 CABG vs. $19,967.00 PCI, 
P = .01). The event-free plus angina-free costs significantly favored 
OMT compared with PCI ($16,553 OMT vs. $25,831 PCI, P = .04) or 
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Economic analysis of the trial showed higher initial hospitalization 
costs with CABG and higher follow-up costs with PCI. The total cost 
of the procedure with a total 1-year follow-up was higher with CABG 
in the ACS subgroup ($6435 PCI vs. $8870 CABG) and non-ACS 
subgroup ($5069 PCI vs. $7487 CABG).41

Although the data demonstrate that the cost of CABG is higher 
than PCI in the short term, CABG is associated with substantial 
improvement in outcomes compared with BMS in the treatment of 
multivessel disease.40,41 Unfortunately, a formal and complete CEA 
comparing PCI plus BMS with CABG has not been reported in the 
literature.

Drug-Eluting Stents Versus Coronary Artery Bypass Grafting in 
Stable Multivessel Disease
Although the use of BMSs significantly reduced the rates of restenosis 
compared with PTCA, the rates of clinically salient ISR with BMSs 
remained a problem. Introduction of DESs reduced ISR rates to 
between 4.5% and 5%, and their use was associated with a significant 
decrease in the incidence of TVR compared with BMSs.29,30 It was 
unclear how their use compared with CABG, whose major advantage 
over PTCA and PCI with BMS was in the rate of revascularization for 
clinically salient restenosis. Many RCTs were conducted to compare 
the outcomes of the two strategies.

PCI with DES and CABG were compared in the Synergy Between 
Percutaneous Coronary Intervention With Taxus and Cardiac Surgery 
(SYNTAX) trial.42 It showed that PCI with the paclitaxel-eluting Taxus 
stent was associated with significantly higher rates of major adverse 
cardiovascular and cerebrovascular events at 12 months compared 
with CABG (17.8% DES vs. 12.4% for CABG, P = .002), in large 
part due to an increased rate of TVR (13.5% DES vs. 5.9% CABG,  
P < .001).42

CEA of the SYNTAX trial43 showed that among patients with three-
vessel or left main CAD, PCI was economically more attractive in the 
first year for patients with low and moderate angiographic complexity 
(SYNTAX score <32) because CABG was associated with a $3590 
higher cost per patient at 1 year in the two subgroups. This cost 
reflected a $5693 higher initial hospitalization cost with CABG and a 
$2282 higher cost of follow-up with PCI; the latter resulted mainly 
from more frequent revascularization procedures and higher outpa-
tient medication costs with PCI. CABG seemed to be a more attractive 
option among patients with high angiographic complexity (SYNTAX 
score >32); the total 1-year costs were similar for CABG and PCI, and 
the ICER for CABG was $43,486 per QALY gained.43

The Future Revascularization Evaluation in Patients with Diabetes 
Mellitus: Optimal Management of Multivessel Disease (FREEDOM) 
trial showed higher incidence of the composite end point of death, MI, 
or stroke among diabetic patients undergoing PCI with DES compared 
with CABG at 5 years (26.6% DES vs. 18.7% CABG, P = .05), with a 
significantly higher incidence of TVR with PCI as early as 1 year 
(12.6% DES vs. 4.8% CABG, P < .001).44

CEA of the FREEDOM trial showed that initial procedural costs 
were higher with CABG ($8622 per patient). Over the next 5 years, 
even accounting for higher follow-up costs with PCI, the cumulative 
5-year costs were higher with CABG ($3641 per patient). However, 
when the analysis extended the modest gains in survival with CABG 
during the trial period to a lifetime horizon, CABG was projected to 
be the more economically attractive option compared with PCI with 
DES, with substantial gains in life expectancy and quality-adjusted life 
expectancy (ICER <$10,000 per LY or QALY).45

Results from real-world registries demonstrated similar results. The 
American College of Cardiology Foundation and Society of Thoracic 
Surgeons (ACCF-STS) Database Collaboration on the Comparative 
Effectiveness of Revascularization Strategies Trial (ASCERT) com-
pared 86,244 Medicare patients who underwent CABG with 103,549 
Medicare patients who underwent PCI and showed that although there 
was no significant difference in mortality rates between the groups at 
1 year (6.24% CABG vs. 6.55% PCI; RR = 0.95; 95% CI, 0.90 to 1.00), 

stenting of a CABG graft) than for low-risk patients with large coro-
nary arteries.

A real-world registry CEA comparing costs of care over 3 years for 
BMS patients with those of DES patients showed that although costs 
were $1846 higher per patient for DES, the cost difference was com-
pletely offset by lower TVR-related costs at 3 years.35 Even after adding 
the cost of clopidogrel use, the ICER per TVR avoided ranged from 
$4703 to $6379 over 3 years, making the use of DES economically 
attractive.35

Overall, reduction in the cost of existing DESs over time makes DES 
use a more attractive option than BMS long term. However, the cost-
effectiveness of subsequent generations of DES compared with earlier 
generations must be assessed.

Balloon Angioplasty Versus Coronary Artery Bypass Grafting in 
Stable Multivessel Disease
CABG was introduced in 1968, and it was the only revascularization 
option until the introduction of balloon angioplasty in 1979. Although 
balloon angioplasty appeared effective, its role in the treatment of CAD 
compared with CABG remained in question.

The Bypass Angioplasty Revascularization Investigation (BARI) 
randomized 1829 patients with multivessel CAD to percutaneous 
transluminal coronary balloon angioplasty (PTCA) or CABG. Of these 
patients, 41% had three-vessel disease. The results showed that although 
there was no significant difference in mortality with similar 10-year 
survival rates (71.0% PTCA vs.73.5% CABG, P = .18), PTCA was 
associated with substantially higher subsequent revascularization rates 
(76.8% PTCA vs. 20.3% CABG, P < .001).36

The BARI Substudy of Economics and Quality of Life (SEQOL), 
which evaluated economic outcomes for 934 of the 1829 patients 
enrolled in BARI, showed only a 5% difference in total discounted costs 
at 5 years between PTCA and CABG ($56,225 PTCA vs. $58,889 
CABG).37 Although PTCA was more expensive than CABG for three-
vessel disease ($60,918 PTCA vs. $59,430 CABG), the 5-year cost was 
significantly lower for PTCA in patients with two-vessel disease 
($52,390 PTCA vs. $58,498 CABG).37 At the 12-year follow-up, the 
difference in cumulative costs was no longer significant ($120,750 
PTCA vs. $123,000 CABG, P = .55), with CABG yielding an ICER of 
$14,300 per LY added compared with PTCA at 12 years.37

Although the exclusive use of PTCA is somewhat antiquated in the 
current stent era, BARI established that balloon angioplasty could be 
an acceptable economic alternative for patients with one- or two-vessel 
disease. CABG was a more cost-effective option for patients with three-
vessel disease.

Bare-Metal Stents Versus Coronary Artery Bypass Grafting in 
Stable Multivessel Disease
A relatively high rate of restenosis is associated with PTCA. The use of 
BMSs is associated with lower rates of restenosis and revascularization 
compared with balloon angioplasty.38 The increasingly routine use of 
left internal mammary artery grafts in CABG is also associated with 
better outcomes.39 Many trials have compared BMSs with CABG in 
patients with multivessel disease.

The Arterial Revascularization Therapies Study (ARTS I) random-
ized 1205 patients with multivessel CAD to PCI with BMS or CABG. 
Although there was no difference in overall freedom from death, 
stroke, or MI (18.2% BMS vs. 14.9% CABG, P = .14; RR = 1.22; 95% 
confidence interval [CI], 0.95 to 1.58), PCI with BMS was associated 
with a much higher incidence of TVR (30 vs. 8.8%, P < .001).40 Despite 
this finding, a cost estimation analysis of ARTS I showed that PCI with 
BMS was associated with a cost savings of €2779 (€11,117 BMS vs. 
€13,896 CABG) at 1 year that was somewhat attenuated at 3 years to 
€1798 (€14,302 BMS vs. €16,100 CABG), likely due to the initial high 
hospitalization and procedural costs of CABG.40

The Surgery or Stent (SoS) trial randomized 988 patients with 
typical angina and multivessel disease to PCI with BMS or CABG. 
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procedure also shifted. The shift correlated with a change in the  
definition of an early invasive strategy in trials comparing early inva-
sive and conservative approaches, such as 7 days in the Framingham 
and Fast Revascularization During Instability in Coronary Artery 
Disease II (FRISC II) trial and 2 days in the Treat Angina With Aggra-
stat and Determine Cost of Therapy With an Invasive or Conservative 
Strategy–Thrombolysis in Myocardial Infarction 18 (TACTICS-TIMI 
18) trial.

The FRISC II trial compared an early invasive strategy with an early 
noninvasive strategy in 2457 patients with unstable CAD. The early 
invasive strategy was associated with a significant reduction the com-
posite end point of death or AMI (10.4% vs.14.1%, P = .005). There 
were also reductions in readmission (37% vs. 57%, P < .001) and revas-
cularization after the initial admission with the early invasive strategy 
(7.5% vs. 31%, P < .01).55

Economic analysis of FRISC II showed that at the end of 1 year, the 
early invasive strategy was associated with a $3511 (23,876 Swedish 
koruna [SEK]) higher cost compared with the noninvasive arm. The 
ICER for choosing the invasive instead of the noninvasive strategy was 
substantially higher, with $206,470 (1,404,000 SEK) per avoided death 
and $94,852 (645,000 SEK) per avoided death or AMI.56 However, what 
was called an early invasive approach in this trial was not associated 
with an early intervention. The intervention was done within 1 week 
and was associated with a longer hospital stay (12 vs. 8 days).

The TACTICS-TIMI 18 trial randomized 2220 patients with  
unstable angina or NSTEMI to an early invasive strategy with routine 
catheterization and revascularization within 4 to 48 hours or to a  
conservative or “selective invasive” strategy, with catheterization per-
formed only if the patient had objective evidence of recurrent ischemia 
or a positive stress test result. All patients were provided with appropri-
ate medical therapy. The early strategy was associated with a significant 
reduction in the composite end point of death or AMI (7.3% vs. 9.5%, 
P < .05; OR = 0.74; 95% CI, 0.54 to 1.00).57

Economic analysis of the TACTICS-TIMI 18 trial showed that the 
early invasive treatment arm had higher initial costs ($15,714 vs. 
$14,047) but lower follow-up costs up to 6 months ($6098 vs. $7180) 
and similar cumulative 6-month costs ($19,780 vs. $19,111). The early 
invasive strategy was shown to be cost-effective, with an estimated 
ICER of $13,000 per LY gained.58 Data showed that adapting an early 
invasive approach with the intervention done in the first 48 hours was 
a very economically attractive option.

Antiplatelet Therapy

Glycoprotein IIb/IIIa Inhibitors
The benefit of antiplatelet therapy in the setting of ACS was first estab-
lished with aspirin. Aspirin, an inhibitor of platelet aggregation through 
inhibition of thromboxane A2, was found to be as effective as strepto-
kinase in reducing mortality rates when used alone, and better out-
comes were achieved by using both in combination in the setting of 
STEMI.59 The trial demonstrated the importance of platelet aggrega-
tion in the setting of ACS and the potential benefit of using more 
potent platelet-activation inhibitors. This led the introduction of intra-
venous glycoprotein IIb/IIIa (GP IIb/IIIa) inhibitors in the manage-
ment of ACS.

Many trials have evaluated the clinical and economic impact of 
using GP IIb/IIIa inhibitors in the setting of ACS and after coronary 
interventions. The Randomized Efficacy Study of Tirofiban for Out-
comes and Restenosis (RESTORE) trial randomized 2197 patients with 
ACS and undergoing coronary intervention (i.e., balloon angioplasty 
or directional atherectomy) within 72 hours of presentation to tirofi-
ban or placebo. Use of tirofiban was associated with a significant reduc-
tion in the composite end point of death, MI, or TVR at 2 days (8% 
tirofiban vs. 12% placebo, P = .002). This difference was not statistically 
significant at 30 days (10.3% tirofiban vs. 12.2% placebo, P = .16).60 
Economic evaluation of RESTORE showed that the cost of tirofiban 
use was not significantly higher than placebo at 30 days ($12,446 ± 
$5814 tirofiban vs. $12,402 ± $6147 placebo, P = .87).61

CABG was associated with a lower mortality rate at 4 years (16.4% 
CABG vs. 20.8% PCI; RR = 0.79; 95% CI, 0.76 to 0.82).46

CEA of the ASCERT study47 showed that in the first year, CABG 
was more costly and less effective than PCI, with a higher cost by 
$10,951 during the initial hospitalization and by $9906 at the end of 
first year.47 At 4 years, the average total costs were still higher for CABG 
by $7825 ($32,428 CABG vs. $24,623 PCI). Unlike the RCT data, the 
average total costs over a lifetime were higher for CABG by $6105 
($88,125 CABG vs. $82,020 PCI). However, using the common thresh-
old of $50,000, CABG often is a cost-effective strategy, with an ICER 
of $48,135 per LY gained.47 Although ASCERT had almost 200,000 
patients, it was not randomized and was subject to treatment selection 
bias, which can affect the clinical outcome data.

Although CABG is associated with higher initial and short-term 
costs, it seems to be a cost-effective long-term option compared with 
BMS or DES use, especially for high-risk patients with high angio-
graphic complexity (SYNTAX score >32) or diabetes.

MEDICAL ECONOMICS OF CORONARY 
INTERVENTIONS IN ACUTE CORONARY SYNDROME

Reperfusion in ST-Elevation Myocardial Infarction
Management of ST-elevation myocardial infarction (STEMI) wit-
nessed major changes after the introduction of PCI. Although throm-
bolysis was once considered the mainstay therapy, primary PCI has 
become the standard of care based on multiple trials that compared 
the two strategies. A meta-analysis of 22 pooled RCTs comparing PCI 
with thrombolysis showed that primary PCI was associated with a 
significant reduction in 30-day mortality rates for patients treated early 
and those who were treated more than 4 hours after symptom onset.48 
PCI was associated with a higher early reperfusion rate and a higher 
proportion of patients achieving grade 3 flow as defined in the Throm-
bolysis in Myocardial Infarction (TIMI) trial.49

Economic analysis of the Comparison of Angioplasty and Prehos-
pital Thrombolysis in Acute Myocardial Infarction (CAPTIM) trial 
showed that although there was no difference in 1-year outcomes 
between the two reperfusion strategies, costs were lower for primary 
PCI. The thrombolysis strategy in the CAPTIM trial included the use 
of rescue PCI as needed.50 Similarly, results of the Swedish Early Deci-
sion Reperfusion Study (SWEDES) and a subsequent Norwegian study 
showed that although there was no difference in clinical outcomes, 
primary PCI was a more cost-effective strategy. The SWEDES trial 
showed that PCI was associated with higher initial costs due to proce-
dural and medication costs, but they were offset by lower hospitaliza-
tion costs. Early discharge of low-risk patients who received primary 
PCI also helped to reduce total costs of care.51,52

Primary PCI is a cost-effective strategy only if resources are readily 
available. For example, in a hospital with an existing catheterization 
laboratory with night and weekend coverage that admitted 200 patients 
with acute MI (AMI) each year, PCI was associated with cost savings 
of less than $30,000 per QALY compared with thrombolysis.53 If the 
hospital did not have the available resources, the costs to build a new 
catheterization laboratory, staff it with around-the-clock coverage, and 
accept initial low volumes of patients would not be cost-effective. 
Transporting every patient from non–PCI-capable hospitals to PCI-
capable facilities was more cost-effective, with a $2750 saving per 
QALY.54

Early Invasive Versus Early Conservative Strategies for Non–
ST-Elevation Myocardial Infarction Acute Coronary Syndrome
The expansion of PCI use led to a gradual shift in the management of 
non–ST-elevation myocardial infarction (NSTEMI). Initially, many 
patients were treated medically, with intervention reserved for those 
with recurrent ischemia, but a more aggressive approach with early 
revascularization began to emerge as an alternative. Timing of the 
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prasugrel had significantly higher rates of major bleeding (2.4% prasu-
grel vs. 1.8% clopidogrel, P < .03).68

CEA of the TRITON-TIMI 38 trial showed that over 14.7 months 
of follow-up, prasugrel was associated with a net savings of $221 per 
patient compared with clopidogrel. This was attributed to the lower 
rate of rehospitalization involving PCI. Prasugrel was associated with 
life expectancy gains of 0.102 years (95% CI, 0.030 to 0.180), primarily 
because of the decreased rate of nonfatal MI. Prasugrel was shown to 
be a dominant strategy, with an ICER of $9727 per LY gained.69 This 
comparison was done between prasugrel and the brand rather than 
generic clopidogrel, but prasugrel is likely an economically attractive 
alternative.

The Platelet Inhibition and Patient Outcomes (PLATO) trial ran-
domized 18,624 patients with moderate- or high-risk ACS to receive 
ticagrelor or clopidogrel upstream or at the time of PCI. The use of 
ticagrelor was associated with a significant reduction in the composite 
end point of death from vascular causes, MI, or stroke (9.8% ticagrelor 
vs.11.7% clopidogrel, P < .001; HR = 0.84; 95% CI, 0.77 to 0.92). The 
use of ticagrelor was associated with no increased risk of major bleed-
ing (11.6% ticagrelor vs.11.2% clopidogrel, P = .43).70

Economic evaluation of PLATO showed that although ticagrelor 
use was associated with a higher cost of €362, it was balanced by a 
QALY gain of 0.13 compared with generic clopidogrel at 1 year. Use of 
ticagrelor was an economically attractive option, with an ICER of 
€2753 per QALY gained and €2372 per LY gained.71

The use of clopidogrel as a second antiplatelet agent with aspirin 
remains attractive clinically and economically. It has clinical and eco-
nomic advantages over ticagrelor and prasugrel.

Antithrombotic Use in Acute Coronary Syndrome
The benefit of using unfractionated heparin (UFH) in addition to 
antiplatelet therapy to reduce the incidence of death and recurrent MI 
in the setting of ACS has been well established.72,73 However, the use 
of UFH is associated with an unpredictable anticoagulant response due 
to its neutralization by protein binding and activated platelets. Discon-
tinuation of UFH is associated with an increased incidence of cardiac 
events.74 Several studies were therefore performed to demonstrate the 
benefit of more predictable anticoagulation using enoxaparin or low-
molecular-weight heparin, anti-Xa inhibitors, and direct thrombin 
inhibitors.

Antithrombotic Use in Non–ST-Elevation Myocardial Infarction
The first comparison between UFH and enoxaparin in the setting of 
non-STEMI ACS was the Efficacy and Safety of Subcutaneous Enoxa-
parin in Non-Q Wave Coronary Events (ESSENCE) trial. The trail 
randomized 3171 patients with non-STEMI ACS to receive enoxaparin 
or continuous intravenous UFH. The use of enoxaparin was associated 
with a significant decrease in the incidence of the composite end point 
of death, MI, or recurrent angina at 30 days (19.8% enoxaparin vs. 
23.3% UFH, P = .016) and the need for revascularization at 30 days 
(27.1% enoxaparin vs. 32.2% UFH, P = .001). Enoxaparin was associ-
ated with an increase in all bleeding but a nonsignificant difference in 
the incidence of major bleeding.74 Economic evaluation of the ESSENCE 
trial showed that the use of enoxaparin was associated with a net cumu-
lative cost savings of $1172 (P = .04) and was therefore cost-effective.75

The fifth Organization to Assess Strategies in Acute Ischemic Syn-
dromes (OASIS-5) trial randomized 20,078 NSTEMI ACS patients to 
fondaparinux or enoxaparin and reported no significant difference in 
the composite end point of death, MI, or refractory ischemia at 9 days 
(5.8% fondaparinux vs. 5.7% enoxaparin; HR = 1.01; 95% CI, 0.90 to 
1.13), but fondaparinux did significantly reduce major bleeding events 
at 9 days (2.2% fondaparinux vs. 4.1% enoxaparin, P < 0.001, HR = 
0.52).76 Economic evaluation showed that using fondaparinux instead 
of enoxaparin was associated with a cost savings of $547 per patient at 
180 days, and a long-term CEA found fondaparinux to be the domi-
nant therapy.77

The Acute Catheterization and Urgent Intervention Triage Strategy 
(ACUITY) trial randomized 13,819 patients with ACS to one of three 

The Platelet Glycoprotein IIb/IIIa in Unstable Angina: Receptor 
Suppression Using Integrilin Therapy (PURSUIT) trial randomized 
10,948 patients with ischemic chest pain to receive a bolus and infusion 
of eptifibatide or placebo. The use of eptifibatide was associated with 
a reduction in the incidence of a composite end point of death and 
AMI at 30 days (14.2% eptifibatide vs. 15.7% placebo, P = .04).62 An 
economic evaluation of the 3522 U.S. patients enrolled in PURSUIT 
showed that the use of eptifibatide was associated with a nonstatistically 
significant $372 cost advantage. The estimated life expectancy was 
15.96 years for eptifibatide and 15.85 years for placebo, an incremental 
difference of 0.111. The ICER for eptifibatide therapy was $16,491 per 
LY gained and $19,693 per QALY gained.63

The use of GP IIb/IIIa inhibitors proved to be beneficial in the 
setting of elective coronary intervention. The Evaluation of Platelet IIb/
IIIa Inhibitor in Stenting (EPISTENT) trial randomized 2399 patients 
to stenting with abciximab, stenting with placebo, or balloon angio-
plasty with abciximab. Adding abciximab to stenting was associated 
with a significant reduction in the incidence of death (1% stent plus 
abciximab vs. 2.4% stent alone, P = .037; HR = 0.43; 95% CI, 0.19 to 
0.97) and the composite end point of death and MI (5.3% stent plus 
abciximab vs. 11.0% stent alone, P < .001; HR = 0.46; 95% CI, 0.32 to 
0.67) at 30 days.64 Compared with stenting plus placebo, the incremen-
tal 1-year costs of stenting plus abciximab was $58, with a correspond-
ing ICER of $5291 per LY gained.64

The use of GP IIb/IIIa inhibitors has been an economically attrac-
tive option in the setting of ACS and after elective PCI. However, their 
use has markedly decreased since the introduction of adenosine 
diphosphate receptor inhibitors (discussed later). Concomitant use of 
both agents has not been evaluated from an economic standpoint.

P2Y12 Receptor Antagonists
The benefit of dual antiplatelet therapy (DAPT) was established by data 
showing that the combination of aspirin and ticlopidine was associated 
with higher levels of platelet inhibition than aspirin alone in patients 
with CAD treated with PCI.65 However, ticlopidine use was associated 
with many side effects. Subsequently, clopidogrel, a P2Y12 receptor 
antagonist, was studied in many clinical trials and proved to be an 
effective option for DAPT with fewer side effects than ticlopidine. 
However, the use of clopidogrel was associated with substantial inter-
patient variability and a delayed onset of action. The reduced pharma-
cologic response in some patients to clopidogrel was associated with 
an increased risk of adverse clinical events, including MI and stent 
thrombosis. This limitation led to the introduction of the more potent 
antiplatelet inhibitors prasugrel and ticagrelor as alternatives to 
clopidogrel.

Several trials have evaluated the economics of using an oral P2Y12 
receptor antagonist after PCI. The PCI-CURE substudy of the Clopi-
dogrel in Unstable Angina to Prevent Recurrent Events (CURE) trial 
showed that the use of clopidogrel was associated with a 31% reduction 
in cardiovascular death or MI (P = .002).66 CEA of CURE-PCI showed 
that clopidogrel was associated with a higher average cost at 1 year of 
$253 to $423. For patients who underwent PCI during the initial hos-
pitalization, the difference was substantially less and ranged from $155 
lower to $90 higher with clopidogrel. Clopidogrel proved to be a very 
attractive option, with an ICER of $2856 to $4775 per LY without PCI 
and $935 per LY for the early PCI subgroup.67

Although clopidogrel was established as a clinically effective  
and cost-effective strategy for PCI, the role of the novel adenosine 
diphosphate receptor antagonists remained in question. The Trial to 
Assess Improvement in Therapeutic Outcomes by Optimizing Platelet 
Inhibition With Prasugrel–Thrombolysis in Myocardial Infarction 38 
(TRITON-TIMI 38) randomized 13,608 patients with moderate- or 
high-risk ACS to receive prasugrel or clopidogrel at the time of PCI. 
The study showed that prasugrel use was associated with a significant 
reduction in the combined end point of cardiovascular death, nonfatal 
MI, or nonfatal stroke (9.9% prasugrel vs. 12.1% clopidogrel, P < .001) 
and a significant reduction in urgent TVR (2.5% vs. 3.7%, P < .001) 
and stent thrombosis (1.1% vs. 2.4%, P < .001). Patients receiving 
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undergoing emergency angiography to UFH or bivalirudin, showed 
that the use of bivalirudin compared with heparin alone was associated 
with a higher incidence of the primary composite end point of death, 
MI, CVA, or TVR (8.7% bivalirudin vs. 5.7% UFH, P = .01; RR = 1.52, 
95% CI, 1.09 to 2.13) without changing the incidence of major bleeding 
(3.5% bivalirudin vs. 3.1% UFH, P = .59; RR = 1.15; 95% CI, 0.70 to 
1.89).84 Cost analysis of the trial has not been reported, but UFH use 
is expected to be more cost-effective and even dominant compared 
with bivalirudin because UFH use is associated with lower costs and 
better outcomes without increasing the risk of complications.

Peripheral Vascular Interventions
Admissions for peripheral artery disease (PAD) have been increasing 
and are responsible for approximately 20% of all U.S. hospital admis-
sions. Analysis of more than 2 million hospital admissions for PAD 
between 2001 and 2007 showed that the choice of treatment has dra-
matically changed, with a 78% increase in endovascular procedures 
and a concomitant decrease in open bypass and amputations.85 The 
trend was associated with a change in the distribution of cases among 
different specialties involved in performing them. Between 1998 and 
2005, there was a sixfold drop in peripheral procedures performed by 
interventional radiologists (5.6% of all cases in 2005), with a threefold 
increase for interventional cardiologists (29% of all cases) and a twofold 
increase for vascular surgeons (43% of all cases).86

The number of interventional laboratories capable of peripheral 
vascular interventions is rapidly growing, with many fellowship pro-
grams offering additional training in these techniques. Advances in 
technology, uses of BMSs and atherectomy, and intravascular imaging 
have helped to increase success rates and reduce complications. Periph-
eral interventions are expected to grow by an average of 8% per year 
over the next 4 years.4,5

Peripheral Artery Disease Treatment
Many factors may affect the cost of vascular interventions. In a study 
assessing the cost of peripheral procedures at the Brigham and Women’s 
Hospital from 1990 through 1995, the cost of these interventions was 
higher with advanced age ($1345, P = .02), CAD ($1287, P = .05), and 
female gender ($1461, P = .03). Complications were associated with a 
substantial increase in cost, with an additional cost for fatal systemic 
complications of $11,675 (P = .004) and for nonfatal systemic compli-
cations of $9345 (P < .001).87

The extent and severity of PAD substantially influence the cost of 
treatment. Whereas treatment of a patient with stage IIa PAD by Fon-
taine criteria (i.e., pain-free walking distance of more than 200 m) 
costs about $650 per year, treatment of a patient with stage IV PAD 
(i.e., ischemic tissue necrosis) costs $9353 per year. Similarly, critical 
leg ischemia (i.e., PAD stages III and IV) is on average $4478 more 
expensive than the treatment of intermittent claudication (i.e., PAD 
stage II disease).87,88 This association also holds true for the costs of a 
specific therapeutic or invasive procedure. For example, the costs for 
percutaneous transluminal angioplasty (PTA) are much greater for 
patients with critical ischemia and tissue necrosis than for patients with 
disabling claudication due to higher complication rates and longer 
hospital stays.89 Amputation is about twice as expensive as a limb-
salvage strategy with interventional or surgical methods and for acute 
and chronic limb-threatening ischemia.90

Noninvasive Therapy
The use of antiplatelet agents was shown to be effective in reducing  
the risk of vascular occlusion in a wide range of patients with PAD.  
A meta-analysis of 8000 patients from 46 randomized trials of anti-
platelet therapy versus control and 14 randomized trials comparing 
one antiplatelet regimen with another showed that antiplatelet therapy 
produced a highly significant (P < .0001) reduction in vascular occlu-
sion, with the largest absolute reductions among patients at highest  
risk of occlusion and smaller but still significant absolute reductions 
among lower-risk patients. Antiplatelet therapy for patients with PAD 

antithrombotic regimens: UFH or enoxaparin plus a GP IIb/IIIa inhib-
itor, bivalirudin plus a GP IIb/IIIa inhibitor, or bivalirudin alone. 
Results showed that bivalirudin alone compared with UFH plus a GP 
IIb/IIIa inhibitor was associated with a noninferior rate of the compos-
ite end point of death, MI, or unplanned revascularization (7.8% vs. 
7.3%, P = .32; RR = 1.08; 95% CI, 0.93 to 1.24) and significantly reduced 
rates of major bleeding (3.0% vs. 5.7%, P < .001; RR = 0.53; 95% CI, 
0.43 to 0.65). There was no difference in any of the outcomes between 
the use of UFH or enoxaparin plus a GP IIb/IIIa inhibitor and that of 
bivalirudin plus a GP IIb/IIIa inhibitor.78 Economic evaluation of the 
U.S. cohort of the ACUITY trial showed that despite the higher drug 
cost of bivalirudin, the cumulative hospital stay costs were lowest with 
bivalirudin monotherapy (mean difference range, $184 to $1081, P < 
.001 for overall comparison), with cost savings extending up to 30 days 
(mean difference range, $123 to $938, P = .005). Savings primarily 
resulted from less major and minor bleeding with bivalirudin ($8658/
event and $2282/event, respectively).79

In the medical management of non-STEMI ACS, the use of more 
predictable anticoagulation with enoxaparin and fondaparinux is asso-
ciated with cost savings compared with UFH. During PCI, the use of 
bivalirudin alone seems to be a more attractive option than the com-
bined use of UFH or enoxaparin with a GP IIb/IIIa inhibitor.

Antithrombotic Use in ST-Elevation Myocardial Infarction
Data comparing enoxaparin and UFH in the setting of STEMI comes 
from the Enoxaparin and Thrombolysis Reperfusion for Acute Myo-
cardial Infarction Treatment–Thrombolysis in Myocardial Infarction 
25 (EXTRACT-TIMI 25) study. EXTRACT-TIMI 25 randomly 
assigned 20,506 patients with STEMI who were scheduled to undergo 
fibrinolysis to receive enoxaparin throughout the index hospitalization 
or weight-based UFH for at least 48 hours. The use of enoxaparin was 
associated with a significant reduction in the incidence of the compos-
ite end point of death, nonfatal MI, or urgent revascularization (11.7% 
enoxaparin vs. 14.5% heparin, P < .001).80 CEA of EXTRACT-TIMI 25 
showed that enoxaparin use in STEMI was associated with a higher 
cost at 30 days ($102) and 1 year ($1207). However, patients receiving 
enoxaparin gained an average of 0.12 LYs compared with patients given 
UFH. Enoxaparin was shown to be an economically attractive option, 
with an ICER of $5700 per LY gained.81

The Harmonizing Outcomes With Revascularization and Stents in 
Acute Myocardial Infarction (HORIZONS-AMI) trial randomized 
3602 patients with STEMI who were seen within 12 hours after the 
onset of symptoms and who were undergoing primary PCI to treat-
ment with heparin plus a glycoprotein IIb/IIIa inhibitor or treatment 
with bivalirudin alone. Similar to the findings in the ACUITY trial, the 
use of bivalirudin alone was associated with reduced 30-day rate of the 
composite end point of major bleeding and MACEs, including death, 
MI, TVR, and stroke (9.2% vs. 12.1%, P = .005; RR = 0.76; 95% CI, 0.63 
to 0.92),; lower rate of major bleeding (4.9% vs. 8.3%, P < .001; RR = 
0.60; 95% CI, 0.46 to 0.77); lower rate of 30-day cardiac death (1.8% vs. 
2.9%, P = .03; RR = 0.62; 95% CI, 0.40 to 0.95); and death from all 
causes (2.1% vs. 3.1%, P = .047; RR = 0.66; 95% CI, 0.44 to 1.00).82

Economic evaluation of the HORIZONS-AMI trial showed that the 
use of bivalirudin alone was associated with a lifetime savings of £267 
(£12,843 bivalirudin vs. £13,110 heparin plus GP IIb/IIIa). Probabilis-
tic analysis showed that bivalirudin use was associated with higher 
quality-adjusted survival at lower costs, suggesting that bivalirudin 
alone may be dominant, with cost-effectiveness being better than 
£20,000 per QALY gained.83 However, a single-center experience pre-
sented at the 2014 American College of Cardiology meeting demon-
strated improvement in outcomes with the use of heparin monotherapy 
plus bailout GP IIb/IIIa inhibitors compared with bivalirudin mono-
therapy. This finding was unique in that HORIZONS-AMI did not use 
a treatment arm with heparin alone. It stands to reason that heparin 
monotherapy may be as effective or more effective than bivalirudin 
monotherapy at a decreased cost.

The How Effective Are Antithrombotic Therapies in Primary  
PCI (HEAT-PPCI) trial, which randomly assigned 1917 patients 
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Advanced Endovascular Interventions
Although PTA alone was originally introduced as a treatment alterna-
tive to surgical revascularization, subsequent development of stent 
technology demonstrated a lower incidence of target-lesion revascu-
larization (TLR).34,97,98 Drug-coated balloons (DCBs) have emerged as 
a revascularization strategy that holds the promise of reducing the 
number of TLRs further while avoiding stent-related risks such as ISR 
and stent fracture and maintaining all therapeutic options for subse-
quent intervention.99 Starting in 2014, DESs and DCBs became avail-
able for commercial use in the United States and are expected to be 
widely used.

Two studies compared the economics of the three modalities. A 
British economic study compared PTA with no bailout stenting, PTA 
with bailout DESs, DCBs, primary BMSs, primary DESs, endovascular 
brachytherapy, stent grafts, and cryoplasty in patients with intermittent 
claudication and critical leg ischemia. The cost and QALY were favor-
able for DCBs compared with all other strategies for intermittent clau-
dication (cost, £12,668 vs. £13,032 to £17,578; QALY, 6.120 vs. 5.931 
to 6.081) and critical limb ischemia (cost, £49,890 vs. £54,775 to 
£58,097; QALY, 3.402 vs. 2.988 to 3.297). Using £100,000 as a higher 
cutoff for the calculation, the use of DCBs seemed to be more economi-
cally attractive because of lower lifetime costs and greater effectiveness. 
The probability of DCBs being cost-effective was at least 58.3% for 
patients with intermittent claudication and at least 72.2% for patients 
with critical leg ischemia.100

Another economic study analyzed results for a cohort of 2406 
patients from 13 trials. It assessed the economic impact of BMS, DES, 
or DCB use compared with PTA alone based on the 2013 reimburse-
ment rates of U.S. Medicare and the German statutory sickness funds. 
Results showed TLR rates of 14.3%, 19.3%, 28.1%, and 40.3% for DCB, 
DES, BMS, and PTA strategies, respectively. The drug-eluting strategies 
had a lower projected budget impact over 24 months compared with 
BMS and PTA in the U.S. Medicare ($10,214 DCB, $12,904 DES, 
$13,114 PTA, $13,802 BMS) and German public health care systems 
(€3,619 DCB, €3,632 DES, €4,026 BMS, €4,290 PTA).101 Clinical trials 
are evaluating the efficacy of these drug-coated products in the vascu-
lar periphery.

MEDICAL ECONOMICS OF STRUCTURAL  
CARDIAC INTERVENTIONS

Structural heart disease is the field of interventional cardiology that 
may witness the greatest growth in the next 10 years.5 The field of 
structural interventional cardiology was first developed with trans-
catheter valvuloplasty of the mitral valve, followed by the introduction 
of closure devices for atrial septal defect (ASD) and patent foramen 
ovale (PFO). Transcatheter aortic valve replacement (TAVR) and new 
transcatheter techniques to manage mitral regurgitation are expected 
to increase the volume of structural procedures by 30% over the next 
decade.5 This growth reflects the projected increase in the incidence of 
aortic and mitral valve disease due to aging of the population and 
greater penetration of these therapeutic methods for a broader popula-
tion. Analysis of three large population-based epidemiologic studies 
found that the overall prevalence of aortic and mitral valve disease was 
estimated to be 2.5%, but the rate was less than 1% for those younger 
than 54 years, 4% to 8% for those between 65 and 74 years, and 12% 
to 14% for those older than 75 years old.102

Approval of the Sapien transcatheter heart valve (Edwards Life-
sciences, Irvine, CA) in 2007 and the CoreValve (Medtronic, Minne-
apolis, MN) shortly thereafter in Europe led to the performance of 
more than 60,000 TAVR procedures outside of the United States in 
2011.4 In the United States, the Sapien valve was approved in 2011, and 
the CoreValve was approved in 2014. The annual TAVR volume is 
expected to grow from 2000 in 2012 to 25,000 after 2015, especially 
after TAVR was shown to be a viable option for inoperable and oper-
able but high-risk patients.4

produced a significant 25% reduction (P = 0.002) in the incidence of 
vascular events (i.e., nonfatal MI, nonfatal stroke, or vascular death).91

The Clopidogrel for High Atherothrombotic Risk and Ischemic 
Stabilization, Management, and Avoidance (CHARISMA) trial, which 
randomized 15,603 patients with clinically evident cardiovascular 
disease or multiple risk factors for cardiovascular disease to receive 
clopidogrel plus low-dose aspirin or low-dose aspirin alone, showed 
no significant difference in the composite end point of MI, stroke, or 
cardiac death.92 However, a subgroup analysis of 9478 patients with 
manifest cardiovascular disease (i.e., prior MI, stroke, or symptomatic 
PAD) in the CHARISMA trial showed a significant reduction in the 
incidence of the composite end point of cardiovascular death, MI, or 
stroke with the use DAPT (7.3% vs. 8.8%, P < .01; HR = 0.83, 95% CI, 
0.72 to 0.96) and a reduction in hospitalizations for ischemia (11.4% 
vs. 13.2%, P = .008; HR = 0.86; 95% CI, 0.76 to 0.96).93

Economic evaluation of the CHARISMA subgroup showed that 
DAPT use was associated with a $2607 higher cost and with a projected 
life expectancy increased by an average of 0.072 years. The use of DAPT 
therefore appeared to be an economically attractive option, with an 
ICER of $36,343 per LY gained.94

Vasoactive agents, including cilostazol, naftidrofuryl oxalate, pent-
oxifylline, and inositol nicotinate, are used for symptomatic relief in 
patients with intermittent claudication. Review and analysis of the 
results of 26 RCTs showed that naftidrofuryl oxalate and cilostazol 
were effective treatments, with significant improvement in the loga-
rithmic mean of maximal walking distance from 0.181 to 0.762 and 
0.108 to 0.337, respectively, for this patient population. Naftidrofuryl 
oxalate, however, seems to be the only treatment that is likely to be 
considered cost-effective, with an ICER of about £6070 per QALY 
gained compared with no vasoactive drug, whereas cilostazol was asso-
ciated with an ICER of more than £20,000 per QALY gained compared 
with no vasoactive drug.94

Percutaneous Transluminal Angioplasty Versus Bypass Surgery
The first data on the comparative cost-effectiveness of PTA versus 
bypass surgery came from the Revascularization for Femoropopliteal 
Disease trial, which studied the impact of both strategies on 65-year-
old men with disabling claudication or chronic critical limb ischemia 
due to femoropopliteal stenosis. Initial angioplasty increased quality-
adjusted life expectancy by 2 to 13 months for patients with disabling 
claudication and by 1 to 4 months for patients with chronic critical 
ischemia and resulted in decreased lifetime expenditures compared 
with bypass surgery in both groups. Using a maximum threshold cost 
of $50,000 per QALY, PTA was cost-effective compared with vein 
bypass for lesions that could be treated, with a better than 30% 5-year 
patency.89

The Bypass Versus Angioplasty in Severe Ischaemia of the Leg 
(BASIL) trial randomized 452 patients with severe limb ischemia due 
to infrainguinal disease to receive a surgery-first or an angioplasty-first 
strategy. After 1 year, the two strategies did not differ significantly in 
amputation-free survival (71% bypass vs. 68% PTA; adjusted HR = 
0.73; 95% CI, 0.49 to 1.07).95 However, the 5-year follow-up assessment 
of the BASIL trial showed that bypass surgery was associated with 
better overall survival (47% bypass vs. 41% PTA, P < .009; adjusted 
HR = 0.61; 95% CI, 0.50 to 0.75) and a nonsignificant difference in 
amputation-free survival (38% bypass vs. 37% PTA, P = .108; adjusted 
HR = 0.85; 95% CI, 0.5 to 1.07).96 Economic assessment showed that 
for the first year, the hospital costs associated with a surgery-first strat-
egy were $8469 higher ($34,378 bypass vs. $25,909 PTA). However, at 
the 5-year follow-up and due to increased costs subsequently incurred 
by the need for repeat revascularization (including surgery in the PTA 
patients), the difference decreased to $5521 ($45,322 bypass vs. $39,801 
PTA) and was no longer significant.

Although the bypass strategy was associated with better survival, it 
was not economically attractive, with an ICER of $184,492 per QALY 
gained.96 Consistent with the disparate economic findings, clinical 
practice for this patient population varies greatly with regard to angio-
plasty or bypass selection.
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The U.S. trial evaluating the self-expanding CoreValve compared 
with standard therapy in extreme-risk patients yielded similar improve-
ments in outcomes with significant reductions in the incidence of 
death and stroke (26.0% CoreValve vs. 43.0% standard therapy, P < 
.0001).109 Economic analysis of CoreValve use in this population is 
expected in the near future.

Transcatheter Aortic Valve Replacement Versus Surgical Aortic 
Valve Replacement in High-Risk Patients
Because TAVR offered a less invasive approach for aortic valve replace-
ment, the question of its applicability and effectiveness in high-risk 
surgical patients came to the forefront. Cohort A of the PARTNER trial 
tried to answer this by randomizing 699 high-risk patients with severe 
aortic stenosis to undergo TAVR (by a transfemoral or transapical 
approach) or SAVR. The results showed that TAVR was noninferior to 
SAVR in the primary end point of death at 1 year (24.2% TAVR vs. 
26.8% SAVR, P = .44). The rates of major stroke were not statistically 
different at 1 year (5.1% TAVR vs. 2.4%, SAVR, P = .07). At 30 days, 
major vascular complications were significantly more frequent with 
TAVR (11.0% TAVR vs. 3.2% SAVR, P < .001), and MACEs (including 
major bleeding) were more frequent after SAVR (9.3% TAVR vs. 19.5% 
SAVR, P < .001).110

CEA of Cohort A of the PARTNER trial compared SAVR with 
TAVR using a transfemoral approach (TF-TAVR) or transapical 
approach (TA-TAVR). In the TF-TAVR cohort, the overall admission 
costs were not significantly different between groups ($73,219 TAVR 
vs. $74,067 SAVR), and the 12-month costs were marginally lower for 
TF-TAVR (mean difference, −$1250; 95% CI, −$18,132 to $13,867). 
Life expectancy and quality-adjusted life expectancy were slightly 
higher with TF-TAVR, making TF-TAVR economically dominant 
compared with SAVR in 55.7% of replicates, with an ICER of $50,000 
per QALY gained in 70.9%.111

In the TA-TAVR cohort, the total admission costs remained higher 
with TA-TAVR ($90,919 TA-TAVR vs. $79,024 SAVR). The 12-month 
cost was slightly higher with TA-TAVR ($100,504 TA-TAVR vs. $98,434 
SAVR), with a mean difference of $2,070 (95% CI, −$9,960 to $13,499). 
Life expectancy was similar for the TA-TAVR and SAVR groups, 
whereas quality-adjusted life expectancy tended to be less with 
TA-TAVR. TA-TAVR was economically dominated by SAVR in the 
base case and economically attractive in only 7.1% of replicates. 
TF-TAVR seems to be an economically attractive alternative to SAVR 
for high-risk surgical patients, but this is not the case for TA-TAVR.

Data from the U.S. trial comparing CoreValve TAVR with SAVR in 
high-risk patients showed that CoreValve use was associated with a 
significant reduction in mortality (14.2% CoreValve TAVR vs. 19.1% 
SAVR, P < .001 for noninferiority, P = .04 for superiority).112 Economic 
evaluation of CoreValve use in this population is expected in the near 
future.

Transcatheter Aortic Valve Replacement Versus Surgical Aortic 
Valve Replacement in Intermediate-Risk Patients
SAVR is the standard of care for patients with severe aortic stenosis and 
intermediate or average surgical risk. Randomized trials such as the 
Surgical Replacement and Transcatheter Aortic Valve Implantation 
(SURTAVI) and PARTNER II trials are comparing the effectiveness and 
cost-effectiveness of TAVR and SAVR for intermediate-risk patients.113

Data comparing the costs of both procedures come from a single-
center study performed at the Erasmus Medical Center in The Neth-
erlands that compared CoreValve TAVR with SAVR. Despite a shorter 
hospital length of stay with TAVR, the cost of the TAVR procedure and 
patient follow-up was higher, resulting in higher in-hospital (€40,802 
TAVR vs. €33,354 SAVR, P = .01) and total costs for TAVR (€46,217 
TAVR vs. €35,511 SAVR, P = .009).114

Percutaneous Mitral Valve Repair
Data comparing percutaneous mitral valve repair with mitral valve 
surgery come from the Endovascular Edge-to-Edge Repair Study II 

Transcatheter Versus Surgical Closure of Secundum Atrial 
Septal Defects in Adults
Transcatheter ASD closure was shown to be a feasible option for the 
management of secundum ASD in adults.103 Outcome analysis of a 
cohort of 718 ASD closures performed between 1988 and 2005, which 
included 383 surgical ASD closures and 335 transcatheter ASD clo-
sures, showed no difference in mortality rates at 5 years between the 
two strategies (5.3% transcatheter vs. 6.3% surgical, P = 1.00), but 
transcatheter intervention was associated with a higher reintervention 
rate at 5 years (7.9% vs. 0.3%, P = .0038).103 CEA of this cohort showed 
that the 5-year costs were $15,304 for surgical closure and $11,060 for 
the transcatheter alternative. At 5 years, transcatheter closure was mar-
ginally more effective than surgery (4.683 ± 0.379 LY vs. 4.618 ± 0.638 
LY).104 Whenever feasible, transcatheter ASD closure seems to be the 
dominant strategy over surgical closure.

