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Coronary artery disease, the great scourge of our times, may express itself in two major
clinicopathologic forms. The chronic form is caused by progressive atherosclerotic narrow-
ing of the coronary arterial bed and usually presents as angina secondary to ischemia
precipitated by increased myocardial oxygen demand,  i.e., “demand ischemia.” Treatment
consists of pharmacological agents and other measures to reduce oxygen demand, and
when this approach is inadequate, surgical or catheter-based revascularization. The acute
form, on the other hand, results form a sudden reduction in myocardial oxygen supply
caused, most commonly, by a thrombus on a fissured or eroded coronary atherosclerotic
plaque that previously had not caused critical obstruction. This causes “supply ischemia,”
which may result in a variety of clinical syndromes, including unstable angina, non-Q-wave
myocardial infarction, and Q-wave myocardial infarction. These acute coronary syndromes
are responsible for more than half a million deaths and a million hospitalizations each year
in the United States. The incidence is similar in other developed nations and it is rising at
an alarming rate in portions of the world.

The management of patients with acute coronary syndromes represents one of the
critical challenges to contemporary cardiology.  This field has been the subject of inten-
sive investigation that has led to major advances in our understanding of the pathophysi-
ology, as well as in the diagnosis and management, of patients with these conditions.

Management of Acute Coronary Syndromes, Second Edition captures the many
important recent developments in this rapidly moving area of cardiology. Dr. Cannon
deserves thanks and congratulations for having organized a group of experienced clini-
cians and clinical investigators who present a comprehensive, up-to-date, and eminently
readable picture of the field. This book is certain to aid cardiologists, internists, and
emergency physicians in their management of patients with acute coronary syndromes.

Eugene Braunwald, MD

FOREWORD
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Over the past decade, there has been a revolution in our understanding of both the
pathophysiology and the management of acute coronary syndromes (ACS). The conver-
sion of a stable atherosclerotic lesion to a ruptured plaque with thrombosis has provided
a unifying hypothesis for the etiology of acute coronary syndromes. From this, the
concept of a “spectrum” of myocardial ischemia has provided a framework for under-
standing the pathogenesis, clinical feature, treatment, and outcome of patients across the
spectrum of myocardial ischemia.

Furthermore, a new paradigm for acute coronary syndromes has emerged with the
results of the Thrombolysis in Myocardial Ischemia (TIMI) IIIB trial: Though throm-
bolytic therapy has proven clearly beneficial in patients with ST segment elevation, no
benefit has been observed in patients with unstable angina or non-ST elevation MI.
Angiographic studies, including TIMI I and TIMI IIIA, have shown that this difference
in outcome results from the initial status of the infarct-related artery, which usually
demonstrates 100% coronary occlusion in ST elevation MI, in contrast to a patent, but
stenotic coronary lesion in unstable angina and not-ST elevation MI. Thus, a classifica-
tion of ST elevation MI vs non-ST segment elevation ACS provides the critical informa-
tion regarding the pathophysiology and acute management of the patient.

Accordingly, Management of Acute Coronary Syndromes, now in its Second Edition,
is the first book to approach the management of acute coronary syndromes based on this
new paradigm. The initial sections are devoted to understanding the pathophysiology of
ACS, as well as the diagnostic tools for assessing patients.  There are then two separate
sections, one for ST elevation MI and the other for non-ST elevation ACS, which discuss
the state-of-the-art management of these two groups of patients. I have felt privileged to
have colleagues who are each world-renowned experts in their fields to provide concise,
evidence-based recommendations on the optimal management of patients. The latest
clinical trial data with numerous figures and tables are provided so that the reader will
be able to have quickly available the key information that supports the recommended
therapies. It is hoped that this compilation of the latest information will facilitate im-
provement in the management of patients with acute coronary syndromes.

On a personal level, my interest in acute coronary syndromes grew from many sources.
First and foremost in guiding me has been my father, Paul Cannon, whose dedication to
medicine and science has been a strong role model for me. His initial work in the mea-
surement of coronary blood flow with radionuclide imaging two decades ago helped
define the very basic pathophysiology of angina pectoris. He has also been one of my
clinical teachers, as he has for many others at Columbia University College of Physicians
and Surgeons over the past 30 years, teaching the students, housestaff, and fellows about
the clinical presentation of angina to the acute management of myocardial infarction in
the coronary care unit. The second major influence came from the writings of Fuster,
Willerson, Braunwald, and others, on the emerging understanding of plaque rupture and
coronary thrombosis in the pathophysiology of unstable angina. The new and rapidly
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emerging field sparked both my interest and enthusiasm to focus on acute coronary
syndromes where new treatments might be of benefit to patients. Next, beginning with
my fellowship at the Brigham, it has been my privilege to work with Eugene Braunwald,
for nearly a decade in conducting the Thrombosis in Myocardial Infarction (TIMI) trials.
His expertise, insight, innovation, and judgment have been the greatest example any
student of medicine could hope for. His support and teaching throughout has fueled my
enthusiasm for design and participation in clinical trials and scientific research studies,
with the goal of improving patient care. Finally, my numerous other colleagues in the
TIMI Group, notably Carolyn McCabe, Michael Gibson, and Elliott Antman, and in the
entire cardiology community have been a constant inspiration to delve deeper into trying
to understand and improve the management of patients with acute coronary syndromes.

Christopher P. Cannon, MD

Preface
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INTRODUCTION

Traditionally, ischemic heart disease has been divided into several separate syndromes:
stable coronary artery disease, unstable angina (UA)(1,2), non-Q wave myocardial
infarction (MI), and Q wave MI. However, the understanding of the conversion of a sta-
ble atherosclerotic lesion to a ruptured plaque with thrombosis has provided a unifying
hypothesis for the etiology of acute coronary syndromes (ACS)(3–7). The concept of
myocardial ischemia as a spectrum provides a framework for understanding the patho-
genesis, clinical features, treatment and outcome of patients across the nexus of myocar-
dial ischemia (Fig. 1).

However, a new paradigm for ACS emerged with the results of the Thrombolysis in
Myocardial Ischemia (TIMI) IIIB trial: while fibrinolytic therapy is clearly beneficial in
patients with ST segment elevation (STE) (8), no benefit was observed in patients with-
out STE (9). Thus, it was observed that pharmacologic reperfusion therapy applies only
to patients with STEMI, and is not indicated for patients without STEMI (8–10) Angio-
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graphic studies have shown that this difference in outcome is due to the initial status of
the infarct-related artery, which usually exhibits 100% occlusion in STEMI (11,12), in
contrast to a patent, but severly stenotic coronary lesion in non-STE ACS (13,14)
(Fig. 1).

Thus, because of the advent of acute reperfusion therapy, the old distinction of Q
wave vs non-Q wave MI (usually made days following MI) is no longer as useful for
acute management. Instead, a classification of STEMI vs non-STE ACS provides the
critical information regarding the pathophysiology and acute management of the patient.
Patients with UA and non-STEMI share a similar pathophysiology, although the non-
STEMI patients are at higher risk of subsequent events and appear to benefit more from
more aggressive antithrombotic and interventional therapies.

Accordingly, in this book, separate sections are devoted to the management of these
two broad types of patients with ACS, those with STEMI and those with non-STE ACS.
It should be noted that STE is not a perfectly sensitive marker of acute occlusion (15),
and thus new technologies for proper identification and triage of patients with ACS are
being evaluated extensively, as reviewed in Chapters 7 and 8. There are more than 1.8
million patients admitted every year to hospitals in the United States, with approx 1.42
million patients with UA/non-STEMI as compared with approx 400,000 patients with
acute STEMI (16).

4 Cannon and Braunwald

Fig. 1. The spectrum of myocardial ischemia. The various clinical syndromes of coronary artery dis-
ease can be viewed as a spectrum, ranging from patients with stable angina to those with acute Q wave
MI. Across the spectrum of the ACS, atherosclerotic plaque rupture leads to coronary artery throm-
bosis: in acute Q wave MI, which usually presents with STE on the electrocardiogram, complete coro-
nary occlusion is present. In those with UA or non-Q wave MI, a flow-limiting thrombus is usually
present. In patients with stable angina, thrombus is rarely seen. The overall treatment objective is to
move the patients back to a stable lesion. In acute STEMI, the objective over the first minutes to hours
is to open the artery and achieve reperfusion. In patients with UA and non-STEMI, the goal is to sta-
bilize or passivate the active thrombotic lesion over a period of hours to days. Then, over a period of
months to years, the goal is to try to heal the lesion with risk-factor reduction with treatment of hyper-
cholesterolemia, hypertension, diabetes, and smoking cessation, in an attempt to reduce the likelihood
of subsequent rupture of the coronary plaques. Adapted with permission from ref. 135.



CLINICAL SPECTRUM OF ACS

It is useful to note that there are several other groups of patients who fall on this spec-
trum of myocardial ischemia (Fig. 2) Among patients with stable coronary artery dis-
ease, many apparently stable patients have active lesions, which are prone to rupture
over the subsequent months and years (17). Although most patients remain clinically sta-
ble (18), it is estimated that nearly all of these patients with “stable” coronary artery dis-
ease have subclinical plaque rupture events (19,20).

Between patients with stable angina and those with UA are a high-risk group with
clinically stable symptoms, yet significant ambulatory ischemia that can be detected by
ambulatory Holter monitoring (21,22). Similarly, between patients with UA and non-
STEMI, a patient may have what has been called a microinfarction (23) or infarctlet with
a very small elevation of cardiac markers such as troponin T or I (24–26).

