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Foreword

Early in the twentieth century, coronary artery disease 
was recognized as a serious condition, but the distinction 
between its two principal presentations, angina pectoris and 
acute myocardial infarction, was not clear. By the 1920s, the 
distinct clinical and pathological manifestations of chronic 
angina pectoris and acute infarction became clear. In the 
1940s, a syndrome intermediate between angina pectoris 
and acute myocardial infarction, the so-called “intermedi-
ate syndrome” (later renamed unstable angina), was found 
to be quite common. By the 1960s, increasing attention was 
focused on the separation of patients with acute myocar-
dial infarction into those who presented with ST-elevation 
myocardial infarction (STEMI) and non–ST-elevation myo-
cardial infarction (NSTEMI), then often referred to as “intra-
mural,” “non- transmural,” or “non–Q wave” MI. All three 
of these conditions (i.e., unstable angina, STEMI, NSTEMI) 
were considered to make up the acute coronary syndrome. 
With the development of more sensitive biochemical mark-
ers of myocardial necrosis (i.e., the troponins), the distinc-
tion between unstable angina and NSTEMI has become 
blurred, and an increasing fraction of patients with the 
former condition actually evolve evidence of myocardial 
necrosis (i.e., infarction). Thus, it now appears that a large 
majority of patients with acute coronary syndrome actually 
have acute myocardial infarction.

Research on this condition has moved forward on many 
fronts. This text, masterfully edited by David Morrow, an 
experienced clinician and investigator in this field, captures 
the major developments, which include the many epide-
miological, clinical, pathophysiological, and therapeutic 
advances in myocardial infarction. Among them are the pre-
hospital assessment and care of patients; the optimal use of 
cardiac troponins and of a variety of imaging techniques 
in diagnosis and management of patients with STEMI who 

cannot receive immediate coronary artery stenting; the opti-
mal timing of revascularization in patients with NSTEMI; 
the individualization of antiplatelet therapy; the applica-
tion of mechanical circulatory support for patients with 
cardiogenic shock; efforts to reverse myocardial infarction–
induced ventricular remodeling; and the current status of 
stem cell therapy in patients after infarction.

The enormous worldwide frequency of acute myocardial 
infarction and its seriousness places this condition at the 
very “heart” of cardiology. Indeed, just about every practic-
ing adult cardiologist—whether invasive or noninvasive, 
whether primarily office- or hospital-based, whether subspe-
cializing in hypertension, heart failure, arrhythmias, preven-
tion, or rehabilitation—encounters patients with myocardial 
infarction and should stay abreast of the important recent 
developments in diagnosis and management.

Cardiologists dealing with these patients as well as 
trainees and clinical investigators will be indebted to Dr. 
Morrow and his talented authors for providing this impor-
tant new book. We are proud that it is a companion to Heart 
Disease—A Textbook of Cardiovascular Medicine.

Eugene Braunwald
Boston, Massachusetts

Douglas P. Zipes
Indianapolis, Indiana

Peter Libby
Boston, Massachusetts

Robert O. Bonow
Chicago, Illinois
Douglas L. Mann

St. Louis, Missouri
Gordon F. Tomaselli

Baltimore, Maryland
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Preface

From the first description of coronary thrombosis causing 
acute myocardial infarction in 1910, the classification of 
myocardial infarction, its epidemiology and natural history, 
our understanding of its pathobiology, and the landscape of 
its management have evolved immeasurably. This first edi-
tion of Myocardial Infarction: A Companion to Braunwald’s 
Heart Disease is aimed at distilling this century of evolution 
to its most important principles and capturing the contem-
porary state of the art of clinical care as well as transla-
tional and clinical science impacting the management of 
myocardial infarction. As such, this textbook should be of 
interest to clinical practitioners, medical trainees, and sci-
entists with an interest in ischemic heart disease and its 
complications.

All of the contributors who have been involved in the 
development of this text have labored to produce a book 
that will serve equally well for comprehensive review and 
as a readily accessible clinical resource for the busy clini-
cian. We have been impressed by the changing landscape 
of print and electronic media and have worked to create 
a forward-looking text that offers both a traditional printed 
book and an interactive online version that is optimized 
for tablet and hand-held electronic reading. As such, the 
authors have molded figures, clinical management algo-
rithms, animations, and videos into engaging, dynamic, and 
readily accessible educational media for our electronic 
readers.

The book is framed by the clinical course of care for 
the patient with myocardial infarction. It is divided into five 
sections that navigate from the pathobiological underpin-
nings of atherothrombosis, through the critical initial clini-
cal evaluation and in-hospital management of myocardial 
infarction, to culminate in the planning of short-term and 
long-term secondary prevention at the time of hospital dis-
charge. Four of the sections include one or more chapters 
designated as a “Clinical Practice/Controversy” chapter, 
which are designed to be management-focused, practical-
minded explorations of common, yet challenging, clinical 
decisions in the care of patients with acute myocardial 
infarction. In these chapters, internationally recognized 
leaders in their field have not only reviewed the current 
evidence and professional guidelines but also offered their 
own perspective on “best practice” in areas where there is 
equipoise or controversy.

It has been a tremendous privilege and pleasure to work 
with the exceptional group of clinical experts, educators, 
and clinician-scientists who have contributed to this text, 
and I wish to thank each of them. Foremost, I wish to rec-
ognize the sage guidance of Dr. Eugene Braunwald, whose 
unwavering commitment to excellence is the foundation for 
Braunwald’s Heart Disease and each of its companions.

David A. Morrow, MD, MPH
Boston, Massachusetts
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 31-17 Transthoracic echocardiographic evaluation of the 
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 31-18 Transthoracic echocardiographic evaluation of the 
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section i

EpidEmiology and pathophysiology

INTRODUCTION

Until the beginning of 20th century, it was believed that 
coronary thrombosis was always immediately fatal. In 1910, 
two Ukrainian physicians described five patients with acute 
myocardial infarction (MI), in whom three were found to 
have coronary thrombosis at autopsy. In 1912, James Herrick 
articulated the first clear description in English of the clini-
cal syndrome of acute MI in his landmark article, “Certain 
Clinical Features of Sudden Obstruction of the Coronary 
Arteries.” Up to that time, although pathologists had made 
causal connections between thrombotic coronary occlu-
sion and degenerative changes in the myocardium, a clini-
cal syndrome of MI in surviving patients had not been 
described. The term acute coronary syndrome (ACS) that 
emerged more than eight decades later is now used to 
denote any clinical presentation suggestive of acute myo-
cardial ischemia caused by unstable ischemic heart disease. 
ACS encompasses both unstable angina (UA) and acute MI, 
in distinction from chronic stable angina. In addition, some 
clinicians have adapted use of the term ACS to imply acute 
coronary atherothrombosis, which is differentiated from 
ischemia caused by increased myocardial oxygen demand 
in the presence of stable coronary atherosclerotic lesions.

Over the past century, the classification of ACS, its epide-
miology, and our understanding of its pathobiology have 
evolved considerably.1–3 The epidemiology and natural his-
tory of MI are reviewed in Chapter 2. The pathobiology of 
ACS is discussed in Chapter 3. Both a historical perspective 
and a summary of emerging concepts regarding mecha-
nisms of myocardial ischemic injury and healing are pro-
vided in Chapter 4. Chapter 7 details the role of cardiac 
biomarkers of necrosis in the diagnosis of acute MI. In this 
chapter, we describe the evolution of the clinical classifica-
tion of ACS, including UA, non–ST-elevation MI (NSTEMI), 
ST-elevation MI (STEMI), and the additional subclassifica-
tion of the types of MI as defined in the section on Universal 

Definition of Myocardial Infarction. This chapter reflects our 
opinion that in the era of high-sensitivity assays for cardiac 
troponin (cTn), UA is a disappearing diagnostic entity.3

SPECTRUM OF UNSTABLE ISCHEMIC  
HEART DISEASE

Stable ischemic heart disease (SIHD) is most commonly 
caused by atheromatous plaque that obstructs or gradually 
narrows one or more of the epicardial coronary arteries. 
Although the clinical manifestations of SIHD are variable, 
stable angina induced by increased effort, as classically 
described by Heberden in 1772, is typically the predomi-
nant symptom. UA is characterized by an accelerated pat-
tern of increasing frequency and tempo of angina or angina 
at rest in the absence of MI. MI is defined by evidence of 
myocardial necrosis in a clinical setting consistent with 
acute myocardial ischemia. Because of the implications 
for treatment, including reperfusion therapy, MI is classified 
clinically into those cases in which the clinical presentation 
includes ST-segment elevation in 2 contiguous leads on the 
12-lead electrocardiogram (ECG) and those cases without 
ST-elevation at presentation, which are designated as NSTEMI. 
Moreover, because of their indistinguishable clinical and 
electrocardiographic features (ST-segment depressions and 
T-wave inversion) and similar management, patients with 
UA and NSTEMI are commonly grouped together by the 
term non–ST-elevation ACS (NSTE-ACS) (Figure 1-1; also see 
the section on Clinical Classification: Electrocardiography).

A nomenclature that incorporates the development of 
pathological Q waves (Q-wave MI) versus their absence 
(non–Q-wave MI) on the surface ECG is no longer deemed 
useful as part of initial management of acute MI; however, 
the presence of Q waves should be recognized as indica-
tive of late presentation of a large MI. In addition to the cat-
egories already described, MI can be classified into various 
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types, based on pathological, clinical, and prognostic differ-
ences, along with different treatment strategies (see the sec-
tion on Clinical Classification).

Unstable Angina: A Historical Perspective
In the days of Herrick’s original clinical description of MI, MI 
and angina were beginning to be recognized as manifesta-
tions of the same underlying disease process.3 Nevertheless, 
the conclusions by Russian physicians Obrastzow and 
Straschesko that “the differential diagnosis of coronary 
thrombosis from angina pectoris is made by the pres-
ence of status angiosus with coronary thrombosis and its 
absence with isolated attacks of angina pectoris” reflected 
the prevailing view at the time that these two diagnoses 
were quite distinct. This distinction began to blur by 1937, 
when Sampson and Eliaser and Feil each described several 
patients with prolonged chest discomfort at rest that dif-
fered from stable angina, and appeared sometimes to pre-
cede an acute MI.3 This pattern of symptoms was variously 
referred to as “pre-infarction angina” or “crescendo angina.” 
In 1948, Wood proposed that this “intermediate coronary 
syndrome” between stable angina and MI was caused by “a 
coronary circulation insufficient to meet the full demands 
at rest yet sufficient to prevent MI.” He recognized that, just 
as for acute MI, coronary thrombosis could be playing a role 
in this coronary insufficiency. Moreover, he observed that MI 

or death occurred in 12 of 25 patients with this intermedi-
ate coronary syndrome, whereas among 33 patients with the 
same syndrome whom he treated with oral anticoagulants, 
only 3 patients died or had an MI. It was nearly 25 years later, 
in 1971, that Fowler and colleagues introduced the term 
“unstable angina.”

At first, UA was considered to be quite rare, and as late 
as the 1950s, some experts even questioned its existence. 
Friedberg, in the leading cardiology textbook at the time, 
described these patients as “a motley group,” which he rec-
ommended should be “best classified clinically as angina 
pectoris (more or less severe or prolonged) or as MI.” 
Despite this debate, in the era predating the development 
of high-sensitivity assays for cTn, it appeared that UA was 
common. In 1991, the National Center for Health Statistics 
reported that UA was responsible for 570,000 hospitaliza-
tions annually in the United States, making UA one of the 
most common reasons for hospital admission.

In 1994, in the first published guidelines on its diagnosis 
and management, UA was defined as “a clinical syndrome 
falling between stable angina and MI.”3 Three principal clin-
ical presentations were considered to be typical of UA: (1) 
angina at rest; (2) new onset of severe exertional angina; and 
(3) distinct, often sudden, intensification of previously stable 
angina. Any one of these, in the absence of an acute MI (see 
the section on Diagnosis of Myocardial Infarction), was the 
basis for a diagnosis of UA. UA could be further classified 

Ischemic DiscomfortPresentation

Working
diagnosis

ECG

Biomarkers

Final
diagnosis

Final ECG
manifestation

Supply-demand imbalance
(predominantly nonthrombotic)

Acute coronary syndrome
(atherothrombotic)

No ST elevation ST elevation

Unstable angina
(demand-related)

Non-ST elevation MI
(Type 2)

Unstable angina
(thrombotic-mediated)

Non-ST elevation MI
(Type 1)

ST elevation MI
(Type 1)

Non–Q-wave MI Q-wave MI

– –+ + +

Non-ST-elevation acute coronary syndrome

FIGURE 1-1 Myocardial ischemia and infarction. Unstable ischemic syndromes may result from acute changes in either myocardial oxygen demand and/or supply. Pre-
dominantly nonthrombotically mediated events (left side) typically occur without ST-segment elevation but can result in myocardial infarction (MI) with elevated levels of cardiac 
biomarkers if the ischemia is sufficiently severe and prolonged (type 2 MI). Myocardial ischemia caused by acute coronary thrombosis (right side) may occur with or without 
ST-segment elevation. The distinction of whether MI has occurred is ultimately determined by the presence or absence of detectable elevation of circulating cardiac troponin. 
Non–Q-wave MI ultimately develops in most patients with non–ST-elevation MI (NSTEMI); Q-wave MI may develop in a few patients. MI that develops as the result of the athero-
thrombotic lesion of an acute coronary syndrome is classified as type I MI. ECG, Electrocardiography. (Adapted from Scirica BM, Morrow DA: ST-elevation myocardial infarction: 
pathology, pathophysiology, and clinical features. In Mann DL, et al, eds: Braunwald’s heart disease: a textbook of cardiovascular medicine, ed 10, Philadelphia, Saunders, 2015.)
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according to its severity, the clinical circumstances in which 
it occurred, and the presence or absence of electrocardio-
graphic ST-segment deviations (Table 1-1).

By the beginning of the 21st century, UA was firmly estab-
lished as one possible manifestation of ACS; however, ambi-
guity had begun to creep into its definition. As an example, 
the World Health Organization revision of the definition of 
MI in 2008 to 2009 characterized UA as “new or worsen-
ing symptoms of ischemia (or changing symptom pattern) 
and ischemic ECG changes…with normal biomarkers,” 
but noted that the “distinction between new angina, wors-
ening angina and unstable angina is notoriously difficult 
and based on a clinical assessment and a careful and full 
clinical history.”4 At the same time, the increasing analyti-
cal sensitivity of assays for cTn decreased the proportion of 
patients with ACS with “normal biomarkers” (see the sec-
tion on Biomarkers of Myocyte Necrosis), resulting instead 
in the diagnosis of MI.

Diagnosis of Myocardial Infarction
In 1971, the World Health Organization proposed that the 
diagnosis of MI required the presence of at least two of the 
following: (1) typical symptoms; (2) a typical ECG pattern 
involving the development of Q waves; and (3) an initial rise 
and subsequent fall in serum and/or plasma biomarkers of 
myocardial necrosis. Patients with similar clinical manifes-
tations of myocardial ischemia as UA, but who exhibited 
a typical pattern of a rise to abnormally elevated level(s) 
and subsequent fall in serum biomarkers of necrosis were 
diagnosed with MI. Subsequently, the emergence of both 
more sensitive and specific serologic biomarkers of myocar-
dial necrosis and precise imaging techniques prompted a 
reevaluation of this definition of MI. This effort resulted in an 
evolution of the definition of MI that placed greater empha-
sis on the detection of ischemic myocardial necrosis, either 
with sensitive biomarkers or with cardiac imaging.

In 2000, the First Global MI Task Force, which was a collab-
orative joint committee of the European Society of Cardiology 
and the American College of Cardiology, articulated a new 
definition of MI that was founded on the principle that “any 
amount of myocardial necrosis caused by ischemia should 

be labeled as a [myocardial] infarct.”5 In addition, this joint 
committee confirmed previous guidelines that established 
the 99th percentile in the distribution of cTn in an appar-
ently healthy population as the upper reference limit (URL) 
for diagnosis of myocardial injury (see Chapter 7). The task 
force also recognized that as a consequence of this funda-
mental premise “an individual who was formerly diagnosed 
as having severe, stable or unstable angina pectoris might 
be diagnosed today with a small MI.” These principles were 
refined by the Second Global MI Task Force in 2007, leading 
to the Universal Definition of Myocardial Infarction, which 
included a clinical classification of MI that placed empha-
sis on differentiating the various conditions that might 
lead to an MI (see the section on Clinical Classification 
of Myocardial Infarction).5 Subsequently, the 2012 Third 
Universal Definition of Myocardial Infarction responded to 
the development of even more sensitive assays for markers 
of myocardial necrosis.6

The Third Universal Definition of Myocardial Infarction for-
mulated by the European Society of Cardiology, the American 
College of Cardiology, the American Heart Association, and 
the World Heart Federation recommends that patients who 
are suspected on clinical grounds of having ACS should 
undergo serial sampling for cTn.6 An MI is defined by a typi-
cal rise and/or fall of cTn, with at least one value above the 
assay’s URL, accompanied by at least one other feature of 
ischemia (e.g., typical symptoms or ECG changes) (Table 1-2).

Biomarkers of Myocyte Necrosis
Contemporary assays for cTn, their related important analyt-
ical considerations,7 and their clinical use in the evaluation 
of patients with suspected MI are discussed in Chapter 7. This 
development of progressively more sensitive and precise 
biomarkers of myocardial necrosis has changed the epide-
miology of MI. In the 1980s and 1990s, the myocardial band 
fraction of creatine kinase (CK-MB) was deemed to be the 
most sensitive and specific biomarker. Because serial deter-
minations of CK-MB were not part of routine practice at the 
time in patients with NSTE-ACS, NSTEMI was not adequately 
excluded in many patients who were given a final diagnosis 
of UA. Therefore, the high incidence of UA reported in 1991 
was likely an overestimate.

TABLE 1-1 Original Braunwald Classification of Unstable Angina

SEVERITY

CLINICAL CIRCUMSTANCES
A B C

DEVELOPS IN PRESENCE OF 
EXTRACARDIAC CONDITION 
THAT INTENSIFIES MYOCARDIAL 
ISCHEMIA (SECONDARY UA)

DEVELOPS IN THE ABSENCE 
OF EXTRACARDIAC 
CONDITION (PRIMARY UA)

DEVELOPS WITHIN 2 
WKS AFTER ACUTE 
MYOCARDIAL 
INFARCTION 
(POSTINFARCTION UA)

I New onset of severe angina or 
accelerated angina; no pain 
at rest

IA IB IC

II Angina at rest within past 
month but not within 
preceding 48 hr (angina at 
rest, subacute)

IIA IIB IIC

III Angina at rest within 48 hr 
(angina at rest, acute)

IIIA IIIB Troponin negative
IIIB Troponin positive*

IIIC

*Now defined as myocardial infarction if cardiac troponin is more than the 99th percentile upper reference limit.
UA, Unstable angina.
Adapted from Braunwald E: Unstable angina—a classification. Circulation 80:410–414, 1989.
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The differentiation between UA and NSTEMI has proven 
to be of considerable prognostic importance. First dem-
onstrated with CK-MB, and subsequently refined with cTn, 
patients with unstable ischemic symptoms and biomarker 
evidence of myocardial necrosis (i.e., NSTEMI) are at sig-
nificantly higher risk of death or recurrent ischemic events 
compared with patients presenting with UA, in whom, by 
definition, biomarkers of necrosis are not elevated (see 
Chapter 11).

Although, in the 1970s and 1980s, CK-MB was superior to 
previously available enzymes used as biomarkers of necro-
sis (total creatine kinase, aspartate aminotransferase, and 
alanine aminotransferase), it lacked optimal sensitivity and 
specificity. In 1987, Cummins and colleagues introduced 
an assay for cardiac-specific troponin I (cTnI), and shortly 
thereafter, Katus and colleagues developed an analogous 
assay for cardiac-specific troponin T (cTnT). Troponin I and 
T are components of the troponin regulatory complex that 
is bound to actin and modulates the interaction between 
actin and myosin in myocytes. In contrast to CK-MB, tro-
ponin I and T have cardiac isoforms (cTnI and cTnT) that 
are unique to cardiac myocytes and may be measured by 
assays that use monoclonal antibodies specific to epitopes 
of the cardiac form. Because of this greater tissue specificity, 

cTn allows detection of a faint signal of release from cardiac 
myocytes against minimal background noise in the circula-
tion, and delivers considerably higher sensitivity and speci-
ficity than CK-MB.5 For example, in the TIMI 3 trial, 25% of the 
patients classified with UA, based on the absence of abnor-
mally elevated concentrations of CK-MB, had cTnI ≥0.4 ng/
ml (the cutpoint of a relatively insensitive assay from the 
mid-1990s), and therefore, should be reclassified as having 
had an NSTEMI.8 Thus, in retrospect, patients with UA made 
up a smaller percentage of patients with NSTE-ACS than had 
previously been believed.

Like the earlier classification of ACS patients based on 
CK-MB, this second wave of reclassification also appeared to 
be clinically important. Among patients with normal CK-MB, 
patients with elevated cTn were at higher risk of adverse car-
diac events than those without such elevations. In the TIMI 
11B trial, we observed a six-fold increase in death or new MI 
in patients with normal CK-MB who had elevated cTnI com-
pared with patients without such an elevation. The clinical 
relevance of such reclassification with cTn was reinforced 
by evidence that patients with ACS who had elevated cTn 
benefited more from newer therapies than did patients in 
whom cTn was not detectable. These therapies included 
an early invasive strategy (see Chapter 16), the addition of 
platelet glycoprotein IIb/IIIa inhibitors (see Chapter 19), and 
treatment with a low–molecular-weight heparin rather than 
unfractionated heparin (see Chapter 18).

Two critical trends in the clinical applications of cTn have 
since ushered in what we view as a third wave of reclassifi-
cation of ACS: (1) a move to lower diagnostic cutoffs for cTn; 
and (2) progressive improvement in the analytical precision 
of assays for cTn that has further lowered diagnostic and 
prognostic decision limits.3,5 At initial approval for clinical 
use, manufacturer-recommended cutpoints for cTn origi-
nated from comparative studies with CK-MB. However, this 
approach was flawed because the derived cutpoints were 
based on a comparison with a less sensitive test. For this 
reason, in 1999, laboratory professional guidelines recom-
mended an additional lower cutpoint based on the distribu-
tion of cTn in a healthy reference population. This approach 
of defining an upper limit of normal at the 97.5th or 99th 
percentile of a reference population is the method used to 
establish cutpoints for many clinical laboratory tests. In 2000, 
cardiology and laboratory professional guidelines endorsed 
a single cutpoint for diagnosis of MI at the 99th percentile 
URL for each assay (see Chapter 7).

However, more than 10 years after publication of the first 
Universal Definition of Myocardial Infarction, many labora-
tories have continued to report an inconclusive or sugges-
tive range using two cTn cutpoints based on the outdated 
initial proposal from laboratory guidelines and some pack-
age inserts.9,10 This practice is no longer consistent with 
present guidelines.6

The progressive improvement in analytical precision of 
assays for cTn during the past 25 years had driven both the 
limit of detection and the URL downwards. This trend is 
illustrated by the data from clinical studies that revealed the 
proportion of patients with NSTE-ACS with a positive cTn 
result, and hence, a diagnosis of NSTEMI. In 1996, in the TIMI 
3 trial, 25% of patients with UA had elevated cTnI (≥0.4 ng/
mL). A decade later, in NSTE-ACS patients enrolled into the 
MERLIN-TIMI 36 trial, which used a widely available current 
generation sensitive assay for cTnI (URL 0.04 ng/mL), we 
observed that 65% of patients with NSTE-ACS had a positive 

TABLE 1-2 Criteria for Acute Myocardial Infarction

The term acute myocardial infarction (MI) should be used when there 
is evidence of myocardial necrosis in a clinical setting consistent with 
myocardial ischemia. Under these conditions any one of the following 
criteria meets the diagnosis for MI:

	•	 	Detection	of	rise	and/or	fall	of	cardiac	biomarkers	(preferably	cardiac	
troponin [cTn]) with at least one value above the 99th percentile upper 
reference limit (URL) and with at least one of the following:

	 •	 	Symptoms	of	ischemia
	 •	 	New	significant	ST-T	changes	or	new	left	bundle	branch	block	(LBBB)
	 •	 	Development	of	pathological	Q	waves	in	the	electrocardiogram	

(ECG)
	 •	 	Imaging	evidence	of	new	loss	of	viable	myocardium
	 •	 	Identification	of	an	intracoronary	thrombus	by	angiography
	•	 	Pathological	findings	of	an	acute	or	a	recent	MI.
MI in specific settings:
	•	 	MI	related	to	sudden	cardiac	death

Sudden, unexpected cardiac death, involving cardiac arrest, with 
symptoms suggestive of myocardial ischemia, or accompanied by 
presumably new ST elevation, or new LBBB, or evidence of fresh 
thrombus by coronary angiography and/or at autopsy, but death 
occurring before blood samples could be obtained, or at a time 
before the appearance of cardiac biomarkers in the blood.

	•	 	MI	related	to	percutaneous	coronary	intervention	(PCI)
For PCI in patients with normal baseline cTn values (≤99th percentile 
URL), PCI-related MI is arbitrarily defined by elevations of >5 × 
99th percentile URL plus either evidence of ischemia, such as 
prolonged chest pain or hemodynamic instability, ST changes or 
new pathological Q waves, angiographic loss of patency of a major 
coronary artery or a side branch, persistent slow- or no-reflow, 
or embolization or imaging demonstration of new loss of viable 
myocardium.

	•	 	MI	related	to	stent	thrombosis
PCI-related stent thrombosis is designated MI when detected by 
coronary angiography or autopsy in the setting of myocardial ischemia 
and with a rise and/or fall of cardiac biomarkers (preferably cTn) with 
at least one value above the 99th percentile URL.

	•	 	MI	related	to	coronary	artery	bypass	surgery
For coronary artery bypass surgery (CABG) in patients with normal 
baseline cTn values (≤99th percentile URL), procedure related MI is 
arbitrarily defined by elevations of >10 × 99th percentile URL plus 
either new pathological Q waves or new LBBB, or angiographic 
documented new graft or native coronary artery occlusion, or imaging 
evidence of new loss of viable myocardium.

From Thygesen K, Alpert JS, Jaffe AS, et al: Third universal definition of myocardial 
infarction. J Am Coll Cardiol 60:1581,2012.
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cTnI result, approximately 50% of whom would not have 
been identified with CK-MB.11 Importantly, the subgroup of 
patients who had low-level elevations in cTnI that would not 
have been detected with the previous generation cTn assay 
turned out to be at similar heightened risk of death or recur-
rent ischemic events. Using the earlier assay, these patients 
did not have detectable elevations of cTn and would there-
fore have been considered to have UA, but were later classi-
fied as NSTEMI and were found to have a commensurately 
increased risk.11

With yet another decade of evolution, high-sensitivity 
assays with improved analytical precision have progres-
sively lowered the URL and enabled detection limits as 
low as 0.0002 ng/ml (0.2 ng/L) with consequent detection 
of cTn above the URL in 82% to 99% of patients with puta-
tive UA; again, data demonstrate a graded rise in the rate 
of adverse outcomes.12,13 Such clinical studies have estab-
lished that most patients with clinical manifestations of myo-
cardial ischemia, with pain at rest, but without elevated cTnI 
by a previous generation assay, have detectable dynamic 
concentrations of circulating cTnI measured by a high-sen-
sitivity assay, and therefore, would be reclassified from UA 
to NSTEMI. Clinically, there is a need to distinguish acute 
increases in cTn that occur in MI from chronic, relatively 
stable, low-level concentrations that can exist in patients 
with SIHD or other structural heart disease, but which are 
not necessarily indicative of ACS (see Chapter 7, Table 7-2).14

CLASSICATION OF MYOCARDIAL 
INFARCTION

Pathological Description
The pathological diagnosis of MI requires evidence of myo-
cardial cell death. Characteristic findings of myocyte necro-
sis include coagulation necrosis and contraction band 
necrosis, usually with patchy areas of myocytolysis at the 
periphery of the infarction (see Figure 4-2). During the acute 
phase of MI, most of the myocyte loss occurs via coagula-
tion necrosis, with ensuing inflammation, phagocytosis of 
necrotic myocytes, and repair eventuating into scar forma-
tion (see Chapter 4).

MI can be classified pathologically on gross examina-
tion as transmural, in which myocardial necrosis involves 

the full thickness (or nearly full thickness) of the ventricu-
lar wall, and subendocardial (nontransmural) infarcts, 
in which the necrosis involves the subendocardium, the 
intramural myocardium, or both, without extending all the 
way through the ventricular wall to the epicardium (Figure 
1-2). Transmural infarction is more likely when coronary 
thrombosis is completely occlusive and is localized to the 
distribution of a single coronary artery. Subendocardial 
infarctions may result from severely narrowed, but still 
patent, coronary arteries, or when significant collateral cir-
culation to the infarcted region exists. Patchy subendocar-
dial infarction may arise from reperfusion of an originally 
occlusive thrombus with restoration of blood flow before 
the wavefront of necrosis has extended from the subendo-
cardium across the full thickness of the ventricular wall 
(see Chapter 24).

Clinical Classification
Electrocardiography
Abnormalities of the surface ECG during myocardial isch-
emia or infarction may include the PR segment, the QRS 
complex, the ST-segment, or the T-wave. The earliest manifes-
tation of myocardial ischemia is typically hyperacute T-wave 
amplitude followed by ST-segment changes. The loss of elec-
tromotive forces caused by myocardial necrosis leads to 
R-wave loss in the ECG territory of the MI. The development 
of Q-waves is a result of delayed conduction through an 
ischemic area or conduction around an area of infarction, 
leading to recording potentials from the opposite ventricu-
lar wall. Criteria for Q-waves consistent with previous MI are 
shown at the bottom of Table 1-3. Transient Q-waves may be 
observed during an episode of acute ischemia or (rarely) 
during acute MI with successful reperfusion.

The term Q-wave infarction was often used synony-
mously with transmural infarction, whereas non–Q-wave 
infarctions were believed to be indicative of subendocar-
dial infarctions. However, studies that used cardiac mag-
netic resonance imaging (see Chapter 33) indicate that the 
development of Q-waves on the ECG is influenced more 
by the size of the infarction than the extent of transmural 
involvement (see Figure 1-1). Moreover, the classification of 
MI on the basis of Q-waves has been supplanted by a focus 
on the presence or absence of initial ST-segment elevation 

Completed infarct
involving nearly the
entire area at risk

Zone of
perfusion

(area at risk)

Zone of
necrosis

Zone of
necrosis

0 Hour 2 Hours 24 Hours

Cross-section
of myocardium

Obstructed
coronary

artery

Endocardium

Nontransmural
infarction

Transmural
infarction

FIGURE 1-2 The progression of myocardial necrosis after coronary artery occlusion. Necrosis begins in a small zone of the myocardium beneath the endocardial sur-
face in the center of the ischemic zone. This entire region of myocardium (dashed outline) depends on the occluded vessel for perfusion and is the area at risk. A narrow zone 
of myocardium immediately beneath the endocardium is spared from necrosis because it can be oxygenated by diffusion from the ventricle. (Adapted from Schoen FJ, Mitchell, 
RN: The heart. In Kumar V, et al, eds: Robbins and Cotran pathologic basis of disease, ed 8. Philadelphia, Saunders, 2010.)
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(see the section on Spectrum of Ischemic Heart Disease). 
Nonetheless, the development of Q-waves during the subse-
quent evolution of an MI adds to other clinical data suggest-
ing a larger infarction.

Deviation of the ST-segment is the most consistent ECG 
finding during severe myocardial ischemia, and it is the result 
of the development of a voltage gradient between the normal 
and ischemic zones of the myocardium. The voltage gradient 
leads to a flow of current between regions of myocardium, 
resulting in the injury current recorded on the surface ECG. 
When acute ischemia is transmural, which is usually associ-
ated with complete coronary occlusion, the overall ST vec-
tor is most often shifted in the direction of the epicardial 
layers, producing ST-segment elevation. In contrast, when 
ischemia is confined to the subendocardium, the ST vector 
usually shifts toward the ventricular cavity, which results in 
ST-segment depression in the overlying leads. Clinical stud-
ies have established the benefit of immediate reperfusion 
therapy in patients with ST-segment elevation (see Chapter 
13). Because of this fundamental tie to therapeutic strategy 
for patients with acute MI, current nomenclature focuses on 
classifying patients at the time of presentation as STEMI or 
NSTEMI (see Figure 1-1). Criteria for diagnostic ST-segment 
elevation are shown in Table 1-3. Lesser degrees of ST-segment 
deviation should also be recognized by the clinician and inte-
grated into the overall clinical assessment of the patient with 
suspected MI (see Chapter 6).

Universal Definition of Myocardial Infarction 
Classification of Myocardial Infarction Type
In addition to establishing criteria for the diagnosis of MI, 
the Universal Definition of Myocardial Infarction classifies 
definite MI into various types, based on proposed patho-
logical, clinical, and prognostic differences (Table 1-4).6 
Importantly, these classifications are intended to be useful 

for determining therapeutic strategy, which is expected to 
differ, for example, between spontaneous MI and MI second-
ary to an increase in myocardial oxygen demand or coro-
nary vasospasm (Figure 1-3; also see Chapter 13).

Spontaneous Myocardial Infarction (Type 1)
Type 1 MI is an event related to atherothrombosis, including 
plaque rupture, ulceration, fissuring, erosion, or dissection, with 
resulting coronary thrombus in one or more of the coronary 
arteries (see Chapter 3). The Universal Definition of Myocardial 
Infarction also classifies distal platelet microemboli as type 1 
MI. Type 1 MI is the classic paradigm of ACS with an athero-
thrombotic cause for which early reperfusion therapy for 
STEMI and antithrombotic therapies and invasive evaluation 
for NSTEMI and STEMI are of proven benefit. Patients with type 
1 MI may have underlying severe epicardial coronary artery 
disease (CAD) but nonobstructive or minimal CAD may be 
found at angiography in 5% to 20% of patients, particularly 
among women (see the section on Myocardial Infarction with 
Nonobstructive Coronary Arteries).

Myocardial Infarction Secondary to an Ischemic 
Imbalance (Type 2)
Type 2 MI is defined as an MI that occurs as a result of 
an imbalance between myocardial oxygen supply and 
demand, which is contributed to by a condition other 
than CAD (see Figure 1-3). Type 2 MI may occur in the 
setting of stable underlying coronary atherosclerosis that 
results in supply–demand mismatch only in the context 
of increased myocardial oxygen demand or reduced 
oxygen delivery. Examples include MI in the presence of 
uncontrolled hypertension, markedly increased heart 
rate caused by arrhythmia, or severe anemia. Other con-
tributors may include respiratory failure, bradycardia, 
and hypotension. Type 2 MI also encompasses reduced 
myocardial blood oxygen supply that results from coro-
nary vasospasm, endothelial dysfunction, or coronary 

TABLE 1-3 Electrocardiographic Manifestations of 
Myocardial Infarction

ECG Manifestations of Acute Myocardial Ischemia (in Absence 
of LVH and LBBB)

ST Elevation

New ST elevation at the J point in two contiguous leads with the cutpoints:
≥0.1 mV in all leads other than leads V2 to V3
In leads V2 to V3
≥0.2 mV in men ≥40 years, and ≥0.25 mV in men <40 years, or
≥ 0.15 mV in women

ST Depression and T-Wave Changes

New horizontal or down-sloping ST depression ≥0.05 mV in two contiguous 
leads and/or T inversion ≥0.1 mV in two contiguous leads with prominent 
R wave or R/S ratio >1

ECG Changes Associated with Previous Myocardial Infarction 
(Q Waves)

	 •	 	Any	Q	wave	in	leads	V2 to V3 ≥0.02 sec or QS complex in leads V2 
and V3

	 •	 	Q	wave	≥0.03 sec and ≥ 0.1 mV deep or QS complex in leads I, II, 
aVL, aVF, or V4 to V6 in any two leads of a contiguous lead grouping 
(I, aVL, V1–V6, II, III, aVF)*

	 •	 	R	wave	≥ 0.04 sec in leads V1 toV2 and R/S ≥1 with a concordant 
positive T wave in the absence of a conduction defect

*The same criteria are used for supplemental leads V7 to V9, and for the Cabrera 
frontal plane lead grouping.
ECG, Electrocardiography; LBBB, left bundle branch block; LVH, left ventricular 
hypertrophy.
From Thygesen K, Alpert JS, Jaffe AS, et al: Third universal definition of myocardial 
infarction. J Am Coll Cardiol 60:1581,2012.

TABLE 1-4 Universal Definition Classification of 
Myocardial Infarction

Type 1: Spontaneous Myocardial Infarction

Spontaneous myocardial infarction related to ischemia caused a primary 
coronary event, such as plaque rupture, erosion, fissuring, or dissection.

Type 2: Secondary Myocardial Infarction

Myocardial infarction secondary to ischemia caused by increased oxygen 
demand or decreased supply (e.g., coronary endothelial dysfunction, 
coronary artery spasm, coronary embolism, tachy-/brady-arrhythmias, 
anemia, respiratory failure, hypotension, and hypertension with or 
without LVH).

Type 3: Myocardial Infarction Related to Sudden Cardiac 
Death

Sudden unexpected cardiac death with symptoms suggestive of myocardial 
ischemia, accompanied by presumably new ST elevation, or new LBBB, 
or evidence of fresh thrombus in a coronary artery by angiography or at 
autopsy, but death occurs before blood samples could be obtained, or at 
a time before the appearance of cardiac biomarkers in the blood

Type 4a: Myocardial Infarction Related to PCI

Type 4b: Myocardial Infarction Related to Stent Thrombosis

Type 5: Myocardial Infarction Related to CABG

CABG, Coronary artery bypass graft; LBBB, left bundle branch block; LVH, left 
ventricular hypertrophy; PCI, percutaneous coronary intervention.
From Thygesen K, Alpert JS, Jaffe AS, et al: Third universal definition of myocardial 
infarction. J Am Coll Cardiol 60:1581,2012.
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embolism, as well as ischemia that occurs in patients with 
extreme increases in myocardial oxygen demand in the 
absence of recognized coronary abnormalities (also see 
the section on Myocardial Infarction in Nonobstructive 
Coronary Arteries). Nonischemic etiologies of myocardial 
injury caused by direct myocardial toxicity of circulating 
substances in the setting of acute illness or stress-induced 
cardiomyopathy (Takotsubo myopathy) are both not clas-
sified as type 2 MI, but they may be very difficult to dis-
tinguish from myocardial ischemia because of increased 
myocardial demand (see Table 7-2).

Estimates of the proportion of MIs that are type 2 vary 
widely from 3.5% to 72%, depending on the setting and 
approaches to diagnostic categorization. Among patients 
with established ischemic heart disease and recent ACS, 
less than 5% of recurrent infarctions appear to be type 2.15 
In hospitalized patients with elevated cTn, the proportion 
of type 2 MIs increases from 10% to 30%, and among all-
comers to the emergency department who have cTn evalu-
ated, the proportion has been reported to be as high as 
approximately 70%.16 Although approaches that incorpo-
rate specific criteria for heart rate, blood pressure, hemo-
globin, and oxygenation have been proposed,17 there is no 
established gold standard for type 2 MI. Efforts to establish 
rigid criteria are likely to be unsuccessful because the 
severity of increased myocardial oxygen demand neces-
sary to cause ischemic injury will vary substantially based 
on the severity of any underlying coronary abnormalities. 
For example, a heart rate of 110 beats/min may cause isch-
emia in a patient with severe left main coronary disease, 
but others may tolerate a heart rate of 150 beats/min with-
out any ischemia. Presence of a clearly identifiable cause 
(e.g., infection, or acute change in heart rate or blood pres-
sure) or situational signs or symptoms may all be used as 
evidence for a type 2 cause. Diagnostic coronary imaging 
may not be appropriate in many cases, such as patients 
with severe noncardiac illness, but it is often helpful when 
performed.

Few studies have examined the near- and long-term 
prognosis in patients with type 2 MI. Among patients 
with established ischemic heart disease and a previous 
ACS, cardiovascular mortality associated with type 2 MI 
appears similar to that for recurrent type 1 MI (Figure 
1-4).15 Moreover, among unselected patients hospitalized 
with MI, patients with type 2 MI appear to have worse long-
term survival than patients with type 1 MI (Figure 1-5).17 

This observation may be explained by the generally older 
age and greater number of comorbid medical conditions 
in the population with type 2 MI, as well as the common 
presence of an acute noncardiac illness that contributes to 
the onset of ischemia. In general, management of type 2 MI 
should be directed at the underlying contributors to a sup-
ply–demand mismatch. Because of the poor prognosis of 
patients with type 2 MI, long-term cardiovascular risk strati-
fication is often appropriate once a primary noncardiac 
illness is treated.

Cardiac Death Caused by Myocardial Infarction (Type 3)
In some instances, patients with symptoms suggestive of 
myocardial ischemia accompanied by presumed new isch-
emic ECG changes or new left bundle branch block (LBBB) 
may experience sudden death before blood samples for 
biomarkers can be obtained or before circulating cardiac 

Plaque rupture with thrombus

Vasospasm or endothelial
dysfunction

Fixed atherosclerosis and
supply-demand imbalance

Supply-demand
imbalance alone

FIGURE 1-3 Differentiation between myocardial infarction (MI) types 1 and 2 according to the condition of the coronary arteries. Myocardial ischemia and infarc-
tion can result from various coronary disease processes, including erosion or rupture of vulnerable atherosclerotic plaque leading to acute thrombus formation and subsequent 
ischemia (type 1 MI, top), or predominantly nonthrombotic supply–demand mismatch from any of the following (type 2 MI): coronary vasospasm; increased myocardial demand 
in the setting of a fixed coronary lesion; or supply–demand imbalance in the absence of critical epicardial disease, such as in patients with microvascular disease or endothelial 
dysfunction. (From Thygesen K, Alpert JS, Jaffe AS, et al: Third universal definition of myocardial infarction. J Am Coll Cardiol 60:1581, 2012.)

Type 1 – Atherothrombotic

Type 2 – Secondary “demand”

Type 4a – PCI related

Type 4b – Stent thrombosis

Type 5 – CABG related

All MI

1 10 100

4.0

3.0

2.5

8.6

15.4

4.9

Hazard Ratio for Cardiovascular Death

FIGURE 1-4 Prognosis associated with myocardial infarction (MI) classified 
by the Universal MI Classification System.	Data	are	from	1218	new	or	recurrent	
MIs occurring in a clinical trial of patients with acute coronary syndrome. Adjusted 
hazard ratio for cardiovascular (CV) death at 180 days during study follow-up by the 
universal definition of MI subtypes (type 1: spontaneous atherothrombotic; type 2: 
demand related; type 3: sudden unexpected cardiac death; type 4a: percutaneous 
coronary intervention [PCI] related; type 4b: stent thrombosis; and type 5: coronary 
artery bypass grafting [CABG] related). Referent for type 5 MI was the cohort of 
patients who underwent CABG but did not have an MI during follow-up. Analyses 
were adjusted for known risk indicators of age, sex, diabetes, hypertension, dyslip-
idemia, renal function, previous heart failure, previous MI, randomization group, 
severity of coronary artery disease at the index angiogram, and presenting syndrome 
(unstable angina, non–ST-elevation MI, or ST-elevation MI). (From Bonaca MP, Wiviott 
SD, Braunwald E, et al: American College of Cardiology/American Heart Association/
European Society of Cardiology/World Heart Federation universal definition of myo-
cardial infarction classification system and the risk of cardiovascular death: obser-
vations from the TRITON-TIMI 38 trial [Trial to Assess Improvement in Therapeutic 
Outcomes by Optimizing Platelet Inhibition With Prasugrel-Thrombolysis in Myocar-
dial Infarction 38]. Circulation 125:577–583, 2012.)
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biomarkers become elevated. In such cases of a presenta-
tion with clinical features of myocardial ischemia, or pre-
sumed new ischemic ECG changes, patients should be 
classified as having had a fatal MI, even in the absence of 
diagnostic cardiac biomarkers.

Myocardial Infarction Associated with Revascularization 
Procedures (Types 4 and 5)
Periprocedural myocardial injury or infarction may occur 
during mechanical revascularization, either by percutane-
ous coronary intervention (PCI) (type 4) or coronary artery 
bypass graft (CABG) (type 5). MIs related to PCI are further 
classified as periprocedural MI (type 4a) and stent throm-
bosis (type 4b). PCI and CABG-related MIs are arbitrarily 
defined by specific thresholds above the URL (see Table 1-2) 
in conjunction with either evidence of ischemia, demon-
strated loss of myocardium, or overt clinical complications. 
Elevated cTn values that do not meet these thresholds may 
be evident after revascularization procedures or may occur 
in the absence of clear evidence of ischemia. The Universal 
MI Committee has concluded that it is likely that limitation 
of such an injury is optimal; however, in the absence of 
overt procedural complications, a specific threshold for an 
asymptomatic rise in circulating cTn or CK-MB that is asso-
ciated with worse clinical outcomes has not been conclu-
sively defined.6

The clinical significance of periprocedural myocardial 
injury is controversial and has led to the development of 
multiple alternative definitions for types 4 and 5 MI by vari-
ous stakeholders.18 It is our interpretation of the available 
evidence that there is an increasing gradient of risk associ-
ated with increasing concentrations of CK-MB or cTn after 

coronary revascularization procedures; however, the asso-
ciated mortality risk, for type 4a MI in particular, although 
measurable, is less than that for spontaneous (type 1) MI 
(see Figure 1-4). In part, the controversy stems from seem-
ingly conflicting data from observational studies in which 
some have shown no association with adverse outcomes 
in patients with biomarker elevation post-PCI (see Chapter 
23). However, it is likely that the risk associated with peri-
procedural injury may vary across settings (e.g., elective PCI 
compared with primary PCI in STEMI). Moreover, discrimi-
nation of new periprocedural injury from elevated concen-
trations of cTn or CK-MB preprocedure, if they are caused by 
a presenting MI or chronic structural heart disease, is com-
plicated and pivotal to accurately estimating the risk associ-
ated with type 4 and type 5 MI.

Definitions that incorporate criteria for dynamic 
increases, which are clearly separate from myocardial injury 
preceding the procedure, and that use higher biomarker 
thresholds for diagnosis of MI, appear to improve specificity 
and have an association with cardiovascular mortality.19,20 
Despite the controversy, the consensus view across commit-
tees participating in the development of professional guide-
lines and/or definitions is that when associated with clinical 
evidence of ischemia (e.g., persistent ST-changes, symptoms, 
or angiographic loss of flow in a major vessel or branch), 
elevation of cTn or CK-MB establishes the diagnosis of peri-
procedural MI; however, the criteria for biomarker elevation 
differ between these recommended definitions.6,21,22

The treatment of periprocedural MI depends on the underly-
ing cause. For example, with acute stent thrombosis, immediate 
re-dilation of the occlusion with or without stenting is highly 
effective in reducing the size of the infarction. Dissection and 
side branch occlusion can be treated with dilation and stenting 
of the occlusive lesions. In most cases, a periprocedural myo-
cardial injury is silent and not detected during the procedure, 
but recognized afterwards. Specific therapeutic guidelines for 
such patients have not been developed.

Classification by Myocardial Infarction Size
In addition to classification by MI type, the Universal 
Definition Classification System also has proposed catego-
ries of MI size based on the peak concentration of the cardiac 
biomarker (cTn preferred).6 Data using both scintigraphy 
and cardiac magnetic resonance (CMR) suggest that peak 
cTn values correlate well with infarct size determined from 
imaging approaches. As for CK-MB, the correlation between 
cTn and MI size by CMR is less strong in NSTEMI than in 
STEMI. However, correlation ranges are good (0.8–0.93) 
and are better than the correlations reported for CK-MB. 
Clinicians should recognize that because of the improved 
sensitivity of cTn (compared with CK-MB) elevations rela-
tive to the URL differ between cTn and CK-MB in terms of 
the size of the infarct reflected (i.e., a twofold elevation 
of cTn reflects a substantially smaller amount of necrosis 
than a twofold elevation of CK-MB). The relative relationship 
between the two biomarkers will differ between each assay. 
As an approximation, in one comparative study of cTn and 
CK-MB based on prognosis rather than imaging of infarct 
size, a 3-fold elevation of CK-MB was equivalent in frequency 
and 1-year mortality risk to a 60-fold elevation of cTn.20 As 
discussed in Chapter 7 and Chapter 11, the risk associated 
with elevation of cTn is, nonetheless, evident at even one- to 
two-fold elevations above the URL in patients with a clinical 
syndrome consistent with myocardial ischemia (Figure 1-6).
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FIGURE 1-5 Survival among patients with type 1 and type 2 myocardial 
infarction.	Data	are	from	20138	patients	hospitalized	 in	2011	 in	Sweden	with	an	
acute myocardial infarction (MI) stratified into MI type 1 (88.5%) and type 2 (7.1%). 
All-cause mortality through 1 year after hospital admission is shown. The adjusted risk 
of type 1 and type 2 MI were very similar after accounting for the greater comorbid 
conditions of patients with type 2 MI. Nevertheless, the risk of death after a type 2 
MI was no less than that after a type 1 MI. CI, Confidence interval; HR, hazard ratio. 
(From Baron T, et al: Type 2 myocardial infarction in clinical practice. Heart 101:101-
106, 2015.)
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Myocardial Infarction in the Setting of Nonobstructive 
Coronary Arteries
Up to 20% (average approximately 6%) of participants in 
registries of patients with a clinical diagnosis of MI are found 
to have no evidence of obstructive epicardial coronary 
atherosclerosis at coronary angiography.23 Such patients 
with suspected MI with nonobstructive coronary arteries 
(MINOCA) are very difficult to discriminate from patients 
with nonischemic mechanisms of acute myocardial injury. 
In a meta-analysis of 28 studies, patients with MINOCA were 
more likely to be younger and female, and less likely to have 
dyslipidemia than patients with critical coronary atheroscle-
rosis. Other coronary abnormalities are moderately preva-
lent in this population. Among 402 patients with MINOCA, 
28% had inducible coronary vasospasm. CMR among 1801 
patients with suspected MINOCA revealed delayed hyperen-
hancement consistent with MI in 24% and features of myo-
carditis in 33%, illustrating the challenging clinical overlap 
between patients with probable type 2 MI and those with 
other causes of myocardial injury.23 For this reason, CMR 
imaging is emerging as a valuable tool when it becomes 
clinically important to perform additional diagnostic eval-
uation in patients with suspected MINOCA (see Chapter 
6 and Chapter 33). In general, the prognosis of patients 
with MINOCA is more favorable than that of patients with 
obstructive coronary disease, but less so in comparison to 
individuals without cardiac disease or patients with chest 
pain without MI.23 Because of the heterogeneous contribu-
tors to MINOCA, there are as yet no well-defined algorithms 
for treatment.

SUMMARY

The terminology and epidemiology that describes unstable 
ischemic heart disease continues to evolve. Current nomen-
clature has shifted in focus toward alignment with discrete 
lines of clinical management. The term ACS captures the 
spectrum of unstable angina, NSTEMI, and STEMI. Although 

present guidelines remain silent on this issue, we favor 
reserving the term ACS for unstable ischemic syndromes of 
atherothrombotic causes to differentiate patients with acute 
thrombosis from the increasingly recognized, large group of 
patients with nonthrombotic, mostly demand-related isch-
emia and infarction (see Figure 1-1).

Initial classification of the patient with suspected ACS 
should be made on the basis of the ECG to identify patients 
with STEMI who are candidates for immediate reperfusion 
therapy. Among patients with NSTE-ACS, the advent of more 
sensitive assays for cTn has shifted the epidemiology, such 
that the proportion of patients with NSTE-ACS who have 
demonstrable myocardial injury, and thus are classified 
as NSTEMI rather than UA, has steadily increased. In our 
view, when high-sensitivity assays for cTn are applied, it is 
an extremely small proportion of patients with unstable 
ischemic symptoms who do not manifest at least small 
amounts of myocardial injury, and for this reason, UA has 
all but disappeared. Because the distinction between 
UA and NSTEMI has become highly dependent on the 
particular assay used for detecting cTn, the term UA has 
increasing ambiguity and means different things to dif-
ferent people. With this shift, the epidemiology of ACS has 
come full circle back to before the 1930s when two princi-
pal manifestations of symptomatic ischemic heart disease 
were recognized: SIHD and acute MI.

Because of an accompanying increase in the heteroge-
neity of patients with MI, it has become even more impor-
tant to classify every MI. Equally important, MI must be 
distinguished from myocardial injury caused by primarily 
nonischemic causes, in which setting we advocate being 
descriptive for the purposes of clinical clarity (e.g., “myo-
cardial injury caused by decompensated heart failure” or 
“myocardial injury caused by myocarditis”). The classifi-
cation of MI based on the setting and suspected underly-
ing pathology as captured by the Universal Definition of 
Myocardial Infarction classification system is an important 
step toward defining rational pathways for treatment of the 
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FIGURE 1-6 Crude all-cause mortality at 1 year, stratified according to the level of maximal high-sensitivity cardiac troponin T (hs-cTnT), among 48,594 
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varied group of patients with MI encountered in clinical 
practice. A diagnosis of “acute MI” is no longer sufficient; 
instead, for example, a diagnosis of a “type 2 NSTEMI in the 
setting of uncontrolled hypertension” is substantially more 
useful to formulating a treatment plan and communicating 
with colleagues.
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INTRODUCTION

Cardiovascular disease (CVD) was the single most important 
cause of death worldwide in 2013, when it was responsible 
for 17 million deaths and the loss of 329 million disability-
adjusted life-years (DALYs).1 Of all causes of CVD, ischemic 
heart disease (IHD) remains the major contributor, account-
ing for half of all CVD-associated morbidity and mortality. 
IHD as measured by the Global Burden of Disease project is 
driven predominantly by acute myocardial infarction (MI) 
and, to a lesser extent, angina. Over the past two decades, 
while age-standardized IHD mortality in most world regions 
has decreased,2,3 the global burden of IHD has increased by 
29 million DALYs (representing a 29% increase), owing in 
large part to overall population growth and to the aging of 
the population.

This chapter presents a review of the global burden of 
IHD, with an emphasis on low- and middle-income countries 
(LMICs). Also considered are the trends in management of 
acute MI. Concluding the chapter is a discussion of chal-
lenges that IHD poses to the global community and solu-
tions that may help to reduce IHD morbidity and mortality.

Data Sources
Data for mortality and DALYs come from the Global 
Burden of Diseases, Injuries, and Risk Factors Study 2010 
(GBD), which obtained and analyzed mortality data for 
187 countries from 1980 to 2010,2,4,5 and the World Health 
Organization (WHO) Mortality Data Base.6 Although the 
GBD study made extensive efforts to standardize mortal-
ity data, these estimates should be interpreted cautiously, 
because the methodology of coding deaths varies glob-
ally, potentially leading to significant misclassification.7 The 
World Bank has divided the world into seven regions: one 
region consisting of high-income countries (HICs) and six 
geographic regions consisting of low- and middle-income 
countries (LMICs). The information on demographic and 
social indices presented here is from the World Bank’s 
World Development Indicators (WDIs), and data on gross 
national income (GNI) per capita were derived using the 
Atlas method in 2011 U.S. dollars (USD).

MORTALITY AND MORBIDITY  
DUE TO MYOCARDIAL INFARCTION

Age-adjusted IHD death rates in HICs are declining; however, 
the current high burden of IHD is primarily the consequence 
of deaths among 85% of the world’s population living in 
LMICs (Figure 2-1). Globally, between 1990 and 2010, the 
age-adjusted death rate decreased by 21% from 131/100,000 
to 106/100,000, but the number of IHD-associated deaths 
is increasing. In this same period, the number of deaths 
increased by 35%. Approximately a third of the increase in 
DALYs attributable to IHD is due to aging of the world popula-
tion, and another 22% is due to population growth.3 Globally, 
the incidence of acute MI declined over the period 1990 
to 2010, dropping from 222.7/100,000 to 195.3/100,000 for 
males and from 136.3/100,000 to 115.0/100,000 for females 
(Figure 2-2). The greatest declines occurred in HICs, with 
only modest declines in LMICs, whereas increases in acute 
MI incidence were observed in Eastern Europe (Figure 2-3). 
Despite a meaningful decline in age-adjusted IHD deaths, 
the DALYs lost due to IHDs have decreased only marginally, 
by 0.6%, from 1895/100,000 to 1884/100,000.5

The reduction in MI mortality appears to be a result of 
a reduction in both the age-adjusted MI incidence and 
the case-fatality rate. In a study of the four communities 
in the Atherosclerosis Risk in Communities (ARIC) Study 
in the United States, rates in both in-hospital and out-of-
hospital mortality declined.8 Over the period 1987 to 2008, 
the age-adjusted MI incidence decreased in black and 
white men and in women, but at different rates. Adjusted 
for biomarkers, the rates of decline were 4.3%, 3.8%, 2.9%, 
and 1.5% among white men, white women, black women, 
and black men, respectively. Age-adjusted in-hospital deaths 
declined annually by an average of 7.2% for men and 6.9% 
for women, with most of the reductions coming in the later 
years (1997 to 2008) compared with the earlier time period 
(1987 to 1996). Out-of-hospital mortality also declined by 
4.9% and 3.7% per year for men and women, respectively. The 
Kaiser Permanente Northern California health care system 
reported a 24% decline in MI incidence from 1999 to 2008.9 
This reduction was almost entirely driven by reductions in 
ST-elevation MIs (STEMIs) from 133 per 100,000 person-years 
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in 1999 to 50 per 100,000 person-years in 2008 (Figure 2-4). 
Thirty-day mortality also declined, with an odds ratio of 0.76 
on comparing 2008 rates to 1999 rates. Over a similar time 
period in the Worcestor, Massachusetts area, STEMI inci-
dence declined by nearly 50%, with no significant change 
in that of non ST-elevation MI (NSTEMI).10 In England, the 
reduction in MI mortality appears to be split between reduc-
tions in MI incidence and in case-fatality rate.11 From 2000 to 
2010, MI case-fatality rates dropped by approximately 3.6% 
and 4.2% annually, respectively, for men and women, and MI 
incidence declined by 4.8% and 4.5%, respectively, for men 
and women. Similarly, over a 25-year period (1984 to 2008) 
in a large Danish study of more than 234,000 patients with 

first-time MI, MI incidence declined by 48% and 37% for men 
and women, respectively, and 30-day mortality declined by 
greater than 50% in both men and women in the same time 
period12 (Figure 2-5).

In addition to the decline in incidence and case-fatality 
rates over recent decades, the morbidity associated with MI 
also has changed. For example, patients with MI in Olmsted 
County, Minnesota, presented with lower severity of heart fail-
ure despite more comorbid conditions.13 Furthermore, the 
incidence of heart failure (HF) developing both early (within 
7 days of MI) and late (8 days up to 5 years later) declined 
 dramatically by 5.7% and 5.8%, respectively, in absolute terms 
over the time frame 1990 to 1996, compared with 2004 to 2010 
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FIGURE 2-2 Global regional variance in acute myocardial infarction (MI) incidence per 100,000 population. (From Moran AE, Forouzanfar MH, Roth, GA, et al:  
The global burden of ischemic heart disease in 1990 and 2010: The Global Burden of Disease 2010 study. Circulation 129[14]:1493–1501, 2014.)
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(see Chapter 25). The entire decline was accounted for by 
a decreased frequency of HF associated with reduced ejec-
tion fraction, because no decline was observed in the risk of 
HF with preserved ejection fraction after MI. An analogous 
decline in HF during the index admission for MI also was 
seen in Worcester, Massachusetts, after 1991.14

VARIATION IN THE GLOBAL BURDEN  
OF ISCHEMIC HEART DISEASE

Although global trends show a larger IHD burden in LMICs 
in comparison with HICs, significant variation in IHD bur-
den is evident across the six LMIC regions, and among coun-
tries within a given region or World Bank income category. 
Described next are those regional variations in acute MI 
incidence and burden.

High-Income Countries
For the GBD 2010 Study, HICs were divided into five regions: 
Asia Pacific, High Income; Europe, Western; Australasia; North 
America, High Income; and Latin America, Southern. Among 
males in 2010, the regions from highest to lowest in terms 
of MI incidence per 100,000 were Latin America, Southern 
(194.47), North America (191.28), Western Europe (191.04), 
Australasia (185.21), and Asia Pacific, High Income (106.84). 
Among females the MI incidence rates were lower with 
the rate per 100,000 females in each region: Latin America, 
Southern (95.15), North America (98.91), Western Europe 
(88.24), Australasia (93.61), and Asia Pacific, High Income 
(50.77). In all regions the male-to-female ratio was approxi-
mately 2:1 (Figure 2-6). All of these regions had declines of 
approximately 22% (Asia Pacific) to 40% (Europe, Western) 
from 1990 rates. The age-standardized loss in DALYs attributed 
to IHD decreased, with Japan, South Korea, and France report-
ing the lowest DALYs lost among high-income countries.15

Low- and Middle-Income Countries
East Asia and the Pacific
In 1990, IHD was the fourth major cause of death in the East 
Asia and Pacific (EAP) region, but by 2010, it was the leading 
cause. The MI incidence varied among the EAP subregions in 

2010, ranging from highest at 212/100,000 males in Oceania, 
to167/100,000 males in Southeast Asia, and lowest at 133/100,000 
males in East Asia. The rates mildly declined by approximately 
10% in Oceania and Southeast Asia and remained similar to 
those reported in 1990 in East Asia. For women, as in the HICs, 
overall incidence was lower than in men. Rates of MI/100,000 
females were 130, 101, and 78 for Oceania, Southeast Asia, 
and East Asia, respectively. Southeast Asian women had a 20% 
decline, and East Asian women saw only mild declines in 
their incidence rates. Oceanian women saw a mild increase 
 compared with 1990.15 Furthermore, CVD accounts for the larg-
est proportion of DALYs lost in the region, with 26 million lost in 
Southeast Asia and 67 million lost in East Asia.2

Central and Eastern Europe and Central Asia
The highest CVD mortality rate occurs in this region and was 
866/100,000 in Eastern Europe and 604/100,000 in Central 
Europe. 15a As seen in other regions, the number of CVD-related 
deaths varies across countries. In Ukraine, Bulgaria, Belarus, 
and Russia, CVD rates have reached an alarming 800/100,000 
for men.16 Also as in other regions, the largest component 
of CVD mortality is acute MI. MI incidence is highest in the 
world, at 410/100,000 males in Eastern Europe, followed by 
341/100,000 males in Central Asia and 265/100,000 males in 
Central Europe. Rates for males increased by 16% in Eastern 
Europe, mildly increased in Central Asia, and declined by 30% 
in Central Europe. The incidence rates per 100,000 females 
were 199, 189, and 138 for Eastern Europe, Central Asia, and 
Central Europe, respectively. Like the males, females in Central 
Europe demonstrated a large 25% decline in incidence, with 
10% increase in Eastern Europe and a minimal decline of 3% 
in Central Asia.

Latin America and the Caribbean
The Latin America and Caribbean (LAM) region has a high 
CVD burden17; in 2010, CVD was responsible for 29% of all 
deaths, and IHD was the leading cause of DALYs lost, represent-
ing a 36% increase over 1990 rates.18 Rates of MI incidence in 
2010 were similar per 100,000 males in Central America (198), 
Tropical Latin America (205), and Caribbean Latin America 
(210) and considerably lower in the Andean subregion (149). 
Declines in incidence in this region ranged from nearly 20% 
in Tropical Latin America to only approximately 7.5% in 
Central America. For women, the Caribbean rate was highest 
at 140/100,000, compared with 124/100,000, 119/100,000, and 
102/100,000, respectively, for Central America, Tropical Latin 
America, and the Andean subregion. Declines were similar to 
those for males across the region compared with 1990 data.

North Africa and the Middle East
In 2010, IHD accounted for 93 deaths per 100,000 population, 
representing a 15% increase in IHD mortality rates. In addi-
tion to increased mortality, CVD and IHD were responsible for 
17.2 million and 6.8 million DALYs lost, respectively. Individual 
country data show that 12 of the 19 countries in North Africa 
and the Middle East are ranked in the top 50 countries 
worldwide for age-adjusted IHD mortality rates. Overall, the 
region had an MI incidence rate of 257/100,000 males and 
153/100,000 females in 2010. These rates represented 20% and 
15% decreases, respectively, for males and females since 1990.

South Asia
CVD accounts for 20% of all deaths in the South Asian Region 
(SAR), of which IHD is responsible for more than 50%.  
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FIGURE 2-6 Variation in acute myocardial infarction (MI)  incidence per 
100,000 population stratified by sex. (From Moran AE, Tzong KY, Forouzanfar 
MH, et al: Variations in ischemic heart disease burden by age, country, and income: 
The Global Burden of Diseases, Injuries, and Risk Factors 2010 study. Global Heart 
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In 2010, IHD was responsible for 1.8 million deaths, or 10.6% 
of all fatalities. In addition to mortality, CVD also was respon-
sible for 60.5 million of DALYs lost in 2010. India, with a pop-
ulation of 1.2 billion, is the largest country within this region 
and has an extremely high burden of IHD. In 1990, 1.18 mil-
lion people died from IHD; this increased to 2.03 million in 
2010, and it is estimated that CVD represents 25% of deaths 
in India. South Asia has the third highest MI incidence of 
all regions, with 245/100,000 in males and 155/100,000 in 
females. Women have seen an approximately 8% decline, 
whereas the rate for men declined by little over 3% com-
pared with 1990 rates.

Sub-Saharan Africa
Of all the subregions in sub-Saharan Africa, Southern Africa 
has the highest number of CVD deaths, currently at 13%; 
in Western Africa, CVD accounts for 7.5% of all deaths. 
Overall, across sub-Saharan Africa, the mortality rates are 
lower than global averages, with the exception of Southern 
Africa, where the rates have increased from 129/100,000 
to 136/100,000. Sub-Saharan Africa is divided into Central, 
East, Southern, and West subregions. For men, the MI inci-
dence rates per 100,000 are 223, 172, 174, and 181, respec-
tively. For women, the rates are 165, 139, 118, and 147, 
respectively. For both men and women in West and Central 
Africa, there was either no change or mild increases in MI 
incidence compared with 1990 rates. Men and women in 
East and Southern sub-Saharan Africa saw drops in MI inci-
dence of approximately 10% from 1990 rates. As part of the 
WHO’s Global Action Plan for Prevention and Control of 
Noncommunicable Diseases 2013-2020, it is estimated that 
a combination of cost-effective health interventions, with 
an implementation cost of $1 per capita in low-income 
countries (LICs) and up to $3 per capita in HICs, could help 
to reduce the burden of CVD and diabetes in Africa .19

ECONOMIC BURDEN OF ISCHEMIC  
HEART DISEASE

The economic burden of IHD is significant and can be mea-
sured in at least three ways: first, by financial costs incurred 
in the health care system and described in “cost-of-illness” 
studies; second, by microeconomic studies that assess the 
household impact of health events such as MIs; and, third, 
by macroeconomic analyses that assess worker productiv-
ity or loss of economic growth from individual patients or 
their caregivers being partially or completely out of work 
as a consequence of illness. The literature on the first and 
second measures in LMICs is sparse, and no published 
microeconomic studies have focused exclusively on IHD. 
Many LMICs lack extensive insurance plans, and govern-
ment-funded plans may be inadequate, requiring people to 
pay out of pocket for health services in the acute setting, for 
medications, and for outpatient follow-up care.20

Relatively more information is available on the eco-
nomic burden from a macroeconomic perspective.21 The 
LIMCs are earlier in the epidemiologic transition, so IHD 
occurs at younger age than in HICs. Accordingly, although 
data are limited, the macroeconomic burden for each IHD 
event is likely to be higher. In China, annual direct costs of 
CVD are estimated at more than $40 billion, which translates 
into 4% of their GNI. In South Africa, 25% of the health care 
expenditure is devoted to CVD. Relatively few cost-of-illness 
studies have been done in other regions of the world, but 

information on the costs associated with risk factors for IHD 
is available. Globally, health care costs related to hyperten-
sion were estimated at $370 billion in 2001, a staggering 
figure that was estimated to increase to $1 trillion in direct 
costs and up to $4 trillion for indirect costs by 2011, or nearly 
a doubling over a decade.22 Although the cost of manag-
ing risk factors is immense, the cost of long-term manage-
ment of IHD is equally high. Heart failure, the most common 
sequela of IHD, is estimated to cost $108 billion annually.23-25

INTERVENTIONS

Success in reducing CVD mortality rates depends on 
improved primary and secondary prevention strategies 
(see Chapter 34). Approximately 25% to 50% of the reduc-
tion in CVD-associated mortality is related to treatments, 
and the remainder is due to changes in risk factors.26 
Improvements in acute care reduce case fatality but 
also increase the chronic IHD population in need of sec-
ondary prevention. Considered next are individual-level 
interventions for management of MI globally and their 
cost-effectiveness (Table 2-1).

Acute Management
Several factors contribute to the optimal management of 
MI, starting with the quality of prehospital care available 
to those experiencing cardiac symptoms (see Chapter 5). 
Although the literature on this topic for LMICs is sparse, a 
survey of emergency medicine leaders in 13 LMICs in Africa, 
Asia, and Latin America showed that the availability of emer-
gency medical transport (e.g., ambulances) is limited and 
the rates of use are low, particularly in rural areas, largely 
attributable to deficiencies in funding and administrative 
leadership.27 Additional studies are required to elucidate 
those factors contributing to low availability and to identify 
barriers to use of formal emergency medical transport sys-
tems in LMICs. Recognizing the high proportion of persons 
with MI dying before reaching a hospital, a modeling study 
from China estimated that even optimal use of standard 
hospital-based treatments would have a limited impact on 
IHD-associated mortality.

The medical management of MI has been well estab-
lished through clinical trials and involves the use of aspirin, 
beta blockers, statins, angiotensin receptor blockers (ARBs) 
or angiotensin-converting enzyme (ACE) inhibitors, other 
antiplatelet agents, fibrinolytics, and anticoagulants (see 
Chapter 13). The availability of and adherence to clinical 
guidelines vary significantly in different world regions. A ret-
rospective analysis of studies involving 50,310 patients with 
STEMI from 63 countries showed that the rate of use of aspirin 
and beta blockers ranges from 75% to 95% in middle-income 
countries.28 These findings are consistent with data from the 
Gulf RACE (8176 adults, 6 countries), ACCESS (11,731 adults, 
19 countries), and ZESCA (127 adults, 4 countries) studies, 
which showed that 68% to 96% of patients received aspirin, 
beta blockers, an ACE inhibitor, and a statin.29-31 Several 
countries have increased the use of evidence-based medi-
cations, as seen in the expanded GRACE2 registry in 31,982 
adults in 25 countries32 and in the study of 1025 patients 
with acute coronary syndromes (ACS) managed at a tertiary 
care hospital in Lebanon,33 which may be due to quality 
improvement measures, as seen in the BRIDGE-ACS study 
of 1150 patients in Brazil.34 Despite the availability and 
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proven use of these drugs, certain patient groups are less 
likely to receive appropriate therapy, as seen among persons 
of lower socioeconomic status in the CREATE Prospective 
Registry Study compared with those in the ACCESS study,31 
and among women in a study of 6 countries in the Middle 
East,35 resulting in higher mortality. The effect that income 
may have on differential use of different accurate treatments 
and time to use, such as for fibrinolytics and secondary treat-
ments, is manifest in the relationship between gross national 
income (GNI) and overall mortality28 (Figure 2-7).

Cost-Effectiveness of Acute Management Strategies
The cost-effectiveness of four incremental strategies for the 
treatment of MI has been evaluated: (1) aspirin; (2) aspirin 
and atenolol; (3) aspirin, atenolol, and streptokinase; and 
(4) aspirin, atenolol, and tissue plasminogen activator (tPA). 
The incremental cost per quality-adjusted life-year (QALY) 
gained for the combination of aspirin plus a beta blocker 
(strategy 2) was less than $25 for all 6 LMIC regions; the 
cost per QALY gained for streptokinase ranged from $630 
to $730, and the incremental cost-effectiveness ratio (ICER) 
for tPA was approximately $16,000/QALY gained, when com-
pared with streptokinase (see Chapter 15). Furthermore, 

TABLE 2-1 Cost-Effectiveness of Interventions at the Individual Level

INTERVENTION

SOURCE FOR 
ESTIMATE:  
COUNTRY OR
WORLD BANK 
REGIONS STUDIED

LOW-INCOME COUNTRIES
(GNI PER CAPITA*: ≤$1045)

MIDDLE-INCOME COUNTRIES
(GNI PER CAPITA*:  
$1045 TO $12,746)

Very Cost-Effective
Up to 1× GNI/QALY

Cost-Effective
Up to 3× GNI/
QALY
(up to $3135)

Very Cost-
Effective
Up to 1× 
GNI/QALY

Cost-Effective
Up to 3× GNI/
QALY
(up to $38,238)

Aspirin + beta blocker All non–high-income regions $11 to $22

Aspirin + beta blocker + SK All non–high-income regions $634 to $734

Aspirin + beta blocker + tPA All non–high-income regions $15,860 to $18,893

Aspirin + beta blocker + 
statin + ACE inhibitor

All non–high-income regions $300 to $400

†Aspirin + beta blocker + 
statin + ACE inhibitor

China $ 3100 $ 3100

†Clopidogrel China $17,600

†Primary PCI China $9000 to $23,000

Coronary artery bypass graft 
surgery

South Asia, sub-Saharan 
Africa, and East Asia and 
the Pacific

$24,040 to $33,846
(ICER compared with 

four medications: 
aspirin, beta 
blocker, statin, 
and ACE inhibitor)

Nicotine replacement therapy All non high-income regions $55 to $761

Community pharmacist–based 
smoking cessation program

Thailand Men: $500 with 0.18/LY gained
Women: $614 with 0.24/LY 

gained

Nicotine-based gum Seychelles $599

Bupropion-based Seychelles $227

ICD United States $17,000

CRT in heart failure Brazil I$15,723

CRT Argentina I$34
(ICER compared with medical 

therapy)

*GNI per capita, as defined by the World Bank: low-income countries: $1045 or lower; middle-income countries: $1045 to $12,746; high-income countries: $12,746 or higher.
†ICER compared with current treatment.
ACE, Angiotensin-converting enzyme; CRT, cardiac resynchronization therapy; GNI, gross national income; ICER, incremental cost-effectiveness ratio; ICD, implantable 
cardioverter-defibrillator; I$, international dollar; IHD, ischemic heart disease; LY, life year; PCI, percutaneous coronary intervention; QALY, quality-adjusted life-year; SK, 
streptokinase; tPA, tissue plasminogen activator..
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FIGURE 2-7 Relationship between gross national income (GNI) and 30-day 
mortality rate as a continuous function of GNI. Blue and red lines represent 
30-day mortality and 95% confidence interval, respectively. (From Orlandini A, Díaz 
R, Wojdyla D, et al: Outcomes of patients in clinical trials with ST-segment eleva-
tion myocardial infarction among countries with different gross national incomes. Eur 
Heart J27[5]:527-533, 2006.)
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recent Markov modeling of optimal medical management 
of in-hospital ACS showed that optimal use of aspirin, beta 
blocker, ACE inhibitor, and a statin had an ICER of less than 
$3100.36

In addition to the foregoing medication regimens, man-
agement of MI may require reperfusion therapy with either a 
fibrinolytic or percutaneous coronary intervention (PCI), the 
use of which varies by LMIC region (see Chapter 15). In LMICs, 
fibrinolytics are more commonly used than PCI, although 
the time to initiation of fibrinolytic therapy is longer than in 
their higher-GNI counterparts (4.3 hours versus 2.8 hours).28 
The rates of PCI and coronary artery bypass grafting (CABG) 
are higher in high-income than in low-income patients  
(Figure 2-8). In a study of 13,591 patients enrolled in the 
National Cardiovascular Disease Registry Ministry of Health 
hospitals in Malaysia, the use of streptokinase was more com-
mon for minorities (Chinese and Indians) than among local 
Malaysians, who were more likely to get PCI.37 In India, the 
overall use of PCI was low, and even lower for persons of low 
socioeconomic status, reflecting inequity in care even within 
a country.38 In the Thai Registry, the Kerala ACS Registry 
(based in India), and the Gulf RACE study, approximately 
40% to 80% of patients with STEMI received fibrinolytic ther-
apy.30,39,40 Remarkably, in the ACCESS study of 11,731 adult 
subjects from 19 countries in Africa, Latin America, and the 
Middle East, approximately 40% of patients with confirmed 
MI did not receive PCI or fibrinolytic therapy, resulting in a 
higher mortality rate.31 In Europe, PCI is emerging as the pri-
mary choice in most countries (see Chapter 17).41,42

Overall, fibrinolysis with streptokinase remains a cost-
effective strategy in LMICs.26 From the foregoing studies 
and the GRACE registry,32 it is evident that the use of fibri-
nolytics and PCI varies significantly. In the appropriate MI 
setting, PCI has been reported to be as cost-effective as 
medical management36; however, additional studies are 
required to further evaluate this finding. In some LMIC 
regions, the use and quality of PCI care are improving 
despite several barriers,43 whereas in other countries, such 
as India, treatment continues to rely on fibrinolytics until 
PCI-based infrastructure, access to services, and quality of 
cardiac care improve.44 Inhabitants of several LMICs may 

reside in areas without timely access to a PCI facility; simu-
lation analysis of a hypothetical nonurban population in 
Canada showed that building a new PCI facility is asso-
ciated with a cost of $7478/QALY gained in comparison 
with ambulance transport.44a Future studies in LMICs are 
required to estimate costs associated with building new 
facilities.

In comparison with reports on use of fibrinolytics and 
PCI, data on the number of cardiac surgeries performed and 
their outcomes are sparse. Although CABG is a cost-effective 
intervention in HICs, its incremental cost-effectiveness ratio 
relative to a combination of four medications—aspirin, beta 
blocker, statin, and ACE inhibitor—may be attractive to mid-
dle-income countries ($24,040 to $72,345/QALY gained), 
but it may be available only to a smaller proportion of the 
population.26,45

Independent of the intervention used, in several instances, 
patients may require management in a coronary care unit 
(CCU), where they can be monitored closely. When appropri-
ately triaged, cardiac intensive care is cost-effective despite 
increased staffing and facilities but may not be as widely 
available in all LMIC regions.

Secondary Prevention of Myocardial 
Infarction
Primary prevention strategies for CVD include population-
based and individual-level interventions. Population-based 
interventions often are directed toward cessation of tobacco 
use, reduction in dietary salt and trans fatty acid consump-
tion, and increased physical activity. Individual-level inter-
ventions for primary prevention include management of 
cholesterol, hypertension, obesity, and diabetes, as well as 
targeted smoking cessation programs.

Strategies for secondary prevention can take advantage 
of some of these population-based efforts but generally are 
more focused on individual-level interventions. In addition, 
revision of regional or national government health policies 
to improve chronic care services are important. Individual-
level interventions typically are aided by increasing access 
and adherence to essential CVD medications, increasing 
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FIGURE 2-8 Coronary artery bypass graft (CABG) surgery and percutaneous coronary intervention (PCI) rates among patients with ST-elevation myocardial 
infarction (STEMI) by gross national income (GNI). (From Orlandini A, Díaz R, Wojdyla D, et al: Outcomes of patients in clinical trials with ST-segment elevation myocardial 
infarction among countries with different gross national incomes. Eur Heart J 27[5]: 527-533, 2006.)
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availability of cardiac resynchronization/defibrillation ther-
apy (see Chapter 28), and increasing access to and the use 
of cardiac rehabilitation (see Chapter 34). Discussed next 
are a few key population- and individual-level interventions.

Access to Essential Medications for Secondary 
Prevention of Cardiovascular Disease
In addition to management of risk factors, several evidence-
based medication regimens are effective in the secondary 
prevention of CVD. Such regimens include aspirin, beta 
blockers, ACE inhibitors/ARBs, cholesterol-reducing agents 
(for example, statins), and more recently, multidrug combi-
nation pills. Several studies have shown that the use of medi-
cations for secondary prevention varies significantly across 
LMIC regions, despite their inclusion in the WHO Model 
List of Essential Medications. The WHO-PREMISE Study in 
10 LMICs showed that among patients with IHD, only 81.2% 
were prescribed aspirin, 48.1% a beta blocker, 39.8% an ACE 
inhibitor, and 29.8% a statin.46 A survey of nine European 
countries (the EUROASPIRE III study) showed that among 
patients with IHD, only 71% and 78% were on a statin and 
an ACE inhibitor/ARB, respectively.47 The most recent PURE 
prospective study (153,996 adults in 3 HICs and 14 LMICs) 
showed that only 25.8% were receiving an antiplatelet medi-
cation, 20.4% a beta blocker, 20.0% an ACE inhibitor/ARB, 
and 16.7% a statin.48 The range across income groups is quite 
significant, however, with HICs having more than three to 
four times the proportion of patients on appropriate therapy 
compared with LICs (Figure 2-9). The results are even more 
concerning in India, where a survey of 53 villages found that 
14% of patients were on aspirin, 41% on a blood pressure– 
lowering medication, and 5% on a cholesterol-lowering 
medication.49 Supporting this finding was an observational 
study of statin use in India, which showed that although the 
use of statins had increased over the period 2006 to 2010, 
only 8% of patients with CHD were on a statin.50

Several factors are responsible for the low rate medication 
use, including inadequate availability and access to affordable 
medications, limited number of health care providers, and 
complicated regimens of medications. In many LMICs, the cost 
of a month’s supply of generic secondary prevention medica-
tions ranges from 1.5 to 18.4 days’ wages for government work-
ers, and the availability of cardiovascular medications ranges 
from 25% in the public sector to 60% in the private sector.51,52 
Availability of generic medications was influenced by the 
Trade-Related Aspects of Intellectual Property Rights (TRIPS) 
Agreement in 1995, which obliged World Trade Organization 
(WTO) members to protect pharmaceutical patents for 
20 years from when they are filed.53 The subsequent Doha 
Declaration in 2003 granted nations compulsory licenses to 
domestically manufacture essential medications without per-
mission of the patent holder,54 a trend that appeared to have 
increased until 2006.55 Canada is the only country that has 
issued a compulsory license to export generic medications to 
poorer nations,55 which has helped to increase their availabil-
ity. More recent studies have shown that over the period 2001 
to 2011, generic medications in the private sector of 19 LMIC 
(in Latin America, Middle East, and South Africa) represented 
approximately 70% to 80% of the market share, which is larger 
than in most European countries.56

A majority of patients with CVD should receive several 
medications, and to increase the availability of these medi-
cations in LMICs, the concept of the polypill, with fixed 
dose combinations of different cardiac medications, was 
developed as a possible mechanism to increase adherence 
and availability.57-59 Analysis of studies shows that improved 
access to pharmaceuticals, improved use of insurance 
policies, and aligning incentives for physicians, consum-
ers, and drug vendors may increase the uptake of generic 
medications.60 Additionally, higher availability of trained 
professionals may help with improving patients’ access to 
medications.
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FIGURE 2-9 Use of secondary medications by income. ACEIs, Angiotensin-converting enzyme inhibitors; ARBs, Angiotensin receptor blockers. (From Yusuf S, Islam S, 
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Medications are cost-effective in the treatment of MI 

and in the secondary prevention of IHD. The combination 
of aspirin, ACE inhibitor, beta blocker, and a statin is cost-
effective in LMIC and is associated with $300 to $400/QALY 
gained, even in the absence of a polypill.61,62

Medication Adherence
Medication adherence refers to whether or not patients 
take medications in the required frequency and for the 
required duration; patients who have medications avail-
able for at least 80% of the time are considered to be adher-
ent.63 Approximately 60% of people (in different world 
regions) who are prescribed medications show adequate 
 adherence.64,65 The PURE study observed the lowest medi-
cation use in LICs, possibly owing to poor availability of and 
adherence to medications.49 Adequate medication adher-
ence is associated with a 10.1% to 17.8% reduction in cost 
between high- and low-adherence groups66 and is associ-
ated with lower mortality rates, as was seen in the REACH 
International Registry.67

Data regarding interventions to improve medication 
adherence are limited. Recent research suggests that 
reduced out-of-pocket expenses, better case management, 
patient education with behavioral support, mobile phone 
messaging, support by broader guidelines, and regulatory 
and communication-based policies may improve medica-
tion adherence.68-71 The MI FREEE trial in the United States 
has shown that elimination of copayments for drugs after 
an MI results in higher medication adherence, increasing 
from 35.9% to 49%.72 Furthermore, insurance plans that 
targeted high-risk patients, offered wellness programs, and 
made these benefits available for medications ordered by 
mail were associated with a 4% to 5% higher medication 
adherence.50 Although these studies are promising, future 
research will reveal if these models can be successfully 
 replicated in LMICs.

The so-called polypill is one possible intervention to 
improve medication adherence. A randomized controlled 
trial with 2004 participants in India and Europe showed that 
use of a polypill (containing aspirin, statin, and two blood 
pressure–lowering agents) versus usual care was associated 
with improved medication adherence (86% versus 65%), 
with concurrent reduction in systolic blood pressure (by 
2.6 mm Hg) and low-density lipoprotein (LDL) cholesterol 
(by 4.2 mg/dL).73 Several other secondary prevention tri-
als are under way, including the Indian Polycap-K Trial (in 
men and women in India), Kanyini Guidelines Adherence 
with Polypill (in indigenous and nonindigenous peoples in 
Australia), and the Trial in Secondary Prevention (in Spain 
and Latin American countries).58,74 These and other studies 
will provide information on the effectiveness of polypills in 
the secondary prevention of CVD and may raise the sug-
gestion that polypills be included in the WHO Model List of 
Essential Medications.75

Smoking Cessation
Although the use of tobacco products represents a major 
risk factor for CVD, a significant proportion of the global 
population continues to smoke.76-78 Worldwide, approxi-
mately 1.1 billion people smoke, of whom 82% reside in 
LMICs. To address the significant morbidity and mortality 
associated with smoking, the WHO Assembly adopted the 
WHO Framework Convention on Tobacco Control (FCTC) in 
2003, making this the first global tobacco treaty to regulate 

smoking. Several countries have implemented FCTC mea-
sures to curb the use and effects of smoking.

The price of tobacco products is a major determinant 
in smoking uptake and cessation.77 The International 
Agency for Research on Cancer (IARC) has shown that a 
50% increase in inflation-adjusted tobacco price reduces 
consumption by 20% in LMICs.77 In LMICs, low specific 
excise tax is the main reason that cigarettes are approxi-
mately 70% cheaper.77 Tobacco taxation represents the 
most cost-effective antismoking intervention79; however, 
strong  political opposition in many countries remains a 
major barrier to wider implementation of higher tobacco 
taxes.80

In addition to increased taxation, regulating advertise-
ments and smoking in public spaces also can limit the 
use of tobacco products. Advertising bans can result in 
a significant decline in smoking,81 and legislation-based 
smoking bans can result in reduced hospital admissions 
for cardiac events.82 Furthermore, effective public health 
efforts have shown a 15% to 30% long-term cumulative 
decline in smoking rates, with a 6% reduction in the 
demand for tobacco.

Although population level interventions can be effective, 
several individual-level interventions including nicotine 
replacement therapy (NRT), non–nicotine-based products, 
and behavioral modification also have been implemented 
(see Chapter 34). Systematic reviews of studies in HICs and 
LMICs show that NRT can increase the rate of cessation 
by 50% to 70% and is effective in sustained smoking absti-
nence.83 In addition to NRT, bupropion and nortriptyline, 
which are non– nicotine-based medications, were shown 
to have efficacy similar to that of NRT84; however, these 
medications are not on the WHO Model List of Essential 
Medications (the current list includes nicotine), and addi-
tional studies are required to determine the availability of 
these medications to large populations in LMICs.

Cost-Effective Interventions
Information on cost-effectiveness is essential for countries 
to be able to set priorities given scarce resources. Overall, 
several cost-effective interventions are available for acute 
and chronic management of ACS and for the long-term 
management of IHD risk factors (see Table 2-1). The WHO 
Commission on Macroeconomics and Health has recom-
mended choosing interventions that cost less than three 
times the GNI per capita of the concerned country. Most 
data on cost-effectiveness come from studies based in HICs; 
however, studies directed at estimating cost-effectiveness at 
the regional and countrywide levels in LMICs are emerg-
ing.62,85-87 Comparative effectiveness and cost-effectiveness 
information should guide the implementation of the com-
ponents of MI care, to maximize accessibility and to achieve 
equitable distribution.

Of all tobacco cessation interventions discussed, taxa-
tion represents the most cost-effective intervention to reduce 
smoking62,79 (Table 2-2), although NRTs also are cost-effective 
depending on their price and availability. Jha and colleagues 
analyzed the cost-effectiveness of tobacco control using a 
cohort of smokers alive in 2000. The cost-effectiveness value 
associated with this reduction is $3 to $42/QALY saved for 
tax increases (not including tax revenue), $55 to $761/QALY 
for NRT, and $54 to $674 for nonprice measures. Data on 
cost-effective interventions in LMIC are limited; however, a 
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few country-specific studies have been reported. In South 
Africa, the tobacco tax and indoor air policies are highly 
cost-effective, with an ICER of $31 (USD) per DALY averted 
(in 2000) for the tobacco tax strategy and $410 per DALY 
averted for the indoor air strategy.62,88 In Seychelles, a cohort 
study showed that the incremental cost per life-year saved 
was $599 USD for nicotine-based gum and $227 USD for 
bupropion.

These studies show that the effectiveness of a strategy 
may vary across different world regions, and that additional 
studies are required to identify cost-effective interventions 
in other regions.

SUMMARY AND FUTURE DIRECTIONS

Despite progress in age-adjusted rates, IHD, including MI as 
the principal component, remains one of the most com-
mon causes of death and disability around the globe. 
Regional variation presents different problems and chal-
lenges. Although rates are falling in HICs, the numbers of 
MIs continue to rise owing to the aging of the population. 
Acute MI in LMICs strikes at a younger age and has a much 
greater impact on economic development. Available treat-
ments and primary and secondary preventive measures 
also vary widely.

To cope with the multiple challenges, availability of good 
data, from all over the world, is essential. Although access to 
data on rates of MI and other noncommunicable diseases 
(NCDs) as well as risk factors is generally improving, accu-
rate data are lacking in some geographic areas. As outlined 
in this chapter, various economic and other factors have 
been identified as important drivers of change, including 
that leading to informed decision-making regarding coun-
try-specific allocation of resources in combating this global 
epidemic. In addition, specific interventions, at both individ-
ual-patient and population-based levels, are now recognized 
as potential strong contributors to improved management 
of MI in different parts of the world.
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INTRODUCTION

Atherosclerosis is a lipoprotein-driven chronic inflamma-
tory disease of arteries that leads to the accumulation of 
fibrotic, necrotic, and calcified tissue in the arterial intima, 
which is described as an atherosclerotic lesion or plaque. 
These plaques cause clinical disease by luminal narrow-
ing or sudden precipitation of arterial thrombi that obstruct 
blood flow to the heart (coronary heart disease [CHD]), 
brain (ischemic stroke), or legs (peripheral artery disease 
[PAD]). The most common of these manifestations is CHD, 
such as stable angina pectoris and the acute coronary syn-
dromes (ACS), including acute myocardial infarction (MI) 
(see Chapter 2).

Figure 3-1 shows a case example of ACS in a previously 
healthy 58-year-old man who suddenly developed chest 
pain and soon thereafter a lethal arrhythmia. The autopsy 
revealed an acute thrombus precipitated by an atheroscle-
rotic lesion that had otherwise developed quietly, probably 
for many decades preceding the event. Each such fatal case 
is a missed opportunity. If the protagonist had known that the 
disease would lead to fatal complications, there would have 
been ways of retarding its development by lifestyle adjust-
ments and preventive drug therapy (see Chapter 34). The 
key mechanisms underlying the development of atheroscle-
rosis are currently known, and most clinical events should, 
in principle, be preventable if this knowledge is translated 
into effective preventive measures.

This chapter offers an introduction to the causes and 
central disease mechanisms of atherosclerosis, and 
describes what we know and have yet to learn about why 
some plaques suddenly precipitate life-threatening throm-
bosis. Furthermore, we discuss the terms plaque burden, 
activity, and vulnerability, which are commonly used to 
characterize the state and expected fate of individual 
lesions or patients. The pathobiology of myocardial injury, 
healing, and remodeling are discussed in Chapter 4 and 
Chapter 36.

MULTIFACTORIAL CAUSES

An increased blood concentration of apolipoprotein B (apo 
B)–containing lipoproteins, of which low-density lipopro-
teins (LDLs) is usually the most prevalent form, is necessary 
for atherosclerosis to develop, but many other factors can 
facilitate the development of atherosclerosis and MI (see 
Chapter 2).1–5 None of these other risk factors alone are suf-
ficient to cause atherosclerosis, but because most individu-
als in modern societies have LDL levels that are permissive 
for development of atherosclerosis, the presence of other 
risk factors explains much of the occurrence of the disease. 
The central disease mechanisms discussed in the following 
sections are assumed to be the same, irrespective of the set 
of causal factors in a particular patient, but the presence of 
individual risk factors influences the course of the disease 
and the mode of presentation. For example, cigarette smok-
ing predisposes to thrombotic complications and increases 
the risk more for MI than for stable angina,6 hypertension is 
an exceptionally powerful risk factor for stroke,7 and smok-
ing and diabetes account for most of the risk of developing 
lower extremity PAD.8

MECHANISMS OF PLAQUE FORMATION

The mechanisms leading to atherosclerotic plaque develop-
ment are complex, involving lipoprotein retention, inflam-
matory cell recruitment, foam cell formation, apoptosis and 
necrosis, smooth muscle cell (SMC) proliferation and matrix 
synthesis, calcification, angiogenesis, arterial remodeling, 
fibrous cap rupture, thrombosis, and more (Animation 3-1).9 
Some of these are necessary steps in lesion progression 
(e.g., lipoprotein retention and vascular inflammation) and 
represent already exploited or potential targets for medi-
cal therapies. Other processes may be innocent bystanders 
(e.g., plaque calcification); although these are useful as a 
characteristic feature to identify atherosclerosis by imaging, 
they do not appear to be centrally involved in the genesis of 
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lesions or their clinical complications. The combination of 
fat deposition and necrosis that lead to soft necrotic cores 
(atheré: gruel or porridge [Greek]) and that of calcification 
and fibrosis that lead to hard tissue components (scleros: 
hard [Greek]), distinguish atherosclerosis from other arte-
riosclerotic diseases, such as media sclerosis and arteriolo-
sclerosis, and gave the disease its name.

It is important to realize that major parts of our under-
standing of the initiation and progression of athero-
sclerosis are deduced from studies in animal models. 
Experiments are necessary to demonstrate causal mecha-
nisms, and although some experiments can be performed 
in humans or substituted by Mendelian randomization 
studies of randomly segregating gene variants,10 most are 
referred to exploration in animal models. Animals do not 
spontaneously develop atherosclerosis, but the disease 
can be induced in most species by increasing the level 
of LDL or other apo B–containing lipoproteins by feed-
ing atherogenic diets or by genetic modification. Mouse 
models in particular have been essential because of the 
efficiency by which gene function can be probed in the 
living organism through genetic modification. Today our 
understanding of atherosclerotic lesion development in 
the mouse clearly surpasses similar insight into any other 
organism.

Knowledge of the disease in animal models is an impor-
tant steppingstone for insight into human atherosclerosis, 
because the overall architecture of the disease processes is 
likely to be the same. However, it would be bold to assume 
that the molecular mechanisms are identical, and perhaps 
even more unlikely to think that the rate-limiting processes, 
and thus, the best targets for drug treatment, are conserved. 
Furthermore, because current models only feature some 
aspects of atherosclerosis, our mechanistic knowledge has 
important blind spots. There is in-depth knowledge of how 
LDL causes atherosclerotic lesion formation, but consider-
ably less is known about the paths by which such lesions 
cause clinical disease through thrombosis or luminal nar-
rowing, simply because this progression does not occur 
reproducibly in animals. Moreover, mechanistic insight into 

the effects of other causal factors, such as hypertension and 
diabetes, remains rudimentary.

Lesion Classification
Atherosclerosis is a progressive disease that begins early in 
life, but the speed of progression is highly dependent on 
vascular localization and varies markedly among different 
individuals. Even under the most facilitating conditions, 
it usually takes several decades to develop symptomatic 
lesions. The abdominal aorta, coronary arteries, ilio-femoral 
arteries, and carotid bifurcations are typically the most heav-
ily affected.

By examining the same vascular sites in decedents of 
different age groups, pathologists have inferred a sequence 
of lesion development and have suggested criteria to clas-
sify lesions into types based on morphological criteria. Two 
classification schemes are commonly used. The American 
Heart Association (AHA) classification (types I to VIII) is 
based on a detailed microscopic analysis of human ath-
erosclerosis at different stages of development and lends 
itself particularly well to studies that focus on the initiation 
and progression of lesions.11 A modified version, which is 
more direct in describing the link between lesion morphol-
ogy and clinical complications, was later introduced by 
Virmani and colleagues (Figure 3-2).12 A single patient with 
advanced disease will harbor many of these different lesion 
types across the vascular bed, reflecting the variability in the 
time of initiation, speed, and course of lesion development 
at different sites of the vasculature.

Lipoprotein Retention
LDL causes atherosclerosis by accumulating in the arte-
rial intima. This accumulation does not occur uniformly 
throughout the vasculature, but is initially restricted to 
predilection sites near branch points and along inner cur-
vatures. In these regions, the flow of blood exerts low or 
oscillatory shear stress on the endothelium, and these are 
further characterized by changes in endothelial turnover 
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FIGURE 3-1 A fatal case of atherothrombosis. (A) A postmortem coronary angiogram shows a filling defect in the proximal left anterior descending artery. (B) Consecu-
tive cross sections of the affected region of the left anterior descending artery reveal massive atherosclerotic plaques with macroscopically visible rupturing and a near-occluding 
thrombus. (C) The thrombus and the underlying plaque in a histological section. Elastin-trichrome stain.
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and gene expression, presence of subendothelial dendritic 
cells, and in humans, by the development of adaptive inti-
mal thickening in the first months of life (see Figure 3-2A). 
Intimal thickenings may grow to be as thick as the under-
lying media, consisting of a subendothelial proteoglycan-
rich layer and a deeper musculo-elastic layer with SMCs 
and elastic fibers. It is tempting to speculate that these spe-
cialized areas of the vasculature serve physiological roles 
in vascular homeostasis or host defense in the normal 
body,13 but in the presence of supraphysiological levels of 
circulating LDL, they become the hotbed for atherogenesis. 
They are affected early during atherogenesis, and the rate 
of progression is higher here than at other arterial sites. 
With time, the disease spreads to the adjacent intima, and 
in older adult patients dying from MI, the epicardial coro-
nary arteries are often “diffusively” affected by confluent 
plaques.

The ability of adaptive intimal thickenings to bind and 
retain insudating LDL particles from the blood may at 
least partly explain the propensity of these sites for the 
development of atherosclerosis. Studies in mice have 
revealed that local binding of LDL particles to proteogly-
cans is an important step in disease initiation, and extra-
cellular lipid droplets in the proteoglycan-rich layer of 
adaptive intimal thickenings is the first microscopic sign 

of lesion development in children and young adults.14 
As the disease evolves, the endothelium becomes more 
leaky, and the expression of bridging molecules (e.g., lipo-
protein lipase) and proteoglycans with longer side chains 
promote the ability of the lesion to sequester LDL from 
the blood.14 This construct predicts that a higher LDL 
level is needed to induce the disease than to maintain 
and progress it once lesions have formed, and interest-
ingly, is consistent with the strong relationship between 
LDL levels in young adulthood and the risk of developing 
CHD later in life.15

Inflammation
LDL retained in the arterial intima is subject to oxidation and 
other types of modification, and thereby, acquires molecular 
epitopes (danger-associated molecular patterns) that are 
identical to or mimic epitopes on microbes and cell debris. 
These molecular epitopes are recognized by membrane-
bound and cytoplasmic pattern recognition receptors and 
natural antibodies of the innate immune system.16 Adaptive 
immunity also reacts to modified LDL and mounts a mul-
tifaceted immune response.17 The endless supply of LDL 
from the blood and the formation of modified LDL in the 
intima provide a persistent proinflammatory stimulus that 

Foam cells

Calcification

Lipid pools

Fibrous cap

Angiogenesis Necrotic core

Xanthoma

Adaptive intimal thickening Pathological intimal thickening

Fibrocalcific plaque Fibroatheroma
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FIGURE 3-2 Lesion types of atherosclerosis and a proposed sequence of their development. (A) Adaptive intimal thickening characterized by smooth muscle cell 
accumulation within the intima. (B) Intimal xanthoma corresponding to the accumulation of foam cell macrophages within the intima. (C) Pathologic intimal thickening denotes 
the accumulation of extracellular lipid pools in the absence of apparent necrosis. (D) Fibroatheroma indicating the presence of a necrotic core. The necrotic core and surrounding 
tissue may eventually be calcified, which forms the fibrocalcific plaque shown in (E). Because some of the advanced lesion types (fibroatheromas and fibrocalcific plaques) evolve 
simultaneously in life, their interrelationships are difficult to resolve in autopsy studies. Movat pentachrome stain. Ca, Calcium. (From Bentzon J, et al: Mechanisms of plaque 
formation and rupture. Circ Res 114:1852, 2014.)
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leads to chronic nonresolving inflammation in the vascu-
lar wall. Initially, endothelial cells and SMCs are induced to 
express adhesion molecules, chemoattractants, and growth 
factors that interact with receptors on monocytes and stimu-
late their homing, migration, and differentiation into macro-
phages and dendritic cells.18

Foam Cells
In the intima, the recruited cells take up modified LDL 
through scavenger receptors and possibly by other mecha-
nisms as well.19 This process clears modified LDL from the 
extracellular space, but leads to foam cell formation, with 
massive accumulation of cholesterol and cholesteryl ester 
droplets in the cytoplasm. Local SMCs also accumulate intra-
cellular fat droplets, possibly by similar mechanisms.20,21

Foam cell formation may itself be accompanied by pro-
inflammatory activation, mediated by intracellular choles-
terol crystals activating the NLRP3 inflammasome,22 but 
recruited macrophages may also be activated in a proin-
flammatory M1 direction by the binding of modified LDL 
to toll-like receptors. The activated cells in turn secrete 
proinflammatory cytokines (e.g., interleukin [IL]1-β and 
tumor necrosis factor-α [TNF-α]), reactive oxygen species 
and enzymes that promote further retention and modifi-
cation of LDL (e.g., myeloperoxidase), and many other 
mediators that have been shown to play a role in athero-
sclerosis (e.g., plasminogen activators, cathepsins, and 
matrix-metalloproteinases).18 Other macrophages in the 
intima are polarized in an anti-inflammatory M2 direction 
and secrete proteins and small molecules (e.g., transform-
ing growth factor-β and proresolving lipids) that favor reso-
lution of inflammation.18,23

T-helper 1 cells reacting toward modified LDL and 
other autoantigens related to the atherosclerotic process 
appear in the human intima coincident with the first foam 
cells, and they secrete proinflammatory cytokines (e.g., 
interferon-γ) that accentuate vascular inflammation in 
mouse models.16 However, other immune cell types, such as 
regulatory T cells and possibly B cells, may ameliorate it. In 
human, but not murine, lesions, cytotoxic T cells are abun-
dant, albeit of unknown functional consequence to plaque 
development.24

The description of the inflammatory response to modified 
LDL has become increasingly more complex with the recog-
nition of multiple macrophage polarization phenotypes and 
T-cell subtypes, some with proinflammatory and some with 
anti-inflammatory activities. Importantly, as well as sooth-
ing to anyone trying to keep pace with the field, drastic LDL 
lowering has the potential to quickly resolve the inflamma-
tion. In atherosclerotic mice and rabbits that are reversed to 
normal LDL levels, plaque macrophages quickly reduce in 
number.25,26

Fatty Streaks
Accumulating macrophage foam cells, which are easily 
recognized using a microscope, are telltales of lipoprotein-
driven inflammation that occurs in the vascular wall. Foam 
cells initially accrue in the luminal, proteoglycan-rich 
layer of the intima, and when several layers have formed, 
they are visible to the unaided eye on the intimal surface 
as yellow-colored xanthomas or fatty streaks (see Figure 
3-2B). Xanthomas are harmless, and they are fully reversible. 
They are present in some infants in the first 6 months of life, 
probably reflecting the risk factors of the mother, but their 

number declines in subsequent years. At adolescence, they 
reappear in atherosclerosis-prone regions of the coronary 
arteries and the aorta in most people.

Necrosis
Many xanthomas do not progress further, but some, 
especially among those developing in adaptive intimal 
thickenings, develop necrotic foci with accumulation of 
acellular, lipid-rich material. Such lesions are collectively 
known as progressive atherosclerotic lesions and are 
further subdivided into pathological intimal thickening 
and fibroatheromas depending on the extent of necro-
sis. In pathological intimal thickening, only smaller lipid 
pools are present in the musculo-elastic layer beneath 
the layers of foam cells without gross disruption of the 
normal structure of the intima (see Figure 3-2C). Such 
changes are commonly seen at 20 to 30 years of age in 
atherosclerosis-prone regions of the coronary arteries. 
In some lesions, the isolated lipid pools grow into con-
fluent necrotic cores (also known as lipid cores), and 
large areas of the original intima are destroyed, probably 
by invading macrophages. Morphologically, this process 
can be characterized as being in an early or late stage 
of necrosis, with the former showing some presence of 
the original intimal matrix with macrophage infiltration, 
whereas in the latter, only a matrix-devoid, acellular gruel 
of lipids (cholesteryl esters, free cholesterol, phospholip-
ids, and triglycerides) and cell debris are seen.9 When 
one or more necrotic cores are present, the lesion is a 
fibroatheroma (see Figure 3-2D).

Death of SMCs and infiltrating macrophages are 
believed to be the main mechanism responsible for lipid 
pools and necrotic cores.27,28 Apoptotic SMCs and mac-
rophages become detectable co-incident with the occur-
rence of acellular regions in human lesions, and cell death, 
both apoptotic and other forms, can be seen at the margin 
of the necrotic core. Many factors able to induce apop-
tosis in vitro are present in plaques (e.g., endoplasmic 
reticulum stress and oxidized lipids from modified LDL), 
and it is reasonable to assume that several of these coop-
erate to cause apoptosis in vivo.28,29 The presence of free 
apoptotic remnants in the tissue (i.e., not associated with 
phagocytic cells) indicates that impaired removal of apop-
totic remnants (efferocytosis) contribute to the growth 
of the necrotic core.30 Instead of being phagocytosed by 
neighboring cells, remnants are left to undergo secondary 
necrosis, and the lipid-rich and proinflammatory cargo is 
consequently deposited in tissue.

The chemical composition of the necrotic core indi-
cates that other sources of lipid may be important co-
contributors, including direct accumulation of cholesteryl 
esters from insudating LDL and free cholesterol–rich 
erythrocyte membranes that are derived from intraplaque 
hemorrhages.31

Necrosis of lesions is a critical part of lesion devel-
opment, because it predisposes to clinical events. In its 
absence, the development of atherosclerosis would be 
a much less dangerous disease. Why necrosis occurs in 
some, but not other lesions, is not well understood, and 
apparently, the causal factors are at least partly dissoci-
ated from those that cause the initial xanthoma. For 
example, men and women develop similar amounts of 
coronary xanthomas early in life, but adult men have 
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more lesions with lipid pools and necrotic cores than 
women of similar age.9

Plaque Angiogenesis and  
Intraplaque Hemorrhage
The center of many atherosclerotic lesions become hypoxic, 
and cells respond by expressing hypoxia-inducible factor-
1α (HIF-1α) and vascular endothelial growth factor, thereby 
providing a stimulus for the recruitment of neovessels into 
the base of progressive atherosclerotic lesions.32,33 The new 
vessels originate mainly from the adventitial vasa vasorum, 
and they are fragile and leaky, without supporting mural 
cells, giving rise to local extravasation of plasma proteins and 
erythrocytes, as well as providing an entry path for immune 
cells.34 Intraplaque bleeding from neovessels is common in 
fibroatheromas and may expand the necrotic core and pro-
mote inflammation.31 Another common source of plaque 
hemorrhage is extravasation of blood through a ruptured 
fibrous cap.

Lysis of red blood cells leads to spilling of free hemoglo-
bin and heme moieties into tissues. Both components are 
oxidative and proinflammatory, and efficient defense sys-
tems have evolved to neutralize them.35 Free hemoglobulin 
is bound by haptoglobin, and the complex is internalized 
through CD163 in macrophages, whereas heme is bound 
by hemopexin and scavenged through the LDL receptor–
related protein 1 (LRP1) in a variety of cell types.36 Inside 
cells, toxic heme is degraded by heme oxygenase-1, which 
leads to release of bilirubin and deposition of iron in the 
form of ferritin.

Histology shows that defense systems are in place to coun-
teract the effects of intraplaque hemorrhage. Macrophages 
at sites of hemorrhage are polarized to a hemoglobin-
scavenging type characterized by expression of CD163 and 
heme oxygenase-1.37,38 These cells lack typical markers of 
proinflammatory M1 macrophages (TNF-α and inducible 
nitric oxide synthase) and express the mannose receptor 
typical of M2-like macrophage differentiation, suggesting 
that they may dampen the proinflammatory effects of the 
hemorrhage. Lesions, especially fibroatheromas, also often 
contain abundant cellular ferritin.

The finding of associations between haptoglobin variants 
and cardiovascular disease supports the importance of an 
efficient defense against free hemoglobin in the atheroscle-
rotic plaque. The human haptoglobin gene has a common 
polymorphism, which consists of an intragenic duplication 
of two exons. In addition to Hp1.1, which resembles hapto-
globin in other mammals, it gives rise to larger multimeric 
haptoglobin variants, Hp2.1 and Hp2.2, which differ in their 
ability to neutralize hemoglobin, especially when hemoglo-
bin is glycosylated.39 Several studies, although not all, have 
indicated that the cardiovascular risk in general, and the 
inflammatory response to intraplaque hemorrhage in par-
ticular, is accentuated in patients with diabetes who express 
the Hp2.2 variant.39,40

Fibrosis
The connective tissue of lesions is initially that of the normal 
arterial intima or adaptive intimal thickening, but gradually 
this loose fibrocellular tissue is replaced and expanded by 
collagen-rich fibrous tissue, which often grows to become 
the quantitatively dominant component of plaques. Pieces 

of tissue that lie between a necrotic core and the surface of 
the plaque are called fibrous caps (see Figure 3-2).

The collagen, elastin, and proteoglycans of the fibrous 
matrix are mainly produced by SMCs, and the secretory 
function of lesional SMCs is reflected by their ultrastruc-
tural phenotype, characterized by an abundant rough 
endoplasmic reticulum and Golgi complex, and only 
sparse myofilaments. This phenotype has been termed syn-
thetic in contrast to the contractile phenotype of medial 
SMCs. Few synthetic SMCs are present in the normal intima, 
but they increase substantially in number during lesion 
development, probably both by local proliferation and by 
migration of medial SMCs that subsequently undergo phe-
notypic modulation to the synthetic phenotype.41 Notably, 
the number of SMCs in plaques at all stages may be grossly 
underestimated because many synthetic SMCs do not con-
tain detectable levels of the contractile proteins routinely 
used to recognize SMCs in tissue sections (e.g., smooth 
muscle alpha-actin [SMαA]).42,43

Classical studies of X chromosome inactivation pat-
terns found plaque SMCs to be arranged in large clonal 
populations, but these studies could not decide whether 
the precursor of these clones were patches of vessel wall 
with a single embryological cell origin, from which multiple 
SMCs migrated into lesions, or whether the atherosclerosis 
involved massive clonal expansion of a few SMCs. However, 
genetic tagging studies in the mouse indicate the last expla-
nation is correct; SMCs undergo massive expansion during 
atherosclerotic lesion development.21 Marked cell prolifera-
tion may explain why plaque SMCs have shortened telo-
meres and express multiple other markers of senescence,44 
and why the fibrous tissue eventually loses most of the SMCs 
that produce it, leaving behind large areas of hypocellular 
fibrosis.

Many plaques at autopsy consist exclusively of fibrous 
and sometimes calcified tissue without extracellular lipid 
pools or a necrotic core. The genesis of these fibrocalcific 
plaques is not fully understood (see Figure 3-2E). Some 
pathologists believe that the development of a necrotic 
core is the prerequisite of fibrosis, and sequential sectioning 
often reveals that a necrotic core is present in the upstream 
or downstream vicinity of the section with fibrocalcific 
plaque. Where this is not the case, an originally formed 
core may have calcified or disappeared because of local 
quiescence of the atherosclerotic process or through silent 
plaque rupture with extrusion of the core (see the section 
on Mechanisms of Plaque Rupture).

Calcification
Calcification is a characteristic feature of progressive athero-
sclerotic lesions and increases steadily with age. Microscopic 
hydroxyapatite granules are initially seen, especially in the 
basal parts of lesions within lipid pools and at the rim of 
developing necrotic cores.45 Matrix vesicles, apoptotic cell 
bodies, and cell debris from dying SMCs and macrophages 
in these areas appear to act as nidi for the initial calcium 
precipitation in a process resembling dystrophic calcifica-
tion of other soft tissues undergoing injury. The dense cal-
cifications that develop later mostly have an underlying 
acellular fibrous matrix without any signs of a necrotic core, 
inflammation, or angiogenesis.

Active cell-mediated processes akin to bone formation 
have been suggested to be involved in plaque calcification, 
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but the structure of the initial calcification granulae is differ-
ent from that of bone.46 However, cell-mediated processes 
may be involved in the subsequent conversion of the micro-
granulae to larger lumps and plates of calcium deposits, and 
osseous metaplasia are occasionally seen in lesions that 
are heavily calcified, sometimes including bone marrow.45 
Interestingly, some studies suggest that statins promote coro-
nary artery calcification.47

Arterial Remodeling
During atherosclerotic lesion formation, the local vessel 
segment may either expand and thereby preserve or even 
increase the lumen (expansive remodeling) or shrink to 
diminish it (constrictive remodeling). Expansive remodel-
ing is the general rule and explains why so few, even large, 
plaques cause severe stenosis. It may partly be a homeo-
static response of the nondiseased vessel wall at sites of 
eccentric plaque formation to maintain normal shear 
stress. However, increasing evidence suggests that it is pre-
dominantly a pathophysiologic process in which proteo-
lytic enzymes secreted by plaque macrophages cause the 
underlying media to thin and yield. This hypothesis is sup-
ported by the observation that plaque growth is frequently 
followed by a paradoxical increase in lumen area, and the 
fact that the direction and extent of remodeling is associ-
ated with the composition of the local plaque. Expansive 
remodeling is more often seen with fibroatheromas, and 
the extent of enlargement is positively correlated to plaque 
inflammation, medial atrophy, and the size of the necrotic 
core.9 The mechanisms underlying constrictive remodeling 
are not well understood, but it mostly occurs with fibrocal-
cific plaques and may be related to scar-like contraction 
of SMCs during plaque healing (see the section on Healed 
Plaques and Incorporated Thrombi). Interestingly, expansive 
remodeling may be reduced in patients with diabetes.48 The 
association between remodeling and atherosclerosis is a 
two-way process. As plaques develop and the arterial wall 
remodels as a result, local flow patterns change, and in turn, 

may influence the progression of the disease and ultimately 
the fate of lesions.49

Because of remodeling, angiography is not useful for 
diagnosing the presence of atherosclerotic plaque or mea-
suring changes in atherosclerotic plaque size with medical 
intervention (see Chapter 10). Similarly, single histological 
sections examined at autopsy cannot be used to make 
inferences about stenosis severity. As depicted in Figure 3-3, 
the use of the term stenosis or histological stenosis in the 
pathology literature has little to do with the obstruction to 
blood flow.

CLINICAL MANIFESTATIONS  
OF ATHEROSCLEROSIS

Most people in industrialized societies die with progressive 
atherosclerotic lesions, but only a minority die because of 
them. The mechanisms discussed so far in this chapter are 
often without clinical consequences and the developed 
lesions asymptomatic throughout life; however, some lesions 
end up being obstructive to blood flow, and a few elicit life-
threatening thrombotic complications.

Severe stenosis, which may present as stable angina, is 
often caused by a fibroatheroma or a fibrous plaque. The 
plaque may be substantially calcified, and the local vessel 
segment is often negatively remodeled, but the relationship 
between plaque morphology, arterial remodeling, and steno-
sis formation is not consistent. The obstruction is rarely fatal, 
except in cases in which scarring of the myocardium may 
predispose to lethal arrhythmia. MI and other types of ACS 
are predominantly caused by a luminal thrombus imposed 
on an atherosclerotic plaque.31 Other rare causes of MI are 
emboli, artery dissection, tunnel coronary arteries, vasculitis, 
cocaine abuse, or trauma.50

Plaque rupture is the most frequent mechanism pre-
cipitating thrombosis (see Animation 3-1). In plaque rup-
ture, a structural defect (i.e., a gap) in the fibrous cap of a 
fibroatheroma exposes the highly thrombogenic core to 
the blood (Figures 3-4 and 3-5). Necrotic core material is 
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FIGURE 3-3 Angiographic and cross-sectional evaluations of the arterial lumen. Top row, Angiographic views. The examples (A to D) illustrate how angiography 
cannot be used to determine the presence or size of atherosclerotic plaques because of arterial remodeling. Bottom row, Cross-sectional views. The same segments seen under 
the microscope illustrating how the lumen stenosis cannot be determined because of arterial remodeling. A less than 50% angiographic stenosis may look severely obstructed. 
(Redrawn from Fishbein MC, Siegel RJ: How big are coronary atherosclerotic plaques that rupture? Circulation 94:2662, 1996.)
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sometimes found expelled from the plaque and embed-
ded in the thrombus, indicating that the rupture and 
thrombosis coincided, which supports the cause-and-
effect relationship. Plaque rupture is a well-defined term, 
whereas other terms, such as plaque disruption and fis-
suring, are used ambiguously in the literature.31

In rare cases, nodular calcifications (calcified nodules) 
are found protruding into the lumen through a ruptured 
“fibrous cap.” Although controversial, such protruding calci-
fied nodules have been suggested as a separate precipitat-
ing mechanism of thrombosis.12,31 When no plaque rupture 
can be identified despite a thorough microscopic search 
throughout the thrombosed vascular segment, the term 
plaque erosion is used (Figure 3-6). This term was chosen 
because the endothelium is typically missing beneath the 
thrombus, but whether it vanished before or after thrombo-
sis is unknown. Both pathological intimal thickening and 
fibroatheromas may be complicated by plaque erosion.

A compilation of autopsy data totaling 1847 cases 
from around the world showed that most fatal coronary 
thrombi are associated with plaque rupture regardless 
of the clinical presentation (MI: 79%; sudden coronary 
death: 65%), age (older than 60 years: 77%; younger than 
60 years: 64%; unknown: 73%), sex (men: 76%; women: 
55%), and continent (Europe: 72%; United States: 68%; 

Thin fibrous cap
Stenosis

Thin-cap fibroatheroma Ruptured plaque Healed plaque

Ca Ca

ThrombusThrombus

FIGURE 3-4 Plaque rupture. Rupture of a thin-cap fibroatheroma with nonfatal thrombus and subsequent healing with fibrous tissue formation and constrictive remodeling. 
(From Bentzon J, et al: Mechanisms of plaque formation and rupture. Circ Res 114:1852, 2014.)
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CapCapCapCap
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FIGURE 3-5 Thrombosis caused by plaque rupture. (A) The culprit plaque is a fibroatheroma consisting of large amounts of hypocellular fibrous tissue (Fi), areas domi-
nated by extracellular lipid pools (LP), and fully developed necrotic cores (NC). The lumen is occluded by thrombus. (B) Larger magnification of the inset in (A). The thin fibrous 
cap covering the large NC has ruptured, and the core material, including cholesterol crystals (asterisk), has been propelled into the lumen where it can be found at the base of 
the thrombus. Elastin-trichrome stain (collagen: blue). (From Bentzon J, et al: Mechanisms of plaque formation and rupture. Circ Res 114:1852, 2014.)
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FIGURE 3-6 Thrombosis not caused by plaque rupture: plaque erosion. (A 
and B) The culprit plaque is a fibroatheroma consisting of fibrous tissue (Fi), calcifica-
tion (Ca), and a small necrotic core (NC) recognized by its complete lack of supporting 
collagen on Sirius-stained sections (collagen: red). Mural thrombosis (Thr) has formed 
over an intact thick fibrous cap. Contrast (Co) in the residual lumen. (C) Staining for 
the contractile protein SMαA (smooth muscle cells, red) reveals their preferential loca-
tion near the endothelium. (D) Staining for the CD68 receptor (macrophages; red) 
reveals ongoing inflammation in the shoulder region of the lesion. HE, Hematoxylin 
and eosin; ME, media.
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Asia 81%).31 The age and sex difference is interesting, and 
rupture has been found to be a particularly infrequent 
mechanism behind the few fatal thrombi occurring in 
premenopausal women. This difference in pathology 
might reflect the protective effect of female gender on 
atherosclerosis development and the fact that erosion 
occurs on earlier types of lesions, including pathologi-
cal intimal thickening, more commonly than does plaque 
rupture for which fibroatheromas are the only substrate. 
Whether this point can be extended to other low-risk 
populations is unknown. Some studies have reported that 
diabetes, smoking, and the level of hyperlipidemia are 
associated with the mechanism of thrombosis in MI, but 
no consistent relationships, except for gender and meno-
pause, have been demonstrated.31

Autopsy data may not be representative of MI cases in 
general, because autopsies are only performed in the dead 
and mostly in cases in which death was unexpected. With the 
development of intravascular optical coherence tomogra-
phy catheters, which have the ability to visualize the luminal 
parts of coronary lesions at high resolution, it is now possible 
to detect plaque rupture in the living (see Chapter 10). Such 
studies have shown that plaque rupture is also the main 
cause of thrombosis in survivors, with the highest proportion 
found among those presenting with ST-elevation MI.51

Mechanisms of Plaque Rupture
Plaque rupture occurs where the cap is thinnest and most 
infiltrated by macrophages and macrophage foam cells; in 
eccentric plaques, the weakest spot is often the cap margin 
or “shoulder region.” Only extremely thin fibrous caps are 
at risk of rupturing. As assessed by microscopic examina-
tion, the average thickness of ruptured caps in the coronary 
arteries is only 23 μm (the diameter of only one foam cell), 
and 95% of ruptured fibrous caps are less than 65 μm. Based 
on these observations, Virmani and colleagues introduced 
the term thin-cap fibroatheromas (TCFAs) for coronary 
fibroatheromas with a fibrous cap thickness of less than 65 
μm.12 By introducing this category, most lesions that are not 
TCFAs can be classified as unlikely candidates for produc-
ing plaque rupture in the near future.

Thin-Cap Fibroatheroma
Conceptually, the development of TCFAs and their subse-
quent rupture might best be understood as an expansion of 
the necrotic core until it reaches the surface, and like early 
necrotic core formation, the degradation of the fibrous cap 
is characterized by cell death and macrophage infiltration. 
Ruptured caps contain fewer SMCs and less collagen than 
intact caps, and SMCs are usually absent at the actual site 
of rupture. At the same time, proteolytic enzymes, such as 
plasminogen activators, cathepsins, and matrix metallopro-
teinases, secreted from infiltrating macrophages destroy 
the collagen-rich cap matrix.25,28 Although the macrophage 
density in ruptured caps is usually high, whole-plaque mac-
rophage density rarely exceeds a few percent because 
ruptured caps are tiny, and thus, it is a misconception that 
ruptured plaques are always highly inflamed. Whether deg-
radation of the fibrous cap takes decades to evolve or is 
much more dynamic is not known. However, the fact that 
fibroatheromas are commonly seen at 30 years of age, a time 
at which MI is exceedingly rare, seems to indicate that it is a 
slow, smoldering process.

Rupture of a thin cap and subsequent thrombosis 
may occur spontaneously, but in some cases a tempo-
rary increase in emotional or physical stress provides the 
final triggering of the event. Recognized triggers include 
physical and sexual activity, anger, anxiety, work stress, 
earthquakes, war and terror attacks, temperature changes, 
infections, and cocaine use. Also simple daily activities or 
the circadian rhythm of biological pathways may deter-
mine the onset of MI, which is most frequent in the morn-
ing. The triggering pathways may include activation of the 
sympathetic nervous system with increased heart rate and 
blood pressure leading to plaque rupture, or increased 
coagulability and platelet reactivity leading to an accentu-
ated thrombotic response on already ruptured plaques.9,52 
It is important to note that although triggers temporarily 
increase the relative risk of MI in susceptible individuals, 
the impact on absolute risk is extremely small because the 
exposure is transient and uncommon.52 Furthermore, it is 
likely that many coronary events that are not precipitated 
by a trigger would have occurred in the absence of triggers 
within a few weeks.9

Mechanisms of Plaque Erosion
The mechanism(s) leading to thrombus without rupture 
is one of the most important unresolved questions within 
atherosclerosis research. The surface endothelium under 
the thrombus is usually missing, but no distinct mor-
phological features of the underlying plaque have been 
identified, and why endothelium is lost and thrombosis 
precipitated remains elusive. Eroded plaques in cases of 
sudden death are often scarcely calcified, are rarely asso-
ciated with expansive remodeling, and are less inflamed 
than ruptured plaques. In addition, the part of the lesion 
in close proximity to the thrombus is often rich in SMCs, 
versican, hyaluronan, and type III collagen.12,53 However, 
others have reported focused inflammation immediately 
beneath the superimposed thrombus in fatal MI.31 The age 
of the thrombus and the possibility of thrombosis-induced 
inflammation could potentially explain some of these dif-
ferences, but it is also possible that erosion does not rep-
resent a single, but several different, mechanisms that lead 
to thrombosis.

Vasospasm has been suggested as the cause of the endo-
thelial damage, and erosions are typically seen with lesions 
that show a well-developed media with contractile SMCs, 
which differs from other lesion types, including ruptured 
lesions where the underlying media is thin and disorga-
nized. Furthermore, the high hyaluronan content may ren-
der endothelial cells susceptible to apoptosis, and together 
with recruited neutrophils and neutrophil extracellular trap 
formation, may drive endothelial desquamation.54

Morphology identical to that of plaque erosion can often 
be found in sections up- or downstream of plaque rupture 
with a fatal superimposed thrombus,12 and it is possible that 
some of the mechanisms leading to thrombus with plaque 
erosion can help stabilize and accentuate thrombus forma-
tion after rupture. Autopsy studies indicate that only a minor-
ity of ruptures lead to clinical symptoms, whereas the others 
heal silently with only mural thrombus.55 Hypothetically, 
loss of the antithrombotic properties of the plaque surface, 
which in its extreme may present as plaque erosion, could 
be a determining factor between these outcomes, together 
with circulating thrombogenic factors.
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Plaque Thrombogenicity and Thrombosis
There are three major determinants of coronary thrombo-
sis—the local thrombogenic substrate (plaque), local flow 
disturbances (stenosis), and the systemic thrombotic pro-
pensity (blood)—which is known as the Virchow triad.56

The necrotic core exposed to the blood by plaque rup-
ture appears to be highly thrombogenic, which is most likely 
caused by a high content of tissue factor and prothrombotic 
apoptotic microparticles.57 Rapid flow and high shear forces 
promote arterial (vs. venous) thrombosis via shear-induced 
platelet activation, and the importance of platelets, coagula-
tion, and fibrinolysis is documented by the protective effects 
of antiplatelet agents and anticoagulants in patients at risk 
of coronary thrombosis.58 In case of plaque rupture and ero-
sion, circulating tissue factor and prothrombotic micropar-
ticles may influence the ensuing thrombotic response.57 
Cigarette smoking predisposes individuals to CHD at least 
partly through increasing systemic thrombotic propensity.4

Plaque material is sometimes found interspersed in the 
thrombus, indicating that severe thrombosis occurred imme-
diately after plaque rupture. However, the layering of most 
coronary thrombi and the presence of thromboemboli in 
the myocardium distal to evolving thrombi indicate that 
usually the thrombotic response is dynamic. Waves of throm-
bosis and thrombolysis, often with concomitant vasospasm, 
occur on the time scale of days before producing the fatal 
occlusion (Figure 3-7). The initial flow obstruction is usually 
caused by platelet aggregation, but subsequently, fibrin may 
stabilize the platelet-rich thrombus. Smaller mural thrombi 
may heal silently. Nonocclusive or transiently occlusive 
thrombi are common in MI without ST-segment elevation, and 
more stable and occlusive thrombi prevail in ST-elevation MI. 
A critical thrombotic component is also common in culprit 
lesions responsible for out-of-hospital cardiac arrest and sud-
den coronary death (see Chapter 13 and Chapter 28).31

Healed Plaques and Incorporated Thrombi
A nonuniform or layered pattern of dense type I (older) 
and loosely arranged type III (younger) collagen, which is 
judged to indicate a healed plaque rupture, can be identified 
in many coronary plaques, particularly in those that cause 
chronic high-grade stenoses.9 Other plaques may have a 
multilayered appearance consistent with a history of incor-
poration and organization of thrombus on eroded plaques.

These observations are indicative, and it is possible 
that similar morphology can result from a burst of plaque 
growth without rupture and thrombosis. Notably, multi-
layered plaques (“buried fibrous caps”) are also seen 

in mouse models in which rupture and thrombosis are 
exceedingly rare. However, by accepting this caveat, the 
combined findings indicate that silent plaque ruptures 
and erosions are important for plaque growth and devel-
opment of chronic stenosis (see Figure 3-4). This notion 
may explain why chronic coronary stenosis often devel-
ops in a phasic rather than linear manner, forming at sites 
that were only insignificantly narrowed in an antecedent 
angiography.59

Plaque Regression
Lowering of LDL in patients with CHD reduces the risk of 
recurrent events, but changes in plaque size are slow and 
modest in magnitude.60 Instead, the beneficial effects are 
explained by changes in plaque morphology. Analyses 
of carotid endarterectomy specimens, imaging and ani-
mal experiments have shown that efficient LDL lowering 
leads to resolution of inflammation, loss of neovessels, 
and reductions in extracellular lipids and the necrotic 
core, whereas the amount of calcification both in animals 
and humans may increase.25,47 It is comprehensible that 
these changes lower the risk of plaque rupture. Whether 
the risk of thrombosis by erosion is also reduced has yet 
to be established.

PLAQUE BURDEN

In research and clinical practice, there is a need to charac-
terize atherosclerosis or individual plaques for a few impor-
tant and measurable characteristics that convey the status 
of the disease process and the risk of progression. Such vari-
ables can be used as endpoints for clinical trials and as risk 
prediction tools to guide decisions about therapies. Some of 
the terms used in this area are plaque burden, activity, and 
vulnerability.

Plaque burden is a measure of the extent of atheroscle-
rosis in the body or in a particular vascular bed irrespec-
tive of the cellular composition and activity of plaques, and 
it is an important estimator of the risk for MI.55,61 It can be 
measured directly as plaque volume, exemplified by coro-
nary intravascular ultrasound (see Chapter 10) or three-
dimensional ultrasound of the carotids, or by some proxy 
that is correlated with the extent of atherosclerosis, such as 
the measurement of coronary calcium score by computed 
tomography (see Chapter 9) or the ankle–brachial pressure 
index. Because atherosclerosis is a multifocal disease that 
affects the entire vasculature, having a high plaque burden 
in one vascular territory (e.g., the carotids or lower limbs) is 
a marker for advanced disease in other territories, especially 
in the coronary arteries, because of their high susceptibility 
to atherosclerosis.62,63

PLAQUE ACTIVITY

The activity of the disease or individual plaques is an impor-
tant, but poorly defined concept. It is important because 
the ability to faithfully measure disease activity (e.g., by 
noninvasive imaging [see Chapter 10] or a circulating bio-
marker [see Chapter 8]) would be an important tool for the 
discovery of new causative factors and for demonstrating 
efficacy of new therapies in small “proof-of-concept” clini-
cal trials. Furthermore, not having to rely on clinical end-
points to measure effect would pave the way for research 

AA B

FIGURE 3-7 Coronary thrombosis. (A) The thrombotic response to plaque rup-
ture is often dynamic, revealed by a layered structure of the thrombus and distal 
thromboembolism. (B) The layered thrombus at higher magnification. Local vasomo-
tion may contribute to the dynamic flow obstruction caused by an atherothrombotic 
culprit lesion. Trichrome stain (thrombus: red, collagen: blue, necrotic core: colorless).



N
ew

 an
d

 Em
erg

in
g

 In
sig

h
ts in

to
 th

e Path
o

b
io

lo
g

y o
f A

cu
te M

yo
card

ial In
farctio

n
31

3
and possibly preventive treatment at earlier stages of the dis-
ease, where we appear to know more about the pathophysi-
ological processes and where the disease may potentially 
be more modifiable.

Atherosclerotic disease activity does not have a simple, 
defined meaning.64 It is often taken to mean inflammation, 
measured for instance, as the density of macrophages in 
plaques. This conceptualization is reasonable because of 
the central role of vascular inflammation in plaque develop-
ment. However, there is a vast difference in clinical importance 
between the inflammation of an early atherosclerotic lesion and 
the focused inflammation of a fibrous cap that may lead to rup-
ture and thrombosis. Several other processes in atherosclerotic 
plaques could be included under the heading of plaque activ-
ity, including plaque necrosis, which constitutes the perhaps 
most detrimental activity of the disease. Neovascularization 
(angiogenesis), leaky endothelium, and plaque hemorrhage 
often accompany inflammation and constitute other potential 
biomarkers of disease activity.65

PLAQUE VULNERABILITY

Much effort has been put into recognizing the pathological 
features of vulnerable plaques (or synonymously thrombo-
sis-prone or high-risk plaques) to predict which plaques are 
at risk of precipitating thrombosis and to understand the 
mechanisms leading to their formation (i.e., those plaques 
at high short-term risk of thrombosis).31

Notably, causing thrombosis is not the same as causing 
MI. Many ruptures and erosions are asymptomatic in the 
short term, although they may sometimes lead to gradual 
coronary narrowing (see Figure 3-4).55 The vulnerable 
patient is a term used to describe patients at high short-
term risk of an acute clinical event. This high risk depends 
on plaque burden, plaque vulnerability, systemic throm-
botic propensity, and the myocardial susceptibility to 
 ischemia and arrhythmia.

In the next sections, we briefly discuss the features of 
plaques assumed to be at a high risk of rupture. The other 
types of vulnerable plaques predisposing to thrombosis 
with erosion or possibly calcified nodule remain poorly 
understood. For the clinician, it is important to know that the 
mere presence of intravascular ultrasound (IVUS)–detected 
calcified nodules in the intima are not associated with an 
increased future risk of thrombi.66

RUPTURE-PRONE PLAQUES

Table 3-1 outlines features for which statistically significant 
differences have been reported between ruptured and non-
ruptured fibroatheromas. The prototypical ruptured plaque 
is a TCFA with a large necrotic core and macrophage infil-
tration in the cap (Figure 3-8). Because only a few TCFAs typ-
ically exist simultaneously,67 the risk of rupture is limited to 
a small group of lesions at any point in time. Consistent with 
their importance for precipitating fatal coronary plaque rup-
tures, TCFAs tend to cluster in the proximal segments of the 
major coronary arteries, where also most plaque ruptures 
and thrombi are seen.31

Necrotic Core
If no necrotic core is present, there is no overlying fibrous 
cap to rupture. Consistently, not having necrotic cores 

among nonculprit lesions in the proximal coronary arter-
ies indicates a favorable prognosis after MI.68 However, a 
larger necrotic core also confers greater risk than a small 
one.9 The importance of necrotic core size for plaque sta-
bility is comprehensible, because the total lack of support-
ing collagen in the lipid-rich core confers greater tensile 
stress to the overlying fibrous cap. A large necrotic core 
may also increase the thrombogenecity of the plaque 
material, and hence, the risk of a clinical event in case of 
plaque rupture.57

Plaque Size and Severity of Stenosis
Retrospective angiographic studies and the prospective 
PROSPECT (Providing Regional Observations to Study 
Predictors of Events in the Coronary Tree) study have 
shown that plaques with severe stenosis carry a higher per-
plaque risk for producing clinical events than plaques that 
cause no or nonsevere stenosis.69 However, such lesions 
are few, and overall, most ACS are precipitated by plaques 
without significant stenosis on an antecedent angiography 
weeks or months before.69 This epidemiology is consistent 
with the distribution of TCFAs, as shown by a combined 

TABLE 3-1 Features of Ruptured Plaques*

Thrombus
Large necrotic core (>30% of plaque)
Fibrous cap covering the necrotic core

Thin (thickness usually <65 μm)
High macrophage density
Few smooth muscle cells

Expansive remodeling preserving the lumen
Neovascularization from the vasa vasorum
Plaque hemorrhage
Adventitial/perivascular inflammation
“Spotty” calcification

*The same features, except rupture of the cap and luminal thrombus, are assumed 
to characterize vulnerable plaques of the rupture-prone type.

HE (overview) Sirius

CD68 CD68

A B

C D

CO

CO

CO

FC

NC

FIGURE 3-8 Thin-cap fibroatheroma with inflammation in the cap. (A and 
B) The plaque is composed predominantly of fibrous tissue and a necrotic core (NC) 
with an extremely thin fibrous cap (FC). (C) Staining for CD68 (macrophages: red) 
visualizes abundant macrophages in the fibrous cap, but other parts of the plaque 
are not inflamed. (D) Larger magnification of inset in (C). The cap contains very few 
smooth muscle cells (not shown). Dead macrophages without nuclei are seen within 
the necrotic core (asterisk). Penetration of the contrast medium (CO) injected post-
mortem from the lumen into the NC reveals that in this particular case an FC rupture 
is present in an adjacent segment. HE, Hematoxylin and eosin. (From Bentzon J, et al: 
Mechanisms of plaque formation and rupture. Circ Res 114:1852, 2014.)
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angiography and optical coherence tomographic imag-
ing study of nonculprit lesions (see Chapter 10).70 Lesions 
that caused severe stenosis were twice as likely to be 
TCFAs than lesions with only nonsevere stenosis, but the 
total number of TCFAs with nonsevere stenosis was three 
times higher than those with severe stenosis. The mild pre-
existent stenosis of most TCFAs and ruptured plaques is 
explained by expansive remodeling, because such lesions 
are, on average, large.

The long-held notion that mild to moderate obstructive 
coronary lesions are responsible for the majority of MIs has 
been challenged by studies that described significant nar-
rowing in the days preceding MI.59,71 However, significant 
narrowing shortly before MI may be a result of (rather than 
a precursor) for rupture.9,71 Plaque rupture is followed not 
only by dynamic luminal thrombosis (with or without vaso-
spasm), but also high-pressure hemorrhage into the plaque 
through the ruptured surface, giving rise to rapid plaque 
expansion that is unresponsive to thrombolysis and aspira-
tion thrombectomy, and as discussed previously, the tem-
poral relationship between plaque rupture and MI is often 
protracted.

Other Associated Features
Other features that are associated with ruptured lesions 
include neovascularization, plaque hemorrhage, a “spotty” 
pattern of calcifications, and adventitial inflammation.31 
These features are not independently associated with rup-
tured plaques but correlate with necrotic core size and 
expansive remodeling. However, a special importance of 
these features lies in the fact that they are credible targets 
for noninvasive imaging, in contrast to fibrous cap thickness, 
which is far below the resolution limit of noninvasive tech-
niques (see Chapter 10).

Predictive Value of Vulnerable  
Plaque Features
The absence of TCFAs in a patient indicates a low immi-
nent risk for plaque rupture and thrombosis, but what risk 
is conferred by their presence? In the PROSPECT study, only a  
minority of virtual histology (VH)-TCFAs identified by 
VH-IVUS led to coronary events (mostly progressive angina) 
at a median follow-up of 3.4 years.69 Another serial VH-IVUS 
study found that VH-TCFAs arise and disappear more 
dynamically than what was previously believed.72 Both 
these studies weaken the rationale for a targeted therapeutic 
approach to rupture-prone plaques.55 However, it is impor-
tant to note that the performance and resolution of VH-IVUS 
does not permit the identification of TCFAs as pathologists 
define them,73 and the use of more precise methods in 
future studies may lead to different results. The other vulner-
able plaque features are not sufficiently specific for predict-
ing the fate of individual lesions, but it is possible, although 
not yet established,55 that a high prevalence of vulnerable 
plaque features, such as large necrotic cores, among lesions 
in an individual may indicate a higher risk than would be 
predicted by measurements of plaque burden alone.

PERSPECTIVES FOR PREVENTION

Pathology teaches us that atherosclerosis is a life-long pro-
gressing disease, and living a long life is the single most 

important risk factor for dying or developing symptoms 
from atherosclerosis. The longer individuals live, the more 
likely it is they will experience the consequences of a life’s 
burden of risk factor exposure. A longer lifespan, because 
of improvements in socioeconomic conditions and health 
care, is the central cause of the global epidemic of cardio-
vascular disease.74 The age-adjusted mortality from CHD has 
declined substantially in recent decades, but because the 
decline is partly explained by improved survival after MI, 
and more people are becoming at risk of CHD because of 
an aging population, it is still only a half victory (see Chapter 
2).75–77 The sustained search for new insights into the patho-
biology of atherothrombosis may define new avenues for 
diagnosis, risk stratification, and therapy.
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EVOLUTION OF CONCEPTS REGARDING 
MECHANISMS OF MYOCARDIAL INFARCTION

Historical Perspective
The scientific study of the mechanisms of myocardial infarc-
tion (MI) occurred surprisingly recently. Heberden pub-
lished his strikingly contemporary description of angina 
pectoris in 1772. The very first article in the predecessor of 
the New England Journal of Medicine, published in 1812, 
described a North American case of angina pectoris that 
came to autopsy. The author, John Warren, concluded that 
because the coronary arteries were enlarged, they were “not 
essentially connected with angina pectoris; and, therefore…
not the cause of the disease.” In contrast, British observers 
previously proposed an association between “ossification” 
of the coronary arteries and angina pectoris based on anec-
dotal autopsy observations.

Although physicians from the time of Morgangni and 
Corvisart and the great nineteenth century German patholo-
gists described cardiac aneurysms or “fatty degeneration,” 
the link among angina pectoris, coronary artery disease, and 
MI came together only at the beginning of the 20th century. 
The Russian physicians Obrastzow and Straschesko articu-
lated the connection between coronary thrombosis and 
prolonged angina pectoris. In 1912, James Herrick described 
the survival of individuals with coronary thrombosis, a situa-
tion that was previously considered invariably fatal. Samuel 
A. Levine, a cardiologist at Boston’s Peter Bent Brigham 
Hospital (currently Brigham and Women’s Hospital), in his 
1929 monograph on “Coronary Thrombosis” reviewed the 
connection between coronary artery disease and MI. Levine 
published a report of two cases of coronary thrombosis, 
including one diagnosed antemortem in 1918 that clearly 
connected this pathological finding with MI (Figure 4-1). The 
advent of electrocardiography in the early part of the 20th 
century also helped clarify the entity of MI by providing a 
noninvasive method of detection of myocardial injury, isch-
emia, and infarct. Herrick’s 1942 monograph on the history 
of cardiology highlighted the confusion that previously pre-
vailed with regard to the acute coronary syndromes (ACS) 
and their pathogenesis. He stated, “It was long before it was 
realized that the Ariadne thread that guided one through 

the maze of angina pectoris, infarct, rupture, certain forms 
of pericarditis, and of acute and chronic heart failure was 
disease of the coronary artery.”

As late as the 1970s, controversy still brewed regarding the 
causality of coronary thrombosis in MI.1 The ascendancy 
of selective coronary arteriography heightened interest in 
coronary vasospasm as a pathogenic process that led to 
myocardial ischemia. The introduction of calcium channel 
blockers as pharmacologic tools to treat vasospasm spurred 
this interest. The advent of fibrinolytic agents and their 
success in restoring coronary flow in some patients with 
ST-elevation MI (STEMI) brought thrombosis to the forefront 
as a pathological mechanism for MI.

In evaluating the current state of knowledge put forth 
in this chapter, readers should reflect that this history illus-
trates the degree to which pathophysiological constructs 
depend on the tools of the time, and how concepts evolve 
as new methodologies emerge. Today’s tools likely similarly 
constrain our vision, and the synthesis we provide here will 
doubtless require revision as we learn more.

The Concept of Mutability of Myocardial 
Infarction: Oxygen Supply and Demand 
Balance, Reperfusion, and Remodeling
As late as the 1970s, most regarded MI as an “all or none” 
event. Individuals transitioned from apparent good health 
or stable angina to acute MI suddenly, as if struck by light-
ning. Treatment focused on symptom relief and did not 
encompass efforts to modify the infarction, then consid-
ered completed at presentation. In the late 1950s to 1960s, 
rigorous physiologic investigations delineated the factors 
that determine the myocardial requirements for oxygen. 
This area of inquiry provided a scientific basis for con-
ceiving of myocardial ischemia as an imbalance between 
oxygen supply and demand.2 Some of the determinants of 
oxygen requirements seemed modifiable. The frequency, 
force of contraction (inotropic state), and afterload contrib-
uted to myocardial oxygen demand. This recognition led to 
the exploration of carotid sinus stimulation and interven-
tion that reduced blood pressure and heart rate as a treat-
ment for angina pectoris.3 Implantation of a carotid sinus 
nerve stimulator could provide relief from angina pectoris. 
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These early efforts represented pioneering developments in 
device therapy.

The introduction of β-adrenergic blocking agents in the 
1960s provided a pharmacologic tool for manipulating myo-
cardial oxygen requirements (see Chapter 13).4 Blocking 
β-adrenergic stimuli could both lower heart rate and reduce 
the force of contraction of the left ventricle, which are two 
key determinants of myocardial oxygen requirements. 
Experimental studies in dogs with coronary artery ligation 
affirmed the concept that interventions that decreased myo-
cardial oxygen requirements could limit myocardial injury 
following coronary artery ligation as determined by elec-
trocardiographic, histologic, and biochemical criteria (see 
also Chapter 24).5 If performed with sufficient haste, coro-
nary artery reperfusion could mitigate the consequences of 
coronary artery ligation in dogs.6

These observations affirmed the principle of mutabil-
ity of the consequences of a given coronary occlusion. 
Further physiologic studies on experimental MI conducted 
in rats disclosed a previously unrecognized aspect of the 
myocardial response to coronary artery ligation: expan-
sive geometric remodeling (see Chapter 36). Following 
ligation of the left anterior descending coronary artery, 
the left  ventricular cavity of rat hearts showed regional 
expansion.7 This consequence of coronary artery ligation 
also proved mutable. Pioneering observations showed that 
interruption of the renin-angiotensin system, as affected by 
administration of angiotensin-converting enzyme inhibitors, 
could reduce the expansive remodeling in the left ven-
tricles of rats following coronary artery ligation.8 Clinical 
pilot observations affirmed the translatability of these 
results. Ultimately, large-scale clinical trials confirmed 
improvement in long-term outcomes in patients treated 
with interventions that interrupted the renin-angiotensin-
aldosterone axis.

These brief summaries of bodies of work conducted in 
the 1970s and 1980s reveal how recent concepts regarding 
the mutability of MI emerged. The experimental findings, 
which were rapidly reduced to practice, ushered in the era 
of reperfusion achieved first by biologically derived fibri-
nolytic agents (e.g., streptokinase), thrombolytic agents 
derived through recombinant DNA technology (e.g., tis-
sue plasminogen activator), and were followed by fibrino-
lytic agents (see Chapter 15). Percutaneous intervention to 
achieve reperfusion and “salvage” infarcting myocardium 
came in successive waves—percutaneous balloon angio-
plasty, bare metal stents, drug-eluting stents, and currently, 
bioabsorbable stents (see Chapter 17). This entire revolu-
tion in our fundamental understanding of the relationship 
between coronary artery occlusion and MI, the recogni-
tion of its mutability, and the translation to clinical practice 
occurred in a compressed time scale, only over the last three 
or four decades. Built on a burgeoning scientific foundation, 
the treatment of MI has transformed from mere symptom-
atic relief to pharmacologic and mechanical interventions 
that modify the disease and its downstream consequences, 
including arrhythmias and the development of heart failure 
(see Chapter 13).

New Insights into the Mechanisms  
of Coronary Thrombosis
Understanding of the mechanisms of coronary thrombo-
sis that most often lead to MI has evolved hand-in-hand 
with the evolution of our concepts with regard to MI. 
Chapter 3 reviews in detail the current state of the patho-
physiology of coronary artery thrombosis, as do authori-
tative reviews.9,10

PATHOLOGICAL FINDINGS DURING  
THE EVOLUTION AND HEALING  
OF MYOCARDIAL INFARCTION

The traditional concept of the cellular sequence of events in 
myocardial infarction focused primarily on myocyte injury, 
death, and “replacement fibrosis,” which are the formation 
of granulation tissue, provisional scar, and ultimately, a fully 
healed scar. Morphologic appearance characterized various 
stages of myocyte injury (Figure 4-2 and Table 4-1). During 
the first 12 hours, myocyte necrosis occurs, accompanied by 
edema manifested microscopically by an increased spac-
ing between sarcomere bundles. After 12 to 24 hours, neu-
trophils accumulate, myocytes die, and contraction bands 
appear. In the ensuing days, myocyte death continues, and 
mononuclear phagocytes begin to engulf the remains of 
dying cells, particularly near the border zone of the infarct. 
After the first week, granulation tissue begins to form, charac-
terized by neoangiogenesis and extracellular matrix accu-
mulation. After several weeks, a well-organized collagenous 
extracellular matrix replaces the functioning myocardium 
in the center of the infarct.

In the current era, many patients with ACS undergo 
reperfusion, altering this classical sequence of events that 
characterizes infarct healing. Reperfusion can salvage 
myocardial tissue in a manner that depends on the time of 
reestablishing blood flow following the onset of ischemia 
(see Chapter 13). Reperfused regions of infarcts can show 
accentuation of hemorrhage. Reperfusion can also hasten 
the death of irreversibly injured myocytes and accentuate 

FIGURE 4-1 Coronary thrombus associated with myocardial infarction. 
The frontispiece of Samuel A. Levine’s 1929 monograph on “Coronary Thrombosis” 
shows a thrombus in the left anterior descending coronary artery with apical thinning 
and a large mural thrombus in the left ventricle. (From Levine SA: Coronary throm-
bosis: its various clinical features, Baltimore, The Williams & Wilkins Company, 1929.)
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contraction band formation. Even when intervention rees-
tablishes epicardial flow, microvascular dysfunction can 
cause distal microvascular occlusion, yielding the “no 
reflow” phenomenon (see Chapter 24).

THE CURRENT ERA: THE ROLE OF 
INFLAMMATION IN THE EVOLUTION AND 
HEALING OF MYOCARDIAL INFARCTION

The remarkable revolutions in understanding and treat-
ing MI, as recounted previously, emerged from application 
of classical physiologic and pharmacologic concepts and 
investigations. These advances, which were predicated 
primarily on approaches to realign a mismatch between 
oxygen supply and demand, accorded little weight to the 
response of the myocardial tissue itself. The cardiovascular 
community expended strenuous efforts to comprehend 
and modify either coronary artery perfusion or the oxygen 

requirements of the heart muscle. This undertaking focused 
on aspects of myocardial intermediary metabolism, and 
the regulation of the force and frequency of cardiac con-
traction, but largely relegated the myocardium itself to the 
role of bystander. Moreover, although the cardiac myocyte 
received detailed attention from physiologic and biochemi-
cal investigators, the other cellular constituents of the heart, 
with the possible exception of the endothelial cells, received 
relatively little attention from clinical investigators.

The last decade witnessed the dawning of an increased 
interest in the response of myocardial tissue to ischemic 
injury viewed through the lens of inflammation. The balance 
of this chapter reviews some of these more recent observa-
tions and concepts. Perhaps the study and clinical transla-
tion of the principles elucidated in this work will provide 
a platform for future advances in mitigating MI, as classical 
physiologic and pathological studies allowed in previous 
years.

A

D E

BA

D E

B C

FIGURE 4-2 The sequence of pathological findings during myocardial infarction. (A) Section of myocardium 1 day postinfarction shows myocyte necrosis along 
with “wavy fibers” (left, elongated and narrow) compared with adjacent normal fibers (right). Widened spaces between the dying fibers contain edema fluid and neutrophils, 
the “first responders” during ischemic injury. (B) Plentiful polymorphonuclear leukocytes populate infarcting myocardium after 3 to 4 days. (C) Nearly complete destruction of 
myocardial architecture characterizes the most severely affected portions of the myocardium 7 to 10 days after presentation. (D) Granulation tissue contains collagen (blue) and 
neo-vessels. (E) A healed myocardial infarction shows regions of replacement of myocytes by a collagenous scar. Only a few cardiac muscle fibers persist in this section. (Adapted 
from Schoen FJ, Mitchell RN: The heart. In Kumar V, AK Abbas, JC Aster, eds. Pathologic basis of disease, ed 9, Philadelphia, Saunders, 2015.)

TABLE 4-1 Functions of Monocyte Subtypes

MONOCYTE SUBTYPE PROTEOLYSIS PHAGOCYTOSIS INFLAMMATION FIBROSIS ANGIOGENESIS

Ly6Chigh

CD14++ CD16−
High High High Less Less

Ly6Clow

CD14+ CD16+
Less Less Less More More
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4Inflammatory Response to Myocardial 
Infarction
The first forays implicating inflammation in MI depended on 
careful clinical observations and classical pathological inves-
tigation. Samuel Levine in his 1929 monograph on “Coronary 
Thrombosis” stated, “In the great majority of acute cases of 
coronary thrombosis, there quickly develops a fever and leu-
kocytosis.” He deduced “…that infarcted tissue…probably 
liberates toxic products that produce leukocytosis and fever,” 
whereas he remarked that “the leukocyte count is apt to run 
hand in hand with the fever.” He further noted “…a distinct 
increase in the polymorphonuclear ratio, which rises to 80% 
and sometimes even to 90%….” His careful clinical observa-
tions led him to conclude “the presence of a leukocytosis is 
one of the most constant findings in coronary thrombosis.”

Following Levine’s astute clinical observations, pathol-
ogists at the Boston City Hospital formally studied the 
sequence of inflammatory cell appearance in the infarcting 
myocardium based on histopathological study of human 
hearts postmortem.11 They established the well-defined 
sequence of microscopic changes in the previously 
described infarct region. In the first hours to days following 
presentation, polymorphonuclear leukocytes accumulated 
in the infarcting myocardium. After several more days, 
mononuclear phagocytes predominated. In the second and 
subsequent weeks following presentation, fibroblasts and 
“connective tissue” appeared (Figure 4-3A). These findings, 
together with the clinical observations that documented 
peripheral leukocytosis in patients who experienced MI, 
called attention to the potential role of inflammatory cells 
in MI.

Early studies also supported the involvement of inflam-
mation in acute MI by monitoring biomarkers of the acute 
phase response. In particular, C-reactive protein elevation, 
recognized in the mid-20th century, indicated that an inflam-
matory state ensued following MI.12 Only recently have 
investigations suggested that inflammation may not merely 
follow MI as a consequence, but that inflammatory pro-
cesses may modulate the tissue response to ischemic injury 
as discussed in the following.

In the 1980s and 1990s, many studies of ischemia–reper-
fusion injury focused on the recruitment of leukocytes as 
a potential therapeutic target, including inhibition of leuko-
cyte adhesion molecules.13 Yet, these studies focused little 
on the effector functions of various classes of leukocytes in 
different phases of myocardial ischemic injury, nor did they 
address the origins of leukocytes that accumulate in the 
infarcting myocardium.

Inflammatory Cells and Infarct Healing
Experimental studies have deepened our understand-
ing of the participation of inflammatory mechanisms in 
myocardial ischemic injury. Traditionally, such inquiries 
focused on the acute inflammatory response mediated 
by polymorphonuclear leukocytes. More recent studies 
have called attention to the participation of mononuclear 
phagocytes that participate not only acutely, but also in 
the more chronic phases of healing of myocardial injury.  
This work has shown that the normal myocardium pos-
sesses a resident population of these mononuclear cells, 
indicating a role in ongoing immune surveillance or other 
unknown functions.14

Role of Specific Leukocyte Classes
Inflammation biologists have increasingly recognized the 
functional diversity of various leukocyte classes.15,16 In 
particular, monocytes, which are key responders to tissue 
injury that participate in repair processes, exist in various 
states that express varied palettes of mediators and func-
tions. The polarization of leukocyte function into subsets 
often shows clearer demarcation in mice than in humans. 
In mice, a particularly proinflammatory subset of mono-
cytes expresses high levels of a surface marker denoted 
as Ly-6C. Human cells with a high concentration of a cell 
surface marker known as CD14, with low levels of CD16, 
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FIGURE 4-3 The temporal sequencing of cell populations following myo-
cardial infarction. (A) Classical sequencing of a first wave of polymorphonuclear 
leukocytes, followed by mononuclear phagocytes, and ultimately, fibroblasts and 
connective tissues, that emerged from observations by pathologists. (B) Resolution of 
the mononuclear phagocytes population into two peaks, an initial proinflammatory 
population followed by the predominance of a less inflammatory subset of mononu-
clear phagocytes that exhibit reparative functions. DC, Dendritic cell; MI, myocardial 
infarction. (Adapted from Nahrendorf M, et al: The healing myocardium sequentially 
mobilizes two monocyte subsets with divergent and complementary functions. J Exp 
Med 204:3037–3047, 2007.)
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resemble the Ly-6Chigh monocyte subset in mice.17 Human 
monocytes that have low surface amounts of CD14 and 
higher concentrations of CD16 may resemble the Ly-6Clow 
population of monocytes in mice. Table 4-2 shows the char-
acteristics of the proinflammatory subsets of monocytes 
and macrophages.

Initial studies of experimental MI in mice showed that 
following ligation of the left anterior descending coronary 
artery, leukocytes promptly accumulated in the evolving 
infarct.18 As observed in humans, polymorphonuclear leu-
kocytes predominated in the first hours following coronary 
artery ligation. Subsequently, a population of proinflamma-
tory monocytes appears in the evolving infarct. In later days 
(days 5 to 7), the mononuclear phagocytes in the infarcting 
zone display markers of alternatively activated or less 
intensely inflammatory cells (see Figure 4-3B). As discern-
able from Table 4-2, the proinflammatory subset of mono-
cytes exhibits characteristics that could prove salutary in an 
early phase of myocardial ischemic injury. In particular, the 
proinflammatory monocytes have high phagocytic and pro-
teolytic activity. These functional features could promote the 
clearance of dead cardiocytes and their detritus. Proteolytic 
cleavage of proteins released by dying cells and of the sur-
rounding extracellular matrix could pave the way for subse-
quent healing and fibrosis. An overly aggressive proteolytic 
response could hasten thinning of the infarcting left ven-
tricular wall and foster friability that could, in the extreme, 
promote expansive left ventricular remodeling, predispose 
to aneurysm formation, and potentiate the formation of 
pseudoaneurysms, ventricular septal defects, or ventricular 
rupture (see also Chapter 36).

Following the advent of the proinflammatory mono-
cytes, a less inflammatory or alternatively activated subset 
of monocytes and/or macrophages predominates, charac-
terized by low surface expression of Ly-6C. These Ly-6Clow 

mononuclear phagocytes in the evolving infarct can further 
“clear” dead myocytes. Genetic manipulations that interfere 
with this process, known as efferocytosis, can impair heal-
ing and function of the infarcted myocardium in mice.19 
This subset of mononuclear phagocytes exhibits functions 
that could contribute to myocardial healing by forma-
tion of granulation tissue and the extracellular matrix. In 
particular, this less inflammatory subset of mononuclear 
phagocytes has relatively less proteolytic potential, but it 
produces transforming growth factor-β (TGF-β), which is 
a strong stimulus to extracellular matrix gene expression 
and an inhibitor of inflammation. These Ly-6Clow cells also 
secrete angiogenic molecules such as vascular endothe-
lial growth factor, which is a mediator implicated in neo-
angiogenesis, a characteristic of granulation tissue (see 
Table 4-2). Figure 4-4 depicts postulated functions of pro-
inflammatory monocytes in the early phase of myocardial 
ischemic injury (see Figure 4-4A) and the less inflamma-
tory mononuclear phagocytes in the latter phase (see 
Figure 4-4B). In mice, extreme hypercholesterolemia impairs 
healing of MI, which is likely related to a striking Ly-6Chigh 
monocytosis.20,21Adaptive immunity may also modulate the 
function of mononuclear phagocytes in MI. Regulatory T 
cells, a subset that elaborates TGF-β, interleukin (IL)-10, and 
IL-13, can slant the macrophage population in experimen-
tal MI in mice toward an “M2” palette of functions that may  
foster healing and improve survival.22

Monocyte Origins in Myocardial Infarction
Because of the rapid appearance of monocytes in the 
infarcting myocardium, further studies sought to delineate 
the origin of these cells. These investigations disclosed the 
existence in mice of a preformed pool of proinflamma-
tory monocytes in the subcapsular region of the red pulp 
of the spleen.23 Following coronary artery ligation, intravital 

TABLE 4-2 Evolution of Morphologic Changes in Myocardial Infarction

TIME GROSS FEATURES LIGHT MICROSCOPE ELECTRON MICROSCOPE

Reversible Injury

0–0.5/ hr None None Relaxation of myofibrils; glycogen loss; 
mitochondrial swelling

Irreversible Injury

0.5–4/hr None Usually none; variable waviness of fibers at border Sarcolemmal disruption; mitochondrial 
amorphous densities

4–12/hr Dark mottling (occasional) Early coagulation necrosis; edema; hemorrhage

12–24/hr Dark mottling Ongoing coagulation necrosis; pyknosis of nuclei; 
myocyte hypereosinophilia; marginal contraction 
band necrosis; same neutrophilic infiltrate

1–3 days Mottling with yellow-tan infarct center Coagulation necrosis, with loss of nuclei and striations; 
more substantial neutrophil accumulation

3–7 days Hyperemic border; central yellow-tan 
softening

Disintegration of dead myofibers, with dying 
neutrophils; phagocytosis of dead cells by 
macrophages in infarct border zone

7–10 days Maximally yellow-tan and soft, with 
depressed red-tan margins

Robust phagocytosis of dead cells; granulation tissue 
at margins

10–14 days Red-gray depressed infarct borders Well-established granulation tissue with new blood 
vessels and collagen deposition

2–8/wk Gray-white scar, progressive from 
border toward core of infarct

Increased collagen deposition, with decreased 
cellularity

>2/mo Scarring complete Dense collagenous scar

Adapted from Schoen FJ, Mitchell RN: The heart. In Kumar V, AK Abbas, JC Aster, eds: Pathologic basis of disease, ed 9, Philadelphia, Saunders, 2015.
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microscopic and cell-tracking studies showed the traversal 
of these proinflammatory monocytes from the spleen to 
the infarcting myocardium. Thus, the spleen warehouses a 
set of monocytes poised to respond to tissue injury on an 
emergency basis. Subsequent studies indicated that in the 
mouse spleen, extramedullary hematopoiesis can furnish 
and replenish this pool of proinflammatory monocytes that 

provide “early responders” to acutely injured tissues such as 
the infarcting myocardium.24

Further investigation identified specific hematopoietic 
factors that regulate this extramedullary hematopoiesis. 
Retention of hematopoietic progenitors in the spleen rely 
on the interaction of VLA-4 with vascular cell adhesion mol-
ecule-1 (VCAM-1), which is expressed by CD169+ splenic 
macrophages. Ablation of these cells, or silencing of VCAM-1 
using in vivo RNAi, leads to a loss of progenitor cells from the 
spleen.25 In addition, post-MI splenic myelopoiesis depends 
on IL-1β. A recently recognized subpopulation of B lympho-
cytes, known as innate response activator B cells, elaborate 
the hematopoietic growth factors, such as granulocyte-
monocyte colony stimulating factor, that engender extra-
medullary hematopoiesis in the context of atherosclerosis, 
and possibly in MI as well.26 Cytokines unleashed during 
 tissue injury (e.g., IL-1β) increase bone marrow hematopoi-
etic stem cell proliferation after coronary artery ligation in 
mice by direct actions on hematopoietic cells and by modu-
lating the microenvironment in the bone marrow niche.27 
Myeloid precursor cells that bear the chemokine receptor 
CCR2 appear to be pivotal to the development of macro-
phages in mouse MI that participate in tissue healing and 
influence the development of heart failure post-MI. 28

Efforts to unravel further layers of the control of emer-
gency leukopoiesis following coronary artery ligation 
in mice focused on the recruitment of precursors of the 
myeloid cells from niches in the bone marrow. These inves-
tigations revealed a hitherto unsuspected connection 
between activation of the sympathetic nervous system fol-
lowing coronary artery occlusion and mobilization of these 
progenitors of myeloid cells from the bone marrow.29 The 
results implicated β3 adrenergic activation of bone marrow 
niche cells as a stimulus that activates these precursors of 
leukocytes found in the myocardium during ischemic injury 
and the bone marrow. These studies elucidated a novel 
neuro-splenic- myocardial axis that operates during MI in 
mice (Figure 4-5).

“Cardiosplenic” Axis in Humans
Do these observations in mice relate to MI in humans? 
Although indirect, preliminary observations support the 
translatability of these concepts derived from mouse experi-
ments to humans who are responding to stress and sustain 
an MI. The spleens of patients who have an MI contain more 
cells bearing markers of myeloid precursors (C-kit posi-
tive) that also manifest markers of mitosis (Ki67).29 These 
observations indicate increased extramedullary hemato-
poiesis in the spleen of humans who have experienced MI. 
Humans hospitalized for acute MI who received treatment 
with β-adrenergic blocking agents before their event (in a 
nonrandomized allocation) had lower total leukocyte and 
monocyte counts in peripheral blood in a post hoc anal-
ysis. This observation, although subject to several types of 
confounding factors, supports a link between β-adrenergic 
 signaling and leukocyte biology in humans.29

Studies of psychological stress produced experimentally 
both in mice and in medical residents subjected to emo-
tional stress because of rotations in intensive care units 
showed increased peripheral leukocyte counts, and in the 
case of mice, leukopoiesis.30 Finally, recent human observa-
tions supported the operation of a “cardiosplenic” axis in 
humans who experienced an acute MI.31 Using fluorodeoxy-
glucose-18 (18F-FDG) uptake as a marker of inflammatory 
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FIGURE 4-4 Subtypes of mononuclear phagocytes exhibit distinct func-
tional palettes in the infarcting myocardium. (A) A proinflammatory monocyte 
(marked by high levels of Ly-6c in mice and high levels of CD14 with low levels of 
CD16 in humans). These cells possess high phagocytic capacity that permits them 
to clear the debris of dead and dying cells, acting as a “demolition” crew follow-
ing acute ischemic myocardial injury. These cells also produce hydrolytic enzymes 
at high concentrations that permit them to degrade macromolecules released by 
dead or dying cells and also to remodel the extracellular matrix to prepare the way 
for production of a provisional extracellular matrix, and ultimately, scar formation.  
(B) A less inflammatory monocyte characterized in particular by high concentrations 
of transforming growth factor (TGF-β), which is a potent stimulus to extracellular 
matrix synthesis needed for repair and scar formation. These less inflammatory cells 
also elaborate angiogenic mediators, such vascular endothelial growth factor (VEGF), 
that promote the formation of new microvessels. Fibrosis and microvascularization 
characterize granulation tissue, long recognized as part of the healing response of 
injured tissues. The appropriate balance between the proinflammatory and reparative 
subset of mononuclear phagocytes can influence both the structure and function 
of the myocardium following coronary occlusion and critically modulate the healing 
process. IL, Interleukin; TNF, tumor necrosis factor.
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activation, patients (n = 22) with an ACS and an equal num-
ber of sex-matched control subjects without ACS, but who 
had atherosclerotic disease, underwent positron emission 
tomography scanning to assess 18F-FDG uptake. The spleens 
of ACS patients displayed a statistically significant increase 
in the 18F-FDG signal compared with the control subjects 
(P = .03). These results corroborated the concept of altered 
splenic metabolic activity in patients with ACS. These inves-
tigators further retrospectively studied a cohort of approxi-
mately 500 patients who underwent 18F-FDG imaging for 
various clinical indications. The investigators dichotomized 
this cohort into those who had splenic uptake of 18F-FDG 
above or below the median. The analysis showed a striking 
and statistically significant increase in cardiovascular events 
in individuals who exhibited 18F-FDG uptake above the 
median (P = .002). In this cohort, which was followed up for 
cardiovascular events, the 18F-FDG uptake in various arteries 
correlated well with splenic uptake of 18F-FDG. These find-
ings supported the relationship between metabolic activity 
in the spleen and in arteries. These results, taken together, 
indicated an altered metabolism associated with macro-
phage activation, or perhaps even monocyte production, in 
the spleens of patients with ACS. They further corroborated 
the potential clinical implications of metabolic activity in 
the spleen of ACS patients. Further analyses indicated that 
messenger RNAs that encode a number of inflammation-
related genes in the peripheral leukocytes of patients with 
ACS were correlated significantly with the uptake of 18F-FDG 
in the spleen. The patients with above-median splenic 

18F-FDG uptake had significantly more cardiovascular 
events during follow-up in a post hoc analysis.

This ensemble of results supports the notion that MI elic-
its a systemic inflammatory response and can alter func-
tions of remote organs (e.g., the spleen) that participate 
in the regulation of inflammation and immunity. The inter-
ruption of renin-angiotensin signaling by administration of 
angiotensin-converting enzyme inhibitors limits the recruit-
ment of proinflammatory monocytes from the spleen to the 
infarcting myocardium in mice.32 Thus, the observations that 
support the operation of a cardiosplenic axis in humans 
provides novel insight into the mechanisms by which exist-
ing therapies might modify MI. Similarly, some of the benefits 
observed in survivors of MI because of the administration 
of β-adrenergic blocking agents might result from modula-
tion of leukopoiesis and the flux of inflammatory cells, as  
indicated by the animal experiments.

Areas of Ongoing Investigation
This blossoming of new knowledge regarding the roles of 
leukocytes in the healing of MI and previously unsuspected 
links between the central nervous system, the bone marrow, 
the spleen, and the ischemic myocardium represents a panel 
of new potential therapeutic targets for modifying outcomes 
after MI beyond restoration of blood flow or interventions to 
reduce the oxygen requirements of the myocardium. Initial 
forays into modifying the functions of leukocytes using 
nanoparticles that target receptors involved in recruiting 
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FIGURE 4-5 Activation of extra cardiac organs following myocardial infarction: a cardio-spleno-neuro-medullary network. Coronary ligation elicits a hyperadren-
ergic state caused by activation of the sympathetic nervous system in response to pain and hemodynamic alterations. β3-adrenergic signaling can mobilize myeloid precursor cells 
from a bone marrow niche to the spleen where they can multiply in response to hematopoietic growth factors, some of which arise from innate response activator B cells. The 
spleen, in an angiotensin II–dependent manner in mice, can rapidly mobilize proinflammatory monocytes from a preformed pool to migrate to injured tissues (e.g., the infarcting 
myocardium) and engage in a first phase of tissue remodeling that may help to restore homeostasis. The myeloid precursor cells mobilized from bone marrow provide the precur-
sors of mature leukocytes in the spleen where they undergo expansion by extramedullary hematopoiesis. Hematopoietic growth factors that promote the expansion of leukocyte 
populations may derive in part from innate response activator B cells.
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4
proinflammatory subsets of leukocytes (the chemokine 
receptor CCR2) provide experimental validation of the con-
cept that targeting leukocyte functions following MI might 
mitigate ischemic injury.33

The sequence of an initial recruitment of proinflamma-
tory leukocytes and the subsequent appearance of less 
inflammatory leukocytes raises the question of the origin 
of the alternatively activated or less inflammatory subset of 
mononuclear phagocytes in the latter phases of response 
to acute ischemic injury to the myocardium. Do the less 
inflammatory cells arise because of a second wave of 
recruitment, caused perhaps by engagement of the chemo-
kine receptors that help distinguish this less inflammatory 
subset from their proinflammatory counterparts? For exam-
ple, the fractalkine receptor CX3CR1 exists at high levels on 
the less inflammatory monocytes, whereas the chemokine 
receptor CCR2 that responds to MCP-1/CCL2 predominates  
in the proinflammatory monocyte subset.14,34,35 Alternatively, 
the proinflammatory cells could give rise to the less inflam-
matory subset by changing their functional palette. Recent 
experiments in mice support the possibility that proinflam-
matory monocytes serve as a precursor of the less inflam-
matory cells. In particular, a specific transcription factor, a 
member of the nuclear hormone receptor family known as 
nuclear receptor subfamily 4-group a-member 1 (Nr4a1), 
regulates a transition from proinflammatory monocytes 
to the reparative population. The Ly-6Clow macrophage 
population depends in part on activation of Nr4a1 (also 
known as Nur77).36 Some Ly-6Chigh monocytes that infil-
trate the infarcting myocardium early will mature into car-
diac macrophages. They can also give rise to the Ly-6Clow 
cells that then can multiply within the myocardium and 
expand the population of these mononuclear phagocytes 
that exert reparative functions. Animals deficient in Nr4a1 
show an impaired transition of proinflammatory to repara-
tive mononuclear phagocyte populations. They further 
show functional impairment as illustrated by accentuated 
declines in ejection fraction, increases in both systolic and 
diastolic dimensions, larger scars, and decreased collagen 
concentration. These results not only provide insight into 
the mechanisms by which the less inflammatory mononu-
clear phagocytes accumulate in the infarcting myocardium, 
but they also illustrate the functional importance of the 
sequence of monocyte subset populations in determining 
aspects of cardiac structure and function associated with 
outcomes in humans.

SUMMARY

In contrast to the venerable recognition of angina pectoris, 
the elucidation of the relationship between acute MI and 
coronary artery disease came about only a century ago. The 
initial fatalistic view that MI immediately produced irrevers-
ible injury gave way to an era of a more nuanced under-
standing of the pathophysiology of MI that has transformed 
clinical care by use of pharmacologic and mechanical 
interventions, most of which target improvements in the bal-
ance of oxygen supply and demand.

We have now entered a new area of understanding of 
the biological responses of the myocardium itself, and par-
ticularly the inflammatory cells, which are predominantly 
myeloid cells that populate the evolving infarct and likely 
critically influence the extent of tissue injury and the quan-
tity and quality of myocardial healing. Harnessing these 

novel insights in the development of new therapies may 
help improve further outcomes in patients who have sur-
vived MIs.37 In particular, because of advances in revascu-
larization strategies and management of arrhythmias, more 
patients survive MIs. Yet, chronic impairment of ventricular 
function promotes the development of heart failure caused 
by ischemic cardiomyopathy. Perhaps manipulation of the 
inflammatory response during acute MI could help forestall 
the development of left ventricular dysfunction that fuels 
the growing epidemic of heart failure confronted by con-
temporary cardiology.
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section II

InItIal EvaluatIon and  
RIsk stRatIfIcatIon

CASE VIGNETTE

A 56-year-old riverboat captain experienced sudden onset of 
shortness of breath and diaphoresis at 1:30 am while on his boat 
near Red Wing, Minnesota (Figure 5-e1). Emergency Medical 
Services (EMS) were activated from the boat, and at 2:26 am, the 
first responders from the Red Wing Fire Department arrived 
on scene. At 2:38 am, a 12-lead electrocardiogram (ECG) 
(Figure 5-e2) was obtained showing a large inferior- posterior  
ST-elevation consistent with ST-elevation myocardial infarc-
tion (STEMI). By 3:09 am, a helicopter arrived to transport the 
patient to the Minneapolis Heart Institute Regional STEMI 
Center 55 miles away, in Minneapolis, Minnesota. The patient 
was loaded in the helicopter at 3:20 am; treated with aspirin 
325 mg, clopidogrel 600 mg, and a weight-based intravenous 
bolus of unfractionated heparin; and arrived at the STEMI 
center at 3:38 am. He underwent emergent cardiac catheter-
ization, which revealed a 100% thrombotic occlusion of the 
mid-right coronary artery (Figures 5-e3A and 5-e3B) and had 
a successful primary percutaneous coronary intervention 
(PPCI). Post-PPCI, his left ventricular ejection fraction was  
65% with mild hypokinesis of the inferior wall. The prehospital 
ECG-to-device time was 101 minutes, and the door-to-device 
time was 41 minutes. He was discharged from the hospital the 
following day and was asymptomatic at 1-year follow-up.

In summary, a 56-year-old with acute onset of shortness 
of breath in the middle of the night, in the middle of the 
Minneapolis River, 55 miles from the nearest PPCI center, was 
able to receive guideline-directed medical therapy and PPCI 
in a timely fashion with an excellent outcome, as a result of 

a regionalized STEMI system with prespecified standardized 
protocols and transfer agreements in place.

INTRODUCTION

Nearly 500,000 Americans experience an acute STEMI 
each year in the United States (see Chapter 2). A decade 
ago, many of these patients did not receive appropriate 
treatment for this life-threatening condition. Approximately 
30% of STEMI patients did not receive any form of reperfu-
sion therapy (PPCI or fibrinolysis). Of those who underwent 
PPCI, only 40% were treated within the recommended time 
frame (medical contact-to-device time ≤90 minutes). For 
patients who received fibrinolytics, less than 50% met the 
recommended door-to-needle time of ≤30 minutes.1,2 Care 
for STEMI patients has evolved dramatically over the past 
30 years (see Chapter 13). The 1990s was a period of rapid 
evolution in STEMI care, from fibrinolytics to coronary angi-
ography with balloon angioplasty, and subsequently, coro-
nary stenting. However, it was not until the past decade that 
the systems for delivery of care became a focus of attention.

Regional STEMI systems of care have drastically changed 
the approach to health care delivery for acute coronary syn-
dromes (ACS), providing access to PPCI for an increasing 
proportion of the population. This evolution has resulted in 
dramatic improvements in time to treatment (Figure 5-1) 
and cardiovascular outcomes (Figure 5-2).1,3–7 Chapter 13 
provides an overview of the principles of care for acute MI, 
including the critical relationship between time to treat-
ment and outcomes in STEMI (see Figure 13-3). Selection 
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FIGURE 5-e1 Minnesota map with arrows for Red Wing-Mississippi River Lock and Dam and for Minneapolis Heart Institute. (Courtesy of Timothy D. Henry, MD.)

FIGURE 5-e2 Twelve-lead electrocardiogram demonstrating a large infe-
rior-posterior ST-elevation myocardial infarction.

Pre-PPCI Post-PPCI

A B

FIGURE 5-e3 (A) Selective right coronary angiography demonstrating a 100% thrombotic occlusion in the right coronary artery upon arrival to the primary percutaneous 
coronary intervention (PPCI) hospital. (B) After aspiration thrombectomy and placement of a stent in the right coronary artery.
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among the approaches to reperfusion therapy is addressed 
in Chapter 14. Treatment with fibrinolytic therapy is dis-
cussed in Chapter 15, and PPCI is discussed in Chapter 17. 
In this chapter, we describe the design and implementation 
of complex regional systems of care and examine the indi-
vidual components of any successful STEMI system of care 
that include: (1) rapid and thorough prehospital evaluation 
and triage, typically performed by EMS; (2) referring hospi-
tals and clinics (“referral centers”); and (3) regional, tertiary 
care receiving centers capable of PPCI, preferably with surgi-
cal backup (“receiving centers”) (Figure 5-3).

Although these critical elements of triage, transportation, 
referral centers, and receiving centers are integral compo-
nents of a STEMI system, no two STEMI systems are alike. 
Diversity in geography, politics, and sociodemographics 
across the United States and throughout the world result 
in a wide variety of STEMI systems, which are all directed 
toward the same goal—to increase access to timely reper-
fusion with PPCI for STEMI by reducing delays inherent in 

systems of care (see also Chapter 13 and Figure 14-1). In 
the United States, current American College of Cardiology 
Foundation (ACCF)/American Heart Association (AHA) 
guidelines (see Figure 13-5) recommend EMS transportation  
of STEMI patients directly to a receiving center hospital for 
PPCI, with an ideal first medical contact to PPCI device 
(FMC-to-balloon) time goal of less than 90 minutes (class 
I, level of evidence B).8 Furthermore, for patients present-
ing to a non–PPCI-capable hospital, immediate transfer to a 
receiving center hospital for PPCI is the recommend reper-
fusion strategy with a goal FMC-to-device time of less than 
120 minutes (class I, level of evidence B).8

PREHOSPITAL EVALUATION

Evolution of Emergency Medical Services
The first U.S. Civilian ambulance service was formed in  
1865 in Cincinnati, Ohio. It was comprised of local hospi-
tal interns who drove a horse-drawn carriage (Figure 5-e4). 
The first “rescue squad,” designed to deliver basic first aid 
to civilians was formed in the late 1920s in Roanoke, Virginia. 
However, there were few advances in emergency care ser-
vices until the late 1960s. In 1966, the National Academy 
of Sciences published a statement that many deaths in 
the United States were preventable and could be reduced 
through community education, safety standards, and prehos-
pital coordination. This recognition, along with advances in 
the field of cardiopulmonary resuscitation (CPR) and man-
agement of out-of-hospital cardiac arrest (OHCA), served as 
the impetus for the first statewide EMS system in Maryland, 
thanks in large part to the efforts of R. Adams Cowley. In 1968, 
St. Vincent’s Hospital in New York City built the nation’s first 
mobile coronary care unit, staffed initially with physicians 
and later by paramedics. This unit was the first to evaluate 
and triage patients with cardiac complaints and included 
a portable, battery-powered cardiac monitor and defibril-
lator, as well as supplies for intravenous access, mobile 
oxygen, and medications. From here, the modern day EMS 
system was born. Today, EMS providers in the United States  
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FIGURE 5-1 Trends in door-to-balloon (D2B) time among U.S. hospitals 
(2005 to 2010) showing marked improvement in the percentage of patients 
with D2B time of less than 90 minutes. (From Krumholz H, et al: Improvements 
in door-to-balloon time in the United States, 2005 to 2010. Circulation 124:1038–
1045, 2011.)
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FIGURE 5-2 Trends in U.S. ST-elevation myocardial infarction (STEMI) care from 2003 to 2011. Use of primary PCI increased to 80% with decreasing mortality. 
PCI, percutaneous coronary intervention. (From Shah RU, et al: Increasing percutaneous coronary interventions for ST-segment elevation myocardial infarction in the United 
States. J Am Coll Cardiol Intv 8:139–146, 2015.)
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FIGURE 5-e4 A horse-drawn ambulance at New York City’s Bellevue Hos-
pital, 1869. (From The Byron Collection, Museum of the City of New York. Available 
via Wikipedia.)
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care for an estimated 22 million patients per year. The incor-
poration of various vehicles, including ambulance vans, heli-
copters, and airplanes, has allowed for rapid mobilization 
and transportation of patients over great distances in short 
periods of time.

With the development of formal EMS systems throughout 
the country, the framework was in place to build complex 
regional systems of care for a variety of medical conditions. 
The first systems of care were designed for trauma patients 
and acute cardiovascular emergencies, such as STEMI and 
stroke. The integration of EMS and the incorporation of the 
prehospital phase for ACS evaluation and diagnosis are inte-
gral components of any regionalized STEMI system of care. 
EMS providers and other first responders have four primary 
responsibilities: (1) prehospital evaluation, (2) treatment, 
(3) triage, and (4) transfer (Figure 5-4).

Prehospital Systems
The prehospital evaluation should consist of a focused 
history and physical examination, including a complete 
assessment of vital signs and a prehospital 12-lead electro-
cardiogram (PHECG). Earlier STEMI diagnosis based on the 
PHECG facilitates in-hospital STEMI treatment.9–11 Hospitals 
with the shortest door-to-balloon (D2B) times are those that 
have incorporated prehospital STEMI diagnosis with pre-
activation of the cardiac catheterization laboratory (CCL). 
This strategy requires a multidisciplinary team approach 
in which either the emergency physician or specially 
trained EMS providers activate the CCL without cardiology 
consultation.12

However, the rapid transport of STEMI patients to the 
nearest PPCI-capable facility may be limited by several 
factors.15 First, only a minority (≤5%) of EMS transported 
patients with chest pain actually have STEMI. Second, an 
inadequate number (∼50%) of EMS systems have PHECG 
capabilities.15,16 Third, in some regions a mandate still exists 
for transport of patients with suspected STEMI to the near-
est facility, even if that facility does not provide PPCI. Fourth, 
evolution toward a more integrated process of prehospital 
care is complicated by the fact that there are 329 different 
EMS regions in the United States, with more than 993 hos-
pital-based EMS systems.15 Remarkably, hospital-based EMS 
systems represent only 6.5% of all EMS providers, with the 

remainder comprised of private, third party systems (48.6%) 
and fire station–based systems (44.9%).

Integrated Emergency Medical Systems
Although the transport time to a specialized PPCI center may 
appear long, the benefits outweigh the drawbacks when an 
integrated EMS system incorporates pre- notification, termed 
“parallel processing.” Some have proposed doubling the 
allotted transport time for suspected STEMI patients, to 
allow transportation of these patients directly to a “center 
of excellence,” where the target D2B time is ≤60 minutes. 
Process efficiency can be achieved only through an inte-
grated system for STEMI care that incorporates the PHECG 
for earlier diagnosis, expedited triage, and readily avail-
able, rehearsed transport systems. A more uniform evolu-
tion toward integrated STEMI care has been impeded by a 
lack of funding, diverging incentives, a lack of coordinated 
objectives, and at times, competing strategies. For example, 
in many regions, particularly those without state-regulated 
certificate of need requirements, there has been a prolifera-
tion of new catheterization laboratories for the provision of 
PPCI without regard for PPCI volume or surgical backup.17 
Conversely, other regions have developed integrated EMS 
systems that focus on prehospital diagnosis, triage, and 
transfer to an established center of excellence proficient in 
both primary and elective PCI.18–20 Although expansion of 
PPCI-capable centers can improve access to care, more effi-
cient use of existing PPCI centers through prehospital–EMS 
integration has been proven to be a more cost-effective strat-
egy. Only recently have sophisticated modeling techniques 
been used to compare the relative efficacy and/or cost of 
these competing strategies for the care of STEMI patients.21 
Importantly, a strategy focused on EMS integration, prehospi-
tal diagnosis, triage, and transportation with more effective 
use of existing PPCI facilities was found to be more effective 

Prehospital
evaluation and 

triage: EMS

Regional SRC
capable of

PPCI

Referral centers:
Local hospital/

clinic/ER/
urgent care

FIGURE 5-3 Components of a successful system-of-care for ST-elevation myo-
cardial infarction (STEMI). EMS, Emergency medical services; ER, emergency room; 
PPCI, primary percutaneous coronary intervention; SRC, STEMI-receiving center.

Transfer

• Focused history and exam, including vital signs

• Prehospital 12-lead ECG

• Per standardized protocols: aspirin, P2Y12
receptor antagonist

• PPCI-capable center for all STEMIs

• From field to closest PPCI-capable center

• From “referral center” to “receiving center”

Triage

Treat

Evaluate

FIGURE 5-4 The four major responsibilities of EMS providers in a regional 
ST-elevation myocardial infarction (STEMI) receiving center (SRC) network. 
ECG, Electrocardiogram; EMS, emergency medical services; PPCI, primary percutane-
ous coronary intervention.
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and less costly than a strategy of creating new PPCI facili-
ties21 (Figure 5-e5).

The coordination of strategies, as well as the integration of 
essential prehospital and in-hospital resources for ACS care 
on the state level has been the focus of the AHA Mission: 
Lifeline initiative, which was created as a response to missed 
opportunities for prompt, appropriate STEMI treatment.15 
The Mission: Lifeline goal is to improve outcomes for STEMI 
patients by building integrated care networks through com-
munity outreach, training, and education of civilians and EMS 
personnel. The AHA Mission: Lifeline also provides a blueprint 
for hospitals and administrators to implement systems of care. 
At present, approximately 65% of U.S. citizens have access to 
a Mission: Lifeline system of care, the number of which has 
increased greatly over the past decade (Figure 5-5).2

Although the AHA’s Mission: Lifeline has been instrumen-
tal in the proliferation of STEMI systems of care throughout 
the country, the ACC’s Door-to-Balloon Alliance sought to 
improve D2B times in PPCI hospitals. The D2B Alliance 
was launched in 2006, in partnership with the Institute for 
Healthcare Improvement. This Alliance provided hospi-
tals with evidence-based strategies and supporting tools 
needed to reduce D2B times through a focus on process 
improvement, parallel processing, and interdisciplinary 
collaboration. The keys to reducing D2B times are (1) the 
emergency department (ED) physician (or EMS PHECG) 
activates the CCL, (2) one call activates the entire team, (3) 
the CCL team is ready within 30 minutes of receiving the 
activation call, (4) prompt data feedback, and (5) a team-
based approach with commitment from all levels. When 
launched, the initial goal was to achieve D2B times of ≤90 
minutes for 75% of STEMI patients presenting to a PPCI facil-
ity. In the decade since its inception, the D2B Alliance has 

facilitated dramatic improvements in D2B times across the 
country (see Figure 5-1).1,22,23 Through the efforts of these 
organizations, as well as the individual efforts of count-
less nurses, doctors, administrators, and EMS providers, the 
STEMI receiving network system of care model has blos-
somed both domestically and abroad.

SYSTEMS OF CARE IN PRACTICE

ST-Elevation Myocardial Infarction Systems 
of Care: The European Experience
The rapid restoration of normal coronary blood flow, via 
pharmacological and/or mechanical recanalization of an 
occluded coronary artery, limits the extent of myocardial 
necrosis and reduces the mortality of patients who pres-
ent with STEMI (see Figure 13-3). PPCI has demonstrated 
more frequent, complete, and durable coronary reperfusion 
in both randomized controlled clinical trials and observa-
tional studies (see Chapter 14 and Chapter 17). For these rea-
sons, PPCI is the preferred revascularization modality as long 
as an  experienced operator can provide it in a timely manner 
(Figure 5-6; also see Figure 13-5).8,24 On the basis of these prin-
ciples, the first randomized controlled trials, which compared 
long-distance transport to PPCI centers with primary fibrino-
lysis performed at local hospitals, were performed in Europe 
in the early 2000s.25 Overall, these studies, which are dis-
cussed in Chapter 14, demonstrated that transferring patients 
with STEMI to a tertiary angioplasty facility could be both 
safe and effective.  In context, transfer-related delays were gen-
erally more than 1 hour and FMC-to-device times were more 
than 2 hours (Figures 5-e6A and 5-e6B and 5-e7A and 5-e7B). 
Transfer-related delays that prolong the time for initiation of 

Mission: Lifeline STEMI Systems Coverage

As of 03/28/2015
(848 Systems – 83.13% Population Coverage)

STEMI coverage area

FIGURE 5-5 Mission: Lifeline coverage map. All system data, including coverage area, are self-reported data. Note: Cardiac Resuscitation Coverage Areas listed are also 
indicative of an ST-elevation myocardial infarction (STEMI) system in place. Mission: Lifeline does not recognize Cardiac Resuscitation Systems that are not also associated with an 
active STEMI System. (Source: American Heart Association. Centers for Disease Control and Prevention, National Center for Health Statistics: Compressed mortality file 1999-2006. 
CDC Wonder Online Database. ICD10 121-122, 2015.)
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FIGURE 5-e5 Cost-effectiveness of hospital-based versus emergency medical services (EMS)-based strategies for improving ST-elevation myocardial infarction 
patient access to primary percutaneous coronary intervention. QALY, Quality-adjusted life year. (From Concannon TW, Kent DM, Normand SL, et al: Comparative effective-
ness of ST-segment elevation myocardial infarction regionalization strategies. Circ Cardiovasc Qual Outcomes 3:1–8, 2010.)
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reperfusion by more than 90 minutes appear to favor fibrino-
lytic therapy (see Chapter 14 and Figure 14-9).26–28

Contemporary STEMI systems of care in Europe include 
the VIENNA STEMI network and the SAMU system in Paris.29 
The former is based on a rotational call between the only 
two high-volume PPCI centers available. In the latter, physi-
cians routinely staff the ambulances and initiate prehospi-
tal care. A pharmaco-invasive strategy that uses prehospital 
fibrinolytic therapy is commonly used in these two sys-
tems, particularly for patients presenting early after STEMI 
(<3 hours).26–29 These and other international STEMI sys-
tems of care are summarized in Table 14-e1.

Despite the results of these trials, many were pessimistic 
that such a system would work within the construct of U.S. 
health care because of geographic, political, and financial bar-
riers. In addition, the only U.S. STEMI transfer trial (air-PAMI) 
reported a total median D2B of 155 minutes with equivocal 
results, although the trial was small and underpowered.25

ST-Elevation Myocardial Infarction Systems 
of Care: The United States
In the early 2000s, there was mounting evidence that STEMI 
care within the United States was inadequate. In 2004, the 
ACC/AHA guidelines for the care of STEMI patients made a 
class I, level of evidence B recommendation that “the delay 
from patient contact with the healthcare system (typically, 
arrival at the Emergency Department (ED) or contact with 
EMS) to initiation of fibrinolytic therapy should be less than 
30 minutes” (Figure 5-6; also see Figure 13-5).  Alternatively, 
if PPCI was chosen, “the delay from patient contact with the 
health care system (typically ,  arrival at the ED or contact with 

EMS) to balloon inflation should be less than 90 minutes.” 
This marked the first time such a recommendation regard-
ing the timing of reperfusion appeared in the ACC/AHA 
guidelines.8 Despite this strong recommendation, data from 
the National Registry of Myocardial Infarction revealed that 
D2B times in the United States were too slow, in particular 
for patients who were transferred for PPCI. With a median 
D2B time of 180 minutes, only 15% of transfer patients 
achieved a D2B time of less than 120 minutes, and only 
4% of patients had a D2B time that met the recommended 
standard of less than 90 minutes. In 2006, the Institute of 
Medicine (IOM) published a report titled “Hospital Based-
Emergency Care: At the Breaking Point.” In this report, the 
IOM concluded that overcrowding of emergency rooms, as 
well as “fragmented” care and inaccessibility of specialists 
were the largest barriers to improving emergency medical 
care. The IOM called for drastic changes in coordination of 
care, policy, funding, and research practices.

Fortunately, despite the many obstacles, there were firm 
believers in the potential of STEMI systems that were will-
ing to invest incredible time, energy, and resources into 
building functional STEMI systems within the United States. 
In 2003, the Minneapolis Heart Institute (MHI) at Abbott 
Northwestern Hospital began to build one of the first 
regional STEMI systems in the United States. The system was 
modeled after successful regional trauma systems and was 
built on the premise that accelerated diagnosis, streamlined 
processes, and standardized care protocols were the keys 
to implementing and maintaining a successful STEMI sys-
tem within the United States. The MHI system functioned 
as a “wheel-and-spoke” model, with MHI at the center of 
the system. Referral hospitals and clinics within a 60-mile 
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Not PCI
capable

PCI
capable

Onset of
symptoms
of STEMI

9-1-1
EMS

dispatch

EMS on-scene

• Encourage 12-lead ECGs
• Consider prehospital fibrinolytic if

capable and EMS-to-needle within 30 minutes

EMS
triage
plan

Interhospital

transfer

Goals

Patient

5 minutes after
symptom onset

Dispatch

1 minute

EMS on
scene

Within
8 minutes

EMS transport

Prehospital fibrinolysis: Patient self-transport: Hospital door-to-balloon 
EMS-to-needle within 30 minutes within 90 minutes

EMS transport:
EMS-to-balloon within 90 minutes

Total ischemic time: within 120 minutes*
*Golden hour = first 60 minutes

Call 9-1-1
Call fast

FIGURE 5-6 Goals for early reperfusion therapy. Patients are encouraged to call 911 no later than 5 minutes after the onset of symptoms. Emergency medical services 
(EMS) is encouraged to perform a prehospital 12-lead electrocardiogram (ECG), and in some instances, administer prehospital fibrinolytics. Patients should be preferentially trans-
ported to a percutaneous coronary intervention (PCI)-capable hospital when possible, often bypassing a non-PCI hospital, with an EMS-to-balloon time of less than 90 minutes. 
If transported to a non-PCI hospital, that facility may administer fibrinolytics with a door-to-needle time of less than 30 minutes or transfer to a PCI-capable hospital. The goal 
is a total ischemic time of less than 120 minutes. STEMI, ST-elevation myocardial infarction. (From Vavalle JP, Granger CB: The need for regional integrated care for ST-segment 
myocardial infarction. Circulation 124:851–856, 2011.)
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Denmark

A

• 5.4 million inhabitants

• 5 PCI centers

• 24 referral hospitals

• 62% of Danish population

• Transport distance
up to 95 U.S. miles
(mean, 35 miles)
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PCI

FIGURE 5-e7 (A) DANAMI-2 Trial map of Denmark with the 5 percutaneous 
coronary intervention (PCI) centers (blue dots) and 24 referral centers (red dots). (B) 
Outcome data for DANAMI-2 Trial. NNT, Number needed to treat; tPA, tissue plas-
minogen activator. (Adapted from Anderson HR, et al: A comparison of coronary 
angioplasty with fibrinolytic therapy in acute myocardial infarction— DANAMI-2. N 
Engl J Med 349:733–742, 2003.)
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FIGURE 5-e6 PRAGUE-2 Trial map. The map of the Czech Republic showing the 
geographic distribution of primary (community) hospitals and/or tertiary cardiac cen-
ters (blue points) along with their respective service area districts (gray). Thirty-three 
of 77 districts (geographically 43% of the Czech districts) participated in the study. 
However, the population of these districts represents 5.7 million (54%) of the total 
country population. The situation in the country improved substantially during the 
study period. Thus, in 2002, additional nine percutaneous coronary intervention (PCI) 
centers were either newly opened or started 24-hour service for primary PCI in acute 
myocardial infarction. Thus, at the end of study period, 95% of the Czech popula-
tion had access to primary PCI at a distance of less than 100 km from their homes.  
(B) PRAGUE trial primary endpoint of death, reinfarction or stroke at 30 days. Groups 
were randomized to receive thrombolysis at the presenting hospital without transfer 
for PPCI (group A, n = 99), thrombolytic therapy during transport to a PPCI center 
(group B, n = 100), and immediate transfer to a PPCI center without thrombolysis 
(group C, n =101). (A, From Widimsky P, et al: Long distance transport for primary 
angioplasty vs. immediate thrombolysis in acute myocardial—PRAGUE-2. Eur Heart J 
24:94–104, 2003. B, From Widimsky P, et al: Multicenter randomized trial comparing 
transport to primary angioplasty vs. immediate thrombolysis vs. combined strategy for 
patients with acute myocardial infarction presenting to a community hospital without 
a catheterization laboratory. The PRAGUE study. Eur Heart J 21:823–831, 2000.)
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radius of MHI were considered Zone 1, with a standardized 
protocol that included evidence-based adjunctive medica-
tions (aspirin, clopidogrel, weight-based intravenous bolus 
of unfractionated heparin, and intravenous β-blockers) and 
a prespecified transfer plan from each site. The regional 
STEMI-system grew quickly and expanded to Zone 2, which 
included referral hospitals within a 60- to 210-mile radius, 
using a similar standardized protocol with the addition of 
one-half dose of intravenous tenecteplase and immediate 
transfer to MHI for pharmaco-invasive PCI (Figure 5-7; see 
Chapter 14).18,27,30 In addition to the standardized proto-
col, the MHI group placed high priority on gathering data 
for quality assurance purposes and feedback. Through the 
next several years, the MHI group was able to demonstrate 
marked improvements in a variety of outcomes, including 
death, re-infarction, stroke, and length of hospital stay.

Within the next 5 years, regional systems of care for 
STEMI patients were developed throughout the United 
States (Figure 5-8).31 These systems were built individu-
ally and tailored to the unique political, geographical, 
and socioeconomic landscapes of the various regions. 
Some were built in a wheel-and-spoke fashion similar to 
MHI, whereas others were built more as a “web” network, 
with multiple different tertiary centers serving as hubs for 
PPCI in the area (Figures 5-e8A and 5-e8B; also see Table 
14-e1). Despite their differences in structure, organization, 
and providers, these systems demonstrated a combined 
rate of D2B time of ≤90 minutes in 86% of STEMI patients 
(see Figure 5-8).31 In addition, each region individually sur-
passed the ACC’s D2B Alliance benchmark of more than 
75% of STEMI cases achieving D2B of ≤90 minutes.31 Thus, 
these systems were able to demonstrate that, through a vari-
ety of models, regional STEMI Receiving Center Networks 

were able to provide diverse communities with timely 
access to quality STEMI care (see Figures 5-8A and 5-8B).

Importantly, these systems were not formed solely from 
preselected, high-performing centers. For example, in Los 
Angeles County (LAC), less than 50% of STEMI patients had 
a D2B time of ≤90 minutes before the implementation of the 
LAC STEMI receiving network. Within 1 month of implement-
ing the STEMI network, more than 90% of the STEMI patients 
had a D2B time of ≤90 minutes (see Figure 5-e8B).31 To 
effectively triage patients to the appropriate hospital (STEMI 
Receiving Center vs. closest available hospital), LAC became 
one of the first STEMI systems to integrate PHECGs into the 
EMS care plan, with the computer read determining the des-
tination of patient triage.

In North Carolina, collaborators built the first statewide 
STEMI system, which included both PPCI and fibrinolytic-
based strategies (Figure 5-e9).19 Through this integrated 
approach, the RACE providers were able to demonstrate signif-
icant improvements in reperfusion rates and time-to-treatment 
metrics. Outcome data trended toward improvement as well, 
but these measures did not reach statistical significance.

Professional Society Guidelines
The successes in Minnesota, North Carolina, and 
California were replicated across the United States and 
contributed to a change in the ACCF/AHA Guidelines 
for STEMI patients. Current guidelines give a class I, level 
of evidence B recommendation that “all communities 
should create and maintain a regional system of STEMI 
care.”8 The same level of recommendation is given for 
performance of a 12-lead ECG by EMS personnel.8 The 
AHA Mission: Lifeline and the ACC D2B Alliance played 

Zone 2
(90–120 minutes)

Zone 1
(<90 minutes)

Zone 1 Protocol

Aspirin 325 mg
Clopidogrel 600 mg
UFH
Beta-blocker
PCI

FIGURE 5-7 Map of Minnesota with the primary percutaneous coronary intervention (PPCI) center in Minneapolis (star), Zone 1 hospitals (<60 miles from PPCI 
hospital) (blue circle), and Zone 2 hospitals (60 to 210 miles from PCI hospital) (red circle). The pharmacological protocols for the PPCI center and Zone 1 hospitals are 
shown. See text for discussion of the Zone 2 protocol. UFH, Unfractionated heparin. (From Minneapolis Heart Institute, Minneapolis, Minnesota.)
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Code SRCs in Los Angeles County
AMH Methodist Hospital of Southern California
AVH Antelope Valley Medical Center
BEV Beverly Hospital
BMC Brotman Medical Center
CNT Centinela Freeman Regional Medical Center-Centinela Campus
CSM Cedars Sinai Medical Center
GAR Garfield Medical Center
GMH Glendale Memorial Hospital and Health Center
GSH Good Samarian Hospital
GWT Glendale Adventist Medical Center
HCH Providence Holy Cross Medical Center
HGH LAC Harbor-UCLA Medical Center
HMH Huntington Memorial Hospital
HWH West Hills Hospital and Medical Center
ICH Citrus Valley Medical Center-IC Campus
LBM Long Beach Memorial Medical Center
LCH Lancaster Community Hospital
LCM Little Company of Mary Hospital
NRH Northridge Hospital Medical Center
PIH Presbyterian Intercommunity Hospital
PVC Pomona Valley Hospital Medical Center
SJH Saint John’s Health Center
SJS Providence Saint Joseph Medical Center
SMH Santa Monica-UCLA Medical Center
SMM Saint Mary Medical Center
TOR Torrance Memorial Medical Center
TRM Encino-Tarzana Regional Medical Center-Tarzana Campus
UCL UCLA Medical Center
VPH Valley Presbyterian Hospital
WMH White Memorial Medical Center

 SRCs in Orange County
AHN Anaheim Memorial Medical Center
FVR Fountain Valley Regional Medical Center
HMM Hoag Memorial Medical Center
IRM Irvine Regional Medical Center
LAG Los Alamitos Medical Center
MHO Mission Hospital
SJC St. Joseph Hospital
SJD St. Jude Medical Center
SMC Saddleback Memorial Medical Center
UCI UCI Medical Center
WMC Western Medical Center-Santa Ana

 SRSc in Ventura County
CMH Community Memorial Hospital
LRR Los Robles Health and Medical Center
SJR St. John’s Regional Medical Center
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B
FIGURE 5-e8 (A) Los Angeles and Orange County ST-elevation myocardial infarction (STEMI) receiving centers (SRCs). (B) Los Angeles County SRC door-to-balloon (D2B) 
times. Temporal trends displayed by month (blue) for the rate of D2B ≤90 minutes in Los Angeles County (California) December 1, 2006 through August 31, 2007. The network 
started with three hospitals and grew rapidly to 30 designated SRCs within this time period. N denotes number of patients with D2B data for each given month. Red line denotes 
overall 90% rate of D2B ≤90 minutes (n = 476). An approximate baseline from a 2005 survey of prehospital electrocardiogram-identified STEMI patients is depicted as “Pre-
SRC” (green). (A, From Department of Health Services, Los Angeles County, California. B, From Rokos IC, et al: Integration of pre-hospital electrocardiograms and ST-elevation 
myocardial infarction receiving [SRC] networks: impact on door-to-balloon times across 10 independent regions. J Am Coll Cardiol Cardiovasc Intv 2:339–346, 2009.)

Charlotte

Asheville

Winston-Salem
Durham-Chapel Hill-

Greensboro

East Carolina10 PCI centers
16 transfers for PCI
28 lytics
11 mixed

Each non-PCI center was assessed for repurfusion designation based 
on resources, transfer ability, and transfer time to PCI center.

FIGURE 5-e9 North Caroline RACE ST-Elevation Myocardial Infarction system of care. PCI, Percutaneous coronary intervention. (From the Medtronic Foundation 
HeartRescue Project, Minneapolis, Minnesota.)
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crucial roles in the growth and expansion of STEMI sys-
tems of care. The successes of regional STEMI systems 
has stimulated the application of new systems of care for 
other cardiovascular emergencies, including OHCA, aor-
tic dissection, and stroke.32

UNITED STATES CARDIOVASCULAR SYSTEMS 
OF CARE: THE CURRENT LANDSCAPE

The Mission: Lifeline program has established criteria for 
EMS, referral centers, and receiving centers.2 The PPCI 
center must have a CCL with staffing available to perform 
PPCI 24 hours a day, 7 days a week, 365 days a year. These 
centers should be able to perform PPCI in a timely fashion 
and should meet the ACC’s D2B Alliance criteria of having 
a D2B time of ≤90 minutes in at least 75% of nontransfer 
STEMI patients. These centers must be capable of provid-
ing supportive care on-site for STEMI and its complications; 
however, surgical backup is not required at all sites. For 
PPCI centers without on-site surgical backup, these centers 
should have a standing agreement in place with a tertiary 
care center that has 24-hour surgical support available. PPCI 
center administrators must demonstrate adequate support 
and oversight of the PPCI center performance, including, but 

not limited to, having a multidisciplinary team that performs 
ongoing quality assurance review. The PPCI center should 
have a robust and ongoing program in support of continu-
ing medical education. The PPCI centers should meet cur-
rent ACC/AHA program requirements, including performing 
(as an institution) at least 36 PPCIs and a total of at least 
400 PCIs per year. The PPCI STEMI program should be clearly 
described in the institution’s manual of operations, and the 
PPCI center must have mechanisms in place for monitoring 
and improving the performance of the program (Table 5-1).2

In addition to these institutional requirements, the inter-
ventional cardiologists of the PPCI center should meet the 
current ACC/AHA guidelines for competency in PPCI, which 
include at least 11 PPCIs annually and a total of at least 75 
PCIs per year. Furthermore, these physicians and staff should 
have a formal call schedule that clearly delineates who is 
responsible for on-hours and after-hours care of STEMI (see 
Table 5-1).2

The Ideal System of Care Network
There are certain key features that are common among 
successful systems of care.33 The success of any system 
of care is predicated upon the performance and the 
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FIGURE 5-8 (A) U.S. ST-elevation myocardial infarction (STEMI) Receiving Networks in 2009. (B) Rate of door-to-balloon (D2B) time ≤90 minutes in U.S. STEMI-Receiving 
Networks in 2009 on the basis of total number of patients in each region who had a prehospital electrocardiogram (+) for STEMI and underwent primary percutaneous coronary 
intervention through August 31, 2007. Regional databases with more than 400, 400 to 100, and less than 100 primary percutaneous coronary intervention patients are denoted 
in dark blue, blue, and light blue, respectively. The dashed red line represents D2B Alliance benchmark rate of 75%. The solid red line denotes 86% rate of D2B ≤90 minutes for 
all 10 regions combined (n = 2053). (From Rokos IC, et al: Integration of pre-hospital electrocardiograms and ST-elevation myocardial infarction receiving (SRC) networks: impact 
on door-to-balloon times across 10 independent regions. J Am Coll Cardiol Cardiovasc Intv 2:339–346, 2009.)
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commitment of its individual members. This committed 
membership includes the general public, EMS personnel, 
physicians, and allied health professionals at both the 
referral centers and receiving centers. In the ideal system 
of care, the patients and community members would rec-
ognize the signs and symptoms of a cardiac emergency 
and appropriately respond by activating EMS (via 911) 
immediately. Automated external defibrillators should be 
available in public places and should be intuitive enough 
to be used by both lay people and medical profession-
als. If appropriate, the public would recognize the need 
for and would initiate CPR. These objectives can only be 
achieved through community outreach and education.

The ideal EMS agency would have standardized “point-
of-entry” protocols that clearly delineate which patients 
should be transported to the nearest referral hospital and 
which patients should be transported to the nearest receiv-
ing hospital. This decision-making would be based, in part, 
on the acquisition, interpretation, and transmission of a 
PHECG. Successful implementation of such protocols is 
dependent not just on the acquisition of the PHECG, but 
the accurate interpretation followed by appropriate acti-
vation of the CCL. This goal can be accomplished by a 
computer algorithm with or without EMS overread or by 
transmission to the receiving center. These protocols are 
ideally created through the joint efforts of EMS personnel, 
emergency physicians, cardiologists, hospital administra-
tors, and staff. They should be supported by the payers 
and administrators within the system. For patients who self- 
present to a referral center, EMS activation via 911 should 
occur to facilitate rapid transport of these patients to a 
receiving facility that can provide definitive therapy (see 
Figure13-5). In systems where PPCI is not available at all or 
in a timely fashion, the use of fibrinolytics as reperfusion 
therapy should be included as an alternative in the proto-
col (see Figure 14-12).

In an ideal system of care, the referring hospitals should 
also have standardized point-of-entry protocols that clearly 
delineate which patients should be transferred to a referral 

center based on patient-specific risk criteria, indications 
and contraindications to alternative therapies, and the prox-
imity to the nearest receiving center. Furthermore, these cen-
ters should have integrated plans for the return of patients 
to their local community hospitals and care centers for 
pre- and postdischarge follow-up care. The referral centers 
should have mechanisms that promote efficient transfer of 
data (medical records, study results, and so on) to the receiv-
ing centers for purposes of continuity of care and to avoid 
redundancies in the system. Referral and receiving centers 
should have standardized protocols in place to ensure 
the efficient delivery of evidenced-based therapies for all 
patients, while minimizing variability in the delivery of care.

The ideal receiving center must have the facilities, exper-
tise, equipment, and training to administer definitive ther-
apy for each acute cardiovascular condition. These centers 
should meet minimal performance guidelines and should 
be involved in ongoing assessment and quality improve-
ment efforts. These receiving centers should also have 
mechanisms to promote efficient transfer of data (medical 
records, study results, and so on) back to the referral cen-
ters to promote continuity of care and avoid redundancies 
in the system. They should also follow standardized pro-
tocols to minimize variability in the delivery of evidence-
based care and should clearly and consistently promote 
bidirectional feedback between the various members of 
the system.

In addition to these individual components, the ideal 
system of care should have common features that are 
applicable to all members and components of the system 
itself. First, all members of the system must share a sense 
of teamwork and singular common purpose—to provide 
the highest quality care in the timeliest fashion possible. 
To do this, system members must share a mutual respect 
for each individual player and must understand that for 
the system to succeed, each member plays a critical role. 
Every member of the team is crucial, and improvements 
to the system require input and leadership at every level. 
The need for education, training, and retraining cannot 
be underestimated because of the large number of peo-
ple involved and ongoing changes in both personnel and 
new data.

Standardized protocols and order sets designed by 
use of guideline-based therapies ensure that the highest 
percentage of eligible patients receive the highest quality 
care. However, the same system needs to allow flexibility 
to address the individual needs of patients and physicians. 
Systems must be activated in a timely and uniform fashion; 
a single phone call or page should alert all pertinent mem-
bers of the system to provide any pertinent updates on the 
patient’s condition and status. All parties within the sys-
tem would ideally be involved in ongoing data collection 
and research for quality assurance and improvement pur-
poses. Feedback is a key component; this could include 
the transporting paramedics observing an angiogram, the 
interventional cardiologist calling the ED physician imme-
diately following the procedure, and communication the 
following day among the system coordinators, EMS, and 
ED managers. The primary cardiologist should commu-
nicate with the primary care physician as well. Monthly, 
quarterly, and yearly quality reports provide ongoing and 
system-wide quality improvement. Financial and moral 
support from hospital administration is essential, and if 
missing, can create a major stumbling block. Perhaps the 

TABLE 5-1 Requirements of an SRC PPCI Center: 
Institutional and Physician

Institutional

PCI available 24/7/365
PCI performed as soon as possible (DTB Alliance goal, 75%; DTB <90 min)
Able to provide supportive care on-site for STEMI and complications
	 	•	 	Agreement	with	tertiary	care	center	for	any	PPCI	center	that	does	

not have surgical backup on-site
Commitment by hospital administration in support of SRC program 

participation
	 •	 	Mechanisms	for	monitoring	program	performance
	 •	 	Multidisciplinary	team	for	quality	assurance	review
CME program
ACC/AHA	program	requirements:	36	PPCI	and	400	total	PCI	per	year
PPCI program described in a manual of operations

Physician

Interventionalists should meet ACC/AHA guidelines for competency:  
11 PPCIs per year and 75 total PCIs per year

Formal on-call schedule

ACC/AHA, American College of Cardiology/American Heart Association; CME, 
continuing medical education; DTB, Door-to-Balloon; PPCI, primary percutaneous 
coronary intervention; SRC, STEMI Receiving Center; STEMI, ST-elevation myocardial 
infarction.
From American Heart Association: Mission: Lifeline, 2015. http://www.heart.org/ 
HEARTORG/HealthcareResearch/MissionLifelineHomePage/LearnAboutMissionLifeline/
STEMI-Systems-of-Care_UCM_439065_SubHomePage.jsp.

http://www.heart.org/HEARTORG/HealthcareResearch/MissionLifelineHomePage/LearnAboutMissionLifeline/STEMI-Systems-of-Care_UCM_439065_SubHomePage.jsp
http://www.heart.org/HEARTORG/HealthcareResearch/MissionLifelineHomePage/LearnAboutMissionLifeline/STEMI-Systems-of-Care_UCM_439065_SubHomePage.jsp
http://www.heart.org/HEARTORG/HealthcareResearch/MissionLifelineHomePage/LearnAboutMissionLifeline/STEMI-Systems-of-Care_UCM_439065_SubHomePage.jsp
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most important link in the chain is a passionate leader at 
every level.33

Systems of Care: Successes and Advantages
The advantages to a “systems of care” approach include 
increased access to tertiary care for patients with complex, 
high-risk conditions (Table 5-2).32 This access decreases 
the number of “eligible but untreated” patients in a wide 
geographic region. Standardized protocols within sys-
tems of care improve time to treatment, including FMC-to-
device time, while also providing clear communication 
and expectations for patients based on their point-of-entry. 
Furthermore, systems of care have consistently shown 
improvements in important outcomes, including all-cause 
mortality, cardiovascular mortality, re-infarction, stroke, and 
length of hospitalization.34 STEMI systems are now being 
implemented throughout the world with consistently posi-
tive results.29,35,36

Systems of Care: Current Challenges, Gaps, 
and Barriers
Terkelsen and colleagues introduced the idea of “system 
delays,” which focuses on the time from FMC to the initiation 
of reperfusion therapy (see Figure 14-1).37 They performed a 
retrospective analysis of 6209 patients with STEMI or bundle 
branch block MI who were admitted for PCI between 2002 
and 2008 using public medical databases from Western 
Denmark; they found that systems delays were indepen-
dently associated with a 10% increase in long-term mortality 
for every 60-minute time interval of delay (Figure 5-9).37 The 
authors argued that outcomes based on symptom onset to 
reperfusion were subject to selection bias, information bias, 
recall bias, and confounding, whereas the total system delay 
provided a modifiable target that might improve clinical 
outcomes.37

Systems Delays
A major challenge for STEMI systems is the total D2B time for 
patients who are transferred from a referral hospital. “Door-
in-door-out” (DIDO) time at the referral hospitals appears to 
be the major system delay and is a well-identified target for 
improvement. Wang and colleagues studied more than 14,000 
patients between 2007 and 2010 using the “Action Get with 
the Guidelines” registry and found that the median DIDO 
time was 68 minutes (interquartile range, 43 to 120 minutes). 
Only 11% of patients had DIDO times of less than 30 minutes 
(Figure 5-10A).38 Furthermore, longer DIDO times were asso-
ciated with increased mortality (see Figure 5-10B).38 Similarly, 
Herrin and colleagues reviewed 2009 Centers for Medicare 
and Medicaid data and found that the median DIDO time 
was 66 minutes, and only 9.7% of patients had DIDO times of 
less than 30 minutes.39

System delays are heterogeneous in terms of their dura-
tion and association with outcomes. Miedema and col-
leagues described the frequency, magnitude, and clinical 
impact of specific delays in 2034 STEMI patients transferred 
for PPCI (Figure 5-11).30 The most frequent delays occurred 
at the referral hospital and were related to awaiting trans-
port and ED delay. The longest delays were related to non-
diagnostic initial ECGs and diagnostic dilemmas, but the 
delays that had clinical impact were related to cardiac 
arrest and cardiogenic shock. Frequently, the cardiac arrest 

and/or shock was the cause of the delay rather than a result 
of the delay (Table 5-3).30

Resources for Staffing, Research, and Quality 
Improvement
In addition to delays, there are challenges with the ability of 
PPCI centers to accept all patients because of limitations of 
CCL staffing and facility availability. Maintaining adequate 
staffing requires a great deal of manpower, in addition to 
large financial overhead to operate these systems of care. 
Reimbursement is a common challenge, because many 
different hospitals and providers may take care of a single 
patient during their stay within a system of care.

Participation in research and quality improvement mea-
sures takes time, effort, and financial backing. Perhaps this 
accounts for the current gaps in knowledge regarding cost-
effectiveness and certain outcome measures. Incomplete 
data collection and inadequate exchange of information 
are ongoing issues for many systems of care. Underreporting 
of outcomes and “scrubbing” data do little to enhance our 
understanding of patient outcomes.40 Multiple isolated 
medical record systems, both electronic and handwritten, 
are often forced to interact with one another within a given 
system of care.

Public Policy and Consideration of Need
Public policy and oversight is another arena that provides 
unique challenges to each system of care. Regional trans-
portation systems need to be developed in many areas of 
the country, and ongoing clarification on what constitutes 
an acceptable “receiving” center and “referring” center is 
needed. Public education and community outreach is neces-
sary to teach patients and community members to recognize 
the signs and symptoms of a cardiac emergency and appro-
priately respond by activating EMS (via 911) immediately.

TABLE 5-2 Advantages and Successes of ST-Elevation 
Myocardial Infarction Systems of Care

Improve access to tertiary care facilities

Decrease the number of “eligible, but untreated” patients

Shorter time-to-treatment through standardized protocols

Improved patient outcomes, including all-cause mortality, cardiovascular 
mortality, reinfarction, stroke, and length of hospitalization

From American Heart Association: Mission: Lifeline, 2015. http://www.heart.org/ 
HEARTORG/HealthcareResearch/MissionLifelineHomePage/LearnAboutMissionLifeline/
STEMI-Systems-of-Care_UCM_439065_SubHomePage.jsp.
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FIGURE 5-9 Mortality based on duration of system delay in ST-elevation 
myocardial infarction. (From Terkelsen CJ, Sorensen JT, Maeng M, et al: System 
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Accurate mapping and denotation of receiving centers 
and referral centers is necessary to identify regions in need 
of more robust systems of care. This would also allow for 
new partnerships and would facilitate linking these hos-
pitals into a more cohesive system of care.41 Furthermore, 
delineation of daytime PPCI centers and 24-hour PPCI cen-
ters is critical to reduce confusion and facilitate patient tri-
age in a timely fashion.

Other Issues: In-Hospital ST-Elevation Myocardial 
Infarction and False Activations
STEMIs that occur in-hospital are a recently identified prob-
lem and are associated with longer time-to-treatment than 
STEMI patients who drive to the hospital (76 minutes vs. 
66 minutes) (Figure 5-e10) and markedly worse clinical out-
comes. These outcomes can be improved with standardized 
“in-house” STEMI protocols.42,43 Finally, false or inappropri-
ate activations have become a very challenging issue, with 
rates of inappropriate activations from 10% to as high as 
40%, depending on definitions and regions.44–47 Reasons for 

false activations vary and include abnormal repolarization, 
nondiagnostic ECG, pericarditis, left bundle branch block, 
left ventricular hypertrophy, and previous MI, among others. 
Clinical predictors and outcomes for this emerging popu-
lation have not been well characterized, and solutions for 
minimizing the false-positive rates without increasing the 
rates of missed STEMIs are complex at best. Refining these 
systems to improve the specificity of our STEMI selection 
process without sacrificing the sensitivity is one of the great-
est challenges that STEMI systems face.

FUTURE DIRECTIONS AND STRATEGIES  
FOR IMPROVEMENT

The advent of complex regional STEMI systems is a major 
achievement that has helped to improve the quality of car-
diovascular care. Looking forward, ideally, the entire U.S. pop-
ulation will have locally designed regional systems not only 
to provide timely access to PPCI for all STEMI patients, but 
also to care for all acute cardiovascular emergencies.32 This 
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lofty goal is not only possible, but within our grasp in the next 
decade. We envision these same systems providing similar 
care, including standardized protocols and transfer plans, 
for all acute cardiovascular emergencies, including OHCA, 
aortic dissection, pulmonary embolism, stroke, abdomi-
nal aortic aneurysms, and non–ST-elevation ACS. With an 
added emphasis on data collection and monitoring, we 

are optimistic that we will identify new targets for improve-
ment in care and clinical outcomes. In addition, this expan-
sion would enable the growth of large registry databases, 
such as the ACTION-Get With the Guidelines and Cath-PCI 
registries. Advances in technology and migration toward 
electronic medical record systems should allow for further 
integration of medical information, more comprehensive 

 Segment Delay

  None

  Transport delay

  Other

  ED delay

  Arrest/shock

  Nondiagnostic ECG

  Diagnostic dilemma

  None

  Distance

  Other

  Weather

  None

  Cath lab team delay

  Complex procedure

  Arrest/shock

  Diagnostic dilemma

Referral hospital

Transport

PCI center

0 20 40 60 80 100

Median Time (minutes)

FIGURE 5-11 Median times for individual delays at each of the three treatment segments. ED, Emergency department; ECG, electrocardiogram; PCI, percutane-
ous coronary intervention. (From Miedema MD, et al: Causes of delay and associated mortality in patients transferred with ST-elevation myocardial infarction. Circulation 
124:1636–1644, 2011.)

TABLE 5-3 Frequency, Magnitude, and Mortality Associations of Specific Delays at the Referral Hospital. 
Referring Hospital (Door-in to Door-out Delays) and PPCI Center (DTB Delays)

CHARACTERISTIC
PATIENTS
N (%)

MAGNITUDE (MIN)
MEDIAN (25TH–75TH 
PERCENTILE)

IN-HOSPITAL  
MORTALITY (%)

1-YEAR  
MORTALITY (%)

Referring Hospital

No delay (<45 min) 730 (36.0) 35 (28–41) 4.0 8.1

Awaiting transport 535 (26.4) 59 (51–72) 3.9 7.3

ED delay 289 (14.3) 65.5 (56–83.5) 3.8 6.9

Nondiagnostic ECG 184 (9.1) 81 (64–110.5) 0 3.3

Diagnostic dilemma 177 (8.7) 95.5 (72–127) 7.3 12.4

Cardiac arrest/shock 111 (5.5) 68 (56–86) 30.6 38.7

Other 2 (0.1) 06.5 (58–63)

Total 2028

PCI Center

No delay (<30 min) 1696 (84.3) 19 (15–23) 3.5 7.3

Catheterization laboratory team delay 143 (7.1) 38 (34–50) 5.6 9.1

Complex procedure 117 (5.8) 38 (34–45) 8.6 14.5

Cardiac arrest/shock 43 (2.1) 41 (35–46) 44.2 55.8

Diagnostic dilemma 14 (0.7) 92.5 (59–131) 7.1 7.1

Total 2013

DTB, Door-to-balloon; ECG, electrocardiogram; ED, emergency department; PPCI, primary percutaneous coronary intervention.
From Miedema MD, et al: Causes of delay and associated mortality in patients transferred with ST-elevation myocardial infarction. Circulation 124:1636–1644, 2011.
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data, and more transparent communication among provid-
ers, patients, and families. Further streamlining of processes, 
including giving all EMS providers access to PHECG systems, 
might allow for further reduction in FMC-to-device times. 
Finally, there are obvious areas for improvement that we can 
begin to target, particularly with regard to in-hospital STEMIs 
and false activations.

To quote Albert Einstein, “We cannot solve our problems 
with the same thinking we used when we created them.” 
With novel approaches and further refinements to our cur-
rent systems of care, we no doubt can solve the many chal-
lenges that we face today and look forward to the next set of 
challenges that might follow.
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INTRODUCTION

Chest symptoms suspicious for acute myocardial infarction 
(MI) are among the most common reasons for emergency 
evaluation, accounting for six to seven million emergency 
department (ED) visits each year in the United States. The ini-
tial assessment of nontraumatic chest discomfort is challeng-
ing because of the broad range of possible causes (Figure 6-1). 
The primary aim of the ED assessment is to rapidly identify 
the minority of patients whose symptoms are the manifesta-
tion of a life-threatening condition that should not be missed 
and to initiate appropriate therapy. More than 60% of patients 
who present with chest symptoms suspicious for MI are 
hospitalized for further testing, and the remainder undergo 
additional investigation in the ED. However, in most series of 
unselected populations, only 5% to 15% are ultimately deter-
mined to have an acute coronary syndrome (ACS), and less 
than 10% are found to have other life- threatening cardiopul-
monary conditions. Therefore, an efficient but effective evalu-
ation of this population of patients that avoids the excessive 
use of testing and minimizes empiric treatment is important.

Pathways for the triage and management of patients with 
ST-segment elevation on the presenting electrocardiogram 
(ECG) are described in Chapter 5. In contrast, strategies for 
evaluating low-risk patients with a low probability of MI are 
discussed in Chapter 12. The present chapter provides a gen-
eral framework for the clinical approach to the assessment 
of patients with an intermediate or high probability of MI. 
Risk factors for MI are discussed in Chapter 2. The optimal 
use of cardiac troponin (cTn) is detailed in Chapter 7, and 
other biomarkers are considered in Chapter 8. Diagnostic 
imaging in the ED is described in Chapter 9. Chapter 11 pro-
vides an in-depth discussion of tools for risk stratification of 
the patient with established MI.

GOALS OF THE INITIAL ASSESSMENT OF 
SUSPECTED MYOCARDIAL INFARCTION

The fundamental goals of the initial assessment of the patient 
with chest symptoms suspicious for myocardial ischemia are 
(1) to assess the probability that the symptoms are caused 
by underlying myocardial ischemia (diagnosis), and (2) to 

determine the probability of major cardiovascular complica-
tions if the cause of the patient’s presentation is myocardial 
ischemia (risk stratification).1–3 These two concurrent proba-
bilistic assessments rely on the clinical history, the physical 
examination, ECG, and initial cardiac biomarkers, and are 
intertwined because each of these elements provides informa-
tion that influences both the diagnostic and prognostic prob-
abilities (see the section on Clinical Approach to the Patient). 
Together, these two probabilistic assessments guide subse-
quent diagnostic testing, including the use of invasive coro-
nary angiography, triage, and the initiation of empiric medical 
therapies while the diagnosis is established (Figure 6-2).

CAUSES OF CHEST DISCOMFORT

The characteristics of symptoms caused by myocardial isch-
emia are discussed in this section. The major alternative 
causes of chest discomfort are summarized in Table 6-1 and 
described briefly in this section. In general, the initial diag-
nostic assessment of patients with acute chest discomfort 
centers around three categories: (1) myocardial ischemia; 
(2) other cardiopulmonary causes (pericardial disease, 
aortic emergencies, and pulmonary conditions); and (3) 
noncardiopulmonary chest pain. High-risk conditions, other 
than acute MI, to be considered in the differential diagnosis 
include acute aortic syndrome, pulmonary embolism, ten-
sion pneumothorax, and pericarditis with tamponade.

Myocardial Ischemia
Onset of myocardial ischemia is precipitated by an imbal-
ance between myocardial oxygen requirements and myo-
cardial oxygen supply, which results in insufficient delivery 
of oxygen to meet the heart’s metabolic demands. Chest 
discomfort caused by myocardial ischemia is termed 
angina pectoris, often referred to simply as angina. The 
causes and classification of myocardial ischemia into sta-
ble angina, unstable angina, non–ST-elevation MI (NSTEMI), 
and ST-elevation MI (STEMI) are addressed in Chapter 1. 
The pathobiology of unstable ischemic heart disease is 
 discussed Chapter 3 and Chapter 4.

Clinical Approach to Suspected Acute 
Myocardial Infarction
David A. Morrow
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Probability of DeathProbability
History/Exam ECG cTn of Ischemia or Recurrent Ischemia Initial  Therapy

Typical chest pain 2 mm ST ↓ Positive
Pulmonary edema 2 mm TWI
Prior MI

Typical chest pain 1 mm ST ↓ Negative
Age >75 years
PAD on exam

Possible ischemic sx ≤0.5 mm ST ↓ Negative
No high-risk features

Atypical chest sx Normal Negative
No heart failure
No known CAD

Aspirin
2nd antiplatelet agent
Parenteral anticoagulant
Invasive evaluation

Aspirin
2nd antiplatelet agent
Parenteral anticoagulant

Aspirin
Parenteral anticoagulant

Aspirin

HIGH HIGH

LOW LOW

FIGURE 6-2 Integrated assessment of the patient with possible myocardial infarction (MI). The history of symptoms (sx), examination, electrocardiogram (ECG), and 
biomarkers are used to assess both the probability that the presenting symptoms are a manifestation of myocardial ischemia and the risk of death or recurrent ischemic events. 
Examples of high-, intermediate-, and low-risk features are provided (see text for additional details). These two probabilities drive decision-making regarding therapy. The solid 
thick arrows illustrate decisions regarding therapy in patients in whom the probability of ischemia and risk are concordant. The dotted blue line illustrates the possible therapeutic 
approach in patients with a lower clinical probability of MI (see bottom origin of the dotted line) who nonetheless fall into a high-risk group (see upper origin of the dotted line) 
based on other clinical features. Similarly, a patient with a good clinical story for ischemia, but otherwise low-risk features might also be treated without invasive coronary evaluation. 
CAD, Coronary artery disease; PAD, peripheral artery disease; TWI, T-wave inversion.

Gastrointestinal 42%

Ischemic heart disease 31% 

Chest wall syndrome 28% 

Pericarditis 4%

Pleuritis 2%

Pulmonary embolism 2%

Lung cancer 1.5%

Aortic aneurysm 1%

Aortic stenosis 1%

Herpes zoster 1%

FIGURE 6-1 Distribution of final discharge diagnoses in patients with nontraumatic acute chest pain. (Data from Fruergaard P, et al: The diagnoses of patients 
admitted with acute chest pain but without myocardial infarction. Eur Heart J 17:1028,1996.)
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6

Characteristics of Myocardial Ischemia
Myocardial ischemia can usually be identified from the 
patient's history and from the ECG. Possible ischemic symp-
toms include various combinations of chest, upper extrem-
ity, mandibular, or epigastric discomfort, or an ischemic 
equivalent, such as dyspnea or fatigue (see the section on 
Clinical Approach: History). When myocardial ischemia is 

sufficiently severe and prolonged in duration (e.g., as short 
as 20 to 30 minutes), irreversible cellular injury occurs, result-
ing in MI. Often, the discomfort is diffuse—not localized, nor 
positional, nor affected by movement of the region—and it 
may be accompanied by diaphoresis, nausea, or syncope. 
Because of their prevalence among other common con-
ditions, these symptoms may be incorrectly attributed to 

TABLE 6-1 Typical Clinical Features of Major Causes of Acute Chest Discomfort

SYSTEM CONDITION ONSET/DURATION QUALITY LOCATION ASSOCIATED FEATURES

Cardiopulmonary

Cardiac Myocardial ischemia Stable angina: 
Precipitated by 
exertion, cold, or 
stress; 2–10 min;

Unstable angina: 
Increasing pattern or 
at rest;

MI: Usually >30 min

Pressure, tightness, 
squeezing, heaviness, 
burning

Retrosternal, often 
radiation to neck, 
jaw, shoulders, or 
arms; sometimes 
epigastric

S4 gallop or mitral regurgitation 
murmur (rarely) during pain;

S3 or rales if severe ischemia 
or complication of MI

Pericarditis Variable;
Hours to days; may be 

episodic

Pleuritic, sharp Retrosternal or toward 
cardiac apex; 
may radiate to left 
shoulder

May be relieved by sitting up 
and leaning forward;

Pericardial friction rub

Vascular Acute aortic syndrome Sudden onset of 
unrelenting pain

Tearing or ripping; 
knifelike

Anterior chest, often 
radiating to back, 
between shoulder 
blades

Associated with hypertension 
and/or underlying connective 
tissue disorder; murmur of 
aortic insufficiency, loss of 
peripheral pulses

Pulmonary  
embolism (PE)

Sudden onset Pleuritic; may be 
heaviness with  
massive PE

Often lateral, on the 
side of the embolism

Dyspnea, tachypnea, 
tachycardia, and 
hypotension

Pulmonary hypertension Variable; often 
exertional

Pressure Substernal Dyspnea, signs of increased 
venous pressure

Pulmonary Pneumonia or pleuritis Variable Pleuritic Unilateral, often  
localized

Dyspnea, cough, fever, rales, 
occasional rub

Spontaneous 
pneumothorax

Sudden onset Pleuritic Lateral to side of 
pneumothorax

Dyspnea, decreased breath 
sounds on side of 
pneumothorax

Noncardiopulmonary

Gastrointestinal Esophageal reflux 10–60 min Burning Substernal, epigastric Worsened by postprandial 
recumbency;

Relieved by antacids
Esophageal spasm 2–30 min Pressure, tightness, 

burning
Retrosternal Can closely mimic angina

Peptic ulcer Prolonged; 60–90 min 
after meals

Burning Epigastric, substernal Relieved with food or  
antacids

Gallbladder disease Prolonged (h); generally 
steady and subsides 
spontaneously

Aching or colicky Epigastric, right upper 
quadrant; sometimes  
to the back and lower 
chest or scapula

May follow meal

Neuromuscular Costochondritis Variable Aching Sternal Sometimes swollen, tender, 
warm over joint

May be reproduced by 
localized pressure on 
examination

Cervical disk disease Variable; may be 
sudden

Aching; may include 
numbness

Arms and shoulder May be exacerbated by 
movement of neck

Trauma or strain Usually constant Aching Localized to area  
of strain

Reproduced by movement or 
palpation

Herpes zoster Usually prolonged Sharp or burning Dermatomal  
distribution

Vesicular rash in area of 
discomfort

Psychological Emotional and 
psychiatric conditions

Variable; may be  
fleeting or prolonged

Variable; often tightness 
and dyspnea with 
feeling of panic  
or doom

Variable; may be 
retrosternal

Situational factors may 
precipitate symptoms;

history of panic attacks 
depression

From Morrow DA: Chest discomfort. In Kasper DL, et al, eds: Harrison’s principles of internal medicine, ed 19, New York, McGraw Hill, 2015.
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gastrointestinal, neurological, pulmonary, or musculoskel-
etal disorders (see Table 6-1). In addition, MI may occur with 
atypical symptoms or may be asymptomatic. Such atypical 
presentations are more common in women, older adults, 
patients with diabetes, or postoperative and critically ill 
patients.

The clinical characteristics of angina pectoris are highly 
similar whether the ischemic discomfort is a manifesta-
tion of stable ischemic heart disease, unstable angina, or 
MI, with exceptions being differences in the pattern and 
duration of symptoms associated with these syndromes. 
Heberden initially described angina as a sense of “stran-
gling and anxiety.” Chest discomfort characteristic of 
myocardial ischemia is usually described as aching, heavy, 
squeezing, crushing, or constricting. However, in a substan-
tial minority of patients, the quality of discomfort is very 
vague and may be described as a mild tightness, or merely 
an uncomfortable feeling that sometimes is experienced 
as numbness or a burning sensation. The site of the dis-
comfort is usually retrosternal, but radiation is common, 
and usually occurs down the ulnar surface of the left arm; 
the right arm, both arms, neck, jaw, or shoulders may also 
be involved (Figure 6-3). These and other characteristics 
of ischemic chest discomfort pertinent to discrimination 
from other causes of chest pain are discussed later in this 
chapter (see the section on Approach to the Patient).

Stable angina usually begins gradually and reaches its 
maximum intensity over a period of minutes before dissi-
pating within several minutes with rest or with nitroglycerin. 
The discomfort typically occurs predictably at a character-
istic level of exertion or psychological stress. By definition, 

unstable angina manifests by self-limited symptoms that 
may be exertional, but that occur at increased frequency 
with progressively lower intensity of physical activity or at 
rest (Table 6-2).4 Chest discomfort associated with MI is typi-
cally more severe, is prolonged (usually ≥30 minutes), and is 
not relieved by rest.

Triggers of Myocardial Ischemia
Myocardial ischemia may be triggered by acute coronary 
atherothrombosis (see Chapter 3), increased myocardial 
oxygen demand, such as during intense psychological 
stress, or fever, or by decreased oxygen delivery due to 
anemia, hypoxia, or hypotension (see Chapter 1). Other 

Usual distribution of pain
with myocardial ischemia

Less common sites of pain
with myocardial ischemia

Right side
Jaw

Epigastric Back

FIGURE 6-3 Pain patterns with myocardial ischemia. The usual distribution is referral to all or part of the sternal region, the left side of the chest, and the neck and down 
the ulnar side of the left forearm and hand. With severe ischemic pain, the right chest and right arm are often involved as well; however, isolated involvement of these areas is 
rare. Other sites sometimes involved, either alone or together with other sites, are the jaw, epigastrium, and back. (From Braunwald E: The history. In Braunwald E, et al, eds: 
Heart disease, ed 6, Philadelphia, Saunders, 2001, p. 33.)

TABLE 6-2 Three Principal Presentations of Unstable 
Ischemic Heart Disease

CLASS PRESENTATION

Rest angina Angina occurring at rest and 
prolonged, usually >20 min

New-onset angina New-onset angina of at least CCS 
class III

Severity

Increasing (crescendo) angina Angina that has become distinctly 
more frequent, longer in duration, 
or lower in threshold (increased 
by 1 or more CCS class to at least 
CCS class III severity)

CCS, Canadian Cardiovascular Society.
From Anderson JL, Adams CD, Antman EM, et al: ACC/AHA 2007 guidelines for 
the management of patients with unstable angina/non-ST-elevation myocardial 
infarction. J Am Coll Cardiol 50:e1–e157, 2007.
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contributors to stable and unstable ischemic heart dis-
ease, such as endothelial dysfunction, microvascular 
disease, and vasospasm, may also exist alone or in com-
bination with coronary atherosclerosis and may be the 
dominant cause of myocardial ischemia in some patients. 
Nonatherosclerotic processes, including congenital 
abnormalities of the coronary vessels, myocardial bridg-
ing, coronary arteritis, and radiation-induced coronary 
disease, can also lead to coronary obstruction.5 In addi-
tion, conditions associated with extreme myocardial oxy-
gen demand and impaired endocardial blood flow, such 
as in patients with aortic valve disease, hypertrophic car-
diomyopathy, or idiopathic dilated cardiomyopathy, can 
precipitate myocardial ischemia in patients with or with-
out underlying obstructive atherosclerosis. In the course of 
their history and physical examination, clinicians should 
consider each of these potential contributors to the onset 
of myocardial ischemia.

Nonischemic Causes of Chest Discomfort
Cardiopulmonary Causes
Pericardial and Myocardial Diseases
Inflammation of the pericardium can cause acute chest 
discomfort. The pain of pericarditis is believed to arise 
primarily from associated pleural inflammation, and is 
consequently more common in infectious compared with 
noninfectious causes of pericarditis, because the former 
more often involve the pleura. The pain of pericarditis is usu-
ally a pleuritic discomfort that is exacerbated by breathing, 
coughing, or changes in position, and is often referred to the 
shoulder and neck.

Acute inflammatory and other nonischemic myocardial 
diseases can also produce chest symptoms (see Table 6-1). 
Takotsubo stress–related cardiomyopathy can cause the 
abrupt onset of chest pain and shortness of breath, and may 
mimic acute MI because of associated ECG abnormalities, 
including ST-segment elevation and elevated biomarkers of 
myocardial injury.

Acute Aortic Syndromes
Acute aortic syndromes, including aortic penetrating 
ulcer, intramural hematoma, and frank dissection, are less 
common but important causes of chest pain (see Table 
6-1). Acute aortic syndromes typically present with tho-
racic pain that is often severe, sudden in onset, sometimes 
described as tearing in quality, and can occur in the mid-
line of the anterior chest. Dissections that begin in the 
ascending aorta and extend to the descending aorta tend 
to cause pain in the front of the chest that extends toward 
the back, between the shoulder blades. Aortic aneurysms 
without dissection are most often asymptomatic, but these 
can cause chest pain by compressing adjacent structures. 
This pain tends to be steady, deep, and occasionally severe. 
Aortitis, in the absence of dissection, is a rare cause of chest 
discomfort.

Pulmonary Embolism
Pulmonary and pulmonary vascular conditions that cause 
chest discomfort usually do so in conjunction with dyspnea. 
The symptoms are usually pleuritic in nature and may be 
lateral, in the case of smaller pulmonary emboli, or may be 
severe and substernal, in the case of massive pulmonary 
embolism. Massive or submassive pulmonary embolism 

may also cause syncope, hypotension, and signs of right 
heart failure.

Other Pulmonary Causes
Primary spontaneous pneumothorax is a rare cause of chest 
discomfort. The symptoms are usually sudden in onset and 
dyspnea may be mild. Most pulmonary diseases, including 
pneumonia and malignancy, that can involve the pleura 
may cause pleurisy, a knifelike pain that is worsened by 
inspiration or coughing. Chronic pulmonary hypertension 
can cause chest pain that may be very similar to angina in 
its characteristics. Reactive airways diseases can also cause 
chest tightness, with associated breathlessness.

Noncardiopulmonary Causes
Gastrointestinal Conditions
Gastrointestinal disorders are the most common cause of 
nontraumatic chest discomfort (see Figure 6-1 and Table 
6-1). In some cases, the symptoms can be quite difficult to 
discern from myocardial ischemia. Esophageal disorders, in 
particular, may cause an intense squeezing discomfort that is 
similar to angina in the character and location. Like angina,  
esophageal discomfort may be relieved by nitroglycerin 
or calcium channel blockers. Gastroesophageal reflux and 
disorders of esophageal motility are common disorders that 
should be considered in the differential diagnosis of chest 
pain. Hepatobiliary disorders may also mimic myocardial 
ischemic pain (see Table 6-1).

Musculoskeletal
Chest discomfort can be produced by any musculoskeletal 
disorder involving the chest wall, or nerves of the chest wall, 
neck, or upper limbs. Costochondritis, cervical radiculitis, 
shoulder tendinitis or bursitis may all mimic angina. Pain in 
a dermatomal distribution should prompt consideration of 
herpes zoster.

Panic Disorder
As many as 10% of patients who present to EDs with acute 
chest discomfort have a panic disorder or related condition. 
The symptoms may include tightness or aching that is asso-
ciated with a sense of anxiety and difficulty breathing.

CLINICAL APPROACH TO THE PATIENT

History
Assessment of the patient with chest symptoms suspicious 
for MI relies heavily on the clinical history and physical 
examination to direct the diagnostic evaluation. The quality, 
location, radiation, onset, pattern, and duration of the pain, 
as well as any provoking or alleviating factors provide infor-
mation that shapes both the probability that the symptoms 
are ischemic and yields information about prognosis (see 
Figure 6-1).