Transcatheter Aortic Valve Replacement
An estimated 3.4% of the population older than 75 years has severe 
aortic stenosis, corresponding to 350,000 patients in the United States 
alone.105 Forty percent of these patients do not get surgical interven-
tion because they are considered to be inoperable or at very high 
surgical risk.

TAVR was developed as an alternative to surgical aortic valve 
replacement (SAVR). TAVR treats aortic stenosis by displacing and 
functionally replacing the native valve with a bioprosthetic valve deliv-
ered on a catheter (i.e., Sapien valve) or a trileaflet porcine pericardial 
valve on a self-expanding nitinol frame (CoreValve) through the 
femoral artery (i.e., transfemoral approach) or the left ventricular apex 
(i.e., transapical placement). It is estimated that there are approxi-
mately 102,558 TAVR candidates in North America and 189,836 TAVR 
candidates in Europe.105

Transcatheter Aortic Valve Replacement Versus Medical Therapy in 
Inoperable Patients
Symptomatic severe aortic stenosis in the absence of definitive treat-
ment leads to progressive symptoms, functional decline, and death.106 
In patients not considered candidates for SAVR, medical therapy was 
not effective in slowing the expected outcomes. The introduction of 
TAVR offered an alternative for this patient population.

Evidence supporting the use of TAVR in patients with severe aortic 
stenosis who are not surgical candidates comes from Cohort B of  
the Placement of Aortic Transcatheter Valve (PARTNER) trial, which 
randomized 358 patients with aortic stenosis who were not consid-
ered suitable surgical candidates to medical management (including 
balloon valvuloplasty) or TAVR. The trial found an impressive abso-
lute 20% reduction in the 1-year mortality rate for TAVR compared 
with standard therapy in this population (30.7% TAVR vs. 50.7% stan-
dard therapy, P < .001; HR = 0.55; 95% CI, 0.40 to 0.74). However, 
TAVR was associated with a higher incidence of major strokes (5.0% 
vs. 1.1%, P = .06) and major vascular complications (16.2% vs. 1.1%, 
P < .001).106

Economic evaluation of the PARTNER Cohort B data showed that 
TAVR was associated with a mean cost of $42,806 for the initial pro-
cedure and $78,542 for the hospitalization. Follow-up costs through 12 
months were lower with TAVR compared with standard therapy 
($29,289 vs. $53,621). The cumulative 1-year costs remained higher for 
TAVR ($106,076 vs. $53,621). TAVR increased discounted life expec-
tancy by 1.6 years (1.3 QALYs) at an incremental cost of $79,837. TAVR 
was associated with an ICER of $50,200 per LY gained and $61,889 per 
QALY gained.107

A cost stimulation model based on the same cohort data for an 
estimated 10-year time horizon showed that TAVR was cost-effective 
at 24 months, with an ICER of £18,500 ($31,450) per QALY gained.108 
Although TAVR in this group was associated with a considerable 
increase in cost, it was also associated with an acceptable ICER per LY 
and a potentially acceptable ICER per QALY over time.
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CEA of EVEREST II showed that the potential cost-effectiveness of 
the MitraClip compared with mitral valve surgery depended primarily 
on the MitraClip price and early procedural success. Economic assess-
ment using the study price of $18,000 showed that the clip strategy 
reduced costs by $2200 per patient, making it economically dominant. 
Using a clip price of $26,200 (i.e., approximate European price), the 
overall costs were higher with the clip strategy by $6192, and the ICER 
was unfavorable (>$400,000 per QALY gained). In a sensitivity analysis 
limited to patients with early procedural success, the QALY gain was 
larger, the cost offset with the clip was greater, and cost-effectiveness 
was more favorable (i.e., dominant at a MitraClip price of $18,000 and 
about $54,000 per QALY gained at a price of $26,200).116 The MitraClip 
may be an economically reasonable option if the equipment cost falls 
over time.

(EVEREST II), which randomly assigned 279 patients with moderately 
severe or severe (grade 3+ or 4+) mitral regurgitation in a ratio of 2 to 
1 to percutaneous repair with the MitraClip (Abbott Vascular, Santa 
Clara, CA) or conventional surgery for repair or replacement of the 
mitral valve. Surgical repair was associated with higher rates of freedom 
from death, from surgery for mitral valve dysfunction, and from grade 
3+ or 4+ mitral regurgitation at 12 months (55% MitraClip vs. 73% 
mitral surgery, P = .007). The results reflected the increased need for 
definitive surgery after use of the MitraClip (20% MitraClip vs. 2% 
surgery). There was no difference in death (6% in each group) or 
freedom from grade 3+ or 4+ mitral regurgitation (21% MitraClip vs. 
20% surgery). Patients’ quality of life improved from baseline to 12 
months in the two study groups, but surgery was associated with a 
transient decrease in the quality of life at 30 days.115
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Interventional cardiology has grown rapidly since its inception more 
than 30 years ago. Invasive cardiovascular procedures have become 

the cornerstone for evaluation and management of many cardiovascu-
lar diseases, especially coronary artery disease. Since the start of inter-
ventional cardiology, there have been efforts to measure and evaluate 
the quality of care.

Considerable attention has been focused on the cardiac catheteriza-
tion laboratory because these procedures are widely used, easily identi-
fied with claims data, expensive, and associated with important 
complications. Attention continues to intensify because of increasing 
state and federal regulations, requests for public reporting of hospital 
and physician data, consumer pressures for care of the highest quality, 
and pressure from payers for cost-efficient care and appropriate use of 
diagnostic cardiac catheterization and percutaneous coronary inter-
ventions (PCIs). There is also growing awareness that the quality of 
health care is compromised by preventable medical errors, absence of 
evidence-based standards in many areas, lack of emphasis on disease 
prevention, inadequate personal responsibility for maintaining health, 
and disparities in health care delivery related to race, gender, income, 
and insurance status.

Numerous government and private agencies in the United States 
have been involved in the development of quality measures and dis-
semination of data (Table 64-1). Report cards on cardiac operations 
and PCIs for hospitals and individual physicians exist in some states.2,3 
Interest in these reports continue to increase as data have emerged 
showing that patients fail to receive up to 45% of the tests and 

treatments recommended by evidence-based guidelines.4 In an attempt 
to promote quality and improve outcomes, pay-for-performance pro-
grams, in which providers receive financial incentives for achieving 
certain benchmark goals in patient care, were developed.5 With 
payment reform and Centers for Medicare and Medicaid Services 
(CMS) demonstration projects such as bundled payment care initia-
tives, there will be increasing focus on the efficient delivery of percu-
taneous procedures as part of a complete episode of care over a 
specified time period (e.g., 30 to 90 days).6

Although there are no formal national standards with which to 
judge the quality of cardiac catheterization laboratories, some states 
have used clinical practice guidelines and expert consensus documents 
published by the American College of Cardiology Foundation (ACCF), 
the American Heart Association (AHA), and the Society for Cardio-
vascular Angiography and Interventions (SCAI) to develop quality 
standards.7-9 Although these documents were never intended to serve 
as state or national standards, they have become the de facto basis for 
licensure regulations imposed by state health departments in an 
attempt to improve quality. To understand the current status of quality 
efforts in the cardiac catheterization laboratory, it is helpful to examine 
some of the major events that form the history of quality efforts in U.S. 
health care.

QUALITY EFFORTS IN U.S. MEDICINE
Despite concerns about the state of American medicine, there have 
been profound improvements during the past 150 years. The American 
Medical Association (AMA) was founded in 1847, in part to address 
the disorganized and poor quality of health care in the United States. 
As a precursor of future efforts, the American College of Surgeons 
established the Hospital Standardization Program in 1917, promoting 
five basic patient care standards and surveying health care organiza-
tions to determine their acceptability for accreditation. In 1952, several 
other organizations collaborated with the American College of Sur-
geons to form the Joint Commission on Accreditation of Hospitals, 
now called The Joint Commission.10

A structure for organizing quality standards in health care was 
proposed by Avedis Donabedian in 1966 with the publication of an 
article that provided a broad definition of quality. It recommended 
evaluations in three areas: structure, process, and outcome.11 This 
format was widely adapted and is still in use today.

During this early period, quality was often assessed by random 
chart audits or outcome-oriented chart surveys to evaluate metrics 
such as the use of blood products in surgical cases. Audit requirements 
were later minimized in favor of hospital-wide quality assurance pro-
grams designed to detect care that was thought to be outside acceptable 
standards. Physician profiles reflecting the number of procedures per-
formed, indications, and complications were compared with grouped 
data from similar physicians to identify outliers with the hope that they 
could be persuaded to change their practice habits by colleagues, the 
hospital, or other agencies.12

About 1990, a technique developed primarily for industry, called 
continuous quality improvement (CQI), was advocated by The Joint 
Commission. Compared with quality assurance programs, CQI tries 
to improve overall performance rather than identifying poor 
performers.13-15 CQI has become a central activity for all health care 
organizations.
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K E Y  P O I N T S

•	 With	increasing	state	and	federal	regulations,	direct	patient	access	
to	publicly	available	information	about	the	quality	of	care,	and	
pressures	from	payers	for	cost-efficiency,	the	delivery	of	care	in	the	
cardiac	catheterization	laboratory	is	being	examined	closely.

•	 Efforts	to	improve	the	quality	of	medical	care	in	the	United	States	
started	more	than	150	years	ago	and	new	initiatives	such	as	
public	reporting	were	incorporated	into	the	Patient	Protection	and	
Affordable	Care	Act	of	2010.

•	 Donabedian’s	triad	of	three	domains—structure,	process,	and	
outcomes—provides	a	conceptual	framework	for	evaluating	the	
quality	of	medical	care.	Catheterization	laboratory	personnel	
should	understand	the	existing	structural	elements,	processes,	and	
outcomes.

•	 Each	catheterization	laboratory	should	develop	a	framework	of	
quality	to	ensure	that	the	right	patient	gets	the	right	procedure	with	
the	right	execution	and	the	right	outcome	on	a	daily	basis.

•	 The	framework	should	include	the	specific	elements	and	activities	
that	constitute	the	building	blocks	of	quality.

•	 Public	reporting	increases	transparency	and	is	part	of	the	
proposed	mechanisms	to	tie	reimbursement	to	quality	care.	
Reporting	must	occur	in	a	fair,	accurate,	and	meaningful	way	that	
benefits	patients	but	minimizes	unintended	negative	consequences.

Quality is everyone’s responsibility.
W. Edwards Deming1
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TABLE 64-1 Organizations Involved in the Assessment of Quality Care
Organization Mission, Goals, and Focus Website

Agency	for	Healthcare	
Research	and	Quality	
(AHRQ)

Lead	federal	agency	charged	with	improving	the	quality,	safety,	efficiency,	and	
effectiveness	of	health	care	for	all	Americans

www.ahrq.gov

National	Guideline	
Clearinghouse	(NGC)

An	initiative	of	AHRQ	that	is	a	public	resource	for	evidence-based	clinical	practice	
guidelines

www.guideline.gov

Centers	for	Medicare	and	
Medicaid	Services	(CMS)

Host	for	Hospital	Compare,	which	reports	the	process	of	care,	risk-adjusted	
outcomes,	and	patient	satisfaction	measures	for	all	hospitals	in	the	United	States

www.medicare.gov/hospitalcompare

Centers	for	Medicare	and	
Medicaid	Services	(CMS)

Host	for	Physician	Compare,	which	helps	consumers	find	and	choose	physicians	
and	other	health	care	professionals	enrolled	in	Medicare	and	will	report	several	
provider	metrics	in	the	future

www.medicare.gov/physiciancompare

Department	of	Health	and	
Human	Services	(DHHS)

Provides	links	to	hundreds	of	sites	on	the	Internet	that	contain	reliable	health	care	
information	and	links	to	many	government	and	nongovernment	sources	of	
information	on	health	care	quality

www.healthfinder.gov

The	Joint	Commission Provides	accreditation	to	hospital	and	other	health	care	facilities;	provides	quality	
care	and	hospital	quality	measures	for	public	reporting	through	the	ORYX	reporting	
program

www.jointcommission.org

National	Committee	for	
Quality	Assurance	
(NCQA)

A	private,	501(c)(3)	not-for-profit	organization	dedicated	to	improving	health	care	
quality;	operates	the	Healthcare	Effectiveness	Data	and	Information	Set	(HEDIS),	a	
tool	used	by	more	than	90%	of	America’s	health	plans	to	measure	performance	
on	important	dimensions	of	care	and	service

www.ncqa.org

The	American	Health	
Quality	Association	
(AHQA)

An	educational,	not-for-profit	national	membership	association	dedicated	to	health	
care	quality	through	community-based,	independent	quality	evaluation	and	
improvement	programs

www.ahqa.org

National	Quality	Forum	
(NQF)

Sets	national	priorities	and	goals	for	performance	improvement	and	endorses	
national	consensus	standards	for	measuring	and	publicly	reporting	on	performance

www.qualityforum.org

American	Medical	
Association	(AMA)

AMA-sponsored	Physician	Consortium	for	Performance	Improvement	(PCPI)	
enhances	quality	of	care	and	patient	safety	through	development,	testing,	and	
maintenance	of	evidence-based	clinical	performance	measures	and	measurement	
resources	for	physicians

www.ama-assn.org

American	College	of	
Cardiology	Foundation	
(ACCF)

In	collaboration	with	other	professional	organizations,	develops	clinical	practice	
guidelines,	expert	consensus	documents,	and	other	quality	programs,	including	
Guidelines	Applied	in	Practice	(GAP)	to	assist	with	guideline	application	in	clinical	
practice	and	Hospital	to	Home	(H2H),	an	effort	to	improve	the	transition	from	
inpatient	to	outpatient	status	for	those	with	cardiovascular	disease

www.cardiosource.org

American	Heart	
Association	(AHA)

In	collaboration	with	other	professional	organizations,	develops	clinical	practice	
guidelines,	expert	consensus	documents,	and	other	quality	programs,	including	
Get	With	the	Guidelines,	a	hospital-based	quality-improvement	program	to	ensure	
consistent	treatment	according	to	evidence-based	guidelines,	and	Mission:	Lifeline,	
a	national,	community-based	initiative	to	improve	systems	of	care	for	patients	with	
ST-elevation	myocardial	infarction

www.my.americanheart.org

The	Leapfrog	Group A	voluntary	program	organized	by	large	employers	to	promote	big	leaps	in	health	
care	safety,	quality,	and	customer	value

www.leapfroggroup.org

As quality efforts by the medical profession were maturing, state 
and federal agencies were becoming interested in regulating health 
care, developing standards, and promoting high-quality medical care. 
By the late 1800s, many states required physician licensure and man-
dated educational standards for physicians. The National Board of 
Medical Examiners was founded in 1915 to provide a nationwide 
examination that licensing authorities could accept and use to judge 
candidates for licensure.

As the medical field expanded and specialty training became avail-
able, it was recognized that some type of certification process for spe-
cialists was necessary. To establish a uniform system, the American 
Board of Medical Specialties was formed in 1933. There are now 24 
specialty boards that certify physicians, and this process has evolved 
to one of continuous professional development and lifelong learning 
through a Maintenance of Certification program requiring ongoing 
measurement of six core competencies.16 Controversy has accompa-
nied the Maintenance of Certification program, and it continues to 
evolve as several groups attempt to determine the optimal strategy.17

One of the first federal quality initiatives was the formation of the 
U.S. Food and Drug Administration (FDA) in 1906. With the enact-
ment of Social Security in 1935 and Medicare in 1965, the Federal 

government became more involved in setting requirements for the 
delivery of health care funded by federal dollars.

To monitor the care of Medicare patients, Congress enacted rules 
called Conditions of Participation, which required hospitals to provide 
certain services and conduct reviews to determine the appropriateness 
of hospital admissions. In 1972, amendments to the Social Security Act 
created the Professional Standards Review Organization program to 
promote hospital efficiency and eliminate unnecessary hospital use. 
This program failed to meet expectations and was unpopular because 
many thought it emphasized cost containment rather than quality.12 It 
was abandoned and replaced by other peer review organizations.18

At the same time, substantial changes in hospital reimbursement 
occurred, with a shift to a cost-per-case system based on assignment 
to a diagnosis-related group (DRG). The peer review organizations 
were responsible for validating correct assignment to a DRG and for 
monitoring hospital admissions, readmissions, surgical procedures, 
complications, and hospital deaths. Peer review organizations empha-
sized quality but focused more on outcome metrics than structure and 
process metrics, and they were not without their critics.19

As the amount of Medicare spending increased, the federal govern-
ment became more involved in monitoring and controlling payments 

http://www.ahrq.gov
http://www.guideline.gov
http://www.medicare.gov/hospitalcompare
http://www.medicare.gov/physiciancompare
http://www.healthfinder.gov
http://www.jointcommission.org
http://www.ncqa.org
http://www.ahqa.org
http://www.qualityforum.org
http://www.ama-assn.org
http://www.cardiosource.org
http://www.my.americanheart.org
http://www.leapfroggroup.org
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a favorable outcome for a patient. Overuse is the use of a test or therapy 
even though its benefits do not justify the potential harm or costs. 
Misuse occurs when a therapy or diagnostic test is used in the wrong 
way or for the wrong purpose.

However quality is defined for interventional cardiologists, a struc-
ture for evaluating and measuring quality is needed to continually 
improve patient care (Fig. 64-1).24 The structure suggested provides a 
framework of quality into which recognized building blocks of quality 
can be placed and used in everyday workflow. The building blocks 
include specific elements and activities:
• Quality and case reviews are performed on a regular basis by all 

members of the patient care team in the catheterization laboratory 
(e.g., cardiologists, nurses, technologists) and by cardiac surgeons, 
noninvasive cardiologists, and others if necessary.

• Clinical practice guidelines, data standards, performance measures, 
and appropriate use criteria are incorporated into daily practice.

• The CQI process is used as a tool to evaluate variations in practice 
and improve performance in the cardiac catheter laboratory.

• Data are submitted to clinical registries such as the CathPCI Reg-
istry of the National Cardiovascular Data Registry (NCDR) to 
benchmark patient outcomes rather than using volume standards 
or administrative databases.

• Data from the NCDR and other local information are used to create 
dashboards for easy and understandable display of trends.
For invasive procedures, the decision to perform the procedure (i.e., 

right patient and right procedure) may be measured with appropriate 
use criteria and clinical practice guidelines. A quality health care envi-
ronment ensures that the patient is receiving the correct treatment for 
his or her condition. If the patient receives flawless and efficient deliv-
ery of the wrong treatment, quality cannot exist. Patient preference is 
solicited as part of shared decision making along with the clinical 
recommendation. Execution of the right procedure is influenced by 
clinical practice guidelines, performance measures, and the best avail-
able evidence, but it also includes the operator’s skill and experience 
as assessed by board certification and maintenance of certification, case 
reviews, and other peer review activities.

The right clinical result can be assessed by performance and 
outcome measures, some of which are publicly reported. In this 
fashion, the interventional practice of a facility and an operator may 
be evaluated, which provides the basis for determining the value of 
different practices.

Therapeutic Development and Quality
Quality in health care has its origin in the cycle of therapeutic develop-
ment (Fig. 64-2).25 The model starts with a hypothesis derived from 
basic scientific research, animal research, or other observations. It  
progresses to early clinical research with small, nonrandomized, and 

to physicians and hospitals. Before 1989, physician payments for ser-
vices within the Medicare program were based on usual and customary 
charges for services by similar physicians in the previous year. Substan-
tial changes in Medicare payments to physicians occurred as a result 
of the Budget Reconciliation Act of 1989, which redirected payments 
based on costs rather than charges. Costs were determined for the 
actual work involved, the overhead required to provide the service, and 
malpractice costs, with all three elements further adjusted for geo-
graphic differences in cost. This caused major changes in practice pat-
terns, which had positive and negative effects on the quality of care.

Additional federal funding led to the formation of the Agency for 
Health Care Policy and Research, which had a turbulent history and 
narrowly escaped being eliminated in 1995, only to be reauthorized in 
1999 with a new mandate and new name: the Agency for Healthcare 
Research and Quality (AHRQ). Many other quality initiatives and 
programs were developed by professional organizations and govern-
ment agencies over the next 10 years with various degrees of success.

Several quality initiatives were proposed as part of the Patient Pro-
tection and Affordable Care Act (PPAHA public law 111-148) of 2010. 
In addition to sweeping changes in the delivery of health care, several 
provisions in this legislation specifically targeted the quality of health 
care, including establishment of a Patient-Centered Outcomes Research 
Institute, formation of a Medicare Innovation Center with $10 billion 
to fund payment reform and quality improvement pilots, and develop-
ment of new systems linking payment to quality outcomes. The initia-
tives in the PPAHA and other progressive efforts promote a major 
transformation of the American health care delivery system through 
realignment of payment incentives to reward quality rather than quan-
tity of care.

It is important for interventional cardiologists to understand this 
history as they interact with many parts of the developing quality 
infrastructure, such as The Joint Commission, board certification, 
maintenance of certification, increased transparency from public 
reporting, and payment reforms.

QUALITY IN INTERVENTIONAL CARDIOLOGY
But even though Quality cannot be defined, you know what 
Quality is.

Robert M. Persig20

Definition
Quality is something everyone wants in health care, but it is not easily 
defined. Patients, physicians, payers, and government have different 
perspectives on the elements that contribute to high-quality health 
care. Patients frequently place greater emphasis on the interaction and 
time they have with their physician rather than on issues such as adher-
ence to practice guidelines. In contrast, payers and government agen-
cies are likely to place more emphasis on adherence to performance 
measures and on reductions in unnecessary procedures and costs.

The potential to deliver high-quality care in the cardiac catheteriza-
tion laboratory centers on the core values promoted by the Institute of 
Medicine (IOM). In its report, Crossing the Quality Chasm, quality is 
defined as “the degree to which health care systems, services, and sup-
plies for individuals and populations increase the likelihood for desired 
health outcomes in a manner consistent with current professional 
knowledge.”21 The IOM further states that health care should be safe, 
effective, evidence based, timely, equitable, and patient centered.

Several definitions of quality have been proposed, reflecting the 
complexity of the health care system and its heterogeneous stakehold-
ers. The RAND Corporation defines quality care as “providing patients 
with appropriate services in a technically competent manner, with good 
communications, shared decision making, and cultural sensitivity.”22

An increasingly popular operational definition of quality is based 
on error reduction and the recognition that there are three major types 
of errors in health care: underuse, overuse, and misuse.23 Underuse is 
a failure to provide a medical intervention when it is likely to produce 

FIGURE 64-1	 Conceptual	model	and	quality	framework	for	high-quality	
interventional	procedures.	
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for specific clinical circumstances.”26 For almost 20 years, the AHA, 
ACCF, and subspecialty organizations have collaborated to develop 
clinical practice guidelines in cardiology. Guidelines can improve the 
quality of cardiovascular care and enhance the use of evidence-based 
therapies, leading to better patient outcomes, improved cost-
effectiveness, and identification of knowledge gaps that require further 
research.

After a thorough review of the evidence, guideline recommenda-
tions are developed with a designated level of evidence in a structured 
format (Fig. 64-4). To remain relevant and be embraced by clinicians, 
clinical practice guidelines must incorporate new evidence in a timely 
fashion. Guidelines are updated as new and important data are pub-
lished. Guideline recommendations can be synthesized into algo-
rithms, which can be used to develop quality indicators by specifying 
the clinical circumstances under which a technology or treatment 
should or should not be used. Class I and III guideline recommenda-
tions with level A evidence identify recommendations that can be 
considered for the development of a quality measure.

Unfortunately, the process is not as straightforward as it seems 
because of the many treatment considerations for which reasonable 
uncertainty exists. A challenge to the development of quality indicators 
occurs when attempting to define which patients qualify for a particular 
indicator. In one study involving Medicare patients, less than half of all 
patients with an acute myocardial infarction (AMI) qualified for a 
particular quality measure because of a long list of exclusions.27 If a 
large number of patients are excluded from a particular quality measure, 
it may not be a meaningful reflection of the care provided by a physician 
or a facility. Determining how well a provider or an institution meets 
specified quality indicators is one way to gauge the quality of the health 
care delivered. Clinical practice guidelines and performance measures 
do not consider cost and value in their deliberations.28

Performance Measures
Performance measures are derived from clinical practice guidelines. A 
quality indicator is a variable, such as primary PCI performed in 
patients with ST-segment elevation myocardial infarction (STEMI) 
within 90 minutes if PCI is immediately available. In contrast, perfor-
mance measures must have a well-defined numerator and denominator 
and have appropriate and specified reasons to exclude patients from 
the tabulation within the measure.

Performance measure selection involves evaluating the strength of 
evidence supporting the measure, defining the importance of the 
outcome most likely to be achieved by adherence to it, and assessing 
the association between adherence to the performance measure and a 

unblinded case series and eventually leads to a large, randomized, 
blinded, and well-designed clinical trial.

After one or more well-performed clinical trials provide clear infor-
mation about a clinical question, the substrate is established for a 
clinical practice guideline. All available evidence and opinions are used 
to produce the clinical practice guidelines for medical conditions and 
therapeutic procedures (e.g., PCI guidelines). The appropriate use cri-
teria and performance measures are then derived from clinical practice 
guidelines (Fig. 64-3).

BUILDING BLOCKS OF QUALITY

Clinical Practice Guidelines
The IOM defines guidelines as “systematically developed statements to 
assist practitioner and patient decisions about appropriate health care 

FIGURE 64-2	 Model	for	the	integration	of	quality	into	
the	cycle	of	therapeutic	development.	Concepts	from	
the	 basic	 research	 laboratory	 eventually	 leads	 to	
clinical	studies.	After	well-conducted	clinical	research	
is	completed,	clinical	practice	guidelines	are	devel-
oped,	 leading	 to	quality	 indicators	and	 then	perfor-
mance	measures	intended	to	elevate	the	level	of	care	
and	 improve	 patient	 outcomes.	 (From	 Califf	 RM,	
Peterson	 ED,	 Gibbons	 RJ,	 et	al:	 Integrating	 quality	
into	the	cycle	of	therapeutic	development.	J	Am	Coll	
Cardiol	40[11]:1895-1901,	2002.)
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FIGURE 64-3	 The	building	blocks	of	quality.	Performance	measures	and	
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Peterson	ED:	Tools	for	guiding	clinical	practice	from	the	American	Heart	
Association	and	the	American	College	of	Cardiology:	what	are	they	and	
how	should	clinicians	use	them?	Circulation	119:1180-1185,	2009.)

1. Increase use of effective therapies
2. Decrease use of inappropriate, unnecessary,
    potentially harmful therapies

Improve patient outcomes, reduce
costs of health care delivery

Evidence
(RCTs, registries)

Expert
consensus

Clinical practice
guidelines

Appropriate
use criteria

PERF
measures

Future sources of evidence:
Comparative effectiveness

patient preferences



 CHAPTER 64  Quality of Care in Interventional Cardiology 1031

attributes to consider in the development of a performance measure 
are the cost associated with implementing the measure, availability of 
reimbursement for the therapy or intervention, and the cost of collect-
ing data required for the measure (Table 64-2).

Performance measures set a threshold for acceptable performance. 
This leads to questions regarding who determines the threshold and 
how the threshold level of performance is determined because it is 
unlikely that 100% compliance will be achieved for every performance 
measure. One method for defining thresholds is to establish achievable 
benchmarks of care.30 Adherence to a performance measure is deter-
mined in a large sample, and the rate of adherence in the top 10% of 
facilities or physicians is set as the achievable benchmark. Using this 
method avoids establishing unreasonable goals that might paradoxi-
cally lead to inappropriate actions to achieve the established goal. Table 
64-3 lists current performance measures in cardiology.

clinically important outcome. Using the earlier example, the corre-
sponding performance measure would be the proportion of eligible 
patients with STEMI who arrive at a PCI-capable hospital and receive 
primary PCI within 90 minutes of arrival. Guideline recommendations 
that clearly specify the patient population appropriate for a specified 
treatment or the optimal timing of a treatment are ideal for translation 
into performance measures.

A detailed description of the methodology for the selection and 
creation of American College of Cardiology and American Heart Asso-
ciation (ACC/AHA) performance measures has been published.29 
Similar to quality measures, class I guideline recommendations iden-
tify potential patient care decisions that could be considered for a 
performance measure. Performance measures represent mandatory 
elements of clinical care, whereas failure to adhere to a performance 
measure represents inadequate or inferior care. Other important 

FIGURE 64-4	 Classification	of	 recommendations	and	 level	of	 evidence	used	 in	 the	American	College	of	Cardiology	Foundation	 (ACCF)	and	 the	
American	Heart	Association	(AHA)	clinical	practice	guidelines.	Definitions	of	treatment	recommendations	and	levels	of	evidence	are	shown.	(From	
American	 Heart	 Association:	 Methodology	 manual	 and	 policies	 from	 the	 ACCF/AHA	 Task	 Force	 on	 Practice	 Guidelines.	 Available	 at	 http://
assets.cardiosource.com/Methodology_Manual_for_ACC_AHA_Writing_Committees.pdf	[accessed	March	25,	2015].)
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measures, potentially affecting future payment models. However, there 
are challenges to this approach. Details of an important individual 
measure can be diluted in the overall composite, and methods for 
deriving the composite must be transparent to prevent it from being 
perceived as a black box.

A detailed list of performance measures has been published for 
PCI.34 Eleven measures encompassing the triad of structure, process, 
and outcome were identified; six are considered performance mea-
sures, and five were recommended as quality metrics for self-
improvement (Table 64-5). The measures identified as performance 
measures include comprehensive documentation of the indication for 
the procedures, assessment of candidacy for dual-antiplatelet therapy, 
postprocedural optimal medical therapy, patient referral to cardiac 
rehabilitation, regional or national PCI registry participation, and 
annual hospital PCI volume. Individual operator volume was identified 
as a quality metric. In addition to these measures, national agencies 
such as the CMS have identified potential outcome measures for PCI.

Outcome Measures
The ultimate goal of performance measures is to identify care oppor-
tunities that are likely to improve outcomes for patients and thereby 
the quality of care. Among interventional cardiologists, there is general 
agreement regarding the outcome measures of importance, and they 
have been used in many trials. Death and freedom from major adverse 
cardiac events such as AMI, stroke, bleeding, and target-lesion or 
target-vessel revascularization are all important, relatively easy to 
quantify, and have been used in many trials. Improvements in symp-
toms and quality of life also are important but are more subjective and 
challenging to quantify, and collecting these data may involve addi-
tional cost and effort.

Many outcome measures require risk adjustment to compare out-
comes at the provider level in a fair manner, but adjusting for the effects 
of comorbid medical conditions, severity of the underlying disease, 
and socioeconomic status is imperfect. This is a huge challenge when 
analyses are restricted to administrative claims data, which often have 
inferior data quality and lack the necessary clinical covariables for risk 
adjustment. Because of the challenges in measuring outcomes, espe-
cially some long-term outcomes at the provider level, it is often easer 
to assess quality by adhering to performance measures as surrogates of 
actual quality on the assumption that a high level of adherence to 
performance measures results in better outcomes. In addition to tra-
ditional outcome measures, new measures, such as 30-day readmission 
after a PCI, have been implemented by CMS, with financial penalties 

TABLE 64-2 American College of Cardiology and American Heart 
Association (ACC/AHA) Attributes for Satisfactory 
Performance Measures

Measures for Improving Patient Outcomes

Evidence	based
Interpretable
Actionable

Measure Design

Denominator	precisely	defined
Numerator	precisely	defined
Validity

Face	validity
Content	validity
Construct	validity
Reliability

Measure Implementation

Feasibility
Reasonable	effort
Reasonable	cost
Reasonable	time	period	for	collection

Modified	from	Spertus	JA,	Eagle	KA,	Krumholtz	HM,	et	al:	American	College	of	Cardiology	
and	American	Heart	Association	methodology	for	the	selection	and	creation	of	performance	
measures	for	quantifying	and	quality	of	cardiovascular	care.	J	Am	Coll	Cardiol	45(7):1147-
1156,	2005.

TABLE 64-3 American College of Cardiology Foundation 
and American Heart Association Performance 
Measure Sets

Topic
Publication 
Date Partnering Organizations

Chronic	heart	failure 2005 ACC,	AHA:	inpatient	
measures

ACC,	AHA,	PCPI	
outpatient	measures

Chronic	stable	coronary	
artery	disease

2005 ACC,	AHA,	PCPI

Hypertension 2005 ACC,	AHA,	PCPI

ST-	and	non–ST-myocardial	
infarction

2006 ACC,	AHA

Cardiac	rehabilitation 2007 AACVPR,	ACC,	AHA

Atrial	fibrillation 2008 ACC,	AHA,	PCPI

Primary	prevention	of	
cardiovascular	disease

2009 ACCF,	AHA

Peripheral	artery	disease 2010 ACCF,	AHA,	ACR,	SCAI,	
SIR,	SVM,	SVN,	SVS

Percutaneous	coronary	
intervention

2013 ACCF,	AHA,	SCAI,	AMA

ACC,	American	College	of	Cardiology;	ACCF,	American	College	of	Cardiology	Foundation;	
AHA,	 American	 Heart	 Association;	 PCPI,	 AMA’s	 Physician	 Consortium	 for	 Performance	
Improvement;	AACVPR,	American	Association	of	Cardiovascular	and	Pulmonary	Rehabilita-
tion;	 ACR,	 American	 College	 of	 Radiology;	 SCAI,	 Society	 for	 Cardiovascular	 Angiography	
and	Interventions;	SIR,	Society	for	Interventional	Radiology;	SVM,	Society	for	Vascular	Medi-
cine;	SVN,	Society	for	Vascular	Nursing;	SVS,	Society	for	Vascular	Surgery.

TABLE 64-4 Individual Measures and Domains Included in the 
Society of Thoracic Surgeons Composite Score

Operative Care Domain

Use	of	at	least	one	internal	mammary	artery	graft

Perioperative Medical Care Domain

Preoperative	beta-blockers
Discharge	beta-blockers
Discharge	antiplatelet	medication
Discharge	antilipid	medication

Risk-Adjusted Mortality Domain

Operative	mortality

Risk-Adjusted Major Morbidity Domain

Prolonged	ventilation	(>24	hr)
Deep	sternal	wound	infection
Permanent	stroke
Renal	insufficiency
Reoperation

From	O’Brien	 SM,	 Shahian	DM,	DeLong	ER,	 et	al:	Quality	measurement	 in	 adult	 cardiac	
surgery:	 part	 2—statistical	 considerations	 in	 composite	 measure	 scoring	 and	 provider	
rating.	Ann	Thorac	Surg	83(4	Suppl):S13-S26,	2007.

There is interest in developing composite performance measures.31 
A composite performance measure is the combination of two or more 
measures into a single index. Composite measures reduce the informa-
tion burden by distilling the available indicators into a summary with 
which to examine multiple dimensions of performance and facilitate 
comparisons. The Society of Thoracic Surgeons developed and vali-
dated a composite measure for coronary artery bypass grafting (CABG) 
comprising five process measures and six outcome measures, all of 
which are endorsed by the National Quality Forum (NQF) (Table 
64-4).32,33 The NQF has endorsed ACC/AHA and NCDR performance 
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improvement of indications for procedures and stimulate discussions 
with patients as part of shared decision making.

The process of AUC development is well defined.36 First, the AUC 
writing group combines specific clinical characteristics to create pro-
totypical patient scenarios. Second, a technical panel is created from 
nominations by relevant professional societies, provider-led organiza-
tions, and health policy and payer communities. To preserve objectiv-
ity, the technical panels do not include a majority of individuals whose 
livelihood is tied to the technology under study. Third, the technical 
panel is provided with summaries of the relevant evidence from the 
literature and practice guidelines, and each member of the panel then 
independently assigns an appropriateness rating to each scenario. A 
numeric score is assigned to each scenario, with a score of 7 to 9 indi-
cating appropriate, 4 to 6 indicating may be appropriate, and 1 to 3 
indicating rarely appropriate indications to perform that test or proce-
dure. Fourth, the technical panel meets as a group to discuss the initial 
ratings and the benefits and risks of the test or procedure in the context 
of the potential benefits to patients’ outcomes, with an implicit under-
standing of the associated resource use and costs. After the group 
meeting, the individual panel members again rate each scenario for the 
final ranking. Fifth, the final appropriateness ratings are summarized 
using an established rigorous methodology.36

imposed for high readmission rates, and these measures are NQF 
approved.

Appropriate Use Criteria
Although clinical practice guidelines provide a foundation for sum-
marizing evidence-based cardiovascular care, there are many gaps in 
current knowledge and wide variation in practice patterns. The vari-
ability in the use of cardiovascular procedures raises questions of 
overuse or underuse. Realizing that clinical practice guidelines do not 
cover all possible clinical situations, appropriate use criteria (AUC) 
have been developed for cardiovascular imaging procedures and coro-
nary revascularization.35

AUC should serve as a supplement to clinical practice guidelines 
and performance measures. They are intended to assist patients and 
clinicians but are not intended to diminish the acknowledged difficulty 
or uncertainty of clinical decision making and cannot substitute for 
sound clinical judgment and practice experience. The AUC allow 
assessment of use patterns for a test or procedure. Comparing use pat-
terns across a large subset of provider’s patients can allow assessment 
of a provider’s management strategies with those of his or her peers. 
Ideally, measurement of the AUC in clinical practice would allow 

TABLE 64-5 2013 Performance Measures for Adults Undergoing Percutaneous Coronary Intervention
Performance Measure Description*

Comprehensive	documentation	of	
indications	for	PCI†

Percentage	of	patients	age	≥18	years	for	whom	PCI	is	performed	with	comprehensive	documentation	of	the	
procedure,	which	includes	at	a	minimum	the	following	elements:

•	 Priority	(e.g.,	acute	coronary	syndrome,	elective,	urgent,	emergency	or	salvage)
•	 Presence	and	severity	of	angina	symptoms	(e.g.,	Canadian	Cardiovascular	Society	classification	system)
•	 Use	of	antianginal	medical	therapies	within	2	weeks	before	the	procedure,	if	any
•	 Presence,	results,	and	timing	of	noninvasive	stress	test,	fractional	flow	reserve,	or	intravascular	ultrasound,	if	

performed
•	 Significance	of	angiographic	stenosis	(i.e.,	quantitative	or	qualitative)	on	coronary	angiography	for	treated	lesion

Appropriate	indication	for	elective	PCI‡ Percentage	of	patients	age	≥18	years	for	whom	elective	PCI	is	performed	in	a	native	coronary	artery	who	have	an	
appropriate	indication	for	the	procedure	that	suggests	the	overall	benefits	outweigh	its	risks

Assessment	of	candidacy	for	
dual-antiplatelet	therapy†

Percentage	of	patients	age	≥18	years	for	whom	PCI	is	performed	who	have	documentation	in	the	medical	record	
that	an	assessment	of	candidacy	for	initiation	and	duration	of	dual-antiplatelet	therapy	was	performed	before	the	
procedure

Use	of	embolic	protection	devices	in	
the	treatment	of	saphenous	vein	
bypass	graft	disease‡

Percentage	of	patients	age	≥18	years	for	whom	saphenous	vein	graft	PCI	is	performed	who	received	an	embolic	
protection	device	during	the	procedure

Documentation	of	preprocedural	
glomerular	filtration	rate	and	contrast	
dose	used	during	the	procedure‡

Percentage	of	patients	age	≥18	years	for	whom	PCI	is	performed	who	have	preprocedural	estimated	glomerular	
filtration	rate	or	an	indication	that	the	patient	is	on	dialysis	and	the	administered	contrast	dose	documented	in	the	
catheterization	report	or	procedure	notes

Radiation	dose	documentation‡ Percentage	of	patients	age	≥18	years	for	whom	PCI	is	performed	who	have	the	administered	radiation	dose	
documented	in	the	catheterization	report	or	procedure	notes

Postprocedural	optimal	medical	
therapy	composite†

Percentage	of	patients	age	≥18	years	for	whom	PCI	is	performed	who	are	prescribed	optimal	medical	therapy	at	
discharge

Cardiac	rehabilitation	patient	referral† Percentage	of	patients	age	≥18	years	for	whom	PCI	is	performed	who	have	been	referred	to	an	outpatient	cardiac	
rehabilitation	or	secondary	prevention	program

Regional	or	national	PCI	registry	
participation†

Participation	in	a	national	or	multisystem	geographic	regional	PCI	registry	that	provides	regular	performance	reports	
based	on	benchmarked	data

Annual	operator	PCI	volume‡ Average	annual	volume	of	PCIs	performed	by	an	operator	over	the	previous	2	calendar	years

Annual	hospital	PCI	volume† Annual	volume	of	PCIs	performed	by	a	hospital	over	the	previous	calendar	year

From	Nallamothu	BK,	Tommaso	CL,	Anderson	HV,	et	al:	ACC/AHA/SCAI/AMA-Convened	PCPI/NCQA	2013	performance	measures	for	adults	undergoing	percutaneous	coronary	intervention:	
a	report	of	the	American	College	of	Cardiology/American	Heart	Association	Task	Force	on	Performance	Measures,	the	Society	for	Cardiovascular	Angiography	and	Interventions,	the	American	
Medical	Association-Convened	Physician	Consortium	for	Performance	Improvement,	and	the	National	Committee	for	Quality	Assurance.	J	Am	Coll	Cardiol	63(7):722-745,	2014.
PCI,	Percutaneous	coronary	intervention.
*Comprehensive	information	on	these	measures,	including	measure	exceptions,	is	provided	by	the	complete	ACC/AHA/AMA-PCPI/NCQA/SCAI	performance	measurement	specifications	through	
the	PCPI	website	(http://www.ama-assn.org/apps/listserv/x-check/qmeasure.cgi?submitPCPI).
†These	measures	are	designated	performance	measures,	which	are	process,	structure,	efficiency,	or	outcome	measures	that	have	been	developed	with	ACCF/AHA	methodology,	including	
the	process	of	public	comment	and	peer	review,	and	they	have	been	designated	as	performance	measures	by	the	ACC/AHA	Task	Force	on	Performance	Measures.	Measures	are	intended	
for	internal	quality	improvement	and	may	be	considered	for	purposes	of	public	reporting	or	other	forms	of	accountability.
‡These	measures	are	designated	quality	metrics,	which	are	measures	developed	to	support	self-assessment	and	quality	improvement	at	the	provider,	hospital,	or	health	care	system	level.	
These	valuable	tools	to	aid	clinicians	and	hospitals	in	improving	quality	of	care	and	enhancing	patient	outcomes	but	may	not	meet	all	specifications	of	formal	performance	measures	and	
are	therefore	not	appropriate	for	any	use	other	than	internal	quality	improvement.

http://www.ama-assn.org/apps/listserv/x-check/qmeasure.cgi?submitPCPI
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“cookbook” medical therapy, and because some patients have unique 
clinical issues with no specific guideline recommendations available or, 
when available, are based more on expert consensus rather than on 
data from multiple randomized trials.43

Tricoci and colleagues evaluated 16 current ACC/AHA guideline 
documents.44 Of 2711 separate guideline recommendations, a median 
of 11% were based on level A evidence, compared with a median of 
48% that were based on level C evidence, and only 19% of class I rec-
ommendations were based on level A evidence. Expert consensus was 
used more frequently for imaging recommendations, whereas recom-
mendations for revascularization procedures were more commonly 
based on level A or level B evidence.

These limitations exist in the United States and other countries. The 
Reassessing European Attitudes About Cardiovascular Treatment 
(REACT) survey obtained responses from 754 physicians, each with 
more than 10 years’ experience, in five European countries to assess 
whether physicians’ perceptions of coronary heart disease manage-
ment matched their treatment practices and whether their perceptions 
of patients’ awareness was an accurate reflection of their patients’ 
understanding.45 In the survey, physicians were asked to identify the 
most common barriers that prevented them from implementing guide-
line recommendations. The most common barrier, cited by 38% of the 
respondents, was lack of time (Fig. 64-5).

The potential effect of decision-maker bias regarding the recom-
mendation for coronary artery revascularization has been examined.46 
Using the New York State database, the treatment decision (i.e., CABG, 
PCI, medical therapy, or no treatment) made by the cardiologist per-
forming the cardiac catheterization was compared with the treatment 
recommendation from the relevant ACC/AHA guideline document. 
Guideline-supported indications for CABG applied to 13% of the study 
patients, indications for PCI indications to 59% of patients, and indica-
tions for CABG or PCI applied to 17% of patients. For the patients with 
an indication for CABG, the cardiologist recommended CABG for 
53% and PCI for 34%. Among patients with indications for PCI, 94% 
were recommended for PCI, and among patients with indications for 
CABG or PCI, the cardiologist recommended PCI for 93% and CABG 
for 5%. Treatment recommendations also varied, depending on 
whether the catheterization laboratory did or did not offer PCI. These 
findings show the potential effect of decision bias on the application of 
guideline recommendations for coronary revascularization.

Considerable geographic variation in the use of PCI within the 
Medicare population has been documented in other large surveys  

The current terms of appropriate, may be appropriate, and rarely 
appropriate replaced the original terms of appropriate, uncertain, and 
inappropriate used in the RAND methodology.37 The terminology was 
changed to provide a better characterization of the ratings in the 
context of real-world decision making and clinical uncertainty and to 
provide a better focus on the aim of the AUC in measuring overall 
clinical practice trends rather than adjudicating individual cases.

Impact of Guidelines, Performance Measures, and Appropriate 
Use Criteria
Relatively few studies assess the extent to which guidelines are applied 
by clinicians in daily practice. Using data from the NCDR collected 
between 2001 and 2004, it was shown that 64% of patients undergoing 
PCI had a class I indication, 21% class IIa, 7% were class IIb, and 8% 
were rated class III.38 The clinical success of a PCI was directly related 
to the class of indication. Clinical success, defined as less than 25% 
residual stenosis without MI, same-admission bypass surgery, or death, 
was attained for 92.8% of patients with a class I indication, 91.7% of 
those with a class IIa indication, 89% of those with a class IIb indica-
tion, and only 85.5% of those with a class III indication.