At the extreme right of the spectrum of ischemic heart disease (Fig. 2) are patients
with sudden cardiac death. Many patients have an acute coronary occlusion as the eti-
ology of the cardiac arrest. However, with aggressive emergency medical services which
respond rapidly and treat with advanced cardiac life support (ACLS) procedures, more
patients are presenting with resuscitated “sudden cardiac death” (27). Indeed, the
National Heart Attack Alert Program (NHAAP) has as one of its major goals the
improvement of emergency medical systems and early identification and treatment of
acute MI patients as a means to reduce the overall mortality from MI (28–31). If more
patients with cardiac arrest can be successfully resuscitated in the pre-hospital setting,
they may become candidates for reperfusion and other therapies for ACS.

PLAQUE RUPTURE

Atherothrombosis is a silent process that usually commences 20–30 yr prior a
patient’s presentation with a clinical syndrome (3,4). Hypercholesterolemia, hyperten-
sion, diabetes, smoking and other coronary risk factors damage the endothelium which
initiates the atherosclerotic process (3,4,32), When the endothelium is dysfunctional,
macrophages bind to endothelial adhesion molecules and can infiltrate the endothelial
cell. Low density lipoprotein (LDL) molecules are able to penetrate into the vessel wall,
the macrophages digest the LDL, becoming foam cells, which thereby create a lipid-
filled atherosclerotic plaque (4,33). Oxidized LDL may also have a direct toxic affect
on the endothelium and smooth muscle cells, which contribute to the instability of the
atherosclerotic plaque.

Paradigm of Acute Coronary Syndromes 5

Fig. 2. The complete clinical spectrum of myocardial ischemic syndromes.



Then, multiple factors contribute to plaque rupture, including endothelial dysfunc-
tion, plaque lipid content, degree of local inflamation (34), coronary artery tone at the
site of irregular plaques, and local shear stress forces, platelet function (35,36), the sta-
tus of the coagulation system (i.e., a potentially prothombotic state) (37,38), all of which
culminate in formation of platelet-rich thrombi at the site of the plaque rupture or ero-
sion and the resultant ACS (5,39,40).

INFLAMMATION

A large body of evidence now points to a role for inflammation, which appears to
play a key role in the development of atherosclerosis (41) and the development of ACS
(42–46). Infectious agents, e.g., Chlamydia pneumoniae, may be one of the underlying
causes of diffuse inflammation in the pathogenesis of coronary artery disease (47–52).
Evidence from histologic studies (47–52) and several initial (53–55) (but not all) (56)
treatment trials suggests C. pneumoniae may be an important and potentially treatable
cause of ACS.

THROMBOSIS

The central role of coronary artery thrombosis in the pathogenesis of ACS is sup-
ported by a substantial body of evidence (4,5,14,39,40,57–61). Six sets of observations
contribute to this concept: (i) at autopsy, thrombi can usually be identified at the site of
a ruptured plaque(5,39); (ii) coronary atherectemy specimens obtained from patients
with acute MI or UA demonstrate a high incidence of acute thrombotic lesions (61); (iii)
coronary angioscopic observations indicate that thrombus is frequently present
(57,59,60); (iii) coronary angiography has demonstrated ulceration or irregularities sug-
gesting a ruptured plaque (62,63) and/or thrombus in many patients (14,58); in the TIMI
III A trial, coronary angiograms in 306 patients with non-STE ACS revealed an appar-
ent thrombus (globular intraluminal radiololucency) in 35% of all primary culprit
lesions and a possible thrombus (adherent, flat intraluminal mass) in an additional 40%
(14); (v) evidence of ongoing thrombosis has been noted with elevation of several mark-
ers of platelet activity and fibrin formation (3,6,64–70); and (vi) the improvement in the
clinical outcome of patients with ACS by antithrombotic therapy with aspirin (71–74),
heparin (73–77), low-molecular-weight heparin (78–80), clopidogrel (81), and platelet
glycoprotein IIb/IIIa inhibitors (82,83).

PATHOPHYSIOLOGIC SPECTRUM

Across the spectrum of myocardial ischemia, markers of inflammation, thrombosis,
and platelet activation increase in frequency in parallel with the clinical severity of the
ACS (Fig. 3). Markers of inflammation, such as C-reative protein (CRP), are found in
13% of patients with stable coronary artery disease vs 65% of patients with UA and 76%
of patients with acute MI (43). Similarly, antibodies to C. pneumoniae are found in a
higher percentage of patients with ACS than non-ACS patients (84). Activated platelets
and markers of ongoing thrombosis, such as fibrinopeptide A, are also found more often
in patients with ACS (36,38,70,85–88).

Coronary angiographic and angioscopic findings follow the same pattern across the
spectrum of myocardial ischemia (Fig. 4). Angiographic studies have documented

6 Cannon and Braunwald
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Fig. 3. The pathophysiology of acute ischemic syndromes. Atherosclerotic plaque rupture leads to
coronary artery thrombosis, as indicated by angiographic evidence of thrombus or biochemical mark-
ers of increased fibrinopeptide A (FPA), thrombin–antithrombin complexes (TAT), or activated
platelets. In acute Q wave MI, which usually presents with STE on the electrocardiogram, complete
coronary occlusion is present. In those with unstable angina or non-Q wave MI, a flow-limiting
thrombus is usually present, but complete occlusion of the artery is uncommon. In patients with sta-
ble angina, thrombus is rarely seen. Mortality increases with the severity of the acute ischemic syn-
drome. Data from Becker et al. (38,70), Merlini et al. (37), Trip et al. (87), Liuzzo et al. (43), Kruskal
et al. (136), and Mazzoli et al. (84).

Fig. 4. Angiographic findings across the spectrum of ACS. Data from the TIMI Investigators (12,14),
Van Belle et al. (89), DeWood et al. (11,13), Sacks et al. (137), Mizuno et al. (60), and Sherman et al.
(57).
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“white” thrombi, predominantly platelet-rich thrombi, in patients with UA and non-
STEMI, as compared with “red” thrombi in patients with acute STEMI (57,89,90). This
distinction was also noted in the landmark study by DeWood, in which coronary thrombi
were aspirated with Fogarty catheters from patients with acute STEMI (11). Coronary
angiography in patients with STEMI usually documents total occlusion of the infarct-
related artery (11,12). In patients with ACS without STE, active lesions are frequently
observed, with irregular borders, associated intraluminal lucencies (which may repre-
sent thrombus), and ulcerated or eccentrically localized obstructions (14,62,63). Such
lesions are more likely to be associated with the pathologic features of plaque rupture,
hemorrhage, and superimposed thrombus (5,39). In addition, activated macrophages can
frequently be identifed in the hinge-point of the plaques, which may contribute to plaque
rupture (40). In patients with stable angina, nonactive lesions (which have symmetric,
concentric, and with smooth borders) are usually observed (14,62,63). The typical defor-
mities are smooth with an hourglass configuration and absence of intraluminal lucen-
cies on coronary angiography. The presence of angiographic thrombus thus shows a
gradient across the spectrum of ACS.

NEW PARADIGM OF CLINICAL SYNDROMES

The extent of local thrombosis at the site of coronary plaque rupture is largely respon-
sible for the severity of the clinical syndrome (Fig. 1). If the thrombosis causes total
occlusion of the coronary artery, persistent ischemic pain and STE develop, which usu-
ally evolves into a Q-wave MI (11,12). In some patients, the amount of local thrombo-
sis is extensive, but the obstruction is subtotal, resulting in a flow-limiting coronary
stenosis and myocardial ischemia (e.g., UA) sometimes associated with myocardial
necrosis (NSTEMI) (13,14). Plaque rupture plays a major role even in patients with sta-
ble angina: large numbers of plaques are found to have undergone rupture and healing
in the past (5,17,61). Indeed, it is estimated that up to 99% of all plaque ruptures are
clinically silent events (19). This highlights the importance of continued antithrombotic
therapy for all patients with coronary artery disease.

STEMI: THE OPEN ARTERY THEORY

The “open artery theory” explains the beneficial effects of fibrinolytic therapy and
catheter-based revascularization in acute STEMI: early achievement of an open infarct-
related artery is associated with improved outcome (91). If occlusion persists for more
than 30 min, myocardial necrosis develops in the territory at risk (Fig. 5). If the area at
risk is large and the artery remains occluded, left ventricular function is impaired. Fib-
rinolytic therapy acts to interrupt this cascade of events. By lysing the coronary throm-
bus, reperfusion of the infarct-related artery is achieved. This leads to a limitation of
infarct size and decreases the extent of left ventricular dysfunction (92). The most
important result of thrombolysis is improved survival (93,94).