Quality of the Pain
The quality of chest discomfort is not sufficiently accurate 
to establish a diagnosis. However, the characteristics of the 
pain are pivotal in formulating an initial clinical impression 
of the probability of MI (Figure 6-4). Although pressure or 
tightness is a typical presentation of myocardial ischemic 
pain, some patients with ischemic chest symptoms deny any 
“pain,” but rather complain of shortness of breath or a vague 
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sense of anxiety. The similarity of the symptoms to previous 
ischemic presentations may be useful, but greater severity 
of pain does not improve diagnostic accuracy. It is unusual 
for angina to be sharp, as in knifelike, stabbing, or pleuritic; 
however, patients sometimes use the word “sharp” to convey 
the severity of discomfort. Pleuritic discomfort is suggestive 
of a condition involving the pleura, including pericarditis, 
pulmonary embolism, or pulmonary parenchymal diseases 
(see also the section on Causes of Chest Discomfort), and 
is the quality with the strongest negative predictive value 
for ischemia (Figure 6-4). “Tearing” or “ripping” pain should 
prompt consideration of acute aortic dissection. However, 
acute aortic emergencies also present commonly with 
severe, knifelike pain. A burning quality raises the possibility 
of a gastrointestinal cause, but may also occur with MI.

Location of the Discomfort
Myocardial ischemic discomfort is typically substernal in 
location with radiation to the neck, jaw, shoulder, or arms  
(Figure 6-3). Nevertheless, some patients present with aching 
only in sites of radiated pain. Pain that is highly localized, such 
as being able to be demarcated by the tip of one finger, is highly 
unusual for myocardial ischemia. Pain that occurs solely above 
the mandible or below the epigastrium is rarely angina. The 
typical distribution of symptoms of discomfort according to 
cause is illustrated in Figure 6-5. Severe pain radiating to the 
back, particularly between the shoulder blades, should prompt 
consideration of an acute aortic syndrome. Radiation to the 
trapezius ridge is a characteristic site of radiation of pericardial 
pain and is uncommon with myocardial ischemia.

Pattern
Symptoms caused by myocardial ischemia usually develop 
over minutes, and are exacerbated by activity and relieved 
by rest. Pain that peaks in intensity at its onset is more char-
acteristic of aortic dissection, pulmonary embolism, or spon-
taneous pneumothorax. Pain that lasts only a few seconds 

is rarely caused by myocardial ischemia. In the absence of 
developing clinical consequences, (e.g., elevation of cardiac 
biomarkers, heart failure, or hypotension), discomfort that is 
constant in pattern and steady in intensity over many hours 
to days is not likely to be the cause of myocardial ischemia. 
The onset of MI has a circadian pattern, with the peak inci-
dence ranging between midnight and 6 am. Most patients 
with MI have an antecedent history of exertional chest symp-
toms, and more than 80% have a history of coronary artery 
disease. However, MI may be the first symptomatic presenta-
tion of coronary atherosclerosis for some patients.

Provoking and Alleviating Factors
Patients with pain caused by myocardial ischemia often 
report a history of exacerbation by exertion and relief or 
improvement with rest. Positional changes in the pain are 
infrequent with angina. Changes in the discomfort with 
movement of the upper extremities and neck suggest a mus-
culoskeletal cause. The pain of pericarditis is often increased 
when the patient is supine and relieved when the patient sits 
upright and leans forward. Gastroesophageal reflux may be 
exacerbated by alcohol, some foods, or by a reclined posi-
tion. Although postprandial angina has been described, 
worsening symptoms provoked by eating usually suggests a 
gastrointestinal cause (see Table 6-1). Pain related to peptic 
ulcer disease typically emerges 1 to 2 hours after a meal and 
is usually relieved promptly by acid-reducing therapies.

Relief of chest discomfort within minutes after administra-
tion of nitroglycerin is suggestive, but not sufficiently sensitive 
nor specific to make a definitive diagnosis of myocardial isch-
emia. Complete relief after a longer delay (e.g., >10 minutes) 
after nitroglycerin points away from myocardial ischemia. 
Esophageal discomfort can also be relieved by nitroglycerin.

Associated Symptoms
Diaphoresis, dyspnea, nausea, fatigue, faintness, and belch-
ing can all accompany chest pain caused by myocardial 

IMETUCAFODOOHILEKILDESAERCNI

DECREASED LIKELIHOOD OF ACUTE MI

Radiation to right arm or shoulder

Radiation to both arms or shoulders

Associated with exertion

Radiation to left arm

Associated with diaphoresis

Associated with nausea or vomiting
Worse than previous angina

or similar to previous MI

Described as pressure

Inframammary location

Reproducible with palpation

Described as sharp

Described as positional

Described as pleuritic

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Likelihood Ratio of Acute MI

FIGURE 6-4 Association of chest pain characteristics with the probability of acute myocardial infarction (MI). (Data from Swap CJ, Nagurney JT: Value and limita-
tions of chest pain history in the evaluation of patients with suspected acute coronary syndromes, JAMA 294:2623–2639, 2005.)
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ischemia, or may exist alone as ischemic equivalents, par-
ticularly in women and older adults. Dyspnea is not specific 
for myocardial ischemia, but the presence of dyspnea as a 
symptom is important because it points to a cardiopulmo-
nary cause, and when it accompanies myocardial ischemia, 
is an indicator of a higher risk of fatal complications (see 
Chapter 11). Sudden onset of significant respiratory distress 
should prompt consideration of pulmonary embolism and 
spontaneous pneumothorax. Presentation with syncope or 
presyncope should raise consideration of hemodynami-
cally significant pulmonary embolism or aortic dissection, 
as well as ischemic arrhythmias. Although nausea and vom-
iting suggest a gastrointestinal disorder, these symptoms 
may occur with an MI (more commonly inferior MI), and 
are presumably related to vagal reflexes or stimulation of 
ventricular receptors as part of the Bezold-Jarisch reflex.

Medical History and Review of Systems
The patient should be assessed for risk factors for coronary ath-
erosclerosis and conditions that may predispose the patient to 
specific other processes that may cause chest discomfort. For 
example, a history of connective tissue diseases (e.g., Marfan 
disease) should heighten the clinician’s suspicion for an acute 
aortic syndrome or spontaneous pneumothorax. Review of 
the medical history should also include surveying for con-
ditions that might contribute to myocardial supply–demand 
mismatch. Emotional stressors can also be a trigger for MI.

Physical Examination
The physical examination of patients with chest discomfort 
can provide indirect evidence for myocardial ischemia by 
identifying contributors to supply–demand, such as uncon-
trolled hypertension, or consequences of ischemia, such as 

heart failure. In addition, the examination may help to iden-
tify specific alternative causes (e.g., pneumothorax or pneu-
monia) and provide an overall assessment of the clinical 
stability of the patient. However, because the physical exami-
nation may be normal in patients with unstable ischemic 
heart disease, an unremarkable physical examination does 
not reliably exclude MI as a cause of chest discomfort.

General
Patients with acute MI often appear anxious, uncomfort-
able, or diaphoretic. In patients with early complications of 
MI, cyanosis or pallor may also be evident. Patients who are 
massaging or clutching their chests may describe their pain 
with a clenched fist held against the sternum (the Levine 
sign, named after Dr. Samuel A. Levine). Tachycardia and 
hypotension in the setting of an MI are indicative of impor-
tant hemodynamic consequences of the MI and should 
prompt consideration of emerging cardiogenic shock (see 
Chapter 25) because of impaired left ventricular function or 
mechanical complications (see Chapter 26). The presence of 
low-grade fever should not dissuade consideration of MI as 
a diagnosis, because fevers may occur with acute infarction.

Cardiopulmonary
The jugular venous pulse is often normal in patients with 
acute MI. Palpation of the chest may reveal a dyskinetic 
ventricle in patients with large infarctions or previous MI. 
Cardiac auscultation may reveal a third or, more commonly, 
a fourth heart sound, reflecting myocardial systolic or dia-
stolic dysfunction. Murmurs of mitral regurgitation or a harsh 
murmur of a ventricular septal defect may indicate mechan-
ical complications of MI (see Chapter 26). Murmurs may 
reveal underlying cardiac disorders that contribute to isch-
emia (e.g., aortic stenosis or hypertrophic cardiomyopathy). 

Shoulder

Myocardial ischemic pain
Pericarditis
Subdiaphragmatic abscess
Diaphragmatic pleurisy
Cervical spine disease
Acute musculoskeletal pain
Thoracic outlet syndrome

Retrosternal

Myocardial ischemic pain
Pericardial pain
Esophageal pain
Aortic dissection
Mediastinal lesions
Pulmonary embolization

Arm

Myocardial ischemic pain
Cervical/dorsal spine pain
Thoracic outlet syndrome

Interscapular

Myocardial ischemic pain
Musculoskeletal pain
Gallbladder pain
Pancreatic pain

Left lower anterior chest

Intercostal neuralgia
Pulmonary embolization
Myositis
Pneumonia/pleurisy
Splenic infarction
Splenic flexure syndrome
Subdiaphragmatic abscess
Precardial catch syndrome
Injuries

Right lower anterior chest

Gallbladder pain
Distention of the liver
Subdiaphragmatic abscess
Pneumonia/pleurisy
Gastric or duodenal
  penetrating ulcer
Pulmonary embolization
Acute myositis
Injuries

Epigastric

Myocardial ischemic pain
Pericardial pain
Esophageal pain
Duodenal/gastric pain
Pancreatic pain
Gallbladder pain
Distention of the liver
Diaphragmatic pleurisy
Pneumonia

FIGURE 6-5 Differential diagnosis of chest pain according to the location of the discomfort. Serious intrathoracic or subdiaphragmatic diseases are usually associated 
with pains that begin in the left anterior chest, left shoulder or upper arm, interscapular region, or epigastrium. (From Braunwald E: The history. In Zipes DP, et al, eds: Heart 
disease, ed 7, Philadelphia, Saunders, 2005, p. 68.)
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Pericardial friction rubs reflect pericardial inflammation 
that may occur in late presentations of MI. Findings of pul-
monary edema on examination in patients with MI are a 
harbinger of very poor prognosis (see Chapter 11).

Vascular
Pulse deficits may reflect underlying chronic atherosclerosis, 
which increases the likelihood of coronary artery disease. 
However, findings of acute limb ischemia, including loss of 
the pulse and pallor, particularly in the upper extremities, 
should prompt consideration and immediate evaluation for 
aortic dissection. The presence of peripheral artery disease 
is also an indicator of a higher risk of poor cardiovascular 
outcomes in the short and long term.

Other Elements of the Examination
The remaining elements of the examination, including the 
abdominal examination and musculoskeletal evaluation, 
may reveal evidence for alternative causes of chest discom-
fort, and thus, are critical components of the evaluation, 
together with the cardiopulmonary and vascular examina-
tions. Localized swelling, redness, or marked tenderness of 
the costochondral and chondrosternal articulations may 
occur in patients with costochondritis. Pain on palpation of 
these joints is a useful clinical sign; however, deep palpation 
may elicit pain in the absence of costochondritis, and chest 
wall tenderness does not exclude myocardial ischemia.

Electrocardiography
The ECG is pivotal for identifying patients with ongoing isch-
emia and is valuable for risk stratification. Professional society 
guidelines recommend that the first ECG be obtained within 
10 minutes of first medical contact (see Chapter 5), with the 
primary goal of identifying patients with ST-segment eleva-
tion diagnostic of STEMI. ST-segment depression and symmet-
ric T-wave inversions at least 0.2 mV in depth are useful for 
detecting myocardial ischemia in the absence of STEMI and 
are also indicative of higher risk of death or recurrent isch-
emia (see Chapter 11). Serial acquisition of ECGs (e.g., every 
15 to 30 minutes) is recommended in the emergency evalua-
tion of suspected MI. In addition, an ECG with right-sided lead 
placement should be considered in patients with a clinical 
suspicion of ischemia, as well as a nondiagnostic standard 
12-lead ECG. Despite the value of ECG, its sensitivity for isch-
emia is as low as 20% in some studies.5

The J-point is used to determine the magnitude of the 
ST-segment deviation. For diagnosis of STEMI, ST-segment 
elevation should be present in at least two anatomically 
related leads. Criteria for diagnostic ST-elevation are listed in 
Table 1-3. Occasionally, ST-segment shifts caused by myocar-
dial ischemia may meet the criteria in only one lead, with 
elevation less than the required ST-deviation in a contigu-
ous lead. The clinician should recognize that lesser degrees 
of ST-deviation or T-wave inversion do not exclude acute 
myocardial ischemia or evolving MI. ST-segment deviation 
can be dynamic in the setting of myocardial ischemia. This 
variability is the rationale for serial recordings of the ECG 
in patients with a high clinical suspicion of MI and an ini-
tially nondiagnostic ECG. Continuous computer-assisted 
12-lead ECG recording and ST-segment monitoring may also 
be useful. An ECG should also be repeated for patients with 
recurrence of symptoms after an asymptomatic interval. The 
evolution of ST-T waveforms and development of Q waves, 

when present, assist the clinician in estimating the time 
from the onset of the event, identifying the infarct-related 
artery, and gauging the amount of myocardium at risk. Each 
of these elements is also useful for assessing prognosis 
(see Chapter 11).1 More profound ST-segment deviation or 
T-wave inversion involving multiple leads and vascular ter-
ritories is associated with a worse prognosis. The ECG may 
also detect the onset of arrhythmias, or intraventricular and 
atrioventricular conduction delays, which are discussed in 
Chapter 26 and Chapter 28.

Abnormalities of the ST segment and T wave may occur in 
a variety of conditions other than MI, including pulmonary 
embolism, ventricular hypertrophy, acute and chronic peri-
carditis, myocarditis, electrolyte imbalance, and metabolic 
disorders. ST-deviation may also be present in patients with 
chronic conditions such as left ventricular hypertrophy, left 
bundle branch block, Brugada syndrome, stress cardiomy-
opathy, and early repolarization patterns. Hyperventilation 
occurring in patients with panic disorder can also lead to 
nonspecific ST- and T-wave abnormalities. Q waves may 
occur because of myocardial fibrosis and cardiomyopathy 
in the absence of coronary artery disease.

Cardiac Biomarkers
Laboratory testing in patients with chest symptoms suspi-
cious for MI focuses on the detection of myocardial injury 
(see Chapter 1). In some cases, biomarkers that reflect the 
underlying contributors (e.g., inflammation) or conse-
quences of ischemia (e.g., increased wall stress and end-dia-
stolic pressures) may be useful (see Chapter 8). The optimal 
use of cardiac troponin (cTn) is discussed in a detailed man-
ner in Chapter 7. In brief, with most current generation assays 
for cTn, assessment at hospital arrival and 3 to 6 hours after 
presentation is sufficient to detect or exclude MI. Creatine 
kinase-MB does not add to cTn for the diagnostic assess-
ment of these patients. For patients with recurrent symptoms 
that are suspicious for ischemia, later serial measurements 
(e.g., q6-8h from 6 to 24 hours) should be obtained in most 
cases. Moreover, in patients for whom the pretest probability 
of acute myocardial ischemia is particularly high, additional 
evaluation is warranted even if the initial cardiac biomark-
ers are normal. It is not necessary or advisable to measure 
cTn in patients without suspicion for ACS, unless it is being 
used for the specific purpose of risk stratification, such as in 
pulmonary embolism or heart failure.

Rapid rule-out protocols using 1- or 2-hour testing of 
cTn are an emerging application of high-sensitivity assays 
for cTn and are described in Chapter 7. Although such test-
ing schemes are likely to be useful for the safe discharge of 
patients with a negative predictive value, more investigation 
is needed before these approaches can be endorsed for rou-
tine use in the United States.6 Moreover, such rapid rule-out 
strategies must incorporate clinical characteristics of the 
patient and the presentation (Figure 6-6). These integrated 
tools for diagnostic assessment are described in Chapter 12.

Because of the higher negative predictive value of high-
sensitivity assays for cTn, there is a tradeoff for detecting 
myocardial injury in a larger proportion of patients with 
non-ACS cardiopulmonary conditions than with the previ-
ous generations of assays. Because of this evolution in the 
analytical sensitivity, other aspects of the clinical evaluation 
are critical for the physician to formulate a probability that 
the symptoms represent ACS. In addition, the evaluation of 
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serial values of cTn for evidence of a dynamic (rising and/or 
falling) pattern is important in discriminating acute causes 
of myocardial injury from chronic elevation caused by 
underlying structural heart disease, end-stage renal disease, 
or interfering antibodies (see Chapter 7).6 The finding of 
an elevated concentration of cTn is virtually always associ-
ated with a poorer prognosis; however, when it is the result 
of a chronic condition causing myocardial injury, the time 
course of that risk is over the long term and may warrant 
disease-modifying preventive therapies rather than acute 
invasive evaluations and interventions.5

Chest Radiography
The chest radiograph is often unremarkable in patients with 
acute MI. When present, pulmonary edema is a poor prog-
nostic indicator. The chest radiograph is useful for excluding 
other potential causes of chest symptoms. Specific findings 
include pulmonary parenchymal processes, widening of 
the mediastinum in some patients with aortic dissection, 
Hampton hump or Westermark sign in patients with pul-
monary embolism, or pericardial calcification in chronic 
pericarditis.

Formulating a Clinical Probability of 
Myocardial Infarction
Ultimately, the clinician must formulate a clinical impres-
sion of the probability that a patient’s symptoms represent 
an acute MI. In patients with ST-segment elevation that meet 
diagnostic criteria (see Table 1-3), the probability of MI is 
extremely high, although up to 5% of such patients will end 

up having an MI excluded (see Chapter 1). Among patients 
without ST-segment elevation, establishing an initial diagno-
sis is more challenging. The clinician relies on the history, 
physical examination, and ECG with interpretation of car-
diac biomarkers in that clinical context. Appropriate inter-
pretation of cTn, which is a marker of myocardial injury that 
is not specific to ischemia, requires a “pretest” assessment 
of the likelihood that the patient’s symptoms represent myo-
cardial ischemia. Clinical experience and sound judgment 
continue to play a critical role in the evaluation of patients 
with suspected MI.

Because of the inherent challenges and high clinical 
stakes, multiple clinical algorithms have been developed to 
aid in decision-making during the assessment and triage of 
patients with chest pain suspicious for myocardial ischemia 
(see Figure 6-6). Such decision aids are most commonly 
used to identify patients with low clinical probability of ACS 
who are candidates either for early provocative testing for 
ischemia or discharge from the ED (see Chapter 12). The 
common elements to these tools are (1) symptoms typical 
for myocardial ischemia, (2) known atherosclerosis or risk 
factors for atherosclerosis, including older age, (3) ischemic 
ECG abnormalities, and (4) elevated cTn. Reflecting their 
lack of specificity, the overall diagnostic performance of 
such decision aids is poor (area under the receiver-operat-
ing curve 0.55 to 0.65). However, the negative predictive per-
formance of some such instruments is very high (>99%).7 
Nevertheless, no such decision aid (or single clinical factor) 
is sufficiently sensitive and well validated to use as a sole 
tool for clinical decisions.

Clinicians should differentiate between the diagnos-
tic algorithms discussed previously in this chapter and in 

HEART Score

History Highly suspicious 2
 Moderately suspicious 1
 Slightly suspicious 0

ECG Significant ST-depression 2
 Nonspecific abnormality 1
 Normal 0

Age ≥ 65 years 2
 >45 – <65 years 1
 ≤ 45 years 0

Risk ≥ 3 risk factors 2
factors 1–2 risk factors 1
 None 0

Troponin ≥ 3 x 99th percentile 2
(serial) 1–<3 x 99th percentile 1
 ≤ 99th percentile 0

 TOTAL

 Low risk: 0 to 3
 Not low risk: ≥ 4

Captured as
low risk (%) 20.2 4.4

Sensitivity 99.1 100

Specificity 25.7 5.6

North American Chest Pain Rule

High-risk criteria Y/N

Typical symptoms of ischemia

ECG: acute ischemic changes

Age ≥ 50 years

Known coronary artery disease

Troponin (serial) > 99th percentile

 Low risk: All no  
 Not low risk: Any yes  

FIGURE 6-6 Decision aids used in conjunction with serial measurement of cardiac troponin for evaluation of acute chest pain. ECG, Electrocardiography. (Data 
from Mahler et al: Identifying patients for early discharge: performance of decision rules among patients with acute chest pain, Int J Cardiol 168:795–802, 2013.)
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Chapter 12 and the clinical risk scores (e.g., the TIMI and 
GRACE risk scores discussed in Chapter 11) derived for 
assessment of prognosis in patients with an established 
diagnosis of ACS. These latter risk scores were not developed 
for the purpose of diagnostic assessment.

In conjunction with formulation of the previously 
described diagnostic and prognostic estimates, the clini-
cian must also make decisions regarding additional test-
ing, noninvasive and invasive, and initial empiric therapy. 
Because delay of treatment in patients with ACS is associ-
ated with adverse outcomes, timely initiation of therapy is 
a priority. As such, treatment, such as aspirin and an anti-
coagulant, is often initiated in patients with suspected MI 
while diagnostic testing continues. Figure 6-1 illustrates the 
interplay of the assessment of likelihood of MI and risk 
status with respect to therapeutic decision-making. For 
example, a patient with a low probability of an acute MI, 
but with a high-risk profile should the patient have unsta-
ble ischemic heart disease, may be treated similarly to a 
patient with a moderate probability of acute MI who is at 
moderate risk of complications. Patients with a moderate 
or greater suspicion for acute MI or who are at high risk, 
and in whom MI has not been excluded, warrant initiation 
of treatment (see Figure 6-1 and Chapter 13).

DECISIONS REGARDING ADDITIONAL 
TESTING

Invasive Coronary Evaluation
Patients with ST-segment elevation and a clinical presenta-
tion consistent with ischemia should undergo emergent 
cardiac catheterization when available in a timely fash-
ion in an experienced STEMI center (see Chapter 5 and 
Chapter 14). Decision-making regarding invasive coronary 
angiography in patients without diagnostic ST-segment ele-
vation is discussed in Chapter 16. In general, patients with 
refractory symptoms or high-risk features should undergo 
coronary angiography for treatment if a diagnosis of MI has 
been established or for completion of the diagnostic assess-
ment when an alternative cause has not been identified. 
In patients at lower risk or in whom patient preferences or 
appropriateness for coronary angiography do not favor inva-
sive evaluation, additional noninvasive assessment may be 
useful to establish the diagnosis and for risk assessment.

Provocative Testing for Ischemia
Exercise ECG with or without imaging is commonly used for 
completion of risk stratification in patients who have under-
gone an initial evaluation that has not revealed a specific 
cause of chest discomfort and has identified them as having 
a low, or in some cases intermediate, probability of MI (see 
also Chapter 12). Early exercise testing is safe in patients 
without high-risk findings after 8 to 12 hours of observation 
and can assist in refining their prognostic assessment. For 
example, in low-risk patients who underwent exercise test-
ing in the first 48 hours after presentation, those without evi-
dence for ischemia had a 2% rate of cardiac events through 
6 months compared with 15% in patients with either clear 
evidence for ischemia or an equivocal result. Patients who 
are unable to exercise may undergo pharmacological stress 
testing with either nuclear perfusion imaging or echocar-
diography (see Chapter 9). Notably, some experts have 

deemed the routine use of stress testing for low-risk patients 
as unsupported by direct clinical evidence and a potentially 
unnecessary source of cost.8

Professional society guidelines identify ongoing chest 
pain as a contraindication to stress testing. In selected 
patients with persistent pain and nondiagnostic ECG and 
biomarker data, myocardial perfusion images can be taken 
at rest. The absence of any perfusion abnormality substan-
tially reduces the likelihood of coronary artery disease. In 
some centers, early myocardial perfusion imaging is per-
formed as a part of a routine strategy for evaluating patients 
at low or intermediate probability of ACS in parallel with 
other testing (see Chapter 9). In this strategy, normal perfu-
sion images can identify patients for expedited discharge 
and outpatient exercise stress testing, if indicated.

Other Noninvasive Studies
The selective use of noninvasive cardiac imaging, to pro-
vide additional diagnostic and prognostic information in 
patients with suspected MI is described in Chapter 9. In 
addition, the individual modalities of echocardiography, 
computed tomographic angiography, and cardiac mag-
netic resonance imaging (CMR) are discussed in Chapter 9, 
Chapter 31, and Chapter 33.  These techniques can provide 
information regarding myocardial function, myocardial 
perfusion, scar formation, and mechanical complications 
of MI that are valuable for refining the diagnostic and prog-
nostic assessment. Typically, echocardiography is the most 
widely and rapidly available cardiac imaging modality for 
the initial assessment. Computed tomographic angiogra-
phy of the chest can be useful for the “triple rule out,” with 
simultaneous assessment for coronary artery obstruction, 
pulmonary embolism, and aortic dissection. CMR provides 
the most comprehensive cardiac imaging and myocardial 
characterization, which can be particularly useful in evalu-
ating patients with increases in cTn that are deemed due to 
causes other than myocardial ischemia.

CRITICAL PATHWAYS

Because of the challenges inherent in reliably identifying the 
small proportion of patients with acute MI, while not expos-
ing the large number of low-risk patients to unnecessary 
testing and extended in-hospital evaluations, many medical 
centers have adopted critical pathways to expedite the eval-
uation of patients with nontraumatic chest pain, sometimes 
in dedicated Chest Pain Units. At the same time as offering 
efficient pathways for assessment of the low-risk patient (see 
Chapter 12), medical providers must also follow strategies to 
rapidly identify patients with acute MI and initiate evidence-
based therapies (see Chapter 5 and Chapter 13).

SUMMARY

The clinical approach to patients with suspected MI relies 
on formulation of an assessment of the likelihood of myo-
cardial ischemia based on the patient's history, examination, 
and ECG. Ischemic symptoms include various combinations 
of chest, upper extremity, or mandibular discomfort, and 
may be accompanied by or manifested solely as atypical 
symptoms such as dyspnea, abdominal malaise, diaphoresis, 
nausea, presyncope, or fatigue. The discomfort associated 
with acute MI usually lasts more than 20 minutes. Ischemic 
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6
symptoms may easily be confused for those from neurologi-
cal, pulmonary, or musculoskeletal disorders. Concurrent 
assessment of the probability of ischemia and the risk of 
early cardiovascular complications if the symptoms are due 
to MI are the foundation of prudent decision-making.
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INTRODUCTION

Cardiac troponin (cTn) is the biomarker of choice for the 
evaluation of patients with symptoms suggestive of acute 
myocardial ischemia. Increases in cTn are necessary for 
the diagnosis of acute myocardial infarction (MI).1 Some 
even have opined that with the advent of high-sensitivity 
assays that the diagnosis of acute unstable coronary disease 
will eventually require an increasing pattern of cTn values, 
assuming timing permits such an evaluation.2 The present 
chapter attempts to provide clinicians with the data and 
skills necessary to understand and use cTn values optimally 
in patients with possible unstable ischemic heart disease. 
The selection of appropriate patients in whom to measure 
cTn and the interpretation of cTn results in the context of 
other features of the clinical presentation are discussed in 
Chapter 6. The use of cTn in conjunction with other cardio-
vascular biomarkers is addressed in Chapter 8.

BASIC CONSIDERATIONS ABOUT CARDIAC 
TROPONIN FOR CLINICIANS

All cTn assays are different, and values from one assay can-
not be extrapolated to another. Even assays that seem to 
identify a similar number of patients in a given clinical situ-
ation are calibrated differently; they often use different anti-
bodies, and thus the values will not be the same between 
assays3 (Tables 7-1 and 7-2). There have been attempts to 
standardize assays, but they are unlikely to be successful 
in the near term.4 Thus, clinicians need to learn to use the 
assay(s) that are employed locally. Physicians should know 
a variety of characteristics as described in the following. 
Different assays have different issues in regard to specificity, 
interferences, and sensitivity.

Specificity and Interferences
There may be a small number of patients in whom cTnT 
has some skeletal muscle interference because the pro-
teins that occur in response to skeletal muscle and injury 
may be re-expressed, and therefore, cause false positives.5 
The frequency of this phenomenon is unclear, and only a 

handful of cases have been reported. However, a systematic 
and scientifically robust evaluation of this issue has not 
been accomplished. cTnI assays do not have this problem, 
but these assays are more prone to interference from hetero-
philic antibodies (see the following) and also from antibod-
ies that can block binding and lead to reduced values. For 
some assays, this phenomenon is estimated to occur in as 
high as 0.5% of all positives.6 All assays can be affected by 
fibrin interference, which on rare occasions, can cause high 
values that are not repeatable and do not fit with the clinical 
picture.

Interfering Proteins
The most common analytical source of spurious cTn 
elevations, which are more common with cTnI assays, are 
related to cross-reacting antibodies, the heterophilic anti-
bodies, which are antibodies to the protein from which 
the assay is developed. These phenomena normally cause 
high values that do not change over time. They can be 
easily unmasked in the laboratory, where additional block-
ing antibodies can be added and/or with dilution studies. 
When there is such interference, the sample will not dilute 
at all until such time as the interfering substance is totally 
gone, and then the value will become undetectable.7 
There also are rare cases of macrotroponemias, which 
are troponin–immunoglobulin complexes that can cause 
analytical false positive results.8 These have rarely been 
a problem with conventional assays, but could become 
more common with high-sensitivity assays for troponin I 
(hsTnI).9

Impact of Blood Sampling
With the increased sensitivity of modern cTn assays, qual-
ity control of sampling is important. For example, hemolysis 
will decrease cTnT levels and may increase levels of cTnI 
with some assays.7 Thus, avoiding blood draws from indwell-
ing catheters (the most common cause of hemolysis) is 
advised as much as possible. It is not unreasonable to ask 
good laboratories to quality assure values that appear pecu-
liar to a given clinical setting or circumstance, or violate 
what is known about the kinetics of cTn.
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Patients with Chest Discomfort
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Sensitivity
It is critical to understand the different levels of sensitivity of 
cTn assays. The best available approach to classification of 
the sensitivity of cTn assays is based on the number of normal 
individuals detected with a given assay.10 In this framework, 
assays that detect values in more than 50% of apparently 
normal individuals are termed high-sensitivity assays (Figure 
7-1). This classification framework also indicates that assays 
with less imprecision, that have a level of a 10% coefficient 
of variation (CV) ≤99th percentile should be preferred; these 
are called “clinically acceptable.” Assays with a CV between 
10% and 20% are called usable, and assays with a CV at the 
99th percentile of more than 20% are not acceptable.3 Assays 
that deliver a CV of less than 20% at the values of interest 
have been shown not to increase the frequency of false-posi-
tive results.3 Nevertheless, even greater precision of the assay 
improves the ability to recognize a changing pattern.

Although this framework for classification is the most 
commonly used, it is not perfect. There is an apparent discor-
dance between the proportion of normal individuals with 
detectable levels of cTn and those with disease who have 
detectable concentrations. In comparative studies, the hsTnT 
assay that detects cTn in a relatively low proportion of normal 
individuals compared with other hsTn assays (see Figure 7-1). 
However, the hsTnT assay appears to detect more elevations 
in patients with cardiac disease than a cTnI assay that deliv-
ers detectable values in a far greater number of normal indi-
viduals.11 This observation suggests that clinical sensitivity 
and the proportion of normal individuals detected with the 
cTn assay are not the same. Alternative reasons for this appar-
ent discordance include the possibility of false-positive cTnT 
values (e.g., due to skeletal muscle damage or false-negative 
cTnI values, which are caused by the previously mentioned 

anti-cTnI antibodies). Despite these caveats, in general, the 
proportion of normal individuals with detectable cTn can be 
used to decide the relative sensitivity of a particular assay (see 
Figure 7-1). From that perspective, the hsTnT assay appears 
more similar to standard “sensitive” assays now in contempo-
rary practice than to other assays classified as high sensitivity.

The 99th Percentile Reference Limit
It is important to know the 99th percentile of a normal ref-
erence population for your local assay (see Table 7-1). This 
upper reference limit (URL) value, rather than the 97.5 per-
centile, which was the typical convention with most labora-
tory tests, was recommended when cTn was first codified in 
the Universal Definition of MI. This higher URL was selected 
to minimize the frequency of elevations that were not asso-
ciated with cardiovascular pathology.12 In many hospital 
systems, cut points at concentrations higher than the 99th 
percentile have been arbitrarily assigned or are based on 
outdated benchmarks and reported as definite MI. However, 
use of such a higher cut point will reduce the clinical sensi-
tivity for identifying patients with MI. For this reason, clinical 
providers should be familiar with the 99th percentile deci-
sion limit for the assay used locally. In addition, in knowing 
the 99th percentile URL for your assay, the clinician must 
also understand the importance of identifying a rising or 
falling pattern of cTn values (see the section on Definition 
of a Changing Pattern of Cardiac Troponin Values).

Advanced Considerations
For assays that are not high-sensitivity assays, the 99th percen-
tile tends to work well in practice as the diagnostic cut point 
for MI. However, some experts have questioned whether 
the 99th percentile URL is ideal or if the value should be 
lowered to the 97.5% value in the high-sensitivity assays cur-
rently available in Europe, and which are expected to come 
to the United States. This issue is a complicated one and in 
part depends on how the 99th percentile is defined.6

The details of methods for determining the 99th percen-
tile in the normal population are beyond the scope of this 
chapter, but it should be understood that the more rigorously 
a clinician screens for occult cardiovascular disease by his-
tory, physical examination, measurement of other biomarkers 

TABLE 7-1 Metrics for Cardiac Troponin Assays 
Cleared by the Food and Drug Administration

COMPANY/ 
PLATFORM/ 
ASSAY

99TH  
PERCENTILE 
(ng/L)

DOES 10% CV FALL 
ABOVE OR BELOW 
99TH PERCENTILE

Abbott AxSYM ADV 0.04 μg/L >

Abbott ARCHITECT 0.028 μg/L >

Abbott i-STAT 0.08 μg/L >

Alere Triage <0.05 μg/L >

Beckman Access AccuTnI 0.04 μg/L >

bioMérieux Vidas Ultra 0.01 μg/L >

Mitsubishi Pathfast 0.029 μg/L <

Ortho Vitros ECi ES 0.034 μg/L =

Radiometer AQT90 cTnI 0.023 μg/L >

Radiometer AQT90 cTnT 0.017 μg/L >

Response RAMP <0.01 μg/L >

Roche Elecsys TnT Gen 4 <0.01 μg/L >

Roche Elecsys TnI 0.16 μg/L >

Siemens Centaur Ultra 0.04 μg/L <

Siemens Dimension RxL 0.07 μg/L >

Siemens Immulite 2500 0.2 μg/L >

Siemens Stratus CS 0.07 μg/L <

Siemens Vista 0.045 μg/L <

Tosoh AIA <0.06 μg/L >

CV, Coefficient of variation.

TABLE 7-2 High-Sensitivity Cardiac Troponin Assays 
Not Approved by the Food and Drug Administration

COMPANY/
PLATFORM/ASSAY

99TH 
PERCENTILE 

(ng/L)

DOES THE 10% 
CV FALL ABOVE 
OR BELOW 99TH 

PERCENTILE

hsTnI

Abbott ARCHITECT* 16 <

Beckman Access 8.6 =

Nanosphere MTP 2.8 <

Singulex Erenna 10.1 <

Siemens Vista 9 <

hsTnT†

Roche Elecsys* 14 <

CV, Coefficient of variation; hsTn, high-sensitivity cardiac troponin.
*Available for use worldwide, but not cleared by the U.S. Food and Drug 
Administration for use in the United States.
†Some would question the classification of this assay as high sensitivity; see text.
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(e.g., natriuretic peptides), assessment of renal function, and 
cardiovascular imaging, the more apt a clinician will be able 
to identify a truly normal population, absent any underlying 
cardiovascular abnormalities. With more rigorous screening, 
the value for the 99th percentile of the population distribu-
tion becomes lower and lower.7,13 Thus, with high-sensitivity 
assays, because few manufacturers have used such rigor-
ous approaches to screening, some confidence boundaries 
around the estimated 99th percentile URL will likely be nec-
essary. As such, the reported 99th percentile values in package 
inserts for hsTn assays may be higher than those observed in 
a more intensively screened population.

For patients with unstable ischemic heart disease, the val-
ues of hsTn are likely to be high, so this issue is unlikely to 
influence the diagnosis of MI significantly.14 For more chronic 
disease states, it may well be that a value lower than the 99th 

percentile URL would be optimal for clinical decision-mak-
ing. However, regardless of how these issues related to deter-
mination of the URL are viewed, the key to interpretation of 
hsTn is to use not only the 99th percentile value but also 
determine whether a changing pattern is present along with 
the clinical circumstances of the patient’s presentation (see 
the sections on Definition of a Changing Pattern of Cardiac 
Troponin Values and Importance of Clinical Context).

Sex-Specific Cutoffs
Sex-specific cutoff values will be needed with hsTn assays. It 
has been known for some time that the frequency of eleva-
tions of cTn with conventional assays in patients with acute 
coronary syndrome (ACS) are much greater in men than in 
women (Figure 7-2).15 With hsTn assays, it is now clear that 
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FIGURE 7-1 Frequency of normal individuals with detectable values for cardiac troponin (cTn). Samples were provided by Apple and colleagues and run by the diag-
nostic companies. Some would question the classification of high-sensitivity (hsTnT) as a “high-sensitivity” assay because less than 50% of normal individuals had a detectable 
value. (Adapted from Apple FS, Ler R, Murakami MM: Determination of 19 cardiac troponin I and T assay 99th percentile values from a common presumably healthy population.  
Clin Chem 58:1574-1581, 2012.)
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FIGURE 7-2 Relative probability of elevations of various biomarkers by gender from the TIMI trials. Numbers (11, 16, and 18) designate the specific TIMI trial 
numbers. High-sensitivity troponin (Tn) assays were not used. BNP, Brain natriuretic peptide; CRP, C-reactive protein. (Adapted from Wiviott SD, Cannon CP, Morrow DA, et al: 
Differential expression of cardiac biomarkers by gender in patients with unstable angina/non–ST-elevation myocardial infarction. Circulation 109:583, 2004, Fig. 2.)
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7
women have lower 99th percentile URL values. The clini-
cal relevance can be debated for the diagnosis of MI.15,16 
Nevertheless, because of differences in the pathogenesis of 
atherosclerotic coronary artery disease between the sexes, it 
is likely that sex-specific cut points for cTn will be important 
across all clinical settings, especially in emerging clinical 
applications in chronic heart disease.15

Definition of a Changing Pattern of Cardiac 
Troponin Values
The concentration of cTn is now measurable in most of the 
population with high-sensitivity assays (by definition), and 
chronic elevations of cTn are apparent in many patients 
with underlying structural heart disease. Therefore, the abil-
ity to define and identify changing concentrations of cTn 
(a delta) is important to discriminating acute myocardial 
injury, including MI, from chronic disease or normal.17 The 
optimal definition of a changing value continues to be 
debated and is a focus of ongoing investigation. However, 
at present, some best available practical approaches can be 
outlined for clinical practice.

With conventional cTn assays, a delta criterion of at least 
three SDs of the variation around the value has been advo-
cated to be sure that any two values are analytically differ-
ent from each other. It is from this concept that the criterion 
of a 20% relative change was developed. This criterion works 
well with conventional assays when values are elevated. 
However, a 20% relative change is likely too small as a delta 
criterion when the values are near the 99th percentile URL 
(see the following). For high-sensitivity assays, I recommend 
using a criterion of a 50% relative change when near the 
99th percentile URL, which is a lower relative change cri-
terion if the baseline value is elevated. An absolute value 
that is similar in magnitude to a 50% change also appears 
to work well near the 99th percentile, but may be superior 
especially when baseline values are elevated (Figure 7-3).17

The clinician must recognize that with imprecise assays, 
noise in the results may exceed these change criteria. This 
limitation highlights why it is important to have good pre-
cision at the 99th percentile URL. Moreover, some patients 
with acute MI will have a changing pattern that is smaller 
in magnitude.17 Additional important caveats to interpreting 
changes in cTn are described in the next section.

Challenges in Defining a Change Criterion
With conventional assays for cTn, when values are not 
elevated, imprecision is much greater and the 20% relative 
change criterion will be too small and must be individual-
ized for each assay. Nevertheless, assays that do not have an 
imprecision at less than 10% at the 99th percentile URL can 
still be used and do not cause false-positive elevations.1

With high-sensitivity assays, determination of the optimal 
criteria for a changing value has become much more com-
plicated. With the ability to measure values in normal indi-
viduals, biologic variation has an impact on this evaluation. 
When biologic variation is taken into account, it is clear that 
the reference change value (RCV), which is the value where 
one can be sure that the values are different, increases from 
50% to 85%. For some assays, to increase complexity, impre-
cision depends not only on the reagents but on the piece 
of equipment used to make the measurement.18 Although 
a criterion of a 50% relative change or an absolute value 
that is similar appears to work fairly well around the upper 
range of normal, when cTn values are substantially elevated, 
which usually means patients have presented late after the 
onset of acute MI, a delta may not be found at all if the con-
centrations are around the peak values or on the downslope 
of the curve. In addition, once cTn values are elevated, the 
relative (percent) rise is not nearly as robust because values 
may not be able to increase further. Therefore, in those cir-
cumstances, I recommend use of an absolute criteria or a 
lower percentage (e.g., 20%). In my opinion, it is likely that a 
change criterion based on the absolute concentration will 
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FIGURE 7-3 Distribution of the relative and absolute changes in high-sensitivity cardiac troponin T concentration among patients presenting with suspected 
acute coronary syndrome (ACS). The advantage of absolute values was driven mostly by those who presented late after symptoms and had elevated baseline high-sensitivity 
cardiac troponin T values. Non-STEMI, Non–ST-elevation myocardial infarction; UA, unstable angina. (Adapted from Mueller M, Biener M, Vafaie M, et al: Absolute and relative 
kinetic changes of high-sensitivity cardiac troponin T in acute coronary syndrome and in patients with increased troponin in the absence of acute coronary syndrome. Clin Chem 
58:209–218, 2012.)
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turn out to be optimal for diagnosis when baseline cTn val-
ues are elevated.

As indicated previously, there will be a group of patients 
in whom some clinical judgment will be necessary. At pres-
ent, many of the approaches advocated for defining chang-
ing values have been predicated on data collected by 
convenience registries, which are less rigorous than ideal.17 
In addition, some of the criteria are based on a flawed 
approach of using validated changes over 6 hours and 
extrapolating those changes over shorter periods of time. 
cTn release is blood flow–dependent, and the assumption 
that cTn release is consistent assumes that blood flow does 
not change over time. That assumption is not proven and 
likely incorrect. In addition, some of the delta criteria are 
based on such small values that even the best assays may 
not be capable of providing sufficiently accurate values.17 
Thus, caution is suggested with the use of these approaches, 
especially in patients who present early after the onset of 
symptoms. Nonetheless, with hsTn assays, the preceding sug-
gestions are likely to be valid even in more rigorous studies. 
However, it is likely that the optimal criteria will be assay-
dependent. Finally, the use of any criteria less than the RCV 
will result in a tension between sensitivity and specificity.7 
Using delta criteria less than the RCV will include some 
patients who do not have acute ischemic heart disease, but 
who may have other acute diseases that can cause eleva-
tions or more chronic disease with myocyte injury (see the 
section on Situations That May Be Confused with Myocardial 
Infarction). Decisions about how to manage these issues in 
practice should be made conjointly by emergency depart-
ment (ED) physicians, cardiologists, and laboratorians.

Sampling and Reporting
To provide a consistent approach to measurement of cTn, a 
set sampling interval is recommended. The optimal sampling 
interval between the first 1 and 3 hours differs from one that 
might be advocated for the period between 3 and 24 hours 
after presentation with suspected MI.3 I favor a strategy of 
0, 3, and 6 hours, an approach that is recommended in cur-
rent professional guidelines. Moreover, it is very helpful to 
have laboratory reports indicate whether a changing pattern 
of cTn values is present.1 In addition, to avoid difficulties 
associated with large numbers of zeroes, as assay sensitivity 
improves, whole numbers, (generally, in units of nanograms 
per liter or picograms per milliliter) should be used rather 
than complex decimal type values for hsTn assays.3

THE IMPORTANCE OF CLINICAL CONTEXT

Elevations in cTn, although indicative of myocyte injury, 
are not solely caused by ischemic heart disease. There 
are a huge number of patients with increased values that 
reflect other cardiac pathophysiological disturbances 
(Table 7-3; see also Chapter 6).19 For example, left ventricu-
lar hypertrophy (LVH) increases the amount of troponin 
per gram of myocardium, and therefore, is associated with 
higher values.20 Metabolic perturbations, such as those 
that occur with renal failure, often in association with LVH, 
are also associated with elevations in cTn that are not nec-
essarily caused by ischemic heart disease.20 Similarly, in 
acute circumstances such as sepsis, the elaboration of a 
variety of cytokines and tumor necrosis factor can cause 
elevations. In addition, drug toxicities, such as carbon 

monoxide poisoning and cardiotoxic chemotherapy (e.g., 
adriamycin and herceptin) cause elevations that are likely 
caused by injury to myocytes. Therefore, proper interpreta-
tion requires that the cause of any given increase of cTn be 
considered within the clinical context in which it occurs.

Chronic elevations, such as those seen in renal failure, do 
not change substantially, but those that are associated with 
sepsis, for example, may manifest a rising and/or falling pat-
tern. However, in general, with the exception of an unusual 
renal failure patient and rare analytical artifacts, marked ele-
vations are usually caused by ischemic heart disease and/
or myocarditis.21 With high-sensitivity assays, the frequency 
of elevated values will increase markedly, allowing for bet-
ter triage and decision-making. For example, this application 
may turn out to be useful in patients who have atrial fibril-
lation22 and those at risk for the development of heart fail-
ure,23 but only if clinicians interpret the information in the 
appropriate clinical context and do not assume all eleva-
tions are caused by ischemic heart disease.

A Bayesian Approach to the Chest Pain 
Patient
The optimal way to use troponin is to evaluate patients 
before obtaining samples for cTn to identify those at high 
risk compared with those at intermediate and low risk (see 
also Chapter 6).24 The reasons for this are Bayesian. For 
example, if the most specific characteristic in one ED study 
that was optimal with a hazard ratio of 2.5 (radiation of 
chest pain to the left arm) is used and applies it to a group of 
patients with an overall population risk that is low (e.g., 10% 
to 15%), then the post-test probability of acute MI is raised 
to only 27%.25 Similar statements can be made in regard 
to negative predictors such as pleuritic chest pain, which 
has a low hazard ratio of 0.20; however, when applied in a 

TABLE 7-3 Acute Causes of Elevated Troponin Levels

ACUTE MYOCARDIAL 
INFARCTION

NONISCHEMIC ACUTE 
MYOCARDIAL INJURY

Type 1 MI Congestive heart failure

Type 2 MI Infection

Hypertension Myocarditis

Tachyarrhythmia Endocarditis

Severe anemia Inflammation

Decreased supply (±ACS) Pericarditis

Spasm Malignancy and cancer therapy

Embolism Trauma

Drugs Electrical injury including ablation

Cocaine Infiltrative diseases

Methamphetamines Stress cardiomyopathy

Procedure-related Pulmonary embolism

PCI Sepsis

CABG Renal failure

TAVR Stroke, including subarachnoid bleed

Acute respiratory failure

ACS, Acute coronary syndrome; CABG, coronary bypass grafting; MI, myocardial 
infarction; TAVR, transcatheter aortic valve replacement.
Adapted from De Lemos JA: Increasingly sensitive assays for cardiac troponins.  
A review. JAMA 309:2262–2269, 2013.
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7
high-risk patient, this factor would not lower the likelihood 
of an event enough to be comfortable excluding acute MI. 
Therefore, more complete risk stratification is needed at pre-
sentation (see Chapter 6 and Chapter 11).
Once the pretest probability of the disease is developed, 
the evaluation of the troponin measurements can begin. 
Regardless of the specific risk stratification scheme, an 
important issue to keep in mind is that all patients are not 
the same, and the patient mix at any given institution will 
vary.26 Thus, it is up to the local physicians to think through 
and modify the available proposals so they are optimized 
for use in their given facilities.27

Rapid Rule-Out Protocols Using Troponin in Low-Risk 
Patients
It is the feeling among ED physicians that they are obligated 
to rarely miss anyone with MI. If ED physicians are polled, 
they believe that they should have an event rate at 30 days 
that is less than 1%.28 Therefore, ED staff measure troponin in 
large numbers of individuals to make sure no one is missed 
because of an atypical presentation. Consequently, a large 
number of low-risk patients are evaluated; this explains 
in part why the frequency of MI in unselected chest pain 
patients is almost invariably in single digits and sometimes 
even in the low single digits.29 For this reason, a variety of 
approaches have been developed to facilitate the ruling 
out of low-risk patients (Table 7-4, and see Chapter 12). 
Unfortunately, the data supporting these schema are not 
always ideally accurate.

Standard Troponin Assays
With standard troponin assays, the guidelines suggest that 
samples up to 6 hours be used to rule out acute MI as the 
standard of care.1 However, in low-risk patients, data sug-
gest that 2- or 3-hour samples, if totally unremarkable, can 
be used reasonably to exclude MI.30,31 There are a variety of 

caveats if such a strategy is embraced. These caveats include 
the fact that most patients do not come to the hospital early. 
Thus, many studies that support rapid rule-out protocols 
have been based on datasets that contained mostly patients 
who went to the ED many hours after the onset of symptoms.

There is general agreement that once a patient is 6 hours 
after the onset of symptoms, a normal cTn excludes acute 
MI. Most patients with MI will have elevated troponin by that 
time.27 However, it should be appreciated that if recurrent symp-
toms are present, the timing of sampling must start de novo.17 
However, particularly with less sensitive assays, the finding of a 
normal cTn result at that time cannot exclude the possibility 
of unstable angina. Several studies have supported a clinical 
strategy of using serial testing of cTn through 6 hours to make 
a discharge decision. With such a strategy, and adequate clini-
cal scrutiny for the possibility of a late rule out/rule in and/or 
unstable angina, the frequency of adverse events is low.

However, limitations of such studies should be recog-
nized. The data reported are often simply the metrics used 
to accomplish the rule out without comparison to a gold 
standard approach that uses longer sampling times.30,31 Most 
patients enrolled in such studies have been very low risk 
(e.g., TIMI risk scores of 0 or 1). In addition, information about 
how these patients were evaluated during follow-up after 
discharge is not presented or appreciated as an element of 
the strategy. For example, in the study by Than et al,30 short-
term follow-up evaluations occurred in almost all patients. 
Seventy-five percent had additional investigations, 81% had 
stress tests, 18% had changes in their therapeutic regimen, 
and 2% had angiographic procedures. Thus, early rule-out 
strategies using conventional assays can be very effective, but 
they rely on clinical judgment to identify patients with unsta-
ble angina and include good follow-up. However, the most 
important elements of ideal follow-up are currently unclear 
and unsure whether exercise stress testing or computerized 
coronary angiography is necessary (see Chapter 12).

High-Sensitivity Assays for Troponin
The application of rule-out strategies is more effective with 
high-sensitivity assays. Not only do these assays more sen-
sitively detect cardiac injury, and therefore, are more apt to 
detect a rising and/or falling pattern, but their values also 
tend to increase (albeit not out of the normal range) when 
comorbidities related to cardiovascular disease are pres-
ent.20 Accordingly, low or undetectable values with hsTn 
assays, assuming the timing of the analysis is correct, not 
only reflect the absence of an increasing pattern of hsTn, 
but also make it less likely that comorbidities associated 
with the development of atherosclerotic disease (e.g., diabe-
tes, hypertension, hyperlipidemia) are present.20 Therefore, 
some have advocated the use of low values using an hsTn 
assay, even on an initial sample, to exclude acute MI.32–34

This proposal for clinical application of cTn for rapid 
rule out has been mostly promulgated with the moder-
ately sensitive hsTnT assay (see Figure 7-1 and the section 
on Sensitivity).10 For that particular assay, an undetectable 
value (<5 ng/L) is believed to exclude acute MI. An example 
of a 1-hour algorithm is shown in Figure 7-4; the numbers 
are specific to the hsTnT assay only. The limitations of these 
studies should be considered. First, the frequency of an 
undetectable hsTnT has been as high as 61% in one study 
from Scandinavia,34 but a prospective study has suggested 
that the frequency of undetectable troponin is substantially 
lower when a more structured prospective evaluation is 

TABLE 7-4 Strategies to Rule Out Myocardial 
Infarction

APPROACH CAVEATS

Standard Assays

No value >99th% URL in patients  
>6 h of symptoms

Cannot rule out unstable angina

No changing pattern of cTn results 
after 6 h

Could be late (>24 h) of symptom 
onset

Normal cTn values that are 2 h apart Only for low-risk patients. Good 
short-term follow-up essential. 
Care required for early presenters.

hsTn Assays

No value >99th% URL in patients  
>6 h of symptoms

Unstable angina unlikely

Very low or undetectable value at 
presentation

Care required for early presenters. 
Key value will vary by assay. 
Only works for low-risk patients. 
Caution in those who present 
atypically (e.g., women with 
possible SCAD)

Lack of an elevated hsTn value 
>1–3 h

Care required for early presenters. 
Caution advised if rising pattern 
but values not yet >99th% URL.

No changing pattern of elevated cTn 
results after 6 h

Could be late (>24 h) of symptom 
onset

hsTn, High-sensitivity cardiac troponin; URL, upper reference limit.
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performed.35 Second, it is likely that most of these patients in 
such studies arrived at the ED reasonably late after the onset 
of symptoms.33–35 Moreover, the subgroup of patients who 
present within the first hour of symptoms have not been 
well reported in many of these evaluations.

In addition to these considerations related to individual 
studies and patient characteristics, analytical issues are also 
important to evaluating rapid diagnostic strategies using 
cTn. Unfortunately, different assays have different frequen-
cies of detection. Several of the newer high-sensitivity assays 
detect values in almost everyone. In that circumstance, an 
undetectable value as a rule-out criterion cannot be used. 
Thus, each assay will need to develop and define the low-
level value that might be associated with a facile rule-out 
protocol. In addition, several studies have examined 1-, 2-, 
and 3-hour rule out strategies.38 Again, the principles are the 
same; if the patient is more than 6 hours from presentation, 
an undetectable value offers an extremely high negative pre-
dictive value. If the patient assessment is earlier than that, 
then two values that are below the URL with high-sensitivity 
assays seem to rule out acute MI.36-38 At present, additional 
markers to facilitate the rule-out process have been advo-
cated, and many have been proposed. Copeptin appears to 
have some utility as a rule-out marker, but at times it can be 
falsely negative (see Chapter 8).39, 40

Caveats for Clinical Application of Rapid Rule-Out 
Strategies
Physicians should exercise caution in applying a 1- or 
2-hour rule-out algorithm in the early presenting patient. 
These approaches all are predicated on accurate timing of 
the troponin measurements. However, patients who present 
when the timing of the onset of symptoms is ambiguous can 
be problematic. If there is ambiguity, then the time of onset 
should be considered the initial time of presentation in the 
ED. Similarly, for patients who have recurrent chest pain, the 
clock should restart after each episode.27 If hsTn values 
are rising, even within the normal range, additional values 
may be necessary. Again, clinicians should consider the fre-
quency of low- versus high-risk presentations that occur in 
any given locale to individualize this approach, if it is to be 

used it in clinical practice. As well, specific metrics will need 
to be developed for individual assays. Nonetheless, it is likely 
that this approach using high-sensitivity assays will emerge 
as a viable strategy for the early discharge of many patients.

High-Risk Patients
In high-risk patients, the focus of testing has more to do with 
confirming the diagnosis of acute MI and facilitating how 
rapidly diagnosis can occur (Table 7-5). In general, high-risk 
patients are not good candidates for the early rapid exclu-
sion of acute MI. Such patients are underrepresented in the 
clinical studies performed to date.17

Contemporary Assays
For ruling-in with contemporary assays, patients who pres-
ent near the 6-hour mark should have an easily detectable 
rise and/or fall in cTn with sensitive or insensitive assays.41 
Usually, the rising pattern of cTn is readily apparent. A delta 
criterion of more than 20% is reasonable if the initial cTn 
value is elevated.1 However, a higher threshold should be 
used with conventional assays near the 99th percentile URL 
when there is greater imprecision of the assay.1 In hospi-
tals using insensitive assays, the clinician should consider 
whether some of these patients who do not rule in could 
have unstable angina. It may be reasonable to reassess cTn 
beyond 6 hours in patients for whom there is a high index 
of suspicion of acute MI; there may be an occasional patient 
who has a total occlusion with poor blood flow without 
effective washout of the cardiac marker, resulting in late 
increases in cTn. Such testing beyond 6 hours should be 
reserved for a relatively small subset of patients.

High-Sensitivity Assays
With high-sensitivity assays, for patients presenting during 
the first 6 hours of symptom onset, the sensitivity of cTn for 
MI is high because unstable ischemic heart disease usu-
ally results in marked changes in values.41 Thus, most, but 
not all patients, will rule in within 3 hours. If the timing is 

Possible ACS (APACE)

0h value <12 ng/L
and ∆ 1h < 3 ng/L

0h value ≥ 52 ng/L
or ∆ 1h ≥ 5 ng/LOthers

Rule-out Rule-in

n = 491 (56%)
NPV 100%

95% Cl 99–100%

n =169 (19%)
PPV 76%

95% Cl 69–82%

Observational zone

n = 212 (24%)
Prevalence of AMI 9%

Aim of TRAPID-AMI
to prospectively validate the hsTnT 1-hour algorithm

FIGURE 7-4 Proposed 1-hour algorithm using zero hour (h) and 1-h mea-
surements for the evaluation of patients with possible acute coronary syn-
drome (ACS) using high-sensitivity cardiac troponin T (hsTnT). See text. AMI, 
Acute myocardial infarction; APACE, advantageous predictors of acute coronary 
syndrome evaluation; CI, confidence interval; NPV, negative predictive value; PPV, 
positive predictive value. (Adapted from Reichlin T, Schindler C, Drexler B, et al: One-
hour rule-out and rule-in of acute myocardial infarction using high-sensitivity cardiac 
troponin T. Arch Intern Med 172:1211–1218, 2012.)

TABLE 7-5 Strategies to Rule In Myocardial 
Infarction

APPROACH CAVEATS

Standard Assays

cTn >99th% URL with a rising and/
or falling pattern

May take up to 6 h or at times  
more.

Rise and/or fall may be missing if 
late presenter.

At times later samples may be 
necessary.

Generally an invasive strategy to 
treatment is pursued.

hsTn Assays*

hsTn >99th% URL with a rising and/
or falling pattern of ≥50% from a 
value >99th%

Absolute values should work as well 
and may be better, but will need 
to be assay-specific.

hsTn >99th% URL with a rising and/
or falling pattern of ≥20% from a 
value >99th% URL

Absolute values are likely better, but 
will need to be assay-specific.

Unchanging hsTn elevations Could be caused by MI if they are 
late presenters.

hsTn, High-sensitivity cardiac troponin; MI, myocardial infarction; URL, upper 
reference limit.
*With hsTn assays, patients with higher values should undergo invasive treatment. 
Those with lower values must be individualized (see text).
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7
appropriate, the absence of a rising pattern of hsTn probably 
excludes unstable angina as well.2 An example of such an 
algorithm is shown in Figure 7-4.

Considerations regarding the change criteria are otherwise 
similar to those detailed in the previous section for low-risk 
patients. Limitations of studies to be considered include lim-
ited examination of subsets based on timing of presentation, 
inappropriate gold standards for the diagnosis of acute MI, and 
incomplete acquisition of serial samples. Use of an insensitive 
gold standard will select patients with larger MIs and potentially 
make hsTn assays appear better than they really are when the 
full spectrum of detectable MIs are considered.17 These effects 
have led to an exaggeration of how early patients rule in.17

The distinction among patients who have pulmonary embo-
lism, sepsis, and/or a variety of other acute diseases that can 
cause cTn elevations is a clinical one (see Chapter 6). However, 
because ischemic heart disease generally results in much 
higher values than most of those entities (see the section on 
Situations That May Be Confused with Myocardial Infarction), 
high values and marked changes should be considered acute 
ischemic heart disease with a higher probability that changes 
are in a middle range, where a more disciplined evaluation of 
possibilities other than MI is recommended.  Additional consid-
erations regarding cTn change, or delta, criteria were discussed 
in the section on Challenges in Defining Change Criteria. 
Particularly in high-risk patients, the physician should be astute 
about whether the values being used to define a change were 
measured near peak values, and thus may not appear to mani-
fest a changing pattern. In addition in patients presenting late 
after the onset of symptoms, the cTn concentrations could 
be on the downslope of the time–concentration curve, and it 
could be difficult to see a changing pattern. In this situation, 
it is difficult to know whether an acute event was missed or 
whether a given patient had a chronically elevated cTn, which 
is particularly common with high-sensitivity assays and can be 
related to structural heart disease alone or structural heart dis-
ease with some degree of coronary instability.17 In this situation, 
some of these individuals may still warrant the designation of 
having unstable angina.

Once patients have ruled in for MI, it is difficult, if not impos-
sible, to use cTn values to detect injury related to interventions 
such as percutaneous coronary intervention (PCI) unless the 
values are shown to be stable before the procedure.43 At that 
time, a 20% change would be considered significant. If the 
baseline value is normal, a fivefold increment is suggested by 
the guidelines.1 It is controversial as to whether there is any 
prognostic significance for post-PCI elevations.43

Patients with Intermediate Risk
The considerations already described regarding testing 
of cTn apply equally; however, there may be even more 
ambiguity of clinical decision-making for the intermediate-
risk patient. Additional scrutiny may be necessary among 
patients who have an elevated cTn that does not change. 
Additional information is needed to make a more definitive 
diagnosis in these circumstances.

Special Subsets with Possible Myocardial 
Infarction
Women
Women present less typically and have lower levels of cTn 
(see the section on Sex-Specific Cutoffs).15,27 From the 
available data, it does not appear as if separate change 

values are necessary for women, but the 99th percentile 
cutoff values in women will be lower with high-sensitivity 
assays. Using the proper cutoff value is key to detecting 
disease in women (Figure 7-5).16 There may be many 
more women with events who initially have lower values. 
Therefore, there needs to be particular concern about 
women in terms of perhaps not fitting ideally into the 
early rule-out algorithms.

Renal Failure
Patients with renal failure provide another illustrative sub-
group. It has been shown with contemporary assays that 
even when patients have chronic cTn elevations that the 
diagnosis of MI is easily made based on a rising and/or fall-
ing pattern.1 Consideration of whether there is a changing 
pattern is particularly important in this group, who are very 
likely to have ubiquitous elevations of hsTn using high- 
sensitivity assays.44

Older Patients
Similar approaches should be taken for older adults, who 
will also have substantial elevations in hsTn at baseline, 
which is likely caused by comorbidities.13 Raising the 
cutoff value will simply disadvantage those who have 
aged well and who do not have elevated values. Thus, 
in older individuals, it is the change from baseline that 
is important. However, clinicians should understand 
that older patients frequently will have elevated values, 
and that fact should be taken into account during their 
evaluation.

TYPE 1 VERSUS TYPE 2 ACUTE MYOCARDIAL 
INFARCTION AND CARDIAC INJURY

Elevations in cTn can come from a variety of causes 
(Table 7-3),1 reflecting chronic heart disease related to 
underlying coronary disease, left ventricular hypertrophy, 
and increased wall stretch, such as might occur with left 
ventricular dilation. Thus, not all elevations are caused by 
unstable ischemic heart disease. In addition, it is now recog-
nized that there are different types of MIs (see Chapter 1). In 
2007, the distinction was made in the Universal Definition to 
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FIGURE 7-5 Influence of the cutoff value used to diagnose acute myocar-
dial infarction. Values for women between the gender-specific and the overall cutoff 
values were associated with the same number of events as values above the overall 
cutoff value, supporting the importance of using sex-specific cutoff values with high-
sensitivity troponin I (hsTnI) assays. Ideally, a cutoff of 26 ng/L should have been used. 
(Adapted from Shah ASV, Griffiths M, Lee KK, et al: High sensitivity cardiac tropo-
nin and the under-diagnosis of myocardial infarction in women: prospective cohort 
study. Br Med J 350:g7873, 2015.)
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distinguish between so-called type 1 MI, which is caused by 
an acute plaque rupture event, from MI caused by a variety 
of other causes, which include coronary endothelial dys-
function, vasospasm, supply–demand imbalance, and spon-
taneous coronary dissection (see also Chapter 1).1 These 
distinctions have become increasingly important because 
research has begun to be developed concerning the char-
acteristics of these two entities.

With conventional sensitive assays, the data previously 
developed suggest that patients who present with an acute 
ischemic presentation and elevated cTn are better served 
with an invasive interventional strategy.27 These data do not 
mean that all individuals with elevated cTn or even all individ-
uals who may have a rising pattern of cTn must have coronary 
angiography, because it is clear that a pattern of increasing 
acute elevations can be seen in patients with sepsis, pulmo-
nary embolism, and myocarditis. However, because of the 
appropriate clinical findings, a rising and/or falling pattern 
of cTn in a high-risk patient with an elevated value or in a 
patient who presents late after the onset of symptoms should 
lead, assuming there are no contraindications, to an invasive 
strategy (see Chapter 16). Notably, a percentage of patients 
(in some studies as high as 28%) may not have a culprit 
lesion.27,45 Many of these patients likely have a variety of other 
mechanisms for acute MI (see Chapter 1), including type 2 MI.

The frequency of type 2 acute MIs likely will increase with 
high-sensitivity assays. Type 2 MIs elaborate less cTn than 
type 1 acute MIs, so their relative abundance will increase.46 
A large percentage of these patients may not have coronary 
artery disease that requires intervention (Figure 7-6). Rather, 
treatment is aimed at an underlying problem, whether it 
is supply–demand imbalance caused by hypertension or 
tachycardia, or endothelial dysfunction, coronary spasm, or 
even coronary dissection.46, 47

For the present time, my suggested approach is to define 
a value at your own institution that correlates with the con-
centrations identified previously with less high-sensitivity 
assays and use that value as a cutoff value for those who 
need urgent angiography. Patients with ischemic heart 
disease who have values above that level should receive 
aggressive care and probably urgent invasive evaluation. 
Those with values below that level should be individual-
ized; some may need cardiac catheterization, some may 

not. However, among patients with a high suspicion for 
type 1 MI, any elevation of cTn above the 99th percentile 
URL should lead to an invasive evaluation (see Chapter 6 
and Chapter 16).

Unfortunately, there are no Current Procedure Termi-
nology codes to distinguish type 2 acute MIs and no good 
code for cardiac injury. Coding these events as acute MIs 
often leads to the concept that hospitals are not providing 
adequate MI care, because many of these patients may not 
always receive conventional MI therapy.

SITUATIONS THAT MAY BE CONFUSED WITH 
MYOCARDIAL INFARCTION

See also Chapter 6.

Pulmonary Embolism
Patients with pulmonary embolism (PE) can have symptoms, 
ECG changes, and elevations of cTn. Individuals with PE who 
have elevated cTn are a high-risk group.49 It is clear that these 
patients benefit from more aggressive treatment such as 
thrombolysis, but they also have more bleeding, so the net 
clinical benefit is still unclear.50 In general, the elevations are 
modest and short lived (they are often gone by 72 hours).

Aortic Dissection
Aortic dissection is another potential mimicker of acute MI. If 
proximal, it can involve the coronary arteries (usually the right 
coronary artery) and cause marked cTn elevations. However, 
even in the absence of coronary involvement, elevations of 
cTn can occur and are likely related to the usually present 
acute or chronic severe hypertension.51 It is an adverse prog-
nostic sign.

Carbon Monoxide Poisoning
Patients with carbon monoxide poisoning can present with 
elevations of cTn acutely.52

Acute Heart Failure
Patients with acute heart failure and elevated cTn are a 
common source of confusion. Many such patients have ele-
vations of cTn on admission with a rising and/or falling pat-
tern, and the frequency with which this occurs will increase 
significantly with hsTn assays. Despite the fact that a com-
mon cause for heart failure is coronary artery disease, most 
of these patients do not have acute MI.53 Elevations of cTn 
are most often not different between those who have heart 
failure caused by ischemic heart disease and those who 
have it because of dilated cardiomyopathy53; some may be 
the result of acute ventricular dilation.53 Thus, consideration 
of acute MI in this group depends on the clinical character-
istics of the presentation and other measures and cannot be 
predicated on cTn alone.

Critical Illness
In addition, for critically ill patients who simply have a car-
diac injury, it is likely multifactorial, such as patients with 
sepsis or acute respiratory failure. The prognosis is clearly 
adverse, likely because the paradigms used to treat these 
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7
entities are not sensitive to the need to find a balance 
between best therapy of the underlying disease and best 
therapy of the underlying disease that accommodates the 
fact that there is concomitant cardiovascular disease. In the 
long run, we will no doubt eventually begin to define spe-
cific therapies for each of these groups.48 Currently, the best 
one can do is to individualize by scrutinizing each of these 
patients; this is something cardiologists should be able to do 
and recommend with a fair degree of accuracy.

Management
An invasive approach to evaluation is not appropriate for 
individuals who do not have an ischemic cause for their 
troponin elevations, but who instead have sepsis or PE, myo-
carditis, or underlying structural cardiac abnormalities. The 
cTn elevations are likely multifactorial.42 However, for such 
patients with a nonischemic cause of elevated cTn, their 
risk for adverse outcomes is high in the short and long term. 
Nevertheless, they rarely require urgent coronary interven-
tion. This supposition does not mean that they should never 
have invasive coronary evaluation, but as a general rule, 
treatment of these patients should be oriented toward the 
underlying disease and not the coronary anatomy. In gen-
eral, such patients with nonischemic causes of elevation of 
cTn should not be diagnosed with type 2 MI, but instead 
as patients with cardiac injury. Clinical individualization is 
essential.42

SUMMARY

If used properly, cTn values will markedly facilitate the diag-
nosis and management of almost all patients. Learning the 
basics about how to use it properly will markedly improve 
the practice of clinicians. Ignoring the lessons of troponin 
is likely to be associated with confusion for clinicians and 
adverse effects in patients. High-sensitivity assays markedly 
improve the use of cTn for a variety of entities, most of which 
are more chronic rather than acute. Because there are more 
elevations, hsTn requires greater sophistication in its use for 
the evaluation of patients with chest pain, and clinicians 
who are not accustomed to using a rising and/or falling 
pattern of values to aid in diagnosis may find hsTn prob-
lematic. However, there are compensatory benefits, such as 
the ability to rule out patients at an early point in time and 
the ability to subset patients with chronic disease in a more 
intelligent manner. Obviously, there are many issues yet to 
be totally studied and definitive guidelines to be articulated. 
Physicians need to be wary of the one-size-fits-all approach 
promulgated by some investigators. However, it is likely that 
the previously articulated principles for all Tn assays will, 
in the long run, guide the clinical use of this important 
biomarker.
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INTRODUCTION

Cardiac troponin (cTn) is the preferred biomarker for the eval-
uation of patients with suspected acute myocardial infarction 
(MI) (see Chapter 7).1–4 In addition, it makes sense that other 
biomarkers that reflect the varied causes and consequences 
of MI, such as inflammation, activation of coagulation, endo-
thelial dysfunction, and hemodynamic stress, might contribute 
information that is complementary to the detection of myocyte 
injury with cTn. Hence, other biomarkers believed to reflect 
these underlying pathobiological processes have been stud-
ied extensively with respect to their ability to add to cTn for 
diagnosis or risk stratification. In particular, additional cardio-
vascular biomarkers have been proposed to help address the 
most important limitation of conventional cTn assays: a deficit 
in sensitivity within the first hours after onset of acute MI.1–10

Despite the compelling a priori rationale and translational 
science behind them, few biomarkers have yet proven valuable 
in routine clinical practice when added to use of a contempo-
rary assay for cTn. As such, the current clinical role of alterna-
tive biomarkers is less than what was anticipated 10 years ago. 
This chapter discusses the rationale for investigating cardiovas-
cular biomarkers other than cTn and the available evidence 
regarding their diagnostic and prognostic applications, with 
more depth given to the few biomarkers that are in present 
clinical use for these indications in some regions of the world.

RATIONAL SEARCH FOR CARDIOVASCULAR 
BIOMARKERS

Although cTn is the prototypical cardiovascular biomarker 
because of its value for diagnosis and clinical decision-
making, cTn and other biomarkers of necrosis are detectable 
only once myocardial injury has occurred, and they give no 
insight into the pathobiological causes of the myocardial 
injury. Because the increase of cTn concentrations in periph-
eral blood are inherently delayed by the time required for 
destruction of the myocyte cytoskeleton, strategies using 
conventional assays for cTn require serial sampling and pro-
longed monitoring for 6 to 12 hours in a significant number 
of patients (see Chapter 7). However, the clinical introduc-
tion of sensitive and high-sensitivity assays for cTn has sub-
stantially reduced and modified this aspect of unmet clinical 

need.1–10 Also, because cTn is an integral part of the defini-
tion of MI,3,4 in the absence of any other “gold standard,” 
diagnostic studies inherently favor cTn and render it virtually 
impossible for any alternative biomarker to replace cTn.4,5

Therefore, a more likely role for alternative biomarkers is 
to complement rather than replace cTn in clinical practice.4,5 
Theoretically, some time delay between the onset of MI (coro-
nary plaque rupture with distal embolization and/or coro-
nary occlusion) and the appearance of cTn as a structural 
protein in the peripheral circulation should still remain.4,5 In 
addition, because detection of circulating cTn using currently 
available assays signals cardiomyocyte injury regardless of the 
underlying cause, multiple nonischemic conditions can chal-
lenge the interpretation of increases in cTn, particularly mild 
increases.1–5 Therefore, alternative biomarkers that reflect 
other pathophysiological signals (e.g., plaque rupture and/or 
plaque erosion) (see Chapter 3), other signals that are con-
sistently present at the onset of acute MI (e.g., endogenous 
stress), biomarkers that reflect myocardial ischemia without 
necrosis (for the detection of unstable angina), or biomarkers 
that are associated with a specific pathobiology present in 
only a subset of MI patients have the potential to help differ-
entiate among the various subtypes of MI (particularly type I 
vs. type II; see Chapter 1) and allow more personalized and 
targeted patient management (Figure 8-1).1–5

DIAGNOSTIC APPLICATIONS

The search for biomarkers of myocardial necrosis that are 
more sensitive or rise earlier than cTn has proven predomi-
nantly unsuccessful. In this author’s opinion, only one alter-
native biomarker, copeptin, has matured enough to currently 
justify possible routine clinical use for the early diagnosis of 
acute MI; therefore, it is discussed in greater detail.5–13

Biomarkers Indicative of Ischemia
Copeptin
Copeptin is a blood biomarker that has entered the clini-
cal arena because of the development of an analytically 
reliable method to measure a signal that is released sto-
chiometrically with the biologically active vasopressin.5–10 
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Arginine vasopressin (AVP) plays an important role in fluid 
balance by mediating antidiuretic effects (thus, its previous 
name “antidiuretic hormone”) and vascular tone by caus-
ing strong arteriolar vasoconstriction. It is secreted as a pro-
hormone from the pituitary gland and then cleaved from its 
precursor (Figure 8-e1). The remaining part of the prohor-
mone is called copeptin, and from an analytical viewpoint, 
it offers a distinct advantage, because it is much more stable 
than AVP.

The current concept is that endogenous stress is the 
main trigger of AVP and/or copeptin release. Because 
endogenous stress is already present at the onset of acute 
MI, copeptin has the theoretical advantage over necrosis 
biomarkers because it is able to identify acute ischemia 
and MI early after symptom onset, even when cTn (mea-
sured by a conventional assay) is still normal (Figure 
8-2).5–10 Because the time course of endogenous stress and 
detectable cardiomyocyte damage seems to be reciprocal, 
copeptin seems to be an ideal marker to compensate for 
the deficit in sensitivity with conventional cTn assays in 
patients who present early after the onset of MI. When used 
in conjunction with conventional fourth-generation cTnT, 

the added value of copeptin for diagnostic accuracy at the 
time of initial presentation is substantial (Table 8-1 and 
Figure 8-3A).5–10 These findings in a pilot study were sub-
sequently confirmed by several large diagnostic studies, 
an open-label randomized management trial, and a meta-
analysis that summarized findings from 14 studies in more 
than 9000 patients. 5–10 However, the sensitivity of the cTn 
assay used in combination with copeptin is an important 
determinant of the magnitude of any incremental clini-
cal value of copeptin.5–10 When used with conventional 
cTn assays, copeptin significantly increases diagnostic 
accuracy; however, when tested in conjunction with high-
sensitivity cTn, the gain in accuracy is much smaller (see 
Figure 8-3B).

Levels of copeptin are also strongly associated with the 
risk of death. An elevation in copeptin carried a similar asso-
ciated risk of all-cause mortality with that associated with 
an elevation in cTn (odds ratio 5.6 vs. odds ratio 6.8, respec-
tively).9 In addition, copeptin seems to modify the risk of 
death associated with levels of cTn (Figure 8-4).

The potential application in which copeptin seems to 
have the greatest appeal to clinicians is its use within a 
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dual-marker strategy for early rule-out of acute MI. Patients 
with acute chest pain presenting to the emergency depart-
ment (ED) with negative initial values of cTn (below the 
99th percentile) and also low levels of copeptin (e.g., <10 
pmol/L) have a low probability of a final diagnosis of MI. 
Therefore, this combination of negative biomarker results 
yields a commensurately high negative predictive value 
(98% to 99% if using high-sensitivity cTn assays) for acute 
MI and may be considered to facilitate rapid discharge 
from the ED without the need for serial cTn testing. An 
open-label multicenter randomized controlled study that 
evaluated the safety and efficacy of this approach com-
pared with standard of care (second cTn measurement 

after 3 to 6 hours) supported the safety of this strategy.8 
Among 920 patients with suspected acute coronary syn-
drome (ACS), the rates of major adverse cardiovascular 
events by 30 days were 5.17% (95% confidence intervals, 
3.30% to 7.65%) in the standard group and 5.19% (95% 
confidence intervals, 3.32% to 7.69%) in the copeptin 
group. The rate of adverse events in those with low 
copeptin who were discharged was 0.6%. However, clini-
cians should be aware that because of the rapid decline 
in copeptin after resolution of ischemia, false negative 
results are possible when patients present late (e.g., >6 
hours) after symptoms.

Other Putative Biomarkers of Ischemia
Other biomarkers of ischemia, such as ischemia-modified 
albumin or unbound free-fatty acids, that have been stud-
ied for diagnostic application in patients with suspected 
MI have not sustained consistent evidence for incremental 
value and are therefore not recommended for clinical use. 
See the section Forward Outlook for a discussion of ongo-
ing investigation of microRNA as a candidate biomarker 
family.

Biomarkers of Necrosis
General Considerations
At present, biomarkers of necrosis other than cTn appear 
to have no additive diagnostic role for acute MI. When 
cTn is not available, the next best alternative is creatine 
kinase-MB (CK-MB) (measured by mass assay). Because 
CK-MB constitutes 1% to 3% of the CK in skeletal muscle 
and is present in minor quantities in the intestine, dia-
phragm, uterus and prostate, the specificity of CK-MB is 
impaired in the setting of major injury to these organs, 
especially skeletal muscle. Although of historical sig-
nificance, because of their low specificities for cardiac 
injury, lactate dehydrogenase, aspartate aminotransfer-
ase, and total CK should not be used for the diagnosis of 
MI. Myoglobin shares this limitation because of its high 
concentration in skeletal muscle. Because of its small 
molecular size and rapid rise in the setting of myocardial 
necrosis, myoglobin has a historical interest as an early 
marker of MI; however, this application of myoglobin has 
now been shown not to add diagnostically to sensitive 
and high-sensitivity assays for cTn.

Heart-Type Fatty Acid-Binding Protein
Heart-type fatty acid-binding protein (h-FABP), a small solu-
ble cytosolic protein involved in the transportation of long-
chain fatty acids into the cardiomyocyte, is released rapidly 
into the circulation in the setting of cardiomyocyte injury.5 
Because of its solubility and small size (15 kDa), h-FABP can 
be released more rapidly than structurally-bound molecules 
like cTn.5,11–14 Thus, h-FABP is regarded as an early sensitive 
marker of MI.5 Most of the promising data regarding the 
potential clinical value of h-FABP were obtained before the 
clinical introduction of sensitive and high-sensitivity cTn 
assays. When studied in conjunction with sensitive and high-
sensitivity cTn, the available data are heterogeneous as to 
whether h-FABP provides added diagnostic value in patients 
presenting with suspected MI, including in the challenging 
subgroup of patients who present early.5,11–14 h-FABP is avail-
able for clinical use in some countries and is used routinely 
in some centers.

TABLE 8-1 Biomarkers in the Diagnosis of Acute 
Myocardial Infarction*

CHARACTERISTICS AUC (95% CI)

AUC (95% CI) IN 
COMBINATION 
WITH HS-cTnT

hs-cTnT and hs-cTnI 0.96 (0.94–0.98)

c-TnT 0.90 (0.86–0.94)

Copeptin 0.75 (0.69–0.81) 0.96 (0.94–0.98)

Copeptin + c-TnT 0.97 (0.95–0.98)

h-FABP 0.59 (0.48–0.70) 0.88 (0.86–0.90)

sFIt-1 0.70 (0.64–0.76) 0.96 (0.95–0.98)

PIGF 0.60 (0.54–0.66) 0.96 ( 0.95–0.98)

MPO 0.63 (0.59–0.68) 0.95 (0.92–0.97)

MRP8/14 0.65 (0.60–0.69) 0.95 (0.92–0.97)

PAPP-A 0.62 (0.57–0.67) 0.95 (0.93–0.97)

CRP 0.59 (0.54–0.64) 0.95 (0.93–0.97)

AUC, Area under the curve; CI, confidence interval; cTn, cardiac troponin; CRP, 
C-reactive protein; h-FABP, heart-type fatty acid-binding protein; hs, high sensitivity; 
MPO, myeloperoxidase; MRP, myeloid-related protein; PAPP-A, pregnancy-associated 
plasma protein-A; PlGF, placental growth factor; sFlt, soluble fms-like tyrosine kinase.
*For levels of biomarkers obtained at presentation to the emergency department.
Adapted from Rubini Gimenez M, Twerenbold R, Mueller C: Beyond cardiac 
troponin: recent advances in the development of alternative biomarkers for 
cardiovascular disease. Expert Rev Mol Diagn 15:547–556, 2015.
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Biomarkers of Plaque Instability
Inflammation plays a key role in atherosclerotic plaque for-
mation (see Chapter 3) and contributes to plaque destabili-
zation and plaque disruption that precedes cardiomyocyte 
damage by minutes to potentially hours or days. For this rea-
son, biomarkers of plaque instability are logical candidates 
to provide added value in the early diagnosis of acute MI (see 
Figure 8-1).5,15–19 Among the biomarkers believed to be asso-
ciated with plaque instability, assays have been developed 
for at least six candidates that allowed their evaluation in 
clinical studies: C-reactive protein (CRP), myeloperoxidase 
(MPO), myeloid-related protein 8/14 (MRP-8/14), pregnancy-
associated plasma protein-A (PAPP-A), and the angiogenetic 
factors vascular endothelial growth factor receptor 1, also 
called fms-like tyrosine kinase (Flt-1), and placental growth 
factor (PlGF).5,15–19 Despite the strong underlying patho-
physiological rationale, methodologically robust diagnostic 
studies have not been able to show consistently compelling 

diagnostic clinical utility for CRP, MPO, MRP-8/14, PAPP-A, or 
the angiogenic markers (see Table 8-1).5,15–26 In particular, 
their lack of specificity for coronary arterial inflammation, 
or even cardiovascular inflammatory processes, has been a 
major limitation, resulting in extremely poor positive predic-
tive value and a limited overall impact on diagnostic accu-
racy. Pertinent examples of relevant studies are discussed in 
more detail in the sections that follow.

Myeloperoxidase
MPO is a hemoprotein that is produced by polymorpho-
nuclear neutrophils and macrophages in response to 
inflammatory stimuli, and that catalyzes the conversion of 
chloride and hydrogen peroxide to hypochlorite.27 MPO is 
involved in the oxidation of lipids within low-density lipo-
protein particles, and it is believed to promote the forma-
tion of foam cells in atherosclerotic plaques. Inflammatory 
cells producing MPO are found more frequently and in 
higher concentrations in the culprit lesions of patients 
with ACS than in patients with stable disease. Together with 
metalloproteinases, MPO contributes to the degradation of 
the collagen layer of atheroma and the risk of erosion or 
rupture.28

MPO concentration is increased in patients with coro-
nary heart disease, with a gradient of increasing concen-
tration among patients with stable coronary artery disease, 
those with unstable angina, and patients with acute MI. 
Elevated levels of MPO are associated with a future risk 
of developing coronary heart disease and a higher risk of 
major cardiovascular events in patients who present with 
ACS. In a cohort of 604 patients who presented with sus-
pected ACS, increasing concentrations of MPO were associ-
ated with a higher risk of major cardiovascular events and a 
greater likelihood of a final diagnosis of unstable angina or 
MI.28 On the basis of these findings, high-throughput assays 
for MPO for clinical use were introduced. However, in prac-
tice, MPO had limited clinical use because of its lack of 
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clinical specificity. MPO concentrations are elevated when-
ever there is activation of neutrophils and macrophages, 
such as those that can occur in infectious, inflammatory, or 
infiltrative disease processes.

Angiogenic Factors
Angiogenic factors not only are important in the devel-
opment and progression of atherosclerosis, but they also 
seem to be involved in the pathogenesis of MI.5,15–19 Flt-1 
is expressed on endothelial cells and macrophages, and 
binds not only to the vascular endothelial growth factor 
but also to PlGF, a platelet-derived protein. PlGF appears to 
promote the inflammatory process of atherosclerosis, which 
includes the recruitment of circulating macrophages and 
atherosclerotic intimal thickening. In patients with acute MI, 
PlGF is increased, regardless of cTn concentrations, imply-
ing that it is a biomarker of the atherothrombotic substrate, 
such as plaque instability, plaque disruption, or impending 
thrombosis (Figure 8-e2).5,15–19 Soluble Flt-1 (sFlt-1), a type 
of Flt-1 without the transmembrane and intracellular tyro-
sine kinase domain, is a potential endogenous opponent 
of PlGF. sFlt-1 is believed to be able to capture PlGF and 
thereby reduce the amount available to bind to the recep-
tor located on macrophages and endothelial cells.5,15–19

Because both sFlt-1 and PlGF have also demonstrated 
changes in their blood concentrations during ongoing MI, 
they have a strong rationale as diagnostic tools. A multicenter 
study that enrolled patients who presented with symptoms 
suggestive of MI compared sFlt-1 and PlGF concentrations 
with the results of a fourth-generation cTnT assay and a 
high-sensitivity cTnT assay. For the diagnosis of MI, the com-
bination of cTnT and sFlt-1 improved the performance of 
cTnT alone and led to a negative predictive value of 98.3% at 
time of presentation, but the combination of sFlt-1 and PlGF 
did not add diagnostic information when used together 
with high-sensitivity cTnT (area under the curve of 0.96 in 
both cases) (see Table 8-1).19 Because sensitive and high-
sensitivity cTn assays have become the clinical standard in 
most countries, sFlt-1 and PlGF do not seem to have clinical 
relevance in the diagnosis of MI, despite a strong and inde-
pendent association with long-term mortality. However, their 
association with plaque instability and coronary artery dis-
ease may render them helpful in the distinction of type I MI 
(plaque rupture) from type II MI (conditions with increased 
oxygen demand).5,19 This hypothesis is the subject of ongo-
ing investigation.

PROGNOSTIC APPLICATIONS

Although most candidate cardiovascular biomarkers studied 
over the past two decades have failed to improve diagnostic 
accuracy compared with cTn, a broad range of blood mark-
ers have been recognized to identify patients with coronary 
heart disease, including acute MI, who have a heightened 
risk for death and recurrent major cardiovascular events. As 
shown in Table 8-2, several of these biomarkers can improve 
prognostic discrimination beyond the detection of myo-
cardial injury alone. Nevertheless, these biomarkers (other 
than lipids and cTn) do not presently have a prominent role 
in the clinical care of patients once the diagnosis of MI is 
established. The best available evidence has supported that 
the most important management decisions (e.g., decisions 
regarding early invasive evaluation) can be based on cTn as 
the sole biomarker.20 Despite their prognostic associations, 

biomarkers other than cTn have no clear-cut clinical impli-
cations that affect patient management in the setting of 
acute MI. Consequently, at present, none of these biomark-
ers are recommended for routine measurement in patients 
with suspected or established MI. However, measurement of 
natriuretic peptides is reasonable in patients for whom the 
clinician wishes additional information for risk stratification.

Biomarkers of Hemodynamic Stress
Natriuretic Peptides
Natriuretic peptides (NPs) have consistently predicted death 
and the development of heart failure independently of other 
clinical and imaging data, including left ventricular ejection 
fraction.21,22 NPs are quantitative markers of hemodynamic 
cardiac stress and therefore are quantitative markers of heart 
failure (clinical or subclinical). For three NPs (brain NP [BNP], 
N-terminal proBNP [NT-proBNP], and midregional-pro-atrial 
natriuretic peptide [MR-proANP]), mature assays with well-
validated cutoff values are available clinically. All three have 
high and comparable diagnostic accuracy for acute heart 
failure. NPs are released from the left and right ventricles, as 
well as the atria, in response to pressure or volume overload 
(Figure 8-5). Their levels seem to integrate the presence and 
extent of left ventricular systolic dysfunction, left ventricular 
diastolic dysfunction, valvular dysfunction, and right ventricu-
lar dysfunction.

In patients with both non–ST-elevation myocardial 
infarction (NSTEMI) and ST-elevation myocardial infarc-
tion (STEMI), elevated concentrations of BNP or NT-proBNP 
identify patients with up to a fivefold higher risk of death 
and new and/or recurrent heart failure. Data from more 
than 10 clinical studies consistently revealed that BNP and 
NT-proBNP are among the most robust predictors of death 
and heart failure after MI. In a contemporary analysis of more 
than 41,000 patients from the US National Cardiovascular 
Data Registry, patients with NSTEMI and STEMI who had 
a BNP concentration in the highest quartile had a risk of 
death in-hospital that exceeded 10% compared with those 
with a BNP in the lowest quartile who had in- hospital mor-
tality rates of 1.3% and 1.9% after presenting with NSTEMI or 
STEMI, respectively (Figure 8-6).29

Despite the consistent evidence supporting the use of BNP 
and NT-proBNP to identify patients at risk for death and heart 
failure after MI, more sparse data are available to guide clini-
cians with respect to the therapeutic implications of these 
findings. An aggressive approach to coronary revasculariza-
tion following ACS may be of benefit for patients with BNP or 
NT-proBNP elevation.30 However, two retrospective studies that 
evaluated the use of BNP and NT-proBNP to select patients 
for an invasive management strategy have shown seemingly 
conflicting results. In a substudy of the TACTICS-TIMI 18 trial, 
in which BNP levels were strongly associated with the risk 
for death after presenting with ACS, BNP did not identify a 
subgroup who derived particular benefit from the early inva-
sive management strategy. In contrast, in a FRISC II substudy, 
patients who presented with ACS and elevated plasma levels of 
NT-proBNP and interleukin-6 (IL-6) had a survival benefit when 
they were assigned to an early invasive strategy instead of to an 
early conservative strategy (Figure 8-7). Although such findings 
from a single study are supportive of the concept that high-risk 
patients with elevated NPs have the most to gain from invasive 
evaluation and revascularization, the data are insufficient to 
warrant routine application of NPs in this manner.
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Therefore, in the absence of definitive treatment implica-
tions, clinical use of BNP and NT-proBNP in patients with 
MI is presently limited to risk stratification, for which it is a 
reasonable option to enhance prognostic assessment along 
with cTn and other clinical risk indicators.

Novel Biomarkers of Hemodynamic Stress
Clinical outcomes in patients with MI are dominated by 
the degree of impairment of left ventricular function (see 
Chapter 11 and Chapter 13). Therefore, noninvasive tools 
that reflect the severity of myocardial stress related to isch-
emia or infarction could plausibly contribute information 
to guide prognostication and possibly therapy. In addition 
to the NPs, several other candidate biomarkers of hemody-
namic stress have emerged as potent predictors of adverse 
outcomes, particularly death and heart failure. Such stress 
markers have been identified either by the finding that they 
are induced by hemodynamic stress or that they correlate 
with hemodynamic parameters in vivo. These candidate 

markers reflect a broad range of pathobiological sequelae 
of increased stress on cardiac myocytes (Figure 8-8). ST2 and 
adrenomedullin are two such interesting markers that are 
available for cardiovascular applications in some countries.

ST2
ST2, also known as IL-1 receptor-like-1, is a mechanically regu-
lated protein that is a member of the IL-1 receptor family. The 
soluble form of ST2 has a signal sequence that enables its 
secretion from a variety of cell types, including cardiac myo-
cytes subjected to mechanical strain. A larger membrane-
anchored form is denoted ST2L. The ligand for ST2 appears 
to be IL-33, which is also induced and released by stretched 
myocytes. Binding of IL-33 to ST2L, in response to cardiac 
disease or injury, has elicited a cardioprotective effect in 
experimental models. Soluble ST2 appears to act as a decoy 
receptor, binding to circulating IL-33 and thereby dampening 
its actions by making it unavailable to ST2L for cardioprotec-
tive signaling. ST2 is markedly upregulated as early as 1 hour 

TABLE 8-2 Comparison of Selected Cardiovascular Biomarkers

CHARACTERISTICS PROGNOSTIC IMPACT DIAGNOSTIC IMPACT THERAPEUTIC IMPACT

Markers of Necrosis

Creatine phosphokinase-MB +++ +++ ++

Myoglobin + + +

Cardiac troponin ++++ ++++ ++++

Markers of Myocardial Dysfunction or Stress

Atrial natriuretic peptide ++ ++* ?

B-type natriuretic peptides ++++ ++++* +++

Copeptin ++ +++ ?

Proadrenomedullin ++ + ?

Markers of Inflammation

Adiponectin ++ ? ?

C-reactive protein +++ ? ++

Growth differentiation factor-15 +++ ? +

Interleukin-6 +++ ? ?

Soluble ST2 ++ ? ?

Tumor necrosis factor-α ++ ? ?

Markers of Ischemia

Choline + ? ?

Heart-type fatty acid-binding protein ++ ++ ?

Ischemia modified albumin + + ?

Markers of Plaque Destabilization/Rupture

Lipoprotein associated phospholipase A2 ++ ? ?

Matrix metalloproteinase-9 ++ ? ?

Myeloperoxidase ++ ++ ?

Placental growth factor ++ ? ?

Pregnancy-associated plasma protein A +++ + ?

Secretory phospholipase A2 + ? ?

Soluble intercellular adhesion molecule 1 +++ ? ?

Markers of Platelet Activation

Soluble CD40 ligand ++/? ? ?

Soluble P-selectin ++ ? ?

+, Some evidence by small studies; ++, intermediate evidence from several studies or one large study or trial; +++, good evidence from several large studies or trials; ++++, 
excellent evidence; ?, conflicting results or no results available or not applicable.
*For stratification of patients with heart failure.
From Hochholzer W, Morrow DA, Giugliano RP: Novel biomarkers in cardiovascular disease: update 2010. Am Heart J 160:583–94, 2010.
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following mechanical strain in patients with acute MI, and has 
been associated with adverse remodeling in this population. 
In patients with MI, a high ST2 level at presentation identifies 
patients with a more than threefold higher risk of cardiovas-
cular death or heart failure as early as 30 days and through 
1 year after onset.31 Although ST2 concentrations are higher 

in patients with greater myocardial injury, ST2 is only weakly 
correlated with peak cTn as an indicator of infarct size; this 
suggests that ST2 is not purely a marker of hemodynamic 
stress, but may also reflect inflammation, fibrosis, and adverse 
myocardial remodeling, likely through pathways distinct from 
those detected by established biomarkers.

Coronary atherosclerosis

CNP

BNP

ANP

Supression of
renin-angiotensin
and endothelin
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peripheral vascular

resistance
(decreased blood

pressure)
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Cellular and
tissue hypoxia BNP synthesis and secretion
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Vascular
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FIGURE 8-5 Proposed mechanisms of natriuretic peptide release in coronary ischemic disease. Blood concentrations of natriuretic peptides quantify cardiac hemody-
namic stress by summarizing the extent of left ventricular (LV) systolic dysfunction, LV diastolic dysfunction, valvular dysfunction, and right ventricular (RV) dysfunction. ANP, Atrial 
natriuretic peptide; BNP, brain natriuretic peptide; CNP, C-type natriuretic peptide. (Adapted from Abdullah SM, de Lemos JA: Natriuretic peptides in acute and chronic coronary 
artery disease. In Morrow DA, editor: Cardiovascular biomarkers: pathophysiology and disease management. Humana Press, Totowa, NJ, 2006.)
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Because ST2 may integrate information regarding the 
extent of injury, the inflammatory response, and mechanical 
stress on cardiac myocytes, ST2 has the theoretical potential 
to be useful to guide therapies aimed at adverse remodeling 
(see Chapter 36), or the ST2 and/or IL-33 signaling pathway 
itself may be a target for intervention. A small study (n = 100) 
in patients with STEMI demonstrated that increases of ST2 
concentration were associated with adverse remodeling 
detected by cardiac magnetic resonance imaging over 12 to 

24 weeks. Moreover, the study suggested that the aldosterone 
antagonist eplerenone could reduce medium-term adverse 
remodeling in high-risk patients with elevated ST2. At pres-
ent, professional society guidelines make no specific recom-
mendation for the use of ST2 in patients with acute MI.

Mid-Region Pro-Adrenomedullin
The peptide adrenomedullin is a potent vasodilator that also 
influences cardiac contractility, diuresis, and natriuresis. Its 
precursor, pre-proadrenomedullin, is synthesized and pres-
ent in the heart, adrenal medulla, lungs, and kidneys. The 
production of adrenomedullin is stimulated by both cardiac 
pressure and volume overload. Because of its greater stabil-
ity than adrenomedullin, the midregional fragment of pro-
adrenomedullin (MR-proADM) is more reliably measured. 
In patients with acute MI, MR-proADM is independently 
associated with the risk of cardiovascular death or heart 
failure; MR-proADM performs as well as established cardiac 
biomarkers (e.g., NPs), improving discrimination and re-
classification of risk for these events.32 Importantly, like ST2, 
MR-proADM shows a more modest association with the risk 
of recurrent ischemic events (Figure 8-9).

Although a potential therapeutic interaction with 
MR-proADM and an angiotensin-converting enzyme inhibi-
tor has been reported in patients with stable ischemic heart 
disease,33 the notion that MR-proADM may be useful for 
guiding therapies for adverse remodeling in patients with 
MI is a hypothesis that requires prospective evaluation.

Inflammatory Biomarkers and Prognosis
Motivated by multiple lines of evidence that implicate 
inflammatory processes as central contributors to acute 
atherothrombosis, mediators of the inflammatory response, 
including acute phase proteins, cytokines, and cellular 
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FIGURE 8-8 Hemodynamic stress is a stimulus for the production of secreted proteins from multiple functional classes; when detected in plasma and/or serum, 
they are potential biomarkers of hemodynamic stress.
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adhesion molecules have been evaluated as risk indicators 
in patients with MI. As the prototypical acute phase reac-
tant, CRP was the focus of initial investigation in this area. 
More than 12 clinical studies demonstrated the predictive 
capacity of high-sensitivity CRP (hs-CRP) levels with respect 
to cardiovascular outcome either during the initial hospital-
ization or long-term follow-up after ACS. Several, but not all, 
studies indicated that the relationship between hs-CRP and 
outcome is strongest with respect to mortality and heart fail-
ure, with a weaker relationship to recurrent MI.30 Although 
such findings are conceptually important and support the 
relevance of inflammation to prognosis in patients with ACS, 
the lack of specificity of hs-CRP has been an important limi-
tation to clinical application in this patient population.

Although hs-CRP was the first and is arguably the best 
studied of the inflammatory markers in the setting of MI, 
other biomarkers that putatively participate more directly 
in the inflammatory pathobiology of the natural history of 
ACS have been investigated. MPO was discussed earlier in 
this chapter. Growth-differentiation factor-15 (GDF-15), as an 
example of an emerging candidate biomarker in this cat-
egory, is discussed in the following.

Growth-Differentiation Factor-15
GDF-15 is a member of the transforming growth factor-β 
superfamily and was originally identified in activated mac-
rophages. GDF-15 is involved in regulating inflammatory 
and apoptotic pathways needed for development, differ-
entiation, and tissue repair in a variety of organs. GDF-15 is 
up-regulated in a range of malignancies and in many tis-
sues following injury, ischemia, and other forms of stress. 
Cardiomyocytes express and secrete GDF-15 in the setting 
of ischemia and reperfusion. GDF-15 is also associated with 
reduced endothelium-dependent vasodilatation, increased 
plaque burden and left ventricular mass, reduced left ven-
tricular ejection fraction, and clinical manifestations of cor-
onary artery disease and heart failure.

Multiple studies have provided consistent evidence 
for a relationship between GDF-15 and adverse outcomes 
in patients with MI. As an example, circulating blood 

concentration of GDF-15 was a strong independent marker 
of 1-year mortality in an analysis of 2081 patients with NSTE-
ACS. Approximately two-thirds of patients in the study pre-
sented with GDF-15 levels above the upper limit of normal 
in healthy controls (1200 ng/L); one-third presented with 
levels of more than 1800 ng/L. Increasing tertiles of GDF-15 
were associated with an increasing cumulative risk of death 
at 1 year, ranging from 1.5% to 14.1%. Furthermore, this prog-
nostic relationship was incremental to that attained by cTn, 
NT-proBNP, CRP, and clinical factors. Compared with the 
other biomarkers, GDF-15 demonstrated the highest c-statis-
tic of 0.76 for 1-year mortality (c-statistic for NT-proBNP,  0.74; 
CRP,  0.63). These findings were confirmed in another cohort 
of 1142 patients with MI and a cohort of 479 unselected 
patients with acute chest pain (30% with acute MI). GDF-
15 also significantly improves the discriminatory capacity of 
the GRACE risk score (see Chapter 11).

With respect to treatment, a subgroup analysis of the 
FRISC-II trial that randomized patients with NSTE-ACS to an 
invasive or conservative strategy demonstrated the poten-
tial impact of GDF-15 on clinical decision-making. Patients 
with an elevated cTn, but with a GDF-15 of less than 1200 
ng/L were at a low risk and did not have a detectable ben-
efit from invasive management. In contrast, in patients with 
higher GDF-15 levels, the occurrence of death or nonfatal 
MI was reduced by an invasive strategy (Figure 8-10). Thus, 
GDF-15 has the potential to become a clinically useful novel 
biomarker because it provides not only independent prog-
nostic information, but may also affect therapeutic decision-
making. However, this observation warrants confirmation in 
additional studies.

Prognostic Markers and Clinical  
Decision-Making
Because of the strong independent prognostic relation-
ships held by several candidate biomarkers, why is it that 
their prognostic value is insufficient to result in wide-
spread clinical adoption in acute MI? In the author’s opin-
ion, seven reasons are relevant. First, in clinical practice, 
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 MR-proANP    3.34 (2.50–4.46)

 BNP               3.04 (2.25–4.11)
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FIGURE 8-9 Concurrent assessment of multiple candidate biomarkers in 4432 patients with non–ST-elevation acute coronary syndrome randomized to rano-
lazine or placebo in the MERLIN-TIMI 36 trial and followed for 1 year. Adjusted risk of 1-year adverse cardiovascular outcomes associated with elevation of individual 
biomarkers of necrosis, inflammation, and hemodynamic stress. Clinical model includes age older than 65 years, coronary artery disease (CAD), CAD risk factors, ≥2 episodes 
of pain at rest, chronic aspirin use, ST depression, history of heart failure, and creatinine clearance less than 60. Each biomarker added to clinical model individually. BNP, brain 
natriuretic peptide; cTnI, cardiac troponin I; CV, cardiovascular; HR, hazard ratio; MI, myocardial infarction; MPO, myeloperoxidase; MR-proADM, midregional fragment of pro-
adrenomedullin; MR-proANP, midregional-pro-atrial natriuretic peptide; PAPP-A, pregnancy-associated plasma protein-A. (From O’Malley RG, et al: Prognostic performance of 
multiple biomarkers in patients with non-ST-segment elevation acute coronary syndrome: analysis from the MERLIN-TIMI 36 trial [Metabolic Efficiency With Ranolazine for Less 
Ischemia in Non-ST-Elevation Acute Coronary Syndromes-Thrombolysis In Myocardial Infarction 36]. J Am Coll Cardiol 63:1644–1653, 2014.)
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clinicians are mandated to make a diagnosis, but they are 
not mandated to make an accurate risk estimate regard-
ing death or other adverse events. Second, clinical risk 
stratification tools, such as the GRACE score and TIMI Risk 
Scores (see Chapter 11), are easily and widely available 
as inexpensive, excellently validated approaches to risk 
stratification. Third, current guidelines recommend imag-
ing to characterize left ventricular function in all patients 
with acute MI.2 This liberal recommendation for imaging 
renders it difficult for NPs or other “hemodynamic stress” 
markers to provide intuitive incremental value. Fourth, the 
lack of consistent interaction with benefit from a specific 
treatment according to phenotyping by the alternative 
biomarker is critical. Fifth, widespread use of angiotensin-
converting enzyme inhibitors and angiotensin receptor 
blockers for the treatment of arterial hypertension reduces 
the proportion of patients that might benefit from an 
upgrade in treatment with these drugs because of elevated 
levels of biomarkers of myocardial stress. Sixth, at least in 
Europe, additional testing with those biomarkers that are 
clinically available is costly compared with other blood 
tests. Seventh, insufficient medical education regarding the 
clinical use of biomarkers has resulted in a relevant gap in 
existing knowledge and their implementation into clinical 
practice.

FORWARD OUTLOOK

The biomarkers that this chapter introduced and other 
interesting candidate biomarkers are still looking for their 
appropriate clinical indications in patients with acute MI. 
For several of these biomarkers, precise and rapid assays 
are already clinically available or about to be implemented 
in modern laboratory platforms.16–18,23–26 These biomark-
ers include galactin-3, fibroblast growth factor-23 (FGF-23), 
GDF-15, MR-proADM, PAPP-A, and ST2.16–18,23–26 In addition 
to the issues raised in the preceding section, open questions 

related to these biomarkers include the exact pathophysiol-
ogy of their release into blood, including the quantification 
of the predominant contributor organs. None of these bio-
markers are cardiac specific. All of them identify MI patients 
with increased risk of death and/or heart failure. Future 
studies need to identify which changes in patient manage-
ment can be justified upon the information provided by 
these biomarkers.

A first glimpse into the future was provided by an 
analysis in 3627 patients with stable coronary artery dis-
ease randomly assigned to trandolapril or placebo within 
the PEACE trial, which revealed that FGF-23 might help 
identify patients who derive greater clinical benefit from 
angiotensin-converting enzyme inhibitor therapy.5,23 
FGF-23 is an endocrine regulator of mineral metabolism, 
and markedly elevated levels are associated with cardio-
vascular events in patients with chronic kidney disease. 
Among patients in the top quartile of FGF-23 levels, tran-
dolapril significantly reduced cardiovascular death or 
incident heart failure (hazard ratio, 0.45), whereas there 
was no clinical benefit in the remaining patients (hazard 
ratio, 1.07; P for interaction = .0039).5,23 This interaction 
was independent of and additive to stratification based 
on renal function. In addition to identifying FGF-23 as an 
emerging biomarker of interest, this study illustrated the 
potential role for cardiovascular biomarkers in targeting 
a specific pharmacotherapy.

MicroRNA
MicroRNAs, which are a unique class of endogenous non-
coding RNAs, are highly conserved across species, repress 
gene translation upon binding to messenger RNA (which 
therefore influence many biological processes in the heart), 
and are increasingly investigated as diagnostic and/or thera-
peutic tools.34–37 In contrast to most biomarkers described 
in this chapter, pre-analytical and analytical considerations 

Troponin T

≤0.01 µg/L >0.01 µg/L

GDF-15 GDF-15

<1200 ng/L <1200 ng/L>1800 ng/L >1800 ng/L

1200–
1800 ng/L

1200–
1800 ng/L

30

20

10

0

D
ea

th
 o

r 
N

on
fa

ta
l M

I (
%

)

 Invasive  Conservative

 7.5% 4.6%

HR, 1.66 (0.61–4.49)

30

20

10

0
 Invasive   Conservative

 10.8% 8.9%

HR, 1.26 (0.49–3.27)

30

20

10

0
 Invasive  Conservative

 6.7% 13.0%

HR, 0.49 (0.12–1.97)

30

20

10

0

D
ea

th
 o

r 
N

on
fa

ta
l M

I (
%

)

 Invasive  Conservative

 10.3% 12.0%

HR, 0.87 (0.52–1.46)

30

20

10

0
 Invasive  Conservative

 11.4% 18%

StrategyStrategy

HR, 0.63 (0.40–0.97)

30

20

10

0
 Invasive  Conservative

 16.5% 32.3%

HR, 0.47 (0.31–0.72)

FIGURE 8-10 Levels of growth differentiation factor-15 (GDF-15) and impact of therapy strategy. Incidence of death and nonfatal myocardial infarction (MI) during 
2-year follow-up according to troponin and GDF-15 levels and therapy strategy. Comparison between conservative and invasive therapy strategy by Cox regression analysis. HR, 
Hazard ratio. (From Hochholzer W, et al: Novel biomarkers in cardiovascular disease: update 2010. Am Heart J 160:583–594, 2010.)
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are less established for microRNA and may, at least in part, 
account for some of the differences observed in the early 
pilot studies. Although the complex biological functions of 
microRNAs are incompletely understood, microRNAs seem 
to present in a tissue- and cell-specific manner.34–37

MicroRNAs, whose release is believed to be not only a 
consequence of cell death and plasma membrane disrup-
tion but also of an active release as a response to myocar-
dial ischemia,34–37 have emerged as biomarkers of possible 
clinical value in the early diagnosis of acute MI and/or 
unstable angina. Prospective diagnostic studies have shown 
that currently known microRNAs seem unable to compete 
with cTn in the early diagnosis of acute MI,36,37 but may be 
helpful in the detection of unstable angina.35 Using a three-
phase approach comprising (1) profiling of microRNAs in 
patients with unstable angina and control groups, (2) repli-
cation of significant microRNAs in an independent patient 
cohort, and (3) validation of a multi-microRNAs panel in a 
third cohort, a panel of three microRNAs with diagnostic 
value emerged. Of 25 microRNAs selected for replication, 
8 microRNAs remained significantly associated with unsta-
ble angina. In a validation phase, a microRNA panel includ-
ing miR-132, miR-150, and miR-186 showed the highest 
discriminatory power (area under the curve, 0.91). Further 
comparative studies are needed to explore the diagnostic 
and prognostic value of microRNAs.

SUMMARY

In conclusion, the sensitivity deficit of conventional cTn 
assays (Figure 8-11A) has sparked the interest in alternative 
biomarkers. Copeptin, if used in combination with cTn, helps 
to overcome the sensitivity deficit in early presenters (see 
Figure 8-11B), and therefore, provides an alternative rapid 
rule-out approach. Further studies are necessary to define 
the role of copeptin and all other alternative biomarkers 
when used in conjunction with high-sensitivity cTn assays 
(see Figure 8-11C). Sensitive and high-sensitivity cTn assays 
have become the standard of care in most countries world-
wide and have reduced, as well as modified, the possible 
clinical use of alternative biomarkers. Current unmet needs, 
and therefore, areas of ongoing research include whether 
such novel biomarkers have a role in directing the manage-
ment of patients presenting with mild elevations of high-
sensitivity cTn or in the differentiation of type I and type II 
acute MI.
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INTRODUCTION

Previous chapters have detailed the important roles of clini-
cal presentation (see Chapter 6), cardiovascular risk factors, 
electrocardiography (ECG), and biomarkers (see Chapter 7 
and Chapter 8) in the initial assessment of patients who pres-
ent with acute chest pain to the emergency department (ED). 
However, even all of this information does not allow accurate 
exclusion or diagnosis of acute myocardial infarction (MI) in 
a substantial proportion of patients. This chapter reviews the 
clinical utility, strengths, and weaknesses of the major imaging 
modalities that have been studied in this setting.

The use of imaging techniques in the evaluation of 
patients with chest pain in the ED has increased steadily. 
Between 1999 and 2008, the use of advanced medical imag-
ing in the ED increased more than fourfold beyond stan-
dard x-ray testing.1 Because less than 10% of patients with 
an inconclusive initial ED evaluation are subsequently diag-
nosed with MI, the primary goal is to safely and efficiently 
identify those without MI. In the United States, the standard 
of safety for patients and ED physicians has been defined as 
a risk of an adverse event of less than 1% within 30 days after 
discharge.2 However, imaging should be held to a higher 
standard than this and not only provide diagnostic informa-
tion, but also prognostic information that may help tailor 
medical therapy even in those without acute MI.

Available tests include functional testing at rest and stress, 
anatomic coronary assessment by computed tomographic 
angiography (CTA), and myocardial perfusion and viability 
by cardiac magnetic resonance imaging (CMR). Currently, 
the role of CTA and anatomic assessment is restricted to de 
novo acute chest pain presentations, whereas stress test–
based assessment of myocardial ischemia is favorable in 
those who have had previous events. It is further important to 
emphasize that it is a small proportion of patients who present 
with chest pain that have a final diagnosis of acute coronary 

syndrome (ACS), and that most patients who undergo imag-
ing are classified as having unstable angina (85%) with few 
non–ST-elevation MIs (NSTEMIs) (15%), although this epide-
miology is shifting (see Chapter 1 and Chapter 6).3

Rationale for Functional  
and Anatomic Assessment
Functional Imaging
In the so-called “ischemic cascade,” the earliest manifestation 
of ischemia is a perfusion abnormality. As supply–demand 
mismatch worsens, left ventricular diastolic abnormalities 
develop, and then later, systolic wall motion abnormalities. 
Ischemic changes on the ECG, increases in troponin, and 
onset of angina are late events. The ability to use imaging to 
detect regional differences in myocardial blood flow (with 
perfusion imaging) and regional variation in systolic function 
allows for identification of myocardial ischemia in patients 
before, or even in the absence of, ECG changes.

Anatomic Assessment of Coronary Artery Disease
Overall, most ACS occur as a result of rupture of an athero-
sclerotic plaque (see Chapter 3).4 However, most patients in 
whom plaque rupture occurs in a large, previously nonob-
structive vessel will present with STEMI and will be referred 
immediately to the catheterization laboratory. In contrast, 
candidates for imaging will more likely present with an 
acute exacerbation of an already existing luminal narrow-
ing. A minority of patients referred for imaging will eventually 
develop troponin elevation and be diagnosed with an MI.

FUNCTIONAL IMAGING

Gathered over 40 years, data that have assessed functional 
imaging for the evaluation of patients with chest symptoms 
presenting to the ED are predominantly observational in 
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nature. However, some randomized comparative effective-
ness trials have been performed.

Rest Radionuclide Myocardial  
Perfusion Imaging
Early reports of rest radionuclide myocardial perfusion 
imaging (MPI) to assess patients with chest pain in the ED 
using thallium-201 planar imaging in patients with unstable 
angina and suspected MI date back to the 1970s. Because 
the redistribution of thallium-201 requires imaging to be 
completed relatively quickly after injection, this tracer is 
challenging for imaging ED patients. Subsequently, techne-
tium-99 (Tc99m)–based agents with only minimal redistri-
bution, such as sestamibi and tetrofosmin, have enabled rest 
perfusion imaging in the ED setting.

Rest-Only Myocardial Perfusion Imaging  
in Suspected Acute Coronary Syndromes
During the 1990s, a series of studies that used Tc99m-
sestamibi at rest established that hypoperfused myocardium 
before thrombolysis in patients with STEMI represented the 
area-at-risk of infarct. Subsequently, Tc99m-sestamibi imag-
ing was established as a marker of infarct size in clinical trials 
of therapeutic agents for patients with MI.5 Tc99m-sestamibi 
imaging at rest demonstrated a high negative predictive 
value in patients who presented to the ED with suspicion 
for ACS to exclude MI, as well as had a higher sensitivity 
than the ECG recorded during symptoms for predicting the 
presence of a coronary stenosis on subsequent angiography. 
In addition, a normal perfusion study identified patients at 
low risk for subsequent cardiovascular events.6 Examples of 
normal and abnormal studies are shown for applications of 
rest-only MPI in Figures 9-1 and 9-2. Examples of stress MPI 
are shown in Figures 9-e1 and 9-e2.

Subsequently, in a larger study7 in which approximately 
1200 ED patients with ECGs that were nondiagnostic for 
ischemia or infarction and possible or probable unstable 
angina had perfusion scans performed; the sensitivity of 
MPI for MI was 100% (95% confidence interval [CI], 64% 
to 100%), and the negative predictive value for MI or revas-
cularization over 1 year of follow-up was 97% (95% CI, 95% 
to 98%). Including revascularization, the total event rate 
at 12-month follow-up was 0.9% in patients with a normal 
resting scan and 42% in those with abnormal findings. 
These data added weight to the concept that a normal 
perfusion study when performed immediately in the ED 
identified a low-risk group that were potentially eligible for 
early discharge.

Randomized Trials of Myocardial Perfusion  
Imaging in the Emergency Department
To critically assess the application of single-photon emis-
sion computed tomography (SPECT) MPI in the ED, several 
randomized effectiveness trials were conducted to study the 
effect on clinical decision-making when using the test ver-
sus when not using the test in a more real-life setting, where 
clinicians were not directed in their decisions by protocol 
(Table 9-1).

The ERASE Chest Pain (Emergency Room Assessment 
of Sestamibi for the Evaluation of Chest Pain) multicenter 
trial enrolled approximately 2500 patients in an effective-
ness trial to test whether providing results of rest MPI to ED 
clinicians for patients with low-to-intermediate likelihood 

of ACS would improve clinical decision-making, which was 
defined as the appropriateness of an admitting decision.8 
An appropriate admission was defined as admission of a 
patient who was ultimately found to have a final diagno-
sis of ACS (blindly adjudicated), whereas an unnecessary 
admission was defined as the admission of a patient who 
was ultimately found to have a final diagnosis of “not ACS.” 
Among patients randomized to the imaging strategy who 
ultimately were found to not have ACS, unnecessary admis-
sions were significantly reduced (relative risk, 0.84; 95% CI, 
0.77 to 0.92), whereas there was no change in appropri-
ate admission for those with ACS. The results of this large, 
multicenter randomized effectiveness trial provided strong 
evidence that incorporating rest MPI in this setting could 
improve triage decisions.

SA

VLA

HLA

FIGURE 9-1 A normal resting myocardial perfusion imaging study shows 
homogeneous tracer distribution in all myocardial territories, as seen in the 
short-axis (SA), vertical long-axis (VLA), and horizontal long-axis (HLA) tomo-
graphic views. Based on a large observational literature database, the likelihood of 
unstable angina or acute myocardial infarction in such a patient is very low.

Rest VLA

Rest SA

FIGURE 9-2 Abnormal rest myocardial perfusion imaging study, showing 
an inferior wall perfusion defect at rest (green arrows), in the short-axis (SA) 
and vertical long-axis (VLA) views. This finding would be consistent with reduced 
resting perfusion and ischemia or new infarct in the inferior wall. It could also repre-
sent a remote infarct, so that this testing strategy is most useful in those without a 
history of myocardial infarction.
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 Stress
VLA
 Rest

 Stress
SA
 Rest

 Stress
HLA
 Rest

FIGURE 9-e1 A normal stress and/or rest myocardial perfusion imaging study shows homogeneous tracer distribution after acquisition with tracer injection 
following a stress test, and following rest injection of a perfusion tracer. Short-axis (SA), vertical long-axis (VLA), and horizontal long-axis (HLA) tomographic views are 
shown for both stress and rest acquisitions. With this result, the likelihood of any obstructive coronary artery disease is low, and the risk of untoward events during 1- to 2-year 
follow-up is low.
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Stress

Rest

SA VLA HLA

FIGURE 9-e2 Abnormal stress and/or rest myocardial perfusion imaging study, in a patient who presented with chest pain, but who had normal serial bio-
markers and electrocardiograms. The stress study (top row) shows a stress perfusion defect in the anterior wall and septum in the short-axis (SA) view, in the antero-apex and 
apex in the vertical long-axis (VLA) view, and in the septum and apex in the horizontal long-axis (HLA) tomographic view (arrows). In the rest study, all of those territories show 
normal rest perfusion. Thus, the defects are reversible and consistent with stress-induced ischemia of those territories, and a significant stenosis in the left anterior descending 
(LAD) coronary artery. The finding implies that the presenting symptoms were consistent with troponin-negative unstable angina. The extensive ischemic territory and likely 
proximal LAD involvement suggest that an invasive strategy is warranted.
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Appropriate Use Criteria, Guidelines, and Clinical Role
Appropriate use criteria for the use of radionuclide imaging 
from the American College of Cardiology Foundation (ACCF), 
the American Society of Nuclear Cardiology (ASNC), the 
American College of Radiology (ACR), the American Heart 
Association (AHA), and the Society of Nuclear Medicine 
(SNR), among others, rate the use of rest-only MPI as appro-
priate in the setting of acute chest pain suspicious for ACS, 
provided that the initial ECG is nondiagnostic or normal, the 
initial troponin is negative, and pain is ongoing or recent.9

Resting Echocardiography
A major strength of resting two-dimensional (2-D) echocar-
diography in the evaluation of acute chest pain is its wide-
spread availability and portability; however, a skilled operator 
is needed to acquire images, and experience is required for 
expert interpretation of images. Similarly to MPI, evaluation 
of suspected ACS by resting 2-D echocardiography is based 
on the concept that a perfusion abnormality will result in 
abnormal regional wall motion and myocardial thickening. 
Because regional wall motion abnormalities may resolve 
relatively soon after resolution of angina, 2-D echocardiog-
raphy should be performed as early as possible, optimally in 
patients with ongoing symptoms, to provide high sensitivity 
(up to 90%). Although the exact time frame during which 
regional wall motion abnormalities will resolve after the off-
set of myocardial ischemia is unknown, studies suggest that 
the high sensitivity can be maintained within a window of 
4 hours of arriving to the ED, and will drop to 64% sensitivity 
after resolution of chest pain.10

Echocardiography in Acute Coronary Syndrome
ED providers often use ultrasound in their initial evaluation, 
including for those patients with chest pain. The focused car-
diac ultrasound examination is intended to rapidly identify 
pericardial effusion, assess global systolic function, discover 
significant left or right ventricular enlargement, and assess 
intravascular volume through identification of the diam-
eter and degree of collapse of the inferior vena cava. The 
American Society of Echocardiography (ASE) consensus 
statement reports that the examination is not intended to 

replace a comprehensive echocardiogram, and most provid-
ers who perform the test will not be vigorously trained in the 
acquisition and interpretation of ultrasound imaging to iden-
tify regional wall motion abnormalities.11 As of yet, there are 
no strong data to support the use of handheld ultrasound in 
the initial evaluation of suspected MI, without concomitant 
high suspicion of dissection or pericardial effusion.

Echocardiographic Imaging with Contrast
Echocardiographic contrast consists of gas microbubbles 
that are encapsulated and create a nonlinear vibration from 
contact with the ultrasound wave emitted from the trans-
ducer.12 The use of contrast echocardiography for opacifica-
tion of the left ventricular cavity is safe in the setting of ACS. 
In the left ventricle, this opacification provides a contrast to 
the surrounding myocardium and allows for improved iden-
tification of the endocardial border, enhancing the assess-
ment of regional wall motion abnormalities especially when 
imaging is technically difficult.

Beyond the use of contrast for left ventricular cavity 
opacification, it has also been investigated for evaluation of 
myocardial perfusion. The gas microbubbles of echocardio-
graphic contrast also enter the myocardial circulation. The 
bubbles are fragile, and if a strong ultrasound pulse is gen-
erated, they will burst. Careful imaging of the myocardium 
in the cycles after the ultrasound pulse will demonstrate a 
new contrast agent entering the myocardial microvascula-
ture. This influx can be visualized and analyzed based on 
the time to reperfuse, and correlates with myocardial blood 
flow to various segments.13

Although not approved by the Food and Drug Admin-
istration (FDA) for the indication of assessing myocardial 
perfusion, myocardial contrast echocardiography has been 
extensively studied, and the data suggest that its use is safe 
and may provide useful and simultaneous data regarding 
myocardial perfusion and wall motion.14 The perfusion and 
wall motion data derived from contrast perfusion echocar-
diography in the setting of ACS correlate with radionuclide 
MPI. Specifically, both wall motion and perfusion with echo-
cardiographic contrast show a more than 80% agreement with 
SPECT imaging of perfusion. When results of the two imag-
ing modalities are discordant, contrast echocardiography is 

TABLE 9-1 Randomized Controlled Trials Incorporating Rest and/or Stress Myocardial Perfusion Imaging into 
Clinical Decision-Making for Emergency Department Chest Pain Patients

AUTHOR/
REFERENCE

NO.  
OF PTS INTERVENTION CONTROL

TIMING OF 
INTERVENTION EFFECTIVENESS?* ENDPOINT(S) RESULTS

Stowers
(2000)

46 Rest MPI SOC After ED No, clinical decisions 
driven by protocol

In-hospital  
costs and 
length of stay

Rest MPI-guided 
strategy had lower 
median in-hospital 
costs and shorter 
median LOS

Udelson
(2002)

2475 Rest MPI SOC In ED Yes % Unnecessary 
admissions

Group randomized 
to rest MPI had 
fewer unnecessary 
admissions (in 
those without ACS)

Lim
(2013)

1508 Stress/rest MPI SOC After 6 h of negative 
serial biomarkers/
ECGs

Yes Admission rate Stress MPI group  
had lower 
admission rate

ACS, Acute coronary syndrome; ECGs, electrocardiograms; ED, emergency department; LOS, length of stay; MPI, myocardial perfusion imaging; SOC, standard of care.
*“Effectiveness” refers to whether the clinical decisions that followed knowledge of the randomized test results were protocol-driven. In the trial by Stowers and colleagues, 
the steps of care after the initial imaging results (or control group without imaging) were directed by the research study protocol. In the trials by Udelson and colleagues and 
Lim and colleagues, the test results were given to clinicians who then incorporated the results into their own decision-making, not directed by protocol. This latter, more real-
life scenario is consistent with an effectiveness trial.
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typically abnormal and SPECT is normal, probably because 
of the destruction of bubbles closest to the ultrasound trans-
ducer often causing the appearance of a perfusion defect in 
the anterior wall and apex.

Appropriate Use Criteria, Guidelines, and Clinical Role
The 2011 appropriate use criteria for echocardiography rate 
the evaluation of acute chest pain with suspected MI and 
nondiagnostic ECG when a resting echocardiogram can be 
performed during pain as appropriate.15 In the absence of 
pain, but with other features of an ischemic equivalent or 
positive biomarkers, the use of echocardiography is similarly 
appropriate.

Stress Testing with or without Imaging in 
the Emergency Department
Stress Radionuclide Myocardial Perfusion Imaging
In patients unable to exercise, or those with an uninterpreta-
ble ECG, the addition of an imaging modality to stress is war-
ranted. One study for the evaluation of chest pain in the ED 
reported a protocol that used a multistep process, including 
history and physical, 2-hour biomarker levels, serial ECGs, 
and stress MPI for select patients based on risk category. The 
sensitivity and specificity for the diagnosis of ACS at 30 days 
for those patients who underwent stress testing was 99% and 
87%, respectively.16

In a randomized trial that incorporated stress MPI into 
the evaluation pathway,17 following a negative observation 
period involving serial ECG monitoring and serial biomark-
ers, 1508 patients were allocated to the use of stress MPI in 
the ED or to complete a standard clinical evaluation. Overall, 
fewer patients who had stress imaging performed were 
admitted (18.5% vs. 10.2%). However, event rates were low 
in both groups, and most patients were able to exercise and 
had an interpretable ECG. The predictive value of exercise 
ECG was similar to stress MPI, so although it is effective, the 
additional costs of imaging should be considered in such a 
situation under clinical conditions.

Stress Echocardiography
A study of 377 patients with a normal or nondiagnostic ECG 
and negative serial biomarker levels at 6 hours examined 
the ability of early dobutamine stress echocardiography in 
the ED to predict outcomes.18 Testing was not possible in 23 
of 404 patients because of poor acoustic windows, a pro-
portion similar to the general population. With dobutamine 
stress testing, 39 patients tested were unable to complete the 
protocol because of intolerable side effects, such as arrhyth-
mia, severe hypertension, or hypotension. The overall event 
rate, including death, MI, rehospitalization, or revasculariza-
tion, was 31% in patients with a positive stress echocardio-
gram and 4% in patients with a negative study. The negative 
predictive value was 96%, slightly lower than that reported in 
studies of radionuclide imaging.

Dobutamine stress echocardiography may be a cost-effec-
tive strategy compared with exercise treadmill testing alone.10 
Nucifora and colleagues19 reported on 190 patients with 
chest pain, serial negative biomarkers, and nondiagnostic 
ECG results who were randomized to undergo either dobuta-
mine stress echocardiography or exercise ECG testing. There 
was a higher event rate in patients who were discharged after 
negative exercise ECG testing compared with dobutamine 
stress echocardiography (11% vs. 0%; P = .004). Costs were 

lower in the dobutamine echocardiography group at both 
1- and 2-month follow-up compared with exercise ECG test-
ing ($1026 ± $253 vs. $1329 ± $1288; P = .03 at 1 month and 
$1029 ± $253 vs. $1684 ± $2149; P = .005 at 2 months). Lower 
costs in the dobutamine stress echocardiography group were 
believed to be caused by shorter length of stay and less need 
for follow-up testing for indeterminate results, which are more 
likely with exercise ECG testing alone.

Appropriate Use Criteria, Guidelines, and Clinical Role
The 2011 ACC/AHA guidelines present a class I recommen-
dation, that in patients with suspected ACS, if the follow-up 
12-lead ECG and cardiac biomarkers measurements are nor-
mal, a stress test (exercise or pharmacological) to provoke 
ischemia should be performed in the ED, in a chest pain unit, 
or on an outpatient basis in a timely fashion as an alternative 
to inpatient admission. Also, patients with possible ACS and 
negative cardiac biomarkers who are unable to exercise or 
who have an abnormal resting ECG should undergo a phar-
macological stress test with imaging.3 The 2009 appropriate 
use criteria for cardiac radionuclide imaging rate the use of 
stress MPI in the setting of possible ACS with a (1) normal or 
nondiagnostic ECG; (2) either low or high clinical risk based 
on Thrombolysis In Myocardial Infarction (TIMI) score; and 
(3) either negative, borderline, equivocal, or minimally ele-
vated troponin all as appropriate.20 The 2008 appropriate use 
criteria for stress echocardiography rate the use of stress echo-
cardiography as appropriate for the indication of acute chest 
pain in the setting of an intermediate pretest probability of 
coronary artery disease (CAD) and an ECG without dynamic 
ST changes when serial cardiac enzymes are negative.21

Figure 9-3 illustrates points in the triage algorithm when 
rest and stress functional imaging could be used. Although 
the efficacy and effectiveness, especially of rest perfusion 
imaging, has been demonstrated, these techniques are 
not widely deployed. Rather, the more common strategy 
has been to assess serial biomarkers in the ED or in an 
Observation Unit, followed by stress testing (see Chapter 12).

CARDIAC COMPUTED TOMOGRAPHY 
ANGIOGRAPHY

In most patients who are ultimately diagnosed with ACS, 
acute chest pain develops because of myocardial ischemia 
after the erosion or rupture of a coronary atherosclerotic 
plaque (see Figure 3-5). Moreover, a significant coronary ste-
nosis can be detected by invasive coronary angiography in 
most patients with ACS (>80%), whereas ACS is rare in the 
absence of coronary atherosclerosis.3 To assess for obstruc-
tive CAD and reach a confident diagnosis, clinicians have 
typically relied on the patient’s history and presentation, 
followed by noninvasive stress testing, and in some cases, 
invasive coronary angiography. For the first time, the advent 
of high-quality cardiac computed tomography angiography 
(CCTA) has provided clinicians with the ability to visualize 
the coronary arteries without the risks of invasive angiogra-
phy. During the preceding decades of care for patients with 
acute chest pain, such insight into coronary anatomy has 
been considered the holy grail of cardiac imaging. However, 
now that CCTA is available, the benefits of this technology 
have been vigorously disputed. Because of the low effi-
ciency of functional testing as a gatekeeper,22 proponents 
have argued that CTA allows more precision and individu-
ally tailored care, because, on one hand, CCTA is be able to 
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exclude the most common reason for ACS in many patients. 
On the other hand, CCTA can identify patients potentially 
needing urgent revascularization, whereas the patients with-
out significant obstructive disease could avoid a test that, 
for them, provides risk but no possibility of benefit. Greater 
efficiency might well also lead to lower total costs of care. 
Skeptics counter that CTA is too sensitive and will detect 
many patients with bystander CAD, and that it is lacks suf-
ficient specificity. For example, in the presence of severe 
calcification and in the absence of information on the 
hemodynamic significance of CAD, it could potentially lead 
to more referrals for additional stress imaging and invasive 
angiography. Patients in this scenario would actually receive 
more radiation, and care would be more costly. Because of 
this controversy, adoption of CTA into practice has been vari-
able, as has been reimbursement policies for U.S. payers.

Accuracy of Cardiac Computed  
Tomography Angiography for  
Detection of Coronary Artery Disease
Over the past two decades, CT has rapidly evolved. State-of-
the-art scanners acquire 64 to 320 cross sections per rota-
tion, depicting vascular details with a spatial resolution of 
less than 0.5 mm. Fast scanner technology combined with 
heart rate–reducing medication now makes it possible to 
image the coronary arteries without motion artifacts in 
most patients. ECG-synchronized, contrast-enhanced images 
of the heart and coronary arteries can be acquired in one to 
five heart cycles. With that, CCTA has evolved into a robust 
and reliable technique for detection and assessment of 
coronary stenosis and atherosclerotic plaque. A wealth of 
single and multicenter trials have established CCTA as a 

ED patient with chest pain

Initial history, physical examination, ECG
suggest noncardiac chest pain?

No

No

No

Yes

Yes

Yes

Normal Abnormal

NormalAbnormal

Possible ACS
ECG c/w STEMI

Possible ACS
Further evaluation required

Possible ACS
ECG and/or initial biomarker c/w

NSTEMI

Treatment/triage/discharge

Admit for STEMI treatment
algorithm

Admit for NSTEMI treatment
algorithm

Serial ECGs/biomarkers negative

Stress/rest MPI or stress echo

Admit and treat as
UA/NSTEMI

Discharge for 
outpatient follow-up

Rest MPI/echo

Probable discharge
for outpatient

follow-up

Admit and treat
as UA/NSTEMI

FIGURE 9-3 Flow diagram illustrating points in triage algorithm where rest and stress functional imaging could be used. In a patient presenting to the emergency 
department (ED) with a chest pain syndrome, if the initial history, physical, and electrocardiogram (ECG) suggest a clear noncardiac or nonischemic source of pain, then treat-
ment and triage can be planned accordingly, facilitating rapid discharge from the ED. If ST-elevation is present in the ECG, then an ST-elevation myocardial infarction (STEMI) 
treatment algorithm can begin immediately. Similarly, if the initial ECG and/or initial biomarkers are diagnostic of unstable angina (UA) or non–ST-elevation MI (NSTEMI), the 
patient can be admitted and treated, consistent with the extant guidelines. However, if there is not a clearly diagnostic initial ECG or biomarker for NSTEMI, then the patient 
can be considered as having “possible” acute coronary syndrome (ACS), and further evaluation is needed. Rest myocardial perfusion imaging (MPI) can be used in this situation 
before using serial biomarkers, before there is no stress testing involved. If the rest study is normal, substantial data suggest that the likelihood of UA/NSTEMI is very low, and 
the patient could be considered for rapid discharge with outpatient follow-up for further assessment. An abnormal resting perfusion study suggests that the symptoms are likely 
related to a myocardial perfusion abnormality and a UA/NSTEMI syndrome. Such a patient can be admitted and treated. A caveat involves the possibility that the abnormality may 
also represent an old MI. However, in the absence of history of MI, treatment should presume an acute abnormality. Some centers prefer a strategy of obtaining serial biomarker 
studies to rule in or out ACS. If positive, such patients are considered to have an NSTEMI and treated accordingly. If serial ECGs and biomarkers are negative, NSTEMI is ruled out, 
although there remains a possibility of “troponin-negative UA.” Many such patients can be discharged for outpatient stress testing, or tested while in an observation status. If a 
stress/rest MPI study or a stress echocardiogram is normal, it makes both ACS and significant underlying coronary artery disease (CAD) unlikely. If abnormal, the results suggest 
that the presenting episode may have been ACS, and the patient can be treated as such. There is also the possibility although that the presenting symptoms were noncardiac in 
origin, that the stress test reflects underlying CAD not related to the presenting symptoms. In such a case, clinical judgment needs to be involved to assess the relation between 
the test result and symptoms.



94

II

In
It

Ia
l 

Ev
a

lu
a

tI
o

n
 a

n
d
 R

Is
k
 s

tR
a

tI
fI

c
a

tI
o

n

noninvasive diagnostic test with excellent sensitivity (97.2%; 
95% CI, 96.2% to 98.0%) and good specificity (87.4%; 95% CI, 
84.5% to 89.8%) for the detection of more than 50% coronary 
artery stenosis compared with the gold standard of invasive 
coronary angiography.23 The major strength of CCTA is its 
high negative predictive value (typically approaching 99%), 
and thus, CCTA permits confident exclusion of significant 
coronary stenosis. In addition, CCTA accurately detects 
nonobstructive calcified and noncalcified atherosclerotic 
plaque (accuracy, 92%; 95% CI, 90% to 93%) compared with 
the gold standard of intravascular ultrasound. The reproduc-
ibility of CCTA for both the detection of coronary plaque 
and stenosis is high (κ, 0.85 to 0.93).24

Observational Studies with Cardiac Computed 
Tomography Angiography in Evaluation of  
Acute Chest Pain
The ability to rapidly image coronary arteries with a non-
invasive technique with strong performance characteristics 
is a potentially attractive option in the setting of evaluating 
patients with suspected ACS in the ED. With substantial tech-
nical developments and wide availability, CCTA has evolved 
into a viable alternative to standard of care (SOC) manage-
ment in patients presenting to the ED with acute chest pain.

The prospective observational cohort ROMICAT (Rule Out 
Myocardial Infarction using Computer Assisted Tomography) 
trial, published in 2009, was the first large clinical trial 
that assessed the potential role of CCTA in the ED.25 The 
ROMICAT trial had a unique blinded observational cohort 
study design. The trial included 368 patients with acute 
chest pain from the ED with an initial inconclusive assess-
ment who underwent CCTA. Care providers were blinded to 
the CCTA results, and therefore, the diagnostic performance 
of CCTA for ACS and its association with other test find-
ings could be studied in a truly unbiased fashion. Among 
the more notable findings of this study were the following:  
(1) the distribution of CAD in patients presenting with acute 
chest pain—50% had no evidence of CAD, 30% had non-
obstructive plaque, and approximately 20% of patients had 
obstructive CAD; (2) the absence of CAD had 100% negative 
predictive value for ACS, whereas the presence of obstruc-
tive CAD (>50% luminal narrowing) only had 77% sensitivity 

(and 87% specificity) for ACS; and (3) not surprisingly, the 
presence and extent of coronary plaque and stenosis were 
superior in their discriminative capacity for ACS compared 
with clinical risk scores such as TIMI or Goldman.

Takakuwa and colleagues26 performed a meta-analysis 
of available observational studies that evaluated the accu-
racy of CCTA to detect ACS in 1559 acute chest pain patients 
(42% women, mean age 52 years, low-to-intermediate likeli-
hood of ACS) (Table 9-2). The pooled results confirmed the 
excellent negative predictive value (99.3%; 95% CI, 98.7% to 
99.6%), but also confirmed a low positive predictive value 
(48.1%; 95% CI, 42.5% to 53.8%) of the presence of 50% ste-
nosis to identify patients with ACS during the index hospi-
talization and major cardiovascular events during 30-day 
follow-up. Hence, the absence of CAD on CCTA may allow 
for immediate hospital discharge (Figure 9-e3).

However, the studies demonstrated that the mere detec-
tion of obstructive CAD by CCTA does not equate to a diag-
nosis of ACS (Figure 9-4). In the ROMICAT trial, only 20 of 
34 patients with obstructive CAD were clinically diagnosed 
with ACS.25 In the study by Hollander and colleagues, only 
7 of 54 patients with obstructive CAD by CCTA had a ste-
nosis confirmed by invasive coronary angiography (i.e., 
underwent invasive angiography on clinical grounds) or 
a major cardiovascular event within 30 days.27 However, 
the low positive predictive value (35% to 50%) of obstruc-
tive CAD combined with the low prevalence of ACS (2% 
to 8%) represents a major challenge for the management 
of acute chest pain patients. Hence, a finding of 50% has 
similar importance as a finding that indicates an increased 
likelihood for future cardiovascular events and an indica-
tor of an ACS.

Randomized Comparative Effectiveness Trials  
of Cardiac Computed Tomography Angiography  
versus Standard of Care
As a next step, several randomized trials measured the 
effectiveness of CCTA when implemented in clinical care  
(Table 9-3).2,28,29 These studies were noncontrolled com-
parative effectiveness trials, in which decisions of care were 
made by caregivers, and thus, the results reflect common 
practice patterns. Although the CT-STAT trial compared 

TABLE 9-2 Detection of Acute Coronary Syndrome Based on Coronary Computed Tomography Angiography  
in Observational Studies

STUDY N POPULATION SCANNER ACS DEFINITION
ACS RATE
(MI RATE)

CT 
CRITERION SENS SPEC

Rubinshtein
(2007)

58 Higher risk
(including history  

of CAD)

64-CT Positive troponins, or  
>50% stenosis by  
invasive angiography,  
or positive ischemia test

34% Stenosis 100% 92%

Gallagher
(2007)

92 Low-risk ED 64-CT MI, UA 13% Stenosis 86% 92%

ROMICAT I
(2009)

368 Low-risk ED 64-CT* MI (8), UA (23) 8.4% (2%) Plaque
Stenosis

100%
77%

54%
87%

Hansen
(2010)

89 Low-risk ED 64-DSCT MI 4% (4%) Plaque
Stenosis

100%
75%

41%
86%

Dedic
(2013)

111 Any-risk ED
(including low-positive 

troponins)

64-DSCT* MI (13), UA (6) 17% (12%) Calcium
Plaque
Stenosis

89%
100%

89%

41%
40%
79%

ACS, Acute coronary syndrome; CAD, coronary artery disease; DSCT, dual-source CT; ED, emergency department; MI, myocardial infarction; Sens, sensitivity; Spec, specificity; 
UA, unstable angina.
*Blinded cardiac CT examination, without affecting management.
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A B C

FIGURE 9-e3 Patient with acute chest pain. (A) Normal noncontrast calcium scan, (B) normal contrast-enhanced coronary angiogram, and (C) normal global and regional 
left ventricular (LV) function. These are typical findings in approximately 50% of patients with acute chest pain and normal initial emergency department evaluation referred for 
coronary computed tomographic angiography. Performed on top-of-the-line scanners, radiation exposure can be as low as 1.5 mSv, including LV function. Benefits include the 
immediate knowledge that the patient has no coronary artery disease and normal global and regional LV function; both findings are independently associated with a minimal 
risk of a cardiovascular event over the next 2 to 5 years.
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Patients with acute chest pain but without known CAD, ECG signs of ischemia, or positive initial troponin

Evaluation for presence, extent, and composition of CAD and optional for resting perfusion and function by
contrast enhanced CTA*

Identify high-risk coronary anatomy; identify lesions that could be the reason for the chest pain, and optionally
validate this with proof of matching myocardial perfusion deficits and wall motion abnormalities

Normal CTA, low probabilty of ACS
including no CAD or minimal <40%

No further testing

Check for noncoronary (pericardial
effusion) and noncardiac conditions
such as pulmonary embolism and/or
aortic dissection

Direct discharge from the ED after
2nd troponin (<6 hours)

Selected patients may need follow-up
for myocarditis or vasoactive angina

Moderate CAD (40% – 70%)                   Severe CAD (>70%)

Assess functional relevance of the anatomically defined lesions‡ either by including 
functional assessment into the CT for wall motion abnormalities and/or myocardial 
perfusion deficits (if desired) or by secondary functional testing

Identify whether CAD is incidental or related to symptoms and help to define the 
best medical management

Use complete information on troponin, ECG, symptoms, anatomy, and 
function to determine whether ACS is present

For ACS determine whether coronary revascularization or medical
management is most beneficial

In those without ACS, optimize preventive medical therapy AND tailor medical therapy to presence and extent of CAD

* In the future, high-sensitivity troponin assays may permit improved 
selection of patients for imaging and improved diagnosis of ACS.

‡Assessing if a lesion is significant may be done with top technology 
scanners which have minimal additional radiation exposure or in the 
future by approximating fractional flow reserve.

FIGURE 9-4 Combined multimodality algorithm based on the use of coronary computed tomographic angiography (CCTA) for acute chest pain evaluation. 
ACS, Acute coronary syndrome; CAD, coronary artery disease; CTA, computed tomographic angiography; ECG, electrocardiogram; ED, emergency department.

TABLE 9-3 Contemporary Randomized Comparative Effectiveness Trials

STUDY
CT-STAT
(2011)

ACRIN
(2012)

ROMICAT II
(2012)

Population 699
TIMI risk score 0–4
MI 0.9%

1370
TIMI risk score 0–2
MI 1%

985
Low to intermediate risk
MI 2.5%

Randomization 1:1 2:1 1:1

Control group SPECT MPI Usual care Usual care

CTA Controls CTA Controls CTA Controls

ACS diagnosis 1.1% 2.4% 1% 1% 9% 6%

ED discharge 50% 23% 47% 12%

ICA rate 8.0% 7.4% 5% 4% 12% 8%

Revascularization 4.3% 2.7% 3% 1% 6% 4%

Time to diagnosis, hr
(median, range)

2.9*
(2.1–4.0)

6.3
(4–19)

Length of stay, hr
(median, range)

18.0
(8–27)

24.8
(19–31)

23.2* 30.8

1-mo MACE 0%* 0% 0.4% 1.2%

6-mo MACE 0.8% 0.4%

Cost (US$) 2137† 3458 4026‡ 3874

ACS, Acute coronary syndrome; CTA, computed tomographic angiography; ED, emergency department; ICA, invasive coronary angiography; MACE, major adverse 
cardiovascular events; MI, myocardial infarction; MPI, myocardial perfusion imaging; SPECT, single-photon emission tomography; TIMI, Thrombolysis In Myocardial Infarction.
*Primary endpoint of the study.
†Represents only ED costs.
‡Index hospitalization, including angiograms and interventions.
Statistically significant results in bold.
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coronary CTA with SPECT,28 the ACRIN and ROMICAT II 
trials compared CTA with SOC.2,29 Patients were predomi-
nantly enrolled at academic centers in the United States 
that performed in-patient functional testing, but which had 
no accelerated care protocol. The study cohorts were at 
low (ACRIN, CT-STAT) or low to intermediate risk for ACS 
(ROMICAT II) and represented between 10% and 15% of 
patients who presented with acute chest pain to the ED.

Taken together, the three trials had more than 3000 
patients, and follow-up analysis demonstrated that based 
on the CTA results, not a single patient was discharged 
with a missed diagnosis of ACS. The ACRIN trial specifi-
cally demonstrated that CTA is safe in low-risk patients, 
with a 0% adverse event rate at 30 days (95%, CI 0% to 
0.57%; primary endpoint). Another goal of these trials 
was to demonstrate the efficiency of CTA compared with 
SOC. This objective was primarily tested in the ROMICAT 
II trial, which demonstrated a reduction in length of stay, 
hospital admissions, and ED cost, whereas overall hospital 
costs remained similar to SOC, driven by a higher rate of 
invasive angiography and revascularizations. Across the 
trials, patients randomized to CTA more often underwent 
cardiac catheterization (8.4% vs. 6.3%) and percutaneous 
coronary intervention (4.6% vs. 2.6%). A major safety focus 
of these trials was on radiation exposure. The data demon-
strated that CCTA had lower radiation exposure compared 
with SPECT MPI, but cumulative radiation exposure was 
higher with CTA because SOC included exercise testing 
or no testing of up to 30% of patients. Unfortunately, the 
trials were not powered to prove that increased revascu-
larization rates resulted in improved clinical outcomes. 
However, the evidence provided by the three large ran-
domized trials established cardiac CT as a viable alterna-
tive to functional testing for triage of low-risk patients with 
acute chest pain.

Prediction of Mid-term Outcome
Several studies demonstrated that CTA findings of nonob-
structive CAD, obstructive CAD, and regional left ventricular 
wall motion abnormalities identify increasing risk of future 
adverse cardiovascular events (Table 9-4).30–33 Importantly, 
patients without CAD remained virtually event-free over the 
next 2 years, which could result in a decrease of diagnostic 
testing at repeat ED presentations.30

Challenges to Implementation of Cardiac 
Computed Tomography in the Emergency 
Department
Although the potential diagnostic value of cardiac CT in 
the ED seems evident, there are practical obstacles that 
interfere with widespread implementation. CT equipment 
with sufficient cardiac imaging capabilities (minimally, a 
single-source 64-slice system), fully trained technologists, 
and experienced cardiac CT readers are essential. Not all 
patients are eligible for CCTA, including those with known 
CAD, cardiac arrhythmia, tachycardia, or severe obesity 
(typically body mass index of >40 kg/m2). CT angiogra-
phy is associated with risks caused by radiation exposure, 
although doses have decreased substantially over the past 
decade. Use of iodine-containing contrast media is contra-
indicated in cases of renal dysfunction or related allergies. 
The guidelines emphasize that the choice of test, whether 
CT or another modality, should be based on local exper-
tise and individual characteristics that affect eligibility.34 
More advanced CT technology, dual-source CT systems, or 
wider detector arrays can improve image quality in some-
what less suitable patients. Presently, few centers have suf-
ficient experienced personnel to offer cardiac CT around 
the clock. Guidelines on the practice of cardiac CT in the 
ED specify needs for certification and maintenance of cer-
tification for imaging centers, interpreting physicians, and 
medical staff.35

Appropriate Use Criteria, Guidelines,  
and Clinical Role
The ACCF/SCCT/ACR/AHA/ASE/ASNC/NASCI/SCAI/SCMR 
2010 appropriate use criteria for cardiac computed tomog-
raphy includes a section on the use of CCTA in acute chest 
pain.36 These guidelines considered CCTA in patients with 
acute chest pain, negative electrocardiogram and biomark-
ers, and low or intermediate likelihood of obstructive CAD 
as appropriate. The ACCF/AHA guidelines for the manage-
ment of patients with NSTEMI and unstable angina pecto-
ris, which were formulated before completion of the most 
recent trials, do not provide a specific recommendation for 
the use of CCTA in patients with acute chest pain and sus-
pected ACS.34

TABLE 9-4 Prognostic Value of Cardiac Computed Tomography in Acute Chest Pain

AUTHOR/YEAR N ACS RISK
FOLLOW-
UP EVENT DEFINITION

CT CRITERION
(% TOTAL COHORT) EVENTS

Rubinshtein
(2007)

58 Avg TIMI 1.3 1 yr Death, MI, revasc. ED discharge (55%) 0

Hollander
(2007)

588 TIMI 0-1 1 yr Death, MI, revasc. Stenosis <50% (82%) 0.2%

ROMICAT I
(2011)

368 Low risk 2 yr Death, MI, revasc.* Normal (50%)
<50% stenosis (32%)
>50% stenosis (19%)

0
4.6%
30.3%

CT-STAT
(2011)

361 Avg TIMI 1 6 mo Death, MI, revasc. (Nearly) normal (74%) 0.8%

Singer
(2012)

507 Avg TIMI 1 6 mo Death, revasc. Stenosis <50% (96%) 0

Christiaens
(2012)

175 Low-int. risk 6 mo MACE (nonspecified) Stenosis <50% (78%) 0

ACS, Acute coronary syndrome; ED, emergency department; MACE, major adverse cardiovascular events; MI, myocardial infarction; TIMI, Thrombolysis In Myocardial 
Infarction.
*Includes index events.
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Based on the experience from large multicenter random-

ized trials, the available evidence suggests that CCTA use 
in the setting of low- and low-to-intermediate risk of ACS in 
acute chest pain patients in the ED may have a favorable 
impact on patient management, largely through speeding 
the direct discharge of those without CAD. Approximately 
half of patients studied in the three randomized trials had 
no evidence of CAD on CCTA. This type of patient, with no 
CAD on CCTA, can be safely discharged after CCTA, thus 
reducing the duration of the hospital stay and cost in this 
subgroup. Furthermore, patients with minimal nonob-
structive CAD are also candidates for early discharge with 
arrangement of outpatient follow-up. On the other side of 
the spectrum are patients with a definite coronary steno-
sis. These patients require admission to the hospital, fur-
ther evaluation, and guideline-directed therapies. An area 
of uncertainty involves patients with nondiagnostic CCTA 
or evidence of non-negligible coronary plaque, but who 
have no significant stenosis. These patients usually require 
observation with serial biomarkers and ECGs, and often a 
functional stress test for evaluation of ischemia. A suggested 
algorithm to incorporate CCTA in the management of ED 
patients with low-to-intermediate likelihood of ACS because 
of potential findings on CCTA is provided in Figure 9-4.

Beyond the Coronary Lumen: Anatomic  
and Functional Information
There are several techniques in active development that 
would integrate the potential functional impact of obstruc-
tive CAD as detected by CCTA with the potential to improve 
accuracy and efficiency of CCTA in patients with acute 
chest pain, including the assessment of global and regional 
left ventricular function,37 evaluation of myocardial perfu-
sion,38,39 advanced high-risk coronary plaque analysis,40–42 
and noninvasive fractional flow reserve (FFR).43,44 Figure 9-5 
illustrates the complementary nature of anatomic and func-
tional information (see also Figure 9-e4).

Myocardial Perfusion Imaging
Acute rest SPECT-MPI has high predictive value for ACS in 
the ED setting. Similarly, CCTA can take advantage of the fact 
that in patients with acute chest pain, myocardial ischemia 
or myocardial infarction can be identified on routine CTA 
as myocardial hypoenhancement during rest.45 For the pur-
pose of accurate myocardial perfusion assessment by CCTA, 
thick-slice (10 mm), short-axis datasets need to be recon-
structed and should be visualized using a narrow window 
to increase the contrast. The presence of resting myocardial 
enhancement defects on CTA has a sensitivity and specific-
ity of approximately 90% to identify patients with an MI.39,46 
Although chronic myocardial scar and acute hypoperfusion 
both show lower contrast enhancement on CCTA scans, 
chronic infarction can often be differentiated by wall thin-
ning or lower attenuation values (below 0 HU) as a result of 
fat tissue within the scar.

More importantly, a subanalysis from ROMICAT I in 183 
patients provided initial evidence that early rest perfusion 
CCTA provides incremental value beyond obstructive CAD 
to detect ACS (sensitivity for ACS increased from 77% [95% 
CI, 59% to 90%] for obstructive CAD to 90% [95% CI, 74% to 
98%] with addition of rCTP [P = .05)] and is noninferior to 
a combination of CCTA for anatomy and stress SPECT-MPI 
for myocardial perfusion to discriminate ACS (area under 
the curve, 0.88 vs. 0.90; P = .64) using a noninferiority margin 

of 10%.47 Hence, resting myocardial perfusion by CCTA pro-
vides important additional information, and in some cases 
(i.e., the occlusion of small branches) may provide the only 
hint for an ACS on CTA (Figure 9-6).

Coronary Computed Tomography Angiography–Derived 
Fractional Flow Reserve
The hemodynamic severity of CAD can also be estimated 
by calculation of the FFR from CT angiograms using com-
putational fluid dynamics.48 CTA-derived FFR can exclude 
hemodynamically significant CAD more confidently, with a 
correlation to invasively measure FFR between 0.7 and 0.8. 

Multiplanar
reconstruction

Multiplanar
reconstruction

AngiogramAngiogram

A

B

Midventricular level: 3-Ch, 2-Ch, SA

FIGURE 9-5 (A) Upper level, Multiplanar reconstructed CT image of the left ante-
rior descending coronary artery, demonstrating a contrast-filled lumen at the begin-
ning (dashed white arrow) of the procedure. After approximately 2 cm, the lumen 
over a long segment (white solid arrows) is filled with low attenuation material, repre-
senting either noncalcified plaque or acute thrombus. Because of the presentation of 
the patient, acute thrombotic subtotal occlusion is more likely. Partial reconstitution 
of the lumen occurs. Some wall calcifications are also visible. Lower level, invasive 
coronary angiogram of the left ascending coronary artery. Subtotal occlusion of the 
proximal left anterior descending artery as seen in CT (solid black arrow). Patent large 
first diagonal branch (dashed black arrow). (B) Midventricular level, Three- and two-
chamber, and short-axis cine loops as well as a left ventriculogram. Hypokinesia by 
absence of wall thickening in systole of the septal and anterior wall is demonstrated. 
Left ventriculography shows that the contrast blood close to the anterior wall is not 
moving during the cardiac cycle.
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Anteroseptal perfusion defect 

A B

C

E

D

Anteroseptal akinesia

FIGURE 9-e4 (A) A 55-year-old male presenting with 10 minutes of 
acute chest pain. The three-dimensional, volume-rendered examination 
provides an overview of the coronary anatomy. The video shows a coro-
nary anomaly with the left circumflex artery (LCx) originating from a com-
mon ostium with the right coronary artery. In addition, the left anterior 
descending artery (LAD) is occluded proximally with a large first diagonal 
branch visible from the left coronary system. (B) Zoom of the right coronary 
ostium with the smaller LCx wrapping around the aorta. Approximately 2 
cm after the origin, there is approximately 50% luminal narrowing of the 
LCx (arrow). (C) Two-chamber, short-axis view with a narrow “contrast” 
window used to assess differences in myocardial tissue attenuation. In the 
anterior and septal myocardial wall, there is a sharply delineated area of 
low attenuation representing a perfusion deficit, which matches the area 
at risk of the location of the subtotal occlusion of the LAD. (D) Short-
axis cine loops: the perfusion defect was associated with a hypokinesia by 
absence of wall thickening in systole of the septal and anterior walls. The 
patient ultimately developed a troponin elevation and ST elevations. This 
is a rare case of ST-elevation myocardial infarction in a patient referred to 
noninvasive diagnostic testing. However, the case demonstrates the syn-
ergy of anatomic, perfusion, and wall motion assessment by cardiac com-
puted tomographic angiography. (E) Long-axis cine loops: the perfusion 
defect was associated with a hypokinesia by absence of wall thickening in 
systole of the septal and anterior walls. A filling defect in the apex suggests 
an apical thrombus formation.
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In a trial of 251 patients, CTA-FFR had a sensitivity of 84% 
and a specificity of 86% to accurately detect invasive FFR 
positive and/or negative patients.43 Thus, although this tech-
nique has not yet been investigated in patients with acute 
chest pain, it could reduce the need for further functional 
testing or invasive angiography. However, currently avail-
able CTA-FFR algorithms require processing on a powerful 
remote computer, and point-of-care CTA-FFR with a process-
ing time of less than 1 hour as needed for ED use is not yet 
available.49

Calcium Imaging
Calcium imaging in acute chest pain remains controversial. 
Although the absence of calcium in low-risk acute chest 
pain indicates a low probability of ACS and good overall 
prognosis, a negative coronary calcium scan alone does not 
completely rule out ACS in patients with chest pain.50

High-risk Plaque Features
A unique feature of coronary CTA is the potential to nonin-
vasively visualize and characterize coronary atherosclerotic 

plaque, both in stenotic and in nonobstructive lesions. CTA 
can classify plaque composition as calcified or noncalci-
fied. More importantly, CTA can detect features associated 
with plaque instability, such as low attenuation (<30 HU), 
outward vessel remodeling, high total plaque burden, and 
spotty calcifications (Figure 9-7) with good correlation to 
intravascular imaging and histology.51 Initial data suggest 
that these CTA-determined plaque features predict adverse 
events, independent of the angiographic stenosis severity 
(Table 9-5). In a subanalysis of the ROMICAT II trial cohort, 
the presence of high-risk plaque features on coronary CTA 
increased the likelihood of ACS, independent of the angio-
graphic CAD severity and clinical risk assessment.40 The role 
for these plaque features in individual clinical decisions 
requires further investigation.

Noncoronary Cardiovascular Emergencies
An advantage of CCTA may be that other life-threatening 
conditions that are differential diagnoses in acute chest pain, 
including pulmonary embolism, aortic dissection, pneumo-
thorax and pericarditis, may be diagnosed. For example, in 
patients with suspected stroke, the thoracic aorta is imaged 
to exclude aortic dissection. Nongated images may sug-
gest aortic dissection because pulsaton artifacts are seen. 
ECG gating resolves these artifacts (Figure 9-e5). In addition, 
masses or tumors may be discovered in patients with acute 
chest pain. Cine images can demonstrate the morphology 
and the motion of tumors during the cardiac cycle and can 
contribute to alternative diagnoses (Figure 9-e6). An ECG-
synchronized thoracic CT scan with pulmonary and aortic 
contrast enhancement can rule out all of these conditions. 
However, a triple rule-out protocol is not recommended for 

A

B

FIGURE 9-6 (A) Two-chamber, short-axis view with a narrow “contrast” window 
used to assess differences in myocardial tissue attenuation. In the anterior myocardial 
wall, there is a sharply delineated area of low attenuation, representing a perfusion 
deficit. In cine loops, this appeared to be associated with a hypokinesia by absence 
of wall thickening in systole of that segment. The patient ultimately developed an 
increase in cardiac troponin and was diagnosed with non–ST-elevation myocardial 
infarction (NSTEMI). NSTEMI is often based on occlusions of smaller diagonal or 
obtuse marginal branches. Hence, highly skilled interpretation of coronary CT angi-
ography is needed to recognize these appropriately. (B) Contrast enhanced coro-
nary CT angiograph displaying the bifurcation of the left main coronary artery. The 
proximal left anterior descending artery gives rise to a small first diagonal branch 
(arrow), which appears to be occluded. This finding is easy to miss, leaving myocar-
dial perfusion defect as the sole evidence of an ongoing acute coronary syndrome. 
Subsequent invasive coronary angiography confirmed proximal occlusion of the first 
diagonal branch.

A B

C

D E

LAD

D2 D1 LCx

Luminal area 1.20 mm2

Vessel area 16.70 mm2

Stenosis 74 %
Remodeling index 1.47
Plaque burden 92.8%

Noncalcified volume 103.9 mm3

Low HU volume 28.0 mm3

Mean attenuation 47.1 HU

FIGURE 9-7 Example of advanced quantitative analysis of noncalcified 
plaque (NCP). (A to C) Identification of NCP. (A) Three-dimensional, volume-ren-
dered image of the coronary tree. (B) Multiplanar reformatted long-axis and (C) 
short-axis images of the proximal left anterior descending artery area (white arrows) 
demonstrating NCP. (D and E) Proposed methods of quantification of NCP. (D) Cross 
section depicting central low attenuation core (red) with peripheral high attenuation 
(green) representing a napkin ring sign. (E) Output of quantitative analysis of NCP. 
LAD, left anterior descending artery; LCx, left circumflex artery.
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C

A B

D

FIGURE 9-e5 Effect of electrocardiographic (ECG) gating on aortic motion artifacts. A 41-year-old with sudden onset of nausea, right-sided weakness, and 4/10 
epigastric and chest pain. (A) Contrast-enhanced computed tomographic angiogram according to a stroke protocol. Nongated data acquisition, 500-millisecond temporal resolu-
tion, covers the aortic arch. Crescent filling defect in the ascending aorta (asterisk), which could represent dissection flaps. The two-sided appearance and the fact that contrast 
enhancement is similar between true and false lumen is unusual. The differential diagnosis for this abnormality is aortic dissection versus pulsation artifact. (B) ECG-gated cardiac 
computed tomography angiography with 75-millisecond temporal resolution. At the same location, the aorta is now of normal appearance. (C) Three-dimensional image of the 
thoracic aorta. (D) Three-dimensional image of the abdominal aorta. Radiation exposure of the entire examination was less than5 mSv; contrast was 60 mL. Aortic dissection 
was excluded.
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C D

E F

FIGURE 9-e6 (A) A 57-year-old man presenting with increasing shortness of breath and stabbing chest pain, as well as a history of deep venous thrombosis. A resting two-
dimensional echocardiogram demonstrates a thin stalk-like structure originating from the interatrial septum into the right atrium. The differential diagnosis includes right atrial 
myxoma, thrombus, and malignant tumor and/or metastasis. (B) Two-dimensional Doppler demonstrating a flow from the left to the right atrium, suggesting a patent foramen 
ovale (PFO). (C) Corresponding four-chamber long-axis view in a contrast-enhanced computed tomographic angiogram demonstrating the gap in the interatrial septum with 
a contrast jet from the left into the right atrium. (D) A different angle demonstrates an additional mass in the right ventricular apex. (E) Atrial thrombus prolapses through the 
PFO, which shows the thrombus in transit. (F) Positron emission tomography (left) and magnetic resonance imaging (right) demonstrating cerebellar and right parietal infarcts 
consistent with a stroke based on paradoxical embolus.
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routine use in suspected ACS because of the low incidence 
of noncoronary emergencies, the higher scan complexity, 
and the higher radiation and contrast medium dose.

Cardiac Computed Tomography in the Era 
of High-Sensitivity Troponin Assays
High-sensitivity assays for troponin (see Chapter 7) that 
allow more sensitive and earlier detection of MI52 have 
profoundly affected the daily management of patients with 
acute chest pain in Europe. The identification of a low-risk 
group of patients by new biomarker assays may obviate the 
use of imaging in this select group. However, a challenge 
arises from the fact that more patients will have a measur-
able high-sensitivity troponin in the absence of acute coro-
nary disease. The application of cardiac CT may develop as 
an effective means to rule out CAD in patients with minor 
troponin elevations. Initial work has shown that high-sen-
sitivity troponin closely correlates with the presence and 
extent of CAD,53 as well as the presence of myocardial per-
fusion abnormalities,54 and suggests that baseline troponin 
will enable an improved and more efficient selection of 
patients for subsequent diagnostic testing. With the avail-
ability of high-sensitivity troponin and the development 
of functional CT applications, the role of cardiac CT may, 
in the future, shift from a rule-out test for low-risk patients 
to a more comprehensive and potentially therapy-guiding 
modality.

CARDIAC MAGNETIC RESONANCE IMAGING

CMR imaging has been explored only to a limited extent 
in the setting of acute chest pain. However, especially in 
patients with known CAD or previous MI, the strengths of 
CMR imaging, including the ability to comprehensively 
evaluate cardiac morphology, function, perfusion, and espe-
cially tissue characterization without radiation exposure, are 
particularly attractive in this setting (see also Chapter 33). 
However, CMR imaging is complex and requires substantial 
technical expertise to ensure high-quality diagnostic exami-
nations and interpretation.

In the setting of acute chest pain, superb tissue charac-
terization of the myocardium is the most attractive aspect 
of CMR. The key attributes of characterization of myocardial 
tissue include the ability to differentiate infarcted tissue 
(using the late gadolinium enhancement technique) and 
ischemic myocardium (rest perfusion defect without evi-
dence of infarct) from normal myocardium, to diagnose MI 
before troponin elevation, to differentiate between new and 
old infarcts, and to determine prognosis.55 CMR is a favor-
able approach in patients with known previous MI, a group 
of patients in whom the discrimination of new versus old 
infarction limits the usefulness of CCTA or MPI.

Observational Studies and Trials of Cardiac 
Magnetic Resonance
The usefulness of CMR in patients with previous events who 
present with a possible new MI was initially demonstrated 
by Kwong and colleagues.56 In this resting protocol, an 
abnormal CMR study was defined by either a regional wall 
motion abnormality or an area of late gadolinium enhance-
ment with or without matching perfusion defect. Among 161 
patients, of whom 16% had a final diagnosis of ACS, CMR 

imaging had a sensitivity of 84% and a specificity of 85% 
for detecting ACS before troponin elevation. In a subsequent 
smaller study (n = 62), the incorporation of T2-weighted CMR 
imaging of myocardial edema improved specificity, positive 
predictive value, and overall accuracy to differentiate acute 
regional ischemia or infarction from chronic infarcts in the 
ED setting.57

Several relatively small single center trials were reported 
from centers with superb expertise in the acquisition and 
interpretation of CMR. These randomized trials aimed to 
define the value of stress CMR in patients with chest pain 
in the ED performed as part of an observation unit protocol, 
and demonstrated that such a strategy may reduce median 
costs, primarily driven by fewer cardiac-related ED visits, 
hospitalizations, and catheterizations, possibly because of 
the perceived more definitive diagnostic information pro-
vided initially by CMR.58–60

Although the available evidence suggests that CMR 
may be useful in the management of patients with known 
CAD who present with suspected acute MI, the adminis-
trative, technical and logistical challenges of performing 
CMR are barriers to routine use in patients with acute 
chest pain.

Identifying Alternative Causes for Apparent Acute 
Coronary Syndrome
See Chapter 33.

Appropriate Use Criteria, Guidelines, and Clinical Role
The 2006 ACCF/ACR/SCCT/SCMR/ASNC/NASCI/SCAI/SIR 
appropriateness criteria for cardiac CT and CMR imaging list 
the use of vasodilator or dobutamine stress CMR imaging as 
of “uncertain” appropriateness in patients in the aftermath 
of acute chest pain,9 which in contemporary nomenclature 
would be considered as “may be appropriate.” It is impor-
tant to note that virtually all of the literature on the use of 
CMR in this setting has appeared after that document was 
prepared.

FUTURE DIRECTIONS

Technical advances in the existing modalities may foster 
continued evolution of how imaging is used in the ED set-
ting. For SPECT MPI, high-speed and high-efficiency cam-
eras are now available that allow high-quality imaging 
with lower radionuclide doses, reducing radiation expo-
sure, and with protocols that are completed more quickly. 
In an observational study of more than 1400 ED patients 
who underwent CCTA or stress testing (with ECG or imag-
ing with a high-efficiency SPECT camera), Duvall and col-
leagues reported that similar proportions of patients were 
directly discharged from the ED with either testing strategy, 
but the CCTA group had longer length of stay, higher mean 
effective radiation dose exposure, and more follow-up test-
ing.61 The higher efficiency SPECT cameras also enable 
the possibility of “stress only” imaging, which when com-
bined with attenuation correction techniques for selected 
patients, significantly reduces the time and dose for radio-
nuclide imaging.62

Other developments include the ability to image the 
“ischemic memory” by identifying metabolic abnormali-
ties reflective of the previous ischemic event even many 
hours after symptoms have resolved. Beta-methyl-p-[123I]-
iodophenyl-pentadecanoic acid (BMIPP) is a fatty acid 
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TABLE 9-5 High-Risk Plaque and Major Adverse Cardiovascular Events

FIRST AUTHOR, 
YEAR

STUDY 
DESIGN

CHARACTERISTICS OF STUDY POPULATION

MEDIAN  
FU (MOS)

HRPF 
ASSESSED

NO. AND TYPE 
OF OUTCOMES

INDEPENDENT 
ADJUDICATION 
OF EVENTS? EVENT RATES

UNADJUSTED 
HR
(95% CI)

ADJUSTED HR
(95% CI)

GENERAL 
REMARKSAsymptomatic (%)

SYMPTOMATIC Known 
CAD (%)

Unknown 
StatusAcute (%) Stable (%)

Matsumoto, 2007 Retrospective 
cohort  
(n = 810)

Y (15%) Y (61%) — Y Y 35 LAP (min HU 
<68)

n = 22 Cardiac 
death, nonfatal 
MI, or UA

Y At 4 yrs: LAP (+) vs 
(−): 5.29 % vs. 
1.9% ACS and 
1.05% vs. 0.6% 
cardiac death

LAP: 2.9  
(1.24–6.73)

2.53 (1.08–5.92) 
after adjusting for 
age, gender, HTN, 
HLP, DM, smoking, 
previous MI

10% underwent CCTA 
for evaluation of 
post-PCI status and 
7% had previous MI.

Motoyama, 2009 Retrospective 
cohort  
(n = 1059)

— — — Y Y 27 PR (RI >1.1) and 
LAP (<30 HU)

n = 15 ACS N At 27 mos: 2 feature 
(PR and LAP) 
plaque: 22.2%; 
1 feature plaque 
(PR or LAP) 3.7%; 
0 feature plaque: 
0.49%

Not reported 2 or 1 feature: 22.79 
(6.91–75.17) after 
adjusting for HTN, 
HLP, previous MI

Cohort consists 
of patients with 
suspected or known 
CAD with no further 
explanation of 
“suspected.”

Otsuka, 2013 Prospective 
cohort  
(n = 895)

Y (40%) Y(60%) Y — 28 PR (RI >1.1),  
LAP (<30 HU), 
NRS

n = 24 Cardiac 
death, nonfatal 
MI, or UA

N Event rates not 
reported. Event 
rate in the entire 
population is 2.7% 
(2 yrs).

NRS: 5.5  
(2.2–12.7);  
LAP: 3.75 
(1.4–9.8);  
PR: 5.2  
(2.2-12.7)

Not reported 20% had history of MI. 
The study basically 
evaluated NRS 
compared with other 
high-risk features. 
Per segment analysis, 
culprit segments of 
ACS compared with 
nonculprit segments; 
authors do not 
report controlling for 
clustering effect

Yamamoto, 2013 Prospective 
cohort  
(n = 511)

Y (46%) Y (54%) Y (4.7 %) — 40 LAP (<34 or  
38 HU), PR 
(>1.05 or 1.2), 
spotty Ca 
(<2/3 vessel 
diameter)

n = 15 Cardiac 
death, nonfatal 
MI, UA

N Annual hard event 
rate: 6.2% (LAP), 
8.6% (PR), 4.5% 
(spotty Ca), 9.9% 
(LAP+PR)

LAP: 11.7 (3.73–
51.3); PR: 10.2 
(3.69–30.6); 
LAP+PR: 12.3 
(4.42–36.6); 
spotty Ca: 3.74 
(1.34–10.7)

LAP: 8.23 (2.41–37.7); 
PR: 8.3 (2.83–26.7); 
LAP+PR:11.2 (3.71–
36.7); spotty Ca: 2.41 
(0.80–7.51) adjusted 
for age, sex, and >50% 
stenosis

Patients w/ early revasc 
(<3 mos) excluded.

ACS, Acute coronary syndrome; Ca, calcium; CACS, calcium score; CAD, coronary artery disease; CCTA, cardiac computed tomographic angiography; CI, confidence interval; 
DM, diabetes mellitus; FU, follow-up; HLP, hyperlipidemia; HR, hazard ratio; HRPF, high-risk plaque features; HTN, hypertension; LAP, low attenuation plaque with <30 HU; MI, 
myocardial infarction; NRS, napkin-ring sign; PCI, percutaneous coronary intervention; PR, positive remodeling; UA, unstable angina.

that is taken up in the myocardium and not significantly 
metabolized. Imaging of this agent, even up to 30 hours after 
the resolution of chest pain symptoms, allows for delayed 
detection of ischemic myocardium, which appears as a 
defect reflecting the reduced regional fatty acid metabo-
lism. In practice, BMIPP imaging in ED patients may permit 
for accurate detection of myocardial ischemia as long as 
within 30 hours after chest pain resolution.63 BMIPP has not 
yet been approved by the Food and Drug Administration for 
this purpose in the United States.

The technology to perform CCTA also continues to 
evolve. In an initial study, Achenbach and colleagues 
reported on using a new CT acquisition scan mode to 
achieve high quality CCTA imaging with acquisition times 
of approximately 4 minutes and radiation exposures of less 
than 1 mSv.64 Min and colleagues have published a series 
of reports, including a multicenter trial, assessing the ability 
of the noninvasive CT images to evaluate FFR associated 
with a stenosis.44 Once mature, this technology may attenu-
ate the apparent increase in downstream catheterizations 
that have been observed in some CCTA studies, by enabling 
interrogation of the physiologic significance of a stenosis 
seen on CCTA.

Thus, the technologies involved in imaging patients in 
this setting continue to evolve toward a more personalized 
way of managing patients, carefully weighing which test and 
which diagnostic information may affect management of 
each patient in the most meaningful way. It is important to 

acknowledge that the evaluation of imaging techniques for 
ED patients with suspected ACS in clinical trials has been 
leading the way in setting an example of how to rigorously 
assess technology for clinical use, resulting in a high-level 
evidence base that can assist clinicians in selecting the right 
test for the right patient.

SUMMARY

Imaging, especially echocardiography and MPI, is well 
established in guiding triage and further management of 
patients presenting with acute chest pain. Stress imaging in 
the observation unit has become common clinical practice. 
CCTA and CMR expand the opportunities to image coro-
nary atherosclerosis and assess salvageable myocardium. 
Because of the low prevalence of ACS among the ED popu-
lation with chest pain, anatomic methods are attractive for 
their assessment, especially if tools currently under investi-
gation (left ventricular function, perfusion, or CTA-FFR) ulti-
mately prove to substantially increase the positive predictive 
value of noninvasive cardiac imaging. Imaging that provides 
myocardial tissue characterization is likely to be more use-
ful in patients with known CAD because most management 
decisions require differentiation of old versus new infarcts. 
In the future, integrated testing using both CCTA and high-
sensitivity cardiac troponin assays may enable even more 
effective early triage through more efficient selection of 
patients needing diagnostic testing.
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TABLE 9-5 High-Risk Plaque and Major Adverse Cardiovascular Events

FIRST AUTHOR, 
YEAR

STUDY 
DESIGN

CHARACTERISTICS OF STUDY POPULATION

MEDIAN  
FU (MOS)

HRPF 
ASSESSED

NO. AND TYPE 
OF OUTCOMES

INDEPENDENT 
ADJUDICATION 
OF EVENTS? EVENT RATES

UNADJUSTED 
HR
(95% CI)

ADJUSTED HR
(95% CI)

GENERAL 
REMARKSAsymptomatic (%)

SYMPTOMATIC Known 
CAD (%)

Unknown 
StatusAcute (%) Stable (%)

Matsumoto, 2007 Retrospective 
cohort  
(n = 810)

Y (15%) Y (61%) — Y Y 35 LAP (min HU 
<68)

n = 22 Cardiac 
death, nonfatal 
MI, or UA

Y At 4 yrs: LAP (+) vs 
(−): 5.29 % vs. 
1.9% ACS and 
1.05% vs. 0.6% 
cardiac death

LAP: 2.9  
(1.24–6.73)

2.53 (1.08–5.92) 
after adjusting for 
age, gender, HTN, 
HLP, DM, smoking, 
previous MI

10% underwent CCTA 
for evaluation of 
post-PCI status and 
7% had previous MI.

Motoyama, 2009 Retrospective 
cohort  
(n = 1059)

— — — Y Y 27 PR (RI >1.1) and 
LAP (<30 HU)

n = 15 ACS N At 27 mos: 2 feature 
(PR and LAP) 
plaque: 22.2%; 
1 feature plaque 
(PR or LAP) 3.7%; 
0 feature plaque: 
0.49%

Not reported 2 or 1 feature: 22.79 
(6.91–75.17) after 
adjusting for HTN, 
HLP, previous MI

Cohort consists 
of patients with 
suspected or known 
CAD with no further 
explanation of 
“suspected.”

Otsuka, 2013 Prospective 
cohort  
(n = 895)

Y (40%) Y(60%) Y — 28 PR (RI >1.1),  
LAP (<30 HU), 
NRS

n = 24 Cardiac 
death, nonfatal 
MI, or UA

N Event rates not 
reported. Event 
rate in the entire 
population is 2.7% 
(2 yrs).

NRS: 5.5  
(2.2–12.7);  
LAP: 3.75 
(1.4–9.8);  
PR: 5.2  
(2.2-12.7)

Not reported 20% had history of MI. 
The study basically 
evaluated NRS 
compared with other 
high-risk features. 
Per segment analysis, 
culprit segments of 
ACS compared with 
nonculprit segments; 
authors do not 
report controlling for 
clustering effect

Yamamoto, 2013 Prospective 
cohort  
(n = 511)

Y (46%) Y (54%) Y (4.7 %) — 40 LAP (<34 or  
38 HU), PR 
(>1.05 or 1.2), 
spotty Ca 
(<2/3 vessel 
diameter)

n = 15 Cardiac 
death, nonfatal 
MI, UA

N Annual hard event 
rate: 6.2% (LAP), 
8.6% (PR), 4.5% 
(spotty Ca), 9.9% 
(LAP+PR)

LAP: 11.7 (3.73–
51.3); PR: 10.2 
(3.69–30.6); 
LAP+PR: 12.3 
(4.42–36.6); 
spotty Ca: 3.74 
(1.34–10.7)

LAP: 8.23 (2.41–37.7); 
PR: 8.3 (2.83–26.7); 
LAP+PR:11.2 (3.71–
36.7); spotty Ca: 2.41 
(0.80–7.51) adjusted 
for age, sex, and >50% 
stenosis

Patients w/ early revasc 
(<3 mos) excluded.

ACS, Acute coronary syndrome; Ca, calcium; CACS, calcium score; CAD, coronary artery disease; CCTA, cardiac computed tomographic angiography; CI, confidence interval; 
DM, diabetes mellitus; FU, follow-up; HLP, hyperlipidemia; HR, hazard ratio; HRPF, high-risk plaque features; HTN, hypertension; LAP, low attenuation plaque with <30 HU; MI, 
myocardial infarction; NRS, napkin-ring sign; PCI, percutaneous coronary intervention; PR, positive remodeling; UA, unstable angina.
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INTRODUCTION

Outcomes after percutaneous coronary intervention (PCI) 
have improved significantly over the past few decades, in 
large part because of newer stent platforms, better implan-
tation techniques, and improved adjunctive medical 
therapy. However, the risk of recurrent cardiac events after 
successful PCI remains high, and the culprit site for these 
events often differs from that of the index procedure.1,2 
Traditional clinical risk models, such as the Framingham 
risk score, are useful for predicting overall risk of ath-
erosclerosis and coronary events. However, clinical risk 
indicators do not provide anatomic information, and 
angiographic parameters have poor predictive accuracy 
in identifying the specific high-risk lesions responsible for 
future coronary events.3,4 Early angiographic studies sug-
gested that the culprit lesions for these recurrent events 
were often only mildly stenotic at the time of index angi-
ography, whereas pathological studies of patients with fatal 
cardiac events found that most acute occlusive throm-
boses occurred at sites with a large plaque burden and 
severe luminal narrowing.5 Therefore, a significant amount 
of research has been devoted to exploring the risk factors 
for individual plaque progression and thrombosis. In this 
chapter, we explore the concept of plaque vulnerability as 
introduced by pathological studies (see Chapter 3), and 
the contribution of intravascular imaging, in particular, 
optical coherence tomography (OCT), toward extending 
our understanding of vulnerable plaques and facilitating 
their identification in vivo. The use of cardiac computed 
tomography and magnetic resonance imaging to charac-
terize plaque composition in large arteries is discussed in 
Chapter 9 and Chapter 33. Molecular imaging applications 
are addressed in Chapter 32.

DEFINITION OF VULNERABLE PLAQUE

Vulnerable plaques have been defined as those at high 
risk for evolving into culprit lesions, including both 
plaques that are prone to provoking thrombosis and 
plaques at risk for rapid progression.6 The framework 
for studying vulnerable plaque features was established 

by data from autopsy studies that examined the culprit 
lesions of patients with sudden coronary death (see also 
Chapter 3). These studies revealed three main patterns 
observed in thrombotic culprit lesions: plaque rupture, 
plaque erosion, and calcified nodules. Ruptured plaques 
are the most common, accounting for approximately 60% 
of cases, and are characterized by fibrous cap disrup-
tion with overlying thrombus that is in continuity with 
an underlying necrotic core. In contrast, eroded plaques 
are found in approximately 35% of cases and are char-
acterized pathologically by coronary thrombus with an 
intact fibrous cap. The endothelial lining is commonly 
absent, exposing the intima, which is primarily composed 
of smooth muscle cells and proteoglycan. Calcified nod-
ules include approximately 5% of cases and are identified 
pathologically by fibrous cap disruption and thrombus 
overlying a fractured calcified plate.7

Pathological studies are limited to the retrospective iden-
tification of features prevalent in culprit plaques, which are 
assumed to contribute to plaque vulnerability. However, the 
introduction and development of intravascular imaging 
modalities has enabled the study of these same features 
in vivo and prospectively, and multiple studies have sought 
to validate and extend the vulnerable plaque hypotheses 
generated by pathological studies. Although each of the 
intravascular imaging modalities has unique advantages 
and disadvantages, they can be broadly grouped into 
modalities that provide primarily anatomic or composi-
tional information, such as OCT, intravascular ultrasound 
(IVUS), near-infrared spectroscopy (NIRS), and intravas-
cular magnetic resonance imaging (IV-MRI), and modali-
ties that provide functional or biomechanical information, 
such as thermography, elastography and/or palpography, 
and near-infrared fluorescence (NIRF) imaging. In addition, 
some modalities that provide primarily anatomic informa-
tion may also indirectly facilitate functional assessment; 
for example, the identification of macrophages may serve 
as a marker of local inflammation. However, none of these 
imaging modalities independently provides physiologic 
information on coronary hemodynamics, which is better 
evaluated with techniques such as fractional flow reserve 
(see Chapter 17).
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INTRAVASCULAR ASSESSMENT  
OF CORONARY PLAQUE ANATOMY  
OR COMPOSITION

Optical Coherence Tomography
OCT is a high-resolution intravascular imaging modality that 
enables the detailed characterization of plaque morphol-
ogy in vivo.8 In a manner analogous to the use of sound 
waves in ultrasonography, OCT technology measures the 
magnitude and time delay of backscattered light waves to 
produce images resembling an “optical biopsy,” with 15- to 
20-μm resolution. This represents a 10-fold improvement in 
resolution compared with IVUS and has allowed for the 
in vivo differentiation of fibrous, lipid, and calcific plaques 
(Figure 10-1). In addition, OCT can be used in the detection 
of intraluminal thrombus and the identification of plaque 
rupture, plaque erosion, and calcified nodules (Figure 10-2). 
The OCT definitions for these thrombosis mechanisms are 
based on the pathological definitions, with slight modifica-
tions to account for the possibility that luminal thrombus 
may dissolve or embolize distally, precluding its identifica-
tion on in vivo imaging. Plaque rupture is identified on OCT 
imaging as lipid plaque with fibrous cap discontinuity and 
cavity formation inside the plaque. Because the coronary 
endothelial lining remains below the resolution of OCT 
imaging, OCT-defined plaque erosion is confirmed by the 
presence of attached thrombus overlying an intact and 
visualized plaque. Probable plaque erosion is identified by 
attached thrombus in the absence of underlying plaque or 
neighboring superficial lipid or calcium, or if there is cul-
prit site luminal irregularity without an attached thrombus. 
Calcified nodules appear on OCT imaging as sites with 
fibrous cap disruption and underlying plaque characterized 
by protruding calcification, superficial calcium, and signifi-
cant calcium adjacent to the lesion.9

The high resolution of OCT imaging has enabled the 
identification of many features suggested by pathological 
studies to be associated with plaque vulnerability. Because 
of the high prevalence of plaque rupture as the underlying 
mechanism for coronary thrombus formation, the features 
and risk factors associated with plaque vulnerability for rup-
ture are the most commonly studied, and therefore, are the 
best understood. These features include large extracellular 
lipid pools, thin fibrous caps, small calcifications, macro-
phage accumulation, microchannels, and cholesterol crys-
tals (Figure 10-3). However, these characteristics may differ 
from the features and risk factors associated with plaque 
erosion and calcified nodules.

Extracellular Lipid Pools
Autopsy studies have identified large lipid cores as a 
common feature of culprit plaques in patients with sud-
den coronary death. On OCT imaging, lipid appears as a 
homogeneous area with low-signal intensity (dark) and 
high-signal attenuation (significant shadowing) in con-
trast to fibrous tissue that appears as a homogeneous area 
with high-signal intensity (bright) and low-signal attenu-
ation (no significant shadowing). Lipid-rich plaques are 
defined as those with a lipid arc of more than 90 degrees 
on cross-sectional imaging (see Figure 10-3A). OCT studies 
have shown that lipid-rich plaques are more prevalent in 
the culprit lesions of patients with acute unstable presenta-
tions such as ST-elevation myocardial infarction (STEMI) or 

non–ST-elevation MI (NSTEMI) compared with those pre-
senting with stable angina pectoris (SAP).10 Furthermore, 
lipid pools are associated with plaque progression. In a 
study of 53 patients with 69 nonculprit plaques (<50% lumi-
nal stenosis on angiography), OCT-identified lipid pools 
were significantly more prevalent in lesions that progressed 
on angiographic follow-up performed between 6 and 9 
months later compared with lesions that did not progress 
(100% vs. 61%; P = .02).11

Thin-Cap Fibroatheroma
Thin-cap fibroatheroma (TCFA) are postulated to represent 
the vulnerable precursor lesion for plaque rupture because 
of their morphological similarity (see also Chapter 3). On 
pathological examination, most ruptured coronary plaques 
have fibrous caps measuring less than 65 μm, and there-
fore, this threshold has been used to define thick- versus 
thin-cap fibroatheroma. The sharp contrast in appearance 
between lipid and fibrous tissue on OCT imaging, coupled 
with its high resolution, make it an ideal intravascular imag-
ing modality for measuring fibrous cap thickness, thereby 
identifying TCFA (see Figure 10-3B). Multiple OCT studies 
have shown a higher prevalence of TCFA at culprit sites in 
patients with acute or unstable clinical presentations com-
pared with those with SAP.12 Initially, nonculprit plaques with 
TCFA are more likely to show progression on angiographic 
follow-up than those without TCFA.11 Moreover, statin ther-
apy has been shown to increase fibrous cap thickness, sug-
gesting that one of the mechanisms underlying the clinical 
benefit of statins is the stabilization of vulnerable TCFA 
plaques (Figure 10-4).13,14

Calcifications
Coronary artery calcium score, as assessed using cardiac 
computed tomography, has been shown to correlate with 
total atherosclerotic burden and risk for future events.15 
However, biomechanical models and pathological stud-
ies suggest that the pattern of vascular calcification may 
be a more important determinant of local plaque vulner-
ability than the total burden of calcium.16 On OCT imag-
ing, calcium deposits appear as heterogeneous areas of 
high- and low-signal intensity with low-signal attenuation 
and a sharp demarcating border. Spotty calcium depos-
its are defined as small calcifications with an arc ≤90 
degrees on cross-sectional imaging (see Figure 10-3C). In 
contrast to ultrasound signals, which are highly attenuated 
by calcium, the light waves used in OCT imaging are able 
to penetrate calcium, thereby allowing for more detailed 
characterization of calcium deposits and better visualiza-
tion of structures deep to those deposits than is possible 
with IVUS. In a study of 189 patients with coronary artery 
disease who underwent OCT imaging of culprit lesions, 
the number of spotty calcium deposits was significantly 
greater in patients presenting with acute MI and unstable 
angina (UA) compared with those presenting with SAP. 
In addition, these calcium deposits were more superfi-
cial in location in the MI and UA groups than in the SAP 
groups. Although all imaged lesions in this study were cul-
prit lesions, plaque rupture as an underlying mechanism 
correlated positively with the number of spotty calcium 
deposits and inversely with the number of large calcium 
deposits.17 Taken together, these results support the mech-
anistic hypothesis that small calcifications can increase 
plaque vulnerability for rupture.18
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FIGURE 10-1 (A) An 80-year-old woman presented with ST-elevation myocardial 
infarction and, after undergoing thrombectomy, underwent optical coherence tomog-
raphy imaging of the culprit left circumflex artery. The longitudinal view (middle panel) 
depicts pull-back imaging of a 54-mm segment of the vessel, with the distal vessel 
oriented toward the left and the proximal vessel oriented toward the right. The OCT 
catheter itself (dotted arrow in middle panel) runs across the center of the longitudinal 
image. Cross-sectional images (1 to 8) correspond to different points along the longitu-
dinal view (horizontal dotted lines). The asterisks in each cross-sectional image denote 
guidewire shadow artifact. The most distal cross-section (1) shows the three-layered 
structure of a normal coronary artery segment. A small side branch can be seen on 
both cross-sectional imaging (arrow in 2) and on the longitudinal view (arrow in middle 
panel). Cross-sectional images reveal a ruptured plaque with fibrous cap disruption and 
cavity formation (arrow in 5) and multiple features associated with plaque vulnerability, 
including macrophage accumulation (arrow in 3), intracoronary thrombus (arrow in 
4), lipid-rich plaque with a thin fibrous cap (arrow in 6), microchannels (arrows in 7), 
spotty calcium (arrow in 8), and cholesterol crystals (dotted arrow in 8). (B) Plaque 
characterization using optical coherence tomography. (1) Cross-sectional optical coher-
ence tomography image of a normal coronary artery with a three-layered structure, 
corresponding to the intima (i), media (m), and adventitia (a). (2) Fibrous tissue (arrows) 
appears as a homogenous area with high-signal intensity and low-signal attenuation. 
(3) Lipid (arrows) appears as a homogenous area with low-signal intensity and high-
signal attenuation. (4) Calcium (arrow) appears as a heterogeneous area of high- and 
low-signal intensity with low-signal attenuation and a sharp demarcating border. The 
asterisks denote guidewire shadow artifact.



106

II

In
It

Ia
l 

Ev
a

lu
a

tI
o

n
 a

n
d
 R

Is
k
 s

tR
a

tI
fI

c
a

tI
o

n

Macrophages/Bright Spots
Inflammation plays an important role in the development 
of atherosclerosis. Pathological studies suggest that mac-
rophages can also promote plaque vulnerability, because 
lipid-laden macrophages have been shown to constitutively 
produce extracellular matrix–degrading enzymes (see 
Chapter 3).19 Macrophage accumulations have been identi-
fied on OCT imaging as a linear series of signal-rich (bright) 
spots with high-signal attenuation (see Figure 10-3D). The 
original technique used to objectively identify macrophages 
on OCT images, termed “normalized standard deviation,” 
has recently been called into question because of method-
ological problems.20 In response, a new algorithm has been 
developed to more objectively identify bright spots within 
an OCT image, correcting for differences in signal intensity 
caused by tissue depth, distance from the catheter, and signal-
to-noise ratio. In a pathological validation study, OCT bright 
spots identified using this algorithm were poorly specific for 
macrophages, which were present in only 57% of bright spot–
positive regions. Instead, OCT bright spots were correlated 
with the interface of plaque components with different opti-
cal indexes of refraction, including not only macrophages, 
but also cholesterol clefts in necrotic cores and the interfaces 
between old and new fibrous tissue, calcium and lipid or 
fibrous tissue, fibrous cap and lipid pools, or neovasculariza-
tion and the media. In addition, not all macrophage accumu-
lations identified histologically were visible on OCT imaging 
as bright spots, which may relate to differences in the back-
scattering properties of the different types of macrophages 
present (for example, M1 vs. M2 macrophages). Therefore, 
OCT bright spot density may be more reflective of plaque 
complexity than specific macrophage accumulation.21

A B

C D

Thrombus Plaque rupture

Plaque erosion Calcified nodule

FIGURE 10-2 Acute coronary syndrome assessment using optical coher-
ence tomography. (A) Thrombus (arrow) is identified as a protruding mass attached 
to the arterial wall. (B) Plaque rupture is identified as lipid plaque with fibrous cap 
discontinuity (arrow) and cavity formation inside the plaque. (C) Plaque erosion is 
confirmed by the presence of attached thrombus (arrows) overlying an intact and 
visualized plaque. (D) Calcified nodule appears on optical coherence tomography as 
a site with fibrous cap disruption (dotted arrow) and underlying plaque characterized 
by protruding calcification, superficial calcium, and significant calcium adjacent to 
the lesion (arrows). The asterisks denote guidewire shadow artifact. (Adapted from 
Jia H, Abtahian F, Aguirre AD, et al: In vivo diagnosis of plaque erosion and calcified 
nodule in patients with acute coronary syndrome by intravascular optical coherence 
tomography. J Am Coll Cardiol 62:1748–1758,2013.)

A B C

D E F

Lipid-rich plaque Thin-cap fibroatheroma Spotty calcium

Macrophages Microchannels Cholesterol crystals

FIGURE 10-3 Vulnerable plaque features identified using optical coherence tomography. (A) Lipid-rich plaques are defined as those with a lipid arc of more than 
90 degrees (arrows). (B) Thin-cap fibroatheroma are identified as lipid-rich plaque with an overlying fibrous cap measuring less than 65 μm (arrow). (C) Spotty calcium deposits 
are defined as small calcifications with an arc ≤90 degrees (arrows). (D) Macrophages and/or bright spots appear as a linear series of signal-rich (bright) spots with high-signal 
attenuation (arrows). (E) Microchannels and/or neovascularization are identified as small black holes or tubes (arrows) measuring 50 to 300 μm in diameter and spanning at 
least three consecutive cross-sectional frames on pull-back imaging. (F) Cholesterol crystals appear as thin, linear, signal-rich structures with low-signal attenuation (arrows). The 
asterisks denote guidewire shadow artifact.
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Microchannels/Neovascularization
Mechanistically, the development of microchannels (neovas-
cularization) within a plaque is believed to facilitate inflam-
matory cell infiltration and necrotic core formation. These 
factors, along with a greater risk of intraplaque hemorrhage, 
may contribute to more rapid plaque progression. On OCT 
imaging, microchannels are identified as small black holes 
or tubes measuring 50 to 300 μm in diameter and spanning 
at least three consecutive cross-sectional frames on pull-
back imaging (see Figure 10-3E). In one study (n = 53), OCT-
identified microchannels were more prevalent in nonculprit 
plaques that showed progression on follow-up angiography 
than those without progression (77% vs. 14%; P <.01).11 In 
another OCT study, among culprit lesions in patients with 
UA, plaques with microchannels had significantly thinner 
fibrous caps, greater lipid arcs, longer lipid lengths, and a 
greater prevalence of TCFA than those without microchan-
nels.22 Plaques with microchannels have been shown to 
respond less favorably to statin therapy in terms of fibrous 
cap thickening compared with plaques without microchan-
nels, despite comparable reductions in serum cholesterol 
levels.23 Moreover, OCT-identified microchannels have also 
been associated with coronary endothelial dysfunction. In a 
study of patients (n = 40) with early coronary artery disease, 
endothelial function testing with acetylcholine revealed 
significantly worse function in segments with microchan-
nels compared with segments without microchannels. In 
addition, the segments with both OCT-identified microchan-
nels and macrophage accumulation had even more severe 
endothelial dysfunction, compared with segments with only 
microchannels or only macrophage accumulation. The 
authors speculated that there was an incremental effect of 
inflammation and intimal neovascularization on atherogen-
esis, in which intimal neovascularization increased vascular 
wall blood flow and facilitated the penetration of inflam-
matory cells into the developing plaque, and activated mac-
rophages to promote further angiogenesis and additional 
macrophage recruitment.24

Cholesterol Crystals
Cholesterol crystal content has been shown in pathological 
studies to be an independent predictor of thrombus forma-
tion and clinical events. Volume expansion during choles-
terol crystallization is hypothesized to cause disruption and 
perforation of neighboring fibrous tissue, thereby contribut-
ing to plaque vulnerability for rupture.25 On OCT imaging, 

cholesterol crystals appear as thin, linear, signal-rich struc-
tures with low-signal attenuation (see Figure 10-3F). Although 
few OCT studies have directly investigated the potential role 
of cholesterol crystals in plaque vulnerability, the presence 
of OCT-identified cholesterol crystals has been associated 
with a greater prevalence of other vulnerable plaque fea-
tures, including lipid-rich plaque, spotty calcifications, and 
microchannels.26

Limitations of Optical Coherence Tomography
One of the limitations of OCT imaging is the need to image 
through a blood-free field, which is achieved by flushing 
the vessel with Ringer lactate, saline, or contrast during pull-
back imaging. Although improvements in image acquisition 
speed have eliminated the need for proximal balloon occlu-
sion during this process, it nonetheless remains difficult to 
evaluate ostial lesions using OCT because of image artifacts 
created by residual blood in the ostial vessel lumen. In addi-
tion, the tissue penetration depth of OCT imaging is limited to 
approximately 3 mm, compared with the 8- to 10-mm depth 
of IVUS imaging. Penetration depth is important for the eval-
uation of plaque burden and arterial remodeling, because 
these parameters require measurement of the vessel area 
delineated by the external elastic membrane (see Chapter 3).  
Plaque area is calculated as the difference between vessel 
and lumen areas, and plaque burden is calculated as the 
proportion of vessel area composed of plaque. In addition, 
the direction and degree of arterial remodeling is deter-
mined by comparing the area bounded by the external elas-
tic membrane at the culprit site with that of reference vessel 
segments. Because of the limited penetration of the OCT 
signal and its attenuation by lipid, OCT has not previously 
been used to assess plaque burden or remodeling. However, 
a recent study has explored the feasibility of measuring ves-
sel area using OCT imaging of eccentric lipid-rich plaques 
by using the portion of the vessel circumference that is vis-
ible to extrapolate the remaining vessel contour that is not 
clearly identified because of excessive depth or shadowing 
by overlying lipid.27

Intravascular Ultrasonography
IVUS is an older, and therefore, a more extensively studied 
and widely available catheter-based imaging modality than 
OCT. Although IVUS produces images with significantly 
lower resolution compared with OCT, it does not require 
clearance of blood from the lumen and can therefore be 
used to evaluate ostial coronary segments. In addition, IVUS 
remains the most robust intravascular imaging modality for 
the assessment of plaque burden and arterial remodeling.

On gray-scale IVUS, echolucent plaque regions have 
been correlated with the presence of a lipid-rich core, and 
the combination of echolucency and high-signal attenua-
tion in the absence of bright calcium has been defined as 
“attenuated plaque.” In addition to positive remodeling, the 
presence of attenuated plaque is associated with increased 
plaque vulnerability.28–30 Moreover, calcifications are readily 
identified on IVUS imaging as bright, signal-rich structures 
with high-signal attenuation, and the presence of small 
“spotty calcium” deposits have been more frequently identi-
fied in patients with unstable coronary presentations com-
pared with those with SAP.28

The spatial resolution of gray-scale IVUS imaging is 100 
to 200 μm, which is insufficient for the evaluation of TCFA, 

A B

FIGURE 10-4 Matching optical coherence tomography cross-sections of a lipid-
rich plaque at (A) baseline and (B) 12-month follow-up in a patient receiving 20 mg/
day of atorvastatin, showing thickening of the fibrous cap (arrows). (From Komukai 
K, Kubo T, Kitabata H, et al: Effect of atorvastatin therapy on fibrous cap thickness 
in coronary atherosclerotic plaque as assessed by optical coherence tomography: the 
EASY-FIT study. J Am Coll Cardiol 64:2207–2217,2014.)
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macrophages, microchannels, or cholesterol crystals. To 
facilitate more detailed plaque assessment, algorithms have 
been developed to perform spectral analysis of the raw IVUS 
radiofrequency backscatter signal, transforming this infor-
mation into a color-coded representation of plaque com-
position. The most widely used method is virtual histology 
(VH)-IVUS, which depicts fibrous tissue as green, fibrofatty 
tissue as light green, the necrotic core as red, and dense cal-
cium as white (Figure 10-5). VH-IVUS–identified TCFA have 
been defined as necrotic core-rich (≥10%) plaques, without 
evident overlying fibrous tissue, and with plaque volume 
≥40% seen on at least three consecutive frames.31

In the landmark PROSPECT study, 697 patients with acute 
coronary syndrome (ACS) underwent three-vessel coronary 
angiography, gray-scale IVUS, and VH-IVUS imaging after PCI. 
Subsequent major adverse cardiac events (MACEs) were 
recorded over a median follow-up of 3.4 years, and these 
events were adjudicated as related to either the originally 
treated culprit lesion or an untreated nonculprit lesion. The 
3-year cumulative rate of MACEs was 20.4%, with approxi-
mately one-half related to the initial culprit lesion and one-
half related to an initially nonculprit lesion. Interestingly, no 
angiographic variables were strongly associated with sub-
sequent events. Rather, the independent predictors of non-
culprit lesion-related MACEs were the presence of TCFA by 
VH-IVUS, plaque burden ≥70%, and a minimum lumen area 
≤4.0 mm2 (Figure 10-6).32 These findings were confirmed 
by the VIVA and ATHEROREMO-IVUS studies, which pro-
spectively enrolled 170 and 581 patients, respectively, and 
included both ACS and SAP cases.33,34

IVUS has also been used to study the effects of statin 
therapy on plaque morphology and composition. Treatment 
with a high-intensity statin has been associated with plaque 
regression, as measured using serial gray-scale IVUS imaging 
as a decrease in percent atheroma volume, which is the pro-
portion of vessel wall occupied by atherosclerotic plaque.35 
Moreover, high-intensity statin therapy has also been asso-
ciated with an increase in plaque calcification over time, 
suggesting that statin-mediated plaque stabilization may 
also derive from the coalescence of spotty calcifications 
into larger calcifications that confer less vulnerability for 
plaque rupture.36 Serial VH-IVUS imaging was performed in 
a subset of 71 patients with stable nonobstructive coronary 
disease enrolled in the SATURN trial, revealing that plaque 
regression with high-intensity statin therapy was associated 
with a decrease in fibrofatty tissue volume and an increase 
in dense calcium tissue volume.37 In the IBIS-4 study of 103 
patients with STEMI who were treated with a high-intensity 
statin, serial VH-IVUS imaging performed at baseline and 
13 months of follow-up similarly showed an increase over 
time in the percent volume composed of dense calcium. 
However, no significant change was observed in the propor-
tion of lipid-rich tissue components (fibrofatty or necrotic 
core) or the number of VH-IVUS–identified TCFA.38

Near-Infrared Spectroscopy
NIRS is an optical imaging modality that analyzes the absor-
bance spectra of a tissue sample to determine its chemical 
composition. For intracoronary imaging, it has been widely 

A

B

C

Dist Prox

FIGURE 10-5 Matching cross sections of a calcific plaque, imaged using (A) gray-scale intravascular ultrasonography, (B) virtual histology intravascular ultrasonography  
(VH-IVUS), and (C) optical coherence tomography. VH-IVUS imaging depicts fibrous tissue as green, fibrofatty tissue as light green, necrotic core as red, and dense calcium as 
white. Dist, Distal cross sections; Prox, proximal cross sections. (From Gonzalo N, Serruys PW, Barlis P, et al: Multi-modality intra-coronary plaque characterization: a pilot study. 
Int J Cardiol 138:32–39,2010.)
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used to identify lipid core cholesterol, depicting its location 
and intensity in a “chemogram” and enabling the identi-
fication of lipid-rich plaques.39 NIRS-identified, lipid-rich 
plaques have been shown to be more common in the cul-
prit plaques of patients with ACS than in those with SAP.40

In the prospective ATHEROREMO-NIRS study, 203 patients 
who underwent coronary angiography for ACS or SAP had 
NIRS imaging performed in the proximal segment of a non-
culprit coronary artery with more than 50% angiographic 
stenosis. A lipid core burden index (LCBI) score was cal-
culated based on the fraction of pixels in the chemogram 
with a high probability for the presence of a lipid core, and 
the median LCBI score was used to categorize individual 
plaques into high versus low LCBI groups. Over 1 year of 
follow-up, the cumulative incidence of the primary end-
point (death, nonfatal ACS, stroke, and unplanned coronary 
revascularization, exclusive of events related to the culprit 
lesion at index angiography) was 10.4% in the entire study 
population and fourfold higher in the high LCBI group com-
pared with the low LCBI group (16.7% vs. 4.0%; P = .003). 
LCBI, peripheral artery disease, and a history of stroke were 
the only predictors of the primary endpoint. Although this 
study supported a role for NIRS imaging in providing prog-
nostic information, it is important to note its limitations 
with respect to the identification and characterization of 
the vulnerable plaque. NIRS imaging was performed only 
in the proximal segment of a single nonculprit vessel, and 
although the study was prospective, adverse events were not 
necessarily attributable to the imaged segment.41

NIRS imaging has also been used to evaluate statin 
therapy. In the prospective YELLOW trial, 87 patients with 
multivessel coronary artery disease, including at least one 
severely obstructive (fractional flow reserve ≤0.80) noncul-
prit lesion, were randomized to continuation of standard-
of-care lipid-lowering therapy or intensive statin therapy 
with rosuvastatin 40 mg/day. Serial NIRS imaging was 

performed at baseline and after 7 weeks of therapy. The 
LCBI decreased significantly in the intensive statin therapy 
group, whereas there was no significant change in the stan-
dard therapy group. Although this pilot study suggests that 
intensive statin therapy can rapidly reduce the lipid con-
tent of obstructive lesions, no significant differences in clin-
ical endpoints between the standard and intensive therapy 
groups could be detected because of the low number of 
adverse events and short follow-up period.42

Notable limitations to NIRS imaging include its exclusive 
evaluation of lipid content, the lack of a clear LCBI thresh-
old that can be used to discriminate high- versus low-risk 
lesions, the lack of information on the depth of detected 
lipid, and the need for another imaging modality to provide 
complementary vascular structural information on which 
to superimpose the NIRS-derived chemogram (Figure 10-7). 
A combined NIRS-IVUS imaging system and catheter is 
already commercially available,43 and a combined NIRS-
OCT system is under development.44

Angioscopy
Coronary angioscopy uses a fiberoptic catheter and light 
source to facilitate direct visualization of the endoluminal 
surface color and morphology. Intraluminal thrombi and 
intimal disruption can be readily assessed, and neointimal 
strut coverage can be evaluated in stented coronary seg-
ments. Angioscopy has been studied for its potential useful-
ness in identifying vulnerable plaques, because the color of 
the endoluminal surface overlying a plaque may provide 
indirect information on its composition. Studies have cor-
related yellow coloration with an underlying lipid pool cov-
ered by a thin fibrous cap and white coloration with fibrous 
plaques or a lipid pool covered by a thick fibrous cap.45

The major limitation to the use of angioscopy in the 
evaluation of plaque vulnerability is its restriction to 
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FIGURE 10-6 In the PROSPECT study, the rate of major adverse cardiac events, at a median follow-up of 3.4 years, was higher for nonculprit lesions char-
acterized by virtual histology intravascular ultrasonography (VH-IVUS) at baseline as thin-cap fibroatheromas (TCFA) compared with those that were not. In 
addition, even higher event rates were seen for TCFA with minimum luminal area (MLA) ≤4 mm2, plaque burden (PB) ≥70%, or both, as characterized using gray-scale IVUS. The  
inset shows an example of a TCFA imaged by VH-IVUS. CI, Confidence interval. (From Stone GW, Maehara A, Lansky AJ, et al: A prospective natural-history study of coronary 
atherosclerosis. N Engl J Med 364:226–235,2011.)
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surface morphology evaluation. Detailed plaque charac-
terization or the assessment of plaque burden and arte-
rial remodeling are not possible. Additional limitations 
to this technique include the need for proximal balloon 
occlusion to create a blood-free field and the subjective 
nature of plaque coloration grading, although continuous 
flush techniques that do not require proximal vessel occlu-
sion and quantitative colorimetric methods have been 
proposed.46

Intravascular Magnetic Resonance Imaging
Conventional MRI could be a powerful tool in the evalua-
tion of plaque vulnerability, because it enables detailed soft 
tissue characterization and may enable both anatomic and 
functional assessment. However, its usefulness for character-
izing coronary plaques is significantly limited by cardiac 
and respiratory motion, as well as the deep location of arter-
ies. Intravascular detector coils have been developed to 
improve the signal-to-noise ratio at the level of the coronary 
wall, thereby increasing spatial resolution. In preliminary 
studies using human autopsy samples and in vivo rabbit 
models, the combination of an external MRI scanner and 
intravascular MR detector enabled accurate measurement 
of vascular plaque fibrous cap thickness.47 Limitations to 
this technique include the theoretical safety concern for 
local vascular heating with the use of intravascular detector 
coils and its impracticality for use during routine cardiac 
catheterization because of the need for an external MRI 
scanner.

A self-contained IV-MRI probe has been developed that 
integrates the magnets, detectors coils, and electronics into 
the tip of the catheter, which then does not require an exter-
nal scanner. The self-diffusion of water molecules is ana-
lyzed in two separate zones (a superficial 100-μm zone and 
a deeper 100- to 250-μm zone) within a 60-degree sector of 
the arterial wall to determine the lipid fraction index (LFI) of 
each zone. Data acquisition takes 51 seconds for each sector, 
and the probe is manually rotated to interrogate additional 
sectors for more circumferential assessment. Lesions with 

increased lipid fraction in the superficial zone compared 
with the deeper zone have been correlated with TCFA.48 The 
LFI can also be used to classify plaques as fibrous (<30% 
LFI), intermediate (31% to 55% LFI), or lipid-rich (>55% LFI). 
However, to eliminate motion artifacts and improve image 
resolution, the self-contained MRI probe must be stabilized 
against the arterial wall by inflating a partially occlusive bal-
loon opposite the detector coil to oppose the probe over 
the arterial segment in question. This probe was tested in a 
first-in-man feasibility study of 28 patients, and 10 patients 
(36%) had transient electrocardiographic changes during 
side balloon inflation, although there were no MACEs over 
30 days of follow-up.49 Important limitations to the current 
technique include the potential for blind spots because of 
the imprecise nature of manual rotation of the probe and 
the limited 60-degree field of view analyzed during each 
interrogation.

INTRAVASCULAR ASSESSMENT OF 
FUNCTIONAL ACTIVITY OR BIOMECHANICS

Thermography
Inflammation plays a critical role in the development 
of atherosclerosis and the destabilization of coronary 
lesions. Intracoronary thermography was developed 
around the hypotheses that plaque temperature may 
serve as a marker for local inflammation and that the 
detection of thermal heterogeneity may therefore provide 
a functional assessment of plaque vulnerability. Studies 
have shown a correlation among measured temperature, 
macrophage density, and systemic inflammatory markers. 
In addition, in a study that explored the temperature dif-
ference between plaques and healthy vessel segments in 
individual patients, thermal heterogeneity was present in  
67% of patients with acute MI, 40% of patients with unsta-
ble angina, and 20% of patients with SAP, in comparison 
with 0% of control subjects.50

Limitations to this technique include a significant over-
lap in the degree of thermal heterogeneity between patients 
with unstable versus stable presentations, making it difficult 
to identify a thermal parameter by which to identify vulner-
able or “hot” plaques. In addition, because of the cooling 
effects of blood flow, perturbations to blood flow or pres-
sure may confound thermal heterogeneity measurements 
in atherosclerotic vessels. Lastly, some temperature measur-
ing techniques require direct contact between the thermal 
sensor and the vessel wall, introducing the potential risk of 
traumatizing a vulnerable rupture-prone plaque. Other tem-
perature measuring techniques use infrared technology to 
measure temperature without contacting the vessel wall, 
although these systems measure the temperature of the 
blood within the lumen rather than the arterial plaque and/
or wall itself.50

Elastography/Palpography
Plaque mechanics may be useful in the assessment of 
plaque vulnerability, because softer areas of tissue should 
deform to a greater degree in response to increased pres-
sure than harder areas of tissue. Mechanical strain and local 
tissue deformation can be assessed by analyzing radiofre-
quency IVUS signals recorded at two different intraluminal 

FIGURE 10-7 Near-infrared spectroscopy (NIRS) and intravascular ultraso-
nography (IVUS) images of the culprit lesion in a patient presenting with 
non–ST-elevation myocardial infarction. The longitudinal NIRS chemogram (top 
right) displays the lipid signal in yellow and can be superimposed onto the longitudi-
nal IVUS image (bottom right), which provides complementary structural information. 
The green vertical line designates the lesion location along the artery that is depicted 
in the cross-sectional image (left panel), which reveals an IVUS-identified attenuated 
plaque between 3 and 10 o’clock with NIRS-identified lipid core plaque between 5 
and 10 o’clock. The dashed circle demarcates the external elastic membrane, and the 
dotted circle demarcates the lumen–lesion interface. (From Fenning RS, Wilensky RL: 
New insights into the vulnerable plaque from imaging studies. Curr Atheroscler Rep 
16:397,2014.)
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TABLE 10-1 Comparison of Intravascular Imaging Modalities for the Detection of Vulnerable Plaque Features

THROMBUS LIPID
FIBROUS 
CAP/TCFA CALCIUM

MACROPHAGES/
INFLAMMATION

MICROCHANNELS/
NEOVASCULARIZATION

CHOLESTEROL
CRYSTALS

PLAQUE 
BURDEN

ARTERIAL 
REMODELING

FUNCTIONAL 
DATA/ 
BIOMECHANICS

OCT ++ +++ +++ ++ + + + – – Indirect

GS-IVUS + + – +++ – – – +++ +++ –

VH-IVUS + ++ ++ +++ – – – +++ +++ –

NIRS – +++ – – – – – – – –

Angioscopy +++ ++ + – – – – – – –

IV-MRI – ++ + – – – – – – –

Thermography – – – – +++ – – – – Direct

Elastography – – – – – – – – – Direct

NIRF – – – – +++ – – – – Direct

GS-IVUS, Gray-scale intravascular ultrasonography; IV-MRI, intravascular magnetic resonance imaging; NIRF, near-infrared fluorescence; NIRS, near-infrared spectroscopy; OCT, optical coherence tomography; TCFA, thin-cap 
fibroatheroma; VH-IVUS, virtual histology intravascular ultrasonography.
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pressures and using these data to derive strain maps for 
rupture-prone areas within a plaque (elastography) or at 
the luminal boundary (palpography).51 Highly distensible 
plaques detected using this technique have been correlated 
with angioscopic yellow plaques, and a significantly higher 
prevalence of deformable plaques has been demonstrated 
in patients with unstable presentations compared with those 
with SAP.52

Near-Infrared Fluorescence
Intravascular NIRF is a novel technique that uses molecu-
lar imaging to assess specific molecular processes within 
a vessel. The functional assessment of inflammation, angio-
genesis, and apoptosis holds significant promise in the 
identification and study of plaque vulnerability. Cysteine 
protease activity has been investigated as a measure of 
inflammation in rabbit models using an intravascular NIRF 
imaging catheter and a molecular agent that, when cleaved 
by cysteine proteases, generates fluorescence. Increased 
cysteine protease activity has been demonstrated in athero-
sclerosis and in the setting of vascular injury following stent 
implantation.53 Importantly, NIRF imaging provides only 
functional information, which can only be localized when 
co-registered with complementary anatomic and/or struc-
tural information obtained with IVUS or OCT. Dual-modality 
NIRF-IVUS and NIRF-OCT have been developed and are 
under investigation.54,55

FUTURE POTENTIAL

The intravascular imaging modalities discussed in this chap-
ter are unique in their ability to identify different features 
associated with plaque vulnerability (Table 10-1), and com-
bination modality imaging catheters represent a promising 
area for future investigation and development. A combined 
OCT-IVUS imaging catheter has been tested in ex vivo cor-
onary samples, capitalizing on the high resolution of OCT 
imaging and the deeper tissue penetration of IVUS imag-
ing.56 Because some intravascular imaging modalities pro-
vide anatomic and compositional information, whereas 
others provide information on plaque functional activity or 
biomechanics, hybrid catheters could integrate these poten-
tially complementary imaging tools, facilitating the identi-
fication of vulnerable plaques with greater sensitivity and 
specificity.

Although stented coronary segments have not tradition-
ally been included as potential vulnerable plaques, the 
mechanisms and risk factors underlying in-stent resteno-
sis and stent thrombosis may be similar to those that drive 
rapid plaque progression and thrombosis in de novo coro-
nary arteries. Intravascular imaging, and in particular, OCT, 
has been integral to the study of stents and their related 
complications, and many vulnerable plaque features have 
been identified in neoatherosclerotic lesions within coro-
nary stents.57

Limitations to the Assessment  
of Plaque Vulnerability
Although intravascular imaging has significantly advanced 
our understanding of vulnerable plaques, the mechanisms 
underlying acute coronary events, and the effect of drug 

therapy on atherosclerotic disease, further research is needed 
before this information can be used in clinical decision-
making. A significant limitation to the clinical applicability 
of these techniques is the high prevalence of intravascular 
imaging–detected vulnerable features or patterns in com-
parison to the timing and frequency of subsequent events. 
Clinically actionable parameters remain elusive, because 
only a fraction of identified vulnerable plaques will progress 
to form thrombus through rupture, erosion, or calcified nod-
ules. Furthermore, those thrombotic events may be partially 
or fully occlusive, as well as symptomatic or clinically silent. 
An important concept in the study of individual plaque 
vulnerability is that it is not the only determinant of clini-
cal events, because it does not account for patient or vessel 
vulnerability. For example, a vulnerable plaque may rupture, 
but the size and extent of the associated thrombus forma-
tion may be influenced by patient-related factors such as 
systemic inflammation and hypercoagulability. In addition, 
a small thrombus could be occlusive if the residual vessel 
lumen at the culprit site is highly stenotic or only partially 
occlusive, and possibly clinically silent if the culprit site 
lumen remains accommodatingly large.

The focus on individual lesion vulnerability has been 
criticized in favor of shifting our attention back to the 
assessment of the risk related to overall atherosclerotic 
burden.58 The isolated assessment of local plaque vulner-
ability without consideration of the overall clinical con-
text certainly runs the risk of “missing the forest for the 
trees.” Therefore, future investigation should integrate the 
assessment of vulnerable plaque features by intravascular 
imaging with an assessment of vulnerable patient features, 
including clinical risk factors, systemic inflammation, and 
hypercoagulability. In addition, because of the invasive 
nature of intravascular imaging, its future clinical useful-
ness will require evidence from prospective natural history 
studies, without which it will be impossible to determine 
if pharmacologic- or device-based treatment of vulnerable 
plaques can improve clinical outcomes in a cost-effective 
manner.59 For these reasons, at present, we do not use intra-
vascular imaging for plaque vulnerability in our own clini-
cal practice.

SUMMARY

Approximately one-half of recurrent events in patients with 
ACS are related to an initially nonculprit lesion. Intravascular 
imaging has advanced our understanding of the mecha-
nisms underlying coronary events and the concept of the 
vulnerable plaque. The high resolution of OCT imaging 
make it a robust tool for identifying microscopic anatomic 
features associated with plaque vulnerability, although it 
has limited use in the assessment of plaque burden, arterial 
remodeling, and plaque functional activity or biomechanics. 
The presence of TCFA by VH-IVUS, plaque burden ≥70%, and 
a minimum lumen area ≤4.0 mm2 assessed using gray-scale 
IVUS are independent predictors of future events related 
to initially nonculprit lesions. Hybrid imaging catheters are 
under development to take advantage of the complemen-
tary information provided by different intravascular imag-
ing modalities, and there is a growing body of intravascular 
imaging data providing new insight into the development 
and associated risk of neoatherosclerotic lesions within 
stented coronary segments.
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INTRODUCTION

Acute myocardial infarction (MI) is a leading cause of 
morbidity and mortality worldwide (see Chapter 2).1 
Although an estimated 157,000 patients will die each year 
in the United States as a result of an MI, this statistic belies 
the wide variability in the rate of mortality and recurrent 
ischemic events across the spectrum of patients with MI. 
Although patients presenting with ST-elevation MI (STEMI) 
are at higher risk for short-term mortality, patients with 
non–ST-elevation MI (NSTEMI) are at higher long-term risk, 
which is believed to be related to older age and comorbid 
medical conditions.

Risk stratification is an integral component of the man-
agement of patients presenting with acute MI. Prognostic 
information is important for appropriate triage and resource 
allocation to provide the appropriate intensity and location 
of care for MI patients. Patients and their families, when 
confronted with an acute MI, expect information about its 
severity and anticipated consequences. Although treatment 
for patients with STEMI is directed toward timely reperfu-
sion of the occluded vessel with primary percutaneous 
coronary intervention (PCI) or fibrinolysis, accurate risk 
stratification is integral in providing appropriate monitor-
ing and care after reperfusion is achieved (see Chapter 14). 
Moreover among patients with NSTEMI, risk stratification 
provides not only important prognostic information, but is 
also critical in deciding the most appropriate care pathway 
(see Chapter 16). Patients at high risk may be more likely 
to benefit from an early invasive strategy and timely revas-
cularization, whereas an ischemia-driven strategy may be 
more appropriate for lower risk patients. In addition, many 
treatment options for patients with acute MI, including 
revascularization, dual antiplatelet therapy, glycoprotein IIb/
IIIa inhibitors, or other anticoagulants, may carry significant 
bleeding risks. Risk stratification allows clinicians to weigh 
the benefits and risks of specific therapies when delineating 
a treatment plan, with the recognition that many (but not 
all) of the characteristics that portend increased ischemic 
risk are also contributors to bleeding risk.

Individualized risk assessment for acute MI involves the 
integration of multiple data points that are available at first 
medical contact and initially is composed of baseline demo-
graphic and clinical characteristics. Upon presentation, 
additional information gleaned during the initial evaluation, 
including physical examination findings, the electrocardio-
gram (ECG), and biomarkers of cardiomyocyte necrosis, is 
integrated. These data may then be combined into a validated 
risk model, such as the GRACE (Global Registry of Acute 
Coronary Events) Risk Score or the TIMI (Thrombolysis In 
Myocardial Infarction) Risk Score, to provide clear prognos-
tic guidance on short- and long-term risks of death or major 
adverse cardiovascular events. Such risk scores may be com-
bined with the measurement of additional biomarkers to 
provide incremental discrimination and potentially reclas-
sify patients more accurately (see Chapter 8). Risk evolves in 
a dynamic way throughout the clinical course based on the 
therapies delivered, and risk assessment at discharge allows 
stratification of the likelihood of recurrent ischemic events, 
sudden cardiac death, and hospital readmission.

In this chapter, we provide an in-depth perspective on clini-
cal risk prediction in acute MI. We begin with demographic 
and clinical risk factors and then incorporate information 
on the acute presentation, including symptoms, the physical 
examination, and the ECG. We then review the development, 
validation, and use of comprehensive, integrated risk models 
in clinical use, such as the GRACE Risk Score and the TIMI Risk 
Scores for STEMI and unstable angina (UA)-NSTEMI. We also 
discuss the value of ancillary novel biomarkers in conjunction 
with the integrated risk scores (see also Chapter 8). Finally, we 
describe the importance of postdischarge risk stratification for 
patients with acute MI.

DEMOGRAPHIC AND CLINICAL RISK 
PREDICTORS

Age
The incidence and prevalence of acute MI increases 
with each decade of age; the average age of the first MI is 
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approximately 65 years in men and 72 years among women.2 
Older patients are at increased risk of adverse outcomes 
after an acute MI (Figure 11-1).3 In the derivation popula-
tion of the TIMI Risk Score for STEMI (median age 62 years; 
interquartile range 52 to 70), the univariate odds of mortality 
were increased almost fivefold among patients older than 
65 years (odds ratio [OR], 4.9; 95% confidence interval [CI], 
4.2 to 5.7). In a substudy of STEMI patients from the GUSTO-
IIb study, each decade of age increased the odds of death 
or MI by 1.32 (95% CI, 1.04 to 1.76).4 From most datasets, 
age is the most important determinant of short-term adverse 
outcomes across the spectrum of acute coronary syndrome 
(ACS), although it is more pronounced among patients with 
acute MI than UA.

There are a number of reasons older patients may have 
worse outcomes following acute MI. First, older patients 
have more comorbid conditions, including renal dysfunc-
tion, and have a significant burden of multiple medications 
compared with younger patients. Older patients are more 
likely to present with atypical symptoms, but they are less 
likely to have diagnostic ECGs. Older patients are also less 
likely to receive guideline-recommended medical therapy 
and to undergo revascularization. Older patients are at sig-
nificantly increased risk of bleeding,5 which may be further 
compounded by inappropriate dosing of antithrombotic 
medications. Although there is benefit of revasculariza-
tion for older patients—a benefit that in the population 
included in clinical trials may be even greater than for 
younger patients—the benefits of an early invasive strategy 
have to be balanced against bleeding risk. From the Treat 
Angina With Aggrastat and Determine the Cost of Therapy 
With an Invasive or Conservative Strategy (TACTICS)-TIMI 18 
study, older patients experienced a greater absolute benefit 
of early invasive management, with lower rates short- and 
medium-term cardiovascular ischemic outcomes at the 
cost of an increased rate of major bleeding. In a patient-level 
meta-analysis of the Fast Revascularisation during InStability 
in Coronary artery disease (FRISC-II), Invasive versus 
Conservative Treatment in Unstable coronary Syndromes 
(ICTUS), and Randomized Intervention Trial of unstable 
Angina (RITA-III) trials, the incidence of adverse cardiovas-
cular outcomes at 5 years was significantly lower among 
patients ages 65 to 74 years (hazard ratio [HR], 0.72; 95% CI, 

0.58 to 0.90) and 75 years or older (HR, 0.71; 95% CI, 0.55 to 
0.91) who underwent a routine invasive strategy compared 
with conservative management.6

Because of the importance of age in risk stratification 
among patients presenting with acute MI, it is incorporated 
in most common risk prediction tools. Despite the evidence 
that age is the most impactful single predictor of risk, the 
importance of age tends to be underappreciated by clini-
cians in their gestalt assessment of risk,7 a fact that under-
scores the importance of using objective tools to assess risk.

Sex
Previous studies demonstrated that compared with men, 
women have a higher burden of comorbid conditions, 
more often have atypical chest symptoms,8,9 present later 
after symptom onset,10 and are more likely to be inappro-
priately discharged from the emergency department. From 
the CRUSADE (Can Rapid Risk Stratification of Unstable 
Angina Patients Suppress Adverse Outcomes With Early 
Implementation of the ACC/AHA Guidelines) Registry, 
women more frequently had traditional risk factors but 
were less likely to receive evidence-based therapies during 
the hospitalization and at discharge. Although women are at 
higher unadjusted risk for death and adverse cardiovascular 
outcomes, this higher risk is largely explained by differences 
in the underlying risk factors, such as age, comorbidities, and 
treatment.11 In a pooled analysis of 11 randomized clinical 
trials that included 136,247 patients (28% women), women 
had significantly higher odds of in-hospital mortality (OR, 
1.91; 95% CI, 1.83 to 2.00), although this relationship was not 
significant after multivariable adjustment (adjusted OR, 1.06; 
95% CI, 0.99 to 1.15).12 In a meta-analysis of eight random-
ized trials, an invasive strategy was preferred among women 
with high-risk features (OR, 0.67; 95% CI, 0.50 to 0.88), but the 
point estimate favored harm among low-risk women (OR, 
1.35; 95% CI, 0.78 to 2.35); therefore, guidelines support a 
conservative approach for low-risk women.13

Diabetes
According to data from the National Health and Nutrition 
Examination Survey, diabetes mellitus (DM) affects approxi-
mately 28.2 million American adults. Across the spectrum 
of atherosclerosis and ischemic heart disease, DM is an 
established potent risk factor for increased mortality, stroke, 
and coronary artery disease.1 Patients with diabetes are 
less likely to present with typical symptoms suggestive of 
ischemia and more likely to have a delay to presentation.14 
Patients with diabetes are also significantly more likely to 
have other cardiovascular risk factors, including hyperten-
sion and hypercholesterolemia.14,15

Approximately 25% of patients in the GRACE Registry had 
diabetes and had higher rates of heart failure, renal failure, 
cardiogenic shock, and in-hospital mortality than patients 
without diabetes across the spectrum of ACS. In a Finnish 
population-based study, the risk of first MI in a patient with 
diabetes was similar to the risk of recurrent MI in a patient 
without diabetes. From a pooled analysis of 62,036 patients 
(n = 46,577 with STEMI and n = 15,459 with UA-NSTEMI) 
from 11 TIMI trials, there was an approximate doubling of 
30-day mortality among patients with diabetes compared 
with patients without diabetes in both UA-NSTEMI (2.1% vs 
1.1%; P <.001; OR, 1.78; 95% CI, 1.24 to 2.56) and STEMI (8.5% 
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FIGURE 11-1 The relationship between age and in-hospital mortality 
in the CRUSADE Registry. (From Alexander KP, et al: Evolution in cardiovascular 
care for elderly patients with non-ST-segment elevation acute coronary syndromes: 
results from the CRUSADE National Quality Improvement Initiative. J Am Coll Cardiol 
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vs. 5.4%; P <.001; OR, 1.40; 95% CI, 1.24 to 1.57) (Figure 11-2),16 
and subsequent analyses of many clinical trials have con-
sistently demonstrated substantially increased risk of death 
and adverse cardiovascular outcomes among patients with 
diabetes. Although patients with diabetes are at higher risk 
of bleeding and other complications following PCI, an early 
invasive strategy has been associated with improved out-
comes in this patient group. In addition, diabetes is a risk 
feature that seems to identify a population of patients with 
multivessel disease who derive particular benefit from coro-
nary artery bypass surgery.17,18

Renal Disease
Patients with chronic kidney disease are at increased risk 
for adverse cardiovascular outcomes and bleeding (Figure 
11-3).19 In an analysis of 1.2 million patients, Go and col-
leagues2 noted a stepwise, graded increase in death and 
cardiovascular outcomes among patients with worsening 
renal function, with an almost sixfold increase in adjusted 
all-cause mortality (adjusted HR, 5.9; 95% CI, 5.4 to 6.5) 
and a threefold increased risk of any cardiovascular event 
(adjusted HR, 3.4; 95% CI, 3.1 to 3.8). In an analysis of the 
VALIANT (Valsartan in Acute Myocardial Infarction Trial) 
study, even mild renal insufficiency was associated with a 
10% increase in the risk of death and adverse cardiovas-
cular outcomes for each 10 mL/min/1.73 m2 reduction in 
the estimated glomerular filtration rate less than 81.0 mL/
min/1.73 m2. Worsening renal disease (estimated glomeru-
lar filtration rate <60 mL/min/1.73 m2) remained an inde-
pendent predictor of increased cardiovascular mortality 
in the A to Z Trial, even after adjustment for inflammation 
with C-reactive protein (CRP) (HR, 1.82; 95% CI, 1.1 to 2.97).

Assessment of renal function is critical in initial risk strat-
ification, because patients with renal disease are not only at 
increased risk of bleeding,20–23 but also may develop wors-
ening renal dysfunction because of acute kidney injury 
following an invasive strategy. Worsening renal dysfunction 
after cardiac catheterization may be the result of direct 
renal injury from iodinated contrast, atheroemboli from 
aortic plaque, or both. Patients presenting with NSTEMI with 
renal dysfunction may be less likely to undergo an invasive 
strategy despite the benefit among patients with mild to 
moderate renal dysfunction.24,25 Although providers rou-
tinely use either the Modification of Diet and Renal Disease 

or the Cockcroft-Gault methods to calculate estimated 
renal function, the Cockcroft-Gault method may be better in 
predicting mortality following acute MI, particularly among 
women, small patients (body mass index <25 kg/m2), or the 
elderly.26

Smoking
Although smoking is a traditional cardiovascular risk fac-
tor and the cause of an estimated 467,000 deaths annually 
in the United States,2 a “smoker’s paradox,” in which smok-
ers presenting with acute MI have better outcomes than 
nonsmokers, was first described in 1993 among patients 
presenting with STEMI who received fibrinolytic therapy. 
However, smokers were approximately 9 years younger 
than nonsmokers, and subsequent studies have attributed 
almost all of the improved outcomes among smokers to 
their younger age and the presence of fewer comorbidi-
ties, such as these patients presenting with MI at a younger 
age when they are better able to survive. In addition, the 
study that initially described the smoker’s paradox focused 
on patients who underwent fibrinolytic therapy; subse-
quent studies that have evaluated patients who under-
went invasive management have been conflicting. In an 
analysis of NSTE-ACS patients from the ACUITY (Acute 
Catheterization and Urgent Intervention Triage Strategy) 
trial, Robertson and colleagues reported similar short-term 
outcomes but worse 1-year outcomes among smokers; in 
addition, they noted that smokers and nonsmokers had 
similar anatomic extent of coronary artery disease, despite 
the fact that smokers were almost a decade younger than 
nonsmokers.27 A subsequent analysis from the Synergy 
between Percutaneous Coronary Intervention with TAXUS 
and Cardiac Surgery (SYNTAX) trial also described worse 
clinical outcomes at 5 years among smokers.28
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Peripheral Artery Disease
The presence of peripheral artery disease (PAD) is also 
an established a marker of increased risk of adverse car-
diovascular outcomes among patients presenting with 
acute MI. Among patients with ACS enrolled in the Oral 
Glycoprotein IIb/IIIa Inhibition With Orbofiban in Patients 
With Unstable Coronary Syndrome (OPUS)-TIMI 16 Study, 
patients with PAD were at higher risk of mortality (8.8% vs. 
3.9%; adjusted HR, 1.39; 95% CI, 1.07 to 1.81) compared with 
patients without PAD.29 From the CRUSADE Registry, Bhatt 
and colleagues observed an increasing odds of in-hospital 
ischemic outcomes with disease in multiple vascular beds 
(OR, 1.31 in patients with disease in three vascular beds; 
P <.001),30 whereas Subherwal and colleagues described 
increased risk of long-term mortality among patients with 
extensive disease (adjusted HR, 1.49; 95% CI, 1.38 to 1.61) 
(Figure 11-4).31 The presence of PAD remained an inde-
pendent predictor of in-hospital mortality among acute MI 
patients who underwent PCI (OR, 2.2; 95% CI, 1.7 to 3.0).

Previous Aspirin Use
Although aspirin has been the cornerstone of medical ther-
apy during and following acute MI,32 previous studies have 
demonstrated worse outcomes among patients taking aspi-
rin before the event, and previous aspirin use is included 
as an independent predictor in the TIMI Risk Score for 
UA-NSTEMI. Although the underlying pathophysiology for 
this phenomenon is unclear, the relationship may reflect a 
heighted risk associated with “failure” of therapy with aspi-
rin or the presence of more severe disease in patients who 
were previously prescribed aspirin.33,34

INITIAL PRESENTATION

Quality of Angina
The nature, quality, and duration of chest discomfort are 
known to have prognostic implications, with typical angi-
nal symptoms, defined by Braunwald and colleagues as (1) 

substernal chest discomfort with a characteristic quality 
and duration that is (2) provoked by exertion or emotional 
stress, and (3) relieved by rest or nitroglycerin,35 confer-
ring worse prognosis than atypical or noncardiac chest 
pain. The presence of severe angina symptoms, defined 
as two or more anginal episodes in the previous 24 hours, 
was incorporated into the TIMI Risk Score for UA-NSTEMI 
(see the section on Integrated Risk Models for Early Risk 
Assessment). Types of discomfort not characteristic of acute 
myocardial ischemia include extremely brief episodes of 
discomfort (less than a few seconds), pleuritic pain, middle 
and/or lower abdominal pain, localized pain (especially at 
the left ventricular apex or costochondral junction), pain 
reproduced with palpation or movement, or pain radiating 
to the lower extremities. However, atypical chest discom-
fort does not necessarily exclude the possibility of acute 
MI, because a significant proportion of patients in an older 
series with acute MI presented with atypical symptoms, 
including pleuritic pain and/or pain reproducible by palpa-
tion. In addition, improvement with either nitroglycerin or 
a gastrointestinal cocktail does not necessarily include or 
exclude acute MI.36

Hemodynamic Instability
A thorough physical examination, beginning with measure-
ment of vital signs, may be helpful in eliciting signs of heart 
failure or cardiogenic shock, either as a result of severe left 
ventricular dysfunction or a mechanical complication of 
acute MI, such as chordal rupture of the mitral valve appa-
ratus or ventricular wall rupture (see Chapter 25). Findings 
of tachycardia, hypotension, rales, a third heart sound, or a 
mitral regurgitation murmur are associated with a higher 
risk of adverse outcomes following MI. The Killip classifica-
tion, first described in 1967, relied on physical examination 
findings only and demonstrated increased mortality with 
escalating signs of heart failure. Although initially described 
among patients with STEMI, the Killip classification was vali-
dated in a pooled analysis of 26,090 NSTEMI patients, with 
patients presenting with Killip class III/IV at a significantly 
increased risk of 30-day (HR, 2.35; 95% CI, 1.69 to 3.26) and 
6-month mortality (HR, 2.12; 95% CI, 1.63 to 2.75).37 Because 
of the importance of these physical examination findings, 
Killip class was incorporated into the TIMI Risk Score for 
STEMI and the GRACE Risk Score. Heart rate and blood 
pressure in and of themselves contain important prognos-
tic information, such that higher heart rate and lower blood 
pressure at presentation are important risk predictors.

Electrocardiogram
The ECG is a critical component in both risk stratification 
and management in patients presenting with acute MI.38 
Current guidelines recommend that an ECG be performed 
within 10 minutes of presentation for all patients with chest 
pain concerning for acute ischemia.36,39 Patients presenting 
with acute ST-segment elevation are directed along a rapid 
reperfusion pathway (see Chapter 13). Among patients with-
out ST-segment elevation, even relatively minor ST-segment 
deviations have been correlated with adverse outcomes. 
Patients with ST-segment depression of even 0.05 mV (0.5 
mm on a standard ECG) had higher rates of death or MI 
compared with patients with T-wave inversions only, even 
after multivariable adjustment (Figure 11-5). In addition, the 
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degree of ST-segment deviation is also predictive of adverse 
outcomes. In an analysis of 7800 NSTE-ACS patients from 
the GUSTO-IV trial, ST-segment deviation of ≥0.2 mV was a 
stronger predictor of short- and long-term mortality than 
any other clinical factor or biomarker. Among patients with 
NSTE-ACS, there was an association between in-hospital 
revascularization and lower 4-year mortality, especially 
among patients with ST-segment depression of ≥0.1 mV on 
the presenting ECG.

Symmetrical T-wave inversions of ≥0.2 mV may be indica-
tive of proximal left anterior descending ischemia; however, 
nonspecific T-wave inversions less than 0.2 mV may not be 
helpful from a clinical perspective.36 It is also important to 
note that a normal ECG does not exclude acute MI in patients 

with concerning symptoms, because 2% to 6% of patients pre-
senting with acute MI may have an initially normal or non-
specific ECG; however, patients with acute MI presenting with 
a normal or nonspecific ECG appear to have lower rates of 
in-hospital mortality than those with a diagnostic ECG.

Although most studies have evaluated use of the presenta-
tion ECG in risk assessment and treatment pathway, Carmo 
and colleagues evaluated the utility of 24-hour continuous 
ECG monitoring in 234 NSTE-ACS patients and reported 
limited incremental prognostic information, especially com-
pared with the GRACE Risk Score.40 Scirica and colleagues 
studied the use of 7-day continuous ECG monitoring, and 
among 6355 patients enrolled in the Metabolic Efficiency 
With Ranolazine for Less Ischemia in Non−ST-Elevation Acute 
Coronary Syndromes (MERLIN)-TIMI 36 Trial, they found that 
patients with one episode or more of ischemia (defined as 
≥0.1 mV of ST-segment depression lasting ≥1 minute with a 
heart rate at the onset of the episode <100 beats/min) had an 
increased risk of adverse cardiovascular outcomes, even after 
multivariable adjustment (risk of death: 7.7% vs 2.7%; P <.001; 
adjusted HR, 2.46; 95% CI, 1.81 to 3.33).41

Markers of Cardiomyocyte Necrosis
Evidence of myocardial necrosis in the presence of symp-
toms concerning for acute ischemia is central to the diag-
nosis of acute MI. Although less specific markers of myocyte 
necrosis, including myoglobin, creatine kinase, and creatine 
kinase-myocardial band fraction, were used in previous 
decades, cardiac troponin measurements, both the I and T 
isoforms, are now the most sensitive and specific measures 
of myocyte necrosis (see Chapter 7) and have redefined the 
UA-NSTEMI spectrum of ACS (see Chapter 1).42

Biomarkers of necrosis consistently identify a graded 
relationship with the risk of death after presentation with MI. 
Importantly, the risk of recurrent ischemia and infarction is 
shown as an inverted U-shaped pattern, with highest risk in 
those with low to intermediate increases in biomarkers of 
necrosis. This presumably identifies patients with high-risk 
ACS in whom the culprit territory remains at risk. In the TIMI 
IIIB Trial, Antman and colleagues demonstrated a 1.8- to 7.8-
fold increased mortality risk among patients with elevated 
cardiac troponin I, concordant with similar findings from 
the GUSTO IIA Trial.

Since these landmark publications, in more than 30 stud-
ies, including both clinical trials and community-based 
cohorts, cardiac troponin has independently predicted the 
risk of death and recurrent ischemic events among patients 
with ACS. In aggregate, patients presenting with suspected 
NSTE-ACS and an elevated concentration of troponin are at 
an approximately fourfold higher risk of death or recurrent 
infarction. In patients with STEMI, an elevated concentration 
of troponin at presentation is also associated with higher 
short-term mortality. This prognostic information obtained 
from measurement of cardiac troponin is complementary 
to the important clinical indicators of risk identified in this 
chapter, including patient age, ST deviation, and presence of 
heart failure.