Unfortunately, other studies have evaluated the extent to which 
guidelines are followed in clinical practice with disappointing results. 
For example, Lopes and colleagues examined a large cohort of patients 
from three randomized, double-blind clinical trials to determine 
whether patients with atrial fibrillation were being treated with anti-
thrombotic therapy in accordance with accepted guidelines.39 Only 
13.5% of the patients in these trials were receiving indicated prophy-
lactic antithrombotic therapy with warfarin. Similarly, data from the 
Worcester Heart Attack Study and the Global Registry of Acute Coro-
nary Events (GRACE) show an increase in the use of guideline-
recommended medications (i.e., beta-blockers, angiotensin-converting 
enzyme inhibitors, aspirin, and lipid-lowering agents) over time, but 
only about 60% of patients are receiving these medications.40,41 These 
findings are not unusual, and other studies have documented that 
guideline recommendations are followed for a disappointingly small 
portion of inpatients and outpatients.42

Care providers may not be using guidelines to a greater extent in 
daily practice because of the sheer number of guidelines and their 
length, because they are comfortable with tried and true approaches  
to managing disease, because they desire to avoid standardized and 
rigid order sets that do not apply to all patients and are perceived as 

FIGURE 64-5	 Barriers	 cited	 by	 physicians	 that	 prevent	 guideline	 implementation.	 (Modified	 from	Hobbs	 FD,	 Erhardt	 L:	 Acceptance	 of	 guideline	
recommendations	and	perceived	implementation	of	coronary	heart	disease	prevention	among	primary	care	physicians	in	five	European	countries:	
the	Reassessing	European	Attitudes	about	Cardiovascular	Treatment	(REACT)	survey,	Fam	Pract	19[6]:596-604,	2002.)
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positive relationship between adherence to performance measures and 
clinical outcomes.49 However, this relationship is not necessarily strong 
and does not completely explain all of the variations. An analysis of 
the National Registry of Myocardial Infarction (NRMI) database, 
showed that only 6% of the hospital-level variations in 30-day death 
rates after AMI could be attributed to differences in the use of perfor-
mance measures.50

(Fig. 64-6).47 Variation in cardiologists’ propensity to make treatment 
recommendations is also affected by several nonclinical factors.48 In a 
survey of 598 cardiologists, several nonclinical reasons to recommend 
cardiac catheterization, including protection from malpractice litiga-
tion, were identified (Table 64-6).

With the goal of improving outcomes for patients with cardiovas-
cular disease, it is important to emphasize that some studies show a 

FIGURE 64-6	 Regional	variations	in	10	common	surgical	procedures	are	plotted.	Each	dot	represents	the	ratio	of	the	actual	number	of	procedures	
performed	to	the	average	number	in	each	of	the	306	hospital	referral	regions	in	the	United	States.	Little	variation	is	seen	per	region	for	hip	fracture	
repair	(far	left).	However,	there	is	considerable	and	largely	unexplained	regional	variation	in	the	use	of	percutaneous	transluminal	coronary	angio-
plasty.	(From	Center	for	the	Evaluative	Clinical	Sciences:	Dartmouth	atlas	of	health	care:	cardiac	surgery.	Available	at	http://www.dartmouthatlas.org/
downloads/reports/Cardiac_report_2005.pdf	[accessed	March	25,	2015].)
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TABLE 64-6 Nonclinical Reasons for Recommending Cardiac Catheterization

Reason* Frequently n (%) Sometimes n (%) Rarely n (%) Never n (%)
Association With 
CSI (P Trend)

The	patient	is	expected	to	undergo	the	procedure. 9	(1.5) 91	(15.6) 271	(46.4) 213	(36.5)

Mean	CSI 51.5 49.7 49.8 49.9 0.99
Colleagues	would	do	so	in	the	same	situation. 22	(3.8) 134	(23.3) 240	(41.7) 180	(31.3)

Mean	CSI 52.7 50.1 50.2 48.7 0.02
You	wanted	to	satisfy	the	expectations	of	the	referring	

physician.
11	(1.9) 156	(26.9) 257	(44.2) 157	(27)

Mean	CSI 52.6 50.0 49.3 50.3 0.90
You	wanted	to	prevent	a	possible	malpractice	suit. 16	(2.7) 123	(21.1) 245	(42.0) 200	(34.3)

Mean	CSI 51.8 50.5 50.1 48.8 0.02
Doing	so	would	enhance	the	financial	stability	of	your	

practice.
2	(0.3) 3	(0.5) 46	(7.9) 532	(91.3)

Mean	CSI 49.7 55.9 51.1 49.7 0.22

From	Lucas	FL,	Sirovich	BE,	Gallagher	PM,	et	al:	Variation	in	cardiologists’	propensity	to	test	and	treat:	is	it	associated	with	regional	variation	in	utilization?	Circ	Cardiovasc	Qual	Outcomes	
3(3):253-260,	2010.
CSI,	Cardiac	intensity	score.
*Consider	 your	 own	 cardiac	 catheterization	 recommendations.	 A	 cardiologist	 sometimes	 recommends	 cardiac	 catheterization	 for	 other	 than	 purely	 clinical	 reasons.	During	 the	 past	 12	
months,	how	often	has	each	of	these	reasons	led	you	to	recommend	cardiac	catheterization	for	a	patient?

http://www.dartmouthatlas.org/downloads/reports/Cardiac_report_2005.pdf
http://www.dartmouthatlas.org/downloads/reports/Cardiac_report_2005.pdf
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Applied to the clinical environment, quality assurance seeks to 
identify outliers in some aspect of clinical care. Identified outliers often 
provide an opportunity to improve, but if that fails, they can be denied 
further participation in clinical care (Fig. 64-8, A). The structured 
quality assurance process may promote a level of defensiveness among 
health care providers because the process often focuses on determining 
who is at fault if something goes wrong—the so-called bad apple 
concept.54

The CQI process provides an alternative approach with which spe-
cific problems are first identified, followed by the formulation of a 
solution by various stakeholders. This is validated by reevaluation of 
the process after the solution is implemented (see Fig. 64-8, B). For 
example, a facility may have an excessive number of patients with groin 
hematomas after PCI. Patients with hematomas are unhappy, have a 
prolonged hospitalization, and cost the facility more in resources. A 
CQI project could be initiated to reduce the number of patients with 
hematomas. It would require participation of all individuals involved, 
including physicians, catheter laboratory personnel, nursing staff in the 
recovery area, and others who interact with the patient. Each step in 
the process is carefully examined, opportunities for improvement are 
identified, and appropriate steps are taken to address defects in the 
process. The new process is initiated, and the results are assessed by 
determining whether the number of patients with hematomas has been 
reduced.

The CQI process has become a vital and expected component of a 
quality cardiovascular program, with the goals of reducing variation 
and improving overall performance.55 Several models for CQI exist. 
One model frequently used is the Plan-Do-Study-Act (PDSA) model, 
and an alternative is the Focus-Analyze-Develop-Execute (FADE) 
model (Figs. 64-9 and 64-10). Many of these systems have been adopted 
from manufacturing and industry. The core actions of these models 
and most CQI programs include the following:
• Collection of data containing relevant patient variables that allow 

assessment of clinical processes, performance, and outcomes
• Feedback of performance and outcome information to the clini-

cians, with risk adjustment, if necessary, and benchmarking of the 
data

• Implementation of appropriate interventions to reduce wasteful 
and inefficient variations in care and improve performance

• Use of an iterative process to assess the effectiveness of changes

In 2011, Chan and associates reported the appropriateness ratings 
for more than 500,000 PCI procedures from the NCDR and docu-
mented that most urgent PCIs were appropriate, whereas approxi-
mately 12% of elective PCIs, comprising only 30% of the overall 
database, were deemed inappropriate.51 However, there was substantial 
hospital-level variation in cases deemed inappropriate (Fig. 64-7). 
These data have increased the focus on developing systematic ways to 
capture the information needed for AUC reporting.

Studies that attempt to validate the AUC are being performed. For 
example, a retrospective analysis of 1625 patients with 3 years of  
follow-up showed a relationship between the appropriateness rating 
and clinical outcome.52 Revascularization (i.e., PCI or CABG) was 
performed only in 69% of patients deemed appropriate, but those who 
were appropriately revascularized had a lower adjusted hazard ratio 
(hazard ratio = 0.61; 95% confidence interval, 0.42 to 0.88) for death or 
acute coronary syndrome at 3 years compared with medically treated 
patients. In contrast, 14% of the study cohort had an inappropriate 
rating for revascularization, but despite this, 45% underwent revascu-
larization. Although the difference did not reach statistical significance, 
patients undergoing inappropriate revascularization had a 14.2% inci-
dence of an adverse outcome during follow-up, compared with 9.4% of 
patients who did not undergo an inappropriate revascularization.

These data provide some early validation of the AUC and demon-
strate opportunities to reduce overuse and underuse of coronary revas-
cularization.24 Unfortunately, some payers are challenging and denying 
payment for individual cases rated rarely appropriate without an inter-
active review. This should be considered a misuse of the AUC, and the 
ACC and SCAI professional societies are providing leadership in 
responding to these types of challenges.

Quality Assurance and Continuous Quality Improvement
Quality assurance is a process that is based largely on the retrospective 
review of selected outcomes to determine discrepancies between prac-
tice and recommended standards of care.53 It can be likened to inspect-
ing the final product as it comes off the assembly line. Criteria are 
established to identify an acceptable product, and items not meeting 
these criteria are judged as flawed or damaged and rejected before 
leaving the factory. This process maintains a certain level of product 
quality, with only acceptable products reaching the market.

FIGURE 64-7	 Hospital-level	variations	in	the	rate	of	inappropriate	percutaneous	coronary	intervention	(PCI)	procedures.	(From	Chan	PS,	Patel	MR,	
Klein	LW,	et	al:	Appropriateness	of	percutaneous	coronary	intervention.	JAMA	306:53-61,	2011.)
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outcomes with those of their peers and with national standards. Major 
strides in quality improvement require benchmarking coupled with 
changes in the systems of care and engagement of local clinical leaders 
and administrative support.59

The NCDR was developed to assist facilities in the collection of data 
for use in benchmarking and quality improvement. Collection of labo-
ratory data with benchmarking against state or national data is an 
important structural element to assess clinical outcomes. Examples 
include the NCDR’s CathPCI Registry, Acute Coronary Treatment and 
Intervention Outcomes Network–Get With the Guidelines (ACTION-
GWTG) Registry of myocardial infarction, Society of Thoracic Sur-
geons Database, and Northern New England Cardiovascular Disease 
Study Group.33,60,61 Participation in these programs provides caregivers 
with standardized tools for data collection, defined data elements and 
definitions, and validated risk-adjustment models for patient out-
comes, such as mortality.

In addition to tracking outcomes, data reports help to assess adher-
ence to guidelines and performance measure recommendations and 
can serve as a focus for quality improvements within an institution. 
The reports include regional benchmarking (i.e., comparison with 
similar hospitals) and national benchmarking against all participating 
facilities. Sample sections of a benchmark report from the CathPCI 
and ACTION-GWTG registries are shown in Figures 64-11 and 64-12. 
Feedback with benchmarking is intended to be used by hospitals and 
practices to target areas for improvement around which CQI efforts 
can be developed.55 Benchmarking data are available to individual 
operators with their personal NCDR reports (i.e., dashboards) with 
relevant benchmarks.

Peer Review
One of the most challenging components of the quality framework is 
peer review. Catheterization laboratory directors are under increasing 
pressure to document the quality of care in their laboratories. Govern-
ment agencies, aggregate purchasers of health care services, and 
accrediting organizations are commonly request outcome data and 
other evidence of peer review activities.62,63 Although representative of 
only a small number of operators, several highly publicized examples 
have suggested the overuse of coronary stents, highlighting the need 
for local peer review.63a,63b

The primary goal of peer review is to improve patient care by ana-
lyzing physician performance and providing meaningful feedback to 

FIGURE 64-8	 A,	 The	 goal	 of	 the	 quality	 assurance	 approach	 is	 to	
identify	outliers	that	are	unacceptable	and	should	be	excluded.	B,	The	
goal	 of	 the	 continuous	 quality	 improvement	 approach	 is	 to	 identify	
opportunities	for	practice	improvement	and	develop	methods	to	respond	
to	these	opportunities	and	improve	overall	practice.	
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FIGURE 64-9	 The	 Plan-Do-Study-Act	 (PDSA)	 model	 for	 continuous	
quality	improvement.	

ACT PLAN

STUDY DO

PLAN: Plan a change or test of how something works
DO: Carry out the plan
STUDY: Look at the results. What did you find out?
ACT: Decide what actions should be taken to improve

• Answers to two questions: How am I doing compared with others? 
Am I getting better?
Despite the emphasis on the importance of CQI efforts, relatively 

few studies have formally examined the results or improvements in 
outcomes related to CQI. Moscucci and colleagues reported the results 
of a statewide CQI PCI initiative in Michigan.56 It involved the use of 
a wide range of CQI strategies that relied on quarterly feedback reports 
to clinicians on their adherence to process and performance measures, 
along with reports of crude and risk-adjusted outcomes. The program 
resulted in a demonstrable decrease in bleeding, transfusion require-
ments, vascular complications, and contrast use, which reduced the 
rate of contrast nephropathy. In a temporal observational study at the 
Mayo Clinic, Rihal and coworkers identified the benefit of CQI inter-
vention for PCI delivery, showing improvements in clinical and eco-
nomic outcomes.57

Unfortunately, there are several barriers to the implementation of 
CQI programs. Lack of hospital administrative and financial supports, 
the time and expense of internal data collection, and a deficit of physi-
cian leadership frequently hamper CQI efforts.58

Benchmarking
Another essential building block of the quality framework is the 
process of benchmarking. A benchmark is a standard by which some-
thing can be measured or judged. Only by the collection of data  
can clinicians or hospitals compare, or benchmark, their care and 
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FIGURE 64-10	 The	 Focus-Analyze-Develop-Execute	 and	 Evaluate	 (FADE)	 model	 is	 used	 to	 reduce	 variation	 and	 improve	 overall	 performance.	
(Courtesy	Organizational	Dynamics	Institute,	Wakefield,	MA.)
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FIGURE 64-11	 Sample	from	the	executive	summary	of	a	report	from	the	CathPCI	Registry,	a	source	of	cardiovascular	data	from	the	National	Car-
diovascular	Data	Registry	(NCDR).	
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FIGURE 64-12	 Sample	page	of	a	report	from	the	Acute	Coronary	Treatment	and	Intervention	Outcomes	Network–Get	with	the	Guidelines	(ACTION-
GWTG)	Registry.	

97%
30

100%
95%

Overall reperfusion, %1

# of admissions reperfused
Transfers-in, % reperfused
Non-transfer-ins, % reperfused

Door to needle time, overall3
# of admissions
Median (minutes)
<=30 minutes, %

Door to balloon, non-trans. in %4

# of admissions
Median (minutes)
<=90 minutes, %

Rescue PCI5
# of admissions
Median (minutes)

1st door to balloon, trans. in %4, 5

# of admissions
Median (minutes)
<=90 minutes, %
<=120 minutes, %

Contraindicated reperfusion, %
# of admissions

Any thrombolytic, %2

# of admissions

Primary PCI, overall, %2

# of admissions

97%
123
94%
99%

94%
9,324
94%
94%

92%
20,938
93%
92%

96%
2,375
96%
97%

21%
8

21%
33

12%
1,310

12%
2,987

10%
275

0%
-

2%
3

13%
1,210

11%
2,507

13%
328

97%
30

94%
120

83%
8,208

82%
18,666

85%
2,094

-
-

2
133

489
181

906
187

128
183

1Patients receiving thrombolytics or primary PCI, among non-contraindications
2Among non-contraindications
3Among patients receiving thrombolytics therapy, excluding transfer-in patients
4Among patients receiving primary PCI that is not rescue or facilitated
5For transfer-in patients, time is calculated from arrival at the ref. hospital to PCI

69%
20
51

95%

64%
71
55

96%

72%
5,085

60
91%

73%
11,679

61
89%

67%
1,213

56
96%

31%
9

115
44%
56%

36%
40
99

35%
73%

28%
1,968
113
24%
57%

27%
4,214
114
23%
56%

33%
591
105
30%
65%

-
-
-

-
-
-

41
29

51%

245
23

64%

3
56

33%

83%

P
er

ce
nt

 o
f a

dm
is

si
on

s

100%

80%

60%

40%

20%

0%

67%

LIFH

22%

32%

LIMWH

25%
20%

Any DTI

2%

11%

Thrombolytice

In-Hospital Medications

97%

P
er

ce
nt

 o
f a

dm
is

si
on

s

100%

80%

60%

40%

20%

0%

91%

Any
reperfusion

Hospital Nation

94% 92%

Transfer-ins
reperfusion

Hospital Nation

100%
92%

Non-transfer-ins
reperfusion

Hospital Nation

Hospital Nation Hospital Nation Hospital Nation Hospital Nation

Reperfusion UseHospital

ACTION Registry -GWTG

Like
Hospitals Nation Top 10%

Table 6: STEMI - Reperfusion Use

ACTION Registry-GWTGTM Report: Q1/10
* Confidential Information *

Last Ctr Last 12 mo

physicians.64-66 The term peer review encompasses two clinical pro-
cesses. Local peer review should occur in every laboratory as part of 
the quality framework. In that context, it is a patient-centered under-
taking that should be positive, nonthreatening, and helpful to opera-
tors, but it also should identify and correct variations from accepted 
practice. Peer review programs should be individualized for each  
institution’s catheterization laboratory and should remain flexible to 
accommodate change.67

Conflicts of interest are common among competing physicians, 
who may perceive a financial advantage to adjudicate adversely another 
physician’s care.68 For peer review to be successful, there should be a 
formal method of oversight for perceived conflicts of interest within 
the peer review process. This can frequently be difficult, especially at 
smaller facilities. An independent facility accreditation process, such 
as offered by Accreditation for Cardiovascular Excellence (ACE) may 
be helpful.69 Court decisions have confirmed that physicians have a 
legal responsibility to perform peer review. Members of peer review 
committees and their peer review activities are protected under state 
laws from discovery in lawsuits. Although antitrust laws cover peer 
review activities by a hospital medical staff, some actions that physi-
cians or hospitals engage in may have an anticompetitive effect and 
violate federal antitrust laws. These laws prohibit efforts by one group 
of physicians to suppress competition from other physicians by pre-
venting their entry into the relevant market (i.e., hospital) or excluding 
or restricting their professional activities.70

The second form of peer review (i.e., professional review activity) 
is specifically defined in federal law. It consists of an evaluation by the 
review bodies at hospitals, professional medical societies, or other enti-
ties to determine the professional competence of individual physicians 
through a formal review process that may result in restriction or ter-
mination of professional privileges and that requires due process.71 
Several publications from the SCAI define the best practices for this 
type of activity in the cardiac catheterization laboratory.72-75

JUDGING QUALITY IN INTERVENTIONAL CARDIOLOGY
The building blocks of quality fit into Donabedian’s triad, a conceptual 
framework that has been used extensively.11 The three domains (i.e., 
structure, process, and outcome) each identify a major area containing 
multiple metrics that can be assessed to determine the program’s 
quality.

Structure
Structure refers to the physical components of health care delivery. For 
the cardiac catheterization laboratory, structural measures include the 
training, experience, and board certification of the physicians perform-
ing procedures; training and competency records for laboratory staff; 
adequacy of diagnostic and therapeutic equipment; appropriate main-
tenance and calibration logs for equipment; educational opportunities 
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can include requirements for all technologists to be registered cardio-
vascular invasive specialists and to maintain certification in advanced 
cardiac life support.

Important structural components include education in the form of 
cardiac catheterization conferences, which provide a forum for dis-
cussing difficult management issues, and morbidity and mortality 
reviews as part of a peer review quality improvement program.73 To be 
effective, these programs must emphasize improvement of perfor-
mance rather than identifying individual physicians as potential one-
time outliers. Collection of laboratory data with benchmarking against 
state or national data is important for assessing clinical outcomes. 
Examples include the NCDR’s CathPCI Registry and ACTION-GWTG 
registry of myocardial infarction.60,76 Participation in these programs 
provides caregivers with standardized tools for data collection, includ-
ing relevant data elements and definitions, and for validated risk-
adjustment of patient outcomes, such as mortality rates. In addition to 
tracking outcomes, the data reports help to assess adherence to guide-
lines and performance measures and can serve as a focus for quality 
improvements within an institution.

Process
Process measures assess how the system works and how health care is 
delivered (see Table 64-7). An example in interventional cardiology is 
the door-to-balloon (DTB) time for patients with STEMI. To achieve 
an optimal DTB time, many steps spanning several hospital depart-
ments and services are necessary. The emergency department triages 
the patient with a possible STEMI, an electrocardiogram is obtained 
to confirm the diagnosis, and appropriate treatment is started. The 
interventional team is alerted, the cardiac catheter laboratory is pre-
pared, the patient is transported to the laboratory, and the culprit 
artery is opened.77 A flaw in any step increases the DTB time and the 
possibility of failure.

Realizing that DTB times were suboptimal in many facilities, the 
Door-to-Balloon Alliance was launched in late 2006 with the goal of 
achieving a DTB time of 90 minutes or less for at least 75% of non-
transferred patients.78 Several process measures that improved DTB 
times were adopted and tracked, resulting in significant improvement 
in national DTB times (Fig. 64-13).79

Other examples of process measures are collecting data to deter-
mine the appropriateness of performing a PCI and collecting data that 
allow assessment of performance measures. Proper patient selection 
for PCIs is receiving increasing scrutiny by all health care stakeholders 
because there is wide variation in the use of PCIs (see Fig. 64-6).47 
Assessing the appropriateness of a PCI involves understanding the 
patient’s history, clinical presentation, and physical findings; noninva-
sive testing to determine ischemia severity; assessment of left ventricu-
lar function; and interpretation of coronary angiographic findings.

Appropriate use criteria have been developed to determine whether 
coronary revascularization is a reasonable approach for a given clinical 
circumstance (Fig. 64-14).80 Although acceptable indications in addi-
tion to the AUC exist, measuring the degree of adherence to the clinical 
situations covered by the criteria is valuable for assessing the quality 
of patient selection. Application and assessment of appropriateness  
of care require collection of the relevant clinical variables. Because of 
evolving information about fractional flow reserve and revasculariza-
tion from randomized controlled trials, the revascularization AUC are 
updated every 2 to 3 years.

Outcomes
The third component of Donabedian’s triad is outcome, which is the 
final product or result of previous actions. Outcomes are tangible mea-
sures such as procedural risk-adjusted mortality rates and other 
adverse outcomes such as vascular complications, bleeding, stroke, 
contrast nephropathy, cardiac tamponade, periprocedural AMI, and 
the rate of emergency CABG (see Table 64-7). Measuring outcomes as 
quality indicators is attractive because of the implied association 

for the staff; and internal methods used for tracking procedural data 
(Table 64-7).

To assess the knowledge base of interventional cardiologists, the 
American Board of Internal Medicine (ABIM) has administered an 
additional qualification examination for board certification in inter-
ventional cardiology since 1999. Maintenance of certification is 
required after 10 years. Other requirements include maintenance of a 
valid certification in internal medicine or cardiovascular disease, docu-
mentation of adequate procedure volumes (e.g., 100 cases over 2 years), 
evidence of participation in a quality improvement project, and com-
pletion of self-evaluation modules for medical knowledge and practice 
performance. Hospitals and payers frequently adopt a requirement for 
board certification, but there are no data to prove that board-certified 
physicians provide a higher quality of care than those who are not 
board certified. For other laboratory personnel, structural measures 

TABLE 64-7 Structure, Process, and Outcome Measures in the 
Cardiac Catheterization Laboratory

Structural Indicators
Personnel Indicators

Credentialing	(training	and	certification)	of	physicians	and	staff
Reappointment	criteria	for	physicians
Functioning	peer-review	process	for	operators
Staff	development	and	continuing	education

Equipment Indicators

Fluoroscopic	image	quality
Quality	of	stored	images	and	stability	of	the	image	archive
Maintenance	schedule	for	equipment
Evaluation	of	new	equipment	and	disposables
Laboratory	time	lost	or	rescheduling	because	of	equipment	failure	or	

problems
Electrical	safety	systems

Organizational Indicators

Internal	methods	for	tracking	and	comparing	procedural	data
Laboratory	use	(e.g.,	hours/day,	procedures/laboratory/day,	laboratory	

time/procedure)
Total	full-time	equivalents	per	procedure
Disposable	equipment	costs	per	procedure;	total	costs	per	procedure	and	

per	operator
Personnel	costs	per	procedure
Delay	time	between	procedures
Adherence	to	Occupational	Safety	and	Health	Administration	(OSHA)	

guidelines
Procedure	fluoroscopy	and	cine-angiography	times
Radiation	dosage	to	personnel
Radiation	protection	practices
Radiographic	contrast	use	per	case
In-hospital	delays	for	procedures
Outpatient	waiting	times	for	procedures
Outpatient	waiting	times	for	procedure	starts

Process Indicators

Indications	for	procedures	or	adherence	to	appropriate	use	criteria
Indications	for	hospital	admissions
Length	of	stay	after	procedures	(i.e.,	total	for	laboratory	and	per	physician)
Quality	of	angiographic	studies
Quality	(correctness)	of	study	interpretation
Precautions	for	patients	with	renal	insufficiency,	contrast	allergy,	latex	

allergy,	or	other	conditions

Outcome Indicators

Success	rates	for	percutaneous	coronary	interventions
Risk-adjusted	outcomes,	especially	mortality,	emergency	bypass	surgery,	

and	coronary	perforation
Satisfaction	surveys	(e.g.,	patient,	family,	referring	physician)
Frequency	of	coronary	angiograms	showing	no	significant	disease

Modified	 from	 Heupler	 FA,	 Al-Hani	 AJ,	 Dear	 WE,	 et	al:	 Guidelines	 for	 continuous	 quality	
improvement	in	the	cardiac	catheterization	laboratory.	Cathet	Cardiovasc	Diagn	30(3):191-
200,	1993.
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FIGURE 64-13	 Percentage	of	Door-to-Balloon	Alliance	hospitals	 reporting	use	of	 recommended	strategies	at	baseline	and	 in	 follow-up	surveys.	
cath	lab,	Catheterization	laboratory;	ECG,	electrocardiogram;	EM,	emergency	medicine.	(From	Bradley	EH,	Nallamothu	BK,	Herrin	J,	et	al:	National	
efforts	to	improve	door-to-balloon	time	results	from	the	Door-to-Balloon	Alliance.	J	Am	Coll	Cardiol	54[25]:2423-2439,	2009.)
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FIGURE 64-14	 Presentation	 of	 the	 coronary	 revascularization	 appropriate	 use	 criteria	 (AUC)	 for	 patients	 with	 low-risk	 findings	 on	 noninvasive	
studies.	The	burden	of	coronary	artery	disease	is	shown	on	the	bottom	of	the	table.	The	symptom	class	and	degree	of	medical	therapy	is	shown	
on	the	vertical	axis.	A,	Appropriate;	CAD,	coronary	artery	disease;	CTO,	chronic	total	occlusion;	I,	inappropriate;	LAD,	left	anterior	descending	coro-
nary	artery;	Max,	maximal;	Med.	Rx,	medical	therapy;	Prox,	proximal;	U,	uncertain;	vz.,	vessel.	(From	Patel	MR,	Dehmer	GJ,	Hirshfeld	JW,	et	al:	
ACCF/SCAI/STS/AATS/AHA/ASNC	 2009	 Appropriateness	 Criteria	 for	 Coronary	 Revascularization:	 a	 report	 by	 the	 American	 College	 of	 Cardiology	
Foundation	Appropriateness	Criteria	Task	Force,	Society	for	Cardiovascular	Angiography	and	Interventions,	Society	of	Thoracic	Surgeons,	American	
Association	for	Thoracic	Surgery,	American	Heart	Association,	and	the	American	Society	of	Nuclear	Cardiology	Endorsed	by	the	American	Society	
of	Echocardiography,	the	Heart	Failure	Society	of	America,	and	the	Society	of	Cardiovascular	Computed	Tomography.	J	Am	Coll	Cardiol	53[6]:530-
553,	2009.)
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than 15 million patient records.76 Participation in some of the NCDR 
registries is required by several states and several payers.

Comprehensive data from the CathPCI Registry are provided to 
member institutions for internal quality assessment and improvement, 
and confidential data for individual operators are available through a 
secure portal. Using these data, risk-prediction models have been 
developed for PCI mortality and bleeding rates (Table 64-8).83,84

Outcome assessment often overlaps with and represents the aggre-
gate effect of the other two components of the triad, structure and 
process. Improving the end product is therefore the ultimate measure 
of the overall success of medical care. Ideally, outcome assessment 
examines an isolated episode of care (i.e., single PCI procedure) and 
includes a longitudinal follow-up assessment of the PCI. This may 
include the impact of care on indirect health-related measures such as 
patient satisfaction with the overall care process and quantification of 
the cost of the care delivery, including cost-effectiveness and cost-
efficiency calculations.

DEVELOPING A QUALITY CULTURE IN THE CARDIAC 
CATHETERIZATION LABORATORY

Organizational Culture
Amid the escalating demands for quality health care, it is important to 
encourage a culture of quality in the cardiac catheterization laboratory. 
Organizational culture is the term used to describe the shared beliefs, 
perceptions, and expectations of individuals in organizations. Organi-
zational culture can dramatically affect efforts to implement changes 
in procedures or processes.

Characteristics of organizational culture have been linked to finan-
cial performance, customer and employee satisfaction, and innovation. 
Supportive organizational cultures underlie successful initiatives of 
quality improvement, contribute to high levels of nursing care, job 
satisfaction, and patient safety,85,86 and help institutions adapt to 
rapidly changing health care demands and remain competitive. Orga-
nizational culture is central to the operation and function of health 

between outcome measures and hospital or physician performance. 
However, these tenuous associations can create challenges for the accu-
rate assessment of outcomes. For example, the definition of a peripro-
cedural AMI (i.e., any troponin level increase versus three or five times 
the baseline level) and the clinical significance of increased biomarker 
levels in the periprocedural period are subject to debate. Standardized 
protocols are needed for biomarker collection during the postproce-
dural period and interpretation of elevated biomarker levels in patients 
with acute coronary syndrome.

NCDR data have shown that only 26% of medical centers measure 
biomarkers after elective PCI, limiting use of the peri-PCI outcome 
measure.81 Clinical data standards and definitions and standards for 
statistical models have been developed to help ensure consistency, but 
important issues remain.82

Many PCI-related adverse events such as death or emergency 
CABG are uncommon, especially when assessed at the operator level 
because the total number of procedures annually is modest. For 
example, the 95% confidence interval for a 2% mortality rate for 100 
PCI procedures is 0% to 7%. This is a wide range for judging whether 
the operator has a low or a high mortality rate. Quarter-to-quarter or 
year-to-year outcome measures often vary widely when measured for 
a single center or operator.

Another important issue is risk adjustment. Factors other than the 
operator and facility influence outcome comparisons. Patient acuity, 
demographic features, and comorbid conditions affect the outcome 
independent of the quality of care provided. Risk adjustment for key 
clinical outcomes requires accurate and detailed clinical data and a 
rigorous risk-adjustment methodology to describe provider outcome 
measurements.

The NCDR was started in 1997 to help provider groups and institu-
tions respond to increasing requirements to document the processes 
and outcomes of care in the cardiac catheter laboratory. The NCDR is 
the most comprehensive outcomes-based data repository program in 
the United States, with seven hospital-based and one practice-based 
registry. More than 2200 hospitals nationwide participate in one or 
more of the NCDR registries, which collectively have amassed more 

TABLE 64-8 National Cardiovascular Data Registry CathPCI Risk Score System

Variable

SCORING RESPONSE CATEGORIES

Total Points*
Risk of Inpatient 
Mortality (%)<60 yr ≥60, <70 yr ≥70, <80 yr ≥80 yr

Age 0 4 8 14 5 0.1

Cardiogenic	shock No Yes — — 10 0.1
0 25 — — 15 0.2

Prior	CHF No Yes — — 20 0.3
0 5 — — 25 0.6

Peripheral	vascular	disease No Yes — — 30 1.1
0 5 — — 35 2.0

Chronic	lung	disease No Yes — — 40 3.6
0 4 — — 45 6.3

GFR <30 30-60 60-90 >90 50 10.9
18 10 6 0 55 18.3

NYHA	functional	class	IV No Yes — — 60 29.0
0 4 — — 65 42.7

PCI	status	(STEMI) Elective Urgent Emergent Salvage 70 57.6
12 15 20 38 75 71.2

PCI	status	(no	STEMI) Elective Urgent Emergent Salvage 80 81
0 8 20 42 85 89.2

90 93.8
95 96.5

100 98.0

From	Peterson	ED,	Dai	D,	DeLong	ER,	et	al:	Contemporary	mortality	risk	prediction	for	percutaneous	coronary	intervention:	Results	from	588,398	procedures	in	the	National	Cardiovascular	
Data	Registry.	J	Am	Coll	Cardiol	55(18):1923-1932,	2010.
CHF,	 Congestive	 heart	 failure;	 GFR,	 glomerular	 filtration	 rate;	 NYHA,	 New	 York	 Heart	 Association;	 PCI,	 percutaneous	 coronary	 intervention;	 STEMI,	 ST-segment–elevation	 myocardial	
infarction.
*In	 the	National	Cardiovascular	Data	Registry	(NCDR)	risk	prediction	model	 for	percutaneous	coronary	 intervention	mortality,	points	are	assigned	 for	 the	different	variables,	and	 the	 total	
number	of	points	is	used	to	predict	the	risk	of	inpatient	mortality.
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sector employers and the federal government have seen an increasing 
portion of their revenue consumed by providing health care for 
employees and Medicare beneficiaries. This financial burden has pres-
sured payers, who have pressured providers to accelerate quality 
improvement efforts.

Public reporting of physician, health plan, and institutional perfor-
mances is used to steer patients to the best performing providers and 
facilities on the assumption that they provide better and more cost-
effective care. Patients are becoming more engaged in this process and 
seek public performance reports on providers and facilities. Public 
release of performance data improves the quality of care through 
greater transparency and accountability by health care providers.90

Public reporting of the results of cardiovascular interventions, espe-
cially by cardiac surgeons, is not new. Beginning in the mid-1990s, 
New York and Pennsylvania publicly reported cardiac surgery out-
comes, and the Massachusetts Data Analysis Center started a reporting 
program (Mass-DAC) in 2002, as did California in 2003.2,3,91,92 After its 
early years of operation, the New York program reported a reduction 
in the risk-adjusted mortality rate from 4.17% to 2.45%, with smaller 
yearly improvements thereafter.93 The Pennsylvania CABG public 
reporting program documented a similar trend.94

In evaluating public reporting programs, it is important to under-
stand the data source and the distinction between administrative 
(claims) data and clinical data sources. For example, the Mass-DAC 
cardiac surgery reporting program uses clinical data from the Society 
of Thoracic Surgery database. In an important comparative study, 
cardiac surgery performance results based on clinical data were com-
pared with performance results derived from administrative data 
during the same period. Considerable disparities were found in the 
results between the two data sets, which led to the conclusion that 
report cards using administrative data are problematic compared with 
those derived from audited and validated clinical data.95 The same 
comparison was made within the New York cardiac surgery reporting 
program with similar conclusions.96 The use of pure administrative 
data was inferior to clinical data in identifying outliers and assessing 
surgical outcomes.

At the national level, the CMS in collaboration with the Hospital 
Quality Alliance issues a web-based public report.97 The following data 
are reported:
• Several process of care measures for patients with acute MI, conges-

tive heart failure, and other selected medical conditions and some 
surgical procedures

• Outcomes of care measures, including 30-day risk-adjusted mortal-
ity and readmission rates for MI, heart failure, and pneumonia

• Patients’ hospital experiences, using information collected from the 
Hospital Consumer Assessment of Healthcare Providers and 
Systems (HCAHPS) survey

• The number (volume) of Medicare patients treated for certain ill-
nesses or diagnoses

• Medicare inpatient hospital payment information
Large-scale public reporting efforts in cardiology and interven-

tional cardiology have primarily focused on events such as AMI and 
congestive heart failure or on procedures such as CABG or PCI. 
Although some state programs report physician-level metrics, the con-
fidence intervals around any point estimate are necessarily wide 
because of the small sample size for a single physician. Most public 
reporting has been at the facility level because greater statistical validity 
and larger denominators exist. Independent review of DTB time as a 
publicly reported measure of quality by the CMS showed that more 
than a fourth of patients were excluded from hospital quality reports, 
The exclusion of this many patients demonstrates the potential discon-
nect among overall process improvement, public reporting, and reim-
bursement for quality measures.98

Meaningful programs rely on clinical data sources to avoid the 
pitfalls of administrative data and allow a robust risk adjustment of 
outcomes. In 2014, the NCDR launched a voluntary program for par-
ticipants to publicly report clinically based hospital-level performance 
measures. Although the initial data release is limited to a few metrics 

care institutions, providing a shared vision that can guide appropriate 
and goal-directed social and individual behaviors.

Some aspects of organizational culture can have an opposite effect 
that undermines efforts for positive change. Many quality initiatives 
fail because of resistance to change, ingrained attitudes, lack of under-
standing, and poor communication. For success, the high-level leaders 
of an organization must focus on the mission and vision of the orga-
nization. Mission is a fundamental unit of culture, and failure to fulfill 
the organization’s mission impedes quality improvement efforts. By 
focusing on the mission and embracing the role of advancing a quality 
culture, leaders can facilitate dissemination of quality-oriented values 
throughout an organization. Four levels of intervention influence orga-
nizational culture: individual, team or microsystem, organizational, 
and environmental.87 In its landmark publication, Crossing the Quality 
Chasm, the IOM asserted that all interventions must address these four 
dimensions.21

Physician Champions
Key in the development of a quality culture in the cardiac catheteriza-
tion laboratory is the physician champion, who is an opinion leader, an 
agent of change, and a person who influences colleagues and friends. 
He or she is a respected individual who provides expert education, 
promotes a cause or a product, or gives support to staff for the diffusion 
and implementation of clinical practice guidelines, protocols, and 
research evidence. Physician champions are essential to a culture of 
quality and change. For example, a physician champion at a local insti-
tution can promote the increased use of radial access by education of 
colleagues and by helping others become proficient in the procedure.

In all cases, the physician champion is perceived as a credible indi-
vidual who has the ability to persuade others. He or she often influences 
other physicians to implement a new or revised process or guideline for 
quality improvement or to become physician champions themselves. 
The champion’s role can be an invaluable tool for change within a health 
care organization. However, if the physician is unable or unwilling to 
engage in the tasks required to be effective, the role is not clearly 
defined, the sphere of influence is narrow, or institutional support is 
lacking, he or she will not be able to fulfill the expectations of the orga-
nization, and change may not be implemented or sustainable.

Tools to Assist in Quality Improvement
The SCAI developed a quality improvement toolkit (QIT).88 The SCAI 
QIT identifies routine meetings that help operationalize the activity of 
continuous quality improvement. Topics of these institutional confer-
ences include morbidity and mortality, peer review of random cases, 
and selected interesting cases. Several hospitals have developed group 
meetings that address specific care processes such as for STEMI. At a 
minimum cardiac catheterization laboratories should have peer review 
and morbidity and mortality conferences monthly to quarterly to 
ensure timely case reviews.

Operational improvements continue to translate quality initiatives 
into action in the cardiac catheterization laboratory. Preprocedural 
checklists, structured catheterization reports, and standardized data 
elements provide important adjuncts in the daily practice of invasive 
cardiology.89 Real-time decision support tools such as electronic health 
records are easily integrated into the workflow. A structured time out 
before each procedure ensures proper patient identification, procedure 
confirmation, allergy assessment (including contrast and radiation 
thresholds), and other data collection.

PUBLIC REPORTING AND THE CARDIAC 
CATHETERIZATION LABORATORY

Effects of Reporting on Quality
Although the U.S. health care system is superior in many ways, it also 
has shortcomings, such as gaps in care, quality issues, and costs. Private 
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assessed among patients undergoing CABG in the prior year; only 12% 
of patients were aware of the guide, and less than 1% knew the rating 
of their surgeon.103

The public reporting of PCI data has a shorter history than that of 
cardiac surgery, but similar observations are being made. Moscucci 
and coworkers compared the demographics, indications, and out-
comes of 11,374 patients undergoing PCI in Michigan, where no public 
reporting exists, with 69,048 patients from New York, where public 
reporting exists.104 Patients in Michigan more frequently underwent 
PCIs for AMI (14.4% vs. 8.7%, P < .0001) and cardiogenic shock 
(2.56% vs. 0.38%, P < .0001) compared with those in New York, and 
they had a higher prevalence of congestive heart failure and extracar-
diac vascular disease. The unadjusted in-hospital mortality rate was 
lower in New York than in Michigan, but after adjustment for comor-
bidities, there was no significant difference in mortality rates between 
the two groups. The study authors concluded that a propensity in New 
York for nonintervention in higher-risk patients might be related to 
the fear of public reporting of high mortality rates.

The conclusion was confirmed in a separate retrospective study of 
the Should We Emergently Revascularize Occluded Coronaries for 
Cardiogenic Shock? (SHOCK) registry comparing the outcomes of 
patients from New York with those from other states.105 Patients with 
cardiogenic shock from New York State were less likely to receive 
angiography, PCI, or CABG. The in-hospital mortality rate for these 
patients was 1.5 times higher in New York, suggesting that life-saving 
treatments were being withheld to avoid the reporting of adverse out-
comes. Survey data from New York physicians confirmed this, with 
83% of practitioners agreeing that patients who were at high risk were 
denied PCI because of the fear of public reporting, and 79% confirmed 
that their own decisions on performing PCIs on individual patients 
had been influenced by the fear of public reporting.106

Similar concerns have been raised about the public reporting of PCI 
data in Massachusetts.107 This was indirectly confirmed by studying the 
risk profile of patients undergoing PCI at hospitals after they were 
identified as outliers in a public reporting program.108 The risk profile 
of PCI patients at outlier institutions was significantly lower after 
public identification compared with nonoutlier institutions, suggesting 
that risk-aversive behaviors among PCI operators at outlier institutions 
was an unintended consequence of public reporting.

To minimize unintended consequences, some reporting efforts spe-
cifically exclude extreme-risk and salvage patients. In the Massachu-
setts PCI registry (Mass-DAC), a compassionate use data element was 
added to capture these types of cases. In addition to concerns that the 
risk-adjustment methods currently available are suboptimal and do 
not include all relevant variables, there has been a suggestion that 
mortality rates must be adjudicated to determine whether they were 
procedure related or not. After further blinded review, about 80% of 
the deaths at one Massachusetts hospital were determined to not be 
directly related to the procedure but were instead related to the natural 
history of disease in the patients.107

Payers have been focused on cost profiling of physicians, and the 
accuracy of their methods have been questioned.108 Fung and col-
leagues conducted a systematic review of the evidence that public 
reporting leads to an improvement in the quality of care.109 They con-
cluded that there was minimal evidence about public reporting of 
individual provider data and practices and that a rigorous evaluation 
of many major public reporting systems was lacking. They found some 
evidence suggesting that public release of performance data stimulated 
quality improvement activity at the hospital level, but the overall effect 
of public reporting on effectiveness, safety, and patient-centered care 
remains uncertain.

The most compelling justification for public reporting of clinical 
outcomes is the public’s right to know about the care that they are likely 
to receive from hospitals and physicians. Transparency of information 
should allow patients to make better-informed decisions about their 
health care choices, but the reporting process must be accurate and 
fair. Realizing the importance of public reporting, the ACC published 
six principles of public reporting (Table 64-10).110 There is also growing 

from the CathPCI Registry, this will be expanded greatly over the next 
few years (Table 64-9). A pilot program in collaboration with CMS 
resulted in more than 350 hospitals’ agreeing to post their 30-day 
readmission rates for PCI on the CMS website. More public reporting 
is expected in the future.

Unintended Consequences
Concern has been expressed that public reporting programs may lead 
to unintended consequences that could offset their benefits.99,100 
Although the early reduction in risk-adjusted mortality from CABG 
in the New York experience was touted as a success, another perspec-
tive subsequently emerged. Omoigui and colleagues reviewed 9442 
isolated CABG operations performed from 1989 through 1993 at the 
Cleveland Clinic to assess referral patterns, case mix, and outcomes.101 
Patients referred to Cleveland from New York had a higher frequency 
of prior open heart surgery and were more likely to have New York 
Heart Association (NYHA) functional class III or IV heart disease 
compared with patients from Ohio, other states, and other countries. 
Their expected mortality rate was higher than for other referral cohorts. 
The observed 5.2% mortality rate among patients referred from New 
York was significantly greater than for any of the other referral sources, 
leading the study authors to speculate that the public reporting of 
outcome data in New York likely provoked the increased referral of 
high-risk patients out of state, explaining the reduction of CABG-
related mortality rates in New York.

Schneider and Epstein surveyed cardiologists and cardiac surgeons 
to determine whether they were aware of the Pennsylvania Consumer 
Guide to Cardiac Surgery and, if so, to determine their views on its 
usefulness, limitations, and influence on providers.102 Only 10% 
reported that the published mortality rates were “very important” in 
assessing the performance of a cardiothoracic surgeon. Less than 10% 
reported discussing the guide with more than 10% of their patients 
before CABG. Among cardiologists, 87% reported that the guide had 
minimal or no influence on their referral recommendations. When  
the limitations of the guide were assessed, 78% cited the absence of 
indicators of quality other than mortality rates, 79% cited inadequate 
risk-adjustment methods, and 53% cited the unreliability of data pro-
vided by hospitals and surgeons. Notably, 59% of cardiologists reported 
increased difficulty in finding surgeons willing to perform CABG in 
severely ill patients who required it, and 63% of cardiac surgeons 
reported that they were reluctant to operate on these patients. In a 
subsequent publication, awareness and use of the consumer guide was 

TABLE 64-9 National Cardiovascular Data Registry Measures for 
Public Reporting

Performance Measure
Source 
Registry

External 
Data

NQF 
Endorsed

Aspirin	at	discharge CathPCI No Yes

Thienopyridine	at	discharge CathPCI No Yes

Statins	at	discharge CathPCI No Yes

PCI	in-hospital	risk-adjusted	
mortality	(patients	with	STEMI	
and	patients	without	STEMI)

CathPCI No Yes

30-Day	all-cause	risk-adjusted	
mortality	(patients	without	
STEMI	or	cardiogenic	shock	
and	patients	with	STEMI	or	
cardiogenic	shock)

CathPCI Yes	(CDC) Yes

30-Day	risk-adjusted	
readmission	for	PCI

CathPCI Yes	(CMS) Yes

CathPCI,	Subregistry	of	the	National	Cardiovascular	Data	Registry;	CDC,	Centers	for	Disease	
Control	and	Prevention;	CMS,	Centers	 for	Medicare	and	Medicaid	Services;	NQF,	National	
Quality	Forum;	PCI,	percutaneous	coronary	intervention;	STEMI,	ST-segment–elevation	myo-
cardial	infarction.
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interest in changing reimbursement models to be based on the quality 
rather than the quantity of care and on development of quality mea-
sures approved by the NQF.