Beginning with animal studies (95), the initial angiographic studies in patients using
intracoronary streptokinase (96,97) and numerous other angiographic studies over the
subsequent 20 yr have all lent strong support to this theory (91,98). An overview of all the
angiographic studies that used the TIMI flow grading system (12), comprising over 4200
patients, found that patients who achieved complete and normal coronary perfusion,
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graded TIMI grade 3 flow, at 90 min had the lowest mortality, 3.6%, compared with 9.5%
with patients with TIMI grade 0 or 1 flow (p � 0.00001) (Fig. 6) (98). Patients with slowed
or delayed coronary flow in the infarct-related artery compared to the uninvolved artery,
graded as TIMI grade 2 flow, had an intermediate mortality of 6.6% and a relative risk of
mortality that was significantly better than an occluded artery (98) These findings have
also been confirmed in the Global Use of Strategies to Open Occluded Arteries (GUSTO)
angiographic substudy, in which the mortality rates of patients with TIMI flow grades 2
and 3 were adjusted for differences in baseline characteristics (99). A direct relationship
between full reperfusion and lower mortality also is also seen in an overview of trials of
primary angioplasty and fibrinolytic therapy (Fig. 7) (100). When plotting the percentage
of patients in various trials vs the corresponding mortality, a strong correlation between
increasing rates of early TIMI grade 3 flow and lower mortality is observed (100).

Fig. 5. The pathophysiology of acute STEMI and the paradigm of thrombolytic therapy.

Fig. 6. The relationship between TIMI flow grade at 90 min following fibrinolytic therapy and sub-
sequent mortality. Adapted with permission from ref. 98.
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PARADIGM FOR NON-STE ACS

Among patients presenting without STE, the coronary artery is usually patent (i.e.,
TIMI grade 2 or 3 flow). In these patients, the principal approach is to use antithrom-
botic therapy, with the goal of preventing thrombus extension, enhancing endogenous
fibrinolysis, and ultimately allowing healing (passivation) of the disrupted plaque. As
shown in Fig. 8, if antithrombotic therapy is present at the time of plaque rupture, it can
limit the degree of thrombosis and subsequent lesion stenosis. A corresponding reduc-
tion in the severity of the ACS episode has been seen in several trials comparing patients
who were receiving aspirin vs not (101,102). Another goal of antithrombotic therapy is
to prevent the coronary thrombus from progressing to a complete occlusion. Over a
period of days to weeks, antithrombotic therapy acts to passivate the lesion and allow
endogenous fibrinolysis to dissolve the acute thrombosis and restore the acute lesion to
a stable plaque.

MEDICAL TREATMENT

An overview of the medical treatment of ACS is shown in Fig. 9. As discussed, aspirin
has been shown in numerous studies to be beneficial across the entire spectrum of
myocardial ischemia, from primary prevention of MI (103,104) to prevention of death
or MI in all ACS (71–74,94,105). Aspirin is also a very effective agent for secondary
prevention of events (106,107).

Heparin has also been shown to be beneficial in reducing death or MI in non-STE ACS
(73,75–77). Low-molecular-weight heparin also significantly reduces death or MI com-

Fig. 7. Relationship of TIMI grade 3 flow and mortality in trials of fibrinolysis and primary angio-
plasty. For each trial listed in the left and right columns, the rate of TIMI grade 3 flow is plotted
against the mortality observed in that group in the trial. Circles indicate the trials of primary angio-
plasty and squares indicate fibrinolysis trials. Adapted with permission from Cannon CP, Braunwald
E. J Thromb Thrombolysis 1996;3:109–117
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Fig. 8. The paradigm of antithrombotic therapy for non-STE ACS: antithrombotic therapy plays a
major role in the treatment and prevention of ACS. If present at the time of plaque rupture (or admin-
istered acutely at the time of a clinical event), antithrombotic therapy can limit the development of
thrombosis or the degree of thrombosis and subsequent lesion stenosis, which causes clinical
ischemia (e.g., UA). Antithrombotic therapy could also prevent the local thrombosis from progress-
ing to a complete occlusion (i.e., an MI). Over a period of days to weeks, antithrombotic therapy acts
to passivate the lesion and allow endogenous fibrinolysis to dissolve the acute thrombosis and restore
the acute lesion to a stable plaque. Adapted with permission from ref. 135.

Fig. 9. Medical treatments across the spectrum of myocardial ischemia. Aspirin, heparin, beta-block-
ers, and nitrates are all uniformly beneficial across the spectrum; fibrinolytic therapy and the acute
use of angiotensin converting enzyme inhibitors is only beneficial in patients presenting with acute
MI with STE (or new left bundle branch block). Glycoprotein IIb/IIIa inhibitors are more beneficial
in patients with non-STEMI (i.e., positive troponin) and in those undergoing primary percutaneous
coronary intervention (PCI), and of some benefit in conjunction with reduced-dose fibrinolytic ther-
apy. Clopidogrel has been shown to be beneficial in patients with UA/non-STEMI, and in those under-
going PCI, but trials are still ongoing in patients with fibrinolytic therapy.



pared with aspirin alone (78), and one agent, enoxaparin, has been shown to be superior
to heparin in patients with non-STE ACS (79,80) In STEMI, heparin improves infarct-
related artery patency following tissue plasminogen activator (108–110). The low-molec-
ular-weight heparin enoxaparin has also recently been shown to reduce the incidence of
death, MI, or recurrent ischemia following thrombolytic therapy (111–113).

Beta-blockers, nitrates, and calcium antagonists are useful in the majority of patients
with ACS (10,114). Angiotensin converting enzyme (ACE) inhibitors have been shown
to be beneficial in patients post-MI (115,116) and, more recently, in acute STEMI in the
Gruppo Italiano per lo Studio della Sopravvivenza nell‘Infarto Miocardico (GISSI)-3,
International Study of Infarct Survival (ISIS)-4, and Chinese trials (117–119).

Most recently, inhibition of the platelet glycoprotein IIb/IIIa receptor has been shown
to be beneficial in patients with non-STE ACS (82,83), especially those who have a pos-
itive troponin (120,121). In STEMI, promising results with IIb/IIIa inhibitors have been
observed with primary angioplasty (122–124), and reduction in recurrent ischemic
events (but not mortality) has been seen when used in conjunction with reduced-dose
firbinotlytic therapy (113,125,126).

CLINICAL COURSE

Mortality following ACS is influenced by the patients’ baseline characteristics, the
severity of the initial and recurrent event(s), and the extent of coronary artery disease and
left ventricular dysfunction (18,127–130). Following any of the ACS, patients remain at
risk for recurrent events with approx 15–25% of patients developing recurrent ischemia
or infarction by 1 yr (131,132). If such recurrent events occur, subsequent mortality is
higher (133,134). Thus, early identification and treatment of the patient to prevent recur-
rent ischemic complications is important and is described in detail in this book.
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INTRODUCTION

The clinical expression of disease recognized as acute coronary syndromes represents
the culmination of many diverse and complex cellular, biochemical, and biologic
processes within the coronary arterial vasculature. Although unique in their own right,
atherosclerosis and thrombosis share common origins and are intimately linked by a
common denominator, inflammation. An increasing knowledge base and in-depth
understanding of vascular biology has provided a clearer view of atherothrombosis and,
with it, the platform for targeted therapies and management.

VASCULAR ENDOTHELIUM

The vascular endothelium is responsible for vessel responsiveness and thromboresis-
tance. It is a multifunctional organ system composed of metabolically active and phys-
iologically responsive component cells that meticulously regulate blood flow and
myocardial perfusion.
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Basic Anatomy
Vascular endothelial cells form a single layer of simple squamous lining cells. The

cells themselves are polygonal in shape, varying between 10 and 50 µm in diameter, and
elongated in the long axis, orienting the cellular longitudinal dimension in the direction
of blood flow. The endothelial cell has three surfaces: nonthrombogenic (luminal),
adhesive (subluminal), and cohesive. The luminal surface is smooth and devoid of elec-
tron-dense connective tissue. Its luminal membrane or glycocalyx adds significantly to
the vessels’ thromboresistant properties, carrying a negative charge that repels similarly
charged circulating blood cells. The subluminal (abluminal) surface adheres to connec-
tive tissue within the subendothelial zone. Small processes penetrate a series of internal
layers to form myoendothelial junctions with subjacent smooth muscle cells. The cohe-
sive surface of the vascular endothelium joins adjacent cells to one another by cell junc-
tions of two basic types, occluding (tight) and communicating (gap).

Intrinsic Thromboresistance
As an active site of protein synthesis, endothelial cells synthesize, secrete, modify,

and regulate connective tissue components, vasodilators, vasoconstrictors, anticoagu-
lants, procoagulants, fibrinolytic proteins, and prostanoids. The intrinsic thromboresis-
tant properties of a normally functioning vascular endothelium include three distinct yet
integrated systems that entenuate platelets, fibrin and coagulation factor- mediated
thrombotic processes.

Platelet-Directed Cell Surface Proteins
PROSTACYCLIN

Prostacyclin (PGI
2
) is a potent vasodilating substance released locally in response to

biochemical and mechanical mediators. PGI
2
, by increasing intracellular cyclic adeno-

sine monophosphate, also inhibits platelet aggregation.

NITRIC OXIDE

Furchgott and Zawadski (1) first discovered that acetylcholine-mediated vasodilation
requires an intact vascular endothelium (i.e., it is endothelium-dependent). Nitric oxide
is an L-arginine derivative that relaxes smooth muscles by increasing intracellular cyclic
guanosine monophosphate. It is released locally in response to a number of biochemi-
cal mediators, including thrombin, bradykinin, thromboxane A

2
, histamine, adenine

nucleotides, shear stress, and aggregating platelets. In addition to vasoactive properties,
nitric oxide is also a potent inhibitor of platelet adhesion and aggregation. Moreover,
nitric oxide and PGI2 appear to have synergistic antiaggregatory properties (Fig. 1).