With the development of high-sensitivity assays for car-
diac troponin, it is possible to measure low concentrations 
of troponin and to characterize troponin distribution in 
healthy populations with greater precision (see Chapter 7). 
In this context, the recommended clinical decision limits 
have moved toward lower concentrations, raising questions  
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regarding the clinical relevance of low or very low levels 
of troponin elevation. There are now multiple studies that 
have validated the heightened risk of patients with posi-
tive troponin results using high-sensitivity assays. As an 
example, in a study of more than 4600 patients, a high-
sensitivity troponin assay identified patients at significantly 
higher 30-day risk of cardiovascular death or new MI 
using the guideline-based 99th percentile decision limit.43 
Importantly, the study identified a gradient of risk at the low 
end of concentration that was not reliably measured with 
previous generations of the same assay. Conversely, a tropo-
nin concentration less than the 99th percentile cut point 
identified a cohort of patients with a clinical diagnosis of 
NSTE-ACS who were at low risk for death or recurrent isch-
emic events over 30 days.

INTEGRATED RISK MODELS FOR EARLY RISK 
ASSESSMENT

GRACE Risk Score
The risk score for predicted in-hospital mortality from the 
GRACE trial remains one of the best validated and most 
widely used risk scores for early assessment of in-hospital 
predicted mortality risk. The score was initially developed 
in an unselected cohort of 11,389 patients (including 509 
in-hospital deaths) who presented with ACS in 94 hospitals 
in 14 geographically diverse countries (Argentina, Australia, 
Austria, Belgium, Brazil, Canada, France, Germany, Italy, New 
Zealand, Poland, Spain, the United Kingdom, and the United 
States) from 1999 to 2001.

The initial model was developed using a multivariable 
logistic regression modeling technique in which a logis-
tic regression model was used to examine the relation-
ship between candidate variables (selected from clinical 
variables, expert opinion, and previous model results); a 
multivariable stepwise logistic regression was used to esti-
mate in-hospital mortality. Eight independent risk factors 
accounted for almost 90% of the prognostic information 
and were the components of the final model: age (OR, 1.7 
per decade; 95% CI, 1.55 to 1.85); Killip class (OR, 2.0 per 
class; 95% CI, 1.81 to 2.29); systolic blood pressure (OR, 1.4 
per 20-mm Hg decrease; 95% CI, 1.27 to 1.45); ST-segment 
deviation (OR, 2.4; 95% CI, 1.90 to 3.00); cardiac arrest during 
presentation (OR, 4.3; 95% CI, 2.80 to 6.72); serum creatinine 
level at presentation (OR, 1.2 per 1 mg/dL increase; 95% CI, 
1.15 to 1.35); positive cardiac biomarkers at presentation 
(OR, 1.6; 95% CI, 1.32 to 2.00); and heart rate (OR, 1.3 per 
30 beats/min increase; 95% CI 1.16 to 1.48). An updated ver-
sion of the risk score (found at http://www.gracescore.org) 
allows its use when Killip class and serum creatine are not 
available, and provides estimates of in-hospital, 6-month, 1- 
and 3-year death, and 1-year death or MI.

The final model displayed excellent discrimination abil-
ity with a c-statistic of 0.83 in the derivation cohort. Of note, 
univariable predictors of in-hospital mortality that were 
not found to be statistically significant in the multivariable 
model included sex, history of heart failure, and history of 
renal insufficiency. In addition, previous aspirin use (OR, 0.73; 
95% CI, 0.58 to 0.91) and previous statin use (OR, 0.50; 95% 
CI, 0.34 to 0.97) were found to be significant in the multivari-
able model, but they only added marginally to the overall 
discriminatory ability (c-statistic = 0.85), and therefore, were 
not included in the final, simplified model (Figure 11-6).

The GRACE Risk Score has been well-validated in many 
subsequent cohorts and by the United Kingdom National 
Institute for Health and Care Excellence. It was initially vali-
dated in a continuation of the GRACE Registry among a sub-
sequent sample of 3972 patients (including 215 deaths) who 
were enrolled after March 21, 2001 and performed well, with 
a c-statistic of 0.85. In the GUSTO-IIb cohort, which included 
12,142 patients at 373 hospitals in 13 countries randomized 
to intravenous heparin or hirudin within 72 hours of presen-
tation of ACS, the model performed well (c-statistic = 0.79), 
despite the fact that the most powerful predictor of mortal-
ity, cardiac arrest at presentation, was not collected in this 
dataset.

A complementary risk score was developed using the 
GRACE cohort to predict 6-month mortality among patients 
at discharge using stepwise Cox proportional hazards 
regression for candidate variables, then using a backward 
stepwise selection methodology to create the multivariable 
model with α value of less than 0.05. The final postdischarge 
to 6-month mortality model included the following nine 
variables: age (OR, 1.7 per 10-year increase; 95% CI, 1.63 to 
1.84); history of MI (OR, 1.4; 95% CI, 1.20 to 1.59); history of 
congestive heart failure (OR, 2.1; 95% CI, 1.80 to 2.47); heart 
rate (OR, 1.3 per 30 beats/min increase; 95% CI, 1.23 to 1.47); 
systolic blood pressure (OR, 1.1 per 20-mm Hg decrease; 95% 
CI, 1.06 to 1.17); initial serum creatinine level (OR, 1.2 per 
1 mg/dL increase; 95% CI, 1.12 to 1.23); initial cardiac bio-
marker elevation (OR, 1.5; 95% CI, 1.33 to 1.79); ST-segment 
depression (OR, 1.5; 95% CI, 1.29 to 1.69); and no in-hospital 
PCI (OR, 1.9; 95% CI, 1.30 to 1.88). This model also displayed 
good discrimination ability, with a c-statistic of 0.77 in the 
overall cohort (n = 22,645) (Figure 11-7).

A comprehensive model was subsequently developed 
using similar methodology to predict risk of mortality or 
recurrent MI from presentation to 6 months in a population 
of 43,810 patients through September 2005 from the GRACE 
Registry. The simplified model included the same eight inde-
pendent predictors of the in-hospital mortality model and 
demonstrated good discrimination, with a c-statistic of 0.81 
for predicting mortality and a c-statistic of 0.73 for death or 
recurrent MI to 6 months from MI presentation.

Although the GRACE Risk Scores were developed in 
the late 1990s and early 2000s, before the development of 
contemporary therapies for acute MI, such as drug-eluting 
stents, next-generation antiplatelet agents, and robust anti-
coagulants, their validity was demonstrated in an analysis 
of 5985 patients who presented with ACS in the MASCARA 
Spanish Registry. In this Registry, the GRACE Risk Scores 
demonstrated robust discrimination, with a c-statistic of 0.85 
for predicted in-hospital mortality and a c-statistic of 0.81 for 
predicted 6-month mortality.44

The GRACE Risk Score has a number of advantages over 
previously developed risk models. First, it was developed 
using a general, unselected, global population of patients 
who underwent routine clinical care; other risk scores were 
derived using cohorts enrolled in randomized clinical tri-
als. Next, it has excellent discriminatory capability, with a 
c-statistic of 0.83 in the initial model. Third, compared with 
other models that predict a composite endpoint, the GRACE 
risk models predict only hard outcomes; the initial model 
predicted in-hospital mortality, although subsequent models 
have predicted risk of death or recurrent MI to 6 months. 
Finally, a uniform model predicts risk across the ACS spec-
trum, from UA to STEMI.

http://www.gracescore.org
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TIMI Risk Score for ST-Elevation Myocardial 
Infarction
The TIMI Risk Score for STEMI was constructed using the 
patient cohort from the inTIME (Intravenous nPA for Treatment 
of Infarcting Myocardium II) trial, which randomized 14,114 
patients to either lanecteplase or alteplase. It comprised 8 
predictors of increased 30-day mortality with variable weights 
for a total of 14 points: age; diabetes, hypertension, or angina; 
systolic blood pressure less than 100 mm Hg; heart rate more 
than 100 beats/min; Killip classes II to IV; weight less than 67 
kg; new left bundle branch block or anterior ST-segment ele-
vation; and time to fibrinolytic therapy of more than 4 hours 
(Figure 11-8). The model demonstrated good discriminatory 
ability (c-statistic = 0.78) and a significant gradation of risk of 
30-day mortality, from 0.8% in patients with a risk score of 0% to 
35.9% for patients with a risk score greater than 8. Although the 
TIMI STEMI Risk Score was derived in a population of patients 
who received fibrinolytic therapy, the score has subsequently 
been validated in patients who underwent reperfusion via pri-
mary PCI.45 The main strength of the TIMI Risk Score is its abil-
ity to be calculated at the bedside as a simple integer score 
based on clinical history, ECG, and physical examination.

TIMI Risk Score for Unstable Angina:  
Non–ST-Elevation Myocardial Infarction
The TIMI Risk Score for UA and/or NSTEMI was initially 
derived using the heparin-only arm (n = 1957) of the TIMI-
11B Trial, which evaluated the safety and efficacy of enoxa-
parin compared with unfractionated heparin in patients 
who presented with UA or NSTEMI. The risk score was 
validated using the enoxaparin arm (n = 1953) and both 
arms (n = 3171) from the similar ESSENCE (Efficacy and 
Safety of Subcutaneous Enoxaparin in Unstable Angina 
and  Non-Q-Wave MI) trial, which also compared efficacy of 
subcutaneous enoxaparin with unfractionated heparin in 
patients with unstable angina or non–Q-wave MI. The model 
was  developed using multivariable regression modeling 
techniques to assess the significance of candidate variables 
and then tested using a multivariate stepwise (backward 
elimination) regression model.

The multivariable model revealed seven independent 
predictors of the composite endpoint of death, recurrent MI, 
or recurrent ischemia that required urgent revascularization 
within 14 days: age 65 years or older (OR, 1.75; 95% CI, 1.35 
to 2.25), at least three risk factors for coronary artery disease 

1. Find points for each predictive factor:

2. Sum points for all predictive factors:

3. Look up risk corresponding to total points

 Killip Points SBP, Points Heart rate, Points Age, years Points Creatinine Points
 class  mm Hg  beats/min    level, mg/dL

 I 0 ≤80 58 ≤50 0 ≤30 0 0–0.39 1
 II 20 80– 99 53 50– 69 3 30–39 8 0.40– 0.79 4
 III 39 100–119 43 70– 89 9 40–49 25 0.80–1.19 7
 IV 59 120–139 34 90–109 15 50–59 41 1.20–1.59 10
   140–159 24 110–149 24 60–69 58 1.60–1.99 13
   160–199 10 150–199 38 70–79 75 2.00–3.99 21
   ≥ 200 0 ≥200 46 80–89 91 > 4.0 28
       ≥90 100

Other risk factors  Points

Cardiac arrest at admission 39
ST-segment deviation 28
Elevated cardiac biomarker levels 14

Killip SBP Heart Age Creatinine Cardiac ST-segment Elevated cardiac Total
class  rate  level arrest at deviation biomarker levels points
     admission

+ + + + + + + =

Total points  ≤60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 ≥ 250

Probability of
in-hospital death, % ≤0.2 0.3 0.4 0.6 0.8 1.1 1.6 2.1 2.9 3.9 5.4 7.3 9.8 13 18 23 29 36 44 ≥52

For example, a patient has Killip class II, SBP of 100 mm Hg, heart rate of 100 beats/min, is 65 years of age, has serum creatinine level
of 1 mg/dL, did not have a cardiac arrest at admission but did have ST-segment deviation and elevated enzyme levels.
His score would be 20 + 53 + 15 + 58 + 7 + 0 + 28 + 14 = 196.
This person would have an approximately 16% risk of having an in-hospital death.

Similarly, a patient with a Killip class I, SBP of 80 mm Hg, heart rate of 60 beats/min, is 55 years of age, has serum creatinine level of 0.4,
and no risk factors would have the following score:
0 + 58 + 3 + 41 + 1 =103, which gives approximately a 0.9% risk of having an in-hospital death. 

FIGURE 11-6 Initial GRACE Risk Score model nomogram. SBP, Systolic blood pressure. (From Granger CB, et al: Predictors of hospital mortality in the global registry of 
acute coronary events. Arch Intern Med 163:2345–2353,2003.)
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(risk factors included family history of coronary artery dis-
ease, hypertension, hypercholesterolemia, diabetes, or cur-
rent smoking status) (OR, 1.54; 95% CI, 1.16 to 2.06), previous 
coronary stenosis of ≥50% (OR, 1.70; 95% CI, 1.30 to 2.21), 
ST-segment deviation (OR, 1.51; 95% CI, 1.13 to 2.02), two or 
more anginal episodes in the previous 24 hours (OR, 1.53; 
95% CI, 1.20 to 1.96), and elevated serum cardiac markers 

(either creatine kinase-MB or cardiac specific troponin) 
(OR, 1.56; 95% CI, 1.21 to 1.99). Because of the relatively simi-
lar prognostic weights, the final TIMI risk score was the sum 
of the individual predictors (range, 0 to 7).

The TIMI Risk Score showed modest discrimination in 
the derived cohort (c-statistic = 0.65) and in each of the 
initial validation cohorts (c-statistic = 0.63 in the combined 

Risk Calculator for 6-Month Postdischarge Mortality After Hospitalization for Acute Coronary Syndrome

Record the points for each variable at the bottom left and sum the points to calculate the total risk score. Find the total score on 
the x-axis of the nomogram plot. The corresponding probability on the y-axis is the estimated probability of all-cause mortality 
from hospital discharge to 6 months.

Medical History

Age in years Points

≤29 –––––––––––––––––––––––– 0

30–39 –––––––––––––––––––––– 0

40–49 ––––––––––––––––––––– 18

50–59 ––––––––––––––––––––– 36

60–69 ––––––––––––––––––––– 55

70–79 ––––––––––––––––––––– 73

80–89 ––––––––––––––––––––– 91

≥90 –––––––––––––––––––––– 100

History of congestive
heart failure –––––––––––––––– 24

History of myocardial 
infarction –––––––––––––––––– 12

Findings in Initial
Hospital Presentation

Resting heart rate, Points
beats/min

≤49.9 ––––––––––––––––––––––– 0

50–69.9 ––––––––––––––––––––– 3

70–89.9 ––––––––––––––––––––– 9

90–109.9 ––––––––––––––––––– 14

110–149.9 –––––––––––––––––– 23

150–199.9 –––––––––––––––––– 35

≥200 –––––––––––––––––––––– 43

Systolic blood pressure,
mmHg

≤79.9 –––––––––––––––––––––– 24

80–99.9 –––––––––––––––––––– 22

100–119.9 –––––––––––––––––– 18

120–139.9 –––––––––––––––––– 14

140–159.9 –––––––––––––––––– 10

160–199.9 ––––––––––––––––––– 4

≥200 ––––––––––––––––––––––– 0

ST-segment depression –––––– 11

Findings 
During Hospitalization

Initial serum Points
creatinine, mg/dL

0–0.39 –––––––––––––––––––––– 1

0.4–0.79 –––––––––––––––––––– 3

0.8–1.19 –––––––––––––––––––– 5

1.2–1.59 –––––––––––––––––––– 7

1.6–1.99 –––––––––––––––––––– 9

2–3.99 ––––––––––––––––––––– 15

≥4 –––––––––––––––––––––––– 20

Eleveated cardiac biomarkers – 15

No in-hospital
percutaneous
coronary intervention –––––––– 14
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FIGURE 11-7 GRACE Risk Score model risk calculator for 6-month postdischarge mortality after hospitalization for acute coronary syndrome. (From Eagle KA, 
et al: A validated prediction model for all forms of acute coronary syndrome: estimating the risk of 6-month postdischarge death in an international registry. JAMA 291:2727–
2733, 2004.)
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validation cohort as described previously). There was a lin-
ear increase in risk with a higher risk score. In addition, the 
TIMI Risk Score was able to predict risk of the composite 
endpoint over a wide range of risk, from less than 4.7% with 
a risk score of 0 to 1 to 40.9% in patients with a risk score 
of 6 to 7.

The TIMI Risk Score was derived and validated using 
a cohort of selected patients participating in a rigorous, 
well-designed randomized clinical trial and has been well-
validated in subsequent clinical trial and contemporary 
practice populations. The composite endpoint incorporates 
clinically meaningful endpoints other than only mortality. In 
addition, although the different components of the GRACE 
Risk Score denote differential risk and must be weighted to 
achieve the final risk score, the relatively similar weights in 
the TIMI Risk Score allow for an arithmetic sum that can be 
calculated simply to facilitate risk stratification that directly 
relates to outcomes (Figure 11-9). Finally, although the 
c-statistic is lower compared with other validated risk mod-
els, some have questioned the use of the c-statistic as the 

only measure of a model’s utility46 and have favored other 
metrics instead, such as the proportion of patients that are 
reclassified using a particular model. Even more importantly, 
the TIMI Risk Score for UA and/or NSTEMI has been shown 
to be useful for guiding therapeutic decision-making, identi-
fying patients with a greater potential for benefit from early 
invasive management and more potent antithrombotic ther-
apies (Figure 11-10). Coupling the practical bedside applica-
tion and the direct clinical relevance for treatment, the TIMI 
Risk Score remains one of the most widely used scores for 
clinical risk stratification.

Dynamic Risk Modeling
Although the GRACE Risk Score and the TIMI Risk Scores are 
among the most widely used for risk stratification in acute 
MI, both scores rely on data captured at a specific time point. 
However, in clinical practice, patient risk is continually vari-
able and changes in response to delivered therapies and 
complications. For example, among patients treated with 
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1) Age 65–74 / ≥75 2/3 points
2) Systolic blood pressure <100 3 points
3) Heart rate >100 2 points
4) Killip II-IV 2 points
5) Anterior STE or LBBB 1 point
6) Diabetes, history of HTN or angina 1 point
7) Weight <67 kg 1 point
8) Time to treatment >4 hours 1 point

Risk score 0 –14 possible points

FIGURE 11-8 TIMI Risk Score for ST-elevation (STE) myocardial infarction and 30-day risk for mortality. HTN, Hypertension; LBBB, left bundle branch block. (From 
Morrow DA, et al.: TIMI risk score for ST-elevation myocardial infarction: a convenient, bedside, clinical score for risk assessment at presentation: an intravenous nPA for treat-
ment of infarcting myocardium early II trial substudy. Circulation 102:2031–2037,2000.)

Historical Points

Age ≥65 1

≥ 3 CAD risk factors 1
(FHx, HTN, ↑chol, DM, active smoker)

Known CAD (stenosis ≥50%) 1

ASA use in past 7 days 1

Presentation

Recent (≤24 hour) severe angina 1

↑ Cardiac markers 1

ST deviation ≥ 0.05 mV 1

Risk Score = Total Points (0–7)

Risk of cardiac events (%)
by 14 days in TIMI 11B trial*

   Death, MI, or
 Risk Death Urgent
 Score or MI Revascularization

 0/1 3 5
 2 3 8
 3 5 13
 4 7 20
 5 12 26
 6/7 19 41

*Entry criteria: UA or NSTEMI defined as 
ischemic pain at rest within past 24 hours, 
with evidence of CAD (ST segment deviation 
or + biomarker).

FIGURE 11-9 TIMI Risk Score for non–ST-elevation acute coronary syndromes and 14-day risk of death, myocardial infarction, or severe recurrent ischemia 
prompting urgent revascularization. ASA, Aspirin; CAD, coronary artery disease; DM, diabetes mellitus; FHx, family history; HTN, hypertension; MI, myocardial infarction; 
NSTEMI, non–ST-elevation myocardial infarction; UA, unstable angina. (Data from Antman EM, et al: The TIMI risk score for unstable angina/non-ST elevation MI: A method for 
prognostication and therapeutic decision making. JAMA 284:835–42,2000.)
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fibrinolysis, continual assessment of treatment efficacy guides 
subsequent timing of angiography and potential rescue PCI. 
In addition, the development of heart failure or severe left 
ventricular systolic dysfunction are among the most potent 
predictors of future adverse cardiac outcomes, although they 
may not have been present in the initial evaluation, and there-
fore, would not be captured accurately using a static model.

The GRACE Risk Score includes a postdischarge model 
that incorporates some in-hospital events, but there have 
been few models that have systematically captured data 
at different time points to allow for most accurate risk pre-
diction. Dynamic models in the NSTE-ACS populations that 
have incorporated data from multiple time points during a 
patient’s hospitalization reported significant improvements 
in accuracy for 30-day mortality prediction.36 Dynamic 
modeling of 90-day mortality using data captured at base-
line and at 2, 24, and 96 hours after presentation among 
STEMI patients enrolled in the Assessment of Pexelizumab 
in Acute Myocardial Infarction (APEX-MI) trial was per-
formed by Westerhout and colleagues, who reported that 
the importance of some characteristics, such as heart rate, 
Killip class, and creatinine declined, whereas the impor-
tance of in-hospital events, such as successful reperfusion 
or cardiogenic shock, became increasingly important. 
Overall, the final model provided improved discrimination 
(c-statistic improved from 0.819 at baseline to 0.847 at 96 
hours) and more accurately predicted patients at low risk 
of 90-day mortality.47 Similarly, Amin and colleagues created 
a dynamic TIMI Risk Score for STEMI, adding in-hospital 
events such as recurrent MI, stroke, major bleed, congestive 
heart failure and/or shock, arrhythmia, and renal failure to 
create a more comprehensive score with improved discrim-
ination (Figure 11-11).48 Therefore, dynamic risk modeling, 
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FIGURE 11-10 Relationship between the TIMI Risk Score for non–ST-
elevation acute coronary syndromes and the benefit of selected therapies. 
Effective management strategies offer the greatest absolute benefit in 
patients with higher TIMI Risk Scores. Rate of the composite endpoints (%) 
is stratified by risk group and treatment allocation (see individual references for 
endpoint definitions). GP, Glycoprotein; LMWH, low-molecular-weight heparin; 
UFH, unfractionated heparin. (Data from [A] Antman EM, et al: The TIMI risk score  
for unstable angina/non-ST elevation MI: a method for prognostication and ther-
apeutic deci sion making. JAMA 284:835–842,2000, [B] Morrow DM, et al: An 
integrated clinical approach to predicting the benefit of tirofiban in non-ST eleva-
tion acute coronary syndromes. Application of the TIMI Risk Score for UA/NSTEMI 
in PRISM-PLUS. Eur Heart J 23:223–229,2002, and [C} Cannon CP, et al: Compari-
son of early invasive and conservative strategies in patients with unstable coronary 
syndromes treated with the glycoprotein IIb/IIIa inhibitor tirofiban. N Engl J Med 
344:1879–1887,2001)

 Points

Baseline TIMI risk score for STEMI 0 to 14 possible points

   Age (years) 

      65 to 74 2

      >75 3

   DM/HTN/angina 1

   Systolic blood pressure <100 mm Hg 3

   Heart rate >100 bpm 2

   Killip class II to IV 2

   Weight < 67 kg 1

   Anterior STE or LBBB 1

   Time to treatment > 4 hours 1

Added index hospital events for dynamic score

   Recurrent Ml 1

   Stroke 5

   Major bleed 1

   CHF/Shock 3

   Arrhythmia 2

   Renal failure 3

Dynamic TIMI risk score 0 to 29 possible 

Baseline TIMI risk score for STEMI has 0 to 14 possible points.

FIGURE 11-11 Dynamic TIMI Risk Score for ST-elevation myocardial infarc-
tion (STEMI). CHF, Congestive heart failure; DM, diabetes mellitus; HTN, hyperten-
sion; LBBB, left bundle branch block; MI, myocardial infarction. (From Amin ST, et al: 
Dynamic TIMI risk score for STEMI. J Am Heart Assoc 2:e003269, 2013.)
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which incorporates data captured at baseline but also at spe-
cific time points throughout the course of the hospitalization, 
may be an effective way to capture changes in overall risk.

Addition of Novel Biomarkers
The use of biomarkers other than cardiac troponin for risk 
stratification in MI is discussed in Chapter 8. Herein, we offer 
an additional perspective on the integration of these addi-
tional biomarkers into clinical risk stratification.

C-Reactive Protein
Synthesized by hepatocytes in response to chemokine stim-
ulation (especially interleukin-6), the acute-phase systemic 
inflammatory marker CRP has been studied extensively 
among patients with atherosclerosis and acute MI, and there 
is evidence that CRP itself may be involved in the athero-
thrombotic cascade.49 CRP levels are elevated in acute 
MI and generally peak about 72 hours after reperfusion is 
achieved.50 Although there is a graded increase in mortal-
ity, a CRP level of more than 10 mg/L is associated with the 
highest risk of cardiovascular mortality. CRP has been used 
in conjunction with the GRACE Risk Score to predict mortal-
ity, but its incremental value is unclear; in one small study of 
290 patients with ACS, elevated levels of high-sensitivity CRP 
were associated with increased in-hospital events, although 
the addition of high-sensitivity CRP to the GRACE model 
did not increase the c-statistic (0.705 to 0.718; P = .46) or 
increase net reclassification.51 As such, although elevated 
levels of CRP at presentation may predict increased risk of 
cardiovascular events, its role in addition to well-validated 
integrated risk scores is unclear.

Natriuretic Peptides
Secreted by the ventricles in response to mechanical 
stretch and promoting natriuresis and reduction in sys-
temic vascular resistance, B-type natriuretic peptide (BNP) 
and the N-terminal portion of the pro-BNP peptide (NT–
pro-BNP) have been used extensively among patients with 
heart failure. These natriuretic peptides are also robust pre-
dictors of the risk of death and new heart failure across 
the spectrum of ACS (see Chapter 8). BNP also enhances 
risk prediction in combination with established risk scores. 
In an analysis of a French registry presenting with acute 
MI, older patients with above-median levels of NT–pro-BNP 
levels and GRACE Risk Scores had a 1-year cardiovascu-
lar mortality rate that approached 50%.52 In a study of 600 
patients who presented with NSTE-ACS, the addition of BNP 
to either the TIMI Risk Score for UA-NSTEMI or the GRACE 
Risk Score significantly improved discrimination for in-hos-
pital mortality.53 However, in another study that evaluated 
the use of BNP in addition to high-sensitivity cardiac tropo-
nin T among patients initially stratified by the GRACE Risk 
Score, BNP did not offer additional prognostic use for 1-year 
mortality,54 although the c-statistics were greater than 0.85 
for each model.

Growth-Differentiation Factor 15
Growth-differentiation factor 15 (GDF-15) is a cytokine 
in the transforming growth factor-β superfamily that has 
been shown in animal models to be upregulated in con-
ditions such as acute myocardial ischemia, reperfusion 
injury, and heart failure. In an analysis of patients who pre-
sented with NSTE-ACS from the GUSTO-IV trial, elevated 

GDF-15 levels were associated with markedly increased 
1-year mortality (14.1% in the highest tertile vs. 1.5% in the 
lowest tertile; P <.001). In addition, a GDF-15 level more 
than 1800 ng/L was a strong, independent discriminator 
for mortality (c-statistic = 0.757) and added prognostic 
information independent of traditional cardiovascular 
risk factors and biomarkers.55 Multiple studies have vali-
dated the use of GDF-15 in conjunction with validated 
risk scores to improve mortality prediction after acute 
MI. Among patients with NSTE-ACS, GDF-15 added to the 
overall discriminatory capacity of the GRACE risk score 
for mortality at 5 years (Figure 11-12).56 Eggers and col-
leagues found an improvement in discrimination from the 
GRACE score alone among 453 patients who presented 
with chest pain.57 Widera and colleagues described sig-
nificant improvements in both discrimination (c-statistic 
from 0.79 to 0.85; P <.001) and the net reclassification 
index (>0 of 0.58; P = .002) with the addition of GDF-15 
to the GRACE Risk Score among patients who presented 
with NSTE-ACS.58

Suppression of Tumorigenicity 2
Suppression of tumorigenicity 2 (ST2) is a member of the 
interleukin-1 family, is upregulated during myocardial isch-
emic and mechanical stress, and is believed to play a role 
in ventricular remodeling following ischemic injury (see 
Chapter 8).59 Plasma ST2 concentration is independently 
associated with increased mortality in patients with MI, 
but it is not associated with the risk of recurrent ischemia. 
Sabatine and colleagues demonstrated a complementary 
role for risk prediction using ST2 and NT–pro-BNP in addi-
tion to clinical risk factors, with an improvement in the 
c-statistic from 0.82 (95% CI, 0.77 to 0.87) to 0.86 (95% CI, 
0.81 to 0.90).60 Among 677 patients who presented with 
STEMI, Dhillon and colleagues showed that combining ST2 
and NT–pro-BNP with the GRACE Risk Score significantly 
increased discrimination for 30-day mortality (c-statistic = 
0.82 for GRACE Risk Score, 0.90).60a
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FIGURE 11-12 Receiver-operating characteristic curves demonstrating the 
incremental benefit of growth-differentiation factor 15 (GDF-15) in conjunc-
tion with the GRACE Risk Score for prediction of long-term mortality. (From 
Eggers KM, et al: Improving long-term risk prediction in patients with acute chest 
pain: the Global Registry of Acute Coronary Events [GRACE] risk score is enhanced by 
selected nonnecrosis biomarkers. Am Heart J 160:88–94,2010.)
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Pro-Substance P
Pro-substance P, a more stable surrogate of the tachychinin 
substance P, has been evaluated in patients who presented 
with acute MI and was found to be an independent predic-
tor of increased risk of major adverse cardiac events (HR, 
1.42; 95% CI, 1.10 to 1.54) and death and/or repeat MI (HR, 
1.42; 95% CI, 1.20 to 1.68). Interestingly, when used in con-
junction with the GRACE Risk Score, it significantly reclassi-
fied patients, especially low-risk patients.61

Integrated Biomarker-Based Approaches
Just as combining various clinical and laboratory factors 
provides an integrated risk score that can accurately dis-
criminate risk, combining biomarkers into a quantitative 
score would be expected to improve risk prediction. A mul-
timarker approach used by Sabatine and colleagues dem-
onstrated improved prediction of 6-month risk of death, MI, 
and/or heart failure among ACS patients in the OPUS-TIMI 
16 and TACTICS-TIMI 18 Trials.62,63 O’Malley and colleagues 
assessed the prognostic implications of a multimarker strat-
egy using markers that have been associated with increased 
hemodynamic stress: C-terminal pro-vasopressin (copeptin), 
midregional pro-adrenomedullin, and midregional pro-atrial 
natriuretic peptide among patients presenting with NSTE-ACS 
in the MERLIN-TIMI 36 Trial; they found that high concentra-
tions of each biomarker were associated with increased risk 
of cardiovascular death or heart failure, even after multivari-
able adjustment. In addition, each biomarker maintained an 
independent association with cardiovascular death and/or 
heart failure after adjusting for more commonly used bio-
markers such as BNP, troponin I, ST2, pregnancy-associated 
plasma protein A (PAPP-A), and myeloperoxidase.64

Although several studies have demonstrated the feasibil-
ity of using a multimarker strategy in risk stratification fol-
lowing acute MI, few studies have demonstrated that such a 
strategy in conjunction with established risk scores provides 
clinically compelling improvements in discrimination or 
reclassifies patients better than a well-validated risk score 
alone.

Treatment Pathways Based on Early Risk 
Stratification
The integration of early risk stratification into clinical 
decision-making differs for STEMI versus NSTEMI. Among 
patients who present with STEMI, the goal of therapy is 
timely reperfusion of the occluded vessel. Primary PCI is the 
preferred method and the dominant form of reperfusion for 
STEMI (see Chapter 13 and Chapter 17). Nevertheless, fibri-
nolytic therapy may be reasonable in appropriate patients, 
especially among low- and intermediate-risk patients who 
are unable to receive timely primary PCI (see Chapter 14). 
Claeys and colleagues stratified 5295 patients by the TIMI 
Risk Score for STEMI and demonstrated a reduction in in-
hospital mortality among patients at high risk (TIMI Risk 
Score ≥7) who underwent primary PCI (23.7% vs. 30.6%; 
P = .03), but they only found marginal benefit among 
intermediate-risk patients (2.9% vs. 3.1%; P = .30) and 
low-risk patients (0.3% vs. 0.4%; P = .60).65 In the STREAM 
trial, which evaluated a fibrinolytic strategy among STEMI 
patients unable to undergo primary PCI within 60 minutes, 
there was no difference in the primary composite cardio-
vascular endpoint between the two strategies (HR, 0.86; 
95% CI, 0.68 to 1.09). In addition, there was no interaction 

in the subgroup analysis after stratifying patients by TIMI 
Risk Score (Pinteraction = .71).66

Among patients with NSTEMI, initial risk stratification 
is critical in driving the initial management strategy (see 
Chapter 16). Patients with refractory angina, new or wors-
ening heart failure or mitral regurgitation, hemodynamic 
instability, recurrent angina, or electrical instability should 
undergo immediate invasive therapy. However, for other 
patients who present with definite or likely NSTE-ACS, guide-
lines currently recommend either an early invasive strategy 
or an ischemia-driven strategy consisting of initial medical 
therapy and escalation if ineffective.36

Although multiple studies, including comprehensive 
meta-analyses, have demonstrated that a routine invasive 
strategy is generally superior to a selective invasive strategy 
or an ischemia-driven strategy, the latter may be appropri-
ate in low-risk patients, who are defined as having a GRACE 
score less than 109 or a TIMI Risk Score for UA-NSTEMI of 
0 to 1 (see Figure 11-10). Among patients undergoing an 
invasive strategy, the GRACE Risk Score may be helpful in 
deciding between an early (coronary angiography within 24 
hours) or delayed invasive strategy. In the TIMACS (Timing 
of Intervention in Acute Coronary Syndrome) study, 3031 
patients with NSTE-ACS were randomized to routine early 
intervention (coronary angiography within 24 hours) or 
delayed intervention (≥36 hours). Although there was no 
difference between groups with respect to the primary com-
posite outcome of death, MI, or stroke at 6 months (HR, 0.85; 
95% CI, 0.68 to 1.06), an early invasive strategy was superior 
in patients with a GRACE Risk Score of more than 140 (HR, 
0.65; 95% CI, 0.48 to 0.89).67 Therefore, current guidelines 
support an early invasive strategy among patients with a 
GRACE Risk Score of more than 140 (estimated risk of in-
hospital death >3%), serial elevation in cardiac troponin, 
or new ST-segment depression. A delayed invasive strat-
egy (coronary angiography within 25 to 72 hours) may be 
appropriate among patients with a GRACE Risk Score of 109 
to 140 or a TIMI Risk Score ≥2, diabetes, renal insufficiency, 
recent PCI, previous coronary artery bypass graft surgery, or 
left ventricular systolic dysfunction.36

PREDISCHARGE RISK STRATIFICATION

Use of Noninvasive Testing for Ischemia
The use of noninvasive testing in patients following acute 
MI is discussed in Chapter 30. In 1979, Theroux and col-
leagues demonstrated that patients with an abnormal 
limited treadmill test 1 day before discharge following an 
MI had increased rates of angina and mortality at 1 year 
(P <.001), findings that have since been confirmed across 
the spectrum of ACS. Therefore, in STEMI patients, current 
guidelines offer a class I recommendation for noninva-
sive testing for ischemia before discharge among patients 
who have not undergone coronary angiography and do 
not have high-risk features for which angiography would 
be warranted, and a class IIb indication for noninvasive 
testing to identify the functional significance of a lesion 
detected at angiography and to guide a postdischarge 
exercise prescription.39

For patients who present with NSTEMI, noninvasive imag-
ing may be a useful tool to identify patients at high risk 
for whom an invasive strategy may be more appropriate. 
Current guidelines support the use of noninvasive testing in 
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patients at low and intermediate risk who have been free of 
ischemia for 12 to 24 hours.36

Risk of Sudden Cardiac Death
See Chapter 28. Assessment of left ventricular function is a 
critical element of post-MI risk stratification during the index 
hospitalization. The selection among approaches for assess-
ment of left ventricular function is discussed in Chapter 30. 
For patients undergoing an invasive strategy, assessment of left 
ventricular function is often performed with contrast ventric-
ulography during the cardiac catheterization. Nevertheless, 
echocardiography is the most common method to assess 
both global and regional left ventricular function.

FUTURE DIRECTIONS

Current risk prediction models, which incorporate integer 
weights to clinical, presentation, and biomarker-based risk 
factors, trade discrimination for simplicity and ease of use. 
This trade-off may no longer be necessary because elec-
tronic medical records systems may be able to integrate 
large amounts of patient data to automatically calculate 
clinical risk after an acute MI event. High-sensitivity tropo-
nins can be used for earlier detection of MI and for risk 
stratification. Use of quantitative evaluation of risk should 
allow more rational triage of patients to level of monitoring 
and early discharge, although more work needs to be done 
to provide validated practical care paths based on optimal 
early risk assessment.

In the era of “precision medicine,” future models of risk 
prediction will be able to leverage significant advances 
in high-throughput molecular (“omics”) technologies, 
incor porating unique molecular signatures into current 
prediction models to increase discrimination. Studies, 
such as the MURDOCK (Measurement to Understand the 
Reclassification of Disease of Cabarrus and Kannapolis) 
Cardiovascular Disease Study, capture not only detailed 
clinical data on traditional cardiovascular risk factors but 
also integrated DNA (genomics), RNA (transcriptomics), 
protein (proteomics), and metabolite (metabolomics) data 
to develop more robust cardiovascular risk prediction tools 
across the spectrum of cardiovascular disease.68
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INTRODUCTION

Of the more than 8 million visits to emergency departments 
(EDs) in the United States for chest pain or other potential 
ischemic symptoms, only a small minority will yield a diag-
nosis of an acute coronary syndrome (ACS). Less than 5% 
of patients so affected will prove to have ST-elevation myo-
cardial infarction (MI), and only approximately one fourth 
will receive the final diagnosis of non–ST-elevation ACS 
(NSTE-ACS).1 Identifying patients who can be discharged 
early, with minimal additional testing, while also ensuring 
that patients at high risk for cardiac events are appropriately 
triaged to receive more advanced evaluation and manage-
ment, remains one of the most common and challenging 
clinical scenarios that cardiologists, emergency medicine 
physicians, and primary care providers face on a daily basis.

Chest and abdominal pain are the two most common 
symptoms prompting emergency room visits in the United 
States (see Chapter 6), with a volume that has remained rela-
tively stable over the past decade. However, practice in the 
ED and inpatient evaluation of these patients has evolved 
considerably. Compared with a decade ago, more patients 
hospitalized with chest pain now undergo advanced imag-
ing studies, such as echocardiography, computed tomogra-
phy, or cardiac magnetic resonance imaging, as evidenced 
by a shift in the frequency of such imaging from only 3.4% 
in 1999 to 15.9% of patients in 2008. Patients presenting with 
chest pain were much more likely to be hospitalized or 
transferred to another institution or to die than patients with 
other chief complaints such as abdominal pain. Despite the 
fact that the rate of admission, transfer, or death has declined 
over the past decade, from 42.5% in 1990 to 35.2% in 2008,2 
the burden of evaluating patients with chest pain in the ED 
and efforts to address the typically high rate of complica-
tions continue to create tremendous demands upon the 
health care system.

The clinical presentation of patients with suspected MI 
and the key considerations in the general approach to their 
evaluation are discussed in Chapter 6. The principles behind 
the optimal use of cardiac troponin (cTn) are addressed in 
Chapter 7. Other biomarkers are discussed in Chapter 8, and 
the use of imaging is described in Chapter 9. This chapter 
reviews specific strategies and algorithms integrating each 
of the elements of clinical, laboratory, and imaging data to 
identify those patients for whom the probability that an ACS 
is the cause of their symptoms is deemed to be very low. 
An efficient approach to evaluating such “low-probability” 
patients should minimize the time until diagnosis, reduce 
the need for additional testing, and limit the duration of 
hospitalization, while avoiding erroneous discharge of the 
patient with an ACS. Older studies suggest that as many as 
2% of patients with acute MI may be erroneously discharged 
from the ED. In the current era, an acceptable “miss” rate for 
MI generally is viewed as less than 1%.1

DEFINING THE “LOW-PROBABILITY PATIENT”

Before defining the specific population of patients who can 
be safely discharged from the ED, it is worthwhile making the 
distinction between the labels of “low probability” and “low 
risk,” because these two terms often are interchanged freely 
in discussing chest pain and ACS. In characterizing such 
patients, it is preferred to specify “low probability” for the pres-
ence of ACS, rather than “low risk,” which most commonly is 
employed in estimating the likelihood of subsequent cardio-
vascular events (see also Chapter 6). Risk stratification is a 
critical step in the evaluation of patients with documented 
ACS and incorporates many of the same clinical characteris-
tics used for diagnosis. However, the risk estimates and clini-
cal implications in this patient population are much different 
from those in patients undergoing evaluation for suspected 
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ischemic symptoms. For example, a patient may have a high 
probability for ACS and therefore merit hospitalization but be 
at moderate or low risk for subsequent cardiovascular events 
(see Figure 6-2). Risk stratification in patients with docu-
mented ACS is reviewed in detail in Chapter 11.

CONSIDERATIONS FOR DEFINING 
PROBABILITY AND RULING OUT ACUTE 
CORONARY SYNDROME

The evaluation of the patient with suspected ischemic symp-
toms integrates, at a minimum, the patient’s comorbid con-
ditions, history and presentation, and electrocardiographic 
findings. Most patients, except those with the very lowest 
probability for ischemia, also will have at least one biomarker 
of necrosis (i.e., cTn) measured in their evaluation. Decisions 
regarding subsequent noninvasive testing in general, and 
which modality in particular is most appropriate, remain con-
troversial. The most challenging aspect of identifying patients 
with a low probability for ACS is the absence of a single “gold 
standard” test for this clinical entity. Troponin assays identify 
myocardial injury but not the underlying cause (see Chapter 
7). The diagnosis of MI is made on the basis of the clinical 
scenario, testing results, and ultimately, medical judgment.

Depending on clinical characteristics and electrocardiogra-
phy findings, most patients can be classified into groups of very 
low, low, intermediate, or high probability (see also Chapter 6). 
This first, immediate estimation of probability is important, 
because the value of all subsequent testing is dependent on the 
pretest probability of disease. Typically, additional testing is most 
useful in those patients with intermediate pretest probability 

(Figure 12-1). In patients with a high pretest probability, even a 
“negative” subsequent test would not be reassuring, because a 
higher-than-acceptable false-negative rate is likely. Conversely, in 
the very-low- probability patients, a positive test result is much 
more likely to be a false positive than to represent the identifi-
cation of “true” disease. In practical terms, this circumstance 
might correspond to measuring cTn in a 25-year-old woman 
with a history of 3 days of chest discomfort relieved with an 
antacid. Alternatively, an initially normal cTn level would not 
be entirely reassuring in a 75-year-old patient with diabetes and 
vascular disease presenting with typical chest discomfort.

In the initial management of patients with suspected isch-
emia, it often is more important to rule out unstable ischemic 
syndromes than to definitively “rule in” the diagnosis of ACS. 
Assessing pretest probability of disease is as important in 
excluding such disease as in its ultimate diagnosis. In deciding 
whether a test is appropriate to rule out a disease, one must 
consider the underlying prevalence of the disease under con-
sideration and the specificity of the test to exclude disease. 
For example, as discussed further on, a computed tomogra-
phy (CT) angiogram would be useless to exclude ACS in a 
patient with documented coronary disease. Similarly, measur-
ing high-sensitivity cTn in a patient with end-stage renal dis-
ease and severe left ventricular hypertrophy will yield results 
that can be challenging to interpret.

Stable versus Unstable Coronary Artery 
Disease
Another important distinction relevant to the evaluation of 
patients with suspected ACS is the difference between stable 
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FIGURE 12-1 The incremental value of a test to improve diagnostic accuracy is dependent on the specific test characteristics (i.e., specificity and sensitivity) 
as well as the clinician’s pretest assessment, or probability that the patient has the disease in question. The importance of the pretest probability is illustrated in this 
figure, which highlights that testing is most appropriate in patients with intermediate probability of having the disease. For example, in a patient with an intermediate probability 
of acute coronary syndrome (ACS), a positive or negative test result will alter the posttest probability (vertical axis) quite dramatically, even if the test has a sensitivity/specificity 
of 75% (dotted blue lines), with a marked increase in the area of certainty. The diagnostic accuracy of any test improves with higher sensitivity and specificity. It will move the 
posttest probability even further with 90% (yellow lines). Conversely, at the ends of the spectrum—low and high probability—the test will not meaningfully alter the posttest 
probability such that a positive result in a low-probability patient probably is a false positive. CAD, Coronary artery disease. (Modified from Weustink AC, de Feyter PJ: The role 
of multi-slice computed tomography in stable angina management: A current perspective. Neth Heart J 19[7-8]:336-343, 2011.)
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coronary artery disease and an unstable coronary lesion 
precipitating ACS. Although the presence of known coronary 
artery disease increases the probability of developing ACS, 
patients with stable coronary artery disease commonly pres-
ent with nonischemic or even noncardiac causes of chest 
symptoms. Patients can have underlying asymptomatic coro-
nary artery disease and present with symptomatic gastrointes-
tinal reflux disease (GERD) symptoms. Thus, diagnosing the 
presence of coronary artery disease does not equate to a diag-
nosis of ACS—a mistake that is commonly made in both clini-
cal practice and clinical investigation. The clinical scenario of 
presentation is essential to making the diagnosis of ACS.

Identifying the Low-Probability Patient
Although many different algorithms are available for defin-
ing a low probability for the presence of ACS, all classifi-
cation systems incorporate elements of history, physical 
examination, electrocardiogram, and cardiac biomarkers 
(see also Chapter 6). Defining low probability is, in this sense, 
excluding those clinical features that identify a high-prob-
ability patient. Specifically, patients are considered to have 
a low probability for ACS if they do not have typical chest 
pain symptoms, including angina similar to previous angina, 
or chest and left arm pain or discomfort (see Figure 6-4). 
Low-probability patients tend to be younger and have fewer 
identifiable cardiovascular disease risk factors. Under this 
paradigm, it is difficult for example to categorize a patient 
older than 70 years of age with a history of diabetes as inher-
ently having a low probability for ACS, regardless of the clini-
cal scenario. On physical examination, the low-probability 
patient should be free of any evidence of volume overload 
or extracardiac vascular disease. Patients are considered 
to be in the low-probability group if their ECG is normal in 
terms of ischemic changes or demonstrates, at most, T-wave 
flattening or inversions of less than 0.1 mV. Perhaps most 
important, initial levels of biomarkers in a low-probability 
patient should be normal.

Epidemiology of Low-Probability Patients
A majority of patients who present with chest pain have 
either a low- or an intermediate-probability for presence of 
unstable coronary artery disease. It is difficult to accurately 
estimate the exact proportion of patients classified as low 
probability, because of variable definitions of low probabil-
ity across clinical studies, which also span heterogeneous 
cohorts. With those caveats, between 25% and 40% of all 
patients presenting with chest pain appear to have a low 
probability for ACS.

ACCELERATED DIAGNOSTIC PROTOCOLS

Most strategies to identify and appropriately triage patients 
with a low probability for ACS are based on some type of 
accelerated diagnostic protocol. These protocols may be 
implemented in the ED, in dedicated chest pain units, and 
on inpatient wards. Current reimbursement in United States 
rewards shorter hospital stays, with the goal of more patients 
discharged directly from the ED and limiting in-hospital 
stays to less than 24 hours. Thus, the metrics of a successful 
algorithm, in addition to ensuring a very low rate of missed 
ACS cases, include time until discharge and need for subse-
quent testing.

Risk Scores
A variety of clinical risk scores have been proposed for 
the evaluation of patients with suspected ischemic symp-
toms. Some are specifically derived from broad popula-
tions of patients with chest pain, whereas others either 
implement or modify existing clinical risk scores that 
were originally derived in patients with established ACS. A 
key principle of such scores is that the chance of a final 
diagnosis of an MI is extremely small in a low-probability 
population. Comparison of the performance of one score 
versus another is challenging because of differences in the 
inclusion criteria between studies and which biomarker of 
necrosis was measured. For example, the same risk score 
tool will perform substantially differently if cTn is used 
instead of creatine kinase–myocardial biomarker (CK-MB) 
(see Chapter 1 and Chapter 7).

Goldman and colleagues proposed one of the earli-
est comprehensive algorithms three decades ago. Many 
of the subsequently developed algorithms have utilized 
risk scores such as Thrombolysis in Myocardial Infarction 
(TIMI) Risk Score, the Global Registry of Acute Coronary 
Events (GRACE) Risk Score, and the PURSUIT Risk Score,3 
which originally were derived and validated in clinical 
trials or registries of patients with confirmed ACS (see 
Chapter 11). By design, these risk scores predict major 
cardiovascular outcomes in patients with ACS and are 
neither sensitive nor specific enough alone to use for 
the diagnosis of ACS. Even modifying the TIMI risk score4 
by giving more weight to abnormal cTn levels or ECG 
changes may still not be sensitive enough at scores of 0 to 
allow early discharge.5

Other studies derived new scores with the specific goal 
of identifying the population of low-probability patients 
who could be discharged safely without subsequent testing; 
such scores have seen limitations to wide implementation, 
however, because the false-negative or “miss” rate has not 
consistently been demonstrated to be below the commonly 
accepted threshold of 1%. One of the most extensively vali-
dated risk scores for chest pain is the HEART Score, which 
evaluates patients on five domains—history, ECG, age, risk 
factors, and troponin— to generate a score from 0 to 10 (see 
Figure 6-6). In validation studies, the risk of a subsequent 
cardiac event was less than 1% in the roughly one third of 
patients with a low HEART Score (0 to 3).6

All of the diagnostic risk scores use a biomarker of car-
diac necrosis. The inclusion of cTn improves the diagnostic 
performance of all risk scores, but as discussed further on in 
this chapter, a single measurement of cTn is not always suf-
ficiently sensitive to exclude a diagnosis of ACS.

A dynamic risk score is one that will incorporate addi-
tional data collected after the initial presentation. Most 
algorithms for identifying low- or intermediate-probability 
patients need to be dynamic, because no single test or algo-
rithm is sufficiently sensitive or specific when based on the 
initial clinical and biochemical assessment alone.

“Rule Out Myocardial Infarction”
Historically, patients presenting with suspected ischemic 
syndromes were given the classic diagnosis of “rule out MI” 
(“R/O MI”), which was actually a diagnostic strategy rather 
than a diagnosis. The strategy included serial ECGs and 
biomarker measurements 8 hours apart (usually a total of 
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three), followed by an exercise stress test. With the transition 
from CK-MB to cTn, many institutions now omit the third 
biomarker assessment and shorten the interval between 
measurements to 3 to 6 hours (see Chapter 7). Even with a 
reduced number of biomarker measurements and shorter 
time intervals, the evaluation may require 18 to 36 hours, 
depending on the availability of a stress testing protocol. 
Accordingly, efforts have now focused on identifying better 
algorithms that will facilitate the early triage and discharge 
of patients with a low probability for ACS.

Shortening the interval between repeat biomarker assess-
ments is one of the easiest ways to accelerate a dynamic 
protocol, but the question of how short the interval can 
be remains controversial (see also Chapter 7). With earlier  
generations of biochemical assays, poor analytic perfor-
mance and relatively high diagnostic cutpoints limited the 
detection of an early rise in biomarkers or low levels of car-
diac injury. This shortcoming was partially overcome in the 
original R/O MI protocols by requiring 6 to 8 hours between 
CK-MB assays. Even early cTn assays, although superior to 
CK-MB assays, lacked the sensitivity to detect necrosis early 
after event onset, and use of serial measurements at similar 
intervals was required to maintain adequate sensitivity. With 
the introduction of newer-generation assays for cTn (not 
including the high-sensitivity assays discussed further on), 
troponin testing can be done at reduced intervals of 0 and 
3 hours, with some algorithms using 2-hour intervals.

Integrated Algorithms
Most contemporary chest pain algorithms incorporate an 
assessment of probability based on clinical presentation 
combined with two sequential cTn measurements. One 
relatively simple algorithm, the North American Chest Pain 
Rule (see Figure 6-6), accurately identified a low-probability 
population by combining just one troponin assay with three 
clinical features in patients 40 years of age or younger, with 
use of two sequential troponin measurements for patients 
40 to 50 years of age.7 Unfortunately, this algorithm did not 
perform well in patients older than 60 years, highlighting the 
problems of excluding ACS in patients with higher pretest 
probability of disease.

The HEART Score, which used data from clinical presen-
tation, was updated into the HEART Pathway by integrating 
serial troponin measurements at 0 and 3 hours8 (Figure 12-2). 
Patients deemed to have a low probability for ACS based on 
the Heart Pathway (HEART Score 0 to 3 and negative serial 
cTn assays), who accounted for roughly 50% of the popula-
tion studied, were discharged home from the ED without 
further testing. In a randomized trial compared with stan-
dard care, the HEART Pathway decreased the frequency of 
cardiac testing, lowered length of hospital stay by 12 hours, 
and increased the proportion of patients discharged early.  
No patients within the low-risk group experienced a subse-
quent cardiac event.

At our institution, we have integrated the HEART Score 
into a dynamic algorithm for the diagnosis of suspected ACS. 
In our algorithm, patients with a low HEART Score at admis-
sion can be discharged if symptom onset was more than 6 
hours before presentation. Because we do not utilize a high-
sensitive troponin assay, if a patient presents within 6 hours 
of symptom onset, we order a second cTn at 3 hours. If that 
value is also below the 99th percentile, then the patient can 
be discharged home without further testing (Figure 12-3).

Several studies have evaluated an accelerated diagnos-
tic protocol using 0- and 2-hour conventional cTn assays 
in combination with the TIMI Risk Score. The observational 
Asia-Pacific Evaluation of Chest Pain Trial (ASPECT) study 
included 3582 patients who presented with at least 5 minutes 
of chest pain and without ST-segment elevation. Among the 
352 patients (9.8%) classified as having a low probability for 
ACS—a TIMI Risk Score of 0, no new ischemic ECG changes, 
and negative 0- and 2-hour troponin measurements—only 3 
(0.9%) patients had a subsequent cardiac event. The major 
limitation of this protocol is that most patients with chest pain 
in this cohort (approximately 90%) did not fulfill the strict 
criteria for early discharge without subsequent testing, thus 
limiting its overall utility.9 The ASPECT accelerated diagnos-
tic protocol was prospectively evaluated in a randomized 
pilot study. The accelerated protocol doubled the number of 
patients discharged within 6 hours compared with the stan-
dard algorithm of troponin assays at 6 to 12 hours after the 
onset of pain, although this study was too small to definitively 
ascertain whether this algorithm maintained an acceptable 
“false” rate.10 Another, larger study evaluated the same proto-
col in a cohort of patients from North America. Overall, almost 
50% of the patients fit the low-probability criteria, and in this 
population, only 5 patients (0.9%) experienced a major car-
diac event within the next 30 days. Because this study was 
embedded within a trial specifically designed to enroll only 
low- to intermediate-probability patients in evaluating the 
role of CT angiography (CTA), the proportion of low-probabil-
ity patients is likely to be artificially high; however, the subse-
quent event rate of 0.9% also may be falsely elevated, because 
four of the five cardiac events were associated with revascu-
larization procedures, whose clinical significance is difficult 
to interpret in that CTA, rather than symptoms, drove the deci-
sion for coronary revascularization.11

TROPONIN IN THE LOW-PROBABILITY 
PATIENT

Cardiac troponin is the preferred marker for myocardial 
necrosis and constitutes a cornerstone of laboratory evalu-
ation in patients with suspected ischemic symptoms (see 
Chapter 7). Many hospitals have “retired” the CK assay, except 
to detect postrevascularization necrosis or to detect reinfarc-
tion when troponin is still elevated from the initial event.

High-Sensitivity Assays for Cardiac 
Troponin
The introduction of more sensitive troponin assays has sig-
nificantly altered the approach to the patient with a low 
probability for ischemia. Multiple studies have now dem-
onstrated that more sensitive assays for cTn are able to  
(1) detect myocardial damage at levels well below those 
for conventional assays, thus shifting the diagnosis of 
unstable angina to MI (see Chapter 1)12; and (2) identify 
necrosis earlier than older assays (Figure 12-4). Thus, high- 
sensitivity assays for troponin (hsTn) further improve the 
ability to identify those patients with the lowest probabil-
ity for ACS. The concurrent increase in the proportion of 
patients without ACS who have elevated values of hsTn is 
discussed in Chapter 7. The gain in sensitivity for identifying 
myocardial necrosis (of any type) necessarily diminishes 
specificity for the diagnosis of ACS. Similarly, a nondetect-
able hsTn level increases the sensitivity for ruling out ACS, 
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although at the price of identifying fewer patients in this 
low- probability category. Because hsTn assays are not 
commercially  available in the United States, most of the 
“real world” data on hsTn comes from Europe, where it 
has been used in clinical practice for years and has now 
been advocated for use in a 1-hour rule-out approach in 
the European Society of Cardiology guidelines for the 
management of NSTE-ACS.13

When used alone, hsTn assays have negative predictive 
values ranging from 92% to 100%. The diagnostic accuracy 
is lower when measured early after the onset of symptoms 

(less than 2 hours) but is still superior to that of conven-
tional cTn assays.14,15 The variability in negative predictive 
values between studies is due to the differences in the study 
populations, the timing of testing in relationship to symp-
toms, analytic properties of the assay, and most important, 
the cutpoint used. For example, using a cutpoint of the lower 
level of detection (e.g., below 3 ng/L for the Roche hsTnT 
assay) gives a much higher negative predictive value than 
using the 99th percentile cutpoint (14 ng/L). The tradeoff of 
using the lower threshold is that fewer patients will be cat-
egorized as low probability.16

HEART Pathway

Patients with acute chest pain

HEART score

Low risk High risk

Serial
troponins

Serial
troponins

Negative NegativePositive

Early
discharge

Cardiology
consult and
admission

Admit to 
observation
or inpatient

status

Stress testing or
cardiac imaging

HEART Score:

History:

High-Risk Features: Low-Risk Features:
dezilacollleW•dedis-tfelro-elddiM•

niapprahS•niaptsehcyvaeH•
lanoitrexenoN•siserohpaiD•
siserohpaidoN•noitaidaR•

No nausea/vomiting•gnitimov/aesuaN•
• Exertional
• Relief of symptoms by sublingual nitrates 

�  Highly suspicious 2 points Mostly high-risk features
�  Moderately suspicious 1 point Mixture of high-risk and low-risk features
�  Slightly suspicious 0 points Mostly low-risk features

ECG:
�  New ischemic changes 2 points • Ischemic ST-segment depression

• New ischemic T-wave inversions

�  Nonspecific changes 1 point • Repolarization abnormalites
segnahcevawTcificepsnoN•

• Nonspecific ST-segment depression 
noitavelero

skcolbhcnarbeldnuB•
smhtyhrrekamecaP•

yhportrepyhralucirtnevtfeL•
noitaziraloperylraE•

tceffenixogiD•

�  Normal 0 points • Completely normal

Age:
� ≥ 65 2 points
�  45–64 1 point
�  <45 0 points

Risk Factors:
  �  Obesity (BMI ≥30)
  �  Current or recent (≤ 90 days) smoker
  �  Currently treated diabetes mellitus
  �  Family history of CAD (1st degree relative < 55 years)
  �  Diagnosed and/or treated hypertension
  �  Hypercholesterolemia

� Three or more risk factors listed above OR 2 points
      any of the following:
  �  Known CAD   � Prior stroke
  �  Peripheral arterial disease 

�  1–2 risk factors 1 point
�  No risk factors 0 points 

Troponin (initial)
� > 0.120 ng/mL 2 points
�  0.041–0.120 ng/mL 1 point
�  0–0.040 ng/mL 0 points

HEART Score (total points)                              ________ Add points from each category above

Serial 3-Hour Troponin Measurement:
�  Normal
�  Positive
HEART Pathway:
�  High Risk = HEART score 4 or more, or any positive troponin
�  Low Risk = HEART score 0–3 and negative troponins at 0 and 3 hours

Attending Signature:______________________________ Date: _____________ 

Attending Name:_________________________________

Patient ID _________
�  Initial Assessment
�  Second Assessment

NB: The troponin cut-points listed are 
specific to the assay used by this 
hospital and must be determined for 
each assay.

FIGURE 12-2 HEART Pathway algorithm (left) and HEART Pathway assessment form (right).BMI, Body mass index; CAD, coronary artery disease; ECG, electrocardio-
gram. (From Mahler SA, Miller CD, Litt HI, et al: Performance of the 2-hour accelerated diagnostic protocol within the American College of Radiology Imaging Network PA 4005 
cohort. Acad Emerg Med 22:452-460, 2015.)
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SCAMPs Data Form
Attending Physician: ____________________
Combined Chest Pain SCAMP: Emergency Department

� Admit to
cardiology

� Admit to cath
lab

(form complete)

Presentation highly concerning for ACS:
� STEMI  � Unstable angina
� Definite NSTEMI � Rest angina
� Dynamic ECG � New-onset angina
    changes � Increasing angina

Admitting or discharging patient for
diagnosis unrelated to cardiac chest pain

� YES

� YES

� NO

� NO

Cardiac
 � Heart failure
 � Arrhythmia
 � Other noncoronary cardiac
        disease ___________
Noncardiac
 � Musculoskeletal
 � Gastrointestinal
 � Pulmonary
 � Other:____________

Best clinical judgment 
for management
(form complete)

latoTstniop0tniop1stniop2niaPtsehCroferocSTRAEH

History: � Highly suspicious � Moderately suspicious � Slightly or nonsuspicious

ECG: � Significant ST-depression � Nonspecific repolarization � Normal
ecnabrutsid

Age: � ≥65 years � > 45– <65 years � ≤ 45 years

Risk factors:
 (diabetes mellitus, current smoker, hypertension, � ≥3 risk factors, or history of � 1 or 2 risk factors � No risk factors known
 hypercholesterolemia, family history of CAD) atherosclerotic disease

Troponin: � ≥0.03 ng/mL � ≥ 0.01 to <0.03ng/mL � <assay

HEART Score:

� 7–10 points � 4 – 6 points � 0 – 3 points

SCAMP Probability: High SCAMP Probability: Intermediate SCAMP Probability: Low

SCAMP recommendation:

Admit to Cardiology

SCAMP Recommends: Consult patient’s cardiologist

� Patient’s cardiologist: � BWH � Outside
    What action did you take:
  � I spoke with cardiologist
  � I did not attempt to contact cardiologist
  � I was unable to reach cardiologist
� Patient does not have a cardiologist

YOUR PLAN OF CARE:

� Admit to the hospital as an inpatient:
 � Cardiology
 � Medicine/Other, because:_________
       ______________________________

� Assign to ED Observation, because:
 � Recommendation of cardiologist
 � Other: ________________________
        ______________________________

� Discharge home, because:
 � Recommendation of cardiologist
 � Other: _______________________
        _____________________________

� Consult Cardiology, because:
 � Other: ________________________

SCAMP recommendation:

Assign to ED Observation Unit for 8 hours

SCAMP Recommends: Consult patient’s cardiologist

� Patient’s cardiologist: � BWH � Outside
    What action did you take:
  � I spoke with cardiologist
  � I did not attempt to contact cardiologist
  � I was unable to reach cardiologist
� Patient does not have a cardiologist

YOUR PLAN OF CARE:

� Assign to ED Observation Unit

� Admit to the hospital as an inpatient:
�Cardiology  � Medicine/Other 

 REASON:
� ED Observation is full
� Recommendation of cardiologist
� Other: _______________________

� Keep in ED (not assigned to Observation):
    (CONTINUE ON BACK)
    Additional troponin at:
 � 3 hours  � 6 hours � Other:________

REASON:
� ED Observation is full
� Other: ______________________

� Discharge home without 2nd troponin, because:
 � Recommendation of cardiologist
 � Other: ___________________________

SCAMP recommendation:

SCAMP Recommends: Consult patient’s cardiologist

� Patient’s cardiologist: � BWH � Outside
    What action did you take:
  � I spoke with cardiologist
  � I did not attempt to contact cardiologist
  � I was unable to reach cardiologist
� Patient does not have a cardiologist

YOUR PLAN OF CARE:

� Order additional troponin in ED
    (CONTINUE ON BACK)
 � 3 hours  � 6 hours, because:________

� Admit to the hospital as an inpatient:
�Cardiology  � Medicine/Other 
 REASON:
� ED Observation is full
� Patient’s nursing care needs
� Recommendation of cardiologist
� Other: ______________________

� Assign to  ED Observation, because:
� Recommendation of cardiologist
� Other: _________________________

� Discharge home without 2nd troponin, because:
 � >6 hours since last episode of pain
 � Recommendation of cardiologist
 � Other: __________________________

>6 hours since last episode → discharge patient
≤6 hours since last episode of pain → Order 3-hour troponin

PATIENT IDENTIFICATION AREA

MRN: ____________________________

Name: ____________________________

Date: _____________________________

FIGURE 12-3 Brigham and Women’s Hospital (BWH) Evaluation of Chest Pain Algorithm. This practice pathway, designated a Standardized Clinical Assessment and 
Management Plan (SCAMP) (Institute for Relevant Clinical Data Analytics, Inc., Boston, MA; http://www.scamps.org), uses the HEART Score to categorize patients into low-, 
intermediate-, and high-probability categories. For low-probability patients, if symptoms started earlier than 6 hours before presentation and the initial troponin assay is negative, 
they can be discharged home immediately. If symptom onset was at 6 hours or less before presentation, another troponin level is measured 3 hours later, and if the result is nega-
tive, the patient is discharged home. Intermediate-probability patients are admitted to the emergency department for further observation or testing. The recommendation of the 
algorithm is to arrange for outpatient noninvasive testing whenever feasible to expedite discharge. ACS, Acute coronary syndrome; CAD, coronary artery disease; ED, emergency 
department; ECG, electrocardiogram; NSTEMI, non–ST-elevation myocardial infarction; PCP, primary care provider; STEMI, ST-elevation myocardial infarction.

http://www.scamps.org
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However, a test with a negative predictive value less than 
99% typically is not acceptable in the early identification of 
patients who can be safely discharged from the ED after just 
one measurement. Therefore, most studies using hsTn either 
incorporate other clinical data such as ECG findings or propose 
rapid reassessment of hsTn with serial measurements. One 
large cohort study of 14,636 subjects found a 99.8%  negative 
predictive value in patients presenting with chest discomfort 
who had a very low level of hsTnT (less than 5 ng/L) and no 
ischemic changes on the ECG.17 Of the 39 patients with hsTnT 
levels below 5 ng/L who eventually were diagnosed with an 
MI, 24 had ischemic ECG changes. Thus, the ECG should always 

remain central to the evaluation of these patients, even with 
the use of hsTn. Other groups have advocated using higher 
hsTn level cutpoints (below 14 ng/L) but with a more detailed 
clinical assessment (e.g., modified Goldman criteria) and a 
normal ECG pattern to identify a larger proportion of patients 
who can be safely discharged early (Table 12-1). The goal is 
to try to improve specificity of the algorithm over that of hsTn 
alone, which has very high sensitivity (approximately 100%) 
but relatively low specificity for ACS. Using this algorithm, the 
proportion of patients who could be safely discharged at the 
initial hsTn increased from 7.9% and 29.3% using cutpoints of 
3 and 5 ng/L, respectively, to 39.8%.18

Nonobservation Patients Who Received a Second Troponin in ED
Please complete prior to discharging patient from the ED

SCAMP recommendations for low-risk patients:
• Do not order a stress test
• 3-hour troponin
• Discharge with routine PCP follow-up

Did this patient receive one or more stress tests
while in the ED?

� NO
� YES, because:
    � Recommendation of cardiologist
    � Patient needs CAD workup: Clinic
        appointment within 72 hours unavailable
    � Stress test ordered by previous attending for
       unclear reason
    � Other: _____________________________
         __________________________________

Did this testing change management? If yes, how?

� No change in management
� Sooner follow-up
� Admits to Cardiology
� Other: _______________________________

IF YES

Has it been >6 hours since the last
episode of pain?

� YES

� YES

� No

� No

Has the patient’s probabilty of ACS increased
since the initial probability stratification?

How?
� Dynamic ECG changes
� Elevated troponin pattern
    suggestive of ACS
� Other: ______________

SCAMP recommendation:

Admit to Cardiology

YOUR PLAN OF CARE:

� Admit to the hospital as an inpatient:
 � Cardiology � Medicine/Other

� Assign to ED Observation, because:
 � Recommendation of cardiologist
 � Other: ________________________
        ______________________________

� Discharge home, because:
 � Recommendation of cardiologist
 � Other: ________________________
        _____________________________

� Other: __________________________

SCAMP recommendation:
Discharge home

Have patient schedule routine f/u with PCP

YOUR PLAN OF CARE:

� Discharge home

� Admit to the hospital as an inpatient:
 � Cardiology � Medicine/Other
    REASON:
 � Patient’s nursing care needs
 � Recommendation of cardiologist
 � Other: _______________________
               _____________________________ 

� Assign to ED Observation, because:
 � Recommendation of cardiologist
 � Other: __________________________

� Other: ____________________________

FIGURE 12-3, Cont’d
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Other investigations have proposed more rapid diagnos-
tic protocols using a second serial hsTnT measurement 1 
or 2 hours apart. In a study using hsTnI, the negative pre-
dictive value for an acute coronary event was 100% in the 
20% to 25% of the cohort who met low-probability criteria 

based on two undetectable hsTnI measurements and a TIMI 
score of 0. Using a TIMI risk score of 0-1 included approxi-
mately 50% more patients in the low-probability group, and 
the negative predictive value fell to only 99.7%.19 In another 
cohort of 1042 patients, use of an hsTnI level of 6 ng/L or less 
at 0 and 1 hours had a negative predictive value of 99.7% 
and identified almost 40% of the patients for potential rapid 
discharge.20

Another strategy employs the change in hsTnT over a 
short period of observation. In a study of 1665 patients, the 
combination of an initial hsTnT level below 12 ng/L and 
an absolute change in hsTnT of less than 3 ng/L at 1 hour 
after presentation maintained a 100% negative predictive 
value (see Figure 7-4).21 This approach was validated in 
another cohort of 1320 patients, achieving a negative pre-
dictive value of 99.9% (i.e., there was one missed MI case)22 
(Figure 12-e1). Findings from this group support that using 
an absolute change criterion, rather than a relative change, 
is more accurate in identifying the patients with a low 
probability for ACS.23 The use of such 1-hour “rule-out” strat-
egies has now been recommended for incorporation in 
European professional society guidelines13 but has not yet 
achieved consensus among experts in the United States 
(see Chapter 7).

NONINVASIVE TESTING

In view of the high negative predictive value of many of the 
accelerated diagnostic protocols that utilize newer-genera-
tion or hsTn assays, the benefit of additional testing in low-
probability patients is questionable. What additional test, 
for example, can improve on a negative predictive value of 
greater than 99%? The elimination of confirmatory functional 
or anatomic testing from the algorithm for managing patients 
with suspected ischemic symptoms would be a natural evolu-
tion in care, but such revision represents a major shift in the 
diagnostic paradigm for the evaluation of ACS.

Two categories of tests are available to confirm that the 
patient does not have ACS. Functional, or “provocative” 
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FIGURE 12-4 Diagnostic accuracy of different troponin assays according to time since symptom onset. The sensitivity for identifying patients with a myocardial 
infarction is less than 70% in patients with symptom onset less than 2 hours earlier and is still less than 90% at 10 hours. By contrast, the sensitivity of new-generation assays 
is greater than 90% at 2 hours. The area under the receiver-operating-characteristic (ROC) curve is shown, according to time since the onset of chest pain, for the four sensi-
tive cardiac troponin assays and the standard assay performed on blood samples obtained at presentation for the diagnosis of acute myocardial infarction. (From Reichlin T, 
 Hochholzer W, Bassetti S, et al: Early diagnosis of myocardial infarction with sensitive cardiac troponin assays. N Engl J Med 361:858-867, 2009.)

TABLE 12-1 The Modified Goldman Score and the 
TRUST Accelerated Diagnostic Protocol (ADP)

Modified Goldman Score

RISK FACTOR

SCORING 
(1 POINT FOR 
EACH VARIABLE 
PRESENT)

Typical new-onset chest pain at rest

Pain the same as previous myocardial infarction

Pain not relieved by glyceryl trinitrate (GTN) spray 
within 15 minutes

Pain lasting more than 60 minutes

Pain occurring with increasing frequency

Hypotension (systolic blood pressure <100 mm Hg)

Acute shortness of breath

Pain within 6 weeks of a myocardial infarction or 
revascularization procedure

Modified Goldman score total (0-8)

TRUST ADP

CATEGORY DIAGNOSTIC CRITERIA

Low risk* (suitable for 
discharge)

Modified Goldman score ≤1
Nonischemic ECG pattern
Presentation high-sensitivity troponin T <14 ng/L

Not low risk Modified Goldman score >1
Ischemic ECG changes
Presentation high-sensitivity troponin T ≥14 ng/L

*Safety point: Protocol not validated in patients 80 years of age and older.
ECG, Electrocardiogram; TRUST, Triage Rule-out Using High-Sensitivity Troponin.
From Carlton EW, Cullen L, Than M, et al: A novel diagnostic protocol to identify 
patients suitable for discharge after a single high-sensitivity troponin. Heart 
101:1041-1046, 2015.
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Patients with acute chest pain
(n = 1320)

Baseline hsTnT <12 ng/L and
absolute change within 1 hour

<3 ng/L

Baseline hsTnT ≥52 ng/L or
absolute change within 1 hour

≥ 5 ng/L
Other

Rule-out acute MI Rule-in acute MIObservational
zone

n = 786 (59.5%)
Acute MI: n = 1

Sensitivity: 99.6%
Negative predictive value: 99.9%

n = 216 (16.4%)
Acute MI: n = 169
Specificity: 95.7%

Positive predictive value: 78.2%

n = 318 (24.1%)
Acute MI: n = 59
Prevalence of

acute MI: 18.6%

FIGURE 12-e1 Performance of the high-sensitivity cardiac troponin T (hsTnT) 1-hour algorithm for rapid diagnosis of acute myocardial infarction (MI). (From 
Reichlin T, Twerenbold R, Wildi K, et al: Prospective validation of a 1-hour algorithm to rule-out and rule-in acute myocardial infarction using a high-sensitivity cardiac troponin 
T assay. CMAJ 187[8]:E243-E252, with permission of Access Copyright.)
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testing, is just that—a test to provoke ischemia. The exercise 
treadmill test (ETT), the classic functional test, is considered 
“positive” if it generates typical reproducible symptoms, 
ST-segment depression, or a drop in blood pressure. In a 
patient with an unstable coronary syndrome, presumably 
with little ischemic reserve, one would expect the symp-
toms to begin at a low workload. Reconciling the diagnosis 
of an ACS with chest pain precipitated only in stage 4 of 
a standard Bruce protocol is challenging, and such chest 
pain is more likely to represent stable coronary disease in a 
patient with noncardiac symptoms at rest. A pharmacologic 
vasodilatory stress test poses a similar problem because it 
cannot identify “low-level” ischemia. Imaging studies, either 
myocardial perfusion imaging (MPI), echocardiography, or 
magnetic resonance imaging, typically improve the sensitiv-
ity and specificity of a standard ETT; however, the additional 
imaging should be used in patients with abnormal baseline 
ECG findings and in those unable to exercise.

Of the functional tests, rest myocardial imaging, which 
uses either radiopharmaceutical labeling or echocardiogra-
phy to identify ischemic areas at rest in patients with active 
pain, is the most intuitively rational test to exclude ACS (see 
Chapter 9). In studies of patients with acute chest pain rest 
MPI has a negative predictive value of 99% to 100%; in prac-
tice, however, mobilizing the resources to perform the test 
while the patient is experiencing chest pain is challenging. 
Moreover, most of the studies of rest MPI or echo were done 
before the widespread use of sensitive cTn assays.1

The use of computed tomography angiography (CTA) 
as “anatomic” noninvasive testing is discussed in detail in 
Chapter 9. Together, the completed studies of patients with 
suspected ischemic pain indicate that a strategy using CTA 
significantly reduces time to discharge from the ED but 
increases downstream testing, including invasive testing, and 
radiation exposure.24-26 Totally normal findings on CTA are 
reassuring in terms of excluding a diagnosis of ACS; however, 
the detection of a coronary lesion does not in itself indicate 
whether it is the “culprit” lesion or just an asymptomatic ste-
nosis unrelated to the presenting symptoms. Perhaps more 
than any other noninvasive test, careful patient selection is 
critical to the utility of CTA in diagnosing ACS.

When Should Additional Noninvasive 
Testing Be Performed?
The earliest chest pain algorithms observed patients for 48 
hours for “stabilization” before any provocative testing. With 
time, intervals between cTn testing have progressively short-
ened, but even the most recent consensus statements still 
recommend performing a treadmill ECG with or without 
imaging in patients with normal serial ECGs and biomark-
ers. In the past, it was felt that this provocative test must be 
completed before discharge, although now the guidelines 
allow that it can be performed as an outpatient procedure, 
within 72 hours of discharge.27 Current recommendations 
from the American Heart Association/American College of 
Cardiology (AHA/ACC) are presented in Table 12-2. Reflective 
of the uncertainty surrounding the best management of these 
patients is the class of recommendation (IIa) and the level 
of evidence (mostly B or C). Moreover, these recommenda-
tions speak of “possible ACS,” which is more consistent with 
a clinical category of intermediate probability rather than 
low probability. The argument for eliminating the subsequent 
testing after a negative result for an accelerated diagnostic 
protocol (ADP) rests on the fact that if the pretest probability 

ACS is low (in this case, less than 1%, based on the literature 
reviewed earlier), then the value of an additional test, no mat-
ter how sensitive or specific, is minimal.

The results of noninvasive diagnostic testing are most 
likely to influence subsequent decisions when the pretest 
probability of ACS is in the intermediate range. In the patient 
whose diagnosis is uncertain after the initial assessment, 
such as a 50-year-old patient with typical chest pain and sev-
eral risk factors for or known coronary disease but normal 
ECG or biomarker levels, noninvasive testing would helpful 
for establishing or excluding the diagnosis of ACS. If this 
patient’s pretest probability of ACS was approximately 50%, 
an early positive stress test result would increase the like-
lihood of ischemia (posttest probability of approximately 
85%), whereas a negative result on exercise testing dramati-
cally reduces the likelihood (posttest probability less than 
10%). By contrast, an abnormal result on exercise testing in 
a 35-year-old woman with atypical chest pain and normal 
ECG and biomarker levels (pretest probability of ACS of 1%) 
is likely to represent a false positive, prompting the use of 
unnecessary medications or invasive diagnostic testing; a 
negative result would simply support a low index of clini-
cal suspicion for coronary heart disease (CHD). Therefore, 
noninvasive testing in such a low-risk patient would not be 
helpful (see Figure 12-1).

Even the value of testing in the intermediate-probability 
patients has been challenged. A recent observational study 
identified 4181 patients admitted to an observational unit 
with acute chest pain who also, per protocol, underwent a 
functional study (ETT or MPI). Almost three fourths of the 
patients were classified as having an intermediate prob-
ability (10% to 90%) for CAD, and less than 20% had a very 
low or low probability. Routine provocative cardiac testing 
showed ischemia in 470 patients (11.2%). Of the 123 who 
subsequently underwent angiography, 63 (1.5%) had a new 
diagnosis of obstructive disease, and only 28 (0.7%) had 
lesions that warranted revascularization. Only 1.5% of inter-
mediate-probability patients and 0.75% of very-low- or low-
probability patients had obstructive coronary disease.28

TABLE 12-2 Discharge from the Emergency 
Department or Chest Pain Unit: Class IIa 
Recommendations

 1.  It is reasonable to observe patients with symptoms consistent with ACS 
without objective evidence of myocardial ischemia (nonischemic initial 
ECG and normal cardiac troponin) in a chest pain unit or telemetry unit 
with serial ECGs and cardiac troponin measurements at 3- to 6-hour 
intervals (level of evidence: B).

 2.  It is reasonable for patients with possible ACS who have normal 
serial ECGs and cardiac troponin levels to have a treadmill ECG 
(level of evidence: A), stress myocardial perfusion imaging, or stress 
echocardiography before discharge or within 72 hours after discharge 
(level of evidence: B).

 3.  In patients with possible ACS and a normal ECG, normal cardiac troponins, 
and no history of CAD, it is reasonable to initially perform (without serial 
ECGs and troponin assays) coronary CT angiography to assess coronary 
artery anatomy (level of evidence: A) or at-rest myocardial perfusion 
imaging with a technetium-99m radiopharmaceutical to exclude 
myocardial ischemia (level of evidence: B).

 4.  It is reasonable to give low-risk patients who are referred for outpatient 
testing daily aspirin, short-acting nitroglycerin, and other medication if 
appropriate (e.g., beta blockers), with instructions about activity level 
and clinician follow-up (level of evidence: C).

ACS, Acute coronary syndrome; CAD, coronary artery disease; ECG, electrocardiogram.
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.
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Further supporting the concept of discharging patients with 

a low probability for presence of ACS without any testing are 
the results of one of the CTA studies that measured hsTnT and 
found that in patients with undetectable hsTnT, the median 
calcium score was 0. Only 11% had evidence of any athero-
sclerosis, and none had stenosis greater than 50%.29 With use of 
the less sensitive conventional troponin assay, however, 12.5% 
of patients with an undetectable level of troponin had stenosis 
with greater than 70% occlusion.

Subsequent diagnostic testing still may play a role in the 
evaluation of “intermediate-probability” patients, many of 
whom will not require hospital admission but can be man-
aged within the ED and/or in observation units, thereby pre-
venting hospital admissions and additional health care costs. 
In addition, as emphasized in the most recent guidelines, even 
intermediate-probability patients can be discharged home 
with planned outpatient testing within 72 hours.27 The most 
challenging component of a strategy of discharge before test-
ing is establishing a system of care that ensures that the dis-
charged patient will receive appropriate follow-up care. The 
transfer of responsibility from the physician providing the ini-
tial care to the outpatient physician is the critical link.

SUMMARY

Considering the number of patients presenting with 
suspected MI, the magnitude of associated health care 
resources, and the decades of research into ACS, the man-
agement and evaluation of patients with acute chest pain  
have remained very much an “art,” relying as much on clini-
cal suspicion as on objective data. Moreover, entrenched 
practice patterns, designed to prevent any missed cases of 
MI, are slow to change in response to newer assays of myo-
cardial necrosis, which, together with simple clinical cri-
teria, can identify a large population of patients who can 
be discharged home safely with the reassurance that they 
are at extremely low risk for subsequent ischemic events. 
Changing practice culture, especially one so intertwined 
with divergent incentives (e.g., principle of beneficence, 
medicolegal issues, reimbursement rules), is challenging.  
A collaborative, integrated approach (Figure 12-5) that lever-
ages ED, cardiology, and outpatient follow-up evaluation 
offers the greatest potential to expedite the investigation of 
chest pain, minimize unnecessary testing, and identify those 
patients who require urgent management of ACS.

Symptoms concerning
for ACS

Integration of history, initial ECG, and biomarkers

Clear noncardiac chest
pain

Possible ACS High probability of
ACS/definite ACS

Admit

Admit
Early discharge

No further testing
needed

Early discharge
No further testing

needed

Early discharge Discharge

Accelerated diagnostic protocol

• Clinical risk assessment
• 2 troponin measurements
    • High-sensitive – 1 hour apart
    • Conventional – 2– 4 hours apart

Low probabiltiy

• Low clinical suspicion, and
• Negative biomarkers

Intermediate probabiltiy

• Presentation/history somewhat consistent with ACS, or
• Equivocal biomarkers

Anatomic testing
CT angiography or MPI during pain

• Only in appropriate patients
• Can be performed after 1
  negative cTn result

Functional testing

• Perform after two negative cTn results
• Obtain imaging based on baseline
  ECG and ability to exercise
• May schedule as outpatient to
  expedite discharge

Findings consistent with ACS

FIGURE 12-5 Integrated schema for the evaluation of patients with symptoms suggestive of acute coronary syndrome (ACS). All patients with suspected acute 
coronary ischemia should receive a thorough history and physical examination and have an initial electrocardiogram (ECG) performed and troponin measured. Patients with 
clearly noncardiac chest pain can be discharged immediately, and those with high probability for ACS or a clear-cut diagnosis of ACS are admitted to the cardiology unit. Patients 
with possible ACS (i.e., with a low to intermediate probability of having ACS) should undergo an accelerated diagnostic protocol (ADP) that includes a second biomarker mea-
surement. Patients with negative troponin assays and low clinical risk can be discharged immediately with no further testing. Patients with either a presentation that is somewhat 
consistent with ACS in the setting of negative or equivocal results on serial troponin assays may benefit from subsequent noninvasive testing. In selected patients, a computed 
tomography (CT) coronary angiogram can be done early in the evaluation and may prompt early discharge. Functional testing can be performed on an inpatient basis, but in 
patients without further symptoms and normal troponin measurements, outpatient testing is appropriate. cTn, Cardiac troponin; MPI, myocardial perfusion imaging.
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section III

TreaTmenT

INTRODUCTION

The key principles that underlie management of myocar-
dial infarction (MI) are based on the pathophysiology of 
the condition and the time course of irreversible myocar-
dial injury. The fundamental goals of managing acute MI 
include (1) minimizing the duration of exposure of myocar-
dium to ischemia, (2) rapidly establishing effective reperfu-
sion, (3) preventing recurrent ischemia and re-occlusion,  
(4) managing arrhythmic and mechanical complications, 
and (5) modifying underlying atherosclerosis toward the 
aim of long-term secondary prevention (Figure 13-1). The 
targets for therapy are the molecular, cellular, and anatomic 
features in the onset, evolution, and complications of MI.

The most prevalent precursor of MI is rupture or erosion of 
an atheromatous plaque in the coronary artery, with throm-
botic occlusion and embolization of thrombotic fragments 
into the distal territory of the affected coronary artery (type 
1 MI), together with changes in vascular tone (Figure 13-2 
and Video 13-1; also see Chapter 3). Oxygen supply–demand 
imbalance can also lead to infarction (type 2 MI) without 
coronary occlusion. The management of type 2 MI focuses 
on correction of the cause of the imbalance (e.g., anemia, 
tachycardia, heart failure). These pathobiological insights 
form the basis for therapies aimed at contributors to coro-
nary thrombosis at the time of presentation (see the section 
on Emergency In-Hospital Management), during the initial 
hospitalization (see the section on Recurrent Ischemia), and 
over the long-term (see the section on Secondary Prevention 
and Rehabilitation).

The clinical manifestations and complications of MI are 
dependent on the extent and duration of ischemia and the 
volume of myocardium affected. This tight temporal rela-
tionship with outcomes frames the initial management 
objectives for acute MI (see the sections on Prehospital 
Management and Emergency In-Hospital Management) and 
the importance of developing systems of care that achieve 
these objectives (see Chapter 5). Acute myocardial ischemia 
may manifest clinically as ST-elevation MI (STEMI), as non–
ST-elevation MI (NSTEMI), or if there is no detectable injury, 
as unstable angina (see Chapter 1). Despite substantial prog-
ress in the acute management of STEMI, approximately 15% 
to 20% of patients still present too late for reperfusion (espe-
cially older adults and those with major comorbidities), and 
internationally, many healthcare systems fail to achieve the 
standards set out in professional guidelines (see the section 
on Early Recognition of Myocardial Infarction). However, 
multiple reports demonstrate that the guideline targets are 
achievable and are associated with improved cardiovascu-
lar outcomes after STEMI.1 Prompt reperfusion of a greater 
proportion of eligible STEMI patients would achieve greater 
overall healthcare gains than have been made possible by 
incremental advances in hospital care (e.g., emergence of 
newer reperfusion strategies).

This chapter provides an overview of these essential gen-
eral principles of managing acute MI, including initial reper-
fusion, as well as the ischemic, thrombotic, electrical, and 
mechanical complications of MI. The chapter constructs a 
scaffold on which the subsequent chapters in this section 
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FIGURE 13-1 The major complications of myocardial infarction and targets for therapy. A coronary artery of a patient who has had plaque rupture and coronary 
occlusion with subsequent therapeutic stent implantation. Key principles of management are to treat arrhythmic complications, to minimize ischemic time before reperfusion, 
to use antithrombotic therapy to inhibit thrombus propagation and embolization, to improve oxygen supply–demand imbalance, to inhibit adverse remodeling, and to treat 
mechanical complications. ACEi, Angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blocker.

Initial plaque rupture and NSTEMI 

Atheroma progression 

Plaque rupture, 
thrombus, and 
sudden death 

FIGURE 13-2 Cross section of a pathology specimen of coronary artery of a 
patient who died after a second plaque rupture event. The first plaque rupture pre-
cipitated and non–ST-elevation myocardial infarction (NSTEMI), but without an obstruc-
tive coronary lesion, and the patient was treated without revascularization. Progressive 
atheroma development and plaque growth occurred despite secondary prevention ther-
apy. The patient experienced a second plaque rupture and arrhythmic death before reach-
ing the hospital (thrombus on the lesion and evidence of distal embolization). (Adapted 
from Fox KAA: What are the pharmacological approaches to treat the vulnerable plaque? 
Dialog Cardiovasc Med 19[1]:41-48,2014. ©2014, Les Laboratoires Servier.)

build the details of treatment. The pathobiology of athero-
thrombosis, ischemic injury, myocardial healing, and remod-
eling are described in Chapter 3, Chapter 4, and Chapter 36,  
respectively. The diagnosis of MI is discussed in Chapter 6 
and Chapter 7.

PREHOSPITAL MANAGEMENT

Early Recognition of Myocardial Infarction
Key challenges in the early management of MI require rec-
ognition by the patient that the symptoms merit emergency 
evaluation, and then actions that lead to prompt presenta-
tion to emergency medical systems (together this interval 
constitutes “patient delay”) (Box 13-1 and Figure 14-1). 
Some patients experience prodromal unstable angina fol-
lowed by progression to infarction (with or without com-
plete coronary occlusion). Many patients fail to recognize 
the symptoms of MI and may delay presentation because 
of atypical symptoms, or fear and denial that they are 
experiencing a heart attack. Public awareness campaigns 
can trigger a spate of false alarms in the short term, but 
improved public education has led to a shortening of the 
time to presentation in many healthcare systems. Women 
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tend to present later than men, as well as older adults, 
some ethnic groups (e.g., Hispanics, African Americans, 
those of South Asian ancestry), and the socioeconomically 
disadvantaged. Patients presenting with MI for the second 
time tend to delay more than first presenters, implicating a 
possible role of denial and fear.

Prehospital approaches to facilitate rapid diagnosis of 
MI once the patient has made a first medical contact are 
described in Chapter 5.

Cardiac Arrest
Epidemiological studies demonstrate that 60% to 73% of 
deaths associated with STEMI occur out of hospital, mainly 
within the first 1 to 2 hours after onset. These early deaths 
are mainly the result of cardiac arrest caused by ventricular 
fibrillation. Interrupting the link between acute MI and sud-
den cardiac death is a critical goal in the management of MI 
(Box 13-2). Despite major advances in in-hospital care of MI, 
there is little evidence for a decline in the rates of prehospital 
mortality. However, ongoing initiatives in many communities 
are aiming to address this deficiency; for example, Chain of 
Survival campaigns,2 which promote the availability of trained 
individuals to initiate cardiopulmonary resuscitation (CPR) 
and to use automatic external defibrillators, are designed to 
reduce prehospital mortality caused by cardiac arrest (see 
Chapter 5). Educational initiatives have increased awareness 
of CPR and have increased the proportion of patients with 
cardiac arrest receiving CPR.3 For patients successfully resus-
citated after ventricular fibrillation complicating MI, current 
guidelines recommend emergency angiography and prompt 
primary percutaneous revascularization.4,5

Systems Development for Rapid 
Reperfusion
Governmental health systems, professional societies, 
hospitals, and individual providers for patients with MI 
have focused substantial attention on in-hospital delays 
(door-to-needle or door-to-balloon time); yet, prehospi-
tal delays are the largest contributor to ischemic time. 
Therefore, systems-based approaches are needed to 
deliver effective integrated management with shortened 
overall ischemic time. The overall systems goal of limit-
ing ischemic time (ideally ≤120 minutes),4,5 challenges 
in meeting current targets,6 and operational approaches 
to achieve these goals are discussed comprehensively in 
Chapter 5. Development of well-organized systems for MI 
care is possible, and achievement of such targets for time 
to treatment are realistic. In this context, comprehensive 
national7–11 and international registries (e.g., GRACE) 
have demonstrated important temporal trends of dimin-
ishing mortality and decreasing incidence of new-onset 
heart failure (see Chapter 2).12,13

EMERGENCY IN-HOSPITAL MANAGEMENT

The emergency management of patients with suspected MI 
is rooted in rapid diagnosis and swift restoration of flow in 
the culprit artery. Critical concepts in the emergency man-
agement of MI are listed in Box 13-3 and reviewed in the fol-
lowing section. The initial diagnostic assessment of patients 
with suspected acute MI is discussed in Chapter 6, and the 
related use of cardiac biomarkers and imaging methods are 
detailed in Chapter 7, Chapter 8, and Chapter 9.

Rapid Reperfusion
Minimizing the delay to reperfusion in patients with STEMI 
is critical to salvage ischemic myocardium, to limit resid-
ual injury, to reduce the risk of subsequent heart failure, 
and to improve survival (see Chapter 14 and Chapter 36).  
The impact of time delay is not linear (Figure 13-3); the 
most effective salvage of myocardium is achieved with 
reperfusion within 60 to 90 minutes of ischemic onset. The 
term “golden hour” has been applied to the first 60 min-
utes of infarction because restoring myocardial function is 
best achieved within this period, and some patients even 
experience aborted infarction without evolving electrocar-
diographic (ECG) changes of MI and without measurable 
mechanical deficit (see Figure 13-3).

The clinical manifestations of MI are a function of the sever-
ity and duration of ischemia and the consequent volume of 
myocardium with irreversible cellular injury. Therefore, the 

Early Recognition of Myocardial Infarctions
	•	 	Public	education	challenges:	“false	alarms;”	slow	respond-
ers,	including	older	adults,	the	frail,	certain	ethnic	groups;	
slower	responses	among	women	versus	men.

	•	 	Availability	of	rapid	response	emergency	medical	systems	
with	integrated	cardiac	networks	of	care	and	direct	access	
to	“Heart	Attack	(percutaneous	coronary	intervention	[PCI]	
capable)	Centers.”

	•	 	ST-elevation	myocardial	infarction	(STEMI):	avoiding	inter-
hospital	transfers;	prehospital	diagnosis	(e.g.,	electrocardi-
ography	telemetry	to	cardiac	center);	bypassing	hospitals	
without	direct	PCI	capability	unless	none	available.

	•	 	STEMI:	prehospital	fibrinolysis	if	no	PCI-capable	hospital	is	
<60	min	away.

BOX 13-1 Principles of Management: Prehospital

Sudden Cardiac Death and Resuscitation
	•	 	Prehospital	cardiac	arrests	and	sudden	deaths	account	for	
most	early	deaths	from	acute	myocardial	infarction.

	•	 	Success	of	resuscitation	is	critically	time	dependent	(after	
each	minute	of	ventricular	fibrillation	survival	diminishes	
7%–10%).

	•	 	Bystander	cardiopulmonary	resuscitation	(CPR)	increases	
survival	by	approximately	30%.

	•	 	Regions	with	well-developed	CPR	training	and	availability	
of	automated	external	defibrillators	(AEDs)	have	two-	to	
three-fold	greater	survival	rates	from	out-of-hospital	car-
diac	arrests.

BOX 13-2 Principles of Management: Cardiac	
Arrest

	•	 	Reperfusion	and	revascularization	are	critical	to	reduce	
ischemic	time.

	•	 	The	goals	include:	emergency	medical	service	response	
times	within	<10	min,	transfer	to	percutaneous	coronary	
intervention	capable	center	<30	min,	first	medical	contact	
to	reperfusion	<90	min.

	•	 	Electrocardiography	telemetry	and	bypassing	of	emergency	
room	for	confirmed	myocardial	infarction.

	•	 	Prehospital	fibrinolysis	if	transfer	times	prolonged.
	•	 	Adjunctive	therapies	to	reduce	recurrent	ischemia	and	to	
manage	arrhythmias	and	heart	failure.

BOX 13-3 Principles of Emergency Management 
of ST-Elevation Myocardial Infarction
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initial care of the patient with STEMI is targeted at initiating 
therapy to restore flow in the infarct-related artery as rapidly 
as possible. The selection of the approach to reperfusion ther-
apy, including the choice of administration of a fibrinolytic 
agent versus primary percutaneous coronary intervention 
(PCI), and related decisions regarding interhospital transfer, 
are addressed in Chapter 14. Fibrinoytic therapy for STEMI is 
discussed comprehensively in Chapter 15, and the approach 
to primary PCI is detailed in Chapter 17.

Although more attention has focused on the timing of 
reperfusion in patients with STEMI, patients with NSTEMI 
may also develop major complications, including heart 
failure, hypotension, and arrhythmias as a consequence 
of prolonged ischemia. Patients with NSTEMI, particularly 
those at high risk, should also be considered for emer-
gency revascularization to resolve ongoing or intermittent 
ischemia (see the section on Initial Risk Assessment and 
Chapter 16).

Fibrinolysis
Administration of a fibrinolytic agent was the cornerstone of 
reperfusion therapy before the development of primary PCI, 
and still constitutes important therapy in settings where pri-
mary PCI is not available or not available expeditiously (see 
Chapter 14). The oldest fibrinolytic agents (streptokinase 
and urokinase) are still widely used in some parts of the 
world because of cost. Subsequent evolution of fibrinolytic 
therapy has aimed to improve ease and rapidity of adminis-
tration, as well as the balance of fibrinolytic efficacy versus 
bleeding. In comparison to streptokinase, later generation 
fibrinolytics, including alteplase, reteplase, and tenecteplase, 
have amplified effects at the sites of thrombus formation 
(see Chapter 15).

Despite the similarities in the early mechanisms of STEMI 
and acute coronary syndromes (ACSs) without ST-elevation, 
and the key role of thrombosis in both, fibrinolysis failed 
to demonstrate benefit in early studies of the treatment of 
unstable angina. Because those studies included low-risk 
patients, some experts have questioned whether there could 
be a role for coronary administration of modern fibrinolytic 
agents in high-risk NSTEMI. Nevertheless, because of the 
absence of established benefit and a clear increased risk 

of serious bleeding, professional society guidelines do not 
recommend administration of fibrinolytic agents to patients 
with NSTEMI.

Pathways of Care: ST-Elevation Myocardial Infarction
Pathways of care for patients with STEMI are aimed at mini-
mizing the duration of ischemia and triage of patients to 
the optimal environment for management of the complica-
tions of MI (see Chapter 5). Timely primary PCI is preferred 
whenever it is available and provided by experienced 
STEMI teams, and has become the dominant approach to 
reperfusion therapy in most countries (Figure 13-4). Critical 
elements of pathways of care for STEMI include prompt 
recognition by the patient of the need to call emergency 
medical systems, rapid dispatch and arrival of emergency 
providers (<10 minutes), in-ambulance diagnosis of sus-
pected STEMI, administration of analgesia and antithrom-
botic agents, rapid transfer to a PCI-capable center (<30 
minutes), and mobilization for timely PCI (Figure 13-5). 
Direct admission to the catheterization laboratory avoids 
the delays involved in emergency department evaluation. 
When prehospital transfers are prolonged because of dis-
tance from the PCI center, or traffic and adverse weather, 
the option of prehospital administration of fibrinolysis is 
needed (see Chapter 14). Even after apparently success-
ful fibrinolysis, transfer to a PCI-capable center is needed 
to treat the underlying stenosis, to minimize risks of re-
occlusion, and to consider revascularization of nonculprit 
coronary stenoses (see the section on Recurrent Ischemia 
and Chapter 14).

Pathways of Care: Non–ST-Elevation Myocardial 
Infarction
The clinical presentation of NSTEMI is more insidious 
than that of STEMI and may be preceded by new-onset 
exertional angina, deteriorating or unstable angina, or no 
previous symptoms. Unlike STEMI, autonomic features 
do not usually accompany the onset of NSTEMI. Because 
of the pattern of onset, the patient may misinterpret 
the symptoms as gastrointestinal or musculoskeletal in 
nature, and presentation is frequently to nonemergency 
medical services (primary care or internal medicine, or 
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FIGURE 13-3 The relationship between elapsed time (ischemic time) and myocardial salvage, lives saved, and frequency of aborted myocardial infarction (MI) 
with reperfusion therapy. Solid blue bars represent number of lives saved per 1000 patients treated with fibrinolysis according to time from symptom onset. Red bars represent 
the proportion of aborted myocardial infarctions (MI) in fibrinolytic-treated patients according to time from symptom onset. (Adapted from Armstrong PW, Westerhout CM, 
Welsh RC: Duration of symptoms is the key modulator of the choice of reperfusion for ST-elevation myocardial infarction. Circulation 119:1293, 2009.)
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to nonemergency chest pain clinics). The diagnosis is 
based on the clinical syndrome plus ECG findings of isch-
emia, but without persistent ST-elevation (see Chapter 1 
and Chapter 6) and sensitive biomarkers of necrosis (e.g., 
high-sensitivity troponin; see Chapter 7). However, the 
diagnosis can be challenging in the presence of minor 
nonspecific ECG abnormalities and biomarkers of necro-
sis that may be elevated by supply–demand imbalance 
(type 2 MI) or myocyte necrosis in the absence of coro-
nary occlusion (e.g., in heart failure or pulmonary embo-
lism).14 Particular care is needed to identify patients with 
evolving infarction but who do not have ST-elevation at 
the time of first presentation. Repeated ECG analysis or 
continuous ST monitoring is important for this reason. 
Once the diagnosis of NSTEMI is established, antithrom-
botic therapies should be initiated while consideration 

of invasive evaluation is undertaken (see the section on 
Initial Risk Assessment).

Other Medical Therapy at Presentation
A schematic overview of the management of MI is provided 
in Figure 13-6. The rationale for use of anticoagulant and 
antiplatelet agents are addressed later in this chapter, as are 
agents to mitigate myocardial oxygen supply–demand mis-
match (see the section on Recurrent Ischemia).

Analgesics
Relief of pain is important, not only to relieve distress, but also 
to avoid the consequences of sympathetic simulation on the 
heart, including increases in afterload and arrhythmogenesis 
(see Chapter 28). Intravenous opioid analgesia is the most 
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FIGURE 13-5 The American College of Cardiology Foundation/American Heart Association guidelines depicts the flow of decision-making for reperfusion 
strategies in ST-elevation myocardial infarction (STEMI). CABG, Coronary artery bypass graft; DIDO, door-in-door-out; FMC, first medical contact; LOE, level of evidence; 
PCI, percutaneous coronary intervention. (From O’Gara PT, 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:e78, 2013.)
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commonly used therapy and should be carefully titrated, 
and is often administered with antiemetics. For example, 
intravenous morphine sulfate at a dose of 2 to 8 mg repeated 
at intervals of 5 to 15 minutes has been recommended, 
until the pain is relieved or side effects (e.g., hypotension, 
depression of respiration, or severe vomiting) emerge. The 
reduction of anxiety with successful analgesia diminishes 
the patient’s restlessness and the activity of the autonomic 
nervous system, with a consequent reduction of the heart’s 
metabolic demands. Morphine may also provide favorable 
effects in patients with pulmonary edema caused by periph-
eral arterial and venous dilation, reduction of the work of 
breathing, and slowing of heart rate secondary to combined 
withdrawal of sympathetic tone and augmentation of vagal 
tone. Observational studies have identified an association 
between administration of morphine and adverse outcomes 
in patients with ACS; however, it is challenging to disentangle 
this observation from confounding by indication.

Nitrates
Nitrates are commonly given in acute MI, and they may 
relieve vasospasm and reduce pain. By virtue of their ability 
to enhance coronary blood flow by coronary vasodilation 
and to decrease ventricular preload by increasing venous 
capacitance, sublingual nitrates have been recommended 
for the initial treatment of patients with MI. At present, the 
only groups of patients with STEMI in whom sublingual nitro-
glycerin should not be given are those with suspected right 
ventricular infarction or marked hypotension (e.g., systolic 
pressure <90 mm Hg), especially if accompanied by brady-
cardia. The patient should be observed for improvement in 
symptoms or change in hemodynamics. Even small doses 
can produce sudden hypotension and bradycardia, a reac-
tion that can usually be reversed with intravenous atropine. 
Long-acting oral nitrate preparations should be avoided in 

the early course of STEMI because of the frequently chang-
ing hemodynamic status of the patient. In patients with a 
prolonged period of waxing and waning chest pain, intra-
venous nitroglycerin may help to control symptoms and 
correct ischemia, but requires frequent monitoring of blood 
pressure. Initiation of a reperfusion strategy in patients with 
STEMI should not be delayed while assessing the patient’s 
response to sublingual or intravenous nitrates. Despite the 
strong pathobiological rationale, administration of nitrates 
has not been shown to improve clinical outcomes com-
pared with placebo in patients with MI (see the section on 
Other Medical Therapies to Reduce Ischemia).

Oxygen
Treating all patients hospitalized with MI with oxygen for 
at least 24 to 48 hours is common practice on the basis of 
the empirical assumption of hypoxia and evidence that 
increased oxygen in the inspired air may protect ischemic 
myocardium. However, the evidence to support its use in 
those without heart failure or hypoxia is lacking.15 In patients 
with hypoxia (oxygen saturation below ∼94%), hypoxia can 
be corrected by oxygen delivery using a face mask. However, 
for those with more profound hypoxia associated with heart 
failure, ventilation and circulation support may be required 
(see Chapter 25). Conversely, in a small study comparing 
oxygen and air administration for those with oxygen satura-
tions more than 94%, there was no evidence of benefit and 
a trend toward harm (6-month infarct size) in those given 
supplemental oxygen.

RECURRENT ISCHEMIA

Complete and durable relief of ischemia, alleviation of 
symptoms, and prevention of recurrent coronary throm-
botic complications are core management goals for the 

Reduce the risk
of reocclusion

Dual antiplatelet
therapy, anticoagulants   

Heart failure
management 

Thrombolysis
(if primary PCI
is unavailable)  

Primary PCI
preferred therapy   

• Defibrillation or
cardioversion for VF/VT

• Bradycardia therapy   

• Dual antiplatelets

• ACEi/ARB

• Beta blocker

• Lifestyle measures

• Smoking cessation

• Glucose intolerance      

• Opiate analgesia

• O2  and ventilation
support if hypoxemic   

• Diuretics

• O2 and ventilation

• Circulatory support

• ACEi /ARB/
aldosterone 
antagonists     

Secondary
prevention and
rehabilitation  

Reperfusion therapy Rhythm
management  

Pain and hypoxia
management 

FIGURE 13-6 The key therapeutic approaches and the main classes of therapy following ST-elevation myocardial infarction (STEMI) and reperfusion therapy. 
ACEi, Angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; O2, oxygen; PCI, percutaneous coronary intervention; VF, ventricular fibrillation; VT, ventricular  
tachycardia.
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care of patients with MI (Box 13-4). Early recurrent isch-
emia and reinfarction are important complications of 
acute MI; although their rate has declined with routine 
coronary revascularization (see Chapter 23). Fibrinolysis is 
an option for initial dissolution of completely obstructive 
thrombus in patients with STEMI, if timely primary PCI is 
not available (see the section on Rapid Reperfusion and 
Chapter 15). Antiplatelet and anticoagulant therapy are 
important to reduce the extension of thrombus or reocclu-
sion, and coronary revascularization is critically important 
to relieve coronary artery obstruction. These are the main-
stays of therapy to address coronary occlusions in most 
patients with STEMI. For patients with NSTEMI and patients 

with STEMI who have residual coronary disease after cul-
prit vessel reperfusion, therapies to improve myocardial 
oxygen supply–demand mismatch are a cornerstone of 
therapy and are used in conjunction with antithrombotic 
therapy (Figure 13-7). Because of the risks of progression of 
infarction and the development of complications, includ-
ing heart failure, arrhythmias, and cardiogenic shock, with 
ongoing or recurrent ischemia, management by a team 
with ACS expertise and appropriate facilities is necessary. 
Careful and systematic assessment of the risk of death and 
recurrent ischemic events is central to the appropriate 
selection of management strategies and triage to the best 
care environment (see also Chapter 11).

Initial Risk Assessment
In STEMI, the default management is emergency reperfu-
sion unless the patient has risk features that preclude it or 
has experienced prolonged ischemic time. There are few 
absolute contraindications to primary PCI, and the key con-
traindication to thrombolysis is the risk of cerebral hemor-
rhage. The critical-related decision in the emergency setting 
is whether comorbidities and bleeding risks are sufficient 
to outweigh the advantages of reperfusion. Thus, emergency 
risk assessment is commonly based on clinical evaluation, 
and risk assessment tools are mainly used to guide triage 
and later therapeutic choices, with the aim of reducing 
complications.

In patients with NSTEMI, the pivotal early decision is 
whether to proceed to emergency, urgent, or early elec-
tive angiography, with a view to revascularization (see 
Chapter 16). Randomized trials have demonstrated the 

	•	 	Key	principles	are	to	relieve	ischemia,	alleviate	symptoms,	
and	to	prevent	coronary	thrombotic	complications.

	•	 	High-sensitivity	biomarkers	of	necrosis	to	rule	out	myocar-
dial	infarction	(MI).

	•	 	Elevated	biomarkers	of	necrosis	in	type	2	MI,	“supply–
demand	imbalance.”

	•	 	Risk	assessment,	including	use	of	risk	scores	(TIMI,	GRACE),	
is	critical	in	identifying	patients	for	emergency	and	urgent	
revascularization.

	•	 	Dual	antiplatelet	and	anticoagulant	strategies	to	reduce	
thrombotic	complications.

	•	 	Minimizing	bleeding	risk	(patient	selection,	vascular	access	
route,	choice	of	antithrombotic	agents).

	•	 	Adjunctive	therapies	to	reduce	ischemia	and	to	manage	
arrhythmias	and	heart	failure.

BOX 13-4 Principles of Emergency Management 
of Non–ST-Elevation Myocardial Infarction

• Manage heart failure and
mechanical complications 
(as for STEMI)  

• Secondary prevention and lifestyle
modifications (as for STEMI) 

• Reduce oxygen supply-demand
imbalance  

• Anticoagulation (acute phase)

• Dual antiplatelet therapy  

• Identify high-risk patients
(GRACE, TIMI risk score)
and those with recurrent or
persistent ischemia     

• Acute/early revascularization
(high-risk patients)

• Elective invasive strategy
(remainder)    

FIGURE 13-7 Strategies for preventing recurrent ischemia in patients with non–ST-elevation myocardial infarction (NSTEMI). Partial occlusion of a coronary artery 
(angiogram and pathology section) and plaque rupture and thrombus attachment in a patient with NSTEMI. The principles of management are to identify high-risk patients for 
early revascularization based on clinical findings and use of a risk score (GRACE or TIMI score), to inhibit thrombus propagation and embolization, to address oxygen supply–
demand imbalance, to treat heart failure and mechanical complications, and to initiate secondary prevention and lifestyle measures to reduce the risk of recurrence.
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most benefit in the prevention of future death, myocardial 
infarction, and rehospitalization in higher risk patients with 
ACS, and an angiographic strategy is recommended in the 
guidelines for such patients (Figure 13-8). Although some 
high-risk patients are evident clinically, based on continu-
ing signs and symptoms of ischemia (e.g., widespread ST 
depression on the ECG) or complications of ischemia like 
heart failure and arrhythmia, many others are less evident. 
Risk assessment tools have been derived and validated 
(e.g., TIMI risk score, GRACE risk score).16,17 In practice, a 
“treatment-risk paradox” exists, in which lower risk patients 
rather than higher risk patients are more likely to be treated 
with revascularization and more aggressive antithrombotic 
therapies.17,18 It is likely that clinicians in practice tend to 
underestimate the potential for benefit and overestimate 
the potential for harm, especially in older patients and 
those with comorbidities. Composite risk scores provide a 
rapid and robust method of estimating risk; hence, they are 
a key method to guide therapy and are recommended in 
all the major guidelines.19,20 Many healthcare systems now 
incorporate risk assessment into the triage and early man-
agement of NSTEMI.

As an example of the value of risk stratification for deci-
sion-making, based on the long-term randomized trials of an 
interventional strategy in NSTEACS, the absolute risk reduc-
tion in deaths or MIs was 11.1 per 100 patients in the high-
risk category, 4 per 100 in medium-risk patients, and only 2 
per 100 in the low-risk patients.21 It has been estimated that 
if clinicians applied the rates of intervention achieved in 
the randomized trials in higher risk patients, in contrast to 
the rates observed in large-scale registries, there would be 
between 30 and 80 fewer cardiovascular deaths or MIs for 
each 10,000 patients with non–STE-ACS.17

Thrombotic Complications
Thrombotic mechanisms are central to the progression 
from early plaque disruption to coronary occlusion and 
to the consequences of embolic occlusions in the ter-
ritory of the affected artery (see Chapter 3). Although 

there has been much debate about the contributions of 
systemic upregulation of thrombotic and inflammatory 
risk (“vulnerable blood”), and the contributions of local 
mechanical and biological stimuli in the disrupted plaque 
(“vulnerable plaque”), current evidence suggests that both 
mechanisms are important and that there is an interplay 
between the local and systemic stimuli. For these reasons, 
antiplatelet and anticoagulant therapies should be admin-
istered systemically to all patients with type 1 MI, with the 
aim of inhibiting thrombosis locally at the site of plaque 
disruption.

Although reducing recurrent thrombosis is a central goal 
of therapy, this objective should be balanced against the risk 
of serious bleeding (see Chapter 29). The results of trials of 
potent antithrombotic therapy for ACS have suggested that 
minimizing bleeding can also reduce morbidity. Moreover, 
lower bleeding rates have been associated with lower risks of 
death and recurrent MI. Early studies of anticoagulants used 
high dosages, with the aim of reducing thrombotic compli-
cations, but bleeding risks were high (see Chapter 18). The 
complications of major bleeding are not only those directly 
associated with the bleeding event, but there are also indi-
rect adverse consequences later after the bleeding event. 
These late events may be the consequence of management 
changes following bleeding, like stopping antithrombotic 
therapy or the adverse consequences of transfusion (see 
Chapter 29). In consequence, an important contemporary 
principle of anticoagulant management is that “less may be 
more,” with the aim of achieving a minimum effective con-
centration of anticoagulant therapy.

Antiplatelet Therapies
The principles of antiplatelet therapy are introduced here, 
and the therapies are discussed in detail in Chapter 19 
and Chapter 20. Experimental and pathological studies 
have established the pivotal role of the platelet in coronary 
thrombosis, and subsequent clinical trials have conclu-
sively demonstrated that antiplatelet therapies are effective 
in reducing the recurrent thrombotic complications of MI. 
The generation of platelet aggregates at the site of plaque 
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FIGURE 13-8 The impact of an initial conservative or an interventional strategy on the subsequent rate of death or myocardial infarction. Those in the upper 
third of baseline risk had an absolute benefit of 11 per 100 with revascularization, in the intermediate group 3.8 and in the lower risk group 2.0 showing most benefit, per patient 
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Thoracic Surgery [EACTS]: Guidelines on revascularization. Eur Heart J 31:2501, 2010; and Fox KAA, et al., for the FIR Collaboration: Long-term outcome of a routine versus 
selective invasive strategy in patients with non–ST-Segment elevation acute coronary syndrome: a meta-analysis of individual patient data. J Am Coll Cardiol 55:2435, 2010.)
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disruption amplifies further platelet aggregation and precip-
itates thrombus formation. Activated platelets and platelet 
microparticles stimulate the coagulation cascade via throm-
bin activation, and in turn, thrombin is a potent activator 
of platelets. Consequently, management is directed toward 
inhibition of activated platelets and inhibition of thrombin. 
However, a key balance of platelet activation and paren-
teral anticoagulation is required; this balance must be suf-
ficient to inhibit thrombosis, but insufficient to precipitate 
major bleeding. The clinical aims of antiplatelet therapy are 
to inhibit the propagation of thrombus, to minimize throm-
botic complications, including distal embolization, occlu-
sion, or reocclusion at the site of plaque disruption, and 
stent thrombosis.

Aspirin
Pivotal early studies established a role for antiplatelet agents 
in ACS by demonstrating the benefit of aspirin in the RISK 
study and several modest-sized trials among patients with 
NSTE-ACS,22 and in the large ISIS-2 study in patients with 
STEMI (see Chapter 19). Together, the NSTEMI trials included 
2448 patients, a modest number by today’s standards, but 
they demonstrated an approximate halving of the risk of 
death or MI and established antiplatelet therapy as a key 
part of the management of ACS.

P2Y12 Receptor Inhibition
Platelets have multiple redundant pathways for activation. 
Inhibition of platelet pathways complementary to aspirin 
has proven to offer incremental benefit in the management 
of patients with MI (see Chapter 19). Dual antiplatelet ther-
apy was first tested using a second-generation thienopyri-
dine, clopidogrel, plus aspirin versus aspirin alone, among 
patients with NSTE-ACS and resulted in an approximate 20% 
improvement in the composite of death, MI, and stroke.22 
Subsequent studies have extended evidence for benefit to 
patients with STEMI (see Chapter 19).4 Moreover, mechanis-
tic studies have subsequently demonstrated hyporespon-
siveness to clopidogrel (“resistance”) in some patients and 
linked these observations to adverse clinical outcomes (see 
Chapter 20). In this context, more potent adenosine diphos-
phate (ADP) receptor antagonists have been developed and 
tested in large randomized clinical trials, with the results 
demonstrating further reduction in recurrent atherothrom-
botic events with the third-generation P2Y12 inhibitors, pra-
sugrel and ticagrelor (see Chapter 19).23,24

Glycoprotein IIb/IIIa Inhibitors
These agents block the final common pathway, the binding 
of fibrinogen or von Willebrand factor to the platelet IIb/IIIa 
integrin receptor (see Chapter 19). They were introduced 
early in the development of percutaneous revascularization 
for ACSs to minimize thrombotic, microvascular, and peri-
procedural complications. At that time, the standard of care 
was single antiplatelet therapy, usually aspirin. The influen-
tial studies were conducted before the current era of potent 
dual antiplatelet therapy and current interventional therapy. 
For these reasons, current guidelines have downgraded the 
use of glycoprotein IIb/IIa inhibitors, reserving them for use 
in the context of PCI, as a bailout for patients with complex 
procedures and thrombotic complications. Thus, glyco-
protein IIb/IIIa inhibitors are not recommended for use in 
all patients, nor are they recommended for systematic use 
before angiography.

Anticoagulant Therapy
Anticoagulants are administered in patients with MI with the 
goal of inhibiting the generation and propagation of “red 
thrombus” at sites where a nidus of platelet aggregation has 
initiated thrombus formation (“white thrombus” contains 
mainly platelet aggregates). Although anticoagulants remain 
a core element in the management of acute MI, changes to 
antiplatelet therapy and enhancement of interventional 
devices and techniques have resulted in evolution of antico-
agulant therapy in acute MI. Early interventional techniques 
(balloon angioplasty and first-generation stents) were highly 
thrombogenic, and high doses of parenteral anticoagulants 
were commonly used, but these had significant bleeding 
complications. As techniques have improved, especially 
with the latest generation of stents, instrumentation, and 
effective dual antiplatelet therapy (aspirin plus ticagrelor or 
prasugrel), much less anticoagulation appears to be needed, 
and bleeding complications have been reduced (for exam-
ple, using bivalirudin in place of heparin plus a glycoprotein 
IIb/IIIa inhibitor; see Chapter 18).

Unfractionated Heparin
The most widely used anticoagulant around the world 
remains unfractionated heparin (UFH). Notably, the initial 
trials testing UFH were small in size, and the benefit was 
demonstrated only in a pooled analysis (see Chapter 18). 
The optimal dosage of UFH has not been defined, and older 
studies tended to use higher dosages (e.g., bolus of 140 U/
kg) and were associated with higher rates of bleeding than 
reported in modern studies using lower dosages (e.g., bolus 
of 60 U/kg).

Low–Molecular-Weight Heparins
Because treatment with UFH leads to unpredictable anti-
coagulation, requiring careful monitoring and dose adjust-
ment, anticoagulants that act more predictably via inhibition 
upstream of UFH in the coagulation cascade have been 
developed and tested for clinical use (see Chapter 18). 
Studies of low-molecular-weight heparins (LMWHs) dem-
onstrate lower rates of death and/or MI weighed against an 
increase in bleeding. LMWH regimens are given subcutane-
ously and without the need for monitoring and repeated 
dose adjustments, and are, therefore, simpler to administer 
than UFH. In the context of predominantly conservative 
management strategies for ACS, several studies showed 
greater efficacy of the LMWH regimen compared with UFH 
(see Chapter 18). However, when used as part of an invasive 
strategy, LMWH regimens do not appear to offer clear benefit 
and are associated with increased bleeding.

Factor Xa Inhibitor
Analogously to LMWH, direct anti-Factor Xa inhibitors act 
higher up the coagulation cascade than agents acting on 
thrombin (IIa inhibitors); therefore, they are effective at 
inhibiting thrombin generation, but they do not act against 
thrombin in clots (see Chapter 18). The parenteral pentasac-
charide, fondaparinux, is a factor Xa inhibitor tested against 
the LMWH enoxaparin.25 In these trials, the objective was to 
test the minimum effective dosage of fondaparinux against 
the standard of care using enoxaparin LMWH, with the aim 
of minimizing bleeding complications, but with similar effi-
cacy. In OASIS 5, fondaparinux met the criteria for noninferi-
ority (at 9 days), demonstrated half the rate of major bleeding, 
and showed decreased mortality at 30 days and 6 months 
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compared with LMWH (see Chapter 18). However, there was 
evidence of an increased rate of catheter-related thrombo-
sis. Fondaparinux does not block factor IIa and is less effec-
tive than UFH at blocking catheter-related contact activation. 
Administration of a low dose of UFH in conjunction with 
fondaparinux appears necessary to prevent catheter-related 
thrombosis, but this approach has not been validated in 
large-scale studies. Fondaparinux has gained acceptance, 
where it is approved for clinical use in ACS outside of the 
United States, for use in community hospital settings, and 
in those selected for noninvasive management because of 
the lower rates of bleeding and the logistic advantage that 
it is simple to administer. However, patients transferred for 
interventions are usually converted to another anticoagu-
lant, commonly UFH.

Direct Thrombin Inhibitors
The direct thrombin inhibitors (hirudin, agatroban, bivali-
rudin) do not require cofactors for their activation; they 
directly inhibit existing thrombin, but they do not inhibit 
factors higher up the coagulation cascade. The use of bivali-
rudin in patients with MI is discussed in Chapter 18.

Other Medical Therapies to Reduce Ischemia
In addition to the therapies designed to restore vascular 
patency and to prevent thrombotic and arrhythmic compli-
cations, adjunctive therapies aim to alleviate supply–demand 
mismatch, and ischemic symptoms.

Nitrates
The potential benefits of nitrates include dilation of large 
coronary arteries and arterioles, and this may improve perfu-
sion of ischemic zones. Nitrates dilate the venous system and 
decrease preload and ventricular volume, and they reduce 
pulmonary capillary wedge pressure. They also produce sys-
temic arterial dilation, which decreases afterload. In combina-
tion, these changes lower wall stress and oxygen consumption, 
and reduce angina. Despite these potential favorable effects 
in patients with acute ischemia, routine use of nitrates has 
not been shown to improve major cardiovascular outcomes 
in two mega-trials compared with placebo. Nitrates are only 
indicated in the acute phase to manage hypertension or heart 
failure, or for the relief of anginal symptoms. There is no clear 
benefit to empirical long-term nitrates in the asymptomatic 
patient, and nitrates, in general, are not indicated beyond the 
first 48 hours, unless angina or ventricular failure is present.

Calcium Channel Blockers
Calcium antagonists are not routinely recommended in 
acute MI because the summation of evidence does not 
show benefit, but a trend toward harm.

Beta-Adrenergic Blockers
The effects of beta blockers in the treatment of patients with 
MI can be divided into those that are immediate (early in the 
course of infarction) and those that are long term. The imme-
diate intravenous administration of beta blockers reduces 
the cardiac index, heart rate, and blood pressure with a net 
reduction in myocardial oxygen consumption. Despite this 
favorable effect of early administration of intravenous beta 
blockers, there are potentially detrimental effects in some 
patients, which have led present guidelines to omit early 
administration of intravenous beta blockers for most patients.

More than 52,000 patients were randomized in  clinical 
trials that studied β-adrenergic blockade in acute MI. 
However, these trials were conducted mainly in the pre-
reperfusion era, and in many, beta blockers were adminis-
tered in the  convalescent phase after MI. The available data 
in the pre-reperfusion era suggested there were favorable 
trends toward a reduction in mortality, reinfarction, and 
cardiac arrest. However, in the reperfusion era, the addi-
tion of an intravenous beta blocker to fibrinolytic therapy 
was not associated with a reduction in mortality, but they 
did reduce the rate of recurrent ischemic events. In a large 
trial that randomized 45,852 patients within 24 hours of MI 
to metoprolol, which was given as sequential intravenous 
boluses of 5 mg up to 15 mg followed by 200 mg/day orally, 
or to placebo, there was no difference in the rate of the com-
posite endpoint of death, reinfarction, or cardiac arrest in 
the metoprolol group compared with the placebo group. 
However, significant reductions occurred in reinfarction and 
episodes of ventricular fibrillation in the metoprolol group, 
translating into 5 fewer events for each of these endpoints 
per 1000 patients treated. However, there were 11 more epi-
sodes of cardiogenic shock in the metoprolol group per 
1000 patients treated. The risk of developing cardiogenic 
shock was greatest in patients presenting with moderate to 
severe left ventricular dysfunction (Killip class II or greater).

Therefore, although robust evidence supports the use of 
beta blockers for the management of patients with chronic 
heart failure, the evidence for their routine use in all patients 
with MI is less clear.26 Nonetheless, because of the aggre-
gate evidence of benefits of early beta blocker administra-
tion in MI, current professional guidelines recommend the 
administration of oral beta blockers within the first 24 hours 
in patients without a contraindication. It is also reasonable 
to administer intravenous beta blockers to MI patients if a 
tachyarrhythmia or hypertension is present, in the absence 
of signs of heart failure and/or low output, increased risk 
of developing shock, indicators of high risk of developing 
shock, or other relative contraindications to beta blockers. 
Moreover, patients who initially have contraindications to 
a beta blocker (e.g., heart failure) should be re-evaluated 
with respect to their candidacy for an oral beta blocker 
after 24 hours. Beta blockers may be especially helpful in 
patients with significant residual unrevascularized coro-
nary artery disease and evidence of recurrent ischemia or 
tachyarrhythmias early after the onset of infarction.

Therefore, beta blockers are recommended in profes-
sional guidelines for early use in the setting of acute MI, 
except where contraindicated, and then for secondary pre-
vention. However, there remains no clear evidence-based 
recommendation in the current guidelines regarding the 
appropriate duration of treatment with beta blockers in 
post-MI patients with normal left ventricular ejection frac-
tions who are not experiencing angina or who do not 
require beta blockers for hypertension or dysrhythmia.

Coronary Revascularization
The goals of coronary revascularization are to restore per-
fusion to ischemic myocardium and to reduce the risks 
of subsequent occlusion at sites of stenosis and plaque 
rupture. In STEMI, emergency revascularization aims to 
limit ischemic injury and to minimize complications of 
infarction (see Chapter 17). The primary goal is to treat the 
occluded culprit lesion, and there is debate and ongoing 
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studies concerning the treatment of nonculprit lesions. 
Many patients have additional lesions at other sites in the 
coronary tree. Current guidelines recommend revascular-
izing only the culprit lesion at the time of primary PCI, but 
a recent modest sized study suggests that complete revas-
cularization may improve outcomes (CvLPRIT trial).27 
The much larger COMPLETE trial (NCT01740479), which 
is testing a staged revascularization strategy for nonculprit 
lesions, is ongoing.

Selection of patients for acute revascularization after 
NSTEMI is based on the identification of higher risk indi-
viduals (Figure 13-8; see Chapter 16), and the emergency 
treatment of those with ongoing ischemia and ischemic 
complications. The remaining patients may undergo a non-
acute angiographic strategy or the identification of occult 
ischemia using imaging (see the section on Identification of 
Occult Ischemia and Chapter 30).

Identification of Occult Ischemia
In addition to treatment of the culprit lesion, prevention of 
recurrent ischemia related to disease in other coronary ves-
sels is a key aspect of overall management of patients with 
MI. Invasive identification of untreated coronary lesions 
and assessment of their significance, or use of noninvasive 
testing, may be useful to reveal areas of ischemia for subse-
quent treatment. These approaches are not mutually exclu-
sive. However, a more conservative strategy of “watchful 
waiting,” based on symptoms and exercise testing, has been 
shown to be inferior to angiography and revascularization 
in NSTEMI.21

Invasive Detection of Occult Ischemia
Fractional flow reserve across a coronary stenosis can be 
measured using a flow-sensitive guidewire to determine 
the functional significance of coronary stenosis, and this 
approach is superior to an angiographically guided strat-
egy and superior to a medical strategy.28,29 High-resolution 
magnetic resonance imaging can also provide estimates of 
coronary flow, but large-scale clinical validation is still yet to 
be done (see Chapter 33).30

Noninvasive Detection of Occult Ischemia
Several noninvasive approaches are available to detect 
occult ischemia based on echocardiography with per-
fusion imaging (see Chapter 31), nuclear imaging (see 
Chapter 32), and magnetic resonance imaging (see 
Chapter 33). These approaches have been extensively 
studied, but mainly in patients with stable coronary dis-
ease.31 Each of these imaging techniques is superior to 
the previously accepted practice of treadmill exercise 
testing, which has relatively poor sensitivity and subopti-
mal specificity (see Chapter 30).

ELECTRICAL AND MECHANICAL 
COMPLICATIONS

Management of acute complications of MI begins in the 
prehospital phase and continues through in-hospital care. 
The key principles of management rest upon the thera-
pies to mitigate the risk of developing major mechanical 
complications, and the prevention and rapid treatment 
of life-threatening arrhythmias (Box 13-5). Once major 
complications have developed (e.g., severe heart failure, 

reduced cardiac output and cardiogenic shock, subacute 
rupture), there may be limited scope to reverse severe 
myocardial compromise.

Arrhythmias
Ventricular fibrillation is the major cause of sudden death 
in the early hours after infarction; therefore, there is a 
need for rapid identification of those with evolving MI 
and access to physicians who are trained and equipped 
to perform CPR (see Chapter 5). The epidemiology is 
challenging because early deaths are excluded from 
hospital-based studies. Community epidemiology studies 
demonstrate that 60% to 73% of deaths associated with 
STEMI occur out of hospital, mainly within the first 1 to 
2 hours after onset. Interrupting the link between acute MI 
and sudden cardiac death is a critical goal in the manage-
ment of MI. The key elements of early treatment involve 
rapid prehospital resuscitation and defibrillation. Later 
arrhythmias (ventricular tachycardia, ventricular fibrilla-
tion, and atrial fibrillation) may be the consequence of 
extensive infarction and muscle injury; therefore, effective 
and prompt reperfusion is critical for their prevention. 
For those that sustain muscle injury and impaired systolic 
function, implantable cardiac devices for treatment can 
be useful (see Chapter 28). Ventricular arrhythmias in the 
later phase of infarction are markers of continuing isch-
emia, mechanical dysfunction, and heart failure, and are 
indicators of adverse outcome.

Other arrhythmias and conduction disturbances are 
commonly seen in the acute phase of infarction, especially 
in those with impaired ventricular function, and the most 
frequent is new-onset atrial fibrillation, followed by nonsus-
tained ventricular tachycardia and conduction defects (see 
Chapter 28).32 High-degree atrioventricular block is a more 
powerful predictor of cardiac death than tachyarrhythmias 
in patients with impaired ventricular function.32

Mechanical Complications
Despite the currently available therapies, many patients 
sustain sufficient myocardial injury that produces systolic 
mechanical dysfunction and its associated complications. 
Specific mechanical complications, such as myocardial 
rupture and acute dysfunction of the mitral valve, are dis-
cussed in Chapter 26. In addition, impairment of ventric-
ular contractile function because of ischemic stunning 
(see Chapter 24) and adverse remodeling of the ventri-
cle are important consequences of increased wall stress 
associated with ventricular enlargement and mechanical 

	•	 	Inhibition	of	the	maladaptive	pathways	of	neurohor-
monal	activation	to	mitigate	heart	failure	and	adverse	
remodeling.

	•	 	Identification	and	management	of	arrhythmias	(including	
sustained	ventricular	arrhythmias	and	atrial	fibrillation).

	•	 	Adjunctive	therapies	to	alleviate	symptoms.
	•	 	Device	therapy	for	mechanical	dysfunction	and	heart	failure.
	•	 	Management	of	hyperglycemia	and	hyperlipidemia.
	•	 	Identification	and	management	of	occult	ischemia.
	•	 	Secondary	prevention	and	rehabilitation.

BOX 13-5 Principles of Management of Electrical 
and Mechanical Complications
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dysfunction of the ventricle. Neuroendocrine activation 
occurs and is associated with changes in gene expres-
sion, alterations in calcium handling, myocyte cell death, 
and hypertrophy in nonischemic myocardium, and it is 
also associated with dilation of the affected myocardium. 
In consequence, there is further mechanical dysfunction 
and wall stress, and the development of a viscous cycle, 
leading to maladaptive or pathological remodeling (see 
Chapter 36).

The most common manifestation of adverse remodeling 
is heart failure (see Chapter 25), and substantial progress 
has been made in reducing the impact of heart failure over 
the longer term (see Chapter 36). Several stages of interven-
tion may be beneficial in mitigating the risk of heart fail-
ure in patients with acute MI. First, minimizing the extent of 
myocardial injury by prompt revascularization is, again, the 
central tenet of management. Second, amelioration of reper-
fusion injury may diminish the size of the final territory of 
infarction, and novel therapies to limit reperfusion injury are 
under investigation (see Chapter 24). Third, the promotion 
of myocardial healing and prevention of adverse remodel-
ing of the injured ventricle has been proven to reduce heart 
failure. In particular, inhibition of the maladaptive pathways 
of neurohormonal activation has provided a revolution-
ary advance in management. The role and application of 
renin- angiotensin and aldosterone antagonists, which have 
markedly improved outcomes and quality of life for patients 
with MI at risk for or complicated by heart failure, are dis-
cussed in detail elsewhere (see Chapter 25 and Chapter 36).  
In patients with markers of increased risk of heart failure as 
a result of MI, prioritization of these agents over the intro-
duction of early beta blockers is reasonable. Nonetheless, 
although not recommended in the early phase of MI in such 
patients, beta-adrenergic blockers have a key role in the 
long-term management of heart failure caused by ischemic 
cardiomyopathy after MI (see Chapter 25).

Ventricular assist devices were initially developed to 
support cardiac output and to stabilize the acutely failing 
patient as a bridge to definitive therapy, usually cardiac trans-
plantation. Major challenges remain with mechanical assist 
devices, including the risk of infection, bleeding, and stroke, 
but future developments may allow miniaturized devices to 
be implanted over the longer term, as “destination therapy” 
(see Chapter 27).

ADJUNCTIVE THERAPIES  
IN THE ACUTE PHASE

Lipid-Lowering Agents
The long-term benefits of lipid lowering for secondary pre-
vention have been demonstrated unequivocally, and statin 
therapy has a class 1 recommendation in the guidelines.33,34 
Moreover, in pooled analyses, more intensive therapy results 
in fewer subsequent infarctions, ischemic strokes, and revas-
cularizations, and a lower rate of cardiovascular death com-
pared with moderate low-intensity statin therapy.33 Initiation 
of lipid-lowering therapy during the initial hospitalization 
for acute MI appears to improve adherence to therapy and 
thus is recommended for all patients with MI in the absence 
of contraindications. In addition, early statin therapy may 
contribute to reducing plaque vulnerability and complica-
tions of revascularization to provide additional early clinical 

benefits. The use of lipid-lowering therapy for long-term sec-
ondary prevention is discussed in Chapter 34.

Management of Hyperglycemia
Hyperglycemia is commonly seen in the acute phase of 
STEMI and NSTEMI, and is a strong predictor of adverse 
long-term outcome, both in patients with and without dia-
betes. Although glucose elevation occurs acutely in the 
early phase of infarction, in response to catecholamine 
and other stimuli, it is also a marker of unrecognized dia-
betes and impaired glucose metabolism. The first mani-
festation of diabetes and glucose intolerance may occur 
during the course of infarction. Guidelines recommend 
measuring fasting glucose and glycosylated hemoglobin 
in all those showing early hyperglycemia, and performing 
oral glucose tolerance tests when diabetes is suspected.5 
Correction of hyperglycemia using insulin has shown ben-
efit in clinical trials, but there have also been some con-
flicting results.35

Infusion of a combination of glucose, insulin, and potas-
sium has failed to show benefit in two large-scale trials, and 
intensive insulin therapy may result in hypoglycemia-related 
complications in critically ill patients. Despite the absence 
of definitive proof from large-scale studies, guidelines rec-
ommend a strategy of careful but moderate control of 
hyperglycemia and avoiding hypoglycemia.4,5

SECONDARY PREVENTION  
AND REHABILITATION

Atherothrombosis is a chronic disease with a natural history 
that is punctuated by periods of instability and of relative 
quiescence over time. Patients may leave the hospital with 
the misimpression that they have been cured by successful 
coronary revascularization after presentation with an acute 
MI. However, patients with MI have a more than twofold 
higher risk of major cardiovascular events than individuals 
without a previous MI. For this reason, several of the phar-
macological secondary prevention measures are initiated 
during the in-hospital phase and continued after discharge. 
These include the management of antithrombotic risk, lipid 
lowering, and modifications of the neurohormonal system 
(see Chapter 34).

Duration of Therapy
Atherothrombosis is a chronic disease that commonly dif-
fusely involves the arterial tree, with multiple nonobstruc-
tive lesions. Nevertheless, these nonobstructive lesions can 
give rise to future obstructions (approximately 50% of the 
subsequent events in a longitudinal study of patients with 
coronary disease were caused by nonculprit lesions36; see 
Chapter 10). For these reasons, there is a strong rationale 
for long-term secondary preventive therapy in patients after 
acute MI.

The duration of treatment is life-long for lipid-lowering 
therapy, for aspirin and for angiotensin-converting enzyme 
inhibitors, angiotensin receptor blockers, and renin antago-
nists. However, for dual antiplatelet therapy, the balance of 
benefit and risk should be weighed for each patient beyond 
the first year of treatment after MI, taking into account 
thrombotic risk, bleeding risk, cost, and availability (see 
Chapter 35).37,38
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Lifestyle Changes and Cardiac 
Rehabilitation
The long-term consequences following MI are influenced 
not only by the index event and the extent of myocardial 
injury, but also by the totality of risk factors affecting the 
patient. The cumulative impact of the long-term risks after 
MI is frequently under-recognized. For example, for patients 
with an NSTEMI who reach a hospital, more than 80% of 
their 5-year risk of death or MI is beyond the time of hospital 
discharge (Figure 13-9).39

Lifestyle changes to reduce cardiovascular risk are chal-
lenging to implement, and even more challenging to sustain. 
Quality improvement programs for monitoring smoking 
cessation and engagement in rehabilitation programs are 
examples of interventions to support secondary preven-
tion. Key lifestyle interventions include smoking cessation, 
blood pressure control, dietary and glycemic modification, 
weight reduction, and exercise programs. Unfortunately, 
many affected patients fail to make the initial changes, and 
among those who take up the programs, only a minority 
complete them. Patient adherence to secondary preventive 
therapies is a critical target for long-term prevention.5

Obesity is a major problem in almost all industrialized 
communities, and simply providing dietary advice has lim-
ited effectiveness. More recently, the role of bariatric surgery 
has been investigated in severely obese patients and those 
with type 2 diabetes mellitus. It has been shown to not only 
reduce weight, but also to reverse glucose intolerance.40 
However, such surgical approaches are not applicable to 
most patients after an ACS event.

Exercise-based rehabilitation programs have been shown 
to not only improve health-related quality of life, but also 
to reduce the risk of subsequent cardiovascular events (see 
Chapter 34).4,5

FUTURE PERSPECTIVES

Current therapeutic interventions have radically improved 
outcomes following MI, at least for patients who survive to 
reach medical care. Case fatality has progressively fallen, 
and this is temporally associated with the uptake of the key 
evidence-based therapies. However, much remains to be 
done, especially in reducing prehospital mortality and in 
reducing the long-term risks after MI.

A key, and as yet unrealized principle in the manage-
ment of MI, consists of early identification of patients 
with disrupted plaques to prevent thrombotic and occlu-
sive complications, and hence, prevent progression to MI. 
Plaque disruption without major coronary vessel occlu-
sion occurs more frequently and more widely than disrup-
tion, followed by clinically manifest MI (see Chapter 3). 
Angioscopic, intravascular ultrasound studies (with “vir-
tual histology”) and postmortem analyses have revealed 
that plaque rupture events may occur at multiple sites in 
the coronary (and systemic) arterial system, and that many 
of the plaque rupture events occur silently and without 
clinically manifest complications. These plaque ruptures 
may repair without detectable thrombotic complications, 
but can contribute to the progression of atheromatous cor-
onary lesions (see Chapter 10).41,42 If susceptible plaques 
could be identified and treated, this would revolutionize 
management of MI.43

Current research efforts are focused on the early identifi-
cation of plaques susceptible to rupture, the so-called “vul-
nerable plaques,” but as yet, identification and treatment of 
such plaques is beyond the scope of current management.44 
For example, positron emission tomography combined with 
computed tomography (Figure 13-10)45 may be used to iden-
tify high-risk plaque. Identification of vulnerable patients is 
an ongoing challenge, but recent developments in biomark-
ers of inflammation, repair, and myocyte injury have opened 
the door to future changes in treatment and prevention of 
MI (see Chapter 8) and an emerging investigational para-
digm in the principles of management of MI.

In acute cardiology, there is already an abundance of 
trial evidence and a consistency of international guidelines. 
However, for pharmacological treatments, there are multi-
ple options and challenges for emergency care clinicians 
and acute care cardiologists. There are important gaps in 
the uptake of evidence-based therapies, especially among 
those with comorbidities, the frail, and in some ethnic and 
socioeconomic groups. From a societal perspective, there 
are larger potential gains from treating all those potentially 
eligible for class 1 guideline-recommended treatments 
than from choosing among therapeutic options in those 
selected for treatment. This problem requires robust qual-
ity improvement programs, organizational changes, and 
adequate funding.40 Considerable challenges and room for 
further advances lie ahead.
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FIGURE 13-9 Five-year event rates after hospitalization with ST-elevation myocardial infarction (STEMI), non–ST-elevation myocardial infarction (NSTEMI), or 
unstable angina (UA) with documented evidence of coronary disease from the large multinational GRACE registry. Overall, approximately 1 in 5 patients will have 
died by 5 years, and the majority of the events occur after hospital discharge. (From Fox KAA, et al: Underestimated and under-recognized: the late consequences of acute 
coronary syndrome [GRACE UK—Belgian Study]. Eur Heart J 31:2755, 2010.)
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(white) and a large necrotic core (red). 18F-NaF positive plaques were identified at sites of plaque rupture after presentation with an acute coronary syndrome. (From Joshi NV, 
et al: 18F-fluoride positron emission tomography for identification of ruptured and high-risk coronary atherosclerotic plaques: a prospective clinical trial. Lancet 383:705, 2014.)

http://www.ucl.ac.uk/nicor/audits/minap/documents/annual_reports/minap-public-report-2014
http://www.ucl.ac.uk/nicor/audits/minap/documents/annual_reports/minap-public-report-2014


M
an

ag
em

en
t Prin

cip
les in

 M
yo

card
ial In

farctio
n

153

13

 37.  Colombo A, Chieffo A: Dual antiplatelet therapy after drug-eluting stents — how long to treat?  
N Engl J Med 371:2225, 2014.

 38.  Bonaca MP, et al.: Long-term use of ticagrelor in patients with prior myocardial infarction, N Engl 
J Med 373:1274, 2015.

 39.  Fox KAA, et al.: Underestimated and under-recognized: the late consequences of acute coronary 
syndrome (GRACE UK – Belgian Study), Eur Heart J 31:2755, 2010.

 40.  Ricci C, et al.: Early impact of bariatric surgery on type II diabetes, hypertension, and hyperlipid-
emia: a systematic review, meta-analysis and meta-regression on 6,587 patients, Obes Surg 4:522, 
2014.

 41.  Baber U, et al.: Prevalence, impact and predictive value of detecting subclinical coronary and 
carotid atherosclerosis in asymptomatic adults: The Bioimage study, J Am Coll Cardiol 65:1065, 2015.

 42.  Uchida Y: Recent advances in coronary angioscopy, J Cardiol 57:18, 2011.
 43.  Finn AV, et al.: Concept of vulnerable/unstable plaque, Arterioscler Thromb Vasc Biol 30:1282, 

2010.
 44.  Jo JA, et al.: Simultaneous morphological and biochemical endogenous optical imaging of 

 atherosclerosis, Eur Heart J Cardiovasc Imaging 16:910, 2015.
 45.  Joshi NV, et al.: 18F-fluoride positron emission tomography for identification of ruptured and 

high-risk coronary atherosclerotic plaques: a prospective clinical trial, Lancet 383:705, 2014.



154

CASE PRESENTATION

A 57-year-old man presents to a community hospital without 
capability for primary percutaneous coronary intervention 
(PPCI) in the early morning (4 am) with a 1.5-hour history of 
severe chest pain. His medical history is significant for hyper-
tension. His wife called 911, and at the time of first medical 
contact by paramedics, he was hemodynamically stable. On 
cardiac examination, his jugular venous pressure is elevated to 
7 cm above the sternal angle, and a third heart sound is noted. 
Respiratory examination revealed basilar crackles in the lower 
lung fields. His electrocardiogram (ECG), which was recorded 
within 10 minutes of arrival, shows an anterior ST-elevation 
myocardial infarction (STEMI) with a large territory of myo-
cardium at risk without baseline Q waves. Emergency medical 
service (EMS) transfer times to a PCI-capable hospital for PPCI 
are estimated to be 60 minutes, notwithstanding the harsh 
winter conditions. Tenecteplase (TNK) is readily available to 
administer at the presenting hospital site.

INTRODUCTION

In the current era of evidence-based therapy, morbidity 
and mortality from STEMI have remarkably declined (see 
Chapter 2). This trend has been accompanied by infarct 
size reduction and improvement in left ventricular function, 
largely mediated by timely and effective reperfusion therapy 
(see Chapter 13). Furthermore, enhanced public education 
leading to earlier patient presentation, rapid emergency 
response from well-trained and equipped paramedical per-
sonnel, improved treatment in the field, and application of 
the best reperfusion strategy for the right patient, at the right 

time, in the right place—all integrated with streamlined 
triage—have enhanced the care of STEMI patients (see 
Chapter 5).

The appreciation that early risk assessment informs diag-
nosis and guides use of appropriate contemporary phar-
macologic and/or invasive strategies are key components 
of optimal patient-based care (see Chapter 11). However, 
in many jurisdictions, the prevailing clinical belief is that 
PPCI is not only the preferred reperfusion strategy as sup-
ported by a class I guideline recommendation (provided 
PPCI can be delivered expeditiously in a skilled 24/7 facil-
ity), but that it should be the only strategy. Although timely 
PPCI can now generally be accomplished in those patients 
presenting to a PPCI center, the feasibility of achieving this 
goal in the majority of STEMI patients (i.e., those present-
ing to a non–PCI-capable center, such as featured in the 
previously described case) is much more challenging. 
Placing the large majority of STEMI patients in the context 
of their geographic location, access to timely and expert 
24/7 PPCI, transfer logistics, and the total elapsed ischemic 
time (defined as the delay from symptom onset to effective 
reperfusion therapy) unmasks the stark reality of significant 
management challenges. Because the key modulator of 
STEMI outcome is total ischemic time, yet widespread evi-
dence exists that this recommended temporal window is 
consistently exceeded in a large number of patients trans-
ferred for PPCI, alternate strategies need to be explored. 
A pharmacoinvasive (PI) strategy has now emerged as a 
legitimate alternative.

Our aim in this chapter is to provide insights with regard to 
the selection of reperfusion strategies in STEMI patients who 
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require transfer to a PCI-capable hospital. As first articulated 
in the 2004 American College of Cardiology Foundation 
(ACCF)/American Heart Association (AHA) STEMI guide-
lines, these insights align with the four key components of 
the recommended approach to STEMI, namely, evaluation of 
(1) baseline attributable risk from the STEMI, (2) the risk of 
fibrinolytic therapy, (3) the time from first medical contact, 
and (4) the time required to reliably achieve expert PPCI.

ELEMENTS THAT INFLUENCE REPERFUSION 
DELAY FOR PRIMARY PERCUTANEOUS 
CORONARY INTERVENTION IN 
TRANSFER PATIENTS

Primary PCI performed expeditiously in a high-volume 
expertise center has excellent outcomes. However, patients 
without ready access to PCI sites are particularly sensitive 
to delays that may offset these clinical benefits (Figure 14-1; 
see also Chapter 5).

Patient Delay
Despite global public education efforts, many patients still 
do not seek medical attention for approximately 1 to 2 
hours following symptom presentation.1,2 A profile of those 
patients who are most likely to delay activation of health 
care service has emerged and indicates they are more 
likely to be older adults, women, have diabetes, be African 
American, or of lower socioeconomic status.3,4 Clinical trial 
data from nearly 6000 STEMI patients who underwent PPCI 
within 6 hours of symptom onset emphasized the growing 
importance of older adults; whereas only 17% of this cohort 
was aged older than 65 years, they accounted for 64% of 
the deaths.5 An additional issue relates to patient choice of 
transportation to a health care facility. Because at least 50% 
of patients do not use the EMS system, they self-present as 
“walk-ins” to the nearest emergency room6 and are subject 

to further delays in diagnostic recognition and therapy (see 
Figure 5-12). Results from the Acute Coronary Treatment and 
Intervention Outcomes Network–Get With The Guideline 
(ACTION-GWTG) registry (>37,000 patients) found that only 
60% of patients with STEMI activated EMS. The self-transport 
patients were more likely to be younger, men, hemodynami-
cally stable, and have less co-morbid conditions. Longer 
ischemic times and extended treatment delays were noted, 
subjecting these patients to adverse outcomes.7

Prehospital System Delay
In patients who directly activate EMS, continued chal-
lenges exist regarding transport to PCI-capable hospitals. 
Efforts have been made to bypass non-PCI sites and pro-
ceed to regional STEMI referral centers; however, 80% of 
such patients still do not achieve PPCI within 90 minutes 
(see Chapter 5).8 Despite major national efforts to reduce 
treatment times for PPCI, an analysis of more than 12,000 
STEMI patients in the ACTION-GWTG registry (includ-
ing patients from the “Mission: Lifeline” program [2008 to 
2011]) found emergency department bypass occurred 
infrequently (10.5%) and occurred primarily during usual 
working hours only. Shorter first medical contact to device 
times were noted in patients who bypassed the emergency 
department, but these shorter times were associated with 
marginal improvements in adjusted in-hospital mortality 
(odds ratio [OR], 0.69; 95% confidence interval [CI], 0.45 to 
1.03; P = .07).9

In a key observational registry of 6209 Danish patients 
with STEMI transported by EMS for PPCI (35% who were 
transferred prehospital direct to a PCI center, with the 
remaining patients transferred from a non–PCI-capable hos-
pital), long-term mortality (median 3.4 years, interquartile 
range [IQR], 1.8 to 5.2) increased with system delays (see 
Figure 5-9).10 Hence, the impact of total ischemic time is crit-
ically important and prognostically relevant as represented 

Patient Delay System Delay PCI Center Logistics Delay

• Recognize symptoms
• Activation of EMS

• Acquire/interpret ECG
• Activate catheterization lab
• Bypass of non–PCI-
  capable site
• Bypass PCI site ED
• Transfer distance
• Weather conditions

• Acquire/interpret ECG
• Activate catheterization lab
• Door-in-door-out time
• Bypass PCI site ED
• Transfer distance
• Weather conditions

• Informed consent
• Operator experience
• Vascular access
• Diagnostic angiogram
• Identify and cross culprit(s) 
  with wire
• Deploy stent

Present in ambulance Self-present to non-PCI hospital

Primary PCI with minimal delay (FMC-device time, 90–120 minutes)

Symptom Onset Mechanical Reperfusion

FIGURE 14-1 Components of delays in transfer of ST-elevation myocardial infarction (STEMI) for primary percutaneous coronary intervention (PCI). Patients 
presenting by ambulance are encouraged to bypass non-PCI hospitals and proceed directly to a PCI site. However, transfer logistics may still result in ambulance transport to 
a non–PCI-capable hospital, which then introduces further delays. ECG, Electrocardiogram; ED, emergency department; EMS, emergency medical services; FMC, first medical 
contact.
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by the system delay (i.e., first medical contact to proce-
dure) when considering transfer for PPCI. These data are 
especially noteworthy because (1) they demonstrate the 
inability to provide timely PPCI for most of the patients in 
the small country of Denmark, where drive times are short 
and PPCI facilities are abundant; (2) Denmark has substan-
tial experience in conducting trials of transfer strategies that 
strongly influenced the movement towards PPCI; and (3) 
short-term mortality (in-hospital, 30 day, or even 1 year) is 
a blunt instrument to assess the longer term implications 
of delayed reperfusion. This issue is explored further in the 
section on Future Perspectives.

Interhospital System Delay
In the United States, most STEMI patients do not present 
to a PCI-capable site because the majority (approximately 
80%) of health care institutions across the country are com-
munity hospitals without PPCI capability. For those patients 
who self-present to a non–PCI-capable facility and who 
require transfer, door-to-balloon times remain well above 
the targeted recommendation (transfer door to balloon ≤90 
minutes) to improve timely access to care (7.6% in 2007 to 
18.7% in 2009).8 Using the National Cardiovascular Data 
Registry (NCDR)-CathPCI Registry data between 2005 and 
2007, Wang and colleagues assessed more than 115,000 
STEMI patients who underwent PPCI at 790 hospitals across 
the United States.11 Of these, 25% of patients presented to 
non-PCI hospitals. Treatment of STEMI patients who had to 
be transferred significantly exceeded the guideline limits, 
with longer median door-to-balloon times than those who 
presented directly to PPCI centers (median 149 minutes 
vs. 79 minutes). Only 10% of transfer patients achieved a 
door-to-balloon time within 90 minutes of presentation. The 
ACTION Registry–GWTG reviewed more than 20,000 fibri-
nolysis-eligible STEMI patients who presented to a non–PCI-
capable center with interhospital drive times of 30 to 120 
minutes.12 Of these, most patients (70.5%) were transferred 
to a PCI-capable facility for PPCI. Disappointingly, only 51.3% 
were able to achieve ACC/AHA guideline-recommended 
first medical contact to reperfusion time within 120 min-
utes. Figure 14-2 highlights the proportion of patients who 
achieved successful mechanical reperfusion times, stratified 
according to drive times for transfer. Of note, only 52.7% of 
patients with a drive time longer than 60 minutes received 
fibrinolysis (see Figure 14-2). Hence, this persistent delay 
in achieving timely PPCI in those patients transferred from 
other institutions is still unacceptably high and does not 
meet current guideline metrics for STEMI.13

Door-in-Door-out Time
Because of the delays that occur at the referral site (i.e., await-
ing transport and emergency department delay), increased 
efforts have been initiated to reduce the delay between arrival 
to a non-PCI hospital and transfer to a PCI facility.14 Termed 
as door-in-door-out (DIDO) time, the 2008 ACC/AHA Clinical 
Performance Measures for Acute Myocardial Infarction rec-
ommended a DIDO time of less than 30 minutes.15 This qual-
ity metric was evaluated in nearly 15,000 STEMI patients who 
participated in the NCDR ACTION-GWTG registry who were 
initially seen in a non–PCI-capable hospital and subsequently 
transferred. The median DIDO was 68 minutes (IQR 43 to 
120 minutes), with a DIDO time of ≤30 minutes achieved in  
only 11% of patients (see Figure 5-10). Predictors of longer 

DIDO times included older age, female gender, off-hour pre-
sentation, and non-EMS arrival to the referring hospital.16

Mode of Transfer
Transfer times are also dependent on geographic constraints. 
Even in a well-developed STEMI transfer system of care, first 
door-to-device (D2D) times of 90 to 120 minutes can only 
be achieved for those hospitals located within a 30-minute 
transfer drive time (median D2D time of 93 minutes for drive 
times ≤30 minutes, 117 minutes for drive times of 31 to 45 
minutes, and 121 minutes for drive times >45 minutes).17 Air 
transport has been explored to help expedite transport of 
STEMI patients, but without consistent success. In a study 
of 140 patients transported from 16 hospitals by helicopter 
service within a 150-mile radius to 6 PCI-capable centers in 
Cincinnati, Ohio for PPCI, 111 ultimately underwent PCI, with 
97% of cases exceeding a D2D time of 90 minutes (median 
131 minutes).18 Compared with ground transport, helicopter 
transport delayed D2D times irrespective of the distance-
associated transfer drive time (helicopter transfer median 
D2D time 125 minutes for drive times of 31 to 45 minutes 
and 138 minutes for drive times >45 minutes).17

Primary Percutaneous Coronary 
Intervention Center Logistics Delay
Even if rapid transfer of patients to a PPCI-capable facility 
can be achieved, obstacles to delivering timely PPCI still exist. 
In an observational study of approximately 83,000 STEMI 
patients in the NCDR CathPCI Registry (2009 to 2011), delays 
to PPCI occurred in 14.7% of patients because of informed 
consent, concerns about obtaining vascular access, and dif-
ficulties crossing the infarct-related artery. Not surprisingly, 
the in-hospital mortality was substantially higher in patients 
with a delay compared with patients without a PPCI center 
logistics delay even after adjustment for baseline risk (15.1% 
vs. 2.5%; P <.01).19 This observation reinforces the impor-
tance of the skill set developed in a high-volume experi-
enced PPCI center20 and constitutes a cautionary reminder 
about the propensity to build low-volume PPCI centers in 
areas already well served by such facilities. Strategies to 
develop systems to minimize such delays in an ideal STEMI 
system are discussed in detail in Chapter 5.

 Drive time Drive time Drive time Drive time
 ≤30 minutes 31– 45 minutes 46–60 minutes > 60 minutes

67.1%

6.4%

52.8%

22.5%

43.9%

31.7% 29.6%

52.7%

First DTB time ≤120 minutes
Fibrinolysis

FIGURE 14-2 Proportion of door-to-balloon (DTB) times ≤120 minutes 
(blue bars) achieved versus percentage of patients with fibrinolysis adminis-
tered (red bars) stratified by interhospital drive time among patients requir-
ing transfer for ST-elevation myocardial infarction (STEMI). A report from the 
US National Cardiovascular Data Registry. (Data from Vora AN, et al: Fibrinolysis use 
among patients requiring interhospital transfer for ST-segment elevation myocardial 
infarction care: A report from the US National Cardiovascular Data Registry. JAMA 
Intern Med 175:207–215, 2015.)
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CHOICE OF REPERFUSION STRATEGY IN 
TRANSFER PATIENTS

A “one-size-fits-all” approach does not adequately address 
the needs of patients with STEMI who require transfer to 
a health care facility, whether it be in an ambulance or to 
a community hospital. Although the particular approach 
requires sensitivity and understanding of regional realities 
and resources, the time-honored admonition formulated 
first in the 2004 ACC/AHA STEMI guidelines remains central 
to best practice, that is, “the appropriate and timely use of 
some form of reperfusion therapy is likely more important 
than the choice of therapy. Greatest emphasis is to be placed 
on the delivery of reperfusion therapy to the individual 
patient as rapidly as possible.” For that reason, application 
of evidence-based reperfusion choices to promote and 
sustain high-quality reperfusion, limit myocardial damage, 
prevent unfavorable left ventricular remodeling, and reduce 
mechanical complications of myocardial infarction (MI) are 
key responsibilities of the front-line clinician (see Chapter 
13). This responsibility to the STEMI patient is best dis-
charged by integrating the factors illustrated in Figure 14-3.

Influence of Index ST-Elevation Myocardial 
Infarction Risk
Because baseline risk strongly intersects with time from 
symptom onset to reperfusion in modulating reperfusion 
strategies, an appreciation for the wide spectrum of STEMI 
risk is paramount. Morrow and colleagues demonstrated 
that most of the STEMI patients in the National Registry of 
Myocardial Infarction (NRMI)-3 registry were at a low risk 
(i.e., Thrombolysis In Myocardial Infarction [TIMI] risk score 
<5).21 Ten years later, this finding was substantiated by registry 
data in Belgium that demonstrated that only 18.5% of patients 
had a high-risk TIMI profile.22 Although no difference in sur-
vival between those treated with PPCI versus fibrinolysis was 
observed in most of the patients, that is, those at low risk (0.3% 
vs. 0.4%; adjusted P = .60) or intermediate risk (2.9% vs. 3.1%; 
adjusted P = .30), in-hospital survival was improved with PPCI 
compared with fibrinolysis in the TIMI high-risk patients (23.7% 
vs. 30.6%; adjusted P = .03).22 These data are well aligned with 
the 3-year follow-up from the Danish Multicentre Randomized 
Study of Fibrinolytic Therapy vs. Primary Angioplasty in Acute 
Myocardial Infarction (DANAMI)-2 trial, which stratified STEMI 

patients according to baseline risk using the TIMI risk score 
(low risk TIMI 0 to 4; high risk TIMI ≥5).23 Only high-risk patients 
experienced a survival benefit from PPCI compared with fibri-
nolysis (25.3% vs. 36.2%; P = .02) (Figure 14-4), whereas, once 
again, most of the low-risk STEMI patients (74%) showed no 
survival benefit with PPCI (8.0% vs. 5.6%).

Although the high-risk TIMI score patients derived clinical 
benefit with PPCI, other high-risk cohorts deserve further clar-
ification. In patients who presented with hemodynamic com-
promise, secondary analyses from the Should We Emergently 
Revascularize Occluded Coronaries for Cardiogenic Shock 
(SHOCK) trial demonstrated benefit with early coronary 
angiography and emergent revascularization (PCI or coro-
nary artery bypass graft [CABG]) compared with medical 
stabilization and delayed invasive assessment. Approximately 
50% of the patients randomized to emergent revascular-
ization received fibrinolysis before the procedure.24 In the 
SHOCK Trial Registry, a combination of fibrinolytic therapy 
and intra-aortic balloon pump counterpulsation appeared 
to reduce in-hospital mortality.25 Thus, for hospitals without 
revascularization capabilities and long transfer times to a 
PCI-capable hospital, fibrinolysis may be a reasonable alter-
native with immediate transfer to a PCI-capable site.

Notwithstanding the key influence of baseline risk, none of 
the previous studies addressed the intersection between this 
key variable and total ischemic time. Arguably, the early present-
ing patient with a large territory of myocardium at risk has the 
highest mortality compared with the later presenting patient 
who has outlived the time period with the greatest risk of death. 
This survival bias effect was well demonstrated in the prefibrino-
lytic era, in which 88% of patients who presented within 1 hour 
of symptoms (compared with 43% of patients who presented 
after 1 hour of symptoms) died either before or during hospital 
admission.26,27 Hence, there is growing acceptance from previ-
ous registry data of the need to also account for the myocardial 
territory at risk in choosing a reperfusion strategy and a greater 
imperative for shorter delay from first medical contact to reper-
fusion in early presenting (<2 to 3 hours) patients. Based on the 
NRMI registry analysis of Pinto and colleagues, a young patient 
with an anterior STEMI (i.e., a large territory of myocardium 
at risk) who presents early with symptoms should be consid-
ered for fibrinolysis because of the equipoise with PPCI (Figure 
14-5).28 In this regard, the 2012 European Society of Cardiology 
(ESC) STEMI guidelines indicate a preferred target of less than 
90 minutes from first medical contact for reperfusing such 

Index STEMI risk Risk of fibrinolysis Ischemic time Time to primary
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FIGURE 14-3 The four key factors to be considered when selecting a reperfusion strategy in ST-elevation myocardial infarction (STEMI) patients who require 
transfer to a percutaneous coronary intervention (PCI)-capable hospital.
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patients. This recommendation has now been supported by 
an analysis of the Strategic Reperfusion Early After Myocardial 
Infarction (STREAM) trial, which randomized patients to a PI 
versus PPCI strategy in early presenting STEMI patients and 
demonstrated similar rates of the composite of death, shock 
heart failure, and reoccurrence of MI between randomized 
treatment groups irrespective of ischemic area at risk (defined 
by the baseline electrocardiogram).28a

Influence of the Risk of Fibrinolysis
A cardinal decision point in the choice of acute reperfu-
sion therapy is prompt evaluation of the risk of fibrinolysis. 
Contraindications to fibrinolysis, including a heightened 
risk of intracranial hemorrhage (ICH), are summarized in 

Chapter 15 (see Table 15-5). The overall incidence of ICH 
with contemporary fibrinolysis agents is approximately 1%29 
and must be incorporated into the risk–benefit analysis of 
pharmacologic reperfusion using predictors identified from 
previous fibrinolytic studies (see Chapter 15). For exam-
ple, in the Global Utilization of Streptokinase and TPA for 
Occluded Coronary Arteries (GUSTO)-1 trial, patients with a 
previous stroke or transient ischemic attack were at height-
ened risk of ICH (5% to 7%).30 Independent predictors of 
ICH formulated from more than 30,000 Medicare patients 
in the Cooperative Cardiovascular Project who received 
fibrinolytic therapy between 1994 and 1995 (overall risk of 
ICH was 1.43%) were incorporated into a risk model that 
revealed a range from 0.69% (risk score 0 to 1) to 4.11% (risk 
score ≥5) (Table 14-1).31
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     1527 patients at 3-year follow-up
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  p = 0.02

Risk: TIMI 0–4 n = 1134
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 Mortality with PCI 8.0%
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Primary PCI

Fibrinolytic

FIGURE 14-4 Three-year follow-up data from DANAMI-2. Mortality outcomes partitioned according to baseline Thrombolysis In Myocardial Infarction (TIMI) risk score. 
Note for the 25% of patients with TIMI risk ≥5, primary percutaneous coronary intervention (PCI) demonstrated an advantage, whereas for 75% of the population, the reverse 
tended to be true. Patients with TIMI risk 0 to 4 are indicated with dotted lines, those with TIMI risk ≥5 are indicated with solid lines. (Adapted from Thune JJ, et al: Simple risk 
stratification at admission to identify patients with reduced mortality from primary angioplasty. Circulation 112:2017–2021, 2005; Figure 1.)
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Table 15-5 distinguishes between absolute and relative 

contraindications; in the former, PPCI is the only legitimate 
option, whereas in the latter situation, the use of fibrinolytic 
therapy needs to be weighed against the risk of the MI and 
the cost of a major delay to PPCI. The risk of non-ICH bleed-
ing should also be considered, but its overall incidence is 
comparable or less than that found with PPCI.29,32

However, even when patients are considered eligible for 
fibrinolysis, a preoccupation with door-to-balloon times and 
PPCI tends to dominate, which could result in unforeseen 
consequences.33 In a large NCDR registry study of 22,481 
STEMI patients who were eligible for fibrinolysis, who pre-
sented to a non-PCI hospital, and who required transfer, only 
29.5% received fibrinolytic therapy.12 Moreover, the door-to-
needle times appeared to be longer in high-volume PPCI 
facilities, which suggested “skill atresia” for a simple bolus 
fibrinolysis approach.34,35 This fundamental skill set, particu-
larly among young clinicians (many of whom have never 
administered fibrinolytic therapy for STEMI), is waning, but 
it is imperative to maintain competence and proficiency in 
treating all STEMI patients.

Influence of Ischemic Time
From the original canine experiments of Jennings and 
Reimer,36 ischemic necrosis begins in the subendocardium 

within 20 minutes of coronary occlusion and proceeds in a 
transmural wavefront of cell death, culminating within 3 to 
6 hours. Reperfusion within the first hour salvages almost 
two-thirds of the myocardium at risk, but thereafter sal-
vage abruptly declines. Moreover, the Fibrinolytic Therapy 
Trialists’ (FTT) Collaborative Group demonstrated maxi-
mum survival benefit (35-day mortality) in patients who 
received fibrinolytic therapy within 60 minutes of symptom 
onset (see Figure 13-3).37 Cardiac magnetic resonance find-
ings by Francone and colleagues examined different total 
ischemic time intervals to PPCI and found that myocardial 
salvage markedly decreased in tandem with increased 
microvascular obstruction when symptom onset to balloon 
time exceeded 90 minutes (Figure 14-6).38 Hence, the suc-
cess of either form of reperfusion therapy is unequivocally 
time dependent.

Early Presenters
The impact of ischemic time on choice of reperfusion strat-
egy has largely been overlooked in contemporary man-
agement. By exploring the temporal relationships between 
fibrinolysis and PPCI, the slope of efficacy over time is 
shallower for PPCI compared with fibrinolysis; this relation-
ship is related in part to the more successful pharmaco-
logic lysis of younger thrombi versus the more consistent, 
less time-sensitive PPCI efficacy of opening occluded ves-
sels. In a meta-analysis of more than 50,000 patients who 
received fibrinolysis for STEMI, the benefit was greatest in 
those patients who received therapy within 2 hours; there-
after, a linear decline in mortality was noted.39 In a com-
bined analysis of the Comparison of primary Angioplasty 
and Pre-hospital fibrinolysis In acute Myocardial infarc-
tion (CAPTIM) and Which Early ST-Elevation Myocardial 
Infarction Therapy (WEST) trials, which were aimed at early 
treated patients who presented within 2 hours of symptom 
onset, a temporal interaction demonstrated that those who 
received early fibrinolysis (and frequent timely coronary co-
intervention) demonstrated improved 1-year survival com-
pared with PPCI (2.8% vs. 6.9%; HR 0.43; 95% CI, 0.20 to 0.91; 
P = .021). This reinforced the importance of attenuating total 
ischemic time in early presenting patients with STEMI. This 
finding may be related to a lesser frequency of cardiogenic 
shock and heart failure, and a greater propensity for “abort-
ing” MI (see Figure 13-3).
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FIGURE 14-6  Relationship between (A) myocardial salvage and (B) microvascular obstruction, with time from symptom onset to reperfusion in 70 consecutive patients with 
first ST-elevation myocardial infarction (STEMI) undergoing primary percutaneous coronary intervention (PPCI) within 12 hours of symptom onset at a single center. As time to 
PPCI increases beyond 90 minutes, the extent of myocardial salvage declines and frequency of microvascular obstruction rises. (Adapted from Francone M, et al: Impact of primary 
coronary angioplasty delay on myocardial salvage, infarct size, and microvascular damage in patients with ST-segment elevation myocardial infarction: Insight from cardiovascular 
magnetic resonance. J Am Coll Cardiol 54:2145–2153, 2009.)

TABLE 14-1 Risk Score for Predicting Intracranial 
Hemorrhage with Fibrinolysis

RISK FACTOR* RISK SCORE RATE OF ICH (%)

Age ≥75 yrs 0–1 0.69

Black race 2 1.02

Female gender 3 1.63

History of stroke 4 2.49

SBP ≥160 mmHg ≥5 4.11

Weight ≤65 kg for women or 
≤80 kg for men

INR >4 or PT >24

Use of alteplase

ICH, Intracranial hemorrhage; INR, international normalized ratio; PT, prothrombin 
time; SBP, systolic blood pressure.
*Each risk factor is worth 1 point if present, 0 points if absent.
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In the Assessment of the Safety and Efficacy of a New 

Thrombolytic (ASSENT)-3 fibrinolytic trial, one in four 
patients treated within the first hour of symptom onset 
exhibited complete resolution of their initial ST elevation 
with minimal or no myocardial necrosis.40 This pattern was 
also evident in a prespecified analysis from the STREAM 
trial (patients were randomized <3 hours after symptoms), 
in which aborted MI was more frequent with early fibrinoly-
sis compared with PPCI (11.1% vs. 6.9%; P <.01). Aborted MI 
was associated with improved clinical outcomes at 30 days 
(death, cardiogenic shock, congestive heart failure, and/or 
recurrent MI: 7.0% vs. 12.5%; P = .042); the patients who had 
early fibrinolysis aborted had a lower composite endpoint 
(5.1% vs. 12.0%; P = .038).41 There was good temporal align-
ment between the ischemic time, experimental myocardial 
salvage (see Figure 14-6), and lives saved from early fibrino-
lytic therapy and a propensity for aborted MI with prompt 
reperfusion therapy (see Figure 13-3).

Late Presenters
Those STEMI patients who present more than 3 to 4 hours 
after symptom onset fall into a time period with a shallower 
slope of the survival curve versus the time-to-reperfusion 
curve for fibrinolytic therapy; therefore, the impact of total 
ischemic time may be less relevant. These patients should 
be especially considered for PPCI because of the improved 
efficacy of reperfusion. In many STEMI patients, the time of 
symptom onset is difficult to ascertain and largely depen-
dent on patient recollection; this challenge is especially 
true in older patients, women, patients with diabetes, and 
heart failure patients.42 Assessment of the baseline Q wave 
in the distribution of the baseline ST elevation may provide 
additional insight into the status of MI evolution, and has 
been shown to be associated with reduced myocardial per-
fusion and adverse clinical outcomes, surpassing the time of 

symptom onset as a prognostic marker.43 This relationship 
appears to be especially relevant to women with STEMI.44 
Hence, when a Q wave is already formed, less potential for 
salvaging myocardium is expected (despite total ischemic 
time), and consideration for PPCI with a transfer to a PCI-
capable facility may be warranted. In this respect, it is of 
interest to compare the ECG in our Case Presentation with 
those in two patients who presented early with anterior MI 
(∼2 hours); despite similar times and extent of ST elevation, 
there was a well-formed Q wave on the baseline ECG from 
the patient on the right (Figure 14-7). The additional insight 
provided by the ECG into the state of evolution of the STEMI 
may be useful in modulating the reperfusion pathway.

Influence of Transfer Time to Primary Percutaneous 
Coronary Intervention versus Fibrinolysis
Several randomized trials have suggested the benefit of a 
transfer strategy for PPCI in patients who present to a non-
PCI capable hospital. The PRimary Angioplasty in patients 
transferred from General community hospitals to special-
ized PTCA Units with or without Emergency thrombolysis 
(PRAGUE)-2 trial randomized 850 patients with STEMI in 
the Czech Republic to either in-hospital fibrinolysis (with 
PCI according to routine clinical indication) or immediate 
transfer for PPCI (see Figure 5-e7). The time from randomiza-
tion to balloon in the PCI group was remarkably short (97 
± 27 minutes), suggesting efficient transport with minimal 
system delays. In this context, a trend toward reduced 30-day 
mortality was observed with a transfer PPCI approach com-
pared with fibrinolysis (6.8% vs. 10.0%; P = .12). However, in 
patients who presented early (<3 hours), no difference in 
mortality was seen, taking into consideration the use of a 
nonfibrin specific agent (streptokinase) (7.3% vs. 7.4%).45

Similarly, the Danish DANAMI-2 investigators randomized 
1771 patients to early fibrinolysis versus PPCI, and in the 1129 
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FIGURE 14-7 Twelve-lead electrocardiograms from two anterior ST-elevation myocardial infarction (STEMI) patients presenting at the same time from symp-
tom onset (2 hours). Note the patient in the left panel has no baseline Q-wave, whereas the patient on the right already has a well-formed Q-wave.
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patients randomized at a non–PCI-capable hospital, clinical 
benefit (death, clinical evidence of reinfarction, or disabling 
stroke) was seen with a transfer PPCI approach (8.5% vs. 14.2%; 
P = .002) (see Figure 5-e8). Again, system delays were minimal 
in these patients because randomization to treatment was a 
median of 90 minutes (IQR, 74 to 108 minutes). Furthermore, 
benefits were mainly driven by a reduction in reinfarction 
(1.6% vs. 6.3%; P <.001), in which routine coronary angiography 
for fibrinolysis patients was not mandated (and repeat fibrino-
lysis was recommended for failed reperfusion). No differences 
in death (6.6% vs. 7.8%; P = .35) or stroke (1.1% vs. 2.0%; P = .15) 
were observed.46 As described previously, and unlike subse-
quent “real-world” registry data that examine transfer times, the 
system delays were short in both these studies, which contrib-
uted to the success of PPCI for those patients who presented 
to a non–PCI-capable hospital. More specifically, it should be 
noted that there was a remarkably short time difference in the 
initiation of reperfusion therapy (28 minutes) between the 
fibrinolytic strategy and PPCI in DANAMI 2.

Most recently, the STREAM trial (n = 1892) tested an early 
fibrinolysis strategy coupled with timely co-intervention (PI 
approach) compared with PPCI in patients who presented 
within 3 hours of symptom onset who were not able to obtain 
timely PCI within 60 minutes (most commonly because of 
the need for transfer to a PCI-capable facility). No difference 
in the 30-day primary endpoint of death, shock, conges-
tive heart failure, or reinfarction was seen between the two 
groups (12.4% for PI vs. 14.3% for PPCI; relative risk [RR], 0.86; 
95% CI, 0.68 to 1.09).29 In addition, no difference in mortal-
ity was noted at 1 year.47 Hence, this study, which amended 
the fibrinolytic dose by one-half in patients aged 75 years or 
older after 20% of patients were enrolled because of safety 
concerns, provided support for using the PI approach as a 
legitimate alternative for the large cohort of STEMI patients 
who cannot undergo timely PCI. It is especially noteworthy 
that the STEMI patients were reperfused much earlier than in 
many other STEMI randomized studies during the time when 
opportunities for salvage were most opportune (Figure 14-8).

Percutaneous Coronary Intervention–Related Delay
Establishing the juncture at which similar mortality rates 
occur when balancing ischemic wait times in transfer patients 
for PPCI compared with the option of administering fibrino-
lysis has been the subject of ongoing debate. Nallamothu and 
colleagues undertook a weighted meta-regression analysis 
of 23 randomized trials of PPCI versus fibrinolysis in 7739 
patients with STEMI and found similar 4- to 6-week survival 
with a PCI-related delay of 62 minutes.48 In the NRMI registry 
study,28 Pinto and colleagues calculated PCI-related delays in 
more than 192,000 STEMI patients from 645 NCDR hospitals. 
The time observed in which the odds of in-hospital death 
were equal (true equipoise) between either reperfusion strat-
egy was at a PCI-related delay of approximately 114 minutes 
(nearly one-half the patients in the analysis had transfer delays 
of more than 120 minutes). However, these results are based 
on an observational analysis in which confounding factors 
likely contributed to extended PCI-related delays. An addi-
tional prespecified STREAM analysis, which was stratified by 
delays in PPCI, indicated that the early fibrinolysis approach 
was similar to PPCI at 50 to 60 minutes, but that superiority 
over PPCI emerged if the PCI-related delay extended beyond 
90 minutes (Figure 14-9).49

Summary of Considerations for Selection of 
Reperfusion Therapy
Taking into consideration these four key components modu-
lating the choice of reperfusion noted in Figure 14-3, an over-
view of reperfusion options for the clinician treating STEMI 
patients is provided in Figure 14-10. In our view, fibrinolysis 
is preferred in early presenting patients particularly when 
accompanied by a large myocardial territory at risk because 
of the potential for major salvage or even aborting the MI. 
This decision is best made at the point of first medical con-
tact and ideally in the ambulance or the emergency depart-
ment of a non–PCI-capable hospital. An additional metric 
that appears to reflect the state of evolution of the infarction 
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FIGURE 14-8 Schema to reflect critical relationship between mortality reduction (and presumed myocardial salvage) and elapsed time from symptom onset. 
The key times from symptom onset through first medical contact (FMC) to commencing the differing reperfusion therapies used in the STREAM trial are depicted. Note that 
reperfusion began on the early and steep portion of this curve. PPCI, Primary percutaneous coronary intervention; TNK, tenecteplase. (Adapted from Gersh BJ, et al: Pharmaco-
logical facilitation of primary percutaneous coronary intervention for acute myocardial infarction: is the slope of the curve the shape of the future? JAMA 293:979–986, 2005; 
and Armstrong PW, et al: Fibrinolysis or primary PCI in ST-segment elevation myocardial infarction. N Engl J Med 368:1379–1387, 2013.)
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is the absence of a baseline Q wave in the region of ST eleva-
tion on the presenting ECG. This indicator has proven to be 
incrementally predictive of outcome over time from symp-
tom onset and may be especially useful when time from 
symptom onset is difficult to ascertain.43

The time to reliably achieve PPCI in an expert 24/7 facil-
ity is exceedingly difficult to predict. Generally, however, if it 
is anticipated that a delay of more than 90 minutes (or 60 
minutes in early presenters) to achieve PPCI is likely, then 

fibrinolysis should be administered. Primary PCI is favored 
for high-risk STEMI and/or unstable patients in whom reli-
able restoration of infarct-related artery patency is impera-
tive to ensure clinical stability. Patients who present with 
prolonged ischemic times (>3 hours) and/or a baseline 
Q wave are also better served with PPCI because of the 
lesser efficacy of fibrinolysis and an attenuated likelihood 
of salvaging the myocardium. Primary PCI should be also 
be favored when the diagnosis of STEMI is in doubt (i.e., a 
masquerading MI) or contraindications to fibrinolysis exist.

KEY ELEMENTS OF A SUCCESSFUL 
PHARMACOINVASIVE APPROACH

Prehospital Fibrinolysis
The success of fibrinolytic therapy is largely dependent on 
the age of the coronary thrombus with a fresh clot in early 
presenters having the highest reperfusion rates (see Chapter 
13). Because of the persistent delays incumbent with in-
hospital therapy, prehospital fibrinolysis was advocated to 
further improve clinical outcomes. The potential advantage 
of prehospital fibrinolysis was first demonstrated in the 
early 1990s in an observational study in which patients who 
received prehospital thrombolytics less than 1.5 hours after 
symptoms (compared with 1.5 to 4 hours after symptoms) 
demonstrated reduced MI size and preserved left ventricu-
lar function.50 In a subsequent meta-analysis of 6 random-
ized trials (6434 patients), prehospital fibrinolysis compared 
with in-hospital fibrinolysis shortened times to administer 
fibrinolysis (104 minutes vs. 162 minutes), with a commen-
surate reduced all-cause in-hospital mortality (OR, 0.83; 95% 
CI, 0.70 to 0.98) that translated into an absolute reduction of 
2%, saving 1 life for every 62 patients treated.51 Prehospital 
fibrinolysis has now been integrated into STEMI care path-
ways and networks in several locales.

Rescue Intervention
Resolution of ischemic chest pain, restoration of hemody-
namic stability, emergence of an accelerated idioventricular 
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PI Better                          pPCI Better
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FIGURE 14-9 Relative association of continuous primary percutaneous 
coronary intervention (PPCI)-related delay (minutes) and study treatment 
with 30-day death, congestive heart failure (CHF), shock, and/or myocardial 
infarction (MI) from the STREAM study. Relative risks (RRs) and 95% confidence 
intervals (CIs) are presented (pharmacoinvasive [PI] vs. PPCI). Equipoise between treat-
ments appears at approximately 50 to 60 minutes and an advantage for PI therapy 
occurs by 80 to 90 minutes of PPCI-related delay. (From Gershlick AH, Westerhout 
CM, Armstrong PW, et al: Impact of a pharmacoinvasive strategy when delays to 
primary PCI are prolonged. Heart 101:692–698, 2015.)

Reperfusion Options for STEMI Patients

Fibrinolysis generally preferred

• Early presentation
< 2–3 hours of symptoms

• Large territory of jeopardized
myocardioum at risk (particularly
in early presenters)

• Absence of a Q-wave infarct region

• PCI-related delay >90 minutes or 
> 60 minutes with early presenter

• Invasive strategy not an option

Primary PCI generally preferred

• High risk from STEMI
TIMI risk ≥ 5 or cardiogenic shock

• Late presentation
> 3 hours of symptoms

• Established Q-wave in infarct region

• PCI-related delay < 90 minutes

• Absolute contraindications to fibrinolytic
Especially increased ICH risk

• Diagnosis in doubt

FIGURE 14-10 Considerations for selecting among reperfusion options in ST-elevation myocardial infarction (STEMI). ICH, Intracranial hemorrhage; PCI, percu-
taneous coronary intervention. (Adapted from Antman EM, et al: ACC/AHA guidelines for the management of patients with ST-elevation myocardial infarction: A report of the 
American College of Cardiology/American Heart Association Task Force on Practice Guidelines [Committee to Revise the 1999 Guidelines for the Management of Patients with 
Acute Myocardial Infarction]. J Am Coll Cardiol 44:E1–E211, 2004.)
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rhythm, and, most importantly, resolution of the initial 
ST-segment elevation by at least 50% of its original height 
at 60 to 90 minutes after fibrinolysis are useful signs of suc-
cessful reperfusion (see Chapter 23). However, failure to 
achieve reperfusion with fibrinolysis occurs in at least one-
third of STEMI patients and prompts both the obligation 
and need to proceed with timely coronary co-intervention. 
The Rescue Angioplasty Versus Conservative Therapy or 
Repeat Thrombolysis (REACT) trial demonstrated superior-
ity with this approach compared with conservative therapy 
or repeat fibrinolysis.52 The benefits of rescue intervention 
have also been confirmed in two large meta-analyses.53,54 
Applying this approach in both the CAPTIM and WEST stud-
ies, as well as in STREAM trial, appears to reflect their favor-
able outcomes.

Routine Mechanical Co-Intervention
Using a combined adjunctive strategy of coronary angiog-
raphy routinely with fibrinolysis has subsequently become 
an attractive reperfusion strategy, yet the optimal timing of 
cardiac catheterization following fibrinolysis in patients 
in whom reperfusion is successful has been controversial. 
Based on a series of previous trials, including ASSENT 4PCI 
and Facilitated Intervention with Enhanced Reperfusion 
Speed to Stop Events (FINESSE), a strategy of using pharma-
cologic therapy (either full-dose fibrinolytic therapy or one-
half dose with concomitant glycoprotein IIb/IIIa therapy) 
followed by immediate mechanical intervention (facilitated 
PCI) has been largely been abandoned because of an exces-
sive risk of bleeding and failure to improve outcomes during 
PCI.55,56 Caution regarding the rapid systematic use of PCI 
following fibrinolysis is also suggested by data derived from 
the French registry of Acute ST-elevation or non-ST-elevation 
Myocardial Infarction (FAST MI).57

Other studies have explored a wider window for co-
intervention to mitigate this risk. Randomized data from 
the GRupo de Análisis de la Cardiopatía Isquémica Aguda 
(GRACIA) study (500 patients randomized within 12 hours 
of symptom onset) found that those who underwent early 
catheterization at 6 to 24 hours after successful fibrinolysis 
had a lower rate of death, reinfarction, or revascularization 
at 12 months compared with an ischemia-guided conserva-
tive approach (9% vs. 21%; RR, 0.44; 95% CI, 0.28 to 0.70; P = 
.0008).58 The Combined Abciximab REteplase Stent Study 
in Acute Myocardial Infarction (CARESS-in-AMI) trial, which 
examined a one-half dose fibrinolytic therapy with abcix-
imab, found that immediate PCI in approximately 2.3 hours 
(as opposed to standard therapy with catheterization only 
when rescue PCI was indicated) led to a reduction in death, 
reinfarction, or refractory angina at 30 days (4.4% vs. 10.7%; 
hazard ratio [HR], 0.40; 95% CI, 0.21 to 0.76; P = .004).59 A 
meta-analysis of seven randomized clinical trials (including 
the two aforementioned ones) conducted between 2003 
and 2010 included 2961 patients randomized to early PCI 
after fibrinolysis (within 24 hours) versus standard fibrino-
lytic therapy (with variable rates of rescue PCI and invasive 
therapy). In this meta-analysis, a strategy of early coronary 
angiography led to a reduction in 30-day combined death 
and/or reinfarction (OR, 0.65; 95% CI, 0.49 to 0.88; P = .004) 
and recurrent ischemia (OR, 0.25; 95% CI, 0.13 to 0.49; P 
<.001), with no increase in major bleeding (OR, 0.93; 95% 
CI, 0.67 to 1.34; P = .70) or stroke (OR, 0.63; 95% CI, 0.31 to 
1.26; P = .21). Moreover, maintenance of benefits at 6 to 12 

months (death and/or reinfarction 0.71; 95% CI, 0.52 to 0.97; 
P = .03) were also evident.60 These data are in concert with 
the Minnesota observational registry experience of Larson 
and colleagues who observed the safety and efficacy of a PI 
strategy (one-half dose fibrinolytic) in patients with STEMI, 
with expected delays because of long distance transfers.61

Transfer After Fibrinolysis
The Trial of Routine ANgioplasty and Stenting after 
Fibrinolysis to Enhance Reperfusion in Acute Myocardial 
Infarction (TRANSFER AMI) studied 1059 patients who 
presented to a non–PCI-capable hospital, who received full-
dose fibrinolytic therapy (TNK), and who were randomized 
to receive either routine early PCI, which was constructed 
as urgent transfer to a PCI-capable hospital with a goal of 
performing PCI within 6 hours of fibrinolysis (median 2.8 
hours) or standard treatment. Standard treatment consisted 
of transfer only for rescue PCI and otherwise remaining at 
the non–PCI-capable hospital for 24 hours with nonurgent 
cardiac catheterization encouraged (median 32.5 hours). 
Patients randomized to routine early PCI found improve-
ment in the composite of death, reinfarction, recurrent 
ischemia, new or worsening congestive heart failure, or car-
diogenic shock at 30 days (11.0% vs. 17.2%; HR, 0.64; 95% 
CI, 0.47 to 0.87; P = .004).62 However, the rates of death and 
shock were numerically higher in the early transfer group 
and opposite to the direction of the less severe endpoints 
of reinfarction and recurrent ischemia in this study. In 266 
STEMI patients aged 75 years or younger who presented 
within 6 hours, the NORwegian study on DIstrict treatment 
of STEMI (NORDISTEMI) trial tested the strategy of immedi-
ate routine transfer for PCI compared with ischemia-driven 
PCI after fibrinolysis in patients with long transfer times to a 
PCI-capable facility. Although no difference in the primary 
endpoint of death, reinfarction, stroke, or new ischemia at 
12 months was noted, the incidence of death, recurrent 
infarction, or stroke was reduced with immediate transfer 
for PCI (6% vs. 16%; HR, 0.36; 95% CI, 0.16 to 0.81; P = .01).63 
This result was largely influenced by fewer reinfarctions and 
somewhat surprisingly by stroke.

Until further evidence is available, we support the current 
guideline recommendation for routine transfer for patients 
receiving fibrinolysis to a PCI-capable facility as part of a PI 
strategy, with the aim of performing angiography within 24 
hours, and avoiding mechanical co-intervention within 2 to 
3 hours after fibrinolysis (unless mandated by the need for 
rescue intervention) (Figure 14-11; see also the section on 
What Do the Guidelines Recommend).

However, logistical constraints and financial barriers 
may preclude such a strategy for all STEMI patients treated 
with fibrinolysis. When circumstances dictate a more selec-
tive approach, a focus on high-risk cohorts becomes war-
ranted. Hence, patients with a large area of jeopardized 
myocardium or other high-risk features, as well as those who 
develop cardiogenic shock or acute severe heart failure, 
should be transferred to a PCI-capable hospital immediately 
following fibrinolysis for coronary angiography and emer-
gent revascularization (PCI or CABG).24,60 Also, patients in 
whom fibrinolytic therapy has failed or who demonstrate 
re-occlusion require transfer for rescue intervention at a 
PCI-capable site.54 However, in the stable patient 24 to 48 
hours without recurrent ischemia following fibrinolysis 
who is not transferred to a PCI-capable facility, the benefits 
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of routine transfer to a PCI-capable facility for mechanical 
co-intervention are less clear, especially when the initial ter-
ritory at risk is small. The ESC (class I) and ACC/AHA (class 
IIa) guidelines provide somewhat differing recommenda-
tions for routine transfer for PCI after fibrinolysis in stable 
patients. Because of the uncertainty around this issue, we 
contend that in such circumstances, an ischemia-driven car-
diac catheterization approach is a reasonable alternative. 
Further support for an ischemia-driven approach in these 
patients exists in the Occluded Artery Trial (OAT) of 2166 
clinically stable patients who did not have evidence of isch-
emia despite an occluded infarct-related artery at 3 to 28 
days after MI, among whom optimal medical therapy versus 
PCI resulted in similar 4-year rates of death, reinfarction, and 
heart failure.64,65

ADJUNCTIVE THERAPIES TO REPERFUSION IN 
TRANSFER PATIENTS

For patients receiving fibrinolysis, adjunctive antithrombotic 
therapy must be administered concomitantly. For antiplate-
lets (see Chapter 19), both a loading dose of aspirin (162 to 
325 mg)66 and clopidogrel (300 mg for patients 75 years or 
younger; 75 mg for patients older than 75 years)67,68 should 
be given before or with the fibrinolytic.68 The use of more 
potent P2Y12 inhibitors has not been prospectively estab-
lished and cannot be recommended with fibrinolysis. The 
use of intravenous glycoprotein IIb/IIIa receptor antagonists 
should be avoided because of the detrimental risk of major 
bleeding during fibrinolysis.56,69 For anticoagulation (see 
Chapter 18), enoxaparin given as an intravenous bolus (30 
mg for patients 75 years or younger; no bolus for patients 
older than 75 years), followed by a weight-based subcutane-
ous dose (1 mg/kg twice daily for those 75 years or younger; 
0.75 mg/kg for those older than 75 years) is favored over 
unfractionated heparin (weight-based intravenous bolus fol-
lowed by an infusion to maintain a partial thromboplastin 
time of 50 to 70 seconds).70

In patients transferred for PPCI (see also Chapter 17), 
a loading dose of both aspirin (162 to 325 mg)66 and a 
P2Y12 inhibitor should be given as early as possible before 

mechanical reperfusion. Options for the loading dose 
include clopidogrel (600 mg),71 ticagrelor (180 mg),72 or 
prasugrel (60 mg).73 Anticoagulant strategies to support 
PPCI are discussed in Chapter 17 and Chapter 18.

ST-ELEVATION MYOCARDIAL INFARCTION 
NETWORKS

Even with one of the world’s highest occurrence rates for 
PCIs, less than 20% of United States hospitals have facilities 
for expert 24/7 PPCI. Therefore, regionalization of care for 
STEMI, with options of dual modes to reperfusion (PPCI 
reperfusion when feasible, and alternatively, PI reperfu-
sion), along with the development of effective transfer 
strategies remains a key consideration. Organization of 
such networks allows for optimal reperfusion to limit total 
ischemic time, ensuring that all eligible patients receive 
therapy efficiently for STEMI (Figure14-12).74 The rationale, 
organization, and implementation of such regional sys-
tems are discussed in Chapter 5. Successful implementa-
tion of STEMI networks have resulted in improved clinical 
outcomes. Protocols for several of these programs are out-
lined in Table 14-e1. Within Canada, the Northern Alberta 
Vital Heart Response network (built on the foundation of 
the WEST trial75) is an example of a mixed, dual reperfu-
sion STEMI system of care serving a large metropolitan city 
(Edmonton; approximately 1 million people) and rural 
Northern Alberta (approximately 400,000 km2). In-hospital 
outcomes demonstrate low in-hospital mortality, with a PI 
approach appearing to be safe and effective in patients in 
whom delay to mechanical reperfusion is anticipated (i.e., 
rural patients).76

Despite the successes of well-designed regional systems, 
they are subject to geographic diversity, altered weather pat-
terns, variation in transportation modes and times, availabil-
ity of resources and infrastructure, and characteristics and/
or features of the health care system (universal, two-tier, pri-
vate, and so on). These issues are not infrequent (7% to 25%) 
despite having an established STEMI network, and can result 
in altered survival if PPCI is relied upon as the only default 
mode for reperfusion.8,10,33,77–79

WHAT DO THE GUIDELINES RECOMMEND?

The updated 2013 ACCF/AHA STEMI guidelines emphasize 
advances in reperfusion therapy, organization of regional sys-
tems of care, transfer algorithms, antithrombotic and medical 
therapies, and subsequent secondary prevention strategies to 
optimize patient outcome (see Figure 13-5). In patients who 
present less than 12 hours with symptoms, PPCI is favored if it 
can be performed in a timely fashion with experienced oper-
ators (class I, level of evidence [LOE] A). EMS should transfer 
patients to a PCI-capable hospital (i.e., bypass non-PCI sites) 
for PPCI if a first medical contact to device time of within 90 
minutes can be achieved (class I, LOE B). If a patient presents 
to a facility not capable of PCI, immediate transfer to a PCI site 
for PPCI should be considered with a first medical contact 
to device time of within 120 minutes (class 1, LOE B). If this 
goal cannot be achieved, in the absence of contraindications, 
timely fibrinolysis should be administered (class I, LOE A) 
within 30 minutes (class I, LOE B).80

Similarly, the 2012 European Society of Cardiology 
(ESC) guidelines on the management of STEMI highlight 
the importance of timely reperfusion, but these guidelines 

Fibrinolysis
FMC-needle <30 minutes

Administered 
prehospital by EMS

Administered at non–
PCI-capable hospital

Immediate transfer to PCI-capable hospital

60–90 minute ECG

Reperfusion No reperfusion

Early routine PCI 3–24 hours Rescue PCI

≥50% ST-resolution and stable <50% ST-resolution or
hemodynamic instability

FIGURE 14-11 Transfer and evaluation algorithm following fibrinolysis 
for ST-elevation myocardial infarction. ECG, Electrocardiogram; EMS, emergency 
medical services; FMC, first medical contact; PCI, percutaneous coronary intervention.
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TABLE 14-e1 Examples of Successful ST-Elevation Myocardial Infarction Networks and Their Protocols

Vital Heart Response STEMI Network

	•	 	PPCI	is	preferred	for	patients	presenting	to	PCI	hospitals
	•	 	PPCI	is	preferred	if	it	can	be	performed	within	90	min	from	first	medical	contact
	•	 	Patients	presenting	to	a	community	hospital	receive	fibrinolysis	(TNK)	followed	by:
	 •	 	Urgent	transfer	for	to	a	tertiary	center	for	PCI	if	complete	reperfusion	not	achieved
	 •	 	Transfer	for	routine	catheterization	(within	6-24	hours)	if	reperfusion	is	complete

Reperfusion of Acute MI in Carolina Emergency Departments (RACE) Network Protocol

	•	 	Each	system	establishes	single	standard	reperfusion	strategy	for	each	hospital	based	on	guidelines	and	periodically	reviewed	based	on	time	performance
	•	 	Patients	calling	ambulance	are	diagnosed	onsite	by	paramedics,	and	a	single	call	is	made	to	activate	catheterization	laboratory	if	transported	to	PCI	center
	 •	 	Transferred	directly	to	nearest	PCI	center	if	transport	time	is	<40	min	or	first	medical	contact	to	balloon	<90	min
	 •	 	Otherwise,	go	to	closest	non-PCI	hospital
	•	 	Patients	presenting	directly	to	a	PCI	center	undergo	PPCI
	•	 	Patients	presenting	to	non–PCI-capable	center	are	transferred	for	PPCI	if	first	medical	contact-to-balloon	time	is	before	90	to	110	min;	lysis	given	if	longer
	•	 	Patients	with	contraindications	to	thrombolytic	therapy	are	transported	directly	for	PPCI	regardless	of	delays

Mayo Clinic STEMI Network Protocol

	•	 	Patients	presenting	to	PCI	center	undergo	PPCI	within	90	min	of	presentation	regardless	of	time	of	symptom	onset
	•	 	Patients	presenting	to	a	community	hospital	<2	hours	after	symptom	onset	receive	thrombolytic	therapy	plus	immediate	transfer	to	PCI	center
	 •	 	Immediate	rescue	PCI	is	performed	if	there	is	evidence	of	persistent	ischemia
	 •	 	If	lytic	therapy	is	successful,	patients	undergo	routine	elective	catheterization	at	3-24	hours
	•	 	Patients	presenting	to	a	community	hospital	>2	hours	after	symptom	onset	are	transferred	for	immediate	PPCI

Minneapolis Heart Institute STEMI Network Protocol

	•	 	Patient	presenting	to	the	PCI	hospital	and	short	distances	transfer	(zone	1	<60	miles)	receive	PPCI
	•	 	Patients	with	long	distances	transfer	(zone	2,	60-210	miles)	receive	a	pharmacoinvasive	approach	with	half-dose	thrombolysis,	immediate	transfer	and	early	

PCI

Vienna Network Protocol

	•	 	PPCI	is	the	preferred	treatment	if	the	anticipated	time	from	first	medical	contact	to	first	balloon	inflation	is	<90-120	min	regardless	of	site	of	presentation	
(PCI center, community hospital, or ambulance)

	•	 	Prehospital	or	in-hospital	thrombolysis	is	preferred	if	the	anticipated	time	from	first	medical	contact	to	first	balloon	inflation	is	>90	min
	•	 	PPCI	is	preferred	in:
	 •	 	Patients	presenting	>2-3	hours	after	symptom	onset
	 •	 	Patients	with	uncertain	diagnosis
	 •	 	Older	adult	patients
	 •	 	Patients	with	increased	bleeding	risk
	 •	 	Patients	with	contraindications	to	thrombolysis
	•	 	Patients	treated	with	prehospital	lysis	are	immediately	transferred	to	PCI-capable	hospital	for
	 •	 	Rescue	PCI	performed	immediately	if	lysis	unsuccessful
	 •	 	Angiography	and	PCI,	if	indicated,	performed	within	1-3	days	if	lysis	successful

Service d’Aide Médicale Urgente (SAMU) Network

	•	 	PPCI	is	preferred	for	patients	presenting	to	PCI-capable	hospitals
	•	 	PPCI	is	preferred	if	the	anticipated	delay	between	first	ECG	and	first	balloon	inflation	<120	min
	 •	 	<90	min	for	young	patients	and	those	with	large	infarcts
	•	 	Prehospital	thrombolysis	is	preferred	if	the	delay	between	first	ECG	and	first	balloon	inflation	>120	min
	•	 	Patients	treated	with	prehospital	lysis	are	transferred	to	PCI-capable	hospital
	 •	 	Rescue	PCI	performed	immediately	if	lysis	unsuccessful
	 •	 	Angiography	and	PCI,	if	indicated,	performed	within	24	hours

ECG, Electrocardiogram; PPCI, primary percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction; TNK, tenectaplase.
From Huber K, et al: Enhancing the efficacy of delivering reperfusion therapy: A European and North American experience with ST-segment elevation myocardial infarction 
networks. Am Heart J 165:123-132, 2013.)
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focus on access to prehospital care (regional STEMI net-
works), where ambulance teams are trained and equipped 
to recognize STEMI and deliver reperfusion therapy expe-
ditiously (including fibrinolysis). If fibrinolysis is selected, 
therapy should be administered within 30 minutes of first 
medical contact. In patients who present to an EMS or non–
PPCI-capable hospital, PPCI is recommended over fibrino-
lysis if immediate transfer to a PCI center can occur and 
PPCI can be performed by an experienced team within 120 
minutes of first medical contact (class I, LOE A), otherwise 
fibrinolysis should be performed. However, in patients who 
present early (<2 hours after symptom onset) with a large 
area of myocardium at risk, fibrinolysis should be consid-
ered if timely PPCI cannot be performed within 60 minutes 
of first medical contact (class I, LOE B).81

RECOMMENDED APPROACH TO ST-
ELEVATION MYOCARDIAL INFARCTION CARE 
USING A DUAL REPERFUSION STRATEGY

The concept that PPCI is the only reperfusion strategy for 
STEMI is simply neither evidence-based nor logical because 
of the abundant evidence that STEMI patients face long 
transfer times, with unfavorable outcomes. Moreover, the 
premise that longer reperfusion delays for PPCI is accept-
able cannot be justified in the current era in which the new 
reperfusion paradigm and appropriate focus is on reducing 
total ischemic time. Recognizing the importance of both 
reperfusion strategies and the complementary role within 
a STEMI network will ensure optimal care for patients. A 
shift toward recognizing the early presenting patient is 
paramount, because prompt reperfusion will salvage myo-
cardium and enhance clinical outcome (i.e., reduce infarct 
size, heart failure, and lower mortality). Therefore, improve-
ments at the public health level must occur to ensure ear-
lier prehospital diagnosis, treatment, and triage for patients 
who present with STEMI. However, one must also consider 
environmental and patient modulators when choosing a 

reperfusion strategy (Figure 14-13). We provide a suggested 
algorithm for selection of reperfusion therapy for patients 
presenting in the ambulance or to a non-PCI hospital who 
require transfer for STEMI care (Figure 14-14).

RETURN TO THE CASE

After careful deliberation with the on-call interventional car-
diologist, dual antiplatelet therapy (162 mg aspirin/300 mg 
clopidogrel) and parenteral enoxaparin (30 mg intravenously 
followed by 1 mg/kg subcutaneously) were administered. 
Shortly after, 40 mg of TNK (70 kg male) was given as a bolus 
intravenous injection (reconstituted in 8 mL) over 5 seconds, 
with a door-to-needle time of 25 minutes. Immediate trans-
fer to a PCI-capable hospital was arranged, and the patient 
arrived at the coronary care unit 80 minutes later. Upon 
arrival, there was symptomatic relief, and the 90-minute ECG 
showed complete ST-segment resolution without Q-wave 
development. Later that day (at approximately 5 hours), 
routine coronary angiography using a transradial approach 
was performed. An isolated 80% proximal stenosis in the 
left anterior descending artery was identified, with normal 
anterograde flow. A bolus of intravenous enoxaparin (35 mg)  
was administered, and PCI was performed with a drug-eluting 
stent. On post-admission day 2, troponin I levels were mini-
mally elevated, and subsequent cardiac magnetic resonance 
imaging showed a left ventricular ejection fraction of 50% 
with subtle anterior wall hypokinesis and myocardial edema. 
On day 4, he was discharged with an angiotensin-converting 
enzyme inhibitor, β-blocker, high-dose statin therapy, and dual 
antiplatelet therapy (aspirin and clopidogrel).

FUTURE PERSPECTIVES

The remarkable progress in STEMI care over the past decade 
constitutes a challenge to evaluating future advances. It seems 
clear that future quality metrics of timely reperfusion must 
focus on total ischemic time and incorporate risk assessment. 

Call 911

Prehospital
fibrinolysis

Prehospital
catheter lab activation

PCI-capable hospital

Non–PCI-capable hospital

Primary PCI
Emergency
department

Emergency
department

In-hospital fibrinolysis

Self-transport to hospital

FIGURE 14-12 A successful ST-elevation myocardial infarction network construct governed by the four key factors influencing reperfusion options. PCI, Per-
cutaneous coronary intervention. (Adapted from Welsh RC, et al: Canadian Society Working Group: Providing a perspective on the 2007 focused update of the American Heart 
Association 2004 guidelines for the management of ST elevation myocardial infarction. Can J Cardiol 25:25–32, 2009).
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FIGURE 14-13 Conceptual model of ST-elevation myocardial infarction (STEMI) nexus modulating choice of reperfusion strategy. The factors that compose the 
external environmental framework surround the model. Patient-, infarct-, and risk-of-reperfusion–specific factors converge with both time from symptom onset and the expected 
time to achieve percutaneous coronary infarction (PCI) in this model. EMS, emergency medical services; Rx, treatment; Sx, symptoms. (From Armstrong PW, et al: Duration of 
symptoms is the key modulator of the choice of reperfusion for ST-elevation myocardial infarction. Circulation 119:1293–1303, 2009.)

STEMI requiring transfer to a PCI-capable hospital

EMS Non-primary PCI hospital

Drive time ≤30 minutes

 ≤75 years  >75 years

Drive time > 30 minutes

Sx ≤3 hoursSx ≤3 hours Sx > 3 hoursSx > 3 hours

PCI-capable hospital

High risk No high risk High risk No high risk

Fibrinolysis

Full dose 1/2 dose

DIDO
≤ 30 minutes

DIDO
> 30 minutes

FIGURE 14-14 Authors’ recommended treatment algorithm for transfer patients with ST-elevation myocardial infarction (STEMI) using both reperfusion 
options. DIDO, Door-in-door-out; EMS, emergency medical services; PCI, percutaneous coronary intervention; Sx, symptoms.
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As mortality declines to unprecedented low rates, it has 
become apparent that this metric is a blunt measurement, 
especially if measured in the short term. The move toward 
measuring composite endpoints, although understandable, is 
fraught with hazards because of the differing clinical signifi-
cance of the components of such endpoints and the realiza-
tion that they do not always behave in a symmetrical fashion. 
One attractive option is to count all of the events each patient 
experiences (as opposed to just the first one) and to prespec-
ify the relative weights of each component according to its 
clinical significance. This approach can be informed by input 
from both clinical investigators and patients.82,83 There also 
may be opportunities to introduce new endpoints into future 
studies, such as the occurrence of aborted MI.

As the frequency of STEMI increases in many of the devel-
oping countries, greater uptake of a PI approach seems prob-
able and is already evident in a number of regions. Because 
of the emergence of more powerful oral P2Y12 platelet inhib-
itors, their role as concomitant therapy in the milieu of fibri-
nolytic therapy requires further study. The optimal dosing of 
fibrinolytics also needs further study, as demonstrated by 
data in the older adult patient cohort of the STREAM study 
(see Chapter 15).

Finally, an open question exists as to whether routine car-
diac catheterization is necessary in all patients who receive 
fibrinolytic therapy. Low-risk patients without recurrent isch-
emia after successful reperfusion may fall into this category; 
at routine catheterization several hours after treatment, a pro-
portion of such patients are found to have open coronary 
vessels with excellent perfusion and have been successfully 
managed medically. Further study will be required to address 
this issue and others in the ongoing care of STEMI patients.
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INTRODUCTION

A ST-segment myocardial infarction (STEMI) is caused by 
the occlusion of a major epicardial coronary artery and is 
generally triggered by rupture of a vulnerable plaque, with 
subsequent formation of an occlusive thrombus. Rapid res-
toration of coronary blood flow is essential in preventing 
myocardial necrosis, and early reperfusion of the infarct-
related artery limits infarct size and improves outcome (see 
also Chapter 13). Therefore, achieving the shortest possible 
delay between symptom onset and reperfusion is one of 
the most critical factors in the management of STEMI (see 
Chapter 5). Effective reperfusion of the infarct-related artery 
can be achieved by mechanical reperfusion, using primary 
percutaneous coronary intervention (PCI) (see Chapter 17) 
or by pharmacological reperfusion using fibrinolytic agents. 
Unfortunately, only a minority of hospitals worldwide have 
immediate access to a catheterization facility. Moreover, hos-
pitals with a catheterization laboratory often do not offer pri-
mary PCI during nonoffice hours. In contrast, fibrinolysis is 
universally available without the need for advanced logistics 
(Table 15-1). Thus, despite the impressive benefit and increas-
ing use of primary PCI (see Figure 13-4), fibrinolysis remains 
the only option for reperfusion for many STEMI patients 
worldwide. In the past few decades, remarkable progress has 
been made in improving fibrinolytic therapies, in identifying 
patients who benefit from this treatment, and in identifying 
patients at risk of bleeding. In addition, in the past several 
years, studies have provided answers on to how to fit fibrino-
lytic therapy into contemporary hospital networks, especially 
when and how to plan angiography and PCI in successfully 
reperfused patients after fibrinolysis (see Chapter 14).

A BRIEF HISTORICAL OVERVIEW

Sudden thrombotic occlusion of an epicardial coronary 
artery was identified as the trigger for MI by James Herrick 
as early as 1912, but this pathophysiological mechanism was 
largely ignored in subsequent decades.1 In a postmortem 
study in the 1960s of 176 “fresh” infarctions, Kagan and col-
leagues found evidence of a thrombotic coronary occlusion 

in only 87 patients, versus a “nonthrombotic” occlusion in 
an additional 43 patients. Interest in thrombolysis for MI did 
not accelerate until more than a decade later in 1980, after 
DeWood and colleagues provided strong angiographic evi-
dence of a total occlusion in STEMI patients who presented 
early after onset of symptoms.

Pharmacological reperfusion for patients with an MI was 
investigated as early as the 1950s by Fletcher and colleagues. 
In the 1960s and 1970s, several studies of intravenous and 
intracoronary thrombolytic therapy showed conflicting results, 
mainly because of small sample sizes, and different treatment 
protocols and endpoint analyses. In addition, bleeding risk 
was often deemed to be unacceptably high. Nevertheless, a 
pivotal European trial in 1971, coordinated by Verstraete (n = 
764), demonstrated a significant benefit of intravenous strep-
tokinase versus heparin with respect to in-hospital mortal-
ity (18.5% vs. 26.3%; P = .011) in STEMI patients.1a In 1981, a 
pilot trial by Markis and colleagues with nine patients treated 
with an intracoronary infusion of streptokinase showed that 
local lytic therapy had the potential of salvaging jeopardized 
myocardium, especially in early presenters. Another trial, the 
Western Washington study (n = 250), also demonstrated an 
almost threefold reduction in 30-day mortality among patients 
treated with intracoronary streptokinase, a benefit that per-
sisted at 1-year follow-up.1b Because of the logistic challenges 
associated with intracoronary administration and the lack of a 
perceived benefit of intracoronary versus systemic administra-
tion, later studies used simpler intravenous dosing schemes. A 
meta-analysis from 1985 that included 33 trials confirmed a sig-
nificant beneficial effect of thrombolytic agents on outcome.2 
The era of fibrinolysis in STEMI had finally dawned. In 1986, the 
first large-scale trial to show a significant reduction in mortality 
with a fibrinolytic agent was the landmark Gruppo Italiano per 
lo Studio della Streptochinasi nell’Infarto Miocardio (GISSI-1) 
trial (see the section on Clinical Trials of Streptokinase).

Role of Fibrinolysis in Contemporary Care
Is fibrinolysis still relevant in the 21st century, now that 
guidelines and advocacy groups unequivocally recommend 
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primary PCI (PPCI) as the preferred reperfusion strategy? 
Compared with fibrinolysis, PPCI achieves higher patency 
rates and is associated with fewer intracranial bleeding com-
plications (see Chapter 17). PPCI also immediately deals with 
the underlying lesion or ruptured plaque, and easily gauges 
the extent of coronary disease (Table 15-1). In aggregate, PPCI 
is better than lytic therapy in terms of outcome,3 but only if 
it can be done within 120 minutes after first medical con-
tact by an experienced catheterization team (see Chapter 5  
and Chapter 14). Achieving such rapid implementation of 
PPCI is not possible in a considerable proportion of STEMI 
patients worldwide, depending on geography and the health-
care organization. As a consequence, fibrinolysis remains an 
important option for many patients. For example, in the con-
temporary international long-tErm follow-uP of anti-throm-
botic management patterns In acute CORonary syndrome 
patients (EPICOR) registry, fibrinolytic agents were used in 
14% to 33% of STEMI patients, depending on the region.4 Also, 
in the most recent European survey, the rate of fibrinolysis 
varied greatly among the 37 participating countries, from 
being almost nonexistent in the Czech Republic to more 
than 80% (300 per 1 million inhabitants) of patients who 
received reperfusion therapy in the Ukraine (Figure 15-1).5

TABLE 15-1 Comparison of Advantages and 
Disadvantages of Fibrinolysis versus Primary 
Percutaneous Coronary Intervention

FIBRINOLYSIS PRIMARY PCI

Advantages

Universally available More efficient reperfusion and 
better outcome

Independent of physician’s experience 
and can be used by trained 
paramedics

Less risk of reinfarction or 
residual ischemia

Can be administered in prehospital 
setting or community hospitals

Less risk of systemic and 
intracranial hemorrhage

Disadvantages

Higher risk of systemic and intracranial 
bleeding

Dependent of experience of 
team and on availability of 
24/7 facilities

Reperfusion in 60% of patients PCI-related time delays can be 
long

Not efficient in patients  
presenting late

PCI, Percutaneous coronary intervention.
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FIGURE 15-1 Relative proportion of patients with ST-elevation myocardial infarction who received reperfusion therapy and who were treated with fibrinolytic 
or primary percutaneous coronary intervention (PPCI) in Europe and the United States (data from 2010 to 2011). (Data from Kristensen SD, et al: Reperfusion therapy 
for ST elevation acute myocardial infarction 2010/2011: current status in 37 ESC countries. Eur Heart J 2014;35:1957; and Morrow DA, personal communication, July 28, 2015.)
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It is clear that in remote or sparsely populated areas, fibri-

nolysis is often the only option to expedite reperfusion.6 
Structural and unexpected interhospital transfer delays are 
often underestimated in urban areas as well. Once a STEMI 
patient is committed to be sent to a PPCI-capable center, 
but unanticipated delays occur, an opportunity for early 
reperfusion is lost. Such patients are likely to have benefited 
from early fibrinolysis in the absence of contraindications. 
Transfer-related delays in PPCI are common, and as door-
to-balloon delays increase, the outcome advantage of PPCI 
over fibrinolysis clearly diminishes (see Chapter 14).7 In a 
large American registry (n = 115,316), only one-half of the 
STEMI patients referred for PPCI achieved the guideline-
recommended first door-to-balloon time of less than 120 
minutes. More specifically, less than half of the patients with 
an estimated transfer delay greater than 30 minutes were 
treated within 120 minutes.8 In contrast, only half of the 
STEMI patients with an estimated drive time exceeding 60 
minutes were treated with fibrinolysis. In essence, although 
efforts to reduce transfer times and optimize STEMI net-
works for prompt referral are obviously needed, a substan-
tial proportion of patients with STEMI might still benefit from 
lytic therapy. For example, in a recent systematic registry 
performed in Belgium (a small country with a high density 
of catheterization laboratories), the shift of fibrinolytic ther-
apy in non–PCI-capable hospitals to referring for PPCI has 
resulted in longer overall treatment delays and no change in 
overall outcome.9 In most STEMI networks, fibrinolysis is not 
isolated from PCI.6 The optimal combination of fibrinolysis 
and PCI (rescue or planned) is still being investigated, and 
is the subject of a separate chapter (see Chapter 14). In addi-
tion, interest in local intracoronary administration of lytics 
has attracted renewed interest, especially as an alternative 
for PPCI patients with a large thrombotic burden.10 For these 
reasons, fibrinolysis in well-established networks is still rel-
evant today.11

HOW DO FIBRINOLYTIC AGENTS WORK?

The goal of administering a fibrinolytic agent is to dissolve 
the clot that impedes blood flow in a coronary artery. This 

dissolution of thrombus is achieved pharmacologically by 
activating the fibrinolytic system. Fibrinolytic agents convert 
the inactive proenzyme plasminogen to its active state, plas-
min (Figure 15-2). Plasmin then degrades fibrin, a major con-
stituent of thrombi, to soluble fibrin-degradation products, 
ultimately resulting in clot dissolution. Fibrinolytic agents 
are traditionally categorized as fibrin-selective versus non-
selective agents, depending on whether they lyse clots in the 
absence of systemic plasminogen activation (Table 15-2).

Streptokinase, anistreplase, and urokinase are nonfibrin-
selective fibrinolytic agents, and indiscriminately activate 
both circulating and clot-bound plasminogen to plasmin. 
This activity not only causes local dissolution of a throm-
bus, but also causes systemic degradation of circulating 
fibrinogen. In contrast, alteplase and its derivatives, as well as 
staphylokinase, digest clot-bound fibrinogen relatively selec-
tively and tend not to deplete systemic coagulation factors 
as much as streptokinase. Fibrin-selective drugs are more 
efficient in dissolving thrombi. However, the selective nature 
of fibrin-specific lytic agents does have some unwanted 
side effects; their lack of systemic fibrinogen depletion 
might increase the risk of rethrombosis and reocclusion 
(see Chapter 23). Subsequent derivatives of alteplase have 
been aimed at providing more practical bolus delivery at 
the same time as potential improvements in the risk–benefit 
balance caused by the enhanced fibrin specificity of some 
derivatives.

Several circulating factors suppress the activation of 
plasminogen, most notably plasminogen activator inhibitor 
(PAI)-1 (see Figure 15-2). Active plasmin is inhibited by α2-
antiplasmin. Resistance or lack of resistance to PAI-1 partially 
characterizes the potency of the different fibrinolytic agents. 
Consequently, PAI-1 is a major determinant of the resistance 
of platelet-rich thrombi to lysis by fibrinolytic agents.

SPECIFIC FIBRINOLYTIC AGENTS

Streptokinase
Streptokinase is a nonfibrinogen-specific fibrinolytic agent 
that indirectly activates plasminogen (Tables 15-3 and 15-4). 

Thrombus
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Fibrinogen
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FIGURE 15-2 Mechanism of fibrinolytic agents: tissue plasminogen activator (tPA) (alteplase) predominantly activates plasminogen bound to the clot’s 
surface, whereas streptokinase activates clot-bound and fluid-phase plasminogen indiscriminately. FDP, Fibrin degradation products; P, plasmin; PAI-1, plasminogen 
activator inhibitor 1; PG, plasminogen; SK, streptokinase.
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Streptokinase is a single-chain, 414-amino acid long protein 
that resembles serine proteases, but it does not have enzy-
matic activity on its own. Plasminogen is activated after 
forming a complex with streptokinase, exposing its active 
site, which catalyzes the conversion to plasmin. This com-
plex is more resistant against inactivation by α2-antiplasmin 
than free-circulating plasmin.

In STEMI, 1.5 million units of streptokinase is usually 
given in a 1-hour infusion. However, because of its lack of 
fibrin specificity, streptokinase generates active plasmin in 
the circulation and induces a systemic lytic state, when α2-
antiplasmin becomes exhausted. Circulating fibrinogen lev-
els decrease well below 20% of baseline within the first 60 
minutes after infusion.12 As a consequence, additional anti-
coagulants are not always recommended in combination 
with streptokinase or other nonfibrin-specific fibrinolytics 
(see Chapter 18). Whether there is a benefit in adding intra-
venous heparin is still a matter of debate.

Because streptokinase is produced by hemolytic strepto-
cocci, patients who receive streptokinase invariably develop 
antistreptococcal antibodies. This immunological reaction 
often causes fever, but would also completely neutralize a 
new dose of streptokinase in the first 3 months after admin-
istration, effectively precluding early re-administration. In 
some patients, high neutralizing antibody titres persist for 
years after their treatment. In addition, preexisting anti-strep-
tokinase antibodies are relatively common and can impede 
reperfusion after treatment with streptokinase in patients 
with acute MI. However, hypotension, a frequent but often 
transient side effect of streptokinase, is more likely the result 
of bradykinin release than being caused by an acute aller-
gic reaction.

Clinical Trials of Streptokinase
In the GISSI-1 study, 11,806 patients with STEMI presenting 
within 12 hours of symptom onset were randomized to either 
intravenous streptokinase or control therapy. In-hospital 
mortality was 10.7% in patients treated with intravenous 
streptokinase versus 13.1% in control patients, indicating 23 
lives saved per 1000 patients treated. This benefit in mortality 
was preserved after 1- and 10-year follow-up (Figure 15-3). 
Another landmark trial, ISIS-2 (Second International Study 
of Infarct Survival), clearly showed a benefit of adding aspi-
rin to streptokinase; 17,187 patients received 1.5-MU strep-
tokinase, 160-mg/day aspirin for 1 month, both treatments, 
or neither. Treatment with aspirin or streptokinase alone 
resulted in a significant reduction in mortality (23% and 
24%, respectively), with a much greater benefit with a com-
bined administration. Aspirin significantly reduced nonfatal 
reinfarction and was not associated with any significant 
increase in intracranial hemorrhages (ICHs) (see Chapter 
19). The reinfarction rate was higher when streptokinase was 
used alone, an effect that was abolished when aspirin was 
added.

Tissue-Type Plasminogen Activator
Recombinant tissue-type plasminogen activator (rt-PA; 
alteplase) is a single-chain, tissue-type plasminogen activa-
tor molecule, manufactured by recombinant DNA technol-
ogy (see Tables 15-3 and 15-4). Alteplase is a relatively weak 
plasminogen activator in the absence of fibrin. However, 
the presence of fibrin at the surface of a clot considerably 
boosts alteplase’s activation rate of plasminogen by forming 
a ternary complex. As a consequence, it has considerably 
greater fibrin specificity than streptokinase, but it induces 
mild systemic fibrinogen depletion.13 Plasmin formed at 
the surface of fibrin is also more resistant to inactivation by  
α2-antiplasmin. The effectiveness of alteplase is also offset to 
some extent by PAI-1. Alteplase requires a continuous intra-
venous infusion because of its short half-life. It also needs 
concomitant anticoagulant therapy, because fibrin-specific 

TABLE 15-2 Fibrinolytic Agents

NONFIBRIN-SPECIFIC AGENTS FIBRIN-SPECIFIC AGENTS

Streptokinase Alteplase and derivatives

Saruplase Reteplase

APSAC (anistreplase) Tenecteplase
Lanoteplase
Amediplase
Monteplase
Pametiplase

Staphylokinase

APSAC, Anisoylated plasminogen streptokinase activator complex.

TABLE 15-3 Characteristics of Lytic Agents

FIBRIN 
SPECIFICITY

HALF-LIFE 
(MIN)

PAI-1 
RESISTANCE

Streptokinase − 18–23 −

APSAC − 40–90 −

Alteplase ↑ 3–4 −

Reteplase ↓ 15–18 −

Tenecteplase ↑↑ 20–24 ↑

Lanoteplase ↓ 30–45 ↑

Pametiplase ↑ 30–47 −

Monteplase ↑ 23 ↑

Staphylokinase 
(PEG)

↑↑↑ 13 −

APSAC, Anisoylated plasminogen streptokinase activator complex; PAI-1, plasminogen 
activator inhibitor 1; PEG, polyethylene glycol.

TABLE 15-4 Dosing Regimens of Frequently Used 
Fibrinolytic Agents

Streptokinase

1.5 million IU/1 h

Alteplase

15-mg bolus

90-min infusion

	 •	 	0.75	mg/kg	over	30	min	(max	50	mg)
	 •	 	0.50	mg/kg	over	next	hour	(max	35	mg)
	 •	 	Total	dose	not	to	exceed	100	mg

Reteplase

Initial 10 U bolus, followed by second 10 U bolus 30 min later

Tenecteplase

Weight-adjusted single bolus:
	 •	 	30	mg	if	<60	kg
	 •	 	35	mg	if	60–69	kg
	 •	 	40	mg	if	70–79	kg
	 •	 	45	mg	if	80–89	kg
	 •	 	50	mg	if	≥90 kg

Half-dose if age >75 yrs*

*Not indicated in the label.
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agents increase the risk of reocclusion by a factor of two in 
the absence of a generalized systemic lytic state.

Clinical Trials of Tissue-Plasminogen Activator
The initial experience with alteplase in STEMI patients con-
firmed its thrombolytic potency and its fibrin specificity. 
Before settling on the current front-loaded dosing, a variety 
of alteplase dosing schemes were tested in several studies. 
In one of the first large-scale study with alteplase, the ASSET 
(Anglo-Scandinavian Study of Early Thrombolysis) trial 
in 1988, an unusually long administration of alteplase was 
used. This first trial showed a 26% mortality reduction com-
pared with placebo, despite the absence of aspirin in this 
study. Alteplase, given in a 3-hour dosing regimen, was subse-
quently shown to achieve significantly better patency scores 
than streptokinase, although in two large-scale trials, ISIS-3 
(n = 41,299, with duteplase)14 and GISSI-2–International  
(n = 12,490, with alteplase),15 a similar tPA regimen resulted 
in the same mortality rates as streptokinase.

The question which of the two, streptokinase or alteplase, is 
the most effective in terms of mortality reduction was finally 
settled in 1993 in the first Global Utilization of Streptokinase 
and Tissue Plasminogen Activator for Occluded Coronary 
Arteries (GUSTO) trial.16 In this trial, which included more 
than 40,000 patients, a shorter 90-minute dosing regimen 
of alteplase was used and was shown to achieve higher 
patency rates than the 3-hour scheme. Thirty-day mortality 
was 6.3% in patients who received alteplase and intrave-
nous heparin compared with 7.4% in patients treated with 
streptokinase and intravenous heparin (P = .001), which was 
driven by a significantly higher Thrombolysis In Myocardial 
Infarction (TIMI) flow grade 3 at 90 minutes (54% vs. 32%, 
with streptokinase).17 Early reocclusion was not uncommon 
in the era before systematic planned angiography and angio-
plasty after lytic therapy (see Chapter 23), in part because of 
the paradoxical procoagulant and platelet-activating side 
effects of fibrinolytic agents, and was associated with a high 
30-day mortality—12% compared with 1.1% in patients with 
early and persistently patent coronary arteries.18 In the end, 

GUSTO-1 convincingly settled the discussion whether suc-
cessful early vessel patency associated with fibrinolysis, as 
observed in the earlier phase II studies, directly translated 
into improved outcome, often referred to as the “open artery 
theory,” or whether fibrinolysis improved outcome by mech-
anisms other than early coronary reperfusion. The 30-day 
mortality differences between the four fibrinolytic strategies 
compared in the main GUSTO-I trial (all 41,021 patients) 
were predicted accurately from differences in the 90-minute 
TIMI grade 3 flow rates in the angiographic substudy.19 This 
close match between mortality differences predicted from 
early patency data and actual mortality supported the para-
digm that early, complete, and sustained epicardial coronary 
artery reperfusion is an essential mechanism underlying the 
life-saving potential of fibrinolytic therapy.

Reteplase
After the identification of the molecular structure of tis-
sue plasminogen activator, several attempts were made at 
improving its properties by targeted mutations and dele-
tions (see Tables 15-3 and 15-4). In general, these efforts 
focused on improving fibrin specificity and resistance to 
PAI-1, and especially on prolonging its half-life. Reteplase, a 
second-generation thrombolytic agent, was a first attempt 
to improve on the shortcomings of alteplase. It is a mutant 
of alteplase in which the finger, the kringle-1 domain, and 
epidermal growth factor domains are removed. This results 
in a decreased plasma clearance with a longer half-life 
than alteplase (see Table 15-3), allowing administration as 
bolus injection. However, the removal of the finger domain 
diminishes fibrin specificity, although inactivation by PAI-1 
remains similar to alteplase.

Clinical Trials of Reteplase
In two open-label randomized pilot trials, different doses of 
reteplase were evaluated in patients with acute MI. In two 
studies (Reteplase [r-PA] vs Alteplase Patency Investigation 
During Acute Myocardial Infarction [RAPID] I and II) 
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patients treated with two boluses of 10 U reteplase, given 
30 minutes apart, had significantly higher rates of TIMI 
grade 3 flow compared with patients treated with either 
the 3-hour or front-loaded infusion of alteplase (Figure 
15-4). Encouraged by these favorable early patency rates, 
reteplase was evaluated in two large outcome trials. In the 
double-blind International Joint Efficacy Comparison of 
Thrombolytics (INJECT) trial, 6010 patients with acute MI 
within 12 hours of symptom onset were randomized to 
either double-bolus reteplase (10 U), given 30 minutes apart, 
or streptokinase. INJECT did not find any difference in 35-day 
mortality between double-bolus reteplase and streptoki-
nase. The percentage of patients with complete ST-segment 
resolution was significantly higher with reteplase in a sub-
study of INJECT, but this did not translate into improved 
outcome.20 In the GUSTO-III trial, which was designed as a 
superiority trial, 15,059 patients were randomized to double-
bolus reteplase or front-loaded alteplase.21 Like the INJECT 
study, mortality at 30 days was again similar for both treat-
ment arms (7.47% vs. 7.24%), as was the incidence of hem-
orrhagic stroke (0.91% vs. 0.93%) or other major bleeding 
complications. Similar mortality rates were maintained for 
both treatment groups at 1-year follow-up (see Figure 15-3) 
and remained consistent among various subgroups, includ-
ing older adults and patients presenting early after symptom 
onset. Thus, higher patency rates at 90 minutes with reteplase 
did not translate into lower short- or intermediate-term mor-
tality rates. This discordance between initial patency and 
outcomes might be explained in part by increased plate-
let activation and surface receptor expression, and subse-
quent reocclusion, with reteplase compared with alteplase. 
Reteplase is still available and in clinical use today.

Tenecteplase
Tenecteplase is bioengineered from alteplase with mutations 
at three places (T103, N117, KHRR296-299), which increases 
its plasma half-life (T103, 20 minutes), improves fibrin bind-
ing and fibrin specificity, and increases resistance to PAI-1 
(N117 and KHRR296-299). Its slower clearance allows conve-
nient single-bolus administration (see Tables 15-3 and 15-4). 
The higher fibrin specificity of tenecteplase is the result of 

reduced efficiency of plasminogen activation in the pres-
ence of fibrinogen and fibrin degradation products, whereas 
efficiency in the presence of fibrin remains equivalent. As a 
result, tenecteplase leads to faster recanalization compared 
with alteplase. Tenecteplase also has higher thrombolytic 
potency on platelet-rich clots than its parent molecule.

Clinical Trials of Tenecteplase
Efficacy of different doses of tenecteplase with respect to 
establishing angiographic patency was initially evaluated 
in the TIMI 10A and 10B trials. Taken together, patency rates 
were identical after a single-bolus administration of 40-mg 
tenecteplase compared with alteplase (63%). A 50-mg dose 
of tenecteplase had to be discontinued early because 
of an excess of ICHs in the TIMI 10B trial (Figure 15-5). 
Concomitantly, the safety of single-bolus administration of 
tenecteplase was evaluated in the ASSENT (Assessment 
of the Safety and Efficacy of a New Thrombolytic) 1 study; 
3325 patients received a single bolus of either 30- or 40-mg 
tenecteplase. Mortality or severe bleeding complications, 
including ICHs, occurred in a low proportion of patients, 
without significant differences among the treatment groups.

In the double-blind ASSENT-2 trial, 16,949 patients were 
randomized to a single-bolus, weight-adjusted tenecteplase or 
weight-adjusted front-loaded alteplase.22 Specifically designed 
as an equivalency trial, this study showed that tenecteplase 
and alteplase were equivalent for 30-day mortality (6.18% vs. 
6.15%; 90% confidence interval [CI], 0.917 to 1.104). The two 
treatments did not differ significantly in any subgroup analy-
sis, except for a lower 30-day mortality with tenecteplase in 
patients treated after 4 hours of symptom onset. Although the 
rates of ICH were similar for tenecteplase (0.93%) and rt-PA 
(0.94%), women, patients older than 75 years, and patients 
weighing less than 67 kg tended to have lower rates of ICH 
after treatment with tenecteplase. Noncerebral bleeding com-
plications occurred less frequently in the tenecteplase group, 
a difference that was even more apparent in high-risk women. 
Thus, the increased fibrin specificity of tenecteplase may 
induce both a better outcome in late-treated patients and 
fewer bleeding complications in high-risk patients.

After the ASSENT trials, different doses of tenecteplase were 
used in real-world practice and in clinical trials. In the phar-
maco-invasive Strategic Reperfusion Early After Myocardial 
Infarction (STREAM) study (see Chapter 14), the dose of 
tenecteplase was reduced by 50% in patients older than 75 
years of age, after enrolling approximately 20% of the ultimate 
study population, because of an excess of bleeding compli-
cations, including ICH in older adults.23 After implementing 
the age-adjusted dose, no more ICHs were seen in patients 
75 years of age or older assigned to the lytic arm. This obser-
vation suggests that older adult patients might have a more 
favorable balance of benefit and risk using only one-half dose 
of tenecteplase; however, formal professional society recom-
mendations have not been made to support this regimen.

Lanoteplase
Lanoteplase is of historical interest, but it ended development 
before coming to clinical use. Lanoteplase is a deletion mutant 
of alteplase by deleting its fibronectin fingerlike and epidermal 
growth factor domains and mutating Asn to Gln at residue 117 
in the kringle domain (see Tables 15-3 and 15-4). Lanoteplase 
can be given as a single-bolus injection, with decreased plasma 
clearance (30 minutes) allowing administration.

P
at

en
cy

 (
T

IM
I g

ra
de

 3
 fl

ow
, %

)

30–D
ay M

ortality (%
)

100

90

80

70

60

50

40

30

20

10

0

10

9

8

7

6

5

4

3

2

1

0

Alteplase Reteplase Tenecteplase

 RAPID-II TIMI 10B GUSTO-III ASSENT-2

45

60 63 63

7.24 7.47

6.15 6.18

FIGURE 15-4 Patency versus outcome in the landmark reteplase and 
tenecteplase trials.



Fib
rin

o
lytic Th

erap
y fo

r Patien
ts w

ith
 ST-Elevatio

n
 M

yo
card

ial In
farctio

n
175

15

In the Intravenous nPA for Treatment of Infarcting 
Myocardium Early (InTIME)-2-trial, 15,078 patients were ran-
domized in a 2:1 ratio to single-bolus lanoteplase (120 kU/kg) 
or front-loaded alteplase. Thirty-day mortality was equivalent 
for both groups (6.75% vs. 6.61%).24 Unfortunately, the rate 
of hemorrhagic strokes was significantly higher in patients 
treated with lanoteplase (1.12% compared with 0.64% for 
alteplase). The increased rate of ICH and minor bleeding 
with lanoteplase was believed to be related to the relatively 
high dose and the lower fibrin specificity. The InTIME-2 trial 
highlighted the importance of adequately sized phase II tri-
als for dose selection and also revealed lower rates of bleed-
ing with reduced dosing of intravenous heparin, supporting 
the trend toward lower dosing regimens of anticoagulant 
therapy during fibrinolysis (see Chapter 18).

Fibrinolytics of Historical Interest
Staphylokinase
Recombinant staphylokinase has only limited use in some 
countries and is described briefly here for completeness. 
Although staphylokinase, a bacterial profibrinolytic agent, 
was discovered in 1908, its clinical use in STEMI only 
regained interest and momentum in the last decade of the 
20th century (see Tables 15-3 and 15-4). This delay, in con-
trast to the rapid uptake of streptokinase, was caused by the 
presence of antibody-related neutralizing activity in serum 
samples of test subjects and massive bleeding in staphylo-
kinase-treated dogs in the 1960s. In retrospect, the choice of 
this animal model was unfortunate, because staphylokinase 
lacks fibrin specificity in dogs, in contrast to other species.25

Staphylokinase has a high thrombolytic potency and is 
effective in dissolving platelet-rich thrombi, and it possesses 
high fibrin specificity in human plasma. In the Recombinant 
Staphylokinase (STAR) trial, the effects of staphylokinase ver-
sus front-loaded and weight-adjusted alteplase on early cor-
onary artery patency were evaluated in 100 STEMI patients. 

TIMI-3 flow at 90 minutes was reached in 58% of patients 
treated with alteplase and in 62% of patients treated with 
staphylokinase. Staphylokinase proved to be highly fibrin 
specific, preserving circulating fibrinogen, plasminogen, 
and α2-antiplasmin levels, whereas alteplase caused a signif-
icant drop in fibrinogen, plasminogen, and α2-antiplasmin. 
Although wild-type staphylokinase induces an antibody 
response, engineered variants with reduced antigenicity 
have been shown to decrease the occurrence and magni-
tude of inactivating antibodies.

Saruplase
Saruplase or prourokinase is infrequently used in STEMI 
patients, but it is not approved in Europe or the United 
States.26 Saruplase is a single-chain recombinant uroki-
nase-type plasminogen activator without immunogenic-
ity. Although not fibrin specific, it has a plasma half-life of 
9 minutes. In the COMPASS (Comparison Trial of Saruplase 
and Streptokinase) trial, 3089 patients were randomized to 
saruplase or streptokinase. Thirty-day mortality was numeri-
cally lower in the saruplase group (5.7% vs 6.7% for strep-
tokinase). ICHs were higher with saruplase (0.9% vs 0.3% 
for streptokinase), although only a limited number of older 
adult patients were included in this trial. In another study, the 
BASE (Bolus Administration of Saruplase in Europe) trial, 
several dosing regimens were tested. Although the highest 
dose, a double bolus of 40/40 mg, resulted in the highest 
patency, it also had the highest complication rate.

Amediplase
Amediplase is a chimeric fusion protein consisting of the 
kringle 2 domain of t-PA and the catalytic domain of uro-
kinase-PA. It is fibrin-specific, nonimmunogenic, and can 
be given as a single bolus. In vitro, it appears to be some-
what more potent than prourokinase or tenecteplase. In 
two angiographic studies (2k2 and 3k2), TIMI flow grade 3  
was obtained in more than 50% of the patients in a dose 
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of ±1 mg/kg with a good safety profile. Amediplase was not 
further developed after these initial studies.

CLINICAL USE, INDICATIONS, AND 
CONTRAINDICATIONS FOR FIBRINOLYTIC 
THERAPY

Indications for Fibrinolytic Therapy
Traditionally, patients with typical chest pain of up to 12-hour 
duration presenting with electrocardiographic ST-segment 
elevations or presumed new bundle branch block are eli-
gible for fibrinolytic therapy. The clot-lysing efficacy of fibri-
nolytic therapy is clearly time-dependent, working best on 
newly formed clots. In addition, early in the course of STEMI, 
the thrombus may be smaller and thus faster and easier to 
lyse. Consequently, treatment delays are associated with less 
successful ST-segment recovery after fibrinolysis and lead 
to higher long-term mortality rates. Although administering 
fibrinolytic agents up to 12 hours after the onset of symptoms 
may be beneficial in terms of outcome, and the most recent 
American Heart Association (AHA)/American College of 
Cardiology (ACC) and European Society of Cardiology (ESC) 
guidelines recommend this time window27,28; every minute 
that reperfusion is postponed will inevitably result in more 
extensive necrosis. The relative mortality reduction following 
fibrinolytic therapy was found to be more than twice as high 
in patients treated within 2 hours versus in those treated later.29

The usual electrocardiographic criterion for administra-
tion of fibrinolytic therapy is at least 0.1 mV of ST-segment 
elevation in two or more contiguous leads (see Chapter 6). 
Because mortality is significantly higher in patients with 
complete left bundle branch block, administration of a fibri-
nolytic agent is also recommended in this population.

Contraindications to Fibrinolysis
Contraindications to fibrinolysis are in essence precautions 
to avoid excessive risk of hemorrhage (Tables 15-5 and 15-6). 
In these patients, especially those with a history of stroke or 
recent major surgery or bleeding, PPCI should be consid-
ered even when this would be associated with a significant 
treatment delay.

Registries have suggested that there is a mortality disad-
vantage in fibrinolysis-treated patients who are older than 75 
years of age, possibly because of an excess of major bleed-
ing complications. This excessive mortality might also be 
explained in part by negative selection, because fitter older 
adult patients might have been more likely amenable for 
PPCI. However, mortality rates in these observational studies 
are in contrast to findings from large randomized trials. In the 
Senior Primary Angioplasty in Myocardial Infarction (SENIOR 
PAMI) trial, PPCI was not found to be superior to fibrinolyt-
ics in 481 older patients (≥70 years of age). Furthermore, data 
from the FTT (Fibrinolytic Therapy Trialists) group in 3300 
STEMI patients older than age 75 years showed a significant 
absolute mortality reduction by fibrinolytic therapy that was 
even greater than that in younger patients (34 patients vs. 16 
patients per 1000 randomized patients).30 An ongoing con-
cern is the risk of ICH with lytic therapy, especially in older 
adults (Figure 15-5). Recently, results from trials, including 
STREAM and registries, have suggested that reduced-dose 
fibrinolysis might be a safe and effective alternative for older 
adults. However, the trade-off between safety and benefit of 

reduced fibrinolysis in a contemporary setting of standard 
upfront dual antiplatelet therapy and planned PCI needs to 
be addressed prospectively.

ASSESSMENT OF REPERFUSION

The early efficacy trials used 60- or 90-minute patency of the 
infarct-related vessel on angiography as the most important 
demonstration of successful fibrinolysis. A TIMI flow grade 
of less than 3 in the infarct-related artery is associated with 
poor functional recovery of the left ventricle and increased 
mortality. However, angiography at best presents a snapshot 
view of the dynamic process of coronary occlusion and 
recanalization. Myocardial tissue reperfusion correlates bet-
ter with outcome than epicardial coronary artery patency, 
but restored epicardial blood flow does not adequately 
reflect reperfusion at the tissue level.31 Restoration of reper-
fusion at the tissue level can be assessed noninvasively with 
contrast echocardiography (see Chapter 31), magnetic reso-
nance imaging (see Chapter 33), or ST-segment monitoring. 
ST-segment resolution, which reflects myocardial reperfu-
sion, has been shown to be associated with better short- 
and long-term mortality. In contrast, even in patients with 
TIMI grade 3 flow after lytic therapy, failure to achieve early 
ST-segment recovery is associated with a worse outcome. 
In contemporary practice and clinical trials, ST-segment 
resolution of 50% or more at 90 minutes after lytic therapy is 
also used to assess early success reperfusion. A rescue PCI 
should be considered in case of signs of failed reperfusion, 
such as insufficient ST-segment resolution, as well as hemo-
dynamic or electrical instability or ongoing chest pain (see 
Chapter 14). In contrast, angiography and PCI should only 
be planned between 3 and 24 hours after successful lytic 
therapy to avoid periprocedural thrombotic complications.