CONCLUSIONS
Patients, payers, and physicians have interests in measuring and under-
standing the quality of interventional procedures. The goal is to 
measure and deliver the highest quality of care to patients undergoing 
invasive procedures. Current efforts to achieve this goal have fallen 
short, and important gaps exist in the ability to provide the highest 
quality of care for all patients. Implementing improvements in quality 
care is the next challenge in interventional cardiology. This goal is 
achievable if physicians and other members of the interventional care 
delivery team strive in their daily practice to ensure that the right 
patient gets the right procedure performed correctly, leading to the 
right outcome.

TABLE 64-10 2008 American College of Cardiology Foundation 
Principles for Public Reporting of Physician 
Performance Data

•	 The	driving	force	behind	physician	performance	measurement	and	
reporting	systems	should	be	to	promote	quality	improvement.

•	 Public	reporting	programs	should	be	based	on	performance	measures	
with	scientific	validity.

•	 Public	reporting	programs	should	be	developed	in	partnership	with	
physicians.

•	 Every	effort	should	be	made	to	use	standardized	data	elements	to	
assess	and	report	performance	and	to	make	the	submission	process	
uniform	across	all	public	reporting	programs.

•	 Performance	reporting	should	occur	at	the	appropriate	level	of	
accountability.

•	 All	public	reporting	programs	should	include	a	formal	process	for	
evaluating	the	impact	of	the	program	on	the	quality	and	cost	of	health	
care,	including	an	assessment	of	unintended	consequences.

From	 Drozda	 JP	 Jr,	 Hagan	 EP,	 Mirro	 MJ,	 et	al:	 ACCF	 2008	 health	 policy	 statement	 on	
principles	 for	 public	 reporting	 of	 physician	 performance	 data:	 a	 report	 of	 the	 American	
College	of	Cardiology	Foundation	Writing	Committee	to	Develop	Principles	for	Public	Report-
ing	of	Physician	Performance	Data.	J	Am	Coll	Cardiol	51[20]:1993-2001,	2008.)
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A series of studies over 30 years has repeatedly identified a relation-
ship between increased procedural volume and lower mortality, 

particularly for higher-risk procedures or patients.1-16 The finding of 
better outcomes with increased experience seems rather obvious, and 
in isolation, it should not engender much controversy. When the 
volume–outcome relationship is applied to health policy in a manner 
that suggests patients should avoid low-volume hospitals or physicians, 
passionate debate ensues. Fueled by intense policy interests, manu-
scripts that support or refute volume standards continue to be pub-
lished in the medical and health services research literature. This 
chapter examines the volume–outcome relationship for coronary 
interventions in depth according to the strength of the evidence and 
the underlying reasons why study conclusions may vary despite con-
sistency of the relationship. Based on this review, a practical framework 
for public policy is proposed.

To provide some perspective on the issue, one must first understand 
that the proposed volume thresholds represent very low numbers and 
affect relatively few patients. The relationship between worse outcome 
and low volume is most apparent among very low-volume operators. 
In the case of interventional cardiologists, an overall percutaneous 
coronary intervention (PCI) volume of 50 cases per year requires per-
formance of one procedure per week, and a primary PCI volume of 12 
cases per year involves treatment of one ST-segment elevation myocar-
dial infarction (STEMI) case per month. A hospital must perform 4 
cases per week to reach a threshold of 200 elective PCI cases, and 3 
cases per month to reach a primary PCI threshold of 36 cases. With 
such low thresholds, low-volume providers treat relatively few patients.

A reasonable gauge of the relative proportion of patients treated in 
low-volume institutions can be obtained from the National Inpatient 
Sample (NIS), a nationally representative cohort of patients of all ages 
treated at 20% of United States hospitals.1 Data from the Cath Registry 
(American College of Cardiology) and the NIS indicate that only 4% 
of patients undergoing PCI are treated in hospitals with volumes lower 

than 200 cases per year; yet the low-volume institutions treating these 
relatively few patients represent 26% of hospitals (Fig. 65-1).17 Simi-
larly, physician volumes from the New York State Coronary Angio-
plasty Reporting System can be extrapolated to indicate that 7% of 
patients are treated by physicians who perform fewer than 75 cases per 
year, and these operators represent 30% of all physicians performing 
PCI. Recent declines in national procedural volume suggest that fewer 
than half of interventional cardiologists perform more than 50 cases 
of PCI per year.16

EVIDENCE FOR A VOLUME–OUTCOME RELATIONSHIP
The origins of the volume–outcome relationship date back to 1979, 
when Luft, Bunker, and Enthoven of Stanford University identified 
higher mortality at lower-volume hospitals for a number of surgical 
procedures, including open heart and vascular surgery.2 Among 12 
surgeries, the relationship was most evident for the higher-risk proce-
dures, and their initial data identified a threshold of approximately  
200 surgical procedures per year, above which procedural mortality 
decreased by 25% to 41%. In their initial work, the authors suggested 
that the observed relationships support the regionalization of higher-
risk procedures. Since the initial work, the volume–outcome relation-
ship has repeatedly been demonstrated for a number of procedures and 
conditions.12 Examining more than 3 million Medicare patients hospi-
talized at 4679 hospitals between 2004 and 2006 for acute myocardial 
infarction (MI), congestive heart failure, or pneumonia, Ross and col-
leagues found that those treated at lower-volume hospitals had signifi-
cantly higher 30-day mortality rates. For acute MI, the upper volume 
threshold was 610 cases per year, beyond which significant differences 
in mortality were no longer observed.12

Volume standards for PCI were first introduced in the 1988 Ameri-
can College of Cardiology/American Heart Association guidelines.18 
Lacking empirical evidence regarding coronary angioplasty volume, 
the task force selected the physician threshold volume of 50 cases per 
year based on the logic that one must golf about once per week to 
remain proficient, and such an experiential relationship can likely be 
extended to coronary interventions. The publication of this standard 
unleashed a flood of concerns from approximately half of cardiologists 
performing angioplasty at the time who did not meet the one-case-per-
week standard. Providers opposed to volume standards were con-
cerned about restrictions to practice in the absence of empirical 
evidence of a volume–outcome relationship for PCI. They were also 
concerned that such standards may unfairly restrict low-volume physi-
cians with good outcomes and that annual volume standards do not 
take into account aggregate experience over a number of years.

Empirical evidence supporting a volume–outcome relationship for 
PCI began to emerge in the 1990s. In a study of Medicare procedures, 
Jollis and colleagues found that in-hospital mortality increased from 
2.5% for high-volume hospitals to 3.9% for low-volume hospitals.3 
Among the 217,836 patients studied, the relationship between volume 
and outcome appeared to be J-shaped, with the highest mortality rate 
for hospital volumes performing fewer than 100 Medicare procedures 
per year (Fig. 65-2). Because Medicare primarily involves patients 
older than 65 years of age, a Medicare case volume of 100 represents 
an overall hospital volume of roughly 200 cases per year.

For 19,594 patients undergoing elective PCI in 48 hospitals in the 
Society for Cardiac Angiography and Interventions registry, Kimmel 
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K E Y  P O I N T S

•	 A	relationship	between	experience	and	outcome	for	higher-risk	
procedures	has	been	repeatedly	demonstrated	over	the	past	3	
decades.

•	 In	the	case	of	percutaneous	coronary	intervention	(PCI),	the	
minimum	volume	thresholds	involve	low	numbers	of	fewer	than	
four	cases	per	week	for	hospitals	and	one	case	per	week	for	
physicians.

•	 The	volume	standards	affect	relatively	few	patients	(4%	of	all	
patients	undergo	PCI	at	low-volume	hospitals,	and	7%	are	treated	
by	low-volume	physicians)	but	relatively	larger	numbers	of	
operators	(27%	of	hospitals	and	50%	of	physicians	perform	fewer	
than	200	and	50	cases	per	year	respectively).

•	 In	considering	the	evidence,	studies	must	be	viewed	according	to	
representation	by	low-volume	providers,	event	rates,	and	
regression	techniques.

•	 Supporting	evidence	and	concern	for	patients	compel	the	medical	
community	to	foster	experienced	interventional	operators	and	
facilities	to	the	extent	possible.
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and associates found significantly higher rates for mortality, emergency 
bypass, and major complications among patients treated at hospitals 
with volumes lower than 400 cases per year.4 In the New York State 
Coronary Angioplasty Reporting System, Hannan and colleagues iden-
tified significantly higher risk-adjusted mortality for patients treated at 
hospitals with annual volumes lower than 600 cases.5 After the wide-
spread adoption of coronary stents, repeated analyses of Medicare data 
by McGrath and colleagues6 continued to identify higher mortality at 
low-volume hospitals. Evidence for a relationship between physician 
volume and outcome also emerged, with both Jollis7 and Hannan5 
identifying higher in-hospital mortality for physician volumes of less 
than 75 cases per year. With this substantial compelling evidence, the 
1993 PCI guidelines revised upward the minimum volume standards 
to 75 cases per year for physicians and 200 cases per year for hospitals 
to maintain competency.19 The relationship continues to be observed 
in contemporary data, including the NIS from 2005 to 2010, the 
German Drug Eluting Stent Registry, and the RIVAL (Radial Versus 
Femoral Access for Coronary Intervention) trial.14

Most recently, there has been a 20% decline in the number of PCI 
procedures performed annually in the United States with correspond-
ing declines in hospital and physician PCI volumes.20 In the NIS 
between 2005 and 2009, median operator volume fell from 53 to 33 
cases per year, and median hospital volume fell from 1024 to 693 per 
year.16 In reformulating the clinical competency guidelines, the writing 
committee indicated that most interventional cardiologists in the 
United States were not achieving the previously recommended thresh-
old of 75 PCIs annually.21 To remain relevant, the 2013 update lowered 
the volume standard for physicians to “a minimum of 50 coronary 
interventional procedures per year (averaged over a 2-year period) to 
maintain competency.”21

FIGURE 65-1	 Distribution	of	hospital	and	physician	percutaneous	coro-
nary	intervention	cases	by	hospitals,	physicians,	and	patients.	(Adapted	
from	Epstein	 AJ,	Rathore	 SS,	 Volpp	KG,	 et	 al:	Hospital	 percutaneous	
coronary	intervention	volume	and	patient	mortality,	1998	to	2000:	does	
the	evidence	support	current	procedure	volume	minimums?	J	Am	Coll	
Cardiol	 43:1755-1762,	 2014;	 and	 Hannan	 EL,	 Wu	 C,	 Wallford	 G,	
et	 al:	 Volume-outcome	 relationships	 for	 percutaneous	 coronary	 inter-
ventions	in	the	stent	era.	Circulation	112:1171-1179,	2005.)
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Since the original evidence was incorporated into updated guide-
lines, the volume–outcome relationship has undergone regular reex-
amination. With improved technology and lower event rates, the 
question remains whether this relationship should continue to guide 
policy regarding hospital and operator volumes. In order to under-
stand empirical evidence concerning the volume–outcome relation-
ship, one must keep in perspective three basic concepts of observational 
research: frequency of the end point, representativeness of the sample, 
and regression analysis techniques. Considering more recent evidence 
in light of these concepts, the volume–outcome relationship continues 
to be observed in higher-risk populations and in samples with an 
adequate representation of low-volume providers.

The first consideration when evaluating empirical evidence is 
whether the study involves an adequate number of end points to 
observe a volume–outcome relationship. The relationship is most 
apparent in high-risk patients, who are more likely to experience com-
plications and death. In the first study of volume and outcome for 
coronary interventions, the greatest differences in mortality by volume 
were seen in the subset of patients with acute MI. Mortality rates for 
low-, medium-, and high-volume hospitals were 8.1%, 7.1%, and 6.4%, 
respectively, compared with 1.3%, 1.2%, and 1.0% mortality, respec-
tively, for patients without MI treated at low-, medium-, and high-
volume hospitals.3 This finding follows clinical intuition that experience 
is likely to be most important when one is managing complications 
and high-risk situations.

Studies of patients with acute MI that include the universe of low-
volume operators continue to provide persuasive evidence of a volume–
outcome relationship. Srinivas and colleagues examined in-hospital 
mortality for 7321 patients undergoing primary PCI in New York State 
at 41 hospitals (volume range, 1 to 172 primary PCIs per year) by 266 
physicians (volume range, 1 to 55 primary PCIs per year).8 Risk-
adjusted mortality was substantially lower for higher-volume hospitals 
at a volume threshold of 50 primary PCI cases per year (≤50, 5.4%; 
>50, 3.4%; odds ratio [OR], 0.58; 95% confidence interval [CI], 0.38 
to 0.88)) and for physicians at 20 cases per year (≤20, 4.2%; >20, 
2.9%; OR, 0.63; 95% CI, 0.44 to 0.91) (Fig. 65-3). When the risk-
adjusted mortality rates were stratified by hospital and physician 
volume, the highest rate, 7.9% (P = .01), was seen for patients treated 
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To understand empirical evidence, a second important consider-
ation is whether the study population includes a representative sample 
of low-volume operators. Studies that include the universe of low-
volume operators according to mandatory registries or hospital claims, 
such as the New York Coronary Angioplasty Reporting System or the 
NIS, consistently identify volume–outcome relationships, whereas 
those that rely on voluntary participation by hospitals focused on 
quality improvement are less likely to include a sample of low-volume 
providers sufficient to characterize the volume relationship. The most 
representative cohort of patients with PCI is reported in the NIS, which 
includes discharge records for a random sample of acute care hospitals 
approximating a 20% stratified sample of U. S. community hospitals.22 
The NIS includes all payers and therefore includes patients younger 
than 65 years of age. Examining 2,243,209 procedures performed 
between 2005 and 2010, Badheka, Patel, and colleagues16 found a step-
wise increase in in-hospital mortality (P < .001) and complications 
(P < .001) according to annual physician volume quartiles (>99 cases 
per year, 0.6% and 5.2%, respectively; 47 to 98 cases, 0.9% and 6.0%; 
17 to 46 cases, 1.2% and 7.2%; 1 to 16 cases, 1.7% and 10.1%).

Careful consideration of regression models represents a third 
important element of volume–outcome studies. Regression analyses 
simply examine the mathematical relationship between two variables 
according to a set of data points. As regression techniques become 
more complex, their presentation in manuscripts must be abbreviated 
to meet editorial requirements. Thus elaborate regression procedures 
have evolved into “black box” approaches to balancing comparisons. 
Without detailed presentations, readers are unable to assess whether 
regression techniques have overcome critical obstacles that limit their 
ability to reliably identify relationships of interest—namely, confound-
ing, multicollinearity, unmeasured risk, and model fit. Even the most 
sophisticated modeling techniques are limited by sample size and the 
potential for type II errors, incorrectly accepting the null hypothesis of 
no difference when a significant difference exists. Mortality differences 
by volume apparent in unadjusted data may lose their statistical sig-
nificance in regression models as statistical thresholds are raised to 
satisfy probability assumptions.

For example, Kumbhani and colleagues examined primary PCI 
volume and outcome for 29,513 patients directly admitted to 116  
hospitals participating in the Get With the Guidelines (GWTG) regis-
try.23 When the data were stratified by annual hospital primary PCI 
volume, there was a trend toward higher mortality for lower-volume 
institutions (<36 procedures, 3.9%; 36 to 70 procedures, 3.2%; and >70 
procedures, 3.0%). These differences were present despite the exclusion 

by low-volume physicians (<20 primary PCIs per year) practicing in 
low-volume hospitals (<50 primary PCIs per year); and conversely, the 
lowest rate, 2.8%, was seen among patients treated by high-volume 
physicians (>20 primary PCIs per year) at high-volume hospitals (>50 
primary PCIs per year). The stratified analyses showing an interaction 
between physician and hospital volume suggest that both physician 
and staff experience contribute to better outcomes.

When adverse outcomes decline, the volume–outcome relationship 
is mitigated. After the introduction of coronary stents, abrupt coronary 
artery closure leading to a need for urgent bypass surgery markedly 
decreased, from 3.8% to 1.9% in Medicare patients.3,7 Repeated analy-
ses by McGrath and colleagues6 found that the inverse relationship 
between volume and need for surgery was no longer apparent after  
the adoption of coronary stents. By combining end points, the ability 
of an observational study to observe a volume–outcome relationship 
was increased. Moscucci and colleagues examined the composite end 
point of death, bypass surgery, stroke or transient ischemic attack, MI, 
and repeat PCI for 18,504 patients treated at 14 Michigan hospitals 
participating in a quality improvement initiative.9 Whereas individual 
complications were more common for low-volume physicians, the rela-
tionships did not reach statistical significance until the outcomes were 
combined as a composite end point (Fig. 65-4).

FIGURE 65-3	 Volume–outcome	relationships	for	hospitals	(A)	and	phy-
sicians	(B)	performing	primary	percutaneous	coronary	interventions	in	
New	York	state.	(Adapted	from	Srinivas	VS,	Hailpern	SM,	Koss	E,	et	al:	
Effect	of	physician	volume	on	the	relationship	between	hospital	volume	
and	mortality	during	primary	angioplasty.	J	Am	Coll	Cardiol	53:574-
579,	2009.)
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FIGURE 65-4	 Adjusted	odds	ratios	(OR)	for	major	adverse	cardiovas-
cular	events	with	generalized	estimating	equations	clustering	modeling.	
**,	P	<	.0001;	CI,	confidence	interval.	(Adapted	from	Moscucci	M,	Share	
D,	Smith	D,	et	al:	Relationship	between	operator	volume	and	adverse	
outcome	in	contemporary	percutaneous	coronary	intervention	practice:	
an	analysis	of	a	quality-controlled	multicenter	percutaneous	coronary	
intervention	clinical	database.	J	Am	Coll	Cardiol	46:625-632,	2005.)
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minimal procedural volumes because quality can be measured and 
assured. Another advantage of this approach is that low-volume pro-
viders are encouraged to avoid high-risk patients, those patients for 
whom the volume–outcome relationship is most apparent. On the 
other hand, registries lack statistical power to reliably identify quality 
low-volume providers due to insufficient sample size. Low-volume 
hospitals and physicians have worse outcomes on average, and policies 
that broadly apply volume standards should avert procedural compli-
cations and deaths.

Although national guidelines have incorporated volume standards, 
most decisions regarding physician and hospital practice occur at the 
local or state level irrespective of these guidelines.21,24 Interventional 
cardiologists are granted privileges at the hospital level, and hospitals 
have a significant incentive to encourage all physicians to perform 
procedures in their facilities regardless of volume standards. The ability 
of hospitals to open and operate interventional cardiology programs is 
regulated by states, and standards vary widely. In many regions of the 
country, low-volume PCI programs are common and increasing in 
number despite national standards and empirical evidence. Coronary 
intervention represents a profitable activity from a hospital perspec-
tive, and hospitals have successfully lobbied many state governments 
to allow for an expansion of low-volume facilities.

With national declines in cardiac intervention, the need for contin-
ued expansion of PCI facilities is further called into question.25 The 
necessity of additional hospitals and operators varies according to the 
elective or urgent nature of the procedure. Elective PCI procedures are 
relatively low risk and less subject to the volume–outcome relationship. 
However, the very nature of elective procedures allows for diversion of 
patients to higher-volume facilities, obviating the need for more PCI 
facilities.

Whether volume standards should be strictly applied for primary 
PCI procedures represents a more challenging and uncertain policy 
question. The time-dependent relationship between device deploy-
ment and survival, coupled with extraordinarily long “first hospital 
door-to-device” times for patients requiring hospital transfer for acute 
intervention, favors a broadening of the availability of primary PCI.26,27 
Particularly for rural hospital emergency departments for which trans-
port times to PCI facilities are longer than 30 to 40 minutes, a case can 
be made for expanding PCI facilities to rural areas. High-risk patients, 
including those with acute MI, have the worst outcomes with low-
volume providers, however, and a better strategy may involve reperfu-
sion with fibrinolysis at the rural hospital, followed by transfer to a 
regional PCI facility.

CONCLUSIONS
The relationship between lower volume and worse outcomes has been 
established by sizeable and compelling empirical evidence over the past 
30 years. This association is most apparent among high-risk patients 
and procedures. The strength of supporting evidence varies as a func-
tion of representation by low-volume providers, sample size, number 
of outcomes of interest, and regression techniques. Although proce-
dural volume represents only one facet of quality cardiovascular care, 
the supporting evidence and concern for patients compel the medical 
community to foster experienced interventional operators and facili-
ties to the extent possible.

of patients treated in hospitals that submitted fewer than 30 patients 
and irrespective of the select nature of GWTG hospitals. After adjust-
ment in regression models, the mortality difference did not reach sta-
tistical significance (low volume vs. high volume adjusted odds ratio, 
1.3; P = .15). The study used generalized estimating equations, a tech-
nique that has become widespread over the past decade. This conserva-
tive approach accounts for the lack of independence of patients treated 
within the same hospital but requires larger samples or absolute differ-
ences to identify statistically significant findings compared with regres-
sion analyses that ignore within-hospital clustering. Generalized 
estimating equations raise the threshold for statistical significance, 
increasing the likelihood of a type II error.

In viewing negative findings from regression-adjusted analyses such 
as the Kumbhani study, one must not confuse the “absence of proof ” 
for “proof of absence.” The RIVAL trial examined volume and outcome 
among 7021 patients treated in 158 hospitals using proportional 
hazards regression models. The study adjusted for 14 demographic, 
clinical, and anticoagulation characteristics but did not account for the 
lack of independence of patients treated in the same hospital. With 
relatively fewer patients, the study identified significantly lower rates 
of the primary end point of death, MI, stroke, or major bleeding among 
hospitals and operators with higher overall volumes and among provid-
ers with higher radial access volumes (Fig. 65-5).14

PUBLIC POLICY IMPLICATIONS
As mentioned earlier, those who argue against volume standards cite 
concerns about restricting high-quality, low-volume providers. Partici-
pation in national registries has been put forth as an alternative to 

FIGURE 65-5	 Adjusted	 rate	of	death,	myocardial	 infarction,	stroke,	or	
major	 bleeding	 (primary	 outcome)	 according	 to	 center	 and	 operator	
volume	in	the	RIVAL	trial.	CI,	Confidence	interval;	HR,	hazard	ratio;	PCI,	
percutaneous	coronary	intervention.	(Data	from	Jolly	SS,	Cairns	J,	Yusuf	
S,	 et	al;	 RIVAL	 Investigators:	 procedural	 volume	 and	 outcomes	 with	
radial	 or	 femoral	 access	 for	 coronary	 angiography	 and	 intervention.		
J	Am	Coll	Cardiol	63:954-963,	2014.)
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Heart failure is a growing public health problem. An estimated 5.1 
million Americans have heart failure, and 825,000 new cases are 

diagnosed each year in the United States.1 By the year 2030, the U.S. 
prevalence of heart failure is expected to exceed 8 million people.2 
Beyond these numbers, heart failure imposes an enormous burden on 
patients, caregivers, and the health care system.

New approaches are needed to improve the clinical status and  
outcomes of heart failure patients. Despite current drug and electro-
physiologic device therapies, many patients have moderate to severe 
symptoms, a poor quality of life, and substantial limitations in exercise 

capacity. They are also at considerable risk for heart failure–related 
morbidity (e.g., hospitalization) and mortality.3 Heart failure is the 
primary diagnosis in more than 1 million hospital admissions annually 
in the United States.1 It is also associated with the highest rate of hos-
pital readmissions compared with all other medical and surgical causes 
of hospitalization.4 In 2012, due in large measure to the high rates of 
hospitalization and rehospitalization, the U.S. total economic burden 
from heart failure was estimated at $31 billion.1

Convergence of the fields of heart failure and interventional cardi-
ology has produced a discipline called interventional heart failure. 
Although the term may be applied to virtually any invasive procedure 
performed in heart failure patients (e.g., diagnostic coronary angiog-
raphy, percutaneous coronary intervention, invasive assessment of 
hemodynamics), it is more commonly reserved for the application of 
invasive therapeutic procedures intended to improve the clinical status 
and outcomes of heart failure patients.

Interventions usually target primary or secondary valve disease, left 
ventricular dilation or pathophysiologic remodeling, elevated left atrial 
and pulmonary artery pressures, or reduced cardiac output to improve 
cardiac structure, function, and hemodynamics. Myocardial ischemia 
is excluded from this list of interventional heart failure targets because 
coronary revascularization has not proved a beneficial heart failure 
therapy,5 although it may be useful for the treatment of symptomatic 
angina in heart failure patients.3

Interventional heart failure procedures and devices include trans-
catheter aortic valve replacement (TAVR), percutaneous mitral valve 
repair (i.e., MitraClip percutaneous therapy), percutaneous or hybrid 
ventricular partitioning or restoration, interatrial shunt devices, and 
implantable hemodynamic monitors. With the exception of TAVR, 
MitraClip, and pulmonary artery pressure monitoring with the Car-
dioMEMS heart failure system, most interventional heart failure 
devices remain under investigation in heart failure patients.

At least one form of neuromodulation (i.e., renal denervation) may 
be considered an interventional heart failure procedure when applied 
to the treatment of these patients, but it is not discussed in this chapter. 
Other forms of neuromodulation, including baroreflex activation 
therapy,6,7 vagal nerve stimulation,8,9 spinal cord stimulation,10 and 
phrenic nerve stimulation,11,12 involve the implantation of pulse stimu-
lators and stimulation leads, and they are considered to be surgical or 
electrophysiologic interventions.

TRANSCATHETER AORTIC VALVE REPLACEMENT
Heart failure in patients with aortic stenosis carries a grave prognosis. 
If the aortic valve is not replaced, patients with heart failure due to 
aortic stenosis have a 2-year mortality rate of 50%.13 In the setting of 
aortic stenosis, heart failure results from left ventricular hypertrophy 
with diastolic dysfunction or left ventricular dilation with systolic dys-
function, or both. Because heart failure results from the excess after-
load caused by aortic stenosis, aortic valve replacement often leads to 
symptom improvement and a good outcome, especially when the pre-
operative gradient across the aortic valve is high or a good contractile 
reserve has been demonstrated when the gradient is low.14

Aortic valve replacement is recommended in patients with severe 
aortic stenosis and symptomatic heart failure with an aortic velocity  
of 4.0 m/sec or greater or a mean pressure gradient of 40 mm Hg  
or higher.15 In patients with low-flow or low-gradient severe aortic 
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K E Y  P O I N T S

•	 Despite	current	guideline-directed	drug	and	electrophysiologic	
device	therapies,	many	heart	failure	patients	remain	highly	
symptomatic,	and	outcomes	remain	poor.	New	therapies	are	
needed	to	improve	patients’	clinical	status	and	outcomes.

•	 Several	causes	of	heart	failure	are	amenable	to	interventional	
device-based	therapies,	an	observation	that	led	to	emergence	of	
the	field	of	interventional	heart	failure.

•	 Interventional	heart	failure	targets	include	primary	or	secondary	
valve	disease,	left	ventricular	dilation	or	pathophysiologic	
remodeling,	elevated	left	atrial	and	pulmonary	artery	pressures,	
and	reduced	cardiac	output.

•	 Interventions	include	transcatheter	aortic	valve	replacement	(TAVR),	
percutaneous	mitral	valve	repair,	percutaneous	or	hybrid	
ventricular	partitioning	or	restoration,	interatrial	shunt	devices,	and	
implantable	hemodynamic	monitors.

•	 With	the	exception	of	TAVR,	percutaneous	mitral	valve	repair	(e.g.,	
MitraClip	system),	and	pulmonary	artery	pressure	monitoring	(e.g.,	
CardioMEMS	system),	most	devices	remain	under	investigation	for	
use	in	heart	failure	patients.

•	 Severe	aortic	stenosis	is	a	potentially	reversible	cause	of	heart	
failure.	TAVR	improves	symptoms	and	prolongs	survival	of	patients	
with	heart	failure	and	severe	aortic	stenosis	at	high	surgical	risk.

•	 Functional	mitral	regurgitation	contributes	to	the	vicious	cycle	of	
progressive	heart	failure,	and	preliminary	findings	for	several	
percutaneous	approaches	to	mitral	valve	repair	are	encouraging.

•	 Pathologic	left	ventricular	remodeling	after	anterior	myocardial	
infarction	leads	to	progressive	heart	failure.	Percutaneous	or	hybrid	
ventricular	partitioning	or	reconstruction	devices	restore	a	more	
normal	elliptical	left	ventricular	geometry	while	reducing	ventricular	
volume,	reducing	end-diastolic	pressure,	and	improving	symptoms	
and	outcomes.

•	 Elevated	left	atrial	and	pulmonary	artery	pressures	increase	the	risk	
of	heart	failure,	and	interatrial	shunt	devices	can	lower	left	atrial	
pressure	and	improve	hemodynamics	in	systolic	and	diastolic	
heart	failure	patients.

•	 Implantable	hemodynamic	monitors	can	guide	changes	in	
pharmacologic	therapies	to	accomplish	reductions	in	left	atrial	and	
pulmonary	artery	pressures,	reducing	the	incidence	of	heart	failure	
hospitalizations.

•	 Convergence	between	the	fields	of	interventional	cardiology	and	
heart	failure	is	needed	to	guide	the	application	of	therapies	for	
these	patients.
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regurgitation (see Fig. 66-1) may also improve patients’ clinical status 
and outcomes. Evidence to support this idea is lacking, and carefully 
conducted, prospective, randomized, controlled trials that address this 
issue are needed.

In the absence of definitive evidence, heart failure guidelines offer 
only a very weak recommendation (i.e., class IIb) for valve surgery for 
severe functional mitral regurgitation.3 Many heart failure specialists 
do not refer these patients for surgical valve repair with ongoing phar-
macologic therapy and if indicated cardiac resynchronization therapy, 
constituting the mainstay of treatment for functional mitral regurgita-
tion in heart failure. Physicians are reluctant to refer heart failure 
patients with severe functional mitral regurgitation for surgical valve 
repair because of a lack of proof of efficacy and concerns about surgical 
morbidity and mortality.

Catheter-based alternatives to surgical mitral valve repair have been 
developed. A percutaneous approach to mitral valve repair using the 
MitraClip system is approved for the treatment of degenerative mitral 
regurgitation (Fig. 66-2). The device is intended for the percutaneous 
reduction of significant symptomatic mitral regurgitation (≥3+) due to 
a primary abnormality of the mitral apparatus (i.e., degenerative mitral 
regurgitation) in patients who are at prohibitive surgical risk for mitral 
valve surgery.

stenosis with a left ventricular ejection fraction (LVEF) less than 50% 
and not meeting one of these criteria, a low-dose dobutamine stress 
study should be performed. If the study shows an aortic velocity of 
4.0 m/sec or greater or a mean pressure gradient of 40 mm Hg or 
higher with a valve area 1.0 cm2 or less at any dobutamine dose, aortic 
valve replacement is recommended.15 Surgical aortic valve replacement 
is recommended in patients who meet an indication for aortic valve 
replacement who are at low or intermediate surgical risk. Surgical 
aortic valve replacement in patients with a reduced LVEF significantly 
improves or normalizes the LVEF and improves survival.16,17

An alternative to surgical aortic valve replacement in patients at 
high or prohibitive surgical risk is TAVR.18 The Placement of Aortic 
Transcatheter Valves (PARTNER) trial compared TAVR with standard 
therapy in high-risk patients with severe aortic stenosis and cardiac 
symptoms, including a cohort of patients who were not considered to 
be suitable candidates for surgery (i.e., Cohort B). In the PARTNER 
trial, TAVR was compared with medical therapy without surgical aortic 
valve replacement.19,20 A total of 358 patients with severe aortic stenosis 
were randomized at 21 centers. At 1 year, there was a statistically sig-
nificant 45% reduction in death from any cause for patients treated 
with TAVR compared with medically treated patients.19 The rate of a 
composite end point of death from any cause or repeat hospitalization 
was reduced by 54% with TAVR compared with standard therapy. 
These benefits were sustained at 2 years.20

Of the patients randomized in Cohort B, 93% exhibited New York 
Heart Association (NYHA) class III or IV symptoms at baseline,  
compatible with an advanced degree of heart failure. TAVR signifi-
cantly improved the NYHA class ranking compared with ongoing 
medical therapy alone. Data from PARTNER Cohort A (i.e., TAVR 
versus surgical aortic valve replacement) demonstrated significant 
improvement in LVEF with TAVR (from 35.7 ± 8.5% to 48.6 ± 11.3%, 
P < .0001), which was comparable to that seen with surgical aortic 
valve replacement.21

TAVR is a reasonable option for the treatment of symptomatic heart 
failure in patients with inoperable severe aortic stenosis. The Edwards 
Sapien and Medtronic CoreValve are two TAVR devices with U.S. Food 
and Drug Administration (FDA) approval. Numerous alternative 
TAVR devices are under investigation.

PERCUTANEOUS MITRAL VALVE REPAIR
Functional mitral regurgitation is common in patients with ischemic 
and nonischemic dilated cardiomyopathy. Some degree of functional 
mitral regurgitation usually exists in these patients, and 50% of heart 
failure patients with an LVEF of less than or equal to 35% exhibit 
moderate or severe functional mitral regurgitation.22,23

The cause of functional mitral regurgitation in dilated cardiomy-
opathy is complex but usually is related to increased left ventricular 
sphericity and apical and posterior displacement of papillary 
muscles.24,25 The severity of functional mitral regurgitation in heart 
failure is an independent predictor of poor outcome. For example, 
severe functional mitral regurgitation is associated with a twofold 
increase in the mortality rate for patients with ischemic and nonisch-
emic cardiomyopathy.26

After functional mitral regurgitation ensues in the setting of heart 
failure, it contributes to a vicious cycle of progressive left ventricular 
dilation or dysfunction and worsening of the functional mitral regur-
gitation (Fig. 66-1). Several heart failure therapies can break this 
vicious cycle and reduce the severity of functional mitral regurgitation 
by promoting reverse remodeling of the left ventricle. Examples include 
evidence-based beta-blockers and cardiac resynchronization.27,28 These 
therapies significantly reduce left ventricular volumes, improve the left 
ventricular sphericity index (i.e., restore the normal elliptical geometry 
of the left ventricle), increase the LVEF, and reduce functional mitral 
regurgitation. They also significantly reduce morbidity and mortality 
rates for heart failure patients.

Targeting functional mitral regurgitation to break the vicious  
cycle of progressive heart failure and worsening functional mitral 

FIGURE 66-1	 Pathologic	left	ventricular	remodeling	leads	to	increased	
left	ventricular	volume	with	an	increase	in	left	ventricular	sphericity	and	
apical	and	posterior	displacement	of	the	papillary	muscles,	resulting	in	
functional	mitral	regurgitation.	Functional	mitral	regurgitation	increases	
the	 left	 ventricular	 load,	 resulting	 in	 additional	 left	 ventricular	 dilation	
and	dysfunction.	

Increased
ventricular

load

Pathologic
remodeling

Mitral
regurgitation

Increased
ventricular

volume

FIGURE 66-2	 The	MitraClip	system	approach	is	derived	from	the	edge-
to-edge	surgical	procedure	for	mitral	valve	repair.	The	MitraClip	system	
replaces	 suturing	 with	 a	 clip	 to	 join	 the	 free	 edges	 of	 the	 opposing	
leaflets	 at	 the	 site	 of	 regurgitation.	 (Courtesy	 Abbott	 Vascular,	 Santa	
Clara,	CA.)
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failure have been reviewed elsewhere.30 The Reconstructive Endoven-
tricular Surgery Returning Torsion Original Radius Elliptical Shape to 
the Left Ventricle (RESTORE), an international registry of 1198 heart 
failure patients after anterior myocardial infarction, suggested that  
surgical ventricular restoration improved ventricular function and 
could be effective therapy in the treatment of ischemic cardiomyopa-
thy.31 However, the randomized, controlled Surgical Therapies for Isch-
emic Congestive Heart Failure (STICH) trial failed to confirm these 
results.32

The reasons for the failure of the STICH trial are uncertain, but the 
nature and risks of the surgical procedure itself and the technique used 
for ventricular reconstruction may have limited its effectiveness. The 
study authors postulate that “the lack of benefit seen with surgical 
ventricular reconstruction is that benefits anticipated from surgical 
reduction of left ventricular volume (i.e., reduced wall stress and 
improvement in systolic function) are counterbalanced by a reduction 
in diastolic distensibility.”32

Minimally invasive percutaneous or hybrid approaches to ventricu-
lar restoration have been developed. A catheter-based approach using 
the Parachute device shows promise for the treatment of heart failure 
in patients with remote anterior myocardial infarction.33 The Parachute 
device is constructed of an expanded polytetrafluoroethylene (ePTFE) 
membrane stretched over a nitinol conical frame (Fig. 66-3). It is 
deployed into the apex of the left ventricle to partition off damaged 
myocardium. The device reduces wall stress in the upper chamber by 
changing the left ventricular geometry and reducing volume. The com-
pliant Parachute replaces stiff or rigid scar and provides an outward 
force with the anchors to aid in diastolic filling. It improves diastolic 
compliance, which reduces end-diastolic filling pressures.

The safety, feasibility, and preliminary clinical efficacy of the Para-
chute device were demonstrated in a small observational study, the 
Percutaneous Ventricular Restoration in Chronic Heart Failure Patients 
(PARACHUTE) trial.34 Subsequent findings have suggested improved 
clinical outcomes for patients implanted with the Parachute device.35 
A multicenter, randomized, controlled trial (PARACHUTE IV) is 
evaluating the possibility of percutaneous ventricular restoration using 
the Parachute device.36 The study is randomly assigning 478 patients 
with NYHA class III or IV ischemic heart failure, akinetic or dyskinetic 
left ventricular wall abnormality, and an LVEF between 15% and 35% 
to optimal medical therapy (i.e., control group) or optimal medical 
therapy plus implantation of the Parachute device. The primary end 
point is death or rehospitalization for worsening heart failure.

A minimally invasive approach to left ventricular reconstruction 
using the Revivent system (Bioventrix, San Ramon, CA) is being inves-
tigated.37,38 Preliminary data support its safety and efficacy. It is 
implanted surgically, but the system may ultimately allow a hybrid 
approach involving the interventional cardiologist and cardiac surgeon.

The feasibility of the percutaneous approach using the MitraClip 
system was demonstrated in the first Endovascular Valve Edge-to-Edge 
Repair Study (EVEREST I). This was followed by EVEREST II, a ran-
domized, controlled trial that enrolled patients who had an indication 
for and could undergo mitral valve surgery.29 The trial enrolled patients 
with degenerative (73%) and functional (27%) mitral regurgitation. 
The study demonstrated the superior safety of the MitraClip device 
compared with mitral valve surgery, although the degree of mitral 
regurgitation reduction was somewhat less in the MitraClip group.

Despite the difference favoring surgery, reduction in left ventricular 
size was demonstrated in the MitraClip and surgery groups, and 
similar improvements were seen in both groups for NYHA class 
ranking and quality of life scores. Shorter intensive care unit time, 
shorter overall hospital length of stay, and a lower requirement for 
nursing or rehabilitation care after hospitalization were seen with 
MitraClip compared with mitral valve surgery.

Given the modest size of the EVEREST II trial (i.e., 60 device roll-in 
patients, 184 patients randomized to the device, and 95 control sub-
jects) and the relatively low percentage of functional mitral regurgita-
tion patients enrolled, the study was not considered to be a definitive 
test of percutaneous mitral valve repair in functional mitral regurgita-
tion. EVEREST II selected patients with functional mitral regurgitation 
who could be randomized to surgical valve repair or replacement 
rather than treated with standard optimal medical treatment.3 The 
Cardiovascular Outcomes Assessment of the MitraClip Percutaneous 
Therapy for Heart Failure Patients With Functional Mitral Regurgita-
tion (COAPT) trial was initiated to address these issues.

COAPT is a prospective, randomized, parallel-controlled, multi-
center clinical evaluation of the MitraClip device for the treatment of 
clinically significant functional mitral regurgitation in symptomatic 
heart failure patients who are treated with the standard of care and who 
have been determined by the center’s local heart team as inappropriate 
candidates for mitral valve surgery because of high surgical risk status 
or because surgical valve repair is not considered the standard of care 
by the center for these patients. The goal of the ongoing COAPT study 
is to evaluate the safety and effectiveness of the MitraClip system for 
the treatment of functional mitral regurgitation in patients with symp-
tomatic heart failure. It is adequately powered to assess the primary 
end point of hospitalization for recurrent heart failure. The results 
should inform future decisions about the management of functional 
mitral regurgitation in heart failure.

PERCUTANEOUS OR HYBRID VENTRICULAR 
PARTITIONING OR RESTORATION

The effects of reducing ventricular volume and improving ventricular 
geometry through surgical ventricular restoration on ischemic heart 

FIGURE 66-3	 A,	The	Parachute	device	 is	constructed	of	an	expanded	polytetrafluoroethylene	(ePTFE)	membrane	stretched	over	a	conical	nitinol	
frame.	B,	The	device	 is	deployed	 in	 the	damaged	apex	of	 the	 left	ventricle,	where	 it	 reduces	wall	stress	 in	 the	upper	chamber	by	changing	 left	
ventricular	geometry	and	reducing	volume.	(Courtesy	CardioKinetix,	Menlo	Park,	CA.)

ePTFE membrane

A B

Nitinol frame
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Outcomes in NYHA Class III Heart Failure Patients (CHAMPION) 
trial.47,48 The pulmonary artery pressure sensor consists of a coil and a 
pressure-sensitive capacitor encased in a capsule. It is implanted into 
a branch of the pulmonary artery using a specialized delivery system 
during a right heart catheterization. It has no battery and is powered 
by a radiofrequency signal from outside of the body. Pressure data  
are transmitted wirelessly to a secure website, where physicians and 
nurses can view discrete data or pressure trends graphed longitudinally 
over time.

The CHAMPION trial randomized 550 NYHA class III heart 
failure patients with reduced or preserved LVEF to a treatment group 
for which investigators had access to daily pulmonary artery pressure 
measurements and used them to guide therapy or to a control group 
for which investigators had no access to daily pulmonary artery pres-
sure measurements and managed patients using standard of care heart 
failure monitoring. During the first 6 months after randomization, 
there was a 28% reduction in the risk of heart failure hospitalizations 
for the treatment group compared with the control group (P < .00002). 
During the entire single-blinded follow-up period averaging more than 
15 months, the treatment group demonstrated a significant 37% 
decrease in the rate of heart failure hospitalizations compared with the 
control group. Therapy guided by the CardioMEMS system reduced 
the risk of heart failure hospitalizations for systolic and diastolic heart 
failure patients.48,49

An implantable system for the direct measurement of left atrial 
pressure is under investigation. The system consists of an implantable 
sensor lead coupled to a subcutaneous antenna coil, a patient advisory 
module, and remote access by clinicians through a secure computer-
based data management system. The sensor lead is implanted using a 
transvenous approach and transseptal crossing of the interatrial 
septum, placing the tip of the sensor system lead in the left atrium.50,51 
Observations from a pilot study in which patients served as their own 
controls demonstrated a significant reduction in the annualized rate of 
heart failure hospitalizations.52 An ongoing large, randomized, con-
trolled trial of this system should further define its value.

CONCLUSIONS
We are entering an era in which interventional cardiologists and heart 
failure specialists will work hand in hand to offer patients novel devices 
to improve their clinical status and outcomes. The devices can enhance 
cardiac structure, function, and hemodynamics. Many of these devices 
remain under investigation, but even if only a few succeed, the future 
of this new field of interventional heart failure will be bright.

INTERATRIAL SHUNT DEVICES
Elevated intracardiac and pulmonary artery pressures are associated 
with poorer outcomes for patients with chronic heart failure, regardless 
of ejection fractions.39,40 Excursions of left atrial pressure into an ele-
vated range are a strong predictor of adverse clinical events.40 Chroni-
cally lowering these pressures reduces the risk of heart failure related 
hospitalizations.40,41

Although lowering intracardiac and pulmonary artery pressures 
may be successfully accomplished in some patients with pharmaco-
logic therapies, some patients are refractory to these therapies or 
poorly tolerate them. Pharmacologic therapies also may not fully 
address the dynamic increase in left atrial pressure during heart failure 
exacerbations or during exercise.42

A small interatrial shunt may reduce left atrial pressure and limit 
left atrial pressure increases during exercise and heart failure exacerba-
tions. Evidence in support of this notion comes from patients with 
mitral valve stenosis and coexisting atrial septal defect. They have 
fewer symptoms than mitral valve stenosis patients with an intact 
septum.43 Conversely, closure of an atrial septal defect in patients with 
left ventricular failure may worsen heart failure symptoms.44

Two devices for the creation of an interatrial shunt are being inves-
tigated for the treatment of heart failure (Fig. 66-4), and the early 
clinical experience has been good.45,46 Both devices have been safely 
implanted in heart failure patients. The use of a unidirectional left-to-
right interatrial shunt device in a patient with NYHA class III heart 
failure and an LVEF of 35% produced a pulmonary artery to systemic 
(ascending aorta) blood flow ratio (QP/QS) of 1.17 and resulted in 
improvement in the NYHA class, quality of life score, exercise capacity, 
echocardiographic parameters, hemodynamics, and N-terminal pro-
B-type natriuretic peptide levels at 3 months.45 A few additional 
patients implanted with this device have shown similar improvements 
(unpublished observations). Similarly, the use of an open interatrial 
shunt device in 11 patients with heart failure with a preserved ejection 
fraction improved hemodynamics and functional class.46 Further 
studies are evaluating these findings.

IMPLANTABLE HEMODYNAMIC MONITORS
Another approach to chronically lowering left atrial and pulmonary 
artery pressures is the use of an implantable hemodynamic monitor to 
guide changes in pharmacologic therapy. The CardioMEMS heart 
failure system was approved by the FDA on the basis of the Car-
dioMEMS Heart Sensor Allows Monitoring of Pressure to Improve 

FIGURE 66-4	 A,	 Unidirectional	 (valved)	 left-to-right	 interatrial	 shunt	 device.	 B,	 Open	 left-to-right	 interatrial	 shunt	 device.	 (A,	 Courtesy	 V-Wave	
Medical,	Hod	HaSharon,	Israel;	B,	Courtesy	DC	Devices,	Tewksbury,	MA.)