Fibrin-Directed Cell Surface Proteins
PLASMINOGEN ACTIVATORS

Vascular endothelial cells synthesize and release activators that are capable of con-
verting plasminogen to the serine protease plasmin, an enzyme that proteolytically
degrades fibrin (and fibrinogen). Tissue plasminogen activator (tPA) and urokinase-type
plasminogen activator generate plasmin locally; therefore, fibrinolysis is limited to the
immediate environment. Stimuli for the release of vascular plasminogen activators
include epinephrine, thrombin, heparin, interleukin-1 (IL-1), venous occlusion, aggre-
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gating platelets, and desamino-8-D-arginine vasopressin. (Plasminogen activators and
their role in atherosclerosis and thrombosis will be discussed in a section to follow.)

Coagulation Factor-Directed Cell Surface Proteins
HEPARIN-LIKE MOLECULES

Endothelial cells are capable of synthesizing heparin-like molecules with anticoagu-
lant properties (2). Thus, vascular thromboresistance is mediated, at least in part,
through the interaction of heparin-like substances with antithrombin and heparin cofac-
tor II (both located on the endothelial surface), thus accelerating the neutralization of
hemostatic (procoagulant) proteins.

Heparin cofactor II, a potent inhibitor of thrombin, is secreted by the liver into cir-
culating blood, where it is present at a concentration of 1.0–2.0 µm/L. Unlike antithrom-
bin, heparin cofactor II is activated predominantly by dermatan sulfate; however, under
high-shear stress conditions, heparan sulfate can stimulate its inhibiting action as well.
In vivo, thrombin inhibition by heparin cofactor II appears to be mediated by the inter-
action of dermatan sulfate with the vessel wall, predominantly in the extracellular matrix
(3,4). At least four distinct subspecies have been identified in endothelial cells: two
high-molecular-weight complexes, a heterodimeric form bound to fibronectin, and two
small molecules referred to as decorin and biglycan (5).

ANTITHROMBIN

Antithrombin is a 58,000-Dalton plasma glycoprotein that circulates at a concentra-
tion of 2.3 mmol/L and is capable of neutralizing the coagulation proteins thrombin and
factors IXa, Xa, XIa, and XIIa by covalent binding at their active sites.

PROTEIN C AND PROTEIN S

Protein C is synthesized in the liver and is secreted into plasma as a two-chain disul-
fide-bonded glycoprotein. It acts as an important anticoagulant (activated protein C
[APC]) by selectively deactivating the activated forms of factor V and factor VIII (prin-
cipally by cleaving their heavy chains). Protein S facilitates the anticoagulant function
of APC by promoting its interaction with factors Va and VIIIa. Because protein S
enhances APC-mediated factor Va inactivation by only twofold, the existence of an APC-
independent anticoagulant effect has been suggested (6). Indeed, protein S is able to
inhibit both the prothrombinase complex and the intrinsic tenase complex. Protein S can
also interact directly with factor Va and factor VIIIa.
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Fig. 1. The attenuation of platelet aggregation is a vital component of natural vascular thromboresis-
tance. Nitric oxide and PGI2 are particularly important.



Both protein C and protein S are found on the vascular endothelial surface. Throm-
bomodulin, an integral membrane protein located on the luminal surface of most
endothelial cells, forms a 1:1 complex with thrombin. In this complex, thrombin acti-
vates protein C (while at the same time thrombin is neutralized). Accordingly, throm-
bomodulin is able to inhibit thrombin-catalyzed fibrinogen clotting, factor V activation,
and platelet activation.

TISSUE FACTOR PATHWAY INHIBITOR-1

Tissue factor pathway inhibitor (TFPI)-1 is located on the endothelial surface. It acts
against the combined action of tissue factor and factor VII in the presence of factor Xa.
The proposed mechanism for inhibition involves the formation of a quaternary complex
with TFPI and factor X in a two-step reaction: factor Xa generated by tissue factor–fac-
tor VIIa complex binds reversibly with TFPI, and the binary complex formed binds, in
a calcium-dependent manner, to membrane-bound tissue factor–factor VIIa (7). In
essence, TFPI prevents the extrinsic coagulation cascade from activating the prothrom-
binase complex; however, it has also been recognized that TFPI inhibits the intrinsic
coagulation cascade, supporting the role of tissue factor on factor VIIIa and factor IX-
mediated clotting (8). The presence of factor IX also impairs TFPI-mediated inhibition
of tissue factor VIIa.

In the presence of glycosaminoglycans, including heparin, heparan sulfate, and dex-
tran sulfate, the release of TFPI from endothelial cell storage sites is increased by sev-
eral fold (9).

TISSUE FACTOR PATHWAY INHIBITOR-2

TFPI-2 is found within human umbilical vein endothelial cells, the liver, and the pla-
centa and has been shown to inhibit tissue factor VIIa, kallikrein, factor XIa, and factor
X activation by factor IXa (10,11). It does not independently (in the absence of heparan
sulfate) inactivate factor Xa or thrombin.

ANNEXIN V

The annexins are unique family of nonglycosylated proteins that bind to negatively
charged phospholipids, including phosphatidylserine and phosphatidylethanolamine
(12). One of the 13 recognized annexins, annexin V, is a potent endothelial surface-based
anticoagulant, which can displace phospholipid-dependent coagulation factors. It also
impairs platelet adhesion Fig. 2.

ATHEROSCLEROSIS

Endothelial Cell Performance
Coronary atherosclerosis is diffuse in nature, primarily involving the vessel intima

(composed of the endothelium, the underlying basement membrane, and a layer of
myointimal cells). A structurally and functionally normal coronary artery vasodilates in
response to acetylcholine, physical exercise, or mechanical provocation. In contrast, an
atherosclerotic coronary artery undergoes paradoxic vasoconstriction when exposed to
acetylcholine, and a progressive decrease in cross-sectional luminal area follows rapid
ventricular pacing. The failure to vasodilate prevents an increase in physiologic blood
flow and, in addition, subjects the endothelial surface to excessive shear stress and
injury.
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It has become apparent that hypercholesterolemia adversely effects endothelial cell
function (even before the development of atherosclerosis), and although morphologi-
cally intact, the vascular endothelium in regions of atherosclerosis fails to release nitric
oxide (13). Hypercholesterolemia has been shown to impair endothelium-dependent
vascular relaxation in coronary resistance vessels—the vascular bed responsible for reg-
ulating myocardial tissue perfusion (14).

Vascular endothelial cells are strategically positioned to play an important role in the
regulation of local clotting processes. The cells are also ideally positioned to promote
thrombosis, when needed, following vascular injury. Damaged and dysfunctional
endothelial cells, however, quickly lose their ability to maintain thromboresistance and
can, in fact, promote pathologic thrombosis. Indeed, assembly of the prothrombinase
complex can take place on the endothelial surface of atherosclerotic vessels. Moreover,
impaired local fibrinolytic activity attenuates clot dissolution.

Even the earliest stages of coronary atherosclerosis are associated with decreased
endothelium-dependent dilation of the microvasculature, which may impair epicardial
blood flow and increase cell–vessel wall interactions (15).

In addition to losing its thromboresistant capabilities, the dysfunctional vascular
endothelium can become, in essence, prothrombotic. Following vascular injury,
endothelial cells amplify the coagulant response through the synthesis and expression
of factors VIII, IX, and X (16,17). Moreover, an abnormal endothelium can produce tis-
sue factor, impair fibrinolytic activity, and decrease the effectiveness of the APC-medi-
ated anticoagulant pathway (by impairing thrombomodulin–thrombin interactions on
the endothelial surface) (18).

Endothelial Cell Responses to Thrombotic Stimuli
Comprehensive thromboresistance includes an appropriate response to thrombotic

stimuli, preventing thrombus growth. Unfortunately, dysfunctional endothelial cells lose
their ability to synthesize and secrete proteins capable of inhibiting platelets and coag-
ulation proteins. A prime example is the response to thrombin. Under normal circum-
stances thrombin stimulates platelet-mediated vasoconstriction (caused by thromboxane
A2 release), which is prevented by the simultaneous thrombin-induced release of prosta-
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Fig. 2. The modulation of coagulation is a vital component of natural vascular thromboresistance.
Protein C (PC) binds to surface thrombomodulin (TM) and, in the presence of protein S (PS), forms
C APC, which then neutralizes two coagulation proteases—factor V and factor VIII. TFPI, antithrom-
bin (AT), heparin cofactor II (HCII), and annexin V are also important components of thromboresis-
tance.



cyclin and nitric oxide from endothelial cells. In atherosclerotic vessels, the response to
thrombin is almost entirely vasoconstrictive (and prothrombotic) (19).

Atherogenesis
MACROSCOPIC PATHOLOGY

Coronary atherosclerosis, the most common underlying condition among patients
with acute coronary syndromes, has been described macroscopically over the past cen-
tury and a half by removed pathologists and clinicians ranging from Von Rokitansky
and Virchow to Osler. The pathologic sequence of events includes an initiating step,
defined as the fatty streak, followed by plaque maturation and transition, setting the
stage for intravascular thrombosis. The progression of coronary atherosclerosis varies
widely among individuals, as does the time course and influence of recognized risk fac-
tors (Fig. 3).