Concomitant Therapies
Because the formation and lysis of a coronary thrombus 
results from a complex interplay of different pathways involv-
ing platelets and the coagulation system, the additional use 

TABLE 15-5 Contraindications for Fibrinolysis

ABSOLUTE RELATIVE

Previous hemorrhagic stroke at any time
Nonhemorrhagic	stroke	<6	mo
CNS malformation, neoplasm or damage
Recent surgery or significant trauma within 

2–4 weeks
Active (uncontrolled) bleeding
Gastrointestinal bleeding within last 

month
Known bleeding disorder
Suspected aortic dissection

Transient ischemic attack  
<6	mo

Uncontrolled or refractory 
hypertension

Traumatic cardiopulmonary 
resuscitation or prolonged 
CPR

Current use of anticoagulants
Recent bleeding (2–4 weeks)
Pregnancy

CNS, Central nervous system; CPR, cardiopulmonary resuscitation.

TABLE 15-6 Patients at Increased Risk for 
Intracranial Hemorrhage

	•	 	History	of	cerebrovascular	disease,	including	cerebrovascular	accident	
and transient ischemic attack

	•	 	Age	>75	yrs
	•	 	Female	gender
	•	 	Low	body	weight
	•	 	High	blood	pressure	or	pulse	pressure	on	admission
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of agents that target each of these separate components 
beyond lytic therapy potentially optimizes clot lysis and pre-
vents reocclusion. A major drawback of fibrinolytic therapy 
is its procoagulant side effect caused by increased throm-
bin generation. Therefore, better as well as safer inhibition 
of thrombin and platelets improves the efficacy of fibrino-
lysis. The use of anticoagulants and antiplatelet therapy is 
described in detail in Chapter 18 and Chapter 19, respec-
tively, and is discussed briefly here.

Anticoagulation with Fibrinolysis
Unfractionated Heparin
Intravenous unfractionated heparin (UFH) has been a stan-
dard adjunctive antithrombotic therapy with fibrin-specific 
fibrinolytics since the first GUSTO trial. UFH does not nec-
essarily improve early patency rates, but improves patency 
rates at later time points by preventing rethrombosis. It took 
several large trials and over a decade to settle on the most 
optimal UFH dosing regimen, balancing bleeding risk ver-
sus thrombosis. Giugliano and colleagues analyzed different 
heparin dosing schemes and monitoring regimens in sev-
eral studies.32 In three of these trials (TIMI 9, GUSTO II, and 
TIMI 10B), heparin doses were reduced during the course of 
the trial, resulting in lower rates of ICH. The current recom-
mended dosing scheme that was used in the ASSENT-3 trial 
also includes an early measurement of the activated partial 
thromboplastin time after 3 hours.33

The use of UFH has significant drawbacks. The level 
of anticoagulation with UFH is highly variable in patients 
because of low bioavailability and variable clearance, 
requiring frequent activated partial thrombin time moni-
toring. UFH is also relatively ineffective in inhibiting clot-
associated thrombin and factor X, and does not reduce the 
generation of thrombin associated with fibrinolysis. These 
properties can result in rebound activation of the coagula-
tion cascade after cessation of an infusion, increasing the 
risk of reocclusion (see Chapter 23). UFH has been largely 
replaced by low–molecular-weight heparin (LMWH) as an 
adjunct to lytic therapy.

Low–Molecular-Weight Heparins and Pentasaccharides
LMWH has several advantages over conventional UFH, 
including greater bioavailability, better resistance to inhibi-
tion by activated platelets, and a lower incidence of heparin-
induced thrombocytopenia. Also, a better anti-Xa:IIa ratio 
than that of UFH more efficiently promotes the inhibition 
of thrombin generation. LMWHs are much easier to admin-
istrate, and have a more stable and predictable anticoagu-
lant response that eliminates the need for activated partial 
thrombin time monitoring. Subcutaneous administration 
and a longer half-life significantly facilitate prehospital and 
in-hospital administration compared with UFH.

Studies have shown a reduction in reinfarction rates and 
enhanced late patency with the use of LMWH in acute coro-
nary syndromes. Compared with UFH, patency rates after 
alteplase administration tended to be higher with dalteparin 
or enoxaparin in the ASSENT PLUS and HART II (Heparin 
Aspirin Reperfusion Trial II) trials. In the ENTIRE-TIMI 
(Enoxaparin and Tenecteplase with or without Glycoprotein 
IIb/IIIa Inhibitor as Reperfusion strategy in ST elevation MI–
Thrombolysis in Myocardial Infarction) 23 trial, enoxaparin 
plus full-dose tenecteplase achieved similar TIMI 3 flow 
rates compared with UFH plus tenecteplase at 60 minutes.34

In the ASSENT-3 study, enoxaparin (30-mg intravenous 
bolus followed by 1 mg/kg immediately and every 12 hours 
subcutaneously for 7 days) was compared with UFH in combi-
nation with tenecteplase.33 Enoxaparin significantly reduced 
the risk for ischemic complications at 30 days (see Figure 
15-3). Enoxaparin in combination with tenecteplase was also 
evaluated in the prehospital setting in the ASSENT-3 PLUS trial. 
A nonsignificant reduction in ischemic complications with 
enoxaparin was observed, at the expense of an increase in 
ICH in older adult patients. However, by using an age-adjusted 
dose (no bolus and 75% of the maintenance dose), enoxapa-
rin still increased the risk of major bleeding by 50%, but not 
the risk of ICH after fibrinolytic therapy, while it still reduced 
the risk of ischemic complications in the Enoxaparin and 
Thrombolysis Reperfusion for Acute Myocardial Infarction 
Treatment–Thrombolysis In Myocardial Infarction (ExTRACT-
TIMI)-25 study. Two meta-analyses of trials that compared 
LMWH to UFH confirmed that LMWH reduced the risk of 
death and reinfarction, but were associated with a higher risk 
of major bleeding complications (odds ratio, 1.45, 95% CI, 1.24 
to 1.91).35,36 In the current guidelines, enoxaparin, in the age- 
and weight-adjusted ExTRACT dose, is recommended over 
UFH (class IA recommendation).27,28

Fondaparinux, a synthetic pentasaccharide, is a selective 
antithrombin-dependent factor Xa inhibitor. As with LMWH, 
fondaparinux is less biologically variable and does not need 
monitoring of its anticoagulant effect. In the Organization 
to Assess Strategies for Ischemic Syndromes (OASIS)–6 trial, 
fondaparinux was compared with UFH or placebo in 12,092 
patients with STEMI.37 Lytic therapy was used in 45% of patients 
(n = 5436), most of whom received a nonfibrin-specific agent. 
In these patients, fondaparinux was associated with a signifi-
cant 21% lower risk of death or MI compared with standard 
heparin or placebo. In addition, the risk of bleeding, includ-
ing ICH, was considerably lower with fondaparinux, irrespec-
tive of the type of fibrinolytic agent. Guidelines recommend 
fondaparinux as adjunctive therapy to all fibrinolytics (AHA/
ACC, class IB) or to streptokinase only (ESC, class IIaA).27,28

Direct Thrombin Inhibitors
In contrast to UFH, which only inhibits fluid-phase thrombin, 
direct thrombin inhibitors inhibit both fibrin-bound and cir-
culating thrombin. Because inadequately inactivated throm-
bin at the site of the thrombus is in part responsible for the 
procoagulant side effect of fibrinolysis, direct inhibition of 
thrombin might reduce the occurrence of ischemic com-
plications after reperfusion. Thrombin inhibitors like hirudin 
or bivalirudin only appear to interact favorably with strepto-
kinase, not with alteplase. In the HERO-2 (Hirulog and Early 
Reperfusion or Occlusion) trial, 17,073 patients with STEMI 
were randomized to streptokinase and UFH or streptoki-
nase and bivalirudin.38 Mortality at 30 days was not differ-
ent between both regimens, although the reinfarction rate 
within 96 hours was significantly lower in the bivalirudin 
group, suggesting that early and more efficient inhibition of 
thrombin might prevent reocclusion. However, mild to mod-
erate bleeding complications were higher in the bivalirudin 
group. Direct thrombin and factor Xa inhibitors have not 
been studied with fibrin-specific agents.

Antiplatelet Agents with Fibrinolysis
In the landmark ISIS-2 study, aspirin was clearly beneficial 
when given to STEMI patients. In addition, the reinfarction 
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rate was lower than when streptokinase was used alone. Since 
then, aspirin has been standard therapy with fibrinolysis.

Adenosine Diphosphate Receptor Antagonists
Despite use of aspirin in lytic-treated patients, reocclu-
sion and reinfarction after successful pharmacological 
reperfusion continues to be a problem, especially when 
a planned early (3 to 24 hour) PCI is not possible. The 
CLARITY (Clopidogrel as Adjunctive Reperfusion Therapy) 
trial examined whether clopidogrel, a P2Y12 receptor inhibi-
tor (300 mg bolus followed by 75 mg/day), was associated 
with higher rates of infarct-related artery patency in patients 
treated with a fibrinolytic agent and aspirin.39 Clopidogrel 
appears to improve patency rates by preventing reoc-
clusion rather than through facilitating early reperfusion  
(Figure 15-6). At angiographic follow-up at least 2 days after 
fibrinolytic therapy, clopidogrel was associated with signifi-
cantly better patency rates in CLARITY. No increased risk of 
bleeding complications, including ICHs, with clopidogrel 
was observed. However, because no patients older than 75 
years of age were included in CLARITY, it remains uncertain 
whether upfront dual antiplatelet therapy is safe in older 
adults treated with lytic therapy. In contemporary practice, 
most lytic-treated patients receive early coronary angiog-
raphy (see Chapter 14). When using fibrinolysis in patients 
who cannot undergo primary PCI, but who still have access 
to PCI facilities in a STEMI network, it appears to be sen-
sible to load clopidogrel upfront, at the time of starting lytic 
therapy and not to wait until the intervention. Clopidogrel’s 
benefit in CLARITY appeared to be irrespective of addi-
tional glycoprotein (GP) IIb/IIIa inhibitors given at the time 
of PCI, suggesting that starting clopidogrel upfront at the 
time of fibrinolysis could reduce the need for additional 
antithrombotic agents at the time of rescue or planned early 
PCI. In the ASSENT-4 PCI study, clopidogrel was only started 
per protocol when a PCI was deemed necessary; the delay 
of clopidogrel administration might have been one of the 
reasons why the patency rate with tenecteplase was lower 
than expected. In contrast, in the STREAM study, compar-
ing fibrinolysis with rescue or planned PCI versus primary 
PCI in patients unable to undergo PPCI within 60 minutes, 

a loading dose of 300-mg clopidogrel was given upfront, fol-
lowed by a daily dose of 75 mg.40 However, in patients older 
than 75 years of age, no loading dose was given because of a 
lack of safety data. Ultimately, both strategies appeared to be 
similar in terms of outcomes.23,40

A recent mechanistic study has suggested that two-thirds 
of patients still have unacceptably high residual platelet 
reactivity after clopidogrel and fibrinolysis, when measured 
3 to 48 hours after initiation but before their planned angiog-
raphy or PCI.41 Switching to ticagrelor versus reloading with 
600-mg clopidogrel was associated with a significantly lower 
platelet reactivity rate. The efficacy and safety of switching 
to ticagrelor or upfront ticagrelor with fibrinolysis has not 
been assessed in adequately sized clinical trials. In addi-
tion, there are no data on the efficacy or safety of prasugrel 
administered acutely together with fibrinolysis. However, 
anecdotal evidence suggests that clopidogrel can be safely 
switched to prasugrel at the time of PCI in selected lytic-
treated patients.42

Glycoprotein IIb/IIIa Antagonists
The addition of GP IIb/IIIa inhibitors to fibrinolytic regimens 
was long believed to overcome some of the drawbacks of 
fibrinolytic therapy. The combination of a half-dose lytic and 
a GP IIb/IIIa inhibitor was shown to induce less systemic 
plasminogen activation and to reverse the platelet- activating 
effect of fibrinolytic drugs, which resulted in a reduction in 
angiographically evident thrombus. The efficacy and safety 
of abciximab in combination with reduced-dose fibrino-
lysis was evaluated in GUSTO-V and ASSENT-3.33,43 Taken 
together, combination therapy with fibrinolysis and abcix-
imab resulted in a reduction in ischemic complications after 
acute MI, but this benefit was clearly offset by an increased 
risk of bleeding complications, particularly in older adults. 
As a consequence, abciximab is not routinely used with 
fibrinolytic therapies.

PREHOSPITAL FIBRINOLYSIS

Time lost between symptom onset and treatment initiation 
remains a crucial contributor to treatment delay in STEMI 
and might be especially problematic in rural or sparsely 
inhabited regions. Because mortality rates in randomized 
fibrinolytic trials are consistently lower when patients are 
treated within 2 hours of symptom onset, prehospital treat-
ment is one attractive approach to improve early reperfusion 
and outcome with fibrinolysis. The convenience of admin-
istering a single bolus fibrinolytic agent (e.g., tenecteplase) 
along with a simple dose of enoxaparin has undoubtedly 
facilitated prehospital reperfusion protocols. This combi-
nation was investigated in the prehospital setting in the 
ASSENT-3 PLUS trial. Initiation of the lytic agent in the ambu-
lance rather than in the emergency room resulted in a time 
gain of 47 minutes, significantly increasing the fraction of 
patients treated within 2 hours after symptom onset from 29% 
in ASSENT-3 to 52% in ASSENT-3 PLUS. These patients had a 
lower mortality rate than those who were treated more than 
2 hours after symptom onset. A meta-analysis confirmed that 
the time gained with prehospital treatment resulted in a sig-
nificant 17% mortality reduction compared with in-hospital 
fibrinolysis.44 The question whether prehospital fibrinoly-
sis compares favorably to transport to a center with inter-
ventional facilities for PPCI was addressed in the CAPTIM 
(Comparison of Angioplasty and Prehospital Thrombolysis 
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FIGURE 15-6 TIMI grade 3 flow rates at angiography performed 48 to 192 
hours after the start of study medication (left bars) and outcome (right bars) 
versus early (90-minute) ST-segment resolution in patients randomized to 
placebo or clopidogrel in the CLARITY-TIMI 28 study.
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in Acute Myocardial Infarction) trial.45 PPCI was not found 
to be superior to prehospital fibrinolysis in terms of out-
come, even at 5-year follow-up. However, rescue PCI after lysis 
was frequent, and this might have contributed to the favor-
able outcomes in the prehospital group. A report from the 
French Registry on Acute ST-Elevation Myocardial Infarction 
(FAST-MI) showed that the 5-year outcome with prehospital 
fibrinolysis in a contemporary pharmaco-invasive setting 
was associated with excellent outcomes, compared with 
those after PPCI.46 Likewise, prehospital fibrinolysis followed 
by planned PCI compared favorably to transport for PPCI in 
the STREAM trial, provided that the dose of tenecteplase was 
halved in patients older than 75 years of age.23

SUMMARY

Despite the proven benefit and increasing use of PPCI world-
wide, fibrinolysis remains relevant as a treatment option for 
STEMI patients. It significantly improves outcome, and is the 
preferred reperfusion therapy in absence of PCI facilities or 
when a timely PPCI is not possible. For many STEMI patients, 
especially in rural or remote areas, it often is the only option 
for immediate reperfusion. Ideally, single-bolus fibrinolysis is 
started in the prehospital setting within established STEMI 
networks, is accompanied by enoxaparin and clopidogrel 
in the absence of contraindications, and is followed by early 
invasive management (see Chapter 14). The optimal dose 
of tenecteplase in the elderly still needs to be assessed pro-
spectively, but the favorable balance between benefit and 
bleeding risk in recent studies suggests that a half bolus 
might be the preferred regimen in this population.
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INTRODUCTION

A non–ST-elevation acute coronary syndrome (NSTE-ACS) 
is caused by a severe flow-limiting stenosis or acute throm-
botic obstruction of a coronary artery (see Chapter 13). In 
the absolute majority of cases,levels of myocardial markers 
also are elevated, indicating myocardial damage related to 
thrombotic obstruction at the site of the culprit coronary 
lesion, as well as to downstream embolization of thrombotic 
material from the lesion. The thrombotic component of the 
disease can be influenced by treatment with anticoagulant 
and antiplatelet agents (see Chapter 18 and Chapter 19).  
Most often, however, one or more severe coronary stenoses 
remain, with consequent high risk for recurrent events dur-
ing or after withdrawal of the initially intense antithrom-
botic treatment. Intervention to improve coronary flow 
is the rationale for early use of coronary angiography and 
revascularization.1

Elimination or bypass of the flow-limiting lesions by means 
of percutaneous coronary intervention (PCI) or coronary 
artery bypass grafting (CABG) complements medical therapy 
for rapid initial as well as long-term stabilization of the patient’s 
condition.2 The benefits and risks are related not only to lesion 
characteristics but also to patient characteristics that affect 
the progression of atherothrombosis and the risk of complica-
tions with these invasive procedures (see Chapter 17). Early 
risk stratification (see Chapter 11) is important to identify 
patients at high immediate- and long-term risk for death and 
cardiovascular events, in whom an early invasive strategy with 
 adjunctive medical therapy may reduce that risk.1,2

CORONARY ANGIOGRAPHY

Invasive coronary angiography, followed by coronary revascu-
larization, is performed in a majority of patients hospitalized 
with NSTE-ACS in geographic regions with well-developed 
health care systems. The decision for an invasive strategy 
should carefully weigh the risks of invasive diagnostics and 
the potential benefits. The decision to proceed with coronary 
revascularization, once the anatomy is defined by angiography, 

takes into account the risk in terms of morbidity and mortality 
associated with the proposed procedure (PCI or CABG) and 
the benefits in terms of short- and long-term prognosis, symp-
tom relief, quality of life, and duration of hospital stay.

In the vast majority of cases, coronary angiography allows 
clinicians to achieve the following:
	•	 	Confirm	the	diagnosis	of	ACS	related	to	obstructive	epi-

cardial coronary artery disease (CAD) (or rule out epi-
cardial CAD as the origin of chest pain).

	•	 	Guide	 subsequent	 antithrombotic	 treatment	 or	 avoid	
unnecessary exposure to antithrombotic agents.

	•	 	Identify	the	culprit	lesion(s).
	•	 	Establish	 an	 indication	 for	 coronary	 revascularization	

and assess the suitability of coronary anatomy for PCI 
and CABG.

	•	 	Stratify	the	patient’s	short-	and	long-term	risk.
Angiographic patterns of CAD in patients with NSTE-ACS 

are diverse, ranging from a normal appearance of epicardial 
coronary arteries to a severely and diffusely diseased coronary 
artery tree. In patients with a clinical diagnosis of ACS, approxi-
mately 10% will be found to have disease of the left main artery, 
25% will have three-vessel disease, 25% will have two-vessel dis-
ease, 25% will have one-vessel disease, and 15% will have no 
significant CAD at coronary angiography. Risk indicators such 
as age, male gender, diabetes mellitus, previous myocardial 
infarction (MI), previous severe angina, renal dysfunction, left 
ventricular dysfunction (manifesting as elevated B-type natri-
uretic peptide), ST-segment depression, elevated troponins, 
elevated growth differentiation factor 15 (GDF15), and higher 
risk response on stress testing are associated with a higher like-
lihood of multivessel or left main coronary artery disease (see 
Chapter 11).3 However, the correlations between the extent of 
CAD and these risk indicators are rather weak.

Identification of the Culprit Lesion
In patients with NSTE-ACS, it is important to try to identify 
the culprit lesion on angiography. Such lesions typically are 
seen as intraluminal filling defects, consistent with throm-
bus, plaque ulceration, plaque irregularity, dissection, or 
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impaired flow. Multiple vulnerable plaques may coexist, 
mostly as thin-cap fibroatheroma, within the coronary tree of 
a patient with NSTE-ACS (see Chapter 3). Nearly one fourth 
of patients with NSTE-ACS present with an acute occluded 
coronary artery, and two thirds of the occlusions are already 
collateralized at the time of angiographic examination. As a 
consequence, differentiation between an acute or subacute 
and chronic occlusion may sometimes be challenging, and 
identification of the culprit lesion based solely on angiogra-
phy findings may not be possible.

ROUTINE INVASIVE VERSUS SELECTIVE 
INVASIVE MANAGEMENT

Multiple clinical trials and meta-analyses4,5 have compared 
a routine invasive versus selective invasive management 

strategy in patients with NSTE-ACS. Compared with a selective 
invasive strategy, a routine invasive strategy improves clinical 
outcomes and reduces rates of recurrent ACS, subsequent 
rehospitalization, and revascularization (Figure 16-1A-C).6 
The FRISC-2, TACTICS-TIMI 18, and the RITA-3 trials were the 
first three trials in which patients received contemporary anti-
thrombotic therapy, and most of the revascularization proce-
dures were either PCI with routine stenting or CABG. All three 
trials demonstrated a reduction in the composite of death, MI, 
and recurrent severe angina, with a routine invasive strategy 
compared with a primarily conservative (selective invasive) 
treatment. Although an early hazard with more procedure-
related MIs during hospitalization was noted for FRISC-2 and 
TACTICS-TIMI 18, a reduction of death and MI was seen in 
the intermediate term on follow-up evaluation at 6 months. 
In long-term follow-up extending to 5 years, other benefits 
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included persistent reduction in the composite of death 
and MI and a trend toward improved overall survival (see 
Figure 16-1A-C).

Somewhat surprisingly, the ICTUS trial, performed in a 
population of patients with troponin-positive NSTE-ACS, 
demonstrated no advantage with an early invasive approach 
over a more selective approach with revascularization only 
in those with ischemia at rest or exercise (see Figure 16-1D). 
However, the differing outcome in this trial compared with 
that in the other two is likely to be explained by a substantial 
crossover of 44% of patients receiving the noninvasive man-
agement to an invasive intervention.

Across the multiple trials of early invasive versus conser-
vative management, the proportion of patients undergoing 
revascularization in the different trials varied markedly. In 
some trials, less than 50% of patients in the invasive arm 
underwent early revascularization procedures, compared 
with a 35% to 45% early revascularization rate in the nonin-
vasive arm (Figure 16-2). Consequently, the ability to demon-
strate a mortality benefit with routine revascularization may 
depend on the difference in revascularization rate between 
randomized arms (Figure 16-3).

Furthermore, the true benefit of a routine invasive treat-
ment shown in trials probably is underestimated—not 
only because revascularization was allowed when patients 

deteriorated while on medical therapy (crossover) but also 
because trials excluded those with very-high-risk features 
and did not include consecutive patients. When the ICTUS 
trial began enrolling patients, the availability of results 
from previous trials might have increased the likelihood of 
excluding high-risk patients from the trial by sending them 
directly to invasive treatment.

Meta-Analyses
The first meta-analysis, by Mehta and colleagues, reported 
an overall benefit of routine invasive treatment, with reduc-
tions in the composite of death and MI, and in MI alone 
(Table 16-1). There was, however, an early (in-hospital) risk 
of ischemic events in patients in the routine invasive treat-
ment group. During the time span of enrollment in studies 
included in this meta-analysis (1994 to 2005), several aspects 
of the management of NSTE-ACS patients changed, includ-
ing the use of thienopyridines and glycoprotein GPIIb/IIIa 
inhibitors, as well as the evolution of interventional tech-
nology, such as placement of coronary stents. In a strati-
fied analysis, the reduction in ischemic events was more 
pronounced in studies published after 1999, as compared 
with those published earlier. In a subanalysis of the three 
studies with troponin results available, substantial benefit 
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was seen among patients with elevated troponin, with no 
apparent benefit for a routine invasive management strategy 
in patients with no elevation in troponin level. An analysis 
of all included studies using any biomarker of myocardial 
damage (i.e., creatine kinase, creatine kinase–MB fraction, 
or troponin) revealed similar results.

O’Donoghue and colleagues included all studies included 
in the previous analysis conducted by Mehta and associates, 
along with one additional study (ICTUS), and also extracted 
gender-specific information (see Table 16-1). After addition of 
data for the neutral ICTUS trial, no statistically significant differ-
ence was evident in the endpoints of death/MI and MI alone; 
however, routine invasive management reduced the composite 
endpoint of death, MI, and rehospitalization. This benefit was 
greatest in patients with elevated risk (as reflected in elevated 
levels of biomarkers of myocardial damage), for both men and 
women. Among women with negative biomarker assay results, 
a routine early invasive strategy provided no apparent benefit. 
Analogously, in a meta-analysis of data for women included 
in FRISC-II, RITA-3, ICTUS, and OASIS-5, a routine invasive man-
agement strategy offered no benefit over that of a selective 
invasive approach and appeared to result in higher mortal-
ity.5 In the meta-analysis performed by Bavry and colleagues,6 
one requirement for inclusion was the availability of GPIIb/
IIIa inhibitors and thienopyridines. Also, studies that included 
fibrinolysis were excluded. As a consequence, the earliest trials 
were not included (see Table 16-1). Routine invasive manage-
ment reduced both mortality and subsequent MI; as well, the 
early hazard of MI and mortality previously described with this 
approach was not apparent, with similar reductions in isch-
emic events at 1 month and later during follow-up.

Long-Term Outcomes
Five-year outcomes (as opposed to up to 1 year in the pre-
ceding three meta-analyses) with a routine invasive versus 
selective invasive strategy were assessed in a patient-level 
meta-analysis of the FRISC-II, RITA-3, and ICTUS trial data. 
A routine invasive strategy was consistently associated with 
lower rates for the composite endpoint of death and MI, and 

for MI alone, when compared with a selective invasive strat-
egy, and with a hazard ratio (HR) of 0.90 (CI, 0.77 to 1.05) for 
mortality alone.4 In a patient-pooled analysis of individual 
data from the FRISC-II, ICTUS, and RITA-2 trials, the effect of 
age on long-term outcomes with a routine or selective inva-
sive strategy was assessed. The long-term, 5-year benefit of the 
routine invasive strategy was attenuated in patients younger 
than 65 years of age, as well as in women.7 The more recently 
published 10-year results of the RITA-3 trial showed that the 
survival advantage afforded by a routine approach attenu-
ated after 5 years and disappeared at 10 years regardless of 
patient risk.8 The rates of all-cause and cardiovascular death 
were similar for the routine approach and the selective inva-
sive strategy groups (all-cause death: 25.1% versus 25.4%;  
P = 0.94; and cardiovascular death: 15.1% versus 16.1%; P = 0.65)  
for routine and selective invasive treatment, respectively). 
However, an interaction between treatment and time asso-
ciated with lower all-cause mortality was evident during 
the first 5 years, but this rate was higher during the second  
5 years for routine than for selective invasive treatment.

The significant treatment effect from the initial studies, 
the widespread clinical uptake of the findings, and guide-
line recommendations are likely to have caused the shift in 
clinical practice toward more routine invasive care.

Patient Selection
An early invasive strategy is recommended in a majority of 
patients with ACS,both to identify all severe coronary lesions 
and to improve clinical outcomes by early revasculariza-
tion.1,9,10 Although the vast majority of data support a routine 
invasive strategy, guidelines also highlight the importance of 
risk stratification in the decision-making process (Figure 16-4; 
Table 16-2). Both European Society of Cardiology (ESC) and 
American Heart Association/American College of Cardiology 
(AHA/ACC) guidelines state that an early invasive strategy is 
not recommended in patients with extensive comorbidity, 
in whom the risks associated with revascularization and the 
comorbid conditions are likely to outweigh the benefits of 

TABLE 16-1 Meta-Analyses of Randomized Trials Evaluating Routine Invasive versus Selective Invasive 
Management for Non–ST-Elevation Acute Coronary Syndrome

TRIAL/STUDY
YEAR 

PUBLISHED N

META-ANALYSIS
Mehta et al.

(2005)
Bavry et al.

(2006)
O’Donoghue et al.

(2008)
Fox et al.

(2010)

TIMI-IIIB 1994 1473 x x

VANQWISH 1998 920 x x

MATE 1998 201 x x

FRISC-II 1999 2457 x x x x

TRUCS 2000 148 x

TACTICS-TIMI 18 2001 2220 x x x

VINO 2002 131 x x x

RITA-3 2002 1810 x x x x

ISAR-COOL 2003 410 x

ICTUS 2005 1200 x x x

Outcome

Death/MI OR, 0.82 (0.72-0.93) Not reported OR, 0.92 (0.69-1.23) HR, 0.85 (0.75-0.96)

Death OR, 0.92 (0.77-1.09) RR, 0.75 (0.63-0.90) OR, 0.97 (0.71-1.32) HR, 0.90 (0.77-1.05)

MI OR, 0.75 (0.65-0.88) RR, 0.83 (0.72-0.96) OR, 0.84 (0.64-1.12) HR, 0.77 (0.65-0.90)

HR, Hazard ratio; OR, odds ratio; RR, relative risk.
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invasive treatment. Furthermore, patients with acute chest 
pain and a low likelihood of ACS who are troponin assay–
negative are not likely to benefit from routine invasive strategy.

Approximately 10% of patients with NSTE-ACS have non-
obstructive CAD.10 Compared with patients with obstructive 

CAD, this group of patients is more likely to be of younger 
age and female and less likely to have diabetes mellitus or 
a history of previous MI or PCI. Data regarding outcomes in 
patients in whom revascularization is not feasible owing to 
a diffuse or very severe CAD are sparse. For these patients, 
sometimes pharmacologic treatment, to reduce long-term 
risk and address refractory angina, remains the only option. 
An invasive evaluation, and if indicated a revascularization 
procedure, is sometimes not offered because of the treat-
ing physician’s appreciation of a negative balance between 
benefit (ischemic risk reduction) and risk (related to the 
procedure). Other patients sometimes withheld from an 
invasive strategy are those who are very elderly or frail, with 
comorbid conditions such as dementia or cancer, or those 
at high risk for bleeding complications.

TIMING OF REVASCULARIZATION

Although a routine invasive management intervention is 
recommended for high-risk patients with NSTE-ACS, the 
optimal timing of angiography and revascularization is still 
a matter of some debate.

Candidates for Immediate Invasive 
Evaluation
Very-high-risk patients with NSTE-ACS, defined as those hav-
ing at least one very-high-risk criterion, generally have been 
excluded from randomized controlled trials (RCTs). These 
very-high-risk criteria include the following:
	•	 	Hemodynamic	instability	or	cardiogenic	shock
	•	 	Recurrent	 or	 ongoing	 chest	 pain	 refractory	 to	 medical	

treatment

Symptom onset

First medical contact → NSTE-ACS diagnosis

PCI center EMS or non-PCI center

Very high Very high
Immediate transfer to PCI center

Same-day transfer

Transfer

Transfer
optional

Intermediate Intermediate

High High

Low Low
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invasive
(<2 hr)

Early
invasive
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Invasive
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Noninvasive
testing if

appropriate

FIGURE 16-4 Selection of non–ST-elevation acute coronary syndrome (NSTE-ACS) treatment strategy and timing according to initial risk stratification. EMS, 
Emergency medical services; PCI, percutaneous coronary intervention. (From Roffi M, et al: 2015 ESC guidelines for the management of acute coronary syndromes in patients 
presenting without persistent ST-segment elevation: Task Force for the Management of Acute Coronary Syndromes in Patients Presenting without Persistent ST-Segment Eleva-
tion of the European Society of Cardiology, Eur Heart J 37:267–315, 2016.)

TABLE 16-2 Risk Criteria for Invasive Therapy in 
Patients with Non–ST-Elevation Acute Coronary 
Syndrome

Very-High-Risk Criteria

Hemodynamic instability or cardiogenic shock
Recurrent or ongoing chest pain refractory to medical treatment
Life-threatening arrhythmias or cardiac arrest
Mechanical complications of MI
Acute heart failure
Recurrent dynamic ST-T wave changes, particularly with intermittent ST-

segment elevation

High-Risk Criteria

Rise or fall in cardiac troponin compatible with MI
Dynamic ST- or T-wave changes (symptomatic or silent)
GRACE risk score >140

Intermediate-Risk Criteria

Diabetes mellitus
Renal insuffiency (eGFR <60 mL/min/1.73 m2)
LVEF <40% or congestive heart failure
Early postinfarction angina
Previous PCI
Previous CABG
GRACE risk score >109 and <140

Low-Risk Criteria

Any characteristic not mentioned above

CABG, Coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; 
LVEF, left ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous 
coronary intervention.
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	•	 	Life-threatening	arrhythmias	or	cardiac	arrest
	•	 	Mechanical	complications	of	MI
	•	 	Acute	heart	failure	with	refractory	angina	or	ST-segment	

deviation
	•	 	Recurrent	 dynamic	 ST-	 or	 T-wave	 changes,	 particularly	

with intermittent ST-segment elevation
For these patients, a poor short- and long-term prognosis can 
be expected in the absence of appropriate treatment. An 
additional risk is the possibility of misclassifying the patient 
as having NSTE-ACS, when in fact the causative lesion is 
an acutely occluded artery. An immediate invasive strategy 
(i.e., within 2 hours from hospital admission, analogous to 
ST-elevation myocardial infarction [STEMI] management) 
with intent to establish the diagnosis and perform revas-
cularization is recommended, irrespective of ECG or bio-
marker findings. Centers without STEMI programs should 
transfer such very-high-risk patients immediately.

Randomized Trials
An early invasive versus a delayed invasive approach has 
been tested in several relatively small randomized tri-
als,11-14 and in one larger trial (TIMACS)15 (Table 16-3). In 
a meta-analysis performed by Katritsis and colleagues16 
comprising four RCTs (including TIMACS), no difference 
was found between an early invasive and a delayed inva-
sive management strategy in terms of all-cause mortality or 
MI. However, the risk of recurrent ischemia and the dura-
tion of hospitalization were reduced with an early invasive 

strategy. The median time from randomization/admission to 
coronary angiography ranged between 1.16 and 14 hours 
in the early invasive treatment group and between 20.8 and 
86 hours in the delayed treatment group.

An updated meta-analysis, which included an additional 
three RCTs, observational data from two registries, and post-
hoc analyses from two RCTs, demonstrated similar results. 
There was no apparent difference in mortality or MI with an 
early invasive approach (defined as less than 20 hours in the 
analysis of RCTs and less than 24 hours for the observational 
studies).17

In a (prespecified) subgroup analysis of TIMACS, out-
comes were assessed in relation to ischemic risk, as calcu-
lated by the GRACE score. High-risk patients, i.e. those with 
GRACE score above 140, had a substantial benefit of revas-
cularization within 24 hours, with a relative risk reduction of 
35% (absolute risk reduction 7.1%) in the composite end-
point of death, MI, or stroke; whereas no significant differ-
ence was seen in patients with GRACE score higher than 
14015 (Figure 16-5).

Professional Guidelines
Accordingly, the ESC guidelines on myocardial revascular-
ization state that in NSTE-ACS, “An early invasive strategy 
(<24 hours) is recommended in patients with at least one pri-
mary high-risk criterion,” where rise/fall in troponin, dynamic 
ST-T changes, and GRACE score higher than 140 are considered 
primary high-risk criteria (see Figure 16-4 and Table 16-2).2

TABLE 16-3 Meta-Analyses of Randomized Trials and Observational Studies Evaluating Early versus Delayed 
Invasive Management of Non–ST-Elevation Acute Coronary Syndrome

TRIAL/STUDY YEAR PUBLISHED N

META-ANALYSIS
Katritsis et al.

(2011)
Navarese et al.

(2013)

RCTs

ISAR-COOL 2003 410 x x

ELISA 2003 220 x x

ABOARD 2009 352 x x

OPTIMA 2009 142 x

TIMACS 2009 3031 x x

Zhang et al. 2010 815 x

LIPSIA-NSTEMI 2012 602 x

Observational

ACUITY* 2010 7749 x

SYNERGY* 2007 10,027 x

CRUSADE 2005 56,352 x

GRACE 2005 8853 x

Outcomes

RCTs

Death/MI Not reported

Death RR 0.85 (0.64-1.11) OR 0.83 (0.64-1.09)

MI RR 0.94 (0.61-1.45) OR 1.15 (0.65-2.01)

Observational

Death/MI

Death OR 0.80 (0.63-1.02)

MI OR 0.86 (0.69-1.08)

*Although SYNERGY and ACUITY were RCTs, they were not conducted primarily to assess timing of invasive procedures. Hence, they are considered observational in this context.
MI, Myocardial infarction; RCTs, randomized controlled studies.
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Also AHA/ACC guidelines recommend an early inva-
sive strategy in patients with NSTE-ACS who have refractory 
angina or hemodynamic or electrical instability (without seri-
ous comorbidity or contraindications to such procedures).9

REVASCULARIZATION IN SUBSETS OF 
PATIENTS WITH NON–ST-ELEVATION  
ACUTE CORONARY SYNDROME

Chronic Kidney Disease
Impaired kidney function affects 25% to 30% of patients 
admitted with ACS. Moreover, chronic kidney disease (CKD) 
is associated with a substantial increase in mortality. Patients 

with CKD frequently have comorbid conditions that increase 
both bleeding and ischemic risk. Despite the advantage with 
invasive treatment, revascularization is underused in patients 
with CKD.18 Consistent results from several observational 
studies indicate that an early invasive therapy is associated 
with lower mortality in patients with mild to moderate renal 
insufficiency. In patients with end-stage renal disease, the ben-
efit seems to be attenuated and, therefore, the advantage of 
early invasive therapy is less certain in these patients.

Since patients with CKD are commonly excluded from 
RCTs, there is little evidence regarding the effect of early 
invasive management in patients with mild to moderate 
CKD and NSTE-ACS. In the FRISC-II trial, where subjects 
with creatinine levels greater than 150 μmol/L	(1.7	mg/dL)	
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FIGURE 16-5 Hazard ratios for the primary and secondary outcomes in prespecified subgroups in the Timing of Intervention in Acute Coronary Syndromes 
(TIMACS) trial. A shows hazard ratios for the composite primary outcome of death, myocardial infarction, or stroke in the early intervention group, as compared with the 
delayed-intervention group, in selected subgroups of patients. B shows hazard ratios for the composite secondary outcome of death, myocardial infarction, or refractory ischemia 
in the same subgroups. The size of the squares is proportional to the size of the corresponding subgroup. GRACE, Global Registry of Acute Coronary Events. (From Mehta SR, et 
al: Early versus delayed invasive intervention in acute coronary syndromes, N Engl J Med 360:2165–2175, 2009.)
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were excluded, the absolute risk reduction in death/MI was 
higher in patients with impaired kidney function.6 Patients 
with creatinine levels above 221 μmol/L	(2.5	mg/dL)	were	
excluded in the TACTICS-TIMI 18 trial, but found similar 
reductions in patients with mild to moderate kidney disease 
and those with normal kidney function.19

Contrast-induced nephropathy (CIN) is an important com-
plication associated with the routine invasive strategy. The 
most important predictor of CIN is CKD. Patients with CKD 
have a 20-fold higher risk than that for a healthy individual of 
developing CIN.20 In a study of 8000 patients undergoing PCI, 
a CIN risk score based on certain risk factors was developed. 
Important risk factors included in this score are hypotension, 
intraaortic balloon pump, congestive heart failure, CKD, age 
older than 75 years, anemia, and volume of contrast. High-risk 
patients are those with a score above 16, corresponding to a 
57.3% risk of CIN and 12.6% risk of dialysis, whereas low-risk 
patients are those with a score less than 5 associated with a 
7.5% risk of CIN and 0.04% risk of dialysis.21

In an observational study from a large cohort of patients 
with end-stage renal disease, CABG was suggested to be 
preferable to PCI for multivessel coronary revascularization. 
Compared with PCI, CABG was associated with lower risk of 
death or MI.22 Nonetheless, in the most fragile patients, the 
least invasive approach seems preferable.

Elderly Patients
In the United States, the proportion of the population 65 years 
of age and older (13%) is expected to reach approximately 
20% by 2050. With changing demographics, the interest in 
studying ACS outcomes in older adults has increased, as have 
efforts to delineate the differences between older men and 
older women undergoing revascularization. Older adults 
(older than 75 years) are underrepresented in ACS clinical tri-
als. Among ACS subtypes, compared with patients with STEMI, 
those with NSTE-ACS are on average older. Because older 
people are underrepresented in clinical trials, they are less 
likely to receive treatment according to guidelines.

It has been suggested that older women benefit less than 
older men from an early invasive approach. Older women 
are less likely to undergo revascularization at time of hospi-
talization than older men. Whether this difference is related 
to bias or an appropriate case selection remains unsettled. 
A meta-analysis of data from three trials assessing routine 
invasive strategy versus selective invasive strategy in NSTE-
ACS (FRISC-II, ICTUS, and RITA-3) showed a larger early risk 
and less long-term benefit in women than in men regardless 
of age.23 The After Eighty study randomly assigned patients 
with NSTE-ACS who were older than 80 years of age to either 
an invasive or a conservative strategy. The overall age was 84 
years, and approximately one half of all patients were female. 
The invasively treated patients demonstrated a 47% reduc-
tion in ischemic outcomes compared with the group of 
patients who received conservative (medical) treatment.24

Gender and Selection of Invasive Treatment
In the FRISC-2 and the RITA-3 trials, a significantly greater 
effect of the invasive strategy was observed in men than in 
women.25 This observation might be explained partly by 
the lower proportion of women undergoing revasculariza-
tion in the invasive group consequent to a lower rate of 
significant epicardial coronary lesions in females than in 

males. Another reason might be a raised risk for periproce-
dural complications in women undergoing coronary artery 
bypass surgery, especially among those with diabetes melli-
tus and older age. However, these gender-related differences 
in the effects of early invasive treatment were not observed 
in either the TACTICS-TIMI 1825 or the ICTUS trial. In a meta-
analysis of data on all published prospective randomized 
trials, no significant sex-related difference was found in the 
overall benefit of routine invasive management. In women 
as well as in men, the benefits were confined to those at 
higher risk, that is, with elevated troponin and/or ST-segment 
depression.

For proper evaluation of women with ACS, it seems pref-
erable to use the same indications for diagnostic coronary 
angiography in both sexes—that is, a moderate to high risk 
for subsequent events. In the selection of the most appropri-
ate treatment, however, the better long-term prognosis and 
the higher periprocedural risks in women compared with 
men should be taken into consideration. Finally, because of 
the uncertainties of the balance between benefits and risks 
in women, new prospective trials comparing an early inva-
sive against a conservative strategy focusing on women are 
warranted.

REVASCULARIZATION STRATEGY: 
PERCUTANEOUS CORONARY INTERVENTION 
VERSUS CORONARY ARTERY BYPASS 
GRAFTING

Revascularization with CABG has been performed for 
more than 50 years and PCI for more than 35 years. Both 
revascularization techniques have undergone continued 
advances. The progressing technology has resulted in a 
steady decline of periprocedural adverse events, resulting in 
excellent outcomes with both revascularization techniques. 
Notwithstanding, the differences between the two revascu-
larization strategies should be recognized. In CABG, bypass 
grafts are placed to the mid-coronary vessel beyond the cul-
prit lesion(s), offering protection against the consequences 
of further proximal obstructive disease. By contrast, opti-
mally placed coronary stents will restore normal blood flow 
of the native coronary vasculature through local treatment 
of obstructive lesions without offering protection against 
new disease proximal to the stent. Myocardial revasculariza-
tion has been subject to more RCTs than almost any other 
intervention.

The main objectives of coronary angiography and revas-
cularization are improvement of prognosis and symptom 
relief. Although the reperfusion treatment of choice for most 
patients with STEMI is primary PCI (see Chapter 14), the 
rudiments for revascularization in NSTE-ACS involve selec-
tion of patients suitable for a diagnostic catheterization 
followed by revascularization by either PCI or CABG. No 
specific randomized clinical trials have compared PCI with 
CABG in NSTE-ACS. The current evidence supports the use 
of both revascularization strategies (PCI and CABG), and the 
selection of procedure type in the individual patient with 
NSTE-ACS depends on several factors.

In stabilized patients with NSTE-ACS, the revascularization 
strategy should be chosen using similar considerations as for 
patients with stable coronary artery disease2 (Table 16-4). In 
single-vessel disease (present in approximately 30% of cases 
of NSTE-ACS), PCI is the treatment of choice for most patients. 
In approximately 50% of patients, more than one vessel is 



188

III

Tr
ea

Tm
en

T

diseased, and a decision between culprit vessel PCI, multives-
sel PCI (ad hoc or staged), or CABG needs to be made. In 
these patients, a multidisciplinary approach, such as “heart 
team” consultation involving the noninvasive cardiologist, 
the invasive cardiologist, and the cardiac surgeon, is advised 
to determine revascularization strategy integrating patient 
preferences.2

The choice of revascularization strategy depends largely 
on the extent and severity of CAD. For left main artery dis-
ease, CABG has historically been regarded as the treatment 
of choice, but observational studies have shown that PCI 
can	 be	 performed	 with	 good	 results.	 Left	 main	 artery	 dis-
ease often involves the bifurcation, which in turn increases 
restenosis and stent thrombosis risk. If multivessel disease is 
present, CABG has been associated with better survival com-
pared with PCI, independent of the presence of left main 
artery disease.26 Recent evidence suggests that PCI provides 
results similar to those with CABG in the treatment of at least 
lower-severity left main artery stenosis, with comparable 
rates of death and MI up to 5 years after the procedure.27 
In the SYNTAX (Synergy between Percutaneous Coronary 
Intervention with TAXUS and Cardiac Surgery) trial, 1800 
patients with stable ischemic heart disease and three-vessel or 
left main artery disease were randomly assigned to undergo 
CABG or PCI.28 In the overall study population, death and MI 

rates were similar at 1 year, but stroke rates were increased 
in the CABG group, and repeat revascularizations were more 
frequent in the PCI group.

The SYNTAX score was a grading tool developed to evalu-
ate the coronary angiography and determine the complexity 
of coronary artery disease based on the sum of points allo-
cated to the identified lesions found in the coronary angiog-
raphy. A SYNTAX score above 32 identifies a group of patients 
with an especially high risk, whereas scores below 22 denotes 
a low risk. Of importance, in the patient groups with low 
SYNTAX scores, rates of major adverse events were similar for 
PCI and CABG, with lower stroke rates for PCI. In recent years, 
an increase in the use of drug-eluting stents (DESs) has been 
associated with lower restenosis risk and decreased need for 
repeat revascularization. Accordingly, the benefit of CABG in 
studies conducted before widespread use of DESs may be 
overestimated. For more severe three-vessel disease, findings 
from randomized and observational studies are consistent 
regarding the survival advantage for CABG versus PCI.

Apart from the severity and complexity of coronary 
artery disease as assessed during coronary angiography, the 
revascularization treatment decision also needs to be based 
on the patient’s preferences, left ventricular function, and 
comorbidity and on the overall estimated procedure risk.

SUMMARY

NSTE-ACS is the most frequent manifestation of unstable 
CAD and the most frequent indication for coronary angi-
ography and revascularization. Early identification of the 
culprit lesion and potentially other flow-limiting stenoses 
is important for confirmation of the diagnosis, risk strati-
fication, and selection of the mode of revascularization. 
Patients at very high risk for progression of infarction and 
death or with a high likelihood of occlusion of a coronary 
artery should undergo emergent coronary angiography. 
Most patients with NSTE-ACS should have their coronary 
anatomy investigated in the following 1 to 2 days to reduce 
the risk of ischemic complications, limit the duration of 
potent antithrombotic therapy, and minimize the duration 
of hospitalization. The mode of revascularization should 
be decided in consensus by a multidisciplinary team con-
sisting of noninvasive and invasive cardiologists and a car-
diothoracic surgeon.
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INTRODUCTION

Percutaneous coronary intervention (PCI) is the dominant 
strategy used for coronary revascularization in acute myo-
cardial infarction (MI). In the United States, approximately 
600,000 patients are discharged from the hospital with a 
principal diagnosis of acute MI (see Chapter 2), which 
includes a substantial percentage of the primary indications 
for PCI of the estimated 954,000 PCIs performed annually.1 
This chapter reviews the evidence and practical consid-
erations for PCI in patients with acute MI, including both 
ST-elevation MI (STEMI) and non–ST-elevation MI (NSTEMI). 
Selection among the options for reperfusion therapy for 
STEMI is addressed in Chapter 14, and selection among strat-
egies for management of NSTEMI is discussed in Chapter 16. 
Antiplatelet therapy is discussed in Chapter 19, and antico-
agulant therapy is discussed in Chapter 18.

TIMING OF PERCUTANEOUS CORONARY 
INTERVENTION

ST-Elevation Myocardial Infarction Strategies 
for Reducing Time to Treatment
If performed in a timely fashion by experienced operators, 
primary PCI is the recommended method for reperfusion in 

patients presenting with STEMI.2 The benefit of reperfusion 
therapy is greatest in the first 3 hours after symptom onset 
(see Chapter 13). The development of regional systems for 
STEMI care and reperfusion therapy to limit the total isch-
emic time and meet time-to-treatment goals is detailed in 
Chapter 5. Regardless of the recommended time-to-treatment 
goals, reperfusion should always be established as rapidly as 
possible for any individual patient. It is estimated that 90% of 
STEMI patients presenting to a PCI-capable hospital achieve 
the door-to-device time goal of ≤90 minutes in the absence 
of a clinical reason for delay.3 A checklist (Table 17-1) was 
developed by the American College of Cardiology (ACC)/
American Heart Association (AHA) with practical system 
strategies to minimize door-to-device time.2

Non–ST-Elevation Myocardial Infarction: 
Timing of Angiography
In patients with NSTEMI, the timing of diagnostic angiogra-
phy with intent to perform PCI is driven by risk stratifica-
tion, clinical stability, and patient preferences (see Chapter 
16). Patients treated using an early invasive strategy will 
undergo angiography, whereas those managed with the 
ischemia-guided strategy will typically receive angiography 
after medical treatment has failed, with objective evidence 
of ischemia on noninvasive stress testing or with a very high 
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risk for mortality or morbidity.4 The timing of angiography 
in the invasive strategy is stratified based on clinical risk 
assessment (Table 17-2) into urgent (<2 hours), early (<24 
hours), and delayed (25 to 72 hours). Patients with refrac-
tory symptoms, severe heart failure, or electrical and/or 
hemodynamic instability should undergo immediate inva-
sive evaluation (see Chapter 16).

An early invasive strategy did not improve survival or 
reduce recurrent MI compared with a delayed invasive strat-
egy in a meta-analysis of seven randomized trials and four 
observational studies that included 82,869 patients with 
non–ST-elevation acute coronary syndrome (NSTE-ACS).5 
In the TIMACS (Timing of Intervention in Patients with 
Acute Coronary Syndromes) trial, high-risk patients (GRACE 
[Global Registry of Acute Coronary Events] risk score >140) 
who underwent an early invasive strategy had a 38% reduc-
tion in death, MI, and stroke at 6 months compared with a 
delayed invasive strategy.6 An early invasive strategy is advo-
cated in patients at higher risk for adverse clinical events 
(see Table 17-2).

VASCULAR ACCESS

Vascular access is vitally important for the success of PCI. 
Femoral access is the most common approach used for PCI 
in the United States. Radial access has gained significant 
popularity and is preferred by many patients and operators. 
Importantly, bleeding is the most common PCI-related compli-
cation, and it is also associated with higher rates of mortality.

Performing Vascular Access
Femoral
Retrograde puncture of the femoral artery (Figure 17-1) is 
required for femoral access during diagnostic coronary 
angiography and PCI.7 The common femoral artery is used 
because of its larger size and its ability to compress against 
the femoral head during manual compression. Patients 
should receive sedation and a local anesthetic before 
arterial cannulation. Because of the variability in body 
habitus, several landmarks should be noted before choos-
ing an arteriotomy site. A line drawn between the anterior 

TABLE 17-1 Checklist for Reducing Door-to-Device 
Times in ST-Elevation Myocardial Infarction

Time-to-Treatment Goals

PCI-Capable Hospital

Goal: FMC-to-device time <90 min

Non–PCI-Capable Hospital

Goal: Transfer to PCI-capable hospital with FMC-to-device time of <120 min 
(door-in-door-out <30 min)

If anticipated FMC-to-device is >120 min, administer fibrinolytic within 30 
minutes of arrival.

Checklist for Reducing Door-to-Device Times

 ■  Pre-hospital ECG to diagnose STEMI and activate PCI team
 ■  Emergency room physicians activate the PCI team
 ■  A single call to a central paging system activates the PCI team
 ■  PCI team arrival to the catheterization laboratory within 20 min
 ■  Timely analysis and feedback of time-to-treatment metrics by the STEMI 

care team

ECG, Electrocardiogram; FMC, first medical contact; PCI, percutaneous coronary 
intervention; STEMI, ST-elevation myocardial infarction.
Adapted from O’Gara PT, et al. 2013 ACCF/AHA guideline for the management of 
ST-elevation myocardial infarction: a report of the American College of Cardiology 
Foundation/American Heart Association Task Force on Practice Guidelines. 
Circulation 127:e362, 2013.

TABLE 17-2 Timing of Angiography in the Early 
Invasive Strategy or Ischemia-Guided Strategy in 
Patients with Non–ST-Elevation Myocardial Infarction

Ischemia-Guided Strategy

	•	 	Low-risk	score	(e.g.,	TIMI	[0	or	1],	GRACE	[<109])
	•	 	Low-risk	troponin-negative	female	patients
	•	 	Patient	or	clinician	preference	in	the	absence	of	high-risk	features

Immediate Invasive (within 2 h)

	•	 	Refractory	angina
	•	 	Signs	or	symptoms	of	heart	failure
	•	 	New	or	worsening	mitral	regurgitation
	•	 	Hemodynamic	instability
	•	 	Recurrent	angina	or	ischemia	at	rest	or	with	low-level	activities	despite	

intensive medical therapy
	•	 	Sustained	VT	or	VF

Early Invasive (within 24 h)

	•	 	None	of	the	above,	but	GRACE	risk	score	>140
	•	 	Temporal	change	in	troponin
	•	 	New	or	presumably	new	ST	depression

Delayed Invasive (within 25–72 h)

	•	 	None	of	the	above,	but	diabetes	mellitus
	•	 	Renal	insufficiency	(GFR	<60	mL/min/1.73	m2)
	•	 	Reduced	LV	systolic	function	(EF	<0.40)
	•	 	Early	postinfarction	angina
	•	 	PCI	within	6	months
	•	 	Previous	CABG
	•	 	GRACE	risk	score	109–140;	TIMI	score	>2

CABG, Coronary artery bypass graft; EF, ejection fraction; GFR, glomerular
filtration rate; LV, left ventricular; PCI, percutaneous coronary intervention; VF, 
ventricular fibrillation; VT, ventricular tachycardia.
Adapted from Amsterdam EA, et al: 2014 AHA/ACC guideline for the management 
of patients with non–ST-elevation acute coronary syndromes: A report of the 
American College of Cardiology/American Heart Association Task Force on Practice 
Guidelines. Circulation 130:e344, 2014.
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FIGURE 17-1 Anatomy of the femoral artery. Femoral angiography of the 
right femoral artery in a right anterior oblique view. The common femoral artery 
should be entered below the inguinal ligament in the middle one-third of the femoral 
head to avoid a low (i.e., at or below the femoral bifurcation) or high stick (i.e., above 
the inferior epigastric artery). CFA, Common femoral artery; PFA, profunda femoris 
artery; SFA, superficial femoral artery. (From Bangalore S, Bhatt DL: Femoral arterial 
access and closure. Circulation 124:e147–156, 2011.)
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superior iliac spine and pubis demarcates the inguinal liga-
ment. The inguinal crease should not be used to approxi-
mate the inguinal ligament, especially in obese patients. 
Fluoroscopy should be used to mark the femoral head. The 
common femoral should be entered at a 30- to 45-degree 
angle approximately 1 to 2 cm below the inguinal ligament, 
which is typically at the center of the femoral head. A “low 
stick” can result in cannulation of the superficial femoral 
artery, which increases the risk of hematoma, dissection, 
arterial occlusion, or formation of a pseudoaneurysm or 
arteriovenous fistula. Conversely, a “high stick” above the 
inguinal ligament or above the inferior epigastric artery on 
angiography does not allow for effective manual compres-
sion against the femoral head, and significantly increases 
the risk for retroperitoneal hemorrhage. Before administer-
ing therapeutic anticoagulation for PCI, limited angiogra-
phy through the femoral sheath at an oblique ipsilateral 
angle should be performed to determine the arteriotomy 
site in relationship to the femoral head, inferior epigastric 
artery, and femoral bifurcation, which could modify the tim-
ing of PCI and/or choice to use a vascular access closure 
device.

Two commonly used techniques to reduce vascular 
complications during femoral access include use of a 
micropuncture needle (Cook Medical, Bloomington, Ind.)8 
or guidance using ultrasound.9 Traditionally, an 18-gauge 
wide open-bore needle has been used for arterial cannula-
tion. A smaller micropuncture 21-gauge needle can be used 
to access the common femoral artery. After placement of a 
0.018-inch wire into the artery, limited angiography can be 
used to localize the site of cannulation through the needle or 
inner dilator, and if acceptable, the 4F micropuncture sheath 
can be advanced over the wire. If the arteriotomy site is too 
low or high, then femoral access at an alternative site can be 
reattempted, and the needle or inner dilator removed, with 
minimal risks of bleeding. Real-time ultrasound guidance 
has also been used for femoral access and allows for visual-
ization of needle entrance into the femoral artery. It can also 
determine the femoral bifurcation to facilitate cannulation 
of the common femoral artery above the bifurcation.

Radial
The learning curve for radial access is typically longer com-
pared with femoral access. It should not be used in patients 
with forearm arteriovenous fistulas. Assessment for collat-
eral ulnar circulation via the ulno-palmar arterial arch is 
advocated. However, failure to demonstrate dual circulation 
to the hand (i.e., incomplete palmar arch) is not an abso-
lute contraindication.10 Assessment is performed using 
either the modified Allen’s or plethysmo-oxymetric test, 
the latter of which has a higher specificity. Any abnormal 
Allen’s test should be confirmed by plethysmo-oxymetric 
testing. When attempting radial access, a smaller amount of 
lidocaine (1 to 2 mL) should be administered to minimize 
the risk of local vasospasm or obscuring the radial pulse. A 
micropuncture needle is used to access the radial artery 
and for placement of a hydrophilic radial arterial sheath 
over a 0.021- to 0.025-inch guidewire (Videos 17-1, 17-2, and 
17-3). Ultrasound can also be used to minimize the num-
ber of attempts needed for arterial cannulation. Vasospasm 
can be a significant limitation in radial access. Intra-arterial 
administration of an antispasmolytic drug (e.g., nitrogy-
lcerin, diltiazem, verapamil) is mandatory. A number of 
single agents or “cocktail” regimens have been used to 

prevent vasospasm. Most operators use verapamil (2.5 to 5 
mg) and/or nitroglycerin (100 to 200 μg). Anticoagulation 
should be initiated after radial artery cannulation to mini-
mize the risk for radial artery occlusion. Low-dose unfrac-
tionated heparin (e.g., 2000 to 3000 IU or 50 IU/kg) can be 
administered and converted to therapeutic dosing upon 
placement of the guide catheters in the ascending aorta or 
with coronary cannulation. Access via the left radial may 
be advantageous over the right radial because of the higher 
prevalence of right-handed individuals; the aortic path 
approximates a transfemoral approach, which allows for 
easier coronary cannulation with standard Judkin’s guide 
catheters and easier access to the left internal mammary 
artery in coronary artery bypass graft (CABG) patients.

Advantages and Disadvantages of Radial 
versus Femoral Access
When considering vascular access, operators should con-
sider important differences between femoral and radial 
access (Table 17-3).11 In the United States, rates of radial 
access for PCI had been less than 2% because of unfamiliar-
ity with the radial approach and a concern for increased 
procedure length and radiation exposure. However, rates in 
the United States have increased to approximately 15% to 
20% and are expected to increase over the next decade.

Current Evidence: Radial versus Femoral
Radial access is associated with a lower rate of vascular 
complications and major bleeding in comparison to femoral 
access, and in some studies, a lower rate of adverse cardiac 

TABLE 17-3 Comparison of Femoral and Radial 
Access for Percutaneous Coronary Intervention

FEMORAL RADIAL

Anatomic

Vessel	size 6–10	mm 2–3	mm

Vascular	course Less	variable Highly	variable

Vessel	location Variable	because	of	
body habitus

Superficial

Nearby	neurovascular Yes No

Procedural

Procedural success Marginally higher Marginally lower

Procedural time Comparable Comparable

Contrast load Comparable Comparable

Fluroscopy time Marginally lower Marginally higher

Choice of sheath size Unrestricted Restricted	(typically	6F)

Learning	curve Shorter Longer	(typically	50	cases)

Patient Care

Preference Lower Higher

Time to ambulation Typically	2–6	h Immediate

Length	of	stay Longer Shorter

Complications

Access site bleeding Higher Lower

Vessel	occlusion Rare 0–10%

Pseudoaneurysm 1–5% Rare

Adapted from Byrne RA, et al: Vascular access and closure in coronary angiography 
and percutaneous intervention. Nat	Rev	Cardiol 10:27–40, 2013.
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events. In the RIVAL (Radial vs. Femoral Access for Coronary 
Intervention) trial, no difference was observed in the com-
posite rate of death, MI, stroke, or non-CABG major bleed-
ing in patients who presented with ACS without ST-segment 
elevation and who were randomized to femoral versus 
radial access. However, vascular complications were signifi-
cantly lower with radial access.12 Patients who presented 
with STEMI in the RIFLE-STEACS (Radial Versus Femoral 
Randomized Investigation in ST-Elevation Acute Coronary 
Syndrome) and STEMI-RADIAL (ST Elevation Myocardial 
Infarction Treated by Radial or Femoral Approach) tri-
als demonstrated a significant reduction in bleeding and 
vascular complications,13,14 which translated into shorter 
hospital stays and lower mortality compared with the fem-
oral approach.13 The lower mortality in STEMI with radial 
catheterization was also demonstrated in a meta-analysis 
and observational data from the National Cardiovascular 
Data Registry.15,16 More recently, the MATRIX (Minimizing 
Adverse Haemorrhagic Events by Transradial Access Site 
and Systemic Implementation of AngioX) trial also showed 
fewer major bleeding complications with a radial versus a 
femoral approach and lower mortality in ACS patients with 
or without STEMI.17

Considerations for Radial Approach in ST-Elevation 
Myocardial Infarction
Despite evidence that the radial approach reduces vascu-
lar complications, major bleeding, and mortality in STEMI 
patients, its use is paradoxically lower in this population than 
in patients with NSTEMI. One concern is that the increased 
time required for the radial approach may prolong the time-
to-treatment goal in STEMI. However, a door-to-device delay of 
83 minutes would be required to offset the mortality benefit of 
radial PCI over femoral PCI in STEMI.18 Because of the higher 
risk for cardiogenic shock, the groin of a patient with STEMI 
should always be prepped for immediate venous access or 
additional arterial access for hemodynamic support.

Vascular Closure Devices: When to  
Consider Use
Vascular closure devices were initially designed to improve 
safety of PCI by reducing access site bleeding and vascular 
complications. However, clinical trials and meta-analyses 
have demonstrated that vascular closure devices do not 
lower bleeding or vascular complications compared with 
manual compression.19 To this end, current ACC/AHA guide-
lines do not recommend routine use of vascular closure.20

When manual compression (i.e., 3 minutes per sheath 
French size [e.g., 6F = 18 minutes]) is used, femoral arterial 
sheaths can typically be pulled when the activated clotting 
time (ACT) is less than 160 to 180 seconds with heparin use 
or 2 hours after bivalirudin is stopped without checking the 
ACT. Manual compression can be performed digitally or 
using a manual compression assist device (e.g., FemoStop, St. 
Jude Medical, St. Paul, Minnesota). Vascular closure devices 
achieve faster hemostasis, which allows for earlier ambula-
tion, improved patient satisfaction, and possibly shorter hos-
pital length of stay. In the absence of a radial approach, obese 
patients, whose body habitus may limit effective manual 
compression, or individuals who cannot tolerate prolonged 
periods in a supine position, should undergo closure using 
a vascular closure device. Arteriotomy sites at the femoral 
bifurcation, in the superficial femoral artery, or in a smaller 

femoral artery (<5 mm) are associated with a higher risk for 
device failure, and potentially, arterial occlusion; thus, in gen-
eral, vascular closure devices would not be recommended. 
A number of devices are currently approved and available 
with different mechanisms used for closure.7 No sizeable 
randomized trial comparing the safety and efficacy of each 
device has been conducted.

Management of Vascular Complications
Vascular complications are the most common adverse 
event following PCI and are associated with an increase in 
cost, length of stay, morbidity, and mortality. The two most 
common complications are hematoma and pseudoaneu-
rysm, whereas less common complications include dissec-
tion, arteriovenous fistula, arterial occlusion, retroperitoneal 
hemorrhage, femoral nerve damage, and infection. A hema-
toma is typically managed conservatively with local com-
pression and rarely requires blood transfusion. The presence 
of a palpable bruit or pulsatile mass should prompt evalu-
ation with an ultrasound. Small pseudoaneurysms (<3 cm) 
can be followed with serial ultrasounds. Pseudoaneurysms 
larger than 3 cm can be treated with ultrasound-guided 
thrombin injection. Retroperitoneal hemorrhage (RPH) 
should be suspected in any patient with a sudden onset 
of hypotension and flank pain ipsilateral to the vascular 
access site.21 Prompt recognition with concomitant vol-
ume and blood support is essential for the management of 
a suspected RPH. Anticoagulation reversal or platelet infu-
sion may also be necessary, despite the theoretical risks for 
stent thrombosis. Early computed tomography may be use-
ful, but should not delay aggressive supportive measures or 
involve transport of an unstable patient. Most RPHs can be 
managed conservatively, and endovascular or open surgi-
cal treatment should only be considered in patients who 
cannot be stabilized hemodynamically. Arterial occlusion 
should be suspected in any patient with sudden onset of 
leg pain, paresthesia, decreased or absent pulses, and a cool 
and/or cyanotic limb. Suspected arterial occlusion is a vas-
cular emergency and should be treated with intravenous 
(IV) anticoagulation and emergent endovascular or surgi-
cal repair.

INTERVENTIONAL PHARMACOTHERAPY

Procedural Sedation
PCI is typically performed under minimal to moderate seda-
tion. The usual goal is for patients to be comfortable with 
depressed consciousness and the ability to follow verbal 
commands. Patients should receive supplemental oxygen 
during PCI as needed. Because of the potential risk for respi-
ratory depression leading to hypoxia and/or hypercarbia, 
all patients should be assessed for a history of or clinical 
predictors for difficult intubation (e.g., obesity). If present, 
anesthesiology can be consulted to consider the need for 
monitored anesthesia care. Typically, an IV sedative and anal-
gesic are administered in small incremental dosages during 
PCI. The two most common agents used are midazolam (0.5 
to 1 mg IV boluses) as a sedative and fentanyl (25 to 50 μg IV 
bolus) as an analgesic. Both have a rapid onset of action (2 
to 5 minutes), are rapidly metabolized within 30 to 60 min-
utes after administration, and are reversible with flumazenil 
and naloxone, respectively.
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Antiplatelet therapy is essential for PCI in acute MI (see 
Chapter 19 and Chapter 20). In this section, we focus on the 
practical aspects of oral antiplatelet therapy for operators 
performing PCI. All patients should receive a loading dose of 
aspirin (i.e., 325 mg) or a 600-mg rectal suppository if unable 
to swallow or if they are vomiting. Most patients with STEMI 
and NSTEMI should receive a loading dose of an adenos-
ine diphosphate (ADP) P2Y12 inhibitor (although the exact 
timing of administration is a matter of debate, especially in 
NSTEMI).

When to Preload with Oral Adenosine Diphosphate 
P2Y12 Inhibitors
When possible, pretreatment with a loading dose of an oral 
ADP P2Y12 inhibitor in patients with acute MI is recom-
mended, with administration as early as possible after a 
diagnosis of STEMI. In a meta-analysis, clopidogrel pretreat-
ment reduced mortality in STEMI and major coronary events 
in both STEMI and NSTE-ACS compared with no pretreat-
ment.22 The PLATO (Study of Platelet Inhibition and Patient 
Outcomes Clopidogrel) trial led to the approval of ticagrelor 
for patients with ACS.23 All the patients in PLATO were pre-
treated with ticagrelor before PCI. Delayed administration of 
ticagrelor has not been formally tested against pretreatment 
in NSTEMI. Prasugrel is not currently recommended for use as 
upstream therapy in NSTEMI.4 In the TRITON-TIMI 38 (Trial to 
Assess Improvement in Therapeutic Outcomes by Optimizing 
Platelet Inhibition with Prasugrel-Thrombolysis in MI) trial, 
prasugrel was administered at the time of PCI after coronary 
angiography. However, current ACC/AHA guidelines do advo-
cate for prasugrel pretreatment when possible in STEMI.2

Anticoagulation Strategies
Anticoagulant therapy must be administered to all patients 
undergoing PCI. Selecting an initial agent will be discussed 
in detail in a subsequent chapter (see Chapter 18). In STEMI, 
unfractionated heparin or bivalirudin are the two agents 
recommended for anticoagulation; most operators will also 
use either agent for PCI in NSTEMI. Fondaparinux should 
never be used alone as an anticoagulant because of the risk 
of catheter thrombosis. In patients on therapeutic enoxapa-
rin (i.e., 1 mg/kg every 12 hours), unfractionated heparin or 
bivalirudin is not recommended during PCI. If the last dose 
of enoxaparin was more than 8 to 12 hours before PCI or 
if the dosage was subtherapeutic, an IV dose of 0.3 mg/kg 
should be administered.

Practical Aspects of Monitoring Anticoagulation
ACTs are the standard method used to monitor the therapeu-
tic effect of anticoagulation during PCI. In the balloon angio-
plasty era, higher levels of ACTs were associated with lower 
rates of periprocedural ischemic events, but also increased 
the risk of bleeding. However, this association has not 
been consistent in coronary stent trials. ACTs are routinely 
checked throughout the PCI procedure after administration 
of unfractionated heparin. A bolus of unfractionated heparin 
(70 to 100 U/kg) is administered, and the ACT is checked 
approximately 5 minutes later. Traditionally, a minimum ther-
apeutic ACT level is more than 250 seconds without a glyco-
protein IIb/IIIa inhibitor (GPI). If a GPI is also administered, 
an ACT level should be more than 200 seconds. The range 

of ACT levels may vary based on the complexity of the PCI, 
but typically should not exceed 350 seconds. If bivalirudin 
(0.75 mg/kg followed by a 1.75 mg/kg per hour IV infusion) 
is used, monitoring of ACT levels is not required. However, 
most operators will check one ACT level to determine that 
bivalirudin has been administered through a “working” 
peripheral IV line. In addition, low-molecular-weight heparin 
does not require any monitoring during PCI. Fondaparinux 
requires co-administration of heparin during PCI, for which 
an ACT can be checked to ensure therapeutic levels of anti-
IIa activity.

Current Evidence: Bivalirudin versus Heparin  
in ST-Elevation Myocardial Infarction
Significant controversy has arisen about the safety and efficacy  
of bivalirudin in primary PCI during STEMI. The HORIZONS-
AMI (Harmonizing Outcomes with Revascularization and 
Stents in Acute MI) trial showed that bivalirudin lowered 
mortality (all-cause and cardiac) in STEMI compared with 
heparin plus a GPI.24 Bivalirudin was associated with a sig-
nificantly higher rate of acute (i.e., <24 hours of primary PCI) 
stent thrombosis in the HORIZONS-AMI trial.25 It was theo-
rized that the risk of stent thrombosis surrounding PCI may 
be caused by discontinuation of bivalirudin after PCI, with 
clopidogrel (i.e., a less potent and slower onset ADP P2Y12 
agent) as the predominant antiplatelet therapy.

In the EUROMAX (European Ambulance ACS Angiography) 
trial, bivalirudin lowered net adverse events and major bleed-
ing compared with unfractionated or low-molecular-weight 
heparin plus provisional GPI at 30 days.26 This trial was 
designed to overcome the limitations of HORIZONS-AMI by 
using more potent oral ADP P2Y12 inhibitors (i.e., prasugrel 
and ticagrelor). In addition, a reduced dose of bivalirudin 
(0.25 mg/kg per hour) was continued for several hours after 
PCI. Despite these differences, a higher rate of acute stent 
thrombosis was still observed in EUROMAX with bivalirudin. 
A subsequent open-label trial in consecutive STEMI patients 
who underwent primary PCI (HEAT-PPCI [How Effective are 
Antithrombotic Therapies in Primary PCI]) demonstrated 
that heparin with the use of bailout GPIs reduced all-cause 
mortality, stroke, reinfarction, or unplanned revascularization 
and stent thrombosis without any differences in the rates of 
major bleeding compared with bivalirudin.27

The BRIGHT (Bivalirudin in Acute Myocardial Infarction 
vs. Heparin and GPI Plus Heparin Trial) study was designed 
to overcome the limitations of HORIZONS-AMI by continu-
ing bivalirudin at the standard dose (1.75 mg/kg per hour) 
for a median of 3 hours after PCI in acute MI patients, of 
whom 88% presented with STEMI.28 In BRIGHT, a significant 
reduction in bleeding was seen in patients treated with 
clopidogrel and bivalirudin compared with heparin, with 
and without a GPI. No differences were observed between 
the groups in the rates of major adverse cardiac or cerebral 
events, including acute stent thrombosis. It is postulated 
that a prolonged infusion of standard dose bivalirudin 
abrogated the risk of acute stent thrombosis seen in the 
HORIZONS-AMI and EUROMAX trials. A meta-analysis com-
paring bivalirudin and heparin confirmed the higher rate 
of acute stent thrombosis with bivalirudin compared with 
heparin.29 Prolonged infusion of bivalirudin may eliminate 
this risk, but this strategy should be confirmed in additional 
studies. Bleeding is lower with bivalirudin compared with 
heparin and GPI; yet, in the absence of routine GPIs and 
with radial access, the benefit appears to be less striking.
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Intravenous Antiplatelet Therapy
When to Use a Glycoprotein IIb/IIIa Inhibitor?
GPI use was established predominantly in the era that pre-
dated the use of oral dual antiplatelet therapy (DAPT).30 
The use of GPIs reduces ischemic events during PCI, but it 
also increases the risk of bleeding. Currently, GPIs should 
be used provisionally during PCI for acute MI. Routine use 
with bivalirudin is not recommended. Provisional GPIs can 
be considered in patients with a large thrombus burden, 
patients with stent thrombosis while on DAPT, or patients 
with an inadequate loading of an ADP P2Y12 inhibitor (e.g., 
poor gastrointestinal absorption in the setting of vomiting or 
cardiogenic shock). If used, abciximab (0.25 mg/kg IV bolus, 
then 0.125 μg/kg per minute [maximum 10 μg/min]), dou-
ble-bolus eptifibatide (two 180 μg/kg IV boluses within 10 
minutes and 2 μg/kg/min after the first bolus), or high-dose 
bolus tirofiban (25 μg/kg IV bolus, then 0.15 μg/kg/min) can 
be used. Intracoronary abciximab bolus (same dosing) may 
also be considered in patients with a large STEMI or clot bur-
den, although there is no proven benefit over IV abciximab.2

Role for Intravenous Adenosine Diphosphate P2Y12 
Inhibitors?
In acute MI, an IV ADP P2Y12 may be useful in selected 
patients. Cangrelor is a reversible, IV ADP P2Y12 recep-
tor antagonist that potently inhibits platelets within 3 to 6 
minutes with complete platelet recovery after 60 minutes 
after discontinuation.31 Cangrelor was initially studied in 
the CHAMPION (Cangrelor versus Standard Therapy to 
Achieve Optimal Management of Platelet Inhibition)-PCI 
and CHAMPION-PLATFORM trials, which compared cangre-
lor against a 600-mg loading dose of clopidogrel initiated 
before or after PCI. Both trials were stopped early because 
of no differences in the rates of the primary efficacy end-
point at 48 hours. A pooled analysis of these trials, which 
used the universal definition of MI (removing approximately 
60% of clinical endpoints, namely, periprocedural MI), dem-
onstrated a reduction in the composite of death, MI, or isch-
emia-driven revascularization and stent thrombosis without 
any increase in severe bleeding in patients randomized to 
cangrelor compared with clopidogrel.32 Subsequently, the 
CHAMPION-PHOENIX trial was conducted; it randomized 
patients (44% with ACS, including 18% with STEMI) to can-
grelor or a clopidogrel loading dose (300 to 600 mg) before 
elective or urgent PCI, which demonstrated that cangrelor 
reduced the primary efficacy endpoint (death, MI, ischemia-
driven revascularization, or stent thrombosis) and the indi-
vidual endpoints of stent thrombosis and intraprocedural 
stent thrombosis without any increase in bleeding.33,34 
Cangrelor may be useful as an agent to guarantee platelet 
inhibition in acute clinical situations like STEMI or NSTEMI, 
in which oral ADP P2Y12 inhibition is inadequate or cannot 
be administered.

Practical Considerations for Patients on 
Oral Anticoagulation
Approximately 5% to 8% of patients are on an oral antico-
agulant at admission for conditions such as atrial fibrillation, 
venous thromboembolism, or mechanical heart valves.35 
Interrupting therapy can lead to a higher rate or thrombo-
embolism36; however, bridging strategies increases the risk 
of bleeding and adverse ischemic events.37 If patients are on 

therapeutic oral anticoagulation and undergoing PCI for acute 
MI, a radial approach should be used, if possible, to minimize 
the risks of bleeding. Anticoagulation during PCI with either 
IV unfractionated heparin (dosed according to baseline ACT) 
or bivalirudin (without dose adjustment) is needed, regard-
less of the timing of the last dose of oral anticoagulation. GPIs 
should be avoided in these patients during PCI because of 
the higher risk of bleeding, other than for bailout indications.

Following PCI, the optimal antithrombotic regimen is 
not known.35 Alternatives are discussed in Chapter 21. The 
WOEST (What Is the Optimal Antiplatelet and Anticoagulant 
Therapy in Patients with OAC and Coronary Stenting) study 
randomized patients who underwent PCI (n = 573) with an 
indication for oral anticoagulation to triple antithrombotic 
therapy (aspirin/clopidogrel/warfarin) or clopidogrel and 
warfarin.38 Both groups had similar ischemic event rates at 
12 months, but bleeding was significantly higher with the 
triple antithrombotic therapy. Somewhat analogously, the 
ISAR-TRIPLE (Intracoronary Stenting and Antithrombotic 
Regimen–Testing of a 6-Week Versus a 6-Month Clopidogrel 
Treatment Regimen in Patients With Concomitant Aspirin and 
Oral Anticoagulant Therapy Following Drug-Eluting Stenting) 
trial found that 6 months of triple therapy was not superior 
to 6 weeks of triple therapy, although there was less bleeding 
with the shorter duration of triple therapy.39,40 Expert opinion 
on the management of patients on oral anticoagulation who 
are undergoing PCI is suggested in Table 17-4.35

PERCUTANEOUS CORONARY INTERVENTION

PCI is the treatment of choice for patients with STEMI and 
most patients who present with NSTEMI. The evolution of 
coronary intervention from balloon angioplasty to stenting 
to drug-eluting stents (DESs) has improved cardiac care and 
led to reductions in the morbidity associated with acute MI.

Rationale for Stenting
Stents were designed to overcome the limitations of balloon 
angioplasty, namely, acute recoil, abrupt vessel closure, and 
restenosis. Bare metal stents (BMSs) are made of stainless 
steel or cobalt chromium alloys (Table 17-5). In primary PCI, 
BMSs reduce target vessel revascularization compared with 
balloon angioplasty, but do not reduce mortality or recur-
rent MI.

When Is Balloon Angioplasty Alone Sufficient?
Balloon angioplasty alone is rarely performed in acute MI. 
It may be considered in patients at a high risk of bleeding 
or those that cannot take DAPT at all because of noncom-
pliance, intolerance, or anticipated surgery. However, a BMS 
can often be used in these circumstances, if DAPT can be 
administered for 4 to 6 weeks. The smallest available stent 
is 2.00 mm. If the reference vessel diameter is less than 2.00 
mm, balloon angioplasty may be an acceptable alternative.

ST-Elevation Myocardial Infarction: Direct Stenting 
versus Predilation
STEMI results from acute thrombotic occlusion secondary 
to plaque disruption, often with a large amount of thrombus 
and plaque burden. Conventional stenting involves predilat-
ing the lesion to allow for full stent expansion to attain the 
largest stent diameter that approximates the reference ves-
sel diameter. Predilation is often necessary to “prep” stenotic 
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lesions that are fibrotic or calcified before stent deployment. 
In STEMI, most patients will have a diameter stenosis greater 
than 50%. Predilation has the potential to embolize thrombus 
and/or plaque to the distal coronary circulation, which can 
lead to dysfunction or injury of the microvasculature, result-
ing in impaired reperfusion or no-reflow. Direct stenting not 
only minimizes distal embolization, but it also reduces pro-
cedural time and costs. One randomized trial of 206 STEMI 
patients demonstrated that direct stenting improved reperfu-
sion and ST-segment resolution compared with predilation. 
A post hoc analysis of HORIZONS-AMI and a large obser-
vational registry analysis showed similar improvements in 

reperfusion, but a lower mortality was also observed with 
direct stenting that persisted up to 1 year after stenting.41,42 
Direct stenting appears safe, effective, and should be consid-
ered in STEMI patients with thrombus-laden lesions that do 
not require predilation (e.g., noncalcified plaque).

Drug-Eluting Stents versus Bare Metal 
Stents
Rationale for Drug-Eluting Stent Development
As stent technology evolved, rates of acute stent throm-
bosis were significantly reduced (<1%), and in-stent 

TABLE 17-4 Suggested Management of Patients on Oral Anticoagulation Undergoing Percutaneous Coronary 
Intervention in Acute Myocardial Infarction

TIMING VKA NOAC

Periprocedural Management: STEMI

Anticoagulation Uninterrupted Uninterrupted

Additional	IV	UFH
(dose)

Yes
(reduced:	50	U/kg)

Yes
(reduced:	50	U/kg)

IV	bivalirudin
(no dose adjustment)

May be considered, especially if bleeding risk 
high

May be considered, especially if bleeding risk high

Vascular	access	site Radial Radial

Type of stent New-generation	DES* New	generation	DES*

Antiplatelet therapy ASA	325	mg	and
clopidogrel	LD	(300–600	mg)

ASA	325	mg	and
clopidogrel	LD	(300–600	mg)

Adjunct GPI No No

Periprocedural Management: NSTEMI

Anticoagulation Uninterrupted Discontinuation
(24	h	in	advance	without	bridging)

Additional	IV	UFH
(dose)

Yes
(reduced:	50	U/kg)

Yes
(reduced:	50	U/kg	or	standard	70–100	U/kg,	depending	on	last	dose)

IV	bivalirudin
(no dose adjustment)

May be considered, especially if bleeding risk 
high

May be considered, especially if bleeding risk high

Vascular	access	site Radial Radial

Type of stent New-generation	DES* New-generation	DES*

Antiplatelet therapy ASA	325	mg	and
clopidogrel	LD	(300–600	mg)

ASA	325	mg	and
clopidogrel	LD	(300–600	mg)

Adjunct GPI No Provisional

Antithrombotic Management: 0–12 mos

Initital therapy Triple therapy
(ASA	81	mg/day,	clopidogrel,	VKA)

Triple therapy
(ASA	81	mg/day,	clopidogrel,	NOAC)

Duration	of	triple	therapy 6	mos 6	mos

Intensity	of	OAC	during	triple	
therapy

Reduced
(goal	INR	2–2.5)

Reduced
(lower	dose	of	NOAC:	dabigatran	110	mg	bid;	rivaroxaban	15	mg/day;	
apixaban	2.5	mg	bid)

Monitoring during triple therapy INR	every	2	weeks Hemoglobin	and	kindey	function	every	4	wks

Gastric protection Yes (PPI) Yes (PPI)

Antithrombotic management after 
triple therapy

VKA	(goal	INR	2–3)
+	single	antiplatelet	therapy	(ASA	81	mg/day	 

or clopidogrel)

NOAC	(standard	dosing)
+	single	antiplatelet	therapy	(ASA	81	mg/day	or	clopidogrel)

Antithrombotic Management: > 12 mos

Antithrombotic management VKA	monotherapy
(+	ASA	81	mg/day	or	clopidogrel)†

NOAC	monotherapy
(+	ASA	81	mg/day	or	clopidogrel)†

ASA, Aspirin; DES, drug-eluting stent; GPI,	glycoprotein	IIb/IIIa	inhibitors;	INR, international normalized ratio; IV, intravenous; LD, loading dose; NOAC,	nonvitamin	K	antagonist;	
NSTEMI,	non–ST-elevation	MI;	OACs, oral anticoagulants; PPI, proton pump inhibitor; STEMI, ST-elevation MI; UFH,	unfractionated	heparin;	VKA,	vitamin	K	antagonists.
*Bare	metal	stents	may	be	considered	in	patients	at	a	highly	increased	risk	of	bleeding	or	when	unavoidable	surgery	is	planned	within	6	months.
†Indefinite	combination	with	either	low-dose	ASA	(75	to	100	mg/day)	or	clopidogrel	(depending	on	the	individual	risk	of	bleeding,	especially	gastrointestinal	and	stent	
thrombosis)	may	be	considered	in	special	situations	(e.g.,	left	main	and/or	last	remaining	vessel	stenting,	history	of	stent	thrombosis	and/or	recurrent	cardiac	events,	diffuse	
coronary artery disease), when bleeding risk is low.
Adapted from Rubboli A, et al: The optimal management of patients on oral anticoagulation undergoing coronary artery stenting. The 10th anniversary overview. Thromb 
Haemost 112:1080–1087, 2014.
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restenosis emerged as a major limitation of coronary stent-
ing.43 Coronary stents increase the acute gain compared 
with balloon angioplasty, primarily because of less recoil 
and larger acute luminal diameters. However, vascular injury 
and response to stent implantation exaggerates neointimal 
hyperplasia. Despite this adverse response, net gain is still 
significantly improved compared with balloon angioplasty. 
Angiographic restenosis after BMS implantation occurs in 
approximately 30% of patients in the first year, with only half 
of the patients presenting with symptoms. DESs are com-
prised of a stent, pharmacologic agent, and a polymer to con-
trol the pharmacokinetics of drug delivery. DESs maintain 
the mechanical advantages of BMSs, but also deliver antire-
stenotic therapy to the sites of vascular injury. The pharma-
cologic agents that were used in first-generation DESs were 
paclitaxel or rapamycin (i.e., sirolimus). Paclitaxel interferes 
with microtubule depolymerization, inhibiting cellular repli-
cation and cytokine-mediated smooth muscle cell prolifera-
tion and/or migration. Sirolimus inhibits mammalian target 
of rapamycin, which blocks the cell cycle transition from G1 
to S and impairs vascular smooth muscle cell proliferation. 
A number of rapamycin analogues have been developed 
and are currently used in second-generation DESs (e.g., 
everolimus, zotarolimus, biolimus).

Evidence in Acute Myocardial Infarction
The initial evidence comparing first-generation DESs to BMSs 
demonstrated a significant reduction in target vessel revascu-
larization, without any differences in death, MI, or stent throm-
bosis in the first 2 years following PCI.44 Two major trials have 
compared newer generation DESs to BMSs in STEMI. In the 
EXAMINATION (Everolimus-Eluting Stents Versus Bare-Metal 

Stents in ST Segment Elevation Myocardial Infarction) trial, 
everolimus-eluting stents (EESs) significantly reduced target 
vessel revascularization and stent thrombosis compared with 
BMSs at 2-year follow-up in STEMI.45–47 No differences were 
observed in death and MI between EESs and BMSs. Similar 
reductions in target vessel revascularization were also seen 
in the COMFORTABLE AMI (Comparison of Biolimus Eluted 
From an Erodible Stent Coating With Bare Metal Stents in 
Acute ST-Elevation Myocardial Infarction) trial, which ran-
domized STEMI patients to a biolimus-eluting stent or a BMS.48

Practical Considerations
DESs provide superior outcomes compared with BMSs, pri-
marily with a reduction in target vessel revascularization. It 
can be challenging to determine if patients can tolerate or 
comply with prolonged DAPT (i.e., ≥12 months) with pri-
mary PCI in STEMI. DES placement should be avoided in 
patients who cannot tolerate (e.g., elevated bleeding risk 
or anticipated invasive or surgical procedures) or cannot 
comply with a prolonged DAPT course because of social 
or financial barriers.2 DES should be considered in patients 
with lesions with a higher risk for restenosis. These high-risk 
indicators include both anatomic factors (e.g., long lesions, 
small vessel size, aorto-ostial lesions, restenotic lesions, pre-
vious stenting, lesions with higher complexity) and clinical 
factors (e.g., female sex, diabetes mellitus, chronic kidney 
disease, or multivessel coronary artery disease [CAD]).

Current Drug-Eluting Stent Platforms
The DESs available (see Table 17-5) in the United States 
vary by platforms, pharmacologic agent, and polymer type. 
In general, the efficacy and safety of the newer generation 
DESs are similar and do not strongly favor use of one indi-
vidual stent type over the others.

Emerging Stent or Balloon Platforms
Limitations of DESs include restenosis and the risk for late (>30 
days) or very late (>12 months) stent thrombosis. DAPT is cur-
rently recommended for a minimum of 12 months after DES 
placement to reduce the risk of stent thrombosis. Currently 
approved DESs (see Table 17-5) have a durable polymer that 
remains on the stent after the drug is eluted, which can act 
as a nidus for inflammation or delay endothelialization that 
leads to restenosis or stent thrombosis, respectively. Several 
newer stent designs are being investigated to reduce or elimi-
nate the inflammatory stimulus from the stent polymer and/or 
scaffold. Bioresorbable polymer DESs contain a polymer that 
is completely or partially absorbed, and leaves a BMS behind 
without a polymer, which theoretically should lower the risk 
for restenosis and stent thrombosis. The Synergy DES (Boston 
Scientific, Marlborough, Mass.) was recently approved in the 
United States, and outcomes with these stents are comparable 
with second-generation DESs, although these outcomes are 
not better.49 Polymer-free stents are also currently being devel-
oped that can elute a pharmacologic agent over the period 
of time needed to inhibit restenosis. Bioresorbable stents have 
been developed to be fully biodegradable, in which the stent 
platform or scaffold is completely reabsorbed after a period 
of time after implantation. Because restenosis is unlikely in 
the first 9 to 12 months after stent implantation, the need for 
a permanent vascular scaffold diminishes over time and may 
contribute to late restenosis or stent thrombosis. In addition, the 
requirement for long-term DAPT after DES could be minimized. 

TABLE 17-5 Currently Available Coronary Stents in 
the Unites States

STENT NAME 
(MANUFACTURER)

STENT 
PLATFORM DRUG POLYMER

BMS

Integrity
(Medtronic)

Cobalt 
chromium

— —

REBEL
(Boston	Scientific)

Platinum 
chromium

— —

VeriFLEX
(Boston	Scientific)

Stainless steel — —

Vision
(Abbott)

Cobalt 
chromium

— —

DES

Endeavour (Medtronic) Cobalt 
chromium

Zotarolimus Phosphoryl 
choline

Promus Element or 
Premier

(Boston	Scientific)

Platinum 
chromium

Everolimus PMBA/PVDF-HFP

Resolute	(Medtronic) Cobalt 
chromium

Zotarolimus Biolinx

Synergy	(Boston	
Scientific)

Platinum 
chromium

Everolimus Bioabsorbable	
PLGA

Taxus	Ion
(Boston	Scientific)

Platinum 
chromium

Paclitaxel SIBS

Xience	V,	Prime,	Premier,	
Alpine (Abbott)

Cobalt 
chromium

Everolimus PMBA/PVDF-HFP

BMS,	Bare	metal	stent;	DES, drug-eluting stent;PBMA, poly n-butyl methacrylate; 
PEVA, polyethylene-co-vinyl acetate; PLGA, poly-lactide-co-glycolide; PVDF-HFP, poly 
(vinylidene	fluoride-hexafluoropropylene);	SIBS, poly(styrene-b-isobutylene-b-styrene).
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Trials are currently ongoing to assess the safety and efficacy 
of bioresorbable stents compared with current DESs. Drug-
coated balloons have also been studied for PCI, but the results 
compared with DESs have not demonstrated similar efficacy 
for de novo CAD.50 Finally, the MGuard (InspireMD, Tel Aviv, 
Israel) stent has been designed as a BMS with a polyethylene 
terephthalate micronet mesh to cover, trap, and exclude debris 
that could embolize to the distal circulation and which could 
potentially have a role in thrombus-laden lesions in STEMI. 
Initial evidence demonstrated that the MGuard stent improved 
ST-segment resolution and epicardial flow51; however, the clini-
cal significance of these findings is not yet known.

ADJUNCTIVE DIAGNOSTIC AND THERAPEUTIC 
DEVICES

Practical Use of Intravascular Imaging
Coronary angiography is a two-dimensional image that has 
certain limitations, namely, that it is a “luminogram” that 
accurately describes the vessel lumen, but it provides lim-
ited information about plaque composition, size, and distri-
bution. Intravascular imaging allows for real-time assessment 
of coronary stenoses, which can be used at various times 
during PCI. Two devices, intravascular ultrasound (IVUS) 
and optical coherence tomography (OCT), are the most 
commonly used intravascular imaging devices in clinical 
practice. Near-infrared spectroscopy may be useful at detect-
ing the lipid composition and potential vulnerability of a 
plaque, but it is not commonly used to support PCI. Each of 
these devices is discussed in Chapter 10.

Evidence for use of intravascular imaging during PCI has 
been studied predominantly with IVUS in BMSs.52 Overall, 
the results have been conflicting. The largest prospective 
study of IVUS use (n = 8583; 38% underwent IVUS) during 
PCI demonstrated that IVUS was associated with a signifi-
cant reduction in major adverse cardiac events, MI, and stent 
thrombosis within the first 12 months after DES implanta-
tion.53 Interestingly, this effect was strongest in patients who 
presented with STEMI.

IVUS and OCT are used at various stages of PCI. Before PCI, 
intravascular imaging can be used to determine plaque com-
position, size, location, and distribution. Lesion composition 
can change interventional strategies. For example, if a lesion 
is heavily calcified (e.g., circumferential calcium demon-
strated on IVUS/OCT), rotational atherectomy may be used 
to prepare the lesion before balloon angioplasty. In addition, 
plaque location and distribution can significantly alter the 
stenting strategy of bifurcation lesions, especially in left main 
lesions.54 Another important use of intravascular imaging is 
to determine the cause of stent failure in stent thrombosis or 
in-stent restenosis (Figure 17-e1). OCT may be the preferred 
imaging modality for this purpose because it can accurately 
assess endothelial coverage of the stent struts (i.e., a poten-
tial cause of late and very late stent thrombosis) or detect 
neoatherosclerosis, an emerging cause of late stent failure.52

When to Use Fractional Flow Reserve in 
Acute Myocardial Infarction?
Coronary angiography does not always accurately predict 
the hemodynamic significance of a coronary lesion.55 
Only angiographic stenoses of more than 80% to 90% can 
accurately predict a hemodynamically significant lesion 

by fractional flow reserve (FFR) of less than 0.80. FFR mea-
sures the hemodynamic significance of a coronary lesion 
by measuring the distal mean coronary and aortic pressures 
during maximal hyperemia, typically IV adenosine. In stable 
disease, FFR-guided revascularization improves clinical out-
comes compared with angiography alone.56,57 FFR is not a 
useful tool for determining the culprit vessel in STEMI, thus 
limiting its use during primary PCI. However, FFR may be an 
important diagnostic tool for assessing the ischemic poten-
tial of a nonculprit lesion in STEMI. In NSTEMI, it may be par-
ticularly difficult to determine the culprit lesion in patients 
with multivessel CAD by angiography alone. FFR can be 
used to guide revascularization of lesions with an FFR of 
less than 0.80. FFR may also be particularly useful to assess 
the ischemic potential of intermediate left main coronary 
stenoses (i.e., 50% to 70%).

Aspiration Thrombectomy
Thrombectomy can be performed by manual aspiration 
catheters or a rheolytic thrombectomy catheter system (e.g., 
Angiojet; Boston Scientific, Marlborough, Massachusetts), 
the latter of which uses a dedicated device that dissolves 
thrombus by a high-speed saline jet and aspirates surround-
ing blood and thrombus. Rheolytic thrombectomy has a 
higher risk of device-related vessel trauma. Manual aspira-
tion catheters are simple to use, have a lower profile, and 
are preferred by many operators. In STEMI, manual aspi-
ration has been used routinely by approximately half of 
operators.2,20,58

A meta-analysis of 11,321 patients from 20 randomized 
controlled trials demonstrated that major adverse car-
diac events, including stent thrombosis, were significantly 
reduced in STEMI patients using aspiration thrombectomy 
before primary PCI compared with primary PCI alone.59 
However, randomized evidence from adequately sized trials 
of cardiovascular outcomes does not support its routine use. 
The TASTE (Thrombus Aspiration in ST-Elevation Myocardial 
Infarction in Scandinavia) trial did not show any reduction 
in death, MI, and stent thrombosis in STEMI patients (n = 
7244) randomized to manual aspiration compared with pri-
mary PCI alone.60 The TOTAL (Trial of Routine Aspiration 
Thrombectomy with PCI versus PCI Alone in Patients with 
STEMI) trial of 10,732 STEMI patients who underwent pri-
mary PCI randomized to bailout or upfront routine manual 
aspiration thrombectomy did not find any clinical benefit at 
180 days with routine aspiration thrombectomy; moreover, a 
higher rate of stroke at 180 days was observed with routine 
aspiration thrombectomy compared with primary PCI alone 
(Figure 17-2).61 In STEMI, manual aspiration thrombectomy 
should not be performed as a routine procedure, but may be 
considered in patients with a large thrombus burden or as 
bailout following primary PCI.

Distal Embolic Protection
Embolic protection devices have the potential to capture 
any atherosclerotic debris or thrombus that may be embo-
lized during PCI. A number of embolic protection devices 
have been developed that use either proximal occlusion or 
a distal filter to catch embolic debris. The proximal occlu-
sion device is no longer available in the United States. Thus, 
the filter-based devices (Figure 17-3) can be used for PCI and 
can capture debris that is more than 120 μm. One advantage 
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FIGURE 17-e1 Intravascular ultrasound (IVUS) images of stent deployment 
complications.	Cross-sectional	IVUS	images	of	complications	following	stenting:	(A) 
stent malapposition (i.e., gap between the stent and vessel wall); (B) stent under-
expansion;	and	(C) edge dissection. (Adapted from Vascular Disease Management, 
Buckley CJ: Intravascular ultrasound is critical to insuring long-term stent perfor-
mance. 2006. http://www.vasculardiseasemanagement.com/content/intravascular- 
ultrasound-critical-insuring-long-term-stent-performance. Accessed April 1, 2015.)

http://www.vasculardiseasemanagement.com/content/intravascular-ultrasound-critical-insuring-long-term-stent-performance
http://www.vasculardiseasemanagement.com/content/intravascular-ultrasound-critical-insuring-long-term-stent-performance
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to this device is that anterograde flow is maintained through-
out PCI. Currently, embolic protection devices should be 
used for PCI of saphenous vein grafts (SVGs), which typically 
contain more friable atherosclerotic debris.20 In the absence 
of an SVG, embolic protection is not indicated in PCI for MI, 
including STEMI. In a randomized trial of STEMI patients, dis-
tal embolic protection did not improve clinical outcomes or 
infarct size compared with primary PCI alone.62

LESION-SPECIFIC PERCUTANEOUS CORONARY 
INTERVENTION STRATEGIES

Bifurcation Lesions
Coronary bifurcation lesions occur at or near a division of a 
major coronary artery and are found in up to 20% of PCIs.63 
In STEMI, bifurcation lesions comprise approximately 10% 

of target lesions in primary PCI.64 Procedural and clinical 
outcomes associated with PCI of bifurcation lesions remain 
suboptimal, because of the complexity of anatomy and the 
dynamic changes that occur to the lesion during revascu-
larization. Selection of the optimal PCI strategy to manage 
bifurcation lesions is controversial. When considering bifur-
cation PCI, it is important to carefully assess the distribution 
of atherosclerotic disease, the relative size of the proximal 
and distal main branch and side branch, and the bifurcation 
angle of the main and side branches. During main branch 
stenting, side branch compromise that requires stenting may 
be required in 2% to 51% of PCIs of bifurcation lesions.65 
Dynamic changes can occur during stenting of the main 
branch that can compromise coronary blood flow to a side 
branch, including plaque or a carina shift, bifurcation angle 
change, vessel spasm, dissection, stent strut protrusion, and 
conformational changes to the side branch ostium.
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P = 0.86
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PCI alone
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FIGURE 17-2 Kaplan-Meier estimates for clinical outcomes at 180 days in the TOTAL trial. (A)	No	difference	was	observed	in	the	rate	of	the	primary	outcome	(car-
diovascular	death,	myocardial	infarction,	cardiogenic	shock,	or	New	York	Heart	Association	class	IV	heart	failure)	between	ST-elevation	myocardial	infarction	patients	(n	=10,732)	
who underwent primary PCI randomized to upfront routine manual aspiration thrombectomy versus percutaneous coronary angiography (PCI) alone with bailout manual aspira-
tion. (B) A significantly higher rate of stroke was observed in the routine thrombectomy group at 180 days compared with PCI alone with bailout thrombectomy. CI, Confidence 
interval. (Adapted from Jolly SS, et al: Randomized trial of primary PCI with or without routine manual thrombectomy. N Engl J Med 372:1389–1398, 2015.)
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The Medina classification is the most widely accepted 

scheme used (Figure 17-4). A “true” bifurcation lesion con-
tains a significant (>50%) stenosis in both the main and side 
branches (i.e., Medina 1,1,1; 1,0,1; or 0,1,1). IVUS can also 
be used to assess the distribution of plaque in a bifurcation 
lesion, and will frequently reclassify lesions compared with 
angiographic classification.54 During bifurcation PCI, it is 
important to determine a priori if a bifurcation lesion will be 
approached using a one-stent (i.e., provisional) or two-stent 
approach (Figure 17-e2). In a one-stent approach, the main 
branch is stented and the side branch is provisionally stented 
if clinical symptoms and/or angiographic (e.g., Thrombolysis 
in Myocardial Infarction [TIMI] <3 flow) or adjunctive mea-
surements (e.g., FFR <0.80) warrant intervention.

A two-stent approach involves stenting both the main 
and side branches. Randomized and observational data 
suggest that provisional side branch stenting compared 
with planned side branch stenting (i.e., two-stent approach) 
have similar clinical outcomes, except procedural time and 
contrast volume are reduced with a provisional approach. 
A meta-analysis of 9 randomized trials that included 2569 
patients with coronary bifurcation lesions randomly 
selected to undergo PCI with either provisional or elective 
side branch stenting using DES demonstrated that the risk 
for MI was significantly higher with a two-stent approach 
compared with provisional side branch stenting.66 However, 
the generalizability of this evidence to all bifurcation lesions 
is controversial, and strategies for PCI should be tailored for 
each lesion.

True bifurcation lesions with side branch disease that 
extends beyond the ostium may often be treated with a 
two-stent approach (see Figure 17-e2). A number of stenting 
strategies have been developed for the two-stent approach, 
including culotte, double-kissing crush, mini-crush, simulta-
neous “kissing” stents, T-stenting, and V-stenting. Regardless 
of the bifurcation stenting strategy, final kissing balloon infla-
tion in the main and side branches should be performed. 
DESs are preferred in bifurcation PCI because of a lower 
rate of restenosis compared with BMSs. Dedicated bifurca-
tion stents have been developed, but are not currently avail-
able in the United States.

Left Main Coronary Artery
Strategies used for left main coronary artery (LMCA) PCI will 
depend on the plaque distribution (i.e., ostium, body, distal), 
LMCA length and size, and the bifurcation angle. Focal LMCA 
stenoses at the ostium or body that do not involve the distal 
left main artery can often be treated with a short single stent. 
However, the same strategies used to perform bifurcation PCI 
also apply to LMCA disease that involves the distal left main 
and/or ostium of the left anterior descending or left circumflex 
arteries. Because of the limitations of angiography, IVUS use 

FIGURE 17-3 Filter embolic protection device. Atherosclerotic debris that was 
captured using a filter-based embolic protection device following percutaneous coro-
nary intervention of a saphenous vein graft.

1. Main branch proximal lesion > 50%: 0 or 1

2. Main branch distal lesion >50%: 0 or 1

3. Side branch lesion > 50%: 0 or 1

1, 1, 1 1, 1, 0 1, 0, 1

1, 0, 0 0, 1, 0 0, 0, 1

0, 1, 1

FIGURE 17-4 Medina classification of bifurcation lesions. (Redrawn from Latib A, Colombo A: Bifurcation disease: what do we know, what should we do? JACC Car-
diovasc Interv 1:218–26, 2008.)
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Lesion assessment (IVUS and FFR)

SB diameter and lesion length
D: < 2.5mm

and/or
L: <10mm

D: ≥ 2.5mm
and

L: ≥ 10mm

One-stent
technique with
provisional SB

stenting

TREAT PRIMARY
MB LESION

Two-stent
technique

No

Any of the following occur:
1) Chest pain
2) <TIMI 3 flow in the SB

or FFR <0.80
3) Flow-limiting dissection

If Yes, perform the following:
1) Proximal optimization technique
2) Provisional SB angioplasty stenting

Final kissing inflation +/–
post-PCI IVUS

Imaging

FIGURE 17-e2 Algorithm for percutaneous coronary intervention (PCI) of coronary bifurcation lesions.	Before	PCI,	intravascular	ultrasound	(IVUS)	can	be	used	to	
determine	plaque	composition,	size,	location,	distribution,	and	reference	vessel	sizing.	Fractional	flow	reserve	(FFR)	can	be	used	to	assess	the	hemodynamic	significance	of	any	
branches	with	intermediate	lesions	(i.e.,	stenosis	50%	to	70%).	If	the	side	branch	(SB)	lesion	length	(L)	is	>10	mm	and	the	vessel	diameter	(D)	is	>2.5	mm,	then	a	two-stent	strat-
egy	should	be	considered	a	priori.	Otherwise,	the	one-stent	technique	with	provisional	SB	stenting	should	be	used	for	all	other	lesions.	Following	main	branch	(MB)	treatment, 
if	the	patient	experiences	chest	pain,	has	TIMI	flow	less	than	3	or	an	FFR	less	than	0.80	in	the	SB,	or	is	complicated	by	a	flow-limiting	dissection,	then	the	proximal	optimization	
technique	(i.e.,	using	a	short	balloon	to	correct	any	proximal	MB	stent	deformation	that	could	prevent	SB	access)	should	be	used	to	increase	the	likelihood	of	successful	recrossing	
of	the	SB	followed	by	SB	angioplasty	and/or	stenting.	Finally,	final	kissing	inflation	should	be	used	in	all	cases.	Post-IVUS	imaging	can	be	considered	to	optimize	the	final	result	of	
assessing	for	complications,	including	stent	underexpansion.	(Adapted from Depta JP, Patel Y, Singh J: Bifurcation lesions. In Greenberg B, et al., eds: Clinical	Decision Support: 
CARDIOLOGY, Wilmington, DE: Decision Support in Medicine, 2013)
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should be considered when technically feasible to accurately 
assess distribution of plaque in the LMCA and its branches. 
In STEMI, if the LMCA is the culprit vessel, then PCI should be 
considered in patients with TIMI grade <3 flow.20 In NSTEMI, 
the decision to treat LMCA disease with PCI or CABG should 
undergo a prompt evaluation using a heart team approach 
to assess the complexity of coronary disease (i.e., SYNTAX 
[Synergy Between Percutaneous Coronary Intervention with 
TAXUS and Cardiac Surgery] score), surgical risk (i.e., STS 
[Society of Thoracic Surgery] score), and other co-morbid-
ities to determine the best revascularization strategy using 
local expertise and patient preferences.20 In general, clinical 
outcomes comparing PCI and CABG are similar, with a higher 
rate of revascularization with PCI and increased risk of stroke 
with CABG.20 In patients with a high syntax score (>33), dia-
betes mellitus, or multivessel CAD, CABG is typically preferred 
over PCI, and PCI is favored in patients with a low SYNTAX 
score (<22) or a high surgical risk (STS >5%).

Aorto-Ostial Lesions
Aorto-ostial lesions are typically defined as a lesion within 3 
mm of the vessel origin (i.e., left main, right coronary artery, or 
anomalous coronary vessel). Aorto-ostial disease may be dif-
ficult to diagnose with angiography alone, and a high suspi-
cion for its presence should be considered with dampening 
of the pressure waveform with coronary catheter engage-
ment. IVUS and FFR are useful for determining the degree 
of stenosis or hemodynamic significance, respectively, in 
lesions that are intermediate or indeterminate on angiogra-
phy. IVUS can also be used to assess plaque distribution, ves-
sel size, and mark the ostium during stent deployment.67 It is 
important to rule out catheter-induced spasm from engage-
ment of the coronary ostium; spasm will typically resolve 
with intracoronary administration of nitroglycerin (100 to 
200 μg). Aorto-ostial disease can be resistant to angioplasty 
and stenting because of recoil from the muscular and elastic 
layers of the aorta. DESs are preferred in aorto-ostial lesions 
over BMSs because of a lower rate of restenosis.20

Saphenous Vein Graft
PCI of SVGs is associated with a significantly higher rate of 
periprocedural MI and acute complications because of ath-
eroembolization and release of vasoactive substances to the 
downstream microcirculation, which can lead to no-reflow. 
SVGs are more friable than native coronary disease and 
prone to distal embolization with manipulation during PCI. 
In STEMI, approximately 2% to 3% of patients have a history 
of CABG and approximately half of previous CABG patients 
will have an SVG that is the culprit vessel.68,69 Primary PCI 
of patients with a history of CABG has a significant delay in 
door-to-device times (i.e., reperfusion), worse angiographic 
outcomes, and higher rates of adverse clinical outcomes, 
including death.68,69 As mentioned previously, embolic pro-
tection devices should be considered during SVG PCI to 
improve clinical outcomes. DESs are preferred in SVG PCI 
compared with BMSs because of a reduction in adverse 
clinical outcomes and repeat revascularization.70

Calcified Lesions
Calcified lesions are less likely to cause ACS with or with-
out ST-segment elevation compared with plaque rupture or 

erosion.71 However, a subset of patients with a heavily calci-
fied culprit lesion will present with an MI. During PCI, exten-
sive calcification can be technically challenging. It can be 
difficult to deliver guidewires, balloons, or stents in calcified 
arteries because of their rigidity. Calcification can also be 
incredibly resistant to high-pressure balloon dilation, which 
can lead to stent underexpansion (i.e., a predictor of acute 
stent thrombosis). Rotational atherectomy should be used 
for calcified arteries when balloon dilation is inadequate 
or there is an inability to cross a lesion with a balloon or 
stent.20 The most commonly used atherectomy device is the 
Rotablator rotational atherectomy device (Boston Scientific, 
Marlborough, Massachusetts), which removes plaque using 
a rapidly rotating (150,000 to 160,000 rpm) atherectomy 
burr with diamond chips embedded on the surface. Most 
operators will use a single smaller (1.5 or 1.75 mm) burr for 
plaque modification to allow for effective balloon dilation 
and complete stent expansion.

NONCULPRIT REVASCULARIZATION

An area of significant controversy in PCI in acute MI, primar-
ily in patients with STEMI, is to consider revascularization 
or “preventive stenting” of nonculprit lesions.72 In acute MI, 
patients with multivessel CAD have a significantly higher 
rate of adverse cardiac events, including death and reinfarc-
tion compared with patients with single-vessel CAD. During 
MI, it has been suggested that the pathophysiologic derange-
ments leading to plaque rupture of the culprit vessel are 
generalized throughout the entire coronary vasculature, 
leading to plaque destabilization and vulnerability in non-
culprit territories.72

Observational data and prospective studies have been 
inconclusive on the efficacy and safety of multivessel revas-
cularization in STEMI. In the multicenter PRAMI (Preventive 
Angioplasty in Acute Myocardial Infarction) trial, patients  
(n = 465) with STEMI underwent culprit-lesion PCI and were 
randomized to nonstaged preventive PCI of any angiograph-
ically significant lesions (≥50% diameter stenosis) versus 
no further intervention.73 At a mean follow-up of 23 months, 
preventive PCI significantly reduced a composite of cardiac 
death, nonfatal MI, and refractory angina compared with no 
preventive PCI (Figure 17-5A). The benefit of preventive stent-
ing was still present when limited to cardiac death or nonfa-
tal MI, and no differences were observed between the rates 
of stent thrombosis between the two groups. Unlike previ-
ous studies of multivessel revascularization in STEMI, PRAMI 
did not allow for staged PCI. Thus, a comparison between 
PRAMI and the previous published literature is difficult. In 
CvLPRIT (Complete versus Lesion-only Primary PCI trial), 
STEMI patients (n = 296) were randomized to in-hospital 
complete versus culprit-vessel only PCI; 64% of patients in 
the complete revascularization group underwent nonculprit 
vessel PCI at the time of primary PCI.74,75 The composite pri-
mary endpoint of all-cause mortality, recurrent MI, heart fail-
ure, and ischemia-driven revascularization was significantly 
reduced at 12 months in patients who underwent complete 
in-hospital revascularization compared with PCI of the cul-
prit vessel alone (see Figure 17-5B). In observational stud-
ies, complete revascularization appears to be beneficial 
in patients who present with NSTE-ACS.76,77 Additional evi-
dence on nonculprit revascularization is forthcoming in tri-
als of STEMI and NSTE-ACS patients, which should further 
clarify the efficacy and safety of nonculprit PCI in acute MI.
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ST-ELEVATION MYOCARDIAL INFARCTION: 
WHEN IS CORONARY ARTERY BYPASS 
GRAFTING NEEDED?

Emergent or urgent CABG (<1%) is rarely needed in 
patients who present with STEMI. CABG should be con-
sidered in patients with suitable anatomy for CABG if: (1) 
PCI cannot be performed or is unsuccessful, and there is 
persistent ischemia and/or hemodynamic instability; (2) 
for surgical repair of a postinfarction mechanical com-
plication; or (3) for a life-threatening ventricular arrhyth-
mia caused by ischemia and left main stenosis (>50%), 
or three-vessel CAD.78 CABG should not be performed for 

persistent angina and a small area of viable myocardium 
in hemodynamically stable patients or PCI complicated by 
no-reflow.78 In stable patients with coronary anatomy that 
is unsuitable for PCI and a patent infarct-related artery (i.e., 
TIMI 3 flow), CABG may also be considered if a large area 
of myocardium is at risk.

PERCUTANEOUS HEMODYNAMIC SUPPORT

Percutaneous hemodynamic assist devices provide supe-
rior circulatory support compared with pharmacotherapy. 
Benefits include (1) maintenance of organ perfusion, (2) 
prevention of systemic shock, (3) reduction of intracardiac 
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P = 0.009
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P <0.001
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FIGURE 17-5 Kaplan-Meier estimates for clinical outcomes in the PRAMI and CvLPRIT trials. (A)	In	the	PRAMI	trial,	patients	(n	=	465)	with	ST-elevation	of	myocardial	
infarction (STEMI) who were randomized to nonstaged preventive percutaneous coronary intervention (PCI) had significantly lower rates of the primary outcome (cardiac death, 
nonfatal	myocardial	infarction	[MI],	and	refractory	angina)	compared	with	no	preventive	PCI	(i.e.,	culprit	vessel	only)	with	a	mean	follow-up	of	23	months.)	(B)	In	CvLPRIT,	com-
plete revascularization significantly reduced major adverse cardiac events (all-cause mortality, recurrent MI, heart failure, and ischemia-driven revascularization) at 12 months 
in	STEMI	patients	(n	=	296)	compared	with	PCI	of	the	culprit	vessel	alone.	CI, Confidence interval. (Adapted from Wald DS, et al: Randomized trial of preventive angioplasty 
in myocardial infarction.	N	Engl	J	Med 369:1115–23, 2013; and Gershlick AH, et al: Randomized trial of complete versus lesion-only revascularization in patients undergoing 
primary percutaneous coronary intervention for STEMI and multivessel disease: the CvLPRIT trial. J Am Coll Cardiol 65:963–72, 2015.)
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filling pressures to relieve pulmonary congestion, and (4) 
reduced left ventricular end-diastolic volumes and improved 
myocardial perfusion.79 The available devices, their indica-
tions, and complications are discussed in Chapter 27. In 
STEMI, mechanical circulatory support should be started 
before PCI in patients with cardiogenic shock refractory 
to medical therapy, despite the delay in door-to-device 
time. Mechanical circulatory support may also be used in 
patients undergoing high-risk PCI,80 and it may be consid-
ered in patients with LMCA disease, severe multivessel CAD, 
or a last remaining conduit with an ejection fraction of less 
than 35% undergoing challenging or prolonged PCI.79

CORONARY COMPLICATIONS AND 
MANAGEMENT

No-Reflow
No-reflow is a known complication of PCI and defined as 
reduced coronary blood flow or perfusion despite rees-
tablishing epicardial patency. In acute MI, the incidence 
of no-reflow is 2.3% and occurs more frequently in older 
patients, STEMI, prolonged delay from symptom onset to 
presentation, cardiogenic shock, longer lesion length, com-
plex lesions (type C), bifurcation lesions, or TIMI less than 
grade 3 flow before revascularization.81 No-reflow is asso-
ciated with a significantly higher risk of in-hospital mor-
tality (odds ratio 2.20; P <.001).81 It can also occur during 
PCI of SVG lesions or use of rotational atherectomy. The 
mechanisms responsible for no-reflow are multifactorial 
and include ischemia–reperfusion injury, microcircula-
tory injury and dysfunction, and distal embolization (see 
Chapter 24).82 Despite inconclusive results on the clinical 
efficacy of thrombus aspiration during primary PCI, aspira-
tion thrombectomy reduces the risk of no-reflow and may 
be useful in STEMI patients with a large thrombus burden.82 
A number of pharmacologic agents have been studied for 
the prevention or treatment of no-reflow, including adenos-
ine, calcium channel blockers (e.g., verapamil), epineph-
rine, GPIs, nitroglycerin, nitroprusside, and thrombolytics.82 
Evidence favoring a definitive pharmacologic agent or 
regimen for prevention or treatment of no-reflow is lack-
ing. When no-reflow occurs, a reasonable approach would 
be to use adenosine, nitroprusside, or verapamil. GPIs and 
manual aspiration can be used if no-reflow occurs in the 
setting of a large residual thrombus burden.

Coronary Perforation
During PCI, coronary perforation occurs in 0.2% to 0.6% 
of patients and is higher in patients with complex lesions 

or with the use of rotational atherectomy. Most coronary 
perforations are self-limited, can be classified according to 
the Ellis criteria (Table 17-6), and are managed based on 
severity. Immediate recognition of any coronary perfora-
tion and prompt balloon occlusion proximal to the area 
of contrast extravasation in the perforated vessel is para-
mount. Prolonged balloon inflations are typically required 
(>10 minutes), which should stop blood flow into the 
pericardium. During this time, patients can be stabilized 
hemodynamically. The decision to perform emergent peri-
cardiocentesis should be dictated by the patient’s hemo-
dynamics. If available, a perfusion balloon catheter can 
be used to provide distal blood flow beyond the site of 
balloon occlusion to perfuse the myocardium during pro-
longed balloon inflations. Subsequent management will 
depend on its severity, location, and response to balloon 
occlusion. Small perforations may be completely sealed 
with balloon inflation alone. Distal coronary perforation 
from coronary guidewires can be managed with balloon 
occlusion or microcatheter aspiration to collapse the dis-
tal vessel, but if bleeding persists, then embolization can be 
considered with the use of coils, vascular plugs, thrombus, 
subcutaneous fat, or fibrin glue. One caveat to distal embo-
lization is that it typically will result in an occluded ves-
sel at the site of embolization. If bleeding persists despite 
prolonged balloon occlusion, a polytetrafluoroethylene-
covered stent can be placed. Type III coronary perforations 
usually result in cardiac tamponade, and a covered stent 
should be implanted for this type of perforation. Reversal 
of intraprocedural anticoagulation should be avoided 
in patients undergoing covered stenting (i.e., because of 
the risk of stent thrombosis when anticoagulation is fully 
reversed). In certain patients (e.g., previous CABG surgery), 
a hemorrhagic effusion may be focal and can self-tampon-
ade the perforation. Emergency cardiac surgery should be 
considered for persistent bleeding and/or hemodynamic 
compromise despite pericardiocentesis.

Stent Thrombosis: Intraprocedural and 
Acute
The Academic Research Consortium standardized the 
definition of stent thrombosis into definite, probable, or 
possible.83 Timing of stent thrombosis is defined as intra-
procedural (before completion of PCI), acute (<24 hours), 
subacute (24 hours to 30 days), late (>30 days to 1 year), or 
very late (>1 year). The incidence of stent thrombosis in the 
first year is approximately 1%, with most occurring within 
the first 30 days. In acute MI, the risk for stent thrombosis 
increases incrementally in patients undergoing PCI in the 
setting of NSTEMI and STEMI.84,85 In a large Dutch registry 

TABLE 17-6 Ellis Classification of Coronary Perforations

PERFORATION  
TYPE (%) DESCRIPTION DEATH MI TAMPONADE

EMERGENCY 
CARDIAC SURGERY

Type I
(21%)

Extraluminal	crater	without	myocardial	blush,	 
extravasation,	or	evidence	of	dissection

0% 0% 8% 15%

Type II
(50%)

Myocardial	or	pericardial	blush	without	extravasation 0% 14% 13% 10%

Type III
(29%)

Extravasation	through	a
>1-mm perforation or cavity spilling

19% 50% 63% 66%

MI, Myocardial infarction.
Adapted from Ellis SG, et al: Increased coronary perforation in the new device era. Incidence, classification, management, and outcome. Circulation 90:2725, 1994.
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analysis of 21,009 patients who underwent PCI, the propor-
tion of stent thrombosis that was acute, subacute, late, and 
very late was 32%, 41%, 13%, and 14%, respectively.86 Clinical 
predictors associated with stent thrombosis include clini-
cal, anatomic, and procedural factors (Table 17-7), with dis-
continuation of DAPT being a major contributing factor for 
stent thrombosis.

Development of intraprocedural stent thrombosis (i.e., 
new or increasing thrombus in or near a recently deployed 
stent before the end of PCI) is a major concern and risk 
for serious adverse clinical events. Acute MI, large throm-
bus burden, no-reflow, and bifurcation lesions increase 
the risk for intraprocedural stent thrombosis. Most cases of 
intraprocedural stent thrombosis occur in patients under-
going PCI for acute MI. If intraprocedural or acute stent 
thrombosis occurs, acute occlusion of the stented vessel 
occurs and should be managed accordingly. If intraproce-
dural stent thrombosis occurs, it is important to check the 
ACT to determine if subtherapeutic anticoagulation may 
have contributed to the event. Manual aspiration of throm-
bus is usually required with stent thrombosis. Intravascular 
imaging is key to determining if a mechanical issue led to 
stent thrombosis (e.g., flow-limiting dissection), which will 
dictate treatment strategies. Additional pharmacotherapy 
including GPIs may be useful. If stent thrombosis occurs on 
clopidogrel, and compliance has been verified, switching 
to a more potent ADP P2Y12 inhibitor is often advised. One 
important consideration in preventing stent thrombosis in 
patients who present with MI complicated by cardiogenic 
shock is the potential for poor gastrointestinal absorption 
of oral medications. In these cases, it may be necessary to 

give a prolonged infusion of a GPI or cangrelor to ensure 
adequate platelet inhibition until oral intake of medications 
is adequate.

Optimal Duration of Dual Antiplatelet Therapy after 
Percutaneous Coronary Intervention: Prevention of 
Stent Thrombosis
Guidelines have recommended that DAPT should be con-
tinued for 12 months following PCI and/or acute MI.2,4,20 
Evidence suggests that second-generation DESs have lower 
rates of stent thrombosis than first-generation DESs.87 
Considerations that guide the duration of DAPT in patients 
with acute MI, including those treated with PCI, are detailed 
in Chapter 35. A careful discussion of the risks, benefits, and 
alternative therapies when considering the type of stent and 
DAPT duration in candidates for PCI is essential.

PRACTICAL HOSPITAL FOLLOW-UP AFTER 
PRIMARY PERCUTANEOUS CORONARY 
INTERVENTION

Assessment the Day after Percutaneous 
Coronary Intervention
Following PCI after MI, the site(s) of vascular access should 
be closely examined for complications. Patients should 
be encouraged to ambulate in the hospital to assess for 
symptom recurrence and for any femoral vascular access 
complications that can be exacerbated with ambulation. 
Importantly, a review of the current medications is vital, 
especially a discussion of use and adverse effects of the anti-
platelet medications used for prevention of stent thrombo-
sis. In addition, it is important to have a discussion on what 
to expect after discharge, with plans for an initial follow-up 
visit (see Chapter 34).

Biomarker Assessment
Routine assessment of cardiac biomarkers following revas-
cularization is not recommended after PCI. Most patients 
will have elevated cardiac biomarkers at the time of PCI 
in acute MI. The clinical use of routinely checking cardiac 
biomarkers following successful revascularization in PCI is 
minimal and should only be used for patients with recur-
rent symptoms before discharge. It is difficult to assess for 
reinfarction using cardiac biomarkers in the acute infarct 
period after PCI, especially with cardiac troponins, which 
can remain elevated for 14 days after an acute MI (see 
Chapter 23).4 One exception is in the setting of a coronary 
complication, where cardiac biomarkers are routinely 
measured.

Management of Recurrent Chest Pain
Approximately 30% to 40% of patients develop chest pain 
following PCI. The cause can range from noncardiac to 
life-threatening (e.g., stent thrombosis). Initial assessment 
should include an electrocardiogram (ECG) and cardiac 
biomarkers, and evaluation of use of anti-ischemic medi-
cations, predominantly nitroglycerin. The ECG should be 
assessed carefully for any new or worsening ischemic 
changes or other causes of chest pain in MI (e.g., postin-
farction pericarditis). It can be difficult to assess for rein-
farction on an ECG in patients with MI, especially STEMI 

TABLE 17-7 Predictors Associated with Stent 
Thrombosis

Clinical Variables

	•	 	Acute	MI	(STEMI	>>	NSTEMI)
	•	 	Clopidogrel	noncompliance	or	discontinuation
	•	 	Decreased	clopidogrel	bioavailability
	•	 	Diabetes	mellitus
	•	 	Renal	failure
	•	 	Congestive	heart	failure,	especially	left	ventricular	dysfunction
	•	 	Previous	brachytherapy
	•	 	Malignancy
	•	 	Cocaine	use

Anatomic Variables

	•	 	Long	lesions
	•	 	Smaller	vessels
	•	 	Multivessel	disease
	•	 	Bifurcation	lesions

Procedural Factors

	•	 	Side	branch	stenting
	•	 	Stent	underexpansion
	•	 	Incomplete	wall	apposition	(for	late	or	very	late	stent	thrombosis)
	•	 	Residual	inflow	and	outflow	disease
	•	 	Persistent	dissection
	•	 	Crush	technique
	•	 	Overlapping	stent
	•	 	Residual	thrombus
	•	 	Subtherapeutic	anticoagulation	during	PCI
	•	 	Post-PCI	TIMI	flow	<3
	•	 	No	aspirin	before	PCI

MI, Myocardial infarction; NSTEMI,	non–ST-elevation	myocardial	infarction;	PCI, 
percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction; TIMI, 
Thrombolysis in Myocardial Infarction.
Adapted from Mauri L, Bhatt DL: Percutaneous coronary intervention. In Mann 
DL, Zipes DP, Libby P, Bonow RO, eds: Braunwald’s	heart	disease:	a	textbook	of	
cardiovascular medicine. ed 10. Philadelphia: Saunders, 2015 , p 1258.
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(see Chapter 23). All patients should get an ECG immedi-
ately post-PCI, regardless of clinical presentation, which 
can be useful for comparison in patients with recurrent 
chest pain. If ST-segment elevations are worse or new fol-
lowing PCI, coronary angiography should be performed 
immediately to rule out stent thrombosis. Despite the 
frequency of recurrent chest pain, most patients will not 
have any new ECG changes. If chest pain is severe and 
refractory to medical treatment, one should also consider 
repeat coronary angiography. In patients with recurrent 
chest pain, it is important to review the PCI films, which 
may reveal a missed coronary complication or potential 
unrevascularized territories that could account for isch-
emic symptoms. Patients may also develop pain from local 
vascular injury to the vessel (i.e., stretch pain), which is 
typically benign.

Monitoring for Renal Dysfunction
Acute kidney injury (or contrast-induced nephropathy) 
occurs in approximately 7% of patients following PCI, 
and 0.3% of these patients will require hemodialysis.88 
Importantly, the risk for in-hospital mortality is 10% and 34% 
in patients with acute kidney injury or hemodialysis, respec-
tively.88 STEMI, cardiogenic shock, and severe baseline 
chronic kidney disease (glomerular filtration rate [GFR] <30 
mL/min per 1.73 m2) are strong independent predictors of 
acute kidney injury.88 Renal function does not have to be 
monitored routinely following PCI, but should be assessed 
in patients with chronic kidney disease (GFR <60 mL/min 
per 1.73 m2) or who received a large contrast volume (mil-
liliter of contrast/GFR >2).89

When Is It Safe to Discharge Following ST-Elevation 
Myocardial Infarction Treated with Primary 
Percutaneous Coronary Intervention?
Evidence on the safety of early discharge following 
STEMI is lacking. In the United States, the median length 
of stay in the current era of primary PCI as the dominant 
approach to reperfusion therapy is approximately 3 days 
for STEMI patients, which is significantly shorter com-
pared with other countries.90 A registry analysis exam-
ined the 30-day clinical outcomes following primary PCI 
in STEMI patients aged older than 65 years.91 Discharge at 
48 hours following primary PCI had similar rates of mor-
tality and major adverse cardiac events compared with 
hospital lengths of stay of 4 to 5 days, but the analysis 
did show that discharge on the same day or the following 
day after primary PCI was associated with a lower survival 
and worse clinical outcomes. This study suggests that dis-
charge after 48 hours following STEMI is safe in selected 
patients.

SUMMARY

PCI is the principal treatment strategy for STEMI and most 
NSTEMI patients. The innovations in vascular access, equip-
ment, stent design, adjunctive diagnostic and therapeutic 
devices, and intravascular imaging have improved the safety 
and efficacy of PCI in MI. The pharmacotherapy used during 
and after PCI is continuously evolving to reduce ischemic 
events and minimize bleeding. As new technologies emerge, 
PCI will continue to evolve as the treatment of choice for 
acute MI.
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INTRODUCTION

Myocardial infarction (MI) includes patients present-
ing with ST-elevation MI (STEMI) and those without 
ST-segment MI (NSTEMI), and although these types of MI 
share a common physiopathology and principles of treat-
ment (see Chapter 13), the approaches to management 
of anticoagulant therapy for these conditions differ by 
MI type and overall management strategy (invasive vs. 
conservative).

Rationale for Anticoagulant Therapy  
in Acute Coronary Syndrome
The rationale for administering anticoagulant therapy acutely 
in STEMI patients is strong and includes the following treat-
ment goals1,2:
 1.  Establishing and maintaining patency of the infarct-

related artery whatever the reperfusion strategy used 
(fibrinolysis, primary angioplasty, or no reperfusion 
therapy).

 2.  Prevention of ventricular thrombus formation and 
cerebral embolization.

 3.  Prevention of complications related to percutaneous 
coronary intervention (PCI), such as catheter throm-
bosis, distal embolization of fragmented thrombus, 
slow or no flow post-PCI, ischemic stroke, abrupt vessel 
closure, and acute stent thrombosis.

Other objectives are common to acute medical 
conditions and bed rest, such as prevention of deep 
venous thrombosis and possible consequent pulmonary 
embolism.

In NSTEMI, the objectives are similar, although the artery 
is rarely fully occluded3:
 1.  Maintaining patency of the infarct-related artery what-

ever strategy is decided by the treating physician 
(invasive strategy or medical therapy).

 2.  Prevention of PCI-related complications.
 3.  Prevention of complications or bed rest.

Containing Thrombus Formation  
and Propagation
Successful and durable myocardial reperfusion is the goal of 
the initial antithrombotic therapy, including anticoagulation 
and antiplatelet therapy (see Chapter 19). After the initial dis-
ruption or rupture of vulnerable plaque (see Chapter 3), the 
common pathophysiological substrate of acute coronary syn-
drome (ACS), the damaged endothelium, and the exposition 
of the lipid core leads to platelet adhesion and aggregation, 
followed almost instantly by activation of the coagulation 
cascade and formation of an initial platelet-rich thrombus  
(Figure 18-1A).

A key step in this process is the activation of prothrombin 
to thrombin (factor IIa), which transforms the circulating 
fibrinogen into fibrin fibers, forming the scaffold of the coro-
nary thrombus and leading to its stabilization (see Figures 
18-1B and 18-1C). The evolution of the thrombus may cul-
minate in resolution with asymptomatic healing, a subtotal 
coronary artery occlusion leading to a NSTEMI, or to fully 
occlusive thrombus presenting as a STEMI. As a result, initial 
anticoagulant therapy is indicated in all patients with MI, in 
the absence of contraindications. The class of anticoagulant 
and dose regimen depends on the type of MI and whether the 
anticoagulant is to be used as an adjunct to PCI or fibrinolysis.

Although treatment with heparin, as the prototypical par-
enteral anticoagulant, has a strong pathobiological rationale 
and has become entrenched in the clinical management of 
MI, the evidence from clinical studies directly demonstrat-
ing the efficacy of heparin in MI is modest. However, the 
rationale for use of anticoagulants in MI has been bolstered 
by subsequent trials of newer anticoagulants, such as the 
low–molecular-weight heparins (LMWHs).

OVERVIEW OF AVAILABLE ANTICOAGULANT 
DRUGS

Although adjuvant anticoagulant therapy may result in 
a small improvement in initial restoration of flow in the 
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thrombotic coronary artery, its main roles are maintain-
ing patency after successful reperfusion, preventing 
reocclusion, and reducing the risk of thrombotic com-
plications of PCI. The options for initial anticoagulant 
therapy include four main drugs: unfractionated heparin 
(UFH), the LMWHs (e.g., enoxaparin), fondaparinux, and 
bivalirudin. UFH and enoxaparin are the most frequently 
used anticoagulants worldwide. They are both biologi-
cal products that are derived from mucosal tissues (e.g., 
porcine or bovine intestines). Inherent drawbacks led 

to the development of synthetic anticoagulants, such as 
fondaparinux and bivalirudin. The mechanism of action 
of each of these four agents is illustrated in Figure 18-2 
and compared in Table 18-1.

Unfractionated Heparin
UFH was the first anticoagulant used in the treatment of MI. 
UFH is a heterogeneous mixture of mucopolysaccharides, 
with a molecular weight ranging from 2000 to 30,000 Da 
(mostly 15,000 to 18,000), that bind and activate antithrom-
bin, greatly increasing the inhibitory effects of antithrom-
bin on thrombin. Activated antithrombin inhibits several 
coagulation factors, including factor Xa, resulting in an anti-
coagulant effect. Because its actions are via binding to anti-
thrombin, UFH is classified as an indirect thrombin inhibitor 
(see Figure 18-2). Because UFH is poorly absorbed when 
injected via the subcutaneous (SC) route, intravenous (IV) 
administration is the preferred route of administration.

A major drawback of UFH is the significant variability of its 
therapeutic response. The heterogeneous composition and 
variable elimination of UFH through the endoplasmic reticu-
lum results in marked interpatient therapeutic response vari-
ability and necessitates close monitoring of anticoagulant 
intensity with activated clotting time (ACT) or with activated 
partial thromboplastin time (aPTT). UFH can also cause an 
immunologically mediated thrombocytopenia, also known 
as heparin-induced thrombocytopenia (HIT), which is rare 
(2% to 3% of patients), but potentially life-threatening. Other 
drawbacks of UFH include an increase in platelet activation 
and aggregation, a dependency on antithrombin for inhibi-
tion of thrombin activity, a sensitivity to platelet factor 4, and 
an inability to inhibit clot-bound thrombin.

Even with standardized weight-based dosing nomograms, 
less than one-third of initial aPTT measurements are within 
the therapeutic range. The anticoagulant effect of UFH dis-
sipates rapidly, within a few hours after interruption. During 
the first 24 hours after heparin cessation, there is a risk of 
reactivation of the coagulation process, and therefore, a tran-
siently increased risk of recurrent ischemic events despite 
adjunctive aspirin treatment. A desire to overcome the disad-
vantages of UFH has stimulated interest in the development 
of alternative anticoagulants.

Historically, high doses of UFH were used in fibrinolysis 
or PCI to overcome thrombotic complications; however, 
studies showed that these higher doses were associated 
with a higher rate of bleeding without an effect on the 
ischemic endpoints, and that efficacy was preserved at the 
lower doses. The initial doses of UFH used in PCI (up to 
175 UI/kg) were gradually lowered to 140, 100, 85, 70, 60, 
and 50 UI/kg in the latest trials when glycoprotein IIb/IIIa 
receptor inhibitors (GPIs) were used. A similar pattern was 
shown with the target ACT for the optimal ranging of UFH 
efficacy, suggesting that the therapeutic window for UFH is 
relatively narrow.

Low–Molecular-Weight Heparins
LMWHs are a class of heparin-derived compounds with molec-
ular weights ranging from 2000 to 10,000 Da (Table 18-2). By 
virtue of enhanced binding of LMWH-antithrombin to factor 
Xa, LMWHs have a balanced anti-Xa and anti-IIa activity, with 
the relative activity against factor Xa versus IIa depending on 
the molecular weight of the molecule; the heavier the LMWH 

A

B

C

A

B

C

FIGURE 18-1 Coronary thrombus retrieved during acute myocardial infarc-
tion and observed with scanning electron microscopy. (A) Platelet-rich throm-
bus. (B) Stabilization of thrombus with fibrin fibers. (C) Fibrin-rich thrombus. (From 
Silvain J, et al: Composition of coronary thrombus in acute myocardial infarction.  
J Am Coll Cardiol 57:1359–1367,2011.)
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is, the greater relative anti-IIa activity it has (see Figure 18-2). 
Enoxaparin is the most studied and widely used LMWH for the 
treatment of ACS. LMWHs are approximately one-third of the 
molecular weight of UFH, conferring greater bioavailability that 
enables administration via the SC route. Other advantages of 
enoxaparin include a stable and reliable anticoagulant effect 
without any need for monitoring, provided that weight-based 
dosing is used and renal failure is absent.

Once bound to antithrombin, enoxaparin provides a 
greater specificity for factor Xa compared with UFH, pro-
ducing an enhanced blockade of the coagulation cascade 
upstream of thrombin generation. The ratio of inhibition of 
factor Xa/IIa varies between agents, and is 3 to 1 for enox-
parin. HIT is 20 times less common with enoxaparin than 
with UFH, but it can still occur. On top of these anticoagulant 

actions, enoxaparin may have some anti-inflammatory prop-
erties and does not activate platelets.

The main drawback of enoxaparin is its renal elimination, 
which in the presence of renal dysfunction, can result in accu-
mulation over time with repeated injections (>3 injections). 
Similarly to UFH, enoxaparin was used at high doses in the first 
phase II trials, such as TIMI 11A (Thrombolysis In Myocardial 
Infarction), which demonstrated that doses higher than 
1.0 mg/kg should not be used because of excess bleeding.

Fondaparinux
Fondaparinux is a synthetic pentasaccharide that was devel-
oped to have a chemical structure similar to the antithrom-
bin-binding active site domain of heparin (see Figure 18-2).  

Molecule

Action

Effect

UFH LMWH

AntithrombinAntithrombin

Factor Xa Factor Xa

Antithrombin

Factor Xa

Thrombin (Factor IIa)

Thrombin (Factor IIa)

Fondaparinux Bivalirudin

Pentasaccharide
sequence

Pentasaccharide
sequence

Pentasaccharide
sequence

Long polysaccharide
chain

Short polysaccharide
chain

Catalytic action by conformational
change: antithrombin
reactive center more 
accessible

Catalytic action by conformational
change: antithrombin
reactive center more 
accessible

Catalytic action by conformational
change: antithrombin
reactive center more 
accessible

Factor Xa inhibition
via antithrombin

Thrombin (Factor IIa)
inhibition via 
antithrombin

Factor Xa inhibition
via antithrombin

Factor Xa inhibition
via antithrombin

Direct factor IIa (thrombin)
inhibition applying on bound
and unbound thrombin

FIGURE 18-2 Action of available anticoagulants. By virtue of a greater proportion of short polysaccharide chains, which catalyze only inhibition of FXa, LMWHs have 
a greater relative acitivity against FXa. However, longer chains in LMWHs also inhibit FIIa.LMWH, Low–molecular weight heparin; UFH, unfractionated heparin.

TABLE 18-1 Pharmacological Properties of Parenteral Anticoagulants

MEDICATION UFH ENOXAPARIN FONDAPARINUX BIVALIRUDIN

Mechanism AT mediated factor Xa  
and thrombin inhibitor

AT mediated factor Xa  
and thrombin inhibitor

Indirect factor Xa inhibitor Direct thrombin inhibitor, 
reversible

Route of administration IV–SC IV–SC SC IV

Half-life 1–2 h 5–7 h 17–21 h 25 min

Molecular weight 3–30 kDa 2–10 kDa 1.7 kDa 2.2 kDa

Metabolism Hepatic Hepatic Excreted largely as unchanged drug Plasma proteases

Elimination Extra-renal Renal Renal Renal

Onset Immediate (IV) Immediate (IV)
3–5 h (SC)

2–3 h (SC) Immediate

Notes Inactive on clot-associated 
thrombin

Inactive on clot-associated 
thrombin

More factor sXa selectivity

Inactive on clot-associated thrombin Inhibits clot-associated 
thrombin

Incidence of HIT 1%–3% ≤0.2% Negligible None

Antidote Protamine Protamine (partial) None None

AT, Activated thrombin; HIT heparin-induced thrombocytopenia; IV, intravenous; SC, subcutaneous; UFH, unfractionated heparin.
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This highly selective drug induces conformational changes, 
leading to a potent inhibition of factor Xa, and thus, reducing 
thrombin generation. Unlike UFH and LMWH, fondaparinux 
has no inhibitory effect on thrombin (factor IIa) itself. 
Fondaparinux inhibits factor Xa by binding reversibly, with 
a high affinity to antithrombin. Like LMWH, but in a more 
selective manner, it targets this upstream step in the coagula-
tion cascade of thrombin generation (Figure 18-3).

Advantages of fondaparinux include 100% bioavailabil-
ity after SC injection and a long half-life of 15 to 17 hours, 
which allows for once daily administration. Fondaparinux 
is eliminated mainly by the kidneys and is contraindicated 
if creatine clearance is less than 30 mL/min. It has a predict-
able anticoagulant effect with no requirement for monitor-
ing, and no cross reactivity with antibodies associated with 
HIT. Fondaparinux is insensitive to inactivation by platelet-
released heparin neutralization proteins. Therefore, moni-
toring the platelet count is unnecessary, as is monitoring of 
anti-Xa activity. Phase II trials evaluated different doses of 

intravenous fondaparinux (2.5 and 5.0 mg) compared with 
UFH, and the lower dose of 2.5 mg was selected because of 
its good safety profile.

Bivalirudin
Bivalirudin and hirudin are synthetic drugs that are direct 
thrombin (IIa) inhibitors. Several direct thrombin inhibitors 
have been tested over time, but only bivalirudin reached 
clinical use in PCI and ACS settings. Unlike UFH and LMWH, 
bivalirudin inactivates both fluid-phase thrombin and clot-
bound thrombin, with less activation of platelets. Because it 
does not bind to plasma proteins, the anticoagulant effect 
of bivalirudin is more predictable. Bivalirudin is eliminated 
by the kidney. The effect of bivalirudin can be followed with 
routine coagulation tests (aPTT and ACT).

Initial phase II studies tested different regimens of the 
drug, starting with low bolus doses of 0.5 and 0.75 mg/kg, 
which were considered insufficient for PCI, and the first 
large trial used higher doses (bolus dose of 1.0 mg/kg fol-
lowed by a 4-hour infusion of 2.5 mg/kg per hour and a 14- 
to 20-hour infusion of 0.2 mg/kg per hour) compared with 
high doses of UFH (175 UI/kg) for PCI. Subsequently, both 
the bolus and the infusion doses were lowered (0.75-mg/kg 
bolus plus 1.75 mg/kg per hour for the duration of PCI) with 
uncertainty about the optimal duration of infusion after PCI.

Other Parenteral Anticoagulants
Other parenteral anticoagulation therapies have been devel-
oped and tested in clinical trials. Otamixaban is a synthetic 
intravenous direct factor Xa inhibitor, with rapid onset and/
or offset, linear kinetics, and no significant renal elimination. 
However, compared with UFH and eptifibatide, the drug failed 
to show a benefit in the large phase III Treatment of Acute 
Coronary Syndromes with Otamixaban (TAO) trial (n = 13,229 
patients) of ACS and planned early PCI.4

REG-1, first of its class, was composed of two components, 
the first being a specific and synthetic factor IX inhibitor, 
pegnivacogin, and the second an injectable and specific 
antidote to the active drug, anivamersen.5 Although such a 
combination seems ideal for emergency situations, allergic 
reactions to the drug led to a cessation of development of 
this molecule. The factor XI antisense oligonucleotide (ISIS 
416858) that specifically reduces factor XI levels compared 
favorably against enoxaparin in the prevention of thrombo-
sis after knee arthroplasty.

Monitoring of Available Anticoagulant 
Therapy
Biological monitoring of the anticoagulant effect of the vari-
ous available drugs is not mandatory for all agents. For UFH, 
the therapeutic window is narrow; thus, it requires frequent 
monitoring of its anticoagulant activity. Two different bio-
markers are commonly used to monitor the activity of UFH. 
One is aPTT, which can be obtained at less than 1 hour, has 
an optimal target of 50 to 75 seconds, and corresponds to  
1.5 to 2.5 times the upper limit of normal. Above these values, 
the risk of bleeding complications increases, without further 
antithrombotic benefits; below these values, the antithrom-
botic effect is insufficient. The second biomarker available 
is ACT, which can be used for monitoring of UFH during PCI, 
but has not been linked to an improved prognosis.

TABLE 18-2 Comparison of Low–Molecular-Weight 
Heparin Preparations*

GENERIC NAME 
(TRADE NAME OR 
SYNONYM)

MEAN 
MOLECULAR 
WEIGHT (Da)

ANTI-Xa: 
ANTI-IIa 
RATIO

FDA 
INDICATION 
FOR ACS

Enoxaparin (Lovenox, 
Clexane)

4200 3.8 Yes

Nadroparin (Fraxiparine, 
Sleparina)

4500 3.6 Yes

Reviparin (Clivaparine) 4000 3.5 No

Dalteparin (Fragmin) 6000 2.7 Yes

Parnaparin (Fluxum, 
Minidalton)

4500–5000 2.4 No

Ardeparin (Normiflo) 6000 1.9 No

Tinzaparin (Innohep, 
Logiparin)

4500 1.9 No

Certoparin (Alphaparin, 
Sandoparin, 
Embolex)

4200–6200 N/A

ACS, Acute coronary syndrome; Da, dalton; FDA, Food and Drug Administration.
*In descending order of relative anti-Xa:anti-IIa activity.

Fondaparinux

LMWH

Unfractionated
heparin

Bivalirudin

AT

AT

AT

Tissue factor

Plasma-clotting
cascade

Prothrombin
(II)

(Thrombin)

Fibrinogen Fibrin =
thrombus
formation

(–)

(–)

(–)

FXa

IIa

FIGURE 18-3 Anticoagulation targets. AT, Antithrombin; FXa, activated factor 
X; IIa, activated Factor II; LMWH, low–molecular-weight heparin.
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Enoxaparin can reliably be monitored by assessing the 

anti-Xa activity level in a standard chromogenic laboratory 
assay. Although data showed that with a standard protocol 
adjusted for weight and renal function (more than 90% of 
patients are in the therapeutic window), insufficient levels 
of anti-Xa during PCI of patients with ACS have been linked 
to an increased risk of death and ischemic events in the 
periprocedural period. There is no easy bedside approach to 
monitoring of enoxaparin. ACT is not discriminant enough 
for monitoring LMWH therapy. Tests (e.g., the Hemonox 
bedside test) were developed and validated in a cohort of 
patients,6 but these tests have not been adopted into routine 
use in practice because the enoxaparin level is within the 
therapeutic window in 95% of patients.

Fondaparinux has no significant influence on the usual 
variables that monitor anticoagulant activity, such as aPTT, ACT, 
prothrombin, and thrombin times, and requires an adapted 
anti-Xa assay that uses an appropriate standard curve.

Bivalirudin plasma concentration correlates well with 
coagulation tests (aPTT and ACT), which can be used to 
monitor the anticoagulant activity of bivalirudin in the 
same manner as UFH. In the Randomized Evaluation 
in PCI Linking Angiomax to Reduced Clinical Events 
(REPLACE)-2 trial, it was mandated to check the ACT after 
the initial bivalirudin bolus, with an additional bolus in 
case of a low ACT. However, the pharmacokinetics and 
pharmacodynamics of bivalirudin are such that low ACTs 
were only found in 2% to 3% of the patients, and therefore, 
there is no need to routinely monitor the degree of antico-
agulation for short-term use as an adjunct to PCI.

In summary, the only anticoagulant that routinely requires 
monitoring is UFH. However, meta-analyses have shown that 
the available bedside test for ACT has a poor correlation 
with ischemic or bleeding complications.

Reversal of Anticoagulant Therapy
Because bleeding remains an important complication of 
anticoagulation therapy, availability of an antidote is impor-
tant to the physician. Protamine sulfate can be used in an 
equimolar concentration to inhibit UFH, and to a lesser 

degree, it inhibits the anticoagulant effect of enoxaparin. 
Protamine has no effect on fondaparinux or bivalirudin. 
Because of the short half-life of bivalirudin, waiting until 
the end of its effect after drug cessation is reasonable. In the 
case of fondaparinux, there is currently no available specific 
antidote. Recombinant factor VIIa has been recommended, 
but it is associated with an increased risk of thrombotic 
complications.

INITIAL ANTICOAGULANT THERAPY

ST-Elevation Myocardial Infarction Treated 
with Primary Percutaneous Intervention
Although extensively studied, anticoagulation during pri-
mary PCI remains controversial (see also Chapter 17). 
Patients undergoing primary PCI should receive a combina-
tion of dual antiplatelet therapy (see Chapter 19) with the 
combination of a parenteral anticoagulant. Fondaparinux 
carries a possible hazard related to catheter thrombosis, is 
not recommended as an anticoagulant in this setting, and 
is not discussed in this section. Three options are used to 
support primary PCI: UFH, bivalirudin, or enoxaparin, all 
administered intravenously. Professional society guidelines 
for anticoagulant therapy in STEMI treated with primary PCI 
are summarized in Table 18-3.

Unfractionated Heparin During Primary Percutaneous 
Coronary Intervention
An intravenous UFH bolus adapted to the concomitant use 
of a GPI and titrated to an appropriate ACT time is a familiar 
and well-tested strategy for initial anticoagulant therapy at 
the time of primary PCI for STEMI. UFH has a class I rec-
ommendation in both the American College of Cardiology 
Foundation (ACCF)/American Heart Association (AHA) 
and European Society of Cardiology (ESC) guidelines,7 but 
it also has a level of evidence C because of the absence 
of placebo-controlled trials evaluating UFH in primary PCI. 
Dosing should follow standard recommendations for PCI 
(initial bolus 70 to 100 U/kg when no GPI is planned or 50 to 
60 U/kg when the use of GPI is expected).

TABLE 18-3 Initial Anticoagulant Therapy Recommended to Support Primary Percutaneous Coronary 
Intervention

ANTICOAGULANT AHA ESC
COR LOE COR LOE

UFH

With GP IIb/IIIa inhibitor planned: 50–70 U/kg I C I C

Without GP IIb/IIIa inhibitor planned: 70–100 U/kg I C I C

Bivalirudin

0.75 mg/kg IV bolus, then 1.75 mg/kg/h infusion with or without 
previous treatment by UFH. An additional bolus of 0.3 mg/kg can 
be given if needed.

Reduce infusion to 1 mg/kg/h with estimated CrCl <30 mL/min.

I B IIa A

Preferred over UFH with GP IIb/IIIa inhibitor in patients at high risk  
of bleeding

IIa B

Enoxaparin

0.5 mg/kg IV bolus with or without GP IIb/IIIa inhibitor IIa B

Fondaparinux

Not recommended as sole anticoagulant for primary PCI III B III B

COR, Class of recommendation; CrCl, creatinine clearance; GP, glycoprotein; IV, intravenous; LOE, level of evidence; PCI, percutaneous coronary intervention;  
UFH, unfractionated heparin.
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Enoxaparin versus Unfractionated Heparin for Primary 
Percutaneous Coronary Intervention
Enoxaparin is generally not used in the United States as 
adjunctive therapy for primary PCI. Nevertheless, intravenous 
enoxaparin (0.5 mg/kg followed by prophylactic 40 mg SC) 
has been suggested by several nonrandomized studies and 
an international open-label randomized trial (ATOLL [Acute 
Myocardial Infarction Treated with Primary Angioplasty and 
Intravenous Enoxaparin or Unfractionated Heparin to Lower 
Ischaemic and Bleeding Events at Short- and Long-term 
Follow-up]) to possibly be more predictable and reliable 
than UFH in primary PCI.8 The primary composite endpoint 
of 30-day death, complication of MI, procedural failure, and 
major bleeding was not significantly reduced (relative risk 
reduction 17%; p = .063). Prespecified exploratory analyses 
showed reductions in the main secondary endpoint of death, 
recurrent MI, or ACS or urgent revascularization, and in other 
secondary composite endpoints such as death, or resuscitated 
cardiac arrest, death, or complication of MI. Importantly, bleed-
ing was not increased with enoxaparin versus UFH. In the 
exploratory per-protocol analysis of the ATOLL trial,9 which 
was pertinent to more than 87% of the study population, IV 
enoxaparin was superior to UFH in reducing the primary 
endpoint (relative risk [RR], 0.76; 95% confidence interval 
[CI], 0.62 to 0.94; P = .012), ischemic endpoints, mortality (RR, 
0.36; 95% CI, 0.18 to 0.74; P = .003), and major bleeding (RR, 
0.46; 95% CI, 0.21 to 1.01; P = .050), which contributed to the 
improvement of the net clinical benefit (RR, 0.46; 95% CI, 0.3 
to 0.74; P = .0002) in patients who underwent primary PCI.

In a systematic review and meta-analysis of enoxaparin 
versus UFH in PCI,10 which regrouped nonrandomized stud-
ies, post hoc analysis of randomized trials, and the ATOLL 
randomized trial, 10,243 patients underwent primary PCI for 
STEMI with either enoxaparin or UFH (Figure 18-4). In this 
meta-analysis, enoxaparin was associated with a significant 
48% RR reduction of mortality with an enoxaparin relative 
reduction (RR, 0.52; 95% CI, 0.42 to 0.64; P < .001), a reduc-
tion of death or MI (RR, 0.61; 95% CI, 0.47 to 0.79; P < .001), 
a reduction of complications of MI (RR, 0.70; 95% CI, 0.62 

to 0.80; P < .001), and also a reduction in the incidence of 
major bleeding (RR, 0.72; 95% CI, 0.56 to 0.93; P = .01). Such 
results were corroborated by others.11,12 In another meta-
analysis, the combination of LMWH with a GPI was consid-
ered the first choice for efficacy and the third choice for 
safety behind bivalirudin and UFH (Table 18-4).13 Authors 
also mentioned that the bleeding risk could be reduced 
by using a high-rate radial approach, as was used in ATOLL 
and in routine practice in most European countries (see 
also Chapter 17). This combination was considered by the 
authors of the meta-analysis to be the best approach, bal-
ancing efficacy with preserved safety (Figure 18-e1).14

Based on these considerations and on the clinical expe-
rience with enoxaparin in other PCI settings, enoxaparin is 
recommended as a reasonable alternative anticoagulant 
during primary PCI in the ESC guidelines (class IIa) and 
may be preferred over UFH (see Table 18-3). However, in 
the ACCF/AHA guidelines, enoxaparin does not appear as 
a choice for anticoagulation during STEMI treated with pri-
mary PCI (see Table 18-3).

Bivalirudin versus Unfractionated Heparin for Primary 
Percutaneous Coronary Intervention
Multiple randomized trials have evaluated bivalirudin in 
the primary PCI setting (Figure 18-5). After the initial find-
ings of the HORIZONS-AMI (Harmonizing Outcomes 
with Revascularization and Stents in Acute Myocardial 
Infarction) trial (see Chapter 17),15 bivalirudin was given a 
class I recommendation in international guidelines. Notably, 
bivalirudin was observed to have similar results in terms of 
ischemic events, an increase in early stent thrombosis, and a 
reduction of the primary endpoint because of the reduction 
of major bleeding compared with UFH, along with routine 
use of a GPI (Figures 18-6A and 18-6B). Subsequent trials 
have included control groups with contemporary P2Y12 
antagonists and without routine use of a GPI.

The open-label EUROMAX (European Ambulance Acute 
Coronary Syndrome Angiography) trial16 compared a strategy 
of prehospital bivalirudin with heparin (mostly UFH) with a 

          
No. of events/No. in group

Study No. needed Enoxaparin Unfractionated Relative risk Relative risk P value Cochran Q for
 to treat  heparin (95% Cl) random (95% Cl) random  heterogeneity

All PCIs
 Death 60 278/13,943 622/17,023 0.66 (0.57 to 0.76) <0.001 0.46

 Death or MI 50 836/11,924 1351/14,968 0.68 (0.57 to 0.81) <0.001 0.42

 Complications of MI 66 765/13,943 1135/17,023 0.75 (0.66 to 0.85) <0.001 0.55

 Major bleeding 83 295/13,852 564/16,923 0.80 (0.68 to 0.95) 0.009 0.58

 Minor bleeding - 718/13,150 793/13,669 0.92 (0.74 to 1.14) 0.45 0.21

Primary PCI for STEMI
 Death 34 112/3590 401/6653 0.52 (0.42 to 0.64) <0.001 0.53

 Death or MI 28 139/3590 499/6653 0.56 (0.42 to 0.76) <0.001 0.50

 Complications of MI 68 96/3590 275/6653 0.76 (0.60 to 0.96) 0.022 0.80

 Major bleeding 53 92/3499 298/6553 0.72 (0.56 to 0.93) 0.01 0.69

 Minor bleeding - 138/3216 177/4372 0.94 (0.60 to 1.47) 0.78 0.56

0.4 0.6 0.8 1.0 1.2 1.4 1.6
Enoxaparin Unfractionated
better heparin better

FIGURE 18-4 Meta-analysis of enoxaparin versus unfractionated heparin in percutaneous coronary intervention (PCI) in all settings and in ST-elevation 
myocardial infarction (STEMI). CI, Confidence interval. (From Silvain J, et al: Efficacy and safety of enoxaparin versus unfractionated heparin during percutaneous coronary 
intervention: systematic review and meta-analysis. BMJ 344:e553,2012.)
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FIGURE 18-e1 Summary of clinical trials of anticoagulation therapy in primary percutaneous coronary intervention with different antithrombotic strategies 
(relative changes in percentages). GPI, Platelet glycoprotein IIb/IIIa inhibitors; MACE, major adverse cardiovascular events; UFH, unfractionated heparin.
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lower use of GPIs (69%) in the heparin group. Bivalirudin was 
associated with a 40% reduction in death after non–coronary 
artery bypass graft (CABG) major bleeding at 30 days, but the 
mortality benefit observed in the HORIZONS-AMI trial was 
not confirmed by EUROMAX, and an excess of stent thrombo-
sis was confirmed despite prolonged infusion of bivalirudin 
and the use of novel P2Y12 inhibitors in more than one-half of 
the patients. The increase in acute stent thrombosis was paral-
leled by a trend toward a higher rate of reinfarction (1.7% vs. 
0.9%, respectively; RR, 1.93; 95% CI, 0.90 to 4.14; P = .08).

A third randomized trial, HEAT-PCI (How Effective are 
Antithrombotic Therapies in PPCI) compared bivalirudin 
and UFH in all comers with STEMI who were scheduled to 
undergo primary PCI.17 The study was representative of con-
temporary practice, with symmetrical and low use of GPIs 
in both arms (15%), frequent use of novel P2Y12 inhibitors 
(89%), and a high rate of radial approach to lower procedure-
related major bleeding events. In this trial, UFH was superior 
to bivalirudin with respect to the primary composite of all-
cause mortality, stroke, recurrent infarction, and unplanned 
target lesion revascularization, with higher ischemic events in 
the bivalirudin group compared with the UFH group (8.7% vs. 
5.7%, respectively; hazard ratio [HR], 1.52; 95% CI, 1.09 to 2.13; 
P = .01), including an increase in stent thrombosis (3.4% vs. 
0.9%; RR, 3.91; 95% CI, 1.61 to 9.52; P = .001). Major bleeding 
was not reduced by bivalirudin (3.5% vs. 3.1%; P = .59).

The BRAVE (Bavarian Reperfusion Alternatives 
Evaluation 4) randomized trial18 examined whether a strat-
egy of prasugrel plus bivalirudin was superior to a strategy 
with clopidogrel plus UFH in primary PCI patients. No dif-
ferences were found in the primary endpoint because the 
trial was interrupted because of slow patient recruitment. 
In the Chinese Bivalirudin in Acute Myocardial Infarction vs 
Heparin and GPI Plus Heparin Trial (BRIGHT) trial (n = 2194 
patients), three arms were compared, bivalirudin with a 
post-PCI infusion of 1.75 mg/kg per hour for a median dura-
tion of 3 hours (n = 735), heparin alone (n = 729), or heparin 
plus tirofiban with a post-PCI infusion (n = 730). At 30 days, 
bivalirudin resulted in a decrease in major adverse coro-
nary events (MACE) compared with both heparin alone 
and heparin plus tirofiban (8.8% vs. 13.2% vs. 17%, respec-
tively), primarily because of a reduction in bleeding events, 
including minor bleeding with bivalirudin (4.1% vs. 7.5% vs. 

12.3%, respectively) without significant differences in major 
adverse cardiac cerebral events, or stent thrombosis.19

Lastly, the Minimizing Adverse Haemorrhagic Events by 
Transradial Access Site and Systemic Implementation of 
AngioX: Bivalirudin vs. Heparin (MATRIX) trial (n = 7213 
patients) found that bivalirudin was not statistically superior 
to UFH at 30 days for both co-primary endpoints of death, 
MI, or stroke (MACE) and net adverse clinical events (death, 
MI, or stroke and non-CABG bleeding). Several secondary 
endpoints, including major bleeding (1.4% vs. 2.5%; P = .001) 
and all-cause death (1.7% vs. 2.3%; P = .042) favored bivaliru-
din. Ultimately, GPI was administrated to 4.6% of the bivaliru-
din group and to 25.8% of the UFH group. However, definite 
stent thrombosis was more common in the bivalirudin-
treated patients (1.0% vs. 0.6%; P = .048). In MATRIX, bivaliru-
din was dosed according to drug labeling, which included a 
prolonged infusion according to operator discretion.

Thus, when all the trials and various meta-analyses are 
put into perspective, bivalirudin without a GPI is associated 
with an increased risk of stent thrombosis and subsequent 
MI, but it has a reduction in bleeding that is most apparent 
compared with UFH plus routine use of GPIs.20 The resulting 
effect on mortality is inconsistent. The ESC and European 
Association for Cardio-Thoracic Surgery downgraded the 
recommendation for bivalirudin from class I to IIa in patients 
with STEMI undergoing PCI in the 2014 guidelines on myo-
cardial revascularization. The 2013 ACCF/AHA guidelines 
for management of STEMI provide a class I recommenda-
tion for bivalirudin as an alternative for anticoagulation dur-
ing primary PCI (see Table 18-3).

ST-Elevation Myocardial Infarction Treated 
with Fibrinolysis
The potential benefits of acute therapy with anticoagulants 
in STEMI treated with fibrinolysis are multiple, including 
facilitating more rapid and durable patency of the infarct-
related artery, and prevention of venous thromboembolism. 
Nevertheless, the data from clinical trials have engendered 
debate over the clinical benefit of anticoagulants as part 
of acute therapy. In particular, as reperfusion therapy has 
evolved, the relevance of data from previous clinical trials 
has become less certain. However, placebo-controlled data 

TABLE 18-4 Ranking for Efficacy and Safety of Different Anticoagulant Regimens

RANKING FOR EFFICACY OR SAFETY
ANTICOAGULANT 
PRACTICE

2013 ACC/AHA 
Guidelines

2014 ESC 
Guidelines MACE Major Bleeding Considerations for Current

Unfractionated  
heparin + GPI

COR I COR I Second Fourth Likely worse bleeding with newer P2Y12 
inhibitors. Bleeding risk somewhat mitigated 
with transradial procedure.

LMWH + GPI None COR IIa First Third Likely worse bleeding with newer P2Y12 
inhibitors. Bleeding risk somewhat mitigated 
with transradial procedure.

Unfractionated heparin 
without GPI

COR I COR I Fourth Second Likely improved MACE with newer P2Y12, but 
may negate bleeding advantage.

Bivalirudin COR I COR IIa Third First Likely improved MACE with newer P2Y12 
inhibitors, but may negate bleeding advantage. 
Preferred over unfractionated heparin + GPI in 
those at high risk of bleeding (COR IIa).

Fondaparinux COR III COR III Fifth Fifth Should not be recommend based on current data.

COR, Class of recommendation; GPI, glycoprotein IIb/IIIa inhibitor; LMWH, low–molecular-weight heparin; MACE, major adverse cardiovascular event.
From Bangalore S, et al: Anticoagulant therapy during primary percutaneous coronary intervention for acute myocardial infarction: a meta-analysis of randomized trials in the 
era of stents and P2Y12 inhibitors. BMJ 349:g6419, 2014.
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with LMWHs used as an adjunct to contemporary reperfu-
sion regimens have provided additional support for acute 
administration of anticoagulants in patients with STEMI 
treated with fibrinolytics. As such, current professional soci-
ety guidelines recommend that adequate anticoagulation 
therapies need to be administered during and after fibri-
nolysis to optimize patency, and should preferably be given 
until revascularization (if performed) (Tables 18-5 and 18-6). 
Anticoagulation should be given for at least 48 hour after 
fibrinolysis for a maximum of 1 week.

Unfractionated Heparin as an Adjunct to Fibrinolysis
In trials performed before the introduction of fibrinolytic 
therapy or the widespread and routine use of acetylsalicylic 
acid, early administration of IV UFH reduced venous throm-
boembolic events, stroke, and re-infarction. Subsequent tri-
als in the reperfusion era are challenging to interpret in light 
of the important differences regarding the use of aspirin, 
the type of fibrinolytic used, and the dose of UFH adminis-
tered. Meta-analyses of randomized trials in which patients 
received fibrinolysis have failed to show a clear benefit of 
UFH compared with placebo for the reduction of reinfarc-
tion or death. Nonetheless, overall, data from clinical trials at 
least raise the possibility that adjunctive therapy with UFH 
may enhance late patency after the administration of fibrin-
specific fibrinolytics. In the absence of randomized clinical 
trials designed to detect differences in clinical events, expert 
guidelines have concluded (class IIa) that it is judicious to 
use heparin for ≥48 hours with fibrin-specific fibrinolytics.

If used, the recommended dose of UFH is an IV bolus of 
60 U/kg (maximum of 4000 IU) followed by an IV infusion of 
12 U/kg (maximum of 1000 U/h for 24 to 48 hours). If adminis-
tered during fibrinolysis, careful dosing and close monitoring 
is mandatory (at 3, 6, 12, and 24 hours), with a target aPTT of 
50 to 70 seconds, because high values of aPTT (>70 seconds) 
need to be avoided because they are associated with a higher 
likelihood of bleeding, reinfarction, and death.

Low–Molecular-Weight Heparin as an Adjunct  
to Fibrinolysis
In contrast to the uncertain evidence with UFH, trials of 
LMWHs have demonstrated a clear benefit compared with 

placebo and UFH, and have supported LMWHs as the treat-
ment of choice for adjunctive anticoagulant therapy with 
fibrinolytics. Specifically, placebo-controlled studies with 
LMWH have confirmed the importance of an adjuvant 
anticoagulant strategy in fibrinolysis therapy with improve-
ment of patency, ST-segment resolution, and composite end-
points of death, reinfarction and recurrent angina, or stroke 
weighed against an increase of major bleeding.

In the ASSENT 3 (Assessment of the Safety and Efficacy of 
a New Thrombolytic 3) trial, enoxaparin compared with UFH 
resulted in a similar rate of reperfusion of the infarct artery, 
but it reduced rates of reocclusion, reinfarction, or recur-
rent ischemic events. In the Enoxaparin and Thrombolysis 
Reperfusion for Acute Myocardial Infarction Treatment 
Thrombolysis in Myocardial Infarction (ExTRACT-TIMI)-  
25 trial (n = 20,475 patients), enoxaparin significantly reduced 
death or reinfarction balanced against an increase in major 
bleeding events. The benefits of enoxaparin over UFH are 
evident, regardless of the type of fibrinolytic administered 
(streptokinase or fibrin-specific), and the benefits can reach a 
wide range of patient subgroups. The recommended dose is a 
30-mg IV bolus followed 15 minutes later by 1 mg/kg SC twice 
daily (with a maximum of 100 mg for the first two doses) until 
hospital discharge for a maximum of 8 days; however, a lower 
dose of enoxaparin needs to be given to patients older than 
75 years of age (no bolus and 0.75 mg/kg SC twice daily, with 
a maximum of 75 mg for the first two doses) and to those 
with impaired renal function (estimated creatinine clearance  
<30 mL/min) with SC doses given only once every 24 hours.

Fondaparinux as an Adjunct to Fibrinolysis
Fondaparinux reduces the rate of reocclusion of the infarct-
related artery. Moreover, in the large OASIS 6 trial (n = 12,092 
patients), fondaparinux was superior to placebo with 
respect to the rate of death or reinfarction (HR, 0.79; 95% 
CI, 0.68 to 0.92) and was not superior to UFH in fibrinolytic-
treated patients (HR, 0.96; 95% CI, 0.81 to 1.13). Nevertheless, 
the trial established the efficacy of an antithrombin, and 
compared with UFH, fondaparinux offered an attractive 
alternative with the convenience of once-daily SC injections 
(2.5 mg once daily for up to 8 days). However, its use is com-
plicated by the need for co-administration of an additional 
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FIGURE 18-5 Summary of clinical trials of bivalirudin. *Significant result. Bars indicate relative differences. For the BRIGHT trial, only the comparison between unfrac-
tionated heparin (UFH) and bivalirudin alone was used. MACE, Major adverse cardiovascular events.
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antithrombin with anti-IIa activity if PCI is to be performed. 
Fondaparinux should not be given as the sole anticoagu-
lant to patients referred for PCI and is contraindicated for 
patients with a creatinine clearance of less than 30 mL/min.

Bivalirudin as an Adjunct to Fibrinolysis
The direct thrombin inhibitors hirudin and bivalirudin were 
compared with UFH in several randomized trials of patients 
with STEMI who underwent fibrinolysis (GUSTO IIb, n = 2274; 

HIT-4, n = 1208; and HERO-2, n = 17,073), all of which showed 
a reduction in the incidence of recurrent MI by 25% to 30% 
compared with UFH without improving mortality. In GUSTO 
IIb, hirudin lowered 30-day death and/or reinfarction (8.6% 
vs. 14.4%; P = .004) in conjunction with streptokinase, but it 
did not confer a benefit in patients treated with tissue-type 
plasminogen activator. In addition, at the doses studied, both 
hirudin and bivalirudin resulted in higher rates of major 
bleeding, including intracranial bleeding, versus UFH when 

 Risk ratio (95% Cl)

Major adverse cardiovascular events 1.09 (1.01–1.17)

Death 0.99 (0.82–1.18)

Myocardial infarction 1.12 (1.03–1.23)

Ischemia-driven revascularization 1.16 (0.997–1.34)

Stent thrombosis 1.38 (1.09–1.74)

     Acute 3.86 (2.11–7.07)

     Subacute 0.89 (0.53–1.49)

0.4 0.8 1 1.25 2.5 5

Favors bivalirudin Favors heparin

Endpoint

A

 Bivalirudin Heparin    Major bleeding
   risk ratio (95% Cl)

GPI predominantly planned in the heparin arm vs provisional in the bivalirudin arm

CACHET 0/59 (0%) 4/94 (4%) 0.18 (0.10–3.22)

HORIZONS-AMI 89/1800 (5%) 149/1802 (8%) 0.60 (0.46–0.77)

NAPLES 1/167 (1%) 4/168 (2%) 0.25 (0.03–2.23)

ISAR-REACT 4 22/860 (3%) 40/861 (5%) 0.55 (0.33–0.92)

EUROMAX 28/1089 (3%) 67/1109 (6%) 0.43 (0.28–0.66)

REPLACE-2 71/2993 (2%) 123/3008 (4%) 0.58 (0.44–0.77)

BRIGHT (heparin+GPI) 4/729 (1%) 14/724 (2%) 0.28 (0.09–0.86)

PROTECT-TIMI 30 1/284 (<1%) 18/573 (3%) 0.11 (0.02–.83)

ACUITY-PCI (bivalirudin alone) 92/2619 (4%) 174/2561 (7%) 0.52 (0.40–0.66)

Overall 308/10,600 (3%) 593/10,900 (5%) 0.53 (0.47–0.61)

   p<0.0001

Provisional GPI in both arms

ISAR-REACT 3 70/2289 (3%) 104/2281 (5%) 0.66 (0.49–0.90)

ARMYDA-7 BIVALVE2 2/198 (1%) 6/203 (3%) 0.34 (0.07–1.67)

BRIGHT (heparin alone) 4/729 (1%) 11/725 (4%) 0.36 (0.12–1.13)

HEAT PPCl 32/905 (4%) 28/907 (3%) 1.15 (0.70–1.89)

NAPLES III 14/418 (3%) 11/419(3%) 1.28 (0.59–2.78)

Overall 122/4539 (3%) 160/4535 (4%) 0.78 (0.51–1.19)

   p=0.25

Planned GPI in both arms

ACUITY-PCl (bivalirudin+GPI) 196/2609 (8%) 174/2561 (7%) 1.11 (0.91–1.35)

TENACITY 1/185 (1%) 5/198 (3%) 0.21 (0.03–1.82)

Deshpande et al.  0/49 (0%) 0/52 (0%) 1.06 (0.02–52.43)

REPLACE-1 11/532 (2%) 14/524 (3%) 0.77 (0.35–1.69)

Overall 208/3375 (6%) 193/3335 (6%) 1.07 (0.87–1.31)

   p=0.53

0.1 0.2 0.5 1 2 5 10

Favors bivalirudin Favors heparinB

FIGURE 18-6 (A) Meta-analysis of studies of bivalirudin versus unfractionated heparin (UFH) on major cardiovascular events. (B) Meta-analysis of studies of bivalirudin versus 
UFH on major bleeding stratified by the use of platelet glycoprotein IIb/IIIa inhibitors (GPI) in the control arm. CI, Confidence interval. (From Cavender MA, Sabatine MS: Bivalirudin 
versus heparin in patients planned for percutaneous coronary intervention: a meta-analysis of randomized controlled trials. Lancet 384:599–606,2014.)



216

III

Tr
ea

Tm
en

T

used in conjunction with fibrinolytic agents. Bivalirudin has 
not been studied with fibrin-specific agents.

In patients with a known history of HIT, it is possible to 
consider bivalirudin as a useful alternative to heparin to be 
used in conjunction with streptokinase (class IIa recom-
mendation). Dosing according to the HERO 2 regimen (a 
bolus of 0.25 mg/kg followed by an IV infusion of 0.5 mg/kg 
per hour for the first 12 hours and 0.25 mg/kg per hour for the 
subsequent 36 hours) is recommended, but with a reduc-
tion in the infusion rate if the aPTT is longer than 75 seconds 
within the first 12 hours.

Anticoagulant Therapy in Non–ST-Elevation 
Myocardial Infarction
In addition to antiplatelet therapy, an anticoagulant should be 
added in patients with NSTEMI as soon as possible after pre-
sentation.21,22 Anticoagulation is effective in addition to plate-
let inhibition, and the combination of the two is more effective 
than either treatment alone.23,24 Several options are available 
(class I recommendation) for the treatment of NSTEMI (UFH, 

enoxaparin, fondaparinux, and bivalirudin). Selections of the 
optimal regimen are based on considerations of the strategy 
used (invasive or medical conservative), the ease of use, and 
the cost. Importantly, pretreatment with an anticoagulant 
should not delay angiography and revascularization. A gen-
eral rule is to avoid crossover between antithrombins (with 
the exception of adding UFH to fondaparinux), especially 
between UFH and LMWH, and to discontinue anticoagula-
tion after PCI in most cases. An overview of the anticoagu-
lation therapy in NSTEMI is summarized in Figure 18-7, and 
professional society recommendations for anticoagulation in 
NSTEMI are summarized in Table 18-7.

Unfractionated Heparin in Treatment  
of Non–ST-Elevation Myocardial Infarction
Anticoagulation, traditionally with UFH, has been a corner-
stone of therapy for patients with NSTEMI. A meta-analysis 
that re-grouped six trials comparing UFH versus placebo or 
untreated controls showed a 33% risk reduction in death 
and MI (odds ratio [OR], 0.67; 95% CI, 0.45 to 0.99; P = .04),24 
with a reduction in MI accounting for practically all of the 
beneficial effect. The benefit was observed at the cost of an 
increased risk of bleeding. In initial therapy, a recommend 
weight-adjusted bolus of UFH (60 U/kg) followed by con-
tinued infusion of 12 U/kg per hour is recommended, with 
frequent monitoring (every 6 hours until the target range 
is reached and every 12 to 24 hours thereafter) and adjust-
ment of dose if necessary.

In the PCI setting, UFH is given as an IV bolus either under 
ACT guidance (ACT in the range of 250 to 350 seconds) 
or in a weight-adjusted manner (usually 70 to 100 IU/kg). 
Doses need to be lower if GPIs are used. Because of marked 
variability in UFH bioavailability, ACT-guided dosing is nec-
essary and recommended, especially for prolonged proce-
dures, when additional dosing may be required. Monitoring 
of the anticoagulant response by aPTT can also be made 
 according to a standardized nomogram, aiming for an aPTT 
of 50 to 70 seconds or 1.5 to 2.5 times control. If the patient is 
already treated with an ongoing IV infusion of UFH, an addi-
tional IV bolus of UFH should be adapted according to the 
ACT values. HIT is particularly high in patients with use of 
UFH and more common with longer durations of treatment. 

TABLE 18-5 Initial Anticoagulant Therapy to Support Reperfusion with Fibrinolytic Therapy

ANTICOAGULANT
AHA ESC

COR LOE COR LOE

Enoxaparin
	•	 	If	age	<75	yrs,	30-mg	IV	bolus	followed	in	15	min	by	1	mg/kg	

 subcutaneously every 12 h (max 100 mg for the first 2 doses)
	•	 	If	age	>75	yrs,	no	bolus,	0.75	mg/kg	subcutaneously	every	12	h	

(max 75 mg for the first 2 doses)
	•	 	Regardless	of	age,	if	CrCl	<30	mL/min,	1	mg/kg	subcutaneously	

every 24 h
	•	 	Duration:	for	the	index	hospitalization,	up	to	8	days	or	until	

revascularization

I A I A

UFH
	•	 	IV	bolus	of	60	U/kg	(max,	4000	U)	followed	by	infusion	of	12	U/kg/h	

(max 1000 U) initially, adjusted to maintain aPTT at 1.5–2.0 times 
control for 48 h or until revascularization

I C I C

Fondaparinux
	•	 	Initial	dose	2.5	mg	IV,	then	2.5	mg	subcutaneously	daily	starting	

the following day, for the index hospitalization, up to 8 days or until 
revascularization

	•	 	Contraindicated	if	CrCl	<30	mL/min

I B IIa B

aPTT, Activated partial prothrombin time; COR, class of recommendation; CrCl, creatinine clearance; IV, intravenous; LOE, level of evidence; UFH, unfractionated heparin.

TABLE 18-6 Adjunctive Antithrombotic Therapy to 
Support Rescue Percutaneous Coronary Intervention 
after Fibrinolytic Therapy

ANTICOAGULATION THERAPY
AHA

COR LOE

Enoxaparin
Continue through PCI
	•	 	No	additional	drug	if	last	dose	was	

within previous 8h
	•	 	0.3	mg/kg	IV	bolus	if	last	dose	was	

8 to 12 h earlier

I B

UFH
Continue through PCI, administering 

IV boluses as needed to maintain 
therapeutic ACT depending on use 
of GP IIb/IIIa receptor antagonist

I C

Fondaparinux
As sole anticoagulant for PCI

III C

ACT, Activated clotting time; COR, class of recommendation; GP, glycoprotein; IV, 
intravenous; LOE, level of evidence; PCI, percutaneous coronary intervention; UFH, 
unfractionated heparin.
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Initial anticoagulation therapy

UFH
IV bolus 60 U/kg (max 4000 U)
followed by infusion 12 U/kg/hr

(max 1000 U/hr) with target aPTT
1.5–2.5 x upper limit

ENOXAPARIN
SC 1 mg/kg every 12 hr

Half-dose if CrCl <30 mL/min

FONDAPARINUX
SC 2.5 mg/kg daily

BIVALIRUDIN
IV bolus 0.1 mg/kg

followed by 0.25 mg/kg/hr

Additional treatment for intended PCI

Add IV bolus
adapted to ACT 205–350 s

No added dose if last dose <8 hr
Add IV bolus 0.3 mg/kg

if last dose >8 hr
Bolus IV 0.5 mg/kg if <2 SC doses

or last dose >12 hr

Add UFH IV bolus 85 U/kg
adapted to ACT

Add IV bolus 0.75 mg/kg
followed by infusion

1.75 mg/kg/hr

End of procedure—sheath removal

No prolonged anticoagulation No prolonged anticoagulation No prolonged anticoagulation*

*In OASIS 5 fondaparinux was continued for 5 days in average

Continue infusion
1.75 mg/kg/h for 4 hr

FIGURE 18-7 Summary of the administration of anticoagulation therapy in non–ST-elevation myocardial infarction (NSTEMI). ACT, Activated coagulation time; 
aPTT, activated partial thromboplastin time; CrCl, creatinine clearance; IV, intravenous; PCI, percutaneous coronary intervention; SC, subcutaneous; UFH, unfractionated heparin.

TABLE 18-7 Recommended Anticoagulant Therapy in Non–ST-Elevation Myocardial Infarction

ANTICOAGULANT THERAPY IN PATIENTS WITH NSTE-ACS 
UNDERGOING PCI

ACC ESC
COR LOE COR LOE

Anticoagulation is recommended for all patients in addition to antiplatelet therapy 
during PCI

I C I A

Anticoagulation is selected according to both ischemic and bleeding risks, and 
according to the efficacy–safety profile of chosen agent

I C

IV UFH is useful in patients with NSTE-ACS undergoing PCI I C

Bivalirudin (0.75 mg/kg bolus, followed by 1.75 mg/kg/h for up to 4 hr after 
procedure) is recommended as alternative to UFH + GPI during PCI

I B I A

UFH is recommended as anticoagulant in patients undergoing PCI who did not 
receive any anticoagulant

I B

In patients with NSTE-ACS undergoing PCI who are at high risk of bleeding, it is 
reasonable to use bivalirudin monotherapy in preference to UFH + GPI

IIa B

In patients on fondaparinux (2.5 mg/day daily SC), a single bolus UFH (85 U/kg, or 
60 U/kg in the case of concomitant use of GPI) is indicated during PCI

I B I B

An additional dose of 0.3 mg/kg IV enoxaparin should be administered at the time 
of PCI to patients with NSTE-ACS who have received <2 therapeutic SC doses or 
received last SC dose 8–12 hr before PCI

I B

Enoxaparin should be considered as anticoagulant for PCI in patients pretreated 
with subcutaneous enoxaparin

IIb B IIa B

Discontinuation of anticoagulation should be considered after an invasive procedure 
unless otherwise indicated

I C IIa C

Fondaparinux should not be used as the sole anticoagulant to support to PCI in 
patients with NSTE-ACS because of an increased risk of catheter thrombosis

III B

Crossover of UFH and LMWH is not recommended III B

COR, Class of recommendation; GPI, glycoprotein IIa/IIIb inhibitors; IV, intravenous; LMWH, low–molecular-weight heparin; LOE, level of evidence; NSTE-ACS, non–ST-
elevation-acute coronary syndrome; PCI, percutaneous coronary intervention; SC, subcutaneous; UFH, unfractionated heparin.
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Both monitoring and safety (bleeding and HIT) are the 
major drawbacks of this traditional anticoagulant therapy.

Low–Molecular-Weight Heparin in Non–ST-Elevation 
Myocardial Infarction
LMWHs, including enoxaparin, have proven effective in 
the medical management of NSTEMI. The standard dose 
of enoxaparin is 1 mg/kg SC every 12 hours, with adapta-
tion to once daily for patients with a creatinine clearance 
of less than 30 mL/min. When added to aspirin, enoxaparin 
leads to a 66% reduction in death or MI. In a meta-analysis 
of 21,945 NSTE-ACS patients, enoxaparin yielded a statisti-
cally significant 10% reduction in the odds of death or MI at 
30 days compared with UFH (OR, 0.90; 95% CI, 0.81 to 0.99;  
P = .043).25 In a meta-analysis that examined only patients 
managed invasively (n = 30,966), enoxaparin reduced death 
(RR, 0.66; 95% CI, 0.57 to 0.76; P < .001), the composite of death 
or MI (RR, 0.68; 95% CI, 0.57 to 0.81; P < .001), complications of 
MI (RR, 0.75; 95% CI, 0.6 to 0.85; P < .001), and the incidence 
of major bleeding (RR, 0.80; 95% CI, 0.68 to 0.95; P = .009). 
However, in the largest trial (SYNERGY; N = 9978) to evaluate 
enoxaparin among patients with NSTE-ACS who were man-
aged invasively, enoxaparin was not superior to UFH, but it 
was noninferior (RR, 0.96; 95% CI, 0.86 to 1.06). Enoxaparin 
was a safe and effective alternative to UFH, with a modest 
excess of major bleeding. In light of these data, enoxaparin is 
an alternative for anticoagulation in all patients with NSTEMI 
(see Table 18-7) and is favored in the ACCF/AHA guidelines 
for patients who are managed noninvasively.

Pharmacodynamics of Enoxaparin  
and the Invasive Strategy
Enoxaparin pharmacology was well studied and is quite 
predictable because of its pharmacological proprieties and 
its renal elimination. The IV use of enoxaparin has a different 
pharmacokinetic or pharmacodynamic profile from SC use 
(Figure 18-e2). The doses tested in clinical trials were gener-
ally lower than SC doses (0.5 and 0.75 mg/kg) and reached 
the same peak of anti-Xa activity than the SC injection, but 
this occurred within 3 minutes for a duration of 2 hours in 
comparison with 2 hours for the SC dose, which lasts for 
8 to 12 hours. IV enoxaparin was tested in the STEEPLE 
(Safety and Efficacy of Intravenous Enoxaparin in Elective 
Percutaneous Coronary Intervention: an International 
Randomized Evaluation) study (n = 3528 patients), which 
showed lower bleeding rates with 0.5 and 0.75 mg/kg com-
pared with UFH in non-ACS patients. The trial was not pow-
ered to detect a difference in efficacy between enoxaparin 
groups, but the lower dose of 0.5 mg/kg exhibited a lower 
rate of bleeding and is the dose adopted in clinical practice 
in centers where enoxaparin is used. In NSTE-ACS patients 
pretreated with enoxaparin, no additional enoxaparin is rec-
ommended during PCI if the last SC enoxaparin injection 
was administered less than 8 hours before PCI. An additional 
0.3 mg/kg IV bolus is recommended if the last SC enoxapa-
rin injection was administered more than 8 hours before 
PCI. A full dose of enoxaparin 0.5 mg/kg IV is recommended 
if the last dose was more than 12 hours before, if the patients 
did not receive two SC doses, or if the delays are unknown.

Fondaparinux in Non–ST-Elevation Myocardial Infarction
In ACS, a 2.5-mg fixed daily dose of fondaparinux is an alter-
native (class I) as the initial anticoagulation therapy. In the 
OASIS 5 trial (n = 20,078) of NSTE-ACS patients, fondaparinux 

was compared with SC enoxaparin 1 mg/kg twice daily for 
a maximum of 8 days (average 5.2 days vs. 5.4 days, respec-
tively), which is unusually long.  The primary efficacy outcome 
(death, MI, or refractory ischemia at 9 days) was similar in 
both groups (5.7% for enoxaparin vs. 5.8% for fondaparinux; 
HR, 1.01; 95% CI, 0.90 to 1.13), fulfilling the criteria for nonin-
feriority. Compared with enoxaparin, fondaparinux reduced 
major bleeding by 48% (2.2% vs. 4.1%; HR, 0.52; 95% CI, 0.44 to 
0.61; P < .001). A reduction in mortality with fondaparinux at 
30 days (2.9% vs. 3.5%; HR, 0.83; 95% CI, 0.71 to 0.97; P = .02) 
and at 6 months (5.8% vs. 6.5%; HR, 0.89; 95% CI, 0.80 to 1.00; 
P = .05) has been ascribed to the reduction in major bleed-
ing. Of note with respect to the design of the comparator 
(enoxaparin) in the trial, it is possible that excessive dosing of 
enoxaparin occurred because no dose adjustment was made 
in the older adults or in patients with renal failure. Moreover, a 
full dose of UFH was administered in the catheter laboratory 
for PCI; this was a strategy associated with more bleeding in 
another trial (SYNERGY).

Despite the demonstrated efficacy for medical therapy, 
fondaparinux is associated with a higher rate of abrupt vessel 
closure and unexpected angiographic thrombus than UFH or 
enoxaparin. In the PCI population in OASIS-5, catheter throm-
bus occurred more frequently with fondaparinux (0.9%) than 
with enoxaparin (0.4%). This excess appears to be avoided 
by a bolus of UFH at the time of PCI. As a consequence, pro-
fessional guidelines recommend that fondaparinux should 
not be used as a sole anticoagulant for patients undergo-
ing PCI. The optimal dose of UFH to be administered during 
PCI in patients initially treated with fondaparinux was inves-
tigated in the FUTURA/OASIS-8 (Fondaparinux Trial With 
Unfractionated Heparin During Revascularization in Acute 
Coronary Syndromes) trial (n = 2026 patients), and the stan-
dard dose was found to be 85 IU/kg adjusted by ACT.28

Direct Thrombin Inhibitors
Overall, bivalirudin offers similar efficacy while significantly 
lowering the risk of major bleeding compared with heparin 
plus systematic GPIs for patients with NSTE-ACS who are under-
going PCI. In NSTE-ACS patients, bivalirudin is recommended 
at a low dose of 0.1 mg/kg IV bolus, followed by an infusion of 
0.25 mg/kg per hour until PCI, and the dose must be changed 
for urgent or elective PCI to a 0.75 mg/kg IV bolus followed by 
1.75 mg/kg per hour infusion. ACUITY was an open-label trial 
that tested bivalirudin specifically in the setting of NSTE-ACS 
(n = 13,819) planned for an invasive strategy. There was no sig-
nificant difference between standard heparin plus systematic 
GPIs and the combination of bivalirudin plus systematic GPIs 
for the composite ischemia endpoint at 30 days (7.3% vs. 7.7%, 
respectively; RR, 1.07; 95% CI, 0.92 to 1.23; P = .39) or for major 
bleeding (5.7% vs. 5.3%; RR, 0.93; 95% CI, 0.78 to 1.10; P = .38). 
An arm of the trial with bivalirudin alone was noninferior to 
heparin plus systematic GPIs with respect to the composite 
ischemia endpoint (7.8% vs. 7.3%; RR, 1.08; 95% CI, 0.93 to 1.24; 
P = .32), but it was associated with a significantly lower rate of 
major bleeding (3.0% vs. 5.7%; RR, 0.53; 95% CI, 0.43 to 0.65; P < 
.001), which translated into better 30-day net clinical outcome 
(combining efficacy and bleeding endpoints).

However, in patients who were not pretreated with clopi-
dogrel before PCI, a significant excess of ischemic end-
points was observed (9.1% vs. 7.1%; RR, 1.29; 95% CI, 1.03 
to 1.63) with bivalirudin alone compared with heparin and 
GPI. The ISAR-REACT 3 trial (n = 4750 stable and unstable 
patients) compared UFH and bivalirudin in patients who 
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had received 600 mg of clopidogrel. A reduced rate of major 
bleeding with bivalirudin was offset by an increase in isch-
emic events. However, patients in the heparin group received 
a bolus of 140 U/kg of heparin, which is twice the current 
recommended dose. For NSTEMI patients who underwent 
PCI, the ISAR-REACT 4 trial presented additional evidence in 
favor of the safety of bivalirudin in terms of bleeding com-
pared with a combination of UFH and GPIs (abciximab).26 
It should be noted that most of the evidence in support of 
bivalirudin is derived from trials in which the comparator 
was either high doses of UFH or UFH plus systematic use 
of GPIs, which is a combination that is no longer routinely 
applied.

Myocardial Infarction Treated  
Without Reperfusion Therapy
In OASIS-6, fondaparinux was superior to UFH in a subgroup 
of 1641 STEMI patients who did not receive reperfusion ther-
apy, which demonstrated a reduction of the composite of 
death or recurrent MI without an increase in severe bleed-
ing.27 In the TETAMI study (n = 1224) enoxaparin showed a 
similar nonsignificant trend compared with UFH. Therefore, 
anticoagulation with fondaparinux and enoxaparin in 
patients with nonreperfused MI (STEMI or non-STEMI) is a 
reasonable option. If PCI is needed in a patient receiving 
fondaparinux, IV UFH should be administered during the 
procedure, using the same doses as for primary PCI, to mini-
mize the risk of catheter thrombosis.28

HIGH-RISK POPULATIONS

Dose Adjustment in Older Adult Patients
Despite the high proportion of older adult patients in reg-
istries, theses patients are often excluded from trials of 
NSTE-ACS. Even when older adult patients are recruited 
into clinical trials, those randomized have substantially less 
comorbidities than the patients encountered in daily clini-
cal practice. Thus, the applicability of findings from clinical 
trials to older adult patients encountered in routine clini-
cal practice may be questionable. Older adult patients are 
at a higher risk of bleeding with antiplatelet agents and anti-
coagulants; however, they have the largest benefit, in terms 
of both relative and absolute risk reductions.29 Moreover, 
because of more prevalent renal dysfunction in older adult 
patients, they are more frequently exposed to excessive 
doses of antithrombotic drugs with renal excretion (enoxa-
parin, fondaparinux, and bivalirudin). Patients in whom an 
invasive strategy was chosen should be scheduled for rapid 
angiography to avoid drug accumulation and shorten expo-
sure time. Another safe alternative is to use the IV bolus of 
enoxaparin, which avoids accumulation.

Renal Insufficiency
Renal dysfunction is present in 30% to 40% of patients with 
ACS. Chronic kidney disease (CKD) is an independent pre-
dictor of short- and long-term mortality and of major bleed-
ing in patients with ACS. Such high-risk patients benefit 
even more than non-CKD patients from optimal pharmaco-
therapy.30,31 However, caution is needed because they also 
carry a high bleeding risk because of comorbidities and 
antithrombotic overexposure. Anticoagulants (including 

enoxaparin, fondaparinux, and bivalirudin) with exclusive 
or substantial renal elimination need to be down-titrated 
or might even be contraindicated in CKD patients. In the 
case of severe renal failure (clearance <30 mL/min), when 
fondaparinux or enoxaparin are contraindicated, UFH 
should be used. However, in the GRACE registry, an increase 
in the risk of bleeding with declining renal function was 
observed with UFH, similar to that observed with LMWH.

Heparin-Induced Thrombocytopenia
In patients with a history of HIT, neither UFH nor LMWH 
should be used, because of concerns about cross reactivity. 
In these cases, bivalirudin is the best option for anticoagu-
lation; other possible options are fondaparinux, argatroban, 
hirudin, lepirudin, and danaparoid.

SUMMARY

The critical role of the coagulation cascade in acute isch-
emic heart disease draws attention as a target for therapeu-
tic intervention. Supported by a modest base of evidence 
from clinical trials and a strong pathobiological rationale, 
UFH has been a foundation of care for patients with MI. 
LMWHs are supported by a more robust and consistent body 
of clinical evidence for the acute medical management of 
MI. Placebo-controlled trials of LMWHs have contributed 
additional valuable support for the benefit of heparins in 
ACS, and randomized trials against UFH have shown simi-
lar (dalteparin, nadroparin) or superior (enoxaparin) effi-
cacy. LMWHs appear to offer the greatest advantage over 
UFH in patients being managed without early PCI and are 
thus favored for those undergoing conservative therapy, as 
is fondaparinux. Bivalirudin is an alternative for adjunc-
tive therapy for primary PCI and has the greatest potential 
advantage in patients at high risk of bleeding.
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INTRODUCTION

Atherosclerotic plaque rupture followed by arterial throm-
bosis is the major determinant that leads to an acute coro-
nary syndrome (ACS).1,2 Platelet adhesion, activation, and 
aggregation have a pivotal role in the cascade of events 
that lead to arterial thrombosis, and therefore, antiplatelet 
therapy is essential in the treatment of patients with ACS.3,4 
Multiple platelet signaling pathways are involved in throm-
bus formation, which represent potential targets for anti-
platelet agents.3,4 Currently, several classes of antiplatelet 
therapies are clinically available for both oral and intrave-
nous administration for the treatment of patients with ACS, 
including unstable angina, non–ST-elevation myocardial 
infarction (NSTEMI), and ST-elevation MI (STEMI).5–10 This 
chapter provides an overview of these antiplatelet therapies 
used in the setting of acute MI, including describing the 
rationale for use, pharmacological principles, pivotal clini-
cal trial data, and guidance for selecting the initial antiplate-
let regimen in the early phase of management. Decisions 
regarding antiplatelet therapy for long-term secondary pre-
vention are discussed in Chapter 35.

RATIONALE FOR USE OF ANTIPLATELET 
THERAPY

The pathobiology of atherothrombosis is discussed in Chapter 
3, and the fundamental principles underlying the rationale for 
antiplatelet therapy are described in Chapter 13. Injury to the 
arterial vessel wall (e.g., plaque rupture, fissure, or erosion) 
exposes the subendothelial layer and leads to recruitment 
and activation of platelets, as well as generation of excessive 
levels of thrombin. These events ultimately result in the forma-
tion of a fibrin-rich thrombus (Animation 19-1).1–4

Platelet-mediated thrombosis follows three principal 
steps: (1) platelet adhesion, (2) activation and additional 
recruitment, and (3) aggregation (Figure 19-1).3,4 Adhesion 
of platelets to the subendothelium during the rolling phase 
is mediated by the interaction between the glycoprotein 
(GP) Ib/V/IX receptor complex located on the platelet sur-
face and the von Willebrand factor (vWf) and between the 
collagen exposed at the site of the vascular injury and the 
platelet collagen receptors.3,4 After adhesion, binding of col-
lagen to these receptors triggers intracellular mechanisms 
that shift platelet integrins to a high-affinity state and induce 

the release of activating factors that enhance the interac-
tions among adherent platelets and promote further recruit-
ment and activation of circulating platelets (see Animation 
19-1).3,4 Activating factors include thromboxane A2 (TXA2), 
adenosine diphosphate (ADP), serotonin, epinephrine, and 
thrombin.3,4 Platelet activation by these mediators leads to 
changes in platelet shape, expression of proinflammatory 
molecules (e.g., soluble CD40 ligand and P-selectin) and 
expression of platelet procoagulant activity.3,4 The final path-
way for all agonists is the conversion of the platelet GP IIb/
IIIa receptor, the main receptor that mediates platelet aggre-
gation, into its active form.3,4 Activated GP IIb/IIIa receptors 
bind to soluble adhesive substrates, including fibrinogen 
and vWf, which lead to platelet aggregation and thrombus 
formation mediated by platelet–platelet interactions.3,4

Vascular injury also exposes subendothelial tissue fac-
tor, which activates the clotting cascade leading to thrombin 
generation.3,4,11,12 However, only a modest amount of throm-
bin is produced as a result of the coagulation cascade.3,4,11,12 
Thrombin is one of the most potent platelet activators, and the 
surface of activated platelets is the main source of circulating 
thrombin.3,4,11,12 During arterial thrombosis, thrombin converts 
fibrinogen to fibrin, generating a fibrin-rich clot, and it further 
activates platelets by binding to protease-activated receptors 
(PARs) on the platelet membrane.3,4,11,12 Therefore, pathogenic 
thrombosis is a complex interplay between cellular (i.e., plate-
lets) and plasma (i.e., coagulation factors) components, which 
interact in an auto-amplified process (see Figure 19-1).

Multiple receptors and signaling pathways are involved in 
arterial thrombosis. Therefore, several antiplatelet agents have 
been developed to target different components of this complex 
process, as described in the following section (Figure 19-2).

ANTIPLATELET THERAPIES IN MYOCARDIAL 
INFARCTION

Several classes of antiplatelet agents, which are available 
for both oral and intravenous administration, are currently 
approved for clinical use in the management of patients with 
acute MI. These include (1) cyclooxygenase (COX)-1 inhibi-
tors (aspirin), (2) ADP P2Y12 receptor antagonists (ticlopi-
dine, clopidogrel, prasugrel, ticagrelor, and cangrelor), (3) 
GP IIb/IIIa receptor inhibitors (abciximab, eptifibatide, and 
tirofiban), and (4) a PAR-1 receptor inhibitor (vorapaxar) 
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that is approved for secondary prevention in patients after 
an MI (see Chapter 35).5–10 Details on the pharmacology 
and clinical trial development of these classes of antiplate-
let agents are provided in the following sections.

Aspirin
Aspirin exerts its antiplatelet effects by irreversibly block-
ing the COX-1 enzyme by using acetylation; this enzyme is 
responsible for the generation of TXA2 from arachidonic 
acid. Through inhibition of COX-1, aspirin decreases plate-
let activation mediated by the G-coupled thromboxane and 
prostaglandin endoperoxide receptors (see Figure 19-2).13,14 
Aspirin is rapidly absorbed in the upper gastrointestinal tract. 
The plasma half-life of aspirin is approximately 20 minutes, 
and peak plasma levels are achieved 30 to 40 minutes after 
ingestion of uncoated aspirin. In contrast, it can take up to 3 
to 4 hours for peak plasma levels to occur after the admin-
istration of enteric-coated formulations.13,14 Because the 
blockade of COX-1 induced by aspirin is irreversible, TXA2-
mediated aggregation is prevented for the entire life span of 
the platelet (approximately 7 to 10 days). Daily administration 

of 30 mg of aspirin results in virtually complete suppression 
of platelet TXA2 production after 1 week. In clinical practice, 
standard regimens of aspirin range from 75 to 325 mg/day. 
Higher doses of aspirin are required to block COX-2, which 
has anti-inflammatory and analgesic effects, through inhibi-
tion of the vascular PGI2 (prostacyclin), which is a platelet 
inhibitor and a vasodilator.13,14

In the ISIS-2 (International Study of Infarct Survival-2) trial, 
aspirin therapy was associated with a significant reduction in 
vascular mortality in patients with suspected acute MI who 
were randomized to receive either aspirin, streptokinase, both 
agents, or placebo.14 Other trials consistently demonstrated 
an important 40% to 50% reduction in cardiovascular events 
with aspirin treatment in MI patients.14 The clinical benefit of 
aspirin is achieved at low doses (75 to 100 mg/day), with no 
additional benefit provided by higher doses. In contrast, a dose-
dependent increase in the risk of bleeding has been shown, 
in particular, for upper gastrointestinal bleeding.14,15 Despite 
the therapeutic benefit of aspirin, some patients who receive 
long-term therapy are at risk of thrombotic events because of 
the insufficient inhibition of platelets, giving rise to the term 
“aspirin resistance.”13,14 However, the association between 
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FIGURE 19-1 Mechanism of thrombus formation with platelets-thrombin-coagulation interaction. Plaque rupture exposes the subendothelium components. Platelet 
adhesion during the rolling phase is mediated by the interaction between the von Willebrand factor (vWf) and the glycoprotein (GP) Ib/V/IX receptor complex located on the 
platelet surface, and between the platelet collagen receptors (GP VI and GP Ia) and collagen exposed at the site of vascular injury. Binding of collagen to GP VI receptor triggers 
intracellular mechanisms that induce the release of activating factors (adenosine diphosphate [ADP], thromboxane A2, serotonin, epinephrine, and thrombin), which enhance 
the interactions among adherent platelets and promote further recruitment and activation of circulating platelets. Platelet activation by these factors and collagen leads to 
change in platelet shape, expression of proinflammatory molecules (e.g., P-selectin and soluble CD40 ligand), expression of platelet procoagulant activity, and the conversion of 
the platelet integrin, GP IIb/IIIa (αIIbβ3) into its active form. The activated GP IIb/IIIa receptors bind to the extracellular ligands fibrinogen and vWf, leading to platelet aggrega-
tion and thrombus formation mediated by platelet–platelet interactions. Vascular injury also exposes subendothelial tissue factor (TF), which forms a complex with factor VIIa. 
TF-VIIa complex activates factor IX and factor X. Factor V is slowly activated by factor Xa. Factor Xa then binds to factor Va and calcium (Ca2+) and forms the prothrombinase 
complex, which initiates conversion of prothrombin to thrombin (factor IIa). Only a modest amount of thrombin is produced as a result of the coagulation cascade, and its main 
source within a platelet plug is the surface of activated platelets. Thrombin converts fibrinogen to fibrin, generating a fibrin-rich clot, and further activates platelets, binding to 
the protease-activated receptor (PAR)-1 and PAR-4. (Adapted from Franchi F, Angiolillo DJ: Novel antiplatelet agents in acute coronary syndrome. Nat Rev Cardiol 12:30, 2015.)
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variability in response to aspirin and cardiovascular events 
has led to inconsistent findings.13,14,16 This is likely attributable 
to the type of tests being used for pharmacodynamic evalua-
tion of aspirin effects. When tests specific for COX-1 activity are 
used, aspirin resistance is extremely rare and is likely caused by 
noncompliance; drug–drug interactions (i.e., ibuprofen) and 
enteric coating may also represent contributing causes.13,14,17 
The residual ischemic risk is thus mainly because of the fact 
that aspirin specifically targets the TXA2 pathway, and it is not 
effective in reducing platelet activation stimulated by other 
pathways involved in arterial thrombosis.3,4,18

P2Y12 Receptor Antagonists
The agonist ADP exerts its effects on platelets through 
the purinergic G-protein–coupled P2Y1 and P2Y12 recep-
tors (see Figure 19-2).3,4,13,14 Although both receptors are 
involved in aggregation, ADP-stimulated effects on platelets 

are mediated mainly by Gi-coupled P2Y12 receptor activa-
tion, which leads to sustained platelet aggregation and sta-
bilization of platelet aggregates, whereas P2Y1 is responsible 
for an initial weak and transient phase of aggregation and 
change in platelet shape.3 The addition of a P2Y12 receptor 
inhibitor to aspirin is able to reduce platelet aggregation 
more than what each single drug is able to achieve,4 and 
this synergism has been shown to be beneficial in clinical 
trials that have assessed the optimal antithrombotic regimen 
in patients undergoing coronary stent implantation.12,14

Several oral P2Y12 receptor inhibitors (ticlopidine, clopi-
dogrel, prasugrel, and ticagrelor) have been developed to 
be used in addition to aspirin for the prevention of ischemic 
events during the acute management and secondary pre-
vention after an MI (Table 19-1). The first available P2Y12 
receptor inhibitor was the first-generation thienopyridine 
ticlopidine.14 Although ticlopidine in combination with 
aspirin was shown to be superior compared with either 

Platelet

Platelet

Activation inhibitors

Adhesion inhibitors

Aggregation inhibitors

Thromboxane receptor antagonists

• Terutroban • Seratrodast
• Sulotroban • Ridogrel*
• Daltroban • Picotamide*
• Ifetroban • Terbogrel*
• Ramatroban • EV-077*
• Linotroban

PAR-1 antagonists
• Vorapaxar
• Atopaxar

P2Y1 receptor
antagonists
• A2P5P
• A3P5P
• MRS2179
• MRS2279
• MRS2500

P2Y12 receptor
antagonists
• Ticlopidine
• Clopidogrel
• Prasugrel
• Ticagrelor
• Cangrelor
• Elinogrel

GP Ia/IIa inhibitor
• EMS16

GP VI inhibitors
• Monoclonal
  antibodies

GP IIb/IIIa inhibitors
• Abciximab
• Eptifibatide
• Tirofiban

Collagen vWf

Endothelium

COX-1

COX-1 inhibitor
• Aspirin

GP Ia/IIa GP VI

GP Iba/IIa–
GP IX–GP V

GP IIb/IIIa

ADP

ADP

ADP

5-HT2A

TXS

Thrombin

Thrombin

Intracellular
signaling activation

Fibrinogen

Serotonin 2A
antagonists
• APD-791
• Naftidrofuryl
• Sarpogrelate
• AT-1015

• C1q TNF-related
   protein 1
• DZ-697b
• RG12989

Thromboxane A2

Thromboxane A2

Thromboxane A2

TPβ-R

TPα-R

G12/G13

G12/G13

G12/G13

Gq

Gq Gq

Gq

Gi

PAR-1

PAR-4 P2Y1

P2Y12

Gq

FIGURE 19-2 Platelet activation pathways and sites of action of current and emerging antiplatelet agents. Platelet adherence to the endothelium occurs at 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 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, which leads to platelet aggregation. The net result of these interactions is thrombus formation 
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the TXA2 synthase inhibitors, thromboxane receptor (TP) receptor inhibitors, the ADP receptor antagonists, the GP IIb/IIIa inhibitors, and the novel protease-activated receptor 
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tor. (Adapted from Franchi F, Angiolillo DJ: Novel antiplatelet agents in acute coronary syndrome. Nat Rev Cardiol 12:30, 2015.)
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aspirin alone or anticoagulation in combination with aspi-
rin for prevention of thrombotic events in patients undergo-
ing percutaneous coronary intervention (PCI), its use has 
been largely abandoned because of its frequent side effects, 
including life-threatening hematologic disorders.14 The fol-
lowing sections will provide an overview on the pharma-
cology and clinical trial development of P2Y12 receptor 
inhibitors currently approved for clinical use, focusing on 
studies performed in the acute phase of ACS.

Clopidogrel
Clopidogrel (see Figure 19-2) is a second-generation thieno-
pyridine with a more favorable safety profile compared with 
ticlopidine.4,12,14 Furthermore, clopidogrel has a pharma-
cological advantage over ticlopidine, because it achieves a 
faster onset of action through administration of a loading 
dose (LD).4,12,14 Clopidogrel is orally administrated and is 
a prodrug that requires metabolic transformation to exert 
its antiplatelet effects (Table 19-1; see also Figure 20-1).4,12,14 
After intestinal absorption, approximately 85% of clopido-
grel is hydrolyzed by carboxylase to an inactive metabolite. 
The remaining approximately 15% is rapidly metabolized by 
hepatic cytochrome P450 (CYP) isoenzymes, in particular 
CYP2C19, in a two-step oxidation process with the genera-
tion of a highly unstable active metabolite that irreversibly 
binds to the P2Y12 receptor (Figure 19-3).4,12,14

Several clinical trials have shown the benefit of dual 
antiplatelet therapy (DAPT) with a combination of aspirin 
and clopidogrel in patients with ACS or who are undergoing 
PCI (Table 19-2).12,14 In the CURE (Clopidogrel in Unstable 
Angina to Prevent Recurrent Events) trial, the administration 
of clopidogrel (300 mg LD followed by 75 mg once daily), 
in addition to aspirin, significantly reduced a composite of 
death from cardiovascular causes, nonfatal MI, or stroke by 
20%, compared with aspirin alone in patients with NSTE-
ACS (n = 12,562) who were medically managed or under-
went revascularization (PCI or coronary artery bypass graft 
[CABG]).14 However, this occurred at the expense of an 
increased risk of major bleeding complications.14 A post hoc 
analysis of aspirin dose showed that bleeding events were 
less likely to occur with lower doses of aspirin (≤100 mg) 
without any trade-off in efficacy. The clinical benefit of DAPT 
with aspirin and clopidogrel was also shown in a lower risk 
population of patients who underwent elective PCI (includ-
ing patients with ACS) in the CREDO (Clopidogrel for the 

Reduction of Events During Observation) trial and in patients 
with STEMI in the COMMIT (Clopidogrel and Metoprolol 
in Myocardial Infarction) and CLARITY (Clopidogrel as 
Adjunctive Reperfusion Therapy) trials.14

Although clopidogrel is still the most widely used 
P2Y12 receptor antagonist,19,20 a considerable number of 
patients still continue to experience recurrent thrombotic 
events while receiving clopidogrel.4,14 This risk has been 
partially attributed to the high interindividual variability 
that characterizes the response to clopidogrel.21 Several 
factors have been associated with clopidogrel response 
variability, including clinical (i.e., poor absorption, drug–
drug interactions, ACS, diabetes mellitus, obesity, chronic 
kidney disease), genetic (i.e., CYP polymorphisms), and 
cellular (i.e., accelerated platelet turnover, reduced 
CYP3A4 metabolic activity, or up-regulation of P2Y12 path-
way) factors (see Chapter 20).21 Pharmacodynamic stud-
ies have shown that approximately 30% to 40% of patients 
have high platelet reactivity while on clopidogrel treat-
ment, which translates into worse outcomes.21–23 Overall, 
these observations underscore the need for more potent 
and less variable antiplatelet agents for the treatment of 
MI patients.

Prasugrel
Prasugrel is an irreversible, orally administered third-gener-
ation thienopyridine. It is a prodrug, which after intestinal 
absorption, requires a single-step oxidation process through 
hepatic CYP to generate its active metabolite (see Table 19-1 
and Figure 19-3).4,13 Although prasugrel’s active metabo-
lite has the same in vitro affinity for the P2Y12 receptor as 
clopidogrel’s active metabolite, the metabolic conversion of 
prasugrel is more efficient, leading to higher in vivo avail-
ability.4,13 These pharmacological properties translate into 
a more prompt (faster onset of action), potent (enhanced 
platelet inhibition), and predictable (lower interindividual 
variability in effects) antiplatelet effect compared with clop-
idogrel.4,13 In particular, a 60-mg LD of prasugrel achieves 
50% platelet inhibition by 30 minutes and 80% to 90% inhibi-
tion by 2 hours.4,13

In the TRITON-TIMI 38 (Trial to Assess Improvement in 
Therapeutic Outcomes by Optimizing Platelet Inhibition 
with Prasugrel-Thrombolysis in Myocardial Infarction 
38) trial, patients (n = 13,608) with moderate- to high-risk 
ACS scheduled for PCI were randomized to receive either 

TABLE 19-1 Pharmacological Properties of P2Y12 Receptor Inhibitors

CLOPIDOGREL PRASUGREL TICAGRELOR CANGRELOR

Pharmacological class Thienopyridine Thienopyridine CPTP ATP analogue

Receptor blockade Irreversible Irreversible Reversible Reversible

Administration route Oral Oral Oral IV

Frequency Once daily Once daily Twice daily Bolus plus infusion

Prodrug Yes Yes No* No

Onset of action 2–8 hrs 30 min–4 hrs† 30 min–4 hrs† 2 min

Offset of action 7–10 days 7–10 days 3–5 days 30–60 min

CYP drug interaction CYP2C19 No CYP3A No

Approved settings ACS and stable CAD PCI ACS undergoing PCI ACS (full spectrum) P2Y12 receptor inhibitors naïve 
patients undergoing PCI

ACS, Acute coronary syndrome; CAD, coronary artery disease; CYP, cytochrome P450; CPTP, cyclopentyltriazolopyrimidine; IV, intravenous; PCI, percutaneous coronary intervention.
*Although most ticagrelor-mediated antiplatelet effects are direct, approximately 30% to 40% are attributed to an active metabolite (AR-C124910XX).
†Depending on the clinical setting.
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prasugrel 60 mg LD followed by a 10 mg/day maintenance 
dose (MD) or clopidogrel 300 mg LD and 75 mg/day MD, 
in addition to aspirin (Table 19-3) (Table 19-e1).4 Prasugrel 
significantly reduced the primary efficacy endpoint (a 
composite of cardiovascular death, nonfatal MI, or nonfatal 
stroke) compared with clopidogrel over a median follow-up 
of 14.5 months (9.9% vs. 12.1%; hazard ratio [HR], 0.81; 95% 
confidence interval [CI], 0.73 to 0.90; P <.001), which was 
mainly driven by a reduction in nonfatal MI. A significant 
52% reduction in the rate of stent thrombosis, irrespective 
of stent type, and a 34% decrease in need for urgent target 
vessel revascularization were also seen when prasugrel  
was used.

This effect was hampered by significantly increased rates 
of non-CABG–related Thrombolysis In Myocardial Infarction 
(TIMI) major bleeding; CABG-related TIMI major bleed-
ing, life-threatening bleeding, and fatal bleeding were also 
increased. However, the net clinical benefit was still in favor 
of prasugrel-treated patients.4 The benefit achieved by prasu-
grel over clopidogrel was consistent in patients with STEMI 
and was particularly notable in patients with DM and in those 
who experienced recurrent events.4,24,25 Clinical outcomes 
with prasugrel treatment were not affected by CYP polymor-
phisms or drug interference with CYP2C19 enzymes.26,27 The 
results were also consistent, irrespective of aspirin dose.28 
In contrast, a neutral effect was found in low body weight 
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FIGURE 19-3 P2Y12 metabolism inhibitors and mechanism of action. Clopidogrel is an oral prodrug, and after intestinal absorption, approximately 85% of clopidogrel 
is hydrolyzed by carboxylase to an inactive metabolite. The remaining approximately 15% is rapidly metabolized by hepatic cytochrome (CYP) P450 isoenzymes in a two-step 
oxidation process, with the generation of a highly unstable active metabolite. Prasugrel is also an oral prodrug with a similar intestinal absorption process. However, in contrast 
to clopidogrel, esterases are part of prasugrel’s activation pathway, and prasugrel is oxidized more efficiently to its active metabolite via a single CYP-dependent step. Direct-
acting antiplatelet agents (cangrelor and ticagrelor) have reversible effects and do not require hepatic metabolism for achieving pharmacodynamic activity. Ticagrelor is orally 
administered, and after intestinal absorption, it directly inhibits platelet activation by allosteric modulation of the P2Y12 receptor, binding to a site on the receptor distinct from the 
adenosine diphosphate (ADP)-binding site. Cangrelor is intravenously administered, and directly inhibits the P2Y12 receptor, bypassing intestinal absorption. P2Y receptors are a 
family of purinergic G-protein–coupled receptors and are activated by extracellular nucleotides such as ADP. Platelets express at least two ADP receptors, P2Y1 and P2Y12, which 
couple to Gq and Gi, respectively. The activation of P2Y12 inhibits adenylyl cyclase (AC), causing a decrease in the cyclic adenosine monophosphate (cAMP) level, and the activa-
tion of P2Y1 causes an increase in the intracellular calcium (Ca2+) level, leading to platelet aggregation through the change in the ligand-binding properties of the glycoprotein 
IIb/IIIa receptor. Clopidogrel, prasugrel, ticagrelor, and cangrelor bind to the P2Y12 receptor and ultimately inhibit platelet activation and aggregation processes by modulating 
intraplatelet levels of cAMP and phosphorylation of vasodilator-stimulated phosphoprotein. Solid black arrows indicate activation. Dotted black arrows indicate inhibition. PDE, 
Phosphodiesterase; PKA, protein kinases. (Adapted from Franchi F, Angiolillo DJ: Novel antiplatelet agents in acute coronary syndrome. Nat Rev Cardiol 12:30, 2015.)
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TABLE 19-e1 Key Differences between the TRITON-TIMI 38 and PLATO Trial Designs

CHARACTERISTICS TRITON-TIMI 384 PLATO34

Setting ACS scheduled for PCI ACS (invasive and noninvasive)

Medically managed patients No Yes

Timing of LD administration After angiography* Before angiography

Clopidogrel pretreated patients No Yes (46% of total population)

Clopidogrel LD 300 mg 300–600 mg

Primary endpoint CV death, nonfatal MI, or nonfatal stroke Death from vascular causes,
nonfatal MI, or nonfatal stroke

Major safety endpoint Non-CABG–related TIMI major and life-threatening 
bleeding†

Total PLATO-defined major bleeding (CABG- and  
non–CABG-related)‡

Follow-up duration (median) 14.5 mos 9 mos

ACS, Acute coronary syndrome; CABG, coronary artery bypass graft; CV, cardiovascular; LD, loading dose; MI, myocardial infarction; non-STEMI, non–ST-elevation myocardial 
infarction; PCI, percutaneous coronary intervention; TIMI, Thrombolysis In Myocardial Infarction.
*Pretreatment before angiography was allowed in patients with planned primary PCI for STEMI.
†TIMI major bleeding is defined as any intracranial bleeding, clinically overt signs of hemorrhage associated with a drop in hemoglobin of ≥5 g/dL, or fatal bleeding.165

‡PLATO major bleeding is defined as either major life-threatening bleeding (fatal bleeding, intracranial bleeding, intrapericardial bleeding with cardiac tamponade, hypovolemic 
shock, or severe hypotension because of bleeding and requiring pressors or surgery, a decline in the hemoglobin level of ≥5 g/dL, or the need for transfusion of at least 4 U of 
red blood cells) or other major bleeding (bleeding that leads to clinically significant disability or bleeding either associated with a drop in the hemoglobin level of at least 3.0 g/dL, 
but less than 5.0 g/dL, or requiring transfusion of 2 to 3 units of red blood cells.72

Adapted from Franchi F, Angiolillo DJ: Novel antiplatelet agents in acute coronary syndrome. Nat Rev Cardiol 12:30, 2015.
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patients (<60 kg) and older adults (≥75 years), and a net 
harm was shown in patients with a history of stroke or tran-
sient ischemic attack.4 Among patients (n = 346) who under-
went isolated CABG and who received the study drug before 
the procedure, there was a reduction in all-cause and cardio-
vascular mortality with prasugrel compared with clopidogrel, 
although there was a higher 12-hour chest tube blood loss.29

The efficacy of prasugrel compared with clopidogrel in 
medically managed ACS was tested in the TRILOGY-ACS 

(Targeted Platelet Inhibition to Clarify the Optimal Strategy 
to Medically Manage Acute Coronary Syndromes) trial 
(see Table 19-3).30 Aspirin-treated patients (n = 9326) with 
an NSTE-ACS who underwent medical management were 
randomized to receive either prasugrel (30 mg LD followed 
by 10 mg MD) or clopidogrel (300 mg LD and 75 mg MD). 
Prasugrel MD was adjusted to 5 mg for patients who were 
aged 75 years or older or who weighed less than 60 kg. 
Clopidogrel pretreatment before randomization occurred 

TABLE 19-2 Major Clinical Trials of Clopidogrel in Patients with Acute Myocardial Infarction

TRIAL PATIENTS (NO.) SETTING TREATMENT ARMS PRIMARY ENDPOINT RESULTS

CURE14 12,562 NSTE-ACS Aspirin+clopidogrel
vs.
aspirin

CV death, nonfatal MI, or 
stroke at 1 yr

9.3% vs. 11.4%; HR, 0.80; 
95% CI, 0.72–0.90;  
P <.001

PCI-CURE76 2658 NSTE-ACS treated 
with PCI

Aspirin+clopidogrel
vs.
aspirin

CV death, MI, or 
revascularization within 
30 days

4.5% vs. 6.4%; RR, 0.70; 
95% CI, 0.50–0.97;  
P = .03

CREDO14 2116 Patients undergoing 
PCI (including ACS)

Aspirin+clopidogrel
vs.
aspirin

CV death, MI, or stroke at  
1 yr

8.5% vs. 11.5%; RRR, 
26.9%; 95% CI, 
3.9%–44.4%; P = .02

COMMIT14 45,852 STEMI Aspirin+clopidogrel
vs.
aspirin

Death, reinfarction, or  
stroke at 28 days

9.2% vs. 10.1%; OR, 0.91; 
95% CI, 0.86–0.97;  
P = .002

CLARITY14 3491 STEMI Aspirin+clopidogrel+FA
vs.
aspirin+FA

Occluded infarct-related 
artery, death, or recurrent 
MI before angiography

15.0% vs. 21.7%; OR, 
0.64; 95% CI, 0.53–0.76; 
P <.001

CURRENT-
OASIS 715

25,087 ACS referred for 
an early invasive 
strategy

Aspirin+double-dose clopidogrel
vs.
aspirin+standard dose clopidogrel

CV death, MI, or stroke at 
30 days

4.2% vs. 4.4%; HR, 0.94; 
95% CI, 0.83–1.06;  
P = .30

ACS, Acute coronary syndrome; CV, cardiovascular; FA, fibrinolytic agent; HR, hazard ratio; MI, myocardial infarction; NSTE-ACS, non–ST-elevation acute coronary syndrome; 
OR, odds ratio; PCI, percutaneous coronary intervention; RR, relative risk; RRR, relative risk reduction; STEMI, ST-elevation myocardial infarction.
Clopidogrel was given as a 300-mg loading dose and then 75 mg/day in CURE, PCI-CURE, CREDO, COMMIT, and CLARITY. In CURRENT-OASIS 7, a double dose of clopidogrel 
was defined as a 600-mg loading dose and 150 mg once daily for 7 days, followed by 75 mg once daily; standard-dose clopidogrel was defined as a 300-mg loading dose, 
followed by 75 mg once daily. Patients were also randomized to receive low-dose (75–100 mg/day) or high-dose (300–325 mg/day) aspirin.

TABLE 19-3 Major Completed Phase III Clinical Trials of Novel Antiplatelet Agents in Acute Coronary Syndrome

TRIAL PATIENTS (NO.) SETTING TREATMENT ARMS PRIMARY ENDPOINT RESULTS

TRITON-TIMI 384 13,608 ACS patients 
undergoing PCI

Aspirin+prasugrel
vs.
aspirin+clopidogrel

CV death, nonfatal MI or nonfatal 
stroke

9.9% vs. 12.1% (15 
mos); HR, 0.81; 95% 
CI, 0.73–0.90; P <.001

TRILOGY-ACS30 9326 Medically managed 
NSTE-ACS

Aspirin+prasugrel
vs.
aspirin+clopidogrel

CV death, MI, or stroke at 17 mos 
in patients with age <75 yrs

13.9% vs. 16.0%; 
HR, 0.91; 95% CI, 
0.79–1.05; P = .21

ACCOAST82 4033 NSTEMI scheduled  
for angiography

Pretreatment with 
prasugrel 30 mg

vs.
placebo

CV death, MI, stroke, GPI bailout, 
or urgent revascularization at 
7 days

10.0% vs. 9.8%; 
HR, 1.02; 95% CI, 
0.84–1.25; P = .81

PLATO34 18,624 ACS Aspirin+ticagrelor
vs.
aspirin+clopidogrel

Death from vascular causes, MI. 
or stroke

9.8% vs. 11.7% (12 
mos); HR, 0.84; 95% 
CI, 0.77–0.92; P <.001

CHAMPION 
PHOENIX58

11,145 Patients undergoing 
PCI

Aspirin+clopidogrel+ 
cangrelor

vs.
aspirin+clopidogrel

Death from any cause, MI, IDR, 
and stent thrombosis at 48 hr

4.7% vs. 5.9%; OR, 0.78; 
95% CI, 0.66–0.93;  
P = .005

TRACER65 12,944 NSTE-ACS Standard APT+vorapaxar
vs.
standard APT+placebo

CV death, MI, stroke, recurrent 
ischemia with rehospitalization, 
or urgent coronary 
revascularization

18.5% vs. 19.9% (2 yrs); 
HR, 0.92; 95% CI, 
0.85–1.01; P = .07

TRA 2P-TIMI 5066 26,449 Patients with history 
of MI, ischemic 
stroke, or PAD

Standard APT+vorapaxar
vs.
standard APT+placebo

CV death, MI, or stroke 9.3% vs. 10.5% (36 
mos); HR, 0.87; 95% 
CI, 0.80–0.94; P <.001

ACS, Acute coronary syndrome; APT, antiplatelet therapy; CI, confidence interval; CV, cardiovascular; GPI, glycoprotein IIb/IIIa inhibitor; HR, hazard ratio; IDR: ischemia-driven 
revascularization; MI: myocardial infarction; NSTE, non–ST-elevation; OR, odds ratio; PAD, peripheral artery disease; PCI, percutaneous coronary intervention.
Adapted from Franchi F, Angiolillo DJ: Novel antiplatelet agents in acute coronary syndrome. Nat Rev Cardiol 12:30, 2015.
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in approximately 96% of patients. The primary endpoint 
was a composite of cardiac death, MI, or stroke among 
patients aged younger than 75 years (n = 7243). After a 
median follow-up of 17 months, there were no differences 
between prasugrel and clopidogrel in the primary ischemic 
endpoint (13.9% vs. 16%; HR, 0.91; 95% CI, 0.79 to 1.05; P = 
.21). Importantly, the rates of non-CABG–related severe or 
life-threatening bleeding according to the GUSTO (Global 
Use of Strategies to Open Occluded Coronary Arteries) cri-
teria, TIMI major bleeding, and intracranial bleeding were 
low and similar between groups.30 Moreover, in the second-
ary analysis on patients (n = 2083) aged 75 years or older, 
prasugrel 5 mg was not associated with an ischemic ben-
efit compared with standard clopidogrel, although there 
was no increase in bleeding.31 Importantly, in the prespeci-
fied substudy on patients aged younger than 75 years who 
underwent angiography before randomization (n = 3085), 
prasugrel led to a significant reduction in the risks of the 
composite primary endpoint compared with clopidogrel, 
with a trend toward an increased risk of major bleeding. 
These data suggest that when angiography is performed for 
ACS and anatomic coronary disease is confirmed, the ben-
efits and risks of a more intense antiplatelet therapy exist 
whether the patient is treated with drugs or PCI.32

Ticagrelor
Ticagrelor is an orally administered cyclopentyltriazolopy-
rimidine that directly and reversibly inhibits the platelet 
P2Y12 receptor (Table 19-1 and Figure 19-3).4,13 Ticagrelor 
is not a prodrug and does not require metabolic activation, 
although approximately 30% to 40% of its antiplatelet effects 
are attributed to an active metabolite (AR-C124910XX) gen-
erated through the hepatic CYP3A system (CYP3A4 and 
CYP3A5).4,13 Ticagrelor does not bind directly to the platelet 
ADP-binding site on the P2Y12 receptor; it reversibly binds 
to a distinct site on the receptor and prevents ADP from 
causing activation of the P2Y12 pathway in a noncompeti-
tive fashion through allosteric modulation.4,13 Ticagrelor is 
rapidly absorbed after oral administration and has a half-life 
of 7 to 12 hours, thus requiring twice daily dosing. Compared 
with clopidogrel, ticagrelor achieves a faster, more potent 
and more predictable antiplatelet effect, with a faster offset 
of action.33

The efficacy and safety of ticagrelor in patients with ACS 
were evaluated in the Phase III PLATO (Platelet Inhibition 
and Patient Outcomes) trial (see Table 19-3).34 There are key 
differences between the PLATO and TRITON-TIMI 38 trial 
designs, as summarized in Table 19-e1. In the PLATO trial, 
ACS patients (n = 18,624) were randomized to receive either 
ticagrelor (180 mg LD followed by 90 mg twice daily MD) 
or clopidogrel (300 to 600 mg LD followed by 75 mg/day 
MD) in addition to aspirin for 12 months. The trial embraced 
the whole spectrum of patients with ACS, including those 
intended to undergo invasive as well as noninvasive man-
agement. Patients pretreated with clopidogrel were eligible 
for study entry, and study drug LD administration occurred 
before or after angiography, but before PCI. Compared with 
clopidogrel, ticagrelor significantly reduced the primary 
endpoint (a composite of death from vascular causes, MI, or 
stroke) at 12 months (9.8% vs. 11.7%; HR, 0.84; 95% CI, 0.77 
to 0.92; P <.001), including a significant 21% reduction in 
cardiovascular death and a 16% reduction of MI. Ticagrelor 
treatment also significantly reduced the rates of definite or 
probable stent thrombosis.

Although protocol-defined major bleeding was similar 
between groups (11.6% vs. 11.2%; P = .43), ticagrelor led 
to a significantly increased hazard of non-CABG–related 
PLATO and TIMI major bleeding, as well as fatal intracra-
nial hemorrhage.34 Importantly, the benefit of ticagrelor 
over clopidogrel was consistent across multiple prespeci-
fied subgroups, including patients who were treated ini-
tially with a noninvasive or invasive (followed by PCI or 
CABG) strategy.35–38 Accordingly, patients with STEMI, 
diabetes mellitus, who were older than 75 years of age, 
weighed less than 60 kg, who had a previous stroke or tran-
sient ischemic attack, with recurrent cardiovascular events, 
chronic kidney disease, and with or without CYP2C19 loss-
of function polymorphisms, also benefitted from ticagre-
lor therapy.34,39–45 Bleeding outcomes were also consistent 
across subgroups, with no groups experiencing harm with 
ticagrelor.46

Importantly, a geographic interaction was found in the 
trial, with patients enrolled in North America not experi-
encing a reduction in the primary endpoint by ticagrelor 
treatment. Although these findings can be attributed to play 
of chance, a post hoc assessment found this to be possibly 
explained by the use of high-dose (≥300 mg/day) aspirin, 
which was more common in North America.47 Although 
subsequent studies failed to demonstrate any effect of 
aspirin dosing on the pharmacokinetic and pharmacody-
namic profile of ticagrelor,48 the use of low-dose aspirin 
(≤100 mg) is currently recommended in ticagrelor-treated 
patients.5–10

Non-P2Y12–mediated effects of ticagrelor related to 
increased plasma levels of adenosine have been described.49 
Under normal conditions, adenosine has a short half-life and 
is rapidly up-taken by red blood cells and metabolized.49 
Ticagrelor has been shown to significantly inhibit cellular 
uptake of adenosine by blocking the sodium-dependent 
equilabrative nucleoside transporters (ENT-1), and thus, 
increasing adenosine plasma concentrations.50,51 Adenosine 
has multiple cardiac and extracardiac properties that include 
inhibition of platelet aggregation (mainly through the activa-
tion of A2A G-coupled receptors), arterial vasodilation, reduc-
tion in inflammatory response, negative chronotropic and 
dromotropic effects, stimulation of pulmonary vagal C fibers 
that mediate the sensation of dyspnea, and a role in the regu-
lation of kidney glomerular filtration.49 Although ticagrelor 
does not directly act on adenosine receptors, it enhances 
the biological effects of adenosine, which may contribute 
to the overall benefits of ticagrelor, including a reduction in 
cardiovascular mortality, and to the nonbleeding side effects 
of ticagrelor, such as a higher incidence of dyspnea (15% to 
22% of ticagrelor-treated patients) and ventricular pauses 
and increased levels of creatinine and uric acid during treat-
ment compared with clopidogrel (Figure 19-4).49 These side 
effects are usually self-limiting and have no impact on clini-
cal outcomes, but were responsible for the higher discon-
tinuation rate of ticagrelor compared with clopidogrel in the 
PLATO trial.34 Importantly, no effect of ticagrelor on specific 
pulmonary function parameters, such as spirometry, lung 
volumes, diffusion capacity, and pulse oximetry, have been 
shown.52

Cangrelor
Although prasugrel and ticagrelor are characterized by more 
prompt, potent, and predictable antiplatelet effects, leading 
to greater clinical efficacy over clopidogrel, these drugs still 
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present limitations inherent to orally administered antiplate-
let agents, including delayed pharmacodynamic effects in 
patients with STEMI, slow offset of action, and an inability to 
exert reliable and predictable platelet inhibition in patients 
who are hemodynamically unstable or sedated, intubated, 
in shock, under therapeutic hypothermia, or who have nau-
sea or vomiting.4,53 Cangrelor is an analogue of adenosine 
triphosphate (ATP) and is the first reversible intravenous 
P2Y12 inhibitor. It directly binds to the P2Y12 receptor in a 
predominantly competitive manner without the need for 
being metabolized (see Table 19-1 and Figure 19-3).4,54 
Cangrelor achieves very potent (>80%) antiplatelet effects, 
reaching steady-state concentrations within a few minutes, 
and is characterized by a linear dose-dependent pharmaco-
kinetic profile that leads to very stable pharmacodynamic 

effects.54,55 Because of its very short half-life (3 to 5 minutes), 
cangrelor has a fast offset of action, with platelet aggregation 
returning to baseline levels within 30 to 60 minutes.54,55

The role of cangrelor as adjunctive antiplatelet therapy 
in patients who require PCI has been tested in three large-
scale phase III clinical trials.56-58 Although the first two tri-
als, namely the CHAMPION (Cangrelor versus Standard 
Therapy to Achieve Optimal Management of Platelet 
Inhibition)-PCI and the CHAMPION-PLATFORM trials, were 
interrupted for futility and failed to document any isch-
emic benefit of cangrelor over DAPT with aspirin and clop-
idogrel,56,57 pitfalls in study endpoint definitions (i.e., the 
definition of MI) may have contributed to these results.54 
A pooled analysis of the CHAMPION-PCI and CHAMPION-
PLATFORM trials, which used the Universal Definition of MI 
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Ticagrelor Adenosine

↑ Adenosine-induced increases in coronary
   blood flow (dogs and humans) ↑ Vasodilation

↑ Endothelial function (ACS patients) ↑ Endothelial progenitor cell migration

↓ Incidence of MACE (ACS patients)

↓ CV and all-cause mortality (ACS patients) ↓ Ischemia/reperfusion injury

↑ Incidence of ventricular pauses (ACS patients) Induces pharmacologic preconditioning

↓ Infarct size (animal models) ↓ Electrical conduction

↑ Adenosine-induced platelet inhibition (in vitro) ↑ Platelet inhibition

↓ Mortality (ACS patients with pulmonary infection) Modulates inflammation 

 

↑ Creatinine levels (ACS patients) ↓ Glomerular filtration

↑ Incidence of dyspnea (ACS patients) ↑ Incidence of dyspnea

↑ Adenosine-induced dyspnea (healthy subjects)

FIGURE 19-4 Major biological effects mediated by ticagrelor and adenosine. There are similarities between the biological effects of adenosine (right) and the phar-
macological effects of ticagrelor (left), which suggests that at least some of the non-P2Y12–mediated effects of ticagrelor may be mediated by the drug-induced inhibition of 
the cellular sodium-independent equilibrative nucleoside transporter type 1 (ENT-1). Because adenosine degradation is primarily restricted to the intracellular space, inhibition 
of cellular uptake of adenosine via ENT-1 results in prolonging the half-life of adenosine, thereby increasing its extracellular (plasma) concentration. Hence, ENT-1 inhibition by 
ticagrelor results in enhanced responses to adenosine, mediated by interaction with the adenosine receptor subtypes A1R, A2AR, A2BR, and A3R, which are coupled to Gs or Gi 
proteins. ACS, Acute coronary syndrome; CV, cardiovascular; MACE, major adverse cardiovascular events. (Adapted from Cattaneo M, Schulz R, Nylander S: Adenosine-mediated 
effects of ticagrelor: evidence and potential clinical relevance. J Am Coll Cardiol 63:2503, 2014.)
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(see Chapter 1 and Chapter 7) to define MI events, showed 
a significant reduction in the primary endpoint with the 
use of cangrelor.59

The hypothesis-generating data from this analysis led to 
the design of the CHAMPION PHOENIX trial, which evalu-
ated if addition of cangrelor on top of DAPT with aspirin 
and clopidogrel in patients undergoing PCI could reduce 
the occurrence of acute ischemic complications (see 
Table 19-3).58 The study included P2Y12 receptor inhibi-
tor–naïve patients across the spectrum of coronary artery 
disease (CAD) manifestations (stable angina, NSTE-ACS, 
and STEMI). After angiography, patients (n = 11,145) were 
randomized to receive either a cangrelor bolus (30 μg/kg) 
followed by infusion (4 μg/kg per minute for 2 to 4 hours) 
or a clopidogrel LD (300 or 600 mg before or immediately 
after the PCI, as per institutional standard). In the cangre-
lor arm, patients received 600 mg of clopidogrel at the end 
of the infusion. Adjunctive cangrelor therapy significantly 
reduced the primary efficacy endpoint (a composite of 
death from any cause, MI, ischemia-driven revascularization, 
and stent thrombosis) at 48 hours (4.7% vs. 5.9%; adjusted 
odds ratio [OR] with cangrelor, 0.78; 95% CI, 0.66 to 0.93; P 
= .005), which was primarily driven by a reduction in the 
hazard of MI (3.8% vs. 4.7%; P = .02). The use of cangrelor 
led to a significant reduction in the rate of stent thrombosis 
at 48 hours (0.8% vs 1.4%; OR, 0.62; 95% CI, 0.43 to 0.90; P = 
.01).58 Intraprocedural stent thrombosis, which was shown 
to be associated with an increase in adverse outcomes at 
48 hours and 30 days, was also significantly reduced.60

The rate of severe bleeding at 48 hours was not signifi-
cantly increased by cangrelor using the GUSTO criteria and 
other definitions of bleeding. However, the rate of major 
bleeding according to the more sensitive ACUITY criteria 
was significantly higher in patients treated with cangrelor, 
which was primarily driven by a higher incidence of hema-
tomas at the vascular access sites. Overall, the net rate of 
adverse clinical events (ischemic plus bleeding events) 

was significantly reduced by the use of cangrelor.58 The 
clinical benefit of adjunctive cangrelor therapy was consis-
tent at 30 days and across multiple prespecified subgroups, 
such as those defined by different clinical presentations 
(stable angina, NSTE-ACS, or STEMI), dose and timing of 
clopidogrel loading, stent type, and duration of study drug 
infusion.58

These results were further confirmed by a pooled analy-
sis on approximately 25,000 patients enrolled in the three 
CHAMPION trials, which showed consistent results using the 
PHOENIX definition of MI.61 Cangrelor was also tested as 
a bridging strategy in patients (n = 210) on thienopyridine 
treatment (including patients with a recent MI) and who 
required CABG; it showed high and stable levels of platelet 
inhibition up to 7 days of infusion, with a rapid offset after 
discontinuation before surgery. This strategy was not associ-
ated with an increased risk of major bleeding or side effects 
before or during CABG, although these findings need to be 
interpreted with caution because the study was not pow-
ered for clinical outcomes.62

Glycoprotein IIb/IIIa Inhibitors
GP IIb/IIIa inhibitors (GPIs) are only available for intrave-
nous use, and include abciximab, eptifibatide, and tirofi-
ban.63 GPIs are classified into two groups: small (eptifibatide, 
tirofiban) and nonsmall (abciximab) molecules. GPIs are 
characterized by different pharmacological properties, as 
summarized in Table 19-4. They target the final pathway of 
platelet aggregation, competing with fibrinogen and vWf 
for GP IIb/IIIa receptor binding and provide fast and potent 
antiplatelet effects.63 GPIs have been shown to improve isch-
emic outcomes in patients with STEMI and NSTEMI who 
are undergoing PCI, although most of these studies did not 
include the use of novel generation P2Y12 receptor inhibi-
tors.63 The administration of GPIs is an accepted treatment 
option in high-risk ACS patients undergoing PCI. However, 

TABLE 19-4 Pharmacology of Glycoprotein IIb/IIIa Inhibitors

ABCIXIMAB EPTIFIBATIDE TIROFIBAN

Trade name ReoPro Integrilin Aggrastat

Molecule Fragment antigen binding (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: 10–15 hrs
Biologic: 12–24 hrs

Plasma: 2–2.5 hrs
Biologic = plasma

Plasma: 2–2.5 hrs
Biologic = plasma

PCI dosing Bolus:
0.25 mg/kg (10–60 min)
Infusion:
0.125 μg/kg/min (12h)

Bolus:
180 μg/kg* +
180 μg/kg (after 10 min)
Infusion:
2 μg/kg/min (24–48 hrs) †

Bolus:
25 μg/kg (30 min)
Infusion:
0.10 μg/kg/min (48 hrs)

Renal adjustment No Bolus:
180 μg/kg
Infusion:
1 μg/kg/min (24–48 hrs)

Bolus:
12.5 μg/kg (30 min)
Infusion:
0.10 μg/kg/min (48 hrs)

GP, Glycoprotein; PCI, percutaneous coronary intervention.
*Started immediately before PCI.
†Started immediately after the first bolus..
Adapted from Muñiz-Lozano A, Rollini F, Franchi F, Angiolillo DJ: Update on platelet glycoprotein IIb/IIIa inhibitors: recommendations for clinical practice. Ther Adv Cardiovasc 
Dis 7:197, 2013.
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their role is currently reduced because of their high rates 
of bleeding complications and because of the develop-
ment of alternative treatment strategies with a more favor-
able safety profile. Available data support a selective (i.e., 
bailout in cases of large residual thrombus) rather than a 
routine use of GPIs for patients with ACS treated with PCI.63 
Intracoronary administration of GPIs has been tested in sev-
eral small studies and associated with some benefits com-
pared with intravenous administration, but these have not 
been confirmed in large-scale clinical trials.63

Protease-Activated Receptor-1 Antagonists
DAPT with a combination of aspirin and a P2Y12 receptor 
inhibitor primarily targets pathways associated with TXA2 
and ADP-mediated platelet activation.3,4 Thus, other path-
ways, such as thrombin-mediated platelet activation remain 
unaffected and may in part account for the residual risk of 
ischemic events (see Figure 19-2).11 Because thrombin is a 
key mediator of platelet activation, and levels of thrombin 
are known to be elevated after an ACS, targeting thrombin-
mediated effects has been an important area of clinical 
investigation.4,11 Two different strategies can be pursued to 
block thrombin effects: indirect modulation by blockade 
of the platelet PAR receptor and direct inhibition of either 
thrombin or other upstream coagulation factors (i.e., fac-
tor X).4,11,12 Leveraging this latter strategy, several trials have 
tested the use of nonvitamin K antagonist oral anticoagu-
lants in patients with MI. These therapies are described in 
Chapter 21.