A B



1056 SECTION VII  OUTCOME EFFECTIVENESS OF INTERVENTIONAL CARDIOLOGY

REFERENCES

1. Go AS, Mozaffarian D, Roger VL, et al: Heart disease and stroke 
statistics—2014 update: a report from the American Heart Asso-
ciation. Circulation 129:e28–e292, 2014.

2. Heidenreich PA, Albert NM, Allen LA, et al: Forecasting the 
impact of heart failure in the United States: a policy statement 
from the American Heart Association. Circ Heart Fail 6:606–619, 
2013.

3. Yancy CW, Jessup M, Bozkurt B, et al: 2013 ACCF/AHA guideline 
for the management of heart failure. Circulation 128:e240–e327, 
2013.

4. Jencks SF, Williams MV, Coleman EA: Rehospitalizations among 
patients in the Medicare fee-for-service program. N Engl J Med 
360:1418–1428, 2009.

5. Velazquez EJ, Lee KL, Deja MA, et al: Coronary-artery bypass 
surgery in patients with left ventricular dysfunction. N Engl J Med 
364:1607–1616, 2011.

6. Georgakopoulos D, Little WC, Abraham WT, et al: Chronic baro-
reflex activation: a potential therapeutic approach to heart failure 
with preserved ejection fraction. J Card Fail 17:167–178, 2011.

7. Gronda E, Seravalle G, Brambilla G, et al: Chronic baroreflex 
activation effects on sympathetic nerve traffic, baroreflex func-
tion, and cardiac haemodynamics in heart failure: a proof-of-
concept study. Eur J Heart Fail 16:977–983, 2014.

8. Premchand RK, Sharma K, Mittal S, et al: Autonomic regulation 
therapy via left or right cervical vagus nerve stimulation in 
patients with chronic heart failure: results of the ANTHEM-HF 
trial. J Card Fail 20:808–886, 2014.

9. Zannad F, De Ferrari GM, Tuinenburg AE, et al: Chronic vagal 
stimulation for the treatment of low ejection fraction heart  
failure: results of the neural cardiac therapy for heart failure 
(NECTAR-HF) randomized controlled trial. Eur Heart J 36:425–
433, 2014.

10. Tse HF, Turner S, Sanders P, et al: Thoracic spinal cord stimula-
tion for heart failure as a restorative treatment (SCS HEART 
study): first-in-man experience. Heart Rhythm 12:588–595, 2015.

11. Ponikowski P, Javaheri S, Michalkiewicz D, et al: Transvenous 
phrenic nerve stimulation for the treatment of central sleep 
apnoea in heart failure. Eur Heart J 33:889–894, 2012.

12. Costanzo MR, Khayat R, Ponikowski P, et al: Mechanisms and 
clinical consequences of untreated central sleep apnea in heart 
failure. J Am Coll Cardiol 65:72–84, 2015.

13. Ross J, Jr, Braunwald E: Aortic stenosis. Circulation 38(Suppl):61–
67, 1968.

14. Carabello BA: Evaluation and management of patients with aortic 
stenosis. Circulation 105:1746–1750, 2002.

15. Nishimura RA, Otto CM, Bonow RO, et al: AHA/ACC guideline 
for the management of patients with valvular heart disease: execu-
tive summary: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines. 
Circulation 129:2440–2492, 2014.

16. Connolly HM, Oh JK, Schaff HV, et al: Severe aortic stenosis with 
low transvalvular gradient and severe left ventricular dysfunction: 
result of aortic valve replacement in 52 patients. Circulation 
101:1940–1946, 2000.

17. Pereira JJ, Lauer MS, Bashir M, et al: Survival after aortic valve 
replacement for severe aortic stenosis with low transvalvular gra-
dients and severe left ventricular dysfunction. J Am Coll Cardiol 
39:1356–1363, 2002.

18. Agarwal S, Tuzcu EM, Krishnaswamy A, et al: Transcatheter 
aortic valve replacement: current perspectives and future implica-
tions. Heart 101:169–177, 2015.

19. Leon MB, Smith CR, Mack M, et al: Transcatheter aortic-valve 
implantation for aortic stenosis in patients who cannot undergo 
surgery. N Engl J Med 363:1597–1607, 2010.

20. Makkar RR1, Fontana GP, Jilaihawi H, et al: Transcatheter aortic-
valve replacement for inoperable severe aortic stenosis. N Engl J 
Med 366:1696–1704, 2012.

21. Elmariah S1, Palacios IF, McAndrew T, et al: Outcomes of trans-
catheter and surgical aortic valve replacement in high-risk 
patients with aortic stenosis and left ventricular dysfunction: 
results from the Placement of Aortic Transcatheter Valves 
(PARTNER) trial (Cohort A). Circ Cardiovasc Interv 6:604–614, 
2013.

22. Trichon BH, O’Connor CM: Secondary mitral and tricuspid 
regurgitation accompanying left ventricular systolic dysfunction: 
is it important, and how is it treated? Am Heart J 144:373–376, 
2002.

23. Koelling TM, Aaronson KD, Cody RJ, et al: Prognostic signifi-
cance of mitral regurgitation and tricuspid regurgitation in 
patients with left ventricular systolic dysfunction. Am Heart J 
144:524–529, 2002.

24. Kono T, Sabbah HN, Rosman H, et al: Left ventricular shape is 
the primary determinant of functional mitral regurgitation in 
heart failure. J Am Coll Cardiol 20:1594–1598, 1992.

25. Yiu SF, Enriquez-Sarano M, Tribouilloy C, et al: Determinants of 
the degree of functional mitral regurgitation in patients with sys-
tolic left ventricular dysfunction: a quantitative clinical study. 
Circulation 102:1400–1406, 2000.

26. Rossi A, Dini FL, Faggiano P, et al: Independent prognostic value 
of functional mitral regurgitation in patients with heart failure. A 
quantitative analysis of 1256 patients with ischaemic and nonisch-
aemic dilated cardiomyopathy. Heart 97:1675–1680, 2011.

27. Lowes BD, Gill EA, Abraham WT, et al: The effect of carvedilol 
on left ventricular mass, chamber geometry, and mitral regurgita-
tion in chronic heart failure. Am J Cardiol 83:1201–1205, 1999.

28. St. John-Sutton MG, Plappert T, Abraham WT, et al: Effect of 
cardiac resynchronization therapy on left ventricular size and 
function in chronic heart failure. Circulation 107:1985–1990, 
2003.

29. Feldman T, Foster E, Glower DG, et al: Percutaneous repair or 
surgery for mitral regurgitation. N Engl J Med 364:1395–1406, 
2011.

30. Shanmugam G, Ali IS: Surgical ventricular restoration: an opera-
tion to reverse remodeling: clinical application (part II). Cur 
Cardiol Rev 5:350–359, 2009.

31. Athanasuleas CL, Buckberg GD, Stanley AH, et al: Surgical ven-
tricular restoration in the treatment of congestive heart failure 
due to post-infarction ventricular dilation. J Am Coll Cardiol 
44:1439–1445, 2004.

32. Jones RH, Velazquez EJ, Michler RE, et al: Coronary bypass 
surgery with or without surgical ventricular reconstruction.  
N Engl J Med 360:1705–1717, 2009.

33. Abraham WT: Could the Parachute™ ventricular partitioning 
device be a winner in the fight against heart failure? Expert Rev 
Cardiovasc Ther 11:263–265, 2013.

34. Mazzaferri EL, Jr, Gradinac S, Sagic D, et al: Percutaneous left 
ventricular partitioning in patients with chronic heart failure and 
a prior anterior myocardial infarction: results of the PercutAne-
ous Ventricular RestorAtion in Chronic Heart failUre PaTiEnts 
Trial. Am Heart J 163:812–820, 2012.

35. Costa MA, Mazzaferri EL, Jr, Sievert H, Abraham WT: Percu-
taneous ventricular restoration using the parachute device in 

patients with ischemic heart failure: three-year outcomes of the 
PARACHUTE first-in-human study. Circ Heart Fail 7:752–758, 
2014.

36. Costa MA, Pencina M, Nikolic S, et al: The PARACHUTE IV trial 
design and rationale: percutaneous ventricular restoration using 
the parachute device in patients with ischemic heart failure and 
dilated left ventricles. Am Heart J 165:531–536, 2013.

37. Faria R, Melica B, Pires-Morais G, et al: New less invasive ven-
tricular reconstruction technique in the treatment of ischemic 
heart failure. Rev Port Cardiol 33:469.e1–469.e5, 2014.

38. Wechsler AS1, Sadowski J, Kapelak B, et al: Durability of epicar-
dial ventricular restoration without ventriculotomy. Eur J Cardio-
thorac Surg 44:e189–e192, 2013.

39. Stevenson LW, Zile M, Bennett TD, et al: Chronic ambulatory 
intracardiac pressures and future heart failure events. Circ Heart 
Fail 3:580–587, 2010.

40. Ritzema J, Troughton R, Melton I, et al: Physician-directed 
patient self-management of left atrial pressure in advanced 
chronic heart failure. Circulation 121:1086–1095, 2010.

41. Abraham WT, Adamson PB, Bourge RC, et al: Wireless pulmo-
nary artery haemodynamic monitoring in chronic heart failure: a 
randomised controlled trial. Lancet 377:658–666, 2011.

42. Maeder MT, Thompson BR, Brunner-La Rocca HP, Kaye DM: 
Hemodynamic basis of exercise limitation in patients with heart 
failure and normal ejection fraction. J Am Coll Cardiol 56:855–
863, 2010.

43. Lutembacher R: De la stenose mitrale avec communication inte-
rauirulaier. Arch Mal Cœur 9:237–260, 1916.

44. Ewert P, Berger F, Nagdyman N, et al: Masked left ventricular 
restriction in elderly patients with atrial septal defects: a contra-
indication for closure? Catheter Cardiovasc Interv 52:177–180, 
2001.

45. Amat-Santos IJ, Bergeron S, Bernier M, et al: Left atrial decom-
pression through unidirectional left-to-right interatrial shunt for 
the treatment of left heart failure: first-in-man experience with 
the V-Wave device. EuroIntervention 10:1127–1131, 2015.

46. Søndergaard L, Reddy V, Kaye D, et al: Transcatheter treatment 
of heart failure with preserved or mildly reduced ejection fraction 
using a novel interatrial implant to lower left atrial pressure. Eur 
J Heart Fail 16:796–801, 2014.

47. Adamson PB, Abraham WT, Aaron M, et al: CHAMPION trial 
rationale and design: the long-term safety and clinical efficacy of 
a wireless pulmonary artery pressure monitoring system. J Card 
Fail 17:3–10, 2011.

48. Abraham WT, Adamson PB, Bourge RC, et al: Wireless pulmo-
nary artery haemodynamic monitoring in chronic heart failure: a 
randomised controlled trial. Lancet 377:658–666, 2011.

49. Adamson PB, Abraham WT, Bourge RC, et al: Wireless pulmo-
nary artery pressure monitoring guides management to reduce 
decompensation in heart failure with preserved ejection fraction. 
Circ Heart Fail 7:935–944, 2014.

50. Ritzema J, Melton IC, Richards AM, et al: Direct left atrial pres-
sure monitoring in ambulatory heart failure patients: initial expe-
rience with a new permanent implantable device. Circulation 
116:2952–2959, 2007.

51. Troughton RW, Ritzema J, Eigler NL, et al: Direct left atrial pres-
sure monitoring in severe heart failure: long-term sensor perfor-
mance. J Cardiovasc Transl Res 4:3–13, 2011.

52. Ritzema J, Troughton R, Melton I, et al: Physician-directed 
patient self-management of left atrial pressure in advanced 
chronic heart failure. Circulation 121:1086–1095, 2010.



	 Index	 1057

1057

Page numbers followed by f indicate figure, by t 
table, and by b box.

Index

A
A Continuation in the Clinical Evaluation of the 

ABSORB Bioresorbable Vascular Scaffold 
System in the Treatment of Subjects with de 
Novo Native Coronary Artery Lesions 
(ABSORB EXTEND), 556

A to Z trial, 147, 188-189
ABCB1 gene, 159
Abciximab

as adjunctive therapy, 213
in antiplatelet therapy, 164
in facilitated PCI, 215-216, 218f
for NSTE-ACS, 317
for PMI, 491
for STEMI undergoing PPCI, 355

Abdominal aortic aneurysm, 676-678
indications for treatment of, 677-678, 677t
randomized trial data and analysis of, 678
therapeutic strategies of, 676-677

Abdominal aortic false lumen, patency of, 674
Abdominal aortic prosthesis, surgical resection 

and interposition of, 676
Abdominal aortic vascular interventions,  

664-680
Abdominal interventions. see Aortic aneurysm; 

Aortic dissection
Ablation, septal, for hypertrophic 

cardiomyopathy, 853-854, 854t, 855f-858f
ABOARD trial, 322
Aborted myocardial infarction, 342
Abrupt closure

after balloon angioplasty, 238, 247
after percutaneous coronary intervention, 918
as complication of PCI, 464-467, 465f

incidence of, 464
management of, algorithm for, 466f
mechanisms of, 464, 465f, 465t-466t
prognostic significance of, 464
stent thrombosis in, 467
treatment of, 464-466
unsuccessful outcome for, 466-467

Absorb bioresorbable vascular scaffold, 554-556, 
555f

in complex coronary artery disease, 561f
ABSORB Cohort A study, 555-556, 560
ABSORB Physiology study, 561
Academic Research Consortium (ARC)

bleeding definitions, 175t, 262f, 477-478, 478t
stent thrombosis definitions, 262, 280t

ACC/AHA guidelines
for acute coronary syndrome, 227
for balloon aortic valvuloplasty, 814
for cardiogenic shock, 373
care center adherence to, 592, 592f
for implantable cardiac defibrillator, 852-853
for percutaneous mitral commissurotomy 

(PMC), 793
on performance measures, 1031, 1032t
on risk in NSTEMI-ACS, 326t
for surgical mitral valve repair, 801

ACC/AHA/SCAI 2014 Expert Consensus 
Document, 531-532

ACC/AHA Task Force, criteria for lesion 
morphology, 911-912, 912t-913t

Access-site infections, 514

Access-site management, 505-515
complications, 506, 511-514, 513f-514f
future trends in, 514
hemostatic devices for, 509f, 511f-512f
hemostatic methods for, 508-511, 510t
planning of, 505-508
and post-percutaneous coronary intervention 

discharge planning, 601
puncture technique for

brachial artery, 506-507, 508f
femoral artery, 507, 508f
popliteal artery, 507, 508f
radial artery, 506, 507f

selection of site. see also individual arteries
for chronic total occlusion PCI, 417-422

ACCF. see American College of Cardiology 
Foundation (ACCF)

ACCF/AHA guidelines, quality of care 
measurement, 1030, 1031f

ACCOAST trial, 155t
ACCORD trial, 62-63
“Accordion” artifact, 933f
Accunet, 495-496
ACCURACY trial, 76-77
Ace balloon, 240f
ACE inhibitors. see Angiotensin-converting 

enzyme (ACE) inhibitors
Acebutolol, 223t
ACEF (age, creatinine, and ejection fraction) 

score, 9t-11t, 13, 14f, 18, 307-308
Achilles heel, of endovascular therapy, 640-641
ACIP trial, 34-35
Acoustic shadowing, 936
Acquisition modes, 123
ACS. see Acute coronary syndrome (ACS)
ACST trial, 699
ACT I trial, 711t
ACT trial, 112
ACT34 study, 904
ACTION-GWTG Registry, 331-333, 597-598, 

1037, 1039f
Activated clotting time (ACT), 166, 601
ACTIVE A trial, 159
ACUITY trial, 178, 317, 317t, 490-491, 517, 604, 

1021-1022
Acurate aortic heart valve, 830
Acute chest pain, coronary computed tomography 

angiography in, 80
Acute coronary syndrome (ACS), 312

antithrombotic use in, 1021
benefit of catheter-based therapy for, 595-597
bioresorbable coronary scaffolds for, 560-561
calcium channel blockers for, 227
chronic total occlusions and, 414
ethnicity and, 148-149
fractional flow reserve in, 104, 105t
long-term percutaneous coronary intervention 

outcomes in, 142t
medical economics in, 1020-1023
physiopathologic mechanisms underlying, 313f
in post-CABG patients, 425
same-day discharge and, 605
sex differences in, 143-144, 143f
sex-specific causes of, 144-146
statin therapy trials on, 189-192, 191f
without ST-segment elevation. see also 

Non-ST-segment elevation acute coronary 
syndrome (NSTE-ACS)

indications for revascularization in, 34

Acute coronary thrombosis, 952
Acute kidney injury

contrast-induced
highest-risk populations for, 116
pathophysiology of, 108, 109t
risk factors for, 110, 110t

definitions of, 108-109
diagnosis and classification of, 109t
epidemiology of, 108-110
future biomarkers for, 116
incidence and prognosis of, 109-110
risk of

congestive heart failure and, 116
minimizing, 111-115, 113f

Acute limb ischemia (ALI), 623-624, 623t
management strategies of, 623-624, 623t
surgery for, 624

Acute myocardial infarction (AMI)
patient undergoing PCI, 577
see also Myocardial infarction (MI)

ADAPT-DES study, 948t
Adenosine, 68

as adjunct to PCI, 357
pharmacologic hyperemic stimuli, 88-89, 89f
for PMI, 494

Adenosine IC, 90t
Adenosine IV, 90t
Adenosine Vasodilator Independent Stenosis 

Evaluation (ADVISE) study, 106
Adhesion molecules, and atorvastatin therapy, 

493
Adjunctive drugs, for coronary interventions, 

222-231
Administration of Ticagrelor in the Cath Lab or 

in the Ambulance for New ST-Elevation 
Myocardial Infarction to Open the Coronary 
Artery (ATLANTIC) trial, 155t, 161

ADMIRAL trial, 475
β-Adrenergic receptor blocking agents, for 

hypertrophic cardiomyopathy, 851
ADSORB trial, 667
Adults, pulmonary balloon valvuloplasty in, 876, 

877t
ADVANCE-MI trial, 215-216
ADVANCE trial, 62-63, 474
Adverse outcomes, volume-outcome relationship 

and, 1049
Agency for Healthcare Research and Quality 

(AHRQ), 1028t, 1029
AHQA. see American Health Quality Association 

(AHQA)
AIDA STEMI trial, 355-356
AIMI study, 448-449
AIMS trial, 206t
Air embolism

as complication of PCI, 476, 477f
diagnosis of, 476
incidence of, 476
treatment of, 476, 476t

in patent foramen ovale closure, 758-760
Air kerma area product, 123-124
Air lock, 476
AKIN (Acute Kidney Injury Network group) 

criteria, RIFLE criteria versus, for acute 
kidney injury, 109t

Alfieri, Ottavio, 802
ALI. see Acute limb ischemia (ALI)
ALKK registry, 372-373
Allen test, 520-521, 521f



1058	 Index

Alteplase, 205-206
AMADEUS trial, 806
Amaranth bioresorbable scaffold, 557-558
Ambulatory Payment Classification (APC) 

system, 604-605
AMD3100, 906
Amediplase, 205-206
American Board of Medical Specialties, 1028
American College of Cardiology Foundation 

(ACCF), 4f, 1028t
see also ACCF/AHA guidelines

American College of Cardiology-National 
Cardiovascular Data Registry (ACC-NCDR), 
144, 512, 591, 604, 911-912

American Health Quality Association (AHQA), 
1028t

American Heart Association 2010 Heart and 
Stroke Statistics, 148t

American Heart Association (AHA), 1028t
on transcatheter pulmonary valve implantation, 

836
see also ACC/AHA guidelines

American Hospital Association, 602
American Medical Association (AMA), on quality 

of care, 1027, 1028t
AMI. see Acute myocardial infarction (AMI)
AMIHOT trial, 358
Amiodarone, for hypertrophic cardiomyopathy, 

852
Amlodipine, 227t
Amphetamines, aortic wall thinning and 

aneurysm formation, 672
Amplatz left coronary catheter 2 (AL-2), 812-813
Amplatzer cardiac plug, 779-782

clinical data of, 781-782, 782t
device characteristics and procedural approach 

of, 779-781, 781f
Amplatzer Ductal Occluder, for patent ductus 

arteriosus, 893, 893f-894f
Amplatzer patent foramen ovale occluder, 

753-754, 755f, 755t
Amplatzer Septal Occluder, 763, 763f

for atrial septal defect, 888, 889f-891f
Amplatzer Vascular Plugs, for patent ductus 

arteriosus, 893-894
AMS-1 magnesium-based bioresorbable scaffolds, 

558
Amulet, 779-782

clinical data of, 781-782, 782t
device characteristics and procedural approach 

of, 779-781, 781f
Anacetrapib, 196-197
Anatomic SYNTAX score, 9t, 11t, 15, 18-20
Anesthesia, for transfemoral transcatheter aortic 

valve replacement, 819
Aneugraft stent graft, 452
Aneurysm

abdominal aortic, 676-678
atrial septal, 750f, 758
descending thoracic aortic, 671-676
femoral artery, 625
iliac artery, 625
intravascular ultrasound and, 938
late formation of, after percutaneous coronary 

intervention, 918
popliteal artery, 625, 625f

Angina, chronic stable
elective intervention for, 298-311, 299f-300f, 

299t
ischemic provocation/exacerbating factors, 299t
PCI for, 300-301
prevalence of, 298-299, 298f
revascularization for

optimal medical therapy for, 300-304, 
301f-304f

in patients with, 299-300

selection of, 304-307, 305f-306f
silent ischemia, 307, 307f
tools for, 307-308, 308f-310f

risk stratification for, 303t
see also Ischemia, silent

Angina pectoris, unstable, beta-adrenergic 
receptor blockers, 222-223

Angiogenesis, 960
Angiogram, of femoral artery, 512
Angiography

baseline, carotid artery stenting and, 701-702
contrast, 614-615
in detection of thrombus-containing lesions, 

441
fractional flow reserve and, 91
for intracardiac interventions, 727-730
intraoperative, after CABG, 424-425
pulmonary, 730, 731f
for transcatheter aortic valve implantation,  

816
for transfemoral transcatheter aortic valve 

replacement, 819
Angiography, coronary

indications for preoperative, 129-130, 130f
prior to noncardiac surgery, 129
prior to vascular surgery, 131
qualitative

complications after, 917-918, 917t
flow velocity measurement in, 922
for perfusion, 918-922, 919t, 920f-921f

quantitative
computer-assisted, 922-923, 923f
indices for, 927-928
limitations of, 928
three-dimensional imaging and, 928
variability factors in, 924-927, 926t
visual estimates of, 922

thrombolytic therapy and, 216
see also Computed tomography angiography 

(CTA)
Angiography-based scores, 13-16
Angioguard filter wire, 495, 495f
AngioJet rheolytic thrombectomy system, 447, 

448f, 450f
Angioplasty

EPD use in, 498-499
postdilation in, 705, 705f-706f
predilation in, 704
removal of embolic protection device and, 705
selection and placement in, 704-705, 704t
and stenting, 704-705, 704f
see also Balloon angioplasty; Coronary 

angioplasty
Angioscopy

of thrombus, 440, 441f
of vulnerable plaques, 963t, 969-975, 974f

limitation of, 973-975
AngioSculpt scoring balloon catheter, 571
AngioSeal device, 510, 512f

concept of, 241f
Angiotensin-converting enzyme (ACE), 229
Angiotensin-converting enzyme (ACE) inhibitors, 

222-231
after acute myocardial infarction, 229
in percutaneous coronary intervention, 229

“Angry clot”, 455, 458f
Angulated lesions, 913-914
Anistreplase, 205-206
Anivamersen, 176
Ankle-brachial index (ABI), 612, 613t
Annular rupture, after transcatheter aortic valve 

replacement, 826
Annuloplasty. see Mitral valve repair
Annuloplasty ring, 807
Antares stent, 390-391

Antegrade dissection and reentry techniques, for 
CTO PCI, 419-420

Antegrade guidewire approach, for CTO PCI,  
419

Anterior leaflet prolapse, 802
Anterior tibial artery, 612
Antibiotics

for patent foramen ovale closure, 758
prophylactic, for percutaneous balloon 

pericardiotomy, 867
Anticoagulant therapy

in diabetes, 62
for NSTE-ACS, 316-317
in patients with STEMI, 352-356, 353f-354f, 

356f
Anticoagulation

for coronary perforations, 469
during CTO PCI, 418
for deep venous thrombosis, 687
for patent foramen ovale closure, 757
for percutaneous coronary intervention, 

176-177
response to sex differences and, 147
for stroke prevention, 772-773, 773t
for transradial approach for PCI, 523

Antiplatelet agents
pharmacokinetics of, 137t
for preoperative coronary intervention, 

137-138
sites of action of current and emerging, 153f

Antiplatelet therapy, 136
basic principles of, 151-152
for chronic mesenteric ischemia, 640
cost of

for acute coronary syndrome, 1020-1022
for peripheral artery disease, 1022-1023

in diabetes, 62f
intentional withdrawal of, 136
interruption prior to surgery, 135-136
for left main coronary artery stenosis, 398-400
for NSTE-ACS, 314-316
platelet function testing, 167-169
prior to noncardiac surgery, 136t
sex differences and, 146-147

Antithrombin agents
dosing of, 181t
sex differences and, 147

Antithrombotic prophylaxis, for transfemoral 
transcatheter aortic valve replacement, 819

Antithrombotic therapy. see Anticoagulation
Aorta, distention of, 674
Aortic aneurysm

abdominal, 676-678
descending thoracic, 671-676
pathogenesis of, 671
thoracic, 675t

Aortic arch, 628-637
anatomic variants of, 630, 631f-633f
arterial variants and collateral pathways of, 

632t
hybrid procedures for pathologies of, 673, 674f
normal anatomy of, 628-629, 630f

Aortic balloon valvuloplasty
antegrade approach to, 879
for aortic valve stenosis, 878-882
in children and young adults, 878
complications of, 881-882
conclusions and recommendations for, 882
controversies with, 882
indications for, 878
in infants, 878, 878f
mechanism of, 881f
results of, 879-881, 880f

for critical aortic stenosis, 881
long-term, 881

technique for, 879, 879f

Angina, chronic stable (Continued)
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Aortic coarctation, balloon-expandable stenting 
for, 885-888, 885f

conclusions and recommendations for, 887-888
outcomes of, 886-887
technical considerations for, 885-886, 885f-887f

Aortic cross-clamping, avoidance of, 676
Aortic dissection, 664-671, 665f-666f

chronic type B of, 668-669, 669f, 669t
indications for interventions in, 665-669, 667f, 

667t
interventional treatment of, 666
retrograde type A thoracic, 670-671
stable acute type B of, 666-667, 668t
timing and application of repair for, 671
unstable acute type B of, 667-668, 668f, 669t

Aortic graft infection, treatment of, 674
Aortic insufficiency, severe, 825
Aortic regurgitation, after CoreValve placement, 

828-829
Aortic root dissection, after transcatheter aortic 

valve replacement, 826
Aortic stenosis, 811

balloon aortic valvuloplasty for, 814
heart failure and, 1052

Aortic stent graft placement, 669-671, 670f
Aortic valve

crossing of, for transfemoral TAVR, 819
dilation of, with balloon, 814
plane of, 741

Aortic valve implantation. see Transcatheter aortic 
valve implantation

Aortic valve replacement, for aortic stenosis, 
1052-1053

Aortic valve stenosis, 878
Aortic valvuloplasty, intracardiac imaging in, 

739-740
Aortic wall

genuine fragility of, 671
weakening of, 671-672

Aortic wall injury, after aortic balloon 
valvuloplasty, 881-882

Aortitis, 671-672
Aortogram, 728-730, 729f-730f
Aortoostial lesions. see Ostial lesions, aorto-
APEX-AMI trial, 358, 425-426
Apolipoprotein B, antisense to, statins and, 201
Apolipoproteins

coronary heart disease risk and, 185f
statins and, 194

APPROACH registry, 40-41
APPROACH score, 10t, 15, 15f
Appropriate Use Criteria (AUC), 1033-1034

impact of, 1034-1036
Aptamer, 176
Arc of Riolan, 638
ARCHeR registry, 708f, 709t
ARCTIC trial, 167-169, 604
Argatroban

for anticoagulation, 176
thrombolytic therapy and, 214

ARMOUR prospective registry, 500-501
ARMOUR study, 703-704, 708f, 709t
ARMYDA trial, 156-157, 474, 493
ARMYDA-2 trial, 492
ARMYDA-RECAPTURE clinical trial, 493
Arrhythmias

transient, 760
ventricular, after septal ablation, 856

ARSENAL trial, 658-659
ART bioresorbable scaffold, 557, 557f
ART trial, 55
ARTDIVA FIM trial, 557
Arterial access, for transfemoral transcatheter 

aortic valve replacement, 819
Arterial ischemia, signs of, 633, 633t
Arterial remodeling, 936

Arterial Revascularization Therapies Study 
(ARTS) trial. see ARTS trial

Arterial thrombosis, 173f
Arterial wall, three-layered appearance of, 

934-935, 934f
Arteriotomy, closure of, for transfemoral TAVR, 

820
Arteriotomy closure devices, 509
Artifacts, in optical coherence tomography, 

992-993, 993f
Artificial chord implantation, 808
ARTS I trial, 2-3, 2t, 1019
ARTS II trial, 2-3, 2t, 36, 408-409
ARTS trial, 305, 404-405
ASAP trial, 779
Ascending aortogram, 728-730, 729f-730f
Ascendra delivery system, 818f
ASCERT study, 1020
Ascorbic acid, 114
ASK trial, 720t
Aspiration catheters, for thrombectomy, 445-447, 

447t
limitations of, 446
sizes of, 445

Aspiration thrombectomy, for no reflow 
phenomenon, 475

Aspirin, 1020
in antiplatelet therapy, 152-154
bifurcation stenting and, 392
for diabetes, 61
for NSTE-ACS, 314-315
pharmacokinetics and pharmacodynamics of, 

153-154
preoperative, 136
sex differences and, 146
thrombolytic therapy and, 209-210
for thrombus, 444-445

ASSENT-2 (Assessment of the Safety and Efficacy 
of a New Thrombolytic 2) trial, 206

ASSENT-3 trial, 213, 214f
ASSENT-4 PCI trial, 341
ASSENT-4 trial, in PCI, 215-216
ASSENT Plus trial, 214f
ASSESS study, 520
Assessment, patient. see Patient assessment, 

individualized
ASSET trial, 206t
ASTAMI study, 903t
ASTEROID trial, 192, 193f, 961f, 981
Atenolol, 223t
Atherectomy, rotational

for bifurcation lesions, 391
for lesion calcification, 914

Atheroablative therapies, 564
Atheroembolism, 625-626
Atherosclerosis

in diabetes, 51, 52f
diffuse, 103
OCT assessment of, 996-998, 996f-998f
statin therapy trials and, 192

Atherosclerosis Risk in Communities (ARIC) 
study, 771

Atherosclerotic aorto-ostial obstructions, of 
visceral vessels, 639

Atherosclerotic disease, of aorta, 638
Atherosclerotic plaque

in coronary artery, 184f
high-risk vulnerable. see Vulnerable plaques, 

high-risk
lesion, instability of, in diabetes, 51
OCT assessment of, 997-998
in vein grafts, 425, 429f-430f

Atherosclerotic renal artery stenosis (ARAS),  
643

epidemiology and natural history of, 643
see also Renal artery stenosis (RAS)

Atherothrombosis, 952
biology of, 172

Atlantis A (62,63) trial, 720t
Atlantis B trial, 720t
ATOLL study, 516
ATOLL trial, 352
Atopaxar, 163f
Atrial appendage closure, left, 773-785

rationale of, 773, 773f-774f
and stroke, 771-787
surgical approaches of, 773-774, 775f, 776t

Atrial fibrillation (AF)
hypertrophic cardiomyopathy and, 848
stroke and, 771

Atrial septal aneurysm, patent foramen ovale and, 
750f, 758

Atrial septal defect (ASD), 760-769
after percutaneous mitral commissurotomy, 

791-792
anatomic and morphologic considerations of, 

760
clinical presentation of, 760, 888
closure of

complications of, 764-765
devices for, 763-764
indications for, 763
large, 765-766, 766f
left ventricular dysfunction and, 768-769
procedural details for, 764
pulmonary hypertension and, 767-768, 768f

description of, 888
diagnosis of, 762-763, 888, 889f
embryology of, 760, 762f, 762t
follow-up for, 891
hemodynamics of, 760-762
intracardiac imaging in, 737, 738f
multifenestrated, 767
multiple, 767
patent foramen ovale and, 758
percutaneous device closure of, 890
physiology of, 888
secundum, transcatheter closure of, 888-891
treatment and outcomes of, 888-891, 889f-891f

Atrial septum, lipomatous hypertrophy of, 758
Automatic exposure rate control (AERC), 121
Average cost, 1013
AVID study, 947t
AVIO study, 948t
AWESOME trial, 37-38, 324, 405
Axxess Plus, bifurcation stent, 390

B
BACE device. see Basal Annuloplasty of the 

Cardia Externally (BACE) device
Backscatter analysis, IVUS, 963
Backscattered radiofrequency data, 964
“Bailout stent”, 531
Balloon angioplasty

for abrupt closure, 466
versus CABG, for multivessel disease, 403-404, 

404f-405f
complication rates of noncardiac surgery 

following, 131t
cost of, versus coronary artery bypass grafting, 

1019
drug-coated-balloons in, 291

clinical data of, 293-296
coronary application of, 294-295
current, 292t, 294
future of, 296
peripheral vascular application of, 295-296
preclinical data of, 291-293

history of, 233-243
limitations of, and stent development, 244-245, 

245f
prior to noncardiac surgery, 133
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stenting after failed, 247
for stroke, 722
for vein graft stenosis, 429-430, 433f-434f
see also Percutaneous transluminal coronary 

angioplasty (PTCA)
Balloon aortic valvuloplasty (BAV), 534, 535f, 

812-814
antegrade transseptal approach to, 813-814
applications of, 814
balloon preparation and, 813
cardiac catheterization and, 812-813
immediate management after, 813
rapid ventricular pacing and, 812-813
results of, 814, 814t
retrograde approach to, 812-813, 812f
technique for, 812
transfemoral valve insertion prior to, 819

Balloon dilation, effectiveness of, 880
Balloon-expandable stenting

for aortic coarctation, 885-888, 885f
conclusions and recommendations for, 

887-888
outcomes of, 886-887
technical considerations for, 885-886, 

885f-887f
for pulmonary artery stenosis, 882-884

conclusions and recommendations for, 884
outcomes of, 882-884, 883f-884f
technical considerations for, 882, 883f

self-expanding stents and, 246-247
Balloon pericardiotomy. see Percutaneous balloon 

pericardiotomy
Balloon pump, intra-aortic, for unprotected left 

main coronary artery stenosis, 396
Balloon rupture, management of, during PBP, 867
Balloon valvuloplasty. see Aortic balloon 

valvuloplasty; Pulmonary balloon 
valvuloplasty

Balloon Versus Optimal Atherectomy Trial 
(BOAT), 489

BAMI study, 904
Bard CardioPulmonary Bypass Support system, 

579-580
Bare-metal stents (BMSs)/stenting, 32, 37-38, 

244-290, 541, 666
balloon angioplasty versus, 244-245, 245f
balloon-expanding

for aortic coarctation, 886, 887f
versus self-expanding, 246-247

versus CABG, for multivessel disease, 404-407, 
406f

classification of, 245-246
coatings of, 246, 246t
versus cobalt-chromium everolimus-eluting 

stents, 255-258
composition of, 246
conclusions and future directions of, 283
configuration and design of, 246
cost of

versus coronary artery bypass grafting, 1019
versus drug-eluting stents, 1018-1019

design of, 245-246
drug-eluting stents versus

trials comparing, 250t-252t, 277t-278t
in unprotected left main coronary artery 

stenosis, 398
history of, 244
intravascular ultrasound versus, 947t
limitations of, 247
overview of, 244-245
prior to noncardiac surgery, 132t, 133-134
restenosis of, 544, 546f
safety and efficacy of, 268-269, 270f
studies with, 40-41
for vein stenosis, 429-430, 433f-434f

BARI 2D trial, 46, 303-304, 1018
BARI trial, 24-25, 131, 403, 404f-405f, 485, 1019
Basal Annuloplasty of the Cardia Externally 

(BACE) device, 807
Basel Stent Kosten Effektivitäts Trial (BASKET), 

325
Baseline angiography, carotid artery stenting and, 

701-702
BASIL trial, 1023
BASKET trial, 1018-1019
BAV. see Balloon aortic valvuloplasty (BAV)
BBC ONE study, 376
BCIS-1 Myocardial Jeopardy Score, 15-16
BEACH registry, 708f, 709t
Behçet disease, 671-672
BELLO study, 295
Benchmarking, 1037, 1038f-1039f
BENESTENT trial, 547t, 552
BENESTENT-1 trial, 245
Bepridil, 227t
Beta-adrenergic receptor blockers, 222-231

after acute myocardial infarction, 224-227
overview of, 222, 223t
in percutaneous coronary intervention, 

223-224
for unstable angina pectoris, 222-223

Beta-adrenergic receptors, 222-231
Beta-blockers

pharmacologic therapy, 130-131
for PMI, 493-494

Beta-irradiation, of renal artery, 659
Betaxolol, 223t
Bifurcation lesions, 279, 375-383

angiographic assessment of, 915-916, 915f
classifications of, 375, 376f-378f
optical coherence tomography and, 1009, 1010f
ostial, isolated side branch, 389
treatment of

adjunctive, 391-392
approach to, 379-380
associated pharmacologic, 392
contemporary studies on, 375-379, 379f
guiding catheter selection for, 380
outline for, 380, 380f

see also Branch vessel stenting
Bifurcation stenosis, for PMI, 494
Bifurcation stents

dedicated, 390-391
drug-eluting for, 279

Bifurcations Bad Krozingen (BBK) study, 375-376
Binary angiographic restenosis, 927
Bioabsorbable polymer biolimus-eluting stent 

(BP-BES), 263-264, 264f, 268
comparisons with

first-generation drug-eluting stents, 263, 
265t-268t

second-generation drug-eluting stents, 
263-264

versus other drug-eluting stents and bare-metal 
stents, 269, 271f

Bioabsorption, definition of, 552
Biodegradation, definition of, 552
BioImage study, 979
Biopsy, percutaneous pericardial, 870, 870f
Bioptome, pericardial, 867, 868f
Bioresorbable coronary scaffolds, 552-563, 553t

in acute coronary syndrome, 560-561
clinical trials with, 556t
critical evaluation of, 559-560

acute performance in, 559
bioresorption in, 559-560
passivation of vulnerable plaques in, 560
prevention of very late thrombotic events in, 

560
restoration of vascular physiology in, 560

current challenges in, 560-561

design and structure of clinically tested, 555t
at developmental stages, 558
future directions in, 561-562
historic development of, 553-554
ideal, characteristics of, 559t
long-term outcomes data in, need for, 561
materials for, 553

bioresorption of, 553, 554f
physical properties of, 553, 553t

mechanical disintegration of, 554f
metallic devices for, current landscape of, 558
optimization of, 560
polymeric devices for, current landscape of, 

554-558, 557f
rationale for, 552-553
terminology in, 552
use of, in all-comer populations, 560

Bioresorbable scaffolds, 391
Bioresorbable vascular scaffolds, optical 

coherence tomography and, 1006-1009, 
1008f-1009f

Bioresorption
of bioresorbable coronary scaffolds, 553, 554f
critical evaluation of, 559-560
definition of, 552, 554f

BIOSOLVE-1 FIM trial, 558
BioSTAR bioabsorbable device, 755, 756f
Bivalent molecules, 176
Bivalirudin

for anticoagulation, 176, 181f
bifurcation stenting and, 392
for bleeding, 478
for coronary perforation, 469
for NSTE-ACS, 317
for PMI, 491-492
for SVG PCI procedures, 434
thrombolytic therapy and, 214

“Black box”, 1049
Bleeding

complications
of access-site, 511
PCI and, 173, 477-478, 478t

non-coronary artery bypass grafting-related, 
175t

risk
assessment of, 771-772, 772t
percutaneous balloon pericardiotomy and, 

867
see also Hemorrhage

Blood flow. see Coronary blood flow
Blood pressure

control, in diabetes, 63
segmental, 613

BMSs. see Bare-metal stents (BMSs)/stenting
Bone marrow, mononuclear cells from, 902-904
Bone Marrow Transfer to Enhance ST-Elevation 

Infarct Regeneration Trial, 902-903
BOOST study, 903t
Bootstrap analysis, 1015
Brachial artery

loop, 525f-526f
puncture technique for, 506-507, 508f

Brachytherapy
quantitative angiography and, 923, 926f
in SVG restenosis, 434-436

BRAFE (Brachial, Radial, or Femoral Approach 
for Elective Palmaz-Schatz Stent 
Implantation) study, 520

Branch vessel stenting, 375-393
catheter selection for, 380
controversies in approaches to, 389
drug-eluting stents for, 279
European Bifurcation Club on, 382-383
second stent, in side branch following, 381-382
side branch access in, 380, 381f

Balloon angioplasty (Continued) Bioresorbable coronary scaffolds (Continued)
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two-stent techniques in, 383-391, 385f-388f, 
389t, 390f

see also Bifurcation lesions
BRAVE trial, 215-216, 341
BRAVE-2 trial, 337, 337f
BRAVE-3 trial, 355
BRAVE-4 study, 353-354
BRIDGE trial, 137
Bridging, perioperative, emerging strategies, 

136-137, 137f
Brockenbrough needle, 736
Budget Reconciliation Act of 1989, 1028-1029
Buerger disease, 625
Bypass graft intervention. see Coronary artery 

bypass grafting (CABG)
Bypass surgery, cost of, versus percutaneous 

transluminal angioplasty, 1023

C
C7XR OCT system, 991
CABERNET registry, 708f, 709t
CABG. see Coronary artery bypass grafting 

(CABG)
CABRI trial, 37, 404
CACTUS trial, 376
CADILLAC trial, 143-144
Cadmium-zinc telluride (CZT), 69-70
CADUCEUS trial, 904
Calcification, lesion, 914
Calcified nodules, 963
Calcium-channel blockers, 222-231

for acute coronary syndromes, 227
for acute myocardial infarction, 227

chronic therapy after, 227-228
overview of, 227, 227t
in percutaneous coronary intervention, 

228-229
Calcium channels, 227-229
Caldaret, as adjunct to PCI, 358
CAMELOT trial, 228, 228f
Canadian Sapien Registry, TAVR and, 821
CANARY trial, 975
Cangrelor

in antiplatelet therapy, 162-163, 162f, 162t
for PMI, 493

Capillary refill, 633-634
CAPRICORN trial, 226
CAPRIE trial, 315
CAPTIM trial, 1020
Captopril, 229
CAPTURE trial, 317, 474, 491
CARAT trial, 566
CARDia trial, 41, 57, 276, 409-410
Cardiac arrest, after STEMI, 361
Cardiac biomarkers, post-PCI monitoring of, 

602-604
Cardiac catheterization

of atrial septal defect, 762-763
in balloon aortic valvuloplasty, 812-813
for hypertrophic cardiomyopathy diagnosis, 

850, 850f
laboratory

public reporting and, 1043-1045, 
1044t-1045t

quality culture development in, 1042-1043
in transcatheter aortic valve implantation, 816

Cardiac chamber remodeling devices, 807
Cardiac computed tomography, 76

coronary artery calcium scoring, 76
of mitral regurgitation, 801, 802f

Cardiac computed tomography angiography 
(CCTA), 76-79

coronary luminal stenosis, 76-79, 79f
guiding interventions with, 79
in hybrid imaging, 80-81

Cardiac defibrillator, implantable, 852-853
Cardiac diagnostic studies, common noninvasive, 

radiation exposure health risks, 82t
Cardiac events, with unplanned surgery, 134-135
Cardiac Hospitalization Atherosclerosis 

Management Program (CHAMP), 592
Cardiac injury, percutaneous balloon 

pericardiotomy and, 867
Cardiac magnetic resonance imaging (CMRI), 

72-74, 484, 484f
dobutamine, 73
in hypertrophic cardiomyopathy, 850
of mitral regurgitation, 801
perfusion imaging in, 73-74, 75f
of vulnerable plaques, 979-980, 981f

Cardiac power output (CPO), 370, 371f, 578
Cardiac regeneration, 906
Cardiac Remote Ischemic Preconditioning in 

Coronary Stenting (CRISP Stent) study, 494
Cardiac surgeon, role of, 530-540

as cardiovascular interventionalist, 539
historical perspective of, 530-531
and hybrid suite, 536-538, 537f, 538t
in innovation, 534-538
in procedures and devices, creation and 

development of, 535-536
and surgery and interventional cardiology, 

convergence of, 538-539
as surgical interventionalist, 533-534, 534t
as surgical standby for PCI, 531-533, 531f-532f, 

531t-533t
in transcatheter aortic valve replacement, 

534-539
Cardiac tamponade, 861, 862t

and CABG perforation, 436
Cardioembolic stroke protection, local device 

therapy for, 771-787
Cardiogenic shock

after STEMI, 361
background of, 368
clinical manifestations of, 370
clinical presentation of, 368-370, 369f
definition of, 368
etiology of, 370
inotropes and, 370-372, 371f
interventions in, 368-374
mechanical support for, 371-372
multivessel disease and, 373
pathophysiology of, 368, 369f
percutaneous coronary intervention in, 372-373
reperfusion in, 372-373, 372f
survival/quality of life and, 373, 373f
treatment for, 370-373, 370t, 371f

Cardiohelp CPS device, 580
Cardiologists, interventional, 723-724, 724f, 724t

see also Cardiac surgeon, role of
CardioMEMS heart failure system, 1055
Cardiomyopathy, hypertrophic, 847-860

clinical presentation of, 847-848, 848t
diagnosis of, 849-851, 849f
epidemiology of, 847
genetic overview of, 850-851, 851t
natural history of, 847
surgery for, 853-858

procedural technique in, 854-858
septal ablation in, 853-854, 854t, 855f-858f

treatment of, 851-858
Cardiomyoplasty, for congestive heart failure, 901
Cardiopulmonary bypass support, advent of, 747
Cardiopulmonary support (CPS), 577-578

and IABP, 581
percutaneous, 579-581

clinical trials for, 580-581, 582t
insertion technique for, 580, 580t

in stent era, 581
use of, on a standby basis, 581

Cardiovascular Angiography Analysis System 
(CAAS), 922

Cardiovascular disease (CVD)
in diabetes, 51-52, 52f
overview of, 141
race and ethnicity, 147-149
risk, chronic kidney disease and, 111
sex and, 141-142

devices for, 141-142
vascular complications, 142-146, 142t

Cardiovascular procedures, radiation safety 
during, 119-128

Cardiva Catalyst, 511
CARDS trial, 42, 198
CARE trial, 186-187
CARESS-in-AMI trial, 216, 218f, 341-342
CARILLON Mitral Contour System, 805-806, 806f
CARMEL study, 449
Carotid artery bifurcation disease, natural history 

of, 697-700, 699f-700f
Carotid Artery Revascularization and 

Endarterectomy (CARE) registry, 702
Carotid artery stenting

angioplasty and, 704-705, 704f
baseline angiography and, 701-702
clinical data in, 708-712, 709t
embolic protection device in, 702-704, 702t, 