MICROSCOPIC PATHOLOGY

Observations at the microscopic and cellular levels have contributed substantially to
unraveling several of the mysteries that surround human atherosclerosis and have fos-
tered clear view of the mechanisms leading to intravascular thrombosis. It is now evi-
dent that the atherosclerotic plaque and its cellular components represent an ideal
substrate for thrombus formation. Thus, the term “atherothrombosis” appears fitting.
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Fig. 3. Atherosclerosis is the end result of numerous risk factors, acting either alone or in combina-
tion. The overall impact of any given risk factor(s) is likely determined by genetic regulatory mecha-
nisms.



DEVELOPMENTAL ANATOMY AND CELLULAR BIOLOGY

In experimental animals, focal sites of predilection for either spontaneous or dietary-
induced atherosclerosis can be determined reliably prior to plaque development. These
areas are delineated by their in vivo uptake of the protein-binding azo dye Evans blue.
Salient features of these lesion-prone areas include increased endothelial permeability
to an intimal accumulation of plasma proteins, including albumin, fibrinogen, and low-
density lipoproteins (LDL). There is also increased endothelial cell turnover. Overall,
the prelesion area within endothelial cells takes on a unique appearance, and the surface
glycocalyx is two- to fivefold thinner than normal endothelial cells (20).

Lesion-prone areas within blood vessel walls exhibit a unique property of blood
monocyte recruitment, followed by accumulation of these cells in the subendothelial
space, a process that is accelerated in the presence of hyperlipidemia. Based on the avail-
able information, it appears that at least two processes are pivotal in the initiation of ath-
erosclerosis: (i) an enhanced focal endothelial transcytosis of plasma proteins, including
LDL, which accumulate in the widened proteoglycan-rich subendothelial space; and (ii)
the preferential recruitment of blood monocytes to the intima, a process that is markedly
augmented by even a short period of hyperlipidemia. Thus, the lesion-prone suben-
dothelial space has two key participants in atherosclerosis, namely, the monocyte
(macrophage) and LDL.

Monocyte recruitment in the intimal space of lesion-prone areas is thought to be
mediated by an enhanced generation of chemoattractants of which monocyte chemoat-
tractant protein-1 (MCP-1), a cationic peptide synthesized and secreted by both arterial
smooth muscle cells and endothelial cells, is of particular importance. It is also recog-
nized that the production of MCP-1 is stimulated by minimally modified (oxidized)
LDL, whereas oxidized LDL itself is chemotactic (21).

ATHEROMATOUS PLAQUE GROWTH, EVOLUTION, AND ULTRASTRUCTURE

After monocytes attach to the morphologically intact but dysfunctional endothelium
(receptive stage), there is a net directed migration of monocytes through the endothe-
lium to the subendothelial space, where they undergo differentiation. The phenomenon
of monocyte activation–differentiation plays an important role in atherosclerosis, par-
ticularly with regard to plaque remodeling and lesion progression. This complex process
proceeds by means of at least two mechanisms: (i) the generation of reactive oxygen
species (free radicals); and (ii) the phenotypic modulation of expression of the scavenger
receptor or family of receptors. The chemical modification of LDL results in its avid
uptake by monocytes (now considered macrophages), and the subsequent transforma-
tion to foam cells follows. The specific receptor responsible for the uptake of modified
LDL fails to down-regulate; as a result, a substantial amount of intracellular LDL cho-
lesterol accumulates. When the influx of LDL particles exceeds the capacity of the
macrophage scavenger receptors to remove them from the intracellular space, oxidized
LDL particles accumulate within the arterial intima (Fig. 4A). These particles are cyto-
toxic, causing both injury and death to endothelial cells, smooth muscle cells, and
macrophages. The net result is disruption of the relatively fragile macrophage-derived
foam cells, leading to release of their intracellular lipid into the extracellular compart-
ment of the intima; this sequence of events gives rise to the origin of the pultaceous cho-
lesteryl ester-rich core of the atherosclerotic plaque (Fig. 4B) (22–25).
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LIPID (NECROTIC) CORE

The release of copious foam cell lipids to the extracellular compartment induces a
second cascade of inflammatory responses within the vascular intimal layer. In particu-
lar, granulomatous foci involving macrophages, lymphocytes, and multinucleate giant
cells surround and invade the extracellular lipid.

Besides foam cell death, what other mechanisms can account for the formation of
extracellular lipid deposits? New lines of evidence suggest that lipoproteins, particularly
LDL, aggregate and then fuse with one another in the extracellular space to form micro-
scopically evident lipid deposits (26–32). Structures resembling lipoprotein aggregates
have been visualized in human atherosclerosis by electron microscopy, and lipid aggre-
gates containing apolipoprotein B (apo B) have also been isolated.

A number of proteins and peptides have been detected in relative abundance within
or near the atherosclerotic core. Many of the proteins found in this region are relatively
hydrophobic, including the apolipoproteins, C-reactive protein (CRP), and the 70- and
60-kDa heat shock proteins. A list of proteins and peptides detected by immunologic
methods in the atherosclerotic lipid core is given in (Table 1).

Cells that border and penetrate the atherosclerotic core not only participate in the dep-
osition (or removal) of core lipids but can also be influenced by the accumulating lipids
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Fig. 4. The initial step in atherosclerosis involves monocyte and LDL binding to a dysfunctional
endothelial surface (receptive stage). Monocyte activation and chemical modulation (oxidation) of
LDL (modified LDL) results in avid uptake and transformation to macrophages (foam cells). Trans-
formed smooth muscle cells synthesize and secrete MCPs that participate in monocyte recruitment and
migration within the intimal layer. The influx of modified LDL exceeds the capacity of macrophage
surface receptors (impaired down-regulation), allowing accumulation of potentially cytotoxic LDL
particulars in the extracellular space. This step is a pivotal step in the development of a lipid core.



and proteins. Complement components have been found in relative abundance in the
core, and both toxic and chemotactic responses may be generated via activation of com-
plement. Antigenic markers of complement activation, including C3D and the terminal
C5B-9 neoantigen, have been found in the atherosclerotic core, and terminal C5B-9 has
been detected coincident with the cholesterol-rich vesicles in the subendothelium
(33–38).

INFECTION AND ATHEROGENESIS

The link between infection and atherosclerosis has been investigated with great
enthusiasm given the potential for widely implementable therapies (Table 2).

Chlamydia pneumonia titers are increased among some patients with atherosclerosis,
and the organism has been isolated from atheromatous plaques (39,40). Although the
pathobiologic relationships have not been elucidated fully, C. pneumoniae accelerates
LDL uptake in monocytes and facilitates their transition to foam cells. Infected endothe-
lial cells also become prothrombotic with decreased synthesis of tissue factor pathway
inhibitor, plasminogen activator, and increased tissue factor expression (41).

Cytomegalovirus (CMV) exhibits atherogenic effects through the synthesis of one of
more proteins that stimulate smooth muscle cell proliferation (42) and LDL uptake
within monocytes. CMV also impairs fibrinolysis, increases production of lipoprotein-
a (Lpa), and increases platelet adhesion.

The available evidence supports chronic rather than acute infection as a potential pro-
atherogenic factor in genetically susceptible individuals. Infection has been linked to
hypertriglyceridemia, hyperfibrinogenemia, reduced high-density lipoprotein levels,
anticardiolipin antibodies, and elevated CRP levels, suggesting both direct and indirect
effects on both atherogenesis and thrombogenesis.

Thrombogenesis
PLAQUE RUPTURE

The clinical expression of atherosclerotic disease activity is determined by pathologic
events leading to coronary thrombosis. In this regard, there are two key factors: (i) the
propensity of plaques to rupture, and (ii) the thrombogenicity of exposed plaque com-
ponents.

The morphologic characteristics of plaques that determine their propensity to rupture
have been determined. Pathology based-studies using necropsy and atherectomy tissue
samples have shown convincingly that plaques associated with intraluminal thrombosis
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Table 1
Proteins and Peptides Found in the Lipid Core of Atheromatous Plaques

Myeloperoxides Heat-shock protein 60
Hyaluronectin Heat-shock protein 70
Albumin Fibrinogen
CRP Tissue factor
Complement factor C3 Apolipoproteins
C56-9 neoantigen Apo B

Apo A
Apo E
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Table 2
The Potential Link Between Infectious Agents and Atherosclerotic Vascular Disease

Association Association 
Infectious suggested in suggested
agent animal models Comments in humans Comments

Cytomegalovirus 0 ��� • Detected in atheromatous tissue.
• Serologic evidence for link with

atherosclerosis.
• Associated with allograft dis-

ease.
• Potential role in restenosis.
• Alters cellular function.

Chlamydia pneumonia ��� • Developed de novo ��� • Often subclinical infection
atherosclerotic changes • Detected in atheroma.
with infection in rabbits. • Serologic evidence for link

• Azithromycin treatment with atherosclerosis.
shown to prevent • Detected in asymptomatic
atherosclerosis. atherosclerosis. atherosclerotic

disease.
• Alters cellular function.

Helicobacter pylori 0 � • Associated with elevated
inflammatory markers.

• Limited serologic data.
• No evidence for detection in

atheromatous plaques.

Herpes Simplex Virus ��� • Marek’s disease (herpes  � • Detected in atheroma.
virus in chickens) • Serologic data lacking. 
associated with 
atherosclerosis.
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Table 2 (continued)
The Potential Link Between Infectious Agents and Atherosclerotic Vascular Disease

Association Association 
Infectious suggested in suggested
agent animal models Comments in humans Comments

Coxsackie B Virus �� • Acute coronary arteritis 0 • No serologic data.
in mice. • Not detected in atheroma.