The serine protease thrombin is one of the most potent 
platelet activators, and the surface of activated platelets 
is the main source of circulating thrombin.4,11 PARs are a 
family of G-protein–coupled receptors, and four types of 
PARs have been described in humans; PAR-1 and PAR-4 are 
expressed on human platelets, and PAR-1 has the principal 
role of mediating platelet activation at low concentrations 
of thrombin, whereas PAR-4 reacts only at high concentra-
tions.4,64 Several PAR-1 antagonists have been developed 
so far11; only vorapaxar has completed phase III clinical 

investigations and is available for clinical use. Vorapaxar 
was tested in two large-scale phase III clinical trials: the 
TRACER (Thrombin Receptor Antagonist for Clinical Event 
Reduction in Acute Coronary Syndrome) and TRA 2°P-TIMI 
50 (Thrombin Receptor Antagonist in Secondary Prevention 
of Atherothrombotic Ischemic Events - TIMI 50) trials (see 
Table 19-3).65,66 Although vorapaxar did not have a favorable 
balance of efficacy and bleeding in the acute management 
of ACS in the TRACER trial, this PAR-1 antagonist was effec-
tive for long-term secondary prevention after MI in the TRA 
2°P-TIMI 50 trial. The use of PAR-1 antagonists in patients 
with MI is detailed in Chapter 35.

PRACTICAL RECOMMENDATIONS  
AND GUIDELINES

Guideline recommendations from the American College 
of Cardiology (ACC)/American Heart Association (AHA) 
and the European Society of Cardiology (ESC) for the use 
of antiplatelet therapy in patients with MI are summarized 
in Tables 19-5 and 19-6. The following sections will provide 
practical considerations for the initial management of anti-
platelet strategies in patients with NSTEMI and STEMI.

Indications and Dosing of Antiplatelet 
Therapies
Oral Antiplatelet Therapies
Aspirin
Aspirin is the established first-line therapy in patients with 
MI.5–10 Nonenteric-coated aspirin (150 to 325 mg) should 
be administered promptly after presentation in patients 
with both NSTEMI and STEMI, and then continued indefi-
nitely irrespective of the treatment strategy. An aspirin LD 
should preferably be given orally, including chewing, to 
ensure complete inhibition of TXA2-dependent platelet 
aggregation. However, an intravenous formulation is avail-
able in certain countries and can be used as a 300- to 500-
mg dose in patients who are unable to swallow. Even if the 
optimal dosing regimen for prevention of cardiovascular 

TABLE 19-5 Summary of ACC/AHA and ESC Guidelines for the Initial Management of Oral and Intravenous 
Antiplatelet Therapy in Patients with Non–ST-Elevation Myocardial Infarction

RECOMMENDATIONS ACC/AHA ESC
COR LOE COR LOE

Oral Therapy

Nonenteric coated oral aspirin (150–325 mg) promptly after presentation (or 80–150 mg IV). Aspirin MD (preferably  
≤100 mg/day) continued indefinitely.

I A I A

A P2Y12 inhibitor is recommended in addition to aspirin, and maintained over 12 mos unless there are contraindications,  
such as excessive risk of bleeding:

	 •	 	Prasugrel	(60	mg	LD,	10	mg/daily	MD)	in	patients	in	whom	coronary	anatomy	is	known	and	who	are	proceeding	to	PCI.
	 •	 	Ticagrelor	(180	mg	LD,	90	mg	bid	MD)	regardless	of	initial	treatment	strategy,	including	those	pretreated	with	clopidogrel.
	 •	 	Clopidogrel	(600	mg	LD,	75	mg/day	MD),	only	when	prasugrel	or	ticagrelor	are	not	available,	or	are	contraindicated

I B I A

IIa B I B
IIa B I B

I B

Pretreatment with prasugrel in patients in whom coronary anatomy is not known is not recommended. III B

Intravenous Therapy

GPIs should be considered for bailout situation or thrombotic complications. IIa C

GPIs added to aspirin should be considered before angiography in high-risk patients not preloaded with P2Y12 inhibitors. I A IIa C

In high-risk patients, eptifibatide or tirofiban may be considered before early angiography in addition to DAPT. IIa B IIb C

In patients undergoing PCI, routine upstream use of GPIs is not recommended. III A

bid, Twice a day; COR, class of recommendation; DAPT, dual antiplatelet therapy; GPI, glycoprotein IIb/IIIa inhibitor; IV, intravenously; LD: loading dose; LOE, level of evidence; 
MD, maintenance dose; PCI, percutaneous coronary intervention.
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events has been subject of controversy, current evidence 
suggest the use of low-dose aspirin (≤100 mg) following 
the initial LD administration of aspirin. In aspirin-treated 
patients, nonsteroidal anti-inflammatory drugs should 
be avoided because of their competition for the COX-1 
active site.13,14

Clopidogrel
Clopidogrel (300 to 600 mg LD and 75 mg/day MD) is cur-
rently approved for the treatment of patients with MI, irre-
spective of the clinical presentation or the treatment strategy, 
and in patients undergoing PCI.5–10 Although the LD regi-
men varies according to different guidelines, available data 
suggest that a 600 mg LD should be preferred in MI patients 
who are undergoing PCI.5–10,14 In patients with STEMI treated 
with fibrinolytics, clopidogrel is also the only P2Y12 receptor 
inhibitor currently recommended, and should be admin-
istered as a 300 mg LD followed by 75 mg/day in patients 
who are aged 75 years or younger, and 75 mg/day without 
an LD in patients who are aged older than 75 years.7–10 
Clopidogrel is contraindicated in patients with active 
pathological bleeding, such as peptic ulcer or intracranial 
hemorrhage. Alternative treatments should be considered 
in patients identified as CYP2C19 poor metabolizers (see 
Chapter 20). In patients taking clopidogrel, the use of drugs 
that are strong or moderate CYP2C19 inhibitors should be 
avoided; in particular, the concomitant use of omeprazole 
and clopidogrel should be avoided because of the effect on 
clopidogrel’s active metabolite levels and antiplatelet activ-
ity. Pantoprazole and esomeprazole have less effect on the 
pharmacological activity of clopidogrel than omeprazole, 
whereas dexlansoprazole and lansoprazole have marginal 
effects on clopidogrel metabolism. If interruption is needed 
before surgery, clopidogrel should be stopped for at least 5 
days.67

Prasugrel
Prasugrel (60 mg LD and 10 mg/day MD) is currently 
approved for patients with ACS who are undergoing PCI, 
and should be administered only after the coronary anat-
omy has been established, with the exception of STEMI 
patients who are undergoing primary PCI. Prasugrel is not 
recommended in noninvasively managed ACS patients 

and in stable non-ACS patients undergoing PCI. It is contra-
indicated in patients with previous stroke and/or transient 
ischemic attack and patients who have a high risk of bleed-
ing.5–10,68,69 In older adult patients, prasugrel is generally 
not recommended, except for those with a high-risk ACS 
and in those with a history of diabetes mellitus or previ-
ous MI. In this scenario, the Food and Drug Administration 
(FDA) recommends the standard 10-mg dose, whereas the 
European Medicines Agency (EMA) recommends a 5-mg 
dose. Both agencies recommend dose adjustment to 5 mg 
in low-body-weight patients (<60 kg).68,69 The rationale 
for the 5-mg dose is primarily derived from pharmacody-
namic and pharmacokinetic studies, which showed that 
prasugrel 5 mg achieved similar platelet inhibitory effects 
in low-weight and older adult patients as the 10-mg dose 
in non–low-weight patients and the nonelderly.4 Because 
of its irreversible binding to the P2Y12 receptor and the 
potent platelet inhibition, prasugrel administration should 
be stopped for at least 7 days before surgery to reduce the 
risk of bleeding.68,69

Ticagrelor
Ticagrelor (180 mg LD and 90 mg MD twice daily) is cur-
rently approved for the treatment and prevention of sec-
ondary atherothrombotic events across the entire spectrum 
of patients with ACS, irrespective of the treatment strategy 
(invasive or noninvasive).5–10,70,71 It can be administered 
before the coronary anatomy is known and to patients pre-
treated with clopidogrel. Ticagrelor has not been tested in 
patients with stable CAD, and thus, it is not indicated for 
this condition. Ticagrelor is contraindicated in patients with 
hypersensitivity, high risk of bleeding, in those with a previ-
ous hemorrhagic stroke or intracranial bleeding, and those 
with severe hepatic dysfunction. Ticagrelor should not be 
used in patients with a high-degree atrioventricular block or 
sick sinus syndrome without pacemaker protection. No dose 
adjustment is required according to age or body weight. 
Despite the more rapid speed of offset of antiplatelet effects 
compared with thienopyridines, the high levels of platelet 
inhibition achieved with ticagrelor warrant a 5-day wash-
out period for patients requiring surgery. Because ticagre-
lor is also metabolized by CYP3A4/5 enzymes, which leads 
to the generation of an active metabolite (AR-C124910XX) 

TABLE 19-6 Summary of ACC/AHA and ESC Guidelines for the Initial Management of Oral and Intravenous 
Antiplatelet Therapy in Patients with ST-Elevation Myocardial Infarction

RECOMMENDATIONS ACC/AHA ESC
COR LOE COR LOE

Oral Therapy

Oral aspirin (150–325 mg) promptly after presentation (or 80–150 mg IV). Aspirin MD (preferably ≤100 mg/day) continued 
indefinitely.

I A I A

A P2Y12 inhibitor is recommended in addition to aspirin early as possible or at time of primary PCI, and maintained over 12 mos 
unless there are contraindications:

	 •	 	Prasugrel	(60	mg	LD,	10	mg/day	MD)	if	no	contraindications.
	 •	 	Ticagrelor	(180	mg	LD,	90	mg	bid	MD)	if	no	contraindications.
	 •	 	Clopidogrel	(600	mg	LD,	75	mg/day	MD),	only	when	prasugrel	or	ticagrelor	are	not	available	or	are	contraindicated.
In patients receiving fibrinolytic therapy, clopidogrel is indicated in addition to aspirin (300 mg LD for patients ≤75 yrs of age, 

75-mg dose for patients >75 yrs of age) followed by an MD of 75 mg/day.

I B I A

I
I
I

B
B
B

I
I
I

B
B
B

I A I A

Intravenous Therapy

GPIs should be considered for bailout or evidence of no-reflow or a thrombotic complication. IIa C

Upstream use of a GPIs may be considered in high-risk patients IIb B IIb B

bid, Twice a day; COR, class of recommendation; GPI, glycoprotein IIb/IIIa inhibitor; IV, intravenously; LD, loading dose; LOE, level of evidence; MD, maintenance dose; PCI, 
percutaneous coronary intervention.
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responsible for 30% to 40% of its platelet inhibitory effects, 
patients taking ticagrelor should avoid the use of strong 
inhibitors (i.e., ketoconazole, itraconazole, voriconazole, 
clarithromycin, nefazodone, ritonavir, saquinavir, nelfinavir, 
indinavir, atazanavir, and telithromycin) or inducers (i.e., 
rifampin, dexamethasone, phenytoin, carbamazepine, and 
phenobarbital) of CYP3A. In addition, with initiation of, or 
any change in, ticagrelor therapy, the use of simvastatin and 
lovastatin doses more than 40 mg should be avoided, and 
monitoring of digoxin levels is recommended.70,71

Vorapaxar
Vorapaxar is not recommended for the acute management 
of MI.72,73

Intravenous Antiplatelet Therapies
Glycoprotein IIb/IIIa Receptor Inhibitors
GPIs use should be considered for patients with NSTEMI 
who are undergoing PCI, because limited benefit has been 
shown in medically managed patients; their dosing is sum-
marized in Table 19-4. GPIs use is a reasonable treatment 
in high-risk patients with ACS, such as those with elevated 
cardiac biomarkers who are not pretreated with a P2Y12 
receptor antagonist.5–10 GPIs can also be used in patients 
receiving the more potent P2Y12 receptor inhibitors prasug-
rel and ticagrelor, because these agents have different phar-
macodynamic profiles, and trial data have shown them to 
be of additive benefit, irrespective of the use of GPIs. Clinical 
data do not support routine upstream use of GPIs, which 
therefore should be started in the catheterization laboratory 
if considered clinically indicated.5–10 In patients with STEMI 
who are undergoing primary PCI, GPI use has been shown 
to be beneficial. If a GPI is deemed necessary, this should 
be administered in the catheterization laboratory, because 
most trial data have not shown any benefit with upstream 
use. Intracoronary administration with standard infusion 
does not offer any benefit over systemic infusion.7–10

Cangrelor
Cangrelor (30 μg/kg bolus plus 4 μg/kg/min infusion initi-
ated before PCI and continued for at least 2 hours or for the 
duration of PCI, whichever is longer) was recently approved 
for clinical use by the FDA as an adjunct to PCI for reducing 
the risk of periprocedural MI, repeat coronary revasculariza-
tion, and stent thrombosis in patients who have not been 
treated with a P2Y12 platelet inhibitor and are not being 
given a GPI. Cangrelor was also approved for clinical use by 
the EMA for patients undergoing PCI who have not received 
an oral P2Y12 inhibitor before the PCI procedure and in 
whom oral therapy with P2Y12 inhibitors is not feasible or 
desirable.74,75 Cangrelor has yet to be tested as a bridging 
strategy in surgeries other than CABG.

Timing of Administration of Antiplatelet 
Therapies
General Considerations
In patients presenting with an MI, timely use of antiplatelet 
therapy is critical. At time of presentation, all patients should 
be treated with aspirin. Timing of administration of the oral 
P2Y12 receptor inhibitors has been a subject of controversy 
in patients with both NSTEMI and STEMI.76 In the past, 
particularly before the introduction of novel P2Y12 inhibit-
ing therapies, when time from clinical presentation to the 

catheterization laboratory was more delayed than currently, 
upstream treatment with GPIs was commonly used. However, 
in the setting of current practice patterns, the evidence for 
upstream treatment with GPIs in patients with NSTEMI and 
STEMI is weak. At least one large randomized clinical trial 
did not show any additional benefit of routine upstream 
use of GPIs compared with a delayed provisional admin-
istration.63 However, in selected high-risk cases, upstream 
GPI use may still be considered. There are no studies with 
upstream treatment with cangrelor, which is reserved for use 
in the catheterization laboratory in patients with defined 
coronary anatomy who are undergoing PCI.

Timing of Administration of Oral P2Y12 Receptor 
Antagonists
The term pretreatment embraces a variety of different clinical 
scenarios, where the antiplatelet drug is given in the ambu-
lance, in the medical emergency department, at the referral 
hospital, in the cardiac intensive care unit, or in the catheter-
ization laboratory after coronary angiography and before PCI. 
Pretreatment can be defined as any treatment given before 
the coronary anatomy has been defined and a decision 
about revascularization is undertaken.76 Although the need 
for early adequate platelet inhibition is emphasized among 
invasively managed patients with MI, the evidence support-
ing pretreatment with P2Y12 receptor inhibitors is mixed and 
controversial.76–78 Furthermore, changes in practice patterns 
in patients who require an invasive strategy and who are cur-
rently undergoing cardiac catheterization in a more expe-
dited fashion, particularly in the United States, have amplified 
the debate on the benefits of pretreatment (Figure 19-5).76 
On one hand, early administration of antiplatelet therapy may 
protect the patient from thrombotic events in the vulnerable 
period before and immediately after PCI. On the other hand, 
pretreatment may result in an unnecessary excess of plate-
let inhibition and related bleeding risk when patients do not 
undergo PCI, such as those patients without CAD or patients 
who require CABG (∼10% to 15% of patients hospitalized 
for NSTE-ACS).76 Although pretreatment with P2Y12 receptor 
inhibitors seems to be a highly prevalent practice (from 57% 
to 90% of patients with MI), particularly in some countries,79,80 
evidence and guideline recommendations vary according to 
the clinical presentation.

Non–ST-Elevation Myocardial Infarction
For years, the ACC/AHA and ESC guidelines provided a class 
I recommendation for preloading with P2Y12 receptor inhib-
itors as soon as possible after admission in patients with 
NSTEMI.76 Although the level of evidence for pretreatment 
was high in these documents, the supporting references did 
not relate to any randomized trial of upstream versus down-
stream use of P2Y12 inhibitors. Notably, in the more recent 
2014 ESC guidelines for myocardial revascularization and 
ACC/AHA guidelines for NSTE-ACS, there is no longer a spe-
cific recommendation for early initiation of P2Y12 inhibitors 
in this setting, and pretreatment with prasugrel is now not 
recommended (class III).5,10

The data to support pretreatment with clopidogrel are 
limited and inconsistent.76–78 Results of the PCI-CURE study 
support the hypothesis that an effective antiplatelet regimen 
with clopidogrel started before PCI could reduce long-term 
adverse ischemic events. However, this reflects a practice 
pattern that is now outdated because of the long pretreat-
ment period (median of 10 days) in this setting and the use 
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of a 300 mg LD.76 Importantly, a meta-analysis in patients 
with NSTE-ACS from randomized clinical trials and from 
observational analyses of randomized clinical trials found 
no differences in mortality with clopidogrel pretreatment 
versus no pretreatment.81

The benefits of pretreatment with ticagrelor in patients 
with NSTEMI have not been tested in any randomized clini-
cal trial, because all patients in the PLATO trial were pre-
treated. The study design of PLATO, as well as the lack of 
a significant statistical interaction with antiplatelet pretreat-
ment, supports the current practice of administering ticagre-
lor before the coronary anatomy is defined.34,76

In the TRITON-TIMI 38 trial, administration of prasugrel 
before coronary angiography was not allowed in enrolled 
patients with NSTE-ACS.4 Because of this gap, the impact of 
prasugrel pretreatment in patients with NSTE ACS was tested 
in the ACCOAST [Comparison of Prasugrel at the Time of 
Percutaneous Coronary Intervention (PCI) or as Pretreatment 
at the Time of Diagnosis in Patients with Non-ST Elevation 
Myocardial Infarction] trial (see Table 19-3).82 In this trial, 
P2Y12 receptor inhibitor–naïve patients with NSTEMI were 
randomly assigned to receive either pretreatment with a pra-
sugrel 30 mg LD or matching placebo as soon as possible 
after diagnosis. After angiography (performed after a median 
time of 4.3 hours), patients (n = 4033) who underwent PCI 
received an additional prasugrel 30 mg LD if in the pretreat-
ment arm or a 60 mg LD if in the control arm. Prasugrel pre-
treatment failed to improve the primary efficacy endpoint (a 
composite of death from cardiovascular causes, MI, stroke, 
urgent revascularization, or GP IIb/IIIa inhibitor bailout) 
at 7 days compared with standard delayed administration 

(10.0% vs. 9.8%; HR, 1.02; 95% CI, 0.84 to 1.25; P = .81), but it 
was associated with a significant threefold increase in non-
CABG–related TIMI major bleeding and a sixfold increase in 
life-threatening bleeding. Importantly, results were consistent 
across the cohort that underwent PCI (68.7% of the patients), 
the cohort that underwent CABG (6.2%), and the cohort that 
received medical treatment only (25.1%).82 Therefore, the 
results of the ACCOAST trial do not support the use of prasug-
rel before angiography in patients with NSTEMI. Accordingly, 
in a recent meta-analysis of patients who presented with 
NSTE-ACS, pretreatment with thienopyridines (clopidogrel 
or prasugrel) was associated with no significant reduction 
in mortality, but did have a significant excess of major bleed-
ing regardless of the strategy adopted (invasive or conserva-
tive).83 It is currently unknown if these data could be also 
applied to pretreatment with ticagrelor.

ST-Elevation Myocardial Infarction
In the 2014 ESC guidelines for myocardial revascularization, 
administration of a P2Y12 inhibitor, including clopidogrel, pra-
sugrel, and ticagrelor, is recommended at first medical contact 
in patients with STEMI who are undergoing primary PCI.10 The 
ACC/AHA guidelines for STEMI give a class I recommenda-
tion for the administration of an LD of a P2Y12 receptor inhibi-
tor as early as possible or at time of primary PCI.7 Because 
pharmacodynamic studies have shown a delayed onset of the 
antiplatelet effects of P2Y12 inhibitors in patients with STEMI,53 
pretreatment seems an appealing strategy to provide a stron-
ger platelet inhibition at the time of primary PCI, even if there 
are insufficient available supporting data. Although evidence 
supporting clopidogrel pretreatment in patients undergoing 

PCI-CURE
6 days

RITA-3
3 days

CRUSADE
23 hours

ACUITY
20 hours CHAMPION

PLATFORM
7 hours

CURRENT
OASIS 7 NSTE-ACS

3 hours
ACCOAST

4 hours

TRACER
4 hours

ASSENT-4 PCI
2 hours

PCI-CLARITY
3 days

HORIZONS
AMI

2 hours

PLATO
STEMI
1 hour ATOLL

42 minutes
EUROMAX
50 minutes

CURRENT
OASIS 7 STEMI

30 minutes

ATLANTIC
48 minutes

ACS

STEMI
T

im
e to coronary angiography

T
im

e 
to

 c
or

on
ar

y 
an

gi
og

ra
ph

y

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

FIGURE 19-5 Time from hospital admission or first medical contact to coronary angiography in studies of non–ST-elevation acute coronary syndrome (NSTE-
ACS) and ST-elevation myocardial infarction (STEMI). (Adapted from Capodanno D, Angiolillo DJ: Pretreatment with antiplatelet drugs in invasively managed patients with 
coronary artery disease in the contemporary era: review of the evidence and practice guidelines. Circ Cardiovasc Interv 8:e002301, 2015.)
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primary PCI is conflicting,76 in the STEMI subgroup of a large 
meta-analysis on patients who underwent PCI, pretreatment 
with clopidogrel was associated with an approximately 50% 
reduction in mortality.81 In the TRITON-TIMI 38, only 32% of 
patients with STEMI who underwent primary PCI (≤12 hours 
after symptom onset) and 20% of those who underwent sec-
ondary PCI (>12 hours) received the loading dose before PCI; 
therefore, the value of pretreatment with prasugrel in STEMI 
has not been specifically demonstrated.4,24

The role of ticagrelor pretreatment in STEMI was tested 
in the ATLANTIC (Administration of Ticagrelor in the 
Cath-Laboratory or in the Ambulance for New ST-Segment-
Elevation Myocardial Infarction to Open the Coronary 
Artery) trial, in which patients (n = 1862) who underwent 
emergency angiography were randomly assigned to receive 
either prehospital (in the ambulance) or in-hospital (in 
the cardiac catheterization laboratory) treatment with a 
180-mg loading dose of ticagrelor, in addition to aspirin.84 
The median time difference in the administration of the LD 
between the two strategies was only 31 minutes. Prehospital 
ticagrelor did not reduce the co-primary endpoints (the 
proportion of patients without a 70% or greater resolution 
of ST-segment elevation before PCI and the proportion of 
patients without TIMI flow grade 3 in the infarct-related 
artery at initial angiography). Although the trial was not pow-
ered for clinical endpoints, rates of major bleeding were low 
and similar between the two groups, which suggested the 
safety of prehospital ticagrelor administration. Because of 
the extremely low number of events, the finding of a signifi-
cant reduction in the rate of definite acute (≤24 hours) stent 
thrombosis (0% in the prehospital group vs. 0.8% in the in-
hospital group) should be considered as exploratory only.84

These results, along with the study design of the PLATO 
trial, provide evidence that pretreatment with ticagrelor is 
safe in STEMI. Notably, the small platelet function substudy 
of the ATLANTIC study showed no significant differences in 
platelet inhibition between the two strategies at any time 
point.84 Overall, available data suggest that if primary PCI 
is performed with a short medical contact-to-balloon time, 
residual platelet reactivity before PCI is also considerably 
high in patients treated or pretreated with prasugrel or 
ticagrelor.53,84 In-catheterization laboratory use of intrave-
nous agents, such as GPIs or cangrelor, has the potential to 
provide immediate platelet inhibition until the full antiplate-
let effect of oral P2Y12 inhibitors is achieved.54,63

Selection of Oral P2Y12 Receptor Antagonist
For more than a decade, DAPT with aspirin and clopido-
grel has been the cornerstone of antiplatelet treatment in 
patients with MI.14 Despite the efficacy of this combina-
tion, trials of newer agents have consistently shown that the 
more prompt, potent, and predictable platelet inhibition 
achieved with the novel P2Y12 receptor antagonists leads to 
significantly better clinical outcomes, albeit at the expense 
of an increase in the rates of major bleeding.4,14 Therefore, 
prasugrel and ticagrelor are preferred for the initial treat-
ment of patients with MI, irrespective of the clinical pre-
sentation (STEMI/NSTEMI) in patients undergoing invasive 
management. Ticagrelor is preferred over clopidogrel in 
patients undergoing non-invasive management of NSTEMI. 
Algorithms for consideration of P2Y12 receptor antagonists 
at each stage of management in patients with NSTEMI or 
STEMI are shown in Figures 19-6 and 19-7.

Clopidogrel should only be used when both prasugrel 
and ticagrelor are contraindicated. Clopidogrel is still the 
treatment of choice in patients with STEMI undergoing fibri-
nolysis and patients with MI who require a triple antithrom-
botic therapy (see Chapter 21), such as patients with atrial 
fibrillation, in whom the use of prasugrel and ticagrelor is not 
recommended because of the increased bleeding risk.5–10 In 
the absence of head-to-head clinical comparisons between 
these two agents, the selection of one drug over the other 
should take into account the specific contraindications of 
each drug and the patient characteristics.4 The ongoing 
ISAR-REACT (Prospective, Randomized Trial of Ticagrelor 
Versus Prasugrel in Patients With Acute Coronary Syndrome 
- Intracoronary Stenting and Antithrombotic Regimen: Rapid 
Early Action for Coronary Treatment) 5 trial (NCT01944800) 
will provide a head-to-head clinical comparison between 
prasugrel and ticagrelor in approximately 4000 patients with 
ACS, with a planned invasive strategy.85 Moreover, although 
platelet function and genetic testing have been proposed to 
help identify patients who may benefit from treatment with 
the novel P2Y12 receptor inhibitors (see Chapter 20), these 
agents are generally preferred based on clinical grounds.

Because of its reversible binding to the P2Y12 receptor and 
its plasma half-life of 8 to 12 hours, ticagrelor requires twice 
daily administration.4 Therefore, patients with poor compliance 
may not be optimal candidates for ticagrelor, and the use of an 
irreversible inhibitor, which only requires a once daily adminis-
tration with P2Y12 receptors blocked for the lifetime of a plate-
let (7 to 10 days), could be the preferred choice. However, the 
reversible binding property of ticagrelor also translates into 
a faster offset of action, leading to a shorter washout period 
before surgery and potentially to reduced periprocedural-
related bleeding.4 It may also be hypothesized that reversible 
agents with twice daily dosing such as ticagrelor, which provide 
stable plasma concentrations, may enable more effective anti-
platelet effects in patients with high platelet turnover rates, such 
as those with MI or diabetes mellitus, which are characterized 
by higher levels of reticulated platelets, which are hyperreac-
tive and associated with worse outcomes.4

The type of management strategy should also be consid-
ered in the choice of the P2Y12 receptor inhibitor. In patients 
with MI who are treated with PCI, all three agents, clopido-
grel, prasugrel and ticagrelor, can be used.5–10 Although in 
patients with STEMI, the probability of performing PCI is 
usually high, thus allowing to choose among all drugs, in 
patients with NSTEMI, either the choice to pretreat or uncer-
tainties about the following management strategy can limit 
the choice between clopidogrel and ticagrelor. These agents, 
but not prasugrel, are approved for pretreatment and for treat-
ment of NSTEMI patients who are medically managed.5,6,9,10 
In this latter scenario, ticagrelor represents the first-line treat-
ment, because of the benefit shown over clopidogrel in the 
medically managed subgroup of the PLATO trial.35

Switching P2Y12 Receptor Antagonists
Switching P2Y12 inhibiting therapies occurs commonly in 
clinical practice, particularly in the acute setting of patients 
who present with an MI.80,86,87 Several circumstances may 
lead clinicians to switch antiplatelet agents in the acute 
phase of an MI. Switching from clopidogrel to a newer agent 
usually occurs in patients who are pretreated with clopido-
grel, because of the better clinical profile of prasugrel and 
ticagrelor.80,86,87 Switching from clopidogrel to ticagrelor 
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occurred in nearly half of the patients enrolled in the PLATO 
trial, which showed consistent safety and efficacy results, 
irrespective of previous exposure to clopidogrel. In the trial, 
patients randomized to ticagrelor therapy were treated with 
a 180 mg LD, irrespective of timing of the last dose of clopi-
dogrel.34 Accordingly, a similar approach should be applied 
in clinical practice whenever switching from clopidogrel to 
ticagrelor in the acute phase of MI.

Switching from clopidogrel to prasugrel was not 
explored in the TRITON TIMI 38 trial.4 Data from registries 
have not shown any major safety concerns (i.e., bleeding) 
related to switching.80,86,87 Surrogate data from dedicated 
pharmacodynamic studies showed that patients pretreated 
with clopidogrel can switch to prasugrel, which leads to 
enhanced levels of platelet inhibition. These are achieved 

more promptly when switching to a 60 mg LD rather than 
a 10 mg MD, and without any drug interactions, irrespec-
tive of whether a patient was on maintenance 75 mg/day 
therapy or recently received a 600 mg LD of clopidogrel.88,89 
Therefore, administering a 60 mg LD should be the strat-
egy to use when switching from clopidogrel to prasugrel in 
patients with acute MI.87

Switching from a novel P2Y12 receptor inhibitor to clopi-
dogrel occurs commonly in clinical practice, but with lim-
ited data to support this approach.80,86,87 Reduced costs 
associated with a generic formulation of clopidogrel, as 
well as concerns about bleeding with prasugrel and ticagre-
lor, remain key reasons for switching to clopidogrel. In the 
absence of clinical studies investigating the effects of such 
a strategy, based on pharmacodynamic considerations, 

First medical contact
NSTEMI

Pretreatment

Preferred agent Alternative agents

Preferred agent Alternative agents Preferred agent Alternative agents

Alternative agentsPreferred agent Preferred agent Alternative agents

None established*
Ticagrelor
Clopidogrel (if ticagrelor is 
not available or contraindicated)

Decision on management

Medical management

Discharge Discharge

Invasive management

Ticagrelor Clopidogrel (if ticagrelor is not
available or contraindicated)

Ticagrelor
(if patient was previously treated
with clopidogrel, switch to 
ticagrelor)

Clopidogrel 
(if ticagrelor is not available or
contraindicated)

Clopidogrel (if prasugrel and
ticagrelor are not available or 
contraindicated)
If CABG performed: resume 
clopidogrel as soon as possible.
If no revascularization: see 
medical managment.

If PCI performed: continue 
prasugrel or ticagrelor (choice 
should be based taking into 
consideration contraindications 
and precautions).†

If CABG performed: resume 
ticagrelor as soon as possible.
If no revascularization: see 
medical managment.

If PCI performed:
Prasugrel (after defining coronary
anatomy) or ticagrelor (choice 
should be based taking into 
consideration contraindications 
and precautions).† 

Consider cangrelor in patients not 
pretreated.
If CABG needed: withdraw 
ticagrelor for 5 days and 
prasugrel for 7 days.
If no revascularization: see 
medical management.

If PCI performed:
Clopidogrel (if ticagrelor and 
prasugrel are not available or 
contraindicated)
If CABG needed: withdraw 
clopidogrel for 5 days.
If no revascularization: see 
medical managment.

FIGURE 19-6 Algorithm for choice of P2Y12 receptor antagonists in patients with non–ST-elevation myocardial infarction (NSTEMI). *The choice to pretreat with 
a P2Y12 receptor antagonist should be based on the risk/benefit ratio of such an approach, taking into consideration the thrombotic and bleeding risk. Early administration of 
antiplatelet therapy may protect the patient from thrombotic events in the vulnerable period before and immediately after percutaneous coronary intervention (PCI). However, 
pretreatment may result in an unnecessary excess of platelet inhibition and related bleeding risks when patients do not undergo PCI, such as patients without coronary artery 
disease or patients who require coronary artery bypass graft (CABG) surgery. †If the patient was previously treated with clopidogrel, switching to prasugrel or ticagrelor should 
be considered.
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whenever switching from prasugrel or ticagrelor is required, 
clopidogrel should be administered with a 600 mg LD, 
because of its unpredictable platelet inhibitory profile.87

Registry data indicate that switches between novel P2Y12 
receptor inhibitors occur rarely, ranging from 2% to 4% of 
patients.80,86,87 In this setting, clinical data are lacking, and 
pharmacodynamic studies are also limited. However, switching 
from ticagrelor to prasugrel has been shown to be associated 
with an acute (24 to 48 hours) increase in platelet reactivity, 
potentially because of a drug interaction, which is reduced 
with the administration of a 60 mg LD.90 Conversely, small phar-
macodynamic investigations showed that platelet inhibition 
was enhanced when switching from prasugrel to ticagrelor.91 
Based on the best available evidence, the administration of an 
LD is preferred when switching between new P2Y12 receptor 
inhibitors.

Switching from the intravenous cangrelor to clopidogrel 
has been tested in large-scale clinical trials, whereas data on 
switching to the new agents have been derived from small 
pharmacodynamic studies. Overall, available data suggest 

that clopidogrel and prasugrel should be administered 
immediately after discontinuation of cangrelor infusion 
to avoid a pharmacodynamic interaction, because these 
agents compete for the same ADP binding site.87,92 In con-
trast, ticagrelor is a noncompetitive ADP antagonist and thus 
can be administered before, during, or after cangrelor infu-
sion.93 No drug interaction has been described when transi-
tioning from any oral P2Y12 receptor inhibitor to cangrelor, 
which can thus be started at any time.87,92,93

SUMMARY

Antiplatelet therapy has a pivotal role in the treatment of 
patients with MI. Currently, DAPT with a combination of aspi-
rin and either prasugrel or ticagrelor should be considered 
the treatment of choice in the setting of acute MI, because 
these agents achieve a faster and more potent platelet inhi-
bition compared with clopidogrel and improve outcomes 
with an overall satisfactory safety profile. Clopidogrel 
should be considered for patients with contraindications to 

Preferred agent Alternative agents

Fibrinolytic therapy

Clopidogrel (300 mg loading dose 
for  patients ≤75 years of age, 
75-mg dose for patients >75 years
of age, followed  by a dose of 
75 mg/daily)

Prasugrel (after defining coronary
anatomy when delayed PCI is 
performed after fibrinolysis and
if loading dose of clopidogrel was 
not administered). Administer after
at least 24 hours following a 
fibrin-specific agent or 48 hours 
after a nonfibrin-specific agent.
Ticagrelor*

Clopidogrel Prasugrel or ticagrelor if 
delayed PCI was performed

Alternative agentsPreferred agent

Discharge

Pretreatment

Preferred agent Alternative agents

None established†
Ticagrelor or prasugrel
Clopidogrel (if ticagrelor and 
prasugrel are not available 
or contraindicated)

Preferred agent Alternative agents

Primary PCI

Prasugrel or ticagrelor (choice
should be based taking into 
consideration contraindications 
and precautions).‡

Consider cangrelor in patients 
not pretreated.

Clopidogrel (if ticagrelor and 
prasugrel are not available or 
contraindicated)

No emergency angiography Emergency angiography

First medical contact
STEMI

Preferred agent Alternative agents

Discharge

Clopidogrel 
(if prasugrel and ticagrelor are 
not available or contraindicated)

Continue prasugrel or ticagrelor 
(choice should be based taking into
consideration contraindications 
and precautions).‡

Decision on management

FIGURE 19-7 Algorithm for choice of P2Y12 receptor antagonists in patients with ST-elevation myocardial infarction (STEMI). *Tested only in few small nonran-
domized studies of patients undergoing delayed percutaneous coronary intervention (PCI). †The choice to pretreat with a P2Y12 receptor antagonist should be based on the risk/
benefit ratio of such an approach, taking into consideration the thrombotic and bleeding risk. Early administration of antiplatelet therapy may protect the patient from thrombotic 
events in the vulnerable period before and immediately after PCI. However, pretreatment may result in an unnecessary excess of platelet inhibition and related bleeding risk when 
patients do not undergo PCI, such as patients without coronary artery disease or patients requiring coronary artery bypass graft (CABG) surgery. ‡If the patient was previously 
treated with clopidogrel, switching to prasugrel or ticagrelor should be considered.
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prasugrel and ticagrelor and for those who require adjunc-
tive oral anticoagulant therapy. The findings that patients still 
continue to experience ischemic events despite COX-1 and 
P2Y12 receptor blockade has raised interest toward alterna-
tive antithrombotic strategies, such as agents that target the 
different pathways involved in thrombosis, or intravenous 
drugs, which are particularly attractive to achieve an imme-
diate antiplatelet effect in the early phase of an ACS.
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INTRODUCTION

The combination of aspirin with P2Y12 inhibitors, which is 
also known as dual antiplatelet therapy, is the standard of 
care for oral antiplatelet treatment in patients presenting 
with an acute coronary syndrome (ACS) and/or who are 
undergoing percutaneous coronary intervention (PCI).1 
The widely variable pharmacological effects of clopi-
dogrel and the heterogeneous relationship between the 
extreme value of adenosine diphosphate (ADP)–induced 
platelet aggregation and the occurrence of ischemic and 
bleeding events are limitations of this prodrug. In contrast, 
second-generation oral P2Y12 inhibitors (i.e., prasugrel 
and ticagrelor) display a more consistent, rapid, and pro-
found inhibition of the P2Y12 receptor and produce further 
reductions in the risk of ischemic events, albeit with more 
bleeding complications (see Chapter 19).2 Clopidogrel is 
the second-leading drug sold worldwide, and its nonselec-
tive administration is counterintuitive when it is possible 
to assess for a measurable drug effect and when there is 
the possibility of identifying patients at risk of develop-
ing adverse outcomes. Individualized treatment based on 
point-of-care assays is now technically possible with the 
potential to improve the risk and/or benefit of oral P2Y12 
therapy by identifying extreme responses and adjusting 
treatment.3 There is a consensus that high on-treatment 
platelet reactivity (HPR) or inhibition to ADP is a major 
risk factor for post-PCI ischemic and/or bleeding events, 
respectively. However, guidelines have given a class IIb rec-
ommendation for platelet function testing or genotyping if 
the results of testing may alter management.1 In this chap-
ter, we develop the concept that individualization of oral 
antiplatelet therapy reflects multifaceted influences with a 
variety of potential clinical implications.

CLOPIDOGREL METABOLISM AND 
BIOLOGICAL RESPONSE

Clopidogrel is a second-generation thienopyridine deriva-
tive that binds specifically and irreversibly to the platelet 
P2Y12 purinergic receptor, inhibiting ADP-mediated platelet 
activation and aggregation (see Chapter 19). It is an inac-
tive prodrug that requires oxidation by the hepatic cyto-
chrome P450 (CYP) system to generate clopidogrel H4-thiol, 
the putative-only active metabolite that selectively binds 
the P2Y12 receptor. Platelet aggregation is affected not only 
when triggered by ADP, but also by other substances that 
require released ADP as an amplifier (Figure 20-1).

The wide interindividual variability of the biological 
response to clopidogrel is an established limitation of clopido-
grel, and it has multiple determinants, including environmen-
tal, cellular, clinical, and genetic factors (Figure 20-2).3 HPR 
and low-on treatment platelet reactivity (LPR) have been asso-
ciated with recurrent ischemic and bleeding events.4,5 The aim 
of platelet function testing is to measure individual responses 
to the drug to avoid HPR and LPR. Multiple methods exist, 
without consensus with regard to the best method to use.6

METHODS FOR PLATELET FUNCTION TESTING

There are currently four ADP-stimulated assays (vasodilator- 
stimulated phosphoprotein [VASP] phosphorylation: VASP-P 
assay, [Diagnostica Stago, Biocytex, Asnières, France]; Multi-
plate impedance aggregometry, [Dynabyte Medical, Munich, 
Germany];  VerifyNow [Accumetrics, San Diego, California];  
and light transmission aggregometry [LTA]) that are validated 
for the prediction of stent thrombosis and bleeding in patients 
with ACS. There are substantial methodological differences that 
explain the imperfect agreement among ADP-stimulated assays 
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and the heterogeneity in classification of subjects at risk for 
thrombotic events. The global aggregation measure approach 
(platelet aggregation) is usually less specific to the drug action, 
whereas analysis of the drug effect with high specificity at sub-
cellular levels (such as VASP phosphorylation) provides less 
information with regard to the overall state of the activation–
aggregation cascade. LTA with ADP stimulation is only recom-
mended when no standardized assays are available. Based on 
the currently available evidence, the best preliminary cutoffs 
for risk stratification include 95 and 208 P2Y12 reaction units 
(PRUs) for VerifyNow, 19 and 46 U for Multiplate, and 10% and 
50% platelet reactivity index (PRI) for VASP-P for bleeding and 
stent thrombosis, respectively (Table 20-1). These suggested cut-
offs might be different according to clinical presentation, tim-
ing from PCI, procedural success, and ethnicity and therefore 
need further validation.

Vasodilator-Stimulated Phosphoprotein 
Phosphorylation
Measuring the phosphorylation state of VASP using flow 
cytometry is a completely P2Y12 receptor–specific method 
for the evaluation of ADP-receptor inhibition. VASP is a 
second messenger in the signaling pathway of the P2Y12 

receptor. The ratio of dephosphorylated and phosphorylated 
VASP is a selective measure of P2Y12 inhibition. The mea-
surement is not influenced by the presence of glycoprotein 
IIb/IIIa receptor inhibitors (GPIs), and it is the only assay 
that is able to evaluate the extent of P2Y12 receptor inhibi-
tion without the influence of the P2Y1 receptor. It requires 
a special laboratory environment and staff experienced in 
flow cytometric analysis, making the method inappropriate 
for routine clinical purposes, but ideal for platelet function 
research.

Multiplate Impedance Aggregometry
Muliplate impedance aggregometry is a semi-automated, stan-
dardized aggregometry that evaluates the efficacy of platelet 
inhibition in whole blood. The assessment is significantly faster 
and more reliable than conventional aggregometry. It uses 
an impedance aggregometer that detects changes in elec-
tric impedance over time between two electrodes immersed 
in hirudin-anticoagulated whole blood diluted with saline. 
Changes in impedance are plotted over time, resulting in an 
aggregation curve that is similar to LTA. This technique requires 
sample preparation and pipetting throughout the assessment. 
The cost of testing is between the costs of LTA and VerifyNow.
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FIGURE 20-1 Metabolite activation of clopidogrel. Bioavailability of the prodrug is determined by intestinal absorption, which might be limited by the efflux pump MDR1 
(encoded by ABCB1). Subsequently, 85% of the prodrug is converted into inactive metabolites by esterases. The remaining 15% is converted into an active metabolite through 
two-step oxidations. The first oxidative step (CYP2C19) produces the intermediate 2-oxo-clopidogrel. The second step (CYP2C19) produces the bioactive metabolite, which 
irreversibly binds to P2Y12 receptors. ADP, Adenosine diphosphate; PON1, paraoxonase-1.
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VerifyNow
The VerifyNow System is a point-of-care assay that measures 
agonist-induced platelet aggregation by turbidimetric-based 
optical detection. Platelets are activated by the presence of 
agonists and bind to fibrinogen-coated beads, causing agglu-
tinates to drop out of solution. Results are reported as PRUs, 
with a lower PRU value corresponding to a higher degree of 
P2Y12 receptor inhibition. Advantages of the VerifyNow system 
include simplicity, sensitivity, speed, and user-friendliness.

Light Transmission Aggregometry
Infrared light transmittance passing through platelet-poor 
plasma is used to represent 100% aggregation, and the opti-
cal changes from 0%, set by the unstimulated platelet-rich 
plasma, is evaluated in response to inductors. As activated 

platelets aggregate after the inductors, optical density 
decreases in the absence of antiplatelet medication. It is 
inexpensive and the historical gold standard tool for platelet 
function studies, with widespread use and with significant 
clinical experience in both pharmacodynamic and clinical 
studies. However, LTA is time-consuming and requires trained 
laboratory personnel, which precludes testing 24-hour/7-day 
service at the bedside. The lack of standardization caused 
by the diversity in the concentration of agonist used (5, 10, 
20 μM), the preferred estimate for evaluation (peak aggrega-
tion, late aggregation), the choice of anticoagulants (citrate, 
hirudin, or phenylalanyl-prolyl-arginyl chloromethyl ketone 
[PPACK] anticoagulation), and the different specifications 
in sample preparation techniques (centrifuging time and 
speed) are other important limitations.

RATIONALE FOR PLATELET FUNCTION 
TESTING

Prognostic Usefulness of Platelet Function 
Testing for Thrombotic Events
Platelet function testing has confirmed that P2Y12-receptor 
signaling is a major component of pathophysiological throm-
bus formation in patients with ACS treated with PCI. In par-
ticular, HPR has emerged as an independent predictor for 
stent thrombosis. In the ADAPT-DES (Assessment of Dual 
AntiPlatelet Therapy with Drug-Eluting Stents) trial, the largest  
observational platelet function study conducted to date, 

•  Failure to prescribe/poor compliance
•  Underdosing/poor absorption
•  Drug-drug interactions involving CYP
•  Acute coronary syndrome
•  Diabetes mellitus/insulin resistance
•  Elevated body mass index
•  Age
•  Smoking
•  Renal impairment

•  CYP2C19 polymorphisms
•  ABCB1 polymorphisms
•  P2Y12 polymorphisms
•  GP IIIa polymorphisms

•  Accelerated platelet turnover
•  Upregulation of platelet activation pathway

Variability of Response to Clopidogrel

Bleeding events Ischemic events

LPR HPR

Clinical factors Genetic factors Platelet factors

FIGURE 20-2 Factors associated with variability of response to clopidogrel. GP, Glycoprotein; HPR, high platelet reactivity; LPR, low platelet reactivity.

TABLE 20-1 Best Validated Cutoffs of Platelet 
Reactivity to Predict Stent Thrombosis and 
Bleeding.3,4

ASSAYS STENT THROMBOSIS BLEEDING
Cutoff n Cutoff n

VerifyNow >208 PRU 11,245 <95 PRU 8449

Multiplate >46 U 1608 <19 U 2533

VASP-P >50% PRI 640 <10% PRI 1542

PRI, Platelet reactivity index; PRU, platelet reactivity unit; U, aggregation unit; 
VASP-P, vasodilator stimulated phosphoprotein phosphorylation.
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approximately 50% of 30-day post-PCI stent thrombosis was 
attributable to high platelet reactivity (propensity-adjusted haz-
ard ratio [HR], 3.0; 95% confidence interval [CI], 1.39 to 6.49; P 
= .005), defined as a PRU value of more than 208 when using 
the bedside test VerifyNow.5 HPR was also independently cor-
related with a 1-year definite and/or probable stent thrombosis 
(adjusted HR, 2.49; 95% CI, 1.43 to 4.31; P = .001) and myocar-
dial infarction (MI) (adjusted HR, 1.42; 95% CI, 1.09 to 1.86; P 
= .01). However, the risk associated with HPR is modulated by 
the clinical characteristics and procedural results of the stud-
ied individual. For example, the predictive accuracy of HPR to 
ADP was higher in patients with ACS (adjusted HR, 3.91; 95% 
CI, 1.51 to 10.11; P = .005) than in patients with stable coronary 
artery disease (adjusted HR, 1.49; 95% CI, 0.35 to 6.36; P = .59). 
In the TRILOGY-ACS (Targeted Platelet Inhibition to Clarify 
the Optimal Strategy to Medically Manage Acute Coronary 
Syndromes) trial, HPR in patients treated by clopidogrel or pra-
sugrel was not an independent predictor of adverse events.7 
Finally, HPR is much less prevalent in prasugrel- or ticagrelor-
treated patients than in patients treated with clopidogrel, and 
its correlation with outcome in patients treated with these third-
generation ADP antagonists has still not been established.6

Prognostic Usefulness of Platelet Function 
Testing for Bleeding Events
Among patients treated with P2Y12 inhibitors, LPR, defined in 
Table 20-1, is associated with an increased risk of major bleed-
ing complications compared with optimal platelet reactiv-
ity (relative risk [RR] 1.74; 95% CI, 1.47 to 2.06; P <.00001).4 
Of interest, the increase in the risk of bleeding using current 
generation potent P2Y12 inhibitors is becoming closer to the 
magnitude of reduction in stent thrombosis or MI. The lack of 
standardization in the definition of bleeding events, duration 
of follow-up, adjudication of bleeding events in many stud-
ies, and predefined cutoff value of LPR are recognized limita-
tions. In addition, evidence with the current generation P2Y12 
inhibitors is much less compared with clopidogrel, and the 
relevance of clopidogrel thresholds to define LPR with pra-
sugrel and ticagrelor needs to be verified.8 A therapeutic win-
dow for P2Y12 inhibition has been suggested and has raised 
the possibility of tailoring antiplatelet therapy for optimization 
of the benefit-to-risk ratio in clinical practice (Figure 20-3).

PLATELET FUNCTION TEST-GUIDED 
TREATMENT STRATEGY

Even if on-treatment platelet reactivity appears to be a reli-
able and independent measure of the risk of future events, the 
concept of selective intensive antiplatelet therapy based on 
a measured drug effect has never been successfully proven. 
Randomized trials that have examined the platelet function 
testing hypothesis have been limited by low event rates, insuf-
ficient pharmacological interventions, bias toward low-risk  
patient recruitment, and intervention in patients who are 
considered to be nonresponders after stent placement.

The GRAVITAS (Gauging Responsiveness with A VerifyNow 
assay-Impact on Thrombosis And Safety) trial9 tested a strat-
egy of a fixed regimen of high-dose clopidogrel (600 mg 
followed by 150 mg/day for 6 months) in patients with high 
on-treatment reactivity (defined as 230 PRUs according to 
the VerifyNow P2Y12 test). This strategy of a fixed higher dose, 
regardless of the achieved level of platelet inhibition, did not 
reduce cardiovascular death, MI, and stent thrombosis after 
PCI compared with a standard dose of clopidogrel (75 mg/
day). Interpretation of these results should take into account 
the following limitations: a stringent definition of clopidogrel 
poor response (PRU >230); a low-intensity intervention to 
overcome poor response; a small proportion of ACS patients 
(15.5% with positive biomarkers); and a low event rate 
(observed event rate was 2.3% compared with the expected 
5%) because of randomization after coronary intervention. 
A post hoc analysis of the study showed that PRU values less 
than 208 were independently associated with the 60-day 
primary endpoint, which was a composite of death, MI, and 
stent thrombosis (HR, 1.68; 95% CI, 0.76 to 1.32).10

In Testing Platelet Reactivity in Patients Undergoing Elective 
Stent Placement on Clopidogrel to Guide Alternative Therapy 
with Prasugrel (TRIGGER-PCI), 2150 low-risk stable coronary 
artery disease patients with successfully implanted drug-elut-
ing stents and more than 208 PRUs on VerifyNow were planned 
to be randomized to receive either prasugrel administered as 
a 60-mg loading dose, followed by 10-mg/day clopidogrel 
administered with a 600-mg loading dose and followed by 
75 mg/day.11 Although TRIGGER-PCI was terminated early 
because of futility, the active strategy was effectively reduced 
HPR, which was 6% on prasugrel. Only 1 occurrence of the 
primary endpoint was reported among 236 patients who 
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FIGURE 20-3 Therapeutic window of P2Y12 inhibition and outcomes. ADP, Adenosine diphosphate; MI, myocardial infarction. (Modified from Becker RC: Pharmacoge-
netics and safety parameters for platelet P2Y12 receptor antagonists. J Thromb Thrombolysis 28:513–514, 2009.)
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completed 6 months of follow-up. Of importance, 30% of 
the enrolled patients declined randomization after being 
identified as having HPR, which underscored the limitation 
of a trial strategy based on identification of deemed nonre-
sponders instead of randomizing the use of platelet func-
tion testing and adjusting treatment.

In the ARCTIC (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) trial (n = 2440),12 HPR was identified in patients 
allocated by randomization to the strategy of platelet func-
tion monitoring, and treatments were adjusted to control this 
risk factor as much as possible both before and after hospi-
tal discharge (Figure 20-4). However, this strategy failed to 
show a benefit on ischemic events that occurred during the 
first year after hospitalization for revascularization with cor-
onary drug-eluting stents (Figure 20-5). High-platelet reactiv-
ity during treatment with aspirin was defined as ≥550 aspirin 
reaction units. High-platelet reactivity during treatment with 
thienopyridine was defined as ≥235 PRU and 15% or less 

inhibition compared with a baseline measurement of aggre-
gation, or both. Drug adjustment consisted of a new loading 
dose of clopidogrel or use of prasugrel, infusion of GPI, and 
an increased maintenance dose of clopidogrel or use of pra-
sugrel. The low ACS rate (30%) and the inability of the inter-
vention to overcome HPR in 15% of patients were the major 
drawbacks of the ARCTIC study. The same results were con-
firmed after excluding all in-hospital events,13 refuting the 
hypothesis that HPR is not only a marker of risk, but is also a 
risk factor that can possibly be modified with the antiplatelet 
drugs available. This study was appropriately powered with 
a significant more aggressive pharmacological intervention 
in nonresponders, leading to a twofold reduction in the rate 
of nonresponders. Of interest, patients with major bleeding 
were more likely to have HPR than those who did not bleed 
(34.4% vs. 15.2%; P = .001).14 This demonstrates that HPR is a 
complex trait that solely integrates treatment response, and 
it furthermore explains why it was not an independent pre-
dictor of death in the ADAPT-DES registry.

Limitations of Platelet Function Testing
Altogether, the risk level of the population, the cutoff value 
used to define HPR to ADP, and the heterogeneity in treat-
ment adjustment in those who are deemed nonresponders 
are potential explanations for the lack of benefit of plate-
let function testing to guide antiplatelet therapy. The lack 
of impact of treatment adjustment on other major determi-
nants of platelet reactivity, including treatment compliance, 
should also to be considered.

The low predictive performance of platelet function tests 
also remains a major limitation. This poor performance first 
reflects the low prevalence of stent thrombosis in stable 
patients. However, the lack of a strong association between 
platelet reactivity and stent thrombosis remains a concern 
and accounts for the poor discrimination of this param-
eter,15 which should be viewed as a risk predictor rather 
than a “diagnostic” tool.16 According to the ARCTIC study, 
it seems likely that the reclassification of the performance 
of platelet function tests appears limited, further supporting 
platelet reactivity as a marker of risk rather than a risk factor.

Seeking a Therapeutic Window of P2Y12 
Inhibition
Taken together, these data suggest that measuring treatment 
response by platelet function assays should be limited to 
research or unexpected situations, and as stated in current 
professional guidelines, should not be routinely used clini-
cally. Studies of treatment individualization that target differ-
ent populations and types of events are ongoing and have 
the potential to change the guidelines (Table 20-2). However, 
there are specific situations in which platelet function assays 
may guide therapy, especially in cases of unexpected events 
such as stent thrombosis, treatment compliance issues, or 
a high likelihood of treatment poor response, if the results 
could change the treatment strategy.

The ANTARCTIC study (Assessment of a Normal versus 
Tailored Dose of Prasugrel after Stenting in Patients Aged 
>75 Years to Reduce the Composite of Bleeding, Stent 
Thrombosis and Ischemic Complications; ClinicalTrials.gov 
number, NCT01538446) trial is designed to demonstrate 
the superiority of a strategy of platelet function monitoring 
with dose and drug adjustment in patients who are initially 
treated with prasugrel 5 mg compared with a conventional 
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FIGURE 20-4 Treatment adjustment during follow-up in the ARCTIC trial.12 
High-on platelet reactivity was halved at the time of PCI and during the maintenance 
phase as a result of treatment adjustment.
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FIGURE 20-5 Proportion of patients with primary outcome events (com-
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revascularization 1 year after stent implantation) in the ARCTIC trial.12 HR, 
Hazard ratio.

http://ClinicalTrials.gov
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strategy using prasugrel 5 mg without monitoring and drug 
adjustment (Fig. 20-e1).17 The study population includes 
ACS patients aged 75 years or older who are treated by PCI 
with stent implantation. Patients in the monitoring arm will 
be tested with the VerifyNow P2Y12 2 weeks after initiation 
of 5 mg of prasugrel. For the first time, the ANTARCTIC study 
will test the concept of a therapeutic window, with a reduc-
tion of intensity of P2Y12 inhibition switching from prasugrel 
to clopidogrel in patients with LPR. In contrast, the prasugrel 
dose will be increased in HPR patients. In contrast to pre-
vious randomized studies, the primary endpoint is investi-
gating the net clinical benefit, a combination of Bleeding 
Academic Research Consortium (BARC) 2, 3, and 5 bleed-
ing, and ischemic endpoints.

The TROPICAL ACS (Testing Responsiveness to Platelet 
Inhibition on Chronic Antiplatelet Treatment for Acute 
Coronary Syndromes Trial; ClinicalTrials.gov number, 
NCT01959451) study is testing the noninferiority of mul-
tiplate-guided P2Y12 inhibition compared with 1-year use 
of prasugrel in high-risk ACS patients after PCI. As in the 
ANTARCTIC study, the primary endpoint is a composite end-
point of ischemic and bleeding events.

GENETIC TESTS FOR CLOPIDOGREL RESPONSE

Genetic variability in clopidogrel absorption and metabo-
lism has a direct impact on generation of the active drug 
metabolite. The two-step hepatic cytochrome P450 (CYP)–
dependent oxidative metabolism of the prodrug appears to 
be of particular importance. Carriage of the loss-of-function 
allele CYP2C19*2 observed in 15% of whites and up to 30% of 
Asians alters the pharmacodynamic response to clopidogrel, 
leading to an increased rate in cardiovascular events.18–20 In 
particular, the risk of stent thrombosis is augmented in both  
carriers of one (HR, 2.67; 95% CI, 1.69 to 4.22; P <.0001) and 
two (HR, 3.97; 95% CI, 1.75 to 9.02; P = .001) reduced function 
alleles (Figure 20-6). This risk appears to be independent of 
the clinical and procedural factors and platelet reactivity. 
However, none of the studies used in this metanalysis was ran-
domized, and there is some uncertainty with respect to the 
impact of a clopidogrel loading dose. There is evidence that 
demonstrates that a higher dose of clopidogrel is effective 
in improving platelet aggregation responses in CYP2C19*2 
carriers with a gene–dose effect,21,22 but that prasugrel and 
ticagrelor are much better alternatives in homozygous car-
riers.23 In brief, prognostic performance of genetic testing 

TABLE 20-2 Summary of the Randomized Studies Testing the Hypothesis of Individualized Antiplatelet 
Therapy

GRAVITAS TRIGGER ARCTIC ANTARCTIC TROPICAL ACS

No. of  
Patients 2214 423 2440 852 2600

CAD PCI CAD PCI CAD PCI Older Adults ACS PCI ACS PCI

ACS (%) 40 0 27 100 100

PFT assay VerifyNow VerifyNow VerifyNow VerifyNow Multiplate

Intervention if HPR High-dose clopidogrel Prasugrel 10 mg High-dose clopidogrel/prasugrel Prasugrel 10 mg Prasugrel

Intervention if LPR NA NA NA Downgrade to clopidogrel NA

Primary endpoint CV death, MI, ST at 6 mos Cardiac death
or MI

CV death, MI, urgent 
revascularization, stroke

CV death, MI, stroke, 
urgent revascularization, 
ST, BARC 2,3,5

CV death, MI, 
stroke, urgent 
revascularization, 
ST, BARC ≥2

Follow-up 6 mos 6 mos 1 yr 1 yr 1 yr

Results 2.3% vs. 2.3%; P = .97 0% vs. 0.004% 34.6% (monitoring) vs. 31.1 
(conventional P = .1)

Ongoing Ongoing

Event reduction No No No Ongoing Ongoing

ACS, Acute coronary syndrome; BARC, Bleeding Academic Research Consortium; CAD, coronary artery disease; CV, cardiovascular; HPR, high platelet reactivity; LPR, low 
platelet reactivity; MI, myocardial infarction; PCI, percutaneous coronary intervention; PFT, platelet function test.

Carriers vs.
noncarriers

Heterozygotes vs.
Wild type

Homozygotes vs.
Wild type

N = 5772

 Risk ratio
 (95% Cl) p value

 2.76 (1.77–4.30) <0.001

 2.51 (1.59–3.98) <0.001

 4.78 (2.01–11.39) <0.001

0.5 1.0 15.0
Lower risk with
CYP2C19 variant

Higher risk with
CYP2C19 variant

FIGURE 20-6 Effects of CYP2C19 variants on stent thrombosis in acute coronary syndrome.20 Carriers of the loss-of-function allele CYP219*2 had an increased risk 
of stent thrombosis with a gene–dose effect. CI, Confidence interval.

http://ClinicalTrials.gov
ctgov:NCT01959451
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ACS patients treated by PCI (BMS or DES) ≥ 75 years

R

Group 1 Group 2

Conventional arm: Prasugrel 5mg Monitoring arm: Prasugrel 5mg

No monitoring

N= 852 patients

Assessment of the primary endpoint (net clinical benefit) over 12 months
Bleeding type 2, 3, 5 of the BARC definintion and
MACE:CV death, MI, urgent revascularization, stent thrombosis, stroke

1st assessment: VerifyNow P2Y12: 2 weeks ± 2 days

2nd assessment and adjustment:
VerifyNow P2Y12: 2 weeks ± 2 days

Clopidogrel
75 mg/day

Prasugrel
5 mg

Prasugrel
10 mg/day

PRU ≤ 85 PRU ≥ 20885<PRU<208

FIGURE 20-e1 Flowchart of the ANTARCTIC study.17 The net clinical benefit of tailored therapy is evaluated in a high-risk population with the possibility of up and down 
titrating antiplatelet therapy. ACS, Acute coronary syndrome; BARC, Bleeding Academic Research Consortium; BMS, bare metal stent; CV, cardiovascular; DES, drug-eluting 
stent; MACE, major adverse cardiovascular event; MI, myocardial infarction; PCI, percutaneous coronary intervention; PRU, P2Y12 reaction units. (From Cayla G, Cuisset T, Silvain 
J, et al: Platelet function monitoring in elderly patients on prasugrel after stenting for an acute coronary syndrome: design of the randomized ANTARCTIC study. Am Heart J 
168:674–681, 2014.)
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appears to be weak mainly because of the low prevalence 
of adverse events and little discrimination.15

The CYP2C19*17 allele (c.-806C>T; rs12248560) is a regu-
latory, gain-of-function variant that has been associated with 
increased CYP2C19 transcription that results in a modest gain 
of function. The *17 allele is common, with an average multi-
ethnic allele frequency of approximately 3% to 21%. Carriage 
of the gain-of-function polymorphism 2C19*17 is associated 
with LPR and a higher risk of bleeding. The two polymor-
phisms (*17 and *2) are in complete linkage disequilibrium, 
and the combination of both *17 and *2 variant is rare. On the 
basis of combinations of alleles, patients can be classified into 
one of five categories of metabolizer phenotypes (Table 20-3).

The ABCB1 gene encodes a glycoprotein called MDR1 or 
P-glycoprotein (P-GP), which is located in the intestinal cell 
membrane that is involved in the efflux of different drugs, 
including clopidogrel. The common C3435T polymorphism 
results in overexpression of the ABCB1 protein and has been 
associated with a lower concentration of clopidogrel active 
metabolite, a higher rate of high on-clopidogrel platelet 
reactivity, and an increase in cardiovascular events.

Paraoxonase-1 (PON1) is a hepatic esterase that binds 
circulating high-density lipoproteins to prevent oxidative 
modification of low-density lipoproteins and has been pro-
posed as an important factor in the transformation of the 
intermediate metabolite of clopidogrel. The PON 1Q192 
variant gene polymorphism has been suggested to play a 
major role on both pharmacokinetic and pharmacody-
namic responses.24 However, none of the further studies 
published after this one were able to replicate these find-
ings, which suggested that PON1 likely had no major role in 
clopidogrel response.25

Genotype Test-Guided Treatment Strategy
The consistent prognostic value of CYP2C19*2 carriage 
in stented patients and the warning of the Food and Drug 
Administration (FDA) stating that there can be a dimin-
ished effect of standard doses of clopidogrel in CYP2C19 
slow metabolizers26 has led to the rationale for genotype 
test–guided treatment strategies. Bedside genetic testing 
has been used to select poor responders to clopidogrel and 
altering therapy toward more potent P2Y12 inhibitors, but the 
safety and the efficacy of such a strategy remains unknown.

The ReAssessment of Anti-Platelet Therapy Using an 
InDividualized Strategy Based on GENetic Evaluation (RAPID 
GENE) trial was the first proof of concept study in which 200 
patients who underwent PCI for ACS or stable coronary artery 
disease (SCAD) were randomly assigned to rapid point-of-
care genotyping for the CYP2C19*2 allele or to standard 
treatment.27 Carriers in the genotyping arm were treated with 

10 mg/day of prasugrel, and noncarriers in the control arm 
were given 75 mg/day of clopidogrel. At day 7, none of the 
23 carriers in the rapid genotyping group had a PRU value of 
more than 234 compared with 7 (30%) carriers who received 
standard treatment (P = .0092). There were nonsignificant dif-
ferences in the proportion of patients above this PRU value 
between the genotype group and the standard group in 
patients who were homozygous for the wild-type CYP2C19*1. 
However, a strategy tailoring anti-P2Y12 therapy to CYP2C19 
status ignored the HPR to ADP in up to one-third of the 
“rapid” metabolizers treated with clopidogrel,19,28 leaving 
them exposed to a three-fold higher risk of stent thrombosis.29

Genotype and Platelet Function Test-Guided 
Strategy
The GAMMA (Point of care Genetic profiling Approach for 
a fast identification of clopidogrel Metabolizer phenotype 
to optimize Maintenance treatment after an Acute Coronary 
Syndrome; ClinicalTrials.gov Identifier NCT01390974) trial 
further tested the hypothesis that the sequential use of the 
Verigene rapid CYP2C19 test for genetic profiling and the 
VerifyNow bedside test for platelet function measurement 
in 269 ACS patients might improve P2Y12 inhibition. Patients 
who were slow metabolizers were switched to prasugrel and 
rapid metabolizers were switched to clopidogrel. This study 
demonstrated that point-of-care genotyping and platelet 
function testing were complementary in selecting prasugrel 
or clopidogrel maintenance doses in ACS patients. In par-
ticular, by using genetic information only, 50% of patients still 
remained outside the optimal window of platelet reactivity, 
thus demonstrating a loose relationship between genotype 
and platelet function phenotype. Interestingly, more than 
one-third of clopidogrel-treated patients with HPR had pre-
vious LPR on prasugrel.30 The combination of genetic and 
pharmacodynamics information led to a drastic reduction 
in the need for more potent P2Y12 inhibitors (Figure 20-7).

Although such approaches are attractive, none of these 
studies were outcome-driven, and platelet reactivity has to be 
considered as a surrogate endpoint. The GIANT (Genotyping 
Infarct Patients to Adjust and Normalize Thienopyridine 

TABLE 20-3 Clopidogrel-Predicted Metabolizers 
Phenotype According to Genetic Polymorphism 
Carriage Genetic Factors

METABOLIZER TYPE GENETIC VARIANT
CLINICAL 
PHENOTYPE

Ultra *17/*17, *1/*17 Rapid metabolizers

Extensive *1/*1

Intermediate *1/*2, *1/*3 Slow metabolizers

Poor *2/*2, *2/*3, *3/*3

Unknown *2/*17, *3/*17
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FIGURE 20-7 The GAMMA study. Proportional representation of antiplatelet 
therapy at the time of inclusion in the study (visit 1), after genetic profiling (visit 2), 
and after genetic profiling and platelet function testing (visit 3).
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Treatment; ClinicalTrials.gov Identifier: NCT01134380) trial 
was one of the first clinical studies with a genotype-guided 
antiplatelet therapy in patients who received a stent for an 
acute MI. A total of 1445 patients were included in this study 
(Figure 20-8).31 Genotype information regarding CYP2C19 
polymorphisms was available within 48 hours after stenting. 
A drug adjustment was strongly recommended for patients 
who carried the CYP2C19 clopidogrel loss of function. 
Among the 272 patients with the loss-of-function genotype 
and antiplatelet adjustment (prasugrel), the 1-year com-
posite risk of ischemic events was similar compared with 
patients with a normal genotype (n = 1118). Although the 
results of GIANT are interesting, the use of the genotyping 
was not randomized. The ongoing Patient Outcome after 
Primary PCI (POPULAR) genetics study is randomizing 
2700 ST-elevation myocardial infarction (STEMI) patients 
to a CYP2C19-guided genotype therapy or a conventional 
therapy to improve net clinical benefit.32

Genotype Test and Clinically Guided 
Approach
A clinically-guided approach integrating genotyping 
has been evaluated in the ONline ASSIstance for Stent 

Thrombosis (ONASSIST) study, in which 123 patients who 
survived an early stent thrombosis were matched for age 
and gender with 246 control subjects.33 Six nongenetic 
factors (type C lesion, proton pump inhibitor use, diabe-
tes mellitus, left ventricular dysfunction <40%, PCI in an 
acute setting, and clopidogrel loading dose) and three 
genetic factors (CYP2C19 metabolic status, ABCB1 3435 
TT genotype, and ITGB3 PLA2 polymorphism) were inde-
pendently associated with early stent thrombosis. Risk 
models to identify at-risk patients were created, and it 
was demonstrated that the combination of clinical and 
genetic features provided the greatest power to discrimi-
nate stent thrombosis cases compared with the clinical-
only model (Figures 20-9 and 20-10). Further prospective 
evaluation of such an approach is now needed.

SUMMARY

The use of platelet function information to stratify risk 
and to inform treatment decisions as a routine approach 
remains to be demonstrated, and therefore, cannot be rec-
ommended as a routine approach. However, the evidence 
is strong enough now to recommend genotyping and phe-
notyping in high-risk PCI patients and especially when 

1499 patients (53 centers)

1445 patients

CYP2C19 Metabolizer
Genotype/phenotype

Very slow 1.7% Slow 20.3% Normal 47.3% High 30%

22% slow or very slow metabolizer

19 Consent withdrawn
13 Deregistered

22 Lost to follow-up

Group 1 (n=1118 patients)

Group 2 (n =272 patients)

15% not adjusted 85% adjusted/optimal

Primary endpoint at 1 year
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FIGURE 20-8 The GIANT study. Genotype-guided P2Y12 inhibition following primary percutaneous coronary intervention. Carriers of the loss-of-function allele CYP2C19*2 
who underwent treatment adjustment had similar clinical outcomes as no-carriers without treatment adjustment. MI, Myocardial infarction.
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an unexpected event occurs after an ACS (Figure 20-11).  
Whether high-risk selected patients, such as older adults 
who present with ACS, would have a better benefit-to-risk 
profile with tailored therapy is the next step of clinical 
investigation. Cardiogenic shock complicating acute MI 
with and without left ventricular assist devices is another 
area of potential investigation. The benefit of revascu-
larization is sometimes questionable in patients with 
multiorgan failure in whom the use of intense platelet 
inhibition may add risk. Finally, post–transcatheter aortic 

valve replacement (TAVR) is another potential situation 
of interest. The benefit of antiplatelet therapy is unknown 
in an older adult population in whom bleeding compli-
cations are frequent and treatment compliance is a con-
cerning issue. Platelet reactivity is a complex trait that 
integrates many effects of comorbidities, and the ques-
tion arises as to whether clinical characteristics are suf-
ficient to tailor treatment. This becomes an even more 
relevant issue because the debates of prolongation of 
dual antiplatelet therapy duration after an ACS is ongoing.

Clinical and genetic variables: AUC, 0.7812;
95% Cl, 0.7294–0.8330; p<0.0001

Clinical variables: AUC, 0.7284;
95% Cl, 0.6729–0.7840; p<0.0001

Genetic variables: AUC, 0.6816;
95% Cl, 0.6238–0.7394; p<0.0001
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FIGURE 20-9 Receiver-operator character curve for association with early stent thrombosis in the ONASSIST registry. The clinical model is based on nongenetic 
factors (type C lesion, proton pump inhibitor use, diabetes mellitus, left ventricular dysfunction <40%, percutaneous coronary intervention in acute setting, and clopidogrel load-
ing dose), with a sensitivity of 60% and a specificity of 70%, for a positive likelihood ratio of 2.1 (area under the curve [AUC], 0.73; 95% confidence interval [CI], 0.67 to 0.78; 
P <.001).The genetic model contains CYP2C19 metabolic status, an ABCB1 3435 TT genotype, and an ITGB3 PLA2 polymorphism, with a sensitivity of 48% and a specificity of 
78%, for a positive likelihood ratio of 2.0 (AUC, 0.68; 95% CI, 0.62 to 0.74; P <.001). The combined model contains all clinical, angiographic, and genetic predictors, with a 
sensitivity of 67% and a specificity of 79%, for a positive likelihood ratio of 3.4 (AUC, 0.78; 95% CI, 0.73 to 0.83; P <.001). The diagonal dotted line is the expected receiver-
operating characteristic curve for a totally random classifier.
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FIGURE 20-10 ONASSIST scoring system. Estimation of the risk of early stent thrombosis according to a comprehensive model based on clinical factors (n = 6) and genetic 
factors. Patients in the highest tertile have a seven-fold increased risk of stent thrombosis. ACC/AHA, American College of Cardiology/American Heart Association; CI, confidence 
interval; LD, loading dose; LVEF, left ventricular ejection fraction; OR, odds ratio; PCI, percutaneous coronary intervention.
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INTRODUCTION

Despite improvements in secondary preventive care and 
risk factor modification, there is a persistently elevated risk 
of recurrent cardiovascular (CV) events after experienc-
ing a myocardial infarction (MI), with more than 10% of 
patients developing recurrent MI, refractory angina, hos-
pitalization, or death within the subsequent 6 months.1 
Therapies to minimize atherothrombotic complications 
in patients with MI have evolved over the past several 
decades. The current standard of care for antithrombotic 
therapy during the initial presentation of acute coronary 
syndrome (ACS) focuses on dual antiplatelet therapy  
(DAPT) in addition to parenteral anticoagulation (see 
Chapter 18 and Chapter 19).2,3 However, once ACS is sta-
bilized, long-term secondary prevention of recurrent throm-
boembolic events focuses on antiplatelet therapy only. 
Despite the development of more potent and effective anti-
platelet medications, patients with stabilized ACS continue 
to experience recurrent adverse CV events after their index 
event.4,5

During the acute management of ACS, parenteral anti-
coagulants are administered to inhibit the generation of 
thrombin, the levels of which remain elevated long after 
ACS.6 Because of the persistently elevated risk of recur-
rent adverse CV events after ACS, oral anticoagulants have 
been studied for the long-term care of patients follow-
ing ACS. Initial studies that investigated warfarin in this 
setting showed promising results with regard to reduc-
ing  ischemic events; however, because of an associated 
increased bleeding risk, in addition to the inherent dif-
ficulties with the prescription and administration of war-
farin, routine adoption of vitamin K antagonists (VKAs) 
for secondary prevention into standard clinical practice 
did not occur.1

With the advent of nonvitamin K oral anticoagulants 
(NOACs), in addition to the emerging pathobiological evi-
dence that emphasizes the role of thrombin in thrombus 
formation and thromboembolic events after ACS, there has 
been renewed interest in the use of long-term anticoagula-
tion in patients who are stable after ACS. The results have 
been mixed, with the most promising data coming from the 

addition of low-dose oral direct factor Xa inhibitors to stan-
dard therapy for stabilized ACS.7 Importantly, using optimal 
dosing strategies and applying therapies to the appropriate 
populations provides the ability to maximize benefit and 
minimize risk.

ROLE OF THROMBIN IN ACUTE CORONARY 
SYNDROME

In ACS, disruption of an atherosclerotic plaque exposes the 
underlying thrombogenic contents to circulating blood (see 
Chapter 3).8 Platelets adhere to exposed collagen and von 
Willebrand factor, resulting in platelet activation and release 
of thromboxane A2 and adenosine diphosphate, which trig-
gers further platelet activation. Plaque rupture also prompts 
the subendothelial release of tissue factor, which activates 
coagulation factors. Coagulation factors assemble on acti-
vated platelets, which results in the formation of factor Xa and 
leads to the conversion of prothromin into thrombin (factor 
IIa). Thrombin triggers further coagulation and platelet activa-
tion, and prevents the degradation of fibrin (see Chapter 18).

Thrombin induces further platelet activation by bind-
ing to transmembrane proteins with extracellular throm-
bin-binding sites known as protease-activated receptors 
(PARs).1 There are two human PARs: PAR-1, which is the most 
important source of platelet activation, and PAR-4. Thrombin 
binds to the extracellular PAR domain, cleaves the recep-
tor, and triggers a cellular process that ultimately induces 
platelet activation. Thrombin is also responsible for trigger-
ing its own generation and expansion, with approximately 
95% of thrombin generation occurring after initial thrombus 
formation.

The formation of a thrombus after ACS occurs via two 
pathways: one driven by platelets and one driven by throm-
bin (Figure 21-1). High-shear conditions, such as those in 
the coronary arteries, tend to form platelet-rich thrombi. 
However, because thrombin generation leads to further 
thrombin production and platelet aggregation, a reduction 
in blood flow creates a setting for a more thrombin- and 
fibrin-rich thrombus.

Importantly, although thrombin generation is enhanced 
immediately after the onset of ACS, it does not return to 
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normal after clinical stabilization.6 Biomarkers of thrombin 
generation, such as D-dimer, prothrombin fragments, and 
thrombin–antithrombin complexes, remain elevated for at 
least 6 months to 1 year after ACS.1,6 Nonetheless, the contri-
bution of thrombin to thrombus formation is not routinely 
targeted by medical therapy once ACS is stabilized. During 
this period, patients continue to experience an appreciable 
risk of adverse CV events, which may be partially caused 
by the elevated thrombin levels that continue to enhance 
thrombus formation.

CURRENT THERAPY AND OUTCOMES 
FOLLOWING ACUTE CORONARY SYNDROME

The current standard of care for antithrombotic therapy dur-
ing the acute management of MI includes DAPT, which con-
sists of aspirin in addition to a P2Y12 inhibitor and parenteral 
anticoagulation, usually with either intravenous unfraction-
ated heparin or low-molecular-weight heparin (see Chapter 
13).2,3 These therapies target multiple components of the 
coagulation cascade to maximally inhibit thrombus growth 
and minimize atherothrombotic complications (Figure 21-2). 

Vascular injury

Exposure of collagen and vWF

Platelet adhesion and release

Platelet recruitment
and activation

Platelet aggregation

Platelet-fibrin thrombus

FXIIIa

Fibrin formation

Thrombin generation

Tissue factor exposure

TF–FVIIa complex
formed

Activation of coagulation
FIX & FX → FIXa & FXa

FXa – FVa
Prothrombin             Thrombin

Thrombin
Fibrinogen                Fibrin

Thrombin
XI               XIa

ADP and TXA2 secreted

GP IIb/IIIa integrin activation

FVa secreted

FIGURE 21-1 Thrombus formation in acute coronary syndrome. Thrombus formation in acute coronary syndrome is driven by platelet aggregation and fibrin formation. 
Thrombin plays a central role, because it is generated after vascular injury and leads to fibrin formation while also activating and recruiting platelets, which promotes platelet 
aggregation. ADP, Adenosine diphosphate; F, factor; GP, glycoprotein, TF, tissue factor; TXA2, thromboxane A2; vWF, von Willebrand factor. (Adapted from Weitz JI: Insights into 
the role of thrombin in the pathogenesis of recurrent ischaemia after acute coronary syndrome. Thromb Haemost 112:924–931, 2014; Fig. 1.)
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FIGURE 21-2 Pathophysiology and treatment targets in atherothrombosis. Therapies for atherothrombosis target multiple components of the coagulation cascade to maxi-
mally inhibit thrombus generation and expansion. ADP, Adenosine diphosphate; COX, cyclooxygenase; GP, glycoprotein, TXA2, thromboxane A2; vWF, von Willebrand factor. (From Weitz  
JI: Taking a closer look at thrombin and its role in ACS. Medscape Education Cardiology, 2012, WebMD, LLC. www.medscape.org/viewarticle/769566_transcript. Accessed April 25, 2015.)
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After the acute period, therapy for stabilized ACS shifts away 
from the early emphasis on reducing elevated thrombin lev-
els to focus solely on targeting the contribution of platelets 
to thrombus formation.

Despite medical therapy for stabilized ACS with DAPT, 
mortality risk persists for at least 6 months after admission for 
MI (Figure 21-3).9 Furthermore, the risks of hospital readmis-
sions, recurrent adverse CV events, and mortality persist for 
up to 5 years after MI, with greater morbidity and mortality 
in high-risk patients.9 The persistently elevated risk of recur-
rent ischemic events after MI has prompted research into 
alternative and more potent antithrombotic strategies. One 
approach has been the investigation of prolonged admin-
istration of more potent antiplatelet therapies (see Chapter 
35). Clopidogrel, prasugrel, and ticagrelor are each platelet 
P2Y12 inhibitors; the latter two achieve higher degrees of 
platelet inhibition than clopidogrel and have an associated 
reduction in recurrent major CV events. Moreover, the addi-
tion of the PAR-1 antagonist vorapaxar has also been shown 
to improve efficacy for secondary prevention.10 Each of 
these alternatives for enhanced antiplatelet therapy comes 
with a cost of an increased rate of moderate or severe 
bleeding.

These studies all support the concept that platelets contrib-
ute to the pathogenesis of thromboembolic events in patients 
stabilized after an MI and that more potent platelet inhibition 
reduces the recurrence of adverse CV events. However, their 
results also show a persistent appreciable risk of major CV 
events even in patients treated with potent antiplatelet strate-
gies. For these reasons, investigators have studied the use of 
long-term anticoagulation for the secondary prevention of 
adverse CV events in patients stabilized after an MI.

VITAMIN K ANTAGONIST THERAPY AFTER 
MYOCARDIAL INFARCTION

The use of oral anticoagulants to treat MI dates back to the 
1940s, when oral VKAs were found to reduce mortality in this 
setting.1 Subsequently, numerous studies in the 1990s and 
early 2000s investigated the usefulness of warfarin after MI. 
In the WARIS II trial, patients with recent MI were random-
ized to either aspirin 160 mg, warfarin with an international 
normalized ratio (INR) target of 2.8 to 4.2, or aspirin 75 mg in 

combination with warfarin with an INR target of 2.0 to 2.5.11 
Warfarin (relative risk [RR], 0.81; 95% confidence interval 
[CI], 0.69 to 0.95; P = .03) and warfarin plus aspirin (RR, 0.71; 
95% CI, 0.60 to 0.83; P = 0.001) significantly reduced death, 
nonfatal MI, or thromboembolic stroke compared with 
aspirin 160 mg, at the cost of significant increases in major 
nonfatal bleeding (P <.001). There were no significant differ-
ences in efficacy between the two anticoagulation arms. In 
the ASPECT-2 trial, patients were randomized to three similar 
arms and had similar results to that in the WARIS II study.11 
High-intensity anticoagulation (hazard ratio [HR], 0.55; 95% 
CI, 0.30 to 1.00; P = .0479) and moderate-intensity anticoagu-
lation, in addition to aspirin (HR, 0.50; 95% CI, 0.27 to 0.92; 
P = .03), significantly reduced death, MI, or stroke compared 
with aspirin alone. There were no significant differences in 
efficacy between the two anticoagulation arms.

A meta-analysis of 10 trials of warfarin after ACS was 
conducted, including the WARIS II and ASPECT-2 trials 
(Figure 21-4).11 The results, which were driven strongly 
by the results in the WARIS II and ASPECT-2 trials, demon-
strated that warfarin plus aspirin reduced the annual rate 
of MI (2.2% vs. 4.1%; RR, 0.56; 95% CI, 0.46 to 0.69), isch-
emic stroke (0.4% vs. 0.8%; RR, 0.46; 95% CI, 0.27 to 0.77), 
and revascularization (11.5% vs. 13.5%; RR, 0.80; 95% CI, 
0.67 to 0.95) compared with aspirin alone, at the cost of an 
increase in major bleeding (1.5% vs. 0.6%; RR, 2.5; 95% CI, 
1.7 to 3.7). There was no observed differences in mortality 
between aspirin plus warfarin versus aspirin alone.

Despite warfarin’s promising ability to reduce recurrent 
adverse CV events in patients with stabilized ACS, its use 
in this setting has ultimately not been favored. The reasons 
behind the lack of adoption of warfarin for routine second-
ary prevention after MI are multifactorial; they are driven 
mostly by concerns with regard to bleeding, the practical 
challenges of administering warfarin, and the advent of 
more potent antiplatelet strategies.

NEW ORAL ANTICOAGULANT THERAPY IN 
STABILIZED ACUTE CORONARY SYNDROME

Warfarin has multiple limitations, including drug and food 
interactions, variability in dosing based on genetics, delayed 
onset and offset, and the need for frequent monitoring and 
dose adjustments. NOACs that avoid many of these issues 
have been studied in several disease states, such as atrial 
fibrillation (AF) and venous thromboembolism (VTE). 
Because of the previously promising results of warfarin in 
MI, several studies were conducted to determine whether 
NOACs might have a role after ACS (Table 21-1).

Initial Phase II Trials
The direct thrombin inhibitor, ximelagatran, was the first 
NOAC to be studied in patients with stabilized ACS. In the 
ESTEEM trial, 1883 patients with a recent MI were ran-
domized to ximelagatran, at one of four doses or placebo. 
Standard medical therapy in these patients otherwise con-
sisted of single antiplatelet therapy with aspirin 160 mg/day, 
and few patients underwent PCI.1 Ximelagatran reduced the 
risk of death, nonfatal MI, or severe recurrent ischemia (HR, 
0.76; 95% CI, 0.59 to 0.98; P = .036) for the combined ximela-
gatran groups versus placebo, but had a dose-dependent 
increase in bleeding. Ultimately, ximelagatran was deemed 
unsafe because of an associated risk of hepatotoxicity.
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FIGURE 21-3 Cumulative mortality after acute coronary syndrome. Patients 
with acute coronary syndrome experience a rise in mortality rates for at least 6 months 
after admission. (From Fox KA, Anderson FA, Jr., Goodman SG, et al: Time course of 
events in acute coronary syndromes: implications for clinical practice from the GRACE 
registry. Nat Clin Pract Cardiovasc Med 5:580–589, 2008; Fig. 1B.)
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Dabigatran, another direct thrombin inhibitor, was stud-
ied in stabilized ACS in the phase 2 RE-DEEM trial. Patients 
with recent ACS were randomized to dabigatran, at one of 
three doses (50, 100, or 150 mg twice daily), or placebo, in 
addition to standard medical therapy, including DAPT.12 At 
6 months, dabigatran was associated with a dose-dependent 
increase in major and nonmajor bleeding (50-mg dose: 
HR, 1.77; 95% CI, 0.70 to 4.50; 150-mg dose: HR, 4.27; 95% CI, 
1.86 to 9.81). Although this phase II trial was not powered 
for efficacy, there was no observed differences in death, 
MI, or stroke between dabigatran or placebo. However, all 
dabigatran doses were associated with a 45% reduction in 
D-dimer concentrations at 4 weeks compared with placebo 
(P <.001). Further investigation of dabigatran in stabilized 
ACS has not been pursued.

Darexaban tested the oral direct factor Xa inhibitor in sta-
bilized ACS. In the phase II RUBY-1 trial, patients with recent 
ACS were randomized to receive darexaban, at doses rang-
ing from 10 to 60 mg/day, or placebo, in addition to stan-
dard medical therapy with DAPT.13 At 6 months, darexaban 
was associated with a significant dose-dependent increase 
in bleeding (overall HR, 2.28; 95% CI, 1.13 to 4.60; P = .022), 
without any corresponding observed efficacy benefit. There 
were no further studies of darexaban in stabilized ACS. 
Another oral direct factor Xa inhibitor, TAK-442, was studied 
in patients with recent ACS.14 A wide range of doses was 
tested, and the investigators observed a significant dose-
dependent increase in bleeding, without any clear efficacy 
benefit. As with dabigatran and darexaban, further investiga-
tion of TAK-442 was halted based on the phase II trial results.

Large Outcome Trials
Apixaban and rivaroxaban, which are oral direct factor Xa 
inhibitors, are the two most extensively studied NOACs in 
patients following an ACS (see Table 21-1).

Apixaban
In the phase II APPRAISE-1 trial, apixaban was tested 
versus placebo, in addition to standard therapy, in 1751 
patients with recent ACS.15 Apixaban showed a dose-
dependent reduction in ischemic events at the cost of 
increased bleeding. In the phase III APPRAISE-2 trial, 7392 
patients with recent ACS who received standard medical 
therapy, including DAPT with aspirin and clopidogrel for 
most patients, were randomized to placebo or apixaban 
5 mg twice daily (which is equivalent to the full antico-
agulant dose tested for stroke prevention in patients with 
AF).16,17 The study population was high risk, and included 
patients with previous strokes and/or transient ischemic 
attacks (TIAs). Apixaban increased TIMI major bleeding 
compared with placebo (1.3% vs. 0.5%; HR, 2.59; 95% CI, 
1.50 to 4.46; P = .001) without a significant reduction in 
ischemic events (7.5% vs. 7.9%; HR, 0.95; 95% CI, 0.20 to 
1.11; P = .51).

Because of the increase in major bleeding without a cor-
responding reduction in ischemic events, the APPRAISE-2 
trial was terminated early. Notably, if patients with previous 
strokes or TIAs were excluded, apixaban was associated 
with nonsignificant reductions in CV death, MI, or ischemic 
stroke (HR, 0.89; 95% CI, 0.74 to 1.06). In addition, there was a 
trend toward a reduction in stent thrombosis (HR 0.73; 95% 
CI, 0.47 to 1.12; P = .15) compared with placebo, despite the 
premature termination of the trial.

Rivaroxaban
In terms of rivaroxaban, the phase II dose-ranging ATLAS 
ACS-TIMI 46 trial studied rivaroxaban versus placebo in 
3491 patients with recent ACS, most of whom were also 
taking aspirin and clopidogrel.18 Patients received one of 
four doses of rivaroxaban: 5, 10, 15, or 20 mg, given either 
once daily or the same total daily dose divided twice 
daily. Rivaroxaban resulted in a dose-dependent increase 

 Events/
 patient-years

 Rate ratio Weight
Study, year (95% Cl) (%) Warfarin ASA

ATACS, pilot, 1990 0.22 (0.01–4.66) 0.5 0/9 1/7

ATACS main, 1994 0.69 (0.29–1.65) 5.7 6/24 9/25

Williams et al., 1997 0.19 (0.03–1.16) 1.3 1/6 5/5

APRICOT-2, 2002 0.28 (0.09–0.92) 3.1 3/34 11/35

OASIS main, 2001 0.58 (0.38-0.98) 23.9 30/373 52/375

OASIS pilot, 1998 0.51 (0.20–1.26) 5.2 5/25 10/25

Huynh et al., 2001 2.07 (0.20–21.85) 0.8 2/38 1/39

ASPECT-2, 2002 0.69 (0.31–1.53 6.8 10/298 14/289

Zibaeenezhad et al., 2004 0.87 (0.20–2.28) 2.9 4/70 6/70

WARIS II, 2002 0.56 (0.42–0.75) 49.8 69/4927 117/4669

Overall 0.56 (0.48–0.69) 100.0 130/5834 228/5539

0.5 1.0 5.0
Favors warfarin Rate Favors ASA
 ratio

FIGURE 21-4 Rate ratios of recurrent myocardial infarction (MI) for warfarin plus aspirin (ASA) compared with ASA alone. The results of a meta-analysis of stud-
ies that evaluated patients with MI managed with warfarin plus ASA versus ASA alone, which showed a trend toward a reduction in the rate of recurrent MI in patients treated 
with warfarin plus ASA. CI, Confidence interval. (Adapted from Rothberg MB, Celestin C, Fiore LD, et al: Warfarin plus aspirin after myocardial infarction or the acute coronary 
syndrome: meta-analysis with estimates of risk and benefit. Ann Intern Med 143:241–250, 2005; Fig 1.)
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in clinically significant bleeding (Figure 21-5). In addi-
tion, rivaroxaban reduced CV death, MI, or stroke (3.9% 
vs. 5.5%; HR, 0.69; 95% CI, 0.50 to 0.96; P = .027), with the 
numerically lowest HRs seen with the lowest twice daily 
doses.

Based on the phase II results, in the phase III ATLAS ACS 
2-TIMI 51 trial, doses of rivaroxaban 2.5 and 5 mg twice daily 
(which are just one-quarter and one-half, respectively, of the 
total daily doses tested for stroke prevention in patients 
with AF) were compared with placebo. The study included 
15,526 patients with recent ACS on a background of stan-
dard post-ACS therapy, which included DAPT with aspirin 
and clopidogrel in most patients.7,19 Notably, patients with 
previous stroke or TIA on background DAPT were excluded 
from this trial. Patients were followed for a mean of 13 

months and up to 31 months. Rivaroxaban reduced the pri-
mary endpoint of CV death, MI, or stroke (8.9% vs. 10.7%; 
HR, 0.84; 95% CI, 0.74 to 0.96; P = .008). There was an over-
all increase in non– coronary artery bypass graft (CABG)-
related TIMI major bleeding (2.1% vs. 0.6%; HR, 3.96; 95% 
CI, 2.46 to 6.38; P <.001). However, there was no significant 
difference between rivaroxaban and placebo with respect 
to fatal bleeding (0.3% vs. 0.2%; HR 1.19; 95% CI, 0.54 to 2.59; 
P = .66).

With respect to the individual doses, both the 2.5 and 5 
mg twice daily doses reduced the primary endpoint of CV 
death, MI, or stroke, as well as the secondary endpoint of 
stent thrombosis compared with placebo. In addition, the 
2.5 mg twice daily dose significantly reduced CV mortality 
(2.7% vs. 4.1%; HR 0.66; 95% CI, 0.51 to 0.86; P = .002) and 

TABLE 21-1 Nonvitamin K Oral Anticoagulants in Patients Following Acute Coronary Syndrome

TRIAL
STUDY DRUG  
AND DOSES DURATION

MECHANISM  
OF ACTION PRIMARY ENDPOINT

SECONDARY 
ENDPOINT

RE-DEEM23 (2011):
1861 patients  

(phase II)

Dabigatran
50 mg bid; 75 mg bid;  

110 mg bid; 150 mg  
bid vs. placebo

6 mos Oral direct thrombin 
inhibitor

Major and nonmajor clinically 
relevant bleeding; vs. placebo: 
dabigatran 50 mg: HR, 1.77; 
95% CI, 0.70–4.50 dabigatran 
75 mg: HR, 2.17; 95% CI, 
0.88–5.31 dabigatran 110 mg: 
HR, 3.92; 95% CI, 1.72–8.95

Dabigatran 150 mg: HR, 4.27; 
95% CI, 1.86–9.81

Reduction in D-dimer 
concentration; 
dabigatran analysis: 
45% reduction 
compared with placebo 
(P <.001)

RUBY-124 (2011):
1279 patients  

(phase II)

Darexaban
5 mg bid; 10 mg qd; 15 mg 

bid; 30 mg qd; 30 mg bid; 
60 mg qd vs. placebo

26 wks Oral direct factor  
Xa inhibitor

Major and nonmajor clinically 
relevant bleeding; vs. placebo: 
darexaban: HR, 2.28; 95% CI, 
1.13–4.60; P = .022

All-cause mortality, 
nonfatal MI, nonfatal 
stroke, and severe 
recurrent ischemia: no 
significant difference for 
darexaban vs. placebo

AXIOM-ACS25 
(2011):

2753 patients  
(phase II)

TAK-442
Stage 1: 10 mg bid; 20 mg 

bid; 40 mg qd
Stage 2: 40 mg bid; 80 mg 

qd; 80 mg bid
Stage 3: 160 mg qd; 120 mg 

bid vs placebo

24 wks Oral direct factor  
Xa inhibitor

Incidence of TIMI major bleeding; 
no significant difference for 
TAK-442 vs. placebo

No efficacy outcomes

APPRAISE26 (2009):
1715 patients  

(phase II)

Apixaban
2.5 mg bid; 10 mg od; 

10 mg bid; 20 mg qd

6 mos Oral direct factor  
Xa inhibitor

Major and nonmajor clinically 
relevant bleeding; vs. placebo:

apixaban 2.5 mg bid: HR, 1.78; 
95% CI, 0.91–3.48; P = .09

apixaban 10 mg qd: HR, 2.45; 
95% CI, 1.31–4.61; P = .005

apixaban 10 mg bid and 20 mg 
qd discontinued because of 
excess total bleeding

CV death, MI, or ischemic 
stroke; vs. placebo: 
apixaban: HR, 0.95; 
95% CI, 0.80–1.11; 
P = .51

APPRAISE-227 
(2011):

7392 patients  
(phase III)

Apixaban
5 mg bid vs. placebo

Maximum 
follow-up of 
241 days (early 
termination)

Oral direct factor  
Xa inhibitor

CV death, MI or ischemic stroke; 
vs. placebo:

HR, 0.95; 95% CI, 0.80–1.11; 
P = .51

Major bleeding:
HR, 2.59; 95% CI, 

1.50–4.46; P = .001

ATLAS ACS-TIMI 4628 
(2009):

3491 patients  
(phase II)

Rivaroxaban
Range of od and bid doses 

(5–20 mg) vs. placebo

6 mos Oral direct factor  
Xa inhibitor

Major bleeding; significantly 
increased with rivaroxaban in a 
dose-dependent manner

Death, MI, stroke, or severe 
recurrent ischemia; vs. 
placebo: HR, 0.79; 95% 
CI, 0.60–1.05; P = .10

ATLAS ACS 2-TIMI 
5129,30 (2012):

15,526 patients 
(phase III)

Rivaroxaban
2.5 mg bid; 5 mg bid vs. 

placebo

Maximum 
follow-up 
of 31 mos 
(mean, 13)

Oral direct factor  
Xa inhibitor

CV death, MI, or stroke; vs. 
placebo:

HR, 0.84; 95% CI, 0.74–0.96; 
P = .008

Non-CABG major bleeding; 
incidence compared with 
placebo: rivaroxaban 
(2.1% vs 0.6%; 
P <.001)

ACS, Acute coronary syndrome; bid, twice daily; CABG, coronary artery bypass graft; CI, confidence interval; CV, cardiovascular; HR, hazard ratio; MI, myocardial infarction; od, 
once daily; qd, every day; TIMI, Thrombolysis in Myocardial Infarction.
From Weitz JI: Insights into the role of thrombin in the pathogenesis of recurrent ischaemia after acute coronary syndrome. Thromb Haemost 112:924–931, 2014; p 928, 
Table 2.
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all-cause mortality (2.9% vs. 4.5%; HR 0.68; 95% CI, 0.53 to 
0.87; P = .002) compared with placebo (Figure 21-6). The 
5 mg twice daily dose did not demonstrate differences 
in CV or all-cause mortality compared with placebo. In a 
direct comparison of the 2.5 and 5 mg twice daily doses, the  
2.5-mg dose demonstrated significantly less TIMI bleeding 
that required medical attention (12.9% vs. 16.2%; P <.001) 
and less fatal bleeding (0.1% vs. 0.4%; P = .04) (Figure 21-7).20 
In aggregate, the results demonstrate that the 2.5 mg twice 
daily dose offers the more favorable balance of efficacy 
and safety. Based on these results, the European Medicines 
Agency has approved rivaroxaban 2.5 mg twice daily for 
patients with recent ACS with elevated markers of cardiac 

necrosis. Rivaroxaban has not been approved in the United 
States for secondary prevention after ACS.

Specific Patient Populations
Regarding particular populations, among the patients in 
ATLAS ACS 2-TIMI 51 trial who presented with an ST-elevation 
myocardial infarction (STEMI), there was a 19% relative reduc-
tion in CV death, MI, or stroke, with rivaroxaban compared 
with placebo (HR, 0.81; 95% CI, 0.67 to 0.97; P = .019).21 In 
patients in the ATLAS-ACS 2-TIMI 51 trial who underwent PCI, 
rivaroxaban led to a significant reduction in stent thrombo-
sis (HR 0.65; P = .017).22 An additional analysis character-
ized the specific effects of rivaroxban on the size and type 
of MI. It determined that in patients with ACS, most of the 
MI events were spontaneous in nature, and rivaroxaban sig-
nificantly reduced these events by 20%. Notably, rivaroxaban 
compared with placebo reduced MIs with extensive bio-
marker release and STEMI events.23

Synthesis Across Divergent Clinical Trials
Overall, the studies that have examined the addition of oral 
anticoagulants to antiplatelet therapies post-ACS suggest 
that there is a dose-dependent increased risk of bleeding. 
This concept is supported by all of the available stud-
ies. Regarding efficacy, in the phase II studies, the reduc-
tions in ischemic events were directionally consistent in 
the APPRAISE 1 and ATLAS ACS-TIMI 46 trials, but these 
reductions were not seen in the other studies. Notably, the 
phase II studies of dabigatran, darexaban, and TAK-442 
were designed and powered to assess safety, so the lack of 
observed efficacy benefit was likely a result of small and 
underpowered studies. In terms of the large phase III stud-
ies and efficacy, the findings in the ATLAS ACS 2-TIMI 51 and 
APPRAISE-2 trials were divergent, and the two main issues 
that likely accounted for the results were dosing and the 
patient population.
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 KM rates (n/N)
Rivaroxaban 20 mg 15.3% (90/603)
Rivaroxaban 15 mg 12.7% (44/353)
Rivaroxaban 10 mg 10.9% (110/1046)
Rivaroxaban 5 mg 6.1% (18/307)
Placebo 3.3% (37/1153)
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FIGURE 21-5 Clinically significant bleeding across rivaroxaban doses. In the 
ATLAS ACS-TIMI 46 trial, rivaroxaban showed a dose-dependent increase in clinically sig-
nificant bleeding (Thrombolysis In Myocardial Infarction [TIMI] major, TIMI minor, or requir-
ing medical attention). KM, Kaplan-Meier. (From Mega JL, Braunwald E, Mohanavelu 
S, et al: Rivaroxaban versus placebo in patients with acute coronary syndromes [ATLAS  
ACS-TIMI 46]: a randomised, double-blind, phase II trial. Lancet 374:29–38, 2009; Fig. 3.)
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FIGURE 21-6 Outcomes with rivaroxaban 2.5 mg twice daily (BID) versus placebo. In the ATLAS ACS-TIMI 51 trial, rivaroxaban 2.5 mg BID was associated with 
significant reductions in cardiovascular (CV) death, myocardial infarction (MI) or stroke, CV death alone, and mortality alone, compared with placebo in patients with stabilized 
acute coronary syndrome. HR, Hazard ratio. (Adapted from Mega JL, Braunwald E, Wiviott SD, et al: Rivaroxaban in patients with a recent acute coronary syndrome. N Engl J 
Med 366:9–19, 2012; Fig. 3.)
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There appears to be a dose of an antithrombotic agent at 

which the overall risk versus benefit ratio is optimized and 
the reduction in CV and all-cause mortality is maximized. 
This observation has been apparent with several medica-
tions in this class of drugs, including warfarin, heparin, and 
aspirin. In APPRAISE-2, apixaban was tested at the full anti-
coagulant dose used for stroke prevention in patients with 
AF, which resulted in an unacceptable increase in bleeding 
when layered on top of antiplatelet therapy.17 In the ATLAS 
ACS 2-TIMI 51 trial, the 2.5 and 5 mg twice daily doses of 
rivaroxaban were tested at one-quarter and one-half, respec-
tively, of the 20 mg/day dose tested for stroke prevention in 
patients with AF.19 The 2.5 mg twice daily dose is also only 
one-half of the 10 mg/day dose tested for the prevention 
of VTE after elective hip and knee replacement.24 At these 
low doses, although there was an overall increase in non-
CABG–related TIMI, there was no significant increase in fatal 
bleeding. In addition, with the 2.5 mg twice daily dose of 
rivaroxaban, there was an overall reduction in CV and all-
cause mortality.

In addition to precise dosing, patient selection is criti-
cally important when using anticoagulation after ACS. The 
APPRAISE-2 and ATLAS ACS 2-TIMI 51 trials have shown 
that different populations and disease states respond differ-
ently to anticoagulant therapy for stabilized ACS. Specifically, 
patients with previous stroke or TIA do not appear to ben-
efit from the addition of anticoagulation to DAPT after ACS; 
this is a finding that has also been seen with layering anti-
platelet therapies.25 When excluding these subjects from the 
APPRAISE-2 trial, there was a trend toward a reduction in CV 
death, MI, or stroke, although further conclusions are limited 
because the trial was terminated early. Other patient popula-
tions, such as those individuals who presented with STEMI 
or those with elevated cardiac biomarkers, appear to experi-
ence particular benefit. Future investigation will hopefully 
identify other populations and disease states that are more 

or less likely to benefit from long-term anticoagulant ther-
apy after stabilized MI.

CURRENT ROLE FOR ORAL ANTICOAGULATION 
FOR SECONDARY PREVENTION AFTER 
MYOCARDIAL INFARCTION

Upon the initial presentation of MI, treatment with aspirin 
and a P2Y12 receptor antagonist, as recommended by current 
guidelines, should be initiated (see Chapter 19). In many 
patients in whom more potent platelet inhibition is desired, 
prasugrel or ticagrelor are reasonable choices for P2Y12 
receptor antagonism. In these patients, DAPT with ticagrelor 
or prasugrel in addition to aspirin once the ACS is stabilized 
is frequently continued, and there is no current role for add-
ing oral anticoagulation to improve secondary prevention. In 
some countries outside of the United States, in patients man-
aged with aspirin and clopidogrel in whom a more potent 
antithrombotic strategy is desired, the addition of low-dose 
rivaroxaban is one option to further reduce the risk of adverse 
CV events. Further understanding of the pathobiology of ACS, 
combined with ongoing clinical investigations, will hopefully 
identify the unique characteristics of patient populations and 
disease states that maximize the benefit of either antiplatelet 
or anticoagulant therapy in stabilized ACS.

Patients with Another Indication  
for Oral Anticoagulant Therapy
The patients discussed thus far were treated with antico-
agulation for the purpose of secondary prevention after 
MI. Patients with stabilized MI who have a preexisting or 
newly developed independent indication for long-term 
oral anticoagulation, such as AF or VTE, are a separate and 
particularly challenging group to treat. For example, the 
optimal antithrombotic treatment for a patient with AF who 
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FIGURE 21-7 Outcomes with rivaroxaban 5 mg twice daily (BID), 2.5 mg BID, and placebo. In a comparison of the 2.5 and 5 mg BID doses in the ATLAS ACS-TIMI 51 
trial, the 2.5-mg dose was associated with a significant reduction in cardiovascular (CV) death, as well as significantly less non–coronary artery bypass graft (CABG) Thrombolysis 
In Myocardial Infarction (TIMI) major bleeding and fatal bleeding. KM, Kaplan-Meier. (Adapted from Mega JL, Braunwald E, Wiviott SD, et al: Comparison of the efficacy and 
safety of two rivaroxaban doses in acute coronary syndrome [from ATLAS ACS 2-TIMI 51]. Am J Cardiol 112:472–478, 2013.)
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experiences ACS and who undergoes PCI depends on a 
number of factors, including atherothrombotic and bleed-
ing risk. Although there is evidence to suggest that patients 
with ACS may benefit from the addition of low-dose anti-
coagulation to DAPT, it is unclear what the optimal anti-
thrombotic strategy is for patients who require full-dose 
anticoagulation.

Triple Oral Antithrombotic Therapy
These patients are often treated with DAPT in addition 
to full-dose oral anticoagulation, which is also known as 
triple oral antithrombotic therapy (TOAT). However, stud-
ies have suggested that the balance of efficacy and safety 
with TOAT is tipped toward an excess of bleeding. Initial 
observational data found TOAT to be associated with an 
approximately threefold higher risk of major bleeding 
compared with DAPT alone.26 A recent large Denmark 
registry study found that TOAT versus VKAs plus single 
antiplatelet therapy was associated with significantly 
more bleeding at 90 days (HR, 1.47; 95% CI, 1.04 to 2.08) 
and 1 year (HR, 1.36; 95% CI, 0.95 to 1.95), with statis-
tically similar efficacy results (HR, 1.15; 95% CI, 0.95 to 
1.40).27

The WOEST trial was an open-label trial that random-
ized 573 patients who underwent PCI and who had a 
preexisting indication for oral anticoagulation to receive 
either double therapy (warfarin and clopidogrel 75 mg) 
or TOAT (warfarin, clopidogrel 75 mg, and aspirin 80 mg). 
At 1 year, patients who received double therapy compared 
with TOAT experienced a significantly lower cumulative 
incidence of all TIMI bleeding (44.9% vs. 19.5%; HR, 0.36; 
95% CI, 0.26 to 0.50; P <.001), which was driven mostly by 
differences in TIMI minor and minimal bleeding without a 
difference in intracranial bleeding. There were no changes 
in the primary endpoint when controlling for age, gender, 
indication for oral anticoagulation (OAC), stent type, or ACS 
presentation. Interestingly, double therapy also resulted in a 
significantly lower rate of death, MI, stroke, systemic embo-
lism, target vessel revascularization, or stent thrombosis 
compared with double therapy (17.7% vs. 11.3%; HR, 0.60; 
95% CI, 0.38 to 0.94; P = .025); this was driven mostly by a 
reduction in all-cause mortality at 1 year (6.4% vs. 2.6%; HR, 
0.39; 95% CI, 0.16 to 0.93; P = .027).

In the WOEST trial, the double therapy group did 
not receive aspirin rather than clopidogrel because of 
concerns that stent thrombosis might be unacceptably 
increased without clopidogrel. In the Denmark registry 
study, although VKA plus single antiplatelet therapy was 
associated with an overall decrease in bleeding com-
pared with TOAT, the subset of patients who received 
clopidogrel as the single antiplatelet agent experienced 
an incidence of bleeding similar to that seen with triple 
therapy. In addition, the safety results in the WOEST trial 
were driven largely by reductions in TIMI minor and 
minimal bleeding, without any significant differences in 
major or fatal bleeding. Furthermore, none of the avail-
able studies included patients treated with either prasu-
grel or ticagrelor. As such, although oral anticoagulation 
plus single antiplatelet therapy may be the preferred 
strategy in patients who would otherwise be treated with 
TOAT, the optimal antiplatelet agent is unclear, and further 
investigation is ongoing. Moreover, it is important to inter-
pret the available data with caution. The WOEST trial was 

relatively small and designed to evaluate safety. Although 
the secondary efficacy composite endpoint of death, MI, 
stroke, systemic embolism, target vessel revascularization, 
or stent thrombosis did meet statistical significance, con-
firmation in additional studies will be helpful to further 
guide clinical practice.

Consensus Practice Guidelines
Several consensus guidelines have been drafted to address 
the management of patients with atrial fibrillation and ACS 
and/or PCI.26,28–30 Guidelines such as those from the joint 
consensus statements of the European Society of Cardiology 
Working Group on Thrombosis, the European Heart Rhythm 
Association, the European Association of Percutaneous 
Cardiovascular Interventions, and the European Association 
of Acute Cardiac Care, suggest that the stroke and bleeding 
risk be assessed using the CHA2DS2-VASc and HAS-BLED 
scores, respectively (Figure 21-8).30 It is also important to 
evaluate whether patients present with stable disease versus 
ACS and whether PCI is performed. Based on this informa-
tion, the appropriate antiplatelet and anticoagulant strate-
gies can be recommended. Considering the WOEST results, 
in patients at high risk of stroke and bleeding and low risk of 
stent thrombosis, a VKA plus clopidogrel may be a reason-
able alternative to an initial brief period of TOAT. However, 
in patients at high risk of stent thrombosis atherothrombotic 
disease, a period of TOAT is reasonable.

Regarding the type of anticoagulant, the guidance doc-
ument indicates that in patients with MI who develop AF 
and are at high risk of stroke, anticoagulation with a VKA 
or a NOAC should be initiated. The usefulness of NOACs 
in TOAT is unknown, although several studies are ongo-
ing.31–33 Because of the evidence for improved safety and 
efficacy with NOACs versus warfarin in other populations, 
there is great interest in these studies, particularly in terms 
of safety.34

SUMMARY

Patients with an MI have a persistently increased long-
term risk of adverse CV events despite current therapies. 
Thrombin plays a major role in platelet activation and 
thrombus formation, and thrombin levels remain elevated 
for months after an ACS. Although anticoagulants are com-
monly used to address the downstream effects of throm-
bin in the acute management of MI, antiplatelet therapy 
is the focus of antithrombotic regimens for stabilized MI. 
Because of the persistently elevated thrombin levels and 
continued risk of recurrent adverse CV events, long-term 
anticoagulation is an appealing option to consider in 
patients stabilized after an MI. Studies of anticoagulation 
for stabilized ACS have shown mixed results, which is likely 
secondary to anticoagulant dosing and selection of the 
patient population. The results of the ATLAS ACS 2–TIMI 51 
trial, which used low doses of rivaroxaban, are congruent 
with the pathobiological evidence for the fundamental 
role of thrombin in ischemic events after ACS, and sup-
port the concept that both antiplatelet and anticoagulant 
therapies can minimize the risk of recurrent thromboem-
bolic events after ACS. Moving forward, it will be important 
to continue to explore patient characteristics that predict 
better or worse responses to anticoagulation for secondary 
prevention after MI.
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INTRODUCTION

Cell-based therapy is an exciting new treatment modality 
that has the potential to revolutionize cardiovascular (CV) 
medicine. Research on the application of cell therapy for 
ischemic heart disease emerged in the late 1990s, when con-
ventional wisdom regarded the heart as an organ devoid of 
capacity for endogenous repair. The dogma that the mamma-
lian heart was a terminally differentiated organ incapable of 
regeneration and repair was predicated on the lack of sig-
nificant tissue repair seen after acute myocardial infarction 
(MI) and during the ensuing period of left ventricular (LV) 
remodeling and heart failure (HF). However, this paradigm 
changed dramatically at the dawn of the new millennium, 
when evidence began to accumulate that formation of new 
myocytes in the adult heart is possible, and that cell therapy 
enhances cardiac function after MI.1 Over the past 15 years, 
the field of regenerative cardiology has grown exponentially, 
to the point that it is now generally accepted that cardiac 
myocytes can be regenerated. We believe that we are wit-
nessing a veritable conceptual and therapeutic revolution 
that is likely to change CV medicine profoundly.

Various types of stem and/or progenitor cells have been 
tested in preclinical and clinical studies of cardiac repair or 
regeneration, mostly in the settings of MI and ischemic cardio-
myopathy (ICM), but also in that of nonischemic cardiomy-
opathy (NICM).2,3 These cells include skeletal myoblasts, bone 
marrow mononuclear cells (BMMNCs), mesenchymal stromal 
cells (MSCs), proangiogenic progenitor cells, and cardiac pro-
genitor cells (CPCs) (Figure 22-1). Experimental and clinical 
work has advanced in parallel, leading to rapid translation of 
basic discoveries into clinical trials. Considering that the first 
preclinical study of cell therapy was published in 19984 and 
the first clinical application was used in 2001,5 the rapidity in 
which basic and clinical research has progressed in a relatively 
short time is truly remarkable. In the clinical arena, almost 100 
trials of cell therapy for CV disease have been published, some 
of which have reported promising results. A large number of 
ongoing clinical trials have been registered with the National 
Institutes of Health (NIH); in April 2015, a search in the NIH-
sponsored clinicaltrials.gov website for cell therapy trials in the 

context of MI or HF revealed 36 actively recruiting studies in 
adult populations, including phase III trials.3

As mentioned previously, the two major clinical settings 
in which cell therapy has been studied are acute MI and 
chronic HF. In this chapter, we specifically review the appli-
cation of stem and/or progenitor cells for the treatment of 
acute MI. Treatment of HF with stem and/or progenitor cells 
has been reviewed recently,3 and is beyond the scope of the 
present chapter.

RATIONALE FOR CELL THERAPY  
IN ACUTE MYOCARDIAL INFARCTION

The worldwide incidence of acute MI continues to increase 
at an accelerated pace (see Chapter 2). Acute MI leads to 
adverse LV remodeling (see Chapter 36), which causes fur-
ther cardiomyocyte attrition, ventricular dilation, and HF 
(see Chapter 25), thereby initiating a downward spiral that 
can eventually culminate in death. Although it is now appre-
ciated that the adult heart has some capacity for renewal,6,7 
this capacity is limited and is overwhelmed by the ischemic 
insult and subsequent remodeling. The loss of cardiomyo-
cytes associated with acute MI cannot be reversed with 
contemporary treatment modalities. Current therapies for 
LV remodeling and HF are predominantly palliative (see 
Chapter 36); they can improve symptoms and prolong life, 
but they do not address the underlying loss of contractile 
tissue. Consequently, the prognosis of patients with ischemic 
heart disease and HF remains bleak.8,9 Cell therapy offers 
a novel strategy that has the potential to reconstitute dead 
myocardium, and for the first time, reverse the fundamental 
cause of HF rather than merely delay its progression.

CELL TYPES USED FOR CELL THERAPY IN 
MYOCARDIAL INFARCTION

Embryonic Stem Cells
Pluripotent stem cells, that is, cells that have the ability 
to differentiate into tissues derived from all three germ 
layers (ectoderm, endoderm, and mesoderm), include 
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embryonic stem cells (ESCs), which are harvested from 
the inner cell mass of preimplantation-stage blastocysts, 
and induced pluripotent stem cells (iPSCs), which are 
embryonic-like stem cells derived from adult cells. The 
functional components of the human heart (cardiomyo-
cytes, endothelial cells, and smooth muscle cells) are of 
mesodermal origin.

Preclinical Studies
ESC-derived cardiomyocytes (hESC-CMs) display adult car-
diomyocyte morphology with properly organized sarcomeric 
proteins, spontaneous beating activity, and  characteristic 
atrial, ventricular, and nodal action potentials.10 The abil-
ity of ESCs to generate bona fide cardiomyocytes has 
spurred interest in the use of ESCs or hESC-CMs for car-
diac regeneration after MI. A number of preclinical reports 
have described engraftment of hESC-CMs and/or differen-
tiation of ESCs into adult cardiomyocytes with subsequent 
attenuation of LV remodeling and improvement in left ven-
tricular ejection fraction (LVEF) in rodent models. In one 
study, investigators transplanted murine cardiac-committed 
ESCs into the infarcted myocardium of sheep 2 weeks after 
MI. One month after transplantation, the ESCs had differ-
entiated into cardiomyocytes, engrafted to the host heart, 

and improved LV function.3 Shiba and colleagues dem-
onstrated, in a guinea pig model of MI, that implanted 
hESC-CMs partially integrated into the host myocardium 
and contracted synchronously with the host muscle.11 
The engrafted hearts showed improved mechanical func-
tion and a reduced incidence of both spontaneous and 
induced ventricular tachycardia. Chong and colleagues 
transplanted one billion hESC-CMs into a nonhuman pri-
mate model of reperfused MI under intense immunosup-
pression.12 They reported extensive remuscularization of 
the infarcted area, which averaged 2.1% of the LV and 40% of 
the infarct volume, as well as formation of electromechani-
cal junctions between the graft and host cardiomyocytes. 
Study of calcium transients indicated electrical activation 
of the cardiomyocyte grafts and electromechanical cou-
pling. However, this study raised significant concerns in the 
scientific community,13 primarily because the observations 
were anecdotal (1 to 2 monkeys were assessed at each 
time point), the infarcts were small (7% to 10% of the LV), 
the infarct size was not reduced, the evidence for remus-
cularization of the infarcted tissue was inadequate, car-
diac function was not assessed, and importantly, malignant 
ventricular arrhythmias were observed in all monkeys that 
received the transplants.

Skeletal myoblasts
(MyoD, Myf5, PAX7+)

Bone marrow stem cells

Adipose-derived stem cells
(CD29+, CD44+, CD49D+,
CD105+, CD166+. CD14-,

CD31-, CD34-, CD45-,
CD133-)

Bone marrow and blood-derived
endothelial progenitor cells

(CD14+, CD34+, CD133+, Flk-1+)

Cardiac stem cells

c-kit+/Lin- cells

Sca-1+ cells
(CD31+)

Side population cells
(CD34+, CD45+, c-Kit+, Sca-1+, CD31-)

Cardiospheres
(CD31+, CD34+, CD90+, CD105+, CD133+, c-Kit+, Sca-1+)

Hematopoietic stem cells
(CD31+, CD34+, CD45+, CD133+)

Side population cells
(CD34+, CD43+, CD45+,

c-Kit+, Sca-1+)

Mesenchymal stem cells
(CD44+, CD73+, CD90+, CD105+,

CD106+, CD166+, Stro-1+,
CD11b-, CD19-, CD34-, CD45-)

FIGURE 22-1 Sources of stem cells used for cardiac repair. Bone marrow–derived stem cells include a broad range of cells, from mesenchymal stem cells to endothelial 
progenitor cells, hematopoietic stem cells, and unfractionated mononuclear cells. (From Sanganalmath SK, Bolli R: Cell therapy for heart failure: a comprehensive overview of 
experimental and clinical studies, current challenges, and future directions. Circ Res 113:810–34, 2013; Figure 2.)
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Barriers to Clinical Development
Despite the obvious promise of hESCs and hESC-CMs, the use 
of these cells faces formidable hurdles10,14 and is unlikely to 
become a therapy for CV disease.3 The allogeneic nature of 
ESCs necessitates lifelong use of immunosuppressive therapy, 
with its attendant risks and morbidity, which could be worse 
than the disease being treated. The recent finding that hESC-
CMs are arrhythmogenic constitutes another problem.12 
Even more concerning is the risk of teratoma formation, 
which is inherent in the embryonic nature of the cells; despite 
attempts to minimize it, the occurrence of this serious con-
sequence cannot be completely eliminated. These risks and 
problems are all the more unacceptable because potentially 
safer alternatives are available, including iPSCs and adult 
stem cells; the latter have already been tested in numerous 
clinical trials, with an excellent safety profile (vide infra).  
In view of these considerations, it is difficult to rationalize 
using ESCs for therapeutic purposes in patients with CV dis-
ease.3 Not surprisingly, no clinical trial of ESC-based therapy 
for CV disease has been published despite the fact that these 
cells have been studied for two decades; meanwhile, over this 
time period, thousands of patients have been safely treated 
with adult stem and/or progenitor cells with results that have 
been sufficiently encouraging to warrant phase III trials.

Induced Pluripotent Stem Cells
Preclinical Studies
In 2006, Takahashi and Yamanaka reported generation of 
iPSCs by transducing adult mouse fibroblasts with a cocktail 
of transcription factors, including Oct3/4, Sox2, c-Myc, and 
Klf4, which are the so-called Yamanaka factors.15 The embry-
onic-like cells expressed ESC marker genes and exhibited 
morphology and growth properties similar to those of ESCs. 
It was subsequently demonstrated that iPSCs possess a car-
diogenic potential comparable to that of ESCs, and more 
importantly, functional properties typical of cardiac cells, 
such as cardiac ion channel expression, spontaneous beat-
ing, and contractility.16 iPSCs have a capacity equivalent 
to ESCs to differentiate into nodal-, atrial-, and ventricular-
like cardiomyocyte phenotypes, based on action potential 
characteristics. iPSC-derived cardiomyocytes (iPSC-CMs) 
exhibit typical sarcomeric organization and respond to 
β-adrenergic stimulation, with an increase in the spontane-
ous rate and a decrease in action potential duration.17 Initial 
studies in small animal models have reported improvement 
in cardiac function as a result of iPSC administration.18 In 
a porcine model of MI, intramyocardial transplantation of 
human iPSC-CMs, endothelial cells, and smooth muscle 
cells, in combination with a three-dimensional fibrin patch 
loaded with insulin growth factor– encapsulated micro-
spheres, resulted in human iPSC-CMs being integrated into 
the host myocardium and generating organized sarcomeric 
structures19; moreover, endothelial and smooth muscle cells 
were also incorporated into the host vasculature, although 
their contribution was minimal. At 4 weeks, LV function was 
significantly improved compared with untreated animals, 
along with a trend toward a reduction in infarct size. In this 
study, cell treatment was delivered after reperfusion, and the 
animals were immunosuppressed.

Barriers to Clinical Development
Despite these promising results, the iPSC technology is 
associated with a number of safety concerns, including the 

potential for genetic and epigenetic abnormalities related 
to the origin and manipulation of the cells and for tumori-
genicity related to retroviral transgene activation, insertional 
mutagenesis, and contamination with undifferentiated plu-
ripotent stem cells and/or differentiation-resistant cells.20 
Despite the initial hope that these autologous cells would 
not require immunosuppression, issues of immunogenicity 
of transplanted cells have emerged.20 Some of these safety 
concerns have been addressed (e.g., virus-free induction of 
iPSCs14), but other concerns persist. Furthermore, clinical 
translation is hindered by major practical hurdles related 
to cell procurement, including efficient induction of car-
diomyocyte lineages from iPSCs, selective expansion and/
or survival of iPSC-CM lineages, and purification of differ-
entiated iPSC-CMs by elimination of residual undifferenti-
ated iPSCs.20 Although major progress has been made in 
differentiation protocols,21 significant problems remain 
to be resolved. Additional limiting factors are the cost and 
effort required to generate autologous iPSCs in every patient 
who is treated. Although iPSC technology is evolving rapidly, 
and these challenges may be overcome, at present it seems 
unlikely that these cells will be used in clinical trials in the 
near future.

A new strategy that has recently emerged for cardiac 
regeneration is in vivo direct reprogramming of nonmyocyte 
cardiac cells, which make up more than 50% of the cells in 
the heart.22 This direct reprogramming strategy entails direct 
transdifferentation of one cell type (i.e., cardiac fibroblast) 
to another (i.e., cardiomyocyte), bypassing the need for 
dedifferentiation to an earlier embryonic state before redif-
ferentiation toward a cardiomyocyte fate. This approach is 
still in its nascent phase, and it is unclear whether clinical 
translation will ever be feasible.

Bone Marrow Mononuclear Cells
Most clinical trials of cell therapy in the setting of acute MI 
have been performed using BMMNCs (Table 22-1). An advan-
tage of these cells includes not needing to be cultured, and 
thus, they can be delivered quickly and relatively inexpen-
sively. In acute MI, BMMNCs have usually been infused intra-
coronarily because of the concern that transendocardial 
injection into freshly infarcted myocardium might result 
in complications (e.g., arrhythmias or perforation of the LV 
wall). However, subsequent experience with transendocar-
dial injection of BMMNCs at an average of 10 days after MI 
has not corroborated these concerns. The safety of this deliv-
ery modality has not been tested in the first week after MI.

Clinical Trials
Since the initial report of cell therapy in patients with acute 
MI,24 many phase I and some phase II clinical trials have 
been performed using BM cells in patients with ST-elevation 
MI (STEMI). The preponderance of these investigations have 
tested unfractionated BMMNCs, with only a small number of 
studies using selected BM populations, such as CD34+cells, 
CD133+ cells, and MSCs. The results have been inconsistent 
(see Table 22-1).

In the BOOST trial, 60 patients with STEMI were random-
ized 4 to 6 days after MI to receive intracoronary BM cells 
(which included, but were not limited to, BMMNCs that were 
depleted of erythrocytes and platelets) or no treatment.25 
At 6 months, there was a statistically significant improve-
ment in global and regional LVEF and border zone wall 
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TABLE 22-1 Key Clinical Trials of Cell-Based Therapy after Acute Myocardial Infarction

STUDY NAME/FIRST 
AUTHOR (YEAR) DESIGN PATIENT NUMBER CELL TYPE/DOSE

ROUTE OF 
INJECTION

IMAGING 
MODALITIES

TIMING FROM MI  
TO CELL DELIVERY FOLLOW-UP/RESULTS

BOOST
Wollert25 (2004)
Meyer26 (2006, 2009)

RCT Treated: 30
Control: 30

Nucleated BM cells
24.6 ± 0.94 × 108

IC CMR
Echo

4–6 days 6 mos: Improvement in EF
18 mos: No improvement in EF, LV 

volumes, and RWM
5 yrs: No improvement in EF, LV volumes, 

infarct size, and RWM

Janssens (2006) RDBCT Treated: 33
Placebo: 34

Nucleated BM cells 3 ± 
1.28 × 108 containing 
1.72 ± 0.72 × 108 
BMMNCs

IC CMR 1–2 days 4 mos: No improvement in EF; ↓infarct 
size, ↑RWM

12 mos: No improvement in EF, LV 
volumes, and infarct size; ↑ RWM

ASTAMI
Lunde (2006, 2008)
Beitnes31 (2009)

RCT Treated: 47
Controls: 50

BMMNCs
0.7 × 108 (0.54 × 108 to 

1.3 × 108)

IC SPECT
Echo
CMR

4–8 days 6 mos: No improvement in EF, infarct size, 
and LV volumes

12 mos: No improvement in EF, LV 
volumes, and RWM

3 yrs: No improvement in EF, LV volumes, 
LV mass, infarct size, and RWM

REPAIR-AMI
Schächinger27 (2006)
Assmus28,29 (2010, 2014)

RDBCT Treated: 101
Placebo: 98

BMMNCs
2.36 ± 1.74 × 108

IC LV angiography 3–6 days 4 mos: Improvement in EF, ESV and RWM
1 yr: ↓MACE, ↑RWM,
2 yrs: ↓MACE, ↑RWM, ↓infarct size, no 

improvement in EF and LV volumes
5 yrs: ↓MACE

FINCELL
Huikiri (2008)

RDBCT Treated: 40
Placebo: 40

BMMNCs
4.02 ± 1.96 ×106

IC Echo
LV angiography

2–6 days 6 mos: No improvement in EF; improved 
ΔEF

REGENT
Tendera49 (2009)

RCT Treated: 160
Controls: 40

BMMNCs
1.78 × 108

CD34+/CXCR4+

1.9 × 106

IC CMR
LV angiography

3–12 days 6 mos: No improvement in EF and LV 
volumes

Hare54 (2009) RDBCT Treated: 34
Placebo: 19

Allogeneic BM MSCs
0.5, 1.6, 5 × 106/kg

IV Echo
CMR

1–10 days 6 mos: No improvement EF

TIME
Traverse34 (2012)

RDBCT Treated: 80
Placebo: 40

BMMNCs
1.5 × 108

IC CMR 3–7 days 6 mos: No improvement in EF, LV 
volumes, RWM, and infarct size

LateTIME
Traverse35 (2011)

RDBCT Treated: 58
Placebo: 29

BMMNCs
1.5 × 108

IC CMR 15–20 days 6 mos: No improvement in EF, LV 
volumes, RWM, and infarct size

SWISS-AMI
Surder37 (2013)

RCT Treated early: 60
Treated late: 58 

Controls: 49

BMMNCs
1.4–1.6 × 108

IC CMR 5–7 days
3–4 wks

4 mos: No improvement in EF, LV 
volumes, and scar mass

↑, Increased; ↓, decreased, BM, bone marrow; BMMNCs, bone marrow mononuclear cells; CMR, cardiac magnetic resonance imaging; Echo, echocardiography; EF, ejection fraction; ESV, end-systolic volume; IC, intracoronary; IV, 
intravenous; LV, left ventricular; MACE, major adverse cardiovascular events; MSCs, mesenchymal stromal/stem cells; RCT, randomized controlled trial; RDBCT, randomized double-blind controlled trial; RWM, regional wall motion; 
SPECT, single-photon emission computed tomography.
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motion (measured by cardiac magnetic resonance imag-
ing [CMR]) in the treated group compared with the control 
group, although there was no improvement in LV volumes. 
However, despite this early benefit, the difference between 
the control and treated groups was no longer significant at 
18 months and 5 years, primarily because of an improve-
ment in the control group.26

REPAIR-AMI
REPAIR-AMI, a double-blind, randomized controlled trial 
(RCT), is the largest study of cell therapy in acute MI per-
formed so far.27 Two hundred four patients with STEMI were 
assigned to intracoronary infusion of BMMNCs or placebo 3 
to 6 days after successful percutaneous coronary interven-
tion (PCI). At 4 months, there was a statistically significant 
improvement in LVEF, as measured by contrast ventriculog-
raphy, in the patients in the cell group compared with those 
in the placebo group. Furthermore, at 1 year, the number of 
major adverse cardiac events (MACE) (death and recurrent 
MI) was significantly reduced by cell treatment. However, 
the CMR substudy, which included 54 of the 204 patients, did 
not show any difference between the treated and placebo 
groups with regard to LVEF at 4 or 12 months. In another 
substudy of 58 patients, coronary flow reserve in the infarct-
related artery became normal in the treated group at 4 
months, suggesting that intracoronary BMMNC therapy may 
restore microvascular function.

All of the composite clinical endpoints remained sig-
nificantly improved in the treated cohort at 2 years28; at 
the 5-year follow-up, only the composite of death, recurrent 
MI, and any revascularization remained significantly differ-
ent between the treated and placebo groups, which was 
driven mainly by revascularization.29 Further analysis by 
CMR suggested that BMMNC therapy attenuated adverse LV 
remodeling, as demonstrated by a decrease in end-diastolic 
wall thickness in the infarcted and remote regions, and an 
increase in regional contractility.30 However, LV volumes 
were not significantly affected by cell therapy.

REPAIR-AMI was a landmark trial in cell therapy not only 
because of its size and design (randomized, double-blinded, 
and placebo-controlled with BM aspiration and sham cell 
infusion in control subjects), but also because it provided 
important insights that have had a profound influence on 
clinical research in this field. The REPAIR-AMI investigators 
made observations that were adopted in the design of most 
subsequent trials. In a prespecified subgroup analysis, they 
noted that the benefits of BMMNC therapy were confined to 
patients with LVEF at or below the median value of 48.9%. 
At 4 months, in the subset of patients with LVEF ≤48.9%, the 
increase in LVEF affected by BMMNC therapy was approxi-
mately 5 EF units (95% confidence interval [CI], 2.0 to 8.1) 
greater than that in the placebo group, whereas in the sub-
set of patients with LVEF greater than 48.9%, the increase 
relative to placebo was only 0.3 unit (95% CI, −2.2 to 2.8). 
This dichotomy is not difficult to rationalize; if LV function 
is normal or near normal, it seems unlikely that cell therapy 
(or any therapy) could effect a significant improvement. The 
inverse relation between baseline LV function and magni-
tude of therapeutic effect reported in REPAIR-AMI formed 
the basis for the design of subsequent trials of cell therapy 
in acute MI, which have almost invariably excluded patients 
with normal or near-normal LV function. In these subjects, 
not only is the therapeutic effect likely to be small, but the 
need for cell therapy is less obvious. Conversely, in patients 

with large MIs (particularly those with anterior MIs), there is 
a clearer rationale for cell therapy, and the benefits are likely 
to be greater. Thus, in general, clinical trials performed after 
REPAIR-AMI have enrolled patients with baseline LVEF of 
≤45%.

The other important insight garnered in REPAIR-AMI 
was the interaction between improvement in LVEF and 
time of cell infusion. Specifically, the beneficial effects of 
BMMNC infusion on the recovery of contractile function 
were observed only in patients who were treated ≥5 days 
after PCI, suggesting that early (within 4 days) administra-
tion of cell therapy may be ineffective, possibly because 
of the intense inflammatory response and the hostile envi-
ronment that it creates for transplanted cells. However, 
this concept has not been supported by later studies, as 
detailed in the following.

Other Randomized Trials of Bone Marrow  
Mononuclear Cells
In contrast to REPAIR-AMI, two other contemporaneous 
RCTs reported no benefit from BMMNCs in acute MI. In 
the open-label ASTAMI trial, 100 patients with STEMI were 
randomized to BMMNCs or control (no treatment) at 4 to 
8 days after MI. The two groups did not differ with respect 
to LVEF, LV end-diastolic volume, or infarct size at 6 months  
(as measured by single-photon emission computed tomog-
raphy, echocardiography, and CMR) and 1 year (as measured 
by echocardiography). Long-term follow-up at 3 years also 
failed to demonstrate any benefit with respect to LVEF, LV 
volumes, infarct size, and wall motion, as evaluated both 
by CMR and echocardiography.31 Janssens and colleagues 
randomized 67 patients with STEMI to BMMNCs or placebo 
early (1 day) after PCI and measured outcome 4 months 
later using CMR. There was no improvement in LVEF, although 
infarct size and regional LV function improved in the cell 
therapy group. Similarly, at 1 year, LVEF and LV volumes did 
not differ between the two groups, although the favorable 
effects of cell therapy on selected LV remodeling param-
eters remained, such as wall motion in the infarct border 
zone and regional contraction in segments with transmural 
hyperenhancement (the early difference in infarct size was 
no longer significant at 1 year).

In addition, four other phase II RCTs examined the effect 
of BMMNCs in the context of acute MI and yielded nega-
tive results (see Table 22-1). In the multicenter open-label 
HEBE trial, 200 patients with a first large MI, baseline EF 
≤45%, and successful PCI were assigned to intracoronary 
BMMNCs, peripheral blood mononuclear cells, or no treat-
ment (control subjects) in addition to standard therapy 3 
to 8 days after successful reperfusion.32 At 4 months, there 
was no difference among the groups with respect to LVEF 
(assessed by CMR), LV volumes, LV mass, infarct size, or clin-
ical events. Long-term follow-up at 2 years showed no dif-
ference among the groups with regard to LVEF (evaluated 
by CMR); interestingly, the authors reported that the com-
posite endpoint of death or recurrent MI was significantly 
more frequent in the peripheral blood mononuclear cell 
group at 5 years.33 In the National Heart, Lung, and Blood 
Institute Cardiovascular Cell Therapy Research Network 
(CCTRN) TIME trial, 120 patients with STEMI, LVEF ≤45%, 
and successful reperfusion, were randomized 2:1 to early 
intracoronary BMMNCs or placebo at either 3 or 7 days 
after acute MI.34 The purpose of this design was to verify 
the observation made earlier in REPAIR-AMI that BMMNC 
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therapy was only helpful if delivered 5 days or more after 
MI. At the 6-month follow-up, there was no significant effect 
of cell therapy on recovery of global or regional LV func-
tion or LV volumes, as measured by CMR. Furthermore, 
no difference was observed between the patients treated 
at 3 and 7 days after MI. The CCTRN Late-TIME trial was 
designed to investigate the effects of BMMNCs adminis-
tered 2 to 3 weeks after AMI; in this study, 87 patients with 
STEMI and LVEF ≤45% were assigned, in a 2:1 fashion, to 
intracoronary BMMNCs or placebo.35 The hypothesis was 
that the inflammation associated with acutely infarcted 
myocardium produces a hostile environment that is toxic 
to the cells, and that allowing the inflammation to subside 
may lead to greater cell survival and larger therapeutic 
effects. Again, the investigators found no improvement in 
global or regional LV function or LV volumes measured 
by CMR at 6 months. A combined analysis of all patients 
enrolled in TIME and Late-TIME was also neutral36; when 
this combined data set was examined for the effects of age, 
baseline LVEF, and time from PCI to infusion, only base-
line LVEF was found to be significantly associated with 
changes in the LVEF (patients with lower LVEF exhibited 
greater increases in LVEF and vice versa). This relation-
ship was observed regardless of treatment. Finally, in the 
SWISS-AMI trial, 200 patients with successfully reperfused 
STEMI were randomized 1:1:1 to an open-label control (no 
treatment) or two intracoronary BMMNC treatment groups 
(early, 5 to 7 days, and late, 3 to 4 weeks after MI).37 This 
trial was also designed to investigate the effects of early 
versus late administration of BMMNCs. Again, the treatment 
did not  produce any improvement in LVEF, scar mass, or LV 
volumes at 4 months, as measured by CMR.

Reconciling Discordant Results from Clinical Trials
Multiple potential reasons have been proposed to 
explain the conflicting results of BMMNC trials in acute 
MI. A major problem with cell therapy is that the proper-
ties of the cell product may vary enormously from one 
study to another, and from one laboratory to another, 
depending on the specific protocol used to isolate and 
expand the cells. Even seemingly meaningless (and thus 
unrecognized) details can have a profound effect on the 
viability and potency of the cell product. For example, 
although all trials used density gradient centrifugation to 
separate mononuclear cells from the BM aspirate, there 
were significant differences in the protocols that could 
have resulted in differences in the composition and qual-
ity of the cell product (e.g., the percent of progenitor cells 
such as CD34+ and CD133+ cells or the functional com-
petence of the cells). A recent retrospective analysis of 
TIME suggested that the content of CD31+ cells in the BM 
injectate was an important determinant of LV functional 
recovery.38 Along these lines, the discrepancy between 
REPAIR-AMI and ASTAMI has been attributed to the effi-
ciency of the cell isolation protocol, which resulted in 
different degrees of cell viability. By comparing the two 
protocols, the REPAIR-AMI investigators concluded that 
the protocol used in ASTAMI resulted in lower cell recov-
ery, a lower number of hematopoietic, endothelial, and 
mesenchymal colony-forming units (CFUs), significantly 
reduced migration capacity of the cells in response to the 
chemotactic stromal-derived factor-1 (SDF-1), and abol-
ished capacity of the cells to promote neovascularization 
in an experimental hind limb ischemia model. However, 

the investigators in the negative HEBE trial validated the 
cell isolation protocol against the one used in REPAIR-
AMI before enrolling the first patient and demonstrated 
that the quantity and quality of the cells were similar in 
both studies. Similarly, the CCTRN investigators argued 
that such concerns were not warranted.39 Going forward, 
it is crucial that trials of cell therapy incorporate appro-
priate assays to verify the viability and functional compe-
tence of the cell product under investigation.

Another potential explanation for the discrepancies is 
erythrocyte contamination of the BM cell product. In an 
exploratory analysis of the injectate in the REPAIR-AMI 
cohort, the number of red blood cells (RBCs) contaminat-
ing the final cell product was significantly correlated with 
reduced recovery of LVEF 4 months after BMMNC therapy.40 
Higher numbers of RBCs in the BMMNC preparation were 
associated with reduced cell viability, CFU capacity, and 
migratory capacity in vitro; furthermore, neovasculariza-
tion capacity was significantly impaired in vivo in a murine 
model of hind limb ischemia after infusion of BMMNCs 
contaminated with RBCs compared with BMMNCs alone. 
An additional variable that has been proposed to contribute 
to the discrepancies is the use of heparin. The REPAIR-AMI 
investigators found that heparin profoundly and dose-
dependently inhibits SDF-1–induced BMMNC migration 
in vitro, and that pretreatment of BMMNCs with heparin 
significantly reduces the homing of the injected cells in a 
murine ear-wound model.41 However, it is doubtful that the 
RBC and heparin issues account for the inconsistent results 
of clinical trials. For example, in the CCTRN TIME trial, the 
cell product was devoid of significant RBC contamination 
and contained only minuscule amounts of heparin, and in 
the SWISS-AMI trial, no heparin was used in the final prod-
uct. Nonetheless, both trials were null.

A factor that may have contributed to the negative results 
of the CCTRN TIME and Late-TIME trials is that the enroll-
ment of patients was based upon the LVEF measured in the 
qualifying echocardiograms, which were obtained earlier 
after PCI than the baseline CMRs. In the TIME trial, LVEF aver-
aged approximately 37% in the qualifying echocardiograms, 
but they increased to approximately 45% in the baseline 
CMR; in the Late-TIME trial, these values were approximately 
36% and approximately 48%, respectively.36 In patients with 
baseline LVEF of approximately 45% to 48%, the benefits of 
cell therapy would be expected to be attenuated. However, 
SWISS-AMI did not experience this limitation (the baseline 
LVEF averaged 37.4% at an average of 6 days after MI) and 
was still negative. Finally, the possibility that the preceding 
trials had insufficient statistical power cannot be excluded. 
For example, the HEBE and SWISS-AMI trials were powered 
to detect a 6.0- and 3.5-unit improvement in LVEF, respec-
tively32,37; a smaller effect would likely have been missed.

Meta-Analyses of Bone Marrow Cell Therapy
Many of the individual trials in acute MI were limited by 
their size and/or design. Therefore, in the absence of phase 
III trials, no definitive conclusions can be made regarding 
the effects of cell therapy in this setting. At present, the best 
available evidence comes from meta-analyses. In a collab-
orative meta-analysis, Delewi and colleagues pooled the 
data from 16 RCTs that had enrolled more than 30 patients 
in the BM arm, reaching a total of 1494 patients.42 At 3 to 
6 months, LVEF improved by 2.55 units among BM cell–
treated patients compared with control subjects (P <.001) 
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(Figure 22-2). Moreover, cell therapy significantly reduced 
end-systolic and end-diastolic LV volumes. In subgroup 
analyses, the benefit of treatment on LVEF was more pro-
nounced in younger patients compared with older ones, 
and in patients with baseline LVEF of less than 40% com-
pared with those with LVEF ≥40%. There was also a trend in 
favor of patients treated ≥7 days after primary PCI compared 
with patients treated at less than 7 days and in patients who 
received more than 108 BMMNCs compared with ≥108 cells 
(see Figure 22-2).

Another meta-analysis that combined the results of 22 
RCTs involving 1513 patients arrived at similar conclusions; 
the overall improvement in LVEF at 6 months and at 6 to 18 
months after cell therapy was 2.10 and 3.04 units, respec-
tively (P = .004 and P = .0008, respectively) (Fig. 22-e1).43 
In addition, this study pooled the clinical endpoints and 
reported no beneficial effects after a median follow-up of 
6 months. Contrary to the meta-analysis by Delewi and col-
leagues,42 however, the subsets of patients who were treated 
less than 8 days after PCI benefited more than the patients 
treated at ≥8 days (P = .009). However, both of these studies 
failed to detect a beneficial effect of cell therapy on LVEF 
when the analysis was restricted to trials that used CMR for 
outcome assessment, an important finding that has been 
echoed by other meta-analyses.44,45 Of note, all of the major 
trials that used CMR as the method for LVEF quantification 
have been negative.36

In contrast to these group-based meta-analyses, an indi-
vidual patient data (IPD)–based meta-analysis provided 
sobering conclusions. ACCRUE is an ongoing collaborative 
database that includes IPDs from randomized and cohort 
studies of cell therapy in patients with ischemic heart dis-
ease.46 The investigators compiled 12 studies involving 
1085 patients, including 2 studies that used cell types other 
than BMMNCs, although most patients received BMMNCs. 
Importantly, the availability of IPDs enabled them to per-
form an intention-to-treat analysis. Using this approach, at 
a median of 6 months after MI (range, 3 to12 months), no 
effect of cell therapy was identified with the combined 
endpoint of all-cause death, recurrent MI, stroke, and target 
vessel revascularization (14.0% in cell-treated patients vs. 
16.3% in control subjects; hazard ratio, 0.86; 95% CI, 0.63 to 
1.18), on death (1.4% vs. 2.1%), or on the composite end-
point of death, recurrent MI, and stroke (2.9% vs. 4.7%), nor 
were any difference in LVEF observed in comparison with 
control subjects (mean difference between treated and 
control subjects: 0.96%, 95% CI, −0.2 to 2.1) (Figure 22-3). 
Subgroup analyses did not reveal any interaction between 
improvement in EF on one hand and baseline LVEF, use of 
CMR for EF quantification, and time from reperfusion to 
cell therapy on the other hand.

Thus far, ACCRUE is the only meta-analysis that used 
patient-level data to assess the effects of cell therapy in 
acute MI. Despite the advantages of using IPD, this study 

Characteristics N Treatment effect p-value* Treatment effect in LVEF (%)
  (95%CI)

Overall† 1494 2.55 (1.83, 3.26)
Age  (years) 
   <55 676 3.38 (2.36, 4.39)
   ≥55 809 1.77 (0.80, 2.74)
Diabetes  
   Yes 229 2.87 (1.32, 4.41)
   No 1263 2.10 (1.29, 2.90)
Symptoms to PCI (hours)
   <6 764 1.79 (0.81, 2.77)
   ≥6 509 2.98 (1.79, 4. 16)
IRA  
   LAD 1239 1.98 (1.16, 2.80)
   RCA/LCX 235 3.53 (1.82, 5.23)
LVEDVI (mL/m2)  
   <100 988 1.79 (0.84, 2.73)
   ≥100 326 3.00 (1.85, 4. 15)
LVEF (%)  
   <40 503 5.30 (4.27, 6.33)
   ≥40 991 1.45 (0.60, 2.31)
Infarct size (g)  
   <20 169 1.50 (–0.69, 3.69)
   ≥20 355 1.54 (–1.46, 4.54)
MVO  
   Presence 350 1.41 (–0.79, 3.61)
   Absence 196 1.80 (–0.21, 3.80)

 0.03

 0.39

 0.13

 0.11

 0.11

 <0.001

 0.84

 0.67

10 5 0 5 10
 Cell therapy Control
 better better

FIGURE 22-2 Forest plot of change in left ventricular ejection fraction (LVEF) with cell therapy among trials that assessed specific subgroups. CI, Confidence 
interval; IRA, infarct-related artery; LAD, left anterior descending artery; LCX, left circumflex artery; LVEDVI, left ventricular end-diastolic volume index; MVO, microvascular 
obstruction; PCI, percutaneous coronary intervention; RCA, right coronary artery. *P value for subgroup differences. †Frequencies can vary across subgroups because of missing 
baseline characteristics values. (From Delewi R, et al: Impact of intracoronary bone marrow cell therapy on left ventricular function in the setting of ST-segment elevation myo-
cardial infarction: a collaborative meta-analysis. Eur Heart J 35:989–98, 2014; Figure 2.)
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 Stem cell Control Mean difference Mean difference in LVEF (%)
Study Mean (%) SD (%) Total Mean (%) SD (%) Total Weight(%) 95% Cl (%) Year 95% Cl (%)

Janssens 3.4 6.9 30 2.2 7.3 30 3.5 1.20 (–2.39, 4.79) 2006
Ge 4.8 5.2 10 3.5 1.9 10 3.6 1.30(–2.13,4.73) 2006
Schächlnger 5.5 7.3 95 3 6.5 92 4.4 2.50 (0.52, 4.48) 2006
Penicka 6 5 14 8 4.8 10 3.3 –2.00 (–5.96, 1.96) 2007
Meluzin 5 6.6 40 0 8.9 20 3.1 5.00 (0.60, 9.40) 2008
Suarez de Lezo 21 8 10 6 5.2 10 2.4 15.00 (9.09, 20.91) 2008
Huikuri 4 11.3 39 –1.4 1.1 38 3.5 5.40 (1.84, 8.96) 2008
Cao 9.4 1.8 41 7.1 2.6 45 4.8 2.30 (1.36, 3.24) 2009
Plewka 9 5.8 38 5 4.9 18 3.9 4.00 (1.08, 6.92) 2009
Beitnes 1.2 7.6 46 4.5 7.1 47 3.9 –3.30 (–6.29, –0.31) 2009
Yao 6.2 2.4 27 2.2 1.8 12 4.6 4.00 (2.64, 5.36) 2009
Nogueira 6.7 5.5 24 2 11.5 6 1.3 4.70 (–4.76, 14.16) 2009
Meyer 6.7 6.5 30 0.7 8.1 30 3.5 6.00 (2.28, 9.72) 2009
Traverse 6.1 9.8 30 9.4 10 10 1.9 –3.30 (–10.42, 3.82) 2010
Grajek –2.5 5.6 31 0 7.8 14 3.0 –2.50 (–7.04, 2.04) 2010
Wöhrle 1.8 5.3 28 5.7 8.4 12 2.7 –3.90 (–9.04, 1.24) 2010
Piepoli 8.4 9.2 19 2.2 12.6 19 2.0 6.20 (–0.82, 13.22) 2010
Hirsch 3.8 7.4 67 5.2 5.8 60 4.2 –1.40 (–3.70, 0.90) 2010
Roncalli 1.9 5.2 52 2.2 6.8 49 4.2 –0.30 (–2.67, 2.07) 2011
Traverse 0.5 8.2 55 3.6 9.3 26 3.2 –3.10 (–728, 1.08) 2011
Turan 11 6.1 42 1 6.3 20 3.7 10.00 (6.68, 13.32) 2012
Surder 1.34 8.04 107 –0.4 8.8 60 4.0 1.74 (–0.96, 4.44) 2013
Total (95% Cl)   875   638 74.7 2.10 (0.68, 3.52)
 
Heterogeneity Tau2 = 7.81; Chi2 = 107.30, df = 21 (P <0.00001); I2 = 80%
Test for overall effect: Z = 2.89 (P = 0.004)  Control SC

–20 –10 0 10 20

FIGURE 22-e1 Forest plot of change in left ventricular ejection fraction (LVEF) with bone marrow mononuclear cell transplantation (unadjusted difference in 
mean, 95% confidence interval [CI]). Overall LVEF is increased by +2.10% (95% CI, 0.68 to 3.52; P = .004). df, Degree of freedom. (Modified from de Jong R, et al: Intracoro-
nary stem cell infusion after acute myocardial infarction: a meta-analysis and update on clinical trials. Circ Cardiovasc Interv 7:156−167, 2014; Figure 1.)
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had limitations, including the fact that there was a sig-
nificant baseline difference in LVEF, end-systolic vol-
umes, and end-diastolic volumes between the treated 
and control groups, and that only approximately 60% of 
all patients with acute MI enrolled in cell therapy trials 
were included (because of refusal of several investiga-
tors to participate in ACCRUE), which increased the risk 
of bias in this meta-analysis. Another limitation was that 
ACCRUE included CADUCEUS, which was a study of car-
diosphere-derived cells administered 62 ± 11 days after 
MI. Combining studies of BM cells and cardiosphere-
derived cells and patients with acute MI and subacute MI 
may not be justified.

These conflicting data highlight the need for a large 
phase III RCT. The BAMI trial (NCT01569178) is an ongo-
ing multinational, multicenter, randomized, open-label, 
controlled, parallel-group phase III study funded by the 
European Union. Its aim is to demonstrate that intracoro-
nary infusion of autologous BMMNCs is safe and reduces 
all-cause mortality in patients with reduced LVEF (≤45%) 
after successful reperfusion for acute MI compared with 
a control group of patients treated with standard medi-
cal care. A sample size of 3000 patients was calculated on 
the basis of the results of REPAIR-AMI, and the protocol is 
derived from that study.

Selected Bone Marrow Cells
Because the efficacy of BMMNCs has been increasingly 
questioned by the results of “negative” trials, attention has 
turned to selected BM cell populations, including CD34+, 
CD133+, and MSCs. CD34+ and CD133+ cells are present 
among BMMNCs in small proportions (approximately 1% 
to 2%)34 and are selected out of the BMMNCs by immu-
nomagnetic sorting. CD34+ and CD133+ cells (sometimes 
loosely termed endothelial progenitor cells [EPCs] or 
proangiogenic progenitor cells) are both vasculogenic 
and hematopoietic. CD34 is a surface marker of both 
hematopoietic stem cells and EPCs, and CD34+ cells are 
found both in the BM and in the peripheral blood. There 

is currently no consensus regarding the definition of EPCs, 
which have been identified as cells that express CD34, 
CD133, KDR, or any combination thereof.47 It has been sug-
gested in observational studies that EPCs, including CD34+ 
and CD133+ cells, are mobilized in patients with acute MI, 
and that this phenomenon is correlated with improved 
LVEF and attenuation of adverse LV remodeling.48 In pre-
clinical models, the administration of CD34+ and CD133+ 
cells has been found to enhance cardiac perfusion and 
function by stimulating neovascularization.

Autologous proangiogenic progenitors have been inves-
tigated in the context of acute MI, ICM, and NICM. In the 
open-label REGENT trial, 200 patients with LVEF of less 
than 40% after MI were randomized to BMMNCs, BM CD34+/
CXCR4+ cells, and to control (no treatment) in a 2:2:1 fash-
ion.49 Overall, there was no significant difference among 
the groups with regard to LVEF, LV volumes (assessed by 
CMR), and clinical endpoints at the 6-month follow-up. 
This trial was limited by imbalances in baseline LVEF and 
incomplete follow-up, with paired CMR analysis available 
only in 117 of 200 patients. Importantly, the median num-
ber of cells injected in the CD34+/CXCR4+ group was 1.9 × 
106. This is not dissimilar from the content of CD34+/CD133+ 
cells in the cell product administered in trials that used 
unselected BMMNCs. The question naturally arises as to 
whether higher numbers of proangiogenic cells would be 
beneficial. This was investigated in a small study in which 
31 patients who presented with STEMI were randomized to 
CD34+ cell therapy or control (no treatment).50 In the cell 
therapy group, patients received three escalating doses of 5, 
10, and 15 × 106 cells (5 or 6 patients per cohort). Although 
at the 6-month follow-up there was no difference among the 
groups in terms of LV function, a positive trend was noted 
in favor of the ≥10 million cohorts; in addition, improved 
perfusion was correlated with the quantity and mobility of 
the infused CD34+ cells. The phase II ENACT-AMI double-
blind trial (NCT00936819) is recruiting 100 patients with 
moderate to large STEMIs and assigning them to 3 groups, 
including intracoronary administration of placebo, autolo-
gous blood-derived EPCs (20 × 106), or autologous EPCs 

)%(noitcarfnoitcejenisegnahC
Study or Cell therapy Control Mean difference Mean difference
subgroup Mean (%) SD (%) Total Mean (%) SD (%) Total Weight (%) )%(lC%59)%(lC%59

Aalst 5.2 11.8 19 4.32 13.15 14 2.7 0.88 (–7.81, 9.57) 
ASTAMI 8.06 11.16 50 6.84 9.5 50 8.3 1.22 (– 2.84, 5.28) 
BONAMI 1.19 5.21 47 1.71 6.65 47 13.2 –0.52 (– 2.94, 1.90) 
BOOST 6.66 6.47 30 0.69 8.12 30 9.1 5.97 (2.25, 9.69) 
CADUCEUS 5.03 9.64 17 6.48 4.41 8 5.6 –1.45 (–6.96, 4.06) 
FINCELL 7.18 12.64 34 2.39 10.13 36 5.8 4.79 (–0.60, 10.18) 
LATE-TIME 0.51 8.19 55 3.56 9.34 26 8.0 – 3.05 (–7.24, 1.14) 
REGENT 2.96 11.61 90 –0.27 10.93 32 7.3 3.23 (–1.25, 7.71) 
REPAIR-AMI 5.51 7.28 95 3.01 6.51 92 14.8 2.50 (0.52, 4.48) 
SCAMI –0.69 7.74 22 4.12 10.04 12 4.3 – 4.81(–11.35, 1.73) 
SWISS-AMI 1.34 8.04 107 –0.38 8.78 60 12.2 1.72 (– 0.97, 4.41) 
TIME 3.16 10.34 75 3.27 9.69 37 8.7 – 0.11(– 4.01,  3.79)

Total (95% Cl)   641   444 100.0% 1.15 (–0.38,2.69)

Heterogeneity Tau2 = 3.13; Chi2 = 21.04, df = 11 (P = 0.03); I2= 48%
Test for overall effect: Z = 1.47 (P = 0.14)  Favors control Favors cell therapy

–10 –5 0 5 10

FIGURE 22-3 Forest plot of changes in left ventricular ejection fraction (LVEF) in the ACCRUE patient-level meta-analysis. CI, Confidence interval; df, degree of 
freedom. (From Gyöngyösi M, et al: Meta-Analysis of Cell-based CaRdiac stUdiEs [ACCRUE] in patients with acute myocardial infarction based on individual patient data. Circ 
Res 116:1346–1360, 2015; Fig 4A.)
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transfected with human endothelial nitric oxide synthase 
(20 × 106), to investigate the effects of cell therapy alone or 
in combination with gene therapy on myocardial function 
in patients with MI.

In summary, as is the case for BMMNCs, the effects of 
CD34+ cells and CD133+ cells in patients with acute MI are 
unclear; additional studies will be needed to assess this 
issue.

Mesenchymal Stromal Cells
MSCs are a population of cells of mesodermal origin that exist 
in almost all postnatal organs and connective tissues, includ-
ing BM, adipose tissue, and the heart.51 They give rise to stro-
mal cells such as fibroblasts and to other cells of mesodermal 
origin, such as those found in bone, cartilage, and adipose 
tissue. They have been studied most thoroughly in the BM, 
where they constitute a rare nonhematopoietic population.

MSCs are being increasingly used in clinical trials of 
stem cell therapy because of their favorable characteristics, 
including in vitro stemness features, ease of isolation and 
ex vivo expansion, and a favorable immunoprivileged pro-
file52; the latter characteristic has been exploited particularly 
in studies of stem cells in patients with acute MI. Purportedly, 
MSCs are hypoimmunogenic and immunomodulatory, 
and therefore, capable of evading or even suppressing the 
immune system. They have been used in allogeneic fashion 
in preclinical models and clinical studies without appre-
ciable immune response.53 This behavior is partly because 
they lack expression of the surface structures involved in 
immunogenicity, including MHC class II molecules and co-
stimulatory molecules for T-cell induction, such as CD40, 
CD40 ligand, and the B7 molecules CD80 and CD86. In addi-
tion, MSCs are capable of suppressing the immune response 
by direct cell–cell interactions and release of soluble fac-
tors that inhibit proliferation, maturation, and function of 
various immune cells. As a consequence of these properties, 
the use of allogeneic MSCs does not necessitate concurrent 
immunosuppression,53 and the cells can be used “off-the-
shelf,” which is particularly suitable for acute MI. In addition, 
because of the adverse effects of co-morbidities on stem cell 
function, procurement of cells from a young healthy donor 
may translate into a more efficacious product.

A number of promising preclinical studies have paved 
the way for the use of MSCs in cardiac cell therapy trials.52 
Clinically, MSCs have been used mainly in chronic cardio-
myopathy, but a few studies have also investigated them in 
acute MI. In a phase I randomized, double-blind, placebo-
controlled, dose-escalation, multicenter trial, a total of 53 
patients with first acute MI were randomized in a 2:1 fash-
ion to different doses of allogeneic hMSCs or placebo.54 
Both the treatment and placebo groups exhibited a statisti-
cally significant improvement in LVEF (measured by echo-
cardiography) at 6 months compared with baseline, with 
no difference between the two groups. However, the CMR 
substudy of 34 patients showed that MSC treatment led to 
a significant improvement in LVEF and reverse remodel-
ing compared with placebo.54 A phase II trial of allogeneic 
BM-derived MSCs is planned in patients who present with 
non–ST-elevation MI (NSTEMI) (NCT02277613).

Although the BM is the most common source of MSCs, 
these cells are also procured from other tissues, most nota-
bly, adipose tissue. In the adipose tissue, MSCs are located 
in perivascular niches; the adipose-derived stromal vascular 

fraction is enriched in MSCs 2500-fold compared with freshly 
isolated BMMNCs from the BM. Because of the abundance 
and availability of adipose tissue through liposuction, MSCs 
can be readily harvested in large enough numbers for acute 
administration after STEMI without the need for ex vivo 
expansion; an average of 20 to 40 million MSCs can be iso-
lated and prepared within 2 hours after liposuction from as 
little as 200 g of lipoaspirate.55 These properties make adi-
pose-derived MSCs attractive for use in STEMI patients. The 
APOLLO trial was a double-blind, placebo-controlled study 
that investigated the safety and feasibility of intracoronary 
adipose-derived MSCs in STEMI. Fourteen patients with ante-
rior STEMI were randomized 3:1 to receive either 20 million 
cells (n = 10) or placebo. There was a trend toward improved 
LVEF according to CMR analysis, with a 4.6% increase in the 
treated group from baseline to 6 months (P = NS), whereas 
in the placebo group, LVEF deteriorated by 1.7% (P = .114 for 
the comparison of changes in LVEF in the two groups). In 
the treated group, there was also a 52% reduction in infarct 
size versus baseline (P = .002), whereas in the placebo 
group, infarct size did not differ from baseline. A phase II 
trial using these cells is currently underway (NCT01216995). 
MSCs from other tissues, including bone and placenta, have 
also been studied in the preclinical setting.

Finally, the method for isolating MSCs from the BM aspi-
rate continues to evolve. The traditional method results in 
a somewhat heterogeneous population of immature and 
mature cells, with mixed potential.53,51 To overcome this lim-
itation, attempts have been made to isolate a more homog-
enous and primitive population of cells. It has been shown 
that immunomagnetic isolation of cells based on cell sur-
face markers, such as stromal precursor antigen-1 (STRO-
1) and nontissue specific alkaline phosphatase (STRO-3), 
results in a subset of MSCs that exhibit enhanced stemness 
characteristics, such as clonogenicity, proliferative capacity, 
and trilineage differentiation capacity, as well as a superior 
proangiogenic and cardioprotective paracrine profile com-
pared with plastic adherent MSCs.56,57 After encouraging pre-
clinical studies in large animal models,58 STRO-3–selected 
MSCs are being tested in a phase II, placebo-controlled RCT, 
the ongoing AMICI trial (NCT01781390), which is random-
izing 225 patients with anterior STEMI. Another approach to 
arrive at a more potent cell population is to treat cells with 
a cocktail of growth factors and cytokines to “prime” them 
toward cardiopoiesis, a process termed lineage guidance.59 
So far, these cardiogenically oriented MSCs have been inves-
tigated clinically in the context of ICM, but not acute MI; 
phase II studies are underway.59

In summary, MSCs are a promising cell population for 
cardiovascular therapy. Advantages include ease of procure-
ment and expansion, possibility of allogeneic treatment, 
and encouraging preclinical and clinical results. Their use 
in the setting of acute MI is being investigated in ongoing 
trials, which, along with studies performed in the context of 
ischemic cardiomyopathy, should shed further light on the 
therapeutic potential of these cells.

ROUTES OF CELL DELIVERY

The methods used for cell delivery are of immense impor-
tance for any successful clinical cell therapy. Important 
considerations in choosing a cell delivery method include 
safety of cell administration, cell retention, uniformity of cell 
distribution, and efficiency of engraftment in the scarred 
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myocardium (Table 22-2). Cells can be administered sys-
tematically through the intravenous route or locally. Local 
administration can be done via intracoronary infusion, 
percutaneous transendocardial injection, or transepicar-
dial injection at the time of bypass surgery (Figure 22-4). 
Another less common method of delivery includes the sur-
gical placement of in vitro manufactured cell sheets, some 
of which are impregnated with cytokines and growth factors 
to improve survival and/or differentiation. Thus far, all deliv-
ery routes have proven to be safe, but these delivery routes 
have also been plagued with poor cell retention and sur-
vival. Identifying the optimal cell delivery method that can 
ensure acceptable cell retention and survival is one of the 
major current challenges in cell-based therapy. This problem 
has been the focus of much attention in the bioengineering 

community. Multiple types of injectable scaffolds have been 
tested to improve cell retention, survival, and functional inte-
gration60; however, these scaffolds are not yet ready for clini-
cal testing and will require additional research.

Intravenous Delivery
Intravenous delivery of stem cells is particularly appealing 
because of the ease of administration. The major problem is 
that cells become trapped in the pulmonary microcircula-
tion, and a negligible fraction of cells homes to the heart. 
Preclinical studies have shown that the cardiac homing of 
intravenously injected stem cells is close to zero. So far, only 
one clinical trial has delivered cells (MSCs) intravenously54 
(the rationale was that MSCs, by virtue of their size, may 

TABLE 22-2 Advantages and Disadvantages of the Intracoronary and Transendocardial Delivery Modes of 
Stem Cells

CHARACTERISTICS INTRACORONARY INFUSION TRANSENDOCARDIAL INJECTION

Duration of the procedure Shorter Longer

Cost No additional cost beyond standard cardiac catheterization Expensive, secondary to the use of the intramyocardial diagnostic 
and injection catheters

Required skills Not beyond routine cardiac catheterization Steep learning curve for the use of the intramyocardial catheter 
and injection system

Safety profile Minimally invasive. Standard cardiac catheterization risk 
profile. May need multiple balloon inflations in stop-flow 
technique

Minimally invasive. Standard cardiac catheterization risk and 
risk of myocardial perforation, hemopericardium, and cardiac 
tamponade

Selectivity to the infarct 
region

Relatively selective by injecting cells down the infarct-related 
artery. Dependent on homing signal for accumulation of 
cells in the infarct territory.

Selective by injecting cells around the scar

Distribution of cells Homogenous within the infused bed Not homogeneous; cells are clustered around the injection site

Feasibility Not feasible with chronic total occlusion Feasible in all patients

No. of administered cells Practically unlimited for BMMNCs; limited for MSCs and CPCs Practically unlimited for all cell types

Cell retention Poor Poor; higher initial retention than intracoronary infusion

Time point for cell 
administration after MI

Can be done within hours after reperfusion therapy Earliest time used so far after acute MI is 10 days

BMMNCs, Bone marrow mononuclear cells; CPCs, cardiac progenitor cells; MI, myocardial infarction; MSCs, mesenchymal stromal cells.

Intravenous

Balloon
catheter

Intracoronary

CFX

LAD

RCARCA

Transcoronary
sinus

Transendocardial

Intramyocardial

Epicardial
collagen/stem cell patchA B

FIGURE 22-4 (A) Intracoronary and (B) intramyocardial transplantation methods in heart disease. The clinically used methods for vascular and myocardial cell delivery in 
cardiac intervention and cardiac surgery. CFX, Circumflex artery; LAD, left anterior descending artery; LV, left ventricle; RCA, right coronary artery. (From Strauer BE, Steinhoff G: 
10 Years of intracoronary and intramyocardial bone marrow stem cell therapy of the heart: from the methodological origin to clinical practice. J Am Coll Cardiol 58:1095–1104, 
2011; Figure 1. )
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cause microcirculatory obstruction if given intracoronarily). 
Surprisingly, the results of this study were encouraging, and 
a phase II trial (NCT00877903) of intravenously delivered 
MSCs is underway.

As mentioned previously, observational studies have indi-
cated that mobilization of EPCs and CD34+ cells after acute 
MI is correlated with improved LV function and remodeling, 
supporting the hypothesis that systemic induction of circu-
lating progenitor cells after acute MI may be associated with 
favorable outcomes.48 In the STEM-AMI trial, 60 patients with 
a first anterior STEMI and an echocardiographic LVEF of 
≤45% after successful revascularization were randomized to 
granulocyte-colony stimulating factor (G-CSF) or placebo.61 
There was no difference between the two groups in terms of 
LVEF either at 6 months or at 3 years. In a head-to-head com-
parison of systemic (intravenous) G-CSF versus placebo in 
86 patients with LVEF less than 45% after anterior STEMI,62 
G-CSF therapy was associated with a significantly lower LVEF 
relative to placebo at 6 months. However, in a meta-analysis 
of 14 randomized trials of G-CSF versus placebo (N = 566), 
there was no difference with respect to LVEF or clinical out-
comes, even in the subset of patients with baseline LVEF of 
less than 45%. In summary, current evidence suggests that 
mobilization of stem and/or progenitor cells with G-CSF is 
not an effective modality for cell therapy.

Intracoronary Delivery
The most common delivery route for cell therapy in preclini-
cal and clinical studies of acute MI is the intracoronary route. 
This is particularly true for BM cells; in almost all trials, these 
cells have been administered intracoronarily. Conversely, MSCs 
have been delivered mostly by transendocardial injection, 
although some studies are ongoing with intracoronary admin-
istration of MSCs (e.g., RELIEF, NCT01652209). Advantages of the 
intracoronary route include selectivity relative to the infarct 
region, more uniform distribution of cells in the target region, 
simplicity of the procedure, availability in virtually every hos-
pital, relatively short procedure time, minimal invasiveness, 
and low cost (see Table 22-2). The safety of intracoronary 
infusion of BM cells (up to 300 million) and cardiac-derived 
cells (up to 25 million) has been demonstrated repeatedly. In 
contrast, there still exist important safety concerns with intra-
coronary injection of MSCs. Using an ovine model, Grieve 
and colleagues demonstrated that intracoronary administra-
tion of 25 million MSCs was safe, but that administration of  
75 million cells was associated with biochemical and histo-
logical evidence of MI.63 Similarly, dose-dependent ST-segment 
elevation has been shown in a canine model with intracoro-
nary administration of MSCs.64 The average size of MSCs and 
BMMNCs is approximately 21.0 ± 3.3 μm and 8.6 ± 1.8 μm, 
respectively. At 7 to 10 μm, the typical capillary luminal diam-
eter is smaller than the average-sized MSCs, likely expounding 
the findings in the aforementioned studies.

Another important issue pertaining to the intracoronary 
route is whether to use the stop-flow technique (balloon 
inflation) at the time of infusion. The rationale for balloon 
inflation is that stopping coronary flow may facilitate mar-
ginalization of the injected cells and their migration through 
the endothelium into the adjacent tissue. Typically, a cath-
eter balloon is inflated for 2 to 3 minutes while the cells are 
infused via the central lumen of the catheter; this process is 
usually repeated multiple times. Although most clinical tri-
als performed to date have used the stop-flow technique, this 

method entails the risk of coronary dissection. The serious-
ness of this complication (particularly in nonstented coro-
nary segments) warrants studies aimed at determining the 
need for balloon inflation. We have recently addressed this 
question in a swine model of chronic infarction, and found 
that there was no difference between balloon inflation and 
no balloon inflation in terms of cell retention at 24 hours. 
This finding has important implications in terms of lower-
ing the risk of complications in clinical trials in which cell 
therapy is administered by intracoronary infusion.

Intramyocardial Injection
Direct intramyocardial injection can be performed either by 
the transepicardial approach during thoracotomy, or by the 
transendocardial route through left heart catheterization. To 
perform transendocardial injection, a special LV mapping 
catheter is used to generate a three-dimensional electrome-
chanical map of the LV by recording electrical signals from 
the endocardial surface (Figure 22-e2); the goal is to discern 
viable myocardium from scar tissue based on unipolar sur-
face voltages. Cell injection to the scar border is then per-
formed using the injection catheter, which is equipped with 
a protruding retractable needle at the tip. The advantage of 
intramyocardial injection is that it obviates the need for hom-
ing signals, because cells are delivered directly to the target 
myocardium where they are required. Although early cell 
attrition is still considerable, preclinical studies have shown 
that direct injection is superior to intravenous and intracoro-
nary delivery with regard to cell retention. The disadvantages 
include longer duration of the procedure, higher cost, a steep 
learning curve of the operator, lack of familiarity on the part 
of interventional cardiologists (in cases of percutaneous 
injection), and risk of myocardial perforation, especially in 
the setting of freshly infarcted, friable tissue in patients with 
acute MI (see Table 22-2). Consequently, intramyocardial 
injection has mostly been used in the context of cardiomy-
opathy, although injection in the peri-infarct myocardium 
has been performed in both preclinical and clinical studies 
of MI.23,65

There has never been a head-to-head clinical compari-
son of intracoronary versus intramyocardial injection in the 
setting of acute MI. Two trials compared these delivery meth-
ods in HF patients, but reported dissimilar results.66,67

In summary, the experimental data regarding myocardial 
cell retention with different routes of delivery are not entirely 
consistent and may vary depending on the cell type used. 
The preponderance of the evidence indicates that short-
term cell retention is higher after transendocardial injection 
rather than after intracoronary infusion. In the previously 
conducted clinical trials, BM and peripheral blood–derived 
cells (except for MSCs) have been administered mostly by 
the intracoronary route. In the setting of acute MI, BM cells 
have been usually injected into the infarct-related coronary 
artery. In contrast, MSCs have been delivered mostly through 
transendocardial injection.

MECHANISM OF ACTION OF CELL THERAPY

The mechanism(s) responsible for the salutary effects 
of adult stem and/or progenitor cells in preclinical and 
clinical studies remain unclear, and have been a matter 
of much debate and controversy. Three main mechanisms 
have been proposed: (1) differentiation of transplanted 

ctgov:NCT00877903
ctgov:NCT01652209


Stem
 C

ell Th
erap

y in
 Patien

ts w
ith

 M
yo

card
ial In

farctio
n

269.e1

22

A B

C D

Septal Septal

Anterior Anterior

Lateral Lateral

Posterior Posterior

FIGURE 22-e2 Unipolar voltage and local linear shortening (LLS) maps with the corresponding two-dimensional quantitative polar maps. (A) NOGA-generated 
three-dimensional unipolar voltage and (B) LLS maps, and their corresponding (C and D) two-dimensional polar maps. Red indicates the normally low unipolar voltage values 
at the heart base (mitral valve area) with concomitant loss of electrical activity at the basal septal and anterior regions, and akinesia in the entire septal wall and partial akinesia 
in the anterior wall. Blue indicates a normal voltage signal (normal myocardium), whereas green and yellow indicate decreased viability and wall motion at the infarct border 
zone. The obvious discrepancy between viable myocardium and severe wall motion disturbance in anteroseptal areas suggests the presence of hibernating myocardium. Brown 
points represent the locations of the NOGA-guided intramyocardial injections at the border zone of infarction, in diaphragmal septal areas. RAO, Right anterior oblique. (From 
Gyöngyösi M, Dib N: Diagnostic and prognostic value of 3D NOGA mapping in ischemic heart disease. Nat Rev Cardiol 8:393–404, 2011; Figure 1.)
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cells into new cardiomyocytes; (2) differentiation of trans-
planted cells into new vessels; and (3) the paracrine effect 
(Figure 22-5). The first two mechanisms were initially 
believed to account for the therapeutic actions of cell ther-
apy, but it is now clear that the contribution of stem cell dif-
ferentiation to the improvement in cardiac function seen in 
preclinical and clinical studies is negligible. Earlier reports 
of (trans)differentiation of BM cells and MSCs into mature 
cardiomyocytes have not been corroborated.3 Most stud-
ies that claimed formation of new cardiomyocytes from 
transplanted cells only reported immature phenotypes. In 
the case of BM cells, some studies suggested that fusion 
of these cells with resident cardiomyocytes might explain 
their beneficial effects, but this, too, has not been corrobo-
rated. An overarching argument against differentiation 
of transplanted cells as a mechanism of improvement is 
that the retention of transplanted cells (regardless of their 
nature) in the recipient heart is extremely poor, such that 
the number of remaining cells, even if all of them (trans)
differentiated into cardiomyocytes, would not be sufficient 
to account for the beneficial effects observed.68 Regarding 
vasculogenesis, differentiation of transplanted cells into 

new blood vessels has been reported with various cells, 
including MSCs and EPCs,69 and it has been proposed that 
new vessel formation may lead to salvage of cardiomyo-
cytes in the region at risk. Although it is possible that this 
phenomenon accounts for some of the beneficial effects 
of cell-based therapy, it is difficult to envision how it could 
be a major mechanism in patients with ischemic heart dis-
ease who have undergone successful coronary revascular-
ization and have little or no hibernating myocardium.

Because of these facts, the paradigm has shifted from 
the aforementioned mechanisms to the paracrine theory, 
which postulates that most of the improvement following 
cell delivery is attained through signals (cytokines, che-
mokines, growth factors, exosomes, microparticles, and so 
on) that are released in a paracrine fashion by the trans-
planted cells and modify the adjacent cells and matrix of 
the recipient heart. These paracrine signals may promote 
a number of restorative processes, including activation of 
endogenous CPCs (resulting in myocyte regeneration), 
neovascularization, inhibition of apoptosis, inhibition of 
hypertrophy, and favorable alterations of the extracellular 
matrix.3

Injection of stem cells

Attenuated LV
remodeling

Improved cardiac
function

Enhanced perfusion

Improved functional
capacity

Activation of
endogenous
progenitors

Differentiation into
cardiomyocytes

Differentiation into
vascular smooth

muscle cells

Differentiation
into endothelial

cells

Inhibition of
apoptosis

Extracellular matrix
remodeling

Neovascularization

FIGURE 22-5 Potential mechanisms of action of stem cells. Implantation of stem cells in the injured heart initiates myocardial repair via several direct and indirect mecha-
nisms: activation of endogenous precursors, differentiation into cardiac and vascular cells, promotion of neovascularization, favorable modulation of the extracellular matrix, and 
inhibition of apoptosis. Together, these events reduce adverse cardiac remodeling and hypertrophy, increase perfusion, and improve cardiac function, leading to improvement 
in clinical status. LV, Left ventricular. (From Sanganalmath SK, Bolli R: Cell therapy for heart failure: a comprehensive overview of experimental and clinical studies, current chal-
lenges, and future directions. Circ Res 113:810–834, 2013; Figure 3.)
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In support of the paracrine theory, a study by Tang and 

colleagues found that exogenous CPCs increased viable 
myocardium in the risk region, reduced infarct size, and 
improved LV performance in a rat model of ICM despite 
the fact that the transplanted cells had almost disap-
peared from the recipient heart.70 The salubrious effects 
of exogenous CSCs were associated with activation of 
endogenous CPCs in both the infarcted and noninfarcted 
regions.70 Activation of endogenous CPCs has also been 
demonstrated after adoptive transfer of MSCs in a swine 
model of acute MI, in which intramyocardial injection of 
MSCs resulted in a 20-fold increase in endogenous c-kit+ 
CPCs in MSC-treated animals versus controls.71 Reduction 
of apoptosis may also be part of the paracrine actions of 
transplanted cells. For example, MSCs have been shown 
to reduce apoptosis in models of acute MI.72 Finally, para-
crine factors released by transplanted stem cells may alter 
the extracellular matrix and influence postinfarction LV 
remodeling in a favorable manner. As mentioned previously, 
MSCs have been shown to reduce fibrosis and scar mass, in 
addition to increasing viable mass, in a number of clinical 
trials. A similar effect has also been shown with BMMNCs, 
albeit inconsistently. The mechanism underlying this effect 
is likely complex, and may include diminished expression 
of proinflammatory cytokines (e.g., tumor necrosis factor-α 
and interleukins-1α and -6) and modification of matrix 
metalloproteinases that are intimately involved in regulat-
ing LV remodeling.72

UNMET CHALLENGES IN SUCCESSFUL 
TRANSLATION OF CELL THERAPY  
AND FUTURE DIRECTIONS

An enormous amount of basic, preclinical, and clinical 
work related to cell therapy has been performed in the last 
15 years, including more than 100 clinical trials. Phase III 
RCTs are already underway using BMMNCs in acute MI and 
MSCs in cardiomyopathy. By now, the safety of cell therapy 
has been well established across different cell types, doses, 
and routes of administration. Nevertheless, many unresolved 
issues remain that need to be answered before cell therapy 
can be applied in clinical practice. Among the most impor-
tant unresolved issues are the following (Table 22-3). What is 
the most efficacious cell type? What is the optimal dose or 
range of doses? In the case of acute MI, when is the optimal 
time to administer cells? Is combined cell therapy superior 
to single cell therapy? Are repeated administrations of cells 
superior to single administration? What is the most appropri-
ate route of administration?

Cell Type
Few studies have attempted to compare different cell 
types.3 Such experiments are complicated even at the pre-
clinical level, because before attempting a comparison 
between two different cell types, the optimal cell dose for 
each cell type first has to be defined through a dose-esca-
lation study; merely comparing an arbitrary dose of one 
cell type against another would not be sufficient. At the 
preclinical level, there is evidence that the combination of 
two cell types may be superior to single cell therapy. In a 
proof-of-concept study that combined human MSCs and 
c-kit+ CPCs in a swine model of MI, the combination ther-
apy resulted in greater scar size reduction and a seven-fold 

greater engraftment of stem cells compared with either of 
these cell types alone.73

Cell Dose
Dose-escalation studies should be done for every cell type 
that is being tested for clinical translation. Few studies have 
attempted to address this question, and this has mostly been 
done at the preclinical level. The results have often been 
incongruent between different studies or between pre-
clinical and clinical studies.3 In one clinical study of allo-
geneic MSCs in the context of acute MI, no difference was 
reported between different doses54; a larger study is planned 
(NCT00877903). As for BMMNCs in acute MI, there is a con-
spicuous lack of data, although, realistically, further clinical 
work on BMMNCs will depend on the result of the BAMI trial 
(that is, a negative result of the BAMI trial would likely render 
BMMNCs obsolete in cardiac regeneration studies). Another 
unexplored issue is whether administering multiple doses of 
cells could be advantageous as opposed to one dose of cells. 
The ongoing RELIEF trial (NCT01652209) is attempting to 

TABLE 22-3 Ongoing Challenges and Future 
Opportunities for Cell Therapy after Acute 
Myocardial Infarction

CHALLENGES
OPPORTUNITIES AND FUTURE 
DIRECTIONS

Low cell retention Improvement in delivery systems:
 a.  New injection catheters
 b.  Bioscaffolds, patches, and 

tissue engineering
 c.  Use of magnetic fields and 

magnetically labeled cells

Suboptimal cell viability and 
function in vivo

Optimization of cell product:
 a.  Purity of isolation (e.g., 

immunoselection)
 b.  In vitro modifications
	 •	 	Preconditioning	with	drugs,	

cytokines
	 •	 	Functional	modification/

enhancement by gene therapy
	 •	 	Lineage	commitment
Allogeneic therapy
Combination cell therapy

Uncertain mechanism of action Mechanistic studies with molecular 
biology techniques, cell imaging, 
and so on

Key unresolved questions:
	 •	 	Optimal	cell	type
	 •	 	Single	vs.	combined	cell	

types
	 •	 	Optimal	dose
	 •	 	Optimal	timing
	 •	 	Single	vs.	repeat	

administration
	 •	 	Optimal	delivery	route

In vivo and in vitro comparison studies

Lack of standardization of trials Rigorous trial design:
	 •	 	Multicenter
	 •	 	Randomized,	double	blind	

(placebo-controlled)
	 •	 	Conservative	sample	size	

calculation/large sample size
	 •	 	Meaningful,	uniformly	defined,	

reproducible clinical endpoints 
with core laboratory analysis

Standardization of techniques for cell 
isolation and processing

ctgov:NCT00877903
ctgov:NCT01652209
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assess the effect of single versus double doses of autologous 
MSCs in patients with acute MI and LVEF of less than 45%.

Cell Retention
Poor cell retention has plagued cell-based therapy regard-
less of the type of cell used and likely limits the benefits of 
therapy.74,75 Therefore, to optimize therapeutic benefits, it is 
imperative to implement strategies that improve cell hom-
ing, survival, and engraftment in the hostile infarcted and/or 
ischemic environment. Several approaches are under inves-
tigation, including ex vivo pretreatment of cells (genetic 
modifications; physical or pharmacological precondition-
ing), tissue engineering approaches, such as cardiac patches 
(i.e., in vitro–engineered sheets of myocardial tissue), and 
injectable scaffolds, which limit adverse remodeling or 
act as vehicles to support the delivery of cells and other 
therapeutics.60 These scaffolds can also be impregnated 
with cytokines and growth factors to promote cell survival, 
engraftment, and differentiation and activate the endog-
enous progenitor pool.

Timing of Cell Therapy
An important, yet unanswered question in cell therapy for 
ischemic heart disease is the timing of treatment; that is, 
whether patients should be treated in the setting of acute 
MI (and how soon after MI) or chronic ischemic cardiomy-
opathy. There are theoretical considerations in support of 
different approaches. It has been suggested that the stronger 
homing signals present after acute MI facilitate cell engraft-
ment and attract the injected cells to the injured myocardium. 
Acute MI produces a global inflammatory reaction associ-
ated with increased local production of chemoattractants, 
including SDF-1 and G-CSF, in the ischemic myocardium, and 
neural and humoral signals that promote the egress of stem 
and/or progenitor cells from the BM.48 It is now appreciated 
that hematopoietic stem cells, EPCs, MSCs, proangiogenic pro-
genitor cells, and pluripotent very small embryonic-like cells 
are rapidly mobilized in the blood in the setting of acute MI,76 
although the contribution of these cells to myocardial repair 
is unclear. In this context, administration of exogenous cells 
may be efficacious by leveraging the chemoattractants and 
cytokines and/or growth factors associated with acute MI. In 
contrast, it has been argued that the acutely infarcted myocar-
dium constitutes a hostile environment for the transplanted 
cells and adversely affects their survival. As mentioned pre-
viously, a subset analysis in the REPAIR-AMI study suggested 
that treatment should be delayed until 5 days from the onset 
of acute MI for the cells to be effective27; however, subsequent 
trials in which cells were given 5 days or later have found no 
effect (see Table 22-3).

Trial Endpoints
In addition to the preceding fundamental questions, there 
are other issues in need of attention. For example, thus far, 
LVEF has been the surrogate endpoint of choice in phase I 
and II trials of cell-based therapy. Although a study powered 
to detect improvement in hard clinical outcomes will even-
tually be required for clinical translation of any cell-based 
therapy, the suitability of LVEF as the surrogate outcome 
of choice in phase I and II studies has been questioned. 
A significant amount of reverse LV remodeling has been 

observed in clinical and preclinical studies of cell therapy 
that, although clinically significant, may not be large enough 
to be reflected in LVEF.77 Thus, it seems appropriate to use 
indexes of regional function and LV remodeling (including 
LV volume, scar size and mass, and strain analysis) in addi-
tion to parameters of global function such as LVEF. CMR, 
with its unique capabilities to quantify all of the previous 
parameters, is best suited for this purpose and has become 
the standard technique used in clinical trials of cell-based 
therapy that are not powered for clinical endpoints (see 
Chapter 33).

SUMMARY

Only a few years ago, the mere suggestion that a therapy may 
regenerate myocardial tissue would have been considered 
science fiction. Notwithstanding the many unresolved mecha-
nistic, pathophysiological, and practical issues, it is important 
to keep a historical perspective and remember that tremen-
dous progress has been made in a relatively short time. What 
we know after 15 years of research on cell therapy in acute MI 
is the following: (1) at the preclinical level, several cell types 
have been consistently effective in improving LV function and 
remodeling in a variety of experimental models of post-MI 
cardiomyopathy; (2) all clinical trials in patients with acute MI 
have found cell therapy to be safe; and (3) some trials have sug-
gested that cell therapy is beneficial, whereas other trials have 
not. The reason(s) for this discrepancy is unknown; however, 
the discrepancy is not surprising considering the following: 
(1) many clinical trials performed so far have been small and 
underpowered, and some have not been well designed; (2) cell 
therapy is a novel treatment, and we still do not know how best 
to use it; specifically, we do not know the optimal cell type(s), 
dose, route, timing, and frequency of administration; and (3) 
unlike pharmacologic therapies, the quality of the cell product 
is highly variable from one laboratory to another, because they 
are affected by a myriad of conditions (known and unknown) 
used during cell isolation and expansion. In view of our lack 
of knowledge regarding the use of cell therapy, it is remarkable 
that beneficial effects have been observed in some clinical 
trials. It seems reasonable to assume that a better understand-
ing of the preceding issues may enhance the efficacy of cell 
therapy. The current uncertainty will not be resolved by sur-
rendering to therapeutic nihilism; it will only be resolved by 
conducting rigorous, large-scale, rationally designed, RCTs to 
conclusively determine whether cell therapy is efficacious in 
patients with acute MI.
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section iV

In-HospItal ComplICatIons and 
assessment

INTRODUCTION

There has been a major decline in the incidence of  myocardial 
infarction (MI) in the developed world, with the proportion 
of ST-elevation MI (STEMI) decreasing and the proportion of 
non–ST-elevation MI (NSTEMI) increasing (see Chapter 2).1 
As survival following MI improves, more survivors are candi-
dates for recurrent events, including recurrent MI. However, the 
incidence of recurrent MI in the community has fallen, with a 
similar magnitude as the decline in incident MI.2 In addition to 
improvements in secondary preventive pharmacotherapy, the 
shift toward invasive evaluation and management of the initial 
MI has contributed to this reduction in subsequent recurrent 
ischemic events. For example, in patients with STEMI, recur-
rent MI is less frequent after primary  percutaneous coronary 
intervention (pPCI) (see Chapter 17) than after fibrinolysis, 
with in-hospital rates being approximately 2.0% versus 4.0%; 
readmission rates with recurrent MI at 1 year are approximately 
4.8% and 9.6%, respectively.3

Other changes in clinical practice have also affected the 
epidemiology of recurrent MI, with competing directions. MI 
event rates are sensitive to changes in MI definitions, and 
after the introduction of the Universal Definition of MI in 
2000,4 the epidemiology of MI has continued to evolve (see 
Chapter 1). Moreover, the use of biomarkers with increased 
sensitivity (e.g., high-sensitivity troponin assays)5 have greatly 
increased the detection of MI (see Chapter 7). Increased use 
of revascularization will increase the incidence of peripro-
cedural MIs. At the same time, the frequency of recurrent MI 
may be underestimated because patients dying from recur-
rent MI may be classified as experiencing sudden death.

DETECTION OF RECURRENT ISCHEMIA AND 
INFARCTION

Recurrent Ischemia Without Infarction
Recurrent ischemia after presentation with an acute coro-
nary syndrome (ACS) portends an unfavorable outcome 
and has major implications for use of health care resources. 
Ischemic symptoms at rest carry a worse prognosis than 
ischemia with exercise. In the thrombolytic era, in the GUSTO 
(Global Utilization of Streptokinase and Tissue Plasminogen 
Activator for Occluded Coronary Arteries) IIb fibrinolytic 
trial, recurrent ischemia occurred in approximately 23% of 
patients with STEMI and 35% of patients with NSTEMI.6

Refractory ischemia, which was defined as symptoms of 
ischemia for 10 minutes with ST-segment deviation or defi-
nite T-wave inversion, and/or new hypotension, pulmonary 
edema, or cardiac murmur believed to represent myocardial 
ischemia (despite the use of nitrates and either β-blocker or 
calcium channel blockers), occurred in approximately 20% 
of patients with ischemia. Refractory ischemia was associ-
ated with an approximate doubling of 30-day mortality 
among patients with ST-segment elevation (11.8 % vs. 5.4%; 
P < .001) and an even greater mortality risk among patients 
without ST-segment elevation (12.0% vs. 2.7%; P < .001).

Most ischemia is silent, and can be detected on 24-hour 
continuous electrocardiographic (ECG) monitoring. The 
frequency and duration of silent ischemia has a direct 
relationship to prognosis.7 Several studies that used 
continuous ST-segment monitoring showed that 15% to 
30% patients with NSTE-ACS had transient episodes of 
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ST-segment changes.8 These patients had an increased risk 
of subsequent cardiac events, including cardiovascular 
death. ST monitoring has been shown to add independent 
prognostic information to the ECG, troponins, and other 
clinical variables.8,9

In the MERLIN–TIMI 36 (Metabolic Efficiency With 
Ranolazine for Less Ischemia in Non–ST-Elevation Acute 
Coronary Syndrome–TIMI 36) trial, continuous ECG 
recording was performed for 7 days in 6355 patients with 
NSTE-ACS; 42% of the patients underwent revasculariza-
tion during the index hospitalization.8 Patients with ≥1 
episode of ischemia (20%) during the first 7 days were 
at increased risk of cardiovascular death (7.7% vs. 2.7%; 
P < .001), MI (9.4% vs. 5.0%; P < .001), and clinically mani-
fested ischemia (17.5% vs. 12.3%; P < .001) over the fol-
lowing year.

With early invasive evaluation and management of MI, the 
incidence of early recurrent ischemia has decreased sub-
stantially. Among patients with STEMI in the PAMI (Primary 
Angioplasty in Acute Myocardial Infarction) study,10 recur-
rent ischemia was significantly less frequent in patients 
who had reperfusion with pPCI (10.3%) than in those who 
received fibrinolytic therapy (28.0%). Similarly, a major effect 
of early invasive management for NSTEMI is the reduction in 
recurrent ischemic events (see Chapter 16).

Because of the adverse prognosis of recurrent ischemia, 
clinical practice incorporates the performance of serial 
ECGs, monitoring for recurrent ischemic symptoms, and 
in some centers, continuous ST-segment monitoring. Many 
STEMI and NSTEMI patients are discharged 3 to 4 days after 
they have undergone an invasive strategy with pPCI or a 
pharmacoinvasive strategy with stenting of the culprit and 
often nonculprit lesions, either at initial angiography or sub-
sequently. In patients who have typical ischemic pain at rest, 
a stress test is not necessary to define the need for additional 
therapy. A test for inducible ischemia may be considered in 
patients who are not fully revascularized before hospital 
discharge to help determine whether coronary angiography 
should be performed and revascularization, as appropriate, 
should be undertaken (see Chapter 30).

Diagnosis of Recurrent Myocardial 
Infarction
Classification of Recurrent Myocardial Infarction
The criteria for the diagnosis of MI according to the Third 
Universal Definition of MI are discussed in Chapter 1 and 
shown in Table 1-2. MIs are a heterogeneous group of events 
and are classified by the Universal Definition of MI into five 
types that differ according to pathophysiology, prognosis, 
and treatment (Table 1-4).11,12 The diagnosis of the initial MI 
is discussed in Chapter 1, Chapter 6, and Chapter 7. This sec-
tion focuses on the diagnosis of recurrent MI as a complica-
tion in patients who have presented with an initial MI event.

Spontaneous Myocardial Infarction
Spontaneous MIs (type 1) are the most commonly observed 
MIs in clinical practice,13–15 and they are also the most 
 common type of recurrent MI during the long-term. Clinical 
judgment is required to distinguish type 2 (supply–demand 
imbalance) MIs from type 1 MIs by taking into account the 
contribution of increased myocardial demand and decreased 
supply and the likely absence of acute plaque rupture based 
on all of the clinical information available (see Figure 1-3).16

Myocardial Infarction Related to Percutaneous  
Coronary Intervention (Type 4a)
Myocardial necrosis associated with PCI is a frequent cause 
of early recurrent MI and may be caused by several mech-
anisms, including distal embolization of plaque and/or 
thrombus with resultant microvascular plugging, occlusion 
of a side branch or a major coronary artery, coronary dissec-
tion, spasm, or endothelial dysfunction.17 The association 
between type 4a MI and mortality is controversial and less 
important than spontaneous MI.13–15

Myocardial Infarction Caused by Stent  
Thrombosis (Type 4b)
Stent thrombosis after PCI for STEMI and NSTEMI is an infre-
quent but medically important event because of its adverse 
prognosis. This risk is higher with drug-eluting stents (DES) 
than with bare metal stents, and is associated with MI and 
death. MI may also occur that is unrelated to the stent.18 
The risk of stent thrombosis is less with the new generation 
DES,19 and the risk is approximately 50% lower than with the 
first-generation DES.

Myocardial Infarction with Coronary Artery Bypass 
Grafting (Myocardial Infarction Type 5)
During coronary artery bypass grafting (CABG), numerous 
factors can lead to periprocedural myocardial injury with 
necrosis. These include direct myocardial injury from (1) 
suture placement or manipulation of the heart, (2) coronary 
dissection, (3) global or regional ischemia related to inad-
equate intraoperative cardiac protection, (4) microvascular 
events related to reperfusion, (5) myocardial injury induced 
by oxygen free radical generation, or (6) failure to reperfuse 
areas of the myocardium that are not subtended by graft-
able vessels. Magnetic resonance imaging studies suggest 
that most necrosis in this setting is not focal, but diffuse and 
localized in the subendocardium.20

Recurrent Myocardial Infarction and the 
Electrocardiogram
The ECG diagnosis of suspected recurrent MI following the 
initial MI may be confounded by the initial evolutionary ECG 
changes. Recurrent MI should be considered when ST-segment 
elevation of more than 0.1 mV recurs, or new pathologic Q 
waves appear, in at least two contiguous leads, particularly when 
associated with ischemic  symptoms for 20 minutes or longer. 
In the presence of persistent ST-segment elevation (failed reso-
lution of ST-segment elevation because of impaired microvas-
cular flow) early after reperfusion, detection of reinfarction 
by ECG alone is difficult and requires consideration whether 
there has been a proportional increase since the preceding 
ECG, together with clinical symptoms of ischemia. Coronary 
angiography to detect reocclusion is sometimes necessary in 
such cases to resolve uncertainty. However, reelevation of the 
ST-segment can also be seen in threatened myocardial rupture 
and the presence of a left ventricular aneurysm, and should 
lead to consideration of these alternatives.

Biomarkers and Recurrent Myocardial Infarction
Because of persistent elevation of biomarkers of necrosis in 
the first days to weeks after a large initial MI, the diagnosis of 
recurrent MI can be challenging and is dependent on iden-
tifying a dynamic pattern of biomarker values separate from 
the initial MI, rather than simply elevation above the 99th per-
centile alone. In patients in whom recurrent MI is suspected 
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from clinical signs or symptoms following the initial MI, an 
immediate measurement of troponin is recommended. A 
second sample should be obtained 3 to 6 hours later if the 
troponin level is elevated, but stable or decreasing at the time 
of suspected recurrent MI. Recurrent MI can be diagnosed if 
there is a more than 20% increase of the contemporary tro-
ponin value in the second sample. Two troponin values are 
considered to be analytically different if they are separated by 
more than 3 SDs of the variance (see Chapter 7).11 For most 
contemporary non–high-sensitivity troponin assays, the SD is 
5% to 7% at the levels involved with recurrent MI. Therefore, a 
20% change should be considered significant (i.e., more than 
3 SDs than expected from the analytical variability itself). This 
value should also exceed the 99th percentile upper reference 
limit (URL). If the initial troponin concentration is normal, the 
criteria for diagnosing a new acute MI apply (see Chapter 7).

Comparison of Different Definitions of  
Myocardial Infarction
In the OAT (Occluded Artery Trial) study, the OAT definition 
for the diagnosis of recurrent MI required two of three crite-
ria: symptoms, the ECG, and an elevation of biomarkers. The 
ECG requirements were new Q waves >0.03 s and/or Q-wave 
voltage >1⁄3 QRS in >2 related leads on ECG.21 The biomarker 
criteria included a ≥2-fold elevation for type 1 MI, a ≥3-fold 
elevation for type 4a, and a ≥5-fold elevation for type 5 infarc-
tion. The 2007 Universal Definition had similar criteria for 
type 4a and type 5 MI, but this definition had a lower thresh-
old for type 1 MI based on any biomarker elevation above the 
upper limit of normal (ULN).11 Consequently, more MIs were 
detected by the Universal Definition (Table 23-1).21

In a pooled analysis of two large negative phase III tri-
als with the P2Y12 antagonist, cangrelor, which used the 
Universal Definition of MI instead of the protocol defini-
tion of MI, there was a significant reduction in the primary 
endpoint, which included MI as opposed to a null result.22 
This result contributed to further development of cangrelor 
with a further large phase III trial, the CHAMPION PHOENIX 
(Cangrelor versus Standard Therapy to Achieve Optimal 
Management of Platelet Inhibition PHOENIX) trial, which 
used the Universal Definition of MI in the primary endpoint. 
The trial showed a significant 20% reduction in MI and a 
significant reduction in the primary endpoint.23

CAUSES AND PREDICTORS OF RECURRENT 
MYOCARDIAL INFARCTION

Causes of Recurrent Myocardial Infarction
There are a number of causes of recurrent MI related to 
 features of the plaque, features of the blood ( thrombogenesis), 
and features of the patient. Activation of the coagulation 
system continues for at least 6 months24 and plays a major 
role in the occurrence of recurrent MI related to the culprit 
lesion and at other sites in the coronary tree (Table 23-2). 
Recurrent MI may also be procedurally related, as described 
in the preceding section on Classification of Recurrent 
Myocardial Infarction.

Predictors of Recurrent Myocardial 
Infarction
Factors that have been shown to be predictors of recurrent 
MI are shown in the Table 23-3. Some are contradictory (e.g., 
smoking). Other traditional risk factors for coronary artery 
disease (CAD) (e.g., hypertension, diabetes, dyslipidemia) 
are also likely to increase the risk for recurrent MI.

TABLE 23-1 Comparison of Recurrent Myocardial 
Infarctions Using Universal and OAT Definitions21

TYPE OF RE-MIs 
BY UNIVERSAL 
DEFINITION

NO. OF RE-MIs 
BY UNIVERSAL 
DEFINITION

NO. OF ADDITIONAL 
RE-MIs PICKED 
UP BY UNIVERSAL 
DEFINITION

Type 1: spontaneous 106 9

Type 2: secondary 7 4

Type 3: sudden death 12 10

Type 4a: PCI related 10 4

Type 4b: stent related 33 1

Type 5: CABG related 1 1

Total 169 29

CABG, Coronary artery bypass grafting; PCI, percutaneous coronary intervention; 
Re-MI, recurrent myocardial infarction.
Adapted from White HD, et al: Reinfarction after percutaneous coronary 
intervention or medical management using the universal definition in patients with 
total occlusion after myocardial infarction: results from long-term follow-up of the 
Occluded Artery Trial (OAT) cohort. Am Heart J 163:563–571,2012.

TABLE 23-2 Causes of Recurrent Myocardial 
Infarction

	•	 	Ongoing	thrombogenesis
	•	 	New	plaque	rupture	or	fissuring
	•	 	Recurrent	or	new	dissection
	•	 	Recurrent	or	new	embolism
	•	 	Decreased	supply	and/or	increased	demand
	•	 	Periprocedural	MI	(associated	with	PCI	or	CABG)
	•	 	Stent	thrombosis
	•	 	Restenosis
	•	 	Withdrawal	of	antiplatelet	therapy

CABG, Coronary artery bypass grafting; MI, myocardial infarction; PCI, percutaneous 
coronary intervention.

TABLE 23-3 Factors Shown to Be Predictors of 
Recurrent Myocardial Infarction

	•	 	Advanced	age
	•	 	Shorter	time	to	fibrinolysis
	•	 	Nonsmoking/smoking
	•	 	Female	sex
	•	 	Anterior	MI
	•	 	Lower	systolic	blood	pressure
	•	 	Diabetes
	•	 	Hypertension
	•	 	Increasing	baseline	creatinine	levels
	•	 	Killip	class	>1/Killip	class	<2
	•	 	Ejection	fraction	<50%
	•	 	Previous	PCI
	•	 	No	new	Q	waves
	•	 	Shorter	time	from	MI
	•	 	Presence	of	thrombus
	•	 	Final	coronary	stenosis	>30%
	•	 	Coronary	dissection
	•	 	Complex	type	C	lesion:
	 •	 	Diffuse	(>2	cm	length)
	 •	 	Total	occlusion	>3	mos	old
	 •	 	Excessive	tortuosity	of	proximal	segment
	 •	 	Inability	to	protect	major	side	branches
	 •	 	Extremely	angulated	segments	>90°
	 •	 	Degenerated	vein	grafts	with	friable	lesions
	•	 	Not	on	β-blockers
	•	 	Thrombocytosis
	•	 	Multivessel	disease
	•	 	Longer	symptom	onset-to-balloon	time
	•	 	Total	stent	length

MI,	Myocardial	infarction;	PCI, percutaneous coronary intervention.
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In patients with STEMI enrolled in the GUSTO I and 
GUSTO III fibrinolytic trials, recurrent MI occurred in 
4.3% of patients at a median of 3.8 days after adminis-
tration of fibrinolytic therapy. Advanced age, shorter time 
to fibrinolysis, non-U.S. enrollment, nonsmoking status, 
previous MI or angina, female sex, anterior MI, and lower 
systolic blood pressure were associated significantly with 
the occurrence of recurrent MI.25 In the pooled PAMI tri-
als, predictors of recurrent MI at 30-days were Killip class 
higher than 1, ejection fraction less than 50%, final coro-
nary stenosis more than 30%, coronary dissection, and 
presence of thrombus.26

Among patients with NSTEMI, in the TRILOGY ACS 
(Targeted Platelet Inhibition to Clarify the Optimal Strategy 
to Medically Manage Acute Coronary Syndromes) trial,27 
which evaluated patients with NSTEMI and/or unstable 
angina who were managed medically without planned 
revascularization, MI was the most common endpoint, 
representing 45.3% of all first events, which included car-
diovascular (CV) death and stroke. A prediction model 
for a first spontaneous MI event included 17 variables. 
The strongest predictors of spontaneous MI were older 
age, NSTEMI versus unstable angina as the index event, 
diabetes mellitus, no pre-randomization angiography, and 
higher baseline creatinine values. The prediction model 
performed well in terms of predictive capabilities (c 
index = 0.732) and had good calibration, especially in 
patients with a low-to-moderate risk of spontaneous MI 
(Figure 23-1).

Characteristics of the culprit lesion on angiography, and 
in particular, the American College of Cardiology/American 
Heart Association type C lesions (Table 23-3)28 have been 
associated with worse prognosis.29 Among the 3661 patients 
who underwent PCI in the ACUITY (Acute Catheterization 
and Urgent Intervention Triage Strategy) study, patients with 
type C lesions had higher 30-day rates of mortality (1.2% vs. 
0.6%; P = .049), MI (9.2% vs. 6.3%; P = .0006), and unplanned 
revascularization (4.3% vs. 3.1%; P = .04) compared with 
those without type C lesions. In multivariable analysis, type 
C lesions were independently associated with MI (odds 
ratio [OR], 1.37; 95% confidence interval [CI], 1.04 to 1.80; 
P = .02) and composite ischemia (OR, 1.49; 95% CI, 1.17 to 
1.88; P = .001) at 30 days (Figure 23-2).

In the OAT trial, recurrent MI tended to occur at a higher 
rate in patients randomized to PCI. Most recurrent MIs were 
spontaneous (type 1), which occurred at a similar frequency 
in both randomized treatment groups. However, in the PCI 
group, there were more type 4a (both protocol PCI-related 
and other PCI-related infarctions) and type 4b (stent throm-
bosis) infarctions. The recurrent MIs were clinically signifi-
cant, with approximately 10% being rapidly fatal. A number 
of nonmodifiable predictors of recurrent MI were identified 
(Table 23-4). No single angiographic predictive factor was 
identified in the HORIZONS-AMI (Harmonizing Outcomes 
with Revascularization and Stents in Acute Myocardial  
Infarction) trial.30 The independent predictors of reinfarc-
tion were current smoking, Killip class ≥2, baseline thrombo-
cytosis, multivessel disease, longer symptom onset-to-balloon 
time, and total stent length.

Several genetic mutations are associated with increased 
risk of MI.31–33 Patients with severe coronary artery stenoses 
have an increased risk of MI not only because of the steno-
ses, but because the stenoses are markers for widespread 
atherosclerosis.

Recurrent Myocardial Infarction in the 
Culprit or Nonculprit Arteries
Recurrent MI may occur in the territory of the culprit artery 
or in different arteries than the culprit artery.18 If recurrent 
MI occurs in the culprit artery territory after administration 
of fibrinolytic therapy, it is likely caused by reocclusion or 
spasm, and after PCI, it may be the result of stent throm-
bosis, restenosis, or spasm. Plaque rupture can also occur 
proximally or distally to the previous culprit stenosis or in 
a nonculprit artery. In patients with ACS, multiple plaque 
ruptures are frequently found apart from the culprit lesion, 
indicating that plaque vulnerability is present throughout 
the coronary tree.34

Efforts to identify patients who are at a high risk of  having 
an MI have focused on using advanced imaging methods 
to detect “vulnerable” atherosclerotic plaques with thin 
fibrous caps and lipid-rich cores (see also Chapter 10).35 In 
the PROSPECT (Providing Regional Observations to Study 
Predictors of Events in the Coronary Tree) study, which was 
conducted in patients with ACS over 3.4 years, there was 
a 20.4% rate in the composite of cardiac death, cardiac 
arrest, MI, or rehospitalization for unstable or progressive 
angina. Events related to culprit lesions occurred in 12.9% 
of patients and to nonculprit lesions in 11.6% of patients.18 
Nonculprit MI occurred related to stenoses of less than 50% 
in 67% of cases. Intravascular ultrasound imaging showed 
that  high-risk features of vulnerable plaques, including 
thin-cap fibroatheromas, were related to recurrent events 
in nonculprit lesions. However the presence of vulnerable 
plaques may be markers of more extensive and/or active 
atherosclerotic disease rather than independent risk predic-
tors. The most powerful predictors of the risk of a new MI 
are the magnitude and activity of the coronary atheroscle-
rotic plaque burden and the number of risk factors for a 
prothrombotic milieu.36

The guidelines for treating nonculprit arteries are  evolving 
based on recent trials that showed that complete revascu-
larization of all significantly stenosed arteries lead to bet-
ter outcomes. In the recently reported PRAMI (Preventive 
Angioplasty in Acute Myocardial Infarction) trial, a preven-
tive stenting strategy for stenoses of more than 50% was 
associated with a clinically significant reduction in cardiac 
death, MI, or refractory angina of 65% (see Chapter 17).37

INCIDENCE OF RECURRENT MYOCARDIAL 
INFARCTION

Although 6-month mortality rates have decreased in clinical 
trials of NSTEMI, from 6.7% (1994 to 1998) to 5.1% (2004 to 
2008), 30-day MI rates have remained stable (9.2% [1994 to 
1998] to 10% [2004 to 2008]) (Figure 23-3A).38 As mortality 
has declined, the contribution of MI to the composite of death 
and/or MI has increased, reflecting a change in competing 
risk in which more patients are at risk of recurrent MI. Over that 
same period, the incidence of periprocedural MIs increased, 
whereas that for spontaneous MIs decreased (Figure 23-3B).

Table 23-5 shows the frequency of MI types in contempo-
rary trials. The incidence of type 2 MIs has ranged from 3.5% 
to 9.8%. Spontaneous MIs have been shown to be the most 
common MI in cardiovascular trials with long-term follow-up, 
with proportions ranging from 32% to 94% of all MIs. Figure 
23-4 shows the distribution of new or recurrent MIs (n = 1218) 
according to the Universal Definition of MI clinical classifi-
cation in the TRITON-TIMI 38 (Trial to Assess Improvement 
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   Patient Values
   (enter new 
Risk Factors Units Valid Values values here)

Creatinine Milligrams per deciliter (mg/dL) (0.07/1.73) 1.50

Proton pump inhibitor usage N = no PPI usage; Y = PPI usage (N, Y) Y

Statin usage N = no statin usage; Y = statin usage (N, Y) Y

Disease classification

    (NSTEMI vs unstable angina) N = unstable angina; Y= NSTEMI (N, Y) N

Killip class (I vs. II-IV) N = Killip class II-IV;  Y = Killip class I (N, Y) Y

Age Years (yrs.) (26, 101) 76

Diabetes mellitus N = not diabetic; Y = diabetic (N, Y) Y

Hypertension N = no hypertension; Y = hypertension (N, Y) Y

Family history of CAD N = no family history of CAD; Y= family history of CAD (N, Y) N

Angiography at presentation N = no angiography; Y = angiography (N, Y) N

Current smoker (cigarettes) N = not current cigarette smoker; Y = smokes cigarettes (N, Y) Y

Hyperlipidemia N = no hyperlipidemia; Y = hyperlipidemia (N, Y) Y

Peripheral artery disease N = no PAD; Y = PAD (N, Y) N

Prior MI N = no previous MI; Y = previous MI occurred (N, Y) Y

Chronic heart failure N = no chronic heart failure; Y= chronic heart failure (N, Y) N

Prior PCI N = no prior PCI; Y= prior PCI (N, Y) N

Prior CABG N = no prior CABG; Y = prior CABG (N, Y) N

Spontaneous MI Risk Prediction Calculator
*Only for use in patients who present with unstable angina or an MI without ST-segment elevation and are not indicated for revascularization 

B
as

el
in

e
La

b 
V

al
ue

s 
an

d 
C

on
co

m
ita

nt
 

M
ed

ic
at

io
n 

U
sa

ge

D
em

og
ra

ph
ic

s 
an

d 
P

re
se

nt
at

io
n

C
ha

ra
ct

er
is

tic
s

C
ar

di
ov

as
cu

la
r 

R
is

k 
F

ac
to

rs
C

ar
di

ov
as

cu
la

r
D

is
ea

se
 H

is
to

ry

†Predicted risk at time (please choose between 1 and 1200 days): 900 days 17.33% 

 95% CI of the predicted risk: (12.17%, 24.36%)

†The risk prediction given above is an estimate of the probability that a patient with the given risk profile will have a spontaneous MI at the given
time point. The 95% confidence interval given below the risk estimate provides an estimate of the uncertainty in the estimate (i.e., how variable it is).

30

25

20

15

10

5

0

P
er

ce
nt

ag
e

0 180 360 540 720 900

Risk prediction            Lower 95%          Upper 95%

FIGURE 23-1 A patient with a relatively low risk of spontaneous myocardial infarction (MI).	A	58-year-old	male	admitted	for	unstable	angina	with	normal		creatinine	
(0.7	mg/dL)	has	a	2-year	risk	of	spontaneous	MI	of	8.7%	(95%	confidence	interval	[CI],	5.7%	to	13.1%). (Adapted from Lopes RD, et al: Spontaneous MI after non–ST-segment 
elevation acute coronary syndrome managed without revascularization: The TRILOGY ACS trial. J Am Coll Cardiol 67[11]:1289-97,2016.)
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in Therapeutic Outcomes by Optimizing Platelet Inhibition 
with Prasugrel–Thrombolysis in Myocardial Infarction 38) 
trial.39 The TRA·CER (Thrombin Receptor Antagonist for 
Clinical Event Reduction in Acute Coronary Syndrome) 
trial compared vorapaxar, a novel platelet protease-activated 
receptor-1 antagonist, with placebo in 12,944 patients with 
high-risk NSTE-ACS.40 During a median follow-up of 502 
days, 1580 MIs, as defined by the Universal Definition of MI, 
occurred in 1319 patients. Most were type 1 (spontaneous) MI, 
followed by type 4a (PCI)-related MI (Table 23-5). The lesion 
types were also defined in TRA·CER and are shown in Table 
23-6. Restenosis was more common than stent thrombosis, 
and de novo lesions were three times as common as stent 
thrombosis. In the TRILOGY trial, after a median follow-up of 
16 months, 695 spontaneous MI events occurred, represent-
ing 94% of all 737 adjudicated MI events. The Kaplan-Meier 
event rate of spontaneous MI through 30 months was 10.7%.

In the TRA 2ºP-TIMI 50 (Thrombin Receptor Antagonist 
in Secondary Prevention of Atherothrombotic Ischemic 
Events) trial, if the pre-PCI biomarkers were higher than the 
ULN, an increase by at least 50% over the previous value and 
documentation that the biomarker was decreasing before 
the suspected recurrent MI were required.41 Troponins were 
available in 94% of patients, and most of the MIs (84%) were 

in patients who qualified for the trial with a history of MI. 
Among patients with an MI after randomization, 159 patients 
had multiple events accounting for 245 (22%) of the 1095 
MIs. The annualized rate of any new or recurrent MI after 
trial enrollment was 2% per year. Type 1 MI was the most 
common type of MI, and most MIs (81%) were NSTEMIs. 
Most were associated with a more than 10-fold elevation of 
cardiac biomarkers. Type 2 MI accounted for 9.8% of MIs.

In the HORIZONS-AMI trial, recurrent MIs following inser-
tion of first-generation DES and bivalirudin anticoagulation 
in the contemporary era occurred in 1.8% at 30 days, 4.0%  
at 1 year, and 6.9% at 3 years.30 Definite stent thrombosis 
was responsible for 76.3% of recurrent MIs within 30 days 
and 52% of all recurrent MIs within 3 years. Bivalirudin, 
 compared with heparin plus glycoprotein IIb/IIIa inhibitors, 
did not reduce recurrent MI.

Time Course of Recurrent Myocardial 
Infarction
Recurrent MI is more common in the first 30 days than 
subsequently. In the TRITON-TIMI 38 trial, an analysis of the 
timing of procedural versus spontaneous recurrent MI dem-
onstrated a substantially higher early hazard of procedur-
ally related MI and a consistent risk of spontaneous MI. In 
the HORIZONS-AMI trial, the highest risk period was the first 
30 days for both stent thrombosis and recurrent MI, with an 
ongoing risk over time.30

OUTCOMES WITH RECURRENT MYOCARDIAL 
INFARCTION

Outcomes with recurrent MI are related to the size of the 
infarction and the cumulative effect on left ventricular 
function. Other factors such as the severity of CAD and 
diabetes, modification of risk factors, and adherence with 
evidence-based therapies are also important. Patients with 
recurrent MI in the GUSTO I and III fibrinolytic trials had 
higher mortality at 30 days (11.3% vs. 3.5% without recur-
rent MI; OR, 3.5; P < .001) and from 30 days to 1 year (4.7% 
vs. 3.2%; hazard ratio [HR], 1.5; P < .001).25 In the PAMI stud-
ies, recurrent MI was independently related to mortality at 6 
months (OR, 7.14; 95% CI, 3.28 to 15.5).26

In the TRITON-TIMI 38 trial, patients who experienced 
an MI during follow-up had a higher risk of CV death at  
6 months than patients without an MI (6.5% vs. 1.3%; P  
< .001).14 This higher risk was present across all subtypes 

 OR (95% Cl) p value

Composite ischemic endpoint 1.49 (1.17, 1.88) 0.001

Death 2.17 (0.99, 4.73) 0.053

Myocardial infarction 1.37 (1.04, 1.80) 0.02

Unplanned revascularization 1.14 (0.78, 1.67) 0.49

Stent thrombosis 1.17 (0.64, 2.14) 0.61

 

 1.0 5.0 
 Complex lesions are better Complex lesions are worse

FIGURE 23-2 Multivariate analysis demonstrating the association of type C lesions with 30-day outcomes. CI,	confidence	interval;	OR,	odds	ratio.	Stent	thrombosis	
was	defined	as	definite	and/or	probable	stent	thrombosis	according	to	the	Academic	Research	Consortium	definitions.	(Adapted from Goto K, Lansky AJ, Ng VG, et al: Prognostic 
value of angiographic lesion complexity in patients with acute coronary syndromes undergoing percutaneous coronary intervention [from the Acute Catheterization and Urgent 
Intervention Triage Strategy Trial]. Am J Cardiol 114:1638–1645, 2014; Fig. 3.)

TABLE 23-4 Multivariable Predictors of Recurrent 
Infarction in the OAT Study21

PARAMETER HR 95% CI P VALUE

Randomized	to	PCI 1.33 0.98–1.81 0.07

Previous	MI 1.57 1.04–2.39 0.03

Previous PCI 2.28 1.38–3.77 0.001

Diabetes 1.63 1.16–2.28 0.005

Lower	age* 1.16 1.01–1.34 0.03

No	new	Q	waves 1.51 1.10–2.06 0.01

Shorter	time	from	MI† 1.03 1.01–1.05 0.02

Lower	ejection	fraction‡ 1.17 1.02–1.34 0.03

CI,	Confidence	intervals;	HR,	hazard	ratio;	MI, myocardial infarction; PCI, 
percutaneous coronary intervention.
*By 10-year intervals.
†Time	from	MI	to	randomization.
‡By	10%	intervals.
Adapted from White HD, et al: Reinfarction after percutaneous coronary 
intervention or medical management using the universal definition in patients with 
total occlusion after myocardial infarction: results from long-term follow-up of the 
Occluded Artery Trial (OAT) cohort. Am Heart J 163:563–571,2012.
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FIGURE 23-3 (A)	Temporal	trends	in	the	rates	of	clinical	outcomes	of	30-day	death	or	myocardial	infarction	(MI)	and	(B) the proportion of myocardial  infarctions that are 
spontaneous versus periprocedural. (Adapted from Chan MY, Sun JL, Newby LK, et al: Trends in clinical trials of non-ST-segment elevation acute  coronary syndromes over 15 
years. Int J Cardiol 167:548–554, 2013; Fig 2.)

TABLE 23-5 Universal Definition of Myocardial Infarction and Proportion of Recurrent Myocardial Infarction  
by Type in Clinical Trials of Patients with Acute or Previous Myocardial Infarction14

TYPE I TYPE 2 TYPE 3 TYPE 4A TYPE 4B TYPE 5

TRA	2ºP-TIMI	5039,45

Stable	CAD
77% 9.8% <1% <1%

13%

TRITON–TIMI	38	
(ACS)14

32% 3.7% 0% 53% 13.8% 0.6%

TRACER	(ACS)38 64.9% 5.2% 0.1% 22.3% 5.4% 2.1%

ATLAS	ACS	2	TIMI	
51	(ACS)46

80.5% 3.5% 0.2% 2.7% 12.8% 0.5%

TRILOGY	(ACS)27

Medical	Treatment
94%

6%

ACS, Acute coronary syndromes; CAD, coronary artery disease.

of MI, including type 4a (peri-PCI, 3.2%; P < .001) and type 
4b (stent thrombosis, 15.4%; P < .001) (Figure 23-5). After 
 adjustment for important clinical covariates, the occurrence 
of any MI was associated with a fivefold higher risk of death 
at 6 months (95% CI, 3.8 to 7.1), with a similar increased risk 

across subtypes. Also, all subtypes of MI were associated with 
an increased risk of CV death. There was a fourfold increased 
risk in patients who experienced type 1 MI (spontaneous; 
adjusted HR, 4.1; 95% CI, 2.7 to 6.3; P < .001) and an approxi-
mately threefold increased risk (adjusted HR, 2.8; 95%  
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CI, 0.9 to 8.8; P = .085) in patients who experienced type 2 
MI (supply-demand imbalance). The risk of CV death was 
increased more than twofold (adjusted HR, 2.4; 95% CI, 1.6 to 
3.7; P < .001) in patients who experienced type 4a MI (peri-
PCI) and more than 10-fold (adjusted HR, 10.5; 95% CI, 1.18 
to 93.6; P = .035) in those who experienced type 5 MI (CABG-
related). When examined relative to the timing of the recur-
rent MI, there was a qualitatively similar risk associated with 
type 1 MI that occurred early and late after the initial ACS 
presentation and a particularly high risk of early type 4b MI 
(Table 23-7).

The OAT compared PCI with medical therapy in patients 
with occluded infarct-related arteries (IRAs). After adjustment 
for baseline characteristics, the patients who developed recur-
rent MI according to the Universal Definition had a 4.15-fold 
(95% CI, 3.03 to 5.69; P < .001) increased risk of death compared 
with patients without recurrent MI.21 This risk was similar for 
both treatment groups (interaction P = 0.26). Recurrent MIs 
that occurred within 6 months of randomization had a simi-
lar relationship with mortality as recurrent MI that occurred 
later, and the impact of recurrent MI because of the same IRA 
and a different epicardial vessel was similar. The independent 
association of recurrent MI with mortality was not affected by 
the timing of recurrent MI, definition of MI by more or less 
stringent criteria, or management of the index MI with PCI or 
medical therapy alone. Recurrent MI was also a strong inde-
pendent predictor of subsequent class III or IV heart failure.

In the ACUITY trial, both MI and major bleeding had a 
similar overall strength of association with mortality in the 
first year after ACS.42 The occurrence of an MI was associated 
with an OR of 3.1 compared with patients who did not have 
an MI, after adjustment for baseline predictors. MI within 30 
days markedly increased the mortality risk for the first 2 days 
after the events (adjusted HR, 17.6), but this risk declined 
rapidly postinfarction (HR, 1.4 beyond 1 month after the MI 
event). In contrast, major bleeding had a prolonged asso-
ciation with mortality risk (HR, 3.5), which remained fairly 
steady over time throughout 1 year (Figure 23-6).42

Recurrent MI in the HORIZONS-AMI trial was also asso-
ciated with stroke, ischemia-driven target vessel revascu-
larization, and non-CABG surgery–related major bleeding. 
The occurrence of recurrent MI conferred an approximate  
eightfold and an approximate threefold increase in the 
risk of cardiac mortality (HR, 7.65; 95% CI, 4.47 to 13.09; P  
< .0001) and all-cause mortality (HR, 2.88; 95% CI, 1.74 to 
4.78; P < .0001).30

Prognosis with Type 4a Myocardial  
Infarction
The prognostic implication of type 4a MI is controversial. 
A collaborative analysis of individual patient data from 
the FRISC II (Framingham and Fast Revascularization 
During Instability in Coronary Artery Disease) trial, the 
ICTUS (Invasive Versus Conservative Treatment in Unstable 
Coronary Syndromes), and the RITA-3 (Intervention Versus 
Conservative Treatment Strategy in Patients With Unstable 
Angina or Non-ST Elevation Myocardial Infarction [the Third 
Randomised Intervention Treatment of Angina]) (FRISC II, 
ICTUS, and RITA-3 [FIR]) trials showed there was no associa-
tion between type 4a MI and mortality.43

In contrast, in the TRITON-TIMI 38 trial, type 4a MI was 
associated with an adjusted 2.4-fold higher (95% CI, 1.6 to 
3.7) risk of CV death at 6 months.14 This risk was statistically 
significant, but qualitatively less, than that related to type 1 
MI. The most important differentiating factor between these 
two studies was the definition used for type 4a MI. In the 
FIR analysis, multiple trials with differing definitions of peri-
procedural MI were entered into a combined analysis with 
a variable threshold (1, 1.5, or 2) relative to the URL for the 
biomarker of necrosis. In TRITON-TIMI 38, to identify peri-
procedural MI more definitively, creatine kinase-myocardial 
band (CK-MB) was used preferentially for the diagnosis of 
type 4a MI and required a CK-MB more than three times the 
URL on two samples after PCI. In addition, and most impor-
tantly, the definition required that the MI was distinct from 
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FIGURE 23-4 (A)	Distribution	of	new	or	recurrent	myocardial	 infarctions	(MIs)	
(n	=	1218)	by	the	Universal	Definition	of	MI	clinical	classification.	(B)	Distribution	of	
new	or	recurrent	MIs	with	available	biomarker	and	reference	limit	data	(n	=	1163)	
by	the	Universal	Definition	of	MI	categories	of	biomarker	of	necrosis	elevation. URL, 
Upper	 reference	 limit.	 (Adapted from Morrow DA, Wiviott SD, White HD, et al: 
Effect of the novel thienopyridine prasugrel compared with clopidogrel on sponta-
neous and procedural myocardial infarction in the TRial to Assess Improvement in 
Therapeutic Outcomes by Optimizing Platelet InhibitioN with Prasugrel–Thromboly-
sis In Myocardial Infarction 38: An application of the classification system from the 
Universal Definition of Myocardial Infarction. Circulation 119:2758–2764, 2009; 
Fig. 1.).

TABLE 23-6 Nonprocedural Myocardial Infarction 
Rates and Associated Type of Coronary Lesion in the 
TRA·CER Trial38

TYPE OF LESION NO. (%)

Lesion	type	with	PCI 438

	 De	novo 267	(61)

	 Restenosis 119	(27)

	 Stent	thrombosis 89	(20)

MI,	Myocardial	infarction;	PCI, percutaneous coronary intervention.
Among	12,944	randomized	subjects,	1194	nonprocedural	MIs	occurred,	and	441	
had	a	PCI	performed	within	7	days.	Because	there	could	be	multiple	lesions	treated	
during	a	PCI,	the	percentages	of	type	of	lesions	(de	novo,	restenosis,	and	stent	
thrombosis)	add	up	more	than	100%.
Adapted from Leonardi S, et al: Effect of vorapaxar on myocardial infarction in 
the thrombin receptor antagonist for clinical event reduction in acute coronary 
syndrome (TRA·CER) trial. Eur	Heart	J 34:1723–1731, 2013.
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FIGURE 23-5 Cardiovascular death at 180 days by myocardial infarction (MI) subtype.	Cumulative	incidence	of	cardiovascular	death	at	180	days	stratified	by	the	occur-
rence	of	new	or	recurrent	MI	during	study	follow-up	(red bar)	and	by	the	universal	definition	of	MI	subtypes	(green bar;	no	MI;	red bar,	any	MI;	blue bars; type 1: spontaneous, type 2: 
demand	related,	type	3:	sudden	unexpected	cardiac	death,	type	4a:	percutaneous	coronary	intervention	related,	type	4b:	stent	thrombosis,	type	5:	related	to	coronary	artery	bypass	
grafting).	KM,	Kaplan-Meier. (Adapted from Bonaca MP, Wiviott SD, Braunwald E, et al: American College of Cardiology/American Heart Association/European Society of Cardiol-
ogy/World Heart Federation universal definition of myocardial infarction classification system and the risk of cardiovascular death: observations from the TRITON-TIMI 38 trial [Trial 
to Assess Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition With Prasugrel–Thrombolysis in Myocardial Infarction 38]. Circulation 125:577–583, 2012; Fig 1.)

TABLE 23-7 Cardiovascular Death at 180 Days after a New Myocardial Infarction, Stratified by Time from 
Index Event14

FOLLOW-UP
MI ≤30 DAYS FROM INDEX EVENT MI >30 DAYS FROM INDEX EVENT

NO MI ANY MI NO MI* ANY MI

Cardiovascular	death	KM% 1.26% 6.41%
(n	=	756)†

0.49% 6.94%
(n	=	362)†

	 Adjusted	HR	(95%	CI) 5.1
(3.6–7.3)†

11.7
(7.0–19.5)†

Type	1	MI 10.6%
(n	=	67)

7.9%
(n	=	292)

	 Adjusted	HR	(95%	CI) 4.0
(1.6–9.8)

10.2
(6.1–17.2)

Type	2	MI 12.5%
(n	=	8)

6.2%
(n	=	34)

	 Adjusted	HR	(95%	CI) 6.9
(0.95–50.1)

5.4
(1.3–22.9)

Type	4a	MI 3.3%
(n	=	592)

NS‡

	 Adjusted	HR	(95%	CI) 2.4
(1.6–3.7)

NS‡

Type	4b	MI 22.0%
(n	=	96)

3.7%
(n	=	59)

	 Adjusted	HR	(95%	CI) 16.7
(10.1–27.6)

5.8
(1.4–24.0)

Type	5	MI 33.3%
(n	=	3)

NS‡

	 Adjusted	HR	(95%	CI) 36.6
(5.0–270.0)

NS‡

CI,	Confidence	interval;	HR,	hazard	ratio;	KM%,	Kaplan-Meier	percentage;	MI, myocardial infarction.
*Landmark	analysis	at	30	days.
†P	<	.001.
‡Insufficient	number	of	events.
Adapted from Bonaca MP, et al: American College of Cardiology/American Heart Association/European Society of Cardiology/World Heart Federation universal definition 
of myocardial infarction classification system and the risk of cardiovascular death: observations from the TRITON-TIMI 38 trial (Trial to Assess Improvement in Therapeutic 
Outcomes by Optimizing Platelet Inhibition With Prasugrel–Thrombolysis in Myocardial Infarction 38). Circulation 125:577–583,2012.
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the index event; in the setting of biomarker elevation from a 
preceding event, a diagnosis of type 4a MI required both that 
the concentration decreased before the new event and that 
there was a subsequent increase of at least 50%. Using this 
approach, it is plausible that a new MI was more accurately 

discriminated from biomarker elevation related to the ACS 
that led to the PCI being performed.

Several other studies have also shown that patients 
with type 1 MIs have a worse prognosis than type 4a MIs.  
In a combination of the EARLY ACS (Early Glycoprotein IIb/

Hazard ratio (95% Cl)

 Hazard Ratio Deaths P-value
 (95% Cl) 

 MI Day 0–1 17.6 (10.8 to 28.7) 21 <0.001

  Days 2–7 8.2 (5.0 to 13.6) 19 <0.001

  Days 8–30 2.9 (1.6 to 5.3) 12 0.001

  Days 31+ 1.4 (0.9 to 2.1) 25 0.12

 Major bleed Day 0–1 5.5 (2.7 to 11.0) 9 <0.001

  Days 2–7 5.8 (3.5 to 9.7) 18 <0.001

  Days 8–30 5.6 (3.5 to 8.8) 24 <0.001

  Days 31+ 2.4 (1.7 to 3.3) 42 <0.001

0.5 1 2 4 8 16 32

FIGURE 23-6 Association of recurrent myocardial infarction (MI) and major bleeding with mortality, adjusted for baseline predictors (age, white blood cell 
count, diabetes, ST-deviation, left bundle branch block, gender, planned treatment, cerebrovascular event, creatinine clearance, hemoglobin, elevated creatine 
kinase-MB/troponin, current smoker, treatment). (Adapted from Mehran R, Pocock SJ, Stone GW, et al: Associations of major bleeding and myocardial infarction with the inci-
dence and timing of mortality in patients presenting with non-ST-elevation acute coronary syndromes: a risk model from the ACUITY trial. Eur	Heart	J 30:1457–1466, 2009; Fig. 4.)
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FIGURE 23-7 Algorithm for managing of patients with ST-elevation myocardial infarction (STEMI) or non–ST-elevation MI (NSTEMI) and recurrent ischemia 
and/or recurrent MI.	For	patients	undergoing	primary	percutaneous	coronary	intervention	(PCI)	of	only	the	culprit	artery	without	recurrent	ischemia	or	recurrent	MI,	the	large 
arrow	shows	bypass	tracts.	There	is	a	direct	pathway	to	the	use	of	evidence-based	medicine	without	undergoing	pharmacological	or	exercise	stress	testing	if	a	new	culprit	artery	
was	treated	predischarge,	and	there	is	no	recurrent	ischemia.	Medically,	it	is	recommended	that	stress	testing	should	be	undertaken.	FFR,	Fractional	flow	reserve	(*can	be	per-
formed	acutely	or	delayed);	PCI, percutaneous coronary intervention; URL, upper reference limit.
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23
IIIa Inhibition in Non–ST-Segment Elevation Acute Coronary 
Syndrome) and the SYNERGY (Superior Yield of the New 
Strategy of Enoxaparin, Revascularisation and Glycoprotein 
IIb/IIIa Inhibitors Datasets) trials, type 1 MIs had an approxi-
mate four times higher 1-year mortality than type 4a MIs.47

PREVENTION OF RECURRENT MYOCARDIAL 
INFARCTION

Figure 23-7 shows an algorithm for the diagnosis and man-
agement of recurrent ischemia and/or recurrent MI. Lifestyle 
modifications such as quitting smoking, body weight control 
with prevention of diabetes, and adherence to secondary 
evidence-based medications could help reduce the inci-
dence of recurrent MI. Secondary preventive therapy is 
discussed in Chapter 34 and considerations regarding the 
use of long-term antithrombotic therapies are reviewed in 
Chapter 21 and Chapter 35.

SUMMARY

Recurrent MI is important because it is not uncommon 
and is associated with increased hospital complications, 
including heart failure, arrhythmias, increased rates of 
stroke, increased ischemia-driven revascularization, bleed-
ing, and increased in-hospital and long-term mortality.44 
There may also be decreased quality of life, increased hos-
pital stay, and increased costs. Further studies are required 
to define predictors and to identify better treatments, 
including pharmacotherapy, better stents, and evolution 
of implantation techniques to reduce the occurrence of 
recurrent MI and its complications.
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INTRODUCTION

The term “reperfusion injury” refers to cellular damage 
that occurs during the reperfusion phase after an episode 
of ischemia.1 If reperfusion occurs after a short period of 
ischemia, all cells are salvaged (Figure 24-1A). However, as 
the duration of ischemia increases, cells become irrevers-
ibly injured, and the territory of cell death increases in size 
over time (Figure 24-1B). Sorting out damage that occurs 
primarily because of reperfusion rather than during the 
preceding ischemic phase can be difficult, because it is 
impossible to have reperfusion without ischemia. For this 
reason, the resulting myocardial damage is often referred 
to as an ischemia/reperfusion injury. Evidence that reperfu-
sion itself is harmful to the heart comes from studies that 
showed that certain phenomena first manifest during the 
reperfusion phase (no-reflow, ventricular arrhythmias) and 
then worsen as the phase of reperfusion progresses. In addi-
tion, studies of therapies administered only at the time of 
or solely during the reperfusion phase that result in some 
benefit also provide evidence that reperfusion itself has 
detrimental effects. Examples include the administration of 
oxygen radical scavengers at reperfusion, which results in 
improved function of stunned myocardium; the initiation 
of hypothermia at 30 minutes after reperfusion that results 
in a reduction of the zone of no-reflow2; and administer-
ing a pharmacologic agent to the patient undergoing post-
conditioning at reperfusion, which results in a reduction 
of myocardial infarct size. In this chapter, we describe the 
pathobiology and clinical manifestations of reperfusion 
injury, as well as therapeutic strategies for which studies are 
completed or ongoing. The pathobiology of infarct healing 
is described in Chapter 4. Adverse remodeling of the myo-
cardium after myocardial infarction (MI) is addressed in 
Chapter 36.

PATHOLOGICAL AND CLINICAL COMPONENTS 
OF REPERFUSION INJURY

There are four basic components of “reperfusion injury”: 
(1) stunned myocardium; (2) reperfusion arrhythmias; 
(3) the no-reflow phenomenon, which is also known as 
 microvascular obstruction; and (4) lethal myocardial 
cell injury caused by reperfusion. In our opinion, there is 
little doubt that the first three phenomena are caused by 

reperfusion itself. However, we still question the significance 
and importance of lethal myocardial cell injury caused by 
reperfusion and address this uncertainty later in this chap-
ter (see the section on Lethal Myocardial Cell Injury Caused 
by Reperfusion).

Stunned Myocardium
Stunned myocardium refers to myocardium that has been 
subjected to a period of ischemia that results in revers-
ible injury (i.e., the cells become ischemic, but are not 
necrotic) in which there is prolonged but transient con-
tractile dysfunction after reperfusion.3 In early studies 
in canine models of proximal coronary artery occlusion 
followed by reperfusion, 5- to 15-minute episodes of isch-
emia resulted in regional wall motion abnormalities that 
persisted for several hours to days, despite the absence 
of cell death. Hence, in such experiments, the myocar-
dium behaved as if it were “stunned” by a brief episode 
of ischemia followed by reperfusion. The entire hypoper-
fused area of myocardium is described as the area at risk 
(Figure 24-1A). However, when occlusion of the coronary 
artery is prolonged, irreversible cellular injury occurs, 
which results in infarction (Figure 24-1B).

The mechanism of stunning is believed to involve dam-
age from the release of reactive oxygen species and from 
calcium overload that occurs in the early stages of reper-
fusion, which results in reduced responsiveness of the 
contractile apparatus to calcium. Calcium uptake by the 
sarcoplasmic reticulum appears to be impaired in stunned 
myocardium and might contribute to contractile dysfunc-
tion.4 The observation that therapy with oxygen radical 
scavengers at reperfusion improves function supports the 
concept that stunning is a form of functional reperfusion 
injury. Clinical examples of stunned myocardium include: 
(1) slow recovery of salvaged myocardium in the outer 
wall of the ventricle after thrombolytic therapy or percuta-
neous coronary intervention (PCI) therapy for ST-elevation 
MI (STEMI); (2) slow recovery of ventricular function 
after cardiopulmonary bypass procedures; (3) persistent 
regional wall motion abnormalities after exercise-induced 
ischemia or prolonged angioplasty balloon inflation dur-
ing PCI; and (4) slow recovery of function in those with 
Takotsubo cardiomyopathy.5
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No cell death, but stunning, 
reperfusion arrhythmias, 
mild edema (transient)

LVC

AR

AR

Reversible injury
(no cell death)

Ischemia
<15–20 minutes

Reperfusion

Nonischemic myocardium

Ischemic area at riskA
Irreversible injury

(cell death)

Reperfusion
after 40– 60 minutes

of ischemia

Reperfusion
after 90 minutes

of ischemia Reperfusion
after 3–6 hours

of ischemia

Zone of no re-flow within infarct

Infarcted tissue

Viable tissue within risk zone, salvaged by reperfusion, but stunned

Nonischemic myocardiumB

FIGURE 24-1 (A) Schematic of a transmural section of the heart after a short period of ischemia (≤20 minutes). Cell death does not occur (reversible injury), but tissue is 
stunned and reperfusion arrhythmias might ensue. (B) Schematic of a transmural section of the left ventricle derived from studies in the anesthetized canine model of proximal 
coronary occlusion and reperfusion. After 40 to 60 minutes of ischemia, irreversible cell damage is confined to the subendocardium. A smaller area of no-reflow is present 
within the necrotic region. If reperfusion is delayed to 90 minutes, the necrotic region expands from the subendocardium to the mid-myocardium within the ischemic risk zone, 
accompanied by an expansion of the no-reflow region. After 3 to 6 hours of ischemia, necrosis becomes nearly transmural, and the no-reflow region, although contained within 
the necrotic area, becomes larger. AR, Area at risk; LVC, left ventricular cavity.
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Reperfusion Arrhythmias
Our laboratory and others have observed that reperfu-
sion, after a brief period of ischemia (only 5 minutes in 
the anesthetized rat model), results in a barrage of ven-
tricular arrhythmias, including polymorphic ventricular 
tachycardia and ventricular fibrillation. The release of 
toxic oxygen radicals at the time of reperfusion, as well as 
electrolyte disturbances (including sodium and calcium 
overload of cardiomyocytes) may contribute to the onset 
of these arrhythmias. In addition, during the first seconds 
of reperfusion, inhomogeneity of action potential ampli-
tude and duration in the previously ischemic zone and 
border zone might contribute to reentry-related arrhyth-
mias. Certain therapies introduced at the time of reperfu-
sion, such as postconditioning (transient episodes of brief 
coronary reocclusion and reperfusion) markedly diminish 
reperfusion-induced arrhythmias. Reperfusion arrhythmias, 
including accelerated idioventricular rhythms, ventricular 
tachycardia, and ventricular premature beats, have been 
observed in patients after reperfusion therapy for STEMI 
(see Chapter 28). Bursts of reperfusion-induced ventricular 
arrhythmias may be associated with larger infarcts and might 
represent a biomarker of reperfusion injury.6 Reperfusion 
arrhythmias may also pose a potentially unrecognized 
problem in the setting of reversal of coronary vasospasm 
(such as in Prinzmetal angina), which is, on rare occasion, 
 followed by sudden death.7

No-Reflow Phenomenon and Microvascular 
Obstruction
Pathobiology
The no-reflow phenomenon refers to the inability to per-
fuse portions of the myocardium because of microvas-
cular obstruction after successful reopening of a closed 
proximal epicardial coronary artery.8 The fluorescent dye, 
thioflavin S, is used in animal models to show the anatomic 
no-reflow zone (Figure 24-2). In a study performed in anes-
thetized canines in the mid-1970s, we observed that when 
the proximal circumflex coronary artery was occluded 
for 90 minutes, followed by reperfusion, that thioflavin S, 
when injected into the vasculature, failed to penetrate the 
subendocardium of the posterior left ventricular wall.8 An 
electron microscopic examination (Figure 24-3) of these 
nonfluorescent zones of no-reflow revealed capillaries 
with focal endothelial swelling, or “blebs” that appeared to 
be obstructing blood flow. Areas of microvascular hemor-
rhage with extrusion of red blood cells into the interstitial 

space adjacent to endothelial gaps were also observed. 
Occasionally, capillaries appeared to be compressed by 
adjacent swollen cardiomyocytes, and damaged vessels 
appeared to be plugged by fibrin tactoids, platelets, and 
neutrophils. It is likely that the cause of no-reflow is struc-
tural damage to the microvasculature within the MI zone 
(Figure 24-4). The size of the zone of no-reflow within the 
infarct is correlated with the duration of coronary occlu-
sion (Figure 24-1B). We showed that streptokinase, tissue 
plasminogen activator, or dabigatran9 could not prevent 
no-reflow. The size of the no-reflow zone expanded over 
several hours after reperfusion of the proximal, patent 
coronary artery.8 The growth of the anatomic no-reflow 
zone, which was assessed by injecting fluorescent dye 
into the vasculature, was accompanied by a deteriora-
tion of regional myocardial blood flow within this zone.8 
These findings suggest that whatever damage occurs to the 
microvasculature happens partially during the reperfusion 
phase, and therefore, no-reflow is a form of reperfusion 
injury.