703f
future perspective of, 712, 712f
in high-risk patients, 708f, 709-710, 709t-710t
interventional technique and, 702-704
in normal-risk patients, 706t, 710-712, 711t
preprocedural assessment of, 701, 702t
procedure for, 701-704
sheath or guide to, 702

Carotid bifurcation atherosclerosis, 697, 698f
Carotid bifurcation intervention, 697-705

postprocedural care and follow-up of, 705
Carotid body, 661
Carotid intervention, 697-718

complications of, 705-708
hemodynamic depression, 706-707, 707f
hyperperfusion syndrome, 707-708, 707f
myocardial infarction, 706t, 708, 708f
restenosis, 708
stroke, 705-706, 706t

Carotid revascularization
benefit of, 700, 701f
percutaneous, 700-701

Carotid RX ACCULINK/RX ACCUNET 
Post-Approval Trial to Uncover 
Unanticipated or Rare Events study 
(CAPTURE2), 708f, 709, 709t

Carotid sinus, 661
Carotid stenting

distal embolism protection devices in, 499-500, 
500f

embolic protection devices in, 499, 499f
proximal embolism protection devices in, 

500-501
CARP trial, 133, 133f
Carpentier’s techniques, of mitral valve repair, 

802, 803f
Carvedilol, 222, 226
CASS registry, 34-35, 131
CASTEMI trial, 358
Catalyst II, 509
Catecholamine surge, 144-145
Catheter

coronary, soft-tip, 240f
placement, duration of, PBP and, 867
selection

for branch vessel stenting, 380
for chronic total occlusion PCI, 417-422

Catheter-based angiography, of upper extremity 
and aortic arch, 634-635, 635t

Branch vessel stenting (Continued)
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Catheter-based therapy, benefits of, for acute 
coronary syndromes, 595-597

Catheterization, for right heart, role of, in 
cardiogenic shock, 370

Catheterization and Urgent Intervention Triage 
Strategy (ACUITY), 467

CathPCI Registry, 349, 1037, 1038f
CathPCI Risk Prediction Score, 13, 14f
CAVATAS trial, 706, 710
CAVATAS-2 trial, 711t
CAVEAT-1 trial, 489
C-CURE trial, 905
CD163, in plaque stabilization, 958
Cell-based therapy, after myocardial infarction, 

359-361, 359f-360f
CELLWAVE study, 907
CENIC study, 947t
Centera valve, 829
Centers for Medicare and Medicaid Services 

(CMS), 1028t
cost data and, 1014
see also Medicare

Central venous stenosis, 683-684, 683t
complications of, 684
diagnosis of, 683
stent selection in, 684, 685f
technique for, 683-684

Cerebral hyperperfusion syndrome, carotid 
intervention and, 707, 707f

Cerebrovascular disease, in diabetes, 53
see also Carotid bifurcation atherosclerosis; 

Stroke
Cerebrovascular intervention, 697-718

see also Carotid artery stenting
CHAMPION-PCI trial, 162, 162t, 493
CHAMPION PHOENIX trial, 162, 467, 493
CHAMPION trial, 1055
CHARISMA trial, 61, 1023
Chemokine, stem cell-based, 906-907
Chest pain, acute, coronary computed 

tomography angiography in, 80
Children, aortic balloon valvuloplasty in, 878
CHILL-MI trial, 358-359
Chitosan, 511
Chito-Seal Topical Hemostasis Pad, 511
Cholesterol crystals, in plaque, 439-440
Cholesterol ester-transfer protein (CETP), 

inhibition of, 195-197
Cholesterol levels, blood

control of, in diabetes, 63
coronary artery disease risk and, 185f
coronary heart disease risk and, 183, 184f
international guidelines (NCEP) for, 183
see also High-density lipoprotein cholesterol 

(HDL-C); Low-density lipoprotein 
cholesterol (LDL-C); Non-HDL-
cholesterol (non-HDL-C)

Cholesterol ratio, esterified, 957
Cholesterol transport system, reversal of, 982
Cholesterol Treatment Trial (CTT), 188, 188f
Chronic heart failure, stem cell transplantation in, 

904t
Chronic intestinal ischemia, 638
Chronic kidney disease (CKD), 110-111

contrast-induced AKI in, risk factors for, 110, 
110t

end-stage renal disease, 115-116
epidemiology and classification of,  

110-111
future of PCI in patients with, 116
percutaneous coronary intervention for 

NSTE-ACS and, 324
periprocedural strategies and, 111-114
stages of, action recommendations, and 

prevalence of, 111t
and transradial approach, 519

Chronic mesenteric ischemia (CMI), 638-642
clinical presentation of, 638, 639f
diagnosis of, 638, 639f
treatment of, 639-641, 640f, 640t-641t

Chronic stable angina
elective intervention for, 298-311, 299f-300f, 

299t
ischemic provocation/exacerbating factors, 299t
PCI for, 300-301
prevalence of, 298-299, 298f
revascularization for

optimal medical therapy for, 300-304, 
301f-304f

in patients with, 299-300
selection of, 304-307, 305f-306f
silent ischemia, 307, 307f
tools for, 307-308, 308f-310f

risk stratification for, 303t
Chronic total occlusions (CTOs), 242, 413-414

clinical outcomes for, 416-417, 416f
clinical profile and presentation of, 413-414
crossing difficulty, prediction of, 418
definition of, 413
drug-eluting stents for, 278-279
pathology of, 414, 415f
percutaneous coronary intervention (PCI)

antegrade guidewire approach to, 419
collateral pathways for, 418f
hybrid approach to, 419f
indications for, 417
lesions resistant to dilation, treatment of, 

421-422
retrograde approach, 420-421
specific approaches and techniques in, 

419-421, 420f-421f
techniques for, 417-422

prevalence of, 413
revascularization for, indications for, 417
thrombus-containing targets and, 455, 455t, 

458f
Chronic venous disease, 682-683, 682t, 683f
CICERO study, 355-356
Cilostazol, in antiplatelet therapy, 164
Cine mode, imaging modes, 123
Cineangiography, coronary, for hypertrophic 

cardiomyopathy, 854
Circulation. see Coronary blood flow
CKD. see Chronic kidney disease (CKD)
CK-MB elevations, in periprocedural MI, 483, 

489, 490f
CLARITY-TIMI 28 trial, 156, 210-211, 213f
Claudicometry, 234
Clinical practice guidelines, 1030, 1031f

impact of, 1034-1036, 1034f-1036f, 1035t
see also ACCF/AHA guidelines

Clinical success, 1034
Clinical SYNTAX score, 11t, 18-19
Clofibrate, lipid-lowering effects of, 185
Clopidogrel

in antiplatelet therapy, 154-159, 156f
in diabetes, 61
dosing strategies for, 157
duration of therapy, 157-158, 158f
for NSTE-ACS, 315
for PMI, 492
pretreatment for PCI, 156-157
for STEMI undergoing PPCI, 355
for SVG PCI procedures, 434
thrombolytic therapy and, 210-211, 212f

Clo-Sur P.A.D., 511
CLOSURE 1, 751
Closure devices, 505-515

electrical-based, 511
femoral, 509
plug-based, 511f
suture-based, 509-510

CMI. see Chronic mesenteric ischemia (CMI)
CMRI. see Cardiac magnetic resonance imaging 

(CMRI)
Coapsys/iCoapsys annuloplasty, 807
COAPT trial, 1054
Cobalt-chromium everolimus-eluting stent 

(CoCr-EES), 254-255
versus bare-metal stent, 255-258
versus first-generation drug-eluting stents, 

255-263
COBIS registry, 378
COBIS study, 948t
Cocaine, aortic wall thinning and aneurysm 

formation, 672
COGENT study, 159-160
Coherex device, 755, 756f
Colesevelam, 198-199
Collagen

mature, and SMC proliferation, 543
as plug, 510

Collateral circulation, in chronic total occlusions, 
414-416

Collateral pressure index (CPI), 414
Collimator contains radiopaque shutter blades, 

121-123
Color Doppler assessment, in mitral valvuloplasty, 

789-790
Color Doppler flow, in mitral valvuloplasty, 790
Combined risk scores, 16-17
COMFORTABLE-AMI trial, 263, 344-346
COMMIT trial, 210-211, 212f, 224-225

end points of, 224
meta-analysis of, 225, 226f
patient selection in, 224
protocol of, 224
results of, 224-225, 225f

Comorbidities, patient, 1-2
COMPARE trial, 255, 548-549
Compass compression-assist device, 508-509,  

509f
COMPASSION trial, 841
Complete revascularization, 24
COMPLETE trial, 410
Complex left main coronary artery lesion, 

assessment of fractional flow reserve and, 
99-100, 100f

Compression-assist device, manual and 
mechanical, 505, 508-509, 509f

Computed tomography
cardiac, 76
coronary fractional flow reserve, 80
multidetector, 66-84
for transcatheter aortic valve implantation,  

816
Computed tomography angiography (CTA)

for CTO, 413
in lower extremity interventions, 614
renal artery stenosis and, 645, 645f
of vulnerable plaques, 976-979, 978t-979t
see also Cardiac computed tomography 

angiography (CCTA)
Computed Tomography Angiography for 

Systematic Triage of Acute Chest Pain 
Patients to Treatment (CT-STAT) study, 80

Computed tomography coronary angiography, 
contrast-enhanced, 76-79

Computed tomography venography, 687
Conditions of Participation, 1028
Conduction system, disturbances in, after 

CoreValve placement, 829
Congenital Cardiac Catheterization Outcomes 

Project (C3PO), 876
Congenital heart disease, transcatheter therapies 

for, 874-900
Congenital structural cardiovascular defects, 

catheter-based therapies for, 874
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Congestive heart failure (CHF)
after myocardial infarction, 901
contrast-induced AKI and, 116

Contemporary practice, risk scores in, 9-17, 10t
Continuous quality improvement (CQI), 1027, 

1036-1037, 1037f
Contour filters, 121-123
Contralateral injection, 417-418
Contrast-enhanced computed tomography 

coronary angiography, 76-79
Contrast-induced acute kidney injury

choice and use of contrast agents, 114-115
concomitant drugs to monitor with exposure 

to, 109t
intraprocedural strategies and, 114-115
pathophysiology of, 108
periprocedural hydration, 111-114
risk factors for, 110, 110t
role of chronic kidney disease, in percutaneous 

coronary intervention, 108-118
Contrast-induced nephropathy, 108

risk factors for, 109t
Contrast medium, allergy to, 477

pretreatment regimen for, 477t
Contrast perfusion imaging, 68-72, 69f
CONTRAST trial, 114
Controlled antegrade and retrograde subintimal 

tracking (CART), 420-421, 421f
CORAL study, 646
CoreValve Advance International Post-Market 

Study, 828
CoreValve Extreme-Risk Pivotal Trial, 828
CoreValve Revalving System, 815, 830
CoreValve transcatheter aortic valve replacement, 

826-829, 827f
alternative vascular access sites for, 828
clinical series on, 828
complications of, 828-829
ongoing investigations on, 829
patient selection for, 826
procedure for, 827
valve performance after, 828

Coronary angiography, 233
emergency, after CABG, 424-425
indications for preoperative, 129-130, 130f
prior to vascular surgery, 131

Coronary angioplasty
first-in-man, 235-237, 236f-237f
live courses on, 238, 238f

Coronary artery, anatomy of, 837, 837f
Coronary artery aneurysms, after percutaneous 

coronary intervention, 918
Coronary artery bypass grafting (CABG), 1, 2f-4f, 

41f, 91
adjunctive pharmacotherapy for, 434
complications of, 436
for coronary artery disease, 234-235
cost of

versus balloon angioplasty, 1019
versus bare-metal stents, 1019
versus drug-eluting stents, 1019-1020
hospitalization for, 1018

in diabetes, 55, 56f
versus percutaneous coronary intervention, 

57-58, 57f-58f
emergency, after failed PCI

incidence/prognosis of, 531, 531f
indications for, 531t

future of, 436
implications of, multivessel coronary artery 

disease and, 96-98, 97f
indications for, 424-426

and acute ST-segment-elevation myocardial 
infarction, 425-426

during early postoperative period, 424-425, 
425f-428f

more than three years after surgery, 425, 
429f-431f

one to three years after surgery, 425
medical therapy versus, 36t
patient assessment for. see Patient assessment, 

individualized
PCI centers not capable of, 532-533, 532f
versus percutaneous coronary interventions 

(PCI), 5t, 22f-23f
predictor effects for, 21f
preoperative coronary revascularization and, 

131
results of, 427-436
scope of the problem in, 424
in SYNTAX study, 28f
technical strategy for, 427, 432f
thrombus-containing targets and, 452-455, 

454f, 456f-457f
and transradial approach to PCI, 517
see also Coronary revascularization

Coronary artery calcium scoring, 76
Coronary artery disease (CAD), 32-33

cholesterol and risk of, 183, 184f
coronary artery bypass grafting for, 234-235
in diabetes, 53t, 54
ethnicity and, 147-148
left main, 42-45
stable, medical economics in, 1018-1020
see also Atherosclerosis

Coronary artery lesion, ostial left anterior 
descending, 389

Coronary artery revascularization, left main, and 
fractional flow reserve, 99t

Coronary atherosclerosis, 312
Coronary bifurcation lesion, 375
Coronary blood flow

angiographic assessment of, 919
fundamental concepts of, 85-87, 86f
velocity, 90

angiographic assessment of, 922
Coronary calcification, 914
Coronary compression

intervention-related, 840
risk assessment for, 838f

Coronary computed tomography angiography, in 
acute chest pain, 80

Coronary de novo disease, drug-coated-balloons 
for, 294-295

Coronary dissection, 465f
after percutaneous coronary intervention, 917, 

917t
classification of, 465t

Coronary Drug Project, 185
Coronary flow reserve (CFR), 85-86, 86f-87f, 

145-146
see also Fractional flow reserve (FFR)

Coronary fractional flow reserve computed 
tomography, 80

Coronary heart disease (CHD), cholesterol and 
risk of, 183

Coronary in-stent restenosis, drug-coated-
balloons for, 294

Coronary intervention. see Percutaneous coronary 
intervention (PCI)

Coronary luminal stenosis, cardiac computed 
tomography angiography (CCTA), 76-79

Coronary Measurement System (CMS), 923, 
924f-926f

Coronary no-reflow phenomenon, as 
complication of PCI, 474-476

incidence and diagnosis of, 474-475
management of, 475t
prevention of, 475, 475t, 476f
prognosis of, 476

thrombus in myocardial infarction (TIMI) 
grading system for, 475t

treatment of, 475-476
Coronary obstruction, after transcatheter aortic 

valve replacement, 826
Coronary occlusion

after CoreValve placement, 829
angiographic assessment of, 916, 916f
see also Chronic total occlusions (CTOs)

Coronary ostial obstruction, 238, 239f
Coronary pressure measurement, 87

clinical validation of intra-, 90-91
methodology of, 87-92, 88f

Coronary restenosis, 238
Coronary revascularization

changing paradigms of, 32
preoperative, prior to noncardiac surgery, 

131-134
prognostic indications for, 33-37

in clinical presentation, 33-35
in coronary anatomy, 35-36
in diabetic patients, 40-42
in left main coronary artery disease,  

42-45
in multivessel disease, 37-40
percutaneous coronary intervention  

versus coronary artery bypass 
grafting, 37-45

in technical feasibility, 36-37
see also Coronary artery bypass grafting 

(CABG); Percutaneous coronary 
intervention (PCI)

Coronary spasm, after percutaneous coronary 
intervention, 918

Coronary steal syndrome (CSS), 637
Coronary stenosis, nonhyperemic indices of 

significance of, 106
Coronary stenting

after failed balloon angioplasty, 247
development of, 244-245
failure, mechanisms and management of, 

279-283
restenosis, 282-283
stent thrombosis, 279-280, 280f-281f, 

280t-281t
indications for, 247
for left main disease. see Left main coronary 

artery (LMCA) stenosis
primary, in patients with STEMI, 344
side-branch. see Bifurcation lesions

Coronary stents
bifurcation

dedicated, 390-391
drug-eluting, 279

embolization, and major adverse cardiac 
events, 468t

for vulnerable plaques, 982-983
see also Bare-metal stents (BMSs)/stenting; 

Drug-eluting stents (DESs)/stenting
Coronary thrombus, in optical coherence 

tomography, 993-994, 994f
CORPAL study, 378-379
Corsair microcatheter, 421-422
Cost

assessment of, factors that impact, 1015
types of, defined, 1013

Cost-benefit analysis, 1015, 1015t
Cost-consequence study, 1015
Cost-effectiveness

acceptability curve, 1017-1018, 1017f
analysis of, 1015, 1015t

with patient-level data, 1017
distribution of, 1016f

Cost identification study, 1015

Coronary artery bypass grafting (CABG) 
(Continued)

Coronary no-reflow phenomenon, as 
complication of PCI (Continued)
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Cost measurement, 1014-1015
Cost minimization analysis (CMA), 1015
Cost studies, types of, 1017
Cost-utility analysis, 1015, 1015t
Countertraction technique, for percutaneous 

balloon pericardiotomy, 865f
COURAGE nuclear substudy, 303-304
COURAGE trial, 35, 300-301, 417, 1018
Cournand, Andre, 530-531
COX-1 inhibition, 314-315
C-PORT E trial, 593-594, 594f
C-PORT PPCI trial, 591, 593
CPS. see Cardiopulmonary support (CPS)
C-reactive protein (CRP) levels, statins reducing, 

193-194, 193f-195f
CREATE trial, 213-214, 708f, 709t
Creatine kinase MB (CK-MB), 603
CREDO trial, 146-147, 155t, 156-157, 492, 492f
CREST trial, 129, 500, 706t, 708, 711, 711t
CRISP-AMI trial, 357
Crista interveniens, 747
CRISTAL trial, 283
Critical aortic stenosis, newborn with, 879, 879f, 

881
Critical leg/limb ischemia, 620t, 624-625

interventional treatment and surgery for, 624, 
624f

periprocedural antithrombotic therapy for,  
624

post peripheral bypass surgery patient for, 
624-625

Critically ill patients, mitral valvuloplasty for, 
793-794

CrossBoss catheter, 419-420, 420f
Crossing the Quality Chasm, 1029, 1043
CRUISE study, 947t
CRUSADE registry, 59, 147, 590, 592
CRUSADE study, 320-321, 322t
Crush stenting techniques

double-kissing, 387
mini-, 385-387, 385f-386f
reverse/internal, 382, 384f
sleeve technique as, 387
step (modified balloon), 387
in unprotected left main coronary artery 

stenosis, 395
C-SIRIUS trial, 249-251, 250t-251t
CTOs. see Chronic total occlusions (CTOs)
Culotte technique, provisional, for stenting, 382, 

384, 385f
CURE PCI trial, 61, 146-147, 154, 474, 492
CURE trial, 315
CURRENT-OASIS 7 trial, 154, 155t, 157, 

209-210
Cutting balloon, bifurcation stenting and, 

391-392
Cutting balloon angioplasty (CBA), 569-571

clinical results of, 571, 572f
complications of, 571, 573f
equipment for, 569, 571f
lesion selection in, 571
mechanism of action, 569
technique for, 569-571

Cutting Balloon Ultra-2, 569, 571f
CVD. see Cardiovascular disease (CVD)
CXCL12 stem cell homing factor, 907
Cyclin-dependent inhibitors, 543
Cyclin-dependent kinases, 543
Cyclins, 543
Cyclopentyltriazolopyrimidine, 161
Cyclosporin A, as adjunct to PCI, 358
Cylindrical stents, 704-705
CYP2C19

and clinical outcomes, 159
role of, clopidogrel and, in platelet inhibition, 

158, 158t

CYP2C19 isoenzyme, 315
Cypher sirolimus-eluting stent, overview of, 

248-251, 249f, 250t-251t
Cytokine, stem cell-based, 906-907
Cytologic analysis, of pericardial fluid, 867

D
D2B (Door-to-balloon) Alliance, 590, 592-593, 

593f
Dalcetrapib, in lipid lowering, 197
DANAMI-2 trial, 331
Danish trial, 331
DAPT trial, 158, 280-282, 281t
Data sources, for economic analysis, 1017-1018
Data standards, 1029
DAVIT trial, 227
D-dimer, 689
DEAR-MI trial, 445
DEB-AMI trial, 346-347
Debulking techniques, 241
Decision making, for economic analysis, 

1017-1018
Decompression sickness (DCS), patent foramen 

ovale and, 752
DECOPI trial, 337
DECREASE-I trials, 130
DECREASE-V pilot study, 133
Deep femoral artery (DFA), access to, 618
Deep venous thrombosis

of lower extremity, 689-694
catheter-directed thrombolysis for, 690-691, 

691t, 692f
diagnosis of, 689
goals of therapy for, 689-690
inferior vena cava filters for, 690, 690f
percutaneous mechanical thrombectomy for, 

691-694, 693f-695f
of upper extremity, 684-689, 685t, 686f

diagnostic testing of, 686-687
treatment options for, 687-689

DEFER trial, 92-93, 94f
Deferred stenting, 364
Defibrillator, implantable cardiac, 852-853
Degenerative mitral regurgitation, MitraClip for, 

804-805
Delcasertib, as adjunct to PCI, 358
Delivery sheath insertion, for transfemoral 

transcatheter aortic valve replacement, 819
Denervation, renal sympathetic, 651-652, 

651f-652f
Denudation, and restenosis, 541
Department of Health and Human Services 

(DHHS), 1028t
DES-LATE trial, 280-281, 281f
DESolve bioresorbable scaffold, 556, 556t, 557f, 

559
DESolve Nx trial, 556
DESs. see Drug-eluting stents (DESs)/stenting
Detachable coils, for patent ductus arteriosus,  

892
Device arm fracture, 760
Device deployment, 737
Device embolization, as complication of PCI, 

469-470
incidence of, 469
mechanism of, 469
prognosis of, 470
retained percutaneous angioplasty equipment 

components in, 470
treatment of, 469-470, 471f

Device erosion, 760
Device migration, 760, 761f
Device selection, 577-578
Dextrothyroxine, lipid-lowering effects of, 185
Diabetes, percutaneous coronary intervention for, 

NSTE-ACS, 323-324

Diabetes mellitus, 51-65
anticoagulation therapy and, 180-181
antithrombotic therapy in, 61
atherosclerosis in, pathophysiology of, 51, 52f
cardiovascular disease in, 51-52, 52f
coronary artery bypass grafting, 55, 56f-57f

versus percutaneous coronary intervention, 
57-58, 57f-58f

diagnostic criteria of, 51, 52t
drug-eluting stents and, 275-276, 276f
early invasive versus conservative strategy, 60
long-term management of, 62-63
multifactorial intervention, 63, 63f
myocardial ischemia detection in, 53
percutaneous coronary intervention in, 54-55, 

55f
versus coronary artery bypass grafting, 

57-58, 57f-58f
versus coronary artery bypass grafting with 

multivessel disease, 57-58, 58f
and restenosis, 546
revascularization in, 54, 54f, 60f

versus medical management, 55-57, 56f
non-ST-segment elevation acute coronary 

syndromes, 59, 59f
ST-segment elevation MI, 60, 60f-61f

SYNTAX Score II, 20
DIABETES-I trials, 547t
DIABETES-II trials, 547t
DIAD study, 53, 54f, 71-72, 307
Diagnosis-related group (DRG), 1014, 1028

framework, 604-605
Diameter stenosis (DS), 91f
Diamondback 360° Orbital Atherectomy System, 

566
Diastolic dysfunction, 368
Dieter test, 633-634
Diethylene triamine pentaacetic acid (DTPA), 75f
Differentiated cell transplantation, 901-902, 902f
Diffuse atherosclerosis, 103
Diffuse coronary disease, fractional flow reserve 

and, 103
Diffusely diseased atherosclerotic coronary artery, 

103
Diffusion-weighted imaging (DWI), 499
DIGAMI 2 study, 60-61
Digital compression, 508
Digital subtraction angiography, 123
Diltiazem, 227, 227t
Dior paclitaxel-coated balloon catheter, 293
DIPOL study, 947t
Dipyridamole, 68
Direct Flow Medical (DFM) transcatheter aortic 

valve, 830
Direct stenting, for PMI, 494
Direct thrombin inhibitors (DTIs)

in anticoagulation, 176, 181f
for PMI, 491-492
sex differences and, 147
thrombolytic therapy and, 214

Directional coronary atherectomy (DCA), 564, 
569, 570f

and PMI, 489
Discharge instructions, 602

for activity levels, 602
in driving and return to work, 602
and sexual activity, 602

for medication reconciliation, 602
for site management, 602

Discounting, 1016
Disopyramide, for hypertrophic cardiomyopathy, 

852
DISPERSE-2 trial, 161-162
Dissection, 937, 938f

see also Aortic dissection; Coronary 
dissection
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Dissection and reentry techniques, for CTO PCI
antegrade, 419-420
retrograde, 420-421

Distal embolization
after percutaneous coronary intervention, 917
from aspiration catheters, 446
during mechanical reperfusion, 349
see also Embolic protection devices (EPDs)

Distal occlusion balloon embolic protection 
devices, 703

Distal protection devices, in renal interventions, 
649-650

DKCRUSH-II trial, 376
DKCRUSH-III study, 378
Dobutamine, 68

pharmacologic hyperemic stimuli, 90
Dobutamine IV, 90t
“Dog-bone” phenomenon, 943
Donabedian’s triad, 1039

outcomes in, 1040-1042, 1040t, 1042t
process in, 1040, 1040t, 1041f
structure in, 1039-1040, 1040t

Door-to-Balloon Alliance, 331-333
Door-to-balloon (DTB) time, 331-333, 336
Double-balloon technique, in mitral valvuloplasty, 

788
Double kissing crush technique, 387
Double-orifice technique. see Edge-to-edge 

technique
DREAM study, 678
Dreams magnesium-based bioresorbable 

scaffolds, 558
optical coherence tomography of, 559-560

Drug-coated-balloons, 291-297
clinical data of, 293-296
coronary application of, 294-295
current, 292t, 294
future of, 296
peripheral vascular application of, 295-296
preclinical data of, 291-293

Drug-eluting stents (DESs)/stenting, 32, 244-290, 
552

in acute STEMI, 269-275, 274f, 274t-275t
for bifurcation lesions, 279
for chronic total occlusions, 278-279
classification of, 249t

first-generation, 248-251, 249f, 249t-251t, 
254t

second-generation, 254-255, 256t-261t, 262f
complication rates of noncardiac surgery, 132t
components of, 247, 247f
conclusions and future directions of, 283
cost of

versus bare-metal stents, 1018-1019
versus coronary artery bypass grafting, 

1019-1020
designs of, 247
development of, cell-cycle regulation and 

rationale for, 543
in diabetes mellitus, 275-276
with hybrid coronary revascularization, 538t
intravascular ultrasound and, 943-944, 944f, 

948t
for left main coronary artery disease, use of, 

276-278
for multivessel coronary disease

versus CABG, 407-410, 408f
use of, 276-278

newer generations of and beyond, 548-549
for NSTE-ACS, 325
OCT and, 998, 1003f
overview of, 247-269
pharmacology of, 247-248, 248f
polymer-based

bioabsorbable, 263-264, 264f
durable, 254

polymer-free, 269, 272f, 273t
prior to noncardiac surgery, 134
randomized studies with, 40t, 44-45, 44f-45f, 

47f
registries, 42-45
restenosis of, 548
safety and efficacy of, 268-269
for saphenous vein grafts, 279
for STEMI, 344-347, 345f-348f
stent failure, mechanisms and management of, 

279-283
restenosis, 282-283
stent thrombosis, 279-280, 280f-281f, 

280t-281t
studies with, 41-42
trials in, changing baseline demographics of 

patients, 2t
in unprotected left main coronary artery 

stenosis
adjuvant devices and methods for, 396-398
antiplatelet therapy after, 398-400
versus bare metal stenting, 398
versus CABG, 399-400, 399f
in-stent restenosis after, 398-399
stent thrombosis after, 398-400, 399t

for vein graft stenosis, 430-432, 435f
Dual-antiplatelet therapy (DAPT), 1021

for NSTE-ACS, 316
for PMI, 492

Dual-chamber pacing, for hypertrophic 
cardiomyopathy, 852

Duct occluder devices, for patent ductus 
arteriosus, 893-894

Ductus arteriosus, patent, 891
clinical presentation and diagnosis of, 891-892
follow-up for, 894
physiology of, 891
transcatheter closure of, 891-894
treatment and outcomes of, 892-894

Duke Jeopardy Score, 10t, 15
Duke registry, 38
Duke treadmill score, 66-67
Dutch Iliac Stent Trial, 615
Dysplastic pulmonary valve syndrome, 874
Dyspnea, aortic stenosis role in, balloon aortic 

valvuloplasty for, 814

E
EARLY ACS trial, 166, 318
Early invasive strategy, 318

benefit from, 322-323
EAST trial, 37, 403-404
EASY trial, 523, 605, 607
ECG stress testing, 66-67
Echocardiography

3-D, of mitral regurgitation, 801
of atrial septal defect, 762
of hypertrophic cardiomyopathy, 849-850, 849f
intrapericardial, 870
before percutaneous balloon pericardiotomy, 

867
of pericardial effusion, 862-863
stress

contrast agents, 68-69
exercise, 67
pharmacologic, 68
testing, 66-67

for transcatheter aortic valve implantation, 816
see also Intracardiac echocardiography (ICE); 

Transesophageal echocardiography (TEE)
Economic analysis, benchmarks in, 1017-1018
Economic assessment, types of, 1015t
Economics, medical, 1013-1026

of acute coronary syndrome, 1020-1023
of antiplatelet therapy, 1020-1022

concepts and methods in, 1013-1017
analytic, 1015-1017
cost measurement in, 1014-1015
terminology in, 1013-1014

data sources for, 1017-1018
decision making and, 1017-1018
of stable coronary artery disease, 1018-1020
of structural cardiac interventions, 1023-1025

Edge-to-edge technique, in mitral valve repair
percutaneous, 803-805, 804f
surgical, 802-803, 803t

EDUCATE study, 281t
Edwards Commander Delivery System, 829
Edwards FORTIS transcatheter mitral valve, 

808-809
Edwards prosthesis, balloon-expandable, 811
Edwards Sapien valve, 835
Edwards Sapien XT, 817-818
Edwards valves, balloon-expandable, 815f, 819f
Effort thrombosis, 684-685
18-Fr CoreValve Safety and Efficacy Registry, 828
Elastography, of vulnerable plaques, 963t, 

975-976, 977f
Elderly patients

PCI in, 362, 362f
and same-day discharge, 607

Elective PCI in Outpatient Study (EPOS), 
605-607

Electrical-based sealing pads, 511
Electrocardiography, of hypertrophic 

cardiomyopathy, 850
Elephant trunk technique, 676
ELISA pilot study, 321, 322t
Elutax, 293
Embolic protection, in saphenous vein graft PCI, 

432-433
Embolic protection devices (EPDs), 482-504, 914

carotid artery stenting and, 702-704, 702t, 703f
and distal embolization, 486
in PCI, for STEMI, 349
in periprocedural MI

acute MI PCI and, 497-499
carotid stenting and, 499, 499f
different concepts in, characteristics of, 496t
distal filter devices, 495-496, 495f
distal occlusion devices in, 495f, 496
in periprocedural MI, 495-496
proximal occlusion devices, 495f, 496
for SVG interventions, 497

in power thrombectomy, 452, 454f
for preprocedural myocardial infarction, 474
for preventing thrombus propagation, 449-452
removal of, 705
thrombus-capturing stents as, 452f-453f

Embolism. see Air embolism; Atheroembolism
Embolism, mitral valvuloplasty and, 791
EMERALD trial, 351-352, 449-451, 474, 498
EMERAS trial, 209
Emergency coronary bypass surgery, 470-472

incidence of, 470, 471t
prognosis of, 472

End-stage renal disease (ESRD), contrast-induced 
AKI in, 115-116

ENDEAVOR trial, 259-262
ENDEAVOR II trials, 547t
Endocarditis

patent foramen ovale and, 760
valved stent, 841-842

Endograft surveillance, 678
Endoleaks, 676

classification of, 677, 677t
treatment for, 676

Endothelial dysfunction, in diabetes, 51
Endovascular abdominal aneurysm repair 

(EVAR), 533-534

Drug-eluting stents (DESs)/stenting (Continued) Economics, medical (Continued)
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Endovascular Aneurysmal Repair (EVAR) Study 
Group, 678

Endovascular interventions, advanced, for 
peripheral artery disease, 1023

Endovascular repair
by stent grafts, 671-673, 671f-672f
technical aspects of, 673

Endovascular therapy
Achilles heel of, 640-641
complications of, 640

Engager valve, 830
EnligHTN Renal Denervation System, 658-659
Enoxaparin

for anticoagulation, 175-176
thrombolytic therapy and, 213

Ensemble delivery system, 835
ENTIRE (TIMI 23) trial, 213, 214f
Enzyme elevation, and periprocedural MI, 484, 

484f
EPDs. see Embolic protection devices (EPDs)
EPIC trial, 166, 317, 434, 489
Epicardial mapping, 869-870
Epigastric artery, 512-513, 513f
EPILOG trial, 166, 434, 474
EPISTENT trial, 166, 465, 474, 485, 489, 491, 

491f, 1021
Eptifibatide

in antiplatelet therapy, 164-165
for NSTE-ACS, 318
for PMI, 491

ERACI trial, 404
ERACI II trial, 37-38, 305, 324, 406-407, 406f
ERACI III trial, 409
Erythropoietin, as adjunct to PCI, 358
ESCAPE trial, 751-752
Esmolol, 222-223
ESPRIT trial, 166, 474, 491
ESSENCE trial, 313, 316, 1021
Estrogen, lipid-lowering effects of, 185
Ethanol, injection of, septal ablation and, 856
Ethnic groups, chronic kidney disease and, 

110-111
EuroHeart Score, 10t, 16-17, 16f
EUROMAX trial, 177, 352
European Bifurcation Club (EBC), approach to 

bifurcation stenting, 382-383
European Collaborators on Stent-Graft 

Techniques for Abdominal Aortic Aneurysm 
Repair (EUROSTAR) registries, 673

European Consensus Panel, 195
European Cooperative Acute Stroke Study 

(ECASS), 720, 720t
European Coronary Surgery Study (ECSS) trial, 

35-36
European Medicines Agency (EMEA), 189-190
European Society of Cardiology Guidelines for 

Risk, 326t
EuroPella Registry, 585-586
euroSCORE, 9-13, 9t-10t, 12t
EuroSCORE II, 9-13, 9t, 12t-13t
EVA-3S trial, 500, 706t, 710, 711t
Evaluation of Xience Prime Versus Coronary 

Artery Bypass Surgery for Effectiveness  
of Left Main Revascularization (EXCEL) 
trial, 45

EVEREST trial, 804-805
EVEREST I trial, 1054
EVEREST II trial, 1024-1025, 1054
Everolimus, 543
Evidence-based interventional practice, 32-50,  

33t
EXACT trial, 708f, 709, 709t
EXAMINATION trial, 344-346
EXCEL trial, 401
EXCELLENT study, 948t
Excimer laser, 421-422

Excimer laser coronary angioplasty (ELCA), 564
blood and contrast, elimination of in, 571

Exercise, in diabetes, 63
Exercise echocardiography, 67
Exercise electrocardiography testing, 53
Exercise time, 67
ExoSeal device, 510
Expanded polytetrafluoroethylene (ePTFE) 

membrane, 774
Expansion hypothesis, plaque, 956-957
EXPIRA trial, 349-350
External iliac artery, 611
Extracellular matrix (ECM), 541

protein degradation and resynthesis, 543
ExTRACT-TIMI 25 trial, 213-214, 1022
Extramural (extravascular) hematoma, 938,  

939f
Ezetimibe, 198-199

F
Facilitated PCI, defined, 340-341
Factor XA Inhibitors, thrombolytic therapy and, 

215
False-lumen thrombosis, 674
FAME trial, 36, 93, 98f
FAME 2 trial, 93, 95f
Fantom bioresorbable scaffold, 556-557, 557f
Fast imaging protocol with steady-state precession 

(FISP), 73
FAST trial, 447-448
FASTER-TIMI 24 trial, 215
FD-optical coherence tomography systems, 990, 

1010
advantage of, 996

Felodipine, 227t
Femoral arterial access, for transfemoral 

transcatheter aortic valve replacement, 819
Femoral artery

aneurysm of, 625
outflow disease in

clinical data of, 619-621, 620t, 621f
complications and management of, 621
indications of, 618
interventions for, 617-618
specific techniques for, 619, 619f
stent choice for, 618-619
surgery for, 621
techniques for, 618

puncture access to
antegrade technique for, 507, 508f
retrograde technique for, 505-506, 506f-507f

Femoral closure devices, 509
Femoral venous access, for patent foramen ovale 

closure, 755
FemoStop, 509, 509f
Fenoldopam, 114
Fetal intervention, for aortic stenosis, 882
Fetuses, aortic balloon valvuloplasty for, 882
Fever, and stroke, 720
FFR. see Fractional flow reserve (FFR)
Fibrates, 197-198, 198f
Fibrin, branching, in thrombus, 439-440
Fibrinolytics

for transradial approach to PCI, 523
see also Thrombolytic therapy

FIELD trial, 197
FilterWire, 495, 495f

GuideWire versus, 432-433, 435f
FilterWire EX, 474
Final kissing balloon inflation (FKBI), in 

bifurcation stenting, 381
FINESSE trial, 33-34, 166, 216, 341
First-in-man coronary angioplasty, 235-237, 

236f-237f
FIRST study, 92
Fixation points, 674

FKBI. see Final kissing balloon inflation (FKBI)
Flextome Cutting Balloon, 569, 571f
Flow measurements, intracoronary pressure and, 

85-107
FlowCardia’s Approach to Chronic Total 

Occlusion Recanalization (FACTOR)  
trial, 417

Flower-petal stenting, 389
Fluoroscopic imaging equipment, 120-123

image chain components, 120-123
imaging modes, 123
system, block diagram of, 122f

Fluoroscopy
in access management, 506, 506f
for intracardiac interventions, 727-730
operators, 126
in percutaneous balloon pericardiotomy, 867
systems, 123

scatter isodose curves, 127f
Fluoroscopy-guided interventional cardiovascular 

procedures, 119
Focal spot size, 122f
Focus-Analyze-Develop-Execute (FADE) model, 

1036-1037, 1038f
FOCUS study, 904t
Fogarty linear extrusion balloon, 239
Fold-over artifact, in OCT, 992-993
Fondaparinux, 176

for NSTE-ACS, 317
thrombolytic therapy and, 215

Food and Drug Administration (FDA), 1028
Foramen ovale, patent, 747-760

closure of
complications of, 758-760
delivery sheath insertion and device 

preparation in, 758
device positioning and release in, 758
indications for, 755
measurement for device selection for, 

757-758
postprocedure care for, 758
preprocedure considerations for, 755
special considerations for, 758
venous access for, 755-756, 757f

cryptogenic stroke and, 748-751, 748f
paradoxical embolic in, 749, 750t
recurrence and risk identification for, 749, 

750f
treatment for, 749-751

decompression sickness and, 752
diagnosis of, 750f, 752-753, 752f-753f
embryology of, 747, 748f
incidence of, 747-748
intracardiac imaging in, 736-737, 737f
migraine headache and, 751-752
platypnea-orthodeoxia syndrome and hypoxia 

and, 752
septal occluder devices for, 753, 754f

Forssmann, Werner, 530-531
Fractional flow reserve (FFR), 36, 86-87, 89f, 91f, 

94f, 97f
in acute coronary syndromes, 104, 105t
angiography and, 91
clinical outcomes with, 92-104, 94f
complex left main coronary artery lesion 

assessment and, 99-100, 100f
coronary revascularization strategy 

reclassification with, 96f
cost-effectiveness of, 98f
CTO PCI and, 414
in daily clinical practice, 96
functional stenosis severity established by, 97f
to instantaneous wave-free ratio, 106f
intracoronary pressure measurements and, 

86-87, 87f
left anterior descending coronary artery, 104f
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left main coronary artery revascularization 
outcomes and, 99t

for left main coronary artery stenosis, 396,  
397t

lesions with, 95f, 98f
linear regression analysis of intrapatient, 90f
measurement of, 98
myocardial perfusion imaging and, 91, 91t
percutaneous coronary intervention and,  

93-95
versus medical therapy, 95

reproducibility of, 87f
routine based strategy, cost-effectiveness of,  

98
technology, noninvasive, application of, 24.e1f

Fractional flow reserve-guided percutaneous 
coronary interventions, clinical outcomes 
with, 92-104

Framingham Heart Study, 51-52, 52f, 771
FRANCE registries, TAVR and, 821-823
FREEDOM trial, 41-42, 41f-42f, 276, 276f, 

306-307, 410, 1019
FreePac, 293
FRISC trial, 316
FRISC-II trial, 34, 318-320, 320f, 320t, 1020
Functional mitral regurgitation, 799, 800f, 1053, 

1053f
MitraClip for, 805

Functional occlusions, 413
Functional SYNTAX score, 18
Furosemide, 114

G
GABI trial, 37, 403
GDS Accucinch Annuloplasty System, 806
GENOA study, 147-148
Geography factor, cost and, 1015
GHOST-EU registry, 1007-1009
Gianturco coils, for patent ductus arteriosus, 892, 

892f
Gianturco-Roubin stent, 531
GISSI-1 trial, 206t
GISSI-2/International trial, 206
Glitazones, 199
Global Carotid Artery Stent Registry (GCASR) 

surveys, 499
Global Randomized Trial (GRT), 571
Global Registry of Acute Coronary Events 

(GRACE), 313-314, 314f
Glomerular filtration rate (GFR), 181f

estimation of, 110-111
serum creatinine levels and, 112f

Glucose-lowering therapy, 60-61
Glycemic control, in diabetes, 62-63
Glycoprotein IIb/IIIa inhibitors, 604

administration, timing of, 166
anticoagulation and, 182
in antiplatelet therapy, 164-167, 165f
bifurcation stenting and, 392
characteristics of, 165t
for coronary perforation, 469
cost of, for acute coronary syndrome, 

1020-1022
in facilitated PCI, 341
for NSTE-ACS, 317-318
pivotal clinical trials with, 166
for PMI, 491, 491f
for preprocedural myocardial infarction, 474
in primary percutaneous coronary 

intervention, 166-167
sex differences in response to, 147
for STEMI undergoing PPCI, 355
for SVG PCI procedures, 434
thrombolytic therapy and, 214-215
for transradial approach to PCI, 523

Glycoprotein IIb/IIIa receptor antagonists
for diabetes, 62
for thrombus, 444-445

Gore Flow Reversal System, 496
Gore Helex septal occluder, 763-764, 764f
Gore REDUCE trial (Gore Helex Septal Occluder/ 

Gore Septal Occluder for Patent Foramen 
Ovale Closure in Stroke Patients), 751

GRACE registry, 225-226, 596-597, 1034
GRACIA-I trial, 341
GRACIA-2 trial, 341
GRAVITAS trial, 155t, 167, 315, 604
Gray-scale intravascular ultrasound

plaque composition on, 936
unstable plaque on, 939-940

GREAT trial, 650
Grüntzig, Andreas, 234, 234f, 235t, 244, 530-531, 

552
GuardWire occlusion device, 497
GuardWire Plus, 474
GuardWire system, 432

FilterWire versus, 432-433
GuideLiner catheter, 420-421, 524
Guidelines, definition of, 1030
Guidewire artifact, 932-933
Guidewire manipulation, 87-88
Guiding catheters, 238

diameters of, 524
for transradial approach for PCI, 523-524, 524t
typical and ever-growing array of, 240f

GUSTO, 173-175, 174t
GUSTO angiographic substudy, 918-919
GUSTO criteria, 157
GUSTO-I trial, 206, 370
GUSTO IIa study, 314
GUSTO IIb trial, 214
GUSTO-III trial, 206
GUSTO IV-ACS trial, 317
GUSTO V trial, 215, 215f
GWTG registry, 590, 592, 1049-1050

H
“Halo” artifact, 933f
Haptoglobin (HP) gene, 962, 962f
HART II trial, 214f
Health care disparities, social aspects of, 149
Heart block, transcatheter aortic valve 

replacement and, 825
Heart failure

hypertrophic cardiomyopathy and, 848
interventional. see Interventional heart failure

Heart Protection Study (HPS), 187-188
Heart rate recovery, 66
HEAT-PPCI trial, 353-354, 1022
Helix Septal Occluder, for atrial septal defect, 888, 

889f
Helsinki Heart Study, 185
Hematoma, in access management, 512
Hemodialysis, planning for, 111
Hemodynamic depression, as complication of 

carotid intervention, 706-707, 707f
Hemodynamic monitors, implantable, 

interventional heart failure and, 1055
Hemodynamic support, for left main coronary 

artery stenosis, 396
Hemodynamics, for hypertrophic cardiomyopathy 

diagnosis, 850
Hemopericardium, mitral valvuloplasty and, 

790-791
Hemopump system, 586
Hemorrhage

intraplaque, 960-962, 962f
warfarin for stroke prevention and, 773
see also Bleeding

Hemostasis, arterial, after balloon aortic 
valvuloplasty, 813

Heparin
bifurcation stenting and, 392
low-molecular-weight

for anticoagulation, 175
for NSTE-ACS, 316-317
sex differences in response to, 147
thrombolytic therapy and, 213, 214f

for NSTE-ACS, 316
for patent foramen ovale closure, 757
for radial artery occlusion, 523
thrombolytic therapy and, 212-214
for thrombus-containing lesions, 444-445
unfractionated

for anticoagulation, 175
for CTO PCI, 418
for NSTE-ACS, 316
sex differences in response to, 147
for SVG PCI, 434
thrombolytic therapy and, 213, 214f