Pasteurellamulticoda �� • Shown to enhance 0
atherosclerotic changes in 
rabbits on high cholesterol 
diets.

Periodontal disease: 0 �� • Epidemiological 
Porphyromonas associations observed.
Streptococcus viridans • S. viridans detected in 
Streptococcus anguis atheroma.

Hepatitis A 0 �/0 • Seropositivity which may or
may not be of pathological 
significance.



are rich in extracellular lipid and that the lipid core of these vulnerable or rupture-prone
plaques occupies a large proportion of the overall plaque volume. The degree of cross-
sectional stenosis involving the vessel lumen is typically �50% (43). In addition to the
predominant lipid core, vulnerable plaques are characterized by a thin fibrous cap and
high macrophage density (44). Whereas most individuals with atherosclerotic coronary
artery disease exhibit a diversity of plaque types, most have a preponderance of one spe-
cific type (vulnerable or nonvulnerable) (Fig. 5). The genetic and acquired determinants
of plaque type are subjects of intense investigation.

The lipid core of an advanced atherosclerotic plaque is bordered at its luminal aspect
by a fibrous cap, at its edges by the shoulder region, and on its abluminal side by the
plaque base. Because the lipid core contains a substantial amount of prothrombotic sub-
strate (to be discussed in a subsequent section), the fibrous cap, separating the core from
circulating blood components within the vessel’s lumen, determines the overall stability
of the plaque. In turn, the extracellular matrix of the fibrous cap, consisting of several
proteinaceous macromolecules, including collagen (types I and III) and elastin secreted
by transformed smooth muscle cells, determines its integrity.

The point should once again be made that core size and fibrous cap thickness are not
related to absolute plaque size nor to the degree of luminal stenosis. The determinants of
core size have not been fully elucidated, although death of lipid-filling macrophages by
apoptosis (programmed cell death) is a possibility. Fibrous cap thickness appears to be
related to macrophage and smooth muscle cell activity, particularly their production of
metalloproteinases that degrade connective tissue.

Matrix metalloproteinases, part of a superfamily of enzymes that include collage-
nases, gelatinases, and elastases, require activation from proenzyme precursors to attain
enzymatic activity. Under normal circumstances, tissue inhibitors hold these enzymes
in check; however, exposure of smooth muscle cells to the cytokines IL-1 and tumor
necrosis factor-a (TNF-a) causes induction of interstitial collagenase and stromelysin.
Macrophages exposed to inflammatory cytokines also stimulate the production of
matrix-degrading enzymes (45–47).

Coronary atherectomy specimens from patients with acute coronary syndromes con-
tain a 92-kDa gelatinase that is produced predominantly by macrophages and smooth
muscle cells (48). Within atherosclerotic plaques, the highest stress regions have a
twofold greater matrix metalloproteinase (MMP-1) expression than the lowest stress
regions. Overexpression of MMP-1 in vulnerable plaques is associated with a substan-
tial increase in circumferential stress. Degradation and weakening of the collagenous
extracellular matrix at critical points of high shear stress may play an important role in
the pathogenesis of plaque rupture.

Fibrous cap thickness can be maintained by smooth muscle cell-mediated collagen
synthesis (local repair); however, interferon-c (IFN-c), an inflammatory cytokine found
within atherosclerotic plaques, decreases the ability of smooth muscle cells to express
the collagen gene. Because only T-lymphocytes can elaborate IFN-c (49,50), it has been
suggested that chronic immune stimulation within atherosclerotic plaques leads to the
production of IFN-a from T cells that subsequently inhibits collagen synthesis in vul-
nerable regions of the fibrous cap. IFN-c can also contribute to apoptosis and, therefore,
may be a key biochemical determinant of plaque vulnerability (Fig. 6).

Human mast cells contain proteoglycans and proteolytic enzymes, including chymase
and tryptase. In normal coronary arteries, mast cells amount to 0.1% of all nucleated
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cells; however, within the fibrous cap, lipid core, and shoulder regions of atheromatous
lesions, there are 5-, 5-, and 10-fold increased densities, respectively (51). Electron and
light microscopic studies of mast cells in the plaque shoulder region have revealed evi-
dence of degradation, a sign of activation that may contribute to matrix degradation and
plaque rupture in acute coronary syndromes (52).

Models of Plaque Rupture
SHEAR STRESS

The coronary arterial intimal surface is constantly exposed to the dynamic influences
of circulating blood that creates shear stress. Assuming a constant viscosity, shear stress
is described by the following formula: T � Udv/dr,where U is viscosity, V is velocity,
and r is the radius of the vessel. Within arterial segments containing laminar flow, shear
stress (s) � 4 µQ/pr3. Therefore, shear stress is directly proportional to flow (Q) and
inversely proportional to the cube of the vessel’s radius. In coronary atherosclerosis, the
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Fig. 5. Vulnerable plaques are typified by (i) a prominent lipid core; (ii) a thin fibrous cap; and, (iii)
high inflammatory cell density located at the plaque shoulders. By contrast, nonvulnerable plaques
contain few extracellular lipid particles and are fibrotic, making disruption a less common event.

Fig. 6. Plaque vulnerability is determined by both structure and intrinsic activity. Macrophages and
smooth muscle cells synthesize and secrete matrix metalloproteinases that can degrade the fibrous cap.
IFN-c, an inflammatory cytokine secreted by T lymphocytes, participates in programmed cell death
(apoptosis) and inhibits collagen synthesis, thereby weakening the plaque’s supporting framework.



lumen is reduced in size and there is increased flow velocity, ultimately leading to
increased shear stress.

There is evidence (53) that atherosclerosis typically develops in low-flow/low-shear
stress segments of the coronary arterial tree. Low-shear stress may also contribute, at
least initially, to impaired vasoreactivity and thromboresistance by reducing the local
stimulus to both prostaglandin and nitric oxide synthesis and release. It appears that
unsteady (turbulent) flow is particularly detrimental to endothelial cell function (54).

In contrast to plaque development, plaque disruption occurs most often in regions of
high shear stress.

WALL STRESS

Plaque rupture occurs when the forces acting directly on the plaque exceed its tensile
strength. Pressure generated within the arterial lumen exerts both radial and circumfer-
ential force, which must be countered by radial and circumferential wall tension.
According to the law of Laplace, T (circumferential wall tension) � pr/h, where p is the
intraluminal pressure, r is the vessel radius, and h is the wall thickness. Thus, athero-
sclerotic vessels with a thickened intima and small internal diameter maintain relatively
low wall tension. This may explain why plaque rupture is more likely to occur in ves-
sels with less severe stenosis.

STRESS DISTRIBUTION

Computer models have been developed to study the relative stress distribution within
atherosclerotic coronary arteries (55). Overall, the circumferential stress is greatest at the
intimal layer. In plaques that contain a large lipid pool, most of the stress is localized to
the overlying fibrous cap. As the stiffness of the cap increases, the maximal circumfer-
ential stress shifts from the center of the cap to the lateral edges or “shoulder” region.

The thickness of the fibrous cap is a major determinant of circumferential stress and
the plaque’s predisposition to rupture. In the presence of a constant luminal dimension,
there is increasing stress with enlargement of the lipid core. With increasing fibrous cap
thickness, even in the presence of decreasing luminal area, circumferential stress
decreases. Another important feature is the lipid core itself, which, because of its semi-
fluid nature, bears very little circumferential stress. Instead, stress is displaced to the
fibrous cap.

FREQUENCY OF STRESS

Much like fatigue fractures occurring in metal, the frequency, extent, and localization
of stress play important roles in plaque rupture. Atherosclerotic plaques, particularly
fibrous caps overlying large lipid cores, become progressively more stiff with increas-
ing stress and frequency of stress. Elevations in heart rate have been slow to increase
stiffness and circumferential stress at the plaque’s shoulder regions (56).

TRIGGERS FOR PLAQUE RUPTURE

Triggering events for plaque rupture are among the most contemplated and investi-
gated areas in cardiovascular medicine. It has become clear, however, that triggers have
less impact when they occur in the absence of a vulnerable plaque. This important fea-
ture allows for the development of several lines of prevention. Potential triggers include
plasma catecholamine surges and increased sympathetic activity, blood pressure surges,
exercise, emotional stress, changes in heart rate and myocardial contraction (angulation
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of coronary arteries), coronary vasospasm, and hemodynamic forces (57–63). This sub-
ject is discussed in chapter 3.

Prevention of Plaque Rupture
Plaque rupture is the end result of a dynamic interplay between factors intrinsic to

the plaque itself and extrinsic factors. The intrinsic factors primarily relate to rupture
vulnerability; the extrinsic forces deliver the final blow. Each can be addressed when
contemplating options for prevention.

Lipid-lowering strategies, antioxidants, anti-inflammatory agents, inhibitors of
macrophages and their secreted proteins, and gene therapy can be used individually or
concomitantly to change the plaque’s composition, making it less prone to rupture. b-
Adrenergic blockers (64) and angiotensin-converting enzyme inhibitors (65) can reduce
extrinsic forces capable of causing damage. The future in both basic and clinical
research undoubtedly will devote considerable time, effort, and resources to these areas.