An influx of electrolytes, fluid, calcium, and reactive 
oxygen species during the early minutes of reperfusion 
might result in damage to endothelial cells, including 

FIGURE 24-2 Thioflavin S–stained sections of rabbit heart subjected to 30 minutes of ischemia plus reperfusion viewed under ultraviolet light. The fluores-
cent white areas are within the risk zone that received blood flow during reperfusion. Black areas in the subendocardium did not receive blood flow containing the fluorescent 
thioflavin S, even after reperfusion of the epicardial coronary artery and represent the anatomic zone of no-reflow. Gray areas at the top contain an overlap of blue dye used to 
delineate the nonischemic risk zone during coronary artery occlusion plus thioflavin S.

bb
bb

FIGURE 24-3 Posterior papillary region of the heart from a canine model 
made temporarily ischemic for 90 minutes with 10 to 12 seconds of coronary 
blood reperfusion (from area of no-reflow). Endothelial pinocytotic vesicles are 
sparse. The capillary lumen is full of endothelial protrusions (arrows) and membrane-
bound bodies (b), some of which might represent degranulated platelets. Mitochon-
dria are swollen with amorphous matrix dense bodies. I bands and intermyofibrillar 
edema are present (magnification 22,640×). (From Kloner RA, et al: The “no-reflow” 
phenomenon after temporary coronary occlusion in the dog. J Clin Invest 56:1496, 
1974; Fig 8a.)
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focal and diffuse edema, and eventual rupture of endothe-
lial cells that then blocks flow. The zone of no-reflow rap-
idly expands outward within the infarcted region, finally 
leveling off at approximately 2 to 8 hours. In general, we 
observed that the zone of no-reflow is contained within the 
MI zone (myocyte cell death). We do not believe that no-
reflow contributes directly to myocyte cell death. However, 
experimental and clinical studies increasingly suggest that 
the no-reflow phenomenon is an important marker of prog-
nosis. The larger the extent of no-reflow, the more myocar-
dial infarct expansion and left ventricular remodeling was 
likely to occur.8 This observation makes intrinsic sense; if 
blood elements cannot access the zone of necrotic debris, 
healing of the scar is impaired.

Clinical Manifestations
No-reflow is now well documented in patients and is clini-
cally manifest in up to 30% of those undergoing reperfu-
sion therapy for acute MI.8 Several imaging techniques, 
including nuclear imaging (see Chapter 32), echo-con-
trast (see Chapter 31), and magnetic resonance imaging 
(see Chapter 33) have visualized anatomic zones of no-
reflow or microvascular obstruction in patients. Similar 
to the findings in experimental animal studies, the zones 
of no-reflow observed in humans are typically subendo-
cardial to mid-myocardial and appear to be confined to 
the necrotic zone. As in animal studies, the presence of no-
reflow in patients is associated with greater left ventricular 
dilation and adverse left ventricular remodeling, as well 
as a worse clinical outcome, including higher mortality 
rates and more congestive heart failure.10–14 Some studies 
have shown that the size of the no-reflow zone is a marker 
of poor clinical outcome, independent of the size of the 
MI.12–14

No-reflow in humans is complicated by the fact that dur-
ing PCI, atherosclerotic fragments and thrombi can break off 
and cause distal embolization, which contributes to addi-
tional distal microvascular obstruction. No-reflow may be 
observed in the catheterization laboratory even during rou-
tine nonemergent coronary angioplasties or stenting proce-
dures. In the catheterization laboratory, sluggish flow in an 
otherwise patent epicardial coronary artery and reduced 
myocardial blush grade are signs of low or no-reflow and 
predict a poor outcome.

Lethal Myocardial Cell Injury Caused  
by Reperfusion
The fourth, most important, but still controversial component 
of reperfusion injury, is lethal myocardial cell injury caused 
by reperfusion itself. In this construct, cardiomyocytes are 
injured, but still alive at the end of ischemia. However, once 
reperfusion occurs, the cardiomyocytes become irreversibly 
injured and die because of the act of reperfusion. Potential 
mechanisms in which reperfusion could cause a revers-
ibly injured cardiomyocyte to become irreversibly injured 
(dead) are listed in Table 24-1. In particular, the generation 
of oxygen-free radicals and the opening of the mitochon-
drial permeability transition pore during reperfusion are 
believed to be important contributors to ischemia/reperfu-
sion injury and have become targets for therapy (see the 
section on Prevention and Management of Reperfusion 
Injury). The mitochondrial permeability transition pore is a 
large-conductance megachannel that is closed under physi-
ological conditions, but it opens in response to changes in 
the mitochondrial membrane potential, reactive oxygen 
species, and increased calcium concentration. Opening of 
the pore is believed to be a key event in the initiation of 
apoptotic cell death.

Support for the concept that lethal cardiomyocyte reper-
fusion injury is a real phenomenon comes largely from 
studies in which therapies given right at or shortly before 
reperfusion further reduce MI size above and beyond reper-
fusion alone.1,15 However, few clinical trials have shown 
such benefit. Worsening of chest pain or reelevation of ST 

Regional
endothelial

swelling

Endothelial gap and
extravasated RBCs

Fibrin tactoids

Swollen myocyte
compressing vessel

Microemboli

Rouleaux
formation

Platelets

Subsarcolemmal bleb
Neutrophil plugs

(release of oxygen radicals)

Endothelial blebsEndothelial blebs

Capillary lumen

FIGURE 24-4 Different mechanisms involved in the development of no-reflow, and accompanying ultrastructural alterations of the microvascular bed.  
RBC, Red blood cell. (From Reffelmann T, Kloner RA: The “no-reflow” phenomenon: basic science and clinical correlates. Heart 87:162, 2002; Figure 2.)

TABLE 24-1 Potential Mechanisms of Lethal Myocyte 
Injury because of Reperfusion

 1.  An influx of sodium, calcium, or water into myocytes with leaky 
sarcolemmal membranes, resulting in volume and calcium overload  
of the cells and cellular organelles, such as mitochondria

 2.  Damage to cellular membranes and structures because of the 
generation of reactive oxygen species at the time of reperfusion

 3.  Opening of the mitochondrial permeability transition pore during 
reperfusion

 4.  Hypercontracture of myocytes because of calcium overload with the 
formation of contraction bands

 5.  Changes in pH that occur with reperfusion
 6.  Damage caused by the presence of inflammatory cytokines and 

neutrophil infiltration into the previously ischemic reperfused zone



290

IV

In
-H

o
sp

It
a

l 
C

o
m

pl
IC

a
tI

o
n

s 
a

n
d
 a

ss
es

sm
en

t

segments on the electrocardiogram at reperfusion are some-
times interpreted as a clinical manifestation of reperfusion 
injury.

PREVENTION AND MANAGEMENT  
OF REPERFUSION INJURY

The prevention and management of ischemia/reperfu-
sion injury are discussed in the following. Interventions 
to achieve these goals may be divided into those that are 
directed at managing the clinical manifestations of reper-
fusion injury, such as supporting contractility in the setting 
of myocardial stunning, treating reperfusion arrhythmias 
or limiting infarct size, and those interventions that are 
aimed at the prevention of the reperfusion injury itself. At 
present, all therapies in this latter category are investiga-
tional only.

General Interventions to Manage 
Complications of Ischemia/ 
Reperfusion Injury
Stunned Myocardium
Stunned myocardium can be prevented by avoiding the 
initial episode of ischemia. Stunning has been successfully 
treated by administering oxygen radical scavenging agents 
at the time of reperfusion. In addition, stunned myocar-
dium can be overcome by using inotropic drugs. Because 
stunned myocardium is a transient phenomenon and 
responds to inotropic drugs, it can usually be managed in 
the clinical setting with appropriate titration of such drugs.

Reperfusion Arrhythmias
In general, reperfusion arrhythmias that occur in the setting 
of MI are amenable to therapy, and in most instances, are 
not a major clinical problem. Studies in our laboratory have 
shown that reperfusion-induced ventricular arrhythmias are 
responsive to treatment with lidocaine, sotalol, ranolazine, 
and postconditioning.16,17

Interventions Aimed at Reducing 
Microvascular Obstruction
In general, we have observed that most agents that reduce 
MI size also reduce the size of the no-reflow zone within 
the ischemic risk zone. A few therapies have been notable 
for their ability to reduce no-reflow, even when administered 
relatively late during the occlusion or even after reperfusion 
has begun.

Hypothermia
When hypothermia was introduced early during a coro-
nary artery occlusion/reperfusion protocol in the rabbit, it 
reduced both MI size and the extent of the anatomic zone 
of no-reflow. When hypothermia was introduced 5 minutes 
before or 5 minutes after reperfusion, it failed to reduce MI 
size, but still reduced no-reflow. In one study, we introduced 
hypothermia as late as 30 minutes after reperfusion. Again, 
it had no effect on MI size, but it still reduced the area of 
no-reflow.2,18

Agents Influencing Free Radicals
Bendavia (Stealth Biotherapeutics, Newton, Mass.), a mito-
chondrial targeting peptide given at reperfusion, resulted 

in a nonsignificant trend toward reducing infarct size, but 
it also reduced the anatomic zone of no-reflow for any 
ischemic risk zone size.19 The oxygen radical scavenging 
agents, superoxide dismutase plus catalase, which were 
given at reperfusion in our canine model of 2 hours of 
proximal coronary artery occlusion and 4 hours of reper-
fusion, did not reduce MI size, but it did reduce microvas-
cular injury and also reduced low reflow. These studies all 
show that administering therapy at or close to the time of 
reperfusion, or even after reperfusion reduces no-reflow 
and microvascular injury, provides additional support for 
the concept that no-reflow is a true form of reperfusion 
injury.

Various therapies that have shown some success in 
improving low or no-reflow after cardiac catheterization 
include vasodilators (e.g., nitroprusside, adenosine, and cal-
cium channel blockers) such as verapamil, diltiazem, and 
others.14

Interventions Aimed at Preventing 
Reperfusion Injury That Causes  
Cellular Necrosis
The primary treatment of acute STEMI should be early 
and complete reperfusion of the occluded culprit epi-
cardial coronary artery (see Chapter 13). Reperfusion 
salvages tissue, has a substantial impact on infarct size, 
and improves clinical outcome. However, if the act of 
reperfusion also kills some population of cardiomyo-
cytes that are hovering between life and death, then 
efforts to reduce this reperfusion injury might further 
improve outcome (Figure 24-5). Numerous clinical trials 
have attempted to further reduce MI size by administer-
ing adjunctive therapies near the time of reperfusion to 
mitigate reperfusion injury.20–25 There is a long list of the 
agents that showed promise in preclinical trials but that 
failed in clinical trials. We have previously described 
these trials, and discussed reasons why these trials may 
have failed.21–25

Therapies that have been used clinically in an attempt 
to reduced MI size by inhibiting reperfusion injury have 
included oxygen radical scavengers, calcium blockers, and 
anti-inflammatory agents. Early studies with these and other 
agents primarily yielded negative results. One reason for the 
failure of early studies is likely that therapy was administered 
too late after reperfusion. In general, we have observed that 
most therapies aimed at reducing MI size work only when 
they are present early enough to protect the myocardium 
during at least a portion of the ischemic phase and are pres-
ent at the moment of reperfusion. Because oxygen radical 
generation, sodium and calcium overload, and myocardial 
edema occur within seconds of the release of a coronary 
artery occlusion, therapies aimed at these adverse reper-
fusion phenomena must be present in the early phase of 
reperfusion to confer a benefit. Despite the substantial num-
ber of clinical trials that failed to show a benefit of strategies 
to reduce reperfusion injury, some studies have had more 
promising results.

Table 24-226–52 shows selected clinical trials that suggest 
that some, but not all, adjunctive agents and maneuvers 
administered near the time of reperfusion reduced MI size 
above and beyond reperfusion alone. In particular, adminis-
tration of mitochondrial permeability transition pore  closers 
(e.g., cyclosporine or postconditioning protocols, with brief 



R
ep

erfu
sio

n
 In

ju
ry: Preven

tio
n

 an
d

 M
an

ag
em

en
t

291

24

episodes of coronary artery reocclusion and reperfusion) 
or pharmacologic agents related to the Reperfusion Injury 
Salvage Kinase (RISK) pathway, given right at or shortly 
before reperfusion) have each markedly reduced MI size.1 
Some of these agents also appeared to improve clinical out-
come. Because of these results, some experts have attributed 
up to 50% of all cell death associated with MI in the setting 
of ischemia/reperfusion as being caused by reperfusion, 
rather than ischemic damage.1

However, it is important to point out that in most studies, it 
is not possible to determine whether the benefits observed 
were because of a reduction in the initial ischemic dam-
age, a reduction in reperfusion injury, or some combination 
of the two. In many of these studies, therapies were started 
before reperfusion (see Table 24-2); thus, therapies given 
during the later phase of an episode of ischemia might have 
conferred benefit by protecting the heart during critical 
phases of the ischemic insult, rather than by protecting the 
heart during the reperfusion phase alone. There are a few 
exceptions in which therapy did not commence until after 
reperfusion had begun. Selected interventions of particular 
interest in the evolution of this field are discussed in the fol-
lowing paragraphs.

Postconditioning
Postconditioning reduced MI size in at least three pro-
spective trials.26–28 Because of the timing of the interven-
tion, postconditioning plausibly works only during the 
reperfusion phase. However, in other trials, postcondition-
ing was ineffective.29,30 In our own laboratory, although 
postconditioning was very effective at reducing reperfu-
sion-induced ventricular arrhythmias, it was ineffective at 
reducing MI size.

Cyclosporin A
Both postconditioning and cyclosporine A are believed 
to prevent opening of the mitochondrial permeability 
transition pore during the early phase of reperfusion (see 
the section on Lethal Myocardial Cell Injury Caused by 
Reperfusion). The opening of this pore has been linked 
to mitochondrial damage and reperfusion injury (see 
Table 24-1). Early small studies with cyclosporine A sug-
gested that administration of cyclosporine A at reperfu-
sion reduced MI size, as assessed both by serial cardiac 
biomarkers of necrosis and by magnetic resonance imag-
ing. However, in a study by Ghaffari and colleagues31 in 
which cyclosporine A was administered just before fibri-
nolytic therapy in 101 patients with STEMI, no benefit 
was observed (see Table 24-2). A large randomized trial 
of cyclosporin A (n = ∼975) in patients with STEMI called 
CIRCUS (Cyclosporin and Prognosis in Acute Myocardial 
Infarction Patients; NCT01502774) was recently reported as 
negative, with no clinical benefit of cyclosporin A.

Nonischemic zone
(delineated by blue dye)

Viable myocardium (TTC+)

Infarct

Collagenous scar

Proximal
coronary
occlusion

Infarct
~40 minutes

Infarct
~60 minutes

Infarct
>3 hours

Long term
weeks

to months

Adminstration
of infarct size
reducing agent(s)

Scar

LV

Nonischemic zone

Risk region

FIGURE 24-5 Schematic showing how reducing myocardial infarct size early 
could have a benefit on the long-term structure of the heart. Top panel, The 
wavefront concept of Reimer and Jennings. After proximal coronary occlusion, a por-
tion of the left ventricle (LV) becomes ischemic, defined as the ischemic risk region. 
When a blue dye is injected into the vasculature, the blue dye circulates to areas receiv-
ing blood flow and fails to penetrate the ischemic zone. If reperfusion occurs after 
approximately 40 minutes of ischemia, irreversible myocardial damage (i.e., necrosis; 
pale white areas) is confined to the subendocardial myocardium. Viable myocardium 
within the risk zone is stained red by triphenyltretazolium chloride (TTC). If reperfusion is 
delayed (after 60 minutes) or after 3 to 6 hours, the extent of necrosis expands from the 
subendocardium to the mid-myocardium to the subepicardium within the ischemic risk 
zone. This development of necrosis becomes transmural or nearly transmural if reperfu-
sion is not instituted within approximately 3 to 6 hours or if reperfusion does not occur. 
Large transmural infarcts may then go on to result in severe LV remodeling with infarct 

expansion, LV cavity dilation, LV aneurysm formation, and eccentric hypertrophy of the 
noninfarcted tissue (bottom left). If agents are administered to reduce infarct size or if 
early reperfusion is instituted, the size of the infarct can be limited (first transverse LV 
slice shown in the right column). During the long term, this smaller infarct will shrink in 
size with a minimum of subendocardial scar tissue and substantial viable tissue remain-
ing in the mid-myocardial wall. LV remodeling will be minimized with less infarct wall 
thinning, less LV dilation, and less eccentric hypertrophy. In addition, LV function will be 
better preserved. (From Kloner RA: Current state of clinical translation of cardioprotec-
tive agents for acute myocardial infarction. Circ Res 113:451, 2013.)

ctgov:NCT01502774
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Bendavia
Bendavia is an agent that targets the inner mitochondrial 
membrane; it stabilizes the configuration of the election 
transport chain and reduces formation of reactive oxy-
gen species during ischemia/reperfusion. When given 
before reperfusion, it resulted in a modest trend toward 
reduction of infarct size (∼11%) in our rabbit model.19 It 
resulted in an approximately18% reduction in infarct size 
in animals with ischemic risk zones of more than 20% (P 
= .09). Bendavia resulted in greater reductions in infarct 

size when administered at reperfusion in other models 
and in other laboratories (in guinea pig, sheep, rats, rab-
bits).19 However, in a recent clinical trial, Bendavia did 
not significantly reduce infarct size.53

Other Pharmacotherapeutic Approaches
Therapeutic hyperoxemia in the Acute Myocardial Infarction 
with Hyperoxemic Therapy (AMIHOT) trial32,33 and atrial 
natriuretic peptide25 have been studied, with initiation com-
mencing after reperfusion; both therapies demonstrated 

TABLE 24-2 Examples of Major Clinical Studies of Pharmacological Interventions Aimed at Reducing 
Myocardial Infarct Size

INTERVENTION
TIME TREATMENT 
INITIATED OUTCOME

TOTAL 
PATIENTS REFERENCE

Cyclosporine-A Immediately before 
thrombolytic therapy

Failed to reduce arrhythmias or myocardial enzyme release. 
In-hospital and 6-mo mortality rates similar.

101 Ghaffari S et al. 201331

Exenatide 15 min before PCI Infarct size normalized to risk area, assessed by imaging 
at 90 ± 21 days, 23% smaller than in placebo; 0.30 vs. 
0.39; P = 0.003

172 Lonborg J et al. 201239

Exenatide Before PCI Treatment increased salvage index in both hyperglycemic 
and normoglycemic patients.

210 Lonborg J et al. 201440

Exenatide Peri-PCI Release of CK-MB and troponin I over 72 hrs were 
significantly reduced in treated group.

58 Woo JS et al. 201341

Metoprolol Before PCI IS measured by imaging at 7 days 20% smaller in treated 
group (P = .012), as was IS assessed by CK-AUC release.

270 Ibanez B et al. 201334

Atorvastatin Before PCI Treatment failed to decrease IS or improve cardiac 
function or microvascular perfusion

42 Post S et al. 201242

Rosuvastatin (high vs. 
conventional dose)

Peri-PCI Early high dose (40 mg + maintenance of 10 mg/day) did 
not reduce infarct volume vs. conventional dose (placebo 
+ maintenance of 10 mg/day).

185 Ko YG et al. 201443

Clopidogrel
(600- vs. 300-mg 

loading doses)

Peri-PCI IS assessed by CK release was significantly lower in the 
high-dose group (32%; P = .0001). Both microvascular 
perfusion and ejection fraction were better in the  
high-dose group.

201 Patti G et al. 201144

Streptokinase as 
adjunct to PCI

Immediately after PCI Coronary flow reserve at 2 days significantly better 
in streptokinase group (P < .001). At 6 months, IS 
(imaging) was smaller (22.7% vs. 32.9%;  
P = .003) and ejection fraction better in treated group.

95 Sezer M et al. 200945

Erythropoietin Before PCI 30% reduction in IS assessed by CK-MB release  
(P = .025)

30 Ferrario M et al. 201146

Erythropoietin Within 4 hrs reperfusion Treatment did not reduce IS but was associated with a 
higher incidence of adverse cardiac events.

222 Najjar S et al. 201147

Darbepoetin-α Onset of reflow after PCI Release of CK similar in treated and placebo groups 56 Roubille F et al. 201348

Endothelin receptor 
blockade

Onset of PCI Treatment with BQ-123 resulted in smaller enzymatic 
infarct sizes (P = .014)

57 Adlbrecht C et al. 201249

FX06 At reperfusion after PCI Necrotic core zone assessed at 5 days by imaging 
was reduced by 58% in the treated group, but no 
significant difference in troponin I levels

234 Atar D et al. 200950

Intracoronary delivery 
of supersaturated 
oxygen

At PCI
Pts within 6 hrs of onset  

of symptoms

Infarct size (imaging) was 20% in the treated group vs. 
26.5% in controls (P = .02)

301 Stone GW et al. 200932

Hypothermia Core body temperature 
<35°C before 
reperfusion by PCI

38% reduction in IS (imaging) normalized to myocardium 
at risk in group treated by cold saline and endovascular 
cooling (29.8% vs. 48% in control; P = .041). 
Cumulative release of troponin T also lower in 
hypothermia group (P = .03)

20 Götberg M et al. 201051

Hypothermia Core body temperature 
34.7°C before 
reperfusion by PCI

Pts in hypothermia group treated by cold saline and 
endovascular cooling. Mean IS (imaging) as percent of 
myocardium at risk was similar in both groups (40.5% 
in hypothermic group vs. 46.6% in control; P = .15). 
Post hoc analysis showed 33% IS reduction in early 
(<4 hr) anterior infarctions in hypothermia group.

120 Erlinge D et al. 201452

AUC, Area under the curve; CK, creatine kinase; IS, infarct size; MI, myocardial infarction; pts, patients; PCI, percutaneous coronary intervention.
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favorable effects. Therefore, the reported benefits of these 
agents would have to represent a reduction in lethal myocar-
dial cell injury. We observed a signal that suggested that some 
salvaging of tissue occurred when olmesartan54 was admin-
istered shortly before reperfusion. Because olmesartan was 
given 5 minutes before reperfusion, we could not rule out 
that some degree of salvage occurred because of cardio-
protection during the last few minutes of ischemia. Similarly, 
therapies, such as remote preconditioning, hypothermia, 
adenosine, exenetide, glucose-insulin-potassium (GIK), intra-
venous cyclosporine, and metoprolol,34–53 reduced infarct 
size and/or had beneficial clinical effects (see Table 24-2). 
However, because these agents were all initiated before 
reperfusion, at least some component of any benefit might 
have been caused by therapy during ischemia rather than 
during reperfusion alone.25

Hypothermia
Therapeutic hypothermia has consistently reduced MI 
size in our laboratory. However, it must be present dur-
ing the ischemic phase, and an adequate degree of tem-
perature reduction must be achieved before reperfusion 
for the intervention to be effective.18 Studies in humans 
(see Table 24-2) also suggest that reducing core temper-
ature to less than 35°C in anterior infarcts, coupled with 
timely reperfusion, may reduce MI size. The issue has been 
how to achieve rapid hypothermia. A technique called 
the Thermosuit (Life Recovery Systems, Kinnelon, N.J.) 
(already approved by the Food and Drug Administration 
to treat hyperthermia) uses immersion-convection cooling 
and is able to reduce core temperature to desired levels 
in humans in approximately 20 minutes. Therapeutic hypo-
thermia attained using the Thermosuit technique remains 
the single most effective therapy for reducing infarct size 
in our laboratory.18

Importance of Timing of Administration
Despite the few apparent successes described previously, our 
group has observed less evidence for the ability of agents to 
reduce MI size when administered only at the time of reperfu-
sion. Most cardioprotective agents that we have tested have 
required that the agent be present for at least a portion of the 
ischemic phase.2,55 We have been unable to verify that post-
conditioning or oxygen radical scavengers given at reperfu-
sion reduce MI size. Hypothermia reduced infarct size when 
present during at least the last one-third of the ischemic 
time, but when initiated after reperfusion had commenced, 
it failed to reduce infarct size, although it did reduce the 
zone of no-reflow.2 Preliminary reports from the Consortium 
for Preclinical Assessment of Cardioprotective Therapies 
(CEASAR) group, which included a randomized, blinded, 
multicenter study, showed that sodium nitrite and the phos-
phodiesterase-5 inhibitor, sildenafil, failed to reduce MI size 
when administered shortly before reperfusion.56,57

Lessons Learned from Previous Studies
Whether adjunctive agents work only during ischemia, dur-
ing reperfusion, or during both may not be such a crucial 
question. Therapies can be started either in the catheter-
ization laboratory or emergency department before the 
infarct-related coronary artery is opened, ensuring that a 
portion of the ischemic period is treated. Some studies, such 
as those that evaluated remote ischemic preconditioning37 
and glucose-insulin-potassium,38 have shown the feasibility 

of starting therapy even before a patient with acute MI is 
admitted to the hospital. Hence, adjunctive therapies could 
be instituted during the ischemic phase, the reperfusion 
phase, or both, protecting the patient from ischemia/reperfu-
sion injury. In addition, it might be naive to think that only 
one adjunctive agent needs to be given to further protect 
against ischemia/reperfusion injury. For example, perhaps an 
intervention such as hypothermia or metropolol, which can 
reduce oxygen demand during ischemia, should be admin-
istered during the ischemic phase, and then a mitochondrial 
permeability transition pore closing agent, such as cyclospo-
rine, or a mitochondrial protective agent that reduces gener-
ation of reactive oxygen species (e.g., Bendavia), should be 
given during the reperfusion phase. In other words, a cocktail 
of compounds might be needed to optimally reduce MI size. 
We observed that a combination of hypothermia, precon-
ditioning, and sodium–hydrogen exchange inhibition pro-
foundly reduced MI size to levels greater than what would 
have been expected with any of these agents given alone.

SUMMARY

Reperfusion injury in the setting of acute MI consists of 
four main components: (1) stunned myocardium; (2) reper-
fusion-induced arrhythmias; (3) no-reflow phenomenon 
(microvascular obstruction); and (4) lethal myocardial cell 
injury. Data supporting stunned myocardium, reperfusion-
induced arrhythmias, and no-reflow as a form of reperfu-
sion injury are solid. The importance of lethal myocardial 
cell injury caused by reperfusion remains controversial. 
However, despite improvements in reperfusion therapy, mor-
bidity and mortality from MI are still unacceptable. There is 
still a need to further reduce MI size and no-reflow, which 
are both determinants of poor outcome following MI (see 
Chapter 13). The search for agents and therapies that reduce 
ischemic damage, reperfusion injury, or some combination 
of the two should continue to be of high priority to optimize 
outcome following MI.
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INTRODUCTION

Myocardial infarction (MI) is defined by myocyte necrosis. 
If large in its territory or critical in its location, this injury 
can lead to loss of contractile function or other structural 
complications (see Chapter 26) that result in insufficient 
cardiac output and consequent heart failure or cardiogenic 
shock. Despite significant advancements in the acute man-
agement of MI, incident heart failure still occurs in 10% to 
30% of patients during the initial hospitalization for acute 
MI and is associated with at least a two-fold higher adjusted 
risk of in-hospital death compared to patients without heart 
failure.1,2 Cardiogenic shock occurs in aproximately 5% to 
7% of patients presenting with an acute MI and carries a sub-
stantial 40% to 60% mortality rate.3,4

This chapter reviews the current understanding of the 
epidemiology, pathophysiology, evaluation, and manage-
ment of heart failure and cardiogenic shock after MI. The 
mechanical complications of MI are detailed in Chapter 26. 
The implementation of mechanically assisted  circulatory 
support for cardiogenic shock after MI is discussed in 
Chapter 27.

Defining and Classifying Heart Failure  
and Cardiogenic Shock
Heart failure after MI is a clinical syndrome typically defined 
by evidence of pulmonary venous or central venous con-
gestion. Cardiogenic shock is characterized by congestion 
and inadequate tissue or end-organ perfusion secondary 
to cardiac insufficiency. This reduction in perfusion results 
in decreased oxygen and nutrient delivery to tissues, which, 
if severe or protracted, can lead to multiorgan dysfunction 
and death. Generally accepted criteria for shock include 
(1) frank or relative hypotension defined by a systolic blood 
pressure below 80 or 90 mm Hg or by a reduction in mean 
arterial pressure of 30 mm Hg; (2) inadequate cardiac 
index defined as below 1.8 L/min/m2 without mechanical 
or pharmacologic support or less than 2.2 L/min/m2 with 
support; (3) elevated end-diastolic pressures on the right 

(greater than 10 to 15 mm Hg) and/or left (greater than 
18 mm Hg) side of the heart; and (4) evidence of end-organ 
hypoperfusion.5 End-organ hypoperfusion may manifest as 
altered mental status, decreased urine output, acute kidney 
injury, cool or mottled extremities, acute liver injury, or lactic 
acidosis.

Heart failure and cardiogenic shock can be catego-
rized by severity using one of several classification systems  
(Table 25-1). The Killip classification system, derived spe-
cifically in patients with acute MI, is defined by physical 
examination findings consistent with heart failure.6 Killip 
class I is characterized by an absence of heart failure; class 
II is consistent with mild to moderate heart failure (S3 gal-
lop, pulmonary rales, or jugular venous distention); class III 
heart failure includes overt pulmonary edema; and class IV 
is defined as cardiogenic shock. The Killip classification has 
a strong graded relationship with mortality after acute MI, 
in that patients with class II or III heart failure have a 4-fold 
increased risk of in-hospital death, and those with cardio-
genic shock, a 10-fold increased risk.2 The New York Heart 
Association (NYHA) system describes a functional or symp-
tomatic status, whereby classes I to IV are defined by the 
spectrum of no symptomatic limitation of physical activity 
(NYHA class I), slight limitation (NYHA class II), marked limi-
tation without symptoms at rest (NYHA class III) and symp-
toms with minimal exertion or symptoms at rest (NYHA class 
IV), respectively. NYHA class also is a marker of heart failure 
severity and therefore is associated with survival.6 Finally, 
investigators with the Interagency Registry of Mechanically 
Assisted Circulatory Support (INTERMACS) developed a 
classification system based on combination of signs, symp-
toms and level of therapeutic support, with the goal of refin-
ing the description of NYHA class III-IV and shock patients to 
best define populations that would benefit from advanced 
therapies such as pacing, cardiac transplantation, and 
mechanical circulatory support (MCS).7 The INTERMACS 
profiles (Table 25-1) range from NYHA class III (INTERMACS 
7), exertion-limited, exertion-intolerant, symptoms at rest, 
stable but inotrope-dependent, progressive decline on ino-
tropes, to critical cardiogenic shock (INTERMACS 1).
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EPIDEMIOLOGY AND OUTCOMES

Left ventricular failure is the predominant mechanism of 
cardiac insufficiency in approximately 75% of patients in 
whom shock develops after MI (Figure 25-1).8 Mechanical 
causes of heart failure and shock (see Chapter 26), includ-
ing ventricular septal rupture, severe mitral regurgitation, 
and free wall rupture with tamponade, account for 12% of 
cases, and predominant right ventricular failure, another 3%.

Incidence and Risk Factors
Depending on the characteristics of the study population 
and heart failure definitions applied, the incidence of new-
onset heart failure after acute MI is estimated at 10% to 30%.1 
For example, in four major trials of fibrinolysis, 13% of the 
61,041 patients presenting with ST-elevation MI (STEMI) 
had heart failure without shock on admission, and 29% had 
heart failure that emerged some time during admission. Of 
13,707 patients in the Global Registry of Acute Coronary 

Events (GRACE) registry without previous heart failure or 
cardiogenic shock, 13% of patients presenting with an acute 
coronary syndrome had Killip class II or III heart failure, and 
heart failure developed in an additional 5% during the ini-
tial hospitalization.9

The available data are conflicting regarding the trends 
in incident heart failure without shock after acute MI, with 
some evidence to support a decrease in early heart failure 
due to improved reperfusion strategies, but an increase 
in chronic heart failure rates due to increased survival 
of patients with substantial left ventricular damage.1 For 
example, investigators with the GRACE registry found that 
with increasing rates of percutaneous coronary interven-
tion (PCI) and evidence-based pharmacotherapies, rates 
of incident heart failure decreased by 9% in patients with 
STEMI and by 6.9% in patients with non–ST-elevation MI 
(NSTEMI) between 1999 and 2006. In this registry, predic-
tors of incident heart failure in the setting of acute coronary 
syndromes included older age, prior MI, atherosclerotic dis-
ease in non-coronary vascular beds, presentation with an 
MI (versus unstable angina), diabetes, and increased heart 
rate.9 Other studies have identified left ventricular systolic 
dysfunction and infarct size as predictors of new-onset 
heart failure after MI.10,11

The incidence of cardiogenic shock complicating 
acute MI has been declining, a trend that also may relate 
to increased use of more efficacious reperfusion strategies 
(see Chapter 13). For example, in a registry of 13,663 resi-
dents of Worcester, Massachusetts, hospitalized with acute 
MI, the incidence of cardiogenic shock decreased from 7.3% 
in 1975 to approximately 5% in 20054 (Figure 25-2). Similarly, 
an analysis of data for 7,531 patients from three French reg-
istries reported that the incidence decreased from 6.9% in 
1995 to 5.7% in 2005; a period over which the rate of PCI 
increased dramatically.3

Cardiogenic shock occurs more frequently in the setting 
of STEMI than NSTEMI, with estimated rates of 5% to 8% and 
2% to 3%, respectively.5 Other risk factors for the develop-
ment of cardiogenic shock, identified in French and Danish 
registries, include older age, female sex, hypertension, diabe-
tes, previous MI, heart failure, anterior MI, left bundle branch 
block, and reduced left ventricular systolic function.3,5

Outcomes with Heart Failure  
and Cardiogenic Shock
As noted, heart failure without cardiogenic shock continues 
to be a common complication of acute MI and portends a 
worse prognosis. In the previously described GRACE registry 
of 13,707 patients with ACS without shock or previous heart 
failure, presentation with heart failure or development of 
heart failure after admission identified patients with mark-
edly higher in-hospital mortality than that for patients with-
out heart failure (12.0% versus 17.8% versus 2.8%; P < .0001), 
representing a greater than two-fold increased risk after 
adjustment for other predictors of mortality.9 Analysis of data 
for 3,343 patients with STEMI in the Harmonizing Outcomes 
with Revascularization and Stents in Acute Myocardial 
Infarction (HORIZONS-AMI) trial revealed that develop-
ment of new-onset heart failure was associated not only with 
higher mortality but also with increased risk for recurrent MI, 
stent thrombosis, and need for coronary revascularization.11

Cardiogenic shock is a relatively infrequent complica-
tion of acute MI, but the mortality rate associated with the 

TABLE 25-1 Heart Failure and Cardiogenic Shock 
Classification Systems

CLASSIFICATION 
SYSTEM DEFINITION

Killip
 Class I No evidence of heart failure
 Class II Mild to moderate heart failure, including S3 

gallop, rales auscultated over less than one 
half of the posterior lung fields, or jugular 
venous distention

 Class III Overt pulmonary edema
 Class IV Cardiogenic shock

NYHA
 Class I No limitation of physical activity
 Class II Slight limitation of physical activity; 

comfortable at rest, but ordinary physical 
activity results in symptoms of heart failure

 Class III Marked limitation of physical activity; 
comfortable at rest, but less than ordinary 
activity causes symptoms of heart failure

 Class IV Unable to carry on any physical activity 
without symptoms of heart failure or 
symptoms of heart failure at rest

INTERMACS
 Profile 1 Critical cardiogenic shock (“crash and burn”); 

life-threatening hypotension despite rapidly 
escalating inotropic support

 Profile 2 Progressive decline (“sliding on inotropes”); 
declining function despite intravenous 
inotropic support

 Profile 3 Stable but inotrope-dependent (“dependent 
stability”); stable blood pressure, organ 
function, and symptoms on continuous 
intravenous inotropic support or temporary 
circulatory support or both with repeated 
failure to wean

 Profile 4 Resting symptoms; stabilized close to normal 
volume status but experiences daily 
symptoms at rest or during activities of daily 
living (ADLs)

 Profile 5 Exertion intolerant (“housebound”); comfortable 
at rest or with ADLs, symptoms with any 
further activity

 Profile 6 Exertion limited (“walking wounded”); fatigues 
after first few minutes of anything beyond 
minor activity

 Profile 7 Advanced NYHA III

INTERMACS, Interagency Registry of Mechanically Assisted Circulatory Support; 
NYHA, New York Heart Association.
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condition is staggeringly high. Although in-hospital mor-
tality rates have decreased, from 70% to 80% in the 1970s 
to approximately 40% to 60% currently, cardiogenic shock 
remains the major cause of death among patients hospital-
ized with acute MI (see Figure 25-2).3,4 The improvement in 
mortality over time is certainly multifactorial. During this 
period, multiple medical therapies that reduce the rate of 
recurrent cardiovascular events have been incorporated 
into standard practice, including lipid-lowering therapies, 
β-adrenergic blockade (beta-blockade), inhibition of the 
renin-angiotensin-aldosterone system (RAAS), and use of 
potent antiplatelet agents (see Chapter 13).12,13 In addition, 
the options for and prioritization of reperfusion strategies 
for acute coronary syndromes have advanced significantly.

Mortality Risk Prediction
Clinical predictors of higher mortality rates among patients 
with shock include delayed or inadequate revascularization, 
older age, anoxic brain injury, lower left ventricular ejection 
fraction, low systolic blood pressure, vasopressor require-
ments, renal dysfunction, elevated lactate levels, and compli-
cated coronary disease, such as left main artery or three-vessel 
disease.5,14-16 Of interest, outcomes are relatively similar in 
patients with cardiogenic shock after STEMI and in those 
after NSTEMI, and also for cardiogenic shock due to predomi-
nant left ventricular failure and that due to right  ventricular 
failure.5 A depressed cardiac power output, defined as the 
product of mean arterial pressure and cardiac output, was 
found to be the strongest, most independent hemodynamic 
predictor of in-hospital mortality in the Should We Emergently 
Revascularize Occluded Coronaries for Cardiogenic Shock? 
(SHOCK) trial.5 Biomarkers of inflammation, such as inter-
leukin-6 (IL-6), and of microcirculatory dysfunction or vascu-
lar leakage (angiopoietins) also have been associated with 
poorer prognosis and higher mortality in these patients but 
are not currently used for  clinical risk stratification.17,18

PATHOPHYSIOLOGY

The pathophysiology of cardiogenic shock is complex and 
dynamic, involving adaptive and maladaptive compensa-
tory mechanisms coordinated by multiple organ systems.

Hemodynamic Considerations
The multiple myocardial and vascular parameters that deter-
mine stroke volume and work are represented in the left 
ventricular pressure-volume loops (Figure 25-3A).19 The left 
ventricular end-diastolic pressure is a function of the end-
diastolic volume and myocardial compliance,  represented 
by the end-diastolic pressure-volume relationship (EDPVR). 
The difference between the end-diastolic and end-systolic 
volume represents the stroke volume and area contained in 
the pressure-volume loop, the stroke work. The timing of the 
events in the cycle is determined by both myocardial and 
vascular characteristics. For example, the load-independent 
left ventricular contractility (Emax), described by the end-
systolic pressure-volume relationship (ESPVR) across the 
range of loading conditions, and the effective arterial elas-
tance (Ea) define the timing of aortic valve closure and thus 
of end systole. Ea is a measure of arterial loading, approxi-
mated as the ratio of end-systolic pressure and stroke vol-
ume and is influenced by peripheral resistance, vascular 
compliance and impedance, and systolic and diastolic time 
intervals. Stroke work or left ventricular pump efficiency is 
maximal when the ratio of effective arterial elastance and 
left ventricular contractility (Ea/Emax) approaches 1.

In the setting of an acute MI, left ventricular contractil-
ity is reduced through myocardial necrosis and stunning, 
thereby shifting the ESPVR down, and reducing stroke 
 volume (see Figure 25-3B). In many cases, myocardial com-
pliance decreases as well, shifting the EDPVR up, leading 
to an increase in left ventricular end-diastolic pressure for 
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FIGURE 25-1 Mortality by etiology of cardiogenic shock following acute myocardial infarction (AMI). In-hospital mortality rates (bars, left axis) are shown for various primary 
etiologic conditions associated with death due to cardiogenic shock after AMI: left ventricular (LV) failure, ventricular septal rupture (VSR), acute severe mitral regurgitation (MR), isolated right 
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tricular filling occurs at the end of isovolumic relaxation (period between points 4 and 1) on opening of the mitral valve (point 1 on the diagram). The left ventricular end-
diastolic pressure (LVEDP) is a function of the end-diastolic volume and myocardial compliance, represented by the end-diastolic pressure-volume relationship (EDPVR). 
Once left ventricular volume is maximal at end-diastole (point 2), isovolumic contraction (period between points 2 and 3) begins. Systolic ejection occurs when left 
ventricular pressure exceeds aortic pressure, leading to aortic valve opening (point 3), and continues until the point at which aortic pressure exceeds the left ventricular 
pressure, the end-systolic pressure-volume point (point 4). The difference between the end-diastolic and end-systolic volumes represents the stroke volume (SV) and 
area contained in the pressure-volume loop, the stroke work. LVSP, left ventricular systolic pressure. (B) In the setting of an acute myocardial infarction, left ventricular 
contractility is reduced, shifting the ESPVR down and reducing SV. In addition, a decrease in myocardial compliance may lead to an increase in LVEDP. (C) In cardiogenic 
shock, left ventricular contractility and SV are severely reduced, and LVEDP is increased. (Adapted from Rihal CS, Naidu SS, Givertz MM, et al: 2015 SCAI/AC/HFSA/STS 
Clinical Expert Consensus Statement. J Am Coll Cardiol 65(19):e7-e26, 2015.)
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a given volume. If severe, these acute alterations in systolic 
and diastolic function can lead to decreased cardiac out-
put and stroke work and increased pulmonary congestion, 
resulting in clinical heart failure.

In the extreme case of these perturbations (Figure 25-3C), 
left ventricular contractile function is severely reduced and 
left ventricular end-diastolic volume and pressures are signifi-
cantly increased, culminating in cardiogenic shock. Without 
appropriate interventions, cardiogenic shock begets wors-
ened cardiogenic shock and death (Figure 25-4). That is, the 
shock state, defined by inadequate cardiac output and con-
gestion, results in a cascade of events that reinforce and exac-
erbate the underlying pathology of ischemia and progressive 
left ventricular dysfunction (see also Figure 27-1).

Impact of Altered Hemodynamics
The primary insult, myocyte necrosis in the setting of an 
acute MI, results in reduced myocardial contractility and 
systolic dysfunction. The resultant reduction in cardiac 
output leads to hypotension and peripheral hypoperfusion. 

Hypotension can promote further ischemia and myocar-
dial depression through decreased coronary perfusion, 
which can be exacerbated by atherosclerotic lesions in 
non-culprit coronary vessels (Figure 25-4). In an attempt to 
maintain perfusion to vital organs, the body releases endog-
enous catecholamines (e.g., norepinephrine) and other 
vasopressors (e.g., angiotensin II). These catecholamines 
and vasoconstrictors may mediate improved blood pres-
sure through increased systemic vascular resistance (SVR) 
as well as myocardial contractility; however, this increase in 
blood pressure may come at the cost of increased myocar-
dial oxygen demand resulting from increased afterload and 
heart rate, promoting further ischemia. Hypoperfusion also 
activates the  neurohormonal cascade, resulting in sodium 
and fluid retention, thereby increasing perfusion through 
increased intravascular volume. In the setting of diastolic 
dysfunction, however, this compensatory response can lead 
to a greater elevation of left ventricular end-diastolic pres-
sures, translating to more pulmonary edema and hypox-
emia with further ischemia and progressive left ventricular 
dysfunction.

Acute myocardial infarction

LV dysfunction

Systolic Diastolic

LVEDP↑
Lung edema

Hypoxemia

Ischemia

Progressive
LV dysfunction

Death

SIRS

Hypotension

Cardiac output ↓
Stroke volume ↓

Peripheral perfusion ↓

Coronary
perfusion ↓

Vasoconstriction
Fluid retention

SVR ↓
Proinflammation

Catecholamine sensitivity ↓
Contractility ↓

eNOS
iNOS

Bleeding/
transfusion

Reperfusion:
PCI/CABG

NO ↑
Peroxynitrate ↑

IL-6 ↑
TNF-α ↑
IL-1β ↑

Inotropes/
Vasopressors

Mechanical
support:
IABP/LVAD

+

+

+

+

FIGURE 25-4 Pathophysiology of cardiogenic shock. The classic shock spiral following acute myocardial infarction involves left ventricular dysfunction, leading to further 
ischemia, progressive ventricular dysfunction and death. Systolic dysfunction results in insufficient cardiac output, hypotension, and peripheral and coronary hypoperfusion, with 
subsequent ischemia. Diastolic dyfunction results in pulmonary congestion, hypoxemia, and additional ischemia. Finally, a systemic inflammatory response leads to inappropriate 
vasodilation with further hypotension, hypoperfusion, and ischemia, as well as direct myocardial suppression, leading to worsened ventricular dysfunction. Several therapeutic 
strategies aim to abort this spiral through improvement in coronary perfusion (revascularization), myocardial contractility (inotropes), and peripheral perfusion (vasopressors 
and mechanical circulatory support). These therapeutic interventions also may contribute to bleeding, infection, and exacerbation of the systemic inflammatory response 
syndrome (SIRS). eNOS, Endothelial nitric oxide synthase; IABP/LVAD, intra-aortic ballooon pump/left ventricular assist device; IL-6, interleukin-6; iNOS, inducible nitric oxide 
synthase; LV, left ventricular; LVEDP, LV end-diastolic pressure; NO, nitric oxide; PCI/CABG, percutaneous coronary intervention/coronary artery bypass grafting; SVR, systemic 
vascular resistance; TNF-α, tumor necrosis factor-alpha. (Adapted from Reynolds HR, Hochman JS: Cardiogenic shock: current concepts and improving outcomes. Circulation 
117(5):686-697, 2008.)
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Vasodilatory and Inflammatory Response  
in Cardiogenic Shock
In addition to the critical myocardial hemodynamic changes, 
cardiogenic shock can be complicated by development of a 
systemic inflammatory response syndrome (SIRS). The devel-
opment of SIRS is more common with a longer duration of 
shock and often is not associated with superimposed infec-
tion.5 For example, approximately 20% of patients enrolled in 
the SHOCK trial had suspected sepsis. Only three quarters of 
those patients ultimately had positive blood cultures, however, 
and the vasodilatory state generally preceded bacteremia by 
several days, suggesting an earlier noninfectious inflamma-
tory process.

Several mechanisms may be contributors to this vasodi-
latory state, including (1) the development of a vasopressin 
deficiency, (2) activation of ATP-sensitive potassium (KATP) 
channels on vascular smooth muscle, and (3) release of 
inflammatory cytokines.5,20 Vasopressin, or antidiuretic hor-
mone, promotes vasoconstriction, free water absorption, 
decreased plasma osmolality, and increased blood volume. 
It is secreted in response to increased plasma osmolality, 
angiotensin II, cardiac wall stress, and adrenergic stimuli.21 
Vasopressin levels are notably lower in vasodilatory shock 
after cardiopulmonary bypass or ventricular assist device 
placement, possibly as a result of depletion of neurohy-
pophyseal stores. Patients in this setting tend to respond with 
brisk increases in arterial pressure with vasopressin admin-
istration, even when refractory to catecholamines.20

KATP channels on vascular smooth muscle allow for 
efflux of potassium, resulting in cellular hyperpolarization, 
decreased calcium influx, and vasodilation.20 A number of 
factors present during shock contribute to KATP channel acti-
vation, including acidosis (e.g., hydrogen ion and lactate), 
decreased energy stores, reduced vasopressin levels, and 
increased atrial natriuretic peptide and nitric oxide levels.

Inflammatory cytokines are elevated in the setting of car-
diogenic shock complicating acute MI—a phenomenon 
that is even more pronounced in the subset of patients with 
SIRS.17,22 These cytokines, particularly IL-6 and tumor necro-
sis factor-alpha (TNF-α), are believed to promote progressive 
shock through a number of mechanisms. IL-6 and TNF-α stim-
ulate expression of inducible nitric oxide synthase (iNOS). 
Increased iNOS results in higher levels of nitric oxide, which 
in turn cause inappropriate vasodilation through induction 
of soluble guanylate cyclase and increased cyclic guano-
sine monophosphate (cGMP), as well as activation of KATP 
channels in vascular smooth muscle. This cascade of inflam-
matory activation drives progressive hypotension with wors-
ened peripheral and coronary hypoperfusion and, as a result, 
further myocardial depression and worsened shock. Nitric 
oxide exerts additional negative effects by promoting further 
release of inflammatory cytokines, induction of DNA dam-
age through generation of peroxynitrite, suppression of mito-
chondrial respiration, and reduced contractility as a result 
of decreased calcium release from the sarcoplasmic reticu-
lum.22,23 IL-6 also may contribute to myocardial depression 
through downregulation of sarcoplasmic reticulum calcium 
ATPase (SERCA2) and myosin expression, upregulation of 
the IL-6 receptor, and generation of oxygen free radicals sec-
ondary to increased xanthine oxidase activity.23

The inflammatory cascade in cardiogenic shock is thought 
to be driven by myocyte necrosis, as well as hypoxemia and 
hypoperfusion of other tissues, most notably the gut.5,24 

Intestinal ischemia–reperfusion is believed to lead to 
increased intestinal permeability, bacterial translocation 
and endotoxin release, and, in a subset, development of bac-
teremia and sepsis. Endotoxin, a lipopolysaccharide (LPS) 
found in the cell walls of gram-negative bacteria, binds to 
Toll-like receptors on macrophages, resulting in production 
of inflammatory cytokines, including TNF and the interleu-
kins IL-1β and IL-6. The link between intestinal hypoperfu-
sion and endotoxin is supported by a study demonstrating 
a correlation between biomarkers of intestinal injury, includ-
ing urinary intestinal fatty acid–binding protein (IFABP) 
and plasma citrulline, and endotoxin levels in 21 patients 
with out-of-hospital cardiac arrest (OHCA).25 Furthermore, 
those patients with post-arrest shock demonstrated increas-
ing levels of endotoxin over time, and those without shock 
had decreasing levels in the days after the arrest. In this set-
ting, high endotoxin levels after OHCA were associated with 
increased severity and duration of shock, as indicated by the 
mean dose of vasopressor and days requiring vasopressor 
therapy.26

Studies attempting to target systemic inflammation 
and inappropriate vasodilation in cardiogenic shock are 
described later in the chapter.

PRESENTATION AND INITIAL EVALUATION

Presentation of Heart Failure  
and Cardiogenic Shock After  
Myocardial Infarction
Cardiogenic shock secondary to acute MI typically devel-
ops during the initial hospitalization, with only 15% of cases 
documented as present at the time of hospital arrival.13 For 
patients who develop shock after hospitalization, the onset 
tends to occur early, usually within 24 hours, of STEMI and 
later, on the order of 3 to 4 days, for NSTEMI.

Nohria and colleagues described a classification system 
for heart failure states based on the presence or absence 
of congestion, described as “wet” or “dry,” and on the pres-
ence or absence of hypoperfusion, described as “cold” or 
“warm.”6 The physical examination in patients with heart 
failure without cardiogenic shock reveals congestion with 
preserved perfusion (“warm and wet”) and the examina-
tion in cardiogenic shock indicates both hypoperfusion 
and congestion (“cold and wet”). On physical examina-
tion, congestion is identified by the presence of jugular 
venous distention, hepatojugular reflux or a square-wave 
blood pressure response to the Valsalva maneuver, orthop-
nea, peripheral edema, or a third heart sound (S3 gallop). 
Hypoperfusion is identified by hypotension, a narrow pulse 
pressure, cool extremities (except in patients who develop a 
low-SVR state), or altered mental status. A narrow pulse pres-
sure, defined by a ratio of the pulse pressure (systolic minus 
diastolic pressure) to systolic pressure of 25% or less, has 
been shown to have a 91% sensitivity and 83% specificity for 
a cardiac index below 2.2 L/min/m2.6

Differential Diagnosis
Findings on the history and physical examination assist in the 
differentiation among types of shock, including cardiogenic, 
hypovolemic, distributive, and mixed (e.g., cardiogenic and 
distributive). Once a cardiogenic component is suspected, 
it is prudent to consider a broad group of possible etiologic 
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disorders. Multiple causes of cardiogenic shock may coex-
ist, and the treatment may vary accordingly. For example, in 
a patient hospitalized after an anterior STEMI, cardiogenic 
shock may develop secondary to left ventricular dysfunc-
tion, as well as from mechanical complications, such as ven-
tricular septal rupture. Potential causes of cardiogenic shock, 
including those possible after MI, are listed in Table 25-2. These 
etiologic factors include complications of MI, such as left, 
right, and biventricular pump dysfunction in the setting of the 
initial ischemic event, as well as mechanical complications 
(see Chapter 26), including acute mitral regurgitation, ventric-
ular septal rupture, free wall rupture, and cardiac dysrhythmia 
(see Chapter 28). The differential diagnosis also includes enti-
ties not related to epicardial coronary disease, such as stress 
cardiomyopathy, inflammatory myocarditis, pericarditis with 
tamponade, native or prosthetic valvular dysfunction, and 
massive pulmonary embolism (see Chapter 6).

Approach to Evaluation of a Patient  
with Shock
Evaluating a patient with shock requires integration of data 
from multiple sources, including the clinical history, physical 
examination, laboratory data, electrocardiography, imaging, 
and invasive hemodynamic assessments.

Clinical History and Physical Examination
The clinical history and physical examination are critical 
elements in the evaluation of patients with shock. The his-
tory can provide important information regarding etiol-
ogy, duration, and progression. The physical examination 
is invaluable for rapidly assessing the likely type of shock. 
For example, in patients with hypovolemic shock, the physi-
cal examination will expose manifestations of decreased 
preload, including low jugular venous pressure, dry mucous 
membranes, decreased skin turgor, and possibly cool, mot-
tled extremities (reflective of high SVR). Distributive shock 
is characterized by an inappropriate decrease in SVR, 
which typically results in an augmentation of heart rate and 
compensatory increase in cardiac output. Preload may be 
low or normal in the case of distributive shock. Although 
many of the physical examination findings may be similar 
to those in hypovolemic shock (e.g., tachycardia, low jugu-
lar venous pressure), a distinguishing feature of distribu-
tive shock is warm or hyperemic extremities, reflecting a 
low-SVR state. Finally, as described previously, the physical 

examination in cardiogenic shock often reveals congestion, 
as manifested by pulmonary or peripheral edema, ascites, 
an S3 gallop, and jugular venous distention, as well as hypo-
perfusion with cool extremities (elevated SVR), altered 
mental status, or oliguria.

Laboratory Assessments
Depending on the severity of shock, laboratory evaluation 
may demonstrate evidence of anaerobic metabolism with 
a lactic acidosis and organ hypoperfusion, including acute 
kidney and liver injury. Biomarkers of myonecrosis, including 
troponin, are important in the diagnosis and prognostica-
tion in patients with acute MI (see Chapter 6 and Chapter 7),  
and also may be elevated in patients with shock outside of 
the setting of acute MI.27 Additionally, troponin has been 
associated with worse clinical outcomes and higher mor-
tality in patients with acute decompensated heart failure.28 
B-type natriuretic peptide (BNP) and the amino-terminal 
cleavage product (NT-proBNP) are released by cardiomy-
ocytes in the setting of increased myocardial wall stress. 
These biomarkers are useful to support clinical judgment 
for diagnosis or exclusion of acute decompensated heart 
failure, as well as for risk stratification.6 Natriuretic peptides 
can be elevated in other cardiac and noncardiac conditions 
and may be falsely decreased in the setting of obesity.

Several investigational biomarkers have shown promise 
for risk stratification in cardiogenic shock. Consistent with 
the inflammatory response to myocardial necrosis and pro-
longed cardiogenic shock, investigators found that higher 
levels of interleukins, including IL-6, predicted occurrence 
of death in 40 patients with acute MI and cardiogenic 
shock in the IABP-SHOCK trial.17 Similarly, markers of vas-
cular integrity, the angiopoietins, were independently asso-
ciated with mortality in cardiogenic shock.18 As described 
earlier, the presence of endotoxin probably reflects end-
organ (intestinal) hypoperfusion, with higher levels indi-
cating more severe shock.26 Endotoxin is known to drive 
production of procalcitonin, a precursor to the hormone 
calcitonin, which is used as a relatively specific biomarker 
of systemic bacterial infections and sepsis. Of interest, in a 
study of 29 patients with acute cardiogenic shock without 
bacteremia, Brunkhorst and colleagues found that in 18 of 
20 patients who survived for more than 12 hours, pyrexia 
and an increase in procalcitonin level developed in the 
absence of positive cultures, supporting the hypothesis 
that the development of SIRS in cardiogenic shock may be 
related to exposure to bacterial endotoxin.5 Further stud-
ies are needed to determine the optimal combination of 
biomarkers for risk stratification and, possibly, to monitor 
response to therapy in cardiogenic shock.

Electrocardiogram, Imaging, and Other Assessments
Electrocardiogram
An electrocardiogram (ECG) should be obtained imme-
diately at the time of presentation, to assist with diagnosis, 
prognosis, and therapeutic decision making (see Chapter 6). 
The extent of ST-segment deviation on the ECG, location of 
infarction, and QRS duration correlate with risk of adverse 
outcomes, including the risk for onset of severe heart failure 
or shock.

Echocardiography
Noninvasive imaging with echocardiography is recom-
mended in patients with acute MI and should be performed 

TABLE 25-2 Differential Diagnosis of Cardiogenic 
Shock

Acute myocardial infarction or ischemia, including right ventricular infarction
Mechanical complications of acute myocardial infarction

Acute mitral regurgitation/papillary muscle rupture
Ventricular septal rupture
Free wall rupture and tamponade

Stress cardiomyopathy
Myocarditis
Myocardial contusion
Pericarditis and tamponade
Type A dissection with acute aortic insufficiency or tamponade
Native valvular dysfunction
Complication of prosthetic valves
Acute thrombosis
Valve dehiscence
Dysrhythmia
Pulmonary embolism
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urgently in such patients with cardiogenic shock.12,13,29 
Echocardiography is a widely available and rapidly applied 
modality that can identify left and right ventricular dysfunc-
tion, myocardial wall motion abnormalities, pericardial tam-
ponade, severe valvular disease, papillary muscle rupture, 
and ventricular septal rupture (see Chapter 31). In addition, 
echocardiography can be used to estimate left ventricular 
filling pressures using several different techniques.30 For 
example, the ratio of the peak transmitral pulsed Doppler 
inflow velocity (E), a marker of early diastolic flow, to the 
tissue Doppler-derived mitral annular velocity (e′), a marker 
of myocardial relaxation, is well correlated with invasively 
measured pulmonary capillary wedge pressure (r = 0.87; 
P < .001)30 (Figure 25-5). Specifically, an E/e′ ratio of 12 or 
higher using the lateral annulus, or an E/e′ ratio of 15 or 
higher using the septal annulus, are correlated with a wedge 
pressure of 15 mm Hg or more, and an E/e′ less than 8 at 
either annular location is correlated with normal left ven-
tricular filling pressures. Doppler echocardiography also has 
been studied as a method to estimate cardiac output in criti-
cally ill or perioperative patients, using small probes placed 
in the esophagus after appropriate sedation and mechani-
cal ventilation have been instituted. With this technique, the 
cardiac output is based on the diameter and velocity of flow 

in the aorta and an estimation of the proportion of output 
delivered to the descending aorta.31

Cardiovascular Magnetic Resonance
Cardiovascular magnetic resonance (CMR) combines an 
excellent spatial and temporal resolution to allow for the 
simultaneous assessment of cardiac function, anatomy 
(including coronary and valvular), stress and rest myo-
cardial perfusion, and viability during the same test (see 
Chapter 33). Despite the diagnostic potential of CMR, its 
clinical usefulness in patients with shock often is limited by 
availability and by the ability of hemodynamically unstable 
patients to tolerate this time-intensive testing.

Invasive Coronary Angiography
Invasive coronary angiography is the optimal strategy for 
identification of epicardial coronary disease in the setting 
of cardiogenic shock, because it allows for simultaneous 
revascularization of culprit lesions. On the basis of the ben-
efit of early revascularization observed in the SHOCK trial, 
an immediate invasive strategy is recommended for all 
patients with cardiogenic shock and acute MI. 12,13,29,32 The 
role of revascularization is discussed later under Coronary 
Reperfusion and Revascularization.

E

A

e’
e’

SSeptal E/e’ = 160/8 = 20 Lateral E/e’ =160/8 = 20

FIGURE 25-5 Echocardiographic estimation of left ventricular filling pressures. Echocardiographic measurements in a patient with impaired left ventricular relaxation 
and elevated left ventricular filling pressures. A ratio of the peak transmitral pulsed Doppler inflow velocity (E in cm/s, shown in top panel) to the Doppler tissue imaging at the septal  
(e’ in cm/s, bottom left panel) or lateral (e’ in cm/s, bottom right panel) mitral annulus of 12 or greater is correlated with an elevated pulmonary capillary wedge pressure. 
(Adapted from Mor-Avi V, Lang RM, Badano LP, et al: Current and evolving echocardiographic techniques for the quantitative evaluation of cardiac mechanics: ASE/EAE consen-
sus statement on methodology and indications endorsed by the Japanese Society of Echocardiography. J Am Soc Echocardiogr 24:277-313, 2011.)
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Hemodynamic Monitoring
Invasive assessment of hemodynamics by means of right 
heart catheterization allows for identification of hypervol-
emia or hypovolemia, assessment of cardiac output and 
SVR, and detection and quantification of shunting, such 
as in the setting of ventricular septal rupture, and may be 
useful to guide the titration of inotropes, vasopressors, and 
vasodilators. To date, no randomized trials have been con-
ducted to evaluate right heart catheterization in patients 
with cardiogenic shock after MI, and data on use of a pul-
monary artery catheter to guide management in heart 
failure without shock in this setting are limited. Specific 
hemodynamic goals of therapy measured with a pulmo-
nary artery catheter are described briefly later in the 
Pharmacotherapy section.

Consideration of data outside the setting of cardiogenic 
shock and acute MI may or may not be helpful to under-
standing the role of right heart catheterization in this set-
ting. The Evaluation Study of Congestive Heart Failure and 
Pulmonary Artery Catheterization Effectiveness (ESCAPE) 
trial demonstrated no difference in death or hospitalization 
at 6 months, but increased rates of adverse events (21.9% 
versus 11.5%; P = .04) in 433 patients with heart failure not 
accompanied by shock randomly assigned to placement 
of a pulmonary artery catheter or to noninvasive standard 
care.6 A meta-analysis by Shah and colleagues of data for 
5051 patients from 13 randomized control trials of pulmo-
nary artery catheterization in patients undergoing surgery 
admitted to the intensive care unit with advanced heart fail-
ure or diagnosed with acute respiratory distress syndrome 
or sepsis did not demonstrate a difference in mortality.6 
Based on these limited data and expert consensus, place-
ment of a pulmonary artery catheter is recommended in 
only a subset of patients, including those with presumed 
cardiogenic shock and need for escalating vasopressor 
therapy or mechanical support; those exhibiting clinical 
decompensation with equivocal findings on assessment of 
filling pressures, perfusion, and vascular tone; and patients 
with ongoing significant symptoms or dependence on ino-
tropes despite attempts at noninvasive optimization of rec-
ommended therapies.6

In light of the risks of invasive monitoring and the desire 
to intermittently or continuously monitor cardiac output and 
tissue perfusion, several minimally invasive monitoring tech-
niques have been developed. However, to date, none have 
been adopted as a complete replacement for placement of a 
pulmonary artery catheter. These strategies include employ-
ing Doppler ultrasound (e.g., transesophageal echocardiog-
raphy), bioimpedance, pulse pressure analysis, and applied 
Fick principle.31 Pulse pressure or pulse contour analysis is 
based on the principle that stroke volume can be estimated 
from the pressure waveform obtained using an arterial line, 
and consequently cardiac output can be estimated using 
the product of stroke volume and heart rate. Devices utiliz-
ing this technique are commercially available (e.g., Vigileo, 
Edwards Lifesciences, Irvine, California). Devices based on 
this principle are of limited usefulness in the presence of 
artifact on arterial waveforms, peripheral atherosclerosis 
limiting pulse pressure, or significant arrhythmias (e.g., atrial 
fibrillation). Bioimpedance uses electric current stimulation, 
often delivered to skin or endotracheal tube electrodes, to 
estimate hemodynamic parameters such as stroke volume, 
heart rate, and cardiac output using changes in impedance 
throughout the cardiac cycle.

Other noninvasive strategies involve assessment of the 
microcirculation as a surrogate marker of splanchnic per-
fusion. For example, a darkfield imaging technique that 
estimates sublingual microcirculatory flow by means of 
red blood cell absorption of device-emitted green light, 
was found to be predictive of multiorgan dysfunction and 
death in patients with cardiogenic shock after acute MI.33 
Another technique, near-infrared spectroscopy (NIRS), 
takes advantage of the differential absorption of near-
infrared light (wavelengths between 700 and 1000 nm) 
by oxygenated and deoxygenated hemoglobin to deter-
mine postcapillary oxygenation, reflecting a combina-
tion of oxygen delivery, consumption, and extraction as 
a measure of adequacy of local tissue oxygen delivery.34 
Although this easily applied technique has shown prom-
ise in the setting of traumatic, hemorrhagic shock, its use-
fulness in the setting of cardiogenic shock remains to be 
determined.

MANAGEMENT OF HEART FAILURE  
AND SHOCK DUE TO IMPAIRED  
VENTRICULAR CONTRACTILITY

General Principles of Management
The general principles of management of heart failure 
without shock in the setting of acute MI include reversal of 
ischemia by means of reperfusion, anti-ischemic pharmaco-
therapy, treatment of volume overload, afterload reduction, 
and initiation of therapy to minimize adverse left ventricular 
remodeling (see Chapter 36).6 The therapeutic priorities for 
cardiogenic shock due to acute MI include early coronary 
revascularization, assessment for and treatment of mechani-
cal complications of MI, maintenance of perfusion with 
pharmacologic (i.e., vasopressors and inotropes) and non-
pharmacologic (i.e., MCS) methods, and correction of meta-
bolic disturbances, such as acidosis or hyperglycemia, which 
may exacerbate cardiac dysfunction and limit the efficacy of 
pharmacologic support (Figure 25-6). Unfortunately, current 
treatments for cardiogenic shock are based largely on extrap-
olation from pathophysiologic principles in the absence of 
data from randomized controlled trials of adequate size evalu-
ating their efficacy and safety. Moreover, most evidence-based 
therapies applied in patients with acute MI have been studied 
in clinical trials that excluded subjects with hemodynamic 
instability or shock. To date, on the order of only 2000 patients 
with cardiogenic shock have been included in randomized 
clinical trials of therapies targeted at the management of this 
condition (Figure 25-7). Additional investigation in patients 
with cardiogenic shock is needed to provide guideposts for 
evidence-based therapy, with a goal of improving survival in 
this high-mortality condition.

Coronary Reperfusion  
and Revascularization
Early invasive coronary revascularization is recommended 
for patients with acute MI complicated by heart failure with-
out shock based on recognition of heart failure as a potent 
independent indicator of increased risk for poor outcomes 
(see Chapter 11, Chapter 16, and Chapter 17).12,13

Of note, coronary revascularization is the single ther-
apy that is recommended (class I) in professional guide-
lines for the management of cardiogenic shock after 
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MI. This recommendation is based on the results from 
two randomized trials; however, the strength of this evi-
dence, when viewed critically, is modest. The SHOCK trial 
included 302 patients with STEMI and cardiogenic shock 
due to left ventricular failure who were randomly assigned 
to either early revascularization (within 6 hours) or ini-
tial medical therapy, including fibrinolysis, with delayed 
revascularization more than 54 hours after institution 
of treatment, if appropriate.5 The study did not meet the 
primary endpoint of all-cause mortality at 30 days, with 
mortality rates of 46.7% and 56.0% in the early revascu-
larization and control groups, respectively (hazard ratio 
[HR], 0.83; 95% confidence interval [CI], 0.67 to 1.04). In 
supplementary analyses during subsequent longer-term 
follow-up, however, mortality was significantly reduced at 
6 months (50.3% versus 63.1%; HR, 0.80; P = .027), 1 year 
(53.3% versus 66.4%; HR, 0.72; P < .03),and 6 years (67.2% 
versus 80.4%; HR, 0.59; P = .03)(Figure 25-8).35

The underpowered Swiss Multicenter Study of Angioplasty 
for Shock (SMASH) study included 55 patients with acute 
MI and shock and demonstrated a trend toward a reduction 
in mortality with early revascularization (HR, 0.88; 95% CI, 
0.6 to 1.2).5

Timing of Revascularization in Shock
Patients with a shorter time from symptom onset to 
revascularization (less than 6 hours) in the SHOCK trial 
had superior outcomes to those in late presenters (up to 
48 hours after MI and 18 hours after onset of shock); how-
ever, even this late-presentation group showed a pattern of 
benefit from revascularization (Figure 25-9). Observational 
data from registries similarly provide support for more 
favorable outcomes among patients with cardiogenic 
shock undergoing early rather than late revasculariza-
tion. In the Arbeitsgemeinschaft Leitende Kardiologische 
Krankenhausarzte (ALKK) registry of patients with 
 cardiogenic shock due to MI undergoing PCI, early revas-
cularization (less than 6 hours from symptom onset) and 
the success of reperfusion as defined by the post-PCI 
Thrombolysis in Myocardial Infarction (TIMI) flow grade 
were predictors of improved survival.16

On the basis of these data, early invasive evaluation is rec-
ommended in all patients with acute MI and cardiogenic 
shock, with a view toward immediate culprit vessel revascu-
larization (see Figure 25-6). In view of the persistent benefit 
of revascularization over medical therapy irrespective of 
time delay from MI, revascularization should be pursued as 

Cardiogenic shock complicating myocardial infarction (MI) 

Invasive angiography (IB) and echocardiography (IC) 

LV/RV contractile dysfunction 

No mechanical complication 

Mechanical complication 

Mechanical complication 

IABP(IIa/C)

VSD MR FWR 

Surgical closure (IC)
Transcatheter (IIb/C)   

Mitral surgery (IC) Surgical closure (IC)  

Revascularization, medical therapy for acute MI,
inotropes or vasopressors, ventilation,
correction of metabolic disturbances   

Stabilization? 

Wean support 

Yes 

Short-term percutaneous mechanical
circulatory support (IIb/C)  

No 

Revascularization
Medical therapy for acute MI
Inotropes or vasopressors

Fluids for optimal preload (RV MI)
Ventilation

Correction of metabolic disturbances      

Recovery of cardiac function 

Long-term surgical
mechanical circulatory support   

Assess end-organ function  
Irreversible end-organ injury or poor candidate 

Viable candidate for destination therapy 

Bridge to recovery,
destination therapy, or

bridge to heart transplantation

FIGURE 25-6 Treatment algorithm for patients with cardiogenic shock and acute myocardial infarction. FWR, Free wall rupture; IABP, intraaortic balloon pump; LV/
RV, left ventricular/right ventricular; MR, mitral regurgitation; VSD, ventricular septal defect. (Adapted from Thiele H, Ohman EM, Desch S, et al. Management of cardiogenic 
shock. Eur Heart J 36:1223-1230, 2015. )
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soon as possible, and generally even among patients with 
late presentation.12,13,29

Method of Reperfusion
PCI or, in some cases, coronary artery bypass grafting 
(CABG) is the recommended approach to reperfusion 
therapy in patients with STEMI complicated by cardiogenic 
shock.12,13,29 Fibrinolysis is recommended only for patients 

presenting with STEMI who have no contraindication to 
fibrinolytic therapy but are unsuitable candidates for percu-
taneous and surgical revascularization owing to technical, 
anatomic, or patient-specific reasons. As a result, immedi-
ate transfer to a PCI-capable facility is recommended for all 
patients with cardiogenic shock and acute MI, irrespective 
of time from symptom onset (see Chapter 5 and Chapter 17). 
Moreover, in patients who undergo initial fibrinolytic therapy, 

Mortality
ksirevitaleRksirevitaler

Intervention/trial Follow-up n/N n/N 95% Cl 95% Cl

Revascularization (PCI/CABG)
5.0(27.0051/001251/18raey-1KCOHS 4–0.95)
6.0(78.032/8123/22syad03HSAMS 6 –1.29)
6.0(28.0371/811481/301latoT 9– 0.97)

Vasopressors
5.0(57.0531/05541/46syad82)puorgbusSC(IIPAOS 5–0.93)

Inotropes
11.0(33.061/0161/5syad03.latetgazrevnU –0.97)

Glycoprotein IIb/IIIa-inhibitors
5.0(51.104/3104/51latipsoh-nI7-EUGARP 9–2.27)

Nitric oxide synthase inhibitors
19.0(41.1081/67102/79syad03HPMUIRT –1.45) 

5.0(61.102/795/42syad032-KCOHS 9 – 2.69)
1.0(04.051/0151/4syad03.laterettoC 3 –1.05)
8.0(50.1512/39572/521latoT 5–1.29)

IABP
4.0(82.112/691/7syad03IKCOHS-PBAI 5–3.72)
7.0(69.0892/321003/911syad03IIKCOHS-PBAI 9–1.17)

18.0(89.0913/921913/621latoT –1.18)

LVAD
4.0(59.002/912/9syad03.lateeleihT 8–1.90)
75.0(33.141/591/9syad03.lateffohkruB –3.10)
44.0(00.131/631/6syad03.latehtrafyeS –2.29)
86.0(60.174/0235/42latoT –1.66)

Early revascularization Medical therapy
better better

Norepinephrine Dopamine
better better

Levosimendan Control
better better

Upstream abciximab Standard treatment
better better

Nitric oxide synthase Placebo
inhibition better better

IABP Standard treatment
better better

LVAD IABP
better better

0 0.25 0.50 0.75 1 1.5 2 2.5 3

FIGURE 25-7 Randomized clinical trial data of cardiogenic shock (CS). Randomized trial data for reperfusion therapy, vasoactive medications, including vasopressors, 
inotropes, and nitric oxide synthase (NOS) inhibitors, antiplatelet therapy, and mechanical circulatory support in patients with cardiogenic shock. IABP, Intraaortic balloon pump; 
LVAD, left ventricular assist device; PCI/CABG, percutaneous coronary intervention/coronary artery bypass grafting. (From Thiele H, Ohman EM, Desch S, et al: Management of 
cardiogenic shock. Eur Heart J 36:1223-1230, 2015.)
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the development of severe heart failure or shock are consid-
ered indications for urgent angiography (class I).

These recommendations are based on findings from the 
SHOCK trial, in which 49% (n = 152) of patients assigned to 
the early revascularization group and 63% (n = 150) of those 
assigned to initial medical stabilization received fibrinolytic 
therapy for STEMI.13 Among patients receiving initial medi-
cal therapy, administration of fibrinolytic therapy at the dis-
cretion of the treating physician was associated with a lower 
mortality rate at 1 year (unadjusted HR of 0.59; P = .01). 
However, among patients randomly assigned to undergo 
early revascularization, no association was found between 
administration of a fibrinolytic and subsequent mortality 
(unadjusted HR = 0.93; P = .76).

Although PCI is the preferred approach to revasculariza-
tion when the coronary anatomy is suitable, favorable out-
comes also can be achieved with early CABG. Of patients 
who underwent revascularization in the SHOCK trial, 63% 
had PCI and 37% CABG.5 Despite higher rates of diabetes, 
three-vessel and left main coronary artery disease in the 
CABG cohort, survival was similar at 1 year between patients 
who were revascularized with PCI compared with CABG 
(51.9% versus 46.8%; P = 0.71). In patients with papillary mus-
cle rupture, or acute severe mitral regurgitation related to MI, 
emergent surgical revascularization and valvular replace-
ment may be preferable to a staged approach of percutane-
ous revascularization followed by surgical valve repair (see 
Chapter 26).
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FIGURE 25-8 Mortality benefit of early revascularization in patients with cardiogenic shock after acute myocardial infarction. The SHOCK trial randomly assigned 
302 patients with STEMI and cardiogenic shock due to left ventricular failure to undergo early revascularization within 6 hours or initial medical stabilization with delayed revas-
cularization more than 54 hours after initiation of treatment, if appropriate. Survival rates in these two groups were 53.3% versus 44.0% (P = .11) at 30 days, 49.7% versus 
36.9% (P = .027) at 6 months, 46.7% versus 33.6% (P < .03) at 1 year, and 32.8% versus 19.6% (P = .03) at 6 years, respectively. (Data from Hochman JS, Sleeper LA, Webb 
JG, et al: Early revascularization and long-term survival in cardiogenic shock complicating acute myocardial infarction. JAMA 295(21):2511, 2006.)
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FIGURE 25-9 Timing of revascularization in the SHOCK trial. (A) Subgroup analysis for 30-day mortality rate found no significant difference in benefit for early revascu-
larization (ERV), either earlier (less than 6 hours from MI onset) or later (6 hours or longer from MI onset), compared with initial medical stabilization (IMS) (P-interaction = nonsig-
nificant). (B) Within the ERV group, mortality increased with increasing time from MI until after 8 hours, which was thought to represent survivor bias. MI, Myocardial infarction. 
(Data from Hochman JS, Sleeper LA, Webb JG, et al: Early revascularization in acute myocardial infarction complicated by cardiogenic shock. SHOCK Investigators. Should We 
Emergently Revascularize Occluded Coronaries for Cardiogenic Shock. N Engl J Med 341(9):625, 1999; and from Hochman JS, Sleeper LA, Webb JG, et al: Early revascularization 
and long-term survival in cardiogenic shock complicating acute myocardial infarction. JAMA 295(21):2511, 2006.)
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Non–Culprit Artery Revascularization in Shock
Multivessel disease is identified in 70% to 90% of patients 
with cardiogenic shock and acute MI; however, the optimal 
extent of the initial revascularization is not yet known.5,36 
Although multiple small studies, including PRAMI (Preventive 
Angioplasty in Acute Myocardial Infarction) (n = 465), 
DANAMI-3 PRIMULTI (n = 627), and CvLPRIT (Complete 
Versus Lesion-Only Primary PCI trial) (n = 296), have demon-
strated robust reductions in recurrent cardiovascular events 
with multivessel or complete revascularization compared 
with infarct artery–only revascularization in patients with 
STEMI, all of these studies excluded subjects with cardio-
genic shock.37-39 In a prospective observational study of 266 
subjects with resuscitated cardiac arrest and cardiogenic 
shock, multivessel PCI was associated with decreased mortal-
ity compared with culprit vessel–only PCI (Figure 25-10).40 In 
contrast, all other observational studies suggest equivalent or 
worse outcomes with multivessel as compared with culprit 
lesion–only PCI (see Figure 25-10).16 The role of multivessel 
PCI is being addressed in the ongoing CULPRIT-SHOCK trial 
(NCT0127549), in which approximately 700 patients with 
onset of cardiogenic shock within 12 hours of acute MI (both 
ST-elevation and non–ST-elevation MI) will be randomly 
assigned to infarct artery–only or acute multivessel revascu-
larization. Current guidelines suggest that in patients with car-
diogenic shock due to pump failure, PCI to open a severely 
stenotic large noninfarct artery might improve hemody-
namic stability and should be considered during the primary 
procedure.13

Pharmacotherapy
In general, the acute antithrombotic therapy and secondary 
preventive treatments for patients with acute MI and heart 
failure or shock should mirror that recommended for patients 
with an acute coronary event without heart failure or shock 
(see Chapter 13). Of note, however, patients with hemody-
namic instability were rarely included in the clinical trials 
supporting these guideline-based therapies. Furthermore, 
certain agents routinely used during treatment of an acute 
MI will exacerbate shock and are therefore contraindicated, 

including negative inotropic agents and antihyperten-
sives. In addition, gastric and intestinal absorption of oral 
agents may be impaired in patients with shock. The role 
of anticoagulant and antiplatelet agents are discussed in  
Chapter 18 and Chapter 19, respectively. Long-term second-
ary preventive therapies are discussed in Chapter 34. The 
focus of this section is on pharmacotherapy relevant to the 
acute management of heart failure and shock.

Agents with negative inotropic properties are contraindi-
cated in cardiogenic shock. Specifically, these agents include 
beta-blockade; nondihydropyridine calcium channel block-
ers, such as verapamil and diltiazem; and specific classes 
of antiarrhythmics, notably class I sodium channel block-
ers (e.g., procainamide and quinidine) and certain class III 
agents (e.g., sotalol). If needed, amiodarone is the recom-
mended antiarrhythmic of choice. Angiotensin-converting 
enzyme (ACE) inhibitors should not be administered in the 
hypotensive patient with shock.

Vasoactive Medications
In addition to early coronary reperfusion, preservation of 
cardiac output, blood pressure, and end-organ perfusion is 
paramount in patients with acute MI complicated by cardio-
genic shock. These parameters can often be improved with 
a combination of pharmacologic and nonpharmacologic 
(e.g., advanced MCS) measures.

General Considerations
Inotropes and vasopressors may be administered with the 
goal of maintaining perfusion so as to preserve end-organ 
function. To achieve this goal, therapy is generally targeted 
at supporting the mean arterial pressure. Once the blood 
pressure is stabilized with resuscitation and/or vasopressor 
therapy, therapies can be tailored to address the underlying 
pathophysiology (e.g., addition of further inotropic support 
or vasodilator therapy).

In general, the dose of vasopressor and inotropic therapy 
should be maintained at the minimal dose and duration of 
therapy necessary to achieve these aims, as these agents 
can have adverse consequences. Catecholamines increase 

0.3 1.0 3.0 8.0 
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Multi-vessel PCI
Mortality  

Culprit-lesion-
only PCI  
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HR (95% CI)  P value

Mylotte et al. 37/66 56.1 82/103 79.6 0.57 0.005 

Yang et al. 21/60 35.0 85/278 30.6 1.06 0.83 

Cavender et al. 158/433 36.5 737/265 27.8 1.54 <0.01 
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FIGURE 25-10 Mortality for multivessel versus culprit vessel–only percutaneous coronary intervention (PCI) in several registries of patients with cardiogenic 
shock. HR, Hazard ratio; OR, odds ratio. (Data from Thiele H, Ohman EM, Desch S, et al: Management of cardiogenic shock. Eur Heart J 36:1223-1230, 2015.)
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myocardial oxygen consumption and intracellular calcium, 
which can lead to arrhythmias or myocardial ischemia and 
cell death. Vasopressors can impair myocardial microcircu-
lation promoting further ischemia. This concept is supported 
by a recent randomized clinical trial of vasopressor therapy, 
with higher versus lower mean arterial pressure targets  
(80 to 85 mm Hg versus 65 to 70 mm Hg) in septic shock 
showing no mortality benefit but higher rates of atrial fibril-
lation for the higher target.41

Data to guide specific hemodynamic targets from pul-
monary artery catheters in patients with cardiogenic shock 
are very sparse. In the ESCAPE trial, treatment targets were 
a PCWP below 15 mm Hg and a right atrial pressure below 
8 mm Hg. In general, inotropic and vasodilator therapy is 
titrated to achieve a CI of 2.0 L/min/m2 or higher and SVR 
of approximately 1000 dynes · sec/cm5, with a PCWP of less 
than 15 mm Hg. However, these goals are approximate, vary-
ing by the clinical setting and measures of end-organ func-
tion, such as urine output, as well as whether the patient is 
experiencing any adverse effects of therapy (e.g., tachyar-
rhythmia). Clinical signs of adequate end-organ perfusion 
should almost always take precedence over estimated 
hemodynamics from invasive monitoring.

The selection of specific inotropes or vasopressors should 
be guided by knowledge of their pharmacology and formu-
lation of clear hemodynamic goals for the patient. The loca-
tion and function of receptors targeted by these vasoactive 
medications are summarized in Table 25-3.21 Most vasoactive 
medications activate one or more of the adrenergic recep-
tors. The alpha-1 adrenergic (α1-adrenergic) receptor is found 
in systemic vasculature, and agonism results in arterial and 
venous smooth muscle contraction. Beta-1 (β1-adrenergic) 
receptors are located in the myocardium, where activation 
results in increased myocardial contractility and chronotropy. 
Activation of beta-2 (β2-adrenergic) receptors causes splanch-
nic and peripheral vasodilation. Dopamine receptors (D1 and 
D2) are found on renal and splanchnic vasculature, resulting 
in vasodilation in those beds. Finally, the vasopressin receptor 
(V1 and V2) activation causes systemic vasoconstriction and 
water reabsorption in the kidneys, respectively.

Vasopressors
Dopamine
Dopamine is an endogenous catecholamine and a precur-
sor to epinephrine and norepinephrine. Dopamine exhibits 
dose-dependent stimulation of dopamine receptors and β1-  
and α1-receptors (Table 25-4). At low doses, dopaminergic 
receptor stimulation predominates. Although “renal dos-
ing” of dopamine was believed to improve urine output 
and renal protection in heart failure, this effect was not evi-
dent in a randomized controlled trial in patients with acute 

heart failure and renal dysfunction.42 At moderate doses, 
β1-activation results in augmentation of cardiac output and 
heart rate. At high doses, α1-stimulation prevails, manifesting 
as vasoconstriction.

Although dopamine is an important option as a vasopres-
sor, it may cause tachycardia and exacerbation of tachyar-
rhythmias. Compared with norepinephrine, dopamine given 
in doses up to 20 μg/kg/min was associated with a higher 
rate of tachyarrhythmias (24.1% versus 12.4%) among 1679 
patients with shock in the Sepsis Occurrence in Acutely Ill 
Patients (SOAP)-II trial. In this study, an intriguing finding 
in a subgroup analysis among the patients with cardio-
genic shock (n = 280—17% of the total trial population) 
was that dopamine was associated not only with more 
arrhythmic events but also with increased 28-day mortal-
ity  (approximately 50% versus 40%, log-rank P-value, 0.03; 
P-interaction by shock type of septic, hypovolemic, and car-
diogenic = 0.87).43

Norepinephrine
Norepinephrine also is an endogenous catecholamine that 
is a potent β1- and α1-agonist (see Table 25-4). The most prom-
inent effect of norepinephrine is vasoconstriction second-
ary to α1-stimulation. The effect of β1 stimulation on heart 
rate and cardiac output may be counterbalanced by reflex 
bradycardia and increased afterload that occurs as a result 
of increased SVR. In the SOAP II randomized trial, norepi-
nephrine was similar to dopamine with respect to survival 
for the overall trial population with shock, including septic, 
hypovolemic, and cardiogenic types, but was associated 
with fewer complications.43 The Surviving Sepsis Campaign 
recommends norepinephrine as the first-line vasoactive 
agent for sepsis, with the possible addition of vasopressin to 
allow for norepinephrine dose reduction.44 Norepinephrine 
generally is recommended over dopamine, except in cases 
of relative bradycardia.

Epinephrine
Epinephrine, secreted from the adrenal medulla, is an 
activator of α- and β-adrenergic receptors, resulting in 
increased heart rate, cardiac output, and vascular tone (see  
Table 25-3). It often is reserved for treatment of refractory 
shock as a second- or third-line agent or for anaphylaxis, 
or during cardiac arrest. Of interest, although epinephrine 
is recommended during cardiac arrest, in accordance with 
the advanced cardiovascular life support algorithm, studies 
suggest that patients who received epinephrine in the setting 
of out-of-hospital cardiac arrest had higher rates of return 
of spontaneous circulation, but equivalent or even worse 
survival and neurologic function.45,46 Ongoing randomized 
studies of epinephrine in cardiac arrest are predicated on 

TABLE 25-3 Vasoactive Drug Receptor Pharmacology

RECEPTOR TYPE TARGET TISSUE(S) EFFECT(S)

Adrenergic
 Alpha-1 (α1) Systemic vasculature Arterial and venous smooth muscle contraction (vasoconstriction)
 Beta-1 (β1) Myocardium Increased contractility/inotropy

Increased chronotropy
 Beta-2 (β2) Splanchnic and skeletal muscle vasculature Arterial smooth muscle relaxation (vasodilation)

Dopamine Renal (D1, D2) and splanchnic vasculature (D2) Renal arterial vasodilation
Splanchnic vasodilation

Vasopressin Systemic vasculature (V1)
Renal collecting duct system (V2)

Arterial smooth muscle contraction (vasoconstriction)
Water reabsorption via enhanced renal collecting duct permeability



TABLE 25-4 Inotropic and Vasopressor Dose Range, Receptor Binding, Indications, and Major Clinical Side Effects

DRUG CLINICAL INDICATION(S) DOSE RANGE
RECEPTOR BINDING

MAJOR SIDE EFFECTSα1 β1 β2 DA

Catecholamines

Dopamine Shock (cardiogenic, vasodilatory)
Symptomatic bradycardia unresponsive to atropine 

or pacing

2.0-20 μg/kg/ min (max 50 μg/kg/min) +++ ++++ ++ +++++ Severe hypertension (especially in patients taking 
nonselective beta-blocker)

Ventricular arrhythmias
Cardiac ischemia
Tissue ischemia/gangrene (high doses or due to tissue 

extravasation)

Dobutamine Low CO (decompensated HF, cardiogenic shock, 
sepsis-induced myocardial dysfunction)

Symptomatic bradycardia unresponsive to atropine 
or pacing

2.0-20 μg/kg/min (max. 40 μg/kg/min) + +++++ +++ N/A Tachycardia
Increased ventricular response rate in patients with 

atrial fibrillation
Ventricular arrhythmias
Cardiac ischemia
Hypotension

Norepinephrine Shock (vasodilatory, cardiogenic) 0.01-3 μg/kg/min ++++ +++ + N/A Arrhythmias
Bradycardia
Peripheral (digital) ischemia
Hypertension (especially in patients taking 

nonselective beta-blocker)

Epinephrine Shock (cardiogenic, vasodilatory)
Cardiac arrest
Bronchospasm/anaphylaxis
Symptomatic bradycardia or heart block 

unresponsive to atropine or pacing

Infusion: 0.01-0.10 μg/kg/min
Bolus: 1 mg IV every 3-5 min  

(max. 0.2 mg/kg)
IM: (1:1000): 0.1-0.5 mg (max 1 mg)

++++ ++++ +++ N/A Ventricular arrhythmias
Severe hypertension
Cardiac ischemia

Isoproterenol Bradyarrhythmias (especially torsades de pointes)
Brugada syndrome

2-10 μg/min 0 +++++ +++++ N/A Ventricular arrhythmias
Cardiac ischemia
Hypertension, hypotension

Phenylephrine Hypotension (vagally-mediated, medication-
induced)

Increase MAP with AS and hypotension
Decrease LVOT gradient in HCM

Bolus: 0.1-0.5 mg IV every 10-15 min 
Infusion: 0.4-9.1 μg/kg/min

+++++ 0 0 N/A Reflex bradycardia
Hypertension (especially with nonselective beta-blockers)
Severe peripheral and visceral vasoconstriction
Tissue necrosis with extravasation

PDIs

Milrinone Low CO (decompensated HF, after cardiotomy) Bolus: 50 μg/kg bolus over 10-30 min 
Infusion: 0.375-0.75 μg/kg/min  
(dose adjustment necessary for  
renal impairment)

N/A Ventricular arrhythmias
Hypotension
Cardiac ischemia
Torsades de pointes

Amrinone Low CO (refractory HF) Bolus: 0.75 mg/kg over 2-3 min 
Infusion: 5-10 μg/kg/min

N/A Arrhythmias, enhanced AV conduction (increased 
ventricular response rate in atrial fibrillation)

Hypotension 
Thrombocytopenia
Hepatotoxicity

Vasopressin Shock (vasodilatory, cardiogenic)
Cardiac arrest

Infusion: 0.01-0.1 U/min (common 
fixed dose 0.04 U/min)  
Bolus: 40 U IV

V1 receptors (vascular smooth muscle)
V2 receptors (renal collecting duct system)

Arrhythmias
Hypertension
Decreased CO (at doses >0.4 U/min)
Cardiac ischemia
Severe peripheral vasoconstriction causing ischemia 

(especially skin)
Splanchnic vasoconstriction

Levosimendan Decompensated HF Loading dose: 12-24 μg/kg over 10 min 
Infusion: 0.05-0.2 μg/kg/min

N/A Tachycardia, enhanced AV conduction
Hypotension

α1, α1-adrenergic receptor; AS, aortic stenosis; AV, atrioventricular; β1, β1-receptor; β2, β2-receptor; CO, cardiac output; DA, dopamine receptors; HCM, hypertrophic cardiomyopathy; HF, heart failure; IM, intramuscular; IV, intravenous; 
LVOT, left ventricular outflow tract; MAP, mean arterial pressure; max., maximum; N/A, not applicable; PDI, phosphodiesterase inhibitor. Receptor binding: 0 = zero significant receptor affinity; + to +++++ = minimal to maximal relative 
receptor affinity.
Adapted from Overgaard CB, Dzavik V: Inotropes and vasopressors: review of physiology and clinical use in cardiovascular disease. Circulation 118(10):1047-1056, 2008.
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the concern that the adverse effects of epinephrine may out-
weigh the benefits.

Phenylephrine
Phenylephrine is a synthetic, selective α1-agonist that results 
in systemic vasoconstriction and often, reflex bradycardia. 
Based on its potent vasoconstrictor properties, its use is pri-
marily reserved for vasodilatory shock. As with other vaso-
constrictors, phenylephrine can cause significant peripheral 
ischemia at high doses.

Vasopressin
Vasopressin, or antidiuretic hormone (ADH), is a peptide hor-
mone that is synthesized in the hypothalamus and secreted 
from the pituitary gland in response to decreased intravascu-
lar volume or plasma hyperosmolality. Its vasopressor activity 
is thought to result from arterial smooth muscle contraction 
mediated through V1 receptor agonism on the systemic vascu-
lature (see Table 25-4). Vasopressin typically is used for refrac-
tory vasodilatory shock, particularly septic shock. Vasopressin 
often is used as an adjunct in septic shock, allowing for lower 
doses of norepinephrine—a strategy that has been shown to 
carry mortality rates equivalent to those for high-dose norepi-
nephrine.47 In our own practice, we also occasionally use this 
“adrenergic-sparing” approach in patients with severe heart 
failure, particularly in the setting of mixed cardiogenic and 
vasodilatory shock. This strategy is based on the hypothesis 
that endogenous vasopressin may fall over time owing to 
depletion of neurohypophyseal stores and norepinephrine-
induced inhibition of vasopressin, and that vasopressin may 
counter the mechanisms underlying inflammatory vaso-
dilation, including KATP channel activation and nitric oxide 
production.21 Although clinical trial data on outcomes are 
limited with vasopressin use in cardiogenic shock, a single 
retrospective study of 36 patients with cardiogenic shock after 
MI reported that vasopressin use significantly improved mean 
arterial pressure without changing cardiac index or pulmo-
nary capillary wedge pressure.48

Inotropes
Inotropes augment cardiac output through an increase in 
contractility. Those agents used most commonly for this 
effect (dobutamine and milrinone) also increase heart rate 
and reduce SVR (see Table 25-4). Dobutamine is a synthetic 
sympathomimetic amine, and milrinone is a phosphodi-
esterase-3 enzyme (PDE) inhibitor; thus, with both agents, 
intracellular cyclic adenosine monophosphate (cAMP) 
is increased. Milrinone has a longer half-life than dobuta-
mine (approximately 2.5 hours versus 2 minutes with nor-
mal renal function) and also tends to be associated with 
a greater degree of pulmonary vasodilation and fewer 
arrhythmic events. Of note, in a randomized trial of this drug 
for acute heart failure (Outcomes of a Prospective Trial of 
Intravenous Milrinone for Exacerbations of Chronic Heart 
Failure), milrinone did not reduce mortality, and in a retro-
spective analysis of the Acute Decompensated Heart Failure 
National Registry (ADHERE), dobutamine was associated 
with higher mortality.2,48 Consequently, inotropic therapy 
typically is restricted to patients who cannot be managed 
with vasodilator and diuretic therapy alone.

Levosimendan is a “calcium sensitizer” that increases 
 myofilament response to calcium at lower concentrations, 
thereby improving myocardial contractility without increas-
ing oxygen demand or intracellular calcium overload. In 

addition, levosimendan has systemic and coronary vasodila-
tory effects through action on the KATP channels in vascular 
smooth muscle. Despite the theoretical benefits of increased 
contractility and vasodilation in heart failure, improved sur-
vival has not been observed in the larger-scale clinical trials.8 
Although an apparent benefit has been noted in patients 
with cardiogenic shock, particularly when levosimendan is 
combined with catecholamines to maintain adequate per-
fusion pressures, the small number of patients with cardio-
genic shock studied limits interpretation.8,48,49

Vasodilators
Nitrates are endothelium-independent vasodilators of the 
peripheral and coronary vasculature. Venodilation decreases 
cardiac preload, and more modest arterial dilation may result 
in decreased afterload. Additionally, nitrates can improve cor-
onary flow, including that from collaterals. Despite a lack of 
data showing a reduction in recurrent major adverse cardio-
vascular events, because of these favorable physiologic effects 
as determined by expert consensus, intravenous nitroglycerin 
carries a class I indication in patients with acute MI and heart 
failure and/or persistent ischemia.12,13 Sodium nitroprusside 
is an intravenous vasodilator with a more balanced effect 
on venodilation and arteriodilation that is easily titrated and 
may be particularly useful in the setting of heart failure with 
hypertension or acute ischemic mitral regurgitation. Of note, 
nitroprusside can produce significant hypotension and, in 
the setting of prolonged use or renal dysfunction, thiocyanate 
toxicity. Nitroprusside can also precipitate “coronary steal” 
in setting of epicardial coronary stenoses. Owing to the arte-
rial vasodilation and associated drop in blood pressure, nei-
ther agent should be used early in the setting of cardiogenic 
shock. However, vasodilators (particularly intravenous nitro-
glycerin) can be cautiously added in patients after stabiliza-
tion of blood pressure, to decrease  preload and congestion.

Volume Management
Diuretics are the mainstay of therapy to reduce preload in 
patients with heart failure without shock. Intravenous loop 
diuretics are the recommended first-line therapeutic agents, 
with bolus dosing and continuous infusions producing 
similar results in terms of symptoms, effective diuresis, and 
clinical outcomes.6,50 Thiazide diuretics can be added to 
improve diuretic responsiveness. Ultrafiltration (UF) gener-
ally is reserved for patients with persistent congestion that is 
refractory to maximally escalated medical therapy. This lim-
ited use is based on findings from Cardiorenal Rescue Study 
in Acute Decompensated Heart Failure (CARRESS-HF), in 
which 188 patients with acute decompensated heart failure, 
progressive renal dysfunction, and ongoing congestion were 
randomly assigned to stepped medical therapy, including 
loop and thiazide diuretics and selective use of vasodilators 
and inotropes, or to UF.51 The UF modality was inferior to 
medical therapy as assessed by worsening renal function in 
the UF group, compared with improved renal function in the 
medical therapy group.

Additional Therapies for Heart Failure without Shock
Renin-Angiotensin-Aldosterone System Inhibition
Inhibition of the RAAS is recommended in post-MI patients 
with heart failure or left ventricular dysfunction on the 
basis of improved survival. The rationale for RAAS inhi-
bition includes experimental and clinical evidence of a 
favorable impact on ventricular remodeling, improvement 
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in hemodynamics, and reductions in congestive heart fail-
ure. Unequivocal evidence from randomized, placebo-con-
trolled trials shows that ACE inhibitors reduce the mortality 
rate in patients with reduced ejection fraction or clinical 
signs of heart failure after acute MI. In all but one trial in 
such patients, ACE inhibitor therapy was initiated between 3 
and 16 days after MI and maintained for 1 to 4 years.

In unselected patients with acute MI, ACE inhibitors 
administered for a short duration of therapy saves 5 lives per 
1000 patients treated. In patients at higher risk of adverse 
remodeling, such as patients with anterior infarction, ACE 
inhibitors offer a greater benefit from early administration 
(11 lives saved/1000). In patients with ventricular dysfunc-
tion or heart failure among whom ACE inhibitors were 
administered for longer duration (years), this benefit is 
greater with 42 to 76 lives saved per 1000 patients treated. In 
patients with acute MI at risk for heart failure, the mortality 
reduction with ACE inhibitors is accompanied by significant 
reductions in the development of heart failure, supporting 
the underlying pathophysiologic rationale for administering 
this class of drugs in patients with acute MI. Patients with 
acute MI and anterior infarction, previous infarction, Killip 
class II or worse, or evidence of depressed global ventricular 
function on an imaging study should receive lifelong treat-
ment with ACE inhibitors.

An alternative method of pharmacologic inhibition of the 
RAAS is by administration of angiotensin II receptor block-
ers (ARBs). The VALIANT trial compared the effects of the 
ARB valsartan versus captopril alone and in combination 
with captopril on mortality in patients with acute MI com-
plicated by left ventricular systolic dysfunction and/or heart 
failure, randomly assigned to the three drug regimens within 
10 days of MI.52 Mortality rates were similar in the three treat-
ment groups: 19.9% in the valsartan group, 19.3% in the val-
sartan plus captopril group, and 19.5% in the captopril alone 
group. The choice between ACE inhibition and an ARB after 
acute MI should be based on physician experience with the 
agents, patient tolerability, safety, convenience, and cost.

Aldosterone blockade is another pharmacologic strat-
egy for inhibition of the RAAS. The EPHESUS trial randomly 
assigned 6642 patients with acute MI complicated by left ven-
tricular dysfunction and heart failure to a regimen of the selec-
tive aldosterone blocker eplerenone or placebo in conjunction 
with contemporary postinfarction pharmacotherapy.53,54 
During a mean follow-up period of 16 months, a 15% reduc-
tion occurred in the relative risk of mortality in the eplerenone 
treatment group. Cardiovascular mortality or hospitalization 
for cardiovascular events also was reduced by eplerenone. 
Serious hyperkalemia (serum potassium concentration above 
6 mmol/L) occurred in 5.5% of patients in the eplerenone 
group compared with 3.9% of patients in the placebo group 
(P < .002). We favor long-term administration of aldosterone 
blockade for high-risk patients after STEMI (ejection fraction 
less than 40%, clinical heart failure, diabetes mellitus) who are 
already receiving an ACE inhibitor and beta-blocker and do 
not have contraindications. In view of the small but definite 
increase in the risk of serious hyperkalemia associated with 
aldosterone blockade, particularly with concurrent use of 
other measures for inhibition of the RAAS, periodic monitor-
ing of the serum potassium level is recommended.

β-Adrenergic Blockers
Although beta-blockade is recommended in the setting of 
uncomplicated acute MI (class I), it is contraindicated for 

patients with shock, and caution is advised regarding use 
in patients at risk for cardiogenic shock.12,13 The recom-
mendations for at-risk patients are based on findings from 
the Clopidogrel and Metoprolol in Myocardial Infarction 
Trial (COMMIT) in 45,852 patients randomly assigned to a 
regimen of early intravenous and subsequent high-dose oral 
metoprolol or placebo within 24 hours of MI, most of whom 
presented with STEMI and were treated with fibrinolysis or 
medical therapy alone.13 Lower rates of recurrent MI and ven-
tricular fibrillation were counterbalanced by higher rates of 
cardiogenic shock, particularly in association with older age 
(older than 70 years), lower systolic blood pressure (below 
120 mm Hg), elevated heart rate (above 110 beats/min), and 
late presentation. An observational study in the NCDR reg-
istry of 34,661 patients with NSTEMI or STEMI treated with 
more contemporary therapies, including PCI, found that in 
addition to older age, increased heart rate, and lower blood 
pressure, a history of heart failure and left ventricular dys-
function (ejection fraction below 40%) were risk factors for 
cardiogenic shock or death with beta-blocker use.55

By contrast, other studies have demonstrated improved 
long-term outcomes with subacute initiation of chronic beta-
blockade after MI in patients with left ventricular dysfunction 
or heart failure. For example, the Carvedilol Post-Infarct Survival 
Control in Left Ventricular Dysfunction (CAPRICORN) study, 
which randomly assigned 1959 patients with reduced left 
ventricular systolic dysfunction after MI to receive carvedilol 
or placebo an average of 10 days after MI, observed lower 
rates of death, recurrent MI, and atrial and ventricular arrhyth-
mias with beta-blockade.6 As a result, the professional society 
guidelines recommend that beta-blocker therapy be withheld 
in the first 24 hours for patients with heart failure or other 
risk factors for the development of shock. However, in-hospital 
eligibility for beta-blocker therapy should be reassessed after 
24 hours. Furthermore, patients with heart failure or left ven-
tricular function should receive chronic beta-blocker therapy 
for long-term secondary prevention.12,13

Investigational Agents
Randomized studies of therapies that target systemic inflam-
mation or vasodilation in MI, heart failure, or shock are lim-
ited and generally have not proved successful to date. For 
example, the anti-inflammatory agent pexelizumab, a mono-
clonal antibody against complement, did not reduce mortal-
ity in acute STEMI.5 Owing to the putative role of nitric oxide 
in causing inappropriately low SVR and myocardial depres-
sion in cardiogenic shock, tilarginine acetate, an inhibitor 
of nitric oxide synthase, was studied in patients with acute 
MI and cardiogenic shock (see Figure 25-3). The Tilarginine 
Acetate Injection in a Randomized International Study in 
Unstable MI Patients with Cardiogenic Shock (TRIUMPH) 
trial in 398 patients was stopped for futility with no differ-
ence in all-cause mortality at 30 days, despite an increase in 
blood pressure.8,48

In view of the link between inflammation, increased 
xanthine oxidase (XO) activity, and free radical production, 
XO has been identified as a potential target in heart failure. 
An observational study of continuous allopurinol therapy 
was associated with reduced heart failure readmissions or 
deaths in more than 25,000 patients with heart failure.56 
The Xanthine Oxidase Inhibition for Hyperuricemic Heart 
Failure Patients (EXACT-HF) trial, which randomly assigned 
253 patients with symptomatic heart failure, left ventricu-
lar dysfunction, and hyperuricemia to receive allopurinol 
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versus placebo, did not identify a difference in clinical sta-
tus, function, or ejection fraction after 24 weeks of therapy.57 
To date, allopurinol has not been studied in the setting of 
 cardiogenic shock.

Methylene blue is an inhibitor of guanylate cycle that 
decreases cGMP in vascular smooth muscle, resulting in 
vasoconstriction. Methylene blue increased mean arterial 
pressure and SVR, as well as reducing mortality, in a small 
study of patients with vasoplegia following cardiopulmo-
nary bypass (n = 58).48 Its use is contraindicated in patients 
with cardiogenic shock with normal or high SVR, owing to a 
resultant decrease in cardiac output.

Mechanical Circulatory Support
In severe cases of cardiogenic shock, pharmacologic ther-
apy may not provide sufficient hemodynamic support. It 
is hypothesized that early and appropriate use of MCS will 
interrupt the spiral of shock through improvement in car-
diac output, blood pressure, and perfusion and thereby help 
to correct or limit ongoing ischemia, progressive ventricular 
dysfunction, development of multiorgan dysfunction, and 
risk of death (see Figure 25-4; see also Figure 27-1). However, 
demonstration of an improvement in long-term survival in 
randomized trials is lacking. The options for temporary MCS, 
which include use of the intra-aortic balloon pump (IABP), 
TandemHeart percutaneous ventricular assist device, 
Impella Recover System, extracorporeal membrane oxygen-
ation (ECMO), and CentriMag blood pump, are discussed in 
detail in Chapter 27. Presented here is a brief review of con-
siderations in the selection of patients for initiation of MCS 
and in the timing of this intervention.

In general, the choice of temporary mechanical support 
should be guided by patient characteristics in the context 
of institutional expertise/experience and consultation with 
a multidisciplinary team, including the critical care staff, 
interventional cardiology, cardiac surgery, and advanced 
heart failure. Not infrequently, temporary MCS is employed 
in acutely ill patients as a “bridge to decision,” allowing time 
to assess the likelihood of recovery and/or appropriateness 
for destination therapy with placement of a ventricular assist 
device (VAD) or transplantation (see Figure 25-6). The 2015 
ACAI/ACC/HFSA/STS statement, based primarily on expert 
consensus, recommends that in light of the superior hemody-
namic support provided by MCS compared with pharmaco-
logic therapy, early institution of MCS may be considered in 
patients with cardiogenic shock who fail to stabilize quickly 
after initial interventions (e.g., reperfusion) and may even be 
considered for those undergoing high-risk PCI (e.g., multives-
sel or unprotected left main coronary artery) with severe 
heart failure or left ventricular dysfunction.19 On account of 
the lack of data for MCS after MI, prospective, randomized 
studies comparing different strategies are necessary to deter-
mine the benefit of initiating MCS after MI, as well as to deter-
mine the optimal timing and choice of device.

In clinical practice, a rational approach is to initiate a pre-
liminary discussion of the options for temporary percutane-
ous MCS in patients who have had an inadequate response to 
initial pharmacotherapy, so that if they fail to respond to addi-
tional titration of the pharmacotherapeutic regimen, MCS can 
be instituted before severe end-organ dysfunction ensues.  
In our own experience, once shock has progressed, with 
consequent severe hepatic injury, overt bowel ischemia, or 
the development of SIRS, outcomes with MCS are extremely 

poor. We therefore strive to initiate MCS once there is rea-
sonable evidence that pharmacological support is likely 
to fail and before these severe consequences of end-organ 
hypoperfusion emerge

Device selection should be based on the amount of hemo-
dynamic support required, whether biventricular support is 
necessary (favoring ECMO or TandemHeart), whether oxy-
genation is needed (requiring ECMO), and on the temporal 
urgency of initiation, with acknowledgment that placement 
of some devices (e.g., TandemHeart) is more time-consuming. 
Institutional experience and operator expertise tend to play 
heavily in the options available for MCS.

SUMMARY

Heart failure, characterized by pulmonary or central venous 
congestion, and cardiogenic shock, defined by heart failure 
with inadequate end-organ perfusion, are complications of 
acute MI that portend poor short- and long-term outcomes. 
The primary goal of therapy in both cases is reversal of 
ischemia via reperfusion. Heart failure management in the 
absence of shock should focus on treatment of volume 
overload, afterload reduction, and prevention of adverse left 
ventricular remodeling. Additional therapy for cardiogenic 
shock should prioritize maintenance of blood pressure and 
end-organ perfusion through pharmacologic or mechanical 
means. In light of the persistently high mortality associated 
with cardiogenic shock after acute MI, additional investiga-
tions are critically needed to support evidence-based prac-
tices in this little-studied population.
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INTRODUCTION

Myocardial infarction (MI) caused by coronary artery 
disease remains the leading cause of death in the United 
States (see Chapter 2).1 Although the advent of coronary 
care units and early reperfusion therapy has decreased in-
hospital mortality rates for acute MI by one-third, acute MI 
remains an important cause of death.1 Along with cardio-
genic shock (see Chapter 25), complications from severe 
myocardial injury are a major contributor to the in-hospi-
tal mortality of MI. Among these complications are right 
ventricular (RV) infarction, mechanical complications 
(left ventricular [LV] free-wall rupture, pseudoaneurysm, 
ventricular septal rupture, or acute mitral regurgitation), 
ventricular aneurysm, and LV thrombus with or without 
embolization. Rapid diagnosis of MI and rapid reperfu-
sion therapy have decreased the incidence of these com-
plications; however, when they do occur, survival remains 
dependent upon timely diagnosis and emergent or urgent 
treatment.

RIGHT VENTRICULAR INFARCTION

RV infarction rarely occurs in isolation. Fifty percent of 
patients with inferior MI and ≤10% of patients with anterior 
infarction have some degree of RV involvement.2 Significant 
RV infarction almost always results from a proximal occlu-
sion of the right coronary artery, which compromises flow 
to major RV branches. Infarction of the ventricular septum 
from a proximal left anterior descending (LAD) artery 
occlusion can also affect RV performance because of the 
important impact of septal systolic function on RV ejection. 
The RV is more resistant to infarction than the LV because it 
has less myocardial oxygen consumption, which is caused 
by its smaller muscle mass and some oxygen delivery from 
the endocardium into the thin free wall. Because RV func-
tion often recovers after infarction, some investigators have 
preferred the concept of RV “stunning” rather than perma-
nent infarction.3

RV infarction may lead to decreased cardiac output as a 
result of acute RV distension, a reduction in RV contractility, 
and the inability to fill the LV through the pulmonary cir-
culation. Acute RV diastolic dysfunction and enlargement 
produces an impediment to RV filling and leads to venous 

congestion. The decreased RV forward stroke volume from 
decreased RV contractility is further compromised by signif-
icant functional tricuspid regurgitation as a consequence 
of acute RV dilation. Moreover, RV systolic performance 
may be further impeded by passive pulmonary hyperten-
sion as a consequence of increased LV end-diastolic pres-
sure (EDP) from concomitant LV infarction. The decrease 
in RV forward stroke volume ultimately leads to an inability 
to fill the LV.

Increased RV volume and RVEDP also displaces the 
interventricular septum toward the volume-compromised 
LV, further impairing LV filling and compliance. Ischemia 
of the interventricular septum, with loss of contribution to 
global RV systolic function, will further reduce RV stroke vol-
ume. Finally, RV dilation within the noncompliant pericar-
dium results in elevated intrapericardial pressures, causing 
a further decrease in LV filling and equalization of diastolic 
pressures (Figure 26-1).4

Diagnosis of Right Ventricular Infarction
Physical Examination in Right Ventricular Infarction
The clinical triad of hypotension, clear lung fields, and an 
elevated jugular venous pressure has been traditionally 
considered a marker of RV infarction in patients with infe-
rior MI. However, this triad has a low sensitivity (25%) and 
high specificity (96%). Kussmaul sign (distention of the 
jugular vein with inspiration), which is indicative of poor 
RV compliance, and pulsus paradoxus (a decrease in sys-
tolic blood pressure >10 mm Hg with inspiration), which 
is indicative of increased interventricular dependence 
when the RV suddenly distends in the fixed pericardial 
space, may also occur with RV infarction. The primary 
differential diagnostic consideration is cardiac tampon-
ade from free-wall rupture, which is characterized by the  
presence of pulsus paradoxus but a lack of Kussmaul sign. 
Auscultation may reveal a right-sided S3 and S4 gallop and  
a tricuspid regurgitation murmur. An RV heave may be 
present from the acutely dilated RV. Occasionally, a harsh  
 systolic murmur may signify the coexistence of an infero-
basal ventricular septal defect complicating the concomi-
tant inferoposterior MI. Cannon a-waves in the jugular pulse 
and bradycardia may suggest concomitant heart block as 
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well. Hepatojugular reflux may also be present. Hypoxemia 
that does not correct using high-flow oxygen may be indic-
ative of an in atrial shunt through a patent foramen ovale 
if right atrial pressure exceeds left atrial pressure. However, 
electrocardiography and noninvasive imaging are the cor-
nerstones of the diagnosis of RV infarction because of their 
high specificity and the low sensitivity associated with 
physical examination.

Electrocardiography of Right Ventricular Infarction
RV infarction is frequently diagnosed with the electrocar-
diogram (ECG) and is best accomplished with the right 
precordial leads. Because of the association of RV infarc-
tion with inferior MI, ST-segment elevation in the infe-
rior leads (II, III, avF) should always be accompanied by 
assessment of the right precordial leads. Suspicion for RV 
infarction is heightened further when there is dispropor-
tionate ST-segment elevation of lead III greater than lead 
II. On a right-sided ECG, ST-segment elevation of more 
than 1 mm in lead V4R is considered significant, and it is 
also a strong independent predictor of major complica-
tions and in-hospital mortality. This ST-segment elevation 
is believed to represent an ischemic injury to the pos-
terobasal septum. Several other ECG criteria have been 
proposed in the evaluation of patients with suspected RV 
infarction (Figure 26-2).

Hemodynamics in Right Ventricular Infarction
The use of invasive hemodynamics at the time of revas-
cularization or during the initial management of an infe-
rior MI can provide insight into the degree of right heart 
dysfunction (Figure 26-e1). If right atrial function is not 
compromised, the a-wave and x descent of the right atrial 
pressure are enhanced, but the y descent may be blunted 
because of pandiastolic RV dysfunction. In patients with 
associated right atrial dysfunction, the right atrial pres-
sures are often higher, but the a-wave will be depressed, 
and the x and y descents will form an “M or W” pattern.  

A rapid y descent in RV infarction should also prompt con-
sideration of concomitant tricuspid regurgitation (TR). If 
the TR is severe, the right atrial waveform will approximate 
the RV waveform. A “square root” sign may be present in 
the RV tracing, and it reflects poorly compliant RV filling 
exclusively in early diastole before the filling is suddenly 
truncated. Criteria for hemodynamically significant RV 
infarction include: (1) elevated right atrial pressure (RAP) 
more than 10 mm Hg; (2) an elevated RAP to pulmonary 
capillary wedge pressure (PCWP) ratio of more than 0.86; 
(3) a narrow pulmonary artery pulse pressure; (4) an 
increased ratio of RVEDP to LVEDP; and (5) a decreased 
pulmonary artery pulsatility index of less than 1 (PAPi = PA 
pulse pressure/RAP).5

Echocardiography of Right Ventricular Infarction
Echocardiography is a widely available and inexpensive 
tool for the comprehensive evaluation of the structure, func-
tion, and hemodynamics of the RV (see also Chapter 31). 
Echocardiography of the RV has many technical challenges, 
including the complex shape of the RV, incomplete visualiza-
tion in any single echocardiographic view, and the afterload 
dependence of the RV, which can lead to inaccurate inter-
pretation of RV performance.6 Several traditional and novel 
parameters have been used to assess the degree of RV dys-
function in the setting of inferior MI (Table 26-1 and Figure 
26-3). It is important to note that echocardiographic findings 
of RV dysfunction may be temporary and can resolve within 
a few hours. Cardiac magnetic resonance (CMR) imaging 
(see Chapter 33) has become the gold standard for nonin-
vasive assessment of RV function, and it is the most accu-
rate method for determining the extent of infarction and RV 
mass, volume, and ejection fraction (Figure 26-e2).

Prognosis with Right Ventricular Infarction
Although RV infarction may result in profound acute 
hemodynamic effects, arrhythmias, and higher in-hospital 
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After

ED

ES

ED

ES

Normal Pericardial restraining Pure RV infarction RV infarction with
septal ischemia

RV LV

A B C D
FIGURE 26-1 Two physiological concepts explaining the detrimental effects of excessive volume loading. (A) Normal ventricle: at end-systole (ES), the right ven-
tricular (RV) free wall moves toward the septum compared with end-diastole (ED). (B) Pericardial restraining effects (top, before volume loading; bottom, after excessive volume 
loading); RV dilation, as a result of excessive volume loading, can lead to the elevation of intrapericardial pressure, an increase in pericardial constraint (red arrow), and change 
geometry because of interventricular septum shift. These changes contribute to the low-output state by decreasing left ventricular (LV) distensibility, preload, and ventricular 
elastance. (C and D) Role of the interventricular septum (C, pure RV infarction; D, RV infarction with septal ischemia). (C) At ES, the RV free wall moves toward the septum. At 
ED, the RV dilates during diastole, and the septum reverse curves toward the volume-reduced LV. At ES, the septum thickens, but moves paradoxically into the RV, displacing the 
RV volume despite RV free wall dyskinesis. (D) Septal ischemia depresses septal contraction and global LV function, resulting in LV dilation. The septum stops thickening, and 
there is increased systolic septal displacement into the RV. Pansystolic septal thinning and more extensive paradoxical displacement are associated with further depression of RV 
performance. (From Inohara T, et al: The challenges in the management of right ventricular infarction. Eur Heart J: Acute Cardiovasc Care 2:231, 2013.)
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FIGURE 26-e1 Hemodynamic recordings from a patient with right atrial (RA) 
pressure W pattern, timed to (A) electrocardiography (ECG) and (B and C) right 
ventricular (RV) pressures. Peaks of W are formed by prominent A waves with an 
associated sharp X systolic descent, followed by a comparatively blunted Y descent. 
Peak RV systolic pressure (RVSP) is depressed, RV relaxation is prolonged, and a dip 
and rapid rise occur in RV end-diastolic pressure (RVEDP). (From Goldstein JA, et al: 
Determinants of hemodynamic compromise with severe right ventricular infarction. 
Circulation 1990;82:359; Fig 4.)
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FIGURE 26-e2 Contrast-enhanced cardiovascular magnetic resonance image of (A) right ventricular myocardial infarction and (B) cine angiogram before and (C and D) after 
percutaneous angioplasty in the corresponding case. Enlarged short-axis view with infarction of the right ventricular wall (red arrows) and the inferior left ventricle. The occluded 
proximal right coronary artery was recanalized with percutaneous angioplasty, and the major right ventricular branch (white arrows) was recognized. (From Inohara T: The chal-
lenges in the management of right ventricular infarction. Eur Heart J Acute Cardiovasc Care 2:228, 2013; Fig 1.)
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mortality, chronic right heart failure secondary to RV infarc-
tion is rare. Patients with inferior MI have a substantially 
increased risk of short-term death during hospitalization 
if RV involvement is present, but those who survive hospi-
talization have a relatively good long-term prognosis. This 
paradox is attributed to the favorable supply–demand char-
acteristics of the RV. Other unique anatomic and physiologic 
characteristics of the RV also contribute to recovery from 
RV infarction. First, the pulmonary circulation poses a sig-
nificantly lower afterload compared with the systemic cir-
culation, thus a minimal perfusion gradient is sufficient to 
maintain pulmonary blood flow. Second, the thin RV free 
wall allows for coronary perfusion in both systole and dias-
tole. Third, the RV has a rich collateral arterial supply from 
the LAD artery, which also provides most of the blood flow 
to the ventricular septum.

Treatment of Right Ventricular Infarction
A concise summary of the assessment and treatment of 
inferior MI complicated by RV dysfunction is provided in 
Figure 26-4. The mainstay of management of RV infarction is 
immediate revascularization. Once coronary flow has been 
established, attention is then directed toward hemodynamic 
and electrical stabilization. In patients with RV infarction, 
the dilated noncompliant RV is preload dependent, which 
will exacerbate a stiff LV that may be preload-deprived. Any 

measure that further reduces LV preload will be detrimen-
tal; therefore, vasodilators and diuretics are contraindicated. 
Although most patients (75%) with RV infarction are clini-
cally silent without significant hemodynamic compromise, 
RV infarction may be subsequently “unmasked” with stan-
dard treatment for LV infarction (e.g., β-blockade, morphine, 
and nitroglycerin) that exacerbates the preload sensitive 
state.

Adequate plasma volume expansion, ideally with the aid 
of invasive monitoring, is essential in the treatment of RV 
infarction when a low cardiac output and shock are present 

ST depression I + aVL > 2 mm

ST elevation ≥ 1 mm in V4R

ST elevation lead III >
elevation in lead II

Reciprocal depression in
lateral leads

+ ST elevation in aVF > ST
depression in lead V2

ST depression V3 < ½ ST
elevation lead III

QRS prolongation in R
precordial leads

Epsilon waves in R precordial
leads

> >

>

< ½≥1 mm

>2 mm

FIGURE 26-2 Summary of electrocardiography features of right ventricular myocardial infarction (MI) complicating inferior MI. Coronary angiography confirmed 
proximal occlusion of the right coronary artery with minor left anterior descending artery disease. (From Kakouros N, Cokkinos D: Right ventricular myocardial infarction: patho-
physiology, diagnosis, and management. Postgrad Med J 86:722, 2010.)

TABLE 26-1 Echocardiographic Parameters Used to 
Evaluate Right Ventricular Dysfunction in the Setting 
of Myocardial Infarction

Parameter

Increased ratio of RV to LV end-diastolic dimension
RV free wall motion abnormalities
Paradoxical interventricular septal motion
Fractional area change
Tricuspid annular plane systolic excursion
Doppler tissue imaging of the peak systolic tricuspid lateral annulus velocity 

(S′)
RV myocardial performance index or Tei index
RV peak systolic longitudinal strain
RV ejection fraction as assessed by 3D echocardiography

3D, Three-dimensional; LV, left ventricular; RV, right ventricular.
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FIGURE 26-3 (A) A patient with acute proximal right coronary artery (RCA) occlusion, resulting in (B) right ventricular dilation and (C) depressed right ventricular perfor-
mance as indicated by reduced tricuspid annular plane systolic excursion (TAPSE). The apical four-chamber view is focused on the right ventricle (RV) to optimize the imaging of 
the lateral wall and to measure basal (RVD1) and midcavity (RVD2) right ventricular diameters. LA, Left atrium; LV, left ventricle; RA, right atrium. (From Rallidis L, Makavos G, 
Nihoyannopoulos P: From right ventricular involvement in coronary artery disease: role of echocardiography for diagnosis and prognosis. J Am Soc Echocardiogr 27:227, 2014.)

1. Coronary revascularization
2. Assessment of RV function and/or hemodynamics

3. Avoid beta-blockers, diuretics, vasodilators, and morphine.
4. Plasma volume expansion (ideally RAP <16 mm Hg)
5. For continued hypotension, begin inotropic therapy (dobutamine).
6. Optimize AV synchrony and chronotropic competence with temporary AV pacing.
7. For refractory hypotension consider mechanical support with pRVAD or IABP.
8. For continued compromise consider ECMO.

Echocardiogram Hemodynamics

Abnormal RV wall motion RAP >10 mm Hg

RV enlargement RAP/PCWP > 0.86

Paradoxical septal motion Narrow pulmonary artery pulse pressure

TAPSE <10 mm Increase ratio of RVEDP/LVEDP

S’ <12 cm/sec PAPi <1

FIGURE 26-4 Treatment algorithm for patients with suspected right ventricular (RV) infarction. ECMO, Extracorporeal membrane oxygenation; IABP, intra-aortic 
balloon pump; LVEDP, left ventricular end-diastolic pressure; PAPi, pulmonary artery pulsatility index; PCWP, pulmonary capillary wedge pressure; pRVAD, percutaneous right 
ventricular assist device; RAP, right atrial pressure; RVEDP, right ventricular end-diastolic pressure; S′, pulse-wave Doppler tissue imaging of the lateral tricuspid annulus; TAPSE, 
tricuspid annular plane systolic excursion.
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(see Chapter 25). Fluid replacement can be challenging in 
patients with severe RV dysfunction, but it is recommended 
to passively “drive” filling of the LV (e.g., a Fontan-like circu-
lation). An overly aggressive approach to volume expansion 
can result in further clinical deterioration because of the 
detrimental effects of excess volume loading. Consequent 
excessive RV dilation can compromise LV output because 
of pericardial restraint and exaggeration of biventricular 
interdependence. By compromising LV filling, this situation 
will decrease LV stroke volume and precipitate a low-output 
state, particularly if concomitant bradycardia is present. The 
optimal RV filling pressure in RV infarction is not known; 
studies that used standard volume loading protocols have 
not demonstrated improvements in cardiac output, but may 
have been limited by the variable initial volume status of 
patients.

Interventricular septal contraction contributes to 30% to 
50% of RV stroke work. Patients with intact LV septal contrac-
tion (manifest as paradoxical septal motion with preserved 
thickening on echocardiography) have a better prognosis. 
In RV infarction associated with significant septal dysfunc-
tion, hypotension and low cardiac output may be refractory 
to initial fluid optimization. Under these circumstances, the 
use of inotropic stimulation (commonly with dobutamine) 
will improve RV performance by enhancing global LV con-
traction and increasing septal displacement into the RV.

Electrical stabilization, including an adequate heart rate 
and atrioventricular (AV) synchrony, are essential in preserv-
ing cardiac output in RV infarction. High-grade AV block 
and bradycardia-related hypotension without AV block 
commonly complicate inferior MI. These arrhythmias are 
attributed to the effects of AV nodal ischemia and cardioin-
hibitory (Bezold-Jarisch) reflexes arising from stimulation of 
vagal afferents in the ischemic LV inferoposterior wall. The 
ischemic RV has a relatively fixed stroke volume as does the 
preload-deprived LV. Therefore, biventricular output is heart 
rate–dependent. In some hypotensive bradycardic patients, 
atropine may restore physiologic rhythm. If temporary pac-
ing is required, right atrial rather than RV pacing is favored 
to maintain AV synchrony. Acute transvenous pacing can 
be technically difficult with placing and securing a transve-
nous lead in the right atrial appendage. In the case of emer-
gency ventricular pacing, both sensing and pacing may be 
inadequate in an acutely infarcted RV, which is also prone to 
perforation and ventricular arrhythmias.

Mechanical circulatory support (see Chapter 27) may 
also be necessary for those with refractory hypotension 
unresponsive to volume resuscitation, inotropic therapy, and 
treatment of bradyarrhythmias. The use of an intra-aortic bal-
loon pump may be beneficial in patients with RV infarction, 
although the exact mechanism of benefit is unclear. Balloon 
pump counterpulsation does not directly improve RV per-
formance; however, the increase in coronary perfusion pres-
sure and effects on LV systolic and diastolic function (e.g., 
improved contraction of the interventricular septum) may 
be critical. When RV failure is unresponsive to medical ther-
apy and balloon pump support, an RV assist device may be 
appropriate. These devices are discussed in Chapter 27.

MECHANICAL COMPLICATIONS  
OF MYOCARDIAL INFARCTION

The most dramatic complication of acute MI involves tear-
ing or rupture of acutely infarcted tissue. Such a diagnosis 

should be considered in MI whenever there is severe hemo-
dynamic instability or a sudden change in clinical condition. 
The clinical presentation of myocardial rupture depends 
upon the extent and site of rupture, which includes the 
interventricular septum, papillary muscles, or the free wall 
of either ventricle (Figure 26-5). Most ruptures occur in the 
first 2 to 5 days after MI, when the necrotic myocardium is 
most vulnerable to rupture from the systolic pressures aris-
ing within the LV. Before the reperfusion era, the reported 
incidence of rupture was up to 6%. In the current era, with 
advances in timely revascularization and adjunctive phar-
macologic therapies, the reported incidence is less than 2% 
(Figure 26-e3).7 Definitive management requires surgical 
intervention but is limited in practice by different thresholds 
for surgical risk by cardiac surgeons. Figure 26-6 provides an 
overview of the clinical findings, diagnosis, and treatment of 
these mechanical complications encountered after an MI.

Left Ventricular Free-Wall Rupture
Rupture of the ventricular free wall usually presents cata-
strophically with hemodynamic collapse, electromechani-
cal dissociation, tamponade, shock, and death. Free-wall 
rupture has been described in the anterior, posterior, and 
lateral walls of the LV. Pathologically, three types of rupture 
have been identified (Figure 26-7). Type 1 rupture is char-
acterized as an abrupt slit-like tear that occurs during the 
acute phase of a MI (<24 hours).

Type 2 rupture results from a subacute process with local-
ized necrosis of the myocardium, resulting in a slow pro-
gressive tear, often at the border zone between necrotic and 
viable myocardium. Type 3 rupture is preceded by the devel-
opment of myocardial thinning, with rupture in the center 
of the thinned area, which typically occurs during the late 
phase of MI (>7 days). Intramyocardial hemorrhage is also 
commonly noted at autopsy, and paradoxically, is associated 
with reperfusion therapy.7

Free-wall rupture is more commonly seen in patients who 
present with their first MI, with anterior infarction, who are 
older adults (>70 years), and in women. Other possible risk 
factors for rupture include hypertension during the acute 
phase of MI, lack of antecedent angina or previous MI, lack 
of collateral blood supply, use of corticosteroids or nonste-
roidal anti-inflammatory drugs, and the administration of 
fibrinolytics more than 14 hours after symptom onset.

The clinical diagnosis of free-wall rupture should be 
considered whenever there is severe and/or sudden hemo-
dynamic instability and is suggested by the physical examina-
tion findings of cardiac tamponade and electromechanical 
dissociation (Figure 26-6). Rarely, patients can present with 
a subacute ventricular rupture, which is manifested by peri-
cardial pain, ECG evidence of pericarditis, and a pericardial 
rub. Because of the usual abrupt and catastrophic nature 
of rupture, confirmatory diagnostic evaluation is not always 
feasible. However, if time allows, echocardiography can be 
diagnostic (see Chapter 31). If available, pulmonary arterial 
catheterization will reveal equalization of right atrial, RV 
diastolic, and pulmonary capillary wedge pressures consis-
tent with cardiac tamponade, and should be distinguished 
from RV infarction. The presence of a moderately sized (>1 
cm) pericardial effusion is associated with high mortality 
after acute MI and should always prompt consideration of 
free-wall rupture.8 If clinical stability can be achieved, car-
diac computed tomography or CMR should be considered 
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FIGURE 26-e3 The incidence of cardiac rupture (CR) decreases in association with increased use of reperfusion therapy in patients with acute myocardial 
infarction (AMI). Left panel, the incidence rate of CR in patients with AMI. Right‐upper panel, the incidence of primary percutaneous coronary intervention (PPCI) for AMI. 
Right‐lower panel, the incidence of fibrinolysis for AMI. A total of 5699 hospitalized AMI patients were divided into three cohorts: 1977 to 1989, 1990 to 2000, and 2001 to 
2011. (From Honda S, et al: Trends in the clinical and pathological characteristics of cardiac rupture in patients with acute myocardial infarction over 35 years. J Am Heart Assoc 
3:e000984, 2014; Fig. 2.)



M
ech

an
ical C

o
m

p
licatio

n
s o

f M
yo

card
ial In

farctio
n

319

26

to confirm and localize the perforation in such cases (see 
Chapter 33). If such secondary imaging is not available or 
feasible to perform, pericardiocentesis with measurement of 
fluid hematocrit can be confirmatory for free-wall rupture.

Survival for patients with free-wall rupture depends upon 
prompt diagnosis, hemodynamic stabilization, and immedi-
ate surgical intervention. In-hospital mortality for cardiac 
rupture may be declining because the rate and success of 
emergent surgery for this condition has increased (Figure 
26-8).7 The use of pericardial drainage should be consid-
ered cautiously, if at all; drainage may provide short-term 
hemodynamic improvement, but extension of the rupture 
can occur with loss of the “pressure” tamponade. In patients 
who have the diagnosis recognized and undergo surgi-
cal repair, the operative mortality ranges from 18% to 54%, 
depending on late (>7 days) or early surgical repair.9

Pseudoaneurysm
Incomplete rupture of the myocardium may occur when 
thrombus is organized in concert with the pericardium, seal-
ing a rupture of the ventricle, which thus prevents the devel-
opment of hemopericardium. Over time, this combination of 
thrombus and pericardium will result in a pseudoaneurysm 
that maintains communication with the cavity of the LV 
(Figure 26-9 and Figure 26-10; see Figure 31-19, Video 31-20, 
and Video 31-21), and this most commonly occurs in the 
inferior and inferolateral locations. Pseudoaneurysms may 
present with systemic embolization, heart failure, chest pain, 

ventricular tachycardia, and incidentally on imaging (e.g., car-
diomegaly on a chest x-ray). Diagnosis is confirmed by non-
invasive imaging (see Chapter 31) and should be suspected 
when the mouth of an aneurysm is narrow, in contrast to the 
wide neck of true myocardial aneurysms. When a rupture 
is subacute and the diagnosis of pseudoaneurysm is made, 
emergency surgery should be considered. The natural history 
of surgically treated and untreated pseudoaneurysms is not 
clearly defined and is largely based on retrospective single-
center case series. Historically, pseudoaneurysms are consid-
ered to confer a high risk of rupture of up to 45%.10 Surgical 
management should also be considered even if the pseudoa-
neurysm is asymptomatic because of the unpredictable risk 
of rupture.

Ventricular Septal Rupture
Ventricular septal rupture (VSR) is similar in many ways to 
free-wall rupture. There is a bimodal temporal distribution 
of presentation, depending on the pathologic characteris-
tics of the rupture. Typically, septal ruptures are classified as 
simple or complex. A simple VSR is a single defect or tear 
with openings to both ventricles at approximately the same 
level (Figure 26-e4). However, most VSRs are complex with 
serpinginous channels through the myocardium that enter 
and exit at different levels of the right and left ventricular 
septal walls and approximate a “tearing” of the septum 
(Figure 26-e4) (Figure 26-11). The risk factors for developing 
VSR are also similar to that of free-wall rupture.

F

A

ED

CB

FIGURE 26-5 Complications of myocardial infarction. (A) Anterior myocardial rupture in an acute infarct (arrow). (B) Rupture of the ventricular septum (arrow). (C) Com-
plete rupture of a necrotic papillary muscle. (D) Fibrinous pericarditis, showing a dark, roughened epicardial surface overlying an acute infarct. (E) Early expansion of anteroapical 
infarct with wall thinning (arrow) and mural thrombus. (F) Large apical left ventricular aneurysm. The left ventricle is on the right in this apical four-chamber view of the heart. 
(From Schoen FJ, Mitchell RN: The heart. In Kumar V, et al, editors: Robbins and Cotran pathologic basis of disease, 9th ed. Saunders, Philadelphia, 2015.)
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A B

FIGURE 26-e4 (A) Simple ventricular septal rupture. (B) Complex ventricular septal rupture.
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69-year-old woman
Type 1 rupture

Myocardial hemorrhage (+)
Treated with fibrinolysis

68-year-old man
Type 2 rupture

Myocardial hemorrhage (+)
Treated with PPCI

87-year-old woman
Type 3 rupture

Myocardial hemorrhage (+)
No reperfusion therapy

A B C 10mm10mm10mm

FIGURE 26-7 Representative autopsy cases of cardiac rupture (CR). (A) A 69‐year‐old woman with inferior acute myocardial infarction (AMI) and Becker type 1 rupture. 
She underwent fibrinolysis 4 hours after the onset of AMI, and developed CR 8 hours after the onset of AMI. Arrow, the inferior free‐wall rupture with massive myocardial 
hemorrhage. There is no wall thinning in the infarcted area. (B) A 68‐year‐old man with anterior AMI and Becker type 2 rupture. He underwent primary percutaneous coronary 
intervention (PPCI) 5 hours after the onset of AMI, and developed CR 11 hours after the onset of AMI. Arrow, the anterior free‐wall rupture with massive myocardial hemorrhage 
and erosion. Myocardial erosion at the site of rupture can be observed. (C) An 87‐year‐old woman with anterior AMI and Becker type 3 rupture; reperfusion therapy was not 
performed. She developed CR 12 days after the onset of AMI. Arrow, the anterior free‐wall rupture with marked thinning of the infarcted myocardium. (Adapted from Honda 
S, et al: Trends in the clinical and pathological characteristics of cardiac rupture in patients with acute myocardial infarction over 35 years. J Am Heart Assoc 3:e000984, 2014.)

Physical Exam

Echocardiography Pulmonary artery catheterization*

Acute severe decompensation (shortness of breath, hypotension, chest pain) post-myocardial infarction

Free-wall rupture           Ventricular septal rupture Papillary muscle rupture

 Beck’s triad Harsh holosystolic murmur Possible holosystolic murmur at the apex

 Possible pericardial rub Pulmonary edema Pulmonary edema

Free-wall rupture Ventricular septal rupture Papillary muscle rupture

 Equalization of Giant v-waves Giant v-waves
 diastolic pressures

”pu-pets“negyxO

noitaluclacsQ/pQ

Free-wall rupture Ventricular septal rupture Papillary muscle rupture

Effusion >1 cm Defect localization Flail leaflet

 Defect localization Qp/Qs calculation MR severity
**tnemssessa

Hemodynamic stabilization: pharmacologic and/or mechanical***

Emergent/urgent surgical correction

FIGURE 26-6 Assessment of acute severe decompensation after myocardial infarction. *Pulmonary artery catheterization is not required to confirm diagnosis. If 
already in place, findings can be supportive and/or suggestive. To be performed if echocardiographic findings are unclear. **Using standard color, continuous-wave and pulse-
wave Doppler evaluation, pulmonary venous flow assessment, regurgitant volume, and fraction calculation. ***Pharmacologic therapy (vasodilators, inotropes, or vasopressors) 
and mechanical support uses are dependent on systemic blood pressure and should not delay surgical intervention. MR, Mitral regurgitation.
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myocardial scar
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True aneurysm

Pericardium

Pseudoaneurysm

Thrombus

Transmural infarct
with rupture
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2. Walls composed of thrombus
 and pericardium
3. High risk for rupture
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2. Walls composed of  myocardium
3. Low risk for rupture

True Aneurysm Pseudoaneurysm

FIGURE 26-9 Differences between a pseudoaneurysm and a true aneurysm. LA, Left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. (From Shah PK: 
Complications of acute myocardial infarction. In Parmley W, Chatterjee K, editors: Cardiology. Philadelphia, JB Lippincott, 1987.)
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FIGURE 26-8 Decreased in‐hospital mortality is associated with an increased rate of emergent surgery in 144 patients with cardiac rupture (CR). (A) The in‐
hospital mortality rate in patients with CR. (B) The rate of emergent surgery for CR. (From Honda S, et al: Trends in the clinical and pathological characteristics of cardiac rupture 
in patients with acute myocardial infarction over 35 years. J Am Heart Assoc 3:e000984, 2014.)

A B

FIGURE 26-10 Echocardiography is useful at differentiating (A) left ventricular (LV) aneurysm (wide entry neck) from (B) an LV pseudoaneurysm (narrow entry neck). (From 
Tsang MG, et al: Echocardiography in acute myocardial infarction. In Lang RM ,et al, editors: ASE’s comprehensive echocardiography, 3rd ed. Philadelphia, Saunders, 2016.)
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The clinical manifestations of VSR are directly related 

to the size of the defect and magnitude of left-to-right 
shunting. A harsh pansystolic murmur with findings of 
right or left ventricular heart failure, or sudden and/or 
severe hemodynamic instability should alert the clinician 
to the presence of VSR. Pulmonary edema and hypoten-
sion are common. Echocardiography (see Chapter 31) is 
essential at confirming the diagnosis, and distinguishing 
between papillary muscle rupture and VSR (Figure 26-12) 
(Figure 26-e5) (see Figure 31-20A and Videos 31-22, 31-23, 
32-24, 31-25, and 31-26). Echocardiography can also char-
acterize the site, size, and degree of left-to-right shunting. 
Calculation of shunt magnitude can be assessed using 
the relative flows across the pulmonic and aortic valves; a 
ratio greater than two suggests a large shunt and indicates 
greater urgency for its repair. Although right heart catheter-
ization has been largely replaced by echocardiography, it 
can help to confirm a diagnosis if the echocardiographic 
data are unclear. The demonstration of an oxygen satura-
tion “step-up” between right atrial and pulmonary artery 
samples confirms the presence of a ventricular shunt, but 
is limited to detection of shunts of at least 1.5:1. A large 
v-wave is also common because the large recirculated vol-
ume overwhelms the compliance of the left atrium and 
can be confused with the giant v-waves of acute severe 
mitral regurgitation (MR) from papillary muscle rupture.

The mortality rate with septal rupture is as high as 50% for 
surgically treated patients, and 90% for those treated medi-
cally but biased by surgical risk (Figure 26-13).11 VSR from 
inferior wall MI generally occurs in the inferobasal septum, 
is difficult to repair, and is associated with a worse progno-
sis than anterior MI-related VSR, which often occurs in the 
apical septum. Hemodynamic optimization with inotropic, 
vasodilatory, and mechanical support should not delay 
definitive surgical treatment (Figure 26-e6).

Repair of Ventricular Septal Rupture: Timing and 
Approaches
Controversy remains as to the optimal timing of surgery 
in hemodynamically stable patients or patients with mod-
est degree shunts (e.g., Qp/Qs <1.5–2.0). Delay in surgery 
allows for maturing and fibrosis of the infarcted tissue, 
which allows easier surgical repair. Unfortunately, few 
patients (<5%) allow for a delayed repair. However, defer-
ring surgery carries the risk of rupture extension, heart 
failure, arrhythmia, and sudden death. Early surgery is tech-
nically more difficult, has a higher risk of recurrent ven-
tricular rupture or residual shunt, and is associated with 
significant surgical mortality (Figure 26-14).

Assessing operative candidacy is the first priority in clini-
cal decision making for VSR repair and integrates evaluation 
of surgical risk with consideration with the consulting sur-
geon as to whether there is a prohibitive risk (Figure 26-15).12 
If the patient is an operative candidate, the timing, and 
method of VSR repair will be predicated by hemodynamic 
status, the location and size of VSR, and the availability of 
operative and percutaneous expertise. Most experts recom-
mend urgent surgical intervention (e.g., within 24–48 hours 
of diagnosis).13 Emergent repair (e.g., <6 hours) has been 
associated with high mortality, but is most likely a reflection 
of underlying patient illness rather than the surgical inter-
vention itself. There is little evidence to support extended 
delays in operative repair despite the theoretical advantages 
of allowing for tissue healing to overcome surgical technical 
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FIGURE 26-11 (A and B) Findings at autopsy in a patient with a simple ventricular 
septal rupture. There is a discrete defect with a direct through-and-through com-
munication across the septum. The perforation is at the same level on both sides of 
the septum: the left ventricular aspect of the interventricular septum (LVS), and the 
right ventricular aspect of the interventricular septum (IVS). (C) Gross findings in a 
patient with a posterior ventricular septal rupture. There is an infarction involving the 
basal inferior septum, the basal posteroinferior wall, and the right ventricle (RV). The 
ventricular septal rupture (arrow) is complex, with an irregular, serpiginous tract at the 
junction of the inferior wall and the interventricular septum (IVS). LV, Left ventricle; 
MV, mitral valve. (From Birnbaum Y, et al: Ventricular septal rupture after acute myo-
cardial infarction. N Engl J Med 347:1427, 2002.)
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FIGURE 26-e6 Repair of an ischemic ventricular septal defect. The infarct 
typically involves a free wall and septum. Repair of the defect is performed through 
an incision in the ventricular wall infarct. The septal defect is closed with a prosthetic 
patch, and a second patch is used to close the incision in the free wall. (Courtesy of 
Dr. David Adams, Mt. Sinai, Hospital, New York.)

FIGURE 26-e5 A transthoracic echocardiogram demonstrates the cause of 
a loud systolic murmur post-myocardial infarction: a ventricular septal rup-
ture with left-to-right shunting. (From Tsang MG, et al: Echocardiography in acute 
myocardial infarction. In Lang RM, et al, editors: ASE’s comprehensive echocardiogra-
phy, 3rd ed. Philadelphia, Saunders, 2016.)
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challenges. For select nonoperative candidates, percutane-
ous repair can be considered if available.

Percutaneous closure is a less invasive option, but lim-
ited to patients with simple discrete defects that are less 
than 15 mm in diameter. Percutaneous closure has been 
attempted in the acute setting with variable results. The 
procedural success rate of any device closure varies from 
74% to 91%; however, these procedures are ultimately asso-
ciated with a high mortality (18% to 65%) and complica-
tion rate (41%).14 In a series of 29 consecutive patients who 
underwent primary transcatheter VSR closure (median 
1 day after recognition), the initial procedural success 
rate was 86%. Procedure-related complications, such as 
major residual shunting, LV rupture, and device emboli-
zation, occurred in 41%. The 30-day survival rate was 88% 
for patients in shock before the procedure versus 38% in 
patients without shock. As such, outcomes appear to be 
dominated by the clinical status of the patient preceding 
the procedure more than the technical aspects or imme-
diate procedural success of the intervention.15 Markers of 
multisystem organ dysfunction have been proposed as a 

tool for selection of appropriate candidates for interven-
tion.16 Further technical developments and prospective 
studies are required to identify the patients best suited for 
a percutaneous approach.

Acute Mitral Regurgitation
MR after MI occurs via two mechanisms: (1) partial or 
total rupture of a papillary muscle, and (2) postinfarction 
LV remodeling with lateral and apical displacement of the 
papillary muscles, leaflet tethering, and annular dilation 
(e.g., ischemic or functional MR). Acute rupture more com-
monly affects the posteromedial papillary muscle (often 
in association with inferior MI) than the anterolateral pap-
illary muscle because of the singular blood supply of the 
former. Complete transection of the papillary muscle body 
is usually fatal because of the sudden massive magnitude 
of the MR. Rupture of the tip or partial head of the papillary 
muscle also results in severe MR and is more likely to be 
encountered than transection of the papillary muscle body, 
and it may not be immediately fatal (Figure 26-e7). Unlike 
ruptures of the septum and free wall, papillary muscle rup-
ture can occur with small infarctions (e.g., those involving 
the branches of the circumflex artery).

Patients with papillary muscle rupture usually present 
within 1 week after MI with acute pulmonary edema with or 
without shock. The classic holosystolic murmur of MR may 
not always be appreciated because of the rapid rise of left 
atrial pressure. Echocardiography is often diagnostic (see 
Figure 31-21, Figure 31-22, and Video 31-27). Right heart cath-
eterization is of limited use, but can help to differentiate VSR 
from acute MR when there is a detectable oximetric “step-up.” 
The pulmonary capillary wedge pressure tracing may show 
giant v-waves, but may be also seen in VSR or severe LV failure.

Acute MR is associated with an in-hospital mortality of up 
to 80% with medical treatment alone but again, it is biased 
by perceived surgical risk. Surgical mortality is approxi-
mately 20%.13 Medical treatment with afterload reduction, 
diuretics, and mechanical support may allow for stabiliza-
tion in preparation for surgery (Figure 26-16). Intravenous 
nitroprusside is an ideal acute vasodilator when hypoten-
sion is absent. Intra-aortic balloon counterpulsation should 

LVLV

RVRV

VSDVSD

FIGURE 26-12 Echocardiography of two ventricular septal defects (VSDs) that developed after ST-elevation myocardial infarction (STEMI). A close-up of the 
ventricular septum in an apical four-chamber view demonstrates turbulent systolic color flow Doppler across a VSD and continuous-wave Doppler demonstrates systolic flow 
across a VSD (left). A subcoastal view demonstrates color flow Doppler across a VSD (right). LV, Left ventricular; RV, right ventricular. (From Kamran M, et al: Images in cardiovas-
cular medicine. Ventricular septal defect complicating an acute myocardial infarction. Circulation 112:e337, 2005; and Brigham and Women’s Hospital, 2013.)
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FIGURE 26-13 Cumulative survival in all postinfarction ventricular septal 
defect patients (n = 189). (From Jeppsson A, et al: Surgical repair of post infarction 
ventricular septal defects: a national experience. Eur J Cardiothorac Surg 27:216, 
2005.)
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FIGURE 26-e7 Surgical specimen showing a papillary muscle (top left), 
chordae, and anterior mitral leaflet (bottom right) from a patient who had a 
partial rupture of the papillary muscle and underwent mitral valve replace-
ment for severe mitral regurgitation after ST-elevation myocardial infarction. 
(Courtesy of Dr. John Byrne, Brigham and Women’s Hospital, Boston.)
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be strongly considered in almost all cases, but particularly 
if hypotension is present. Surgical mitral valve replacement, 
rather than repair, is usually performed in conjunction with 
revascularization. Although there is no difference in early 
mortality between patients undergoing concomitant coro-
nary artery bypass grafting (CABG) and those who are not 
revascularized at the time of emergent mitral surgery (CABG 
27% vs. no CABG 26%), the long-term survival is improved by 
concomitant revascularization at 15 years (CABG 64% vs. no 
CABG 23%).17

Left Ventricular Aneurysm
True aneurysms of the ventricular wall describe a discrete 
thin-walled area of dyskinesis with a broad neck involving 
all three layers of myocardium. True aneurysms occur in less 
than 5% of patients with MI. It is more commonly associated 
with large anteroapical infarctions with delayed reperfu-
sion and poorly collateralized blood flow. Rupture of true 
aneurysms is rare. However, the rate of mortality in patients 
with LV aneurysm is up to six times higher than that in 

patients without aneurysms, even in patients with compa-
rable LV ejection fractions. Death in these patients is most 
likely related to ventricular tachyarrhythmias. Heart failure 
is also common and is a consequence of LV stroke volume 
being partially ejected into the “dead space” of the aneu-
rysm, decreasing forward stroke volume. Furthermore, the 
poorly compliant aneurysm impairs diastolic performance 
and exacerbates diastolic dysfunction. The physical exami-
nation may demonstrate a palpable dyskinetic apex that is 
laterally displaced. Diagnosis is often suspected in patients 
with persistent ST-segment elevation on ECG. However, the 
diagnosis is generally made with surveillance echocardiog-
raphy after MI (see Chapter 30 and Chapter 31).

Surgical correction of LV aneurysm is considered when 
there are refractory ventricular arrhythmias that are not 
amendable to medications or radiofrequency ablation, heart 
failure, or recurrent thromboembolism despite appropriate 
anticoagulant therapy. A randomized clinical trial failed to 
demonstrate a benefit of routine surgical reconstruction of 
akinetic or dyskinetic anteroapical segments, but this study 
may have been limited by the modest surgical reduction in 
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FIGURE 26-14 Ventricular septal rupture surgical repair. Society of Thoracic Surgery National Database: ventricular septal defect repair in 2876 patients, 1999 to 2010. 
(From Arnaoutakis GJ, et al: Surgical repair of ventricular septal defect after myocardial infarction: outcomes from the Society of Thoracic Surgeons National Database. Ann 
Thorac Surg 94:436, 2012.)

Assessment of Operative Risk*
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(see text)
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24–48 hours of diagnosis

Emergent surgical repair If clinical improvement, reassess
operative candidacy

FIGURE 26-15 Approach to ventricular septal rupture management. *Final risk assessment must be made in conjunction with the surgical team. **Should be consid-
ered if expertise is available. Should be followed by a definitive surgical repair if a satisfactory result is not achieved. IABP, Intra-aortic balloon pump; MR, mitral regurgitation.
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end-diastolic volume compared with revascularization alone 
(see Chapter 25).18 Percutaneous exclusion of large antero-
apical segments may be possible with newer devices such 
as the PARACHUTE device (Cardiokinetix, Menlo Park, Calif.).

Anticoagulation to either treat or prevent intra-aneurysm 
thrombus formation is often recommended. In one contem-
porary series of 648 patients with post-MI LV aneurysms, 
anticoagulation did not predict improved outcomes (death, 
nonfatal MI, stroke, embolization) (hazard ratio [HR], 1.05; 
95% confidence interval [CI], 0.67 to 1.64; P = .84), even in 
the presence of LV thrombus (HR, 1.38; 95% CI, 0.32 to 5.97; P 
= .66).19 Moreover, no specific subgroup (e.g., older age, dual 
antiplatelet therapy, LV ejection fraction <40%) appeared to 
either to be benefited or harmed. Randomized trials have 
not been conducted to date.

LEFT VENTRICULAR THROMBUS

During the acute phase of MI, endocardial inflammation, 
stasis of blood, and hypercoaguability can lead to mural 
thrombus formation; this largely depends upon MI size 
and location. Thrombus is most often seen in patients with 
large infarctions and associated aneurysms. The reported 
incidence of LV thrombus varies depending on the imag-
ing modality used (e.g., echocardiography with or without 
contrast vs. CMR), as well as the frequency and timing of 
cardiac imaging after MI (Figure 26-17) (Figure 26-e8) (see 
Figure 31-23 and Video 31-32). In the prereperfusion era, 
mural thrombus was associated with up to 40% of acute MIs, 
but is now likely less than 20%20 because of the limitation of 
infarct size with rapid reperfusion. The predominant use of 

echocardiography as the diagnostic imaging modality may 
underestimate the true incidence. CMR has superior sensi-
tivity and specificity in the detection of mural thrombus, and 
is the current gold standard for its diagnosis.21

Clinical suspicion for LV thrombus should be considered 
for patients presenting with stroke or systemic embolism 
in the context of a recent (<3 months) MI, LV aneurysm, 
or decreased LV ejection fraction. The risk of thromboem-
bolism caused by mural thrombus has been reported to 
be as high as 10%,22 and an increased risk is associated 
with thrombus mobility and its protrusion into the LV. Most 
thromboembolic events occur within the first 3 months of 
diagnosis.

There are no randomized trials that have evaluated the 
efficacy of extended duration of anticoagulation to prevent 
embolization in patients with LV thrombus after MI. However, 
in studies of low-molecular-weight heparin during the ini-
tial hospitalization for acute MI, anticoagulation with the 
more effective anticoagulant also reduced the short-term 
risk of ischemic stroke. Current recommendations are based 
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FIGURE 26-17 Apical thrombus by anatomic and tissue characteriza-
tion imaging. (A) Representative example of apical thrombus (circle) concordantly 
detected by anatomic imaging (left, contrast echocardiography four-chamber, cine-
cardiac magnetic resonance [CMR] two-chamber) and delayed enhancement (DE)-
CMR (center). (B) Representative example of discordance between anatomic imaging 
and DE-CMR. DE-CMR identified a small mural thrombus (circle) within the apex. 
Cine-CMR and contrast echocardiography were interpreted as negative. For both 
examples, surgical resection enabled thrombus verification based on histopathology 
(right, hematoxylin and eosin stain, low power), which showed thrombus with asso-
ciated fibroblasts (asterisk). (From Weinsaft JW, et al: Contrast-enhanced anatomic 
imaging as compared to contrast-enhanced tissue characterization for detection of 
left ventricular thrombus. JACC Cardiovasc Imaging 2:972, 2009.)

A B

C D
FIGURE 26-16 Surgical management of mitral regurgitation caused by 
ruptured papillary muscle. (A) An acute papillary muscle rupture results in severe 
mitral regurgitation as a result of leaflet and commissural prolapse. Mitral valve 
replacement is usually necessary. (B) Mitral debridement with retention of the unrup-
tured commissural and leaflet segment is performed to preserve partial continuity 
of the annular papillary muscle. (C) Mitral valve replacement is then performed. (D) 
Occasionally, mitral valve repair can be performed by transfer of a papillary head to a 
nonruptured segment. (Courtesy of Dr. David Adams, Mt. Sinai Hospital, New York.)
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A B

FIGURE 26-e8 Apical views of (A) noncontrast and (B) contrast transthoracic echocardiography. Note the anteroapical regional wall motion abnormalities and the demon-
stration of a filling defect at the left ventricular apex by contrast echocardiography (right), which is consistent with a left ventricular apical thrombus measuring 1.5 × 2.3 cm. 
(From Tsang MG, et al: Echocardiography in acute myocardial infarction. In Lang RM, et al, editors: ASE’s comprehensive echocardiography, 3rd edition. Philadelphia, Saunders, 
2016.)
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upon observational studies in patients with documented 
LV thrombus who had a reduced risk of embolization with 
anticoagulation and extrapolation from experiences when 
atrial fibrillation or heart failure complicated MI. Individual 
assessment regarding the risk of thromboembolization 
should be balanced against the risk of bleeding. It is reason-
able to consider 3 months of anticoagulation in patients at 
high risk of thromboembolism, absent any data from pro-
spective randomized data.23 There are currently no data on 
the use of specific oral anticoagulants in the setting of LV 
thrombus associated with MI. Dual antiplatelet therapy does 
not appear to prevent mural thrombus formation in observa-
tional studies,24,25 but prospective randomized data are not 
available.
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INTRODUCTION

Mortality for patients with myocardial infarction (MI) 
remains unacceptably high despite improvements in 
medical therapy and revascularization. Death, when it 
occurs, is often caused by cardiac dysfunction, which 
leads to low cardiac output, hypotension, and end-organ 
failure (Figure 27-1). This syndrome is broadly referred to 
as cardiogenic shock, and can be considered a contin-
uum of severity from pre-shock to refractory shock (see 
Chapter 25). Cardiogenic shock can result from a variety 
of complications of MI, including left ventricular (LV) dys-
function, mitral regurgitation (MR), ventricular septal rup-
ture, right ventricular failure, or cardiac tamponade (see 
Chapter 26).

Temporary mechanical circulatory support (MCS) devices 
improve hemodynamic parameters of patients with cardio-
genic shock. In theory, timely and appropriate use of MCS 
will interrupt the shock cascade and prevent multiorgan 
dysfunction and death (see Figure 27-1). Devices such as 
the intra-aortic balloon pump (IABP), Impella (Abiomed, 
Danvers, Massachusetts), TandemHeart (Cardiac Assist, 
Pittsburgh, Pennsylvania), and extra- corporeal membrane 
oxygenation (ECMO) can be deployed rapidly and can 
provide clinically significant hemodynamic support. To 
date, these hemodynamic benefits have not been trans-
lated into improved outcomes in randomized trials, and 
the role of MCS remains uncertain despite decades of 
clinical use. A recent position paper from the American 
Heart Association and Society of Cardiac Angiography and 
Intervention highlights this uncertainty, noting definitive 
clinical evidence is unavailable or controversial in many 
cases.1 Nonetheless, use of MCS is increasing in the United 
States.2,3

We provide a review of currently available technologies 
with a detailed look at the advantages and disadvantages of 
each, a summary of available trial evidence, and guidance 
for clinical situations in which each device may be helpful. 
Clinicians should carefully weigh the putative benefit of cir-
culatory support with an increased risk of complications for 
each patient when persuasive evidence of improved clinical 
outcomes with MCS is not available.

MECHANICAL CIRCULATORY  
SUPPORT DEVICES

The ideal MCS device is able to be placed quickly at the 
bedside, corrects the hemodynamic deficits resulting from 
MI, causes few serious complications, and may be removed 
easily when it is no longer needed. MCS should (1) restore 
systemic circulation to normalize end-organ function and 
prevent multisystem shock, (2) increase myocardial blood 
flow to normal and ischemic coronary territories, and 
(3) decrease myocardial oxygen demand and limit the 
extent of ischemia and/or infarct. No current devices fully 
meet these criteria. Thoughtful use of MCS devices requires 
an understanding of the hemodynamic effects of each 
device, the ease of use and frequency of complications, 
and available clinical trial evidence (Figure 27-2).

Studies of MCS devices have focused on cardiogenic 
shock caused by LV dysfunction, which is the dominant 
cause of shock after ST-elevation MI (STEMI) (see Chapter 
25). Evidence of use for patients with acute MR, right ventric-
ular failure, or ventricular septal defects (VSDs) is explicitly 
noted, when available.

Intra-Aortic Balloon Pump
Hemodynamic Effects
Aortic counterpulsation is the most widely used and mature 
technology for hemodynamic support. This support modal-
ity uses a balloon positioned in the descending aorta that 
inflates during diastole and deflates immediately before 
systole. With inflation, the balloon displaces blood from 
the descending aorta and increases diastolic pressure. This 
leads to improved peripheral and coronary artery perfusion. 
With deflation, early systolic blood pressure falls and results 
in reduced LV afterload. Overall, mean arterial pressure is 
increased, mostly because of diastolic augmentation by bal-
loon inflation (Figure 27-2).

The benefits of aortic counterpulsation include (1) 
increased mean arterial pressure and cardiac output, (2) 
increased coronary blood flow, and (3) decreased myocar-
dial oxygen demand (Figure 27-e1). As such, IABP fits the 
hemodynamic criteria for an ideal MCS device. However, the 
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FIGURE 27-e1 Pressure-volume (PV) loops after activation of device therapy (gray loops). (A) Intra-aortic balloon pump (IABP) counterpulsation reduces both peak 
left ventricular (LV) systolic and diastolic pressures and increases LV stroke volume. The net effect is a reduced slope of arterial elastance (Ea2). (B) Percutaneous LV assist devices 
(pLVAD: Impella and TandemHeart) significantly reduce LV pressures, LV volumes, and LV stroke volume. The net effect is a significant reduction in cardiac workload. (C) Veno-
arterial extracorporeal membrane oxygenation (VA-ECMO) without an LV venting strategy increases LV systolic and diastolic pressure, while reducing LV stroke volume. The net 
effect is an increase in arterial elastance (Ea).
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 Physiologic insult
 
 Ischemia/infarction
 Mechanical 
 complication

 Depressed
 cardiac function
 

 Poor systemic
 circulation
 

 End-organ 
 hypoperfusion
 

 Inflammation and
 microcirculatory
 dysfunction
 
 

 Multiorgan
 failure
 

 Death

Predictors of death in
cardiogenic shock

Decreased stroke work
Decreased cardiac power
Decreased LV ejection fraction

Decreased systolic BP
Need for vasopressors
Shock index (HR/SBP)

Oliguria
Altered mental status
Reduced creatinine clearance

Elevated interleukins
Elevated angiotensin 1/2
SIRS biomarkers
Elevated FGF23
Microcirculatory dysfunction

APACHE II score
Lactate
pH

Potential benefit of MCS

Increased coronary blood flow
Decreased myocardial oxygen demand

Increased cardiac output

Increased mean arterial pressure

FIGURE 27-1 Clinical deterioration following myocardial infarction and potential hemodynamic benefits of mechanical circulatory support (MCS). BP, Blood 
pressure; FGF, fibroblast growth factor; HR, heart rate; LV, left ventricular; SBP, systolic blood pressure. (Adapted from Werdan K, et al: Mechanical circulatory support in cardio-
genic shock. Eur Heart J 35:156–167, 2014; and Shah NR, et al: Serum biomarkers in severe refractory cardiogenic shock. JACC Heart Fail 1:200-206, 2013.)

A

 IABP Impella TandemHeart ECMO

FIGURE 27-2 Comparison of percutaneous mechanical circulatory support devices. (A) Four major types of devices. (B) Details on the mechanism and hemodynamic 
and clinical effects of each device. ECMO, Extra-corporeal membrane oxygenation; IABP, intra-aortic balloon pump; MAP, mean arterial pressure; PCWP, pulmonary capillary 
wedge pressure. (Adapted from Werdan K, et al: Mechanical circulatory support in cardiogenic shock. Eur Heart J 35:156–167, 2014.)
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IABP Impella 2.5 Impella CP TandemHeart ECMO

Mechanism Pneumatic Axial Axial Centrifugal Centrifugal

Hemodynamic

Flow augmentation Dependent on LV 
function

2.5 L/min 2.5-3.5 L/min 4-5 L/min Variable, up to full 
physiologic support

Cardiac index ↑ ↑ ↑↑ ↑↑ ↑↑

MAP ↑ ↑ ↑↑ ↑↑ ↑↑

Coronary perfusion ↑ ↑ ↑ ? ?

PCWP ↓ ↓ ↓ ↓↓ Variable

Myocardial work ↓ ↓ ↓↓ ↓↓ ↔/↑

LV afterload ↓ ↔ ↔ ↑ ↑

Clinical

Arterial femoral access 7-8 F 13 F 14 F 15-19 F or 
12-15 F x 2

15-17 F

Venous access None None None 21 F femoral with 
transeptal puncture

19-25 F

Systemic 
  anticoagulation

Recommended Required Required Required Required

B
FIGURE 27-2, cont’d

impact of IABP on cardiac output is generally small and is 
dependent on the loading conditions and function of the 
LV. No more than a 0.5 to 1.0 L/min increase in cardiac out-
put should be expected. Similarly, improvement of coronary 
perfusion is likely modest and dependent on patient factors. 
IABP delivers an increase in blood flow to the aortic root 
(6.4% of balloon volume on 1:1 assistance)4 and improves 
flow in open coronary arteries, but the effect on blood flow 
past coronary stenosis or in patients with acute coronary 
syndromes is unclear.5 IABP improves coronary blood flow 
after thrombolysis and can increase the rate of clot lysis in 
canine models. Independent of coronary blood flow effects, 
IABP reduces myocardial ischemia by decreasing oxygen 
demand. Decreased demand results from a decrease in LV 
afterload and wall stress, and may be the dominant hemody-
namic effect of IABP in the setting of active ischemia.6

Clinical Use
IABP is commonly placed percutaneously via the femoral 
artery, although axillary artery or subclavian artery access is 
also possible using a surgical cutdown. The IABP is placed 
over a guidewire and positioned in the descending aorta 
just distal to the origin of the left subclavian artery (2 to 4 
cm below the aortic arch). Modern devices provide auto-
matic balloon inflation based on electrocardiographic or 
hemodynamic triggers. Timing can be adjusted manually. 
Inflation should occur at the dicrotic notch and fully deflate 
before the onset of systole. Inappropriate device timing will 
limit hemodynamic benefits of the device (Figure 27-3). 
One inflation per cardiac cycle (1:1) provides maximum 
hemodynamic support. A reduced assist ratio (1:2 or 1:3) 

may be more appropriate for patients with tachycardia, 
arrhythmia, or for weaning before device removal. Systemic 
anticoagulation is commonly used when using IABP with 
an assist ratio of less than 1:1. However, systematic evalua-
tions of the effects of anticoagulation versus placebo are 
lacking. Device use at 1:1 for limited periods (<24 hours) 
without anticoagulation is probably safe and is often used 
to allow anticoagulation to dissipate before IABP removal.7 
Moderate or severe aortic insufficiency may worsen with 
IABP use and is an absolute contraindication, as is the pres-
ence of aortic dissection. Relative contraindications include 
severe peripheral arterial disease, aortic aneurysm, bleed-
ing, or inability to safely administer a systemic anticoagu-
lant.8 The IABP exists in several sizes, from 34 to 50 mL. The 
most commonly used size is 40 mL. Recently, the 50-mL IABP 
has been evaluated, and it may be associated with slightly 
better hemodynamic augmentation compared with the 
40-mL device.9

An IABP is relatively easy to insert and has a low com-
plication rate. The Benchmark Counterpulsation Outcomes 
Registry prospectively registered 5495 patients who received 
an IABP in the setting of MI from 1996 to 2001. Balloon inser-
tion was successful in 97.7% of patients, and in-hospital 
mortality was 20%. Only 2.7% of patients experienced major 
complications (severe bleeding [1.4%], major limb isch-
emia [0.5%], balloon leak [0.8%], or death related to IABP 
[0.05%]). Prolonged use of IABP is also associated with 
thrombocytopenia, hemolysis, and infection.7

In real-world practice, MI complications account for only 
a minority of IABP insertions. In the Benchmark Registry, 
27.3% of patients received an IABP because of cardiogenic 
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shock, and 11.7% received it for mechanical complica-
tions of MI. Although use of MCS is increasing overall in the 
United States, there has been a slight decline in IABP use 
since 2008.3

Observational Evidence
Kantrowitz and Kantrowitz suggested the concept of bal-
loon counterpulsation in 1953, and the first clinical use 
occurred in 1967.  The IABP gained popularity in subse-
quent decades, supported by promising observational 
evidence. The GUSTO-I trial included 2972 patients with 
STEMI complicated by cardiogenic shock. Of these, the 25% 

of patients treated with early IABP demonstrated a trend 
toward lower 30-day mortality compared with patients not 
treated with IABP or treated later in the clinical course (47% 
vs. 60%; P = .06).10,11 Use of an IABP was 86% in both arms 
of the SHOCK trial, which showed benefit of early revascu-
larization compared with medical management for patients 
with STEMI and cardiogenic shock.12 In the SHOCK trial reg-
istry, 51% of patients were treated with IABP, and IABP use 
was associated with lower mortality (50% vs. 72%; P < .0001). 
Among 23,180 patients with acute MI and cardiogenic shock 
in the NRMI-2 cohort, 31% were treated with IABP. IABP use 
was associated with reduced mortality in patients who 

Central aortic pressure tracing
during optimal timing

Aortic pressure tracing showing
2:1 assist ration
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FIGURE 27-3 Hemodynamic effects of intra-aortic balloon pump. ECG, Electrocardiogram.



M
ech

an
ical C

ircu
lato

ry Su
p

p
o

rt fo
r C

o
m

p
licatio

n
s o

f M
yo

card
ial In

farctio
n

: R
o

le o
f C

u
rren

tly A
vailab

le D
evices

331

27

received thrombolytic therapy, but who did not undergo pri-
mary angioplasty.10,13

In 2004, IABP use for patients with MI complicated by 
shock became a class I recommendation despite a lack 
of randomized data. A later meta-analysis of observational 
data showed no association of IABP therapy with survival 
for patients treated with percutaneous coronary interven-
tion (PCI) in the setting of STEMI with cardiogenic shock, 
although IABP was associated with survival among patients 
treated with thrombolysis.10

Randomized Trials
Subsequently, several randomized trials have addressed this 
question (Table 27-1). The IABP SHOCK I trial randomized 
patients with MI and shock to IABP or no IABP.  This small 
trial assessed hemodynamic endpoints only. Temporal 
improvements in cardiac output and systemic vascu-
lar resistance were seen in patients managed both with 
and without IABP, with no significant difference between 
groups, which is in contrast to other physiological studies.14 
The IABP-SHOCK II study then randomized 600 patients 
with cardiogenic shock that complicated STEMI to IABP 
or medical therapy at the time of PCI. There was no signifi-
cant difference between groups in any clinical endpoints 
at 30 days or 1 year.15,16 These neutral results were consis-
tent across all of the major subgroups in which a benefit 
of IABP would have been plausibly more likely. The CRISP-
AMI trial randomized 337 patients with anterior STEMI 
to elective versus provisional insertion of IABP. Although 

performed in patients with stable hemodynamics, this study 
tested the hypothesis that IABP might reduce the area of MI 
in patients at risk of cardiogenic shock. The mean infarct 
size, as assessed by cardiac magnetic resonance imaging, 
was not significantly different between groups. Clinical 
endpoints were similar at hospital discharge and 30 days. 
A nonsignificant trend toward a mortality benefit with 
IABP was seen at 6 months.17

In summary, current observational evidence supports use 
of IABP for patients with post-MI shock who are receiving 
thrombolytics. Routine use of IABP for MI patients who are 
undergoing PCI is not supported by current observational 
or randomized trial data (Table 27-2; see also the section 
on Suggested Approach). A provisional strategy of selective 
use for refractory shock has not been tested. Use of IABP 
has been described for patients with acute VSDs and MR 
with cardiogenic shock (see Chapter 26). In one series, IABP 
support was associated with lower preoperative mortality.18 
IABP may have a role in stabilization of shock to permit 
definitive surgical correction.

TandemHeart
Hemodynamic Effects
TandemHeart is a percutaneous ventricular assist device 
(VAD) that can provide up to 4 L/min of circulatory support, 
making it attractive for patients with poor intrinsic systolic 
function and/or prolonged anticipated periods of shock. 
TandemHeart draws blood from the left atrium and injects 

TABLE 27-1 Randomized Clinical Trials Assessing Use of Temporary Mechanical Circulatory Support for 
Treatment of Acute Myocardial Infarction with Cardiogenic Shock

STUDY PERIOD
SAMPLE 
SIZE SETTING

REVASCULARIZATION 
TYPE

HEMODYNAMIC 
OUTCOMES CLINICAL OUTCOMES

IABP vs. Medical Therapy

Ohman, 2005 
(TACTICS)

1996–1999 57 Multicenter Thrombolysis (100%), PCI 
(23%), CABG (18%)

Not reported Mortality at 6 mos similar for 
IABP and control (34% vs. 
43%; P = .23)

Trend toward benefit for IABP 
among patients with Killip 
III/IV classification

Prondzinsky, 2010 
(IABP SHOCK I)

2003–2004 40 Single-center PCI (100%) No significant difference 
in cardiac output, SVR, 
PCWP

No difference in APACHE II 
score

Thiele, 201216

(IABP SHOCK II)
2009–2012 598 Multicenter PCI (96%), CABG (4%),  

None (3%)
No difference in HR, BP,  

or serum lactate
Mortality at 30 days similar for 

IABP and control (39.7% vs. 
41.3%)

TandemHeart vs. IABP

Thiele, 2005 2000–2003 41 Single-center PCI (95%), CABG (5%) Patients treated with 
TandemHeart had 
greater improvements 
in cardiac power index, 
PCWP, CVP, and serum 
lactate

Mortality at 30 days was 
similar for patients treated 
with TandemHeart and IABP 
(43% vs. 45%; P = .86)

Burkhoff, 2006 2002–2004 33 Multicenter Among AMI patients: PCI 
(85%), CABG (12%)

Patients treated with 
TandemHeart had 
greater improvements 
in CI, MAP, and PCWP

No difference in 30-day 
mortality.

Impella vs. IABP

Seyfarth, 2008 2004–2007 26 Two centers PCI (94%), CABG (4%) Patients treated with 
Impella had significantly 
improved CI

No difference in 30-day 
mortality (46% in both 
arms)

AMI, Acute myocardial infarction; APACHE, Acute Physiology and Chronic Health Evaluation; CABG, coronary artery bypass graft; CI, cardiac index; CVP, central venous 
pressure; IABP, intra-aortic balloon pump; MAP, mean arterial pressure; PCI, percutaneous coronary intervention; PCWP, pulmonary capillary wedge pressure; SVR, systemic 
vascular resistance.
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TABLE 27-2 Guideline Recommendations for Mechanical Circulatory Support for Patients with Acute 
Myocardial Infarction

GERMAN-AUSTRIAN S3: 
CARDIOGENIC SHOCK (2012)

ACCF/AHA:
STEMI (2013)

ESC/EACTS: 
REVASCULARIZATION (2014)

IABP: Shock In the setting of lytic therapy: IABP should 
be carried out adjunctively.

In the setting of PCI: May be considered, 
but the available evidence is unclear.

IIa, B
IABP can be useful for patients with cardiogenic 

shock after STEMI who do not quickly 
stabilize with pharmacological therapy.

III, A
Routine use of IABP in patients 

with cardiogenic shock is not 
recommended.

IABP: Mechanical 
complications of MI

No recommendation No formal recommendation.
“IABP can provide temporary circulatory 

support.”

IIa, C
IABP insertion should be considered in 

patients with hemodynamic instability 
due to mechanical complications.

TandemHeart, Impella: 
Shock

No recommendation IIb, C
Alternative LV assist devices for circulatory 

support may be considered in patients with 
refractory cardiogenic shock.

IIb, C
Short-term mechanical circulatory 

support in ACS patients with 
cardiogenic shock may be considered.

ACCF/AHA, American College of Cardiology Foundation/American Heart Association; ACS, acute coronary syndrome; ESC/EACTS, European Society of Cardiology/European 
Association of Cardiothoracic Surgery; IABP, intra-aortic balloon pump; LV, left ventricular; MI, myocardial infarction; PCI, percutaneous coronary intervention; STEMI,  
ST-elevation myocardial infarction.
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FIGURE 27-4 Hemodynamic and metabolic changes with initiation of TandemHeart support. CVP, Central venous pressure; IABP, intra-aortic balloon pump; PCWP, 
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it into the iliac artery or abdominal aorta. It consists of a left 
atrial drainage catheter, an extracorporeal centrifugal pump, 
and a femoral artery inflow catheter (Figure 27-2).5

For patients with cardiogenic shock, TandemHeart results in 
a reduction in pulmonary capillary wedge pressure (PCWP) 
and pulmonary artery pressure, augmented systolic blood 
pressure, and an improved cardiac index (Figure 27-4; also 
see Figure 27-2).19 Compared with IABP,  TandemHeart pro-
vides superior left heart preload reduction because of direct 
aspiration of blood from the left atrium, significantly reduc-
ing LV volume and pressure (see Figure 27-e1), which results 
in greater reduction in the PCWP. The cardiac index was also 
improved more effectively with TandemHeart.20 The effect 
of TandemHeart on coronary perfusion is unknown.

Clinical Use
TandemHeart was first described in 2001 and received US 
Food and Drug Administration (FDA) 510(k) approval in 
2006. Use is less common than IABP because of its greater 
complexity of deployment and a higher complication rate. 
A 21F venous catheter is advanced via the right femoral vein 
to the right atrium (Animation 27-1). A transseptal puncture 
under fluoroscopic and/or echocardiographic guidance 
introduces this inflow cannula into the left atrium. A 15F 
to 17F catheter is placed via percutaneous puncture of the 
common femoral artery and positioned in the iliac artery 
or distal aorta. The extracorporeal pump then provides up 
to 4 L/min of cardiac output at speeds of up to 7500 rpm.5 
Bilateral 12F femoral artery cannulae may be used instead 
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of the 17F cannula, but this will limit overall flow to 3 L/
min. Device placement, even in experienced hands, can 
take between 15 minutes and 1 hour.19 Complications are 
common. In a series of 117 patients with refractory cardio-
genic shock, the most frequent complications included 
sepsis (29.9%), bleeding around the cannula site (29.1%), 
gastrointestinal bleeding (19.7%), coagulopathy (11.0%), 
stroke (6.8%), groin hematoma (5.1%), and limb ischemia 
(3.4%). Overall, 59.8% of patients received blood transfu-
sions.19 In a population of patients who received short-term 
support for elective high-risk PCI, major vascular complica-
tions occurred in 13% of patients, and thrombocytopenia 
in 10%.21 In addition, the inflow cannula can migrate back 
into the right atrium, which requires repositioning to avoid 
delivery of unoxygenated blood from the right atrium to 
the systemic circulation. Cardiac tamponade and perfora-
tion can also occur. Anticoagulation is mandatory, with a 
target partial thromboplastin time of 60 to 80 seconds.5

Clinical Trial Evidence
Two randomized studies have compared TandemHeart to 
IABP in patients with cardiogenic shock (Table 27-1). Thiele 
and colleagues randomized 41 patients with shock follow-
ing MI to either TandemHeart or IABP. The TandemHeart 
group demonstrated greater improvement in the cardiac 
power index, cardiac output, PCWP, pulmonary artery pres-
sure, and serum lactate. There was no significant difference 
in mortality, and the TandemHeart group had a higher inci-
dence of limb ischemia (33% vs. 0%), bleeding requiring 
transfusion (91% vs. 40%), and disseminated intravascular 
coagulation (62% vs. 15%). In a similar study by Burkhoff 
and colleagues, 33 patients with shock, 70% presenting 
with MI, were randomized to TandemHeart or IABP. Again, 
patients randomized to TandemHeart had a significantly 
improved cardiac index and PCWP, with no change in 

clinical outcomes. Adverse events were balanced between 
the two groups. There are no studies that have compared 
TandemHeart to medical therapy or MCS other than IABP.20 
Evidence of successful treatment of patients with mechani-
cal complications is lacking. Use of TandemHeart for right 
ventricular support via right atrium and pulmonary artery 
cannulation has been described.22

In summary, this device provides a high level of cardiac 
output, but with high complication rates. TandemHeart 
might be considered in centers where there is substantial 
experience with its use.

Impella
Hemodynamic Effects
The Impella devices are microaxial flow rotary pumps 
that are deployed across the aortic valve, drawing blood 
from the LV and depositing it in the ascending aorta. The 
Impella device is available in several sizes for support of the 
left heart (2.5, CP, LD, and 5.0) and the right heart (RP). The 
Impella 2.5 provides up to 2.5 L/min of augmented cardiac 
output. In the limited published data with the larger device, 
the Impella CP, cardiac output augmentation of up to 3.5 
L/min has been reported. The Impella 5.0 and Impella LD 
(placed directly into the aorta) provide up to 5 L/min of sup-
port, but require surgical placement. Like other MCS devices, 
the Impella devices increase cardiac output and mean arte-
rial pressure and decrease PCWP (Figure 27-5).6 The Impella 
unloads the LV directly, which results in an immediate 
reduction in end-diastolic wall stress (see Figure 27-e1).23 
Coronary perfusion pressure is increased, potentially 
because of an elevation of aortic pressure and decreased 
LV intramyocardial pressure.24,25 Unlike the IABP,  augmenta-
tion of cardiac output is independent of native cardiac func-
tion, making it a useful device for patients with moderate to 
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severe reduction in cardiac performance. In the USpella reg-
istry of 154 patients with MI and cardiogenic shock across 
38 US hospitals, hemodynamic parameters improved after 
deployment of Impella, including mean arterial pressure (94 
mm Hg vs. 63 mm Hg), PCWP (19 mm Hg vs. 32 mm Hg), and 
cardiac index (2.7 L/min/m2 vs. 1.9 L/min/m2).26 The Impella 
RP is placed via femoral venous access and provides up to  
5 L/min of support.

Clinical Use
The Impella 2.5 is a 12F device mounted on a 9F catheter 
that is inserted percutaneously in the femoral artery via a 
13F sheath. The Impella CP uses a 14F device inserted via 
a 14F sheath. The Impella 5.0 is inserted via cutdown of 
the femoral or axillary artery, and the Impella LD is placed 
directly into the ascending aorta.27 Both have 21F pumps 
mounted on 9F catheters. In the USpella registry, common 
complications included acute renal dysfunction (18.1%), 
bleeding requiring transfusion (17.5%), infection (12.9%), 
hemolysis (10.3%), and vascular injury that required surgical 
repair (9.7%). Anticoagulation is recommended to maintain 
an activated clotting time (ACT) of 160 to 180 seconds dur-
ing use. A mechanical aortic valve or presence of LV throm-
bus are absolute contraindications. The Impella devices are 
approved in the United States for partial circulatory support 
for up to 6 hours, whereas they are approved in Europe for 
up to 5 days. The Impella RP is currently available for clini-
cal use in the United States and Europe. This device, which 
is designed to support patients with right ventricular failure, 
draws blood from the inferior vena cava and injects it into 
the pulmonary artery.28

Clinical Trial Evidence
The ISAR-SHOCK trial randomized 26 patients to Impella 2.5 
or IABP (Table 27-1). Impella 2.5 provided relative improve-
ments in the cardiac index (0.49 ± 0.46 L/min/m2) and mean 
arterial pressures (9.0 ± 14 mm Hg) at 30 minutes. Mortality at 
30 days was 46% in both groups.20 Subsequently, a European 
registry of Impella 2.5 use in cardiogenic shock (Impella-
EUROSHOCK) reported results from 120 patients from 2005 to 
2010.29 This high-risk cohort (mean ejection fraction of 27%, 
85% use of inotropes, 69% mechanically ventilated) had pre-
dictably poor outcomes, with 42% mortality during Impella 
support and 64.2% mortality at 30 days. However, Impella use 
in this population was technically feasible and improved 
hemodynamics. Implantation of the device was considered 
“easy or suitable” in 95% of patients, and explantation was 
easy or suitable in 95.7% of the surviving patients. The device 
was used for prolonged support (mean duration 43.5 hours), 
not just for periprocedural assistance. In the USpella regis-
try, use of Impella before PCI, compared with post-PCI, was 
associated with improved survival to discharge (65.1% vs. 
40.7%; P = .003).26 Other case series have reported the feasibil-
ity of Impella use in STEMI and cardiac arrest patients.30,31 
Unfortunately, there are no randomized studies of sufficient 
size to assess the impact of Impella on clinical endpoints. 
Two larger studies (IMPRESS, RECOVER II) have been termi-
nated because of an inability to enroll patients.32 Treatment 
of mechanical complications such as acute MR and VSD has 
been described in case reports only.33,34 Patients with right 
heart failure may benefit from a right-sided Impella device.

In summary, the family of Impella devices offers reason-
able balance between stronger hemodynamic support and 
ease of use. There is a limited published experience of its 

use in cardiogenic shock, but it suggests that this device 
may be a reasonable choice in the more severe forms of 
shock.

Percutaneous Extra-Corporeal  
Membrane Oxygenation
Hemodynamic Effects
ECMO, which is a form of cardiopulmonary bypass, can 
be deployed rapidly at the bedside for treatment of car-
diogenic shock or cardiac arrest. Although approved 
for pediatric use, ECMO has never undergone an FDA 
approval process for adults, because its current use is 
achieved by combining several individual components 
that all have independent 510k approval. Deoxygenated 
blood is aspirated from the right atrium or the vena cava, 
pumped through an oxygenator, and injected into the 
arterial circulation, thus bypassing the heart and lungs.35 
Full cardiopulmonary support of greater than 6 L/min can 
be provided over extended periods of time. The hemo-
dynamic effects of ECMO in the setting of cardiogenic 
shock are poorly understood and may be deleterious for 
some patients. Veno-arterial (VA) ECMO is appropriate 
for patients with cardiac failure, and is distinct from the 
veno-venous (VV) ECMO used for patients with advanced 
respiratory failure.

VA ECMO maintains mean arterial pressure and end-
organ perfusion independent of cardiac function, although 
this is potentially at the cost of increased LV afterload, 
myocardial oxygen demand, and worsening myocardial 
ischemia (see Figure 27-e1).36 Coronary oxygen delivery 
may also be impaired. When using VA ECMO, coronary 
flow is composed of the oxygenated blood returning retro-
grade from the peripheral cannula and the blood expelled 
anterograde by native cardiac function. If the patient has 
respiratory failure, anterograde blood flow may be relatively 
deoxygenated, further exacerbating ischemia. ECMO flow 
rates can be increased to provide more retrograde oxygen-
ated blood flow to the coronary and cerebral circulations.37 
Finally, a VA circuit will not directly decompress the LV.  LV 
ballooning, pulmonary edema, and respiratory failure 
can result (see Figure 27-e1). A transseptal or transapical 
“vent” can be surgically placed in the LV to provide decom-
pression, or combined use of ECMO with Impella may be 
considered.

Clinical Use
A venous outflow cannula is placed in the right atrium or 
inferior vena cava via the femoral or internal jugular vein 
(see Figure 27-2). The outflow cannula is connected to an 
external pump and oxygenator. Blood is returned to the sys-
temic circulation via a femoral or axillary artery cannula. 
Venous and arterial cannulae can be matched to patient 
size and peripheral vasculature. For adults, venous drainage 
cannulae are typically 23F to 25F, and arterial return can-
nulae are 17F to 21F.38 Multiple pumps and oxygenators are 
commercially available, including integrated, self-contained 
systems.

Maintenance of ECMO circuits may be challenging, and 
in most cases, requires full-time supervision by a perfusion-
ist. Arterial oxyhemoglobin saturation should be maintained 
at ≥90%. Patients must be therapeutically anticoagulated, 
with a target ACT of 180 to 210 seconds or a plasma partial 
thromboplastin time of at least 1.5 times normal.38 Sedation 
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is not mandatory, and some patients with stable central can-
nula can be awake and ambulatory. However, sedation and 
mechanical ventilation are strongly advised for patients with 
peripheral cannulation in the setting of acute cardiogenic 
shock. Weaning of ECMO can be attempted after recovery of 
cardiac function.

Observational Evidence
No randomized trials have investigated the use of ECMO for 
cardiogenic shock. The literature is currently limited to case 
series and registries. A systematic review of 84 reports with 
a total of 1494 patients with cardiogenic shock of various 
causes or cardiac arrest reported that ECMO was success-
fully weaned in 65% of patients, and median survival to dis-
charge was 40%. Among cardiogenic shock patients, survival 
to discharge was 52%. This review found evidence of pub-
lication bias that might have overestimated survival rates 
with ECMO therapy.39 Two studies with historical controls 
reported improved survival of MI-related cardiogenic shock 
after availability of ECMO.40,41 A cohort of 81 patients with 
MI and cardiac arrest refractory to cardiopulmonary resus-
citation received ECMO to facilitate PCI. A 30-day survival 
rate of 29% in this extreme-risk population demonstrated the 
promise of ECMO as a salvage therapy.42

Reports of complication rates vary, although bleeding 
(5% to 79%), infection (17% to 49%), renal failure (30% to 
58%), and limb ischemia (13% to 25%) are most common.38 
Vascular complication rates vary between 10% and 70%, and 
are related to the type of access and cannulae size. These 
may include acute embolism, peripheral arterial dissection, 
pseudoaneurysm, and compartment syndrome.43 Finally, 
device failure is relatively common, potentially because of 
blood clots (0.13% to 22%), pump failure (4.7% to 30%), and 
oxygenator failure (21% to 27%).38 Review by the United 
Kingdom National Institute for Health and Care Excellence 
identified major safety concerns and uncertainty about 
which patients are likely to benefit. This committee recom-
mended that ECMO be used only by experienced teams for 
patients whose condition is refractory to other treatments. 
Patients and caregivers should receive detailed informa-
tion explaining the uncertainty about safety and efficacy 
of ECMO.44 Ongoing randomized trials of ECMO for cardiac 
arrest could provide some guidance. At least two trials are 
testing a hyperinvasive approach of early ECMO deploy-
ment in the emergency department for survivors of cardiac 
arrest (CT.gov ID NCT01605409 and NCT01511666). However, 
a large randomized efficacy trial for ECMO in cardiogenic 
shock is also needed.

In summary, ECMO is complex to use, with limited pub-
lished information available to assess its safety and efficacy 
in adults with cardiogenic shock. It may be most well indi-
cated for the cardiac arrest situation only, and the ongoing 
trials will provide important information on this device.

Surgically Implanted Devices
Patients may also undergo emergency surgery via sternotomy 
for MCS. Options include ECMO via central cannulation or 
temporary VADs. Central cannulation for ECMO can provide 
more stable access and improved patient comfort compared 
with ECMO via percutaneous cannulation. Temporary VADs 
such as the Centrimag (Thoratec, Pleasanton, California), 
the Thoratec Paracorporeal VAD, and the BVS 5000 and 
AB5000 (Abiomed) may be used for LV support (LVAD), 

right ventricular support, or biventricular support, depend-
ing on the clinical scenario. The temporary VAD systems can 
be used as a bridge to ventricular recovery, as a bridge to 
a durable VAD, or as a bridge to transplantation. There are 
no randomized controlled trials to compare the temporary 
surgical VADs to medical therapy or alternative MCS devices, 
although numerous case series have described successful 
prolonged support.45 Although some centers report use of 
these devices as a “Bridge to Decision” to permit assessment 
of end-organ function and planning for possible durable VAD 
or transplantation, this strategy remains untested. At present, 
surgical MCS is not ideal for initial treatment of MI complica-
tions. However, MCS may have a role in the transition of care 
for patients who remain unstable despite use of a percutane-
ous device and have a well-defined long-term strategy, such as 
a listing for heart transplantation.

Improved patient mobility is a potential advantage of 
surgically implanted devices. Ambulatory VV ECMO can 
bridge critically ill patients to lung transplantation, and has 
been associated with improved long-term survival, poten-
tially because of avoidance of critical illness myopathy and 
improved fitness before transplantation.46 Similarly, central 
or upper extremity placement of ECMO or temporary VAD 
cannulae can allow ambulation while patients receive full 
cardiopulmonary support. This may be useful when bridg-
ing a patient to heart transplantation, or if myocardial 
recovery is anticipated. Axillary placement of an IABP and 
Impella are also technically feasible and allows patients to 
sit up and walk.

IMPORTANCE OF CLINICAL JUDGMENT  
IN THE ABSENCE OF ADEQUATE CLINICAL 
TRIALS

Recent negative randomized trials and meta-analyses have 
led some to abandon use of MCS for cardiogenic shock after 
MI. However, because of the high mortality of these patients 
and the absence of effective alternative therapies, many 
other clinicians continue to use MCS devices for their sick-
est patients. Optimal use of MCS remains unclear in the face 
of insufficient data. Although definitive evidence of efficacy 
is lacking, many potential uses of MCS have been poorly 
studied or completely untested.

Randomized trials of MCS have been underpowered and 
may not represent real-world populations. The IABP SHOCK II 
trial is the only randomized study that has been adequately 
powered to assess mortality.16 Although a well-performed 
trial, the overall negative results of this study have been chal-
lenged for several reasons: (1) most patients received IABP 
after completion of PCI (86.6%); (2) 17.4% of the control 
group crossed over to receive IABP; and (3) the enrolled 
population was incompletely defined.47 Randomized trials 
in this high-risk population may be limited by selection bias. 
Many physicians may not believe there is sufficient equi-
poise to randomize all patients with cardiogenic shock. MCS 
may be used preferentially for patients most likely to benefit, 
with clinical trial enrollment reserved for patients who are 
perceived to have unclear benefit from hemodynamic sup-
port. In addition, lack of long-term follow-up may hide bene-
fit. Assessment of mortality after MCS use has generally been 
limited to the period of hospitalization or 30 days. Longer 
term follow-up of the CRISP-AMI study and the PROTECT 
II study of hemodynamic support for high-risk PCI showed 
potential benefits for MCS.17,48

http://CT.gov
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Observational studies may also be confounded by selec-
tion bias. Clinicians may be more likely to use MCS devices 
in patients with greater likelihood to benefit, potentially 
because they have a greater likelihood of survival. This 
would bias observational studies to show a benefit for MCS. 
Alternatively, some MCS devices such as ECMO may be used 
predominantly as a salvage therapy. High mortality rates 
would be expected in this population.

In addition, devices with greater hemodynamic impact 
have not been adequately studied in randomized trials. 
There are no randomized studies of TandemHeart, Impella, 
or ECMO powered to assess mortality in the MI population. 
Circulatory support provided by IABP may be insufficient to 
produce a mortality benefit, and the greater hemodynamic 
effects of alternative MCS devices could result in greater 
likelihood of clinical recovery. Larger studies are clearly 
needed, but are challenging to conduct in the setting of 
more severe forms of cardiogenic shock, as evidenced by 
several aborted trials because of slow enrollment. It may be 
that these devices should all be evaluated against histori-
cal outcomes, as was done for surgically implanted LVADs. 
Although not ideal, it would allow a better safety and effi-
cacy evaluation than is currently done.

Finally, appropriate use of MCS for patients with mechani-
cal complications of MI is unclear. Studies of MCS for car-
diogenic shock have primarily enrolled patients with shock 
caused by LV dysfunction, because this is the most common 
etiology of cardiogenic shock. Studies that address treat-
ment of mechanical complications such as acute MR and 
VSD are lacking. Further research is needed to better clarify 
the role of existing MCS devices, develop new devices, and 
identify subgroups of patients that may benefit. In the mean-
time, clinicians who choose to use MCS devices should do 
so judiciously, with consideration of the risk/benefit ratio of 
each device and in consultation with the patient and family 
when possible.

Suggested Approach
Routine use of IABP for patients with cardiogenic shock in 
the setting of STEMI was previously recommended (class I) in 
the American College of Cardiology Foundation/American 
Heart Association and European Society of Cardiology 
guidelines, but this recommendation has subsequently 
been revised to a class IIa (reasonable to use) on the basis 
of the IABP-SHOCK II trial results (Table 27-2).24 Current 
recommendations in the US professional society guide-
lines are that the use of MCS devices is reasonable (IABP) 
or may be considered (class IIb, for advanced MCS devices 
such as TandemHeart or Impella) for patients with MI and 
cardiogenic shock refractory to medical therapy. Routine 
use is discouraged. An expert consensus statement by the 
Society for Cardiovascular Angiography and Interventions, 
the American College of Cardiology, the Heart Failure 
Society of America, and the Society for Thoracic Surgery 
provides more practical guidance. This statement advo-
cates for use of MCS in the setting of ischemic MR and 
acutely depressed LV function from a large MI. If a device 
is to be used, early deployment is encouraged.1 This state-
ment is intended to provide an expert consensus without 
formal recommendations with a determined classification 
and level of evidence.

Clinical severity of cardiogenic shock varies widely 
(see Chapter 25). There is a spectrum of risk that can be 

summarized as a progression from pre-shock to shock to 
severe, refractory shock to cardiac arrest. Patients with con-
tinued instability despite maximal medical therapy have 
severe refractory shock and are at risk for imminent cardiac 
arrest and death. The principal challenge of MCS device 
selection is the correct matching of the device to the degree 
of hemodynamic insult and patient risk.

When to Use Mechanical Circulatory Support
The best available evidence does not support routine use 
of MCS for patients with MI and pre-shock who are respon-
sive to medical therapy. Instead, clinicians who elect to use 
MCS should target patients with shock, or refractory shock, 
at a time when support can be most effective. Patient selec-
tion for initiation of MCS is also discussed in Chapter 25 (see 
Figure 25-6). Consideration of MCS should prompt a discus-
sion with the patient, family, and interdisciplinary care team 
regarding goals of care and potential adverse events. Clinical 
providers should recognize that at present the evidence sup-
ports that MCS can improve hemodynamic parameters, with 
advanced MCS options being superior to IABP, but there is 
insufficient evidence to conclude that this improvement 
will translate into better clinical outcomes. Nevertheless, the 
use of MCS, in our experience, is often useful to provide suf-
ficient support to create time for more thorough evaluation 
of the patient’s candidacy for destination therapies and to 
more thoroughly explore goals of care and expected out-
comes with the patient or family and proxies.

How to Select a Mechanical Circulatory Support Device
Few studies have directly compared MCS devices in the 
setting of MI complications. A meta-analysis identified only 
three small randomized trials that compared TandemHeart 
or Impella 2.5 with IABP for treatment of cardiogenic 
shock.49 As previously described, TandemHeart and Impella 
provided superior hemodynamic support with similar clini-
cal outcomes. Therefore, no general recommendation for a 
specific type of MCS can be made. MCS selection should 
be determined by (1) institutional experience with each 
of the MCS devices, (2) the required level of support, (3) 
whether biventricular support is required, and (4) whether 
oxygenation is severely compromised. The currently avail-
able MCS devices can be placed on a spectrum of increas-
ing hemodynamic support with concomitant increasing risk 
of complications.

In addition, there are certain device-specific advantages 
and disadvantages that are outlined in Table 27-3 and ought 
be considered.5,6,24,32,50.

Transition to Higher Level of Support
For patients with continued hemodynamic instability despite 
MCS and optimal medical therapy, options include (1) an 
alternative percutaneous MCS device, (2)  surgically implanted 
MCS to provide more durable support, and (3) de-escalation 
of support. In many cases, IABP will be the initial MCS device. 
Exchanging an IABP for alternative MCS device is techni-
cally feasible and reasonable when increased cardiac out-
put support is required. Also, it is possible to use two MCS 
devices simultaneously (Impella-IABP, ECMO-IABP, ECMO-
Impella), but evidence is limited to case reports. Use of 
surgically implanted VADs can provide excellent long-term 
hemodynamic support, although these should only be con-
sidered if the patient has options for durable VAD or heart 
transplantation.
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Escalation to devices providing full hemodynamic sup-
port (Impella 5.0, TandemHeart, ECMO, or surgical VAD) 
should be undertaken with careful consideration. Goals of 
care should be addressed before use. If care is ultimately 
determined to be futile, withdrawal of these devices may be 
challenging for family members and the clinical team.

Multidisciplinary Teams
Although patients with cardiogenic shock have tradition-
ally be treated by an interventional cardiologist or a cardiac 
intensivist, care is now optimally delivered using a “heart 
team” model (see Chapter 25).51

Institutional Experience and Learning Curve
Insertion of MCS devices can be challenging, and ongoing 
management requires specialized training. A significant 
learning curve was seen in the PROTECT II trial, which exam-
ined the use of Impella for high-risk PCI.52 The initial patient 
enrolled at each site had a higher risk of adverse events than 
subsequent patients. A similar effect has been shown with 
TandemHeart.21 Even IABP, which has been in use for four 
decades and is available at most hospitals, is associated with 
lower mortality at high-IABP volume hospitals compared 
with low-IABP volume hospitals.53 Therefore, the most impor-
tant factor in selection of MCS devices is institutional and 
operator experience with the devices. Hospitals can create 
protocols for device selection, and designate elements of 
the heart center team (cardiac intensivist, advanced heart 
disease specialist, interventional cardiology, cardiothoracic 
surgery) responsible for each device modality.

SUMMARY AND FUTURE CONSIDERATIONS

Despite frequent complications and conflicting clinical 
trial evidence, MCS devices are commonly used for treat-
ment of patients with MI and cardiogenic shock. The past 
40 years have witnessed steady growth in the use of MCS. 
First, IABP was the dominant technology, based on promis-
ing  hemodynamic and observational data. Recent studies 
have cast doubt on the efficacy of IABP. Its use is now declin-
ing, with greater reliance on the Impella and TandemHeart 
devices. These devices provide greater hemodynamic 
support at the cost of increased complication rates. More 

recently, VA ECMO has grown in popularity, especially for 
patients with cardiac arrest or hemodynamic collapse. 
Definitive efficacy trials for these novel devices have not 
been performed in the cardiogenic shock setting.

Despite four decades of clinical use, MCS remains a prom-
ising but unproven treatment modality for patients with 
complications of MI. Improving outcomes for these patients 
requires better understanding of existing technologies. 
Although large, randomized trials are needed, randomiza-
tion is challenging in this high-risk population. Relatively rare 
complications like acute MR or VSD will likely never be stud-
ied in a randomized fashion. Increasing use of registries and 
historical controls could provide evidence where random-
ized trials are lacking. Simultaneously, development of new 
MCS technologies may produce a device with an improved 
risk/benefit ratio, leading to definitive mortality benefits.

In the meantime, MCS devices are available for treat-
ment of patients with severe, refractory cardiogenic shock 
or mechanical complications in the setting of MI. Clinicians 
must select and use these devices judiciously, with under-
standing of their potential benefits and complications.
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INTRODUCTION

Despite significant advances in the diagnosis and treat-
ment of malignant cardiac arrhythmias, sudden cardiac 
death (SCD) occurs in 180,000 to 250,000 people annually,1 
mostly in patients with coronary artery disease.2 Myocardial 
infarction (MI) remains a vulnerable cardiac pathology that 
contributes to SCD, and identifying patients with MI who 
are at heightened risk for SCD continues to be a challenge. 
Although professional guidelines suggest that patients at 
risk for SCD after MI often have an impaired left ventricu-
lar function (to below 35%), SCD most commonly occurs in 
those with preserved ejection fraction. Owing to limited or 
inconclusive data, current professional guidelines simplify 
SCD risk stratification. However, day-to-day clinical decision 
making is complex, requiring significant clinical experience 
and judgment.

The primary difficulty with risk stratification is that it is 
not clear why some people have ventricular fibrillation (VF) 
and SCD as a primary manifestation of ischemic heart dis-
ease.3 In view of the fact that a significant number of patients 
die from out-of-hospital cardiac arrest with no cardiac moni-
toring at the time, the relationship between ischemia and 
presumed arrhythmia is difficult to ascertain. Therefore, the 
current understanding of cardiac arrhythmias in this setting 
is largely based on experimental models and animal studies, 
which are imperfect at mimicking the human condition.

PATHOBIOLOGY OF ARRHYTHMIAS  
IN MYOCARDIAL INFARCTION

Preclinical Experimental Models
Experimental models have evolved in an attempt to fill 
gaps in knowledge regarding arrhythmias and SCD after 
MI. Models adopted to help understand different aspects 
of SCD include (1) in vitro models for cell-cell physiology; 
(2) ex vivo Langendorff perfusion models; and (3) in vivo 

small and large animal models. In vitro models were devel-
oped because of the difficulty in obtaining microelectrode 
recordings from the beating heart. Various preparations can 
be used to examine transmembrane potentials or to detect 
changes in intracellular ion concentrations caused by isch-
emia. However, it is difficult to mimic the in vivo effects of 
ischemia, hypoxia, acidosis, and high potassium concentra-
tions. The Langendorff perfusion model involves isolation 
of the heart and perfusion through the coronary arteries. 
The main disadvantage of this preparation is that the heart 
is disconnected from the neural cardiac hierarchy (central 
nervous system, extrathoracic, and intrathoracic ganglia), 
which could alter arrhythmogenicity, similarly to the condi-
tions after cardiac transplantation.

Many hurdles must be overcome in creating large animal 
models of MI. The method of occlusion of the coronary artery 
in a large animal model varies. The coronary artery can be 
ligated by means of a modified thoracotomy, embolized, or 
injected with ethanol (Figure 28-e1). The duration of the isch-
emic period and the timing of reperfusion—early versus late 
versus non-reperfusion—both contribute to differing patterns 
of ischemia and scar. Some investigators opt for a two-stage 
occlusion, with initial partial occlusion to create ischemic 
preconditioning and subsequent complete occlusion. In 
these studies, immediate lethal ventricular arrhythmias occur 
less frequently, probably as a result of neural adaptation or 
memory to ischemia. Commonly, investigators will create a 
left anterior descending (LAD) infarct after the first diagonal 
(Figure 28-e2) or a left circumflex artery infarct.

Porcine models have limited or no coronary collaterals, 
so in such preparations, at the time of infarction, VF due to 
accelerated cell death is common. Canine coronary artery 
occlusion results in a predominantly subendocardial infarc-
tion, versus a transmural infarction in the porcine model. 
Differences in collateral development and patterns of 
infarction can significantly affect the experimental model 
and how it relates to clinical findings in humans.
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FIGURE 28-e1 Percutaneous left anterior descending coronary artery (LAD) occlusion with microspheres. Depicted is an anteroposterior fluoroscopic image of an 
AL2 catheter in the left main coronary artery injecting contrast material into the vessel before (A) and after (B) injection of a suspension of 90-μm-diameter microsphere beads 
(Polybead, Polysciences, Inc., Warrington, Penn.) into the mid-LAD.

Microsphere
bead
Microsphere
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FIGURE 28-e2 Histologic section of a coronary artery after injection of 
 suspension of 90-μm-diameter microsphere beads (Polybead, Polysciences, 
Inc., Warrington, Penn.).
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After 6 weeks, the substrate for subacute ventricular 
arrhythmias can be evaluated. However, arrhythmia induc-
tion in the terminal procedure is not guaranteed. Ventricular 
stimulation protocols, with up to three extra stimuli, at two 
different sites, epicardial and endocardial, are performed 
to assess for inducibility of ventricular tachyarrhythmia. 
On occasion, acute ischemia in a different territory can be 
induced in the setting of an already established chronic 
infarct to induce more electrical instability. Sympathetic 
stimulation with isoproterenol infusions or stellate gan-
glia stimulation also are employed to potentiate electrical 
instability. Despite these interventions, arrhythmia induc-
tion appears to occur in only 30% to 60% of canines and 
slightly more frequently in porcine models. Cardiac three- 
dimensional electroanatomic substrate mapping and 
cardiac imaging modalities such as magnetic resonance 
imaging (MRI) or echocardiography often are combined to 
provide additional information on the relationship of scar to 
ventricular arrhythmia inducibility (Figure 28-1).

Electrophysiologal Effects of Myocardial 
Ischemia
Myocardial ischemia affects the resting membrane poten-
tial and inward and outward currents, altering conduction, 
refractoriness, and automaticity. During ischemia, an initial 
increase in extracellular K+ results in a reduction in resting 
membrane potential.4 Within the first 15 minutes of ischemia, 
these changes in resting membrane potential are rapidly 
reversible and can return to normal. The increase in extra-
cellular K+ occurs in two phases: After the first 15 minutes, a 
plateau or slight decrease is seen in extracellular K+, which 
then starts to rise again in the second phase, corresponding 

with irreversible cell death. It is thought that the plateau 
phase may be related to the release of catecholamines, 
which pushes K+ intracellularly owing to enhanced activa-
tion of the Na+-K+ pump. This pump, which is responsible 
for K+ influx into the cell, is energy-consuming. A  reduction 
in available energy in the first 10 to 15 minutes may result 
in depression of the Na+-K+ pump. Efflux of K+ is due to a 
complex set of changes that are a result of net inward cur-
rents and accumulation of ischemic metabolites.5 Other 
elements that contribute to membrane potential alterations, 
such as Ca2+ and magnesium, potentially have some effect 
on depolarization as a consequence of intracellular accu-
mulation. Additionally, accumulation of the metabolites of 
phospholipids in the ischemic myocardium may affect the 
membrane potential.

Myocardial Scar Development  
Secondary to Ischemia
After 15 to 20 minutes of complete coronary occlusion in 
a canine model, signs of cell death are evident. The exact 
timing of cell death with occlusion in humans is not clear. 
MI can result in transmural necrotic myocardial tissue, but 
more commonly seen are patchy areas of surviving myo-
cytes. During ischemia, the cells die gradually, and the infarct 
can increase in size, initially being localized to the suben-
docardial layer and then spreading to the endocardium 
and mid- and subepicardium. This pattern evolves because 
under normal conditions, the coronary blood supply is 
greatest in the mid- and subepicardial layers, and collater-
als are more numerous in the subepicardium. After ischemic 
injury, necrotic myocardium is replaced by fibrotic tissue 
that surrounds the surviving myocytes. Ischemia results in 
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FIGURE 28-1 Left anterior descending artery myocardial infarction in a porcine model with myocardial scar and ventricular tachycardia (VT). (A) A 12-lead 
electrocardiogram (ECG) shows sinus rhythm and subsequent VT in a porcine MI model (B) An example of a polar map of the activation time in sinus rhythm and VT, generated 
from a unipolar 56-electrode epicardial recording system, showing the earliest activation site in VT originating from the anterior wall of the left ventricle. A photo of the epicardial 
scar in vivo (D) in the same animal and cardiac magnetic resonance image (C) show the infarcted region.
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abnormal refractoriness, abnormal conduction velocities, 
altered excitability, and automaticity, which can facilitate 
ventricular arrhythmias.4 Surrounding the infarcted tis-
sue, a “border zone” separates normal myocytes from scar.  
A border zone region can function as an essential region 
of slow conduction for reentry or as a site of focal impulse 
origin (Figure 28-2).

Timing of Ventricular Arrhythmias
Early Ventricular Arrhythmias
Early ventricular arrhythmias occur in two phases in ani-
mal models. The first phase, called Harris phase 1a6 (made 
up of so-called immediate ventricular arrhythmias), occurs 
in the first 2 to 10 minutes after coronary occlusion, with 
the highest incidence of arrhythmias at approximately 5 to 
6 minutes. The second phase, called 1b, usually occurs from 
12 to 30 minutes after coronary occlusion, with a peak at 15 
to 20 minutes. This description is based on small and large 
animal models, and it is unclear if humans have the same 
two-phase response with early arrhythmias. The mechanism 
appears to be different for each component.

The phase 1a arrhythmias appear to demonstrate con-
duction slowing and delayed activation of the subepicardial 

electrograms. The electrograms in these arrhythmias are 
markedly heterogeneous, with the sharp action potential 
becoming slurred and biphasic and even spanning diastole 
(diastolic bridging). Other features include an increase in 
the refractory period and marked conduction delay. It is 
thought that phase 1a arrhythmias are caused by reentrant 
arrhythmias with an appropriately timed trigger, such as a 
premature ventricular contraction (PVC), along with a het-
erogeneous electrical activation between the epicardium 
and the endocardium, and a delay after depolarization, 
allowing a reentrant circuit to develop.

Phase 1b arrhythmias are thought to be a result of endog-
enous catecholamine release, which could occur in the 12- 
to 30-minute period after MI. Information is lacking about 
whether arrhythmias occur in the same pattern in humans 
during the first 30 minutes of ischemia. After 3 to 6 hours, 
arrhythmias are very infrequent and after 8 to 24 hours, PVCs 
gradually increase in frequency.

Delayed Ventricular Arrhythmias
Delayed ventricular arrhythmias occur 24 to 72 hours after 
MI, with PVCs, accelerated idioventricular rhythms, and ven-
tricular tachycardia (VT)/VF seen on the electrocardiogram 
(ECG). The autonomic component of the peripheral nervous 
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FIGURE 28-2 Ventricular tachycardia originating from a myocardial scar. (A) Histopathologic transverse section through the left ventricle. (B) Cardiac magnetic reso-
nance image of a septal hypodense region (arrows) indicative of scar. (C and D) These 12-lead electrocardiogram traces show ventricular tachycardia originating from the left 
ventricular substrate. (A, From Wallace A: McAlpine collection. UCLA Cardiac Arrhythmia Center.)
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FIGURE 28-3 Anterior myocardial infarction resulting in aneurysmal anteroapical left ventricular (LV) wall. In the example shown, consequent apical thinning is 
evident on transillumination through the LV apex with a 12-lead electrocardiogram of the ventricular tachycardia (VT) originating from around the scar. A pace map from the 
critical isthmus shows a pattern identical to the ventricular tachycardia, and an electroanatomic map demonstrates a large anteroapical region of myocardial scar surrounded by 
a border zone. (From Wallace A. McAlpine collection, UCLA Cardiac Arrhythmia Center.)

system appears to play a critical role in the emergence of 
delayed ventricular arrhythmias.7 In fact, autonomic modu-
lation with therapies such as thoracic epidural anesthesia 
or sympathetic decentralization is recognized to reduce the 
incidence of ventricular arrhythmias related to MI; however, 
the timing of these arrhythmias is not well described.8,9

Several mechanisms may underlie delayed ventricular 
arrhythmias. Long cycle lengths with a long coupling inter-
val PVC, late in diastole, may result in abnormal impulse ini-
tiation. Normally, sinus rhythm prevents activation of ectopic 
pacemakers by overdrive suppression, but once the sinus rate 
slows or has pauses, ectopic pacemaker tissue can become 
active, generating ectopic ventricular rhythms, through an 
automatic mechanism. Triggered activity due to early after-
depolarizations can result in reentrant arrhythmias.4

As a consequence of the lack of clinical studies, the rel-
evance of comparisons of acute phase arrhythmias between 
animal models and humans is uncertain. In relation to the 
delayed ventricular arrhythmias, more data are available to 
help correlate findings in experimental models and in clini-
cal practice.

Reperfusion Arrhythmias
Experimental models suggest that at least 3 minutes of 
ischemia is required for the development of reperfusion 
arrhythmias. In the era of primary percutaneous inter-
vention for MI, reperfusion arrhythmias are commonly 
seen, ranging from isolated PVCs, accelerated idioven-
tricular rhythms, and VT and VF. In experimental models, 
phases of arrhythmias related to reperfusion are evident, 
with none occurring after less than 3 minutes of isch-
emia. Arrhythmias are more frequent when the ischemic 
period is increased from 5 minutes to 20 to 30 minutes. 
Reperfusion arrhythmias are less frequent after 30 to 
60 minutes. These arrhythmias are a result of washout of 
ions such as lactate and potassium and of toxic metabo-
lites from the ischemic zone and also oxidative stress, all 
of which alter autonomic function.

In humans, the most common rhythm with reperfusion is 
accelerated idioventricular rhythm, with rates ranging from 
70 to 100 beats/min. The absence of reperfusion arrhythmias 
is thought to be a negative prognostic indicator in that it 
is suggestive of a longer ischemic period than had been 
potentially realized. In experimental models, when reper-
fusion is performed early, a sudden and almost immediate 
restoration of action potentials to the ischemic area occurs. 
In the early stages of reperfusion, the action potentials are 
abnormal, with alternating low to high amplitude. Within 
the myocardium, marked heterogeneity of action potentials, 
along with the addition of a trigger, can act as a substrate for 
arrhythmias. This heterogeneity tends to decrease after the 
first 30 seconds of reperfusion.

Late or Chronic Ventricular Arrhythmias
Late ventricular arrhythmias occur approximately 1 to 3 
weeks after MI, as the infarct evolves and starts to heal. After 
the early-phase arrhythmias, fewer ventricular arrhythmias 
typically are seen from 72 hours to 5 days, and then frequent 
PVCs predominate. The burden of early arrhythmias unfor-
tunately does not predict the frequency of late arrhythmias. 
The absence of in-hospital or early arrhythmias does not 
predict the absence of late arrhythmias.

Risk factors predictive of late arrhythmias are the size of 
the scar, presence of aneurysms, multivessel disease, and 
anterior location of the MI (Figure 28-3). Before discharge, 
in the setting of these risk factors, treadmill exercise test-
ing may be helpful in risk stratification (see Chapter 30). 
The development of arrhythmias during exercise testing is 
predictive of an increased risk for SCD. Electrophysiology 
testing for induction of ventricular arrhythmias by pro-
grammed stimulation is predominantly helpful for late 
or chronic ventricular arrhythmias. Chronic ventricular 
arrhythmias, beyond 3 weeks, tend to be reentrant in 
nature and result from scarring, with zones of either slow 
conduction or electrical block facilitating initiation and 
perpetuation of reentry.
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ARRHYTHMIAS

Reentrant Arrhythmias
Reentrant tachycardias require a zone of slow conduction and 
unidirectional block. The longer it takes for the impulse to tra-
verse the area of slow conduction, the more time is required 
for the impulse to emerge from the zone of reentry, and the lon-
ger the coupling interval before onset of tachycardia. Either a 
single loop or multiple loops may be present within a reentrant 
circuit (Figure 28-4). Reentrant tachycardias can be terminated 
by a critically timed premature stimulus that collides with the 
reentrant circuit, rendering it refractory. Capture of the ventricu-
lar electrical activity with pacing that does not affect the tachy-
cardia also is indicative of a reentrant arrhythmia. Resetting 
of the reentrant arrhythmia to abort the tachycardia also may 
occur if pacing delivers a premature stimulus within the circuit. 
In other words, when resetting occurs, the QRS of the tachycar-
dia occurs earlier than expected as a result of the paced stimu-
lus, which advances the QRS. Termination of the tachycardia by 
overdrive pacing as well as the ability to entrain the arrhythmia 
is a feature of reentrant tachycardias.. Concealed entrainment 
involves pacing at a faster rate than the tachycardia, whereby 
the rate of the tachycardia increases to the pacing rate, main-
taining the same QRS morphology as for the baseline tachycar-
dia, and fusion no longer occurs, with return of the tachycardia 
to the previous cycle length on discontinuation of pacing.

Triggered Arrhythmias
Triggered activity is dependent on afterdepolarizations, 
either early or late, with at least one action potential pre-
ceding it. Triggered activity displays features of both auto-
maticity and reentry. If afterdepolarizations are of sufficient 

magnitude, they can generate another action potential. The 
action potential can result from either spontaneous leakage 
of positive ions intracellularly or a premature ventricular 
beat (Figure 28-5). Two distinct types of triggered activity 
exist: pause-dependent arrhythmias and catecholamine-
dependent arrhythmias. During a pause, if the afterdepo-
larization reaches the cellular threshold, another action 
potential can be generated. This circumstance can allow 
for impulse initiation from the trigger and subsequent sinus 
node suppression. With catecholamine-dependent trig-
gers, delayed afterdepolarizations lead to the generation of 
another action potential secondary to an increase in sym-
pathetic activity.

Automaticity
Automaticity can be described as normal or abnormal 
impulse initiation. Normal automaticity, as seen in the sino-
atrial node or latent subsidiary pacemaker cells, is respon-
sible for the intrinsic rate at which impulses are initiated. 
Normal automaticity involves a spontaneous decline in 
transmembrane potential in diastole called diastolic depo-
larization, followed by a threshold potential, which generates 
a spontaneous action potential. A subsequent fall in mem-
brane potential alters the membrane currents to a net inward 
depolarizing current. Abnormal automaticity occurs when 
the resting membrane potential of cells ordinarily responsi-
ble for impulse initiation is reduced sufficiently to allow spon-
taneous diastolic depolarization in other atrial or ventricular 
cells, causing overdrive suppression of subsidiary latent pace-
makers. An example of abnormal automaticity is that of an 
idioventricular rhythm after MI. Accelerated idioventricular 
tachycardias demonstrate characteristics suggestive of abnor-
mal automaticity, in how they fail to respond to pharmaco-
logic agents and lack of overdrive suppression with pacing.

Endocardium Epicardium
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FIGURE 28-4 Histologic scar in ischemic heart disease. Left, A 12-lead electrocardiogram from a patient with ventricular tachycardia, with mid- and late diastolic poten-
tials seen by mapping the isthmus of ischemic scar. Right, Histologic characterization of the ischemic heart disease substrate shows the ventricular tachycardia originating from 
the islands of preserved myocardium surrounded by scar tissue. The tachycardia terminates when the radiofrequency ablation (Abl) is turned on.
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The Autonomic Nervous System  
and Ventricular Arrhythmias
It is clear that the autonomic nervous system (ANS) plays 
a critical role in SCD.7 This nervous system component 
modulates all physiologic functions of the heart including 
chronotropy, dromotropy, lusitropy, and inotropy. The ANS 
is a finely tuned system regulating sympathetic and para-
sympathetic response, through a complex neural network 
between the heart and central cortical structures, and 
maintaining cardiac stability. The progression of heart dis-
ease can result in functional denervation and in cardiac 
and extracardiac neural remodeling. After MI, an imbal-
ance in the autonomic nervous system, with a relative 
increase in sympathetic activity and a decrease in para-
sympathetic activity, is seen (Figure 28-6). This response 
is vital in the short term to maintain cardiac output but 
in the long term constitutes a maladaptive process result-
ing in reorganization of the neural network and precipita-
tion of fatal arrhythmias as a consequence of persistent 
sympathoexcitation. An increase in sympathetic activity 
not only affects the Na+-K+ pump but also increases Ca2+ 
influx, which is thought to be a mechanism for enhanced 
automaticity and triggered activity. MI affects the cardiac 
myocytes but also has a cascade effect on the cardiac 
neural hierarchy, including the intrinsic cardiac ner-
vous system, intrathoracic extracardiac ganglia (stellate 
ganglia), extracardiac ganglia (middle cervical ganglia, 
nodose ganglia, dorsal root ganglia), and the higher cen-
ters. Ischemia is the likely mechanism for disruption of 
the afferent information being transmitted to the central 
nervous system, with consequent effects on the central 
drive or reflex efferent parasympathetic input. It is this 
neural dysregulation that contributes to the pathophysi-
ologic processes responsible for malignant ventricular 
arrhythmias and heart failure.

Removal of the excessive sympathetic input, such as with 
the use of beta-blockers, cardiac sympathetic denervation, 
or thoracic epidural anesthesia for ventricular electrical 
storm, can help prevent ventricular arrhythmias and reduce 
mortality8,9 (Figure 28-7). In the case of cardiac transplanta-
tion, when the heart is disconnected from the central ner-
vous system, the intrinsic cardiac nervous system maintains 
cardiac function, and a low incidence of VT is typical, even 
with coronary occlusion.10

EPIDEMIOLOGY OF VENTRICULAR 
ARRHYTHMIAS AND SUDDEN CARDIAC 
DEATH IN ACUTE MYOCARDIAL INFARCTION

Several studies have examined the incidence and tim-
ing of sustained ventricular arrhythmias at the time of an 
acute MI. Despite advances in the treatment of acute MI, the 
incidence of VT or VF complicating MI does not appear to 
have declined significantly. A study of 5259 patients with 
ST-elevation MI (STEMI), 5% of whom had VT/VF, found that 
90% of cases of VT/VF occurred within the first 48 hours of 
STEMI.11 The 90-day mortality rate in this group was signifi-
cantly higher (23%) than in patients who did not have VT/
VF (3%). The factors contributing to ventricular arrhythmias 
were identified as no reflow with reperfusion therapy, an 
inferior MI, total ST-segment deviation, lower systolic blood 
pressure, decreased creatinine clearance, increased heart 
rate above70 beats/min, and increased Killip classification.

By contrast, among 3485 patients who underwent pri-
mary percutaneous intervention for STEMI, VT/VF, which 
occurred in 181 of these patients (5.2%), was not associated 
with increased major adverse events at 3 years. The study 
population possibly was relatively enriched with lower-risk 
patients, because the 30-day mortality rate was 2.6%, com-
pared with 4.1% in a contemporary STEMI trial.12,13

Fascicular
PVC trigger

External
defibrillation

FIGURE 28-5 Fascicular premature ventricular complex (PVC) and ventricular tachycardia (VT). As seen in these electrocardiographic traces, fascicular PVC acts as a 
trigger (blue outline) to initiate polymorphic VT, which is terminated with an external defibrillation.
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In another study investigating the incidence of SCD 
after VF complicating MI, investigators found that of 
3670 patients with MI, 116 had a course complicated by 
VF. Among survivors to hospital discharge, VF during the 
acute MI was not associated with increased mortality at 
5 years.14

Ventricular Fibrillation at Reperfusion
Predictors of VF at the time of reperfusion were presented in 
a review of data for 3274 patients with STEMI between 2007 
and 2012, of whom 71 (1.9%) experienced VF during reper-
fusion, and the incidence did not change over time.15 These 
patients with sustained VF during reperfusion requiring 

SCD

Imbalance in ANS Effects of the imbalance

Altered afferent feedback Myocardial
infarction

↑ Sympathetic

↓ Parasympathetic

Efferent activation

Further ischemia

Platelet activation

Catecholamine release

Scar formation

Reentrant arrhythmias

T wave alterans

Repolarization changes

VT/VF

FIGURE 28-6 The autonomic nervous system (ANS) response to ischemic heart disease. After a myocardial infarction, an increase in sympathetic activity and a 
decrease in parasympathetic activity occur as a result of altered afferent feedback from the myocardium to the central nervous system. This imbalance can precipitate ventricular 
arrhythmias, potentially resulting in sudden cardiac death (SCD). VT/VF, Ventricular tachycardia/ventricular fibrillation.
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FIGURE 28-7 Analysis of shock-free survival in bilateral versus left cardiac sympathetic denervation (CSD) groups. Kaplan-Meier curves for survival free from 
implantable cardioverter-defibrillator (ICD) shocks are shown for both bilateral and left CSD subgroups. The 50% median time to shock-free survival was 366 days for patients 
in the bilateral CSD group and 128 days for those in the left CSD group (P = .04). The longer survival free of ICD shocks in the bilateral CSD group was attributable in part to 
the higher mortality rate in the left CSD group. (From Vaseghi M, Gima J, Kanaan C, et al: Cardiac sympathetic denervation in patients with refractory ventricular arrhythmias or 
electrical storm: intermediate and long-term follow-up. Heart Rhythm 1[3]:360-366, 2014.)
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defibrillation were more likely to have a history of a remote 
MI. The magnitude of ST-segment elevation was predictive of 
VF during reperfusion. The in-hospital mortality in this group 
was almost 5 times higher than those without VF, with deaths 
occurring as a result of heart failure, mechanical complica-
tions, or reinfarction.

Resuscitated Cardiac Arrest
The prognosis for those having a resuscitated cardiac arrest 
in the setting of MI was presented in a registry of 48,749 
patients with STEMI, 10% of whom had a cardiac arrest.16 
Previous studies pointed to a higher inpatient mortality 
among those patients experiencing STEMI complicated by 
a cardiac arrest. This registry excluded 1557 patients who 
died at the time of the cardiac arrest or on the same day 
of hospital admission, so the final number of patients with 
cardiac arrest and STEMI was 3751. The 30-day mortality was 
associated with increasing age, lower admission blood pres-
sure, higher admission heart rate, higher admission glucose, 
and higher admission creatinine clearance. Anterior STEMI 
was associated with an increased 30-day mortality. Of those 
having a resuscitated cardiac arrest, 42.6% occurred before 
arrival at the hospital and 63.4% in the hospital. In this lat-
ter group of patients, early cardiac arrest was not associated 
with increased inpatient mortality; however, the exclusion of 
patients dying within 1 day of the index cardiac arrest may 
have affected this observation. Most patients with STEMI 
and cardiac arrest die within the first 30 days, but if patients 
live beyond 30 days, survival rates are similar to those for 
patients who did not experience a cardiac arrest.

In a study of patients with STEMI undergoing primary 
percutaneous coronary intervention, out-of-hospital cardiac 
arrest due to VT or VF was associated with poor in-hospital 
outcomes.17 Concordant with findings in other studies, if the 
patient survived to discharge after the initial VT/VF, then the 
long-term prognosis was similar to that in the absence of 
cardiac arrest. Out-of-hospital cardiac arrest due to VT/VF 
was associated with an increased rate of in-hospital deaths 
secondary to noncardiac causes (e.g., post–anoxic enceph-
alopathy or multiorgan failure). The investigators found that 
in this group of patients, the left main and/or left anterior 
descending arteries were the most common culprit arteries.

Specific Considerations
Non–ST-Elevation Myocardial Infarction  
and Ventricular Tachycardia
In a well-characterized cohort of 6300 patients with non–
ST-elevation MI (NSTEMI), the presence of ischemia or 
ventricular arrhythmias on continuous 7-day electrocardio-
graphic monitoring after the index event was independently 
associated with poor cardiovascular outcomes, including 
SCD.18 Scirica and colleagues observed that the presence of 
VT or ischemia in the first week was associated with a six-
fold increase in the number of such deaths, most of which 
occurred in the first 90 days. This association was indepen-
dent of left ventricular function and elevated natriuretic 
peptides.

Diabetes and Sudden Cardiac Death with Acute 
Myocardial Infarction
Patients with diabetes have a significantly higher mortality 
rate secondary to SCD (5.9%) than in those without (1.7%) 

in this setting.19 Of interest, the incidence of SCD after MI in 
patients with diabetes whose EF was above 35% was almost 
identical to that in nondiabetic patients with EF below 35%.

Atrial Fibrillation and Sudden Cardiac Death
Atrial fibrillation (AF) complicating an acute MI often is dis-
regarded but should be seen as an important clinical entity. 
A meta-analysis of 43 studies including 278,854 patients 
demonstrated that AF was associated with increased mor-
tality in patients with MI (mortality odds ratio, 1.46).20 In 
fact, for patients with new-onset AF due to MI, mortality was 
higher than for those without AF, even after adjusting for 
other risk factors. The reason for this higher mortality is not 
clear. Hypothesized pathomechanisms include loss of atrial 
contraction, rapid ventricular rates, loss of atrioventricular 
synchrony, and variable R–R interval, all resulting in reduced 
cardiac output, but further studies to clarify this correlation 
are required. The presence of new AF in the setting of MI 
also may be a reflection of MI severity.

CLINICAL PRESENTATION AND EVALUATION 
OF VENTRICULAR ARRHYTHMIAS AFTER 
MYOCARDAL INFARCTION

The clinical presentation of patients with ventricular arrhyth-
mias attributable to myocardial ischemia is varied. The sole 
manifestation may in fact be SCD, or the affected person 
may have relatively mild symptoms such as palpitations, diz-
ziness, chest pain, dyspnea, or syncope. Patients with a pre-
viously placed implantable cardioverter-defibrillator (ICD) 
may receive therapy from the device.

The initial evaluation for ventricular arrhythmias involves 
blood testing to assess for reversible causes, such as hypoxia, 
electrolyte disturbance, recurrent ischemia (for which the 
marker is cardiac troponin), or heart failure (with measure-
ment of natriuretic peptides). Cardiac monitoring should be 
initiated immediately when arrhythmias are suspected, and 
a 12-lead ECG should be performed. If the patient has an 
ICD, interrogation of the device at the earliest possible time 
is required to identify if therapies were delivered and were 
appropriate, and if the device settings need to be modified. 
A transthoracic echocardiogram should be performed to 
assess left ventricular function, and a coronary angiogram 
considered if signs or symptoms of coronary ischemia are 
present. Cardiac MRI may provide assessment of myocar-
dial scar based on evidence of delayed enhancement (see 
Chapter 33).

Risk Stratification for Sudden Cardiac Death 
Early After Myocardial Infarction
The current ability to predict SCD is suboptimal. Within the 
first year after MI, the reported rates of SCD are 3% to 6%. Left 
ventricular function is the main predictor of the risk of SCD, 
with LVEF below 35% considered indicative of higher risk. 
Guidelines recommend ICD implantation in patients with 
LVEF less than 30% to 40% and New York Heart Association 
(NYHA) class II or III, and in patients with LVEF less than 
30% to 35% and NYHA class I (see later under Treatment 
Strategies for Ventricular Arrhythmias).21 However, although 
LVEF is a good predictor of mortality, it is surprisingly poor at 
predicting arrhythmic versus nonarrhythmic death.

Two main groups of patients for whom currently avail-
able methods fail to predict SCD are (1) patients in the 
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very early stages after an MI and (2) patients with ejection 
fraction greater than 40%, in whom most SCDs occur. In the 
VAlsartan In Acute myocardial iNfarcTion (VALIANT) trial, 
which included 11,256 patients, 83% of SCDs or resuscitated 
cardiac arrests occurred within the first 30 days after dis-
charge. This staggering finding highlights that a large propor-
tion of this vulnerable population remain unprotected early 
after MI. The incidence of SCD decreases with time from the 
index MI and reaches a plateau at 1 year, with reported rates 
of 1.5% to 2% per year.

The ideal risk stratification tool would identify persons 
at moderate to high risk for VT/VF but at low risk for non-
sudden death. Currently, no single tool is ideal for risk strati-
fication. Combining multiple modalities of risk assessment, 
along with the clinical history, appears to be the best way of 
predicting risk (Figure 28-8). It is crucial to recognize that the 
risk of SCD is dynamic. As the myocardial substrate changes 
with further ischemic events or with the development of car-
diac fibrosis or overt congestive cardiac failure, clinicians 
need to reassess risk over time. A family history of SCD in a 
first-degree relative with coronary artery disease is another 
risk factor. With increasing use of wide genome sequencing, 
this method may emerge as part of routine clinical screen-
ing in the future. Of interest, in a cohort of 972 patients pre-
senting with their first MI, of whom 515 had VF and all of 
whom underwent wide genome sequencing, an association 
with VF was identified at chromosomal locus 21q21.22

Left Ventricular Ejection Fraction
Left ventricular ejection fraction is one of the best avail-
able predictors of SCD after MI.21 The evidence comes from 
trials of ICD implantation for primary prevention, such as 
the Multicenter Automatic Defibrillator Implantation Trial II 
(MADIT-II) and the Sudden Cardiac Death in Heart Failure 
Trial (SCD-HeFT) studies. These trials were designed to 
evaluate ICD benefit in these patients and not to aid with 

risk stratification. However, prospective studies of risk strati-
fication also have supported a strong relationship between 
ventricular function and SCD. For example, in the Improved 
Stratification of Autonomic Regulation trial (ISAR) trial that 
included 2343 acute MI survivors, LVEF below 30% predicted 
all-cause mortality, cardiac mortality, and SCD at 5 years.23

A majority of patients with MI have preserved or mildly 
reduced left ventricular function and as a result are consid-
ered to be at low risk for SCD; yet SCD occurs most often in 
those with LVEF greater than 40%. In the Maastricht Circulatory 
Arrest Registry, 51% of the sudden deaths occurred in those 
with LVEF greater than 40%. Consequently, additional risk 
stratification tools are needed. Transthoracic echocardiogra-
phy is the primary approach for assessment of left ventricu-
lar function (see Chapter 31). Alternative imaging methods 
include radionuclide imaging, cardiac MRI, SPECT (single-
photon emission computed tomography), and PET (positron 
emission tomography). Cardiac MRI is an excellent way to 
determine the scar density (whether it is heterogeneous or 
dense), and if the myocardium is hibernating (see Chapter 
33). The scar identified on study images correlates well with 
invasive electroanatomic substrate mapping.24 Increasing 
evidence indicates that contrast-enhanced MRI of scar, spe-
cifically to establish scar tissue burden and heterogeneity, 
is an independent predictor of VT/VF.25 SPECT or PET can 
clarify if perfusion defects are irreversible and also assess 
autonomic function by identifying sympathetic denervation 
(see Chapter 32).26 Strain rate imaging also is emerging as an 
even more effective method for risk prediction, especially in 
patients with LVEF above 35%.27

Ventricular Ectopy
Ventricular ectopy initially was identified as a potential 
predictor of adverse outcome after MI. In the GISSI-2 trial 
in patients with STEMI, those with more than 10 ventricu-
lar ectopic beats per hour were at increased risk for SCD.  

21q21

Provocative
assessment Genetics?

ECG and
repolarization
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Structural
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Substrate quantification:
MRI, PET, SPECT
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Risk stratification tools for SCD post
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FIGURE 28-8 Approach to stratification of risk for sudden cardiac death (SCD) after myocardial infarction. ECG, Electrocardiogram; LV, left ventricular; MRI, 
magnetic resonance imaging; PET, positron emission tomography; SAECG, signal-averaged electrocardiography; SPECT, single photon emission computed tomography.
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The Cardiac Arrhythmia Suppression Trial (CAST) demon-
strated that suppression of asymptomatic PVCs with class 
I agents resulted in successful suppression of ventricular 
ectopy and VT but was associated with significantly higher 
mortality. In the setting of primary percutaneous intervention, 
findings relating ventricular ectopy to outcome are mixed. 
Therefore, it is not clear that ventricular ectopy is a helpful 
predictor of SCD. Nevertheless, ventricular ectopy is impor-
tant to recognize because it can potentially contribute to 
the development of cardiomyopathy. Catheter ablation can 
be considered in patients with more than 10,000 PVCs/24 
hours, LV dysfunction or ongoing symptoms, and a single or 
dominant PVC morphology.

Noninvasive Risk Stratification
Many noninvasive strategies have been evaluated with the 
aim of enhancing SCD risk stratification. These approaches 
include assesssment of microvolt T wave alternans, signal-
averaged electrocardiography, baroreflex sensitivity testing, 
and measurement of heart rate turbulence and variability.28

ECG depolarization abnormalities may provide infor-
mation. The signal-averaged ECG can help identify late 
potentials (delayed depolarization of the ventricular myo-
cardium). Signal averaging reduces noise and can help 
reveal delayed and prolonged activation which can facili-
tate reentry, so-called late potentials. Additionally fraction-
ation in the QRS or changes in QRS duration (longer than 
0.12 msec) have been identified as potential risk stratifica-
tion tools. A study of 361 ICD recipients with LV dysfunction 
suggested that QRS fragmentation was a strong predictor of 
arrhythmic events, whereas prolonged QRS was a predictor 
of overall mortality.29 The limitation of depolarization abnor-
malities is that they can also arise from ventricular dilatation 
or fibrosis and so have constrained specificity.30 Increased 
QT variability after MI with LV dysfunction has been sug-
gested as a marker of repolarization lability and a potential 
risk factor for VT/VF.

Heart rate variability is a marker of sinus node automatic-
ity, which is modulated by the autonomic nervous system. 
It has proved to be an effective predictor of mortality when 
there is a flat chronotropic response. It usually is measured 
by time domain and frequency domain analysis. Baroreflex 
sensitivity is another marker of autonomic tone, whereby 
reflex changes in the heart rate are measured in response to 
blood pressure changes. Both heart rate variability and baro-
reflex sensitivity were assessed in the Autonomic Tone and 
Reflexes After Myocardial Infarction (ATRAMI) trial. In this 
study, impaired responses indicating impaired autonomic 
function were associated with increased mortality.

Heart rate turbulence is an index of changes in sinus 
rhythm rate after a PVC, which usually is followed by a 
compensatory pause. The normal response is for the heart 
rate to increase and subsequently slow. Impairment of this 
response also has been associated with increased mortality.

T wave alternans is a marker of electrical heterogeneity 
or dispersion in ventricular repolarization and has a high 
negative predictive value. It is not possible to measure T 
wave alternans in patients with atrial fibrillation, those with 
frequent PVCs, and patients unable to augment their heart 
rate, thereby reducing its clinical utility. The REFINE study 
evaluated all these parameters at 2 to 4 weeks after MI and 
again at 10 to14 weeks. In this prospective study, early assess-
ment did not predict mortality, but the 10- to 14-week assess-
ment did predict increased risk for SCD or resuscitated 

cardiac arrest. The combination of impaired heart rate tur-
bulence, abnormal T wave alternans, and left ventricular 
function below 50% had a low positive predictive value but 
good negative predictive value of 95%.