Heparin-induced thrombocytopenia (HITT),  
467

Heparin-induced thrombocytopenia syndrome 
(HITS), 181-182

HERO-2 trial, 214
Hexadecasaccharide, 173f
High-density lipoprotein cholesterol (HDL-C)

coronary heart disease risk and, 183, 185f
mechanisms of raising of, 195, 196f

“High femoral artery stick”, 512
High-intensity transient signals, 487-488, 488f
High skin dose, factors contributing, 123
HINT trial, 222-223
Hirudin

for anticoagulation, 176
thrombolytic therapy and, 214

Histology, virtual, of vulnerable plaques, 963t, 
964-968, 966f

Holmium laser angioplasty (HLA), 564
HOPE trial, 146
HORIZONS-AMI trial, 177, 210-211, 347-348, 

352, 467, 1022
Hormone replacement therapy (HRT), 145-146
Hospital cost, evaluation of, 1014
Hospital Standardization Program, 1027
Hospitalization for PCI

cost of, 1018
and hybrid suite, 536-537, 537f, 538t
if not capable of CABG surgery, 533t
with limited resources, 595
volume-outcome relationship and, 591f, 1047

Hybrid coronary revascularization, 538-539, 539t
with drug-eluting stents, 538t

Hybrid imaging, 80-81, 81f
Hybrid ventricular partitioning/restoration, 1054
Hydrophilic coated sheaths, 522
Hyperemia, induction of, 90t
Hyperemic microvascular resistance (HMR), 104
Hyperemic stimuli, pharmacologic, 88-90
Hyperglycemia, and stroke, 720
Hyperoxemic reperfusion, as adjunct to PCI, 358
Hypertension (HTN), 654

arterial, and stroke, 719-720
increase of compliance for, 662, 662f
pulmonary, and atrial septal defect closure, 

767-768, 768f
renovascular, 644, 651-652, 651f-652f

Hypertrophic cardiomyopathy, 847-860
clinical presentation of, 847-848, 848t
diagnosis of, 849-851, 849f
epidemiology of, 847
genetic overview of, 850-851, 851t
natural history of, 847
surgery for, 853-858

procedural technique in, 854-858
septal ablation in, 853-854, 854t, 855f-858f

treatment of, 851-858

Fractional flow reserve (FFR) (Continued)
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Hypertrophic obstructive cardiomyopathy 
(HOCM), 847

Hypoglycemia, and stroke, 720
Hypothermia

in stroke, 723
therapeutic, as adjunct to PCI, 358-359

Hypothyroidism, photometric technique for, 234
Hypoxia, patent foramen ovale and, 752

I
IABP. see Intraaortic balloon pump (IABP)
IABP-SHOCK II trial, 361, 577, 579
Iatrogenic hypotension, avoidance of, 676
IBIS-2 study, 954
ICSS trial, 500, 706t, 710-711, 711t
ICTUS trial, 34, 318-320, 320f, 320t
Ideal bioresorbable scaffold, 558
IDEAL trial, 188f, 189
Idiopathic hypertrophic subaortic stenosis, 847
Igaki-Tamai scaffold, 554, 554f
Iliac artery

aneurysm of, 625
in-flow disease

access and recanalization techniques in, 
615-616, 616f

clinical data of, 616-617
complications and management of, 617
indications of, 615
intervention for, 615-617
revascularization options of, 615, 615t
stent choice for, 616
surgery for, 617

ILLUMINATE trial, 196-197
Illusion of reperfusion, 444
ILUMIEN OPTIS PCI optimization system, 991
Imaging studies, value of, 484, 484f
IMPACT II, 434
Impella device, 2.e1f
Impella Recover LP 2.5, 584-585, 585f
Impella ventricular assist device, 577

left, 2.e1f
Implantable hemodynamic monitors, 

interventional heart failure and, 1055
Implantation site, size and shape of, TPVI and, 

836-837, 837f
IMPROVE IT trial, 198-199
In-stent restenosis, optical coherence tomography 

and, 1006, 1007f
Incomplete stent apposition (ISA), 942-943

classification of, 945f
definition of, 999-1004, 1005f
late-acquired, 944-945, 946f

Incremental cost-effectiveness ratio (ICER), 1015
Index of microcirculatory resistance (IMR), 104
Induced cost, 1013
Infants

aortic balloon valvuloplasty in, 878, 878f
balloon pulmonary valvuloplasty in, 875, 876f

Infections
access-site, 514
prophylaxis, for transfemoral transcatheter 

aortic valve replacement, 819
Inferior vena cava filters, 690, 690f
Inflammation

plaque, 957-958
and restenosis, 541-542

Inflammatory state, in diabetes, 51
Infrapopliteal (runoff) disease, 621-623

access and recanalization techniques and 
devices for, 622

clinical data of, 622
indications of, 621-622
specific techniques for, 622
stent choice for, 622
surgery for, 622-623

INFUSE-AMI trial, 357, 475
Initial conservative strategy, 318
Inotropes, for cardiogenic shock, 370-372, 371f
Inoue balloon, 788
Inoue technique, for mitral valvuloplasty, 788, 

789f-790f
IN.PACT DEEP trial, 296
Instantaneous flow reserve (IFR), CTO PCI and, 

414
INSTEAD trial, 668-669
Institute of Medicine (IOM), on quality, 1029
Insulin-glucose infusion, 60-61
Insulin resistance, 51
INTEGRITI trial, 215
Intensive statin therapy, for vulnerable plaques, 

981
Interatrial septum, crossing of, 756-757
Interatrial shunt devices, interventional heart 

failure and, 1055, 1055f
Interceptor Plus Coronary Filter, 495-496
Intermediate-density lipoprotein (IDL), 183
Intermediate left main coronary artery disease, 

outcomes in patients with, 99f
Internal iliac arteries, 611
Internal mammary artery grafts, 436
International Commission on Radiological 

Protection (ICRP), 126
International Electrotechnical Commission (IEC), 

120
International normalized ratio (INR), 602
International Registry of Aortic Dissection 

(IRAD), 667
InterQual criteria, 604
Interventional cardiologists, 723-724, 724f, 724t
Interventional cardiology

evolution of, 234t
quality of care in, 1027-1046
sex and ethnicity issues in, 141-150

Interventional fluoroscopy systems, radiation 
management in, 120

Interventional heart failure, 1052-1056
implantable hemodynamic monitors and, 1055
interatrial shunt devices and, 1055, 1055f
percutaneous/hybrid ventricular partitioning/

restoration and, 1054
percutaneous mitral valve repair and, 

1053-1054, 1053f
transcatheter aortic valve replacement and, 

1052-1053
Interventional suite, for PCI

and hybrid suite, 536-538, 537f, 538t
surgical procedures performed in, 533-534, 

534t
Interventional therapy, for deep venous 

thrombosis, 687-688, 688f
Intraaortic balloon pump (IABP), 516, 578-579, 

587t
beneficial effects of, 578
clinical trials of, 578-579, 579t
insertion technique for, 578
for left main coronary artery stenosis, 396
use of, during high-risk coronary interventions, 

579
Intraarterial glyceryl trinitrate, 523
Intraatrial septum, intracardiac echocardiography 

of, 736
Intracardiac echocardiography (ICE), 734-736, 

734f-735f, 788
Intracardiac imaging

in aortic valvuloplasty, 739-740
in left atrial appendage occlusion, 737-739
in mechanical prosthetic valve assessment, 

741-744, 743f
in mitral valvuloplasty, 739, 739f
in paravalvular leak closure, 744-745, 744f-746f

in patent foramen ovale, 736-737, 737f
in percutaneous aortic valve replacement, 741, 

742f-743f
in percutaneous mitral valve repair, 740-741, 

741f
in pulmonary valvuloplasty, 740, 740f
in secundum atrial septal defect, 737, 738f
specific procedural uses for, 736-745
in transseptal puncture, 735f-737f, 736

Intracardiac interventions, imaging for, 727-746
Intracardiac therapies, for structural heart lesions, 

727
Intracoronary physiologic measurements, 91-92

future applications and research, 104-106
Intracoronary pressure measurements, fractional 

flow reserve and, 86-87, 87f
Intracoronary radiation therapy, 548
Intracoronary sensor wire measurements, safety 

of, 88
Intracranial intervention, 713-717, 714f-715f

clinical outcomes of, 716-717, 716t
technique of, 716

Intramural (intravascular) hematoma, 937-938, 
939f

Intraplaque hemorrhage, 960-962, 962f
INTRASTENT study, 716t
Intravascular ultrasound (IVUS). see Ultrasound, 

intravascular
Invasive digital subtraction angiography, of 

chronic mesenteric ischemia, 638
INVEST trial, 228
Investigational device exemption (IDE), 535-536
Iodixanol (Visipaque), 114-115
IRIS-DES study, 948t
Iron, bioresorption of, 553
Iron-based bioresorbable scaffold, 558
Irregular lesions, 913
ISA. see Incomplete stent apposition (ISA)
ISAR-CABG study, 431-432
ISAR-COOL trial, 321, 321t
ISAR-DESIRE-2 trial, 253t, 283
ISAR-DIABETES trial, 253t, 275-276, 547t
ISAR-LEFT-MAIN study, 42-43
ISAR-REACT trial, 146-147, 156-157, 166, 

492-493
ISAR-REACT-2 trial, 318, 318f
ISAR-SWEET trial, 40, 166
ISAR-TEST-2 trial, 259, 259t-261t
Ischemia, 34-35, 35f

after CABG, 424-425
aspirin dosages impact on, 154
in chronic total occlusions, 414-416
limb. see Acute limb ischemia (ALI); Critical 

leg/limb ischemia
silent

in diabetes, 53
elective intervention for, 298-311
revascularization for, 307, 307f

Ischemia-guided strategy, 318
ISCHEMIA trial, 417
Ischemic heart disease

appropriate use criteria, 81, 82t
multimodality detection and risk assessment of, 

81t-82t
regional centers of excellence for the care of 

patients with, 590-600
stem cell therapy for, 901-909

Ischemic post conditioning, 356-357
Ischemic preconditioning, for PMI, 494
ISIS-1 Trial, 224
ISIS-2 trial, 206t
ISIS-3 trial, 206
Isoosmolar contrast agent, 114-115
Isradipine, 227t

Intracardiac imaging (Continued)
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J
Jailed side branches, fractional flow reserve and, 

104
J-CTO score, 418
JenaValve, 830
JETSTENT study, 448-449
Joint Commission, The, 1027, 1028t
Judkins catheters, 523

K
Kawasaki syndrome, 671-672
Kidney Disease Improving Global Outcomes 

(KDIGO), 109
“Kissing” technique, 584, 584f
KOMER trial, 261, 274t-275t

L
LAAOS III study, 773-774
Labetalol, 223t
Landing zone, 836

predilation of, 839
Lanoteplase, 205-206
Large focal spot (LF), 121, 122f
Large plaque burden, 956-957
Lariat device, transcatheter left atrial appendage 

ligation with, 782-785
clinical outcomes of, 783-785
device characteristics and procedural approach 

of, 782-783, 783f-784f
Lariat Loop Applicator, 782
Lariat snare, 783
Laser angioplasty, 571-573

clinical results of, 573, 574f
lesion selection in, 573, 575f
mechanism of action in, 571, 573f
technique for, 571, 574f

Laser-tissue interaction, 573f
Late gadolinium enhancement (LGE), 484
Late loss (LL), 543-544
Late lumen loss, 927-928
LATE trial, 209
LateTIME trial, 903t, 904
LEADERS trial, 2-3, 2t, 263, 265t-268t
Leaflet repair, in mitral valve repair, 802

with MitraClip system, 803-805, 804f
Leapfrog Group, The, 1028t
Left anterior descending coronary artery (LAD), 

103f-104f
Left anterior oblique (LAO), 728, 729f
Left atrial angiogram, 727, 727f
Left atrial appendage closure, 773-785

rationale of, 773, 773f-774f
and stroke, 771-787
surgical approaches of, 773-774, 775f, 776t

Left atrial appendage occlusion, 737-739
Left atrial-femoral artery bypass, 581-583, 587t

clinical trials for, 583-584
insertion technique for, 583
observational trials for, 583t

Left internal mammary artery, total occlusion of, 
428f

Left main coronary artery disease
drug-eluting stents for, overview of, 276-278
fractional flow reserve and, 98-99, 100f
plus downstream lesions, 99-100, 100f

Left main coronary artery (LMCA) stenosis
anatomy and pathology of, 394-395
causes of, 395t
current status of, 400-401, 400t
definition of significant, 394-395
drug-eluting stents for

adjuvant devices and methods for,  
396-398

antiplatelet therapy after, 398-400
versus CABG, 399-400, 399f

in-stent restenosis after, 398-399
stent thrombosis after, 398-400, 399t

medication versus revascularization, 396-398, 
398t

stenting techniques for, 395
bifurcation lesion, 395, 395t, 396f
ostial and shaft lesion, 395

unprotected, 398
percutaneous coronary intervention for, 

394-402
Left main coronary artery plus downstream 

lesions, 99-100, 100f
Left main disease, thrombus-containing targets 

and, 455, 459f
Left ventricle function, in chronic total 

occlusions, 414-416
Left ventricular assist devices, for high-risk PCI

percutaneous, 581-584, 583t, 587t
transvalvular, 584-587, 585f, 586t-587t

Left ventricular dysfunction
and chronic total occlusions, 414
diastolic, 768-769

Left ventricular ejection fraction (LVEF), 
impaired, SYNTAX Score II, 20

Left ventricular end-diastolic pressure (LVEDP), 
112

Left ventricular puncture, transapical, 507-508
Left ventriculogram, 728, 728f-729f
LE MANS trial, 399
Lescol Intervention Prevention Study (LIPS), 325
Lesion classification system, ACC/AHA, 10t, 15, 

15t, 466t
Lesion morphology

abnormal, 937-939
angiographic

ACC/AHA task force on, 466t, 911-912, 
912t-913t

risk assessment and, 913-917
SYNTAX score of, 912-913

Leukocytes, migration of, 541
LEVANT study, 295
Lidocaine, puncture and, 522
Life years, cost and, 1015
Limb pressures, measuring, 634
Lipid core burden index (LCBI), 975
Lipid-lowering

in coronary artery disease, 183-204
epidemiology of, 183

mechanisms of benefit with, 192-199
NCEP international guidelines for, 183-199, 

186t-187t
novel targets for therapy, 199-202
for PMI, 490
using nonstatin (trials), 185, 186t-187t
using secondary prevention statin trials, 

186-187
and atherosclerotic burden, 192
for cholesterol treatment, 187-188
for heart protection, 187-188
in intensive versus standard therapy, 190, 191f
for stable coronary artery disease, 189-190
as treatment for acute coronary syndrome, 

188-192, 191f
Lipid-Rich Plaque (LRP) study, 975
LIPID trial, 186-187
Lipoprotein, 183, 186f
Live demonstration, 238
Local device therapy, for cardioembolic stroke 

protection, 771-787
Local therapy, for vulnerable plaques, 982-985, 

983f-984f, 984t
Logistic clinical SYNTAX score, 11t, 18-19, 19f, 

18.e2f

Long lesions, angiographic assessment of, 915
Lotus aortic valve replacement system, 829-830
Low-density lipoprotein cholesterol (LDL-C)

coronary heart disease risk and, 183, 186t
mechanisms of statins reducing, 192-193

Lower extremity
deep venous thrombosis of, 689-694

catheter-directed thrombolysis for, 690-691, 
691t, 692f

goals of therapy for, 689-690
inferior vena cava filters for, 690, 690f
percutaneous mechanical thrombectomy for, 

691-694, 693f-695f
interventions for, 615-623

future directions of, 626
vascular anatomy of, 611-612, 612f

LRC-CPPT trial, 185
LTA assay, 169t
Lumen, improvements in, after percutaneous 

coronary intervention, 927

M
Macrophages

M1, 957-958
M2, 958
optical coherence tomography and, 994-995, 

995f
Magnesium-based bioresorbable scaffolds, 558, 

559f
Magnet-tipped guidewire, 783
Magnetic resonance angiography (MRA)

in lower extremity interventions, 614, 614f
renal artery stenosis and, 645
see also Cardiac magnetic resonance imaging 

(CMRI)
Magnetic resonance imaging (MRI)

cardiac, 72-74
dobutamine, 73
perfusion imaging, 73-74, 75f

of central venous stenosis, 683
of deep venous thrombosis, 687
of vulnerable plaques, 963t, 979-980, 981f

Magnetic resonance myocardial perfusion 
imaging (MRMPI), fractional flow reserve 
and, 91

Magnetic resonance venography, 687
MAIN-COMPARE registry, 399, 399f
MAIN-COMPARE study, 9-11, 948t
Major adverse cardiac and cerebrovascular events 

(MACCEs), 7f-8f, 43f
Major adverse cardiac events (MACEs), 94f-95f, 

99f
Major bleeding

GUSTO definition of, 174t
REPLACE-2 definition of, 174t

Malapposition, 999-1004, 1005f
Mammalian target of rapamycin (mTOR), 543, 

544f
Manual and mechanical compression, 508-509, 

509f
Manual thrombectomy, for PMI, 495
MAPC phase I trial, 905
Mapping, epicardial, 869-870
Marginal cost, 1013
Markov Models, simulation with, 1017, 1017f
Markov states, 1017, 1017f
MASS-COMM trial, 593-594

impact of, 594
MASS trial, 36
Massachusetts State PCI Registry, 325
MASS-II trial, 26-27, 305, 405, 1018
MAST-E trial, 720t
MAST-I trial, 720t
MATRIX study, 948t
MAVErIC registry, 708f, 709t

Left main coronary artery (LMCA) stenosis 
(Continued)
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Maximal coronary hyperemia, 88
Maximum allowable contrast dose (MACD), 115
Maximum coronary hyperemia, 89-90
Mayo Clinic model, 576-577
Mayo Clinic Risk Score (MCRS), 10t, 13
MDRD study, 110-111, 112f
Mechanical catheters, 734
Mechanical prosthetic valve assessment, 

intracardiac imaging in, 741-744, 743f
Mechanical support, during PCI

elective, 577
emergent, 577

Mechanical transducers, 734
Mechanical valves, 741
Mechanically rotating single-transducer system, 

932-933
Mechanotransduction, 552-553
Medical costs. see Cost, types of; Cost-benefit 

analysis; Cost-effectiveness, analysis of; Cost 
studies

Medical economics. see Economics, medical
Medical therapy, cost of, versus transcatheter 

aortic valve replacement, 1024
Medicare

and percutaneous coronary interventions, 593
quality of care and, 1028-1029

Medicare Innovation Center, 1029
Medicine Versus Angiography in Thrombolytic 

Exclusion (MATE) study, 318-320
Medina classification, of bifurcation stenoses, 915
Medtronic CoreValve prosthesis, self-expanding, 

811, 815
Medtronic Ensemble transcatheter valve delivery 

system, 895f
Medtronic Melody transcatheter pulmonary 

valve, 895f
Medtronic’s transcatheter mitral valve, 808
MEGA trial, 188f
Melody stent fracture, after transcatheter 

pulmonary valve replacement, 897
Melody transcatheter pulmonary valve, 835, 835f
Melody trial, 841
Mercator MedSystems Cricket catheter, 906f
MeRes device, 558
MERLIN trial, 343
MESA trial, 985
Mesenchymal stem cells, 905-906
Metabolic phenotype, predicted, 158
Metallic stent struts, 998-999
Metoprolol, 222-223, 223t
MGH OFDI system, 991-992
MGuard stent, 451-452, 452f
MIAMI Trial, 224
Microchannels, 968-969, 973f

chronic total occlusions and, 414
Microembolization, in preprocedural myocardial 

infarction, 473
Microsomal triglyceride transfer protein 

inhibitors, 199-202
Microvascular angina, 145-146, 146f
Microvascular dilators, for SVG PCI procedures, 

434
Microvascular embolization, in preprocedural 

myocardial infarction, 473
Midstent articulation, 545
Migraine headache, patent foramen ovale and, 

751-752
Migraine Intervention with STARFlex Technology 

(MIST) trial, 751
Migraine trial, 754, 755f
Mini-crush stenting technique, 385-387, 

385f-386f
Minimally invasive direct coronary artery bypass 

(MIDCAB), 538
Mipomersen, 201
MIRACL trial, 188, 325

Mission: Lifeline STEMI Accelerator project, 
597-598

Misuse, definition of, 1029
MitraClip system, 803-805, 804f

cost-effectiveness of, 1025
for mitral valve repair, 1053, 1053f

Mitral annulus, 740
Mitral regurgitation

chronic, 798
etiology and mechanism of, 798-799, 799f-800f, 

799t
hypertrophic cardiomyopathy and, 849
imaging for, 800-801, 801t, 802f
mitral valvuloplasty and, 791
natural history of, 800, 800f

Mitral stenosis
low prevalence of, 795
management of, 795f

Mitral valve anatomy, 798, 799f
Mitral valve repair

annuloplasty-based, 805-808
chamber remodeling devices for, 807
direct, 806-807
indirect, 805-806

future directions for, 809
patient selection for, 809
percutaneous, 798-810

cost of, 1024-1025
interventional heart failure and, 1053-1054, 

1053f
intracardiac imaging in, 740-741, 741f

surgical, 801-805
annuloplasty in, isolated, 802
annuloplasty/leaflet repair in, 802
approach to, 802
leaflet repair, with edge-to-edge technique 

in, 802-803, 803t
percutaneous, 803, 803t

transcatheter mitral valve replacement for, 
808-809, 808f

Mitral valve replacement, transcatheter, 808-809, 
808f

Mitral valvuloplasty, 788-797
contraindications to, 794t
device and techniques of, 788, 789f
evaluating results of, 788-793
experience of medical and surgical teams in, 

795
future prospects of, 796-797
immediate results of, 790-793

complications in, 790-792, 791f
failures in, 790
hemodynamics in, 790, 791f
long-term results of, 792-793, 792f, 793t
predictors of, 792

Inoue technique for, 788, 789f-790f
intracardiac imaging in, 739, 739f
monitoring of procedure for, 788-793
other techniques for, 788
percutaneous. see Percutaneous mitral 

commissurotomy (PMC)
selection of patients in, 793-794

patient evaluation in, 793-794
transseptal approach of, 788

Mitralign Direct Annuloplasty System, 806
MLD relocation phenomenon, 544
Modern interventional x-ray systems, in patient 

radiation dose management, 124
Molsidomine, 523
MO.MA registry, 708f, 709-710, 709t
Mo.Ma Ultra Cerebral Protection Device, 496, 

500-501, 501f
Monocyte chemoattractant protein 1 (MCP1), 985
Mononuclear cells, from bone marrow, 902-904
Monorail balloon shaft and guidewire concept, 

240f

Monorail train system, 238, 240f
Monte Carlo simulation, 1017
Monteplase (MT-PA), 205-206
Mortality, and PMI, 489
Mullins sheath, 813-814
Multicenter registry, on percutaneous balloon 

pericardiotomy, 866-867
Multidetector computed tomography, 77f-79f

functional testing and, 66-84
Multielectrode radiofrequency ablation, 658-659, 

660f
Multiplate analyzer (MEA), 169t
Multiple shunts, patent foramen ovale closure 

and, 758, 759f
Multiple stenoses, 101
Multipotent adult progenitor cells (MAPCs), 

905-906, 906f
Multislice computed tomography (MSCT), 24.e1f
Multivessel coronary disease

clinical practice recommendations for, 411
coronary artery bypass grafting for

versus balloon angioplasty, 403-404, 
404f-405f

versus bare-metal stenting, 404-407
versus drug-eluting stenting, 407-410, 408f
implications, 96-98

drug-eluting stents for, 276-278
meta-analysis of, 410
registry studies of, 410-411

Multivessel disease
cost of treatment for, 1018-1019
diabetes with, percutaneous coronary 

intervention versus coronary artery bypass 
grafting in, 57-58, 57f-58f

prognostic indications for, 37-40
revascularization of, in cardiogenic shock,  

373
Multivessel disease, revascularization of, in 

NSTE-ACS, 324-325
MUSIC IVUS study, 546
MUSIC trials, 547t
Mynx Vascular Closure Device, 511, 512f
Myocardial bed, for LMCA, 99-100
Myocardial bridging, 940
Myocardial contractile reserve, assessment of, 

balloon aortic valvuloplasty for, 814
Myocardial fractional flow reserve, 86-87
Myocardial infarction (MI), 35f, 174t

aborted, 342
acute, PCI and, 241
angiotensin-converting enzyme inhibitors for, 

229
beta-blockade during, 225-227

chronic therapy after, 226
patient selection, 226

calcium-channel blockers after, 227, 228f
carotid intervention and, 706t, 708, 708f
cell-based therapy after, 359-361, 359f-360f
clinical factors associated with, 175t
clinically relevant, after coronary 

revascularization, 603
as complication of PCI, 472-474

definition of, after PCI and CABG, 473t
incidence of, 472-473, 472t
mechanism of, 473, 473t
prevention pharmacotherapy for, 474, 474f
prognosis of, 473, 473f

congestive heart failure after, 901
embolic protection devices in PCI for, 497-499
perioperative, in noncardiac surgery, 129, 130f
periprocedural. see Periprocedural myocardial 

infarction
regenerative agents after, 359-361
ST-segment elevation. see ST-segment elevation 

myocardial infarction (STEMI)
stem cell transplantation for, 903t
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Myocardial injury, 483
Myocardial Jeopardy Index, 10t, 15
Myocardial Jeopardy Scores, 15-16, 15f
Myocardial perfusion imaging, 69-70

fractional flow reserve and, 91, 91t
scintigraphic

exercise, 70-71
pharmacologic, 71-72
stress, 69-70, 73f

Myocardial regeneration, 902, 903f
Myocardial viability assessment, 74-80
Myocardium, viable, PET, 72
Myonecrosis, evidence of, and periprocedural MI, 

484

N
N-Acetylcysteine, 112
Nadolol, 223t
NAPLES-DIABETES trial, 261
Naples II trial, 493
NASCET trial, 699, 699f
National Board of Medical Examiners, 1028
National Cardiovascular Data Registry (NCDR), 

433, 497, 509, 516, 579, 1032, 1042
CathPCI risk-prediction score, 10t, 13, 14f, 14t, 

1042t
National Cholesterol Education Program (NCEP), 

183
National Committee for Quality Assurance 

(NCQA), 1028t
National Council on Radiation Protection and 

Measurements (NCRP), dose limits for 
occupational workers, 126, 126t

National Guideline Clearinghouse (NGC), 1028t
National Health and Wellness Survey, 773
National Inpatient Sample (NIS), 1047
National Quality Forum (NQF), 1028t, 1032
National Registry of Elective Cardiopulmonary 

Support, 581
National Registry of Myocardial Infarction 

(NRMI), 148-149, 335, 590, 592, 1035
Near-infrared spectroscopy (NIRS)

intravascular ultrasound with, 937, 938f
for vulnerable plaques, 975, 976f

Negative vascular remodeling, 541, 542f
Neoatherosclerosis, 1006, 1007f
NeoChord DS1000 system, 808
Neovascularization, atherosclerotic, 960, 

961f-962f
Neovessels, 960
Nephropathy, ischemic, 644
Neptune Pad, 511
Net adverse clinical events (NACEs), 348-349
Neuromodification, for resistant hypertension, 

654-655
Neutrophil activation, and periprocedural MI, 

486-487
New Risk Classification Score (NERS), 10t, 17, 

17f
New York PCI Risk Score, 10t
New York State Hospital model, 576-577
Newborn, with critical aortic stenosis, 879, 879f, 

881
NHLBI Dynamic Registry, 464, 470, 485
Niacin, lipid-lowering effects of, 197
NIAMI trial, 357
Nicardipine, 227t
Nickel allergy, patent foramen ovale and, 760
Nicorandil, as adjunct to PCI, 357-358
Nifedipine, 227, 227t
Nile Pax bifurcation stent, 390
NINDS tPA Stroke Trial, 720t, 723t
Nisoldipine, 227t
Nit-Occlud PDA closure device, 892-893, 893f
Nitinol, 704
Nitroprusside IC, 90t

No-reflow phenomenon, 432-433
as complication of PCI, 436

Nobori BP-BES trial, 263
NOBORI-DAPT study, 281t
Non-ST-segment elevation acute coronary 

syndrome (NSTE-ACS)
percutaneous coronary intervention for, 

312-328
adjunctive treatment during, 314-318, 316f, 

317t, 318f
background and rationale for, 312-314, 313f
chronic kidney disease, 324
diabetes and, 323-324
invasive strategy versus ischemia-guided 

strategy for, 318-323, 319f-321f, 
320t-323t, 323f

management of, 325-326, 326t
optimal timing of intervention, 320-322, 321t
risk stratification for, 313-314, 313f-314f
in special populations, 323-324
statins and, 325
troponin-negative patients with, positive 

serum troponin level in, 314, 314t, 315f
women, 324

Non-HDL-cholesterol (non-HDL-C), 183, 185f
Nonionic contrast agents (Hexabrix), 114-115
Non-ST-elevation myocardial infarction 

(NSTEMI)
anticoagulation and, 178, 179f
antithrombotic use in, 1021-1022
aspiration thrombectomy and, 447
management of, cost of, 1020

Non-ST-segment elevation acute coronary 
syndrome (NSTE-ACS)

antiplatelet therapy for, 156
benefits of catheter-based therapy for, 596-597
diabetes and, 59, 59f
transport of patients with, 597

Nonthienopyridines, in antiplatelet therapy, 
161-163

Nontrue bifurcations, 375
Nonuniform rotational distortion (NURD), 933f

in OCT, 992-993, 993f
Non-vitamin K antagonist, for stroke prevention, 

773
Nordic Bifurcation Study, 375
No-reflow phenomenon, after percutaneous 

coronary intervention, 917
Northern Manhattan Study, 698f
NovaFlex delivery system, 816f, 818
Novel catheter-based interventions, in pericardial 

space, 869-871
Novel oral anticoagulants (NOACs), 602

for stroke prevention, 773
NRMI. see National Registry of Myocardial 

Infarction (NRMI)
n-3 fatty polyunsaturated acids, 982
Nuclear imaging, 979, 980f
NURD. see Nonuniform rotational distortion 

(NURD)

O
OASIS-5 trial, 178, 215, 317, 1021
OASIS-6 trial, 177, 215, 356
OASIS-7 trial, 315
OAT trial, 337, 417
Occlusion, definition of, 413
Occulostenotic reflex, 545
Occupational dose monitoring, 126
OCT. see Optical coherence tomography (OCT)
OFDI. see Optical frequency domain imaging 

(OFDI)
Off-hours presentation, PCI during, 361-362
Older patients, mitral valvuloplasty for, 794
Omeprazole Clopidogrel Aspirin (OCLA) study, 

159

ON-AVS bioresorbable scaffold, 558
OneShot device, 659
Open surgery, for retrograde type A thoracic 

aortic dissection, 670-671
Opportunity cost, 1013
Optical coherence tomography (OCT), 92f, 

990-1012, 991f
artifacts and, 992-993, 993f
clinical applications of, 996-998

in stented coronary lesions, 1009, 1010f
of coronary atherosclerosis, 996-998,  

996f-998f
for detection of thrombus-containing lesions, 

441, 442f
future of, 1010-1011
of high-risk vulnerable plaques, 968-969, 

969f-973f
image acquisition and, 992
image interpretation in, 993-995, 994f
measurements, 91-92
in noncoronary arteries, 1009
physical properties of, 990-996, 992f
quantitative measurements in, 995-996
and restenosis, 544, 546f
stent assessment and, 998, 999f-1003f
in stent failure analysis, 1006

bioresorbable vascular scaffolds, 1006-1009, 
1008f-1009f

in-stent restenosis, 1006, 1007f
thrombosis, 1006, 1008f

stent imaging and, principles of, 998-1006, 
1004f

strut apposition in, 999-1004, 1005f
strut coverage in, 1004-1006

upcoming technologies for, 1010
Optical frequency domain imaging (OFDI), 991
OPTICUS study, 947t
OPTIDUAL study, 281t
OPTIMA trial, 321-322
Optimal medical therapy (OMT), 95f

cost of, versus revascularization, 1018
Oral anticoagulation, for stroke prevention, 

772-773, 773t
ORBIT study, 773
ORBIT I study, 569
ORBIT II trial, 569
Orbital atherectomy (OA), 564, 566-569

clinical results of, 569
equipment for, 566
lesion selection in, 569
mechanisms of action, 566, 568f
procedure for, 566-569, 569f

Organizational culture, 1042-1043
Ostial lesions

angiographic assessment of, 914
aorto-, angiographic assessment of, 914
fractional flow reserve and, 104
nonaorto-, angiographic assessment of, 914
stenting approaches to, 384, 389

Ostium primum, 747
Ostium secundum, 747
Outcome measures, 1032-1033

see also Volume-outcome relationship
Overuse, definition of, 1029
Oxidative stress, in diabetes, 51
Oxidized low-density lipoprotein, statins and, 

194-195
Oxidized phospholipids (OxPLs), statins and, 

194-195
Oxygen, aqueous, as adjunct to PCI, 358

P
P2Y12 inhibitors

in antiplatelet therapy, 154-169, 155t, 169t
for PMI, 492-493, 492f
sex differences and, 146-147
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P2Y12 receptor antagonists, cost of, for acute 
coronary syndrome, 1021

Pacemaker
placement, temporary, for transfemoral 

transcatheter aortic valve replacement, 819
temporary transvenous, for septal ablation, 854

Pacing
dual-chamber, for hypertrophic 

cardiomyopathy, 852
rapid ventricular, in balloon aortic 

valvuloplasty, 812-813
Paclitaxel, and restenosis, 543
Paclitaxel-coated balloons, 292t
Paclitaxel-eluting stents (PESs), 1006

with bare-metal stents, 431
compared with

bare metal stents, 251, 252t
sirolimus-eluting stents, 251, 253t

overview of, 249t, 251
side branch occlusion and, 488-489

PADI trial, 622
Palmar arches, 516
Palmaz-Schatz bare metal stent, and restenosis, 

545
Palmaz-Schatz coronary stent, 245, 245f, 429-430
Palmiteplase (YM866), 205-206
Palpography, of vulnerable plaques, 975-976, 977f
PAMI trial, 344
Pantera Lux, 293
Papaverine IC, 90t
Parachute device, 1054, 1054f
PARACHUTE trial, 1054
PARACHUTE IV trial, 1054
PARADISE Ultrasonic catheter, 659
Paraoxonase-1 enzyme (PON-1), 159
Paraplegia, 670, 672-673
Paravalvular leak closure, intracardiac imaging in, 

744-745, 744f-746f
Parsonnet score, 10t
PARTNER European Registry, TAVR and, 821
PARTNER trial, 1024, 1053

TAVR and, 823-824, 823f
PARTNER II trial, TAVR and, 824, 824f
PASCAL registry, 709t
Patent ductus arteriosus, coils for, 892-893, 

892f-893f
Patent foramen ovale (PFO), intracardiac imaging 

in, 736-737, 737f
Patient assessment, individualized

need for, 1-2
clinical trial results, 3-6
historic (pre-syntax), 3-6
patient comorbidities and, 1-2, 3f
technological advances and, 2-3, 2t

perspective of, 26-28
from physician’s perspective, 6-17

risk scores in contemporary practice, 9-17, 
10t

risk stratification in, qualitative versus 
quantitative, 6-9

Patient-based analysis, CCTA for luminal stenosis 
evaluation, 76

Patient-Centered Outcomes Research Institute, 
1029

Patient characteristics
high-risk PCI and, 577
increased risk of bleeding and, 512

Patient frailty, transcatheter aortic valve 
implantation and, 816

Patient-level data, cost-effectiveness analysis with, 
1017

Patient Protection and Affordable Care Act, 1029
Patient transitioning, from “upstream” 

management to catheterization lab, 180
PC trial (Patent Foramen Ovale and Cryptogenic 

Embolism), 751

PCI. see Percutaneous coronary intervention 
(PCI)

PCI-CLARITY study, 155t, 156-157, 355
PCI-CURE trial, 155t, 315, 1021
PCSK-9 inhibition, statins and, 199-201, 200t, 

201f
PCVI-CUBA study, 520
Peak hyperemia, 87-88
Peak systolic renal parenchymal velocity, 644-645
Pediatric patient. see Children
Pediatric Valvuloplasty Registry, 876, 879-880
Peer review, 1037-1039
Peer review organizations, 1028
PELVIS trial, 748
Pentasaccharide, 172
PEPCAD trials, 294
PEPCAD I study, 295
Percent cross-sectional narrowing, 936
Percent plaque area, 936
PerClose suture-based closure device, 510
PercuSurge GuardWire system, 495f, 496, 703
Percutaneous angioplasty and stenting (PTAS), of 

upper extremity and aortic arch, 635, 636t
Percutaneous aortic valve replacement, 

intracardiac imaging in, 741, 742f-743f
Percutaneous balloon pericardiotomy, 863-869

adjunctive diagnostic approaches to, 867, 868f
balloon rupture during, 867
bleeding risk with, 867
cardiac/pulmonary injury and, 867
catheter placement and, 867
evidence-based literature for, 866
fluoroscopic guidance for, 867
mechanism of, 866, 866f
multicenter registry on, 866-867
pleural effusion after, 867, 868f
postprocedural management of, 865-866
prophylactic antibiotic administration and, 867
results of, 866-867
technical considerations for, 867
technique for, 864-865, 864f-865f

Percutaneous cardiopulmonary support, 579-581, 
587t

clinical trials for, 580-581, 582t
insertion technique for, 580, 580t

Percutaneous carotid revascularization, 700-701
Percutaneous coronary intervention (PCI), 1, 2f, 

4f, 41f, 95f, 2.e1f
access-site for. see Access-site management
for acute myocardial infarction, 497-499
adjunct pharmacologic therapies for

adenosine as, 357
aqueous oxygen as, 358
caldaret as, 358
cyclosporin A as, 358
delcasertib as, 358
hyperoxemic reperfusion as, 358
hypothermia as, 358-359
nicorandil as, 357-358
pexelizumab as, 358
sodium nitrite as, 357

adverse events following, 173-175, 174f
after thrombolysis, 341-342, 343f
angiographic complications after, 917-918, 917t
anticoagulation in, 172-182
antithrombotic agents in, 174t
aspirin dose after, 153-154
atrial fibrillation undergoing, 168t
in cardiogenic shock, 372-373
centers for, without on-site cardiac surgery, 

593-594
complications of, 464-481
coronary artery bypass grafting versus, 5t, 

22f-23f, 37-45, 241
adjusted hazard ratios of, 44f

coronary artery lesion treated by, 236f

cost of, hospitalization for, 1018
in elderly patients, 362, 362f
elective, anticoagulant therapy in, 177-180
embolism protection in. see Embolic protection 

devices (EPDs)
facilitated, 340-341

defined, 340-341
glycoprotein IIB/IIIA inhibitors in, 341
in ST-segment elevation myocardial 

infarction, 340-341
thrombolytic therapy, in ST segment 

elevation MI before, 340-341
failure of, 593, 594f
first-in-man coronary angioplasty and, 

235-237, 236f-237f
fractional flow reserve and, 93-95

versus medical therapy, 95
glycoprotein IIb/IIIa inhibitors in, 166-167
high-risk, support devices for, 576-589

approach to the patient, 577-578
case study for, 584, 584f-585f, 586
description of, 578-584, 579t-580t, 587t
guidelines on use of, 586-587
introduction and rationale for, 576-577

history of, 235, 237f
hospitalization for. see Hospitalization for PCI
impact of thrombus in, 440t
limits of, in thrombus-containing lesions, 

443-444, 445t
lumen improvements after, 927
medical therapy alone versus, 45-47
for myocardial infarction, 241
odds of in-hospital death and myocardial 

infarction after, 142t
during off-hours presentation, 361-362
outcomes in myocardial infarction, 144t
patient assessment for. see Patient assessment, 

individualized
patient surveillance during, 239
pharmacologic therapies in

adjunctive drugs for, 223-224, 228-229
anticoagulant agents used in current era, 

175-176, 176t
antiplatelet therapy, 154, 155t
thrombolytic therapy for, 215-216

predictors of risk during, 577t
preoperative

observational studies of, 131-132
risk of, 131
technical aspects of, 133-134, 134f

primary versus elective, 343-344
racial and ethnic minorities undergoing, 148, 

148t
reoperation versus, 427-428
rescue, 342
revascularization and, 131-134
routine stenting during, 247
for stable coronary artery disease, 178-180, 

179f
surgical standby and, 240
thrombolysis versus, in ST segment elevation 

MI, 329-331, 332f-334f, 333t
volume standards for, 1047, 1048f
without on-site surgical backup, 531-533, 532f, 

534f
criteria for performance of, 533t
patient selection for, 533t
for ST-elevation myocardial infarction, 533t

see also Coronary stenting; Percutaneous 
transluminal coronary angioplasty (PTCA)

Percutaneous left atrial appendage suture ligation, 
871

Percutaneous Left Atrial Appendage Transcatheter 
Occlusion (PLAATO) system, 774-775, 776f

Percutaneous coronary intervention (PCI) 
(Continued)
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Percutaneous mitral commissurotomy (PMC), 
788

indications for, 795-796, 795f-796f
Percutaneous mitral valve repair. see Mitral valve 

repair, percutaneous
Percutaneous revascularization, individualized 

assessment for, 1-31, 5t
Percutaneous Septal Sinus Shortening System, 807
Percutaneous transluminal angioplasty (PTA)

for chronic mesenteric ischemia, 639
cost of, versus bypass surgery, 1023
in deep venous thrombosis, 688

Percutaneous transluminal catheter angioplasty, 
530-531

Percutaneous transluminal coronary angioplasty 
(PTCA), 90-91, 245f

CABG versus, 305
Percutaneous transluminal rotational 

atherectomy, 564-566
atheroablative or thrombectomy devices, 565t
burr for

advancement of, prevention of, three-point 
checklist for, 566

brass, nickel-coated, 564, 566f
clinical results of, 566, 567f
contraindications for, 566
equipment of, 564, 566f
goal of, 564
historical background, 564
lesion selection in, 566, 568f
mechanism of action, 564-566
procedures in, 565-566

Percutaneous transthoracic puncture, 508
Percutaneous ventricular assist devices (pVADs), 

577-578
left, 581-584

Percutaneous ventricular partitioning/restoration, 
1054

Perforation, coronary
after percutaneous coronary intervention, 

917-918
as complication of PCI, 436, 467-469, 468f

diagnosis of, 469
incidence of, 467, 468t
management of, 469, 470f-471f
mechanisms of, 467
prognosis of, 467, 468t

Ellis graded, 467, 468t
SVG, 436

Performance measures, 1030-1032, 1032t-1033t
impact of, 1034-1036

Pericardial effusion, 861, 862t, 871f-872f
malignant, treatment modalities for, 869f

Pericardial hemorrhage, mitral valvuloplasty and, 
790-791

Pericardial interventions, 861-873
see also Percutaneous balloon pericardiotomy; 

Pericardiocentesis
Pericardial space, 872f

novel catheter-based interventions in, 869-871
Pericardial window, subxiphoid surgical, 863-864
Pericardiocentesis, 861-863, 863f

complications of, 862
indications for, 861
postprocedural management of, 862-863
technique for, 861-862

Pericardioscopy, 870-871
Perioperative myocardial infarction, in 

noncardiac surgery, 129, 130f
Peripheral aneurysm, 625
Peripheral arterial disease (PAD)

lower extremity
acute limb ischemia in, 623-624
Buerger disease in, 625
critical leg ischemia in, 624-625
diagnosis of, 612-615

epidemiology and natural history of, 611
femoropopliteal intervention in, 615t, 

617-621
history and physical examination of, 

612-615, 612t
iliac artery intervention in, 615-617
infrapopliteal, 621-623, 621f

noninvasive therapy for, 1022-1023
treatment of, cost of, 1022
upper extremity and aortic arch

classification of, 630-635
coronary steal syndrome in, 637
diagnostic evaluation in, 630-635
epidemiology and risk factors for, 628
history of, 630-634
imaging for, 634
laboratory testing for, 634
physical examination for, 630-634
special considerations in, 636-637
subclavian steal syndrome in, 636, 637f
thoracic outlet syndrome in, 636
treatment for, 635-636, 635f, 636t
vascular laboratory testing for, 634, 634t

Peripheral vascular disease
drug-coated-balloons for, 295-296
see also Chronic mesenteric ischemia (CMI)

Peripheral vascular interventions, medical 
economics of, 1022-1023

Periprocedural myocardial infarction
clinical characteristics of, 487, 487f
definition of, 482-484

proposed by The Society of Cardiac 
Angiography and Interventions Expert 
Consensus, 483-484

from The Third Universal Definition of 
Myocardial Infarction, 483, 483t

diagnosis of, recommendations for, 484
and distal embolization, 486, 486f
and embolism-protection devices, 482-504

acute MI PCI and, 497-499
carotid stenting and, 499, 499f
different concepts in, characteristics of, 496t
renal and peripheral interventions and, 501

incidence of, 485, 485t
nonpharmacologic approaches to, 494-495
prevention and management of, 490-495
prognostic implications of, 489-490, 490f
risk factors predisposing to, 487-489

by interventional device, 489
lesion-related, 487-488
and procedural complications, 488-489

role of platelet in, 486
and saphenous vein graft percutaneous 

coronary intervention, 496-501, 497f-498f
ST-segment-elevation, 486
underlying pathophysiologic mechanisms of, 

485-487
Periprocedural myocardial infarction (PMI), 

104-106
Periprocedural percutaneous intervention 

myocardial infarction (Peri-PCI MI), 603, 
603t

PERISCOPE trial, 199
Perivascular landmarks, 935f
Personal protective equipment, 126-127, 127f, 

128t
“Personalized medicine,” percutaneous mitral 

valve therapies as, 809
Personnel radiation exposure, sources of, 126
PESA study, 985
PET (positron emission tomography)

in hybrid imaging, 80-81
imaging system, 70
myocardial perfusion imaging, 69-70, 74f

Pexelizumab, adjunct to PCI, 358

PFX Closure System, 755, 756f
Pharmacokinetics, of antiplatelet agents, 137t
Pharmacologic hyperemic stimuli, 88-90
Pharmacologic intervention. see Angiotensin-

converting enzyme (ACE) inhibitors; 
Anticoagulation; Antiplatelet therapy; 
Beta-blockers; Calcium-channel blockers; 
Lipid-lowering; Thrombolytic therapy