Cellular Plaque Components: Intrinsic Thrombogenicity
Pathologic studies performed on patients who died suddenly or who recently experi-

enced an episode of unstable angina or myocardial infarction (MI) often reveal intralu-
minal thrombus anchored to a ruptured atherosclerotic plaque. Primarily based on the
results of in vitro experiments and studies conducted in static systems, the thrombogenic
capacity of atherosclerotic plaques has been attributed to collagen, fatty acids, and phos-
pholipids. Fuster and colleagues (66) have investigated dynamic thrombus formation
using an ex vivo perfusion chamber and reported that the greatest stimulus was, in fact,
the atheromatous core, yielding a sixfold greater degree of platelet deposition and
thrombus production than other substrates, including foam cell-rich matrix, collagen-
rich matrix, collagen-poor matrix without cholesterol crystals, and segments of normal
intima. There is mounting evidence that tissue factor is the predominant thrombogenic
mediator found within the atheromatous core. This substrate will be discussed in a sec-
tion to follow.

Cholesterol sulfate, present within human atherosclerotic plaques and plasma, is a
substrate for platelet adhesion through a specific, but not yet defined, receptor. It, in all
likelihood, plays a role in both atherosclerosis and prothrombotic potential of disrupted
plaques (67).

VASCULAR THROMBOSIS

In most instances, thrombosis occurring in the arterial system is composed of platelets
and fibrin in a tightly packed network (white thrombus). By contrast, venous thrombi con-
sist of a tightly packed network of erythrocytes, leukocytes, and fibrin (red thrombus).

The process of vascular thrombosis, particularly in the arterial system, is dynamic,
with clot formation and dissolution occurring almost simultaneously. The overall extent
of thrombosis and ensuing circulatory compromise is therefore determined by the pre-
dominant force that shifts the delicate balance. If local stimuli exceed the vessel’s own
thromboresistant mechanisms, thrombosis will occur. If, on the other hand, the stimulus
toward thrombosis is not particularly strong and the intrinsic defenses are intact, clot
formation of clinical importance is unlikely. In some circumstances, systemic factors
contribute to or magnify local prothrombotic factors, shifting the balance toward throm-
bosis (68).
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Overall, the site, size, and composition of thrombi forming within the arterial circu-
latory system is determined by: (i) alterations in blood flow; (ii) thrombogenicity of car-
diovascular surfaces; (iii) concentration and reactivity of plasma cellular components;
and (iv) effectiveness of physiologic protective mechanisms.

Defining Steps
PLATELET DEPOSITION

Platelets attaching to nonendothelialized or disrupted surfaces undergo adherence by
activation and distribution along the involved area and subsequent recruitment to form
a rapidly enlarging platelet mass.

The process of platelet deposition involves: (i) platelet attachment to collagen or
exposed surface adhesive proteins; (ii) platelet activation and intracellular signaling; (iii)
the expression of platelet receptors for adhesive proteins; (iv) platelet aggregation; and (v)
platelet recruitment mediated by thrombin, thromboxane A2, and adenosine diphosphate.

COAGULATION FACTOR ACTIVATION

Thrombin is rapidly generated in response to vascular injury. It also plays a central
role in platelet recruitment and the formation of an insoluble fibrin network. The throm-
botic process is localized, amplified, and modulated by a series of biochemical reactions
driven by the reversible binding of circulating proteins (coagulation factors) to damaged
vascular cells, elements of exposed subendothelial connective tissue (especially colla-
gen), platelets (which also express receptor sites for coagulation factors), and
macrophages. These events lead to an assembly of enzyme complexes that increases
local concentrations of procoagulant material; in this way, a relatively minor initiating
stimulus can be amplified greatly to yield a thrombus.

FIBRIN FORMATION

The final phase in thrombus formation involves the generation of a stable fibrin net-
work that provides the structural support for the circulating blood’s cellular elements and
the scaffolding for vascular remodeling. In this pivotal process, thrombin cleaves two
small peptides, fibrinopeptide A and fibrinopeptide B, to form fibrin monomers, which
in turn polymerize to form soluble fibrin strands. An orderly assembly, branching, and
lateral association of fibrillar strands follows, terminating with factor XIII-mediated
covalent crosslinking to form a mature fibrin network (mature thrombus).

PATHOLOGY OF THROMBOTIC EVENTS

There is evidence that the growth of atheromatous plaques occurs in a stepwise yet
dynamic fashion in response to vascular injury. The clinical expression of a broad poten-
tial of pathobiologic events ranges from asymptomatic plaque growth to complete coro-
nary arterial occlusion with a fatal outcome (Fig. 7).

James Herrick (1912) (69) is credited with describing the association between acute
coronary thrombosis and acute MI, paving the way toward a greater understanding of
acute coronary syndromes. Support for the disrupted plaque theory as a precipitant or
nidus for coronary thrombosis can be traced to the work of Saphir et al. (1735) (70), fol-
lowed by the observations of Chapman (1965) (71), Constantindines (1966) (72), Bouch
and Montgomery (1970) (73), Ridolfi and Hutchins (1977) (74), Falk (1983) (75), and
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Davies and Thomas (1985) (76). Additional support for the role of thrombosis-mediated
processes in clinical events can be found in autopsy-based series that have revealed coro-
nary microthrombi among patients with sudden cardiac death (75,76).

THEORY OF DYNAMIC PLAQUE DISRUPTION AND ARTERIAL THROMBOSIS

Despite early views, the evidence suggests that plaque disruption and coronary arte-
rial thrombosis are not random events in atherosclerosis, rather the process is sudden
and dynamic. In a series of 42 patients undergoing coronary angiography before and
after MI, Little and colleagues (1988) (43) found that most had a stenosis of �50% of
the infarct-related vessel prior to the event. Similar findings were reported by Taeymans.
Computer-based modeling also supports the dynamic nature of coronary occlusion (77).
Comparing a rigid stenosis and a dynamic stenosis in which proximal vessel constric-
tion and distal collapse were simulated, the latter model (with an added potential for
vasoconstriction and passive collapse) required a much smaller thrombus burden for
complete occlusion.

ATHEROSCLEROTIC PLAQUE IMAGING

The fine structure and composition of an atherosclerotic plaque rather than the degree
of stenosis determines the likelihood of future clinical events. As a result, imaging
modalities capable of characterizing the plaques internal environment have strong
appeal. Having information on both plaque composition and luminal features may also
be useful during atherosclerosis coronary interventions.

A majority of imaging modalities are catheter-based; however, more generalizable
techniques are being developed and studied. High frequency intravascular ultrasound
(20–40 MHz) provides tomographic images of the arterial wall and is able to quantitate
luminal and plaque area as well as morphologic features including calcification and inti-

Fig. 7. Pathobiology-based natural history and clinical expression of acute coronary syndromes.



mal dissection (78). Axial resolution to approximately 150 mHz is possible, permitting
identification of lipid-rich regions and features of the plaques’ fibrous cap.

Intervascular ultrasound with elastography is a unique method which allows both
visual characterization of the plaque and its mechanical properties. Tissue components
compare differently in response to applied pressure allowing determination of mechan-
ical and structural integrity (79) (Fig. 8).

Coronary angioscopy, although not used frequently in North American catheteriza-
tion laboratories, is a sensitive means to detect atherosclerotic plaques, grossly approx-
imate their lipid composition, determine the presence of fibrous cap disruption and
identify associated thrombosis formation (80).

Magnetic resonance imaging (MRI) (high resolution fast spin echo) represents a
promising tool for studying the progression and regression of atherosclerosis over time.
In addition, recently developed intravascular techniques can accurately assess plaque
size and vulnerability (for rupture) (81).

A variety of innovative imaging modalities under development include optical coher-
ence tomography, nuclear scintigraphy, thermometry, and Raman spectroscopy (82).
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Fig. 8. (A) Angioscopic image of the left anterior descending artery in a patient with acute MI demon-
strating yellow plaque. (B,C,D) Intravascular ultrasound images as depicted in lesion A demonstrat-
ing compensatory enlargement. (B) At the defined proximal reference site the external elastic mem-
brane (EEM) cross-sectional area (CSA) was 11.8 mm2. (C) At the culprit lesion, EEM CSA was 13.5
mm2. (D) At the distal reference site, EEM CSA was 9.6 mm2. The remodeling ratio (RR) was 1.26.
(E) Angioscopic image of the left anterior descending artery in a patient with stable angina demon-
strating white plaque. (F,G,H) Intravascular ultrasound images at the same lesion as E demonstrating
paradoxical shrinkage. (F) At the proximal reference site, EEM CSA was 17.1 mm2. (G) At the cul-
prit lesion EEM CSA was 10.1 mm2. (H) At the distal reference site, EEM CSA was 15.3 mm2. The
RR was 0.62 (79).
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CLINICAL EXPRESSION OF PATHOBIOLOGICAL EVENTS

Acute MI
Occurring in upwards of one million individuals yearly in the United States, ST-seg-

ment elevation MI represents the most commonly observed arterial thrombotic event in
clinical practice. In the vast majority of cases, fissuring or rupture of an atherosclerotic
plaque within a major epicardial coronary artery is followed by occlusive thrombosis,
typically anchored to the damaged vascular surface and exposed plaque components.

It is of interest and of clinical importance that plaque rupture does not occur randomly
throughout the coronary tree. Instead, there are vulnerable sites located in:

• the proximal portion of the left anterior descending coronary artery;
• the right coronary artery near the origin of its marginal branch; and
• the left circumflex coronary artery at the origin of the first obtuse marginal branch.