Other indicators such as NYHA class and QT dispersion 
or variability have essentially too low a sensitivity to be use-
ful predictors. Although initial evidence was encouraging, 
most of the findings have lacked reproducibility among dif-
ferent studies.1

Invasive Risk Stratification with Provocative Testing
Findings on electrophysiology (EP) testing immediately 
after MI as a risk stratification method are mixed. A large 
body of data suggests that EP studies do not improve out-
comes when used to guide ICD implantation. EP testing can 
be useful in the setting of chronic ventricular arrhythmias 
and established myocardial substrate or scar. In the early 
post-infarct period, ventricular stimulation protocols offer 
poor negative predictive value as a risk stratification tool for 
SCD. For example, in MADIT I, patients with a negative EP 
study but with an ejection fraction below 30% were still at 
risk of SCD. Limitations to several of the key studies were rec-
ognized, however. In MADIT II, some of the EP studies were 
performed through the ICD and as a result may provide less 
prognostic information. In the CARISMA and ABCD trials, VF 
and polymorphic VT, which are widely believed to be a non-
specific result, were categorized as a positive study. In these 
two studies, VT stimulation had specificity and sensitivity 
similar to those for T wave alternans or heart rate variability.

VT stimulation early after MI, if the result is negative, has 
been associated with a favorable long-term prognosis in 
some studies.31 Of 1910 patients presenting for primary per-
cutaneous coronary intervention, 128 patients had LVEF 
below 40% and underwent EP testing with up to 4 extra 
stimuli (i.e., progressively early premature ventricular extra 
stimulus). EP testing was considered to be positive if stimuli 
induced monomorphic VT and not VF or polymorphic VT.  
At 3 years, 93% of the patients with negative EP study find-
ings (n = 80) and 63% of those with positive EP study findings 
(n = 48) were free from death or arrhythmia. The investigators 
stressed the importance of the ventricular stimulation proto-
col used, the wide variability in stimulation protocols used in 
different studies, and the criteria considered to define a posi-
tive result. Some operator bias toward use of VT stimulation 
also may exist, in which a more aggressive approach, based 
on higher operator-perceived likelihood of presence of a ven-
tricular arrhythmia in a specific patient, might be applied.

TREATMENT STRATEGIES FOR VENTRICULAR 
ARRHYTHMIAS

Treating ventricular arrhythmias associated with acute MI 
depends on the severity and frequency of the dysrhyth-
mia and on the clinical condition (stability) of the patient 
(Figure 28-9). Immediate revascularization is the most 
important initial intervention. General management of ven-
tricular arrhythmias for which revascularization has been 
feasible involves 24 to 72 hours of telemetry monitoring, 
when possible in a coronary care unit. PVCs and idioven-
tricular rhythms need not be treated unless the PVCs are 
a recurrent trigger for VF. It is important to measure serum 
K+ and magnesium, with replenishment as appropriate,, 
and to treat comorbid conditions such as renal failure, dia-
betes, and hypertension, when present. Early treatment of 
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heart failure and introduction of medications such as beta-
blockers, angiotensin-converting enzyme (ACE) inhibitors, 
and aldosterone receptor blockers (ARBs), as appropriate, if 
the left ventricular function is depressed will help control or 
prevent ventricular arrhythmias by reducing substrate for-
mation (see Chapter 13 and Chapter 36).

Implantable Cardioverter-Defibrillator 
Therapy
Available data from randomized trials indicate that given the 
chance of improvement in ventricular function as a result 
of uptitration of medications, reperfusion, and remodeling, 
it is best to wait at least 40 days after an MI before implanta-
tion of an ICD. In the Immediate Risk Stratification Improves 
Survival (IRIS) trial, in which immediate risk stratifica-
tion in 898 patients was performed at 5 to 31 days after MI, 
patients with an ejection fraction below 40% were randomly 
assigned to receive either medications or medications plus 
ICD therapy (453 versus 445, respectively). A follow-up study 
of patients with a mean LVEF of 34% for 37 months found no 
difference in total mortality at 1, 2, and 3 years, respectively. 
The benefit of ICD therapy in reducing SCD was negated 
by the high rates of nonarrhythmic death. These results 
were very similar to those from the Defibrillator in Acute 
Myocardial Infarction Trial (DINAMIT).32

ICD therapy is effective for reducing mortality later after 
MI, at which time healed scar is established, and as a result 
a different substrate compared with the early stages after MI. 
ICDs and improvements in therapies for acute and chronic 
MI probably have contributed to a reduced frequency of 
resuscitation for out-of-hospital cardiac arrest caused by 
lethal ventricular arrhythmias by 33% in the Netherlands.33

The exceptions to waiting 40 days before ICD implan-
tation that should be considered are absence of revas-
cularization options, occurrence of VT in a patient who is 

already on maximum medical therapy, lack of evidence of 
myocardial viability, and a previous out-of-hospital cardiac 
arrest in which no clear culprit lesion for coronary stenosis/ 
occlusion could be identified.

ICDs are considered at 40 days after the acute MI if the 
left ventricular function is less than 35%. Cardiac resynchro-
nization therapy with or without ICD can be considered 
after medical therapy has been optimized in patients in 
whom congestive cardiac failure NYHA class II or III, QRS 
duration greater than 120 msec, or left bundle morphology 
with reduced left ventricular function below 35% is still pres-
ent.21 Occasionally the decision is made to recommend 
a wearable defibrillator (e.g., LifeVest, ZOLL, Pittsburgh, 
Pennsylvania) when the patient is considered at particularly 
high risk.

Antiarrhythmic Drug Therapy
Prophylactic treatment with antiarrhythmics in patients 
considered to be at high risk for cardiac events is not 
recommended. If ventricular arrhythmias occur, despite 
revascularization and medical therapy as discussed, then 
antiarrhythmics such as amiodarone or lidocaine may be 
considered in the acute phase. Class 1C antiarrhythmics are 
contraindicated in the setting of myocardial ischemia owing 
to their proarrhythmic potential. If ventricular arrhythmias 
occur despite all of the foregoing, in the setting of persis-
tent ischemia, then other methods of temporarily optimizing 
myocardial perfusion, such as with an intra-aortic balloon 
pump, can be helpful.

Catheter ablation of ventricular arrhythmias tends not to 
be very effective in the immediate stages after an acute MI 
but has proven efficacy in established chronic VT (see under 
Catheter Ablation, next). Thoracic epidural anesthesia or 
cardiac sympathetic denervation is effective at reducing the 
frequency of ventricular arrhythmias occurring as a result of 

Ventricular
tachycardia

Monomorphic Polymorphic

Stable Unstable ACLS-CPR/shock

ACLS-CPR/shock

ATP through ICD
(if present)

Low-energy synchronized
shock

Reprogram device

Medications

Treat heart failure

Revascularize

Check the following:

12-lead electrocardiogram

Electrolytes (K+, Mg++)

Ischemia

Hypoxia

QT prolonging medications

Consider the following:

Intra-aortic balloon pump support

Catheter ablation

Sedation

Autonomic modulation
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Sympathectomy

Ventricular assist device
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FIGURE 28-9 Treatment of ventricular arrhythmias. ACLS/CPR, Advanced cardiac life support/cardiopulmonary resuscitation; ATP, antitachycardia pacing; ICD, implant-
able cardioverter-defibrillator.
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FIGURE 28-10 Atrioventricular (AV) node and coronary artery anatomy. (A) Mason’s trichome staining of the left bundle branch as it emerges from below the mem-
branous ventricular septum and the aortic and mitral valve leaflets. Further sectioning of the AV node, His bundle, and left bundle branch. (B) Gross section of surgical specimen. 
The AV node is seen at the base of the atrial septum at the apex of the triangle of Koch. The continuation of the AV node occurs by way of the bundle of His, which penetrates 
the central fibrous body (CFB). The CFB is formed by the union of the connective tissue of the aortic and mitral valve leaflets and the membranous part of the ventricular septum. 
It then branches to the right and left bundle branches, where the left branch lies below the junction of the right and noncoronary cusps of the aortic valve, descending then 
through the subendocardium of the interventricular septum. (C) Diagrams of conduction system anatomy with right and left coronary artery anatomy. AMS, Aorto-mitral septum; 
Ant., anterior; IHSS, idiopathic hypertrophic subaortic stenosis; Inn. A, innominate artery; L.A., left atrium; LPM, lateral papillary muscle; MV, mitral valve; PA, posteroanterior; 
PDA, posterior descending artery; Post., posterior; RA, right atrium; RV, right ventricle. (A, Images kindly provided with permission from Atsuko Seki, MD, Tokyo Metropolitan 
Geriatric Hospital and Institute of Gerontology, Japan; and Michael Fishbein, MD, Anatomic Pathology and Clinical Pathology, UCLA Medical Center, Los Angeles, California. C, 
From Wallace A: McAlpine collection. UCLA Cardiac Arrhythmia Center.)

electrical storm and mortality in established ischemic car-
diomyopathy. Thoracic sympathectomy currently involves 
surgical removal of the left or bilateral paravertebral sympa-
thetic ganglia from the lower third of the stellate ganglion to 
T4. Other potential neuromodulation therapy such as spinal 
cord stimulation has shown promise in reducing ventricular 
arrhythmias in the setting of myocardial ischemia in pre-
clinical models; clinical studies have proved to be safe but 
have yet to demonstrate similar efficacy.34,35 Placement of 
a ventricular assist device and transplantation are the final 
options to consider for intractable ventricular arrhythmias 
refractory to all other therapies.

Catheter Ablation
Catheter ablation for chronic ventricular arrhythmias sec-
ondary to scar reduces ventricular arrhythmia recurrence. 
Catheter ablation involves electroanatomic mapping in sinus 
or paced rhythm to identify scar. Pace mapping involves 
pacing at an area considered to be the potential site of the 
VT and comparing the paced rhythm to the clinical VT pat-
tern. Targets for catheter ablation involve identifying areas 
prone to slow conduction including areas with late poten-
tials and fractionation. Entrainment mapping can be done 
if the VT is hemodynamically tolerated. One-year freedom 

from recurrence of ventricular tachycardia is approximately 
72%.36 High recurrence rates after catheter ablation is asso-
ciated with lower ejection fraction, advanced heart failure, 
and multiple VT morphologic patterns.

CONDUCTION DEFECTS ARISING FROM 
ACUTE MYOCARDIAL INFARCTION

Atrioventricular Conduction Defects
High-degree atrioventricular (AV) block during acute MI 
occurs infrequently but is associated with a high mortality. 
The likelihood of developing AV block appears to correlate 
with the severity of the ischemic insult. AV block tends to 
occur as a result of occlusion of either the right coronary 
artery or the LAD secondary to a septal branch occlusion 
(Figure 28-10). The pathomechanism for high-grade AV block 
appears to be multifaceted. This conduction defect can be 
the consequence of direct AV node ischemia, although such 
ischemia must be severe, because the node itself is relatively 
well protected by its fibrous capsule and high intracellular 
glycogen stores. High-grade AV block also may result from 
the Bezold-Jarisch reflex, in which parasympathetic affer-
ents on the inferoposterior wall of the left ventricle are acti-
vated resulting in a reflex bradycardia and AV block.
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Despite significant advances in acute coronary syn-

drome (ACS) care, the in-hospital mortality related to 
high-degree AV block is significant and probably is 
related to the severity of the infarction. Nevertheless, in 
the era of primary percutaneous coronary intervention 
(PCI), mortality for patients who survive to hospital dis-
charge is similar to that in those without AV block. The 
combined incidence of second-degree Mobitz type II and 
third-degree AV block ranges anywhere from 2% to 4%. 
Some studies report a worse outcome for high-degree AV 
block if it is associated with LAD occlusion. High-degree 
AV block occurring as a result of LAD occlusion usually 
results in infra-Hisian block. In a Danish registry of 2073 
patients with STEMI treated with primary PCI and fol-
lowed for three years, high-degree AV block developed in 
67 patients, of whom 25 died.37 In this latter group, the 
median time to death was 1.5 days, and death occurred 
after 48 hours in only 9% of those in whom AV block 
developed. Among patients who survived beyond 30 days, 
the prognosis was the same as that for patients without 
AV block. Factors associated with developing AV block 
include advancing age, hypertension, and diabetes.

Decisions on when to intervene for high-degree AV block 
can be complex. The block may be transient, and if reperfu-
sion occurs quickly, treatment may not be required. If the 
patient’s clinical status is unstable, with no stable escape 
rhythm, and if signs of hemodynamic compromise are pres-
ent, then intervention needs to be considered. Temporary 
pacing wires are not without complications, such as infec-
tion, cardiac tamponade, failure to capture, dislodgement, 
and ventricular arrhythmia precipitation.

Various groups of investigators have studied the benefits 
of opting for permanent pacing immediately over inserting 
a temporary pacing system. This approach may provide a 
short-term survival benefit in hospital, but it appears that 
the mortality rate on discharge is similar. If the AV block 
is a result of increased parasympathetic tone, adenosine 
release, or potassium fluxes, then the AV block could be 
transient, such as in the case of a right coronary artery 
occlusion. It is more likely to be permanent with an LAD 
occlusion, for reasons described earlier.37 Presence of a 
stable escape rhythm eliminates the need to intervene, and 
telemetry monitoring can be adequate, allowing time for 
the AV block to potentially resolve. Treating high-degree 
AV block with inotropic agents or atropine can be prob-
lematic, because increasing the heart rate may potentially 
worsen the AV conduction, resulting in a more profound 
bradycardia.

Bundle Branch Block
Further defining bundle branch block (BBB) associ-
ated with MI may be helpful in relation to prognostic sig-
nificance, such as left versus right, duration, and time of 
appearance. BBB can be transiently associated with MI or 
persistent. One study that examined BBB associated with 
acute MI included 5570 patients, 964 of whom (17%) had 
BBB (new and previously identified); 30-day and 7-year all-
cause mortality rates were reported.38 BBB was associated 
with increasing age and comorbid conditions such as dia-
betes and heart failure during hospitalization. Compared 
with those with right BBB (RBBB), patients with left BBB 
(LBBB) exhibited a higher prevalence of comorbid con-
ditions. Also, if the LBBB was new, it was associated with 

higher mortality at both 30 days and 7 years. The time of 
appearance and duration of the bundle branch block have 
different prognostic significances, and the presence of 
BBB may help with risk stratification.

SUMMARY

SCD secondary to MI continues to be a major public health 
problem. Despite substantial advances in the treatment of 
myocardial ischemia, in a meaningful proportion of patients, 
MI may be complicated by conducting system disease or 
ventricular arrhythmias, or precipitate SCD. Continued 
efforts are needed to identify and optimize risk stratification 
techniques.
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INTRODUCTION

Clinical outcomes after acute coronary syndrome (ACS) 
have significantly improved over time. A significant propor-
tion of the reduction in mortality has been the result of 
development and adoption of potent anticoagulant and 
antiplatelet therapies coupled with invasive risk stratifica-
tion in high-risk patients (see Chapter 13). In addition, the 
use of secondary prevention strategies to control risk factors 
has further improved long-term outcomes (see Chapter 34). 
Although antithrombotic medications reduce the risk for 
recurrent ischemic events, they increase the risk for bleed-
ing and need for blood transfusion. Paradoxically, bleeding 
events are associated with a subsequent higher risk for myo-
cardial infarction (MI), stroke, stent thrombosis, and death.1 
Randomized trials of “bleeding avoidance strategies” (BAS) 
in patients with ACS have demonstrated a reduction in 
adverse events, including mortality.2 Because of the availabil-
ity of BAS, use of management strategies that reduce isch-
emia while minimizing bleeding have the potential to further 
improve outcomes. This chapter summarizes the epidemiol-
ogy and management of bleeding events in ACS and MI.

EPIDEMIOLOGY OF BLEEDING

Reported Incidence of Bleeding:  
Influence of Definitions
The reported incidence of major bleeding events among 
patients with ACS varies greatly depending on the definition 
used, the fidelity with which the events are identified, the 
types of antithrombotic therapies used, and whether invasive 
risk stratification with revascularization is pursued. Before 
discussing the incidence of bleeding in ACS, it is important 
to review how bleeding is defined. Several schemas exist, 
but a few have been consistently used to identify bleeding 
events across randomized trials or registries that include 
ACS patients. Bleeding events as defined by several of these 
classification systems have also been correlated with other 
adverse events such as recurrent MI, stroke, stent thrombosis, 
and death (see section on Bleeding and Outcomes).

Most bleeding definitions are made up of specific 
data elements that broadly fall into three categories: 
changes in hemoglobin or hematocrit; clinical events (e.g., 

gastrointestinal bleeding or intracranial hemorrhage); and 
consequences (e.g., blood transfusion or fatal bleeding). 
The extremes of bleeding definitions could focus solely 
on either changes in hemoglobin or on clinical events, 
and either could “cast the net” too widely—that is, identify 
events that would not be considered bleeding events by 
most  clinicians or too narrowly by identifying only the most 
severe bleeding events and missing other less severe, but 
clinically important, events. Most definitions include com-
binations of all three categories. Table 29-1 displays com-
monly used bleeding definitions across randomized trials 
and registries.

Established Definitions
Thrombolysis in Myocardial Infarction and Global Use of 
Strategies to Open Occluded Arteries Definitions
Historically, the most commonly used definitions were the 
Thrombolysis in Myocardial Infarction (TIMI) and Global 
Use of Strategies to Open Occluded arteries (GUSTO) 
 bleeding scales. The TIMI definition was developed in the 
context of fibrinolytic therapy for ST-elevation MI (STEMI) 
and was generally based on decreases in  hemoglobin.3 
The categorization for TIMI bleeding originally consisted 
of minimal, minor, and major bleeding, defined according 
to the degree of hemoglobin change. Because intracranial 
hemorrhage is the most feared complication of fibrinolytic 
therapy, it was included as part of the TIMI major bleeding 
definition. Since its original development, the TIMI bleeding 
definition has evolved to include a qualifier that bases the 
required decrease in hemoglobin on whether a clinically 
overt bleeding event has occurred (Table 29-1). The GUSTO 
definition was also developed in the context of fibrinolytic 
therapy for STEMI, and was based solely on clinical events. 
GUSTO bleeding is categorized as mild, moderate, or severe, 
and again, intracranial hemorrhage is considered severe 
according to the GUSTO definition. Other definitions listed 
in Table 29-1 combine elements of the TIMI and GUSTO  
definitions and add others (e.g., access site hematoma).

The existence of multiple bleeding definitions contrib-
utes to the variations in the reported rates of bleeding. When 
two or more definitions are used in the same study, the 
assessment of the safety of a management strategy can be 
confusing. One example of this is the SYNERGY trial, which 
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TABLE 29-1 Sample Bleeding Definitions in Acute Coronary Syndrome Clinical Trials and Registries

TRIAL/
DEFINITION

PATIENT 
POPULATION INTERVENTION BLEEDING DEFINITION

TIMI ACS, PCI N/A Major
	•	 	Any	intracranial	bleeding	(excluding	microhemorrhages	<10	mm	evident	only	on	

	gradient-echo	MRI)
	•	 	Clinically	overt	signs	of	hemorrhage	associated	with	a	drop	in	hemoglobin	of	≥5	g/dL
	•	 	Fatal	bleeding	(bleeding	that	directly	results	in	death	within	7	d)

Minor
	•	 	Clinically	overt	(including	imaging),	resulting	in	hemoglobin	drop	of	3	to	<5	g/dL
Requiring	medical	attention
	•	 	Any	overt	sign	of	hemorrhage	that	meets	1	of	the	following	criteria	and	does	not	meet	

criteria	for	a	major	or	minor	bleeding	event,	as	defined	previously:
	•	 	Requiring	intervention	(medical	practitioner–guided	medical	or	surgical	treatment	to	stop	or	

treat	bleeding,	including	temporarily	or	permanently	discontinuing	or	changing	the	dose	of	
a	medication	or	study	drug)

	•	 	Leading	to	or	prolonging	hospitalization
	•	 	Prompting	evaluation	(leading	to	an	unscheduled	visit	to	a	health	care	professional	and	

diagnostic	testing,	either	laboratory	or	imaging)
Minimal
	•	 	Any	overt	bleeding	event	that	does	not	meet	the	preceding	criteria
Bleeding	in	the	setting	of	CABG
	•	 	Fatal	bleeding	(bleeding	that	directly	results	in	death)
	•	 	Perioperative	intracranial	bleeding
	•	 	Reoperation	after	closure	of	the	sternotomy	incision	for	the	purpose	of	controlling	bleeding
	•	 	Transfusion	of	≥5	U	PRBCs	or	whole	blood	within	a	48-h	period;	cell	saver	transfusion	will	

not	be	counted	in	calculations	of	blood	products
	•	 	Chest	tube	output	>2	L	within	a	24-h	period

GUSTO ACS, PCI N/A Severe	or	life-threatening
	•	 	Intracerebral	hemorrhage
	•	 	Resulting	in	substantial	hemodynamic	compromise	requiring	treatment
Moderate
	•	 	Requiring	blood	transfusion,	but	not	resulting	in	hemodynamic	compromise
Mild
	•	 	Bleeding	that	does	not	meet	previous	criteria

SYNERGY NSTE-ACS Enoxaparin	vs.	heparin TIMI	and	GUSTO

PURSUIT NSTE-ACS Eptifibatide/heparin	vs.	
heparin

TIMI	and	GUSTO

CURE NSTE-ACS Aspirin	vs.	aspirin	+	
clopidogrel

Major	bleeding
	•	 	Life-threatening
	 •	 	Fatal
	 •	 	Intracranial
	 •	 	Requiring	surgical	intervention
	 •	 	Results	in	hypotension
	 •	 	Decrease	in	Hgb	≥5	g/dL
	 •	 	Requires	≥4	U	of	blood
	•	 	Other	major
	 •	 	Requires	transfusion	of	2	or	3	U
	 •	 	Intraocular

GUSTO	IIb NSTE-ACS Hirudin	vs.	heparin GUSTO

CURRENT-
OASIS	7

NSTE-ACS High-dose	aspirin	vs.	
low-dose	aspirin;	
high-dose	clopidogrel	
vs.	standard	dose	
clopidogrel

Severe	bleeding
	•	 	Fatal
	•	 	Requiring	transfusion	≥4	U	of	PRBCs	or	equivalent	whole	blood
	•	 	Resulting	in	hemoglobin	drop	≥	5	g/dL
	•	 	Leading	to	hypotension	that	requires	inotropes
	•	 	Requiring	surgery
	•	 	Symptomatic	intracranial	hemorrhage
Other	major	bleeding
	•	 	Requiring	transfusion	of	2	to	3	U
	•	 	Significantly	disabling,	intraocular	bleeding	leading	to	significant	loss	of	vision

OASIS-5 NSTE-ACS Fondaparinux	vs.	
enoxaparin

Major	bleeding
	•	 	Fatal,	intracranial,	retroperitoneal,	intraocular	leading	to	vision	loss
	•	 	Decrease	in	Hgb	≥3	g/dL	adjusted	for	transfusion
	•	 	Transfusion	of	2	U	of	red	blood	cells

ACUITY	and	
HORIZONS-MI

NSTE-ACS Bivalirudin	alone	vs.	
heparin	or	enoxaparin	
+	GP	IIb/IIIa	vs.	
bivalirudin	+	GP	IIb/IIIa

Major	bleeding
	•	 	Intracranial	or	intraocular	bleeding
	•	 	Hemorrhage	at	the	access	site,	requiring	intervention
	•	 	Hematoma	with	a	diameter	of	≥5	cm
	•	 	Reduction	in	Hgb	levels	of	≥4	g/dL	without	an	overt	bleeding	source	or	 

≥3	g/dL	with	such	a	source
	•	 	Reoperation	for	bleeding
	•	 	Transfusion	of	a	blood	product
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compared enoxaparin with unfractionated heparin in 9978 
ACS patients without persistent ST-segment elevation who 
were slated to undergo early invasive risk stratification.4  
The primary efficacy endpoint was 30-day death or MI; the 
primary safety endpoint was bleeding defined according to 
both the TIMI and GUSTO scales. There was no significant 
difference in 30-day death or MI between the two strategies; 
however, the bleeding data showed disparate findings. There 
was no significant difference in GUSTO severe bleeding or 
transfusion rates (i.e., GUSTO moderate bleeding), but there 
was a significant excess of TIMI major bleeding among 
patients assigned to enoxaparin. These results challenged 
any firm conclusion about the relative safety of enoxaparin 
over unfractionated heparin and underscored the influence 
of definition on reported bleeding rates.

Capture of Bleeding Events
Another factor that may affect the incidence of bleeding is 
the methods for detecting events. Clinical trials often use 
independent clinical events committees that review source 
documents (medical charts) to detect adverse events. This 
minimizes the risk of bias at the site level. In contrast, regis-
tries generally do not use adjudication and rely on site-iden-
tified events. This is particularly true of registries in which the 
primary purpose is quality improvement rather than compar-
ing the effectiveness of one treatment with another. As such, 
the rates of bleeding are often higher in clinical trials than in 
registries, despite the inclusion of higher risk patients in the 
latter. For example, the rate of postprocedural major bleed-
ing among patients who underwent primary percutaneous 
coronary intervention (PCI) for STEMI assigned to unfrac-
tionated heparin plus glycoprotein IIb/IIIa inhibitors in the 

HORIZONS-MI trial was 8.4%,5 whereas the rate of bleeding 
among patients who underwent primary PCI in the National 
Cardiovascular Data Registry’s Cath-PCI registry was approxi-
mately 4% to 5%.6 Certainly, this difference is driven in part by 
the differences in definitions, but it is also likely caused by 
variations in the way the events were identified and reported.

Bleeding Academic Research Consortium Definition
To overcome some of the challenges posed by different bleed-
ing definitions, several groups have attempted to develop a 
standardized approach to classifying and reporting bleeding 
events. Rather than developing a new definition, the Academic 
Research Consortium (ARC) proposed a list of standardized 
data elements that should be recorded in the case report 
form for a clinical trial of antithrombotic therapy (or the data 
collection form of a registry of ACS).7 These data elements 
can then either be reported separately or combined to recon-
struct other bleeding definitions. The ARC, which originally 
consisted of members from four academic research orga-
nizations that designed and executed pivotal trials of drug-
eluting stents, developed a set of standardized definitions 
for endpoints used in coronary stent trials.8 Periprocedural 
bleeding was not considered in their initial deliberations; 
however, subsequent iterations of ARC have developed  
definitions for bleeding endpoints for ACS trials, transcatheter 
valve trials, and peripheral arterial disease trials. The Bleeding 
Academic Research Consortium (BARC) definition of bleed-
ing for use in ACS trials is shown in Table 29-2.1

Bleeding Incidence
After considering the differences in definitions across 
studies, the estimated incidence of bleeding during acute 

TABLE 29-1 Sample Bleeding Definitions in Acute Coronary Syndrome Clinical Trials and Registries—cont’d

TRIAL/
DEFINITION

PATIENT 
POPULATION INTERVENTION BLEEDING DEFINITION

ACTION-GWTG ACS N/A 	•	 	Absolute	Hgb	decrease	of	≥4	g/dL	(baseline	to	nadir)
	•	 	Intracranial	hemorrhage
	•	 	Documented	or	suspected	retroperitoneal	bleed
	•	 	Any	red	cell	blood	transfusion	with	baseline	Hgb	≥9	g/dL,	or	any	red	cell	transfusion	with	

Hgb	<9	g/dL	and	a	suspected	bleeding	event

CRUSADE NSTE-ACS N/A Major	bleeding
	•	 	Absolute	decrease	in	hematocrit	concentration	by	12%	from	baseline
	•	 	Intracranial	hemorrhage
	•	 	Retroperitoneal	bleeding
	•	 	Red	blood	cell	transfusion	because	of	bleeding

GRACE NSTE-ACS 	•	 	Life-threatening	bleeding	requiring	a	transfusion	of	>2	U	red	blood	cells
	•	 	Resulting	in	a	decrease	in	hematocrit	of	>10%
	•	 	Occurring	intracerebrally
	•	 	Resulting	in	stroke	or	death

TRITON	TIMI	38 NSTE-ACS TIMI

PLATO NSTE-ACS Major	life-threatening
	•	 	Fatal
	•	 	Intracranial
	•	 	Intrapericardial	with	cardiac	tamponade
	•	 	Resulting	in	hypovolemic	shock	or	severe	hypotension	that	requires	pressors	or	surgery
	•	 	Clinically	overt	or	apparent	bleeding	associated	with	decrease	in	hemoglobin	>5	g/dL
	•	 	Requiring	transfusion	of	≥4	U	whole	blood	or	PRBCs
Other	major
	•	 	Significantly	disabling	(e.g.,	intraocular	with	permanent	vision	loss)
	•	 	Associated	drop	in	hemoglobin	of	3–5	g/dL
	•	 	Requiring	transfusion	of	2–3	U	whole	blood	or	PRBCs
Any	major
	•	 	Any	1	of	the	previous	criteria

ACS,	Acute	coronary	syndrome;	CABG,	coronary	artery	bypass	grafting;	GP,	glycoprotein;	Hgb,	hemoglobin;	MRI,	magnetic	resonance	imaging;	NSTE,	non–ST-segment	
elevation;	PCI,	percutaneous	coronary	intervention;	PRBC,	packed	red	blood	cell.
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management of ACS is between 1% and 12%; any attempt to 
report a single number as the rate of ACS-related bleeding 
complications is likely to be misleading. Moreover, the inci-
dence of bleeding in ACS patients may change with evolution 
of therapy over time and may be decreasing.9 One can use 
either clinical trials or registries to estimate the incidence of 
bleeding. In the SYNERGY trial, which included ACS patients 
who underwent an early invasive strategy, the rate of major 
or severe bleeding ranged between 2.7% (GUSTO severe) to 
9.1% (TIMI major) among patients assigned to enoxaparin. 
Similarly, in the PLATO trial, the rates of TIMI major bleeding 
and protocol-defined PLATO major bleeding were 7.9% and 
11.6%, respectively, among patients assigned to ticagrelor.10 
Another source of information on bleeding complications is 
registry data. The ACTION–Get With the Guidelines registry is 
a nationally representative quality improvement registry for 
ACS that tracks and reports in-hospital bleeding complica-
tions (see Table 29-1 for definitions). The incidence of bleed-
ing in this registry is 10.8%.11 Clinicians should be cognizant 
of the factors that influence the reporting of bleeding rates, 
and either use one definition to survey their own practice, or 
participate in an ACS registry like the ACTION-Get With the 

Guidelines registry to receive bleeding data on their patients 
benchmarked against a registry average.

Risk Factors for Bleeding Complications
The presence of numerous clinical trial and registry data-
bases has created a deep knowledge base regarding risk 
factors and risk indicators associated with hemorrhagic 
complications in ACS. A major risk for bleeding is the use 
of invasive procedures, such as cardiac catheterization, 
percutaneous coronary intervention, and coronary artery 
bypass grafting (CABG), which compounds the risk for 
bleeding in patients treated with potent antithrombotic 
medications. The widespread adoption of these procedures 
has led to the broad categorization of bleeding into either 
“access-site related bleeding” and “nonaccess-site related 
bleeding.” This categorization also facilitates the grouping 
of BAS, which can be directed at the vascular access site 
or systemically (see the section on Bleeding Avoidance 
Strategies). The proportion of bleeding related to the vas-
cular access site appears to vary with the patient’s clini-
cal presentation. In the context of ACS, patients with non 
ST-elevation (NSTE)-ACS have a higher proportion of nonac-
cess-site bleeding. This observation is borne out in registry 
data and in randomized clinical trials. For example, in the 
National Cardiovascular Data Registry’s Cath-PCI registry, of 
the bleeding events that occurred in NSTE-ACS patients who 
underwent PCI, two-thirds of the bleeds were not related to 
the access site.12 Similarly, in the RIVAL trial, which com-
pared radial with femoral access in 7021 patients with ACS 
(>70% of whom had NSTE-ACS), two-thirds of major bleed-
ing was unrelated to the vascular access site.13 In contrast, 
patients with STEMI not only have a higher rate of bleeding, 
but a larger proportion of these patients (∼50%) have bleed-
ing related to the vascular access site. These differences are 
likely related to the much higher use of PCI and its attendant 
intense antithrombotic therapy among patients with STEMI.

Risk Scores for Bleeding
In addition to clinical presentation, published risk models 
for bleeding have identified a variety of demographic and 
clinical features that are associated with a higher risk for 
bleeding complications. Because most bleeding events in 
ACS occur early, either during the index hospitalization or 
within 30 days, most of these models have used in-hospital or 
30-day bleeding as the primary outcome. A commonly used 
bleeding prediction model is one derived from the ACUITY 
and HORIZONS-MI clinical trials, which examined a bivaliru-
din strategy in patients with NSTE-ACS or STEMI, respectively, 
who underwent primary PCI.14 Both trials used the same 
definition of bleeding, and the combined trials consisted of 
17,421 patients. The overall rate of non-CABG–related major 
bleeding was 7.4%. Baseline covariates independently asso-
ciated with bleeding included age, female sex, elevated 
serum creatinine, elevated white blood cell count, pre-exist-
ing anemia, NSTEMI, and STEMI. One treatment covariate—
the use of heparin plus a glycoprotein IIb/IIIa inhibitor—was 
also a significant predictor. The model has reasonable dis-
crimination, with a c-index of 0.74. The goodness-of-fit was 
evaluated by comparing predicted with observed bleeding. 
Finally, an integer risk score was developed for use at the 
bedside (Figure 29-1). Another model was derived from the 
CRUSADE registry, which is used for risk adjustment in an 
ACS quality improvement registry.15 This model included 

TABLE 29-2 Bleeding Academic Research Consortium 
Definition of Bleeding

Type	0:	no	bleeding
Type	1:	bleeding	that	is	not	actionable	and	does	not	cause	the	patient	to	
seek	unscheduled	performance	of	studies,	hospitalization,	or	treatment	
by	a	health	care	professional;	may	include	episodes	leading	to	self-
discontinuation	of	medical	therapy	by	the	patient	without	consulting	a	
health	care	professional
Type	2:	any	overt,	actionable	sign	of	hemorrhage	(e.g.,	more	bleeding	than	
would	be	expected	for	a	clinical	circumstance,	including	bleeding	found	
by	imaging	alone)	that	does	not	fit	the	criteria	for	type	3,	4,	or	5	but	does	
meet	at	least	1	of	the	following	criteria:	(1)	requiring	nonsurgical,	medical	
intervention	by	a	health	care	professional,	(2)	leading	to	hospitalization	or	
increased	level	of	care,	or	(3)	prompting	evaluation
Type	3

Type	3a
	 •	 	Overt	bleeding	plus	hemoglobin	drop	of	3	to	<5	g/dL	(provided	

hemoglobin	drop	is	related	to	bleed),	corrected	for	transfusion
	 •	 	Any	transfusion	with	overt	bleeding

Type	3b
	 •	 	Overt	bleeding	plus	hemoglobin	drop	≥5	g/dL	(provided	hemoglobin	

drop	is	related	to	bleed),	corrected	for	transfusion
	 •	 	Cardiac	tamponade
	 •	 	Bleeding	requiring	surgical	intervention	for	control	(excluding	dental/

nasal/skin/hemorrhoid)
	 •	 	Bleeding	requiring	intravenous	vasoactive	agents

Type	3c
	 •	 	Intracranial	hemorrhage	(does	not	include	microbleeds	or	

	hemorrhagic	transformation,	does	include	intraspinal)
	 •	 	Subcategories	confirmed	by	autopsy	or	imaging	or	lumbar	 

puncture
	 •	 	Intraocular	bleed	compromising	vision
Type	4:	CABG-related	bleeding

Perioperative	intracranial	bleeding	within	48	h
Reoperation	after	closure	of	sternotomy	for	the	purpose	of	controlling	
bleeding
Transfusion	of	≥5	U	whole	blood	or	packed	red	blood	cells	within	a	 
48-h	period
Chest	tube	output	≥2	L	within	a	24-h	period

Type	5:	fatal	bleeding
Type	5a

	 •	 	Probable	fatal	bleeding;	no	autopsy	or	imaging	confirmation	but	
clinically	suspicious

Type	5b
	 •	 	Definite	fatal	bleeding;	overt	bleeding	or	autopsy	or	imaging	

confirmation

CABG,	coronary	artery	bypass	grafting.
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only NSTE-ACS patients and did not include treatment vari-
ables, so that site-level bleeding outcomes could be bench-
marked and allow for process changes to reduce bleeding 
risk at centers with high bleeding rates. Using 71,277 patients 
as the development data set and 17,857 patients as the 
 validation data set, the investigators identified eight inde-
pendent predictors of major bleeding (defined according 
to the registry; see Table 29-1). These risk indicators included 
baseline hematocrit, baseline creatinine clearance, baseline 
heart rate, female sex, heart failure at presentation, base-
line systolic blood pressure, previous vascular disease, and 
diabetes mellitus. The c-indices in the development and 

validation cohorts were 0.72 and 0.71, respectively. Similar to 
the ACUITY bedside risk score, the investigators developed 
the “CRUSADE” bleeding risk score (available at http://www. 
crusadebleedingscore.org), which showed an increase in 
the predicted probability as the score increased.

These published models share certain predictors of bleed-
ing, namely, chronic kidney disease, anemia, and female sex 
(Table 29-3). Chronic kidney disease likely predisposes to 
bleeding through reduced clearance of antithrombin agents 
(especially those that are predominantly renally cleared) 
and platelet dysfunction. Anemia is likely a marker of occult 
bleeding that may be exacerbated in the setting of aggressive 

 Add to
 score

Gender Male Female
 0 +8

Age (years) <50 50–59 60–69 70–79 ≥80
 0 +3 +6 +9 +12

Serum creatinine (mg/dL) <1.0 1.0– 1.2– 1.4– 1.6– 1.8– ≥ 2.0
 0 +2 +3 +5 +6 +8 +10

White blood cell count <10 10– 12– 14– 16– 18– ≥20
  (× 109) 0 +2 +3 +5 +6 +8 +10

Anemia No Yes
 0 +6

Presentation STEMI NSTEMI - Raised biomarkers NSTE-ACS - Normal
 +6 +2 biomarkers
   0

Antithrombotic medications Heparin plus a GPI Bivalirudin monotherapy
 0 –5
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FIGURE 29-1 An integer risk score for non–coronary artery bypass graft (CABG)–related major bleeding within 30 days of patient presentation with acute 
 coronary syndrome (ACS) and distribution of the risk score with subsequent probability of non-CABG—related major bleeding.	The	study	sample	includes	17,421	
patients	 from	 the	 randomized	 ACUITY	 and	 HORIZONS-AMI	 clinical	 trials.	GPI,	 Glycoprotein	 IIb/IIIa	 receptor	 inhibitor;	NSTEMI,	 non–ST-elevation	myocardial	 infarction;	 STEMI, 
	ST-elevation	myocardial	infarction.	(From Mehran R, et al: A risk score to predict bleeding in patients with acute coronary syndromes. J	Am	Coll	Cardiol 55:2556–2566, 2010.)

http://www.crusadebleedingscore.org
http://www.crusadebleedingscore.org
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antithrombotic therapy. In addition, baseline anemia may  
increase the likelihood of blood transfusion, which is an 
 element of the bleeding definition in many studies (see 
Table 29-1). The mechanism underlying the association 
between female sex and higher bleeding risk has yet to be 
elucidated. Women presenting with ACS are more likely to 
be older, to have lower body mass, and to have impaired 
renal function. As such, overdosing of antithrombotic medi-
cations may be responsible for some degree of the increased 
risk (see the section on Preventive Strategies); however, this 
does not appear to fully explain the apparent independent 
 association. Further research is needed to understand if 
there are reversible causes of bleeding in women with ACS.

BLEEDING COMPLICATIONS AND OUTCOMES

Associated Clinical and Nonclinical 
Outcomes
Clinical Outcomes
Several studies describe an association between bleed-
ing (regardless of definition) in the ACS population and 
adverse outcomes, including death, MI, stroke, unplanned 
revascularization, and stent thrombosis. One of the earliest 
studies in ACS was published by Moscucci and colleagues, 
who examined the GRACE registry.16 Of 24,045 patients with 
ACS (including unstable angina, NSTEMI, and STEMI), 3.9% 
had a bleeding event (4.8% in STEMI, 4.7% in NSTEMI, and 
2.3% in unstable angina). Similar to previous studies, older 
age, female sex, renal insufficiency, and history of  bleeding 
were associated with an increased risk of bleeding. After 
adjustment for potential confounders, major bleeding as 
defined by the GRACE registry was associated with higher 
in-hospital mortality. Intermediate term outcomes have 

been examined in a variety of studies using different bleed-
ing definitions. In an analysis by Rao and colleagues that 
examined 26,452 ACS patients enrolled in the PURSUIT, 
PARAGON B, and GUSTO IIb trials, there was a stepwise 
increase in risk between GUSTO bleeding severity and 
30-day and 6-month death.17 Other studies by Eikelboom 
and colleagues,18 Manoukian and colleagues,19 and Segev 
and colleagues20 describe a significant association between 
the OASIS, ACUITY, and the Canadian ACS definitions of 
major bleeding in ACS patients and adverse short- and long-
term outcomes, including stroke and stent thrombosis. With 
respect to a “standardized” definition, Ndrepepa and col-
leagues examined the association between BARC-defined 
bleeding and 1-year mortality and found that BARC type 
2 or greater bleeding was associated with a significantly 
higher 1-year mortality compared with type 0 (no bleeding), 
with an adjusted hazard ratio of 2.72.21

Because of the slight differences in bleeding definitions 
across studies, it is tempting to compare the prognostic 
impact of various scales. Rao and colleagues examined 
15,898 patients from two ACS clinical trials that used both 
the GUSTO and TIMI definitions of bleeding to categorize 
bleeding severity.22 When applied separately, each scale 
identified patients as having had bleeding events that were 
missed by the other scale. In addition, both GUSTO and TIMI 
bleeding were associated with an increased risk for 30-day 
death or MI when examined separately. When both defini-
tions were included in the same model, increasing GUSTO 
bleeding severity was associated with a stepwise increase in 
the adjusted hazard of death or MI, whereas TIMI bleeding 
was no longer correlated with outcomes. These data suggest 
that data elements reflecting clinical events may have more 
prognostic value than laboratory-based measures; however, 
this study, as well as others, demonstrated that clinically 

TABLE 29-3 Predictors of Bleeding from Selected Bleeding Prediction Risk Scores

DATA 
SOURCE

NCDR CATH-PCI 
REGISTRY ACTION-GWTG REGISTRY

ACUITY + HORIZONS MI 
CLINICAL TRIAL DATA

BLUE CROSS-BLUE SHIELD 
CONSORTIUM REGISTRY*

Population PCI ACS ACS	undergoing	PCI PCI

Risk Factors

Age X X X

Sex X X X

Weight/BMI BMI Weight Height	and	weight

Renal Chronic	kidney	disease Baseline	creatinine Baseline	creatinine Baseline	creatinine

Pre-existing	
anemia

Baseline	hemoglobin Baseline	hemoglobin Anemia —

Presentation 	•	 	STEMI
	•	 	Shock
	•	 	Cardiac	arrest	within	

24	h	of	PCI

	•	 	Systolic	blood	pressure
	•	 	Admission	heart	rate
	•	 	Heart	failure/shock	on	admission
	•	 	ECG	changes

NSTEMI or STEMI 	•	 	CAD	presentation
	•	 	Anginal	classification
	•	 	Heart	failure	within	previous	2	wks
	•	 	Cardiogenic	shock	in	24	h	before	PCI
	•	 	Pre-procedure	cardiac	markers	 

(CK-MB,	troponin	I/T)

History Previous	PCI 	•	 	Diabetes	mellitus
	•	 	Peripheral	artery	disease

	•	 	Diabetes	mellitus
	•	 	Chronic	lung	disease

Interventions Urgent	or	emergent/
salvage	PCI

— — —

Medications — Warfarin	use Unfractionated	heparin	+	
glycoprotein	IIb/IIIa	inhibitor

—

Other — — White	blood	cell	count —

ACS,	Acute	coronary	syndrome;	BMI,	body	mass	index;	CAD,	coronary	artery	disease;	CK-MB,	creatine	kinase-myocardial	band;	ECG,	electrocardiography;	NSTEMI,  
non–ST-elevation	myocardial	infarction;	PCI,	percutaneous	coronary	intervention.
*Outcome	is	in-hospital	blood	transfusion.
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overt bleeding that results in a decrease in hemoglobin is 
also associated with adverse outcome.

Cost of Care
In the setting of ACS, bleeding complications are also 
 associated with increased costs of care. Rao and colleagues 
examined data from the economic substudy of the GUSTO 
IIb trial, which included 1235 patients from the United States, 
and found that hospital length of stay and costs increased as 
bleeding severity increased.23 After adjustment for baseline 
differences among patients, each bleeding event was associ-
ated with a $3770 increase in costs, and each transfusion 
event was associated with a $2080 increase. Interestingly, 
when recurrent MI and bleeding were considered separately, 
patients who experienced a bleeding event incurred more 
costs than those who incurred a recurrent MI. Those who 
experienced both had the highest costs.

Potential Mechanisms of Bleeding and 
Increased Mortality
It is important to note that the associations between bleed-
ing and outcomes come from post hoc observational analy-
ses of clinical trial data or registry data. As such, assigning 
causality is problematic. Certainly, intracranial hemorrhage 
or frank exsanguination can lead directly to death, but such 
severe bleeding events are exceedingly rare in the contem-
porary era of ACS management. More commonly, in-hospital 
bleeding consists of procedure-related bleeding (e.g., access 
site hematomas), or on occasion, gastrointestinal bleeding. 
Bruising or ecchymoses generally characterizes bleeding 
during long-term outpatient therapy with dual antiplatelet 
therapy. It is difficult to ascribe a direct causal link between 
these types of bleeding events and subsequent mortality. 
Therefore, other mechanisms must be involved. Figure 29-2 
shows the potential mechanism underlying the association 

between bleeding and adverse outcomes. First, confounding 
must be considered; patients in these data sets who develop 
bleeding complications are fundamentally different from 
those who do not in both measured and unmeasured ways. 
Even the most robust statistical adjustment is unlikely to 
account for these confounders. Second, bleeding complica-
tions likely lead to discontinuation of secondary prevention 
therapies. Third, there may be an independent role of blood 
transfusion on outcomes that is distinct from bleeding. 
Finally, chronic blood loss during the post-hospitalization 
period can result in anemia, which may compromise oxy-
gen delivery to the myocardium, resulting in an increased 
risk for recurrent myocardial infarction.

Discontinuation of Antithrombotic Therapies
ACS patients who experience bleeding complications are 
more likely to have secondary prevention therapies discon-
tinued. In an analysis of the GRACE registry, Spencer and col-
leagues found that patients who developed in-hospital major 
bleeding were less likely to have received aspirin (ASA), 
thienopyridines, and parenteral antithrombin therapy.24 This 
difference in the use of guideline-directed medical therapies 
was estimated to account for a significant proportion of the 
increased risk for in-hospital mortality. Similarly, an analysis of 
ACS patients enrolled in the PREMIER registry demonstrated 
an association between in-hospital bleeding and lower use of 
ASA and thienopyridine at discharge.25 These patients were 
less likely to be re-started on therapy up to 1 year after hos-
pitalization, which may account for the correlation between 
in-hospital bleeding and subsequent stent thrombosis.

Anemia and Transfusions
As described previously, many bleeding definitions include 
the data element of red blood cell transfusion. The advan-
tage of incorporating transfusions into a definition is that 
it represents a discrete event that can be recorded with a 

Bleeding severity

Severe
(including ICH)

Moderate

Mild

Death

Hypotension
or shock

Blood
transfusion

Myocardial
infarction

Cessation of
DAPT

FIGURE 29-2 Potential mechanisms underlying the relationship between bleeding complications and mortality.	Blood	transfusion	is	associated	with	reduced	nitric	
oxide	levels,	reduced	tissue	oxygenation,	and	platelet	aggregation	and	may	directly	contribute	to	the	risk	of	adverse	outcomes.	DAPT,	Dual	antiplatelet	therapy.	ICH,	intracerebral	
hemorrhage.	(From Rao SV: The conundrum of reducing ischemic and bleeding events after PCI. J	Am	Coll	Cardiol 65:1421–1423, 2015.)
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date and time. The disadvantage is that clinical practice 
may dictate the use of transfusion even in the absence of  
clinically overt bleeding. Moreover, there may be an inde-
pendent association beyond bleeding between transfusion 
and adverse outcomes among patients with ischemic heart 
 disease. Several observational studies have shown this asso-
ciation,26,27 and adequately powered prospective random-
ized trials of transfusion thresholds in the ACS population are 
lacking. Mechanistically, transfusion may affect myocardial 
oxygenation by limiting oxygen delivery to already ischemic 
myocardial tissue. In the setting of hypoxia, oxygen delivery 
is maintained through compensatory vasodilation. This vaso-
dilatory response may be attenuated in coronary vessels 
that have significant stenosis, and in response, the heart rate 
increases as a further compensatory response. Increased 
heart rate in the setting of ACS increases oxygen demand, 
and although transfusion may seem to increase oxygen 
delivery, preclinical studies indicate that stored red blood 
cells are devoid of nitric oxide and 2,3 diphosphoglycerate, 
further augment vasoconstriction, and do not increase tissue 
oxygenation. Two small prospective randomized pilot trials 
compared transfusion strategies in ACS. Both studies com-
pared a threshold of 8 g/dL (hematocrit 24%) versus 10 g/dL 
(hematocrit of 30%) and came to different conclusions. The 
CRIT-Pilot trial randomized 65 patients with ACS and found 
that a liberal transfusion strategy (i.e., transfusion for a hema-
tocrit ≤30%) resulted in a higher rate of in-hospital death, 
recurrent MI, or new or worsening heart failure compared 
with a conservative strategy (liberal 38% vs. restrictive 13%;  
P = .046).28 In contrast, in the MINT Pilot trial, which random-
ized 110 patients with ACS and a hemoglobin of less than  
10 g/dL, a liberal transfusion strategy resulted in a lower rate 
of 30-day death, MI, or unplanned revascularization (10.9% 
vs. 25.5%; P = .054).29 In addition, the rate of 30-day death was 
lower in those assigned to the liberal strategy (1.8% vs. 17%; 
P = .032). Because of the disparity between the observational 
and randomized studies, an appropriately powered prospec-
tive randomized trial is needed to guide practice. Until then, 
the mechanistic studies of transfusion and oxygen delivery 
suggest that red blood cell transfusion should be avoided 
unless there are symptoms attributable to anemia (see section  
on Management of Bleeding Complications).

Approximately 15% to 40% of hospitalizations in ACS 
patients are complicated by anemia.30 Anemia, which is 
defined by the World Health Organization as a hemoglo-
bin less than 13 g/dL, is an independent predictor of major 
adverse cardiovascular events (MACEs) and mortality in 
patients across the spectrum of ACS. The pathophysiology 
underlying poor outcomes in anemic ACS patients may be 
explained by the combination of reduced oxygen delivery 
to the already hypoxic myocardium and the high myocardial 
oxygen demand secondary to the compensatory increases 
in heart rate and stroke volume. These compensatory mech-
anisms can result in a deleterious disparity between myo-
cardial oxygen supply and demand.

MANAGEMENT OF BLEEDING 
COMPLICATIONS

Once a bleeding complication develops, management 
depends on its severity and location. Mild bleeding events 
like bruising or ecchymoses can be managed conservatively 
without stopping antithrombotic therapy. For patients who 
have undergone invasive risk stratification or primary PCI 

for STEMI, vascular access site bleeding complications can 
range from superficial hematomas to arteriovenous fistulae 
and arterial pseudoaneurysms to more severe complica-
tions like retroperitoneal hematomas. Superficial access site 
hematomas can be managed with local compression. Most 
arteriovenous fistulae formed as a complication of percuta-
neous femoral arterial access are not hemodynamically sig-
nificant and close spontaneously. Arterial pseudoaneurysms 
can occur with either femoral, brachial, or radial artery 
access, and most will resolve without specific treatment if 
they are less than 2 cm. For larger pseudoaneurysms, ultra-
sound-guided compression or ultrasound-guided thrombin 
injection may be necessary. In rare cases of extremely large 
pseudoaneurysms, surgical ligation is needed. Radial artery 
pseudoaneurysms almost always resolve with prolonged 
compression using a radial hemostatic band. In all of these 
situations, continuation of dual antiplatelet therapy is appro-
priate. However, for retroperitoneal hematomas, cessation of 
antithrombotic therapy may be necessary to reduce persis-
tent bleeding. Although rare, retroperitoneal hematomas are 
associated with mortality because of the large volume of 
blood that can accumulate in the retroperitoneal space in 
an occult fashion.

Nonaccess-site bleeding most commonly occurs from 
the gastrointestinal tract. For bleeding events that are mild 
or not associated with hemodynamic compromise, continu-
ation of dual antiplatelet therapy may be appropriate while 
the source of bleeding is investigated. However, for hemo-
dynamically significant gastrointestinal bleeding, cessation 
of antithrombotic therapy is reasonable until the bleeding 
source is identified and definitively treated. Intravenous pro-
ton pump inhibitors are useful to minimize bleeding and 
prevent recurrences.31 Antithrombotic therapy, especially 
dual antiplatelet therapy, should be restarted as soon as pos-
sible after the bleeding event has resolved.

Bleeding events that occur during ACS hospitalization 
or during PCI (e.g., coronary artery perforation) when anti-
thrombin agents are being administered may require reversal 
of the anticoagulant effect. For indirect thrombin inhibitors 
like unfractionated heparin and enoxaparin, protamine sul-
fate is useful to reverse the anticoagulation. Protamine fully 
reverses unfractionated heparin and reverses 60% to 80% of 
the effect of enoxaparin. The small molecule glycoprotein 
IIb/IIIa inhibitors epitifbatide and tirofiban have short half-
lives of 2.5 to 3 hours and 2 hours, respectively. Abciximab, 
which is a murine monoclonal antibody against the glyco-
protein IIb/IIIa receptor, has a very short initial plasma half-
life of only 10 minutes, but its high affinity for binding with 
platelets causes it to remain platelet-bound in the circulation 
for up to 15 days. Platelet function recovers over 48 hours 
after bolus administration. Because abciximab has a short 
plasma half-life (but a longer biological half-life), platelet 
transfusion can mitigate its antiplatelet effect because little 
of the drug is present in plasma.

PREVENTIVE STRATEGIES

Because options for management are limited and rooted 
in discontinuation of antithrombotic therapy, prevention 
of bleeding complications is essential to achieving the 
best outcomes in ACS. Preventive strategies fall broadly 
into three categories: appropriate dosing and use of anti-
thrombotic therapies; use of targeted anticoagulants; and 
vascular access strategies (Table 29-4). In many patients,  
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a combination of these approaches may result in the lowest 
bleeding risk.

Dosing and Selection of Antithrombotic 
Therapies
In the hospital setting, inappropriate administration and 
dosing of antithrombotic, antiplatelet, and glycoprotein IIb/
IIIa inhibitor therapy has been implicated as a preventable 
cause of bleeding among ACS patients. An analysis from 
the CRUSADE registry of ACS patients reported that 42% of 
patients received at least one excess dose of antithrombotic 
agent during their hospitalization.32 Excess dosing of an 
antithrombotic agent was directly associated with increased 
rates of bleeding and prolonged length of hospital stay. Risk 
factors for receiving excessive doses of unfractionated hepa-
rin, low–molecular-weight heparin, or glycoprotein IIb/IIIA 
inhibitors included advanced age, female sex, low body 
weight, diabetes mellitus, and heart failure. The authors 
reported that 15% of major bleeding events in ACS patients 
were preventable with proper bleeding risk assessment and 
proper administration of anticoagulants. In women, excess 
dosing may account for up to 25% of the bleeding risk.33 In 
this context, it is important to carefully adjust the doses of 
renally cleared agents, such as eptifibatide and low–molec-
ular-weight heparins, in patients with renal insufficiency; 
dosing of intravenous unfractionated heparin should be 
weight-based and apt values should be maintained in the 
range of 50 to 70 seconds.

In the long-term treatment phase of ACS management, 
reduction of bleeding risk depends on using low-dose ASA 
and avoiding more potent P2Y12 inhibitors in patients with 
contraindications. In a post hoc analysis of 12,562 ACS 
patients enrolled in the CURE trial, Peters and colleagues 
described an increased incidence in major bleeding 
directly associated with ASA dose (ASA alone: dose 100 mg; 
1.9%, 101 to 199 mg; 2.8%, 200 mg; 3.7%; P = .0001; ASA + 
clopidogrel: dose 100 mg; 3.0%, 101 to 199 mg; 3.4%, 200 mg; 
4.9%; P = .0009).33a There was no significant effect of the ASA 
dose on efficacy. The only randomized trial of ASA dosing 
in ACS is the CURRENT-OASIS 7 trial.34 This trial compared 
high-dose (600 mg, followed by 150 mg/day for 7 days) with 
standard dose (300 mg followed by 75 mg/day) clopidogrel 
and high- versus low-dose ASA (300 to 325 mg/day vs. 75 to 
100 mg/day). At 30 days, there was no difference in efficacy 
or safety between the high- and low-dose ASA strategies.  

The effect of ASA dose on safety after 30 days was not 
assessed in the CURRENT trial, and until further data are 
available, it seems reasonable to lower doses of ASA 30 days 
after an ACS event to minimize the bleeding risk.35,36

Antiplatelet Agents and Urgent Coronary  
Artery Bypass Grafting
A major bleeding risk with clopidogrel use is the risk 
associated with coronary artery bypass surgery. Because 
 clopidogrel provides irreversible inhibition of the P2Y12 
receptor, its antiplatelet effect is reversed only when new 
platelets are generated. Therefore, studies have indicated an 
increased risk of surgical bleeding if CABG is  undertaken 
within 5 days of clopidogrel therapy.37 To minimize this risk, it 
is reasonable to wait 5 to 7 days after clopidogrel discontinu-
ation before proceeding with bypass surgery; importantly, 
there does not appear to be a risk of increased ischemic 
events during this waiting period.

More potent P2Y12 inhibitors are available for use in ACS 
patients and lead to greater platelet inhibition than clopido-
grel, and consequently, have higher bleeding risk. Prasugrel, 
a thienopyridine that provides greater inhibition of platelet 
aggregation compared with clopidogrel, was associated 
with an increased risk of CABG-related bleeding in the 
TRITON-TIMI 38 trial (see Chapter 19).38 Ticagrelor, a P2Y12 
inhibitor that reversibly binds to the receptor, also provides 
greater platelet inhibition than clopidogrel. In the PLATO 
trial, ticagrelor plus ASA was also more efficacious than 
clopidogrel plus ASA in patients with ACS,10 with a reported 
significant reduction in CABG-related bleeding. The pattern 
of CABG-related bleeding may be caused by the reversible 
nature of the P2Y12 inhibition of ticagrelor, but it is more 
likely that it is caused by differences in the applied defini-
tion of CABG-related bleeding and trial protocol. The PLATO 
trial mandated discontinuation of the study drug  several 
days before planned CABG, thus minimizing the risk for 
CABG-related bleeding. Prasugrel requires discontinuation 
at least 7 days and ticagrelor at least 5 days before CABG to 
minimize surgical bleeding risk.

Alternative Anticoagulant Strategies
Two anticoagulant agents, bivalirudin and fondaparinux, 
have been studied in the context of ACS and both have 
shown reductions in bleeding complications compared 
with the control strategy. Bivalirudin is a specific and direct 
inhibitor of thrombin with a half-life of only 25 minutes. With 
respect to bleeding complications, most of the random-
ized studies with bivalirudin-based strategies significantly 
reduced bleeding compared with heparin-based anticoag-
ulation. However, this effect is likely modulated by several 
factors: the proportion of patients in the control arm who 
received glycoprotein IIb/IIIa inhibitors, the dosing of hepa-
rin, the rate of radial access, and the definition of bleeding 
(see Chapter 17 and Chapter 18). Consideration may be 
given to use of bivalirudin and avoidance of glycoprotein 
inhibitors in patients at high risk of bleeding.

Fondaparinux is an indirect inhibitor of Factor Xa, with a 
plasma half-life of 17 to 21 hours that has not been approved 
in the United States for use in ACS, but it has been approved 
for this use in other countries (see Chapter 18). Fondaparinux 
reduced bleeding significantly compared with enoxaparin. 
A survival benefit associated with fondaparinux was evident 
at the 180-day follow-up period. Patients who experienced 
bleeding (across both treatment arms) represented most of 

TABLE 29-4 Strategies to Minimize Bleeding Risk

Pharmacological Appropriate	dosing	of	antithrombotic	medications
	•	 	Dosing	adjusted	for	renal	function	if	medication	

is	renally	cleared
	•	 	Dosing	of	unfractionated	heparin	to	maintain	

aPTT	50–70	sec
	•	 	Caution	with	potent	antiplatelet	agents	(prasug-

rel	contraindicated)	in	patients	age	≥75	yrs,	body	
weight	<60	kg,	previous	stroke	or	TIA

	•	 	Use	of	low-dose	(≤100	mg)	aspirin	during	
	long-term	therapy	with	dual	antiplatelet	therapy

Targeted	anticoagulants
	•	 	Fondaparinux*
	•	 	Bivalirudin

Vascular	access Radial	approach
Appropriate	positioning	of	femoral	arteriotomy

aPTT,	Activated	partial	thrombin	time;	TIA,	transient	ischemic	attack.
*Not	approved	for	treatment	of	acute	coronary	syndrome	in	the	United	States.
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the mortality difference. These results supported that these 
pharmacological strategies associated with a reduction in 
bleeding risk were also associated with improved survival.

Radial Artery Access
Because a large proportion of ACS patients undergo invasive 
risk stratification and PCI, vascular access management in 
ACS is an important bleeding avoidance strategy (see also 
Chapter 17). Careful attention to femoral arteriotomy by 
using femoral head fluoroscopy can reduce access site com-
plications. An alternative is to use the radial artery approach 
for PCI, which is associated with a substantial reduction 
in bleeding and vascular complications. Importantly, this 
reduction in complications appears to be consistent even 
compared with a femoral arterial approach with vascular 
closure devices. A recent meta-analysis of randomized tri-
als that included more than 760,000 patients from both ran-
domized and observational studies demonstrated a strong 
association between the radial approach and decreased 
vascular complications.39 In the setting of ACS, the radial 
approach has been suggested to reduce mortality in some 
subsets of patients undergoing PCI. In the RIVAL trial of ACS 
patients randomized to radial or femoral access, the radial 
approach did not reduce the primary endpoint of 30-day net 
adverse cardiovascular events (NACE), which were defined 
as death, MI, stroke, or major bleeding (defined according to 
the CURRENT trial definition).13 However, it did significantly 
reduce major vascular access site complications and in the 
subgroup of patients with STEMI, the radial approach was 
associated with reduced mortality.

The MATRIX Trial randomized 8404 patients with ACS 
(4394 NSTE-ACS, 4010 STEMI) who were undergoing 
 angiography or PCI to radial or femoral access.2 There were 
two primary endpoints: 30-day MACE, which was defined as 
death, MI, or stroke; and 30-day NACE, which was defined as 
MACE plus major bleeding (defined as BARC type 3 or 5).  
The radial approach did not significantly reduce MACE, but 
did significantly reduce NACE by 17% (P = .0092). In addi-
tion, all-cause mortality was significantly lower with the 
radial approach (1.6% vs. 2.2%; P = .045). The differences 
in outcomes between RIVAL and MATRIX may be because 
of differences in the bleeding definitions and potentially 
improved transradial techniques that improved procedure 
success in the years between the RIVAL and MATRIX trials. 
In the setting of primary PCI for STEMI, the RIFLE-STEACS 
trial randomized 1001 patients to the radial or the femoral 
approach. Similar to the MATRIX trial, the radial approach 
significantly reduced 30-day NACE, major bleeding, and 
mortality.40

SUMMARY

Advances in the management of ACS have led to significant 
improvements in ischemic outcomes. However, this benefit 
has been balanced by an increased risk for bleeding and 
blood transfusion. Variability in bleeding definitions across 
clinical trials makes it difficult to compare the risks of dif-
ferent therapies; however, it is evident that there is an asso-
ciation between bleeding and blood transfusion and an 
increased risk of adverse events, including death, MI, stroke, 
and stent thrombosis. Although the mechanisms underly-
ing this association are varied and incompletely under-
stood, it is clear that antithrombotic medications are often 

discontinued in patients who develop even mild bleeding 
complications. Therefore, prevention of bleeding is a prudent 
approach. Patients at high risk for bleeding complications, 
such as older adults, women, and those with renal dysfunc-
tion should be identified as requiring strategies to minimize 
bleeding risk. When an invasive strategy is employed, con-
sideration should be given to the use of the radial artery 
approach. In addition, careful dosing of antithrombotic and 
antiplatelet therapies is essential. Antithrombotic therapy 
should be selected on the basis of an understanding of the 
patient’s bleeding and thrombotic risk. Bleeding avoidance 
strategies like these are fundamental to achieving the best 
outcomes in ACS.
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INTRODUCTION

Noninvasive testing after presentation with acute myocardial 
infarction (MI) plays an essential role in patient management. 
Noninvasive testing complements clinical assessment of risk 
stratification and can be used to aid management decisions. 
The major purposes of testing are measurement of left ventricu-
lar (LV) function in nearly all patients and assessment of isch-
emic burden, primarily among low-risk patients who are initially 
treated conservatively, to identify potential candidates for coro-
nary angiography or nonculprit vessel revascularization.1–4 The 
most commonly used tests include resting echocardiography, 
standard stress testing with electrocardiography (ECG) alone, 
stress imaging with nuclear myocardial perfusion imaging (MPI) 
or echocardiography, and increasingly, resting and stress cardiac 
magnetic resonance imaging (CMR). The use of these tests is 
related to the temporal evolution of the MI. Early imaging (within 
the first 72 hours) is performed predominantly with resting echo-
cardiography; intermediate testing (day 3 to 6 weeks) uses the 
standard stress test or stress imaging; and late imaging (beyond 
6 weeks) is performed with any of the techniques in selected 
patient subsets to measure LV ejection fraction (LVEF) after stun-
ning has resolved for assessment of implantable cardiac defibril-
lator (ICD) consideration and for viability assessment.

In this chapter, we discuss the role of noninvasive testing 
after MI, patient selection, and considerations for choosing 
among the alternatives for noninvasive testing. Each modality 
is discussed in detail elsewhere in the text. Echocardiography is 
reviewed in Chapter 31, MPI in Chapter 32, and CMR in Chapter 
33. Although computed tomographic angiography (CTA) is 
playing an increasingly important role in the early evaluation 
of the patient with acute chest pain in the emergency depart-
ment (see Chapter 9), CTA currently is not widely used in 
patients with confirmed MI and is not discussed in this chapter.

PATHOPHYSIOLOGY OF MYOCARDIAL 
INFARCTION AS THE BASIS FOR 
NONINVASIVE TESTING

The pathophysiology of acute MI is discussed in detail in 
Chapter 3 and Chapter 4. Understanding the pathophysiology 

establishes the foundation for appreciating the rationale 
behind noninvasive testing. The amount of myocardium that 
is jeopardized by occlusion of a coronary artery is referred 
to as myocardium at risk (see Chapter 24). This is the amount 
of myocardium that is expected to become scarred in the 
absence of spontaneous reperfusion or treatment with reper-
fusion therapy. The amount of myocardium that ultimately 
turns into scar is referred to as the final infarct size. The dif-
ference between myocardium at risk and final infarct size is 
labeled myocardial salvage. Both final infarct size and myo-
cardial salvage reflect, in part, the efficacy of reperfusion ther-
apy (see Chapter 13). These measurements can be quantified 
by nuclear MPI or CMR techniques. This type of imaging has 
been applied as a surrogate endpoint in numerous research 
studies that have compared different reperfusion strate-
gies or have examined the efficacy of new MI therapies.5,6 
Measurement of myocardial salvage is somewhat logistically 
demanding and has not been shown to directly affect patient 
management; therefore, such measurements are not com-
monly performed in clinical practice. MI results in worsening 
wall motion in the infarct zone and commonly compensa-
tory hyperkinesia in noninfarct zones (see Chapter 36). After 
spontaneous reperfusion or reperfusion therapy, partial or 
complete recovery may ensue in the motion of these stunned 
segments. The duration for resolution of stunning and reso-
lution of compensatory hyperkinesia in noninfarct zones is 
highly variable and occurs within days up to 6 weeks.

Two of the most important prognostic variables in patients 
with acute MI are global LV function and the extent of coro-
nary artery disease (CAD).1–4 Measurement of these vari-
ables is a primary objective of noninvasive testing after MI. 
Global LV function is most commonly expressed as the LVEF. 
Current professional society practice guidelines recom-
mend measurement of LVEF in all patients with ST-elevation 
MI (STEMI)1,2 and recognize the relationship with the prog-
nosis among patients with non–ST-elevation MI (NSTEMI).3,4 
LVEF and regional wall motion can be measured in the 
catheterization laboratory by contrast ventriculography or 
by noninvasive methods. These measurements are increas-
ingly being obtained noninvasively. Other indices of global 
LV structure and/or function, including end-diastolic and 
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end-systolic volumes, wall motion score index, and diastolic 
function can also be measured, but these generally do not 
provide any incremental knowledge for patient manage-
ment beyond that provided by LVEF. Because of the effects 
of stunning, repeated measurement of LVEF beyond 40 days 
may be required in selected patients, particularly those 
being considered for ICDs. Some patients with reduced LVEF 
undergo progressive enlargement of the LV, a process termed 
remodeling (see Chapter 36). Remodeling is associated with 
higher mortality and greater risk of future development of 
heart failure. Angiotensin-converting enzyme (ACE) inhibi-
tors and angiotensin receptor blockers can favorably affect 
remodeling. An important reason to measure LVEF early in 
the course of acute MI is to identify patients who are candi-
dates for these medications and aldosterone antagonists.1,2

Noninvasive testing can approximate the extent of CAD 
and its functional significance. In patients with MI who are 
initially treated conservatively and do not undergo early cor-
onary angiography, stress testing can be performed to iden-
tify patients who are candidates for coronary angiography 
and possible revascularization. Moreover, noninvasive test-
ing may be useful for assessing the functional significance 
of residual CAD after an initial revascularization of the cul-
prit artery (see Chapter 17).

RATIONAL USE OF NONINVASIVE TESTING

Noninvasive testing should be viewed as an adjunct to clini-
cal assessment for risk stratification and to aid in management 
decisions. Accurate risk assessment begins with clinical assess-
ment of risk, which can be aided by calculating a clinical risk 
score (see Chapter 11). Clinical variables and the ECG can also 
be used to estimate LVEF.7 This clinical estimate can occasion-
ally suffice for adequate risk assessment in selected patients 
without the need for further evaluation. In general, testing is 
least helpful for aiding clinical management at the two ends of 
the risk spectrum, in patients either at low or at high risk based 
on prognostic information that is already available. For instance, 
a young patient who presents early with first MI, and at angiog-
raphy has single vessel right or circumflex CAD treated with 
successful PCI followed by an uncomplicated hospital course, 
also has a very high likelihood of a normal LVEF. Although 
measurement of LVEF is categorized as a class I indication in 
STEMI guidelines,1,2 the measurement reasonably could be 
avoided in this patient example, because of the high likelihood 
of normal LVEF on the basis of clinical assessment. At the other 
end of the risk spectrum, there are an increasing number of 

patients with end-stage CAD who are living longer and present 
with multiple MIs during their lifetime. If previous evaluation 
has demonstrated that coronary anatomy is not amenable to 
further revascularization, or if LVEF is severely reduced, and the 
patient is already taking an ACE inhibitor and has an ICD, there 
is little to be gained from noninvasive testing. Testing should 
be performed only when the results are likely to affect clinical 
management and in a cost-effective manner. Redundant testing 
should be avoided. If a patient undergoes left ventriculography 
as part of the early catheterization procedure, performance of 
echocardiography generally is not necessary.

NONINVASIVE TESTING ACCORDING TO 
TEMPORAL SEQUENCE OF MYOCARDIAL 
INFARCTION EVOLUTION

The time course of recovery after MI can be separated into 
three general phases: early (within 72 hours); intermediate 
(day 3 to week 6); and late (beyond 6 weeks). These phases 
provide a useful framework in which to consider the goals 
and alternatives for noninvasive testing (Table 30-1). Resting 
echocardiography is the most commonly performed test in 
the early phase (Figure 30-1). The major goal is to provide infor-
mation on LVEF and regional wall motion. Echocardiography 
(see Chapter 31) can also identify mechanical complications 
of MI (see Chapter 26) and aid in the recognition of condi-
tions that mimic MI (see Chapter 6). Early submaximal stress 
testing (usually performed between days 3 and 5 and before 
hospital discharge) with or without imaging is performed pri-
marily in the subset of low-risk patients who do not undergo 
early coronary angiography for risk stratification (Figure 30-2). 
Delayed symptom-limited stress testing (usually between 3 
and 6 weeks) can be helpful to guide additional revascular-
ization decisions in patients who undergo early angiography 
and have evidence for significant CAD in vessels other than 
the infarct-related artery (see Figure 30-2). Delayed imaging 
(beyond 40 days) with any of the imaging techniques can be 
performed in selected patients primarily for two major pur-
poses: measurement of LVEF to determine eligibility for ICD 
and assessment of viable myocardium (Figure 30-3).

Early Imaging (Within 72 Hours) After 
Myocardial Infarction
Resting Echocardiography
The mainstay of early imaging is resting echocardiogra-
phy.1,2,8 Echocardiography (see also Chapter 31) possesses 

TABLE 30-1 Time Course and Imaging Strategies after Myocardial Infarction

TIME MAIN MODALITY* GOAL IMPACT ON MANAGEMENT

Early (≤2 h) Resting echo
(MUGA or CMR)

Measure global and regional LV function
Identify MI complications
Identify conditions mimicking MI

Use of ACE inhibitor, ARB, aldosterone antagonist
Selection of revascularization strategy
Appropriate treatment for identified condition

Intermediate (days 3–5)
Intermediate (weeks 3–6)

Submaximal stress test†

Symptom limited stress test†
Assess residual ischemic burden
Same as submax test (if not performed).
Assess ischemia related to the noninfarct artery‡

Identify pts for cor angio
Identify pts for cor angio
Select pts for additional PCI/CABG

Late (≥40 days) Echo (MUGA or CMR)
Nuclear PET or CMR (echo)

Measure LVEF (after stunning resolves)
Assess myocardial viability

Eligibility for ICD
Revascularization (usually CABG)

ACE, Angiotensin-converting enzyme; ARB, angiotensin receptor blocker; CABG, coronary artery bypass graft; CMR, cardiac magnetic resonance imaging; ICD, implantable 
cardiac defibrillator; LV, left ventricular; LVEF, left ventricular ejection fraction; MI, myocardial infarction; MUGA, multigated analysis; PCI, percutaneous coronary intervention; 
PET, positron emission tomography.
*The generally preferred and most commonly applied modality is shown first. Modalities listed in parentheses indicate secondary choices.
†Selection between a standard stress test and stress imaging is based primarily upon ability to exercise and interpretability of the electrocardiogram.
‡If testing is performed to assess ischemia in the noninfarct vessel, stress imaging is recommended over standard stress testing.
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certain advantages over other imaging modalities, including 
its more widespread availability and portability. There are 
essentially no contraindications to the performance of an 
echocardiogram. Transthoracic echocardiography provides 
a comprehensive cardiac assessment that encompasses 
global and regional LV systolic function, global right ven-
tricular function, chamber sizes, wall thickness, LV diastolic 
function, valve status, estimated right ventricular systolic 
pressure, and pericardial fluid and thickness. Myocardial 
contrast can be administered to enhance image quality in 
patients with technically poor images. When clinically nec-
essary, resting echocardiography can be performed at the 
patient’s bedside. Transesophageal echocardiography pro-
vides an alternative to transthoracic echocardiography in 
critically ill patients who may have limited acoustic windows 
because of chest bandages or for other reasons. Performance 
of transesophageal echocardiography solely to assess car-
diac function is an uncommon indication. Transesophageal 
echocardiography has particular use in the assessment of 
the thoracic aorta and main pulmonary arteries to diagnose 
conditions that can mimic MI. Myocardial strain imaging 
represents a newer method of assessing systolic function, 
but its incremental clinical value over routine measurement 
of LVEF and regional wall motion assessment remains to 
be determined. Myocardial contrast echocardiography with 
microbubbles has been used to assess myocardial perfusion, 
but this technique is not commonly performed clinically.

The major reason for performing resting echocardiogra-
phy early in the course of MI is measurement of LVEF (see 
Figure 30-1).1,2 Knowledge of LVEF can influence medical 
decision-making. ACE inhibitors and aldosterone antago-
nists are class I guideline recommendations in patients with 

reduced LVEF1,2 (see Chapter 13 and Chapter 25). Knowledge 
of LVEF may also influence selection of a specific revascu-
larization procedure, particularly in patients with NSTEMI 
(see Chapter 16). For NSTEMI, or stabilized patients after 
STEMI, coronary artery bypass grafting (CABG) is preferred 
instead of multivessel PCI in patients with multivessel CAD 
if the LVEF is reduced. Assessment of regional wall motion 
can also provide an estimate of infarct size. Global LV func-
tion can also be measured as a wall motion score index, 
which is determined as the summation of regional wall 
motion in multiple LV segments. Some studies suggest that 
this measurement is a more accurate predictor of outcome 
than LVEF.8

A second reason to perform early echocardiography is 
to aid in the identification of conditions that can mimic 
acute MI (see Figure 30-1), including pulmonary embolus, 
aortic dissection, myocarditis and/or pericarditis, and 
apical ballooning syndrome (see Chapter 6). All of these 
conditions can present with chest discomfort, ischemic-
appearing ECG changes, and elevated troponin. Because 
these conditions occur much less frequently than MI, 
there is a higher likelihood that they will be misdiagnosed 
initially. Echocardiography can provide clues to the pres-
ence of these conditions. The echocardiographic findings 
are not always definitive, and additional imaging proce-
dures are commonly necessary to confirm the alternative 
diagnosis.

A third major reason to perform early echocardiogra-
phy is to identify complications of acute MI (see Figure 
30-1), including LV thrombus; right ventricular infarction; 
pericardial effusion, especially when associated with 
tamponade; rupture of the LV free wall, papillary muscle, 

Preferred

Time frame

Primary goals

Test selection

Early phase imaging (0–3 days)

Assess LVEF Structural complications Alternative diagnoses

TTE TTE TTE TEE

TEE CMR CMR CMR

MUGA

If inadequate quality or
additional information is needed

Simultaneously assess
myocardium at risk

Alternative when acoustic windows
are limited and CMR is not available

Strength lies in tissue
characterization

If suspected
acute aortic disease

Most comprehensive structural
evaluation
– Extent of infarction
– Age of infarction
– RV infarction
– Apical thrombi

Favored by availability
for 1st step in evaluation;
Favored for
– Acute MR, VSD
– Tamponade

Reasonable 1st

line imaging

FIGURE 30-1 Imaging options in the acute phase of treatment in the setting of acute coronary syndrome. Echocardiography remains the mainstay. Cardiac MRI 
(CMR) is an evolving technology that is developing applications in this setting, but it remains limited by availability. Mulitgated analysis (MUGA) is applied in selected patients. 
LVEF, Left ventricular ejection fraction; MR, mitral regurgitation; RV, right ventricular; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography; VSD, ventral 
septal defect.
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or interventricular septum; and valvular heart disease,  
especially new ischemic mitral regurgitation (see Chapter 
26). Prompt and accurate identification of these com-
plications can be critical to patient management and 
outcome.

Cardiac Magnetic Resonance and Nuclear Imaging
CMR (see also Chapter 33) is being increasingly used 
in the MI setting and possesses certain advantages over 
other imaging techniques.9 It provides high spatial reso-
lution and is not limited by acoustic windows as occurs 
with echocardiography. CMR has been shown to be supe-
rior to echocardiography in the assessment of the LV 
apex, which may have important clinical implications in 
the setting of anterior infarction, where assessment of api-
cal thrombi may be challenging with echocardiography. 
CMR can more accurately characterize the anatomy of 
the right ventricle and provide volumetric measures of 
right ventricular size and function. Knowledge of these 
variables may have clinical implications in the care of 
patients presenting with inferior MI or pure right ven-
tricular infarction. A unique property of CMR is tissue 

characterization, which helps delineate the presence of 
inflammation. This property can be very useful to cor-
rectly identify the rare patient who presents with myocar-
ditis masquerading as MI.

MPI may be useful in the initial diagnostic evaluation of 
patients presenting with chest pain suspicious for MI (see 
Chapter 9). However, there is little role for nuclear MPI (see 
Chapter 32) in the early setting for patients with confirmed 
MI. Radionuclide angiography, commonly referred to as 
multigated analysis (MUGA), can be useful for evaluating 
LV function when echocardiographic images are limited. 
This technique provides an accurate quantitative assess-
ment of LVEF. It has the theoretical advantage over other 
techniques of being geometrically independent and is 
especially useful for measuring LVEF in patients with dis-
torted LV anatomy, such as an aneurysm. Both CMR and 
radionuclide angiography apply ECG gating for assessment 
of LV function. Because accurate measurement of LVEF 
and regional wall motion by gated techniques depends 
upon a fairly regular heart rhythm, these techniques gen-
erally are not advised in patients with atrial fibrillation or 
frequent cardiac ectopy.

Time frame

Primary goals

Test selection

Intermediate phase (day 3 – week 6)

Risk stratification Diagnosis

Invasive
strategy

Conservative
strategy

Stress testing

Stress testing

Functional significance of
noninfarct-related disease

Stress imaging is preferred given
advantage of localization or when
information on viability is desired

Develop
exercise

prescription

Exercise ECG is preferred given
desire for functional assessment

STEMI: Submaximal
NSTEMI: Sx-limited

Exercise ECG

Efficacy of
medical therapy

High risk Low risk

Angiography Medical
management

Risk stratification

Stress imaging

Unable to exercise or
uninterpretable ECG

For selection see Table 30–2

Discussed
elsewhere

Consider in selected
cases for goals
below

FIGURE 30-2 In the intermediate phase of treatment, functional imaging is the main consideration and can be applied to both early invasive and conservative 
strategies of care. In the conservative strategy, the role of functional imaging is to further stratify a patient’s clinical risk, which may help with further therapeutic decisions. 
In the invasive arm, functional imaging helps determine the burden of ischemia in the nontreated coronary territories that will affect the timing of further interventions. ECG, 
Electrocardiography; NSTEMI, non–ST-segment myocardial infarction.
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Intermediate Term Testing (Day 3 to  
Week 6) After Myocardial Infarction
Traditional Role of Stress Testing
The two most common reasons to perform stress testing 
are to aid in the diagnosis and prognosis of CAD. In the set-
ting of acute chest pain, stress testing plays a major role as 
a diagnostic aid to help confirm the presence or absence of 
underlying CAD when the diagnosis of acute MI has been 
ruled out by standard emergency department evaluation 
(see Chapter 6 and Chapter 12).10 Because most patients 
with confirmed MI have obstructive CAD, stress testing has 
no value for diagnostic purposes.

The major goal of stress testing in the setting of acute MI 
is risk stratification (see Figure 30-2). In contrast to testing for 
diagnostic purposes, in which medications with antianginal 
properties are commonly held before testing to enhance 
test sensitivity, patients with MI are tested on medical ther-
apy. In the pre-reperfusion era, few patients underwent early 
angiography, because studies demonstrating the benefit of 
primary PCI and an early invasive strategy had not yet been 
performed. Stress testing was performed late in the hospital 
course in most of the population for prognostic purposes 
to guide decisions regarding the value of coronary angiog-
raphy. The most important prognostic variables using the 
standard treadmill test were limited exercise duration and 
abnormal blood pressure response. ST-segment depression 
on the exercise ECG was useful to identify increased risk pri-
marily in patients with inferior MI.11 Studies of MPI reported 

that delayed redistribution, perfusion defects in more than 
one vascular region, or increased thallium lung uptake iden-
tified high-risk patients.11 Based on these studies, the clinical 
paradigm that evolved in the pre-reperfusion era was to per-
form standard exercise testing or stress imaging to identify 
patients with poor exercise performance and/or significant 
ischemia who were candidates for coronary angiography 
and revascularization.

Stress Testing in the Current Era
Coronary angiography is now performed in most patients 
with MI as part of primary PCI (see Chapter 17) or delayed 
invasive management (see Chapter 14) in those with 
STEMI1,2 or as part of an early invasive strategy in those 
with non-STEMI (see Chapter 16).3,4 As a result, the tradi-
tional role of performing stress testing to identify high-risk 
patients who are candidates for coronary angiography 
does not apply to patients who undergo immediate or early 
angiography as part of their treatment. American College 
of Cardiology Foundation/American Heart Association 
(ACCF/AHA) guidelines for patients in whom stress testing 
is recommended are similar for STEMI and non-STEMI, with 
some minor differences.

Stress Testing in ST-Elevation Myocardial Infarction
Primary PCI or delayed invasive evaluation after fibrinolysis 
are indicated for most patients with STEMI (see Chapter 13). 
The sole class I indication for stress testing in the ACCF/AHA 

Time frame

Primary goals

Test selection

Late phase testing (> 6 weeks)

Reassess LVEF Assess myocardial viability

Transthoracic echo Preferred

If inadequate quality or
additional information is needed

Select method based on
availablity and

institutional expertise

MUGA

CMR CMR PET

Dobutamine
echocardiography

Higher
specificity for
viability

Higher
sensitivity for
viability

Alternative when acoustic windows
are limited and CMR is not available

Most comprehensive
structural evaluation
– Extent of infarction
– Apical thrombi
– Viability assessment

FIGURE 30-3 In the late phase of treatment, decision making is targeted toward two groups. The first are those in whom consideration of an implantable cardiac 
defibrillator may be warranted. The second group is a high-risk group whose evaluation still remains controversial. In this group of patients, there is moderate to severe ven-
tricular dysfunction coupled with severe coronary artery disease. The decision to pursue further revascularization is challenging. In this setting, viability testing may have a role in 
this process, but its role is limited by the limited availability of technology and the different aspects of myocardial viability that each technology aims to measure. CMR, Cardiac 
magnetic resonance; LVEF, left ventricular ejection fraction; MUGA, multigated analysis; PET, positron emission tomography.
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STEMI guideline is limited to the subset of patients without 
high-risk clinical features who have not undergone early 
coronary angiography.1 In addition, it may be reasonable to 
consider (class IIb indication) stress testing (1) to guide the 
post-discharge exercise prescription or (2) to evaluate the 
functional significance of a noninfarcted artery noted on 
coronary angiography.1 If stress testing is performed for this 
purpose, stress imaging is preferred because the exercise 
ECG cannot localize ischemia.

Stress Testing in ST-Elevation Myocardial Infarction
For patients presenting with NSTEMI, an early invasive 
approach (between 2 and 72 hours of presentation) is rec-
ommended for most patients with ongoing symptoms or indi-
cators of high risk (see Chapter 16).3 Nevertheless, there are 
circumstances in which patient preferences are for a nonin-
vasive course of evaluation or the risks of the comorbid con-
ditions and/or the revascularization procedure outweigh 
the benefits of revascularization. Similar to STEMI, stress test-
ing in patients with NSTEMI is performed primarily in the 
small subset who are at low to intermediate risk on the basis 
of clinical risk score (Thrombolysis In Myocardial Infarction 
[TIMI] score 0 or 1 or Global Registry of Acute Coronary 
Events [GRACE] score <109), with a stable clinical course, or 
in whom a noninvasive management strategy is selected for 
the previously identified reasons. Initial noninvasive evalu-
ation with stress testing may also be preferable in patients 
with troponin elevation that is suspected to be on the basis 
of demand ischemia (type 2 MI; see Chapter 1 and Chapter 6)  
in the clinical setting of other significant comorbidities, 
such as sepsis or acute renal failure. This approach mitigates 
against the immediate performance of coronary angiogra-
phy in such patients. After recovery from the acute illness, 
stress testing can help guide the decision to proceed with 
coronary angiography.

Justification for an Ischemia-Guided Approach in 
Patients with Acute Myocardial Infarction
The rationale supporting current recommendations for 
stress testing in acute MI is based in large part upon the 
results of studies from the pre-reperfusion era and the 
results of studies of stress testing performed in the setting 
of chronic CAD. The evidence base addressing stress testing 
in these domains is much more extensive than the relatively 
small number of studies performed in acute MI in the reper-
fusion era. The goal of the stress test is to identify potentially 
high-risk patients among a generally low-risk population on 
the basis of significant ischemia that develops at a low work-
load. These patients are then referred for angiography, based 
upon the assumption that revascularization will result in 
improved clinical outcome. Although this approach appears 
logical and is a class I guideline recommendation, there is 
little evidence to indicate that this approach results in lower 
mortality or lower risk of re-infarction.

Studies from the pre-reperfusion era upon which this 
paradigm is partially based involved performing stress test-
ing in most of the acute MI population, which generally was 
a “sicker” population at high risk.11 The current subset of 
MI patients for whom stress testing is recommended repre-
sents a very different population. In the setting of chronic 
CAD, the presence of ischemia has long been regarded as 
an important variable that influences patient management. 
However, three stress imaging substudies that were per-
formed as part of recent large randomized trials comparing 

medical therapy with revascularization, COURAGE (Clinical 
Outcomes Using Revascularization),12 BARI-2D (Bypass 
Angioplasty Revascularization Investigation 2 Diabetes),13 
and STICH (Surgical Treatment for Ischemic Heart Failure),14 
reported that ischemia had no value as a prognostic vari-
able and failed to identify patients who experienced better 
outcomes if treated with revascularization.15–17 A common 
explanation for this observation is that optimal medical ther-
apy is associated with such a low event rate that the rate can-
not be lowered further with revascularization.18 This issue 
is continuing to be evaluated in the ongoing International 
Study of Comparative Health Effectiveness with Medical and 
Invasive Approaches (ISCHEMIA) trial.19

There are even less data that address this issue in patients 
with acute MI. In a subset of the GISSI-2 (Gruppo Italiano 
per lo Studio della Sopravvivenza nell’Infarto Miocardico 
2) trial, the prognostic value of three exercise test scores 
that incorporated multiple variables was demonstrated in 
6251 patients who presented with STEMI and who were 
treated with thrombolysis. Six-month mortality rates calcu-
lated from a modified version of the Duke treadmill score, 
the most widely applied score, were low risk 0.6%, moder-
ate risk 1.8%, and high risk 3.4% (P <.0001).20 The SWISSI II 
(Swiss International Study on Silent Ischemia Type II) trial 
studied a selected population of patients with recent (<3 
months) MI; silent ischemia demonstrated by exercise ECG, 
which was confirmed by nuclear or echocardiographic 
imaging; and one- or two-vessel CAD at coronary angiogra-
phy. Patients were randomized to PCI (n = 96) or medical 
therapy (n = 105). At a mean follow-up of 10.2 years, the 
primary endpoint (a composite of cardiac death, nonfatal 
recurrent MI, or symptom-driven revascularization) was sig-
nificantly lower in the PCI group (adjusted hazard ratio, 0.33; 
P <.001).21 The main limitation of applying the results of this 
study to broader patient populations relates to the restricted 
entry criteria (performance of early coronary angiography, 
one- or two-vessel CAD, and silent ischemia). At the present 
time, stress testing in the MI setting is performed primarily 
in low-risk patients who are treated with optimal medical 
therapy. The ability of stress testing to accurately further risk 
stratify this generally low-risk patient subset and to identify 
those who benefit from revascularization remains to be 
demonstrated.

Types of Stress Testing
Standard Treadmill Testing
Exercise testing can be performed using a treadmill or cycle 
ergometer. In the United States, the most common modality is 
the treadmill. Other exercise modalities such as hand crank 
ergometry are not widely available and are rarely used. The 
hallmark of an ischemic response is ST-segment depression, 
defined as ≥1.0 mm horizontal or downsloping ST-segment 
depression 60 to 80 msec after the J point.22 ST-segment 
depression most commonly occurs in the lateral precordial 
leads. ST-segment depression does not localize the site of 
myocardial ischemia. ST-segment elevation in leads without 
Q waves occurs infrequently, but, when it does occur, it can 
identify the site of myocardial ischemia and usually indi-
cates a high-grade stenosis in the coronary artery that sup-
plies the myocardium in those leads where the ST-segment 
elevation occurs. In the post-MI patient, ST-segment eleva-
tion can occur in leads with Q waves and is considered a 
nonspecific response. In the pre-reperfusion era, exercise 
duration and abnormal blood pressure response (defined 
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in various studies as a failure of systolic blood pressure to 
increase or a decrease with exercise) were the most impor-
tant prognostic variables.11 Exercise scores that combine 
variables can be applied for risk stratification.22 The most 
commonly used score is the Duke treadmill score, which 
can be calculated as:

 
exercise duration (estimated metabolic equivalents) −
maximum ST depression (in millimeters) − angina index 

where 0 = no angina; 1 = nonlimiting; and 2 = limiting.
This score was originally developed in patients with 

chronic CAD and has been extensively validated in this pop-
ulation. There are few data validating its relationship with 
prognosis post-MI.

Stress Imaging
The two most commonly used types of stress imaging are MPI 
by single-photon emission computed tomography (SPECT) 
or positron emission tomography (PET) and stress echocar-
diography. Stress CMR is also being increasingly performed 
for post-MI risk stratification. Each of these modalities pro-
vides information on LVEF and infarct size. The major role 
of the stress component of the test is for assessment of the 
presence and extent of inducible ischemia. The extent and 
severity of ischemia on nuclear MPI can be expressed as the 
summed difference score, reflecting the difference between 
the extent and severity of the perfusion defect on the stress 
images (summed stress score) and the extent and sever-
ity of the perfusion defect on the resting images (summed 
rest score).23 The extent and severity of ischemia on stress 
echocardiography can be expressed as the wall motion 
score index.8 With stress, CMR ischemia can be assessed by 
vasodilator perfusion imaging or dobutamine-induced wall 
motion abnormality.24 Stress SPECT and echocardiography 
can be performed with exercise stress or pharmacologic 
stress. Sometimes, stress SPECT applies a combination of the 
two.25

Exercise stress is the preferred modality in most patients 
who are capable of performing adequate exercise, which is 
generally defined as a minimum workload of 5 to 6 meta-
bolic equivalents (METs). Advantages of exercise over phar-
macologic stress include measurement of exercise duration 
and blood pressure response, both of which are important 
prognostic variables. Exercise stress also mimics the physi-
cal demands that the patient is likely to experience after 
discharge and can be used as a guide for formulating the 
exercise prescription for cardiac rehabilitation purposes 
(see Chapter 34). Pharmacologic stress is usually reserved for 
patients unable to exercise or those with selected abnormal-
ities on the resting ECG, including left bundle branch block 
(LBBB) or ventricular pacing. For SPECT, pharmacologic 
stress has been shown to be more specific in patients with 
these conduction abnormalities because of the frequent 
development of false-positive perfusion defects, especially 
in the septum, that occur as a result of the greater increase 
in heart rate with exercise.26 Exercise stress is technically 
possible with PET and CMR, but it is highly demanding. In 
practice, stress PET and stress CMR are usually performed 
with pharmacologic agents.

Vasodilator Myocardial Perfusion Imaging Stress Testing
Most pharmacologic MPI stress testing is performed 
with agents that activate adenosine receptors. There are 

multiple adenosine receptor types.27 Stimulation of the 
adenosine A2A receptor causes coronary vasodilation, pri-
marily through production of cyclic adenosine monophos-
phate. The vasodilation results in up to a fourfold increase in 
myocardial blood flow. In the presence of obstructive CAD, 
the increase in blood flow is impaired, resulting in heteroge-
neous increases in flow. Stimulation of adenosine A1 recep-
tors promotes conduction delay through the atrioventricular 
node and can result in heart block. Stimulation of adenosine 
A2B, A3, and A4 receptors enhances mast cell degranulation 
and can result in bronchospasm. Available agents include 
dipyridamole, adenosine, and regadenoson. Dipyridamole is 
an indirect coronary vasodilator that inhibits intracellular re-
uptake and deamination of adenosine. Adenosine is a non-
specific adenosine receptor agonist. Regadenoson is a more 
specific adenosine A2A receptor agonist, with weak affinity 
for the A2B and A3 receptors. Currently, regadenoson is the 
most widely used agent in the United States. Logistically, it 
is easier to administer, given at a standard dose of 0.4 mg 
as an intravenous bolus over 10 seconds. Both dipyridam-
ole and adenosine require weight-based dosing and are 
administered as continuous intravenous infusions over 4 
to 6 minutes through an infusion pump. These agents usu-
ally cause modest hemodynamic changes, with an average 
decrease in blood pressure of 10 to 20 mm Hg and a reflex-
mediated average increase in heart rate of 10 to 30 beats/
min. Approximately 5% of patients experience more severe 
hemodynamic changes with decreases in systolic blood 
pressure of ≥35 mm Hg and increases in heart rate of ≥40 
beats/min. Methyl xanthines (aminophylline, caffeine) can 
block or attenuate the effects of these agents and should be 
held for a minimum of 24 hours before testing. Oral dipyri-
damole can exaggerate the physiologic effects of regadeno-
son and adenosine, resulting in significant hypotension and/
or heart block, and represents a contraindication to the use 
of these agents. Other contraindications include significant 
cardiac conduction system disease (sick sinus syndrome 
or second- or third-degree heart block, in the absence of a 
pacemaker), significant obstructive airways disease (active 
asthma or severe obstructive pulmonary disease, especially 
if wheezing is present), and hypotension (systolic blood 
pressure <90 mm Hg). Side effects can occur with all of the 
agents and may include flushing, light-headedness, head-
ache, dyspnea, chest discomfort, and abdominal discomfort 
or cramping. Regadenoson causes fewer and less severe side 
effects than adenosine.28 A relative advantage of adenosine 
is its short half-life (<10 seconds), with prompt resolution of 
side effects, usually within 2 to 3 minutes by simple termina-
tion of the infusion. Aminophylline can be administered as 
an antidote for patients with severe and/or prolonged side 
effects. Dobutamine can also be used with pharmacologic 
stress MPI, but it is used much less frequently, being reserved 
primarily for patients with contraindications to vasodilator 
agents.

Dobutamine Echocardiography Stress Testing
This test is used mostly outside of the acute MI setting; ino-
tropic stimulation with dobutamine is the most common 
form of pharmacologic stress echocardiography performed 
in the United States. Vasodilator stress echocardiography 
is more commonly performed in parts of Europe and 
elsewhere. Dobutamine is a synthetic catecholamine that 
directly stimulates β-1 and β-2 receptors.29 Stimulation of the 
β-1 receptors results in an increase in cardiac contractility 
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and heart rate. Stimulation of the β-2 receptors causes vaso-
dilation. Dobutamine also results in mild stimulation of α-1 
receptors, which causes vasoconstriction. The vasodilating 
effects usually dominate over the vasoconstricting effects. 
Dobutamine is administered intravenously with an infusion 
pump in increasing incremental doses, starting at 5 to 10 μg/
kg per minute and increasing by 10 μg/kg per minute every 
3 minutes up to a maximal dose of 40 μg/kg per minute. 
Dobutamine results in dose-related increases in myocardial 
contractility and heart rate. The blood pressure response is 
variable, with a continuous increase in systolic blood pres-
sure in some patients and with an initial increase followed 
by a decrease in others. Beta-blockers attenuate the physi-
ologic actions of dobutamine. In patients who do not reach 
the target heart rate (generally 85% of age-predicted maxi-
mal heart rate), atropine in doses of 0.25 to 0.50 mg, up to 
a maximal dose of 2 mg, is commonly administered. Testing 
can be labor-intensive in some patients. Dobutamine has the 
potential to cause significant hemodynamic shifts and may 
be arrhythmogenic. Contraindications include uncontrolled 
hypertension, atrial tachyarrhythmia with uncontrolled ven-
tricular response rate, history of ventricular tachycardia, or 
significant LV outflow tract obstruction. Side effects include 
chest discomfort, dyspnea, palpitations, headache, nausea, 
and discomfort at the injection site. The plasma half-life is 2 
minutes, but the physiologic effects can last for several min-
utes. The effects can be reversed by administering an intra-
venous beta-blocker.

Safety and Timing of Stress Testing After Myocardial 
Infarction
Contraindications to stress testing include acute coronary 
syndromes that have not been stabilized, uncontrolled sig-
nificant arrhythmias, severe symptomatic aortic stenosis, 
acute myocarditis/pericarditis, aortic dissection, and pulmo-
nary embolus.22 The major concern with performing stress 
testing in the acute MI setting relates to precipitating a com-
plication, including infarct extension caused by provoca-
tion of ischemia or myocardial rupture caused by increased 
wall stress. The ventricle is also more arrhythmogenic in 
the acute versus chronic CAD setting, with a greater poten-
tial to precipitate a life-threatening ventricular arrhythmia. 
These concerns are more theoretical and anecdotal than 
evidence-based. There are limited data addressing stress test 
complications in the MI setting from the current era.30,31

The optimal timing of performing the stress test and the 
intensity of exercise that should be achieved in terms of 
maximizing the yield of the test while at the same time mini-
mizing risk are uncertain. The two traditional approaches 
that have been applied are low-level testing at days 2 to 5 or 
symptom-limited testing, which is sometimes performed as 
early as day 5, but is commonly delayed to between 3 and 
6 weeks. Low-level testing is usually terminated at a work-
load of 5 to 6 METs or a heart rate of 120 beats/min. For 
STEMI patients, U.S. practice guidelines favor pre-discharge 
low-level testing over delayed symptom-limited testing.1 
Advantages include: (1) potentially identifying high-risk 
patients who could experience an event before the delayed 
performance of symptom-limited testing; (2) acquiring 
information useful for formulating the cardiac rehabilitation 
exercise prescription; and (3) psychological benefit for the 
patient. For the specific subset of patients who have under-
gone successful PCI of the infarct artery and who have sig-
nificant CAD in other locations, this guideline recommends 

symptom-limited stress imaging at 3 to 6 weeks. In patients 
with NSTEMI, practice guidelines recommend symptom-lim-
ited testing for low- to intermediate-risk patients with stable 
clinical courses at 12 to 24 hours for those with unstable 
angina and at 2 to 5 days for those with NSTEMI.3

The timing of performing a pharmacologic stress test 
is essentially the same as an exercise test. The INSPIRE 
(Adenosine Sestamibi Post-Infarction Evaluation) trial31 
evaluated the accuracy of adenosine MPI for risk stratifica-
tion in 728 clinically stable survivors of MI. Median time to 
testing at the U.S. sites was 2 days, and patients were tested 
as early as 12 hours. Early administration of regadenoson in 
the MI setting has not been systematically evaluated, but its 
use should be similar to adenosine. Both agents should be 
used with appropriate caution in the MI setting. The Food 
and Drug Administration (FDA) performed a review of the 
FDA Adverse Event Reporting System database and identi-
fied 26 MI cases and 29 deaths after regadenoson admin-
istration between June 2008 and April 2013, and 6 MI cases 
and 27 deaths after adenosine administration between 
May 1995 and April 2013.32 This review prompted the FDA 
to require changes to the drug labels specifically to recom-
mend against the use of these agents in patients with evi-
dence for acute myocardial ischemia (e.g., unstable angina 
or cardiovascular instability). The package inserts for both 
agents also note that seizures have been reported following 
their administration. Dobutamine is not an FDA-approved 
agent for cardiac stress testing. Nonetheless, it is commonly 
used off-label for this purpose. Dobutamine theoretically 
may be associated with higher risk than vasodilator stress 
agents, because it stimulates the adrenergic nervous system. 
Its effects, especially tachycardia when administered with 
atropine, may be prolonged and challenging to reverse in 
individual patients. Various sources recommend delaying MI 
dobutamine stress testing at least until day 3.8 Clinical expe-
rience suggests that all types of stress testing in the acute 
chest pain population are generally safe when performed at 
experienced centers with careful supervision.

Selection Between the Standard Treadmill Test and a 
Stress Imaging Procedure
The major decision influencing selection of a specific stress 
test most commonly involves the standard exercise treadmill 
test versus a stress imaging procedure. Stress imaging is more 
sensitive than the standard treadmill test for diagnostic pur-
poses. However, for prognostic purposes in patients with a 
normal or a near-normal resting ECG, the standard treadmill 
test is nearly as accurate as stress imaging for predicting clin-
ical outcome.33,34 The WOMEN (What is the Optimal Method 
for Ischemia Evaluation in Women) trial also reported that 
in middle-aged women at intermediate risk for CAD, the stan-
dard treadmill provided results comparable to exercise MPI 
for purposes of risk stratification.35 Advantages of the stan-
dard treadmill test include lower cost, wider availability, and 
simplicity. U.S. practice guidelines recommend the standard 
treadmill test as the “most reasonable” option in patients 
capable of adequate exercise who have an interpretable 
resting ECG.3 Stress imaging is recommended for patients 
unable to exercise or in those with an uninterpretable ECG, 
which is defined as baseline ST-segment abnormalities, LV 
hypertrophy with secondary ST-T changes, paced rhythm, 
pre-excitation, and digoxin use.33,34 Patients with LBBB rep-
resent a unique subset. Patients who present with acute 
chest pain and new LBBB are considered to have a variant 
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of STEMI and generally undergo early angiography. Patients 
with chronic LBBB or paced ventricular rhythm who are at 
low to intermediate risk are candidates for stress imaging. 
Exercise MPI in these patients has been shown to have more 
frequent false-positive perfusion defects, especially in the 
septum.26 These patients are preferentially stressed with a 
vasodilator agent. Stress imaging is also recommended over 
the standard treadmill test in patients who undergo early 
coronary angiography and have significant CAD in vessels 
other than the infarct-related artery. The standard treadmill 
test cannot localize ischemia. In this setting, a symptom-
limited imaging test delayed to 3 to 6 weeks is preferred.1

Selection Between Stress Imaging Procedures
There is little direct comparative data that evaluates the dif-
ferent stress imaging modalities. In the setting of chronic 
CAD, a large meta-analysis reported that outcome of patients 
with either normal stress MPI or a normal stress echocar-
diogram is excellent.36 For most patients, any of the imag-
ing techniques can be used to address the relevant clinical 
issues. Two of the most practical considerations for selecting 
between modalities include availability and cost/reimburse-
ment. In institutions where multiple imaging modalities are 
available, a common recommendation for deciding among 
them is “local expertise.” However, this recommendation 
generally is of little value because institutions perform-
ing multiple modalities usually consider themselves to be 
“expert” in each modality that they perform. The cost issue 
is complex and is related to different charges applied in 
Medicare versus non-Medicare patients and the inpatient 
versus outpatient setting. Characteristics of the individual 
patient can be helpful for conferring relative advantages 
of one technique over another. These advantages for some 
common clinical characteristics are listed in Table 30-2. 
The advantages listed for individual techniques for a spe-
cific characteristic should be viewed as relative advantages 
and not absolute recommendations. Contraindications to 
the use of pharmacologic stress agents also factor into test 
selection.

Patient age is a consideration for test selection primarily 
because of the potential impact of radiation exposure.37,38 
Although the minimal radiation exposure associated with 
increased cancer risk is unknown, there generally is not 
great concern in performing a single imaging procedure 

that exposes an older adult patient to ionizing radiation. 
However, most young MI patients are potentially facing a 
lifetime of multiple imaging procedures associated with 
ionizing radiation, including coronary angiography and pos-
sible nuclear and CT imaging. For this reason, echocardiog-
raphy and CMR are advantageous over nuclear techniques 
in young patients.

As stated earlier, exercise is generally preferred when pos-
sible over pharmacologic stress testing. Most laboratories 
are not capable of performing exercise PET or exercise CMR. 
Patients with LBBB or paced ventricular rhythm are prefer-
entially studied with vasodilator MPI or CMR. Worsening 
wall motion in the septum in the presence of LBBB or pac-
ing is less specific because of the conduction abnormality. 
An analogous situation occurs in patients who have exten-
sive (multiple) regional wall motion abnormalities at rest. 
Ischemia in this setting is generally more accurately deter-
mined by MPI or perfusion CMR. Echocardiographic image 
quality in patients with obesity or chronic obstructive pul-
monary disease can be highly variable, but, in general, is 
more likely to be technically challenging in these patient 
subsets.39 In some patients, quality remains significantly 
compromised even after contrast administration. Obesity 
can compromise image quality with any technique, but 
nuclear MPI or CMR usually are not affected to the same 
degree as echocardiography. In patients with severe obesity, 
image quality with the newer SPECT ultrafast camera sys-
tems40,41 or with PET42 (which has built-in attenuation cor-
rection) or CMR43 is often excellent. Patients with significant 
renal failure or cardiac devices generally are not candidates 
for CMR, although technical advances will likely result in 
changes to these relative contraindications in the future.

Late Testing (Beyond 6 Weeks) After 
Myocardial Infarction
Evaluation of Left Ventricular Ejection Fraction for 
Implantable Cardiac Defibrillator Candidacy
Re-evaluation of LVEF more than 40 days after hospital 
discharge in patients with initially reduced LVEF ≤40% 
is useful for application of current practice guidelines for 
implantation of an ICD for primary prevention of sudden 
death after MI (see Figure 30-3; see also Chapter 28).1 The 
rationale to delay the measurement beyond 40 days is to 
allow the effects of stunning to resolve. As with early assess-
ment of LVEF, any of the techniques can be applied to per-
form this measurement. In practice, the measurement is 
most commonly performed with echocardiography. Nuclear 
techniques or CMR are usually reserved for cases in which 
the echocardiographic images are technically suboptimal, 
and sometimes, when the patient and/or cardiologist are 
equivocal to proceed with ICD implantation and a confir-
matory measurement of the LVEF adds more certainty to the 
decision-making.

Viability Testing
In contemporary cardiovascular medicine there have been 
great advances in both fields of pharmacotherapeutics and 
cardiovascular surgical techniques. This progress has led 
to the development of a challenging clinical scenario—
the patient with severe ischemic cardiomyopathy who is 
receiving optimal medical therapy and is carrying signifi-
cant surgical risk for complete revascularization. Despite a 
large volume of available literature in the field, the role for 

TABLE 30-2 Patient Characteristics That Influence 
Test Selection

PATIENT CHARACTERISTIC FAVORED TECHNIQUE

Young age Echo, MRI

Stress modality exercise Nuclear SPECT, Echo

ECG LBBB or paced ventricular rhythm Vasodilator SPECT or PET, MRI 
perfusion

Multiple regional wall motion 
abnormalities

Nuclear MPI, MRI perfusion

Obesity Nuclear SPECT or PET, MRI

COPD Nuclear SPECT or PET, MRI

Renal failure Echo, Nuclear MPI

Pacemaker or ICD Echo, Nuclear MPI

COPD, Chronic obstructive pulmonary disease; ECG, electrocardiography; ICD, 
implantable cardiac defibrillator; LBBB, left bundle branch block; MPI, myocardial 
perfusion imaging; MRI, magnetic resonance imaging; PET, positron emission 
tomography; SPECT, single-photon emission tomography.
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viability testing to help in the decision process remains in 
question.

Both myocardial stunning and hibernating myocardium 
represent conditions with reduced myocardial function 
(see Chapter 24). Myocardial stunning results from acute 
coronary occlusion.44 The reduction in blood flow initially 
causes contractile dysfunction that persists after blood 
flow is restored. Stunning resolves by 6 weeks. Hibernating 
myocardium has been described as a myocardial adapta-
tion to a reduction in blood flow; it is significant enough 
to impair function but not to the extent to produce infarc-
tion.44–46 However, the pathogenesis of myocardial hiberna-
tion may be more complex, with examples of reductions in 
coronary blood flow that follow LV dysfunction rather than 
preceding it. Ultrastructurally, there are phenotypic changes 
characterized by loss of sarcomeres and myofibrils that are 
coupled with changes in the extracellular milieu that typi-
cally involve an increase in the deposition of collagenous 
material in the extracellular matrix. The extent of extracel-
lular fibrosis may predict reversibility of hibernation, with 
areas of reduced or absent fibrosis that are predictive of 
functional recovery after revascularization. Recovery of the 
hibernating myocardium is variable, depending upon the 
duration and extent of these ultrastructural changes. The 
time of recovery can be as little as 10 days when there are 
few structural abnormalities to 6 months and beyond when 
there is severe ultra-structural derangement. Patients with 
persistently severely reduced LVEF may be candidates for 
viability testing. The different imaging modalities rely upon 
different mechanisms to demonstrate viable myocardium.47

Dobutamine echocardiography and CMR depend upon 
contractile reserve. The classic viability response is initial 
improvement in wall motion with low-dose dobutamine in a 
region with reduced function at rest followed by worsening 
function at higher dose dobutamine as the region becomes 
ischemic (biphasic response).

Nuclear SPECT MPI with thallium or technetium requires 
cellular membrane integrity. The myocardial uptake of thal-
lium depends upon an active sodium–potassium adenosine 
triphosphatase process. Standard stress thallium imaging 
includes redistribution imaging performed at 3 to 4 hours 
after stress imaging. Detection of viable myocardium can 
be enhanced by performing thallium re-injection before 
obtaining the redistribution images or by performing late 
imaging delayed to 18 to 24 hours. In contrast to thallium, the 
cellular uptake of technetium occurs by passive diffusion. 
This process relies upon intact mitochondrial membranes. 
Detection of viable myocardium using technetium can be 
enhanced by administering nitroglycerin before acquiring 
the resting images.

Nuclear PET requires preserved metabolism to demon-
strate myocardial viability. Hibernating myocardium prefer-
entially uses glucose over free fatty acids as the major fuel 
source. The classic finding is an area of mismatch consist-
ing of reduced perfusion but preserved fluorodeoxyglucose 
(FDG) uptake.

Perfusion CMR depends upon demonstrating the 
absence of scar formation to identify viable myocardium. 
Gadolinium slowly diffuses into the extracellular space in 
the regions of myocardium scarring. The absence of gado-
linium uptake on delayed imaging is consistent with viable 
myocardium. Literature reviews indicate that among these 
modalities, the perfusion techniques have higher sensi-
tivity, whereas the dobutamine techniques have a higher 

specificity for identifying viable myocardium (applied pri-
marily to recovery of regional function after revasculariza-
tion as the endpoint).48,49

Viability Assessment and Coronary Revascularization
Revascularization in patients with significant viability has 
been shown to improve cardiac function and clinical out-
come.45–49 The evidence supporting these observations is 
based primarily upon small, observational studies from sin-
gle centers. The studies in the field have been challenging 
from a design standpoint, resulting in issues with general-
izability and applicability of their results. These challenges 
arise secondarily to: (1) differences in definition of viability 
and cutoffs for clinical endpoints used as outcome mea-
sures; (2) differences in inclusion criteria for these studies, 
which culminate in the inability to directly compare studies 
of viability testing with reasonable validity; (3) heterogene-
ity in the imaging modalities used in these studies; and (4) 
lack of description of completeness of revascularization 
in those patients selected for aggressive revascularization 
based upon the results of viability testing.

A nonrandomized substudy of STICH trial14 (see Chapter 
25) examined the role of myocardial viability assessment in 
identifying patients in whom there may be a survival benefit 
with CABG.50 Viability testing included SPECT or dobuta-
mine echocardiography. Of the 1212 patients enrolled into 
STITCH, only 601 underwent viability testing. Unadjusted 
analysis suggested that the presence of substantial myocar-
dial viability portended a survival benefit, with 63% survival 
of patients with viability versus 49% survival of patients 
without viability (P = .003). However, this difference did 
not persist after adjustment for baseline variables (P = .21). 
There was no demonstrable interaction between viability, 
treatment allocation, and survival (P = .53). The results of 
the STICH viability substudy have been controversial.46,48,49 
There are several limitations to this study. Less than 50% of 
patients enrolled into STICH underwent viability testing. 
Viability testing was limited to SPECT or dobutamine echo-
cardiography, and did not include FDG-PET or cardiac CMR. 
The presence of myocardial viability was measured in a 
binary fashion, whereas the available evidence suggests that 
the concept of viability is more of a continuous, progressive 
process rather than an all or none phenomenon. Finally, inte-
gral parameters of ventricular function were not reported, 
such as ventricular geometry, volumes, wall thickness, and 
ejection fraction.

The decision to proceed with revascularization, especially 
CABG, in patients with significantly depressed ventricular 
function represents a clinical challenge, balancing the risks 
of the procedure against the potential benefit. Despite the 
negative results of the STICH viability study, many clinicians 
find that viability testing can be helpful in this setting. FDG-
PET and perfusion CMR predominate as the most favored 
techniques. In institutions where both modalities are avail-
able, either technique can be selected. PET-CMR cameras 
are becoming increasingly available. Hybrid PET-CMR imag-
ing will likely emerge as the preferred method of viability 
assessment in the future.

SUMMARY

Noninvasive testing after presentation with MI plays a promi-
nent role in patient management. The specific tests that can 
be applied include resting and stress echocardiography, 



374
In

-H
o

sp
It

a
l 

C
o

m
pl

IC
a

tI
o

n
s 

a
n

d
 a

ss
es

sm
en

t

IV
standard treadmill testing, stress nuclear imaging using 
SPECT or PET, and resting and stress MRI. The specific test or 
tests that are selected in individual patients depends upon 
the clinical question being addressed, the time course of the 
acute MI, and specific characteristics of the patient.

References
 1.  O’Gara PT, et al.: 2013 ACCF/AHA guideline for the management of ST-elevation myocar-

dial infarction: a report of the American College of Cardiology Foundation/American Heart 
Association Task Force on Practice Guidelines, Journal of the American College of Cardiology 
61:e78–e140, 2013.

 2.  Steg PG, et al.: ESC guidelines for the management of acute myocardial infarction in patients 
presenting with ST-segment elevation, European Heart Journal 33:2569–2619, 2012.

 3.  Amsterdam EA, 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, Journal of the American College 
of Cardiology 64:e139–e228, 2014.

 4.  Hamm CW, et al.: ESC guidelines for the management of acute coronary syndromes in patients 
presenting without persistent ST-segment elevation, European Heart Journal 32:2999–3054, 2011.

 5.  Miller TD, Sciagra R, Gibbons RJ: Application of technetium-99m sestamibi single photon emis-
sion computed tomography in acute myocardial infarction: measuring the effect of therapy, The 
Quarterly Journal of Nuclear Medicine and Molecular Imaging 54:213–229, 2010.

 6.  Botker HE, Kaltoft AK, Pedersen SF, Kim WY: Measuring myocardial salvage, Cardiovascular 
Research 94:266–275, 2012.

 7.  Silver MT, et al.: A clinical rule to predict preserved left ventricular ejection fraction in patients 
after myocardial infarction, Annals of Internal Medicine 121:750–756, 1994.

 8.  Flachskampf FA, et al.: Cardiac imaging after myocardial infarction, European Heart Journal 
32:272–283, 2011.

 9.  Marra MP, Lima JAC, Iliceto S: MRI in acute myocardial infarction, European Heart Journal 
32:284–293, 2011.

 10.  Amsterdam EA, et al.: Testing of low-risk patients presenting to the emergency department with 
chest pain: a scientific statement from the American Heart Association, Circulation 122:1756–
1776, 2010.

 11.  Shaw LJ, et al.: A metaanalysis of predischarge risk stratification after acute myocardial infarc-
tion with stress electrocardiographic, myocardial perfusion, and ventricular function imaging, 
American Journal of Cardiology 78:1327–1337, 1996.

 12.  Boden WE, et al.: Optimal medical therapy with or without PCI for stable coronary disease, New 
England Journal of Medicine 356:1503–1516, 2007.

 13.  The BARI 2D Study Group: A randomized trial of therapies for type 2 diabetes and coronary 
artery disease, New England Journal of Medicine 360:2503–2515, 2009.

 14.  Velazquez EJ, et al.: Coronary-artery bypass surgery in patients with left ventricular dysfunction, 
New England Journal of Medicine 364:1607–1616, 2011.

 15.  Shaw LJ, et al.: Baseline stress myocardial perfusion imaging results and outcomes in patients 
with stable ischemic heart disease randomized to optimal medical therapy with or without per-
cutaneous coronary intervention, American Heart Journal 164:243–250, 2012.

 16.  Shaw L, et al.: Impact of left ventricular function and the extent of ischemia and scar by stress 
myocardial perfusion imaging on prognosis and therapeutic risk reduction in diabetic patients 
with coronary artery disease: results from the Bypass Angioplasty Revascularization Investigation 
2 Diabetes (BARI 2D) trial, Journal of Nuclear Cardiology 19:658–669, 2012.

 17.  Panza JA, et al.: Inducible myocardial ischemia and outcomes in patients with coronary artery 
disease and left ventricular dysfunction, Journal of the American College of Cardiology 61:1860–
1870, 2013.

 18.  Fang JC: Underestimating medical therapy for coronary disease, Again. New England Journal of 
Medicine 364:1671–1673, 2011.

 19.  ClinicalTrials.gov. International Study of Comparative Health Effectiveness with Medical and 
Invasive Approaches (ISCHEMIA). https://clinicaltrials.gov/ct2/show/NCT01471522.

 20.  Villella M, et al.: Ergometric score systems after myocardial infarction: prognostic performance 
of the Duke Treadmill Score, Veterans Administration Medical Center Score, and of a novel score 
system, GISSI-2 index, in a cohort of survivors of acute myocardial infarction, American Heart 
Journal 145:475–483, 2003.

 21.  Erne P, et al.: Effects of percutaneous coronary interventions in silent ischemia after myocardial 
infarction: the SWISSI II randomized controlled trial, JAMA 297:1985–1991, 2007.

 22.  Fletcher GF, et al.: Exercise standards for testing and training: a scientific statement from the 
American Heart Association, Circulation 128:873–934, 2013.

 23.  Shaw L, et al.: Prognosis in the era of comparative effectiveness research: where is nuclear cardi-
ology now and where should it be? Journal of Nuclear Cardiology 19:1026–1043, 2012.

 24.  Heydari B,Y, Kwong R: Cardiac magnetic resonance imaging for ischemic heart disease: update 
on diagnosis and prognosis, Topics in Magnetic Resonance Imaging 23:21–31, 2014.

 25.  Elhendy AA, Gregory SA, Holly TA, Vitola JV: ASNC clinical update. Combined pharmacologic 
and low-level exercise stress protocols for radionuclide myocardial perfusion imaging,  Journal 
of Nuclear Cardiology 16:163–166, 2009.

 26.  Henzlova MJ, et al.: ASNC imaging guidelines for nuclear cardiology procedures. Stress protocols 
and tracers, Journal of Nuclear Cardiology 16:331–343, 2009.

 27.  Chen J-F, Eltzschig HK, Fredholm BB: Adenosine receptors as drug targets–what are the chal-
lenges? Nature Reviews Drug Discovery 12:265–286, 2013.

 28.  Iskandrian AE, et al.: Adenosine versus regadenoson comparative evaluation in myocardial 
perfusion imaging: Results of the ADVANCE Phase 3 Multicenter International Trial, Journal of 
Nuclear Cardiology 14:645–658, 2007.

 29.  Gilstrap LG, Bhatia RS, Weiner RB, Dudzinski DM: Dobutamine stress echocardiography: a review 
and update, Research Reports in Clinical Cardiology 5:69–81, 2014.

 30.  Karha J, et al.: Safety of stress testing during the evolution of unstable angina pectoris or non–
ST-elevation myocardial infarction, The American Journal of Cardiology 94:1537–1539, 2004.

 31.  Mahmarian JJ, et al.: A multinational study to establish the value of early adenosine technetium-
99m sestamibi myocardial perfusion imaging in identifying a low-risk group for early hospital 
discharge after acute myocardial infarction, Journal of the American College of Cardiology 
48:2448–2457, 2006.

 32.  US Food and Drug Administration: FDA warns of rare but serious risk of heart attack and death 
with cardiac nuclear stress test drugs Lexiscan (regadenoson) and Adenosan (adenosine).  
http://www.fda.gov/downloads/Drugs/DrugSafety/UCM375668.pdf.

 33.  Fihn SD, et al.: 2012 ACCF/AHA/ACP/AATS/PCNA/SCAI/STS guideline for the diagnosis and 
management of patients with stable ischemic heart disease: a report of the American College 
of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines, and 
the American College of Physicians, American Association for Thoracic Surgery, Preventive 
Cardiovascular Nurses Association, Society for Cardiovascular Angiography and Interventions, 
and Society of Thoracic Surgeons, Circulation 126:e354–e471, 2012.

 34.  Wolk MJ, 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, Journal of the American 
College of Cardiology 63:380–406, 2014.

 35.  Shaw LJ, et al.: Comparative effectiveness of exercise electrocardiography with or without myo-
cardial perfusion single photon emission computed tomography in women with suspected 
coronary artery disease: results from the What Is the Optimal Method for Ischemia Evaluation in 
Women (WOMEN) Trial, Circulation 124:1239–1249, 2011.

 36.  Metz LD, et al.: The prognostic value of normal exercise myocardial perfusion imaging and exer-
cise echocardiography: a meta-analysis, Journal of the American College of Cardiology 49:227–
237, 2007.

 37.  Mark DB, et al.: ACC/AHA/ASE/ASNC/HRS/IAC/Mended Hearts/NASCI/RSNA/SAIP/SCAI/
SCCT/SCMR/SNMMI 2014 health policy statement on use of noninvasive cardiovascular imag-
ing: a report of the American College of Cardiology Clinical Quality Committee, Journal of the 
American College of Cardiology 63:698–721, 2014.

 38.  Fazel R, et al.: Approaches to enhancing radiation safety in cardiovascular imaging: a scientific 
statement from the American Heart Association, Circulation 130:1730–1748, 2014.

 39.  Supariwala A, et al.: Feasibility and prognostic value of stress echocardiography in obese, mor-
bidly obese, and super obese patients referred for bariatric surgery, Echocardiography 31:879–885, 
2014.

 40.  Gimelli A, et al.: Evaluation of ischaemia in obese patients: feasibility and accuracy of a low-
dose protocol with a cadmium-zinc Telluride camera, European Journal of Nuclear Medicine and 
Molecular Imaging 39:1254–1261, 2012.

 41.  Nakazato R, et al.: Quantitative high-efficiency cadmium-zinc-Telluride SPECT with dedicated 
parallel-hole collimation system in obese patients: results of a multi-center study, Journal of 
Nuclear Cardiology 22:266–275, 2015.

 42.  Chow BJW, et al.: Prognostic value of PET myocardial perfusion imaging in obese patients, JACC: 
Cardiovascular Imaging 7:278–287, 2014.

 43.  Shah RV, et al.: Vasodilator stress perfusion CMR imaging is feasible and prognostic in obese 
patients, JACC: Cardiovascular Imaging 7:462–472, 2014.

 44.  Canty Jr JM, Suzuki G: Myocardial perfusion and contraction in acute ischemia and chronic 
ischemic heart disease, Journal of Molecular and Cellular Cardiology 52:822–831, 2012.

 45.  Lim SP, McArdle BA, Beanlands RS, Hessian RC: Myocardial viability: it is still alive, Seminars in 
Nuclear Medicine 44:358–374, 2014.

 46.  Shah BN, Khattar RS, Senior R: The hibernating myocardium: current concepts, diagnostic dilem-
mas, and clinical challenges in the post-STICH Era, European Heart Journal 34:1323–1336, 2013.

 47.  Arrighi J, Dilsizian V: Multimodality imaging for assessment of myocardial viability: nuclear, echo-
cardiography, MR, and CT, Current Cardiology Reports 14:234–243, 2012.

 48.  Bax J, Delgado V: Myocardial viability as integral part of the diagnostic and therapeutic approach 
to ischemic heart failure, Journal of Nuclear Cardiology 22:229–245, 2015.

 49.  Allman K: Noninvasive assessment myocardial viability: current status and future directions, 
Journal of Nuclear Cardiology 20:618–637, 2013.

 50.  Bonow RO, et al.: Myocardial viability and survival in ischemic left ventricular dysfunction, New 
England Journal of Medicine 364:1617–1625, 2011.

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT01471522
http://www.fda.gov/downloads/Drugs/DrugSafety/UCM375668.pdf


375

INTRODUCTION

Echocardiography is a rapid, noninvasive, portable, and 
inexpensive imaging modality, making it the preferred tech-
nique for the assessment of patients with myocardial infarc-
tion (MI).1 The echocardiographic evaluation focuses on 
the functional outcome of coronary artery disease (CAD), 
evaluation of global and segmental wall motion, and the 
complications of MI.2

This chapter focuses on the role of echocardiography in 
patients with MI, for its assessment, the diagnosis of compli-
cations, and risk stratification. The use of echocardiography 
for the evaluation of chest pain in the emergency depart-
ment is discussed elsewhere in this book (see Chapter 9). 
Selection from among echocardiography and other alterna-
tive imaging approaches for structural and ischemic evalua-
tion after MI is addressed in Chapter 30.

Ischemia results from an abnormal myocardial oxygen 
supply-to-demand ratio. The first physiologic abnormalities 
to emerge (Figure 31-1) are cellular biochemical changes, 
followed by a perfusion defect and then diastolic dysfunc-
tion and, shortly afterward, impairment of regional systolic 
wall thickening and motion. The ischemic electrocardio-
graphic changes and clinical symptoms of angina (if they 
appear) are late manifestations of ischemia. In light of 
this sequence of events, echocardiography represents a 
unique and sensitive tool for early detection of myocar-
dial ischemia.2 It may be difficult to discriminate regional 
wall motion abnormalities (RWMAs) caused by acute 
ischemia from those due to a previous MI, but the preser-
vation of normal wall thickness and echogenicity suggests 
an acute event, whereas a thin akinetic, reflective segment 
is associated with chronicity. Furthermore, the presence of 
reversible RWMAs and changes on the electrocardiogram 
(ECG)  suggests reversible ischemia; recovery of segmental 
wall function after disappearance of chest pain may take 
from several minutes for ischemic episodes of short dura-
tion (10 minutes or less) to days in patients with prolonged 
ischemia, a phenomenon called myocardial stunning (see 
Chapter 4).

INFARCT SIZE AND LOCALIZATION

Wall Motion and Electrocardiographic 
Infarct Location
ECG changes do not always correlate with the quantity of 
damaged myocardium, and the extent of the dysfunction 
often is considerably greater than expected relative to the 
size of the necrotic area, because it encompasses not only 
the zone of the actual infarct but also stunned and hiber-
nating segments and dysfunction from previous coronary 
events. Consequently, echocardiography is a better predictor 
of the extent and location of the MI and associated ventricu-
lar dysfunction than the ECG. This observation is especially 
true in inferior MI, because the septum is not assessed well 
by electrocardiographic modalities.3 When an anterior MI is 
identified on the ECG, at least one of the anterior segments 
will exhibit RWMA on echocardiography, with the extent 
of the dysfunction being determined by the level at which 
the obstruction occurs in the left anterior descending coro-
nary artery. If the obstruction is located proximal to the first 
septal perforator, all of the segments of the anterior septum, 
the anterior wall, and the apex will be affected, whereas 
obstruction distal to the first septal perforator usually spares 
the basal segments of the anterior septum and anterior wall. 
The sensitivity and specificity of the 12-lead ECG for the 
 detection of an apical MI are low despite meeting several 
well-characterized ECG criteria, whereas apical involvement 
is clearly identified and quantified by echocardiography.2 
The presence of Q waves is associated with a larger area 
and more severe degree of apical dysfunction, and persis-
tent ST-segment elevation may be associated with a left ven-
tricular aneurysm on the echocardiogram.4

Echocardiography and Coronary Anatomy
Using correlative studies with coronary angiography and 
echocardiography in patients with acute MI, the specific 
coronary artery perfusing each segment of the left ventricle 
was determined (Figure 31-2).
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The early stage of a nonrevascularized acute MI is 
characterized on echocardiography by decreased ampli-
tude of regional endocardial excursion with normal wall 
thickness, followed in 4 to 6 weeks by wall thinning in the 
affected region and often increased echogenicity second-
ary to a fibrotic response. Studies have found good cor-
relation between histologic evidence of infarction and the 
presence of segmental dysfunction on echocardiography 
in more than 90% of cases.5 Experimentally, necrosis of 
20% or less of the wall thickness results in a decrease in 
systolic thickening of approximately 50%, whereas necro-
sis of more than 20% of the thickness is uniformly asso-
ciated with systolic thinning, with the extent of RWMAs 
shown by echocardiography shortly after coronary occlu-
sion (up to 2 days) correlating well with actual infarct size. 
Echocardiography can overestimate infarct size, however, 
because of contractile abnormalities (“tethering”) in 
the noninfarcted myocardium immediately adjacent to 
the severely ischemic regions. Accordingly, transthoracic 
imaging (i.e., transthoracic echocardiography [TTE]) can 
identify the location and extent of myocardial infarction 
(Videos 31-1, 31-2, 31-3, 31-4, and 31-5).

Echocardiography After Reperfusion 
Therapy
Restoration of antegrade flow after pharmacologic 
or mechanical reperfusion usually is associated with 
improved wall motion, fewer complications, and 
decreased mortality. The extent of functional recovery is 
related to the duration of the occlusion, the extent of the 
ischemic zone, and the success of reperfusion. Recovery 
usually occurs 24 hours to 10 days after reperfusion but 
may take up to 6 weeks if stunning is present (see Chapter 4 
and Chapter 32).5 The stunned myocardium has had, by 
definition, flow restored (by angioplasty or thrombolysis 
or spontaneously) yet remains temporarily dysfunctional. 
Echocardiography combined with low-dose inotropic 
stimulation with dobutamine (5 to 10 μg/kg/min) can 
be used to distinguish stunned myocardium after revas-
cularization from nonviable myocardium (see Stress 
Echocardiography).6 Patency of the infarct-related coro-
nary artery, as seen within days of the acute MI, has been 

associated with an improvement in regional function and 
attenuation of left ventricular dilation 1 to 6 months after 
the initial event; by contrast, adverse remodeling of the 
left ventricular wall will continue to increase in patients 
without successful reperfusion.7

Angiographic restoration of flow in an epicardial artery 
does not accurately reflect perfusion at the microvascular 
level.8 The lack of myocardial reperfusion despite restored 
epicardial flow is referred to as the “no-reflow” phenomenon 
(see Chapter 24).8 Adequacy of myocardial blood flow after 
either pharmacologic or mechanical revascularization can 
be assessed using contrast echocardiography of the myocar-
dium, in addition to the classic clinical and ECG parameters. 
Myocardial contrast techniques have shown good correla-
tion with angiographic methods of assessing microvascular 
reperfusion in patients with acute MI, such as the corrected 
Thrombolysis In Myocardial Infarction (TIMI) frame count 
(cTFC), TIMI myocardial perfusion grade (TMPG), and TIMI 
myocardial blush grade.9

Diastolic function abnormality

ECG changes

Segmental systolic wall
abnormality

Perfusion defect

Cellular biochemical changes

Chest
pain

FIGURE 31-1 The sequence of events during myocardial ischemia. ECG, 
Electrocardiogram. (From Diaz A, Ducharme A, Tardif JC: Echocardiography in acute 
coronary syndromes. In Théroux P, editor: Acute coronary syndromes, Saunders, 
Philadelphia, 2011.)
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FIGURE 31-2 Diagrammatic representation of coronary perfusion of the 
16 left ventricular segments. In the parasternal long-axis view (LAX), the anterior 
interventricular septum is perfused by the left anterior descending artery (LAD), the 
first 1 to 2 cm being perfused by the first septal perforator, allowing determination 
of whether the obstruction is proximal or distal to this LAD branch. The inferolateral 
wall usually is perfused by the circumflex artery. In the parasternal short-axis view 
(SAX), the LAD supplies the anterior wall and the anterior septum, the circumflex 
artery supplies the lateral wall, and the right coronary artery (RCA) supplies the 
inferior septum and inferior wall. In the apical two-chamber view (2C), the anterior 
wall is perfused by the LAD, the inferior wall is supplied by the RCA, and the apex 
often has a dual coronary supply. In the apical four-chamber view (4C), the mid-
septum is perfused by the LAD, the basal septum usually is part of the RCA, and 
the apex usually is perfused by the LAD, with the basal and mid-lateral walls being 
supplied by the circumflex artery. SAX PM, Parasternal short-axis view at the papil-
lary muscle level. (From Diaz A, Ducharme A, Tardif JC: Echocardiography in acute 
coronary syndromes. In Théroux P, editor: Acute coronary syndromes, Saunders, 
Philadelphia, 2011.)
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ASSESSMENT OF LEFT VENTRICULAR 
FUNCTION

Evaluation of Systolic Left Ventricular 
Function
A reduced left ventricular ejection fraction (LVEF) after MI 
is a strong predictor of poor outcome. An immediate decline 
in left ventricular systolic function may be observed with 
onset of necrosis, but further adverse remodeling of the 
left ventricle due to infarct expansion also can occur (see 
Chapter 4 and Chapter 36). Such remodeling is character-
ized by the enlargement of the primary hypokinetic/akinetic 
zone and left ventricular dilation, potentially leading to the 
development of heart failure. Initially enlarged left ventricu-
lar volumes are suggestive of extensive myocardial injury, 
but sequential echocardiograms may be required for detec-
tion of adverse left ventricular remodeling; left ventricular 
systolic function also can improve over time after a reper-
fused MI. In patients with at least moderate ventricular dys-
function early after MI, reevaluation of LVEF approximately 
40 days later is needed to determine whether implantation 
of a cardiac defibrillator is warranted (see Chapter 28).10

Qualitative and Semiquantitative Evaluation of Left 
Ventricular Systolic Function
Global and regional ventricular function can be evaluated 
with echocardiography. A few seconds after coronary occlu-
sion, decreases in the amplitude of endocardial excursion 
and wall thickening become apparent in the area supplied 
by the obstructed artery; the abnormality is defined as hypo-
kinesis when contraction normally is directed but reduced 
in magnitude, akinesis when it is absent, or dyskinesis when 
systolic bulging is present.

Wall Motion Score Index
Semiquantitative assessment of regional left ventricular con-
traction is provided by the wall motion score index (WMSI). 
The American Heart Association (AHA), as part of an effort 
to unify wall motion analysis among various imaging modal-
ities, recommended a 17-segment model when perfusion is 
assessed, but the 16-segment model (Figure 31-2) remains 
clinically recommended for functional imaging, because 
the apical cap does not contract.11 The various echocardio-
graphic views permit visualization of regions of the myocar-
dium perfused by the different coronary artery branches 
(Figure 31-3). Professional society recommendations11 sug-
gest that a score be assigned to each segment according 
to its contractility, as follows: (1) normal or hyperkinetic, 
(2) hypokinetic, (3) akinetic (absent or negligible thicken-
ing), and (4) dyskinetic (systolic thinning or stretching, e.g., 
aneurysm). In contrast with previous recommendations, 
clinicians should refrain from assigning a separate wall 
motion score for aneurysm; furthermore, no specific score 
has been designated for compensatory hyperkinesis. The 
WMSI is equal to the sum of the regional scores divided by 
the number of evaluable segments and can range between 
1 (for normal ventricular contraction) and 3.9 (for severe 
systolic dysfunction) (Figure 31-4). A good correlation exists 
between the echocardiographic WMSI and the LVEF mea-
sured by radionuclide ventriculography. A WMSI of 1.7 or 
higher usually suggests dysfunction involving greater than 
20% of the left ventricle after acute MI. In addition, the WMSI 
has important prognostic value, with a significantly higher 

mortality rate in the group with the most abnormal score 
than in patients with favorable ones (61% versus 3%).2

Because CAD causes segmental dysfunction, which can 
be accompanied by compensatory hyperkinesis of nonisch-
emic segments, regional assessment of systolic function is 
more sensitive than global approaches. Nevertheless, deter-
mination of the LVEF is part of a standard examination. The 
correlation between the visual echocardiographic estima-
tion and the radionuclide determination of LVEF is good, 
but visual assessment requires experience, and clinicians 
should validate their own performance with quantitative 
methods.

Quantitative Evaluation of Global Left Ventricular 
Systolic Function
Global quantitative evaluation is based on endocardial 
border tracing, with or without epicardial border tracing, at 
end diastole and end systole in several views. Assessment is 
based on either analysis of wall motion (endocardial excur-
sion) or wall thickening (interface separation). Evaluation 
of regional wall thickening is not influenced by cardiac 
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PARASTERNAL SHORT-AXIS VIEWS

APICAL VIEWS

Apical 2-chamberApical 4-chamber
C

B

A

Apical long-axis

RV

LA

Ao

LV

410

RV RV
RVLV LVMVO 3

2
1

6

5 4

12
13

14

15
16

LVLVLVRV

LA
LA

LARA
Ao

15 13

710

425

1112

13 15

9

3
6

8

1416

1

11 10

9

87

15

13 7 1

Basal Mid Apical

FIGURE 31-3 Schematic of the 16 segments of the left ventricle (LV), as 
described by the American Society of Echocardiography. (A) Parasternal long-
axis view. (B) Parasternal short-axis views. (C) Apical views. The numbers in the dia-
gram correspond to the following segments: 1, basal anteroseptum; 2, basal anterior 
wall; 3, basal anterolateral wall; 4, basal inferolateral wall; 5, basal inferior wall; 6, 
basal inferior septum; 7, mid-anterior septum; 8, mid-anterior wall; 9, mid-anterolat-
eral wall; 10, mid-inferolateral wall; 11, mid-inferior wall; 12, mid-inferior septum; 
13, septal apex; 14, anterior apex; 15, lateral apex; 16, inferior apex. Ao, Aorta; LA, 
left atrium; MVO, mitral valve orifice; RA, right atrium; RV, right ventricle. (From Diaz 
A, Ducharme A, Tardif JC: Echocardiography in acute coronary syndromes. In Théroux 
P, editor: Acute coronary syndromes, Saunders, Philadelphia, 2011.)
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translation or rotation, as opposed to wall motion, but 
requires excellent definition of the endocardial and epicar-
dial borders, which constitutes its major limitation.

Determination of left ventricular cavity dimensions is 
an important component of evaluation of wall thickening. 
Volume estimations are based on geometric assumptions 
about ventricular shape, which range from a simple ellip-
soid to a complex hemicylindrical, hemiellipsoid shape. 
Descriptions of each geometric shape and the corresponding 
formula and requirements are beyond the scope of this chap-
ter. The American Society of Echocardiography (ASE) recom-
mendations for chamber quantification favor the modified 
Simpson’s biplane method of disks for left ventricular vol-
umes and LVEF.11 This method involves tracing of the endo-
cardial borders in the apical four-chamber and two-chamber 
views, at end systole and end diastole (Figure 31-5 and Videos 
31-6, 31-7, 31-8, and 31-9). Determination of the left ventricular 
end-diastolic (EDV) and end-systolic (ESV) volumes allows 
calculation of the stroke volume (EDV − ESV = SV), cardiac 
output (SV × heart rate), and ejection fraction ([SV/EDV] × 
100). In patients whose echograms have good image quality, 
three-dimensional echocardiography–based measurements 
are accurate and reproducible and should be used when 
available and feasible12 (Figures 31-6 and 31-7 and Videos 
31-10, 31-11, 31-12, and 31-13). Three-dimensional echocardiog-
raphy has been shown to be superior to standard two-dimen-
sional echocardiography for determination of left ventricular 

volumes and mass, using cardiac magnetic resonance imag-
ing (MRI) as the gold standard.21 In patients with LVEF less 
than 40%, three-dimensional echocardiography–derived EDV, 
ESV, and LVEF gave excellent correlation with MRI (r = 0.98 
for EDV, 0.99 for ESV, and 0.97 for LVEF; P < .0001)—better than 
with two-dimensional echocardiography.22
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Bull’s-eye target diagram of the 16 LV segments
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A

FIGURE 31-4 (A) The 16 segments of the left ventricle displayed in a bull’s-eye 
diagram. (B) The wall motion score, which assigns a number according to the con-
tractile function of each segment. (C) The wall motion score index (WMSI) is obtained 
by dividing the sum of the scores for evaluable segments by the number of segments 
evaluated. LV, Left ventricular. (From Diaz A, Ducharme A, Tardif JC: Echocardiogra-
phy in acute coronary syndromes. In Théroux P, editor: Acute coronary syndromes, 
Saunders, Philadelphia, 2011.)

FIGURE 31-5 Evaluation of left ventricular (LV) volumes and systolic func-
tion using the Simpson’s method of disks. The LV endocardial borders are traced 
at end systole and end diastole in two orthogonal views, the apical four- and two-
chamber views, and the LV ejection fraction (LVEF) is derived.

BB

AA

FIGURE 31-6 Three-dimensional model of left ventricular (LV) function.  
(A) Automated determination of LV ejection fraction (LVEF) using volumetric 
assessment and multislice (5 to 12) short-axis volumes. (B) Three-dimensional 
full volume of the left ventricle can be processed from apical four-chamber, two-
chamber, and long-axis views with special analytical software to create a dynamic 
three-dimensional cast.
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Quantification of Regional Wall Motion using Doppler 
and Speckle-Tracking Echocardiography
Quantification of regional myocardial function currently 
is based on myocardial tissue Doppler imaging (TDI) or 
speckle-tracking echocardiography (STE) techniques. TDI 
uses pulsed-wave Doppler methods (modified to record 
the low-velocity, high-amplitude signals from tissue) to mea-
sure the velocity and timing of myocardial motion. Because 
Doppler signals are angle-dependent, the apical views usu-
ally are chosen. Different velocity profiles are obtained, called 
peak systolic velocity (S1m, S2m), peak diastolic rapid filling 
(Em), and atrial contraction (Am) (Figure 31-7). Although rea-
sonably well correlated with global left ventricular function, 
these measures are limited by preload and afterload depen-
dence13 and are sensitive to inotropic stimulation and isch-
emia.24 Because velocity and motion are measured relative 
to the transducer, measurements may be influenced by teth-
ering or overall heart motion. Accordingly, the use of defor-
mation parameters such as strain and strain rate is preferable.

Global Longitudinal Strain and Strain Rate14

Strain describes the deformation of an object normalized 
to its original shape and size. Strain rate reflects the speed 
of myocardial deformation. Strain is a dimensionless entity, 
reported as a percentage that represents the movement of 
one tissue site relative to another and permits differentia-
ton between movement caused by tethering of adjacent tis-
sues and normal motion, which is crucial in dealing with 
CAD. The most commonly used strain-based measure of 

left ventricular long-axis systolic function is the global lon-
gitudinal strain (GLS), usually assessed by STE.14 On two- 
dimensional echocardiography, peak GLS describes the 
relative length change of the left ventricular myocardium 
between end diastole and end systole.

Strain (%) = (Lt – L0)/L0, where Lt = length at time t and L0 
= initial length at time 0, usually taken at end diastole.

Strain Rate =
(Lt − L0) /L0

Δt
, where Δt = time required for 

the change in length.
GLS (%) = (MLs – MLd)/MLd, where MLs = myocardial 

length at end systole and MLd = myocardial length at 
end diastole.

After optimizing image quality, maximizing frame rate, 
and minimizing foreshortening, which all are critical 
to reduce measurement variability, GLS measurements 
should be made in the three standard apical views and 
averaged15 (Figure 31-8 and Videos 31-14 and 31-15). 

FIGURE 31-7 Assessment of myocardial mechanics using myocardial tissue 
Doppler imaging (TDI). Apical four-chamber view from echocardiogram in a normal 
patient showing myocardial TDI and the derived velocity profiles from four septal 
segments. TDI uses the pulsed-wave Doppler method, modified to record the low-
velocity and high-amplitude signals from tissue, to measure the velocity and timing of 
myocardial motion. Different velocity profiles are obtained, called peak systolic filling 
(S1m, S2m; negative deflection), peak diastolic rapid filling (Em), and atrial contraction 
(Am; positive deflection). Curve color corresponds to sample volume location (color 
ovals). AVC, Aortic valve closure.

A

B

A

B

FIGURE 31-8 Assessment of myocardial mechanics using speckle-tracking 
echocardiography (SPE) techniques. (A) Normal peak longitudinal strain measured 
by SPE, two-dimensional strain (GE Healthcare, Milwaukee, Wisc.); the tracking and 
parametric images results are on the left and the results curves in the upper right panel. 
(B) Peak longitudinal strain measured by SPE, two-dimensional strain, from the apical 
four-chamber (4CH, upper left panel), two-chamber (2CH, upper right panel), and three-
chamber (lower left panel) views, with bull’s-eye representation of the midwall peak 
systolic strain (lower right panel). The dotted white lines show a reduced global longitu-
dinal (peak) strain (GLPS) averaged from the inferoseptal (red line, 4CH) and inferolateral 
(yellow, blue, and green curves, APLAX) walls (global strain = −12.9% in LAX). The 
bull’s-eye demonstrates RWMAs of the lateral and posterior walls (light pink). APLAX, 
Apical long-axis view; AVC, aortic valve closure (for event timing); bpm, beats/min; FR, 
frame rate; HR, heart rate; RWMAs, regional wall motion abnormalities.
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Midwall GLS is a sensitive measure of myocardial injury 
and correlates better with infarct size than LVEF.16,17 In 
addition, ischemia may lead to inhomogeneous ventricu-
lar electrical conduction and contraction, a phenomenon 
called mechanical dispersion, which can be detected by 
strain; it is measured as the standard deviation of the time 
from the peak R-wave to peak negative strain and is pre-
dictor of arrhythmic events late after MI (beyond 40 days), 
independently of LVEF.18 This parameter may be particu-
larly interesting in patients with relatively preserved LVEF, 
for whom a cardiac defibrillator is not indicated (in 
accordance with accepted guidelines).10 Because GLS 
offers incremental predictive value in patients undergo-
ing echocardiography after MI, it should be measured 
clinically, in view of the ease of obtaining this additional 
information.19,20

Regional (Longitudinal and Radial) Strain  
and Strain Rate Imaging
Similar to global strain, regional deformation measurements 
may differ in amplitude depending on not only the myocar-
dial region being evaluated but also the system and method 
used and sample volume definition.14 Independent of strain 
magnitude, characteristic changes in temporal pattern of 
myocardial deformation can be assessed as well (Figure 31-9).

Longitudinal shortening or radial thickening of the myo-
cardium after aortic valve closure (polysystolic shortening 

or thickening, sometimes referred to as tardokinesis) of 
more than 20% of the total deformation during the car-
diac cycle is a consistent sign of regional functional inho-
mogeneity (e.g., ischemia, scar).4,14 Furthermore, during 
angioplasty, strain decreased considerably in 94% of the 
patients,27 suggesting a good sensitivity to ischemia. One 
of the most interesting aspects of strain and strain rate is 
their independence from tethering,11 with close correlation 
with cardiac magnetic resonance tissue tagging for GLS 
(r = −0.87) and global radial strain (r = −0.92) on strain rate 
imaging (SRI) studies.13

Contrast Echocardiography
Despite improved ultrasound imaging, up to 20% of patients 
have suboptimal endocardial border definition for quantita-
tive assessment of LVEF.21 Contrast echocardiography can be 
used to improve the delineation of the endocardial borders, 
using lipid-shelled, gas-filled encapsulated microbubbles 
(Figure 31-10 and Videos 31-8 and 31-9). Such microspheres 
are clinically available in most echocardiographic laborato-
ries for left ventricular cavity opacification or diagnosis of 
mural thrombus or left ventricular aneurysm.22 In the acute 
coronary syndrome (ACS) setting, left ventricular opacifica-
tion also offers the advantage of better assessment of left 
ventricular RWMAs, by increasing the number of interpre-
table segments.

Global longitudinal strain % Global circumferential strain %

2D global longitudinal strain = –7% 4D global longitudinal strain = –6% 4D global longitudinal strain = –14%
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FIGURE 31-9 Assessment of myocardial mechanics: two-dimensional (2D), and four-dimensional (4D) longitudinal and radial strain. Representative example of 
normal strain patterns obtained by speckle-tracking echocardiography, two- and three-dimensional strain (GE Healthcare, Milwaukee, Wisc.). In this example, a good correlation 
is found for global longitudinal strain between two- and three-dimensional echocardiography. CO, Cardiac output; EDMassl, EDmass indexed; EDV, end-diastolic volume; EF, 
ejection fraction; ESMassl, ESmass indexed; ESV, end-systolic volume; GPSL, global peak longitudinal strain; HR, heart rate.
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31Hemodynamic Assessment  
and Diastolic Function
Changes in the transmitral flow profile for pulsed-wave 
Doppler during coronary occlusion have been shown to 
be secondary to impaired left ventricular relaxation. Such 
changes include a decrease in the peak rate of early filling 

(E wave) resulting in a reduced proportion of total left ven-
tricular filling during the rapid filling phase, an increased 
rate of filling secondary to atrial contraction (A wave), and 
a reduced E/A ratio (i.e., peak mitral early to late inflow 
velocity) with a prolonged deceleration time (DT) (Figure 
31-11). These changes parallel the diastolic function mea-
sured invasively (−dP/dt, LV end-diastolic pressure, and 

A B

FIGURE 31-10 Left ventricular (LV) opacification using contrast ultrasound agent. Evaluation of LV volumes and systolic function using the Simpson’s method of disks 
after injection of lipid-shelled, gas-filled encapsulated microbubbles (echocardiographic contrast agent, Definity). The LV endocardial borders are traced at end systole and end 
diastole in two orthogonal views: the apical four-chamber (A) and two-chamber (B) views. The LV end-diastolic and end-systolic volumes (LVEDV, LVESV) and the LV ejection 
fraction (LVEF) are derived. V, Xxxxxxxxxxx.

A B

C D

A B

C D

FIGURE 31-11 Evaluation of left ventricular ( LV) diastolic dysfunction (see also Table 31-1). (A) Example of a normal pulsed-wave Doppler mitral valve (MV) profile: 
E wave is 94 cm/sec, deceleration time (DecT) is 174 msec, and E/A ratio is 1.52. (B) Mitral flow velocity recording shows abnormal relaxation: E/A ratio is 0.44, and DecT is 
prolonged (439 msec). (C) Pseudonormal pattern: Myocardial tissue Doppler imaging (TDI) of the mitral annulus at the lateral level depicts inversion of the normal pattern, with 
Em less than Am. (D) Restrictive MV flow pattern with short DecT (141 msec) and E/A of 2.5.
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the time constant of isovolumic relaxation, tau) and may 
be present even when systolic function remains normal. 
Most patients with ACS demonstrate the typical abnormal 
relaxation pattern (E/A ratio less than 1 and prolonged DT 
to more than 250 msec). A large infarct size or severe sys-
tolic dysfunction, however, can result in a restrictive pattern 
(high peak E wave velocity, E/A greater than 2, and DT below 
150 msec), which reflects abnormal ventricular compli-
ance with elevated filling pressures. A third intermediate or 
pseudonormal Doppler pattern also can be seen, with E/A 
ratio between 1 and 2 and a DT between 150 and 250 msec, 
which can be unmasked by the Valsalva maneuver, in that it 
decreases venous return and results in an inversion of the 
E/A ratio and prolongation of the DT in patients with abnor-
mal diastolic dysfunction. This pseudonormal pattern also 
can be differentiated from a truly normal Doppler profile by 
determining the isovolumic relaxation time using the mitral 
and aortic Doppler profiles, analyzing the TDI pattern at the 
mitral annulus (inverted Em to Am ratio) and/or by examin-
ing pulmonary venous flow.23,24

TDI is a useful adjunct to pulsed-wave Doppler in the 
assessment of diastolic function. The pattern of mitral annu-
lus motion during diastole by TDI is similar to that of the 
pulsed-wave Doppler transmitral flow, but lower in velocity. 
Doppler signals of early diastolic (Em), atrial contraction 
(Am) and Em/Am ratio can be derived and seems less depen-
dent on preload than the transmitral profile; hence the Em/

Am pattern on TDI helps to distinguish normal left ventric-
ular filling from the pseudonormal pattern (in which this 
ratio is less than 1 on TDI) seen in patients with moderate to 
severe diastolic dysfunction (Figure 31-12). It is important to 
recognize that in the context of an ACS, nearly all Doppler-
derived indices are influenced by several physiologic fac-
tors (e.g., heart rate) and may not consistently reflect left 
ventricular filling. Nevertheless, these quantifiable measures 
of left ventricular filling have been shown to have predictive 
value,25 but interrogation of multiple Doppler parameters is 
required for reliable results24,26 (Table 31-1).

Transthoracic echocardiography provides important 
information to determine the hemodynamic profile of a 
patient, by allowing noninvasive measurement of the car-
diac output and estimation of pulmonary capillary wedge 
pressure (PCWP). After MI, a mitral DT below 120 msec 
is considered highly predictive of a PCWP greater than 
20 mm Hg. Likewise, the DT of the diastolic component 
of the pulmonary venous flow (less than 160 msec) or a 
decreased systolic fraction of the pulmonary venous flow 
(less than 45%) correlated well with a PCWP above 18 
mm Hg. The left ventricular filling pressure also can be 
estimated using the mitral regurgitant jet with a contin-
uous-wave Doppler technique (Figure 31-13). Finally, a 
novel predictor called the kinetics-tracing index, using a 
combination of left atrial volume and function, has been 
recently proposed27 but will require further confirmation, 

A

C

BA

C

B

FIGURE 31-12 Severe left ventricular (LV) diastolic dysfunction after myocardial infarction (MI). Restrictive LV filling after MI demonstrated by pulsed-wave Doppler 
interrogation of the transmitral flow (A) and pulmonary venous flow (B), and by tissue Doppler imaging of the lateral mitral annulus (C). A, Peak late diastolic transmitral flow 
velocity; Am, peak late diastolic mitral annulus velocity; D, peak diastolic pulmonary venous flow velocity; DecT, deceleration time; Em, peak early diastolic mitral annulus velocity; 
MAV, mitral annulus velocity; MV, mitral valve; S, peak systolic velocity; Sm, systolic MAV; TVI, time velocity integral.
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especially in patients with mitral regurgitation (MR) or 
atrial fibrillation.

The myocardial performance index (MPI), or Tei index, is 
a Doppler-derived parameter combining assessment of sys-
tolic and diastolic function; it is defined as the sum of the 
isovolumic contraction and relaxation times divided by the 
ejection time (Figure 31-14). After MI, a left ventricular MPI of 
0.60 or more can diagnose impaired hemodynamics (PCWP 
of 18 mm Hg or greater and/or cardiac index of 2.2 L/min/

m2 or less) with sensitivity, specificity, and accuracy of 86%, 
82%, and 83%, respectively. Furthermore, an index greater 
than 0.66 is an independent predictor of heart failure or car-
diac death.28

Finally, pulmonary artery hypertension has been shown to 
be associated with higher mortality after MI. Echocardiography 
remains the mainstay for the noninvasive evaluation of pul-
monary artery pressure.29 Continuous-wave Doppler can 
estimate systolic right ventricular pressure (and systolic pul-
monary artery pressure), using tricuspid regurgitation flow 
and the Bernouilli equation to determine the trans-tricuspid 
gradient to which right atrial pressure should be added; the 
latter is estimated either clinically or as based on the diam-
eter of the inferior vena cava and its variation with respira-
tion determined with two-dimensional echocardiography 
(Figure 31-15).

RIGHT VENTRICULAR INFARCTION

The diagnosis of a right ventricular infarction requires a 
high level of suspicion because the sensitivity and speci-
ficity of clinical and electrocardiographic signs are low.30 
Nevertheless, diagnosis of right-sided involvement in the 
setting of an acute MI can significantly change the clinical 
management of these patients, because “intractable cardio-
genic shock” may become easily reversible with fluid infu-
sion (see Chapter 26). Furthermore, the presence of right 
ventricular dysfunction has an adverse impact after MI, 
increasing threefold the risk of death, cardiogenic shock, 
sustained ventricular arrhythmias, and advanced atrioven-
tricular block, even in the current era and despite successful 
percutaneous coronary intervention (PCI).3

Echocardiographically, the right ventricle is divided into 
four segments: the infundibulum (or outflow tract), anterior 
free wall, lateral wall, and inferior wall30 (Figure 31-16). The 
dual blood supply (from the right coronary and left ante-
rior descending arteries) of the infundibulum and the ante-
rior wall makes these segments most resistant to ischemia, 
whereas the inferior wall is the most vulnerable, with inter-
mediate susceptibility for the lateral wall.

Echocardiographic Assessment  
of Right Ventricular Function
Transthoracic echocardiography is an excellent modality 
to identify right ventricular infarction, with findings includ-
ing right ventricular regional or global dysfunction usually 
with left ventricular inferior wall involvement. Because right 
ventricular infarction sometimes may be revealed only by 
dysfunction of its inferior wall, attention should be paid 
to this region in optimized parasternal short-axis views. 
Indirect signs such as right ventricular dilation, tricuspid 

TABLE 31-1 Grading of Diastolic Dysfunction Using a Combination of Multiple Echocardiographic Parameters

PARAMETER NORMAL (ADULT) DELAYED RELAXATION PSEUDONORMAL FILLING RESTRICTIVE FILLING

E/A (cm/sec) >1 <1 1-2 >2

DT (msec) <220 >220 150-200 <150

IVRT (msec) <100 >100 60-100 <60

E′ (cm/sec) >8 <8 <6 <6

DT, Deceleration time; E′, peak diastolic myocardial velocity; E/A, peak mitral early to late inflow velocity; IVRT, isovolumetric relaxation time.
Modified from Jons C, Joergensen RM, Hassager C, et al: Diastolic dysfunction predicts new-onset atrial fibrillation and cardiovascular events in patients with acute myocardial 
infarction and depressed left ventricular systolic function: A CARISMA substudy. Eur J Echocardiogr 11(7):602-607, 2010.

FIGURE 31-13 Hemodynamic evaluation of left ventricular (LV) filling pres-
sure. Left atrial pressure (LAP) can be estimated from the mitral regurgitation signal. 
In this patient, the maximal pressure gradient between the left ventricle and the left 
atrium was 99 mm Hg; the systolic arterial pressure was measured at 125 mm Hg 
by cuff and is assumed to be equal to the LV systolic pressure. Hence the estimated 
maximum LAP is (125 − 99) = 26 mm Hg.

ECG

IRT= c –d
ICT= a– b–IRT

d
c

a
a

bICT IRT

PEP

V outflow

AV valve
regurgitation

AV valve inflow

Ventricular outflow

MPI =           =a– b
b

(ICT+ IRT)
ET

ET

FIGURE 31-14 Doppler-derived myocardial performance index (MPI), or Tei 
index. a, Interval between end and onset of the atrioventricular (AV) inflow. b, Ejec-
tion time (ET). Isovolumetric relaxation time (IRT) is the interval between the end of 
ventricular ejection (V) and onset of AV inflow. Isovolumetric contraction time (ICT) is 
obtained by subtracting IRT from the quantity (a − b). ECG, Electrocardiogram.
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FIGURE 31-15 Tricuspid regurgitation (TR). (A) Transthoracic echocardiography apical four-chamber view showing severe TR associated with right ventricular (RV) dysfunc-
tion. (B) The TR maximum pressure gradient was 88 mm Hg. (C) The inferior vena cava (IVC) is dilated, for estimated right atrial pressure of 10 mm Hg and RV systolic pressure 
of 98 mm Hg.

Inferior wall

Lateral wall

Anterior wall

Infundibulum

Parasternal
long-axis view

Parasternal RV
inflow view
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Apical
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Subcostal
four-chamber view

Subcostal
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LV

LV
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FIGURE 31-16 Echocardiographic analysis of the right ventricle (RV). The RV is divided into four segments: the infundibulum, anterior wall, lateral wall, and 
inferior wall. The most useful projections for assessing right ventricular function are shown. Ao, Aorta; LA, left atrium; LV, left ventricle; RA, right atrium. (From Rallidis LS, 
Makavos G, Nihoyannopoulos P: Right ventricular involvement in coronary artery disease: Role of echocardiography for diagnosis and prognosis. J Am Soc Echocardiogr 
27(3):223-229, 2014.)
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regurgitation, reduced excursion of the tricuspid annulus, 
and dilation of the inferior vena cavae also often can be 
found (Figure 31-17).

Many methods have been developed to quantify right 
ventricular systolic function, with good correlation with 
MRI (see Chapter 33) and radionuclide ventriculography.31 
Fractional area change expresses the percentage change 
of right ventricular area at end systole in comparison with 
right ventricular end-diastolic area from the four-chamber 
view and has a good correlation with right ventricular ejec-
tion fraction (RVEF) estimated by MRI31; it is therefore the 
recommended echocardiographic method to quantify 
right ventricular dysfunction in the presence of a right ven-
tricular MI. In addition, strain-derived parameters can be 
used to assess the degree of myocardial deformation (lon-
gitudinal strain) and the rate of deformation (strain rate) 
(Figure 31-18A), which are lower in patients with inferior MI 
and right ventricular involvement when measured at the 
basal and middle segments.32

To overcome the limitations of the right ventricle’s com-
plex geometry, three-dimensional echocardiography (Figure 
31-18B and Videos 31-16, 31-17, 31-18, and 31-19) recently has 
been shown to have good correlations with MRI measure-
ments of right ventricular volumes and ejection fraction, 

even if three-dimensional echocardiography–derived vol-
umes were slightly smaller. In the setting of an acute inferior 
MI, an RVEF less than 51% assessed by three-dimensional 
echocardiography had sensitivity of 91% and specificity of 
80% for the diagnosis of right ventricular MI.33

Other methods have been developed for assessment of 
the right ventricle (Table 31-2). Displacement of the right 
ventricular base during systole and diastole in apical four-
chamber view, also called tricuspid annular plane systolic 
excursion (TAPSE), is an indirect measurement of right 
ventricular systolic function that can be performed using 
M-mode or TDI techniques. An excursion of less than 1.5 cm 
by M-mode or less than 10 cm/sec by TDI is very specific for 
the detection of an RVEF less than 50%. A right ventricular 
MPI (see earlier) of 0.70 or greater results in the best com-
bination of sensitivity and specificity for the diagnosis of 
right ventricular infarction in the context of left ventricular 
inferior wall infarction.34 Table 31-2 summarizes the recom-
mended echocardiographic measurements for assessment 
of right ventricular function.11

COMPLICATIONS OF MYOCARDIAL 
INFARCTION

Despite a marked improvement in outcomes after MI in the 
past few decades with early reperfusion and improved med-
ical therapy, in-hospital mortality rates remain significant as 
a consequence of refractory cardiogenic shock or mechani-
cal complications of MI (see Chapter 26). Mechanical com-
plications include septal rupture with ventricular septal 
defect, rupture of the left ventricular free wall, and acute MR 
due to papillary muscle infarction and rupture. Although 
these complications are infrequent, they carry a poor prog-
nosis. Early detection of mechanical complications with 
echocardiography is crucial to plan the most appropriate 
management.

Left Ventricular Aneurysm
Left ventricular aneurysms are classified as true or false 
aneurysms. True aneurysms are the most common type, his-
torically occurring in approximately one fifth of all cases 
of transmural MI before routine use of reperfusion therapy. 
The aneurysm results from expansion of the infarct area and 
thinning of the myocardium and contains all three layers of 
the ventricular wall. Echocardiographically, the aneurysmal 
segments are dyskinetic or akinetic, and cause distortion 
of left ventricular shape (with a wide neck) that persists in 
diastole (Figure 31-19A). Almost 90% of true left ventricular 
aneurysms involve the apex, and in the remaining cases, 
the lesion generally is localized to the inferobasal region. 
Detection of an aneurysm within the first 5 days of hospi-
talization has been associated with high mortality rates at 
3 months and 1 year after MI, probably reflecting the larger 
infarct size and the more depressed global systolic function. 
Aneurysm also can be a site of predilection for thrombus 
formation.2

Left ventricular pseudoaneurysm is a rare and potentially 
life-threatening entity that results from a rupture through 
the myocardium, the extravasated blood being contained 
by the parietal pericardium. Pathologic examination 
shows a small channel connecting the left ventricle with 
a large blood- and thrombus-filled cavity lined by fibrous 
pericardial tissue, with a tear evident in the myocardium. 

A

B

A

B

FIGURE 31-17 Right ventricular (RV) infarction. Transesophageal echocar-
diography (TEE) short-axis view at the midpapillary level showing akinesia of the left 
ventricular (LV) inferoseptal and inferior walls, together with RV inferior wall in dias-
tole (A) and systole (B). A ventricular septal defect also is seen (see Video 31-24). 
Echocardiographic findings also may include RV regional or global dysfunction, usu-
ally with LV inferior wall involvement. Because infarction of the right ventricle some-
times may be manifested only as dysfunction of its inferior wall, attention should be 
paid to this region, with modified views obtained if needed.
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On echocardiography, an echo-free area outside the left 
ventricular cavity is seen connected to it by a narrow 
neck, with an abrupt interruption in the ventricular wall.2 
Bulging also can be observed in the false aneurysm during 
each systole (Figure 31-19B and Videos 31-20 and 31-21). 
Because a ventricular pseudoaneurysm is a contained rup-
ture, mortality is high, and urgent surgery is warranted as 

soon as the diagnosis is made with echocardiography (see 
Chapter 26).

Myocardial Rupture
Cardiac rupture complicating MI, although infrequent, has 
a dramatic presentation and often is rapidly fatal. It can 

A

C

B

FIGURE 31-18 Methods to quantify right ventricular (RV) systolic function. (A) In this example, RV systolic function estimated using the tricuspid annular systolic 
plane excursion (TAPSE) assessed by M-mode is normal. (B) Myocardial tissue Doppler imaging (TDI) of the RV lateral annulus (RV-TDI) showing a systolic velocity (SV) of the right 
ventricle of 14 cm/sec. (C) To overcome the imaging difficulties posed by the complex geometry of the ventricle, three-dimensional echocardiography may be useful.CO, Cardiac 
output; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; HR, heart rate.
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FIGURE 31-19 Free-wall rupture and left ventricular pseudoaneurysm. (A) Apical long-axis view, slightly off-axis, showing abrupt discontinuity of the inferolateral 
wall resulting in a communication between the left ventricle (LV) and a large cavity that appears to be a pseudoaneurysm. The cavity was pulsatile during real-time imaging (see 
Videos 31-20 and 31-21). (B) Using color flow Doppler, flow is seen from the LV toward the pericardial cavity (arrow). LA, Left atrium; PAn, pseudoaneurysm; Per, pericardial 
effusion; RV, right ventricle.
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involve the left ventricular free wall, the ventricular septum, 
or papillary muscle (see Chapter 26).

Ventricular Free Wall Rupture
Rupture of the left ventricular free wall usually is a sudden event 
and accounts for 10% to 15% of all in-hospital deaths after MI. 
Echocardiographic recognition of free-wall rupture, although 
unusual because of rapid hemodynamic deterioration, occa-
sionally has been possible, allowing rapid intervention.35

Ventricular Septal Defect
In the reperfusion era, a ventricular septal defect (VSD) is 
an uncommon complication of MI (with a frequency of 
less than 1%) but is associated with high mortality rates.36 
Rupture of the interventricular septum is more common 
with anterior than with inferior infarcts. The perforation may 
be a direct through-and-through hole or may be more irregu-
lar and serpiginous, with a variable defect size but usually 
less than 4 cm in diameter. Echocardiography often directly 
detects the septal defect as an interruption in the myocar-
dium in an akinetic region, often at the junction with nor-
mal or hyperkinetic tissue (Figure 31-20A and Videos 31-22, 
31-23, 31-24, 31-25, and 31-26). As a complication of anterior 
infarction, the septal defect usually is located distally near 
the apex, in association with anterior akinesis. Careful two-
dimensional and color Doppler scanning of the ventricular 
septum is required, particularly in the apical four-chamber 
and five-chamber views. When a VSD occurs with an inferior 
infarction, the apex typically is spared, and the defect is in the 
basal septum, generally associated with an extensive area of 
inferior wall dyskinesis. Commonly the VSD in the basal infe-
rior septum is identified using an off-axis position, with an 
intermediate rotation between the apical four-chamber and 

two-chamber views. Pulsed-wave, continuous-wave, and color 
Doppler studies confirm the left-to-right shunt across the 
septal defect. The defect size determined by color Doppler 
echocardiography has been shown to correlate closely with 
that determined at surgery or autopsy and with the pulmonic 
artery–to–systemic flow ratio measured at cardiac catheter-
ization. Transesophageal echocardiography (TEE) is useful 
in guiding percutaneous VSD closure (Figure 31-20B).36

Mitral Regurgitation and Papillary Muscle Rupture
In a majority of the cases, MR develops as a result of impaired 
mitral leaflet coaptation in the absence of structural mitral 
valve disease,37 as seen with papillary muscle displacement, 
left ventricular dilation, left ventricular wall remodeling, and/or 
dyssynergy of the left ventricular wall adjacent to the papillary 
muscle (Figure 31-21 and Video 31-27); in this setting, increased 
mitral tenting is an independent predictor of progression of 
MR after MI. Although left ventricular remodeling itself and left 
ventricular sphericity contribute to ischemic MR, this influence 
seems directly dependent on alterations in mitral geometry. By 
contrast, ischemic rupture of the mitral apparatus (chordae 
tendinae, a papillary muscle, or a muscle head) is a rare (occur-
ring in 1% to 3% of the cases) but dramatic complication of 
acute MI.38 Because its blood supply is dependent on a single 
coronary artery, the posteromedial papillary muscle is more 

TABLE 31-2 Normal Values and Threshold for 
Echocardiographic Parameters of Right Ventricular 
Function

PARAMETER MEAN ± SD
ABNORMALITY
THRESHOLD

TAPSE (mm) 24 ± 3.5 <17

Pulsed Doppler S wave (cm/sec) 14.1 ± 2.3 <9.5

Color Doppler S wave (cm/sec) 9.7 ± 1.85 <6.0

RV fractional area change (%) 49 ± 7 <35

RV free wall two-dimensional 
strain (%)*

−29 ± 4.5 >−20

RV three-dimensional EF (%) 58 ± 6.5 <45

Pulsed Doppler MPI 0.26 ± 0.085 >0.43

Tissue Doppler MPI 0.38 ± 0.08 >0.54

E wave deceleration time (msec) 180 ± 31 <119 or >242

E/A 1.4 ± 0.3 <0.8 or >2.0

e′/a′ 1.18 ± 0.33 <0.52

e′ 14.0 ± 3.1 <7.8

E/e′ 4.0 ± 1.0 >6.0

e′, Early wave at the mitral annulus by TDI;; E/A, peak mitral early to late inflow 
velocity; e′/a′, ratio of e′ to the atrial contraction wave (a′) at the mitral annulus by 
TDI; E/e′, ratio of the early wave at mitral inflow by PWD to e’; EF, ejection fraction; 
MPI, myocardial performance index; RV, right ventricular; TAPSE, tricuspid annular 
systolic plane excursion.
*Limited data; values may vary depending on vendor and software version.
From Lang RM, Badano LP, Mor-Avi V, et al: Recommendations for cardiac chamber 
quantification by echocardiography in adults: An update from the American Society 
of Echocardiography and the European Association of Cardiovascular Imaging. J Am 
Soc Echocardiogr 28(1):1-39, 2015.
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B

IVS

RV

RV

LV

LV

FIGURE 31-20 Ventricular septal defects (VSDs). Three days after an acute 
inferior myocardial infarction, the patient exhibited clinical deterioration, and a new 
systolic murmur was heard. (A) Transesophageal echocardiography (TEE) transgastric 
view at 0 degrees with color Doppler showed a shunt from the left to the right 
ventricle (LV, RV), typical of a VSD. (B) TEE guidance (arrow, delivering catheter) for 
percutaneous closure of the VSD, achieved using an Amplatzer device. IVS, Interven-
tricular septum.
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frequently affected. For that reason, papillary muscle rupture 
occurs more commonly in the setting of an inferior MI. In clini-
cal settings, partial rupture of a papillary muscle head is seen 
more frequently, because complete rupture generally is rapidly 
fatal. Two-dimensional echocardiography can show accurately 
the structural abnormality of the mitral apparatus, which usu-
ally includes a flail leaflet or prolapse and partial or complete 
rupture of one of the papillary muscle heads (Figure 31-22 and 
Videos 31-28 and 31-29). Because chordae tendinae originat-
ing from the posteromedial papillary muscle are connected to 
both mitral leaflets, a flail anterior leaflet can also complicate 
an acute inferior wall infarct. The left ventricle often is hyperdy-
namic in the presence of papillary muscle rupture and severe 
MR, and this activity frequently renders difficult the identifica-
tion of an RWMA in the inferior wall. The addition of color flow 
Doppler permits the identification of MR and assessment of its 
severity in nearly all patients.38 In the presence of an eccentric 
jet or a noncompliant left atrium (as commonly encountered 
in this setting), color Doppler occasionally may underestimate 
the severity of MR, however, and a thorough echocardiographic 
assessment is required, using TEE when needed (Videos 31-30 
and 31-31).

Left Ventricular Thrombus
A relatively frequent complication before the era of throm-
bolytic therapy, left ventricular thrombi are still found in 4% 

to 15% of cases of anterior STEMI treated with PCI, more 
often with large infarcts and/or severely depressed left ven-
tricular systolic function with longer time to reperfusion39; 
in addition, however, they can be found with small apical  
infarctions and preserved LVEF.  Thrombus is always 
located in the akinetic/dyskinetic zone and typically 
appears as a homogeneous, mildly echogenic mass on the 
endocardial contour. It may be fixed or pedunculated and 
freely mobile, or it may have a fixed base with a mobile fila-
ment extending from its surface (Figure 31-23 and Video 
31-32). The echogenicity can increase, however, and calcifi-
cation may be found within an organized thrombus. Because 
most left ventricular thrombi are in the apical region, stan-
dard and off-axis apical views (with optimized imaging of 
the region of interest) often are required to confirm their 
presence and to distinguish them from a near-field artifact 
or a fibrous band (false tendon).2 The use of contrast agents 
may be necessary in this situation.

PROGNOSIS AFTER MYOCARDIAL 
INFARCTION

The prognosis after MI is determined in part by the severity of 
systolic dysfunction (infarct size) and the presence and extent 
of ischemic myocardium (see Chapter 11 and Chapter 30).40  
Echocardiographically determined left ventricular end- 
systolic area, WMSI, and LVEF are strong predictors of 

A

B

FIGURE 31-21 Mitral regurgitation (MR). MR due to impaired mitral leaflet 
coaptation with relatively normal mitral apparatus (leaflets and chordae). Apical 
four-chamber (A) and three-chamber (B) views show left ventricular (LV) dilation and 
 akinesia of the inferolateral LV wall involving the posteromedial papillary muscle.

A

B

A

B

FIGURE 31-22 Papillary muscle rupture. Transthoracic echocardiography (TTE) 
in a patient in cardiogenic shock 24 hours after an anterior myocardial infarction.  
(A) Apical two-chamber view shows rupture of the anterolateral papillary muscle, 
which has moved freely into the left atrium (arrow). (B) Apical long-axis view shows 
severe mitral regurgitation in the same patient.



Ech
o

card
io

g
rap

h
y in

 Patien
ts w

ith
 M

yo
card

ial In
farctio

n
389

31

adverse outcome after an MI. For patients with LVEF less 
than 40% and end-systolic volume (ESV) greater than 130 cc, 
5-year survival rates were 65% and 52%, respectively. By con-
trast, a low WMSI can prospectively identify patients at low 
risk for cardiac events after MI. Furthermore, the echocardio-
gram may help to distinguish infarct extension from recur-
rent ischemia and to quantify the amount of myocardium at 
risk. Indeed, during MI, the nonaffected ventricular segments 
usually are hyperdynamic as a compensatory mechanism. 
The absence of such compensatory hyperkinesis suggests 
multivessel coronary disease and is associated with worse 
outcome.2 Echocardiography is therefore a useful tool in 
establishing prognosis in patients with MI, larger infarcts 
being associated with left ventricular shape distortion and 
predicting progressive left ventricular dilation; the lower the 
LVEF and the larger the volumes, the higher the mortality 
and the worse the morbidity will be.

ISCHEMIA AND VIABILITY ASSESSMENT: 
STRESS ECHOCARDIOGRAPHY

Stress echocardiography can be used for risk stratification in 
patients after MI, in an effort to identify a subset of patients 

at high risk for recurrent ischemia, MI, and death.41 Stress 
echocardiography techniques increase the sensitivity of a 
standard exercise stress test, and both exercise and phar-
macologic stress can be used; the choice of one modality 
over the other depends on the patient’s ability to perform 
an exercise, the presence of baseline electrocardiographic 
abnormalities, and the goal of the examination (e.g., phar-
macologic stress testing is required to assess myocardial 
viability) (see Chapter 30).

Exercise Stress Echocardiography
For exercise stress echocardiography (ESE) testing, either 
treadmill or bicycle exercise may be used, but the workload 
and maximum heart rate achieved usually are higher with 
treadmill, whereas blood pressure is higher with bicycle. 
Hence, if the aim of the exam is the assessment of RWMAs 
only, treadmill exercise usually is preferred; if additional 
Doppler information is needed (e.g., assessment of mitral 
regurgitation or pulmonary artery pressure during exercise), 
bicycle exercise allows assessment of both RWMAs and 
Doppler-derived parameters during exercise (as opposed 
to only immediately after exercise for treadmill testing).42 
The prognostic value of ESE after MI is well established, with 
exercise-induced new or worsened RWMA being associated 
with a fivefold increase in cardiac events (MI, revasculariza-
tion, or death) over the next 12 months; of interest, develop-
ment of stress-induced RWMA remote from the MI area is 
predictive of multivessel CAD and identifies a population 
with a worse prognosis. ESE’s sensitivity is similar to that for 
exercise SPECT imaging (85% versus 87%), but the specific-
ity is higher (77% versus 65%). Furthermore, a normal ESE 
result is associated with an annual event rate of cardiac 
death and nonfatal MI of less than 1%, equivalent to that 
for an age- and sex-matched population.42 In addition to its 
diagnostic value, stress echocardiography offers the advan-
tages of low cost and avoidance of exposure to radiation.43

Pharmacologic Stress Echocardiography
Pharmacologic stress echocardiography (PSE) may be used 
for evaluation of both myocardial viability and ischemia. PSE 
reveals the so-called inotropic reserve of the dysfunctional 
but viable myocardium through the administration of an ino-
tropic agent, usually dobutamine (DSE), which has a positive 
inotropic effect at low doses (5 to 10 μg/kg/min) and addi-
tional inotropic and chronotropic effects at higher doses 
(ischemia). In response to inotropic stimulation, the viable 
but dysfunctional myocardium exhibits improved contractile 
function (inotropic reserve) (Figure 31-24 and Video 31-33), 
suggesting that at least 50% of the myocytes in the respon-
sive segment are viable, predicting improvement in global left 
ventricular systolic function after revascularization. However, 
its prognostic value has been recently challenged.44 This 
relationship may not be correct if the infarct-related artery is 
severely stenotic. In this situation, viable myocardium can be 
identified by a biphasic response (improvement of contrac-
tility at low dose, suggesting viability) and worsening at high 
dose (indicating ischemia).

The second indication for DSE in MI is for the assess-
ment of the presence, severity and extent of residual myo-
cardial ischemia, using high-dose dobutamine (see Chapter 
30).41,45 An abnormal DSE after an uncomplicated MI is an 
independent predictor of outcome and is associated with 

A

B

FLGURE 31-23 Left ventricular (LV) thrombus. (A and B) LV thrombi in the 
apical four-chamber view from echocardiograms for two different patients. (A) An 
organized and nonmobile thrombus is detected in the first patient (arrow). (B) In the 
second patient, a mobile thrombus (arrow) is seen in a region of akinesia and apical 
aneurysm. (From Diaz A, Ducharme A, Tardif JC: Echocardiography in acute coronary 
syndromes. In Théroux P, editor: Acute coronary syndromes, Saunders, Philadelphia, 
2011.)
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a fivefold increase in cardiac events after 17 months. The 
overall sensitivity and specificity are higher for the detec-
tion of multivessel or left main coronary artery disease than 
single-vessel disease, similar to thallium-201 perfusion imag-
ing.41 However, the accuracy of DSE is markedly reduced if 
the target heart rate is not achieved.46

Myocardial TDI during DSE also may be used to improve 
its diagnostic accuracy for viability, with an increment of 
peak velocity greater than 1 cm/sec being a predictor of 
functional recovery 5 months after MI, with improved sen-
sitivity from 75% to 87%, without any change in specific-
ity compared with 18FDG positron emission tomography.41 
Furthermore, TDI may improve DSE accuracy in the pres-
ence of left bundle branch block, with failure to increase 
by more than 2.5 cm/sec the peak systolic and peak early 
diastolic velocities identifying CAD with 88% sensitivity (for 
both) and 90% and 87% specificity, respectively. Finally, strain 
rate (SR) increases with increasing doses of dobutamine, 
with stunned myocardium, ischemic segments, and non-
transmural infarction associated with higher strain, SR, and 
postsystolic thickening than transmural necrosis. SR during 
DSE improves sensitivity (83%) and specificity (84%) com-
pared with DSE alone and PET.47

Myocardial contrast echocardiography (MCE) also can 
be performed during stress echocardiography,22 with good 
concordance between dipyridamole stress MCE and SPECT 
for detection of coronary artery disease. Recently, real-time 

myocardial contrast perfusion imaging has been shown to 
improve the detection of CAD during stress echocardiogra-
phy, and to identify patients more likely to undergo revas-
cularization after an abnormal study, when compared with 
conventional stress echocardiography,48 but loses some of 
its predictive value in women.49

Stress echocardiography, although less well validated, 
also can detect right ventricular ischemia,3 but the ischemic 
threshold is higher, and usually only the inferior wall of 
the ventricle is affected. In patients with three-vessel CAD 
undergoing DSE, failure to increase TAPSE by more than 
2 mm identified ischemic right ventricular dysfunction with 
sensitivity of 79% and specificity of 88%. Additional stud-
ies, particularly with the use of speckle-tracking and three-
dimensional echocardiography, are needed to increase the 
diagnostic and prognostic information on right ventricular 
ischemia.

Transesophageal Echocardiography  
and Myocardial Infarction
Transesophageal echocardiography (TEE) is a useful 
alternative when the transthoracic approach is techni-
cally difficult and provides suboptimal or nondiagnos-
tic images, as may be the case in obese persons, people 
with lung disease, or patients who have had recent car-
diothoracic surgery. Assessment of regional and global 

FIGURE 31-24 Dobutamine stress echocardiography (DSE). Upper left panel, DSE in apical two-chamber view demonstrating three-vessel disease. A biphasic response 
is shown, with improvement of contraction in the inferior and anterior walls at low dose of dobutamine (10 μg/kg/min, right upper panel), akinesia of the inferior and anterior 
walls with dyskinesia of the apex at higher dose (40 μg/kg/min, left lower panel), showing myocardial viability and ischemia, respectively. These changes persisted during recovery 
(right lower panel). (Courtesy of Dr. François Marcotte, Montreal Heart Institute.)
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ventricular function can be performed with TEE at rest or 
with stress, using either dobutamine infusion of cardiac 
pacing. Detection and detailed evaluation of mechanical 
complications of an acute MI, such as a ruptured papil-
lary muscle or a VSD (see Figure 31-20), also is possible 
with TEE.2 MR secondary to ischemia or infarction is a 
frequent finding in patients with MI, but it is occasionally 
difficult to determine precisely its severity or mechanism 
with transthoracic echocardiography. TEE provides addi-
tional information, with important therapeutic implica-
tions, especially if mitral valve repair is being considered. 
TEE also can be useful in patients with MI and atrial fibril-
lation, particularly if the duration of the latter is unknown. 
TEE is indeed a reliable and safe method to evaluate for 
the presence of an intracardiac thrombus before cardio-
version is performed in this setting. Occasionally a sus-
pected embolus during the course of an MI may represent 
an indication for TEE.

SUMMARY

Rest and stress echocardiography studies provide important 
information on systolic and diastolic ventricular function 
in patients after MI. Evaluation of residual ischemia and of 
myocardial viability after MI can be done with stress echo-
cardiography incorporating newer technologies such as 
three-dimensional echocardiographic techniques, TDI, and 
SRI. Assessment of myocardial viability and perfusion with 
MCE is another emerging approach with excellent correla-
tion with radionuclide imaging, which has the potential to 
expand further the use of cardiac ultrasound modalities. 
These techniques also are available for better quantitative 
evaluation of global and regional left ventricular function 
after MI. Echocardiography is a valuable part of the evalua-
tion of most patients with MI.
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INTRODUCTION

Cardiovascular nuclear medicine imaging techniques 
are part of the ever-growing clinical noninvasive imaging 
armamentarium for the evaluation of suspected or known 
coronary artery disease (CAD). These techniques provide 
valuable information regarding diagnosis and clinical 
risk, and consequently have established a role in the man-
agement of this disease. In this chapter, we will provide a 
concise summary of contemporary nuclear cardiology 
techniques, and then use a case-based approach to illustrate 
their practical utility in the evaluation and management of 
patients after myocardial infarction (MI). The role of nuclear 
cardiology techniques in the initial assessment of patients 
with chest pain suspicious for MI is discussed in Chapter 9. 
The use of echocardiography and use of cardiac magnetic 
resonance imaging (MRI) after MI are addressed in Chapter 
31 and Chapter 33, respectively.

TECHNICAL CONSIDERATIONS FOR 
RADIONUCLIDE IMAGING

Fundamentals of Single Photon Emission 
Computed Tomography and Positron 
Emission Tomography Imaging
Radionuclide imaging techniques are commonly used for 
the evaluation of patients with known or suspected CAD, 
including those presenting with acute coronary syndromes 
(ACS). These techniques use radiolabeled drugs, or radio-
pharmaceuticals1 (Table 32-1), which are injected intrave-
nously and trapped in myocardial tissue. Radioactivity within 
the heart decays by emitting gamma rays. The interaction 
between these gamma rays and the detectors in specialized 
scanners—single photon emission computed tomography 
(SPECT) and positron emission tomography (PET)—creates 
a scintillation event or light output, which can be captured 
by digital recording equipment to form an image of the 

heart. Like computed tomography (CT) (see Chapter 9) and 
MRI (see Chapter 33), radionuclide imaging also can gener-
ate tomographic (three-dimensional) views of the heart.

Protocols for Myocardial Perfusion and Viability Imaging
Imaging protocols are tailored to the individual patient 
based on the clinical question and on patient-specific 
risk, ability to exercise, and body mass index, among other 
factors. Electrocardiogram (ECG)-triggered gated rest and 
stress images are acquired after intravenous injection of 
the radiopharmaceutical and used to define the extent 
and severity of myocardial ischemia and scar, as well as 
regional and global cardiac function and remodeling. 
The choice between exercise versus pharmacologic stress 
with vasodilators (adenosine, dipyridamole, or regadeno-
son) and direct chronotropic/inotropic stimulation with 
dobutamine is based on well-defined guidelines depend-
ing on the patient’s condition, the clinical question, and 
safety considerations, especially in the post-MI patient 
(see Chapter 30).1,2

For SPECT imaging, technetium-99m (99mTc)-labeled 
tracers are the most commonly used imaging agents 
because they are associated with the best image quality 
and the lowest radiation dose to the patient. After intra-
venous injection, myocardial uptake of 99mTc-labeled 
tracers is rapid (1 to 2 minutes). After uptake, these trac-
ers become trapped intracellularly in mitochondria and 
show minimal change over time. Because of these kinetics, 
99mTc tracers can be helpful in the investigation of chest 
pain occurring at rest, in that the tracer can be injected 
while the patient is having chest pain and images obtained 
some time later after symptoms subside (within 6 hours 
after injection). Because the radiotracer is trapped at the 
time of injection, the images provide a snapshot of myo-
cardial perfusion at that moment, even if the acquisition 
was delayed. This property is a key requirement for the 
use of 99mTc SPECT in the quantification of myocardium 
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at risk and salvage in patients with acute MI (see later 
under Quantification of Myocardium at Risk, Infarct Size, 
and Myocardial Salvage). Indeed, a normal myocardial 
perfusion study after a rest injection in a patient with 
active chest pain effectively excludes myocardial isch-
emia as the cause of chest pain (high negative predictive 
value) (see Chapter 9). Although commonly used in the 
past for perfusion imaging, thallium-201 (201Tl) protocols 
are now rarely used because they are associated with a 
higher radiation dose to the patient.

PET myocardial perfusion imaging is an alternative to 
SPECT and is associated with improved diagnostic accu-
racy and lower radiation dose to the patient, owing to the 
fact that radiotracers typically are short-lived (Table 32-1). 
The ultrashort half-life of some PET radiopharmaceuticals 
in clinical use, such as rubidium-82 (82Rb), is the primary 
reason that PET imaging generally is combined with phar-
macologic stress, as opposed to exercise, because phar-
macologic stress allows for faster imaging of these rapidly 
decaying tracers. However, use of exercise is possible with 
relatively longer-lived radiotracers (e.g., 13N-ammonia). For 
myocardial perfusion imaging, 82Rb does not require an 
onsite medical cyclotron (it is available from a strontium-82 
[82Sr]/82Rb generator), so it is the most commonly used 
radiopharmaceutical. 13N-ammonia has better flow charac-
teristics (higher myocardial extraction) and imaging prop-
erties than 82Rb, but use of this agent does require access 
to a medical cyclotron. In comparison with SPECT, PET 
gives improved spatial and contrast resolution, and it pro-
vides absolute measures of myocardial perfusion (in mL/
min/g of tissue), thereby providing a quantitative measure 
of regional and global coronary flow reserve. As discussed 
later on, quantitative measures of myocardial blood flow 
and flow reserve help improve diagnostic accuracy and risk 
stratification.

Contemporary PET and SPECT scanners frequently are 
combined with a CT scanner, for so-called hybrid PET-CT 
and SPECT-CT. CT is used primarily to guide patient posi-
tioning in the field of view and for correcting inhomoge-
neities in radiotracer distribution from attenuation by soft 
tissues (so-called attenuation correction). However, it also 
can be used to obtain diagnostic data including coronary 
artery calcium score and/or CT coronary angiography (see 
Chapter 9), although the usefulness of combined studies in 
the post-MI patient is more limited.

For the evaluation of myocardial viability in patients 
after MI, myocardial perfusion imaging with SPECT or PET 
usually is combined with metabolic imaging—specifically, 
18F-fluorodeoxyglucose (FDG) PET. In hospital settings 

lacking access to PET scanning, 201Tl SPECT imaging is a 
useful alternative.1

Evaluation of Myocardial Ischemia, 
Viability, and Function
The presence of a reversible myocardial perfusion defect is 
indicative of ischemia (Figure 32-1, top), whereas a fixed per-
fusion defect generally reflects scarred myocardium from 
previous infarction (Figure 32-1, bottom). Regional myo-
cardial perfusion usually is assessed by semiquantitative 
visual analysis of the rest and stress images.3 The regional 
scores are then summed into global scores that reflect 
the total burden of ischemia and scar in the left ventricle. 
Objective quantitative image analysis is a helpful tool for a 
more accurate and reproducible estimation of total defect 
size and severity and generally is used in combination with 
semiquantitative visual analysis. The semiquantitative and 
quantitative scores for ischemia and scar are linearly related 
to the risk of adverse cardiovascular events and are most 
useful in guiding patient management, especially the need 
for revascularization, and for assessing response to medical 
therapy.

Quantification of Myocardial Ischemia and Viability
Myocardial perfusion and metabolic imaging are com-
monly used to evaluate the patient after MI, especially when 
the question of revascularization is being considered. The 
protocols are tailored to the clinical question and provide 
important quantitative information: (1) myocardial infarct 
size; (2) extent of stunning and hibernating myocardium; 
(3) magnitude of inducible myocardial ischemia within the 
infarct-related territory and in remote myocardium, the lat-
ter reflecting multivessel CAD; and (4) left ventricular func-
tion and volumes.

Both 201Tl-labeled and, especially, 99mTc-labeled agents 
provide accurate and reproducible measurements of 
regional and global myocardial infarct size (Figure 32-2). 
The use of metabolic imaging with PET has been extensively 
validated and is commonly used for assessing myocardial 
viability. 18F-FDG is used to assess regional myocardial glu-
cose utilization (an index of tissue viability) and compared 
to perfusion images to define metabolic abnormalities asso-
ciated with infarction and hibernation.4,5 Myocardial regions 
showing reduced perfusion and increased FDG uptake at 
rest (so-called perfusion-FDG mismatch) identify areas of 
viable but hibernating myocardium, whereas regions show-
ing reduced perfusion and reduced FDG uptake at rest (so-
called perfusion-FDG match) are consistent with myocardial 

TABLE 32-1 Radiopharmaceuticals for Clinical Radionuclide Imaging

RADIOPHARMACEUTICAL IMAGING TECHNIQUE PHYSICAL HALF-LIFE APPLICATION

99mTc agents (sestamibi, tetrofosmin) SPECT 6 hours Myocardial perfusion and viability imaging

201Tl SPECT 72 hours Myocardial perfusion and viability imaging

123I-mIBG SPECT 13 hours Cardiac sympathetic neuronal imaging

82Rb PET 76 seconds Myocardial perfusion imaging

13N-ammonia PET 10 minutes Myocardial perfusion imaging

18F-FDG PET 120 minutes Myocardial viability imaging

FDG, Fluorodeoxyglucose; mIBG, metaiodobenzylguanidine; PET, positron emission tomography; SPECT, single photon emission computed tomography.
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scar (Figure 32-3). These metabolic patterns have important 
implications for selection of patients for revascularization 
(see later under Evaluation of Patients with Heart Failure 
after Myocardial Infarction).

Quantification of Myocardial Blood Flow and Coronary 
Flow Reserve
Myocardial blood flow (in mL/min/g of myocardium) and 
coronary flow reserve (CFR)—defined as the ratio between 
peak stress and rest myocardial blood flow)—are important 

physiologic parameters that can be measured by routine 
postprocessing of myocardial perfusion PET images. These 
absolute measurements of tissue perfusion are accurate and 
reproducible.6 Pathophysiologically, CFR estimates provide 
a measure of the integrated effects of epicardial coronary 
stenoses, diffuse atherosclerosis and vessel remodeling, and 
microvascular dysfunction on myocardial perfusion; accord-
ingly, the value obtained is a more sensitive measure of myo-
cardial ischemia. In the setting of increased oxygen demand, 
a reduced CFR can upset the supply-demand relationship 
and lead to myocardial ischemia, subclinical left ventricular 
dysfunction (diastolic and systolic), symptoms, and death. 
One of the practical applications of CFR measurements is 
in the evaluation of flow-limiting stenosis, especially useful 
in the context of multivessel CAD (Figure 32-4). Indeed, a 
relatively normal CFR (above 1.9) virtually excludes the pos-
sibility of significant stenosis.7

Furthermore, consistent evidence indicates that CFR mea-
surements by PET can identify subgroups of patients with 
different clinical risk across a wide spectrum of ischemic 
burden8,9 (Figure 32-5). Indeed, the presence of relatively 
preserved CFR identifies patients with CAD at a significantly 
lower risk for cardiac death, regardless of the semiquanti-
tative extent of stress-induced ischemia.8,9 Conversely, a 
reduced CFR identifies patients at significantly higher risk 
for cardiac death, even among those in whom the semiquan-
titative extent of ischemia is mild to moderate. These data 
suggest that the traditional (semiquantitative) measures of 
ischemia alone may be insufficient to identify potential 
prognostic benefit from myocardial revascularization.

Quantification of Myocardium at Risk, Infarct Size, and 
Myocardial Salvage
Radionuclide imaging has been extensively validated 
and used to quantify myocardium at risk, infarct size, and 

Fixed perfusion defect

Reversible perfusion defect

FIGURE 32-1 Stress (top row) and rest (bottom row) short-axis myocardial perfusion images demonstrating the presence of fixed and reversible perfusion 
defects (arrows).

LAD

LAD

LCX

LCX

RCA

RCA

Region Infarct size
LAD 35.6%
LCX 50.0%
RCA 7.8%
Total LV 37.2%

Region Infarct size
LAD 0.0%
LCX 0.0%
RCA 17.0%
Total LV 4.0%

FIGURE 32-2 Two-dimensional bull’s-eye display (polar map) of regional 
count profiles at rest for two patients with a large (top) and a small (bottom) 
myocardial infarction (blackout defect). The total infarct size typically is calculated 
by adding the number of pixels in the polar map showing less than 50% or 60% of 
the peak myocardial counts. LAD, Left anterior descending artery; LCx, left circumflex 
artery; LV, left ventricle; RCA, right coronary artery.
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myocardial salvage after reperfusion therapy for acute MI.10 
Both 201Tl and 99mTc agents have been used for this purpose. 
However, 99mTc agents have been the most widely used and 
validated. The fact that after intravenous injection and initial 
myocardial uptake, tissue retention of 99mTc agents remains 
relatively constant is especially important in the setting of 
acute MI. Consequently, these agents can be injected intra-
venously when a patient with acute MI first presents to the 
emergency department. Imaging can be delayed while the 
patient undergoes acute care and still reflect myocardial 
tissue perfusion at the time of initial presentation (i.e., myo-
cardium at risk). Final infarct size is then assessed by a sec-
ond injection of 99mTc agents and imaging 5 to 7 days after 
reperfusion therapy. The quantitative difference between 
the total perfusion defect size in the initial and late images 
reflects myocardial salvage (Figure 32-6). This protocol has 
been widely used in clinical trials evaluating the effect of 
therapies designed to limit infarct size. FDG PET also pro-
vides accurate quantification of infarct size.11 Clinically, the 
measurement of infarct size with radionuclide imaging is 
widely used, especially for evaluating myocardial viability.

Quantification of Left Ventricular Function and Volumes
The acquisition of ECG-gated myocardial perfusion images 
allows quantification of regional and global systolic func-
tion, and left ventricular volumes. ECG-gated images typi-
cally are collected at rest and after stress (SPECT) or during 
stress (PET). Rest left ventricular ejection fraction (LVEF) 
measurements are helpful to define the patient’s risk for a 

cardiovascular event after MI. A drop in LVEF after or dur-
ing stress testing can be helpful to identify high-risk patients 
with multivessel CAD.6

Accuracy of Radionuclide Imaging for 
Identification of Flow-Limiting Coronary 
Artery Disease
The most relevant clinical issue in post-MI patients is not the 
diagnosis of CAD, which is already established, but rather 
the identification of residual flow-limiting stenosis in the 
infarct-related artery and/or non–culprit coronary arter-
ies. Traditionally, diagnostic accuracy of physiologic imag-
ing methods for CAD assessment has been defined using a 
threshold of 50% or 70% stenosis on coronary angiography. 
This traditional measure, however, has limited clinical appli-
cability, because it is now clear that more than two thirds of 
angiographic stenoses are not flow-limiting when assessed 
by a physiologic gold standard such as fractional flow reserve 
(FFR). A recent meta-analysis has evaluated the relative accu-
racy of myocardial perfusion imaging techniques including 
radionuclide imaging (SPECT and PET), echocardiography, 
MRI, and CT for identifying flow-limiting stenosis as assessed 
by FFR.12 Thirty-seven studies reporting on 4721 vessels and 
2048 patients were included. On a patient-based level, PET, 
MRI, and CT had higher sensitivity and negative predictive 
value compared with SPECT and echocardiography. Similar 
results were observed on a vessel-based analysis (Table 32-2).

Beyond detection of angiographic stenosis, an extensive 
literature supports the role of radionuclide imaging for risk 
assessment, including in the post-MI patient. Well-recognized 
markers of higher clinical risk with radionuclide perfusion 
imaging are (1) large perfusion defects, often involving mul-
tiple coronary territories; (2) presence of transient cavity dila-
tion with stress; (3) transient increase in radiotracer uptake in 
the right ventricular free wall during stress; and (4) increased 
pulmonary uptake (Figure 32-7). All of these markers identify 
patients with extensive multivessel myocardial ischemia at 
higher risk for adverse cardiovascular events, including death.

Radiation Dose
Radionuclide imaging studies expose patients to ionizing 
radiation. Several recent publications have raised concern 
regarding the potential harmful effects of ionizing radiation 
associated with cardiac imaging. The so-called effective dose is 
a measure used to estimate the biologic effects of radiation and 
expressed in millisieverts (mSv). However, measuring the radia-
tion effective dose associated with diagnostic imaging is com-
plex and imprecise, often resulting in variable estimates, even 
among experts. The effective dose from a typical myocardial 

RB-82

F-18 FDG

PET Match PET Mismatch

FIGURE 32-3 Examples of myocardial viability patterns assessed by integrating perfusion and metabolic imaging with positron emission tomography (PET) 
imaging. Left, Concordant reduction in perfusion (RB-82) and glucose uptake as labeled with 18F-fluorodeoxyglucose (FDG) (arrows) throughout the anterior wall and apex, 
consistent with nonviable myocardium from previous infarction. Right, Increase in FDG uptake relative to perfusion in the anterior wall and apex, consistent with viable but 
hibernating myocardium. (From Di Carli MF, Hachamovitch R: New technology for noninvasive evaluation of coronary artery disease. Circulation 115:1464-1480, 2007.)
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FIGURE 32-4 Bar graph illustrating the relationship between myocardial 
blood flow and flow reserve as quantified by positron emission tomography 
(PET) imaging and angiographic coronary stenosis assessed by quantitative 
coronary angiography. Peak myocardial blood flow and coronary flow reserve are 
significantly reduced with increasing percent stenosis. (Data from Di Carli M, Czernin 
J, Hoh CK, et al: Relation among stenosis severity, myocardial blood flow, and flow 
reserve in patients with coronary artery disease. Circulation 91[7]:1944-1951, 1995.)
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FIGURE 32-5 Unadjusted annualized cardiac mortality by tertiles of coronary flow reserve (CFR) and categories of myocardial ischemia. The annual rate of car-
diac death increased with increasing extent and severity of ischemia. Lower CFR consistently identified higher-risk patients at every level of myocardial ischemia, including among 
those with normal-appearing positron emission tomography (PET) scans. (From Ziadi MC, Dekemp RA, Williams KA, et al: Impaired myocardial flow reserve on rubidium-82 
positron emission tomography imaging predicts adverse outcomes in patients assessed for myocardial ischemia. J Am Coll Cardiol 58:740-748, 2011.)
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Before
reperfusion
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FIGURE 32-6 Representative short, vertical long-axis, and horizontal long-axis images obtained with 99mTc- sestamibi single positron emission computed 
tomography (SPECT) in a patient with anterior myocardial infarction. The initial sestamibi injection image (obtained before reperfusion) shows a large and severe perfu-
sion defect (arrowheads) throughout the left anterior descending artery (LAD) territory, reflecting the total territory of myocardium at risk. Image obtained after a second dose 
of sestamibi a week later reflects the final infarct size (arrowheads) after reperfusion. The percentage difference between the initial and final images reflects the magnitude of 
salvaged myocardium after reperfusion. (Courtesy of Dr. Todd Miller, Mayo Clinic, Rochester, Minnesota.)

TABLE 32-2 Diagnostic Accuracy of Noninvasive Imaging Techniques for Identification of Flow-Limiting 
Coronary Artery Disease*

MODALITY SENSITIVITY SPECIFICITY PLR NLR AUC

SPECT 0.74
(0.67-0.70)

0.79
(0.74-0.83)

3.1
(2.1-4.7)

0.39
(0.27-0.55)

0.82
(0.73-0.91)

PET 0.84
(0.75-0.91)

0.87
(0.8-0.92)

6.53
(2.83-15.1)

0.14
(0.02-0.87)

0.93
(NA)

Echocardiography 0.69
(0.56-0.79)

0.84
(0.75-0.9)

3.68
(1.89-7.15)

0.42
(0.3-0.59)

0.83
(0.74-0.93)

MRI 0.89
(0.86-0.92)

0.87
(0.83-0.9)

6.29
(4.88-8.12)

0.14
(0.1-0.18)

0.94
(0.92-0.96)

CT 0.88
(0.82-0.92)

0.8
(0.73-0.86)

3.79
(1.94-7.4)

0.12
(0.04-0.33)

0.93
(0.89-0.97)

*As assessed by coronary angiography with fractional flow reserve.
AUC, Area under the (receiver operating characteristic) curve; CT, computed tomography; MRI, magnetic resonance imaging; NLR, negative likelihood ratio; PET, positron 
emission tomography; PLR, positive likelihood ratio; SPECT, single photon emission computed tomography.



398
In

-H
o

sp
It

a
l 

C
o

m
pl

IC
a

tI
o

n
s 

a
n

d
 a

ss
es

sm
en

t

IV

perfusion SPECT scan ranges between approximately 4 and 
11 mSv, depending on the protocol and type of scanner that is 
used.13 The effective dose from a typical myocardial perfusion 
PET scan is lower, at approximately 2.5 to 4 mSv.

Imaging laboratories follow the ALARA principle (“As 
Low As Reasonably Achievable”) when balancing the clini-
cal need and imaging approach. By comparison, exposure to 
radiation from natural sources in the United States amounts 
to approximately 3 mSv annually. The risk of a fatal malig-
nancy from medical imaging–related radiation is difficult to 
estimate precisely but is likely to be small and difficult to dis-
criminate from the background risk of natural malignancies. 
The small but potential radiation risks from imaging mandates 
an assessment of the risk-versus-benefit ratio in the individual 
patient. In this context, it is essential to take into account the 
risks of missing important diagnostic information by not 
performing a test (which could potentially influence near-
term management and outcomes) for a theoretical concern 
regarding long-term small risk of malignancy. Before ordering 
any test, especially one associated with ionizing radiation, the 
clinician must ensure the appropriateness of the study and 
decide whether the potential benefits outweigh the risks. The 
likelihood that the study being considered will affect clinical 
management of the patient should be addressed before test-
ing is performed. It also is important that “routine” follow-up 
scans in asymptomatic persons be avoided.

PATIENT-CENTERED CLINICAL APPLICATIONS

Evaluation of Patients with Nondiagnostic 
Electrocardiogram and Troponin Elevation
Case Vignette 1
The patient was a 49-year-old man with a history of hyperten-
sion, active cigarette smoking, and alcohol dependence who 
presented with chest pain and evidence of supraventricular 

tachycardia (SVT) on ECG monitoring. The SVT was termi-
nated with adenosine. His initial cardiac troponin level was 
elevated at 0.12 ng/mL, rising to a peak of 0.44 ng/mL. In 
view of his cardiovascular risk factors, an exercise myocar-
dial perfusion SPECT study was requested to rule out under-
lying obstructive CAD. Exercise capacity was limited, with 
a peak of only 6.9 METs (metabolic equivalents [of task]) 
attained; accordingly, intravenous regadenoson was given to 
achieve maximal hyperemia.

The SPECT images demonstrate normal regional myocar-
dial perfusion (Figure 32-8). The ECG-gated images demon-
strated a borderline-normal LVEF of 46% at rest that rose to 
58% after stress (Video 32-1). In the context of the normal 
SPECT imaging findings, the mildly elevated troponin was 
attributed to the SVT event, and no further coronary evalua-
tion was undertaken.

Normal radionuclide perfusion imaging in patients with 
low-level cardiac troponin elevation without typical symp-
toms or ECG changes and at low-intermediate risk (TIMI 
risk score less than 5) is associated with very low short-term 
cardiac mortality. Conversely, an abnormal perfusion study 
identifies patients at significantly higher clinical risk. In such 
patients, the magnitude of stress-induced ischemia quanti-
fied by perfusion imaging helps guide the subsequent need 
of referral to cardiac catheterization and revascularization.

The pathophysiology of minimally elevated levels of 
serum cardiac troponin in the absence of an ACS is het-
erogeneous (see Chapter 7). In one study, impaired global 
coronary flow reserve in the absence of obstructive CAD as 
measured by PET was independently associated with tropo-
nin elevation, suggesting an association between chronic 
microvascular ischemia and myocardial injury.14 More 
important, this quantitative imaging marker provides prog-
nostic information incremental to other clinical markers of 
risk. Indeed, patients with positive troponin and impaired 
CFR have a higher annualized event rate compared to those 

Short axis
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FIGURE 32-7 Exercise stress and rest myocardial perfusion single positron emission computed tomography (SPECT) images in a patient with atypical angina. 
The study shows transient cavity dilation during stress (so-called transient ischemic dilation [TID]), transient increased tracer uptake in the right ventricular free wall, extensive 
multiterritory defects (arrowheads), and increased pulmonary retention of the radiotracer after stress (arrows). Taken together, these findings are consistent with multivessel 
coronary artery disease (CAD) and are associated with clinical risk for adverse events.
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with a positive troponin but preserved CFR14 (Figure 32-9). 
Therefore, in intermediate- to high-risk patients with low-
level elevation of cardiac troponin, quantitative stress PET 
perfusion imaging may offer an advantage over SPECT and 
may be preferable if available.

Evaluation of Patients with Non– 
ST-Elevation Myocardial Infarction
Case Vignette 2
The patient was a 76-year-old woman with a history of CAD 
and previous PCI, type 2 diabetes, hypertension, and stroke. 
She presented with chest discomfort, ST-segment depres-
sions on the ECG, and a cardiac troponin T level of 5.67 
ng/mL. Coronary angiography revealed three-vessel CAD 
(Videos 32-2, 32-3, and 32-4). Vasodilator stress myocardial 
perfusion PET was performed to evaluate ischemic burden, 
an approach that is supported by current American Heart 
Association/American College of Cardiology (AHA/ACC) 
guidelines (see Chapter 30).

The myocardial perfusion images show a dilated left ven-
tricle, with a large and severe perfusion defect throughout the 
inferolateral, inferior, and inferoseptal walls showing moder-
ate reversibility (arrowheads), consistent with previous MI 
with moderate residual stress-induced peri-infarct ischemia 
in the right coronary artery (RCA) territory (Figure 32-10A). 

ECG-gated images revealed a rest LVEF of 34%, which fell to 
32% after stress (Video 32-5). The polar maps confirmed the 
presence of moderate reversibility (hatched area in Figure 
32-10A) in the RCA territory. However, the quantitative blood 
flow data are consistent with significant flow-limiting dis-
ease in the left anterior descending artery (LAD) and mod-
erate in the left circumflex artery (LCx) territories (CFR less 
than 1.5 is severely reduced, and CFR of 1.5 to 2.0 is mod-
erately reduced) (Figure 32-10B). The patient was deemed 
to be at prohibitively high risk for surgical revascularization 
and underwent multivessel PCI to open the LAD and RCA.

The goals of noninvasive testing in patients with non–
ST-elevation ACS who did not have an early revasculariza-
tion strategy are to detect ischemia and assess prognosis. 
This information guides further diagnostic steps and thera-
peutic measures (see Chapter 11 and Chapter 16).15 The 
standard exercise electrocardiographic stress test may be 
reasonable for lower-risk patients with interpretable rest 
ECGs. For higher-risk patients, especially those with abnor-
mal rest ECGs as in Case Vignette 2, stress imaging is more 
appropriate (see also Chapter 30).

The power of radionuclide myocardial perfusion imag-
ing (SPECT and PET) for risk stratification is based on the 
fact that the major determinants of prognosis in patients 
with CAD are readily available from gated myocardial perfu-
sion imaging. These risk indicators include the scintigraphic 
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FIGURE 32-8 Images for Case Vignette 1. Stress and rest technetium-99m (99mTc) myocardial perfusion single positron emission computed tomography (SPECT) images. 
See text for details.
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FIGURE 32-9 Adjusted annualized rates of major adverse cardiovascular events among patients by coronary flow reserve (CFR) and troponin (Tn) strata. 
Patients with a low CFR and positive Tn (red) had significantly higher event rates than in any other subgroups. Annualized event rates were adjusted for pretest clinical score, 
left ventricular ejection fraction, and estimated glomerular filtration rate. (From Shaw LJ, Hage FG, Berman DS, et al: Prognosis in the era of comparative effectiveness research: 
where is nuclear cardiology now and where should it be? J Nucl Cardiol 19:1026-1043, 2012.)
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infarct size, the extent and severity of residual stress-induced 
ischemia, measurements of left ventricular volumes, and 
LVEF. Extensive evidence in stable patients after MI sup-
ports the application of radionuclide perfusion imaging for 
risk assessment.16 Exercise stress testing is a useful approach 
to risk stratification after MI (see Chapter 30). Indeed, poor 
exercise effort (less than 4 METs), exercise-induced angina, 
ST-segment depression, ventricular arrhythmias, and hypo-
tension during exercise identify high-risk patients. However, 
the frequency of such markers of risk is greatly diminished in 
the era of emergent coronary angiography and primary PCI, 
because most high-risk patients (e.g., left main artery and/
or multivessel CAD) are identified and treated before stress 
testing. Because most high-risk patients have been triaged at 
the time of presentation, noninvasive testing after MI most 
often is used for identification of residual stress-induced 
ischemia. In this regard, radionuclide imaging has improved 
sensitivity over that for stress ECG alone for identification 

of ischemia/viability with the infarct-related territory or 
in remote myocardium. Indeed, the data indicate that risk 
increases with the extent and severity of perfusion abnor-
malities and scintigraphic ischemia. For any given LVEF, a 
greater degree of scintigraphic ischemia identifies patients 
at higher clinical risk. This concept applies to all patient 
demographics and types of stress testing (exercise and 
pharmacologic stress). Data also support a potential role for 
perfusion imaging in guiding revascularization. Propensity-
matched observational data have supported an apparent 
benefit from revascularization for patients with a consider-
able extent of inducible ischemia (involving greater than 
10% of left ventricular mass).17

As discussed in this chapter, CFR is a sensitive measure 
of myocardial ischemia and overall vascular health that is 
emerging as a unique and robust marker of clinical risk. As 
shown in Figure 32-5, a severely reduced CFR (less than 1.5) 
is associated with a six-fold increased risk of cardiac death. 
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Horizontal long axis Vertical long axis
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Reversibility

Quantitative myocardial blood flow

Rest Stress CFR
(mL/min/g) (mL/min/g) (stress/rest)

LAD 0.84 1.20 1.43

LCX 1.03 1.56 1.50

RCA 0.68 0.69 1.01

Global LV 0.85 1.14 1.35

B

LM

LAD
LCX

RCA

FIGURE 32-10 Images for Case Vignette 2. (A) Stress and rest 13N-ammonia myocardial perfusion positron emission tomography (PET) images. (B) Corresponding coronary 
angiographic images demonstrating severe three-vessel obstructive coronary artery disease (CAD). Arrows indicate sites of potential targets for multivessel PCI. CFR, Coronary 
flow reserve; LAD, left anterior descending artery; LCx, left circumflex artery; LM, left main artery; LV, left ventricle; RCA, right coronary artery. See text for details.
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Of importance, this information is incremental to other 
markers of clinical risk, and to semiquantitative measures 
of myocardial ischemia, and thus can refine risk estimates 
and potentially guide revascularization. Indeed, data suggest 
that global CFR may be able to modify the effect of revascu-
larization, such that only patients with low global CFR may 
benefit from revascularization18 (Figure 32-11). These data 
also raise the possibility that revascularization in patients 
with relatively preserved CFR may not be associated with 
improved outcomes, which is consistent with the results 
observed in the FAME (FFR vs. Angiography for Multivessel 
Evaluation, NCT00267774) trial.19,20

Assessment of Non-Culprit Vessels 
After Primary Percutaneous Coronary 
Intervention
Case Vignette 3
The patient was a 53-year-old man with a history of hyperten-
sion, dyslipidemia, diabetes, and tobacco use who presented 
with an anterior ST-elevation myocardial infarction (STEMI). 
Initial coronary angiography showed a 100% occluded LAD, 
80% stenosis in a diagonal branch, and 80% stenosis in the 
RCA (Figure 32-12A and Videos 32-6 and 32-7). At the time 
of the initial event he underwent successful PCI to open the 
LAD (Video 32-8). His non-culprit coronary artery disease 
was managed medically (see also Chapter 17). One month 
later, he presented with recurrent chest pain. An exercise myo-
cardial perfusion SPECT was performed to quantify residual 
ischemia, to direct further management. He exercised for 7 
minutes of a modified Bruce protocol, achieving 87% of age-
predicted maximal heart rate. The symptomatic response 
to this regimen was chest heaviness with exercise. The ECG 
response to exercise indicated no significant ST-T changes.

The myocardial perfusion SPECT images show a severely 
dilated left ventricle with a large and severe perfusion defect 
throughout the LAD territory, without evidence of residual 
exercise-induced ischemia (arrowheads) (Figure 32-12B). 
The polar maps confirm the presence of a large area of 

scar throughout the LAD territory, with minimal evidence of 
ischemia. Increased radiotracer uptake also is evident in the 
right ventricular free wall, consistent with elevated pulmo-
nary artery pressures. The ECG-gated images showed akine-
sis of the anterior, septal and apical walls, and an LVEF of 
25% (Video 32-9). On the basis of these findings, the patient 
was managed conservatively, because there was no objec-
tive evidence of significant ischemia to justify repeat angi-
ography and revascularization.

This stepwise approach is particularly useful in symptomatic 
patients with residual angiographic disease in non-culprit coro-
nary arteries, especially those in higher-risk groups (e.g., elderly 
persons or those with diabetes or renal disease) and patients 
with recurrent symptoms, as in Case Vignette 3, and is consid-
ered reasonable by current guidelines21 (see Chapter 30).

Evaluation of Patients with Heart Failure 
After Myocardial Infarction
Case Vignette 4
The patient was a 61-year-old man who presented with an 
MI at 3 days after onset of chest pain complicated by heart 
failure. Coronary angiography revealed significant two-ves-
sel disease with an occluded LCx and moderate disease in 
the LAD and diagonal territories (Figure 32-13A and Videos 
32-10 and 32-11). He underwent PET scanning to evaluate 
residual myocardial viability for potential revascularization.

The PET images show mild left ventricular dilation with 
a large and severe perfusion defect at rest throughout the 
anterolateral and inferolateral walls (Figure 32-13B, top). On 
the FDG images (Figure 32-13B, bottom), significant glucose 
uptake is evident in all hypoperfused segments (perfusion-
FDG mismatch), except at the base of the left ventricle, where 
perfusion and FDG are matched. This pattern is consistent 
with a large area of predominantly viable but hibernating 
myocardium throughout the LCx territory, which was con-
firmed by quantitative analysis. The rest LVEF was 49% (Video 
32-12). On the basis of these findings, the patient underwent 
successful revascularization of the LCx coronary artery.
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FIGURE 32-11 Adjusted annualized rates of cardiovascular death and heart failure admission among patients referred for coronary angiography by coronary 
flow reserve (CFR) and early revascularization (Revasc) strategy—either coronary artery bypass grafting (CABG), percutaneous coronary intervention (PCI), or 
neither. No difference in event rates was seen in patients with high CFR (orange, red, maroon), regardless of revascularization strategy pursued. Among patients with low CFR, 
those who underwent CABG (dark blue) had lower event rates than those who underwent PCI (light blue) or no revascularization (green) and had event rates similar to those 
with high CFR who underwent CABG (maroon). Annualized event rates were adjusted for pretest clinical score, left ventricular ejection fraction, left ventricular ischemia, and 
coronary artery disease (CAD) prognostic index as assessed by coronary angiography. (From Tonino PA, Fearon WF, De Bruyne B, et al: Angiographic versus functional severity of 
coronary artery stenoses in the FAME study fractional flow reserve versus angiography in multivessel evaluation. J Am Coll Cardiol 55:2816-2821, 2010.)



402
In

-H
o

sp
It

a
l 

C
o

m
pl

IC
a

tI
o

n
s 

a
n

d
 a

ss
es

sm
en

t

IV

Metabolic imaging with PET has an established role in 
the evaluation of myocardial viability (see also Chapter 30). 
As discussed previously, specific abnormalities in myocar-
dial metabolism reflecting viable and scarred myocardium 
have been described (see Figure 32-3). Contractile dysfunc-
tion is predicted to be reversible after revascularization in 
regions with increased FDG uptake, or perfusion-FDG mis-
match, and irreversible in those with reduced FDG uptake, 
or perfusion-FDG match pattern. Using these criteria, the 
average positive predictive value for predicting improved 
segmental function after revascularization is 76 (range, 52% 
to 100%), whereas the average negative predictive value is 
82% (range, 67% to 100%). A clinically meaningful improve-
ment in global left ventricular function can be expected 
after revascularization in patients with relatively large areas 
of hibernating and/or stunned myocardium (approximately 
20% of the left ventricular mass). There is evidence that 
delineation of myocardial viability with FDG-PET is largely 
concordant with cardiac MRI but is more sensitive than 
dobutamine echocardiography and radionuclide perfusion 
SPECT imaging (see Figure 30-3). Other relative advantages 
of radionuclide imaging over MRI relate to its improved abil-
ity to quantify peri-infarct ischemia, as well as its relative 
safety in patients with impaired renal function and cardiac 
devices (defibrillators and pacemakers).

The use of viability imaging also plays a role in deter-
mining size and extent of scar in planning optimal 
implantable cardioverter-defibrillator (ICD)/cardiac 
resynchronization therapy (CRT) lead position in patients 
with ischemic cardiomyopathy. Studies have shown that 

cardiac resynchronization plus defibrillator therapy (CRD-
D) devices are more successful when lead position is in an 
area of viable myocardium, with improved left ventricular 
systolic function and outcomes.22

EMERGING APPLICATIONS OF NUCLEAR 
IMAGING TECHNIQUES

Neuronal Imaging and Risk Stratification 
for Sudden Cardiac Death
Both experimental and clinical evidence support the con-
cept that sympathetic activation plays an important role as a 
potential trigger of ventricular arrhythmias after MI (see also 
Chapter 28).23 Indeed, MI and ischemia can lead to sympa-
thetic denervation in both the infarct and the peri-infarct 
zone24 (Figure 32-14). Viable but denervated myocardial 
regions show supersensitive shortening of effective refrac-
tory period in response to the infusion of norepinephrine 
and are more vulnerable to ventricular arrhythmias. These 
observations suggest that direct imaging of cardiac sympa-
thetic innervation may have an important clinical role in 
risk stratification of patients after MI.

The PAREPET (Prediction of ARrhythmic Events with 
Positron Emission Tomography) study was designed to test 
the hypothesis that the extent of inhomogeneity in myocar-
dial sympathetic innervation and/or hibernating myocar-
dium increased the risk of arrhythmic death independently 
of left ventricular function in patients with ischemic car-
diomyopathy (LVEF of 35% or less).24 The study included 
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FIGURE 32-12 Images for Case Vignette 3. (A) Coronary angiographic images. Arrows identify occluded LAD and serial 80% stenoses in the RCA. (B) Corresponding 
stress and rest 13N-ammonia myocardial perfusion positron emission tomography (PET) images. See text for details. LAD, Left anterior descending artery; LM, left main artery; 
PCI, percutaneous coronary intervention; RCA, right coronary artery.
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204 patients who were eligible for primary-prevention ICDs. 
PET imaging was used to quantify myocardial sympathetic 
denervation (with carbon-11 [11C]-labeled hydroxyephed-
rine [HED]), perfusion, and metabolism. The primary 

endpoint was sudden cardiac arrest, defined as arrhythmia-
related death or ICD discharge for ventricular fibrillation 
or ventricular tachycardia at a rate higher than 240 beats/
min. Compared with patients in the lowest tertile of cardiac 
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FIGURE 32-13 Images for Case Vignette 4. (A) Coronary angiographic images. (B) Corresponding rest perfusion and fluorodeoxyglucose-uptake positron emission 
tomography (FDG-PET) images. See text for details. LAD, Left anterior descending artery; LCx, left circumflex artery; LM, left main artery; PCI, percutaneous coronary intervention.

Flow (NH3) Viability (FDG)
Sympathetic

innervation (HED)

Ant

Ant Ant Ant

Ant Ant

SEP

SEP SEP SEP

SEP SEPLAT

LAT LAT LAT

LAT LAT

INF

INF INF INF

INF INF

Apex Apex Apex

Base Base Base

100

50

0

FIGURE 32-14 Bull’s-eye maps of myocardial perfusion evidenced by 13N-ammonia uptake (NH3) reflecting regional blood flow (left panel), fluorodeoxyglu-
cose (FDG)-labeled areas of viability (middle panel), and sympathetic innervation (right panel) in a patient who experienced sudden cardiac arrest (SCA). Color 
scale to the right indicates increasing amount of uptake. A large matched perfusion-metabolic defect involving the inferior and inferolateral walls is evident, consistent with previ-
ous myocardial infarction. The hydroxyephedrine (HED)-labeled images demonstrate a larger myocardial volume of sympathetic denervation (i.e., reduced HED uptake) compared 
with the scarred area. This mismatch between infarct size (i.e., reduced FDG uptake) and the volume of sympathetic denervation (larger HED defect) has been identified as an 
imaging marker for ventricular arrhythmias. Ant, Anterior; INF, inferior; LAT, lateral; SEP, septum. (Courtesy of Dr. James A. Fallavollita, University of Buffalo, Buffalo, New York.)
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sympathetic denervation assessed by HED PET, patients in 
the highest tertile showed a greater than six-fold increase in 
the risk of sudden cardiac arrest. In multivariable analysis, 
the extent of PET-defined sympathetic denervation, left ven-
tricular end-diastolic volume index, and serum creatinine 
were significantly associated with the risk of sudden cardiac 
arrest. Similar findings were reported in the ADMIRE-HF 
(ADreView Myocardial Imaging for Risk Evaluation in Heart 
Failure) study using iodine-123 metaiodobenzylguanidine 
(123I-mIBG) imaging, in a more heterogeneous cohort of 
patients with ischemic and nonischemic heart failure.25 
In this study, patients with a heart-to-mediastinum (H/M) 
count ratio below1.6 had a relatively lower risk of death or 
of ventricular arrhythmias. Although none of the imaging 
approaches assessing autonomic innervation have been 
linked to therapeutics, including implantation of ICDs, the 
results of these clinical studies support the hypothesis that 
these techniques may be helpful in the identification of 
patients with sufficiently low risk of sudden cardiac death 
to guide subsequent therapy.

POTENTIAL OPPORTUNITIES FOR MOLECULAR 
IMAGING

Targeted molecular imaging offers unique insights into the 
biology of ischemia-reperfusion injury after MI in vivo. In 
some cases, molecular imaging techniques have the poten-
tial to identify useful diagnostic targets. However, these tech-
niques offer their greatest promise for assessing the response 
to novel therapies and/or preventive strategies in vivo, espe-
cially during research and development. Reviewed next are 
potential applications of molecular imaging in the setting of 
acute and/or chronic MI.

Myocardial Injury and Remodeling After 
Acute Myocardial Infarction
Acute myocardial ischemia and injury results in a marked 
inflammatory response characterized by acute leukocyto-
sis. Neutrophils and pro-inflammatory monocytes infiltrate 
the myocardium within the first few hours after ischemic 
injury.26 The neutrophil response dissipates quickly. However, 
inflammatory monocytes supplied initially by the spleen 
and later by the bone marrow continue to infiltrate the site 
of myocardial injury at high rates for the first week after 
ischemia (see Chapter 4). Initially, monocytes differentiate 
to highly inflammatory macrophages. These cells induce 
proteolysis of extracellular matrix and help with phagocyto-
sis of dying cells and debris. After a few days, infarct-bound 
monocytes undergo transition to an anti-inflammatory phe-
notype, which supports tissue repair, including the formation 
of scar and new extracellular matrix. A decrease or exagger-
ated inflammatory response can affect infarct healing and 
affect LV remodeling. This process can be quantified non-
invasively using targeted molecular imaging. For example, 
metabolic imaging with 18F-FDG PET was used to assess 
inflammation after MI in humans and experimental ani-
mals.27,28 These studies have shown increased FDG uptake 
in the infarcted territory within 2 weeks after reperfusion. In 
animals, the increased FDG signal correlated with the degree 
of inflammation and density of monocyte/macrophage 
presence in infarcted tissue.27 Activated macrophages also 
enhance neoangiogenesis and are a major source of prote-
ases that regulate the turnover of the extracellular matrix.26 

Consequently, targeted imaging of angiogenesis29 and matrix 
metalloproteinases30 also has been used to characterize 
inflammation and healing post-MI. In animal models of MI, 
enhanced angiogenesis has been associated with a lower 
likelihood of adverse LV remodeling, while increase MMP 
activation has been linked to adverse remodeling and LV 
dilatation. Although it is unlikely that these highly technical 
imaging approaches will develop into diagnostic/prognos-
tic applications, such applications have the potential to be 
extremely useful in early-phase clinical trials to evaluate the 
efficacy of novel therapies to modulate inflammation after 
MI and to potentially prevent adverse left ventricular remod-
eling (see Chapter 36).

Cell Therapy
Molecular imaging techniques also can provide information 
beyond the functional outcome (i.e., LVEF) of cell therapy. 
Such techniques have the potential to guide advances in 
cell therapy protocols to enhance homing, engraftment, and 
cell survival (see Chapter 22). Several techniques have been 
used successfully in animal models and in early clinical tri-
als in humans. For example, direct radionuclide labeling of 
human bone marrow cells with FDG has been used to dem-
onstrate accumulation of cells in infarcted myocardium 
after intracoronary cell administration using PET.31 Likewise, 
indium-111 oxyquinolone (111In oxine) also has been used 
to label circulating progenitor cells isolated from peripheral 
blood in subjects with MI. Upon reinjection of labeled cells, 
SPECT imaging demonstrated differential cell engraftment 
in acute versus chronic infarcts.31 Although these imaging 
techniques can provide valuable information early after cell 
administration, radioactivity decay results in loss of the sig-
nal within hours or days. Imaging of perfusion and/or meta-
bolic activity after cell therapy also can provide quantitative 
information about cell viability within areas of infarcted 
myocardium.

SUMMARY

Cardiovascular nuclear medicine techniques have an estab-
lished clinical role in risk stratification of patients after MI. 
Indeed, quantification of the burden of myocardial ischemia 
and/or viability in this setting is very effective for identifica-
tion of low- and high-risk patients, and to guide the potential 
need for revascularization. Although more detailed discus-
sion is outside the scope of this chapter, an important point 
is that the high sensitivity and versatility of nuclear medi-
cine based imaging present new opportunities for targeted 
molecular imaging approaches that can help identify new 
biology and potentially direct novel therapies (e.g., stem 
cells, anti-inflammatory therapies) targeting myocardial 
healing and post-MI remodeling. These molecular imaging 
markers may open an exciting opportunity for precision 
medicine in this patient population.
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INTRODUCTION

The use of sensitive biomarkers has significantly improved 
the diagnosis of myocardial infarction (MI), and has been 
incorporated into the “Universal Definition” of MI (see 
Chapter 1).1 However, the diagnosis of MI can still be difficult. 
There is significant overlap with other disorders that result 
in myocardial injury (see Chapter 6). For instance, disorders 
such as Takotsubo cardiomyopathy and myocarditis are 
associated with elevation of cardiac biomarkers, and their 
clinical differentiation from acute MI can be problematic 
and can often result in invasive diagnostic procedures (see 
Chapter 7). In other instances, patients may present late, after 
cardiac biomarkers have normalized, resulting in an “unrec-
ognized” MI. Recognizing the value of cardiac imaging in 
such circumstances, the Universal Definition of MI incorpo-
rates imaging findings of a new loss of viable myocardium 
or new wall motion abnormality in conjunction with other 
clinical criteria (see Chapter 9). Because of its capacity for 
state-of-the-art imaging of both myocardial structure and wall 
motion, cardiac magnetic resonance (CMR) has emerged as 
an important method to confirm the diagnosis in suspected 
cases, as well as to differentiate MI from other conditions.

Complementing its usefulness in the diagnosis of MI, CMR 
can provide substantial additional information in the patient 
with known or suspected MI, including the determination 
of the infarct-related artery, particularly in non–ST-elevation 
MI (NSTEMI), the detection of inducible ischemia, and the 
determination of residual viability (see Chapter 30). In addi-
tion, CMR can accurately assess various complications of MI 
such as thrombus formation, or the development of a ven-
tricular aneurysm (see also Chapter 26). Lastly, because of 
its accuracy and precision in determining infarct size, CMR 
is increasingly used as a research tool in population stud-
ies of MI and as a surrogate endpoint in randomized trials 
of investigational MI therapies. In this chapter, we examine 
the application of CMR in patients with known or suspected 
MI, with an emphasis on demonstrating modality-specific 
aspects and the possible implications for patient care.

CARDIAC MAGNETIC RESONANCE 
TECHNIQUE

CMR has undergone rapid evolution, and technical advances 
in scanner hardware and coil technology and the development 
of new pulse sequences have resulted in progressive expansion 
of clinical applications (Figure 33-1).2 In particular, new pulse 
sequences have leveraged the inherently superior soft tissue 
contrast provided by MR to improve anatomic definition and 
the delineation of diseased tissue from normal tissue. Overall, 
these advances have led to the recognition of CMR as the 
reference standard for the assessment of regional and global 
systolic function, imaging of MI and viability,3 and the evalua-
tion of pericardial disease and cardiac masses. In addition, the 
pattern and distribution of scar as demonstrated by CMR can 
forewarn of the presence of nonischemic disorders and may 
be helpful in determining the specific cause of cardiomyopa-
thy. Although previously CMR examinations were lengthy (∼1 
hour), and many patients were not capable of completing a 
standard examination, accelerated imaging techniques are 
now sufficiently robust such that useful diagnostic information 
can be provided for patients with arrhythmias and/or limited 
ability to cooperate in 30 minutes or less. The multiplicity of 
techniques and the variety of information that can be obtained 
in a CMR examination can be exhaustive, but increasingly 
there has been a move toward standardization of imaging pro-
tocols tailored to specific indications, an effort spearheaded by 
the Society of Cardiovascular Magnetic Resonance.4 Our sug-
gested implementation and a timeline (Figure 33-2) of a CMR 
protocol for a standard CMR examination is as follows.

Standard Cardiac Magnetic Resonance 
Examination
Cine Images
Cine images are typically acquired in the short-axis plane 
from above the mitral valve through the left ventricular (LV) 
apex, together with standard two-, three-, and four-chamber 
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Perfusion

MR
angiography

Extracellular volume Edema

CMR

Function Morphology

Velocity/Flow

Viability

FIGURE 33-1 Using different software programs to drive image acquisition, a variety of imaging is possible using a magnetic resonance (MR) scanner. As a 
result of innovations in pulse sequences, multiple parameters of cardiovascular structure and function can now be evaluated with cardiac (CMR).
For an additional presentation of this image, click here.
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CMR Technique Comments

CINE

MORPHOLOGY

DELAYED ENHANCEMENT
(with long inversion time)

ADDITIONAL IMAGING

DELAYED ENHANCEMENT
(with short inversion time

to null myocardium)

Includes
– Cardiac function, volumes, mass
– Valvular morphology, stenosis, regurgitation
– Pericardium

Optional
– Dark and/or bright blood imaging of heart and great vessels
– T2-weighted imaging of acute injury

Useful additional sequence
– Single-shot SSFP images with inversion time set to null thrombus
   (~600 ms). Also useful to evaluate “no-reflow” zones

Performed in appropriate patients
– Velocity/flow imaging for valvular disease and cardiac output

Typical sequence
– 2D or 3D high-resolution segmented acquisition
– or as a stack of single-shot nonbreath-hold acquisitions in cases
   of arrhythmia, poor cooperation

Contrast administered

FIGURE 33-2 Timeline of a standard cardiac magnetic resonance (CMR) examination. Note that the entire examination can be performed within 30 minutes. In cases 
in which the patient is unable to cooperate, the cine examination can be performed with real-time imaging and delayed enhancement with single-shot techniques. This technique 
will reduce artifacts in patients unable to perform a breath-hold, and total examination time will be shortened further. SSFP, Steady-state free-precession; 3D, three-dimensional; 
2D, two-dimensional.
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/figure_01/
https://sites.elsevier.com/Morrow/myocardial1e/efigures/figure_02/
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long-axis views (Figure 33-e1). Typical parameters are shown 
in Table 33-1. The cine images have excellent spatial and 
temporal resolution, and are not limited by acoustic win-
dows. Therefore, they allow comprehensive evaluation of 
regional and global ventricular function and overall cardiac 
morphology. Visual evaluation of valvular function and mor-
phology is also performed using these images.

Inter- and intra-observer reproducibility of cine CMR 
imaging for the quantification of LV volumes and function 
has been shown in multiple studies to be excellent, predom-
inantly because of its high spatial and temporal resolution 
and its capacity for complete LV coverage. The improvement 
in reproducibility relative to echocardiography allows a sig-
nificant reduction in the sample sizes required for research 
studies to demonstrate meaningful changes as a result of 
experimental therapies. This feature has led to increasing 
use of CMR in research studies that use cardiac morphology 
and/or function as an efficacy endpoint.5

Delayed-Enhancement Images
These images are obtained 5 to 10 minutes after intravenous 
(IV) administration of gadolinium-based contrast with 6- to 

8-mm slices that are spatially matched to the previously 
obtained cine images (Figure 33-e2). The delayed-enhance-
ment CMR (DE-CMR) sequence has been shown to be the 
most sensitive noninvasive imaging test for the detection of 
MI. It can accurately depict the presence, location, and extent 
of MI with high spatial resolution irrespective of infarct age. 
In animal models, DE-CMR has been shown to demonstrate 
acute and chronic MI with a near-exact spatial match to his-
topathology specimens (Figure 33-3). In addition, these stud-
ies show that DE-CMR can distinguish between reversible 
and irreversible injury independent of wall motion, infarct 
age, and reperfusion status.6 Studies in humans have shown 
that infarct size measured by DE-CMR and by positron emis-
sion tomography (see Chapter 32) is associated with peak 
cardiac biomarker release (see Chapter 7). Compared with 
single-photon emission computed tomography (SPECT) 
imaging, the DE-CMR technique is significantly more sensi-
tive for the detection of subendocardial infarction, of which 
more than 40% are missed with SPECT (Figure 33-4). With 
standard imaging parameters, DE-CMR is capable of dem-
onstrating infarcts involving as little as one one-thousandth 
of total LV mass, which are undetectable by techniques that 

TABLE 33-1 Sequences and Imaging Parameters Used in a Typical Cardiac Magnetic Resonance Examination

IMAGING SEQUENCE TYPE LOCATION
IMAGING 
PARAMETERS RESOLUTION NOTES

Localizers Single-shot SSFP images Axial, sagittal, coronal 400-mm FOV Low resolution Allows scan planning 
for cardiac imaging

Cine SSFP 
(standard)

Segmented SSFP images obtained 
with retrospective gating

Short-axis images from 
base to apex; 2-, 3-, 
and 4-chamber long-
axis views

FOV ≈ 360 × 290 mm
Matrix ≈ 256 × 168 

pixels; slice thickness, 
6–8 mm

Pixel size ≈ 1.7 × 1.4 × 
6 mm

Temporal res. ≈ 40 ms

6–10 s breath-hold 
required

DE-CMR 
(standard)

Segmented gradient echo 
inversion recovery images with 
data obtained every other 
heartbeat

Exactly matched to 
cines

FOV ≈ 360 × 290 mm
Matrix ≈ 256 × 168 

pixels; slice thickness, 
6–8 mm

Pixel size ≈ 1.7 × 1.4 × 
6 mm

Temporal res. ≈ 160–200 
ms

Inversion time chosen 
to null signal from 
myocardium

Modifications

Cine SSFP
(real-time)

Real-time images where each cine 
frame is obtained in single-shot 
fashion

Short-axis images from 
base to apex; 2-, 3-,  
and 4-chamber 
images

FOV ≈ 380 × 260 mm
Matrix ≈ 192 × 84 pixels; 

slice thickness, 10 mm

Pixel size ≈ 3.1 × 2.0 × 
10 mm

Temporal res. ≈ 70 ms

Useful in uncooperative 
or severely 
arrhythmic patients

DE-CMR 
(single-shot)

Single-shot SSFP inversion 
recovery images

Short-axis stack from 
base to apex; long-
axis stack(s) can also 
be obtained

FOV ≈ 360 × 290 mm
Matrix ≈ 208 × 128 

pixels; slice thickness, 
8 mm

Pixel size ≈ 2.3 × 1.7 × 
8 mm

Temporal res. ≈ 160–200 
ms

Useful in uncooperative 
or severely 
arrhythmic patients

Optional Sequences

Morphologic 
images

Bright-blood imaging performed 
with single-shot SSFP; dark-
blood imaging performed with 
HASTE

Stack of images 
obtained usually in 
the axial plane; can 
also obtain sagittal 
and coronal stacks

FOV ≈ 380 × 315 mm
Matrix ≈ 256 × 152 

pixels; slice thickness, 
8 mm

Pixel size ≈ 2.0 × 1.5 × 
8 mm

Temporal res. ≈ 60–100 
ms

Survey of heart and 
great vessels; aortic 
abnormalities, 
congenital defects

T2-weighted 
images

Gated T2 FSE or STIR images Matched to short-axis 
cine and DE-MR 
images

FOV ≈ 360 × 290 mm
Matrix ≈ 256 × 168 

pixels; slice thickness, 
6–8 mm

Pixel size ≈ 1.7 × 1.4 × 
6 mm

Temporal res. ≈ 60–80 ms

To evaluate for edema 
seen with acute 
disorders (AMI, 
myocarditis)

Flow sensitive 
images

Velocity-encoded gated images Typically obtained 
through stenotic 
valves or proximal 
great vessels

FOV ≈ 360 × 240 mm
Matrix ≈ 256 × 116 

pixels; slice thickness, 
6–8 mm

Pixel size ≈ 2.0 × 1.4 × 
6 mm

Temporal res. ≈ 45 ms

Used to measure peak 
gradients and flow

Perfusion 
imaging

Saturation recovery (T1-weighted) 
images to evaluate the transit 
of contrast through the 
myocardium

Typically obtained as a 
stack of 4 short-axis 
images to cover 
the LV

FOV ≈ 340 × 255 mm
Matrix ≈ 208 × 98 pixels; 

slice thickness, 8 mm

Pixel size ≈ 2.6 × 1.6 × 
8 mm

Temporal res. ≈ 120 ms

Can be performed 
with pharmacologic 
stress to evaluate for 
inducible ischemia

AMI, Acute myocardial infarction; DE-CMR, delayed-enhancement cardiac magnetic resonance; FOV, field of view; FSE, fast spin echo; HASTE, half-acquisition turbo spin-echo; 
LV, left ventricular; res, resolution; SSFP, steady-state free-precession; STIR, short T1 inversion recovery.
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A

B

FIGURE 33-e1 (A) The short-axis cine images are obtained with 6- to 8-mm slices at 1-cm contiguous intervals from above the mitral valve to the apex. Note the high con-
trast between the myocardium and the blood-pool on these steady-state free-precession (SSFP) images. (B) Two-, three-, and four-chamber views are also obtained as part of 
the standard examination. A standard cardiac magnetic resonance cine examination provides a comprehensive assessment of regional and global left ventricular function and 
overall cardiac morphology.
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 Series 18 Series 17 Series 16 Series 15 Series 14
 STANDARD CINE STANDARD CINE STANDARD CINE STANDARD CINE STANDARD CINE

 Series 43 Series 42 Series 41 Series 45 Series 46
...HNEDEYALEDSERIH...HNEDEYALEDSERIH...HNEDEYALEDSERIH...HNEDEYALEDSERIH...HNEDEYALEDSERIH

 Series 12 Series 21 Series 26 Series 22 Series 20
 STANDARD CINE STANDARD CINE STANDARD CINE STANDARD CINE STANDARD CINE

 Series 49 Series 51 Series 52 Series 57 Series 59
...HNEDEYALEDSERIH...HNEDEYALEDSERIH...HNEDEYALEDSERIH...HNEDEYALEDSERIH...HNEDEYALEDSERIH

FIGURE 33-e2 A screen capture from a viewing workstation that provides simultaneous evaluation of the cine and delayed-enhancement images. Side-by-side 
viewing of the spatially matched cine and delayed-enhancement cardiac magnetic resonance images is vital in image interpretation.
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_02/
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FIGURE 33-3 Comparison of high-resolution ex vivo delayed-enhancement cardiac magnetic resonance (right) with acute myocyte necrosis defined by histo-
pathology (left). The size and shape of the infarcted region (yellowish-white region) defined histologically by triphenyltetrazolium chloride (TTC) stain is nearly exactly matched 
by the size and shape of the hyperenhanced (bright) region of delayed-enhancement cardiac magnetic resonance. (Adapted from Kim RJ, Fieno DS, Parrish TB, et al: Relationship 
of MRI delayed contrast enhancement to irreversible injury, infarct age, and contractile function. Circulation 100:1992–2002, 1999.)
For an additional presentation of this image, click here.