Phased-array systems, 734
Phosphodiesterase inhibitors, 164, 370-371
Phosphorylcholine zotarolimus-eluting stent, 

259-262
Photodynamic therapy, for vulnerable plaques, 

982, 983f
Photosensitizing agents, for vulnerable plaques, 

982
Physician champions, in quality culture, 1043
Physician costs, evaluation of, 1014-1015
PICSS trial, 749
Pigtail catheter, 670
Pindolol, 223t
Plain old balloon angioplasty (POBA), 233, 242f

clinical adoption and evolution of, 237-242
clinical results, 240-242
restenosis and, 240-241, 241f
special subgroups and, 241-242
surgical standby for, 240
technical modifications of, 238-239

Plan-Do-Study-Act (PDSA) model, 1036-1037, 
1037f

Plaque
composition of, on gray-scale intravascular 

ultrasound, 936, 937f
pathology of, 957-962
rupture of, 939
stress-strain relationships and, 957, 959f
tissue characterization of, 939-940
unstable, 939-940
vulnerable. see Vulnerable plaques, high-risk
see also Atherosclerotic plaque; Thrombus-

containing lesions
Plaque burden, 936
Plaque erosion, atherothrombosis from, 954-956, 

955f-956f
Plaque rupture, 954-956, 955f-956f, 958f
Plasminogen activators, 205-206
Platelet activation, and periprocedural MI, 486
Platelet-derived growth factor (PDGF), 541

and SMC, 542-543
Platelet function testing

in antiplatelet therapy, 167-169, 169t
emerging strategies and, 138
post-PCI monitoring of, 604
synthesizing the randomized trials, 169

Platelet glycoprotein (GP) Ibα, 541
Platelet inhibitor agents, 151-171
Platelet-mediated thrombosis, 152f
Platelets, in thrombus formation, 439-440
Plateletworks assay, 169t
PLATFORM studies, 493
Platinum-chromium everolimus-eluting stent 

(PtCr-EES), 258
PLATINUM Plus, 259
PLATINUM trial, 549
PLATO Invasive trial, 155t
PLATO trial, 61-62, 137-138, 147, 355, 1021
Platypnea-orthodeoxia syndrome, patent foramen 

ovale and, 752
Plethysmooxymetric test, 520, 521f
Pleural effusion, after percutaneous balloon 

pericardiotomy, 867, 868f
Plug-based sealing devices, 510-511, 511f
PMC. see Percutaneous mitral commissurotomy 

(PMC)
POBA. see Plain old balloon angioplasty (POBA)
POISE trial, 130-131

Peripheral arterial disease (PAD) (Continued)
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Poly-D,L-lactic acid (PDLLA), 553
Poly-L-lactic acid (PLLA), 553, 554f
Polyethylene terephthalate (PET) fabric 

membrane, 775
Polyglycolic acid (PGA), 510, 553
Polylactic acid (PLA), 553
Polymer-free drug-eluting stents, 269, 272f, 273t
Polymeric struts, 999
Popliteal artery

aneurysm of, 625, 625f
infra, 621-623, 621f
interventions for disease of, 615t, 617-618
puncture technique for, 507, 508f

Portico transcatheter heart valve, 830
Portico trial, 830
POSEIDON study, 904t
POSEIDON trial, 112
Positive remodeling, definition of, 959-960
Post-CABG SYNTAX score, 11t, 24-25, 26f-27f
Post-percutaneous coronary intervention

discharge planning, 601-602
and access-site management, 601
checklist for discharge and, 603t
and communication to the referring 

physician, 602
discharge instructions in, 602
and discharge physical examination, 602
follow up in, 602
and physician-patient communication, 601
and postprocedure ambulation, 601
and postprocedure monitoring, 602

length of stay, trends in, 604-605
and payer expectations, 604-605
technologic, pharmacologic, and procedural 

advances in, 604
monitoring

of cardiac biomarkers, 602-604
of platelet function, 604
of renal function, 604

same-day discharge following, 605-608, 606f
economic impact of, 607, 608f
eligibility for, proposed checklist for, 608t
history and background of, 605
patient populations in, 605-607
patient satisfaction with, 607
patient selection in, 605
recommendations for, 607-608
safety of, 605, 605f

Posterior arterial wall, punctured, 512-513
Posterior leaflet prolapse, 802
Postprandial abdominal discomfort, 638
Power-sourced devices, for thrombectomy, 445t, 

447-449, 448f-452f
PRAGUE-2 trial, 338
PRAGUE-4 trial, 424-425
PRAGUE-8 trial, 156-157
PRAMI trial, 410
Prasugrel, 604

in antiplatelet therapy, 156f, 160
for diabetes, 61-62, 62f
for NSTE-ACS, 315-316
for STEMI undergoing PPCI, 355

Pravastatin, 186-188
“Preclosing” technique, 510
PRECOMBAT trial, 400
Prediabetes, 51
PREDICT study, 53
Pregnancy, mitral valvuloplasty for, 794
Premarket approval (PMA) process, 535-536
Premere patent foramen ovale closure system, 

754-755, 755f
PREMIUM trial, 751-752, 755
Preoperative coronary intervention, 129-140

with drug-eluting stents, 134
emerging strategies and, 136-138
pharmacologic therapy in, 130-131

postoperative care, 138
prior to noncardiac surgery, 136t
revascularization in, 131-134
risk of cardiac event, overview, 129

Preoperative revascularization, randomized trials 
of, 132-133

PREPARE trial, 498
Preprocedural myonecrosis, 472-473

mechanisms of, 473t
PRESERVE trial, 112
PRESTIGE project, 1006
PRESTO study, 947t
PREVAIL trial, 778-779
PRIAMUS study, 703-704
Primary collimator control, 121-123
Primary coronary stenting, in patients with 

STEMI, 344
Primary percutaneous coronary intervention

definition of, 329-331
in hospitals, 364
and in-hospital mortality, 591-592, 592f
multivessel intervention and, 362-364, 363f
technical aspects of, 343-344
without on-site coronary artery bypass graft 

surgery and, 364
Primary Raynaud disease, 633
Primum non nocere principle, 678
PRISM-PLUS trial, 317-318
PRISM trial, 317-318
PROACT II trial, 720t, 721, 723t
PROACTIVE trial, 199
Procedure cost, evaluation of, 1014
Professional Standards Review Organization, 1028
ProGlide device, 510
PROGRESS-AMS study, 556t, 558
Prominent Chiari network, patent foramen ovale 

and, 758
PROMISE trial, 474, 498
Promus Element everolimus-eluting stent 

(P-EES), 549
Propranolol, 222-223, 223t
PROSPECT ABSORB trial, 965
PROSPECT trial, 940, 953, 965, 980
Prospective multicenter trials, 76-77
ProStar device, 510
Prosthetic graft infection, 674
Protease-activated receptor 1 (PAR-1), 152f
Protease-activated receptor (PAR) inhibition, 163f
PROTECT I, 585
PROTECT II, 586
PROTECTION-AMI trial, 358
Prothrombotic state, in diabetes, 51, 52f
Proton pump inhibitors (PPIs), 159-160, 315
PROVE IT-TIMI 22 trial, 188, 191f, 325, 981
Provisional extension to induce complete 

attachment (PETTICOAT) technique, 668
Provisional stenting, in LMCA stenosis, 395
Proximal Embolic Protection System, 496
Proximal occlusion devices, 703
Proximal vertebral artery intervention, 712-713

endovascular outcomes of, 713, 714t
technique of, 713, 713f

Proxis system, 497
PS3 system, 807
P-selectin, 541
P-selectin glycoprotein ligand 1 (PSGL-1), 541
Pseudoaneurysm

in access management, 513, 513f-514f
intravascular ultrasound and, 938

Pseudo-occlusions, 413
Public policy implications, of volume standards, 

1050
Public reporting, quality and, 1043-1045, 1044t

consequences of, 1044-1045, 1045t
Pulmonary angiogram, 730, 731f

Pulmonary artery stenosis, balloon-expandable 
stenting for, 882-884

conclusions and recommendations for, 884
outcomes of, 882-884, 883f-884f
technical considerations for, 882, 883f

Pulmonary balloon valvuloplasty
complications of, 878
conclusions and recommendations for, 878
indications for, 874-875
for pulmonary valve stenosis, 874-878
results of, 875-876, 877f, 877t

long-term, 877-878
technique for, 875, 875f-876f

Pulmonary embolism, pulmonary angiography 
for, 730

Pulmonary injury, percutaneous balloon 
pericardiotomy and, 867

Pulmonary insufficiency, after balloon pulmonary 
valvuloplasty, 877

Pulmonary regurgitation, 834
Pulmonary stenosis, critical, definition of, 874
Pulmonary valve dysplasia, 874
Pulmonary valve interventions, 834-846
Pulmonary valve stenosis, 740, 874, 875f
Pulmonary valvuloplasty, intracardiac imaging in, 

740, 740f
Pulse volume recording, 613, 613f
Pulsed-wave Doppler, of mitral regurgitation, 801
Pulsed-wave ultraviolet wavelength excimer laser, 

449, 450f-452f
PURSUIT PCI trial, 491
PURSUIT trial, 318, 434, 474, 596-597, 1021

Q
Qualitative angiography, 911-922

complications of, after PCI, 917-918, 917t
flow velocity measurement in, 922
lesion morphology in

ACC/AHA on, 911-912, 912t-913t
risk assessment and, 913-917
SYNTAX score of, 912-913

for perfusion, coronary, 918-922, 919t, 920f-921f
Qualitative risk stratification, 6-9
Quality

definition of, 1029, 1029f
improvement of, tools to assist, 1043

Quality-adjusted life years (QALYs), cost and, 
1015

Quality assurance, 1036-1037, 1037f
Quality assurance-peer review (QA-PR), 125
Quality efforts, in U.S. medicine, 1027-1029
Quality improvement toolkit (QIT), 1043
Quality indicator, 1030
Quality of care, in interventional cardiology, 

1027-1046
building blocks of, 1030-1039, 1030f
developing culture for, 1042-1043
judging of, 1039-1042
organizations involved in, 1028t
public reporting and, 1043-1044, 1044t

Quantitative colorimetric method, 973-975
Quantitative coronary angiography, 922-928

binary angiographic restenosis and, 927
computer-assisted, 922-923, 923f
data, 90-91
indices for, 927-928
late lumen loss and, 927-928
limitations of, 928
lumen improvements and, 927
success of, 927
three-dimensional imaging and, 928
variability factors in, 924-927, 926t

acquisition, 927
biologic, 924-927
measurement, 927

visual estimates of, 922

Preoperative coronary intervention (Continued)
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Quantitative measurements, for intravascular 
ultrasound, 936

Quantitative risk stratification, 9
Q-wave myocardial infarctions (QWMIs), and 

emergency coronary bypass surgery, 472

R
Radial artery, 516

puncture techniques for, 506, 507f
Radial artery spasm, 526-527, 527f

prevention of, 523
Radial artery stenosis, 527f
Radiation

dose management, 123-126, 124t, 125f
practices for, 124-126, 125t

dose measurement, 123-124, 124f
exposure, relative health risks, 81, 82t
gamma, in SVG restenosis, 434-436
injury, 121f
management, 120
risk, 119-120, 120t
safety, during cardiovascular procedures, 

119-128
Radiocontrast hypersensitivity, as complication of 

PCI, 477
incidence and prognosis of, 477
prevention and treatment for, 477, 477t

Radiofrequency ablation, 656-658
clinical evidence of, 656-657, 657t
complications and management of, in renal 

denervation, 658
efficacy of, 657-658, 658f-659f

Radiofrequency devices, alternative, 658-659
Radiofrequency noise, 933f
Radiofrequency ultrasound signal analysis, 

936-937, 938f
Radiography, chest, of pleural effusion, 867
RAPID-I trial, 206
RAPID-II trial, 206
Rapid ventricular pacing, in balloon aortic 

valvuloplasty, 812-813
Ratios of costs to charges (RCCs), 1014
RAVEL trial, 249-251, 547t
REACT survey, 1034, 1034f
REACT trial, 343
REAL registry, 349
REALISM registry, 805
REALITY-NSTEMI study, 324
REALITY trials, 547t
REAL-LATE trial, 280-281
Real-time three-dimensional echocardiography, in 

mitral valvuloplasty, 789-790
Recovery Audit Contractors (RAC) program, 

604-605
REDUCE 1 trial, 571
REDUCE III trial, 391-392
Redundant eustachian valve, patent foramen 

ovale and, 758
Regadenoson, pharmacologic hyperemic stimuli, 

89-90
Regadenoson IV, 90t
Regenerative agents, after myocardial infarction, 

359-361
Regional centers of care

adherence to practice guidelines of, 592-593
benefit of catheter-based therapy for, 595-597
case for, 591-592
limited medical resources in, 595
and percutaneous coronary intervention centers 

without on-site cardiac surgery, 593-594
for ST-elevation myocardial infarction, 

597-598, 598t
Regional therapy, for vulnerable plaque, 982, 983f
Regurgitant volume, assessment of, 801
REMEDIA trial, 445
REMEDIAL trial, 114

Remodeling, vascular
negative, and restenosis, 541, 542f
plaque inflammation and, 958-960, 959f-960f

Remodeling ratio, 959-960, 959f
Remote ischemic conditioning, 356-357
Renal arteries, fibromuscular dysplasia of, 145f
Renal artery denervation, 655-659
Renal artery revascularization, identification of 

at-risk patients and indications for, 646, 646t
Renal artery stenosis (RAS), 643-653

clinical follow-up of, 646-647, 647f, 647t
diagnostic tests of, 644-645
epidemiology and natural history of, 643
functional assessment of, 645-647
hypertension and ischemic nephropathy in, 

644, 651-652, 651f-652f
imaging of, 644-645
interventions for, 647-652

complications in, 651
denervation in, 651-652, 651f-652f
distal protection devices in, 649-650
invasive assessment in, 647-648, 648f
renal contrast angiography in, 648
restenosis in, 650-651
stenting in, 648-651, 648f-650f

Renal artery stenting, 648-651, 648f-650f
Renal contrast angiography, 648
Renal denervation

complications and management of 
radiofrequency ablation in, 658

data supporting, 654-655
preclinical research of, 654
quantifying procedural, technical success, 

titrating ablative therapy, and targeting 
ideal patients for, 660-661

science and clinical application of, 654, 
656f-657f

RENAL-DES study, 115
Renal dysfunction, transcatheter aortic valve 

replacement and, 825
Renal function, post-PCI monitoring of, 604
Renal impairment, anticoagulation therapy and, 

180, 181f
Renal nerve ablation, devices designed for, 657t
Renovascular hypertension, 644, 651-652, 

651f-652f
Rentrop’s classification, for collateral circulation, 

414
Reoperation

after coronary artery bypass grafting, 424
versus percutaneous coronary intervention, 

427-428
REPAIR-AMI study, 903-904, 903t
Repeat valvuloplasty, 792-793
Reperfusion of Acute Myocardial Infarction in 

North Carolina Emergency Departments 
(RACE), 597

REPLACE trial, 434
REPLACE-2 trial, 147, 173, 317, 491
REPRISE trial, 829-830
Rescue PCI, defined, 342
RESCUT trial, 571
RESET study, 948t
Residual SYNTAX score, 11t, 24, 25f
RESIST study, 947t
Resistant hypertension

definition and epidemiology of, 654, 655f
device therapy for, 654-663
increase of compliance for, 662, 662f
surgical denervation for, 654-655

Resistive index (RI), 644-645, 645f
RESOLUTE trial, 2-3, 2t, 262-263, 549
Resolute zotarolimus-eluting stent (R-ZES 

system), 549
RESOLVE study, 106, 106f
RESORB FIM trial, 556-557, 557f

Resource-based relative-value scale (RBRVS), 
1014-1015

RESPECT trial (Randomized Evaluation of 
Recurrent Stroke Comparing PFO Closure to 
Established Standard of Care Treatment), 751

Restenosis, 541-551
after left main coronary artery stenting, 

398-399
after percutaneous mitral commissurotomy, 

792
after stenting, 282-283
angiographic, 543-544, 545f

binary, 927
carotid intervention and, 708
clinical, 544-545
clinical features of, 543-548
coronary, 238
drug-eluting stent, 548
incidence of, 545, 547t
mechanisms of, 541-543

in arterial injury, normal versus pathologic 
response to, 541, 542f

in drug-eluting stent development, cell-cycle 
regulation and rationale for, 543

in endothelial injury and platelet activation, 
541

in inflammation, 541-542
and paclitaxel, 543
and sirolimus and its analogues, 543
in smooth muscle cell proliferation, 542-543, 

544f
optical coherence tomography and, 1006
patterns of, 545-546, 547f

after percutaneous coronary intervention, 
918

POBA and, 240-241, 241f
predictors of, 546, 548t
recurrent, noninvasive assessment of, 545
in renal interventions, 650-651
of saphenous vein graft, 434-436
technical factors of, 546
treatment of, 282-283, 548

Restenotic lesions, 943-944, 944f
RESTORE trial, 491, 556-557, 1020
RESTORE-II trial, 556-557
RESTORE-MV trial, 807
RESTORE registry, 1054
RETAMI trial, 445-446
Reteplase, 205-206
Retroesophageal subclavian artery, 524, 524f
RetroFlex catheter, 816f, 817
Retroflex III delivery system, 835-836, 836f
Retrograde approach, to CTO PCI, 420-421
Retrograde dissection and reentry techniques, for 

CTO PCI, 420-421
Retrograde wire crossing, 420-421
Retroperitoneal hemorrhage, in access 

management, 512-513, 513f
Reva medical bioresorbable scaffolding, 556-557, 

557f
optical coherence tomography of, 559-560

Revascularization
for chronic mesenteric ischemia, 639
for chronic stable angina

optimal medical therapy for, 300-304, 
301f-304f

in patients with, 299-300
selection of, 304-307, 305f-306f
silent ischemia, 307, 307f
tools for, 307-308, 308f-310f

for chronic total occlusions, 416
indications for, 417

completeness of, tools for assessment of, 24-25, 
26.e1f

cost of, versus optimal medical therapy, 1018
see also Coronary revascularization
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REVERSAL trial, 192
Reverse wire technique, 380
Reviparin, 213-214
Re-ZES stent, 262-263
ReZolve2, 556-557
Rheos baroreceptor pacing system, 661
Richards, Dickinson, 530-531
RIFLE criteria, AKIN criteria versus, for acute 

kidney injury, 109t
RIFLE-STEACS study, 348-349, 478
RIFLE-STEACS trial, 519-520
Right atrial angiogram, 730, 730f
Right ventricle-to-pulmonary artery (RV-PA) 

conduit, 895
Right ventricular outflow tract (RVOT) 

obstruction
clinical presentation of, 895
diagnosis of, 895
physiology of, 895
TPVR technique for, 896, 896f-897f
treatment and outcomes of, 895-896

Right ventricular (RV) dysfunction, 368
Right ventriculogram, 730, 730f
Risk assessment, qualitative versus quantitative, 

6-9
RITA trial, 403
RITA-3 trial, 34, 318-320, 320f-321f, 320t-321t
RIVAL trial, 348-349, 517, 604, 1047-1048, 1050
ROMICAT trial, 80
ROOBY Study, 424-425
Room requirements, for transfemoral 

transcatheter aortic valve replacement, 819
Rosiglitazone, 199
Rotablator system, 564
Rotary ablation, 565-566
Rotational atherectomy, 421-422
Routine fractional flow reserve-based strategy, 

cost-effectiveness of, 98
ROX AV-Fistula device, 662
ROX Coupler, 662, 662f
Rutishauser, Wilhelm, 237

S
SAFER trial, 432, 474, 496-497, 497f
SALUS trial, 830
Same-day discharge, 605-608, 606f

economic impact of, 607
eligibility for, proposed checklist for, 608t
history and background of, 605
patient populations in, 605-607

acute coronary syndrome, 605
elderly, 607
transfemoral access, 605-607

patient satisfaction with, 607
patient selection in, 605
recommendations for, 607-608

after discharge, 608
postprocedural monitoring in, 607-608
preprocedure screening in, 607
procedural characteristics, 607

safety of, 605, 605f
Saphenous vein graft (SVG)

atherosclerotic plaques in, 425, 429f-430f
attrition of, 424
bare-metal stents versus balloon angioplasty in, 

429-430, 433f-434f
degenerated, angiography of, 914
drug-eluting stents in, 430-432, 435f
embolic protection and, 432-433
and LIMA-to-LADA anastomosis, 538
optical coherence tomography of, 431f
percutaneous coronary intervention, 425-426, 

496-501, 497f-498f
perforation of, 436
restenosis lesions in, 434-436
revascularization of, 452-455

sculpturing, 455, 455t, 456f-457f
stenosis of

drug-eluting stents for, 279
sites of, 424-425, 425f

total occlusion of, 436
Sapien 3 valve, 829
Sapien heart valve, 815f, 817
Sapien pulmonic transcatheter heart valve, 

835-836, 836f
Sapien XT valve, 815f, 817-818

annular sizing charts for, 818f
SAPPHIRE trial, 499-500, 706, 708, 709t-710t
SARIS trial, 722
SASTRE trial, 215
SATURN, 192
SAVED trial, 429-430, 433f
Scaffold, definition of, 552
Scandinavian Simvastatin Survival Study, 186-187
Scatter isodose curves, fluoroscopy systems, 127f
Scattered x-rays, 126
SCIPOIO trial, 904
Scoring balloon angioplasty, 571
SD-OCT. see Spectral-domain optical coherence 

tomography (SD-OCT)
Sealing devices, 510-511, 511f
SEARCH trial, 189-190
Seattle Angina Questionnaire, 27.e1f

angina frequency
during follow-up of SYNTAX and 

COURAGE studies, 27f
in FREEDOM, 27, 28f

Second Chinese Cardiac Study, 224
Secondary collimator control, 121-123
SECRITT trial, 983-984
Secundum atrial septal defect, intracardiac 

imaging in, 737, 738f
SECuRITY registry, 708f, 709t
Segment-based analysis, CCTA for luminal 

stenosis evaluation, 76
Seldinger, Sven-Ivar, 530-531
Seldinger technique, 534, 535f, 670

of percutaneous catheter insertion, 862
SENIOR PAMI trial, 362
Sensitivity analysis, 1016-1017
Septal ablation, for hypertrophic cardiomyopathy, 

853-854, 854t, 855f-858f
Septum primum, 747
Septum secundum, 747
SEQOL (BARI Substudy of Economics and 

Quality of Life), 1019
Serial (multiple) lesions, in single vessel, 101
Serum creatinine, glomerular filtration rates and, 

112f
Severe angina, 34-35, 35f
Severe pulmonary hypertension, mitral 

valvuloplasty for, 793
Sew-up artifact, in OCT, 992-993
Sex differences, in adjunctive pharmacotherapy, 

146-147
Sheath, removal of, for transfemoral TAVR, 820
SHOCK registry, 368-370, 1044
SHOCK trial, 361, 368-370
Side branch

distribution of, size and territory of, 384
occlusion, procedural complication in PMI,  

488
ostium of

angle between main branch and, 384
length of lesions at, 384

see also Bifurcation lesions; Ostial lesions, 
aorto-; Ostial lesions, nonaorto-

Sideguard ostium protection device, 391
Sidehole carving, 238, 239f
SideKick stent, for bifurcation, 391
SIHD. see Stable ischemic heart disease (SIHD)

Silent ischemia
elective intervention for, 298-311
revascularization for, 307, 307f

SIMA study, 37-38
Simultaneous kissing stent (SKS) technique, 

387-389
Simvastatin, trials on, 186-187
Single-chain urokinase plasminogen activator 

(scu-PA), 205-206
Single vessel, serial (multiple) lesions in, 101
Sinus venosus, 747
SIPS study, 947t
SIRIUS trial, 141-142, 249-251, 547t, 1018
SIROCCO II study, 619
Sirolimus, and restenosis, 543
Sirolimus-eluting stents (SESs)

with bare-metal stents, 430-431
compared with

bare-metal stents, 249-251, 250t-251t
paclitaxel-eluting stents, 251, 253t

implanted, 249f
overview of, 248-249, 249t

SIRTAX trial, 1-2, 2t, 282
Skeletal myoblasts, 901
Skin injury, radiation exposure and, 119
Skirt technique, for stenting, 389
Sleeve technique, for stenting, 387
Small focal spot (SF), 121, 122f
Small protrusion technique, 382, 383f
SMC p27, 543
Smooth muscle cell (SMC), 541

and restenosis
during, 543
proliferation of, 542-543, 544f

Snares, for device embolization, 469-470, 471f
Society for Cardiovascular Angiography and 

Interventions (SCAI), quality improvement 
toolkit (QIT), 1043

Society of Cardiac Angiography and Interventions 
(SCAI), definition of periprocedural 
myocardial infarction by, 483-484

Society of Thoracic Surgeons (STS)
Adult Cardiac Surgery Database, 1-2
on performance measures, 1032, 1032t
risk score by, 9, 307-308

Society of Thoracic Surgery, 424
Society of Thoracic Surgery Predicted Risk of 

Mortality (STS-PROM), 815
Society of Thoracic Surgery Score, 16
Sodium nitrite, as adjunct to PCI, 357
Solid-state dynamic aperture system, 932
Sonication therapy, 449
SORT OUT III trial, 261
SoS trial, 37-38, 405-406, 497, 1019
SOURCE Registry, 817

TAVR and, 821
SOURCE XT Registry, TAVR and, 821
South Bay Heart Watch study, 76
SPACE trial, 500, 706t, 710, 711t
SPACE2 trial, 711t
SPARC trial, 748-749
SPECT (single photon emission computed 

tomography), 34-35, 70f-72f
in hybrid imaging, 80-81

Spectral-domain optical coherence tomography 
(SD-OCT), 991

Spectroscopy, of vulnerable plaques, 963t, 975, 
976f

SPIRIT III trial, 488-489
SPIRIT IV trial, 547t, 548-549
Spontaneous Coronary Artery Dissection, 145, 

145f
SPRINT-II trial, 227
SS-OCT. see Swept-source optical coherence 

tomography (SS-OCT)
SSYLVIA trial, 716, 716t

Saphenous vein graft (SVG) (Continued)
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ST-elevation acute coronary syndrome, 
antiplatelet therapy for, 156

ST-segment elevation myocardial infarction 
(STEMI)

anticoagulation and, 177-178
antithrombotic use in, 1022
benefit of catheter-based therapy for, 595-597
care following, 598
care system for, 595

model for, 597-598
D2D2B times and, 595
development of centers of excellence for, 

criteria for development of, 598, 599t
diabetes and, 60, 60f-61f
flow measurements and, 85
future care of patients with, 598
indications for revascularization in, 33-34
percutaneous coronary intervention in, 

329-367, 330f
adjunct pharmacologic therapies for, 356-359
after thrombolysis, 341-342, 343f
antithrombotic/anticoagulant therapy and, 

352-356, 353f-354f, 356f
cell-based therapy after, 359-361, 359f-360f
deferred stenting, 364
direct stenting for, 347-348
drug-eluting stents for, 269-275, 274f, 

274t-275t, 344-347, 345f-348f
facilitated, 215-216, 217f, 340-341
interhospital transfer for, 338-340, 339f-340f
in late presenters, 336-338
pharmacologic therapies for, 357f
primary, 343-344
radial artery versus femoral artery vascular 

access for, 348-349, 349f
regenerative agents after, 359-361
rescue, 342-343
special issues in, 361-364
systems optimizing reperfusion in, 331-336, 

334t
thrombolysis versus, 329-331, 332f-334f, 333t
time-to-treatment interval and outcome for, 

335-336, 336f
timing of, 208f-212f
without on-site surgical backup, 533t

pharmaco-invasive strategy for, 216-218, 218f
qualitative angiography of perfusion in, 918, 

919t
regional centers of care for patients with, 

597-598, 598t
reperfusion in, 1020
stents to reduce distal embolization in, 275
transport of patient with, 595

factors of, 595-596
transradial approach in, 519-520
see also Myocardial infarction (MI)

Stable angina, prognosis in, 34t
Stable ischemic heart disease (SIHD), 81
Staff radiation protection, 126-127

occupational dose monitoring, 126
personal protective equipment, 126-127, 127f
personnel radiation exposure, sources of, 126

Staff training, 120
Staging angina, 34-35, 35f
STAMI trial, 212
Staphylokinase (SAK), 205-206
StarClose suture-based closure device, 510, 511f
STARFlex septal closure system, 753, 756f
STARS trial, 723t
Statin

and percutaneous intervention, for NSTE-ACS, 
325

pharmacologic therapy, 131
for PMI, 493, 494f
for preprocedural myocardial infarction, 474
see also Lipid-lowering

STEEPLE trial, 179, 180f
Stem cell mobilization, 901, 902f

AMD3100 on, 906
Stem cell therapy

approaches to, 901-904
bench investigation on, 907
cardiac regeneration and, 906
clinical investigation on, 907-908
controversies on, 907-908
electrical effects of, 907
future directions of, 907-908
for ischemic heart disease, 901-909
mesenchymal stem cells for, 905-906
multipotent adult progenitor cells for, 905-906
myocardial regeneration and, 902, 903f
stem cell-based chemokine/cytokine strategies 

for, 906-907
types of autologous stem cell for, 904-906

Stem cell transplantation, 901, 902f
in acute myocardial infarction, 903t
after myocardial infarction, 359
bone marrow-derived mononuclear cells for, 

902-904
in chronic heart failure, 904t

STEMI. see ST-segment elevation myocardial 
infarction (STEMI)

Stent assessment using OCT, 998, 999f-1003f
failure analysis, 1006

bioresorbable vascular scaffolds, 1006-1009, 
1008f-1009f

in-stent restenosis, 1006, 1007f
thrombosis, 1006, 1008f

imaging principles of, 998-1006, 1004f
strut apposition in, 999-1004, 1005f
strut coverage in, 1004-1006

qualitative, 1004
Stent fractures

after Melody implantation, 841
nature and management of, 841

Stent grafts, endovascular repair by, 671-673, 
671f-672f

Stent implantation, intravascular ultrasound and, 
949t

Stent thrombosis
after bare metal stenting, 279-280, 280f, 280t
after percutaneous coronary intervention, 918, 

918t
dual-antiplatelet therapy and, 280-282, 281f, 

281t
optical coherence tomography and, 1006, 1008f

late, 1009
risk of, in noncardiac surgery, 137
thrombus-containing targets and, 455-459, 460f

Stenting
and PMI, 489
unanticipated surgery after, 134-136, 135f

Stents
coronary, for vulnerable plaques, 982-983
for dedicated thrombus management, 451-452
definition of, 552
inflammatory responses to, 541
pericardium-covered, 452
PTFE-covered, 469, 470f
for stroke, 722-723
thrombus-capturing, 451-452

Stentys, 391
Step crush, stent technique, 387
STICH trial, 20, 75-76, 1054
STILLR trial, 546
Stingray balloon, 419-420, 420f
Stingray reentry guidewire, 419-420
STLLR trial, 942
Stochastic effects, 119
Stockholm Ischaemic Heart Disease Prevention 

trial, 185
STOPAMI-4 trial, 343

Straight side-hole sheath, 766
STREAM study, 342
Streptokinase, 205-206

thrombolytic therapy and, 214
Streptomyces hygroscopicus, 543
Stress cardiomyopathy, 144-145
Stress echocardiography, 67-68, 67f-68f
Stress myocardial computed tomography 

perfusion imaging, 79-80
Stress testing, 66-68

cardiac magnetic resonance imaging, 72-74
electrocardiography, 66-67
scintigraphic myocardial perfusion imaging in, 

69-70, 73f
STRESS trial, 245f, 547t, 552
Stroke, 697

after CoreValve placement, 828
after transcatheter aortic valve replacement, 

824-825
atrial fibrillation and, 771
carotid intervention and, 705-706, 706t
categories of, 719
centers for, 723
cryptogenic, patent foramen ovale and, 

748-751, 748f
paradoxical embolic in, 749, 750t
recurrence and risk identification for, 749, 

750f
treatment for, 749-751

intervention for, cerebrovascular, 697, 698f
left atrial appendage closure and, 771-787
management of physiologic variables in, 

719-720
new imaging strategies in, 719
reperfusion strategies in, 720-723

angioplasty and stent placement as, 722-723
hypothermia as, 723
intraarterial thrombolysis as, 721
intravenous thrombolysis as, 720-721, 

720t-721t
mechanical thrombectomy as, 721-722, 

721f-723f
neuroprotection as, 723

role of cardiology in, 723-724, 723t-724t, 724f
seven Ds of, 720t
warfarin for prevention of, 772, 773t

Structural heart disease, 1023
Structural heart interventions, 727
Structural heart lesions, intracardiac therapies for, 

727
Strut apposition, 999-1004, 1005f
Strut coverage, 1004-1006
Strut fracture, 945, 946f-947f
Study to Determine Rotablator and Transluminal 

Angioplasty Strategy (STRATAS) trial, 566
Subclavian loop, 526f
Subclavian steal syndrome (SSS), 636, 637f
Subintimal transcatheter withdrawal (STRAW) 

technique, 420
Subpulmonary hypertrophy, severe, 740
Subtotal occlusions, 413
Sudden cardiac death, 847, 848t
Superficial femoral artery (SFA), access to, 618, 

618f
Superior vena cava stenting, 684, 685f
Superior vena cava syndrome, 683, 683t
Supraclavicular fossa, palpation in, 633
Surgery

for chronic mesenteric ischemia, 641
noncardiac

coronary revascularization, coronary artery 
bypass grafting, 131

risk of cardiac event, 129
Surgical aortic valve replacement, cost of, versus 

transcatheter aortic valve replacement, 1024
Surgical aortic valve replacement (SAVR), 811
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Surgical bleeding risk, 136
Surgical closure, of secundum atrial septal defect, 

cost of, versus transcatheter atrial septal 
defect closure, 1024

Surgical revascularization, individualized 
assessment for, 1-31, 5t

Surgical standby, 238
formal, 530
PCI and, 240

Surgical therapy, for deep venous thrombosis, 
688-689

SURTAVI trial, 829
Survivor-cohort effect, 335-336
Suture-based closure devices, 509-510
Suture ligation, percutaneous left atrial 

appendage, 871
SWEDEHEART study, 324
Swedish Coronary Angiography and Angioplasty 

Registry (SCAAR), 350-351, 446
Swept-source optical coherence tomography 

(SS-OCT), 991
Symetis Acurate valve, 830
Sympathetic modulation

alternative approaches to, 661-662
for hypertension, 655

Sympathetic nervous system (SNS), 654
Symplicity Catheter System, 656-658
Symplicity Global Registry, 658
SYMPLICITY HTN-2 trial, 651
Symplicity Spyral (Medtronic), 659
Syncope, hypertrophic cardiomyopathy and, 848
SYNERGY trial, 147, 178, 316-317
SYNTAX-based tools, 17

clinical, 17-26
outline of anatomic SYNTAX score 

progression, 11t
SYNTAX score, 8f, 96-98, 98f, 307-308, 487, 

912-913
algorithm, 6f
anatomic, 9t, 11t, 15, 18-20
in diabetic patients, 43f
distribution of, 18.e1f
functional, 18
global risk and, 19-20, 20f
logistic clinical, 11t, 18-19, 19f, 18.e2f
MSCT, 25-26, 24.e1f
post-CABG, 11t, 24-25, 26f-27f
residual, 11t, 24, 25f
stratified by tertiles of, 36, 37f
stratified to coronary involvement and, 40t

SYNTAX Score II, 11t, 20-24, 20.e1f
diabetes mellitus, 20
nomogram for bedside application, 23f
percutaneous coronary intervention in, 21f
validation of, 20-24

SYNTAX trial, 2t, 3-6, 5t, 7f-8f, 43f, 1019
on bare metal stents, 276-277, 277f, 277t-278t
global risk and, 19-20
for high-risk PCI, 576, 579
on randomized studies, 39
on revascularization strategy, 26.e1f

in general, 305
in left main coronary artery disease, 398, 

400t
in multivessel disease, 407-408, 408f-409f

System, definition of, 595
Systemic antiinflammatory therapies, 542
Systemic therapy, for vulnerable plaque, 980-982, 

982f
Systolic dysfunction, 368
SyvekPatch, 511

T
TACIT trial, 711-712, 711t
TACT trial, 808
TACTICS-TIMI trial, 34, 1020

TACTICS-TIMI 18 trial, 318-320, 320f, 320t, 
322-323

Takotsubo cardiomyopathy, 144
TandemHeart, 2.e1f
TandemHeart pVAD, 577-578, 581, 582f, 583

case series using, 583
comparison of, with IABP, 583-584

TAPAS trial, 349-350, 443-445, 475
Tapered stents, 704-705
Target-lesion revascularization (TLR), 544-545
TARGET trial, 452-455
Target-vessel revascularization (TVR), 115, 

544-545
TASTE registry, 446
TASTE trial, 350-351, 475, 495
TATORT NSTEMI study, 447
TAXUS trial, 251
TAXUS IV trial, 325, 547t, 1018
TAXUS V trial, 488-489
Taxus paclitaxel-eluting stent, 249t, 251
TAXUS Petal Bifurcation Paclitaxel-Eluting Stent 

System, 390
TAXUS stent trials, 944
TD-OCT. see Time-domain optical coherence 

tomography (TD-OCT)
Temporary pacemaker placement, for 

transfemoral transcatheter aortic valve 
replacement, 819

Tenecteplase (TNK), 205-206
Terumo OFDI system, 992
Texas Heart Institute Risk Score, The, 10t
The Guidelines Applied to Practice (GAP) 

project, 590, 592
The Society for Cardiovascular Angiography and 

Interventions (SCAI), 601
The Spider filter devices, 495-496
Therapeutic development, and quality, 1029-1030, 

1030f
Therapeutic Intravascular Ultrasound System 

(TIVUS), 659
Thermodilution, 105f
Thermography, of vulnerable plaques, 963t, 

975-976
Thienopyridine

in antiplatelet therapy, 154-160
bifurcation stenting and, 392
for NSTE-ACS, 315
thrombolytic therapy and, 210-212

Thin-cap fibroatheroma (TCFA), 939-940, 952, 
954, 955f, 957f-958f

IVUS-VH-derived, 965
Third Universal Definition of Myocardial 

Infarctions document, definition of 
preprocedural myocardia infarction, 483, 
483t

Thoracentesis, for pleural effusion, 867
Thoracic aorta, 674

endovascular aneurysm repair of, 673
Thoracic aortic aneurysms (TAAs), 671

endovascular repair of, 675t
natural history of, 672
novel predictor for, 672

Thoracic endograft infection, treatment of, 674
Thoracic endovascular aortic repair (TEVAR), 

533-534, 665
Thoracic outlet syndrome (TOS), 636, 684-685
Thoracic stent graft, 670
Thoracic vascular interventions, 664-680
Thrombectomy

adjunct, role of, 445
aspiration catheters for, 445-447, 447t
for deep venous thrombosis, 687, 691-694, 

693f-695f
for lower extremity interventions, 623-624
power-sourced devices for, 445t, 447-449, 

448f-452f

rheolytic, 447
in ST-segment elevation MI, 349-352, 350f-351f
for stroke, 721-722, 721f-723f

Thrombin
binding sites, 174f
central role of, 172, 173f
for sealing puncture site, 510

Thrombin receptor antagonists, 163-164
Thromboangiitis, 625
Thrombocytopenia

in antiplatelet therapy, 165
syndrome, heparin-induced, 181-182

Thromboembolic risk, assessment of, 771-772, 
772t

Thrombolysis
for lower extremity interventions, 623
percutaneous coronary intervention after, 

341-342, 343f
Thrombolysis in Myocardial Infarction (TIMI)

grading system, no-reflow phenomenon and, 
475t

score, 80
Thrombolytic intervention, 205-221

adjunctive therapies to, 209-215
agents used in, 205-206, 207t
contraindications to, 206t
international perspective on, 219
in ST segment elevation MI

before PCI (facilitated), 215-216, 217f
pharmacoinvasive strategy after, 216-218, 

218f
timing of, 206-209

early treatment, 206-208, 208f-211f
late treatment, 209, 212f

trials on, 206, 206t, 207f
Thrombolytic therapy

for deep venous thrombosis, 687, 690
in ST-segment elevation MI

before PCI (facilitated), 340-341
PCI versus, 329-331, 332f-334f, 333t

for stroke, 720t
timing of, 335

Thrombosis
acute coronary, 952
arterial, 173f
central role of thrombin, 173f
in patent foramen ovale closure, 760
perioperative myocardial infarction and, 129
plaque, optical coherence tomography of, 968
stent, optical coherence tomography and, 1006, 

1008f
late, 1009

see also Deep venous thrombosis; Stent 
thrombosis

Thrombospondin-1-dependent inflammatory 
pathways, 541

Thrombus
angiographic assessment of, 914
coronary, in optical coherence tomography, 

993-994, 994f
dissolution of, ultrasound-induced, 449
extraction modalities for, classification of, 445
grading of, 441-443, 442f, 443t, 444f

advantages and limitations of, 443t
impact of, in percutaneous coronary 

interventions, 440t
intravascular ultrasound and, 938-939
and major adverse cardiac events (MACEs), 

445, 446f
mechanical removal of, 448f-452f

approach to, 445-449
pathophysiology of, 439-441, 440f-441f
red, 440
size of, 441
structural variability of, 439-440

Thrombectomy (Continued)
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targets containing, revascularization techniques 
and, 452-460

in bypass grafts, 452-455, 454f, 456f-457f
in chronic total occlusions, 455, 455t, 458f
in left main disease, 455, 459f
in multiple thrombi in a single vessel, 459, 

460f-461f
in stent thrombosis, 455-459, 460f

white, 440
Thrombus-containing lesions, 439-463

atherosclerotic plaques and, 439
detection of, 441
limitations of standard percutaneous coronary 

intervention in, 443-444, 445t
pharmacotherapy for, 444-445. see also 

Anticoagulation
Through-and-through technique, 522
THUNDER trial, 295
Thyroid hormone analogues, statins and, 201-202
Tiara valve, 808
Ticagrelor, 604

in antiplatelet therapy, 161-163, 161f
for diabetes, 61-62, 62f
for NSTE-ACS, 316
for STEMI undergoing PPCI, 355

Ticlopidine, 154
TIMACS trial, 322, 322t, 323f
Time, cost assessment and, 1015
Time-domain optical coherence tomography 

(TD-OCT), 991
Time horizon, 1016
TIME study, 359, 903t, 904
TIMI flow grade classification, 918-919, 919t
TIMI frame count (TFC), 919
TIMI-IIB trial, 316
TIMI-IIIB score, 315f
TIMI IIIB study, 318-320
TIMI major bleeding, 174t
TIMI minor bleeding, 174t
TIMI myocardial perfusion grade, 919-922, 919t, 

920f-921f
TIMI risk score, 313, 313f, 322-323, 323t
TIMI Study Group, 441-443
TIMI trial, 1020
Timolol, 223t
Tirofiban

in antiplatelet therapy, 165
for NSTE-ACS, 317-318
for PMI, 491

Tissue-directed pharmacologic ablation, 659, 661f
TITAN study, 806
TNT trial, 188f, 189
Torcetrapib, 196-197
Tornus catheter, 421-422
Total ischemic time, 590
Total occlusion, angiographic assessment of, 

916-917, 916f
Total Occlusion Study of Canada (TOSCA), 416
Total societal cost, 1015
TRACER trial, 164
Transaortic TAVR (TAo-TAVR), 534, 535f-536f

zone for cannulation of, 534, 537f
Transapical TAVR (TA-TAVR), 534, 535f
Transcatheter aortic valve implantation, 506, 

814-826
background of, 814-815
complications of, 824-826, 825t
direct transaortic approach to, 820
outcomes of, 820-824

historical results in, 820-821
recent results in, 821-824, 822t

patient selection for, 815-816, 816t
preprocedure planning for, 816
risk stratification in, 815
transapical approach to, 820

transfemoral approach to, 817f, 819-820
uses for, 830
valves for, 817-818

Transcatheter aortic valve replacement (TAVR), 
811

cost of
versus medical therapy, 1024
versus surgical aortic valve replacement, 

1024
interventional heart failure and, 1052-1053

Transcatheter approaches, 774-785
Amplatzer cardiac plug and amulet in, 779-782
percutaneous left atrial appendage 

transcatheter occlusion in, 774-775, 776f
transcatheter left atrial appendage ligation with 

Lariat device in, 782-785
Watchman occluder in, 775-779
WaveCrest occluder in, 785

Transcatheter atrial septal defect closure, cost of, 
versus surgical closure, of secundum atrial 
septal defect, 1024

Transcatheter left atrial appendage ligation, with 
Lariat device, 782-785

clinical outcomes of, 783-785
device characteristics and procedural approach 

of, 782-783, 783f-784f
Transcatheter mitral valve replacement, 808-809, 

808f
Transcatheter pulmonary valve implantation, 

834-842
background of, 834-835
clinical consequences of, 841
devices and delivery systems for, 835-836
future directions for, 842
indications for, 834-835, 842
laboratory setup for, 837-838
patient selection for, 836-837, 836t
periprocedural interventions for, 839-840, 840f
procedure for, 837-840

device implantation and, 839-840
device setup and, 839
hemodynamic assessment and, 838
laboratory setup and, 837-838
morphologic assessment and, 838-839

results of, 840-842
follow-up for, 841-842
functional outcome of, 842
hemodynamic outcome of, 840, 840t
procedural complications of, 840-841

Transcatheter pulmonary valve replacement, 
894-897, 895f

clinical presentation and diagnosis for, 895
complications of, 897
physiology for, 895
results of, 896-897
technique for, 896, 896f-897f
treatment and outcomes for, 895-896

Transcatheter therapies, for congenital heart 
disease, 874-900

Transcatheter tricuspid valve implantation, 
842-844

background of, 842-843
devices for, 843-844, 843f
follow-up and outcomes of, 844
future directions for, 844
indications for, 842-843
patient selection for, 843
procedure for, 844, 844f
results of, 844

Transesophageal echocardiography (TEE), 
730-731, 732f-733f

for atrial septal defect, 762
of mitral regurgitation, 800
of patent foramen ovale, 750f, 752, 752f-753f

Transfemoral access
and same-day discharge, 605-607
see also Femoral artery

Transfemoral transcatheter aortic valve 
replacement (TF-TAVR), 534, 817f

TRANSFER-AMI study, 216-217, 341-342
Transforming growth factor beta (TGF-β), 
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