Dog C

Dog D

Dog E

SPECT
No infarct

CMR
infarct

HISTOLOGY
infarct

FIGURE 33-4 Short-axis views from three dogs that had subendocardial infarctions. Unlike the single-photon emission computed tomography (SPECT) images, 
delayed-enhancement cardiac magnetic resonance (CMR) readily demonstrates the infarcted regions (arrows). (Adapted from Wagner A, Mahrholdt H, Holly TA, et al: Contrast-
enhanced MRI and routine single photon emission computed tomography [SPECT] perfusion imaging for detection of subendocardial myocardial infarcts: an imaging study. 
Lancet 361:374–379, 2003.)
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/figure_03/
https://sites.elsevier.com/Morrow/myocardial1e/efigures/figure_04/
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assess myocardial perfusion or contractile function. The 
high spatial resolution of DE-CMR has been used to visual-
ize microinfarctions, involving as little as 1 g of tissue, which 
may occur during otherwise successful percutaneous coro-
nary intervention.

The technique of DE-CMR has been extensively validated. 
Its ability to delineate viable from nonviable myocardium 
is based on the differential distribution of gadolinium con-
trast in diseased tissue compared with normal tissue. It is 
important to note that all myocardium—normal, infarcted, 
or scarred—will demonstrate some contrast enhancement. 
However, conventional gadolinium contrast agents localize 
to the extracellular space because they are inert, and intact 
sarcolemmal membranes prevent them from entering the 
intracellular space. Normal myocardium, in which the myo-
cytes are densely packed, thus has a limited extracellular  
volume of distribution (20%) and can be thought of as 
excluding the contrast agent. With acute necrosis (e.g., acute 
MI, myocarditis), there is membrane rupture that allows 
gadolinium to diffuse into myocytes. This diffusion results 
in increased gadolinium concentration, shortened T1 relax-
ation, and thus, hyperenhancement. In the chronic setting, 
scar has replaced necrotic tissue, and the interstitial space is 
expanded, leading to increased gadolinium concentration 
and hyperenhancement. In both acute and chronic settings 
(and all stages in between), viable myocytes are considered 
as actively excluding gadolinium. Thus, the unifying mecha-
nism of hyperenhancement appears to be the absence of 
viable myocytes rather than any inherent properties that are 
specific for acute necrosis, collagenous scar, or other forms 
of nonviable myocardium (Figure 33-e3).

The standard DE imaging sequence is a heavily 
T1-weighted segmented gradient echo sequence, in which 
an inversion pulse has been applied. The inversion pulse 
serves to flip the magnetization 180 degrees. The recovery of 
magnetization back to baseline by areas that have a higher 
gadolinium concentration (e.g., infarcts or scar tissue) will be 
more rapid (because they have a lower T1 value) than those 
with a lesser concentration of gadolinium, such as normal 
myocardium. The time after the inversion pulse at which the 
magnetization of normal myocardium is at the zero-crossing 
line will result in maximum suppression of signal from nor-
mal myocardium (the myocardium is said to be “nulled”), 
and will result in maximum conspicuity of the area of infarc-
tion (Figure 33-e4). Because the magnetization of infarcted 
regions, by virtue of their increased contrast content, will 
recover above the baseline more rapidly (the contrast will 
accelerate the recovery back to baseline magnetization), 
infarctions will appear to be bright on these images.

The standard DE sequences are segmented acquisi-
tions, acquired at every other heartbeat to allow recov-
ery of longitudinal magnetization in normal myocardium 
before the next inversion pulse is applied. They typically 
take approximately 8 to 12 seconds to acquire. For patients 
with significant arrhythmia or difficulty with breath-hold-
ing, single-shot DE images using a steady-state free-pre-
cession (SSFP) inversion recovery readout can provide 
comparable data in a fraction of the imaging time. These 
images have slightly worse spatial resolution and contrast-
to-noise ratio, but provide a satisfactory alternative in these 
circumstances.7

The DE single-shot inversion recovery images may also 
be obtained with a long inversion time (550 to 600 ms at 1.5 
T) and are quite useful in the detection of thrombi.8

In these images with a long inversion time, thrombi 
will appear dark in contrast to normal and infarcted myo-
cardium, which will be medium to high in signal intensity. 
Because these do not require “washout” of contrast from the 
myocardium, these can be performed shortly after contrast 
administration, while waiting for the appropriate delay for 
standard DE-CMR imaging (see Figure 33-2).

Optional Sequences
Morphologic Static Images
In many cases, an overview of cardiac and great vessel 
anatomy is desirable and can be rapidly performed using 
single-shot dark blood and/or single-shot bright blood tech-
niques such as half-acquisition turbo spin-echo and SSFP 
sequences, respectively. These result in a stack of still-frame 
images and are usually acquired in the standard orthogonal 
imaging planes (axial, sagittal, or coronal). The rapidity of 
acquisition is such that breath-holding is not required. These 
produce excellent depiction of the overall myocardial struc-
ture and the relationships of the great vessels (Figure 33-e5).

T2-Weighted Images
In cases in which the acuity of an infarction is uncertain, or 
in cases of suspected acute myocarditis, T2-weighted imag-
ing may be useful in demonstrating the edema character-
istically seen in the acute phase of these disorders. These 
sequences are performed before the administration of IV 
contrast, because the presence of contrast may complicate 
image interpretation. These can be obtained via a double or 
triple inversion fast spin-echo black-blood sequence or with 
a T2-preparation SSFP bright-blood sequence. The T2-prep 
bright-blood sequence is far more resistant to artifacts 
than the black-blood sequence. However, the bright-blood 
sequence may be less sensitive for detecting regions with 
more moderate levels of edema, particularly if limited to the 
subendocardium.9

Perfusion Imaging
Increasingly, stress and rest CMR perfusion imaging are 
being used to detect ischemia in patients with known or 
suspected coronary disease, and multiple studies have 
demonstrated excellent sensitivity and specificity, similar to 
or exceeding those of SPECT imaging.10,11 Combined with 
the superior delineation of infarction provided by DE-CMR 
relative to SPECT, it is not surprising that some centers are 
now using stress perfusion CMR as a first-line test, particu-
larly in the United Kingdom, where cardiac imaging is not 
reimbursed according to a “fee per procedure” structure. A 
modification of the standard examination to include stress 
and rest perfusion imaging is shown in Figure 33-e6. Unlike 
vasodilator radionuclide imaging in which adenosine is typ-
ically infused for 6 minutes (tracer injection at 3 minutes), 
stress perfusion MR imaging is performed using an abbrevi-
ated adenosine protocol (∼3 minutes) because vasodilation 
needs to be maintained only for the initial first-pass through 
the myocardium. Although severe reactions to adenosine 
are rare, a shortened protocol is relevant because moder-
ate reactions that affect patient tolerability are relatively 
commonplace.

Other Optional Sequences
Velocity-encoded flow studies can be performed as neces-
sary in cases of complicating known or suspected valvular 

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_03/
https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_04/
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FIGURE 33-e4 Images shown are from an inversion recovery scout sequence used to determine the proper inversion time. The delayed-enhancement cardiac 
magnetic resonance acquisition uses an inversion recovery sequence to accentuate the differential distribution of contrast agent between infarct and normal myocardium by 
suppressing the signal from normal myocardium. Following an inversion pulse, the recovery of magnetization back to baseline by tissue regions (such as infarctions) that have 
a high gadolinium concentration will be more rapid than those with a lower concentration of gadolinium (such as normal myocardium). The time after the inversion pulse at 
which the magnetization of normal myocardium is at the zero-crossing line will result in maximum suppression of signal from normal myocardium (the myocardium is said to be 
“nulled”). At this time point, regions with high gadolinium concentration will have magnetization far above the zero-crossing, and hence, will appear bright (“hyperenhanced”). 
To aid in choosing the correct inversion time, many vendors offer an inversion time scout sequence, as shown here. The region becoming dark on any given image is reaching 
the “zero-crossing” or “null-point,” where there is no net longitudinal magnetization. Note that on the earliest images (upper left) the blood pool passes through the null-point 
first, because it has the shortest T1 due to its high concentration of gadolinium contrast. Later, on the 250- and 280-ms images, the myocardium is at the null-point. When 
obtaining the high-resolution delayed enhancement images, an inversion time of 280 ms would be preferred, because there is subtle residual intramyocardial signal on the 250-
ms image. Note also the inferior wall infarction (arrow). Infarcted regions, by virtue of their increased gadolinium concentration, will reach the zero-crossing more rapidly than 
normal myocardium (nulled at 190 ms in this example) and will be bright on images where the normal myocardium is “nulled.”
For an additional presentation of this image, click here.
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FIGURE 33-e3 The volume of distribution for gadolinium (Gd) is increased 
in both acute and chronic infarction. K, Potassium; Na, sodium. (From Shah DJ, 
et al: Myocardial viability. In Edelman RR, editor: Clinical magnetic resonance imaging. 
3rd ed. Philadelphia, Saunders, 2006, p 956)
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_04/
https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_03/
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FIGURE 33-e5 Axial (A) half-acquisition turbo spin-echo and (B) steady-state 
free-precession images of a type A thoracic aortic dissection. The intimal flap (yellow 
arrows) is well-depicted on both sequences even without intravenous contrast mate-
rial. An area of slow flow results in artifactually high signal in the false lumen (red 
arrowhead) on image in (A).
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CMR Technique Comments

CINE

MORPHOLOGY

DELAYED
ENHANCEMENT

ADDITIONAL 
IMAGING

Optional
– Dark and/or bright blood imaging of heart and great vessels
– T2-weighted imaging of acute injury

Includes
– Cardiac function, volumes, mass
– Valvular morphology, stenosis, regurgitation
– Pericardium

Performed in appropriate patients
– Post-MI risk stratification
– Ischemia evaluation

Useful additional sequence
– Single-shot (rapid, non–breath-hold required, resistant to arrhythmias)
– Long inversion time (~600 ms)
   (useful for thrombus detection and “no-reflow” regions in acute MI)

Performed in appropriate patients
– Improves specificity of stress perfusion imaging
– Quantification of myocardial blood flow reserve

Typical sequence
– 2D or 3D, segmented (high-resolution and high SNR)

15-minute interval between stress/rest perfusion
– Velocity/flow imaging for valvular disease and cardiac output
– Whole heart coronary MRA (may be performed prior to contrast)
– Additional cine imaging
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FIGURE 33-e6 Timeline and potential components of a multitechnique cardiac magnetic resonance (CMR) examination, including stress and rest perfusion 
imaging. The addition of stress and rest imaging to the standard protocol adds only 5 to 10 minutes of scanner time. MI, Myocardial infarction; MRA, magnetic resonance 
angiography; SNR, signal-to-noise ratio; 3D, three-dimensional; 2D, two-dimensional. (Adapted from Kim HW, Farzaneh-Far A, Kim RJ: Cardiovascular magnetic resonance in 
patients with myocardial infarction: current and emerging applications. J Am Coll Cardiol 55;1–16, 2010.)
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pathology. These sequences can be used to quantify peak 
gradients through stenotic valves and to measure regurgi-
tant flow.

T1 and T2 mapping techniques are increasingly being 
investigated in studies of infarction and other myocardial 
disorders, and can be performed before and/or after the 
administration of IV contrast. These sequences provide 
a quantitative assessment of regional myocardial T1 and 
T2 values and are not subject to surface coil sensitivity 
profiles that can result in variable image intensity for 
different regions of the heart. In the absence of gado-
linium contrast, T1 and T2 values are increased in the 
setting of acute necrosis-related edema, and thus, these 
sequences allow the depiction of edema and provide a 
metric that may be useful for purposes of quantification 
and serial assessment. A parametric map of extracellu-
lar volume fraction can be made by combining pre-
contrast (“native”) and postcontrast T1 mapping values 
(see Figure 33-1).12 Extracellular volume fraction will 
be increased both in the setting of acute necrosis and 
chronic collagenous scar.

TYPICAL IMAGING FINDINGS IN 
MYOCARDIAL INFARCTION

Acute Ischemic Injury
Cine Imaging
Acute ischemic injury of the myocardium usually results 
in myocardial dysfunction, with reduction of systolic wall 
thickening evident on cine images. Such dysfunction may 
occur even in the absence of infarction. Acute infarction 
may result in transient swelling of the affected segment, 
with increased signal often apparent on SSFP cine images, 
reflecting the partial T2 weighting of SSFP sequences and 
the presence of edema (Figure 33-5).

Delayed-Enhancement Cardiac Magnetic Resonance
Acute ischemic injury that does not cause infarction will 
not result in hyperenhancement. Acute infarctions are rec-
ognized as focal areas of subendocardial hyperenhance-
ment on DE-CMR, and may extend transmurally toward the 
epicardium for a variable distance, depending on the dura-
tion and severity of the ischemia (see Figure 33-5C). They 
characteristically follow a vascular territory. More severe 
and long-standing ischemic episodes will usually result in 
a greater transmural extent of infarction, because necro-
sis proceeds in a “wavefront” from the subendocardium 
toward the epicardium. If ischemia is sufficiently severe, it 
may result in the development of a “no-reflow zone,” as 
evidenced on DE-CMR as a dark, nonenhancing core at the 
center of an extensive infarction (see Figure 33-5C). These 
regions (see the section on Characterization of Myocardial 
Infarction) are the DE-CMR correlates of microvascular 
damage from an ischemic injury that is sufficiently severe 
as to cause endothelial damage in the core of the infarct.13 
DE caused by MI is thus recognized as an area of suben-
docardial or transmural hyperenhancement that follows a 
vascular perfusion territory (Figure 33-e7).

Native T2 and T1 Imaging/Mapping
In the setting of acute myocardial injury, increased signal 
may be seen in areas of infarction, reflecting the pres-
ence of edema and increased tissue T2 values (see Figure 

33-5D). It has also been reported that the entire myocardial 
region that becomes ischemic after occlusion of its supply-
ing coronary artery—the so-called “area at risk”—may be 
discerned as an edematous region on T2-weighted images 
and T2 maps. This method has garnered much interest, 
because in combination with DE-CMR, which delineates 
the infarcted region, it could represent an approach to 
noninvasively identify “salvaged” myocardium.14 However, 
there is remaining uncertainty regarding the ability of T2 
imaging and/or T2 maps to depict the area at risk, and there-
fore, this issue is controversial.15 T1 maps obtained without 
contrast in patients with acute MI will also show increased 
T1 values, indicating the presence of edema in areas of 
acute infarction.12

Chronic Ischemic Injury
Cine Imaging
Chronic ischemic injury may result in impaired function, 
with regional or global hypokinesia, or even akinesia. Wall 
thinning may also occur in the affected segments, which 
may be caused by previous infarction, but can also be seen 
with “hibernation,” a potentially reversible form of dysfunc-
tion. Cine imaging (without dobutamine stimulation) can-
not differentiate these possibilities (Figure 33-6).

A B

C D

A B

C D

Diastole Systole

DE-CMR T2-weighted image

FIGURE 33-5 Cine steady-state free-precession images in (A) diastole and (B) 
systole from a patient with an acute inferior myocardial infarction. The inferior, 
inferoseptal, and inferolateral segments, although thicker in diastole, do not show 
normal thickening (white arrows) compared with the noninfarcted anterior wall 
(black arrows), which demonstrates normal systolic thickening. (C) The spatially 
matched delayed-enhancement cardiac magnetic resonance (DE-CMR) image 
shows a transmural infarction of the inferior wall and the inferoseptal segment 
(arrow). The small dark area in the center of the hyperenhanced inferior wall on the 
DE-CMR image is a no-reflow zone (red arrowhead) reflecting microvascular dam-
age and the absence of gadolinium contrast uptake. (D) A T2-weighted image (pre-
contrast) at the same location shows a high signal consistent with edema (arrows) 
and a low signal centrally in the infarct that corresponds to the no-reflow zone 
and represents coexisting intramural hemorrhage (red star), which results in lower 
myocardial T2 values.
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_07/
https://sites.elsevier.com/Morrow/myocardial1e/efigures/figure_05/
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 RCA LCX LAD 

FIGURE 33-e7 Delayed-enhancement cardiac magnetic resonance images showing infarctions (bright regions) in the right coronary artery (RCA), the left 
circumflex (LCX), and the left anterior descending (LAD) territories. Note that all areas of hyperenhancement involve the subendocardium and are consistent with vascular 
perfusion territories.
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_07/
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Delayed-Enhancement Cardiac Magnetic Resonance
Similar to acute infarctions, chronic infarctions will 
hyperenhance while areas of hibernation will not, allow-
ing their differentiation, as discussed in detail later in the 
chapter.

Native T2 and T1 Imaging/Mapping
Chronic infarctions (>3 to 6 months in age) lacking 
edema will not show increased T2-weighted signal or 
increased T2 values, potentially allowing distinction from 
an acute MI, a distinction that is often not possible with 
DE-CMR alone (Figure 33-e8). Recently, some studies sug-
gest that native T1 values are increased in the setting of 
chronic infarction, and could be used to identify chronic 
MI; however, there may be significant overlap with normal 
values.

Clinical Reporting
For general clinical reporting, we use the 17-segment model 
recommended by the American Heart Association. This 
model divides the basal and mid-cavity levels into six seg-
ments each, an apical level into four segments, and the true 
apex into one segment (Figure 33-e9). For each segment, LV 
systolic function is graded visually using a five-point scale 
ranging from normal wall thickening to systolic thinning and 
dyskinesis. The LV ejection fraction (LVEF) is also provided 
and estimated from visual inspection of all the short- and 
long-axis views. Occasionally, LVEF is quantitatively mea-
sured by planimetry, such as in patients who are undergoing 
chemotherapy with potentially cardiotoxic agents. The DE 
images are also interpreted using a five-point scale. For each 
segment, the average transmural extent of hyperenhanced 
tissue is graded visually. Examples of myocardial segments 
with various transmural extents of hyperenhancement are 
shown in Figure 33-e10. It is important that the DE images 
are interpreted with the cine images immediately adjacent. 
The cine images can provide a reference of the diastolic 
wall thickness of each region. Use of cine imaging in this 
manner will be helpful if DE imaging is performed before 
there is significant contrast washout from the LV cavity, and 
there is difficulty in differentiating the bright signal from 
the LV cavity from hyperenhanced myocardium, as seen in 
Figure 33-e11.

APPLICATIONS OF CARDIAC MAGNETIC 
RESONANCE IN MYOCARDIAL INFARCTION

Diagnosis of Myocardial Infarction
Because of late timing, patients with MI may present with-
out diagnostic biomarker elevation of electrocardiographic 
(ECG) abnormalities (see Chapter 6). Moreover, wall motion 
abnormalities on cardiac imaging may not occur unless 
the infarcted region exceeds 20% to 50% of the myocardial 
wall thickness. Similarly, scintigraphic defects may not be 
apparent until greater than 10 g of tissue is infarcted. Thus, 
because a sizable threshold of damage is required, echocar-
diography or SPECT may miss the MI, particularly when it 
is small or subendocardial. Wall motion abnormalities may 
also occur in entities other than MI, such as Takotsubo car-
diomyopathy, which indicates a lack of specificity. In these 
instances, where the diagnosis of MI is difficult, DE-CMR may 
prove helpful. The performance of DE-CMR for the detec-
tion of MI was tested in an international multicenter trial.16 
In that study, 282 patients with acute and 284 with chronic 
first-time MI were scanned, using commercially available 
scanners and sequences from a variety of different manu-
facturers, in 26 centers throughout the United States, Europe, 
and South America. The sensitivity of DE-CMR increased 
with an increasing gadolinium dose, reaching 99% and 94% 
in acute and chronic MI, respectively, with the 0.3-mmol/
kg dose. Furthermore, with doses of 0.2 mmol/kg or higher, 
when MI was identified, the location of hyperenhancement 
matched the perfusion territory of the infarct-related artery 
in more than 97% of patients. It should be emphasized that 
the study demonstrated high sensitivity for the detection of 
chronic MIs, although they are often more difficult to detect 
than acute MI because substantial infarct shrinkage may 
occur during healing.

Detection of Unrecognized Myocardial 
Infarction
Because of its high sensitivity, DE-CMR has been used in pop-
ulation studies to evaluate the prevalence of unrecognized 
MI. In patients who underwent clinically indicated CMR, 
Kwong and colleagues demonstrated that the prevalence of 
unrecognized MI by DE-CMR was 76% higher than by ECG 
criteria.17 In a research cohort with suspected coronary 

Diastole Systole DE-CMR

FIGURE 33-6 Images 3 months later from the patient shown in Figure 33-5. The inferior and inferolateral walls (white arrows) show thinning in diastole, and no sig-
nificant thickening in systole. The delayed-enhancement cardiac magnetic resonance (DE-CMR) image shows transmural enhancement of the inferior wall (black arrows). Note 
the absence of the previously seen no-reflow zone evident on the acute phase images.
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_08/
https://sites.elsevier.com/Morrow/myocardial1e/efigures/figure_06/
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A B

FIGURE 33-e8 (A) Delayed-enhancement cardiac magnetic resonance images 
demonstrate a subendocardial infarction (black arrows) of the lateral wall. (B) 
T2-weighted image at the same slice location does not show high signal in the lateral 
wall, which indicates the absence of edema in this patient with a 6-month old infarc-
tion. T2-weighted images can be helpful in distinguishing between acute infarctions, 
which usually show edema (particularly if infarction is large), and chronic infarctions 
that will not show edema.
For an additional presentation of this image, click here.
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Cine wall motion:
  0 = Normal/hyperkinetic
  1 = Mild/moderate hypokinesis
  2 = Severe hypokinesis
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Delayed hyperenhancement:
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FIGURE 33-e9 Visual interpretation of cine and delayed enhancement 
imaging is performed using the American Heart Association 17-segment 
model.

1–25% HE 76–100% HELeft: 25–50% HE
Right: 51–75% HE

FIGURE 33-e10 Typical delayed-enhancement cardiac magnetic resonance images showing myocardial segments (dashed white lines) with various degrees of 
hyperenhancement. HE, Hyperenhancement. (From Kim RJ, Shah DJ, Judd RM: How we perform delayed enhancement imaging. J Cardiovasc Magn Reson 5:505–514, 2003.)

Cine frame
(prior to gadolinium)

Delayed
enhancement

(2 minutes post-gadolinium)

Delayed
enhancement

(20 minutes post-gadolinium)

FIGURE 33-e11 Short-axis view of a patient with an anterior wall myocardial infarction. Diastolic still frame from a cine series is compared with the delayed enhance-
ment images obtained early and late after gadolinium administration. Note that it is difficult to differentiate the bright left ventricular cavity from the subendocardial infarction 
in the early (2 mins) delayed enhancement image. The cine frame, by showing the diastolic wall thickness of the anterior wall, provides evidence that there is subendocardial 
hyperenhancement in the anterior wall that is difficult to see on the early delayed enhancement image. The late (20 mins) delayed-enhancement cardiac magnetic resonance 
image confirms that there is subendocardial hyperenhancement in the anterior wall. (From Kim RJ, Shah DJ, Judd RM: How we perform delayed enhancement imaging. J Car-
diovasc Magn Reson 5:505–514, 2003.)

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_08/


C
ard

iac M
ag

n
etic R

eso
n

an
ce Im

ag
in

g
 A

fter M
yo

card
ial In

farctio
n

413

33
artery disease (CAD) but that did not have a history of MI, 
Kim and colleagues observed that the prevalence of unrec-
ognized MI was 313% higher than that found by ECG.18 A 
study of 670 subjects of the ICELAND MI study of 70-year-old 
residents of Sweden demonstrated a 340% increase in detec-
tion.19 From a public health standpoint, the implications of 
these studies may be considerable. It has been estimated 
that 190,000 patients in the United States and perhaps as 
many as 300,000 in Europe experience an unrecognized MI 
annually. Because these estimates reflect only patients iden-
tified by ECG, the DE-CMR studies suggest that the actual 
incidence may be threefold higher.

One might postulate that the MIs not recognized by stan-
dard criteria are likely small and of uncertain significance. 
However, in the report by Kwong, the presence of unrecog-
nized MI detected by DE-CMR was associated with a greater 
than sixfold higher risk of major adverse cardiac events com-
pared with the absence of such an MI. Importantly, the informa-
tion from DE-CMR was a stronger predictor of outcome than 
standard clinical risk factors and even catheterization data.17 
Similarly, the study by Kim and colleagues reported that the 
presence of unrecognized MI by DE-CMR predicted an 11-fold 
higher risk of all-cause mortality than those without MI.

Use in Non–ST-Elevation Myocardial 
Infarction
In many patients with NSTEMI, the culprit artery may not 
be apparent from the x-ray angiogram, particularly if there 
has been intervening clot dissolution; the affected artery is 
a branch vessel that is flush occluded at its origin, or there 
is multivessel disease. The overall rate in which the infarct-
related artery cannot be identified in the setting of NSTEMI 
is as high as 50% in some studies. In this setting, the perfor-
mance of CMR will often allow a definitive localization of 
the infarct-related artery (Figure 33-7).

Discrimination of Myocardial Injury Other 
Than Infarction
Many entities other than MI can cause acute chest pain syn-
dromes accompanied by increases in cardiac biomarkers, par-
ticularly sensitive assays for troponin (see Chapter 7). Multiple 
studies have evaluated the role of CMR in patients with chest 
pain, elevated troponin, and unobstructed coronary arteries. 
In this clinical setting, DE-CMR was reported to provide a new 
diagnosis in up to 65% of patients, with myocarditis being the 
most common identifiable cause (60%).20 Similarly, in a large 
study of patients with ST-elevation MI (STEMI) who underwent 
coronary angiography, it was reported that 14% had no culprit 
artery detected, and 9.5% did not have significant CAD. In the 
group without a clear culprit artery, CMR established that the 
most common diagnoses were myocarditis (31%), Takotsubo 
cardiomyopathy (31%), and STEMI without an angiographic 
lesion (28%)21 (see Chapter 6).

Similar to troponin, the detection of injury by DE-CMR is 
specific for irreversible myocardial damage, but it is not spe-
cific for MI. One potential advantage of DE-CMR is that the 
pattern of hyperenhancement, rather than simply the pres-
ence or extent, may offer important information regarding 
the cause of myocardial damage. For this purpose, the con-
cept that ischemic myonecrosis proceeds as a wavefront 
from the subendocardium to the epicardium with increas-
ing coronary occlusion time is crucial. Correspondingly, 

hyperenhancement patterns that spare the subendocardium 
and are limited to the middle or epicardial portion of the LV 
wall are invariably nonischemic in origin because damage 
in the setting of CAD almost always involves the subendo-
cardium. Moreover, certain nonischemic disorders, such as 
myocarditis, have characteristic hyperenhancement patterns 
that suggest specific diagnoses, and a systematic approach to 
interpreting DE-CMR images in patients with cardiomyopa-
thy has been proposed.22 Figure 33-e12 shows representative 
examples of how DE-CMR may be clinically useful in three 
patients presenting with chest discomfort, ST-segment eleva-
tion, and elevated troponin. In all three, the initial diagnosis 
was STEMI, but insignificant CAD was found at coronary angi-
ography. DE-CMR was performed because the diagnosis was 
uncertain, and in each case, it provided information to clarify 
the diagnosis. Figure 33-e13 shows an algorithm demonstrat-
ing the possible uses of CMR in cases of suspected STEMI.

Characterization of Myocardial Infarction
DE-CMR may also allow assessment of gradations of injury 
within acute MI. Rather than simply identifying a region of 
acute infarction as nonviable, DE-CMR can distinguish acute 
infarcts with only necrotic myocytes from acute infarcts 
with necrotic myocytes and damaged microvasculature. 
The presence of a dark, nonenhancing central area con-
tained within an area of hyperenhancement on DE-CMR is 
termed a no-reflow zone, and represents an area of markedly 
delayed diffusion of contrast into the central core of what 
is usually an extensive infarction (see Figure 33-5C). These 
regions represent myocardium with compromised perfu-
sion at the tissue level even after patency of the epicardial 
coronary artery has been restored. They are usually seen in 
the setting of transmural infarctions, and are transient phe-
nomena, because they are usually not visualized after 4 to 
6 weeks. Within a given examination, they are also transient 
phenomena, because after contrast administration, the spa-
tial extent is greater at earlier time points, and it may disap-
pear as contrast diffuses into the area of injury over time  
(Figure 33-e14). The presence of microvascular obstruc-
tion has been associated with worse outcomes, including 
adverse ventricular remodeling, ventricular arrhythmias, and 
major adverse cardiac events (see Chapter 24 and Chapter 
36).23Occasionally, circumstances arise in which the patient 
may have more than one infarction, and the acuity of each 
is uncertain. As noted previously, DE imaging will demon-
strate hyperenhancement in both acute and chronic MI, and 
thus by itself cannot distinguish between these possibilities. 
However, the presence of microvascular obstruction indi-
cates an acute MI, and additional findings that suggest an 
area of hyperenhancement is likely acute include increased 
focal wall thickness on cine imaging and the presence of 
edema on T2-weighted imaging. The absence of all three fea-
tures is suggestive but not specific for a chronic MI, because 
in the setting of acute MI these features may also be absent 
if the infarct is small and subendocardial.

Imaging of Acute Complications of 
Myocardial Infarction
Right Ventricular Myocardial Infarction
In patients with acute inferior MI, it has been shown that 
even when physical examination, ECG with right precordial 
leads, and echocardiography are negative, DE-CMR could 

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_12/
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A
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C

FIGURE 33-e12 Typical delayed-enhancement cardiac magnetic resonance images from three patients with chest discomfort, ST-segment elevation, positive 
troponins, and normal coronary arteries at angiography. (A) Linear, epicardial hyperenhancement (yellow arrows) is present and is indicative of myocarditis. (B) Cine and 
delayed enhancement images of a patient with sudden emotional stress and apical ballooning; the absence of hyperenhancement is consistent with Takotsubo cardiomyopathy. 
(C) Focal but transmural hyperenhancement (red arrow) involving the lateral apex is present and indicative of myocardial infarction because of temporary occlusion of a small 
diagonal branch off the distal left anterior descending coronary artery. Delayed-enhancement cardiac magnetic resonance image with a long inversion time (600 ms) shows a 
thrombus (yellow arrowhead) in the left atrial appendage, suggesting that an embolus led to the myocardial infarction.
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_12/
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IV Suspected STEMI

Coronary angiography

Culprit lesion identified No single culprit lesion

(+) CAD

(+) (+) (+)

(–) CAD

(–)(–) (–)

Confirmed MI Aborted MI MI, multivessel Dz

Troponin Troponin Troponin

Chronic MI, persistent STE
Aborted MI

Myocarditis
Takotsubo CM

Coronary emboli
Lysis of thrombus

Missed side branch occlusion
Pulmonary emboli

Pericarditis
Early repolarization

LVH
LBBB

Brugada syndrome

Potential CMR utility/findings

• Infarct size (DE)
• Stunning (cine and DE)
• “No-reflow”
• Possible edema (T2W)

• No infarct present (DE)
• Possible stunning (cine)
• Possible edema (T2W)

• Identify the infarct location (DE)
• Determine the IRA (DE)
• Possible edema (T2W)

Pericarditis
• Pericardial HE (DE)
• Effusion (cine)
• Thickening (cine)

Others
• No acute CMR findings

Chronic MI, persistent STE
• Identify infarct (DE)
• Absence of “no-reflow” (DE)
• LV aneurysm (cine)
• Absence of edema (T2W)

Aborted MI
• No infarct present (DE)
• Possible stunning (cine)
• Possible edema (T2W)

Myocarditis
• Mid-myocardial/epicardial HE (DE)
• Possible edema (T2W)

Takotsubo CM
• No HE (DE-CMR)
• Apical ballooning with stunning (cine)
• Possible edema (T2W)

Coronary emboli
• CAD pattern HE (DE)
• Possible intracardiac thrombus (DE)

Lysis of thrombus/side branch occlusion
• CAD pattern HE (DE)

Pulmonary emboli
• Acute RV dilation/dysfunction (cine)

FIGURE 33-e13 Patients with suspected ST-elevation myocardial infarction (STEMI) often undergo early coronary angiography. When a culprit lesion is identified 
with an appropriate increase in troponins, then MI is confirmed. An isolated, partially recanalized lesion without subsequent troponin elevation indicates an aborted MI. In this 
situation, cardiac magnetic resonance (CMR) will not show an MI, but myocardial stunning and/or edema may be seen. If diffuse multivessel disease is seen along with multiple 
potential culprit lesions and troponins are elevated, CMR may help identify the infarct-related artery by showing the location of acute necrosis and associated edema. If coronary 
artery disease (CAD) is present but a culprit lesion is not identified, and troponins are not elevated, the presence of a chronic MI by CMR indicates the diagnosis of chronic MI with 
persistent ST-segment elevation. If CMR does not detect MI, but stunning and/or edema is present, an aborted MI is suggested. Troponin elevation in the apparent absence of 
CAD may occur in a number of settings, including myocarditis, Takotsubo cardiomyopathy, coronary emboli, lysis of thrombus, missed ostial side branch occlusion, or pulmonary 
embolism. Various CMR findings may point to a specific diagnosis. If CAD is absent and troponins are not elevated, CMR may be helpful in identifying pericardial pathology or 
ruling out acute cardiac pathology. CM, Cardiomyopathy; DE, delayed enhancement; Dz, disease; HE, hyperenhancement; IRA, infarct-related artery; LBBB, left bundle branch 
block; LVH, left ventricular hypertrophy; RV, right ventricular; T2W, T2-weighted. (Adapted from Kim HW, Farzaneh-Far A, Kim RJ: Cardiovascular magnetic resonance in patients 
with myocardial infarction: current and emerging applications. J Am Coll Cardiol 55:1–16, 2010.)

 5 minutes 15 minutes 30 minutes 45 minutes

FIGURE 33-e14 Sequential delayed-enhancement cardiac magnetic resonance images demonstrate a no-reflow zone in an anterior infarction, manifested as 
a dark region surrounded by hyperenhancing myocardium. Labels refer to the time after administration of gadolinium. Note that the no-reflow zone fills in and becomes 
smaller over time. (From Higgins CB, de Roos A, editors: Cardiovascular MRI and MRA. Philadelphia, Lippincott Williams & Wilkins, 2003.)
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detect right ventricular (RV) involvement in nearly 25% 
of patients (see Chapter 26). DE-CMR typically shows an 
extensive LV wall inferior MI with extension to involve the 
RV inferior wall and a variable portion of the RV free wall  
(Figure 33-e15).24

Cardiac Rupture
Few patients come to imaging, and those who do often have 
contained ruptures, but cine MR can demonstrate the focal 
loss of contractility in the affected segment, and the pres-
ence of intrapericardial fluid and blood products. DE-CMR 
demonstrates the causative infarction as an area of transmu-
ral enhancement (see Chapter 26).

Interventricular Septal Defects
Although usually assessed adequately by echo, MR can 
demonstrate the septal defect, the transseptal flow, and the 
underlying MI (Figure 33-e16) (see Chapter 26). Importantly, 

MR can also noninvasively measure the pulmonary to sys-
temic flow ratio (Qp/Qs), a parameter that may be useful on 
follow-up imaging of smaller defects or in those treated with 
septal occlusion devices.

Pericarditis/Pericardial Effusion
Up to 31% of acute STEMI patients have evidence of peri-
cardial inflammation on CMR, manifested by pericardial 
effusions or abnormal enhancement on DE-CMR (see 
Chapter 26).25 Effusions are easily recognized as high-signal 
fluid in the pericardial space, and are readily depicted with 
cine MR. Complicating hemorrhage is usually identifiable 
because of the increased complexity of the pericardial fluid  
(Figure 33-e17). Thickening of the pericardium can also 
clearly be seen. Post-contrast imaging can be helpful in 
assessing for the presence of enhancement, signifying 
inflammatory pericarditis, and distinguishing it from chronic 
fibrous thickening, which often does not enhance.

A B

C D E

FIGURE 33-7 Images from a patient with a non–ST-elevation myocardial infarction. The initial diagnostic coronary angiogram was interpreted as negative (images A 
and B are selected still frames), and the patient was referred for cardiac resonance imaging. (C and D) Delayed-enhancement cardiac magnetic resonance images show a focus 
of hyperenhancement in the inferolateral wall (red arrows), consistent with a circumflex territory myocardial infarction. Upon review of the angiogram (E, which is a magnified 
image from the series shown in A), a subtle occlusion of a small obtuse marginal branch is noted (yellow arrow in E).
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_15/
https://sites.elsevier.com/Morrow/myocardial1e/efigures/figure_07/
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FIGURE 33-e15 Right coronary artery territory infarction with hyperenhancement of the inferior left ventricular wall (red arrow), with associated right ven-
tricular infarction, involving the inferior and free walls (yellow arrows).
For an additional presentation of this image, click here.

A B

C D

FIGURE 33-e16 Post-infarct ventricular septal defect noted on (A) four-chamber and (B) short-axis cine images (red arrows). (C) Magnitude and (D) phase images from 
an in-plane flow study show the left to right shunt through the defect (yellow arrows).Through-plane flow studies through the proximal aorta and pulmonary artery showed a 
significant shunt (Qp/Qs ratio of 2.5/1; not shown).
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_15/
https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_16/
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A BB

FIGURE 33-e17 (A) A short-axis cine image demonstrates a simple effusion (yellow arrow) along the margins of the heart. (B) A three-chamber view of a different patient 
shows a complex effusion along the anterior margin of the heart (red arrows) in this patient with a subtle dissection (black arrow) of the aortic root. The complex effusion is to 
be differentiated from the epicardial fat (white arrows).
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_17/
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Imaging of Chronic Complications of 
Myocardial Infarction
Thrombus
DE-CMR is the most sensitive imaging technique for detec-
tion of LV thrombus, and picks up approximately twice as 
many ventricular thrombi as cine CMR and transthoracic 
echocardiography (see Chapter 26). Clinically, it is frequently 
noted that ventricular thrombi are found adherent to sites of 
previous infarction, where wall motion abnormalities and 
possibly denudation of the endothelium produced by previ-
ous infarction result in a nidus for thrombus formation. The 
latter mechanism is suggested because CMR data demon-
strate that patients with ischemic cardiomyopathy have an 
approximately fivefold increased risk relative to those with 
nonischemic systolic dysfunction of similar extent, and the 
presence of regions with more than 50% transmural infarc-
tion appears to be an additional risk factor for thrombus 
development (Figure 33-8).26 In particular, thrombi are often 
noted along the endocavitary aspect of ventricular aneu-
rysms (see Figures 33-8C and 8D).

Thrombus is recognized on cine imaging when it pres-
ents as an intracavitary filling defect that is discernible from 
adjacent trabeculations and papillary muscles. However, 
recognition of mural thrombus can be quite difficult on 
noncontrast cine images, and likely accounts for the lower 
sensitivity (40%) of cine CMR relative to contrast-enhanced 
CMR.

The ability of DE-CMR to identify thrombus based on 
tissue characteristics rather than just anatomical appear-
ance likely explains its improved performance compared 
with cine CMR or echocardiography. The basic underlying 
principle is that thrombi are avascular and have essentially 
no gadolinium uptake. Thus, thrombus can be identified as 
a nonenhancing defect surrounded by bright ventricular 
blood and contrast-enhanced myocardium. Image inten-
sity differences between normal myocardium and throm-
bus can be accentuated by using a DE-CMR sequence in 
which the inversion time is increased to null avascular tis-
sue such as thrombus (500 to 600 ms).8 With long-inversion 
time imaging, regions with contrast uptake such as viable 
myocardium increase in image intensity, whereas throm-
bus appears homogeneously black, and there is improved 
delineation, particularly of mural thrombus (see Figures 
33-8C and 33-8D). This long-inversion recovery variation 
of DE-CMR can be acquired using a single-shot inversion-
recovery SSFP sequence in multiple planes to rapidly screen 
for thrombus, even in patients with arrhythmias or who are 
uncooperative.

Ventricular Aneurysms
Certain imaging characteristics have been noted to pro-
vide differentiation in most cases between true aneurysms 
(intact thinned myocardium) and false aneurysms (con-
tained rupture) (see Figures 33-8C and 33-8D) (see Chapter 
26). True aneurysms are said to have a wide neck that is 
similar in diameter to the base of the aneurysm, whereas 
false aneurysms, which represent a contained rupture, typi-
cally have a narrow neck with a broad base (Figure 33-e18). 
Ultimately, however, the real distinction between the two is 
the presence of residual myocardium forming the bound-
ary of the lesion in the case of a true aneurysm or the lack 
thereof in a false aneurysm. Visualization of the wall of the 
aneurysm as separate and distinct from the pericardium 
is usually possible with cine MR imaging. Conversely, if the 

pericardium appears to make up the boundary of the aneu-
rysm without residual myocardium, the lesion should be 
deemed a false aneurysm. DE imaging is also helpful, in that 
pericardial enhancement has been described as occurring 
frequently in false aneurysms with a lower incidence in true 
aneurysms. Both may have associated mural thrombus.

PREDICTING FUNCTIONAL RECOVERY AND 
OUTCOMES

Predicting Left Ventricular Recovery
In the setting of acute MI, prompt restoration of coronary 
blood flow has been shown to result in salvage of viable 
myocardium, improvement in LVEF, and long-term improve-
ment in survival (see Chapter 13). However, early after suc-
cessful coronary reperfusion, myocardial dysfunction may 
persist, and it is important to distinguish whether it is caused 
by myocardial necrosis or stunning (see Chapter 24). In 
the setting of acute MI, the transmural extent of infarction 
(TEI) as measured on DE-CMR has been shown by multiple 
studies to be highly predictive of later improvement in wall 
motion (Figure 33-e19). That is, the greater the TEI in a given 
segment, the lower the likelihood of recovery of function.

In one representative study, almost 80% of segments with-
out infarction showed improvement, whereas only 5% of 
segments with greater than 75% TEI showed improvement. 
Areas of intermediate TEI demonstrated intermediate levels 
of recovery. In addition to predicting segmental functional 

A B

CC D

FIGURE 33-8 Intracavitary thrombus is recognized as a filling defect separate from 
papillary muscles and trabeculae on the four-chamber cine view (A) and is noted on the 
delayed enhancement image (B) to be adherent to a site of previous apical infarction 
(white arrow). Thrombus may sometimes have an “etched” appearance on delayed-
enhancement cardiac magnetic resonance images obtained with a standard inversion 
time, but will be homogenously dark on images with a long inversion time (550 to 600 
ms). In another patient with a mural thrombus lining a true aneurysm of the anterior 
wall, the precontrast two-chamber cine steady-state free-precession image (C) does 
not clearly differentiate the thrombus (red arrow) from the myocardium, because their 
signal intensities are similar. (D) The postcontrast inversion-recovery steady-state free-
precession image with a long inversion time (600 ms) allows clear differentiation of 
thrombus from myocardium. Echocardiography did not detect this thrombus.
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/figure_08/
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FIGURE 33-e19 Results of segmental analysis of patients with acute myocardial infarction. Of all dysfunctional segments on scans performed in the acute setting, the 
likelihood of improvement in contractile function decreased with increasing transmural extent of infarction (TEI). Numbers above each column refer to the number of segments. 
(Adapted from Choi KM, et al: Transmural extent of acute myocardial infarction predicts long-term improvement in contractile function. Circulation 104:1101–1107, 2001.)

A B

C D

FIGURE 33-e18 Images from a patient with a false aneurysm of the anterolateral wall at the base. Long-axis (A) and short-axis (B) cine images are compared with  
(C and D) matched images. Note the narrow opening of the false aneurysm compared with its base, reflecting its nature as a contained rupture of the myocardium. In a false 
aneurysm, the retaining margin of the aneurysm is the pericardium. Note also the dark region along the margin of the lesion in (C) and (D), representing a mural thrombus (arrows).
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_18/
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recovery, DE-CMR also predicted improvement in global 
function. On a per patient basis, the total number of seg-
ments that were dysfunctional but viable (<25% TEI) was 
directly related to a change in LVEF. Multiple other studies 
have subsequently confirmed that the transmural extent of 
enhancement on DE-CMR predicts functional improvement 
after MI.

Predicting the Impact of Revascularization
In patients who have severe myocardial dysfunction after 
MI and are incompletely revascularized or not yet revas-
cularized, a common clinical question centers on whether 
to proceed with coronary revascularization. In this set-
ting, improvement in LVEF after revascularization will 
likely improve symptoms and outcome, but such recovery 
requires viable myocardium. Multiple studies have demon-
strated that among patients with chronic CAD, the likelihood 
of functional improvement is inversely related in a progres-
sive stepwise fashion to the TEI as depicted by DE-CMR. That 
is, the greater the TEI, the lower the likelihood of recovery 
of wall motion in any given segment. Alternatively, minimal 
or no enhancement is associated with a high probability 
of improvement after revascularization (Figure 33-9). This 
observation is true even in segments that are akinetic or dys-
kinetic before revascularization.

When interpreting the information that DE-CMR can pro-
vide in this setting, it is important to take advantage of the 
high spatial resolution it affords; DE-CMR allows the visual-
ization of the transmural extent of viability and/or infarction, 
and thus changes the assessment of viability from a binary 
“yes/no” characterization to that of a continuum, which bet-
ter reflects reality. This ability to grade myocardial viability 
along a continuum is one of the great strengths of DE-CMR. 
As such, the use of a single cutoff value on which to base 

predictions of functional improvement would not have a 
physiologic basis and would be suboptimal.

Other Aspects of Viability Assessment
DE imaging provides significantly better spatial resolution 
than the competing modality of SPECT imaging. However, 
even if SPECT imaging had similar spatial resolution, 
DE-CMR would still have a significant advantage in that 
it allows the assessment of the amount of viability and 
the amount of infarction simultaneously. This property of 
DE-CMR is particularly important in the differentiation of 
possibly hibernating myocardium from myocardium that is 
significantly thinned as a result of extensive scar. As an exam-
ple of this principle, consider the evaluation of a patient with 
a region of thinned (<5.5 mm in diastole) dysfunctional myo-
cardium (Figure 33-e20). Classic echo teaching would infer 
that such areas are invariably reflective of transmural infarc-
tion, and nuclear perfusion imaging would indicate that 
such areas are nonviable, simply based on the significant 
reduction of counts in the thinned area relative to remote, 
normal myocardium. However, CMR provides evidence that 
this assertion is not always the case. Shah and colleagues 
found that 19% of a group of 1055 patients who underwent 
CMR had regional wall thinning (≤5.5 mm) that involved an 
average of 34% of the LV.27 Of those regions with thinning, 
18% were found to have a limited scar burden (defined as 
<50% hyperenhancement), and such patients who under-
went revascularization uniformly demonstrated significant 
improvement in contractile function (Figure 33-10). It was 
also notable that in regions with limited scar burden, there 
was substantial reverse remodeling of the myocardial wall 
and disappearance of thinned regions because diastolic 
wall thickness increased from a mean of 4.4 mm to a mean 
of 7.5 mm (see Figure 33-10). Hence, it appears for a given 
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FIGURE 33-9 The likelihood of recovery of wall motion following revascularization is inversely related to the transmural extent of infarction (hyperenhance-
ment) on delayed enhancement imaging, even in severely hypokinetic, akinetic, or dyskinetic segments. (From Kim RJ, et al: The use of contrast-enhanced magnetic 
resonance imaging to identify reversible myocardial dysfunction. N Engl J Med 343:1445–1453, 2000.)
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A B

C D

E F

FIGURE 33-e20 Diastolic (A) and systolic (B) two-chamber cine images demon-
strate extensive resting anterior wall thinning, with dyskinesia in systole (red arrows). 
The anterior wall measures <5 mm. (C) Delayed-enhancement cardiac magnetic 
resonance shows no hyperenhancement, indicating viability of the anterior wall. (D) 
Resting perfusion scan shows an area of reduced contrast uptake (yellow arrow), 
indicating diminished perfusion of the anterior wall at rest. (E) Diastolic and (F) systolic 
two-chamber cine images 3 months after revascularization demonstrate improved 
diastolic wall thickness (8.5 mm) and marked improvement in systolic wall thickening 
(arrows), as predicted from the delayed-enhancement cardiac magnetic resonance 
imaging.
For an additional presentation of this image, click here.

https://sites.elsevier.com/Morrow/myocardial1e/efigures/efigure_20/
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myocardial region that the amount of scar in relation to the 
amount of viability is more important than just the absolute 
amount of viability in predicting contractile improvement 
and reverse remodeling after revascularization.

USE IN CLINICAL TRIALS

The ultimate goal of a new therapy for acute MI is a reduc-
tion in mortality. In the current era, treatment of acute MI is 
quite effective; therefore, demonstrating a further reduction 
in mortality with novel treatments is increasingly difficult 
and necessitates studies with large sample sizes with cor-
responding logistical and financial barriers. As such, there is 
considerable interest in using surrogate endpoints to assess 
the efficacy of acute MI therapies. Infarct size is a particu-
larly attractive surrogate endpoint for several reasons. First, 
it is useful in early screening studies to test whether a new 
therapy is biologically active. Second, it can serve as an 
endpoint for phase II dose-ranging studies to test efficacy 
and/or safety. Third, it may indicate a late mortality benefit, 
and thus rationale for performing a longer term study, even 
if an early benefit is not seen. For instance, a reduction in 
infarct size may lead to a long-term improvement in ven-
tricular remodeling, a benefit that may not be manifest on 
30-day mortality rates. Fourth, it can provide a mechanism 
for improvement in outcome, because prognosis after acute 
MI is strongly determined by infarct size. Several investiga-
tions have reported that infarct size measured by DE-CMR 
is a stronger predictor of outcome than that of LVEF and LV 
volumes.28,29

Care should be taken in planning the timing of the CMR 
acquisition, because MIs are known to demonstrate what 
Reimer and Jennings have termed “a changing anatomic 
reference base.” That is, the size of infarction can show dra-
matic changes over time, with edema and swelling result-
ing in a near-doubling of infarct size in the acute phase and 
significant shrinkage (up to 75% reduction of infarct size) 
occurring in the chronic phase as necrosis is replaced by 
collagenous scar. These findings have been confirmed 
in CMR studies of the evolution of infarct size over time. 
Fieno and colleagues demonstrated that terminal infarct 
size at 4 to 8 weeks in a canine model averaged 24% of that 
found at 3 days. Moreover, the mass of viable myocardium 

increased systematically with time, although the time course 
of hypertrophy was different from that of infarct resorption. 
Importantly, measurements of total LV mass did not reflect 
the changes that occurred separately in infarcted and viable 
regions. These results highlight the capability of DE-CMR 
to improve the assessment of post-infarction ventricular 
remodeling by allowing evaluation of concurrent changes, 
such as resorption of infarcted tissue and hypertrophy of 
viable myocardium, at an early time point before measure-
ments of ventricular volumes and mass change.

Another important implication of the “changing ana-
tomic reference base” is that a reduction in hyperenhance-
ment size from an acute scan to a chronic scan should not 
lead to confusion regarding the interpretation of hyperen-
hancement zones. Some previous studies have suggested 
that hyperenhancement in the acute phase represents both 
infarcted myocardium and a rim of surrounding viable 
myocardium, whereas hyperenhancement in the chronic 
phase solely represents infarcted myocardium in an effort 
to explain the differences in hyperenhancement size. This 
interpretation is incorrect. In both acute and chronic set-
tings, hyperenhancement depicts infarction; however, the 
infarct size itself is dynamic (see Chapter 4 and Chapter 24).

Several studies have shown that the measurement of 
infarct size by DE-CMR is highly reproducible. The impli-
cation of high reproducibility is that DE-CMR may enable 
robust detection of small changes in infarct size, and poten-
tially allow substantial reduction in sample size for clinical 
trials using infarct size as an efficacy endpoint. Few stud-
ies have directly compared infarct size measurements by 
DE-CMR with those by technetium-99m SPECT, although 
the latter is considered one of the best available tech-
niques for the quantification of infarct size. An early study 
by Mahrholdt and colleagues reported that the SD of infarct 
size was 6% by DE-CMR and 7.5% by SPECT in a population 
with chronic MI. Because DE-CMR led to a 20% reduction in 
variability (1.5 of 7.5), the improved precision would result 
in a nearly 40% reduction in sample size. Similarly, Lunde 
and colleagues evaluated infarct size in STEMI patients 
who were randomized to intracoronary injection of mono-
nuclear bone marrow cells at both acute and chronic time 
points. In the control group, both early and late after MI, the 
SD of infarct size was lower by DE-CMR than by SPECT (14.0 
vs. 21.1 and 12.5 vs. 20.9, respectively).3 Although the vari-
ability of infarct size will change with the population being 
studied (e.g., cohorts with a high prevalence of anterior MI 
will have larger mean infarct size and a larger SD), these 
data suggest that the total variability is smaller when using 
DE-CMR and will lead to appreciable differences in sample 
size. As a result, interest in DE-CMR for infarct size quantifica-
tion is rapidly growing. General strengths and weaknesses of 
CMR for clinical trials are shown in Table 33-e1.

SUMMARY

In patients with known or suspected MI, CMR provides a 
comprehensive, multifaceted view of the heart. The data, 
including those from a multicenter clinical trial, indicate that 
DE-CMR is a well-validated, robust technique that can be eas-
ily implemented on scanners that are commonly available 
worldwide, with an effectiveness that rivals the best available 
imaging techniques for the detection and assessment of 
acute and chronic MI. CMR may be especially useful when 
patients present outside the diagnostic window of cardiac 
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FIGURE 33-10 In patients with regional left ventricular wall thinning and 
akinesis, significant improvement in contractile function can be seen post-
revascularization. However, contractile function (e.g., systolic wall thickening) 
improved only in those with limited scarring (<50% transmural scar). (Modified from 
Shah DJ, et al: Prevalence of regional myocardial thinning and relationship with myo-
cardial scarring in patients with coronary artery disease. JAMA 309:909–918, 2013.)
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TABLE 33-e1 Strengths and Weaknesses of Cardiac 
Myocardial Infarction for Clinical Trials

Strengths

 •  Consensus reference standard for quantifying ventricular function, 
volumes, infarct size, and scar

 •  No ionizing radiation—important for studies requiring repetitive imaging
 •  Versatile, can measure many structural, functional parameters in a single 

examination
 •  Reproducibility allows small sample sizes
 •  Prognostic data for many measures

Weaknesses

 •  Restrictions with some implanted devices
 •  Limitations for studies with acutely ill patients
 •  Technical complexity, requiring specialized training
 •  Lack of standardization for performing and analyzing some new 

measures
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biomarkers. Moreover, because CMR can uniquely differen-
tiate between ischemic and various nonischemic forms of 
injury, it may be helpful in cases of diagnostic uncertainty, 
such as in patients with classical features of MI in whom 
coronary angiography does not show a culprit lesion. Even 
after the diagnosis of MI has been made, CMR can provide 
clinically relevant information with regard to identification 
of post-MI sequelae and further infarct characterization. The 
high accuracy and reproducibility of DE-CMR has led to the 
increasing use of this technique as the preferred method for 
quantification of infarct size in many clinical trials.
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INTRODUCTION

Evidence-based treatments for patients with myocardial 
infarction (MI) have improved outcomes, with substan-
tive reductions in mortality rates (Chapter 2). Nevertheless, 
patients who survive an acute MI remain at increased risk for 
recurrent MI and death and also suffer from clinical symp-
toms and loss of physical, psychological, or social function-
ing after discharge that can lead to impaired health-related 
quality of life.1 The effectiveness and accessibility of cardiac 
rehabilitation and secondary prevention services after MI 
have therefore never been more important. Current interna-
tional clinical guidelines, including those of the American 
Heart Association, the American College of Cardiology, and 
the European Society of Cardiology, endorse rehabilitation 
and secondary prevention as key elements of standard post-
MI management.2-5

Our approach to post-MI rehabilitation has changed radi-
cally in the last 80 or so years. In the 1930s, restriction of 
physical activity and prolonged bed rest were standard of 
care for patients suffering from an MI. Subsequent evolu-
tion of practices such as chair therapy (1940s), brief daily 
walks of 3 to 5 minutes (1950s), and structured inpatient car-
diac rehabilitation programs for early ambulation after MI 
(1960s) led to the development of today’s multidisciplinary, 
comprehensive cardiac rehabilitation and secondary pre-
vention programs for a broad group of patients with athero-
sclerotic cardiovascular disease.6

The following definition from the Agency for Health Care 
Policy and Research encompasses these contemporary 
concepts:

Cardiac rehabilitation [and secondary prevention] services 
are comprehensive, long-term programs involving medical 
evaluation, prescribed exercise, cardiac risk factor modi-
fication, education, and counselling. These programs are 
designed to limit the physiologic and psychological effects 
of cardiac illness, reduce the risk for sudden death or re-
infarction, control cardiac symptoms, stabilize or reverse the 
atherosclerotic process, and enhance the psychosocial and 
vocational status of selected patients.6a

Although exercise training remains a cornerstone of 
intervention, current practice guidelines consistently rec-
ommend “comprehensive rehabilitation” programs that 
should contain the necessary core components to optimize 
cardiovascular risk reduction, foster healthy behaviors and 
compliance with these behaviors, reduce disability, and pro-
mote an active lifestyle.2

Cardiac rehabilitation and secondary prevention services 
should begin in the inpatient setting for patients who have 
 survived an acute MI and continue into the early- outpatient 
and late-outpatient phases of follow-up (Figure 34-1). 
Although in many countries this inpatient and early-outpa-
tient care is covered by health care providers and insurers, 
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the costs of late-outpatient or “maintenance” programs 
often need to be met by the patients themselves.

This chapter presents the evidence for cardiac rehabili-
tation and secondary prevention after MI, focusing on the 
findings of systematic reviews and meta-analyses; details 
the components of cardiac rehabilitation and secondary 
prevention delivery using current high-profile international 
practice and policy statements; and finally, considers cur-
rent and future key challenges facing rehabilitation and sec-
ondary prevention services.

EVIDENCE FOR CARDIAC REHABILITATION 
AND SECONDARY PREVENTION

The first systematic reviews and meta-analyses of cardiac 
rehabilitation were published more than 20 years ago and 
reported a 20% to 25% reduction in all-cause and cardio-
vascular mortality in pooled data from 22 randomized 
controlled trials (RCTs) in more than 4300 post-MI patients, 
comparing exercise-based cardiac rehabilitation with a 
no-exercise rehabilitation approach in the control group. 
A number of updated versions of this systematic review/
meta-analysis of cardiac rehabilitation and secondary pre-
vention have since been published.7

The 2016 Cochrane systematic review and meta-anal-
ysis “Exercise-based cardiac rehabilitation for coronary 
heart disease” provides a useful summary of the avail-
able evidence.8 The inclusion and exclusion criteria for 
the 2016 Cochrane review are summarized in Table 34-1. 
Bibliographic databases of Cochrane Central Register of 
Controlled Trials, MEDLINE, EMBASE, CINAHL, and Science 
Citation Index Expanded were searched to July 2014. The 
study authors identified a total of 63 RCTs (Table 34-e1). 
Although this update included a total of 14,486 patients, 
most trials were relatively small in size (median number 
of patients, 126; range, 28 to 2304). Greater than 80% of the 

trial populations were post-MI patients, with the remain-
der consisting of patients who had undergone coronary 
artery bypass grafting (CABG) or percutaneous coronary 
intervention (PCI); in more than one half of the patients in 
these cohorts, previous MI was the exclusive diagnosis. The 
median follow-up period was 12 months. Programs typically 
were conducted in a supervised outpatient hospital/center-
based setting, either exclusively or in combination with 

Weeks

Acute hospitalization –  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 – – – – – – – 52 –

Phase I

Phase II

Phase III

Transition zone

Transition zone

Phase I
(in-hospital)

Early intervention during the stay in acute
hospital, including early mobilization and
prevention of complications.

Most importantly phase I today includes
assessment and referral to phase II 
rehabilitation.

Phase II
(early follow-up period)

Promotes and delivers rehabilitative and preventive 
services to patients following an index event with 
the aim of clinical stabilization, risk stratification, 
and promotion of long-term intervention.

It may be performed in inpatient as well as in 
outpatient settings.

The components and activities of phase II
rehabilitation and secondary prevention are similar 
across mode of delivery.

Phase III
(long-term follow-up and maintenance)

Long-term outpatient follow-up, which 
seeks to provide sustained delivery of 
preventive and rehabilitative services.

It takes place in an outpatient setting 
and/or in the community and is often 
delivered in collaboration with primary 
health care provider/primay physicians.

Transition zone – Risk of loss of information Risk of loss of information
needs special attention Risk of loss of gained outcomes Risk of loss of gained outcomes

FIGURE 34-1 The trajectory of cardiac rehabilitation and secondary prevention after acute coronary syndrome.

TABLE 34-1 Inclusion and Exclusion Criteria for 2016 
Cochrane Review

Inclusion

	•	 	Study design: RCTs of exercise-based CR with a follow-up period of at 
least 6 months post randomisation

	•	 	Population: Patients of all gender or ages who have had an MI, or who 
have undergone revascularization (coronary artery bypass grafting 
[CABG], percutaneous coronary intervention [PCI]) or who have angina 
pectoris or coronary heart disease defined by angiography

	•	 	Intervention: Exercise-based CR, defined as a supervised or unsupervised 
inpatient, outpatient, or community- or home-based intervention that 
includes some form of exercise training, either alone or in addition to 
psychosocial and/or educational interventions

	•	 	Control: Standard medical care, such as drug therapy, but without any 
form of structured exercise training program

	•	 	Outcomes: One or more of the following outcomes: death (total and car-
diovascular-related); MI (fatal and nonfatal); revascularizations (CABG and 
PCI); hospitalizations; health-related quality of life assessed using validated 
instruments (e.g., Short-Form-36, EQ-5D); or costs and cost-effectiveness

Exclusion

Studies exclusively recruiting patients with heart failure, with atrial 
fibrillation, after heart valve surgery, with heart transplants, or implanted 
with cardiac resynchronization device or with implantable cardioverter-
defibrillator; or patients who completed a cardiac rehabilitation program 
before randomization

CR, Cardiac rehabilitation; MI, myocardial infarction; RCTs, randomized controlled trials.
From Anderson L, Thompson DR, Oldridge N, et al: Exercise-based cardiac 
rehabilitation for coronary heart disease: Cochrane systematic review and meta-
analysis. J Am Coll Cardiol 67:1-12, 2016.
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TABLE 34-e1 Cochrane 2016 Review Summary of 
Study and Patient Characteristics

CATEGORY
NO. OF STUDIES (%)
OR MEDIAN* (RANGE)

Study Characteristics

Publication year
 1970-1979 2 (3)
 1980-1989 12 (19)
 1990-1999 20 (32)
 2000-2009 21 (33)
 2010 onward 8 (13)
Study location
 Europe 37 (59)
 North America 12 (19)
 Asia 6 (10)
 Australasia 5 (8)
 Other 2 (3)
 Not reported 1 (2)
Single center 45 (71)
Sample size 126 (28-2304)
Duration of follow-up 12 months (6-120)

Population Characteristics

Gender
 Males only 18 (29)
 Females only 1 (2)
 Both males and females 41 (65)
 Not reported 3 (5)
Age (years) 56.0 (49.3-71.0)
Diagnosis
 Post–myocardial infarction only 31 (49)
 Revascularization only 2 (3)
 Angina only 5 (8)
 Mixed-CHD population 25 (40)

Intervention Characteristics

Intervention type
 Exercise-only programs 25† (38)
 Comprehensive programs 39† (60)
Duration of intervention (months) 6 (1-48)
Dose of intervention
 Duration 6 months (1-48)
 Frequency 1-7 sessions/week
 Length 20-90 minutes/session
 Intensity 	•	 	50%-85%	of	maximal	heart	rate

	•	 	50%-95%	of	maximal	oxygen	
uptake (VO2 max)

	•	 	Borg rating of 11-15
Setting
 Center-based only 33 (52)
 Combination of center- and 

home-based
13 (21)

 Home-based only 15 (24)
 Not reported 2 (3)

CHD, Coronary heart disease.
*Median of study means.
†One study includes both exercise-only and comprehensive cardiac rehabilitation 
(CR) arms.
Adapted from Anderson L, Thompson DR, Oldridge N, et al: Exercise-based cardiac 
rehabilitation for coronary heart disease: Cochrane systematic review and meta-
analysis. J Am Coll Cardiol 67:1-12, 2016.
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some maintenance home exercise sessions. Although it was 
noted that the quality of reporting had improved in more 
recently published RCTs, overall, the authors judged the vari-
ous individual categories of study risk of bias as either high 
or unclear.

Meta-analyses showed that cardiac rehabilitation had 
no effect on total mortality compared with that for the con-
trol group but led to a reduction in cardiovascular mortal-
ity (relative risk, 0.74; 95% CI, 0.64 to 0.86) (Table 34-2 and 
Figure 34-2). Exercise-based rehabilitation reduced the risk 
of hospital admissions (relative risk, 0.82; 95% CI, 0.70 to 
0.96) (Figure 34-e1). No significant impact on either the risk 
of recurrent MI or revascularization was noted. In view of 
the variation in health-related quality of life outcome mea-
sures across trials, meta-analysis for this aspect of outcomes 
was not possible. Of 20 studies that reported quality of life, 
however, a majority (13 trials, 65%) showed higher outcome 
levels in one or more quality of life domains after rehabilita-
tion compared with those for control groups. With data from 
multiple RCTs and meta-analyses of RCTs, the efficacy of 
cardiac rehabilitation fulfills grade A/level I evidence.3

In addition to efficacy, two key additional key evidence 
considerations for rehabilitation and secondary preven-
tion are safety and cost-effectiveness. Exercise-based reha-
bilitation appears to be very safe. An observational study of 
more than 25,000 patients in a French registry of rehabil-
itation-related complications reported one cardiac event 
for 50,000 hours of exercise training—equivalent to 1.3 
cardiac arrests per 1 million patient-hours.9 An earlier 
American study reported only one case of ventricular fibril-
lation per 111,996 patient-hours of exercise and one MI per 
294,118 patient-hours. A systematic review of economic 
 evaluations of cardiac rehabilitation and secondary pre-
vention reported a cost per life-year gained ranging from 

US$2193 to US$28,193.10 In 2007, the National Institute of 
Health and Care Excellence (NICE) in the United Kingdom 
estimated the incremental cost-effectiveness ratio for reha-
bilitation after MI at approximately £7860 and £8360 per 
quality-adjusted life-year (QALY) gained for men and 
women, respectively.11 NICE’s current funding threshold is 
£20,000/QALY, indicating the provision of cardiac rehabili-
tation and secondary prevention to be cost-effective.

COMPONENTS OF CARDIAC REHABILITATION 
AND SECONDARY PREVENTION

Systematic Referral
All eligible patients with acute MI and all patients in the 
immediate postoperative period after CABG or PCI should 
be referred to a comprehensive outpatient rehabilitation 
and secondary prevention program either before hospital 
discharge or during the first immediate follow-up visit.3 
The services should be instituted as soon as possible after 
hospital admission. Cardiac rehabilitation and secondary 
prevention generally are considered most beneficial when 
delivered soon after the index hospitalization. In certain 
situations, however, clinical, social, and logistic reasons can 
delay enrollment in a structured program. To ensure effec-
tive access to rehabilitation and preventive services, refer-
ral should be considered by all health care practitioners 
with responsibility for the care of post-MI patients in the 12 
months after their acute event or cardiac surgery.5

Despite the substantive evidence for the benefits of such 
services, implementation of and patient enrollment in car-
diac rehabilitation and secondary prevention programs 
remain below desired levels.12-14 Studies in Europe, North 
America, and Australia have reported participation rates 

TABLE 34-2 Summary of Meta-analysis of Effects of Exercise-Based Cardiac Rehabilitation on Clinical Event 
Outcomes

OUTCOME

NO. OF 
PARTICIPANTS
(WITH NO. OF 
STUDIES)

NO. OF EVENTS/ PARTICIPANTS

RELATIVE RISK 
(WITH 95% CI)

STATISTICAL 
HETEROGENEITY2I 
STATISTIC   
CHI-SQUARE TEST
(WITH P VALUE)

GRADE/
QUALITY OF 
EVIDENCEIntervention Comparator

All-cause mortality 
(all studies)

12,455 (47) 838/6424 865/6031 0.94 (0.87-1.02) 0%	(0.58) + + + −
Moderate*

CV mortality 
(all studies)

7469 (27) 292/3850 375/3619 0.74 (0.64-0.85) 0%	(0.70) + + + −
Moderate*

Fatal and/or nonfatal 
MI (all studies)

971 (36) 356/4951 387/4766 0.89 ( 0.78-1.02) 0%	(0.48) + + − −
Low*†

CABG (all studies) 5891 (29) 208/3021 212/2870 0.94 ( 0.78-1.12) 0%	(0.86) + + + −
Moderate*

PCI (all studies) 4012 (16) 171/2013 197/1999 0.86 (0.71-1.04) 0%	(0.59) + + + −
Moderate*

Hospital admissions 
(all studies)

3030 (15) 407/1556 453/1474 0.86 (0.77-0.95) 34.5%	(0.10) + + − −
Low*†

CABG, Coronary artery bypass grafting; CV, cardiovascular; GRADE, Grades of Recommendation, Assessment, Development and Evaluation [with plus or minus assigned for 
each of the four grading categories]; MI, myocardial infarction; PCI, percutaneous coronary intervention.
*Random	sequence	generation,	allocation	concealment,	and	blinding	of	outcome	assessors	were	poorly	described	in	greater	than	50%	of	included	studies;	bias	likely.
†Funnel plots and/or Egger test suggest evidence of asymmetry.

Grade Working Group Quality of Evidence
High quality: Further research is very unlikely to change our confidence in the estimate of effect.
Moderate quality: Further research is likely to have an important impact on our confidence in the estimate of effect and may change the estimate.
Low quality: Further research is very likely to have an important impact on our confidence in the estimate of effect and is likely to change the estimate.
Very low quality: We are very uncertain about the estimate.
Adapted from Anderson L, Thompson DR, Oldridge N, et al: Exercise-based cardiac rehabilitation for coronary heart disease. Cochrane Database Syst Rev (1):CD001800, 2016.
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.1 1 10
Favors cardiac rehabilitation Favors control

 Relative Risk Events, Events,
Study Fixed (95% Cl) Treatment Control

Shaw (NEDHP) 1981 0.98 (0.79, 1.21) 109/323 113/328

Lewin 1992 0.50 (0.25, 1.02) 9/58 18/58

Haskell (SCRIP) 1994 0.92 (0.71, 1.19) 62/145 72/155

Engblom 1996 0.68 (0.45, 1.04) 26/102 34/91

Hofman-Bang 1999 0.81 (0.51, 1.27) 19/46 21/41

Belardinelli 2001 0.52 (0.28, 0.99) 11/59 21/59

VHSG 2003 0.79 (0.38, 1.66) 11/98 14/99

Hambrecht 2004 0.14 (0.02, 1.10) 1/51 7/50

Yu 2004 1.16 (0.69, 1.95) 34/132 16/72

Briffa 2005 0.98 (0.59, 1.65) 19/57 19/56

Zwisler 2008 0.98 (0.79, 1.21) 95/227 94/219

Giallauria 2008 0.44 (0.13, 1.55) 3/30 7/31

Reid 2011 0.63 (0.18, 2.16) 4/115 6/108

Mutwalli 2012 0.27 (0.10, 0.74) 4/28 11/21

Maddison 2014 (Excluded) 0/85 0/86

Overall (I-squared = 34.5%, p = 0.099) 0.82 (0.70, 0.96) 407/1556 453/1474

NOTE: Weights are from random effects analysis

FIGURE 34-e1 Meta-analysis of hospital admission. (From Anderson L, Thompson DR, Oldridge N, et al: Exercise-based cardiac rehabilitation for coronary heart disease: 
Cochrane systematic review and meta-analysis. J Am Coll Cardiol 67:1-12, 2016.)
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of 20% to 50%.15 The gap in delivery is especially large in 
older patients, women, and members of ethnic minorities. 
Reasons behind these gaps in participation are generally 
classified into three categories: (1) patient-based, espe-
cially lack of sufficient financial resources and/or health 
care insurance coverage to participate or lack of interest in 
participating in the program; (2) provider-based, especially 
lack of physician referral of patients; and (3) system-based 
barriers, especially lack of resources to fund rehabilitation/
preventive services or lack of services within close prox-
imity to a patient’s home.16 A Cochrane systematic review 
assessed the efficacy of interventions to improve uptake 
of and adherence to cardiac rehabilitation and second-
ary prevention.17 However, this review found only weak 
evidence (11 RCTs) supporting specific interventions to 
increase uptake. Systematic referral procedures and inter-
ventions targeting patient-identified barriers may increase 
the likelihood of success. At referral, clinicians need to be 
aware of potential patient barriers (Table 34-3). Some par-
ticular approaches to overcoming these barriers are pre-
sented later under Innovative and Models of Rehabilitation 
and Prevention (in the section on maintaining long-term 
behavioral changes).

Patient Risk Assessment and Tailored 
Planning
Formulation of an individually tailored, patient-specific 
plan for cardiac rehabilitation and secondary prevention 
should be based on a careful risk assessment at discharge 
or as soon as possible after hospital admission and before 
initiation of the program. This risk assessment should sys-
tematically collect and document the clinical information 
as listed in Table 34-4.

TABLE 34-3 Barriers to Participation in Cardiac 
Rehabilitation and Secondary Prevention

PATIENT-RELATED 
BARRIERS

PROVIDER- AND SYSTEM-RELATED 
BARRIERS

Older age, female sex
Smoking
Depression
Social isolation
Family obligations
Limited finances
Lack of transportation
Patient refusal

Lack of services
Distance to services
Lack of systematic referral
Lack of physician endorsement

 Relative Risk Events, Events,
Study Fixed (95% Cl) Treatment Control

Wilhelmsen 1975 0.69 (0.43, 1.12) 23/158 33/157
Kallio 1979 0.63 (0.44, 0.92) 35/188 55/187
Shaw (NEDHP) 1981  0.71 (0.37, 1.38) 14/323 20/328
Vecchio 1981 0.20 (0.01, 3.97) 0/25 2/25
Sivarajan 1982a 1.35 (0.15, 12.50)  3/71 1/32
Sivarajan 1982b 3.61 (0.19, 67.81)  3/65 0/33
Vermeulen 1983 0.43 (0.09, 2.13) 2/47 5/51
Roman 1983 0.58 (0.32, 1.08) 13/93 24/100
WHO 1983 0.87 (0.70, 1.07) 144/1208 151/1096
Haskell (SCRIP) 1984 0.71 (0.12, 4.20) 2/145 3/155
Miller 1984 0.11 (0.01, 2.31) 0/127 2/71
Bethell 1990 1.11 (0.53, 2.33) 13/113 12/116
Ornish 1990 1.43 (0.14, 14.70) 2/28 1/20
Schuler 1992 5.09 (0.25, 103.66) 2/56 0/57
Debusk 1994 1.22 (0.51, 2.90) 11/293 9/292
Specchia 1996 0.40 (0.15, 1.10) 5/125 13/131
Hofman-Bang 1999 0.15 (0.02, 1.18) 1/46 6/41
Dugmore 1999 0.67 (0.12, 3.85) 2/62 3/62
Toobert 2000 2.00 (0.09, 45.12) 1/17 0/11
La Rovere 2002 0.47 (0.19, 1.15) 6/49 12/46
Hambrecht 2004 0.20 (0.01, 3.99) 0/51 2/50
Briffa 2005 0.33 (0.01, 7.87) 0/57 1/56
Montero 2005 0.50 (0.21, 1.18) 7/90 14/90
Aronov 2010 0.49 (0.13, 1.95) 3/197 6/195
Belardinelli 2001 (Excluded) 0/59 0/59
Seki 2008 (Excluded) 0/20 0/19
Munk 2009 (Excluded) 0/20 0/20
Houle 2012 (Excluded) 0/32 0/33
Maddison 2014 (Excluded) 0/85 0/86
Overall (I-squared = 0.0%, p = 0.699) 0.74 (0.64, 0.86) 292/3850 375/3619

NOTE: Weights are from random effects analysis

.1 1 10
Favors cardiac rehabilitation Favors control

FIGURE 34-2 Meta-analysis of cardiovascular mortality. (From Anderson L, Thompson DR, Oldridge N, et al: Exercise-based cardiac rehabilitation for coronary heart 
disease: Cochrane systematic review and meta-analysis. J Am Coll Cardiol 67:1-12, 2016.)
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Exercise Testing and Training
Symptom-limited exercise testing before participation in an 
exercise-based cardiac rehabilitation program is strongly rec-
ommended (see also Chapter 30).2 Exercise test parameters 
should include assessment of heart rate and rhythm, signs and 

symptoms, ST-segment changes, hemodynamics, perceived 
exertion, and exercise capacity. On the basis of this exercise 
test, patients can then be risk-stratified to select the appro-
priate level of supervision and monitoring required during 
their exercise-based rehabilitation program. Exercise training 
should incorporate an individualized exercise prescription 
for aerobic training that should be regularly reviewed by the 
program team and modified if necessary. Current recommen-
dations for exercise prescription are as follows:
	•	 	Frequency:	3	to	5	sessions	per	week
	•	 	Intensity:	50%	to	80%	of	maximal	exercise	capacity
	•	 	Duration:	20	to	60	minutes	per	session
	•	 	Modality:	walking,	 treadmill,	cycling,	 rowing,	 stair	climb-

ing, arm/leg ergometry, and other modalities, using con-
tinuous or interval training as appropriate
Exercise-based rehabilitation programs also can include 

resistance exercise.

Education
A Cochrane review18 identified 13 RCTs examining patient 
education interventions among 68,556 subjects with coro-
nary heart disease, with a follow-up period of 6 to 60 months. 
The meta-analysis from this review showed weak evidence 
of an effect of education compared with usual care on all-
cause mortality (relative risk [RR], 0.79; 95% CI, 0.55 to 1.13) 
and cardiac morbidity (recurrent MI: RR, 0.63; 95% CI, 0.26 
to 1.48; revascularization: RR, 0.58; 95% CI, 0.19 to 1.71; and 
hospitalization: RR, 0.83; 95% CI, 0.65 to 1.07). After educa-
tion, some evidence indicates that quality of life scores were 
higher than those in control groups. These findings gener-
ally are supportive of cardiac rehabilitation and second-
ary prevention, including some form of education, either in 
groups or as individual consultations. Further research into 
different models of education is needed, however, to inform 
future more specific recommendations on the nature and 
content of this education delivery.

Current guidelines2-5 for education include its role in pro-
viding a positive impact on healthy behavior (Table 34-5), 
risk factor modification (Table 34-6) and improving adher-
ence to cardioprotective medications (Table 34-7), as well 
as psychosocial support including vocational guidance and 
sexual functioning (Table 34-8).

Several principles of behavior change and validated edu-
cational theories are helpful in improving the patient’s moti-
vation as well as individual ability to comprehend and digest 
a broad array of information. None of these principles (i.e., 
stages of change, self-efficacy concepts, outcome models, bio-
feedback) should be regarded as mutually exclusive, often 
the principles are combined, depending on patients’ needs 
and staff competences. Table 34-9 lists “ten strategic steps” to 
enhance counseling on behavioral change.4

Psychosocial Support
The relationship between psychosocial and cardiac health 
is complex, and both direct (e.g., psychological effects on 
immunologic function) and indirect (e.g., behaviorally medi-
ated) mechanisms are thought to play a role.19 Consequently, 
patients may be offered a wide variety of psychological thera-
pies to treat depression, anxiety, stress, or maladaptive behav-
iors, and these treatments aim to improve both psychological 
and cardiac health. Underpinning all psychosocial therapies 
for cardiac patients is some combination of the following 

TABLE 34-4 Patient Risk Assessment and Clinical 
Data Collection

ASSESSMENT 
COMPONENT DESCRIPTION

Clinical history Screening for cardiovascular risk factors, comorbid 
conditions and disabilities, psychological stress, 
vocational situation

Symptoms Cardiovascular disease—NYHA functional class for 
dyspnea and Canadian Cardiovascular Society 
(CCS) class for symptoms of angina

Medication Including dose, frequency, side effects

Adherence To medical regimen and self-monitoring (weight, 
BP, symptoms)

Physical examination General health status, body mass index (BMI), 
waist circumference, heart failure signs, 
cardiac and carotid murmurs, pulse, BP 
control, extremities for presence of arterial 
pulses and orthopedic pathology, neurological 
abnormalities

ECG Heart rate and rhythm, repolarization

Cardiac imaging 2D and Doppler echocardiography when 
appropriate—in particular, ventricular function, 
valvular heart disease, presence of effusion

Blood testing For routine biochemical assay: including full 
blood count, electrolytes, renal and liver 
function, fasting blood glucose (HbA1C if 
fasting blood glucose is elevated or with 
known diabetes), total cholesterol, LDL-C, 
HDL-C, triglycerides

Physical activity level 
by history

Domestic, occupational, and recreational needs; 
activities relevant to age, gender, and daily life; 
readiness to change behavior; self-confidence; 
barriers to increased physical activity; and social 
support in making positive changes

Peak exercise 
capacity

Symptom-limited exercise testing, either on bicycle 
ergometer or on treadmill. If this is not feasible 
(e.g., because of recent surgery), submaximal 
exercise evaluation and/or six-minute walk test 
should be considered.

Education Clear, comprehensible information on the basic 
purpose of the CR program and the role of each 
component (including optimal medical therapy 
compliance)

Education on self-monitoring protocols (weight, 
blood pressure, warning symptoms and signs 
of instability, e.g., angina, dyspnea) and self-
management

BP, Blood pressure; CR, cardiac rehabilitation; 2D, two-dimensional; ECG, 
electrocardiogram; HbA1C,, A1C hemoglobin (glycosylated); HDL-C, high-density 
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NYHA, New York 
Heart Association.
Adapted from Balady GJ, Williams MA, Ades PA, et al: Core components of 
cardiac rehabilitation/secondary prevention programs: 2007 update: a scientific 
statement from the American Heart Association Exercise, Cardiac Rehabilitation, 
and Prevention Committee, the Council on Clinical Cardiology; the Councils on 
Cardiovascular Nursing, Epidemiology and Prevention, and Nutrition, Physical 
Activity, and Metabolism; and the American Association of Cardiovascular and 
Pulmonary Rehabilitation. Circulation 115:2675-2682, 2007; and Piepoli MF, Corra 
U, Adamopoulos S, et al: Secondary prevention in the clinical management of 
patients with cardiovascular diseases. Core components, standards and outcome 
measures for referral and delivery: a policy statement from the cardiac rehabilitation 
section of the European Association for Cardiovascular Prevention & Rehabilitation. 
Endorsed by the Committee for Practice Guidelines of the European Society of 
Cardiology. Eur J Prev Cardiol 21:664-681, 2014.
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TABLE 34-5 Assessment, Clinical Interventions, and Expected Outcomes for Behavioral Interventions after 
Acute Myocardial Infarction

AREA OF INTEREST, WITH 
TREATMENT GOALS* EVALUATION/ASSESSMENT INTERVENTION

EXPECTED 
OUTCOMES

Physical activity counseling
	•	 	E: Moderate aerobic activity, 

minimum 2.5 hours/week, in 
multiple bouts each lasting 
≥10 minutes

	•	 	U: Moderate aerobic activity, 
30 minutes/day, 5-7 days/week

	•	 	U: Complementary resistance 
training, 2 days/week

Assess current physical activity 
level and determine domestic, 
occupational, and recreational 
needs.

Assess readiness to change behavior, 
self-confidence, and barriers.

Recommend gradual increases in daily lifestyle 
activities over time, and how to incorporate 
it into daily routine and evenly spread 
throughout the week, i.e., minimum 5 days 
a week.

Emphasize sedentary lifestyle as risk factor and 
the benefits of physical activity: Any increase 
in activity has a positive health benefit.

Advise: Individualize physical activity according 
to patient’s age, past habits, comorbid 
conditions, preferences, and goals.

Reassure regarding the safety of the 
recommended protocol.

Encourage involvement in leisure activities that 
are enjoyable.

Forewarn: Inform patients on the risk of 
relapses; education should underline how 
benefits may be achieved and the need for 
lifelong continuation.

If physical activity interruption has occurred, 
physical, social, and psychological barriers 
should be explored, and alternative 
approaches suggested.

Increased participation 
physical activities.

Improved psychosocial 
well-being

Prevention of disability
Improved aerobic fitness 

and body composition

Smoking cessation
	•	 	Nonsmoker status

Smoking status and use of other 
tobacco products

Amount of smoking (per day) 
(number of years)

Determine readiness to change; if 
ready, choose a date for quitting.

All smokers should be encouraged professionally 
to stop smoking all forms of tobacco 
permanently.

Follow-up: Referral to special programs and/
or pharmacotherapy (including nicotine 
replacement) are recommended, as is a 
stepwise strategy for smoking cessation. 
Provide structured follow-up. Offer behavioral 
advice and group or individual counseling.

Consider nicotine replacement therapy, 
combined with bupropion or varenicline if not 
contraindicated.

Long-term abstinence 
from smoking

Nutritional counseling
	•	 	Heart-healthy diet

Daily caloric intake and dietary 
content of fat, saturated fat, 
sodium, and other nutrients

Assess eating habits.

Education regarding dietary goals and how to 
attain them

	•	 	Healthy	food	choices:
Wide variety of foods; low-salt foods
Mediterranean diet: fruits, vegetables, 
wholegrain cereals and bread, fish (especially 
oily), lean meat, low fat dairy products
Replace saturated fat with the above 
foods and with monounsaturated and 
polyunsaturated fats from vegetable (oleic 
acid as in olive oil and rapeseed oil) and 
marine	sources	to	reduce	total	fat	to	<30%	
of energy, of which less than 1/3 is saturated
Avoid: beverages and foods with added 
sugars and salty food

	•	 	Integrate behavior-change models and com-
pliance strategies into counseling sessions.

Patient understands 
basic principles of 
dietary content.

Patient adheres to 
prescribed diet.

Weight control management
	•	 	Body mass index (BMI):  

18.5-24.9 kg/m2

	•	 	Waist circumference: 80 cm in 
women, 94 cm in men

Measure weight, height, and waist 
circumference. Calculate BMI.

BMI: It is useful to consistently encourage 
weight control through an appropriate 
balance of physical activity, caloric intake, and 
formal behavioral programs when indicated.

Waist circumference: It is beneficial to initiate 
lifestyle changes and consider treatment 
strategies for metabolic syndrome as 
indicated.

To	lose	5%-10%	of	
body weight in 
6 months.

Consider referring 
patient to specialist 
obesity clinic if goal 
not reached.

*E, Europe5; U, United States of America.3
Adapted from Smith SC Jr, Benjamin EJ, Bonow RO, et al: AHA/ACCF secondary prevention and risk reduction therapy for patients with coronary and other atherosclerotic 
vascular disease: 2011 update: a guideline from the American Heart Association and American College of Cardiology Foundation. Circulation 124:2458-2473, 2011; Balady 
GJ, Williams MA, Ades PA, et al: Core components of cardiac rehabilitation/secondary prevention programs: 2007 update: a scientific statement from the American Heart 
Association Exercise, Cardiac Rehabilitation, and Prevention Committee, the Council on Clinical Cardiology; the Councils on Cardiovascular Nursing, Epidemiology and 
Prevention, and Nutrition, Physical Activity, and Metabolism; and the American Association of Cardiovascular and Pulmonary Rehabilitation. Circulation 115:2675-2682, 
2007; and Piepoli MF, Corra U, Adamopoulos S, et al: Secondary prevention in the clinical management of patients with cardiovascular diseases. Core components, standards 
and outcome measures for referral and delivery: a policy statement from the cardiac rehabilitation section of the European Association for Cardiovascular Prevention & 
Rehabilitation. Endorsed by the Committee for Practice Guidelines of the European Society of Cardiology. Eur J Prev Cardiol 21:664-681, 2014.
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four hypotheses: (1) that coronary heart disease and associ-
ated medical or surgical treatments may cause psychologi-
cal distress; (2) that psychological symptoms may cause or 
exacerbate cardiac disease; (3) that unhealthy behaviors may 
be increased when people experience psychological distress; 
and (4) that psychological techniques may be useful in modi-
fying risky behaviors.

Major depressive disorder is present in approximately 
20% of patients with ischemic heart disease,20 which makes 
depression the most important psychosocial target in the 
clinical practice of cardiology.21 Depression and ischemic 
heart disease have a bidirectional relationship—that is, isch-
emic heart disease can cause depression, and depression 
is an independent risk factor for ischemic heart disease 
and its complications.22 Depression among people with 

established ischemic heart disease is clinically important in 
that it is associated with worse medical outcomes including 
poorer health-related quality of life, greater morbidity (odds 
ratio [OR], 2.0) and mortality (OR, 1.8 to 2.6), and greater 
use of routine and unscheduled health care.23,24

The impact of psychological interventions for patients 
with a coronary heart disease has been the subject of a 
Cochrane review.19 The review included 24 RCTs comparing 
psychological interventions with usual care in 9296 partici-
pants who were predominantly at low risk for adverse out-
comes after an MI or PCI procedure. The evidence showed 
of a trend toward a reduction in all-cause mortality (RR, 
0.89; 95% CI, 0.75 to 1.05) and fewer cardiac deaths with 
psychological intervention (RR, 0.80; 95% CI, 0.64 to 1.00). 
No significant effects were observed in terms of the risk of 

TABLE 34-6 Assessment, Clinical Interventions, and Expected Outcomes with Risk Factor Control after Acute 
Myocardial Infarction

AREA OF INTEREST, WITH
TREATMENT GOAL

EVALUATION AND 
ASSESSMENT INTERVENTION EXPECTED OUTCOMES

Blood pressure management
	•	 	For hypertensive patients: 

≤140/≤90 mm Hg
	•	 	For patients with  diabetes, 

heart failure, or chronic kidney 
disease: ≤130/≤80 mm Hg

Measure seated resting blood 
pressure on at least two visits.

Measure blood pressure in both 
arms at program entry.

To rule out orthostatic 
hypotension, measure 
lying, seated, and standing 
blood pressure at program 
entry and after adjustments 
in antihypertensive drug 
therapy.

Assess current treatment and 
compliance.

Assess use of nonprescription 
drugs that may adversely 
affect blood pressure.

Provide and/or monitor drug therapy in concert 
with primary HCP as follows:

For blood pressure 120-139 mm Hg systolic or  
80-89 mm Hg diastolic:

Provide counseling on lifestyle modifications, 
including regular physical activity/exercise; 
weight management; moderate sodium 
restriction and increased consumption of fresh 
fruits, vegetables, and low-fat dairy products; 
alcohol moderation; and smoking cessation.

Provide drug therapy for patients with chronic 
kidney disease, heart failure, or diabetes if blood 
pressure is >130/>80 mm Hg after lifestyle 
modification.

For blood pressure >140/>90 mm Hg:
Provide counseling on lifestyle modifications and 

drug therapy according to current guidelines on 
hypertension.

Short-term: Continue 
to assess and modify 
intervention until 
normalization of blood 
pressure in prehypertensive 
patients.

Long-term: Maintain blood 
pressure at goal levels.

Lipid management Obtain fasting measures of total 
cholesterol, HDL-C, LDL-C, 
and triglycerides.

In patients with abnormalities, 
obtain a detailed history to 
determine whether diet, 
drug, and/or other conditions 
that may affect lipid levels can 
be altered.

Assess current treatment and 
compliance.

Nutritional counseling: Provide guidance consistent 
with the Therapeutic Lifestyle Change diet, such 
as the recommendation to add plant stanol/
sterols and viscous fiber and the encouragement 
to consume more omega-3 fatty acids, as well 
as weight management counseling, as needed, 
in all patients.

Add or intensify drug treatment in those with 
LDL-C

<100 mg/dL; consider adding drug treatment in 
those with LDL-C <70 mg/dL.

Provide interventions directed toward 
management of triglycerides to attain non–
HDL-C <130 mg/dL. These include nutritional 
counseling; guidance and support in weight 
management, exercise, smoking cessation, and 
alcohol moderation; and drug therapy.

Monitor treatment in collaboration with primary 
health care provider.

Repeat lipid profiles at 4-6 weeks after 
hospitalization and at 2 months after initiation 
or change in lipid-lowering medications.

Assess creatine kinase levels and liver function in 
patients taking lipid-lowering medications as 
recommended by drug manufacturer.

Short-term: Continue 
to assess and modify 
intervention until LDL-C 
is <100 mg/dL (further 
reduction to a goal of 
<70 mg/dL is considered 
reasonable) and non–HDL-C 
is <130 mg/dL (further 
reduction to a goal of 
<100 mg/dL is considered 
reasonable).

Long-term: LDL-C <100 
mg/dL is recommended 
goal (further reduction to 
<70 mg/dL is considered 
reasonable).

Non–HDL-C <130 mg/dL is 
recommended goal (further 
reduction to <100 mg/dL is 
considered reasonable).

HCP, Health care provider; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol.
Adapted from Smith SC Jr, Benjamin EJ, Bonow RO, et al: AHA/ACCF secondary prevention and risk reduction therapy for patients with coronary and other atherosclerotic 
vascular disease: 2011 update: a guideline from the American Heart Association and American College of Cardiology Foundation. Circulation 124:2458-2473, 2011; Balady 
GJ, Williams MA, Ades PA, et al: Core components of cardiac rehabilitation/secondary prevention programs: 2007 update: a scientific statement from the American Heart 
Association Exercise, Cardiac Rehabilitation, and Prevention Committee, the Council on Clinical Cardiology; the Councils on Cardiovascular Nursing, Epidemiology and 
Prevention, and Nutrition, Physical Activity, and Metabolism; and the American Association of Cardiovascular and Pulmonary Rehabilitation. Circulation 115:2675-2682, 
2007; and Piepoli MF, Corra U, Adamopoulos S, et al: Secondary prevention in the clinical management of patients with cardiovascular diseases. Core components, standards 
and outcome measures for referral and delivery: a policy statement from the cardiac rehabilitation section of the European Association for Cardiovascular Prevention & 
Rehabilitation. Endorsed by the Committee for Practice Guidelines of the European Society of Cardiology. Eur J Prev Cardiol 21:664-681, 2014.
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TABLE 34-7 Recommendations for Cardioprotective Medication after Acute Myocardial Infarction

DRUG CATEGORY RECOMMENDATIONS

Antiplatelet agents/anticoagulants See Chapter 35.

Renin-angiotensin-aldosterone system 
blockers

 ACE inhibitors ACE inhibitors should be started and continued indefinitely in all patients with left ventricular ejection fraction ≤40%	
and in those with hypertension, diabetes, or chronic kidney disease, unless contraindicated.

It is reasonable to use ACE inhibitors in all other patients.

 ARBs The use of ARBs is recommended in patients who have heart failure or who have had a myocardial infarction with 
left ventricular ejection fraction ≤40%	and	who	are	ACE	inhibitor–intolerant.

It is reasonable to use ARBs in other patients who are ACE inhibitor–intolerant.
The use of ARBs in combination with an ACE inhibitor is not well established in patients with systolic heart failure.

 Aldosterone-blocking agents Use of aldosterone blockade in post–myocardial infarction patients without significant renal dysfunction (creatinine 
clearance >30 mL/min) or hyperkalemia (potassium should be <5.0 mEq/L) is recommended in patients who 
are already receiving therapeutic doses of an ACE inhibitor and a β-blocker, who have a left ventricular ejection 
fraction	of	40%	or	less,	and	who	have	either	diabetes	or	heart	failure.

β-Adrenergic blockers (β-blockers)  1.  β-Blocker therapy should be used in all patients with previous myocardial infarction or with left ventricular systolic 
dysfunction	(as	indicated	by	ejection	fraction	of	40%	or	less)	unless	contraindicated.	(Use	should	be	limited	to	
carvedilol, metoprolol succinate, or bisoprolol.)

 2.  β-Blocker therapy should be started and continued for 3 years in all patients with normal left ventricular function 
who have had a myocardial infarction or an ACS.

 3.  It is reasonable to continue β-blockers beyond 3 years as chronic therapy in all patients with normal left 
ventricular function who have had a myocardial infarction or an ACS.

 4.  It is reasonable to use β-blocker therapy in patients with left ventricular systolic dysfunction (as indicated by ejection 
fraction	of	40%	or	less)	without	heart	failure	or	previous	myocardial	infarction.

Influenza vaccine Patients should have an annual influenza vaccination.

ACE, Angiotensin-converting enzyme; ACS, Acute cardiac syndrome; ARBs, angiotensin receptor blockers.
Adapted from Smith SC Jr, Benjamin EJ, Bonow RO, et al: AHA/ACCF secondary prevention and risk reduction therapy for patients with coronary and other atherosclerotic 
vascular disease: 2011 update: a guideline from the American Heart Association and American College of Cardiology Foundation. Circulation 124:2458-2473, 2011.

TABLE 34-8 Assessment, Clinical Interventions, and Expected Outcomes for Psychosocial Management and 
Vocational Advice after Myocardial Infarction

AREA OF INTEREST, WITH
TREATMENT GOAL

EVALUATION AND 
ASSESSMENT INTERVENTION EXPECTED OUTCOMES

Psychosocial management
	•	 	Absence of clinically 

significant depression and 
psychosocial problems

Screen for psychological distress 
using interview and/or other 
standardized measurement 
tools.

Screen for substance abuse 
of alcohol and/or other 
psychotropic agents.

Offer individual and/or small group education and 
counseling on adjustment to heart disease, stress 
management, and health-related lifestyle change 
(e.g., profession, car driving, sexual activities), 
relaxation techniques.

Whenever possible, offer spouses and other family 
members, domestic partners, and/or significant 
others access to information sessions. Teach 
and support self-help strategies and ways of 
obtaining effective social support.

Provide vocational counseling in case of work-
related stress.

Treatment of depression in collaboration with 
mental health specialist and primary care provider

Emotional well-being
Absence of clinically 

significant psychosocial 
problems and acquisition 
of stress management skills

Improved health-related 
quality of life

Vocational advice
	•	 	Return to previous activities 

unless contraindications

Before discharge, return to 
previous activities must be 
discussed with the patients 
and their partners and return 
to previous activities must be 
promoted, unless there is a 
medical contraindication.

The presence of any barriers to 
return to work (RTW) after 
illness should be assessed.

All procedures to help patients to overcome barriers 
to RTW and thereby remain in, return to, or 
gain access to employment; e.g., retraining and 
capacity building, reasonable adjustments and 
control measures, disability awareness, condition 
management, and medical treatment

Return to previous activities

Sexual functioning
	•	 	Return to previous activities 

unless contraindicated

Offer individual and/or small group education and 
counseling on sexual functioning and sexual 
activities.

Return to previous activities 
unless contraindicated.

Adapted from Smith SC Jr, Benjamin EJ, Bonow RO, et al: AHA/ACCF Secondary prevention and risk reduction therapy for patients with coronary and other atherosclerotic 
vascular disease: 2011 update: a guideline from the American Heart Association and American College of Cardiology Foundation. Circulation 124:2458-2473, 2011; Balady 
GJ, Williams MA, Ades PA, et al: Core components of cardiac rehabilitation/secondary prevention programs: 2007 update: a scientific statement from the American Heart 
Association Exercise, Cardiac Rehabilitation, and Prevention Committee, the Council on Clinical Cardiology; the Councils on Cardiovascular Nursing, Epidemiology and 
Prevention, and Nutrition, Physical Activity, and Metabolism; and the American Association of Cardiovascular and Pulmonary Rehabilitation. Circulation 115:2675-2682, 
2007; and Piepoli MF, Corra U, Adamopoulos S, et al: Secondary prevention in the clinical management of patients with cardiovascular diseases. Core components, standards 
and outcome measures for referral and delivery: a policy statement from the cardiac rehabilitation section of the European Association for Cardiovascular Prevention & 
Rehabilitation. Endorsed by the Committee for Practice Guidelines of the European Society of Cardiology. Eur J Prev Cardiol 21:664-681, 2014.
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revascularization (RR, 0.95; 95% CI, 0.80 to 1.13) and nonfa-
tal reinfarction (RR, 0.87; 95% CI, 0.67 to 1.13). One of seven 
trials reported superiority in health-related quality of life 
after a psychological intervention compared with that in 
the control group.

A possible explanation for the fact that this analysis does 
not provide more unequivocal evidence for support of psy-
chological interventions in terms of reductions in mortality 
and morbidity is that a majority of trials included all cardiac 
patients, regardless of their psychological symptoms. A plau-
sible theory is that patient psychological screening after an 
acute event and then targeting interventions to those meet-
ing a clinical threshold for psychological symptoms, depres-
sion or anxiety may be important to discerning efficacy of 
these interventions. The clinical value and cost-effectiveness 
of a strategy of targeting psychological interventions after 
an MI in those patients with diagnosed depression are 
being addressed in an ongoing RCT (CADENCE, ISRCTN 
34701576). Under the umbrella of psychosocial support, cur-
rent guidelines also advocate the integration of vocational 
advice on return to work and advice on resuming normal 
sexual functioning (see Table 34-8).

Comprehensive Risk Factor Management
As summarized in Table 34-6, risk factor management is a 
pivotal part of comprehensive cardiac rehabilitation and 
secondary prevention.

Physical Activity Counseling
Participation in an exercise training program as part of car-
diac rehabilitation and secondary prevention, as described 
previously, is considered an important tool to increase long-
term physical activity level in post-MI patients.3,5 Regular 
physical activity is associated with a reduced risk of fatal and 
nonfatal coronary events in healthy people, persons with 
coronary risk factors, and cardiac patients over a wide age 
range. A sedentary lifestyle is one of the major risk factors for 
cardiovascular diseases. Engaging in regular physical activity 
is therefore suggested by guidelines as a very important non-
pharmacologic component of risk factor control in primary 
as well as secondary prevention (see Table 34-5).4

After an acute MI, a regimen of 30 to 60 minutes of mod-
erate-intensity aerobic activity, such as brisk walking, at least 
5 days and preferably 7 days per week, supplemented by 

an increase in daily lifestyle activity to improve cardiorespi-
ratory fitness, should be encouraged. The basic goal in this 
context is to move patients out of the least-fit, least-active 
high-risk cohort.3

Smoking Cessation
Smoking is associated with an increased risk of all types of 
cardiovascular and coronary artery diseases. The risk asso-
ciated with smoking is primarily related to the amount of 
tobacco smoked daily and shows a clear dose–response 
relationship, with no lower limit for deleterious effects.

Although the exact mechanisms by which smoking 
increases the risk of atherosclerotic disease are not fully 
understood, it is clear that smoking enhances both the 
development of atherosclerosis and the occurrence of 
superimposed thrombotic phenomena.4 Stopping smoking 
after an MI is considered one of the most effective preven-
tive initiatives. The Cochrane review of 20 cohort studies of 
smoking cessation after MI showed a substantive mortality 
benefit (RR, 0.64; 95% CI, 0.58 to 0.71) compared with con-
tinued smokers.25 Further evidence points toward a risk of 
cardiovascular disease approaching that for never-smokers 
within 10 to 15 years.4

Based on existing evidence, professional guidelines rec-
ommend complete cessation of smoking among patients 
following an acute coronary event.3,4 Furthermore, it is rec-
ommended that patients who have had an acute coronary 
event should avoid environmental exposure to tobacco 
smoke (see Table 34-5). Stopping smoking is a complex and 
difficult process, because the habit is strongly addictive both 
pharmacologically and psychologically. The most important 
predictor of successful quitting is motivation, which can be 
increased by professional assistance. The period after an 
acute coronary event or revascularization procedure is an 
ideal time to encourage patients to stop smoking.3,4 The phy-
sician’s firm and explicit advice that the person should stop 
smoking completely is important in starting the smoking 
cessation process and increases the odds of success. Pooled 
data from the Cochrane review of 17 RCTs of brief advice 
versus no advice showed an increase in the rate of quitting 
for the former (RR, 1.66; 95% CI, 1.42 to 1.94).26 Figure 34-3 
shows the World Health Organization (WHO) smoking ces-
sation algorithm recommended by American and European 
guidelines.

Among patients with coronary heart disease, psychoso-
cial smoking cessation interventions are effective in promot-
ing abstinence for up to 12 months, provided that they are 
of sufficient duration, making systematic smoking cessation 
interventions an important part of cardiac rehabilitation 
and secondary prevention.27 Pharmacologic aids can fur-
ther improve quit rates among patients with coronary heart 
disease. Consequently, in addition to advice and encourage-
ment, as well as psychosocial smoking cessation nicotine 
replacement therapy,26 and, in some cases, bupropion or 
varenicline can be offered to assist cessation.28 No associ-
ated increase in adverse cardiac events for bupropion was 
found,26 but concerns have been raised about adverse 
cardiac events caused by varenicline.29 Nicotine replace-
ment therapy, varenicline, or bupropion normally should be 
prescribed as part of an abstinent-contingent treatment, in 
which the smoker makes a commitment to stop smoking 
on a particular date.4 NICE in the United Kingdom offers 
detailed advice on  stopping smoking services (https://www.
nice.org.uk/guidance/ph10).30

TABLE 34-9 Ten Strategic Steps to Enhance 
Counseling on Behavioral Change

 1.  Develop a therapeutic alliance.
 2.  Provide counseling for all patients at risk for or with manifest 

cardiovascular disease.
 3.  Assist patients to understand the relationship between their behavior 

and health.
 4.  Help patients assess the barriers to behavior change.
 5.  Gain commitments from patients to own their behavior change.
 6.  Involve patients in identifying and selecting the risk factors to change.
 7.  Use a combination of strategies including reinforcement of the person’s 

capacity for change.
 8.  Design a lifestyle modification plan.
 9.  Involve other health care staff whenever possible.
 10.  Monitor progress through follow-up contact.

From Perk J, De Backer G, Gohlke H, et al: European guidelines on cardiovascular 
disease prevention in clinical practice (version 2012). The Fifth Joint Task Force of 
the European Society of Cardiology and Other Societies on Cardiovascular Disease 
Prevention in Clinical Practice (constituted by representatives of nine societies and by 
invited experts). Eur Heart J 33:1635-1701, 2012.

https://www.nice.org.uk/guidance/ph10
https://www.nice.org.uk/guidance/ph10
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Nutritional Counseling and Weight Management
Dietary behavior has direct effects on weight, serum lipids, 
blood pressure, blood sugar and insulin sensitivity, cardiac 
rhythm, endothelial function, and oxidative stress—all fac-
tors associated with cardiovascular health and disease. Poor 
diet may therefore increase the risk of coronary events, and 
healthy eating is expected to decrease the risk. Observational 
studies support this correlation between nutrition and risk 
of coronary events.4 Two more recent RCTs have provided 
evidence for the importance of nutritional counseling  
(Table 34-e2) in primary and secondary prevention after MI.31

At the population level, obesity is associated with increased 
cardiovascular disease incidence and mortality. Among per-
sons with established coronary artery disease, the evidence 
is contradictory. Systematic reviews of data for patients with 
coronary artery disease or undergoing PCI have suggested an 
“obesity paradox,” whereby obesity appears to be protective 
against an adverse prognosis. Based on this evidence, current 
guidelines agree that clinicians should encourage weight 
maintenance/reduction through an appropriate balance 
of lifestyle physical activity, structured exercise, and caloric 

intake and a formal behavioral program when indicated to 
achieve or maintain a body mass index between 18.5 and 
24.9 km/m2 (quality and level of evidence: class I, level B).3 
NICE in the United Kingdom provides detailed guidance on 
managing overweight and obesity in adults (https://www. 
nice.org.uk/guidance/ph53).32

Hyperlipidemia and Lipid Control
Genetic and histopathologic studies, as well as observa-
tional and interventional studies, have established the cru-
cial role of dyslipidemia, especially hypercholesterolemia, 
in the development of cardiovascular disease and coronary 
heart disease (see Chapter 2). The evidence that reducing 
plasma levels of low-density lipoprotein (LDL) cholesterol 
decreases cardiovascular disease risk is unequivocal. Meta-
analyses of RCTs across a variety of LDL-lowering therapies 
show a clear dose-dependent relative reduction in cardio-
vascular disease with effective lowering of LDL cholesterol.4

Guidelines recommend that statin treatment using a 
high-intensity regimen (Table 34-e3) should be initiated 
in all post-MI patients as early as possible, before hospital 

A1: ASK

A2: ADVISE

A3: ASSESS

A4: ASSIST

A5: ARRANGE

Do you use
tobacco? No

NoYes

Reinforce message that
tobacco increases risk of

heart disease.

Yes

Advise to quit in a clear, strong and personalized manner.

“Tobacco use increases the risk of developing a heart attack and/or stroke.
Quitting tobacco use is the one most important thing you can do

to protect your heart and health, you have to quit now.”

Are you willing to make a quit attempt now?

Provide information
on health hazards of
tobacco and give
leaflet to the patient

Assist in preparing a quitting plan
• Set quit date
• Inform family and friends
• Ask for their support
• Remove cigarettes/tobacco
• Remove objects/articles that prompt you to smoke
• Arrange follow-up visit *

At follow-up visit
• Congratulate success and reinforce
• If patient has relapsed consider more

intensive follow-up and support from family

* Ideally second follow-up visit is recommended within the same month and every month thereafter for 4 months and evaluation after one year.
If not feasible, reinforce counseling whenever the patient is seen for blood pressure monitoring.

FIGURE 34-3 World Health Organization (WHO) smoking cessation algorithm. (From Perk J, De Backer G, Gohlke H, et al: European guidelines on cardiovascular 
disease prevention in clinical practice (version 2012). The Fifth Joint Task Force of the European Society of Cardiology and Other Societies on Cardiovascular Disease Prevention 
in Clinical Practice (constituted by representatives of nine societies and by invited experts). Eur Heart J 33:1635-1701, 2012.)

https://www.nice.org.uk/guidance/ph53
https://www.nice.org.uk/guidance/ph53
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TABLE 34-e2 Characteristics of a Heart-Healthy Diet

	•	 	Saturated	fatty	acids	to	account	for	<10%	of	total	energy	intake,	
through replacement by polyunsaturated fatty acids

	•	 	Trans	unsaturated	fatty	acids:	as	little	as	possible,	preferably	no	intake	
from	processed	foods,	and	<1%	of	energy	intake	from	natural	origin

	•	 	<5	g	of	salt	per	day
	•	 	30-45	g	of	fiber	per	day,	from	whole-grain	products,	fruits,	and	

vegetables
	•	 	200	g	of	fruit	per	day	(2	or	3	servings)
	•	 	200	g	of	vegetables	per	day	(2	or	3	servings)
	•	 	Fish	at	least	twice	per	week,	one	serving	of	which	to	be	oily	fish
	•	 	Consumption	of	alcoholic	beverages	to	be	limited	to	2	glasses	per	day	

(20 g/day of alcohol) for men and 1 glass per day (10 g/day of alcohol) 
for women

	•	 	Energy	intake	to	be	limited	to	the	amount	of	energy	needed	to	maintain	
(or obtain) a healthy weight (i.e., BMI <25 kg/m2).

	•	 	In	general,	with	adherence	to	the	rules	for	a	healthy	diet,	no	dietary	
supplements are needed.

BMI, Body mass index.
From Perk J, De Backer G, Gohlke H, et al: European Guidelines on cardiovascular 
disease prevention in clinical practice (version 2012). The Fifth Joint Task Force of 
the European Society of Cardiology and Other Societies on Cardiovascular Disease 
Prevention in Clinical Practice (constituted by representatives of nine societies and by 
invited experts). Eur Heart J 33:1635-1701, 2012.

TABLE 34-e3 Statin Therapy Intensity

High-Intensity Statin Regimen

Daily dose lowers LDL-C, on average, by approximately ≥50%.
	•	 	Atorvastatin	40*-80 mg
	•	 	Rosuvastatin	20-40	mg

Moderate-Intensity Statin Regimen

Daily	dose	lowers	LDL-C,	on	average,	by	approximately	30%	to	<50%.
	•	 	Atorvastatin	10-20	mg
	•	 	Fluvastatin	40	mg	bid
	•	 	Fluvastatin	XL	80	mg
	•	 	Lovastatin	40	mg
	•	 	Pitavastatin	2-4	mg
	•	 	Pravastatin	40-(80)	mg
	•	 	Rosuvastatin	5-10	mg
	•	 	Simvastatin	20-40	mg

Low-Intensity Statin Regimen

Daily	dose	lowers	LDL-C,	on	average,	by	approximately	<30%.
	•	 	Fluvastatin	20-40	mg
	•	 	Lovastatin	20	mg
	•	 	Simvastatin	10	mg
	•	 	Pitavastatin	1	mg
	•	 	Pravastatin	10-20	mg

*Downtitration if 80 mg not tolerated.
LDL-C, Low-density lipoprotein cholesterol.
From Stone NJ, Robinson JG, Lichtenstein AH, et al: 2013 ACC/AHA Guideline on 
the treatment of blood cholesterol to reduce atherosclerotic cardiovascular risk in 
adults: a report of the American College of Cardiology/American Heart Association 
Task Force on Practice Guidelines. Circulation 129(25 Suppl 2):S1-S45, 2014.



N
ew

 C
o

n
cep

ts in
 C

ard
iac R

eh
ab

ilitatio
n

 an
d

 Seco
n

d
ary Preven

tio
n

 A
fter M

yo
card

ial In
farctio

n
429

34
discharge (see Table 34-7).3,4 European guidelines recom-
mend that the target LDL cholesterol level should be below 70 
mg/dL (less than 1.8 mmol/L) for high-risk patients, whereas 
the 2014 ACCF/AHA guidelines removed specific LDL tar-
gets in favor of recommending the intensity of statin therapy 
based on patient risk irrespective of LDL concentration.33 
Of importance, early drug treatment should be combined 
with effective lifestyle changes and dietary counseling after 
hospital discharge. We advise that blood lipids be checked 4 
to 6 weeks after the MI to determine whether the target level 
has been reached and that the treatment be continued with 
the same dose, or the dose adapted accordingly.3,4

Although these secondary prevention guidelines for 
lipid-lowering therapy are built on the observation that 
high-intensity statin therapy is superior to low-intensity 
statin therapy in lowering LDL cholesterol levels and rates 
of nonfatal cardiovascular events, it had been uncertain 
whether a nonstatin lipid-lowering therapy would con-
fer similar improvement in cardiovascular outcomes. 
The Improved Reduction of Outcomes: Vytorin Efficacy 
International Trial (IMPROVE-IT) evaluated the effect of 
ezetimibe combined with simvastatin, compared with 
that of simvastatin alone, in stable patients with a recent 
acute coronary syndrome (ACS) and whose LDL choles-
terol values were within guideline recommendations.34 
The addition of ezetimibe, which reduces the absorption 
of cholesterol from the gastrointestinal tract, lowered LDL 
cholesterol by approximately 24%, to an average of 53.2 
mg/dL (1.4 mmol/L), and lowered the risk of cardiovas-
cular events from that achieved with statin monotherapy 
(hazard ratio [HR], 0.936), a magnitude of clinical benefit 
that was consistent with the degree of LDL cholesterol low-
ering as predicted by the Cholesterol Treatment Trialists’ 
meta-analysis. The observation that a nonstatin lipid-lower-
ing agent also reduces cardiovascular risk was an impor-
tant one. In addition, the trial demonstrated that further 
reduction from an average LDL cholesterol of 70 mg/dL is 
associated with an improvement in outcomes.

Management of Hypertension
Elevated blood pressure is a major risk factor for coro-
nary disease heart, heart failure, cerebrovascular disease, 
peripheral arterial disease, renal failure, and atrial fibrilla-
tion (see Chapter 2). Patients with an elevated blood pres-
sure (Table 34-e4) more commonly have other risk factors 
for cardiovascular disease (i.e., diabetes, insulin resistance, 
dyslipidemia) and target organ damage. Because risk fac-
tors may interact, the overall risk for cardiovascular-related 
disease in hypertensive patients is increased, even in those 
with only mild or moderate blood pressure elevation.4

Blood pressure should be measured several times, on 
several separate occasions. Post-MI patients with a blood 
pressure of 140/90 mm Hg or higher should be treated, as tol-
erated, with appropriate medication, initially β-blockers and/
or ACE inhibitors, with addition of other drugs as needed to 
achieve a goal blood pressure of less than 140/90 mm Hg 
(see Table 34-6).35

Cardioprotective Medications  
and Adherence
Patients who have had an acute MI should be prescribed 
disease-modifying medications for secondary prevention, as 
listed in Table 34-7.3

Antiplatelet Therapy
Decisions regarding antiplatelet therapy for long-term sec-
ondary prevention are discussed in Chapter 35.

Inhibitors of the Renin-Angiotensin-Aldosterone System
The use of angiotensin-converting enzyme (ACE) inhibitors in 
patients with heart failure and impaired ventricular function 
is discussed in Chapter 25 and Chapter 36, respectively. The 
rationale for inhibition of the renin-angiotensin- aldosterone 
system (RAAS) in post–acute MI patients includes experi-
mental and clinical evidence of a favorable impact on 
ventricular remodeling, improvement in hemodynamics, 
and reductions in congestive heart failure (see Chapter 13). 
Large RCTs have demonstrated that ACE inhibitors improve 
 survival in patients who have had an acute MI.36 Trials 
of ACE inhibitors in patients with MI and indicators of 
increased mortality risk, including left ventricular ejection 
fraction <40%, signs and symptoms of congestive heart fail-
ure, or anterior location of infarction, generally maintained 
therapy for 1 to 4 years, with 42 to 76 lives saved per 1000 
patients treated. The mortality reduction with ACE inhibi-
tors adds to that conferred by aspirin and β-blockers. The 
benefits achieved with ACE inhibitors appear to be a class 
effect. To replicate these benefits in clinical practice, how-
ever,  physicians should select a specific agent and adhere 
as closely as possible to the dosing protocols used in the 
successful clinical trials.

Inhibition of the RAAS may also be achieved by admin-
istration of angiotensin II receptor blockers (ARBs), which 
may be used as an alternative in patients who do not tolerate 
ACE inhibitors. Aldosterone blockade is another pharmaco-
logic alternative for inhibition of the RAAS. The EPHESUS trial 
assigned 6642 patients with acute MI complicated by left ven-
tricular dysfunction and heart failure or diabetes mellitus to 
receive either the selective aldosterone blocker eplerenone 
or placebo.36 During a mean follow-up period of 16 months, 
eplerenone reduced the post-MI mortality rate by 15%. Serious 
hyperkalemia (serum potassium concentration of 6 mmol/L 
or higher) occurred in 5.5% of patients in the eplerenone 
group, compared with 3.9% of patients in the placebo group.

Patients with MI complicated by heart failure or impaired 
ventricular function should receive life-long treatment with 
ACE inhibitors.3,36,37 In addition, patients with MI who also 
have hypertension, diabetes, or chronic kidney disease 
should be treated with an ACE inhibitor for long-term sec-
ondary prevention unless contraindicated (see Table 34-7). 
It is reasonable to use ACE inhibitors in all other patients 
with MI. ARBs are a clinically effective alternative to ACE 
inhibitors. The choice between ACE inhibition and an ARB 
after an MI should be based on provider experience with 
the agents, patient tolerability, safety, convenience, and cost. 
Long-term aldosterone blockade should be administered for 
high-risk patients after MI (ejection fraction of 40% or less, in 
association with clinical heart failure or diabetes mellitus) 
who are already receiving an ACE inhibitor and a β-blocker 
and do not have contraindications. Periodic monitoring of 
the serum potassium level is necessary.

β-Adrenergic Blockers
The administration of β-adrenergic blockers for the initial 
management of MI is addressed in Chapter 13. The collec-
tive data from five trials providing information on long-term 
follow-up with use of β-blockers after infarction indicate 
a benefit through at least 2 to 3 years of therapy. Several 
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TABLE 34-e4 Definition and Classification of 
Hypertension*

CATEGORY
SYSTOLIC BP 
(mm Hg)

DIASTOLIC BP 
(mm Hg)

Optimal <120 and <80

Normal 120-129 and/or 80-84

High normal 130-139 and/or 85-89

Grade 1 hypertension 140-159 and/or 90-99

Grade 2 hypertension 160-179 and/or 100-109

Grade 3 hypertension ≥180 and/or ≥110

Isolated systolic 
hypertension

≥140 and <90

BP, Blood pressure.
*In untreated persons.
From Perk J, De Backer G, Gohlke H, et al: European Guidelines on cardiovascular 
disease prevention in clinical practice (version 2012). The Fifth Joint Task Force of 
the European Society of Cardiology and Other Societies on Cardiovascular Disease 
Prevention in Clinical Practice (constituted by representatives of nine societies and by 
invited experts). Eur Heart J 33:1635-1701, 2012.
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nonrandomized studies of the long-term use of β-blockers in 
patients with a previous MI have failed to demonstrate a ben-
efit.38,39 These and similar data have raised questions regard-
ing the benefit of β-blockers late after an MI and brought 
attention to the lack of definitive data for patients surviving 
beyond 3 years after an MI. Nevertheless, on the basis of the 
early survival advantage of patients treated with β-blockers in 
randomized trials, these agents remain a first-line option for 
lifelong secondary preventive therapy in patients with persis-
tent hypertension, tachyarrhythmias, or reduced left ventricu-
lar function after an MI. Moreover, if a β-blocker initiated after 
an MI is well tolerated and if there is no reason to discontinue 
therapy, such therapy probably should be continued in most 
patients who have had an MI.

Adherence to Therapy
Despite the strong evidence for each of these therapies, the 
rates of prescriptions for and adherence to cardioprotec-
tive medications are suboptimal.40 Although nearly 90% of 
patients are discharged with appropriate medications after 
an acute MI, a steady decline in medication adherence is 
seen over a period of 5 years, and most prescribed doses 
were substantially below those with proven efficacy in clini-
cal trials.41 Two studies have found a significant short-term 
improvement (3 years) of adherence to cardioprotective 
medications with participation in a cardiac rehabilitation 
program,42 but the effect on long-term (10 years) outcome 
remains unknown. Thus clinical follow-up evaluation with a 
focus on medication dosing and nonadherence is an impor-
tant component of cardiac rehabilitation and secondary 
prevention programs.4,5

At baseline assessment and every clinical follow-up exami-
nation, a medication history should be taken. It is important 
to ensure that patients are actually taking the medication 
as prescribed, and to pay attention to potential side effects. 
Physicians should ask patients nonjudgmentally how often 
they miss doses. Recognition of indicators of poor adher-
ence to a medication regimen, summarized in Table 34-10, 

is important for clinicians to help identify patients who are 
most in need of interventions to improve adherence. A list 
of simple strategies for improving adherence to medication 
regimen is presented in Table 34-11. It is expected that a 
focus on medication adherence will have a positive impact 
on outcomes for post-MI patients.6

CURRENT CHALLENGES IN CARDIAC 
REHABILITATION AND SECONDARY 
PREVENTION

Patient Subgroups with Specific Needs
Although the benefits of cardiac rehabilitation and sec-
ondary prevention appear to be consistent across post-MI 
patients, including gender and age, certain subgroups merit 
special consideration.

Heart Failure
Chronic systolic heart failure is a common complication 
of ACS. A Cochrane review of 33 RCTs with 4740 partici-
pants has shown that patients with established chronic 
heart failure, with or without an implantable cardioverter- 
defibrillator and with or without cardiac resynchronization 
therapy device, will benefit from exercise-based cardiac 
rehabilitation.43 International guidelines recommend 
supervised cardiac rehabilitation as a safe and beneficial 
intervention for patients with clinically stable heart failure 
(quality and level of evidence: class I, level A).44

Inpatient rehabilitation could begin as soon as possible 
after hospital admission. As the length of stay for acute 
decompensation and intervention procedures continues 
to decrease, a structured outpatient program is crucial for 
the development of a lifelong approach to prevention. This 
may be provided in a variety of settings, such as heart fail-
ure clinics, nonclinic settings (community health centers 
and general medical practices), or a combination of these. 
Outpatient cardiac rehabilitation also may be provided on 
an individual basis at home, including a combination of 
home visits, telephone support, telemedicine, or specially 
developed self-education materials.45

Diabetes
Diabetes increases the risk of cardiovascular disease two- to 
four-fold, and cardiovascular disease contributes to approxi-
mately 70% of deaths among persons with diabetes. Diabetes 

TABLE 34-10 Indicators of Poor Adherence to a 
Medication Regimen

NONADHERENCE 
CATEGORY

COMMON CONTRIBUTING 
FACTORS

Health system Poor quality of provider-patient relationship; 
poor knowledge on medication and/
or low acceptance of guidelines; poor 
communication (e.g., limited, complex, or 
confusing advice); lack of access to health 
care; lack of continuity of care

Condition Asymptomatic chronic disease (lack of 
physical cues); comorbid mental health 
disorders (e.g., depression)

Patient Physical impairments (e.g., vision problems 
or impaired dexterity); cognitive 
impairment; psychological/behavioral 
factors (e.g., lack of motivation, low  
self-efficacy, impulsivity); younger age

Therapy Complexity of regimen; side effects

Socioeconomic Low literacy; high medication costs; poor 
social support

From Perk J, De Backer G, Gohlke H, et al: European guidelines on cardiovascular 
disease prevention in clinical practice (version 2012). The Fifth Joint Task Force of 
the European Society of Cardiology and Other Societies on Cardiovascular Disease 
Prevention in Clinical Practice (constituted by representatives of nine societies and by 
invited experts). Eur Heart J 33:1635-1701, 2012.

TABLE 34-11 Simple Strategies for Improving 
Adherence to Medication Regimen

	•	 	Provide	clear	advice	regarding	the	benefits	and	possible	adverse	effects	
of the medication, and on the duration and timing of dosing.

	•	 	Consider	the	patient’s	habits	and	preferences.
	•	 	Reduce	dosage	demands	to	the	lowest	feasible	level.
	•	 	Ask	patients	in	a	nonjudgmental	way	how	the	medication	works	for	

them and discuss possible reasons for nonadherence (e.g., side effects, 
worries) and their perceived acceptability.

	•	 	Implement	repetitive	monitoring	and	feedback.
	•	 	In	the	case	of	lack	of	time,	introduce	physician	assistants	and/or	nurse	

practitioners whenever necessary and feasible.
	•	 	In	the	case	of	persistent	nonadherence,	offer	multisession	or	combined	

behavioral interventions.

From Perk J, De Backer G, Gohlke H, et al: European Guidelines on cardiovascular 
disease prevention in clinical practice (version 2012). The Fifth Joint Task Force of 
the European Society of Cardiology and Other Societies on Cardiovascular Disease 
Prevention in Clinical Practice (constituted by representatives of nine societies and by 
invited experts). Eur Heart J 33:1635-1701, 2012.
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is very common among patients who have experienced an 
ACS (15% to 20%). It is recommended that the presence or 
absence of diabetes be confirmed in all patients with athero-
sclerotic vascular disease.3

Lifestyle modifications including daily physical activ-
ity, weight management, blood pressure control, and lipid 
management are recommended for all patients with dia-
betes. Metformin is an effective first-line pharmacotherapy 
agent and can be useful if not contraindicated. It is rea-
sonable to individualize the intensity of blood sugar–low-
ering interventions based on the individual patient’s risk 
of hypoglycemia during treatment. Initiation of pharma-
cotherapy interventions to achieve target glycosylated 
hemoglobin may be a reasonable approach. A target gly-
cosylated hemoglobin of 7% or below may be considered. 
Less stringent glycosylated hemoglobin goals may be con-
sidered for patients with a history of severe hypoglycemia, 
limited life expectancy, advanced microvascular or mac-
rovascular complications, or extensive comorbidity, or for 
those in whom the goal is difficult to attain despite inten-
sive therapeutic interventions.

The two trials of oral hypoglycemics with the longest 
follow-up are the EXAMINE and SAVOR-TIMI trials.46,47 
EXAMINE enrolled approximately 5500 patients who had 
recently suffered an ACS and received either alogliptin or 
placebo, and the study found no difference in terms of the 
cardiovascular outcomes. The SAVOR-TIMI trial compared 
saxagliptin and placebo in approximately 16,500 subjects 
who were at high risk for cardiovascular events but who 
had not recently experienced any such events. SAVOR-TIMI 
showed no difference in rates of cardiovascular endpoints, 
but it did find an increased risk for congestive heart failure 
necessitating hospitalization.

Elderly Persons
Older cardiac patients often are excluded from cardiac 
rehabilitation and secondary prevention programs.14 
However, benefits of cardiac rehabilitation and second-
ary prevention have been shown in older patients, even 
in those with a high level of clinical severity and multiple 
comorbid conditions.8 Particular program goals in the 
older patient include the preservation of mobility, inde-
pendence and mental function, prevention/treatment of 
anxiety and depression, improving quality of life, encour-
agement of social adaptation and reintegration, and a 
return to the same or similar lifestyle as before their acute 
event.45

Planning and implementation of cardiac rehabilitation 
and secondary prevention programs in older groups require 
a high level of individual care and support, with a careful 
clinical evaluation beyond cardiovascular function, includ-
ing psychosocial assessment and evaluation of comorbid 
conditions. Residential cardiac rehabilitation and second-
ary prevention programs may be an appropriate option in 
this age group.

Women
Women benefit from comprehensive cardiac rehabili-
tation and secondary prevention programs as much as 
men.8 In the planning and implementation of cardiac 
rehabilitation and secondary prevention programs, the 
following considerations are important. Women are more 
likely to be older, and to have hypertension, diabetes, 
hypercholesterolemia, obesity, and heart failure, as well 

as lower exercise and functional capacity, compared with 
male patients and may therefore be at higher cardiac risk. 
Beyond the impact of the cardiac disease, older women 
are more likely to experience physical activity limitations 
and other exercise-limiting comorbid conditions such 
as arthritis, osteoporosis, and urinary incontinence. At 
recruitment to cardiac rehabilitation and secondary pre-
vention  programs, women typically score lower in health-
related quality of life, and they are more likely to be 
diagnosed with depressive disorders and higher scores of 
anxiety.45

Maintaining Long-Term Behavior Change
Of all patients referred to cardiac rehabilitation and pre-
vention, relatively few complete the program, and less than 
50% maintain an exercise regimen for as long as 6 months 
after completion.17 Factors reported to predict attendance 
and adherence include illness perception, geographic 
location, presence or absence of financial and work con-
straints,  gender, age, and social support. Depression and 
a dislike of group-based rehabilitation sessions are spe-
cifically associated with less favorable compliance.48 A 
Cochrane review of interventions for improving adher-
ence found only eight RCTs that had addressed this issue.17 
Effective interventions included daily self-monitoring of 
activity, action planning, and adherence facilitation by car-
diac rehabilitation staff. Interventions that are multifaceted 
are likely to be more effective. Further research to identify 
effective interventions is needed, particularly in under-
represented groups including women, ethnic minorities, 
elderly persons, higher-risk populations, and patients with 
comorbid conditions.

Quality Assurance
Despite recommendations, less than one half of eligible 
cardiac patients benefit from rehabilitation and preven-
tion.14,49,50 Systematic monitoring of the process of deliv-
ery and outcomes has been recommended to address this 
challenge.5,51 Accreditation of rehabilitation and preven-
tion programs with the use of clinical quality databases 
has been pointed out as an important tool to improve clin-
ical practice and clinical follow-up care (Figure 34-4).52 
It is proposed that accreditation and quality assurance 
be conducted at the patient level as well as the program 
and provider levels. In the United States, referral to car-
diac rehabilitation has been added to the performance 
measures after percutaneous intervention.53 In the United 
Kingdom, the introduction of the National Audit of Cardiac 
Rehabilitation has resulted in steady increase in the rates 
of referrals to and enrollment in rehabilitation programs.54 
In the drive to increase quality assurance, this national 
audit program has introduced reporting performance on 
key service indicators and benchmarking services against 
evidence-based guidelines.

Inadequate reporting of cardiac rehabilitation and sec-
ondary prevention interventions in research studies is a 
substantial problem, with essential information frequently 
missing and, for almost one half of all interventions, unob-
tainable after publication. A conscientious effort to address 
this problem could facilitate an improvement in the quality 
of cardiac rehabilitation interventions delivered in clinical 
practice.55
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The Role of the Cardiologist
Jelinek and colleagues have criticized cardiologists for not 
taking a leadership role in the provision of cardiac rehabili-
tation and secondary prevention services.15 These investi-
gators argue that cardiologists traditionally have not been 
actively involved in the delivery of such services or in the 
ongoing quality assurance process for assessment of their 
efficacy. Furthermore, cardiologists were neither consulted 
about nor involved with decisions regarding their patients’ 
return to work. Most patients who have had an acute car-
diac event receive clinical follow-up with a cardiologist 
once at 6 weeks after discharge from the hospital. Jellinek’s 
group makes the call for cardiologists to “re-engage” with 
the recovery process after an MI-related hospitalization, 
inasmuch as hospital discharge equates to cutting of the 
“umbilical cord” of security regarding perceived clinical 
support—when patients are at their most anxious and 
depressed. Such re-engagement, most usefully at approxi-
mately 2 weeks after hospital discharge, could initially 
consist of inquiries about the patient’s fears and expecta-
tions for the future, with rationales and recommendations 
regarding resumption of driving, sexual activity, and work, 
as appropriate.

In the United Kingdom, one of the seven core national 
standards for the delivery of rehabilitation and prevention 
services is “an integrated multidisciplinary team consisting 
of qualified and competent practitioners, led by a clinical 
coordinator,” which should include a hospital or commu-
nity-based cardiologist.

Innovative Models of Rehabilitation and 
Prevention
Cardiac rehabilitation and secondary prevention programs 
need to innovate and offer patients an alternative to the 
traditional, center-based model of rehabilitation.6,15 When 
post-MI patients are offered a choice of home-based reha-
bilitation or hospital-based classes, almost two thirds choose 

the home-based option. A Cochrane systematic review of 18 
RCTs in 1938 participants showed that home-based cardiac 
rehabilitation was as effective as center-based rehabilitation 
in reducing mortality and cardiac morbidity and improving 
coronary risk and health-related quality of life.56

With increasing access to mobile phones and the 
Internet, programs using such technology have the poten-
tial to expand both the capacity and capability of delivery 
and reduce costs. A meta-analysis of data on use of home-
based programs provided through telemedicine and 
other models has confirmed the potential of such ben-
efits.57 Although use of mobile technologies is feasible, 
more robust evidence showing that Internet-based inter-
ventions can improve uptake and clinical outcomes in 
cardiac rehabilitation is needed before they are adopted 
more widely. A recent systematic review of alternative 
models of rehabilitation reported that in view of the costs 
and difficulties in accessing center-based rehabilitation, 
patients should be offered community- and home-based 
programs so that they can choose the model that best 
fits their needs and preferences.58 Alternative models are 
likely to be of particular value in hard-to-reach post-MI 
populations that are more rural, remote, or culturally and 
linguistically diverse.

SUMMARY

Patients who have had an acute MI should be offered a 
program of comprehensive cardiac rehabilitation and sec-
ondary prevention that comprises of exercise training/
physical activity promotion, education including risk factor 
management and medication adherence, and psychosocial 
interventions including stress management and behavioral 
change techniques. Meta-analysis of RCTs show rehabilita-
tion and prevention measures for post-MI patients provides 
important health benefits that include reductions in the 
rates of cardiovascular mortality and rehospitalization and 
improvements in health-related quality of life.

Despite the proven benefits of cardiac rehabilitation 
and secondary prevention services, only a minority of eli-
gible patients receive these services. Strategies to improve 
the delivery of services are bearing fruit, but the capacity 
of current delivery models for rehabilitation and preven-
tions services is insufficient to provide such services to all 
eligible patients. New delivery strategies are needed that 
will supplement traditional, center-based rehabilitation 
and prevention programs and expand the reach of these 
important services.
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INTRODUCTION

Myocardial infarction (MI) is caused by atherothrombosis (see 
Chapter 3), with platelets playing a pivotal role in the initial 
onset of MI and its recurrence. Antiplatelet therapy targets this 
key element in the pathobiology of cardiovascular ischemic 
events. Patients who have suffered an MI have a sustained 
heightened risk for recurrent ischemic events and therefore 
have the potential to benefit from long-term antiplatelet ther-
apy as part of secondary preventive management (Figures 35-1 
and 35-2). Antiplatelet therapy, however, also increases the risk 
of bleeding. Accordingly, the type, intensity, and duration of anti-
platelet therapy after MI should be tailored in accordance with 
the patient’s risk of subsequent ischemic events and of bleed-
ing. This chapter considers the rationale for antiplatelet therapy 
for long-term secondary prevention in patients with MI, reviews 
trials of specific agents and strategies, and describes the appli-
cation of clinical trial evidence in real-world practice.

EPIDEMIOLOGY OF RECURRENT 
ATHEROTHROMBOSIS

Myocardial Infarction as a Marker of Long-
Term Atherothrombotic Risk
Atherothrombotic events, including MI and ischemic stroke, 
remain a primary contributor to morbidity and mortality 
worldwide (see Chapter 2). Among patients with established 
atherosclerosis, those who have suffered a previous acute 
thrombotic ischemic event have sustained activation of 
coagulation (Figure 35-3) and are at higher risk than those 
with no history of such an event.1 Thus a history of previous 
spontaneous (type 1) MI marks the presence of an underly-
ing disease state predisposing the patient to recurrent spon-
taneous atherothrombotic ischemic events.

Several modern observational data sets have characterized 
long-term ischemic risk in patients with previous atherothrom-
bosis. An analysis of data for 64,977 stable outpatients enrolled 
in the REduction of Atherothrombosis for Continued Health 
(REACH) Registry evaluated the risk of cardiovascular death, 
MI, and stroke over a 4-year period based on a clinical history 
of either cardiovascular risk factors only, known atheroscle-
rosis but no previous ischemic event, or a previous ischemic 
event (Figure 35-4).2 Patients with a previous ischemic event 
had the highest risk of cardiovascular death, MI, or stroke at 4 
years (18.3%) compared with patients with stable atheroscle-
rosis (12.2%) or risk factors alone (9.1%). Although this risk 
was higher for those within 1 year of their event (21.1%), it 
remained heightened for those patients who had survived 
more than a year from their most recent event (17.2%).2

The long-term risk of recurrent major cardiovascular 
events after MI was characterized in a Swedish Registry 
including 97,254 patients surviving after hospitalization for 
an MI.3 Within the first year, the rate of recurrent MI, stroke, 
or cardiovascular death was 18.3%, with a majority of these 
events being recurrent MI (56%), followed by cardiovascular 
death (31.0%) and ischemic stroke (13.4%). An additional 
4.2% of patients died from noncardiovascular causes—
approximately one-third the rate of death from cardiovas-
cular causes. For those patients who survived 1 year after 
their MI without a recurrent event, the rate of subsequent 
cardiovascular death, MI, or stroke was 20% over 3 years. 
Although recurrent MI was the most frequent event (40.8% 
of the population), the relative proportions of cardiovascu-
lar death (40.6%) and stroke (18.6%) were higher than those 
within the first year.3 Independent predictors of recurrent 
events included age, previous MI, previous stroke, and diabe-
tes. Other national registries have estimated similar adjusted 
rates of subsequent recurrent MI, stroke, or death, ranging 
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from 16.7% to 21.3% at 3 years in patients who had survived 
1 year from MI.4

Types of Atherothrombotic Events  
in Stable Patients with Previous  
Myocardial Infarction
Because atherosclerosis is a systemic condition, patients 
with symptomatic disease in any vascular bed are at height-
ened risk for systemic atherothrombotic events. In the 
REACH registry, when stratified by symptomatic vascular 

bed compared with patients with risk factors alone, patients 
with established atherosclerosis were at higher risk for car-
diovascular death, MI, stroke, or hospitalization for athero-
thrombosis regardless of the symptomatic vascular bed and 
were at the highest risk when multiple vascular beds were 
symptomatic.5

In patients presenting with acute MI, the risk of early 
ischemic complications generally is related to the culprit 
coronary lesion or associated coronary interventions.6-9 
More potent antiplatelet strategies reduce the risk of peri-
procedural MI (type 4a MI) occurring in the setting of 

Early stent
thrombosis

Late stent
thrombosis

for DES

MI

Stroke

CVD

Acute
limb

events

1990’s–2000’s
“Protect the Stent”

Duration tied to stent
placement

Beyond 2000
“Long-term Secondary

Prevention”
Potentially indefinite duration

FIGURE 35-1 Evolution in the role of P2Y12 inhibition added to aspirin in patients with previous myocardial infarction (MI). CVD, Cardiovascular disease; DES, 
drug-eluting stent.

Patient with
AMI

Procedural/
stent

complications Procedural/
stent

complications
Very late stent thrombosis

Recurrent spontaneous MI

Ischemic stroke

First 30 days

30 days to
1 year

Ongoing risk beyond
first year

Inflammation, platelet activation, endothelial dysfunction,
coagulation activation, and thrombin generation

FIGURE 35-2 Risk of ischemic events over time in patients presenting with spontaneous myocardial infarction (MI). AMI, Acute MI.
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percutaneous coronary intervention (PCI), as well as stent 
thrombosis (type 4b MI).10 After discharge, however, the risk 
of stent-related complications decreases, whereas the risk of 
recurrent spontaneous events remains relatively constant11 
(see Figure 35-2). Moreover, in a study of cardiovascular 
events occurring after successful PCI in 697 patients with 
acute coronary syndrome (ACS), rates of recurrent events 
related to the culprit lesion and to non-culprit lesions were 
similar (Figure 35-5).12 In addition, non-culprit lesions lead-
ing to recurrent atherothrombosis frequently were angio-
graphically mild at initial angiography but were associated 
with markers of instability, including thin-cap fibroatheroma 
(see Chapter 10).12

Clinical trials enrolling stable patients with previous MI 
have prospectively adjudicated recurrent MI and applied 
the Universal Definition of MI classification system to cat-
egorize events according to their etiology (see Chapter 1). In 
such cohorts of stable patients, recurrent MIs are predomi-
nantly new spontaneous events (type 1 MI, 78%), with lower 
relative frequencies of demand ischemia (type 2 MI, 10%), 
PCI-related MI, or stent thrombosis (type 4 MI, 12%).13 These 
data indicate that as patients stabilize from an acute MI, the 
type of recurrent coronary event for which they are at risk 
switches from events primarily related to the culprit lesion 
and coronary intervention to those primarily occurring in 
the setting of de novo plaque rupture elsewhere in the coro-
nary tree (see Figure 35-2). This pattern is likely to persist 
in coming years, particularly as procedural risk and stent-
related complications continue to decrease with improve-
ments in technology.

In addition to their risk of spontaneous MI, patients 
with previous MI are at higher long-term risk for ischemic 
stroke. As patients survive beyond their first year after MI, 
the proportion of recurrent cardiovascular events that are 
ischemic strokes remains similar or increases; for example, 
in the REACH registry, the proportion of events that were 
ischemic strokes was 13.4% within 1 year after MI, increas-
ing to 18.6% beyond 1 year after MI.2 Although the risk of 
an incident ischemic stroke is greatest in patients who have 
suffered a previous stroke, at a population level a majority 
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rotic disease, or risk factors only. (Adapted from Bhatt DL, Eagle KA, Ohman EM, 
et al: Comparative determinants of 4-year cardiovascular event rates in stable outpa-
tients at risk of or with atherothrombosis. JAMA 304:1350-1357, 2010.)
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FIGURE 35-5 Rates of cardiovascular (CV) death, cardiac arrest, myocardial infarction, or rehospitalization for unstable or progressive angina (major adverse 
CV events) related to culprit lesions (CL), non-culprit lesions (NCL), and events of indeterminate origin. CL-related events were those adjudicated to be recurrent disease 
at the sites of originally treated culprit lesions; NCL-related events were adjudicated to be at sites of non-culprit lesions. Some patients had both CL-related and NCL-related 
events, and some patients had multiple CL-related events, multiple NCL-related events, or both at different times (in which case the first event is represented in the time-to-event 
curve). (Adapted from Stone GW, Maehara A, Lansky AJ, et al: A prospective natural-history study of coronary atherosclerosis. N Engl J Med 364:226-235, 2011.)
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of incident strokes occur as first strokes in patients with 
atherosclerosis.14,15

Rationale for Antiplatelet Therapy for  
Long-Term Secondary Prevention
Because atherosclerosis is a systemic disease and patients 
with a history of MI are at heightened long-term risk for 
spontaneous atherothrombotic events across vascular ter-
ritories, strategies using systemic preventive therapies are 
necessary to reduce this risk. Components of medical sec-
ondary prevention target specific processes involved in the 
pathobiology of atherothrombosis, including dyslipidemia 
and inflammation, and activation of both the coagulation 
cascade and platelets (see Chapter 13).

Secondary prevention strategies to reduce atherothrom-
botic risk include lifestyle interventions, lipid lowering, 
blood pressure lowering, and antithrombotic therapy (see 
Chapter 34). Although both oral antiplatelet and anticoagu-
lant strategies have been studied for secondary prevention, 
anticoagulants at traditional therapeutic doses have gen-
erally resulted in excessive bleeding and are currently not 
used routinely for this purpose. Trials evaluating very-low-
dose anticoagulants, however, have shown efficacy when 
such agents are added to antiplatelet therapy in patients 
with ACS, and future trials in stable populations may expand 
the use of this strategy to long-term secondary prevention 
(see Chapter 21).16 Several antiplatelet agents targeting 
differing mechanisms used alone or in combination are 
currently used for the first year after an MI and are now sup-
ported by evidence showing benefits for long-term second-
ary prevention.

CLINICAL TRIALS OF ANTIPLATELET THERAPY 
FOR SECONDARY PREVENTION AFTER 
MYOCARDIAL INFARCTION

Aspirin
Aspirin has been studied for ischemic risk reduction in 
multiple randomized trials and analyzed in a meta-analysis 
conducted by the Antithrombotic Trialists’ Collaborative. In 
early iterations of the meta-analysis, a total of 287 random-
ized, controlled studies involving 135,000 patients in trials of 
a variety of antiplatelet agents were combined and showed 
a reduction in 36 serious vascular events prevented per 1000 
patients with prevous MI treated for 2 years (Figure 35-6A).17 
A more recent analysis that focused specifically on the effi-
cacy and safety of aspirin for primary and secondary pre-
vention included 6 trials in patients with previous MI and 10 
trials in patients with previous stroke or transient ischemic 
attack (TIA).18 In the secondary prevention population, aspi-
rin reduced the risk of any serious vascular event by 19% 
(hazard ratio [HR], 0.81; 95% confidence interval [CI], 0.75 
to 0.87), with an absolute risk reduction of 1.49% per year 
versus placebo. There were consistent reductions in coro-
nary mortality, myocardial infarction, and ischemic stroke.18

In a study considering the safety of antiplatelet therapy, 
aspirin increased the risk of major extracranial bleeding, 
primarily gastrointestinal (absolute risk increase of 0.4% per 
year19) and hemorrhagic stroke (absolute risk increase of 
0.01% per year).18 Overall, the study investigators concluded 
that a net benefit was achieved with aspirin for secondary 
prevention due to the ischemic risk in that population.18 

Although the optimal dose of aspirin for long-term second-
ary prevention has not been definitively established, the 
aggregate evidence favors aspirin doses of 75 to 162 mg 
daily. The CURRENT-OASIS 7 trial evaluated whether high-
dose (300 to 325 mg daily) aspirin is superior to low-dose 
aspirin (75 to 100 mg daily) for 30 days in patients present-
ing with ACS (see Figure 35-6B).20 In this acute setting, in 
which potent platelet inhibition might be expected to be 
most beneficial, there was no difference in the composite 
of cardiovascular death, MI, or stroke with high- versus low-
dose aspirin (HR, 0.97; 95% CI, 0.86 to 1.09; P = .61); however, 
the rates of major gastrointestinal bleeding (P = .04) and 
minor bleeding (P = .04) were higher.20 These data indicate 
that the ischemic benefit from aspirin is achieved at a low 
dose (100 mg or less daily) and that higher doses result in 
more bleeding.

P2Y12 Inhibitors
Oral therapies to inhibit the platelet P2Y12 adenosine 
diphosphate (ADP) receptor are available. Each of the avail-
able oral agents (clopidogrel, prasugrel, and ticagrelor) are 
described in Chapter 19 (see Figure 19-2 and Table 19-1). The 
second-generation thienopyridine clopidogrel was studied 
head-to-head against aspirin as monotherapy for secondary 
prevention in the Clopidogrel versus Aspirin in Patients at 
Risk of Ischemic Events (CAPRIE) trial.21 A total of 19,185 
patients with stable atherosclerotic vascular disease (6302 
in the MI subgroup and 8446 with previous MI) were ran-
domly assigned to receive either clopidogrel 75 mg daily 
or aspirin 325 mg daily, with follow-up periods ranging from 
1 to 3 years. At a mean of 1.91 years of follow-up, clopido-
grel was superior to aspirin for reducing the composite of 
cardiovascular death, MI, or stroke (relative risk reduction, 
8.7%; P = .043), with a modest absolute risk reduction (ARR) 
of 0.51%. When subgroups were evaluated on the basis of 
their symptomatic vascular bed (peripheral arterial disease, 
previous MI, cerebrovascular disease), the benefit appeared 
to be most robust in patients with peripheral arterial dis-
ease, although statistical heterogeneity between groups was 
lacking.21 When studied in patients with ACS, the addition 
of clopidogrel to aspirin reduced the rate of recurrence 
of major cardiovascular events in the first 30 days and 
through 12 months by 20%, depending on the endpoint 
and whether the population had non–ST-elevation (NSTE) 
or ST-elevation ACS (see Chapter 19).8,9 Although the treat-
ment duration was for 3 to 12 months after NSTE-ACS, the 
survival curves demonstrated continued separation over 
the course of follow-up, suggesting continued benefit over 
time.22 Subsequent trials evaluating more potent, less vari-
able P2Y12 inhibitors against clopidogrel in patients present-
ing with ACS have published consistent landmark analyses 
showing benefits of the more potent regimens even when 
landmarked at later timepoints.23,24

CHARISMA Trial
The benefits of adding a P2Y12 inhibitor to aspirin in ACS 
raised the hypothesis that such a strategy also may be ben-
eficial in stable patients with risk factors for either long-
term secondary prevention or primary prevention. This 
hypothesis was tested in the Clopidogrel and Aspirin ver-
sus Aspirin Alone for the Prevention of Atherothrombotic 
Events (CHARISMA) trial.25 A total of 15,603 patients were 
randomly assigned to receive clopidogrel 75 mg daily or 
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matching placebo, with all receiving aspirin (75 to 162 mg 
daily), over a median period of 28 months. Overall, there was 
no significant benefit of adding clopidogrel to aspirin for 
reducing cardiovascular death, MI, or stroke (risk ratio [RR], 
0.93; P = .22) (Figure 35-7), but there was more bleeding (for 
severe bleeding: absolute risk increase [ARI], 0.5%; P = .09; 
for moderate bleeding: ARI, 0.8%; P < .001). A marginally sig-
nificant interaction (P-interaction = .045) for efficacy was 
observed when the population subjects were subclassified 

by whether or not symptomatic disease was present initially. 
Subjects with symptomatic disease (secondary prevention) 
appeared to benefit (HR, 0.88; 95% CI, 0.77 to 0.998; P = .046), 
whereas among those who were asymptomatic (primary 
prevention), a trend toward harm was evident (20% increase 
in rate of primary endpoint; P = .20).25 A subsequent post-
hoc analysis of the data explored the efficacy and safety of 
aspirin and clopidogrel for secondary prevention in more 
detail.26 In the group of 9478 patients with previous MI, 
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FIGURE 35-6 (A) The proportional effects of antiplatelet therapy on the composite of cardiovascular (CV) death, myocardial infarction (MI), or stroke by risk category. (B) CV 
death, MI, or stroke at 30 days for patients presenting with an acute coronary syndrome and randomly assigned to receive high-dose (yellow) or low-dose (red) aspirin. (A, From 
Antithrombotic Trialists’ Collaboration: Collaborative meta-analysis of randomised trials of antiplatelet therapy for prevention of death, myocardial infarction, and stroke in high 
risk patients. BMJ 324:71-86, 2002. B, Adapted from CURRENT-OASIS 7 Investigators, Mehta SR, Bassand JP, et al: Dose comparisons of clopidogrel and aspirin in acute coronary 
syndromes, N Engl J Med 363:930-942, 2010.)



A
n

tip
latelet Th

erap
y A

fter M
yo

card
ial In

farctio
n

439

35
peripheral arterial disease, or ischemic stroke, a significant 
reduction in cardiovascular death, MI, or stroke (HR, 0.83; 
95% CI, 0.72 to 0.96; P = .01) was observed, with the greatest 
magnitude of benefit seen in those with previous MI (HR, 
0.77; 95% CI, 0.61 to 0.98; P = .031) (Figure 35-e1).26 Although 
exploratory in nature, these data support the hypothesis 
that a combination of aspirin and P2Y12 inhibition would 
be effective for long-term secondary prevention in patients 
with previous MI.

DAPT Trial
The Dual Antiplatelet Therapy after Drug Eluting (DAPT) 
trial was designed to evaluate whether prolonged DAPT 
would reduce thrombotic risk after coronary stenting.27 
Patients undergoing coronary stenting were treated with 

DAPT (with either clopidogrel or prasugrel) for 12 months, 
and then those who were tolerating therapy and had not 
experienced an event were subsequently randomly selected 
to have their P2Y12 inhibitor withdrawn or to continue for an 
additional 18 months.27 Because the primary criterion for 
enrollment was a coronary procedure, the population was 
heterogeneous, including patients undergoing procedures 
for ACS (42%) and those undergoing procedures for stable 
angina (38%) or other reasons (20%). Clopidogrel was the 
P2Y12 inhibitor used in 65%, and prasugrel was used in 35%. 
Overall, the trial showed a significant reduction in both co-
primary endpoints of stent thrombosis (0.4% versus 1.4%; 
HR, 0.29; 95% CI, 0.17 to 0.48; P < .001) and the composite 
of death, MI, or stroke (4.3% versus 5.9%; HR, 0.71; 95% CI, 
0.59 to 0.85; P < .001)27 (Figure 35-8). Bleeding was increased 
with DAPT (GUSTO-defined moderate or severe bleeding 
rate, 2.5% versus 1.6%; P = .001).27

A subsequent subgroup analysis evaluated the efficacy 
and safety of continued DAPT versus withdrawal in the 3576 
subjects with a history of a previous MI (secondary preven-
tion) relative to those without a previous MI. Patients with 
previous MI were more likely to receive prasugrel (34% ver-
sus 31%).28 The study investigators observed a significantly 
greater magnitude of benefit of DAPT (P-interaction, .03) 
in the patients with MI (3.9% versus 6.8%; P < .001) than in 
the no-MI patients (4.4% versus 5.3%; P = .08).28 An increase 
in GUSTO-defined moderate or severe bleeding rates with 
DAPT was similar in both populations, with an ARI of 1.1% 
in patients with MI (P = .005) and 0.9% in those without MI 
(P = .007).28 These subgroup findings are  consistent in con-
cept with those from CHARISMA, suggesting that patients 
with a previous MI have the most to gain with prolonged 
therapy with a P2Y12 inhibitor and that there may be less 
benefit or even harm in patients with only risk factors or 
stable coronary disease and no history of MI.28
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FIGURE 35-7 Cardiovascular death, myocardial infarction (MI), or stroke at 
30 months with clopidogrel and aspirin (orange) versus aspirin alone (blue) 
in patients with stable atherosclerosis or risk factors. ASA, Acetylsalicylic acid; 
RRR, relative risk reduction. (From Bhatt DL, Fox KA, Hacke W, et al: Clopidogrel and 
aspirin versus aspirin alone for the prevention of atherothrombotic events. N Engl J 
Med 354:1706-1717, 2006.)
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12 months (blue) also stopped P2Y12 inhibition. (Adapted from Mauri L, Kereiakes DJ, Yeh RW, et al: Twelve or 30 months of dual antiplatelet therapy after drug-eluting stents. 
N Engl J Med 371:2155-2166, 2014.)
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stroke at 30 months with clopidogrel and aspirin (orange) versus aspirin 
alone (blue) in patients with previous MI. ASA, Acetylsalicylic acid; HR, hazard 
ratio. (Adapted from Bhatt DL, Flather MD, Hacke W, et al: Patients with prior myo-
cardial infarction, stroke, or symptomatic peripheral arterial disease in the CHARISMA 
trial. J Am Coll Cardiol 49:1982-1988, 2007.)
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PEGASUS-TIMI 54 Trial
The Prevention of Cardiovascular Events in Patients with 
Prior Heart Attack Using Ticagrelor Compared to Placebo 
on a Background of Aspirin–Thrombolysis in Myocardial 
Infarction 54 (PEGASUS-TIMI 54) trial was designed to 
address the hypothesis that prolonged dual-antiplatelet 
therapy is beneficial in patients with previous MI regardless 
of previous coronary stenting.29 The study subjects were 
selected with the primary criterion of a history of a sponta-
neous MI 1 to 3 years before enrollment. In addition, patients 
needed to have at least one high-risk feature for ischemic 
complications (age 65 years or older, diabetes mellitus 
requiring medication, a second previous MI, multivessel 
coronary disease, or non–end-stage renal dysfunction) and 
be without specific risk factors for bleeding (history of isch-
emic stroke or intracranial bleeding, central nervous system 
tumor, or an intracranial vascular abnormality; gastrointes-
tinal bleeding within the previous 6 months; or major sur-
gery within the previous 30 days). Patients were randomly 
assigned to receive one of two doses of the non-thienopyr-
idine P2Y12 antagonist ticagrelor or a matching placebo, 
with all patients receiving low-dose aspirin. The two doses 
studied were a 90-mg dose, which was shown to be superior 
to clopidogrel in the ACS setting,24 and a 60-mg dose, which 
had not previously been studied in humans and was antici-
pated to provide a better tolerability profile compared with 
the 90-mg dose. At a median of 33 months, both doses of 
ticagrelor significantly reduced the composite of cardiovas-
cular death, MI, or stroke (60-mg dose: HR, 0.84; 95% CI, 0.74 
to 0.95; P = .004; 90-mg dose: HR, 0.85; 95% CI, 0.75 to 0.96; 
P = .008) (Figure 35-9).30 The efficacy of ticagrelor was con-
sistent for all components of the primary endpoint includ-
ing stroke and cardiovascular death as well as MI.30 Both 
doses significantly increased TIMI major bleeding (60-mg 
dose: HR, 2.32; P < .001; 90-mg dose: HR, 2.69; P < .001), with 
no significant excess of fatal or intracranial bleeds.30 Based 
on the data from this trial, for every 10,000 patients who 
began treatment, 40 primary endpoint events would be pre-
vented with the 90-mg dose and 42 with the 60-mg dose. 

This efficacy would come at a cost of 41 TIMI major bleeds 
with the 90-mg dose and 31 with the 60-mg dose.

Pooled Analysis of P2Y12 Trials
The results of the CHARISMA previous-MI subgroup, the 
DAPT previous-MI subgroup, and PEGASUS-TIMI 54 were 
pooled together with those for the MI subgroups in several 
other trials in a meta-analysis evaluating prolonged DAPT 
(N = 20,203) with a P2Y12 inhibitor plus aspirin versus aspirin 
alone (N = 13,232) for secondary prevention.31 Consistent 
with the individual trials, the pooled analysis showed a sig-
nificant reduction in the composite of cardiovascular death, 
MI, or stroke with prolonged DAPT (Figure 35-10). Of impor-
tance, in this pooled analysis with greater statistical power, 
the addition of a P2Y12 inhibitor to aspirin significantly 
reduced rates for each of the individual components of the 
endpoint including MI, stroke, as well as CV death alone 
(P = .03) (Figure 35-e2). Safety was consistent with that in the 
individual trials, with the details presented in a subsequent 
section (Figure 35-11).

Protease-Activated Receptor Antagonists
The protease-activated receptor 1 (PAR-1), which is the 
primary receptor for thrombin on human platelets, has 
also been tested as a target for secondary prevention.32 
Vorapaxar, an oral competitive antagonist of PAR-1, has 
been studied in both the ACS and secondary prevention set-
tings.33,34 The Thrombin Receptor Antagonist in Secondary 
Prevention of Atherothrombotic Ischemic Events (TRA 
2P)–Thrombolysis in Myocardial Infarction (TIMI) 50 
trial randomly assigned a broad population of patients 
with atherosclerotic vascular disease (previous MI, symp-
tomatic peripheral arterial disease, or ischemic stroke) to 
receive vorapaxar sulfate 2.5 mg daily or a matching pla-
cebo.33 Background antithrombotic therapy in the trial was 
at the discretion of the treating physicians and included 
antiplatelet monotherapy as well as DAPT with aspirin and 
clopidogrel.
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FIGURE 35-9 Cardiovascular (CV) death, myocardial infarction (MI), or stroke at 2 years in patients with history of MI (1 to 3 years previously) randomly 
assigned to a regimen of ticagrelor 60 mg twice daily (blue), ticagrelor 90 mg twice daily (red), or placebo (green). All patients received low-dose aspirin. (Adapted 
from Bonaca MP, Bhatt DL, Cohen M, et al: Long-term use of ticagrelor in patients with prior myocardial infarction. N Engl J Med 372:1791-1800, 2015.)
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FIGURE 35-e2 Cardiovascular death with extended dual-antiplatelet therapy with aspirin and a P2Y12 inhibitor added to aspirin versus aspirin alone for long-
term secondary prevention after myocardial infarction. (Adapted from Udell JA, Bonaca MP, Collet JP, et al: Long-term dual antiplatelet therapy for secondary prevention 
of cardiovascular events in the subgroup of patients with previous myocardial infarction: a collaborative meta-analysis of randomized trials. Eur Heart J 37[4]:390-399, 2016.)
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Overall, vorapaxar significantly reduced the primary end-
point of cardiovascular death, MI, or stroke (HR, 0.87; 95% CI, 
0.80 to 0.94; P < .001) at 3 years. Vorapaxar increased the rate 
of bleeding, including GUSTO-defined moderate or severe 
bleeding, with an ARI of 1.7% (0.57% per year) (HR, 1.66; 
95% CI, 1.43 to 1.93; P < .001) and intracranial hemorrhage 
(HR, 1.94; 95% CI, 1.39 to 2.70; P < .001). There was heteroge-
neity in the risk of intracranial hemorrhage with vorapaxar 
by symptomatic vascular bed, with the highest risk in those 
with a history of stroke (ARI, 1.5%; 2.4% with vorapaxar ver-
sus 0.9% with placebo; P < .001) relative to those without 
a history of stroke (ARI, 0.2%; 0.6% with vorapaxar group 
versus 0.4% with placebo; P = .049).33 As a result, the drug 
was subsequently approved for clinical use on the basis of 
its overall efficacy; however, vorapaxar is contraindicated in 
patients with previous stroke or TIA owing to the increased 
risk of intracranial hemorrhage in that population.35

In the subgroup of 17,779 patients with previous MI 
(including those with previous stroke/TIA), vorapaxar 

reduced the primary endpoint rate by 20%, translating to 
an ARR of 1.6% at 3 years (0.53% per year) (Figure 35-12) 
in the composite of cardiovascular death, MI, or stroke 
when added to aspirin (98%) and clopidogrel (78%).36 
Vorapaxar also reduced the incidence of first ischemic 
stroke and stent thrombosis.37,38 GUSTO-defined moderate 
or severe bleeding was increased with vorapaxar, with an 
ARI of 1.3% at 3 years (0.43% per year; HR, 1.61; 95% CI, 
1.31 to 1.97; P < .001). As in the DAPT trials, the rates of 
intracranial hemorrhage (0.6% versus 0.4%; HR, 1.54; 95% 
CI, 0.96 to 2.48; P = .076) and fatal bleeds (0.2% versus 0.1%; 
HR, 1.56; 95% CI, 0.67 to 3.60; P = .30) were low and not 
significantly different between the randomized treatment 
groups.36 The net outcome all-cause mortality, MI, stroke, 
or GUSTO-defined severe bleeding at 3 years was signifi-
cantly reduced with vorapaxar in the post-MI population 
(ARR, 1.3%; HR, 0.86; 95% CI, 0.78 to 0.95; P = .003). Of note, 
vorapaxar had consistent efficacy in reducing cardiovas-
cular death, MI, or stroke in patients planned for aspirin 
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FIGURE 35-10 Rates of ischemic outcomes with extended dual-antiplatelet therapy with aspirin and a P2Y12 inhibitor (blue) versus aspirin alone (green) for 
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monotherapy (HR, 0.75; 95% CI, 0.60 to 0.94; P = .011) and 
those planned for DAPT with aspirin and clopidogrel (HR, 
0.80; 95% CI, 0.70 to 0.91; P < .001).39 The risk for bleeding 
with vorapaxar also was similar regardless of background 
thienopyridine use (P-interaction, .37). This analysis con-
firmed that PAR-1 antagonism was efficacious for second-
ary prevention after MI when added to aspirin alone or 
DAPT with aspirin and clopidogrel.39 Insufficient experi-
ence with coadministration of vorapaxar with prasugrel or 
ticagrelor has accumulated to permit conclusions regard-
ing efficacy or safety.

Bleeding with Long-Term Antiplatelet 
Therapy
Aspirin monotherapy increases the risk of bleeding, primar-
ily gastrointestinal bleeding but also intracranial hemor-
rhage. Although rates vary in secondary prevention studies, 
in dedicated analyses, it is estimated that aspirin causes an 
excess of 4 major GI bleeds per 1000 patients per year of 
therapy.19 The increase in hemorrhagic stroke has been esti-
mated to be 1 in 2500 patients per year of therapy.40

The addition of clopidogrel to aspirin in stable patients 
treated in the CHARISMA trial resulted in increased GUSTO 
moderate or severe bleeding, with an ARI of 1.2% at a 
median of 28 months (0.51% per year; 3.7% versus 2.5%; HR, 
1.48; 95% CI, 1.24 to 1.78; P < .001). This increase was driven 
primarily by moderate bleeding (HR, 1.63; 95% CI, 1.27 to 
2.09; P < .001), with consistent trends in severe bleeding 
(HR, 1.25; 95% CI, 0.97 to 1.62; P = .087) and fatal bleeding 
(HR, 1.53; 95% CI, 0.83 to 2.82; P = .17).41 Although the DAPT 
trial included patients with stable coronary disease and no 
history of ACS as well as a secondary prevention group of 
patients, the safety with prolonged DAPT was similar to that 
seen in CHARISMA (Figure 35-13). At 18 months an excess 
of GUSTO moderate or severe bleeding was seen, with an 
ARI of 1.0% (0.66% per year; 2.5% versus 1.6%; HR, 1.61; 
95% CI, 1.21 to 2.16; P = .001), driven primarily by moderate 
bleeding (ARI of 0.7% at 18 months; P = .004). There were 
numerically more GUSTO severe (38 versus 26) and fatal 

bleeds (7 versus 4) with clopidogrel, but the differences 
were not statistically significant.27 The absolute increase in 
bleeding risk was similar in patients with and those without 
previous MI.28

A similar pattern of bleeding risk was present in PEGASUS-
TIMI 54. An ARI in TIMI major bleeding at 3 years of 1.24% 
was noted for the 60-mg dose (0.41% per year) and 1.54% 
for the 90-mg dose (0.51%).30 TIMI-defined minor bleeding 
also was significantly increased, with an ARI of 0.82% for 
the 60-mg dose (0.27% per year) and 0.95% for the 90-mg 
dose (0.32%).30 The composite of fatal bleeding or intracra-
nial hemorrhage was numerically higher for both the 60-mg 
(33 [0.72%]) and the 90-mg (32 [0.63%]) doses relative to 
placebo (30 [0.60%]), but differences were not statistically 
significant.30

A meta-analysis of trials evaluating DAPT with aspi-
rin and a P2Y12 inhibitor versus aspirin monotherapy 
showed findings for bleeding similar to those in the indi-
vidual trials.31 The absolute excess in major bleeding was 
0.8% (HR, 1.73; P = .004), but even with more than 33,000 
patients, there was no statistically significant difference 
in the rate of intracranial hemorrhage or fatal bleeding31 
(see Figure 35-11).

Among patients without a history of stroke or TIA, vora-
paxar increases the risk of GUSTO moderate or severe 
bleeding, with an ARI of 1.3% at 3 years (0.43% per year;  
P < .001). As seen with antiplatelet agents with other mecha-
nisms of action in this population, there were more intracra-
nial hemorrhages with vorapaxar than with placebo (0.6% 
versus 0.4%; HR, 1.46; 95% CI, 0.92 to 2.31; P = .10), but this 
finding did not reach statistical significance. When patients 
were stratified by intended background therapy, the abso-
lute increases in GUSTO moderate or severe bleeding were 
similar in patients on background aspirin only (ARI, 0.5% 
per year) and in patients on background aspirin and clopi-
dogrel (ARI, 0.3% per year).

Summary Across Trials
Overall, the risk of bleeding with these antiplatelet therapies 
in outpatients with previous MI at low bleeding risk (e.g., 
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selected for trials, no history of stroke) generally is consis-
tent and on the order of 0.5% per year (see Figure 35-13). 
Aspirin increases the risk of ICH (approximately 0.04% per 
year increase) compared with placebo. The addition of a 
P2Y12 inhibitor to aspirin, or a PAR-1 antagonist to either 
aspirin or aspirin plus clopidogrel, does not appear to result 
in statistically significant further increases in the risk of 
ICH or fatal bleeding in selected patients without previous 
stroke/TIA. These are, however, rare safety events, and none 
of the individual trials has been powered to solely detect 
differences in fatal bleeding or intracranial hemorrhage in 
the MI subgroups.

Withdrawal of Antiplatelet Therapy 
in Patients with Previous Myocardial 
Infarction
Duration of P2Y12 inhibitor therapy has generally been 
tied to the most recent unstable coronary event and/or the 
type of stent used, with the perspective that withdrawal of 
therapy in the stable phase generally is benign. This practice 
has been supported by findings from ACS trials that show 
the greatest divergence in treatment groups early on, when 
patients are at highest risk.42 However, observations from 
registries and in the DAPT trial raise the hypothesis that 
withdrawal of P2Y12 inhibition may result in heightened 
short- and long-term ischemic risk. In DAPT, there appeared 
to be a heightened ischemic risk in the P2Y12 withdrawal 
group (see Figure 35-8) within the first 3 months of random-
ization (12 months after coronary stenting). In addition, 
this risk appeared in the continuation group at 30 months 
when P2Y12 inhibition was stopped (see Figure 35-8).27 In a 

subsequent analysis in the PEGASUS-TIMI 54 trial, patients 
were grouped by the time from their last dose of a P2Y12 
inhibitor to the point of randomization.43 Patients randomly 
assigned to receive placebo (a median of 1.7 years from 
their most recent MI) who were withdrawn from a P2Y12 
inhibitor recently (within 30 days) had the highest risk, fol-
lowed by those who stopped between 30 days and 1 year, 
and then patients who had been stable on aspirin mono-
therapy for more than a year (Figure 35-e3).43 Although 
these populations were different at baseline, even after 
adjustment, the withdrawal of a P2Y12 inhibitor within 30 
days was associated with a more than two-fold increase in 
the rate of cardiovascular death, MI, or stroke at 90 days and 
a significantly increased hazard ratio (adjusted HR, 1.47; 
95% CI, 1.12 to 1.93).43 Furthermore, the efficacy of ticagrelor 
was greater (P-interaction = .0097) in patients who contin-
ued or restarted within 30 days (27% relative risk reduction 
in cardiovascular death, MI, or stroke) than in those who 
were withdrawn from therapy (7.7% versus 9.9% at 3 years) 
(Figure 35-14).43

These data fit with the notion introduced earlier that 
patients with previous MI have an underlying disease state 
associated with an increased risk of atherothrombotic 
complications that persists well after their initial ischemic 
event, and that is independent of whether or not they have 
been treated with a coronary stent. Withdrawal of anti-
thrombotic therapy, even more than a year from MI, may 
unmask this thrombotic potential, resulting in ischemic 
complications. In addition, patients who survive on aspi-
rin alone without ischemic complications for an extended 
period (beyond 1 year) may represent a de facto lower risk 
group.
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ahead of print.)



444
D

is
c

h
a

r
g

e 
a

n
D
 B

ey
o

n
D

V

Patient Selection: Subgroups and Risk 
Stratification
As described earlier, among the full spectrum of persons 
with atherosclerotic vascular disease, patients with previous 
MI are at increased long-term risk for recurrent atherothrom-
bosis and have the clearest benefit with more intensive anti-
platelet regimens.36,44,45 By contrast, patients with previous 
stroke have unfavorable net clinical outcomes with long-
term intensive antiplatelet therapy, owing to an increase in 
intracranial bleeding.10,46-49 Because bleeding is the primary 
side effect of potent antiplatelet regimens, particularly with 
prolonged exposure, patients with clear indicators of height-
ened risk generally have been excluded from trials (e.g., 
recent bleeding or surgery, history of intracranial bleeding, 
known bleeding diathesis).30 Although trial populations 
generally are highly selected, and the risk reduction with 
more potent antiplatelet regimens relative to placebo gener-
ally is consistent across subgroups of patients with previous 
MI, differences in absolute risk may translate to greater or 
lesser absolute risk reductions. These differences in absolute 
risk may have significant impact on net outcomes.

In the TRA2°P-TIMI 50 trial, patients with diabetes mellitus 
at enrollment had approximately twice the risk of cardiovas-
cular death, MI, or stroke at 3 years relative to that in patients 
without diabetes (15.7% versus 7.9%).50 Although the rela-
tive effect of vorapaxar on the primary endpoint was similar 
in patients with and those without diabetes (P-interaction 
= .51), by nature of their greater absolute risk, patients with 
diabetes had a robust ARR of 3.1% at 3 years (1.0% per year), 
with a resulting number needed to treat (NNT) of 30, as 
compared with patients without diabetes, with an ARR of 
1.1% at 3 years and NNT of 76.50 This benefit translated to a 
significant reduction in the net outcome of all-cause mortal-
ity, MI, stroke, or GUSTO-defined severe bleeding (HR, 0.77; 
95% CI, 0.65 to 0.93; P = .006) in the diabetic population.50 
Therefore diabetics with previous MI are at heightened risk, 
and the addition of vorapaxar to either aspirin or aspirin and 

clopidogrel for long-term secondary prevention appears to 
result in significant net benefit. Other subgroups of patients 
who share this heightened absolute risk and greater abso-
lute benefit include those with previous MI and a history 
of coronary artery bypass grafting surgery (with a predomi-
nance of multivessel coronary disease).

In the PEGASUS-TIMI 54 trial, patients with previous MI 
and non–end-stage renal dysfunction, manifesting as an 
estimated glomerular filtration rate (eGFR) of less than 60 
mL/min, had approximately twice the rate of cardiovascular 
death, MI, or stroke at 3 years reported for patients with eGFR 
of 60 or greater (13.99% versus 7.43%).51 Although no statisti-
cal interaction was found in the relative efficacy of ticagre-
lor with baseline renal function, by nature of their higher 
absolute risk, patients with eGFR below 60 had an ARR of 
2.7% (0.9% per year), resulting in an NNT of 37.51 Although 
patients with impaired renal function were at heightened 
risk for bleeding overall, this did not translate to excessively 
higher rates of TIMI-defined major bleeding with ticagrelor 
versus placebo.

Risk Scores
Because patients may have several risk characteristics (e.g., 
age, diabetes, renal dysfunction), individual subgroup esti-
mates from trials may reflect only one dimension of risk. 
Risk scores provide a mechanism to assess an individual’s 
risk by assessing all of their risk factors in an integrated 
model. Although risk scores have been developed to assess 
individual risk in stable ischemic heart disease, not all have 
been demonstrated to differentiate the benefit of antiplate-
let therapy.52

A risk score developed among patients enrolled in the 
TRA2°P-TIMI 50 trial demonstrated a significant gradient of 
risk in the placebo arm.39 The benefit and risk of vorapaxar 
was then assessed by number of risk elements (i.e., 0, 1-2, 
3 or more). Classifying patients into low-, intermediate-, or 
high-risk categories also identified a gradient in the benefit 
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FIGURE 35-14 The reduction in cardiovascular (CV) death, myocardial infarction (MI), and stroke with ticagrelor 60 mg twice daily (blue), ticagrelor 90 mg 
twice daily (red), and both ticagrelor doses pooled (purple) stratified by time from last dose of a P2Y12 inhibitor to institution of ticagrel regimen or placebo in 
PEGASUS-TIMI 54 trial. HR, Hazard ratio; RRR, relative risk reduction. (Adapted from Bonaca MP, Bhatt DL, Steg PG, et al: Ischaemic risk and efficacy of ticagrelor in relation to 
time from P2Y12 inhibitor withdrawal in patients with prior myocardial infarction: insights from PEGASUS-TIMI 54. Eur Heart J 2015 Oct 21. pii: ehv531. Epub ahead of print.)
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of vorapaxar, with no benefit in patients with a risk score 
of 0, an ARR of 2.1% (NNT = 48) in those with 1 or 2 risk 
elements, and an ARR of 3.2% (NNT = 31) in those with 
3 or more risk factors (Figure 35-15). Conversely, the risk 
of bleeding with vorapaxar was greatest in patients with a 
score of 0 (ARI 0.6%) as compared with those with 1 or 2 
risk elements (ARI 0.1%) or those with 3 or more risk ele-
ments (ARI 0.0%).

Similarly, a score to predict the net benefit of pro-
longed DAPT after coronary stenting was derived from 
the DAPT trial.28 The derivation of this score differed from 
that in TRA2°P-TIMI 50 in that instead of predicting abso-
lute ischemic risk and then looking at the efficacy and 
safety of therapy, the DAPT score was derived to predict 
the magnitude of net benefit directly. Several patient and 
angiographic characteristics were independently associ-
ated with the benefit of prolonged DAPT and assigned an 
integer weight. When stratified at a score of 2, patients with 
a score below 2 had a smaller ARR in MI or stent throm-
bosis at 18 months (ARR, 0.52%) relative to patients with 
a DAPT score of 2 or higher (ARR, 1.90%) (Figure 35-16). 
At the same time, patients with a DAPT score below 2 had 
more bleeding with DAPT (ARI, 1.44%) at 18 months rela-
tive to those who had a DAPT score of 2 or higher (ARI, 
0.38%) (see Figure 35-16).

Although such risk scores require validation in other 
data sets and with other agents, they represent a potential 
mechanism for individualizing the ischemic risk of a post-
MI patient and evaluating their benefit and risk with more 
long-term potent secondary prevention with antiplatelet 
therapy.

PRACTICAL APPROACH TO ANTIPLATELET 
THERAPY AFTER MYOCARDIAL INFARCTION

Although the evidence from large randomized, controlled 
trials supports the efficacy of antiplatelet therapy for long-
term secondary prevention of adverse events after MI, the 
multiple options for selection of individual agents and their 

combinations as well as the need to balance bleeding risk 
have complicated application of these findings in clinical 
practice. This section outlines our strategy for treatment 
with antiplatelet agents for secondary prevention after MI 
(Figure 35-17).

On the basis of the design of the supporting clinical tri-
als and possible heterogeneity in the benefit of therapy 
based both on time and stability after MI, we structure our 
decision making by first considering whether the patient 
is within 1 year of the most recent ACS. Patients whose 
most recent ischemic event is more distant in time (e.g., 2 
years ago) and who have been event-free on aspirin mono-
therapy for more than a year have shown themselves to be 
more stable and, broadly considered, appear to derive less 
benefit from additional antiplatelet therapy. Nevertheless, 
risk stratification in this latter population may identify 
individuals at persistent higher atherothrombotic risk who 
would benefit from the addition of a P2Y12 inhibitor and/
or a PAR-1 antagonist.

Patients Within 1 Year from the Most 
Recent Myocardial Infarction
The risk of recurrent atherothrombosis is highest during the 
first year after an MI, and net clinical outcomes are clearly 
improved by adding another antiplatelet agent to aspi-
rin during this period, with the exception of subgroups of 
patients with contraindications to antithrombotic therapy 
or at particularly high risk for serious bleeding. In patients 
without a history of previous stroke or TIA, very low body 
weight, or advanced age, we adhere to current professional 
society guidelines and use a third-generation P2Y12 inhibitor 
(ticagrelor or prasugrel). Among patients receiving clopido-
grel as the P2Y12 inhibitor, vorapaxar provides further reduc-
tion in major cardiovascular events. Insufficient experience 
has accumulated to allow assessment of the efficacy and 
safety of vorapaxar on top of ticagrelor or prasugrel. In coun-
terbalancing the risk of bleeding and considerations of cost 
of therapy, it appears reasonable to be selective in choosing 
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FIGURE 35-15 The absolute risk difference in the composite of cardiovascular (CV) death, myocardial infarction (MI), or stroke with vorapaxar versus placebo 
in patients with previous MI and no history of stroke or transient ischemic attack (TIA) by risk score category (0, left; 1-2, middle; ≥3, right). ARR, Absolute risk 
reduction; ITT, Intention-to-treat analysis NNT, number needed to treat.
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ACS

Heightened Bleeding Risk
Consider less intensive strategy 

•  Requires full dose anticoagulation
•  Advanced age (≥75 years)
•  Prior stroke/TIA/ICH
•  Low body weight (<60 kg)
•  Recent surgery/major bleeding/coagulopathy

Heightened Ischemic Risk
Consider more intensive strategy 
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FIGURE 35-17 A schema for considering antiplatelet and anticoagulant therapies as secondary prevention after myocardial infarction. ACS, Acute coronary 
syndrome; ASA, acetylsalicylic acid [aspirin]; CABG, coronary artery bypass grafting; ICH, intracranial hemorrhage; PAD, peripheral arterial disease; PAR-1, protease-activated 
receptor 1; TIA, transient ischemic attack.
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P values are for comparison of risk differences across DAPT Score category (interaction).
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FIGURE 35-16 The absolute risk difference in efficacy and safety events with extended-duration clopidogrel versus placebo on a background of aspirin, strati-
fied by DAPT risk score (<2 in purple, >2 in yellow). (From Yeh RW, Secemsky E, Kereiakes DJ, et al: LBCT 03: individualizing treatment duration of dual antiplatelet therapy 
after percutaneous coronary intervention: an analysis from the DAPT study. JAMA 315:1735-1749, 2016.)
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candidates for “triple” antiplatelet therapy. Net clinical out-
comes with the addition of vorapaxar are most favorable in 
patients with high-risk features (e.g., diabetes mellitus, previ-
ous bypass surgery, heightened risk as indicated by a clinical 
risk score). An alternative strategy that has shown efficacy in 
this setting, started early after stabilization from ACS, is the 
addition of rivaroxaban 2.5 mg (a very-low-dose anticoagu-
lant); however, this therapy is not currently approved for this 
indication in the United States (see Chapter 21).

Patients at 1 Year from Myocardial 
Infarction
At 1 year from MI, patients should be evaluated for a long-
term antiplatelet strategy. Important considerations include 
assessing their ischemic risk versus their bleeding risk (e.g., 
previous stroke/TIA, low body weight, known bleeding dia-
thesis) and their demonstrated ability to tolerate antiplatelet 
therapy. We generally continue the P2Y12 inhibitor in patients 
with high-risk ischemic features as studied in clinical trials 
(e.g., age of 65 years or older, non–end-stage renal dysfunc-
tion, diabetes mellitus [treated], multiple previous MIs, or 
multivessel coronary disease) who are tolerating the com-
bination of aspirin and a P2Y12 inhibitor. Patients receiving 
clopidogrel as their P2Y12 inhibitor also may benefit from 
the addition or continuation of vorapaxar for long-term sec-
ondary prevention. As already described, risk stratification 
for recurrent atherothrombosis is useful in identifying can-
didates for the addition of vorapaxar.

For patients who are being treated with ticagrelor 90 
mg twice daily and will continue the P2Y12 inhibitor, the 
ticagrelor dose should be down-titrated to 60 mg twice 
daily, because this regimen has been shown to have simi-
lar efficacy and better tolerability in the setting of long-term 
secondary prevention. Patients who are withdrawn from 
therapy may be at heightened risk for ischemic events, par-
ticularly in the ensuing 3 months. This risk is apparent even 
beyond 1 year from MI.

Patients Beyond 1 Year from Myocardial 
Infarction
In patients who are tolerating DAPT with aspirin and a P2Y12 
inhibitor or vorapaxar, we generally continue therapy for 
long-term secondary prevention unless new concerns for 
increased bleeding risk have emerged. Patients receiving 
aspirin monotherapy who last took a P2Y12 inhibitor within 
the past year may benefit from adding ticagrelor 60 mg twice 
daily, clopidogrel, or vorapaxar, particularly if they have indi-
cators of high atherothrombotic risk. Selected patients who 
have done well for more than a year on aspirin alone and 
had no ischemic complications were unlikely to benefit 
from the addition of ticagrelor 60 mg twice daily or vora-
paxar; however, subgroups within this stable population may 
still be at high ischemic risk (e.g., those with diabetes, poly-
vascular disease, or multiple previous MIs). Additional data 
from clinical risk scores, biomarkers, and genetics are likely 
to continue to improve risk stratification in this population.

When to Stop P2Y12 Inhibitor or Protease-
Activated Receptor 1 Antagonist Therapy
Currently only limited data are available for reliably pre-
dicting bleeding risk within populations of patients with 

previous MI. Patients with previous stroke or TIA, previous 
intracranial bleeding, low body weight, bleeding diathesis, 
or history of spontaneous bleeding are likely to be at height-
ened bleeding risk and generally should be considered for 
shorter durations of intensive regimens. Patients without 
these factors who are tolerating therapy generally should 
continue. Persons who are unable to tolerate therapy on 
account of bleeding or other adverse effects may choose 
to stop. It should be recognized that in trials of antiplatelet 
therapy, patients most often stop for adverse events, includ-
ing bleeding episodes, that generally are categorized as 
“nonserious” by clinical trial standards. Patients whose man-
agement plan includes frequent procedures requiring treat-
ment cessation also may choose to stop. Future risk scores 
may identify additional characteristics or dynamic factors 
that improve prediction of bleeding risk.

SUMMARY

In addition to its near-term complications, MI reflects an 
underlying diffuse and chronic condition with a natural 
history marked by a “stuttering” clinical course and by a 
substantial risk of recurrent atherothrombosis that extends 
for years beyond the initial acute event. This disease state is 
characterized by a risk not only of recurrent MI but also of 
future stroke and complications of peripheral arterial dis-
ease; events that lead to permanent disability and shorten 
lifespan. The history of MI, therefore, is an indication to the 
clinician of an underlying condition that warrants chronic 
treatment.

Antiplatelet therapy not only is effective in managing the 
acute event but also mitigates the long-term risk of recur-
rence. As with anticoagulant therapy for atrial fibrillation, 
an inherent risk of bleeding must be balanced against the 
potential prevention of irreversible harm such as ischemic 
stroke or MI, with this tradeoff warranted in selected patients. 
In the coming years, more sophisticated strategies for assess-
ing this risk-benefit balance, including clinical risk models, 
genetics, and biomarkers, are likely to become available to 
facilitate such therapeutic risk stratification with increasing 
greater precision.

A number of open questions remain regarding the optimal 
type and duration of antiplatelet therapy after MI. The effi-
cacy and safety of aspirin in the setting of third-generation 
P2Y12 inhibitors are being evaluated in trials in patients with 
a history of ACS. The removal of aspirin offers the potential 
to simplify treatment regimens and reduce bleeding risk. 
Additionally, the efficacy and safety of vorapaxar when 
added to prasugrel or ticagrelor (with or without aspirin) 
are unknown. The optimal approach to antiplatelet therapy 
in patients with previous MI who require anticoagulation is 
unknown and under investigation.
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INTRODUCTION

Improvement in the acute treatment of myocardial infarc-
tion (MI) has made it possible for many patients to survive 
an initial MI and subsequently be exposed to the risk of 
recurrent MI and/or of heart failure (HF). The acute isch-
emic and reperfusion myocardial injury (see Chapter 24), as 
well as the acute hemodynamic effects of MI (see Chapter 
25) and the potential complications of MI (see Chapter 26), 
are described elsewhere in this book (see also Chapter 13). 
The chronic consequences of MI leading to global structural 
and functional changes to the heart are summarized in a 
process known as adverse ventricular remodeling. The desig-
nation “adverse” refers both to the disadvantageous changes 
from a hemodynamic standpoint and to the negative prog-
nostic implications of the process. This chapter reviews the 
definition of ventricular remodeling, its macroscopic and 
microscopic characteristics, and the therapeutic approaches 
to mitigation of adverse remodeling. The role of stem cell 
therapy in MI is, however, treated separately (see Chapter 22).

DEFINITION OF ADVERSE VENTRICULAR 
REMODELING

Experimental animal models and longitudinal follow-up 
studies in patients with large non-reperfused MI have led to 
the identification of a dynamic process involving the heart 
muscle occurring after the MI, yet separate and largely inde-
pendent from the initial ischemic changes. The definition of 
ventricular (or cardiac) remodeling refers to changes in size, 
shape, thickness, and elastance of the left and/or right ventri-
cles involving both the infarcted and noninfarcted myocardial 
segments, and leading to impairment of regional or global sys-
tolic contractility and of diastolic function (Table 36-1). The 
changes may progress for weeks and months after MI and 
lead to worsening left ventricular dilation and systolic dys-
function, HF symptoms, need for hospitalization, and prema-
ture death (Figure 36-1). Quantitative evaluation of ventricular 

remodeling can therefore be used to predict clinical outcome 
and the therapeutic effects of a drug or device intervention.1

Larger infarct size, greater extent of initial wall motion 
abnormalities, and greater initial reduction in global sys-
tolic function are all independent predictors of adverse 
ventricular remodeling (Table 36-2). Ventricular dilation, 
indeed, begets further dilation. Accordingly, in the pre-reper-
fusion era, adverse ventricular remodeling—defined as a 
significant increase in left ventricular end-diastolic volume 
(relative increase greater than 25%) or a reduction in left 
ventricular ejection fraction (LVEF) (decreasing to below 
45%)—was seen in more than one half of MI survivors. The 
degree of adverse remodeling was associated with mortality, 
and despite close follow-up, the mortality rates in MI survi-
vors after hospital discharge exceeded 5% and 10% at 1 and 
12 months, respectively. The advent of reperfusion strategies 
has changed the treatment and revolutionized the natural 
history of MI (see Chapter 2 and Chapter 13). In the current 
reperfusion era with primary percutaneous coronary inter-
vention (PCI), not only has acute in-hospital MI mortality 
significantly decreased, but a majority of MI survivors have 
preserved left ventricular systolic function (at discharge 
and at 1-year follow-up evaluation), and correspondingly, 
the 1-year survival rate for MI survivors generally is excellent 
(greater than 97%). Despite the marked improvement in sur-
vival, the incidence of HF after MI is rising.2 This shifting inci-
dence probably reflects multiple concurrent influences: (1) 
Higher-risk patients with MI are surviving the acute MI yet 
remain at risk for HF; (2) patients presenting with MI consti-
tute an older age group than before and thus may have sur-
vived a previous MI, have more comorbid illnesses, and be 
at risk for preexisting HF; and (3) among today’s physicians, 
recognition of HF symptoms has improved. Of note, not all 
patients with HF after MI have systolic dysfunction. Indeed, 
the incidence and prevalence of HF with preserved LVEF—
“diastolic HF”3—are rising, reflecting that impairment in 
diastolic function can occur independently of changes in 
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CV risk factors Coronary artery
atherothrombosis

Pulmonary venous
congestion

Pulmonary arterial
hypertension

Increased
atrial

pressure

Adverse
ventricular
remodeling

Heart failure

Ischemia
reperfusion

Edema
Inflammation
Contractile
dysfunction

Fibrosis

Acute
myocardial
infarction

Infarct expansion

LV dilatation

Impaired cardiac systolic
and diastolic function

Neurohormonal
activation

Increased SVR

Sodium/water
retentionSystemic venous

congestion

Hepatic congestion

FIGURE 36-1 Adverse ventricular remodeling after acute myocardial infarction (MI). Acute coronary artery atherothrombosis is the most common cause of acute MI. 
The ensuing ischemia induces an acute injury to the myocardium and initiates an intense inflammatory response. The acute hemodynamic effects of MI are amplified by struc-
tural and functional changes in the infarct border zone and remote myocardium, and by a systemic neurohormonal and inflammatory response. Impaired cardiac systolic and 
diastolic function and increased filling pressures with pulmonary and systemic venous congestion lead to the syndrome of heart failure. CV, Cardiovascular; LV, left ventricular; 
SVR, systemic vascular resistance.

Infarct Segment

Edema
Scar formation
Contractile dysfunction
Wall thinning → aneurysm  

formation

Border Zone Segment

Increased wall stress → infarct  
expansion

Hypertrophy

Non-Infarct Segments

Increased wall stress
Hypertrophy

Global Dimensions

Eccentric hypertrophy
Dilation

Systolic Function

Regional → global dysfunction

Diastolic Function

Impaired relaxation
Elevated filling pressures

Dimensions and Function of the Atria

Atrial enlargement
Atrial fibrillation

Valvular Function

Functional mitral regurgitation
Functional tricuspidal regurgigation

Electrical Function

Conduction block (AV block, BB block)
Increased automaticity
Reentrant tachycardia

Neuroautonomic Function

Increased sympathetic tone
Decreased parasympathetic tone

Systemic Vascular Function

Increased systemic vascular resistance
Systemic venous hypertension
Reduced venous capacitance

Pulmonary Vascular Function

Pulmonary venous congestion
Post-capillary arterial hypertension
Reactive precapillary arterial hypertension

AV, Atrioventricular; BB, bundle branch.

TABLE 36-1 Structural and Functional Changes in Adverse Left Ventricular Remodeling
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global systolic function, and it is common in the general 
population, as well as in the post-MI population. In a recent 
study in patients with ST-elevation myocardial infarction 
(STEMI) a restrictive diastolic filling pattern at echocardiog-
raphy was associated with a five-fold increased risk of HF 
or cardiogenic shock, even in those patients with preserved 
left ventricular systolic function, whereas the association of 
restrictive diastolic pattern and depressed left ventricular 
systolic function (LVEF less than 45%) was associated with 
greater than an eight-fold increased risk.

CELLULAR AND MOLECULAR MECHANISMS

Although the original description of adverse remodeling refers 
to macroscopic changes, research over the past decades has 

identified a cellular and molecular remodeling process that 
precedes and causes the macroscopic changes of ventricular 
remodeling. The myocardium is composed of cardiomyocytes, 
endothelial cells, fibroblasts, and resident and infiltrating 
leukocytes (see also Chapter 4). Each of these cellular com-
ponents plays a role in preventing or promoting adverse  
ventricular remodeling (Figure 36-2).

Cardiomyocytes
Cardiomyocyte death is the hallmark of MI, and the release 
of sarcomere proteins (i.e., troponins) in the bloodstream is 
used to diagnose acute MI (see Chapter 6 and Chapter 7). The 
acute phase of cardiomyocyte death by oncosis or necro-
sis, referring to cell death with swelling and rupture, peaks 

  Cardiomyocyte Endothelial cell Fibroblast Leukocyte

 Ischemic core/ Necrosis Necrosis/apoptosis Necrosis/ Cytokine release
 infarct zone Apoptosis/necroptosis Loss of cell-cell contact apoptosis Phagocytosis
  Stunning Chemiotaxis  Release of proteases
     Cytotoxicity

 Infarct Hibernation/hypertrophy Neo-angiogenesis Myofibroblast Cytokine release
 border Degeneration/vacuolization (granulation tissue) Collagen synthesis Proteases
 zone Apoptosis/pyroptosis  (scar formation) Cytoxicity

 Noninfarcted Hypertrophy  Collagen synthesis
 remote Apoptosis  (interstitial fibrosis)
 myocardium

 Role in Loss of contractile Impaired tissue Scar formation Inflammatory
 promoting myocardium perfusion Increased cardiac injury
 adverse Impaired diastolic Inflammation stiffness
 ventricular function
 remodeling  

FIGURE 36-2 Contribution of the different cellular components in ventricular remodeling. The ventricular remodeling after acute myocardial infarction involves all 
the different cellular components. The cardiomyocyte represents the contractile structure of the heart, a loss of viable cells and/or an impairment in contractility or relaxation 
represent the central events in the progression toward adverse ventricular remodeling and heart failure. The entire myocardial structure needs to be preserved, however, for the 
cardiomyocytes to exert their contractile function resulting in cardiac systole. The myocardium has a very well-developed capillary structure. Endothelial cell dysfunction and/or 
injury undermine the tissue perfusion during acute myocardial infarction and infarct healing. The heart is rich in fibroblasts, responsible for creating and maintaining a strong 
interstitial connective tissue able to support the intense forces associated with cardiac systole. The fibroblasts are also responsible for creating a thick infarct scar opposing the 
tendency of the infarct area to deform and dilate (aneurysm). Leukocytes are recruited to the heart after ischemic injury, and while inflammation is necessary for infarct healing 
and debris clearance, an exaggerated inflammatory response can promote further injury and delay infarct healing.

Infarct Size

Length, mass, or volume
Transmurality
Microvascular obstruction (no reflow)
Previous infarct in other segment(s)
Anterior location

Wall Motion Abnormalities

Number of segment(s)

Systolic Function

Left ventricular ejection fraction
Systolic strain pattern

Diastolic Function

Diastolic pattern (I-IV)
Impaired LV filling (elevated E/E′ ratio)
Diastolic strain pattern
Filling pressures
Natriuretic peptides

Cardiac Dimensions

End-diastolic and end-systolic diameter and volume
Left ventricular mass

Valvular Function

Mitral regurgitation
Aortic valvular regurgitation or stenosis

Clinical Conditions

Male sex
Advanced age or other conditions of senescence
Systemic arterial hypertension
Diabetes mellitus
Chronic glucocorticoid use

Biomarkers

Biomarkers of myocardial necrosis
Leukocyte count with neutrophilia
Red blood cell distribution width (RDW)
C-reactive protein
Galectin-3
Soluble ST2
Natriuretic peptides—brain natriuretic peptide (BNP), N-terminal pro-BNP 

(NT-proBNP)

TABLE 36-2 Predictors of Adverse Left Ventricular Remodeling

E/E’ ratio, Ratio of transmitral E wave velocity to mitral annulus tissue Doppler velocity E’.
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within 24 to 48 hours of the onset of ischemia. Reperfusion 
provides rescue of the injured-but-salvageable cardiomyo-
cytes but accelerates the demise of the nonsalvageable 
cardiomyocytes (see Chapter 24). Morphologic and molec-
ular studies in acute MI have shown that multiple overlap-
ping modalities of cell death contribute to the infarct core. 
Although the exact nature and nomenclature of cell death 
in MI is a subject of debate, apoptosis generally refers to a 
“silent”’ form of cell death, and all these forms of cell death 
are characterized and differentiated from oncosis, by the fact 
that they are mediated by active, energy-dependent, signal-
ing processes. Necroptosis also is referred to programmed 
cell death but while it is an energy-dependent, coordinated 
process, it shares morphologic features of necrosis (i.e., 
cell rupture). Loss of cardiomyocytes continues for days to 
weeks after MI, occurring mainly in the myocardium border-
ing the infarct (border zone), and promoting progression 
toward adverse ventricular remodeling and HF.4

The surviving cardiomyocytes in the border zone dis-
play structural and functional changes. These cells often 
are described as “degenerated,” “myofibrillarlytic,”  
“vacuolized,” or “autophagic” cardiomyocytes and exist in a 
delicate balance between death and survival.4 These changes 
lead to impaired contraction, with increased risk of infarct 
expansion and of arrhythmogenesis. Cardiomyocytes in the 
remote myocardium, by contrast, are subject to prohypertro-
phic stimuli such as increased wall stress (stretch) and locally 
or systemically released neurohormones—such as angioten-
sin II, aldosterone, and norepinephrine—or inflammatory 
mediators—such as interleukin-1β (IL-1β) and tumor necro-
sis factor-α (TNF-α). Increases in the cardiomyocyte cross-
sectional area or volume (hypertrophy) and development of 
interstitial fibrosis without a parallel growth in the capillary 
bed lead to an imbalance between perfusion and demand as 
a consequence primarily of an impaired diffusion (increased 
distance between the capillary oxygen content and the car-
diomyocyte mitochondria) and an impaired diastolic relax-
ation and increased intracavitary filling pressures, thereby 
further reducing the subendocardial perfusion gradient.

The imbalance in perfusion-versus-demand and the 
neurohormonal and proinflammatory milieu promote 
cardiomyocyte diastolic and systolic dysfunction and 
transition from prohypertrophy to proapoptosis signaling. 
This process results in further loss of viable myocardium, 
further stimulation of the compensatory mechanisms, in 
a vicious circle, leading to progressive ventricular remod-
eling and HF.4 Loss of contractile function and impaired 
relaxation in cardiomyocytes are, therefore, major contrib-
utors to adverse ventricular remodeling and HF after MI 
(see Chapter 25).

Endothelial Cells
The endothelium regulates the transit of oxygen and nutrients 
between the blood and the cardiomyocytes. Endothelial cells 
are exquisitely sensitive to ischemia. Death of endothelial 
cells precedes and promotes cardiomyocyte death in isch-
emia, through the release of proapoptotic factors. There is no 
restitutio ad integrum (restoration to original condition) after 
infarction in the heart—largely owing to the fact that once 
the vascular integrity is compromised, the microvasculature 
is not reestablished in a functional way.5 The capillary net-
work in the infarct area resembles the granulation tissue in a 
wound with short, ectatic, and chaotically distributed capillar-
ies. The endothelium also regulates adhesion and migration 

of the leukocytes during the repair phase. Proinflammatory 
changes in endothelial cells occur within minutes of onset of 
ischemia and persist for weeks. Loss of microvascular integ-
rity is considered to be responsible for the lack of tissue level 
reperfusion despite the epicardial coronary revascularization 
that is occasionally seen in MI (“no reflow” phenomenon) 
and portends greater myocardium loss and adverse remodel-
ing changes (see Chapter 24).5

Fibroblasts
The heart contains a large number of fibroblasts.6 The inter-
stitial collagen matrix in the myocardium is essential to 
maintain the myocardial structure compact during systole, 
when intense tension forces are applied. If the connective tis-
sue was not present or if it had reduced tensile strength, the 
heart would “break” during systole by “leaking” at the points 
of least resistance. This matrix is carefully maintained by the 
resident fibroblasts. When the pressure in the heart increases, 
such as with systemic arterial hypertension or aortic valve 
stenosis, the collagen content increases in parallel. During 
acute MI, the infarct area undergoes a necrotic process that 
significantly reduces the tensile strength. Leukocyte-derived 
collagenases further weaken the infarct area by breaking 
up connective tissue. As a compensatory mechanism to the 
increased wall stress (stretch), fibroblasts proliferate and dif-
ferentiate into myofibroblasts, which align along the ventric-
ular wall, providing a partial contraction during systole and 
producing large amounts of collagen. These changes pro-
vide an opposing resistance to the systolic forces that would 
promote outward excursion of the infarct zone and rupture.6 
Inflammatory cytokines, however, inhibit fibroblast prolifera-
tion and collagen synthesis, so unresolved inflammation 
delays infarct healing and repair (see also Chapter 4).

In the pre-reperfusion era, when infarcts were larger and 
more likely to be fully transmural, the incidence of cardiac 
rupture 3 to 5 days after MI was not negligible, with reported 
rates of 1% to 2%. With prompt reperfusion, the wavefront 
phenomenon of ischemic death is aborted, and the infarct 
more often involves 25% to 75% of the ventricular wall, leav-
ing an epicardial rim of viable myocardium, and making car-
diac rupture rather rare (less than 0.1%).

Another critical role of the fibroblast is the synthesis of 
collagen to progressively substitute the infarct area with a 
fibrotic scar. Although impairment in collagen deposition 
reduces tensile strength and promotes dilation and aneu-
rysm formation, excessive collagen deposition may promote 
HF by increasing ventricular stiffness, leading to diastolic 
dysfunction and impaired filling.

Leukocytes
Leukocytes occupy a central role in the tissue response to 
injury (see also Chapter 4).7 During MI, myocardial inflam-
mation peaks between 24 and 96 hours and then gradu-
ally resolves within 2 to 4 weeks. Injury is associated with 
the release of danger-associated molecular patterns trig-
gering the formation of a macromolecular structure, the 
inflammasome, which initiates and amplifies the inflam-
matory response by releasing large amounts of IL-1β and 
IL-18. Although some degree of inflammation probably is 
necessary for normal healing, an exuberant inflammatory 
response promotes myocardial dysfunction, edema, infarct 
expansion, cell death in cardiomyocytes in the border zone, 
and worsening systolic and diastolic function. Resolution 
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of the inflammatory response is a physiologic response 
that limits unnecessary edema, stiffness, and dysfunction. 
A delay in inflammation resolution, therefore, represents an 
additional potential pathogenetic mechanism of adverse 
ventricular remodeling.

Elevated levels of C-reactive protein (CRP) and other 
inflammatory biomarkers measured at hospital admission, 
during the first 2 to 5 days, or at discharge consistently predict 
adverse ventricular remodeling and HF.8 Elevated CRP levels 
independently predict impaired diastolic function in patients 
with acute MI, independent of impaired systolic function.

DETERMINANTS OF ADVERSE VENTRICULAR 
REMODELING

Timely Reperfusion and “No Reflow”
Infarct size is the single most important predictor of adverse 
remodeling, and it is linearly dependent on the amount of 

myocardial salvage by reperfusion (“time is muscle”). As 
such, lack of timely reperfusion due to ineffective treatment 
or delayed presentation portends an unfavorable prognosis. 
Impaired tissue-level reperfusion, or “no reflow,” relates to 
persistence of microvascular obstruction despite epicardial 
coronary artery patency.5 Reduction of time to reperfusion—
including initiation of treatment before hospital arrival and 
optimization of antiplateletet and anticoagulant therapies—
appears to favor more complete reperfusion, to prevent no-
reflow, and to combat adverse remodeling changes (see 
Chapter 13). The exact duration of the myocardial salvage 
window in patients with MI is not established (Figure 36-3). 
In the early fibrinolysis trials, the benefits of reperfusion 
were largest within the first 6 hours and minimal between 
13 and 24 hours (see Chapter 15). By contrast, in a study in 
which primary PCI for MI was performed between 12 and 48 
hours, primary PCI led to measurable myocardial salvage as 
compared with medical therapy and a subsequent survival 
benefit at 4-year follow-up versus medical therapy alone.9

Coronary artery
atherothrombosis

Adverse remodeling
and heart failure

Significant
myocardial salvage

Minor
myocardial salvage

No
myocardial salvage

Salvage-dependent
benefits

(”time is muscle”) Salvage-independent benefits
(”open artery hypothesis”)

Reperfusion
 0–6 hours 7–48 hours > 2 days 

Early No Subacute Late
 reflow

Increasing risk of adverse remodeling and heart failure

No reperfusion

FIGURE 36-3 Effect of reperfusion on adverse remodeling and heart failure. Prompt reperfusion during acute myocardial infarction prevents adverse ventricular 
remodeling and heart failure by providing significant, time-dependent myocardial salvage. In the pre-reperfusion era, large transmural infarcts were associated with early cardiac 
dilation, wall rupture, heart failure, and cardiac death. Impaired tissue reperfusion despite epicardial coronary artery patency (“no reflow”) or delayed reperfusion leads to a 
significantly smaller extent of myocardial damage, with improved clinical outcomes, compared with no reperfusion. Late reperfusion, beyond the window of opportunity for 
myocardial salvage, is considered to be potentially beneficial in selected patients, providing time- and salvage-independent protection (“open artery hypothesis”).
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Delayed Reperfusion and the “Open Artery Hypothesis”
Patients who have not received early reperfusion are at sig-
nificantly higher risk for adverse remodeling, HF, and death. 
The “open artery hypothesis” postulates that compared 
with no reperfusion, a delayed reperfusion of the infarct-
related artery provides a benefit that is independent of 
infarct sparing and, at least in part, time-independent. This 
hypothesis was largely based on longitudinal analysis of 
data from reperfusion trials in which it was apparent that 
patients with a patent infarct-related artery had a survival 
advantage after hospital discharge that remained highly 
statistically significant even after correction for infarct size 
and baseline left ventricular ejection fraction. The results 
of prospective randomized clinical trials, however, only 
partially support this hypothesis. The largest clinical trial 
randomly assigned more than 2000 patients 3 to 21 days 
after MI to undergo PCI or receive medical therapy and 
failed to show any advantage of late revascularization of 
a totally occluded artery. However, a meta-analysis of 5 
studies, including an echocardiographic substudy within 
the largest trial, showed a beneficial effect of late revascu-
larization of a totally occluded artery on left ventricular 
remodeling.10 The benefits of late revascularization were 
enhanced when the meta-analysis included studies also 
enrolling patients with significant yet non–totally occlusive 
disease of the infarct-related artery,9 suggesting that recur-
rent ischemia of the infarct border zone may jeopardize 
infarct healing and/or ventricular remodeling, and/or pro-
mote arrhythmias.

Hypertrophic Response
Compensatory hypertrophy of the noninfarcted myocar-
dium segments is, at least in part, protective. The ratio of the 
left ventricular diameter to wall thickness reflects the pro-
gression of the hypertrophic response relative to the magni-
tude of dilation. When the dilation prevails, it is referred to 
as eccentric hypertrophy, which is characterized by initially 
preserved cardiac output but also is linked to progressive 
dilation and systolic dysfunction (Figure 36-4). This pattern 
is seen more commonly in males.11 When the hypertrophy 
prevails, the pattern is called concentric hypertrophy, which 
is protected from progressive dilation but also is associated 
with more significant acute hemodynamic compromise, 
with significantly elevated filling pressures and reduced 
cardiac output. This pattern is seen more commonly in 
females11 (see Figure 36-4).

Cell Death, Senescence, and Regeneration
Postmortem studies in patients with recent MI and animal 
experimental studies show that cardiomyocyte death in the 
infarct, border zone, and remote myocardium continues for 
days and weeks after the initial insult, promoting adverse ven-
tricular remodeling.4 The roles of senescence and regeneration 
in MI and HF are not fully established. Advanced age and other 
conditions promoting senescence and/or impairing regenera-
tion ability (i.e., cancer, chemotherapy, chronic inflammatory or 
autoimmune disease, immunosuppressive therapies) are asso-
ciated with significantly worse ventricular remodeling.

Acute
ischemia

Concentric hypertrophy
Eccentric hypertrophy

Hypertrophic response

Acutely reduced Cardiac output Initially preserved
Diastolic heart failure Evolution Dilated cardiomyopathy
Atrial Arrhythmias Ventricular/atrial

FIGURE 36-4 Role of the hypertrophic response in ventricular remodeling. The loss of viable contractile myocardium induces an increased stress on the surviving 
myocardium which, in turn, triggers a hypertrophic response. The intensity of the hypertrophic response varies among individuals. It is affected by sex, cavitary dimensions, and 
afterload. The compensatory hypertrophic response may be sufficient to normalize wall stress without providing any negative effects. An insufficient hypertrophic response is 
associated with ventricular dilation (eccentric hypertrophy), which serves well to initially preserve cardiac output by allowing for an increased end-diastolic volume but ultimately 
generates more wall stress and promotes evolution toward a dilated cardiomyopathy, with increased risk for ventricular and atrial arrhythmias. An exuberant hypertrophic 
response may impair the initial compensatory increase in end-diastolic volume, leading to acutely reduced cardiac output and increased cardiac filling pressures (diastolic heart 
failure), while maintaining normal systolic function and preventing evolution toward dilated cardiomyopathy (concentric hypertrophy). Patients with concentric hypertrophy are 
at lower risk for ventricular arrhythmias yet remain at increased risk for atrial arrhythmias.
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36Fibrotic Response
As discussed earlier, impaired collagen synthesis may pro-
mote ventricular dilation and aneurysm formation; however, 
an exuberant response may make the ventricle excessively 
stiff with consequent impairment of left ventricular filling 
(Figure 36-5). Biomarkers of collagen synthesis and turnover 
predict adverse ventricular remodeling.12

Afterload, Preload, and Wall Stress
Increased wall stress (stretch) induces prohypertrophic, pro-
fibrotic, and proapoptotic signals in the heart. Preexisting 
systemic arterial hypertension is common in patients with 
MI and predicts unfavorable ventricular remodeling. This 
increased risk often is related to the presence of left ventric-
ular hypertrophy, which makes the myocardium more sensi-
tive to ischemia and to changes in preload and afterload. 
Elevated ventricular filling pressures during MI, secondary 
to impaired relaxation and/or fluid retention, reflect more 
severe hemodynamic compromise and predict worse out-
come. Accordingly, patients with significant aortic valvular 
stenosis have a similar unfavorable profile during MI. Aortic 
or mitral valvular insufficiency, leading to increased preload, 
generally are better tolerated but also provide an increased 
wall stress and stimulate ventricular dilation. Markers of 
abnormal wall stress—that is, natriuretic peptides—predict 
adverse cardiac remodeling and HF after MI.

Neurohormonal Activation
The translation of results of preclinical studies of neuro-
hormonal blockade to clinical trials in MI has been one of 

the greatest scientific and clinical successes in cardiology. 
In experimental models, large unreperfused MI induces an 
intense activation of the renin-angiotensin-aldosterone and 
sympathetic adrenergic systems. These systems respond to 
injury and hypoperfusion and are highly conserved through 
evolution. During acute MI, as a consequence of ischemia 
and injury, contractility drops and filling pressures rise, 
leading to a reduction in stroke volume and reflex vaso-
constriction and tachycardia in an attempt to maintain an 
adequate perfusion of vital organs. Although these mecha-
nisms are essential for the immediate survival during large 
MI, they also promote adverse ventricular remodeling and 
HF by favoring extension of the infarct size secondary to 
increased demand, infarct expansion from increased wall 
stress, and compensatory eccentric hypertrophy in response 
to increased afterload (Figure 36-6). The larger the infarct 
size and the initial hemodynamic compromise, the greater 
the degree of neurohormonal activation and more likely the 
progression toward adverse ventricular remodeling. In keep-
ing with these observations, inhibitors of the angiotensin-
converting enzyme (ACE) (or blockers of the angiotensin 
receptor), β-adrenergic receptor blockers, and aldosterone 
antagonists all reduce the likelihood and severity of adverse 
ventricular remodeling in high-risk MI (i.e., large-infarct and 
MI associated with depressed LVEF or HF symptoms).

Inflammation
More than a century ago, physicians noted that a low-grade 
fever during MI portended a poor prognosis. A long list of 
inflammatory biomarkers (see Chapter 8) have been shown 
to predict cardiac rupture, worse ventricular remodeling, HF, 

Acute
ischemia

Fibrotic response

Increased risk Cardiac rupture Reduced risk
Increased risk Aneurysm formation Reduced risk
Reduced Cardiac stiffness Increased
Dilated cardiomyopathy Evolution Diastolic heart failure

FIGURE 36-5 Role of the fibrotic response in ventricular remodeling. The infarcted myocardium is substituted by a fibrotic scar. Interstitial fibrosis also is increased in the 
noninfarcted myocardium in response to the increased wall stress. If a strong scar fails to form and the tensile strength of the cardiac wall is reduced, the risk of cardiac rupture 
and aneurysm formation is increased, in association with evolution toward dilated cardiomyopathy. On the other hand, if the fibrotic response is exuberant, then the cardiac 
stiffness is overly increased, and although the risk of rupture and aneurysm formation is reduced, filling pressures are markedly increased (leading to diastolic heart failure) .
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and death after MI independently of other variables such 
as infarct size or left ventricular systolic function, suggesting 
that an overzealous inflammatory response may promote 
further injury and adverse remodeling.7

In light of the enhanced ability of mankind to reduce 
microbial infection (due to improved hygiene conditions) 
and to fight them (with antimicrobials), the biology of the 
inflammatory response to injury now appears redundant. 
Toll-like and Nod-like receptors (TLR and NLR) and other 
sensors are essential to detect microbial infection, activate 
the inflammasome, and initiate the inflammatory response. 
The TLR and NLR receptors and the inflammasome, how-
ever, also are activated in sterile injury such as acute MI 
(see also Chapter 4).13 In the absence of a microbial fac-
tor, the inflammatory response generally is excessive in 
relation to the extent of injury. Although some degree of 
response is necessary to recruit leukocytes and clear the 
tissue debris, inflammation becomes itself a mechanism of 
disease. The mechanisms by which inflammation promotes 
further injury are related to promotion of cardiomyocyte 
death (by apoptosis or pyroptosis), impaired contractile 
function of the surviving cardiomyocytes, destruction of 
the interstitial tissue leading to reduced tensile strength of 
the myocardium, and impaired formation of a structured 
infarct scar (Figure 36-7).

Cardiac Electrical and Neuroautonomic 
Remodeling
Ventricular and atrial arrhythmias are significantly more 
common in patients with HF. The structural changes in 
heart muscle, primarily dilation and fibrosis, promote reen-
try and other arrhythmogenic mechanisms. In parallel 

with the changes in structure, the electrical function of 
the cardiomyocyte also is altered, and these changes too 
are considered to promote arrhythmias. Such functional 
changes are not the passive result of injury but rather 
energy-requiring adaptations known as cardiac electri-
cal remodeling.14 The exact mechanisms and the clinical 
implications of electrical remodeling are not well under-
stood to date. The heart is innervated by the sympathetic 
and parasympathetic nervous systems. HF is characterized 
by an imbalance in sympathetic/parasympathetic tone, 
with increased sympathetic tone and blunted parasympa-
thetic tone, which is considered to be another mechanism 
by which adverse remodeling promotes arrhythmias (see 
Chapter 28).15

TACKLING ADVERSE VENTRICULAR 
REMODELING IN CLINICAL PRACTICE

Ventricular remodeling is an established surrogate marker 
for disease severity after MI.1 Using the HF classification 
from the American College of Cardiology/American 
Heart Association (ACC/AHA), ventricular enlargement 
or dysfunction is referred to as “HF stage B”—structural 
heart disease predisposing to HF. Indeed, more extensive 
remodeling predicts HF symptoms, need for hospitaliza-
tion for HF, and premature death due to HF or arrhyth-
mias. Moreover, treatments that have shown to combat 
adverse ventricular remodeling also reduce late mortal-
ity related to MI. It is therefore a standard of care to assess 
cardiac dimensions and systolic function during the ini-
tial hospitalization in patients with acute MI, and then 
again within 6 months to identify high-risk subjects (see  
Chapter 13 and Chapter 30).

Angiotensin II

Aldosterone

Aldosterone receptor
blockers

Norepinephrine

Beta-adrenergic blockers

Hypertrophy
Fibrosis/apoptosis

Sodium/water retention
Increased afterload

ACE-inhibitors
AT2 receptor blockers
(renin inhibitors)

(–)

(–)

(–)

LA

LA

RA

RA

RV

RV

LV

LV

FIGURE 36-6 Neurohormonal activation and ventricular remodeling. The initial tissue injury and the hemodynamic consequences initiate a systemic neurohormonal 
activation characterized by the activation of the renin-angiotensin-aldosterone system and the neuroadrenergic sympathetic nervous system. Although these responses have been 
evolutionarily conserved to preserve mean arterial pressure during hypotension and may therefore be, in part, necessary for immediate survival in patients with acute cardiogenic 
shock, the same neurohormones promote the adverse ventricular remodeling and heart failure by directly promoting further cardiomyocyte loss and increased cardiac stiffness, 
and indirectly by promoting sodium and water retention by the kidneys and increasing afterload acting on the systemic vascular resistance. Neurohormonal blockade in patients 
with acute myocardial infarction is shown to prevent adverse remodeling, prevent heart failure, and prolong survival. ACE, Angiotensin-converting enzyme; AT2, angiotensin II; 
LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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Guideline-Recommended Medical Therapy
As discussed previously, timely reperfusion during MI is the 
mainstay of MI therapy and the first step in limiting infarct 
size and decreasing the likelihood of adverse remodeling. 
Once reperfusion and/or stabilization have been achieved, 
adjunctive medical therapy is indicated for the prevention 
of adverse ventricular remodeling (Table 36-3). Moreover, 
the ACC/AHA guidelines recommend stratification for the 
risk of HF in the patient with MI.

Angiotensin and Aldosterone Blockers
The use of ACE inhibitors in patients with AMI represents 
one of most illustrious successes of translational research. 
Research in animals with AMI had shown activation of 
systemic and regional activation of the renin-angiotensin 
system and identified in the ACE a limiting step in cas-
cade. Reduction of angiotensin II levels with ACE inhibi-
tors significantly improved the ventricular remodeling 
process, preventing adverse remodeling. The benefits on 
remodeling and HF were reproduced in phase II and III 
clinical trials and contributed to a significant reduction 
in AMI mortality in the pre-reperfusion era. Those clinical 
trials, however, showed that the benefits that accrued for 
the different blockers of the renin-angiotensin-aldosterone 
system were mostly limited to those patients already show-
ing signs of adverse remodeling before initiation of therapy 

(i.e., left ventricular enlargement or systolic dysfunction). 
Those patients with small infarct sizes or small areas of 
wall motion abnormalities and preserved global systolic 
function tended to do well, independently of treatment. 
With the advent of prompt reperfusion, infarct size tends 

Leukocyte

Fibroblast

Cardiomyocyte

Chemiotaxis

Endothelial cells

Adhesion

Migration

Amplification
of inflammatory

response

Systolic/diastolic
dysfunction

Additional
loss of functional myocardium

Dysfunctional
scar formation

Cardiodepressant
effect Induction

of cell death

Pro- and
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effects

IL-1β

IL-1βIL-1β

IL-1β

IL-1β

IL-1β
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TNF-α
TNF-α

TGF-β
IL-18
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FIGURE 36-7 Role of the leukocyte in the postinfarction inflammatory response. Leukocytes are recruited to the infarct area through the release of chemokines 
and the expression of adhesion molecules by endothelial cells. Activated leukocytes amplify the inflammatory response and promote further myocardial injury and dysfunction 
through the release of pro-inflammatory cytokines (interleukin-1β [IL-1β], interleukin-18 [IL-18], tumor necrosis factor-α [TNF-α], and transforming growth factor-β [TGF-β]) and 
through direct cytotoxicity.

TABLE 36-3 Medical Therapy to Prevent or Treat 
Adverse Ventricular Remodeling

MEDICATION

RECOMMENDATIONS IN 
PATIENTS WITH ACUTE MI
(IN ABSENCE OF 
CONTRAINDICATIONS)

β-Adrenergic receptor blocker(s) 	•	 	All	patients	(class	I, LOE B)

Angiotensin-converting enzyme 
(ACE) inhibitor(s)

	•	 	All	patients	(class	IIa,	LOE	A)
	•	 	Symptomatic	heart	failure	(class	I,	

LOE A)
	•	 	LVEF	<40%	(class	I,	LOE	A)
	•	 	Anterior	location	(class	I,	LOE	A)

Angiotensin receptor blocker(s) As an alternative to ACE inhibitor(s) 
(class I, LOE B)

Aldosterone antagonist(s) In addition to ACE inhibitor(s) if LVEF 
<40%	and:

	•	 	Symptomatic	heart	failure	(class	I,	
LOE B)

	•	 	Diabetes	mellitus	(class	I,	LOE	B)

LOE, Level of evidence; LVEF, left ventricular ejection fraction; MI, myocardial infarction.
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to be smaller and the initial hemodynamic effects tend 
to be less pronounced. The efficacy of these inhibitors in 
the setting of reperfused AMI with preserved left ventricu-
lar systolic function is not established, so treatment with 
angiotensin or aldosterone blockers is recommended 
for those patients with MI and either reduced global sys-
tolic function, symptoms of HF, anterior infarct location in 
STEMI, or diabetes (see also Chapter 25).

β-Adrenergic Blockers
β-Adrenergic blockers (β-blockers), on the other hand, are 
recommended for oral therapy, to be started at low doses, 
primarily to reduce the arrhythmic and ischemic risk in all 
patients with MI (see Chapter 13). Whether β-blockers also 
prevent adverse remodeling in all circumstances is controver-
sial, and systematic use of higher doses of β-blockers during 
MI increases the risk of hypotension and cardiogenic shock.

Other Pharmacologic Therapies
Whether adjunctive treatments for MI, such as 3-hydroxy-
3-methylglutaryl–coenzyme A (CoA) reductase inhibitors, 
statins, and antiplatelet therapies, have any effect on adverse 
remodeling is not established.

ONGOING CLINICAL AND TRANSLATIONAL 
RESEARCH

Anti-Inflammatory Therapies
An intense organized inflammatory response is triggered 
after myocardial ischemia and necrosis and involves all com-
ponents of innate immunity, affecting both cardiomyocytes 
and noncardiomyocyte cells. Inflammation is triggered by  
tissue injury. The inflammatory response mediates wound  
healing and scar formation and affects ventricular remod-
eling. Despite a wealth of preclinical research, many thera-
peutic attempts aimed at reducing inflammation in acute 
MI during the past several decades have failed to translate 
to the clinical setting owing to impaired healing, increased 
risk of cardiac rupture, or lack of additional benefit in addi-
tion to standard therapies (Table 36-4).16 To date, therefore, 
there are no targeted anti-inflammatory therapies proven to 
prevent or treat adverse left ventricular remodeling.16

Nonspecific Anti-Inflammatory Agents
Steroids
Glucocorticoids are powerful anti-inflammatory agents 
acting on genomic and nongenomic pathways and are 

TABLE 36-4 Overview of Clinical Trials with Anti-Inflammatory Therapies

INTERVENTION PRECLINICAL RESEARCH PHASE II CLINICAL TRIALS
PHASE III CLINICAL 
TRIALS NOTES/COMMENTS

Glucorticoids 
(methylprednisolone, 
prednisone, 
hydrocortisone)

Mixed results, depending on 
ischemic model and species 
used

Conflicting results in the many 
phase II clinical trials

No large phase III trial 
completed

Meta-analysis of phase II 
trials shows no harm,and 
a trend toward a small 
beneficial effect in terms 
of recurrent MI.

Glucocorticoids have many 
undesired effects such as 
sodium/ volume retention, 
hyperglycemia, and 
impaired healing.

NSAIDs (diclofenac, 
ibuprofen, aspirin 
[high-dose])

Mixed results, depending on 
ischemic model and species 
used

Conflicting results in the many 
phase II clinical trials

None available NSAIDs increase risk of 
gastrointestinal bleeding, 
increase blood pressure, and 
increase risk of thrombotic 
events.

Integrin-targeted 
blockers (recombinant 
human antibody 
against CD18, 
Hu23F2G, inclacumab)

Favorable results in animal 
models of myocardial 
ischemia-reperfusion injury

Phase II clinical trials, including 
between	394	and	544	patients	
each, showed no beneficial 
effects or effects inconsistent 
across endpoints.

None available None of these drugs are 
currently used in clinical 
practice.

Inhibitors of the 
complement cascade 
(pexelizumab)

Favorable results in animal 
models of myocardial 
ischemia- reperfusion injury

Phase II clinical trials negative for 
the primary endpoint of infarct 
size	reduction,	but	reduced	90-
day mortality with pexelizumab 
with bolus and infusion

Phase III clinical failed to 
confirm the beneficial 
effects of pexelizumab.

Beneficial effects of 
pexelizumab have been 
reported in patients 
undergoing cardiac surgery.

Interleukin-1 blocker 
(anakinra)

Favorable results in animal 
models of myocardial 
ischemia-reperfusion and 
of ischemic cardiomyopathy 
without reperfusion

Two very small pilot studies suggest 
a beneficial effect of anakinra 
on the incidence of heart failure 
after STEMI.

A third phase II study is ongoing.

None available. A 
secondary prevention 
trial is ongoing.

Anakinra is widely used to 
treat rheumatoid arthritis 
and other autoinflammatory 
disease. Anakinra has an 
established safety profile.

Plasma derived alpha-1 
antitrypsin (Prolastin C)

Favorable results in animal 
models of myocardial 
ischemia-reperfusion and 
of ischemic cardiomyopathy 
without reperfusion

A small pilot study showed safety 
of Prolastin C infusion in patients 
with STEMI.

None available Used as replacement therapy 
for patients with genetic 
deficiency. Prolastin C has 
an established safety profile.

Metalloproteinase 
inhibitors	(PG-116800,	
doxycycline)

Favorable results in animal 
models of myocardial 
ischemia-reperfusion and 
of ischemic cardiomyopathy 
without reperfusion

Doxycycline showed a significant 
improvement in ventricular 
remodeling versus placebo at 6 
months in patients with  
STEMI	and	LVEF	<40%.

None available Doxycycline is widely available 
and has an established 
safety profile.

LVEF, Left ventricular ejection fraction; MI, myocardial infarction; NSAIDs, nonsteroidal anti-inflammatory drugs.
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commonly used in a variety of clinical conditions. The clini-
cal trials of glucocorticoids in patients with MI have shown 
conflicting results. Early concerns regarding impaired 
infarct healing—arising seen in the pre-reperfusion era—
are not supported by findings in the more recent clinical 
trials, and such impairment either is only seen in some sub-
set of patients (e.g., those with long-term steroid use, first 
MI, or transmural MI without reperfusion) or is more of a 
perceived rather than a real effect. However, glucocorticoids 
also have an effect on water retention, edema, hyperglyce-
mia, and muscular atrophy. Therefore current guidelines 
advise against the use of glucocorticoids in acute MI.16

Nonsteroidal Anti-Inflammatory Drugs
Nonsteroidal anti-inflammatory drugs (NSAIDs) also are 
broad anti-inflammatory agents inhibiting the produc-
tion of prostanoids. Observational studies in MI in the pre- 
reperfusion era showed an association between NSAID use 
and worse clinical outcomes and an association with ven-
tricular rupture. NSAIDs also led to a significant increase in 
blood pressure values, reduced renal blood flow, increased 
platelet aggregation, and increased risk of gastrointestinal 
bleeding. Therefore current clinical guidelines recommend 
against NSAID treatment and actively recommend NSAID 
discontinuation at the time of STEMI.16

Inhibition of Targeted Inflammatory Processes
Leukocyte Adhesion and Migration
A more targeted approach, inhibiting leukocyte adhesion 
and migration, has been tested with antibody-derived tech-
nologies blocking integrins, which are contact molecules 
expressed on the cell surface of neutrophils, platelets, or 
endothelial cells. Clinical trials blocking the key integrins, 
such as CD11, CD18, and P-selectin, failed to show clear 
improvement in infarct healing or clinical outcomes.16  
A possible explanation for negative results with these agents 
is that the duration of ischemia observed in trials is longer 
than that in experimental models of ischemia-reperfusion, 
leading to irreversible endothelial cell barrier damage and 
thus limiting the efficacy of the proposed intervention.

Complement Cascade
The complement cascade is activated early during acute 
MI and actively participates in ischemia-reperfusion injury, 
activating leukocytes and endothelial cells, increasing pro-
inflammatory cytokine release, and causing cardiomyocyte 
cell death. Despite promising preclinical research, favorable 
safety/tolerability studies, and positive signals from phase II 
studies, the phase III clinical trials with complement cascade 
inhibitors failed to show the proposed clinical benefit.16

Cytokines
More recent strategies aimed at selectively blocking cyto-
kines acting upstream in the cascade rather than globally 
suppressing the response downstream have shown some 
promising results in preclinical research and pilot clinical 
trials.16 IL-1β is an apical cytokine in the cascade, released at 
the site of injury after activation of the inflammasome, and 
amplifying the local and systemic inflammatory response.17 
Small pilot clinical trials have shown acceptable safety 
and tolerability of IL-1β blockade in patients with STEMI, 
and initial evidence suggests a clinical benefit in prevent-
ing HF after MI.17 A large phase III secondary prevention 
clinical trial of IL-1β blockade in patients with previous 

MI is currently ongoing (Clinicaltrials.gov NCT 0127846). 
Plasma-derived α1-antitrypsin (AAT) exerts an anti- 
inflammatory effect independent of the serine protease–
inhibiting activity, leading to reduced IL-1β release. A small 
pilot study of plasma-derived AAT recently has been com-
pleted in acute MI.16

Tumor necrosis factor (TNF)-α is another proinflamma-
tory cytokine. TNF-α is upregulated early in MI, promoting 
cardiac dysfunction. Blockade of the TNF-α system in exper-
imental AMI, however, led to conflicting results. A recent 
small clinical trial with etanercept, a TNF-α blocker acting 
as a circulating trap, in 26 patients with acute MI showed 
reduced neutrophil count and plasma IL-6 concentrations 
at 24 hours but unexpectedly increased platelet-monocyte 
aggregation.16 No other clinical trials to date have tested the 
effects of TNF-α blockade in patients with acute MI. However, 
TNF-α blockers (etanercept and infliximab) have given  
disappointing results in patients with chronic HF, with 
a dose-dependent increase in adverse cardiac events. 
Therefore TNF-α–blocking drugs are considered to be con-
traindicated in patients with or at risk for HF.16

Metalloproteinases
Metalloproteinases (MMPs) degrade collagen, contribut-
ing to scar thinning, aneurysm formation and rupture in 
the infarcted area, and to adverse ventricular remodel-
ing in remote areas. Preclinical research suggested that 
inhibition of MMP-2 and -9 would lead to more favorable 
remodeling and prevent HF. Clinical trials with a targeted 
MMP inhibitor, however, failed to show benefits in a phase 
II clinical trial, whereas doxycycline, a tetracycline antimi-
crobial, which also inhibits MMP-2 and -9, was shown in 
a phase II clinical trial to reduce ventricular dilation at 6 
months in patients with STEMI and left ventricular systolic 
dysfunction.18

Immunoglobulin Therapy
Intravenous immunoglobulin (IVIG) is made by pooling 
of human immunoglobulin antibodies from donors, with 
anti-inflammatory effects occurring through several mech-
anisms. A recent small phase II study in patients with MI 
showed no effect on ventricular remodeling.16

Growth Factors
Infarct healing is characterized by an increase in endoge-
nous growth factors that act by concomitantly protecting 
cardiomyocytes and endothelial cells from the ischemic 
and inflammatory injury, promoting neoangiogenesis, and 
possibly promoting cardiomyocyte regeneration. Despite 
a significant number of preclinical studies showing ben-
eficial effects of erythropoietin (EPO) and derivatives, 
granulocyte colony-stimulating factor (G-CSF), and gran-
ulocyte-monocyte colony-stimulating factor (GM-CSF), 
the results of clinical trials in patients in STEMI are not 
sufficiently clear to justify use of these agents in clinical 
practice (Table 36-5).19,20 Administration of EPO has been 
studied in several single- and multi-center trials that have 
reported conflicting results regarding its efficacy and 
safety, with concerns inherent to increased infarct size, 
microvascular obstruction, or thrombotic complications. 
G-CSF also has been studied in several rather small clini-
cal trials, showing a potential small beneficial effect of 
G-CSF on left ventricular remodeling but accompanied 

http://Clinicaltrials.gov
ctgov:NCT%200127846
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by a signal-to-noise ratio insufficient to derive conclu-
sive results. GM-CSF was studied in a small single-center 
study of patients with STEMI considered to be ineligible 
for early reperfusion, and showed beneficial effects on 
left ventricular remodeling. To date, therefore, no targeted 
growth factor therapies have been proved to prevent or 
treat adverse left ventricular remodeling in large random-
ized clinical trials.

Cardiac Regeneration
The regeneration of cardiomyocytes in the adult heart 
occurs physiologically at an extremely low rate, which led 
scientists in the past to consider the heart a postmitotic 
organ. An increase in this regeneration is seen after MI in 
the myocardium bordering the infarct. Although it is clear 
that the physiologic regeneration process is insufficient to 
restore the integrity of the heart, preclinical research and 
pilot clinical trials have suggested that augmentation of the 
process can be used to prevent adverse cardiac remodeling. 
This topic is treated separately in Chapter 22.

Cardiac Diastolic Constraining Devices
The loss of contractile myocardium during MI leads to 
changes in regional and global strain. The stretch of the 
infarct and border zone not only is mechanically inefficient 
but also induces biologic changes in the entire heart, pro-
moting hypertrophy, apoptosis, and fibrosis. In a model of 
large anterior wall MI in the sheep, the border zone progres-
sively enlarges (infarct expansion) and loses contractility 
despite presence of normal coronary perfusion. To coun-
ter the strain, several diastolic constraining devices have 
been developed.21 After an initial interest in using a chest 
wall muscle, latissimus dorsi, to wrap the left ventricle and 
have it contract at optimal frequency (dynamic cardiomyo-
plasty), phase I and II clinical trials in patients with dilated 
cardiomyopathy have led to reduced enthusiasm in the field 
owing to concerns regarding the long-term viability of the 
procedure.

Devices also have been developed for a similar purpose. 
The most widely studied device of this kind, the CorCap 

cardiac support device (CSD) (Acorn Cardiovascular,  
St. Paul, Minnesota), is a polyester mesh device that has 
undergone extensive preclinical testing and phase I-II clin-
ical testing in patients with dilated cardiomyopathy. The 
preclinical studies in the sheep MI model showed preser-
vation in the border zone contractility and global systolic 
function. Phase I and II clinical studies have followed in 
patients with established dilated valvular and nonvalvular 
cardiomyopathy, showing a significant improvement in ven-
tricular remodeling, with “reverse remodeling”—reduction 
in end-diastolic and end-systolic volumes—seen in many 
cases. These improvements were associated with a mild 
subjective decrease in HF symptoms and a reduced need 
for advanced HF support, without any effects on LVEF or 
on 5-year survival. Experience with the CorCap cardiac 
support device in patients with acute or recent MI, how-
ever, is lacking, and the CorCap device is not approved for 
clinical use at present.

The HeartNet cardiac restraint device (Paracor Medical 
Inc., Sunnyvale, California) is a device made of flexible and 
elastic nitinol mesh that is inserted to fit over both ventricles, 
leaving the apex uncovered. Experimental data in sheep 
with ischemic cardiomyopathy were promising. A phase I-II 
clinical trial in 39 patients was completed but showed only 
a mild abatement of subjective HF symptoms and failed to 
show significant change in cardiac dimensions and func-
tion. Clinical experience with the HeartNet device in acute 
or recent MI also is lacking.

The Coapsys device (Myocor, Maple Grove, Minnesota) 
is a system composed of two pads connected with a trans-
ventricular cord. This device has been tested mainly to 
reduce the severity of functional mitral regurgitation asso-
ciated with ischemic and nonischemic cardiomyopathy. 
The RESTOR-MV phase II trial showed promising results in 
patients with ischemic cardiomyopathy and severe func-
tional mitral regurgitation. Clinical experience with the 
Coapsys device in acute or recent MI also is lacking.

The Parachute device is a percutaneous ventricular 
restoration device inserted in the left ventricular apex. In 
a phase I-II feasibility study of 31 patients with ischemic 
cardiomyopathy and HF, device implantation appeared 
to be safe and resulted in effective left ventricular apical 

TABLE 36-5 Overview of Clinical Trials with Growth Factors

INTERVENTION PRECLINICAL RESEARCH
PHASE II CLINICAL 
TRIALS

PHASE III CLINICAL 
TRIALS NOTES/COMMENTS

Erythropoietin (EPO) Favorable results in animal 
models of myocardial 
ischemia-reperfusion and 
of ischemic cardiomyopathy 
without reperfusion

Conflicting results of the phase 
II clinical trials

Conflicting results of phase III 
clinical trials

Concerns raised regarding 
thrombotic complications

Granulocyte colony-
stimulating factor 
(G-CSF)

Favorable results in animal 
models of myocardial 
ischemia-reperfusion and 
of ischemic cardiomyopathy 
without reperfusion

Favorable results of multiple 
phase II clinical trials

There have been no large phase 
III clinical trials.

A meta-analysis of all studies 
showed no significant effects 
on clinical endpoints and a 
small potential benefit on 
ventricular remodeling.

G-CSF is clinically used to 
treat febrile neutropenia, 
and as an adjunct to cancer 
chemotherapy regimens.

Granulocyte- monocyte 
colony-stimulating 
factor (GM-CSF)

Favorable results in animal 
models of myocardial 
ischemia-reperfusion and 
of ischemic cardiomyopathy 
without reperfusion

One pilot clinical trial in 
patients with STEMI not 
eligible for early reperfusion 
showed promising results 
in terms of remodeling and 
outcomes.

None available GM-CSF is clinically used to 
treat febrile neutropenia, 
and as an adjunct to cancer 
chemotherapy regimens.

MI, Myocardial infarction.
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exclusion and a reduction in effective left ventricular vol-
umes. The clinical significance of these effects is being 
explored in a phase III clinical trial (Clinicaltrials.gov 
NCT01614652).

Current ongoing preclinical research is exploring the use 
of constraining devices as platforms to deliver drugs and/
or cellular therapy. There are no approved devices or treat-
ment for diastolic constraints for patients with acute MI at 
present.21

Biologic Scaffolds
In addition to exploration of mechanical devices to alter 
ventricular remodeling, experimental biomaterial therapies 
have been investigated as an approach to replace necrotic 
cardiomyocytes and for repair of the damaged extracellular 
matrix. Although the concept is intriguing, the investigation 
of biologic scaffolds for prevention of remodeling after MI is 
in a nascent stage.22

SUMMARY

Survivors after acute MI remain at increased risk for recur-
rent MI and for development of HF. Despite the impres-
sive progress in the early treatment of acute MI, achieved 
primarily through prompt reperfusion and neurohor-
monal blockade, the incidence of HF after MI remains 
unacceptably high. The evolution from acute MI to HF is 
characterized by structural and functional changes in the 
heart, adverse left ventricular remodeling, and impaired 
systolic and diastolic function. The major determinant 
for adverse left ventricular remodeling is infarct size. The 
improvement in reperfusion strategies has translated to 
progressively smaller infarct sizes. Despite this progress 
and despite a clear reduction in ensuing early left ven-
tricular dilation and systolic dysfunction, the structural 
cardiac changes during MI lead to an impairment in  
diastolic function and an increase in wall stress that 
serves both as an immediate cause of HF symptoms, 
mainly due to high filling pressures, and as a stimulus 
for late left ventricular dilation and systolic dysfunc-
tion. Identifying patients with acute MI with, or at risk for, 
adverse left ventricular remodeling is therefore essential 
in order to prevent the development of HF and related 
death.
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ment, 90, 91t

and viability, protocols for, 393–394
Myocardial rupture, 386–388
Myocardial scar, development secondary to 
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infarction, 236f
pharmacological properties of, 224t
selection of, 234
switching of, 234–236
timing of administration of, 232–234

P2Y12 receptor inhibition, for recurrent 
ischemia, 147

P2Y12 trials, pooled analysis of, 440, 440f, 440.
e1f, 443f

PAD. see Peripheral artery disease (PAD).
Pain

chest. see Chest pain.
quality of, 59–60, 60f

Palpography, 110–112
Panic disorder, chest discomfort caused by, 59
Papillary muscle rupture, 323, 323.e1f
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procedural sedation for, 193
STEMI treated with, 205, 211–213
timing of, 190–191

Percutaneous coronary intervention-related 
delay, 161, 162f
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RAPID GENE trial, 245
Rapid reperfusion

emergency in-hospital management for, 
141–143, 142f

fibrinolysis, 142
systems development for, 141
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