In general terms, the severity of vessel wall injury determines the extent of throm-
bosis. Mild injury (type I) is typically associated with the deposition of platelets in a sin-
gle (nonocclusive) layer. Moderate injury (type II) provokes a loosely adherent platelet
mass that can quickly be dispersed by normal blood flow. Severe injury (type III) leads
to platelet adherence, activation, and stimulation of the coagulation cascade, producing
an occlusive thrombus. Type III injury is present in most of patients with MI.

Unstable Angina/Non-ST-Segment Elevation MI
Angiographic, angioscopic, and pathologic studies have shown that atherosclerotic

plaque disruption accompanied by varying degrees of intraluminal thrombosis is the pri-
mary pathologic event in unstable angina/non-ST segment elevation MI (non-ST seg-
ment elevation acute coronary syndromes). Mounting evidence suggests that chronic
recurrent plaque rupture of mild to moderate severity may contribute to plaque devel-
opment and its natural history. Thrombosis occurs with each episode, but may not be of
sufficient mass (clot burden) to compromise coronary arterial blood flow. Over time,
however, plaque growth occurs, obstructing the coronary lumen. Thus, the obstructive
lesion is a combination of mature plaque and layers of aged thrombus, consisting pri-
marily of platelets in a tightly packed fibrin network.

In some patients, non-ST-segment elevation MI has clinical features reminiscent of
ST-segment elevation MI, progressing suddenly, because of plaque rupture and occlu-
sive intracoronary thrombosis. Experience has shown that these patients frequently have
multivessel coronary artery disease and, therefore, represent a high-risk group.

Most patients with unstable angina/non-ST-segment elevation MI have advanced
underlying atherosclerotic coronary artery disease with nearly uniform distribution of
single, double, and triple vessel involvement. The available evidence suggests that the
clinical conversion from asymptomatic or stable angina to unstable angina is a direct
result of pathologic changes within the atheromatous plaque, specifically plaque fissur-
ing, disruption, and intraluminal thrombosis. Angiographic studies have revealed a high
prevalence of eccentric irregular narrow-necked stenoses with overhanging edges (type
II lesion) and reduced thrombolysis in myocardial infarction (TIMI) flow (83). In con-
trast, patients with stable angina most often exhibit concentric symmetric stenoses or
eccentric broad-necked stenoses (type I lesion).
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The presence of intracoronary thrombosis and the overall thrombus burden has varied
greatly in studies of patients within unstable angina/non-ST-segment elevation MI. On
average, thrombus has been reported in 40–50% of patients. The variability can be traced
to differences in clinical presentation (accelerated angina, angina at rest, postinfarction
angina), variability in electrocardiographic features (T-wave inversion, ST-segment
shifts), the time frame of clinical assessment (early, late), and the method of imaging.

Coronary angioscopy has proved to be a useful tool in the evaluation of coronary arte-
rial morphology. In a landmark study by Forrester and colleagues (84), angioscopy was
performed at the time of bypass grafting in 20 patients, 10 with unstable angina and 10
with advanced but clinically stable coronary artery disease. All patients with accelerated
angina exhibited complex-appearing plaques (Fig. 9A), and all patients with angina at
rest had thrombus (Fig. 9B). In contrast, patients with stable coronary disease had nei-
ther of these features. These observations, representing a pathobiology–clinical correla-
tion “snapshot,” suggest strongly that plaque morphology, in general, and intracoronary
thrombosis, in particular, are major determinants of disease expression.

Unique Characteristics of Acute Coronary Syndromes
Although plaque disruption with thrombus formation has been associated with acute

coronary syndromes, including unstable angina and MI, determinants of which particu-
lar entity within the spectrum of possibilities a patient will develop have not been fully
elucidated. The challenge becomes greater when one considers that plaque disruption is
not an uncommon event, yet only certain individuals experience symptoms, as a clini-
cal expression of mechanical and biochemical events, which characterize acute coronary
syndromes.

The available evidence suggests that although plaque rupture is a common theme in
acute coronary syndromes, the degree and composition of the associated thrombus bur-
den differs. Percutaneous angioscopy performed in patients with unstable angina fre-
quently reveals gray-white nonocclusive thrombi; reddish occlusive thrombi are seen in
patients with acute MI. These characteristics suggest that unstable angina is a platelet-
mediated phenomenon and, by contrast, acute MI is predominantly fibrin-mediated.
Autopsy-based studies have drawn similar conclusions. In a study of 14 patients with
unstable angina and 32 patients with a fatal first MI, Kragel et al. (85) observed a pre-
dominance of platelets within nonocclusive thrombi in those with a diagnosis of unsta-
ble angina, whereas thrombi in patients with acute MI consisted almost entirely of fibrin
and were occlusive. The investigators also found that the extent or depth of plaque rup-
ture, approximated by the presence of hemorrhage, was less in patients with unstable
angina when compared with those with acute MI.

The question then remains: what are the determinants of disease progression (or sup-
pression) and clinical expression in acute coronary syndromes? Our group has shown that
patients with unstable angina and non-ST-segment elevation MI exhibit varying degrees
of platelet activation and thrombin generation, suggesting that not only the thrombotic
stimulus may differ, but that regulation of thrombus growth may differ as well (Table 3).

Microvascular Disease
The supply–demand paradigm of myocardial ischemia, when considered comprehen-

sively, takes both epicardial and microvascular conditions into consideration. Because tis-
sue perfusion is regulated at the microvascular level and downstream resistance to flow has
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Fig. 9. (A) Coronary angioscopy in a patient with unstable angina. An eccentric plaque with disrup-
tion is evident (arrow). Reprinted with permission from ref. 84. (B) Coronary angioscopy in a patient
with unstable angina at rest. Intraluminal thrombus (nonocclusive) is visualized (arrow). Reprinted
with permission from ref. 48.

4 color figure
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a strong influence on epicardial hemodynamics, it is important to understand microvas-
cular disorders that characterize coronary artery disease in its most active phases.

One of the earliest events in acute myocardial ischemia is microvascular damage and
dysfunction (86). Although injury may be the direct result of diminished nutritive blood
flow, evidence also suggests that platelet micro-embolism, platelet–leukocyte aggregates,
and inflammatory cytokines play important roles. The restoration of epicardial blood flow
following fibrinolytic therapy or percutaneous intervention may also contribute by sup-
plying oxygen-derived free radicals and neutrophils, leading to complement activation
and expression of adhesion molecules that incite a vicious cycle of inflammation, injury,
reduced tissue perfusion, and myocardial ischemia (Fig. 10). Accordingly, the manage-
ment of acute coronary syndromes, particularly ST-segment elevation MI, must consider
therapies that address the macrovascular and microvascular circulatory systems (87).

VASCULAR BIOLOGY, BIOCHEMISTRY, AND 
EMERGING CONCEPTS IN ATHEROTHROMBOSIS

C-Reactive Protein
The link between inflammation and thrombosis in atherosclerotic vascular disease is

complex; however, CRP may represent an important mediator given its association with
both atherogenesis and thrombogenesis. In the Speedwell study (88), CRP correlated
strongly with D-dimer levels, which is a marker of fibrin formation (and subsequent
degradation). This observation is particularly relevant when one considers the ability of
D-dimer (and other fibrin-related products) to activate neutrophils and monocytes,
increase secretion of cytokines (IL-1, IL-6), and stimulate the hepatic synthesis of acute-
phase proteins including CRP (89).
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CRP can be found within macrophages of atheromatous plaques where it interacts
with a specific cell surface receptor CD 32. The co-localization of CRP and LDL cho-
lesterol suggest that it plays a major role in transport and atherosclerotic plaque devel-
opment (Fig. 11). Once present, CRP up-regulates adhesion molecule expression,
activates complement, and induces monocyte tissue factor expression (88–90).

The strong correlation between elevated CRP concentrations (measured by a high
sensitivity assay) and vascular thrombotic events, while not proving cause and effect
provides, at the very least, a readily attainable prognostic marker (Table 4) (91). The
potential relevance both pathologically and clinically is further underscored by the abil-
ity of therapeutic agents, including “statins” and aspirin, to reduce CRP (and predict
treatment response) (92,93).

Tissue Factor
Shortly after tissue injury, including even superficial trauma to the endothelium,

thrombin-like activity can be detected that persists for weeks thereafter (94,95). The
expression of tissue factor mRNA and antigen within atherosclerotic plaques has been
characterized by in situ hybridization and immunohistochemistry (96). In atherectomy
specimens obtained from human carotid arteries, tissue factor mRNA and antigen can
be detected in macrophages, mesenchymal intimal cells, and extracellular matrix (97).
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Fig. 10. Impaired myocardial perfusion in the setting of acute MI is a multidimensional process that
is mediated by microcirculatory dysfunction. Impaired epicardial coronary blood flow impairs
microvascular perfusion either directly or indirectly through myocardial necrosis-mediated inflam-
matory responses, which are either cytotoxic or compromise microvascular responsiveness. Epicardial
to microcirculatory vessel platelet-fibrin microemboli also contribute to impaired distal flow and per-
fusion. Lastly, the restoration of blood flow may have either a transient or prolonged impact on
microvascular performance by delivering leukocytes, platelet–leukocyte aggregates, and oxygen-
derived free radicals.



Patients with unstable angina demonstrate high concentrations of tissue factor antigen
and activity within coronary atherectomy specimens (98), and it has been suggested that
this potent procoagulant protein found within the lipid core may be released from
macrophages during cell death or in the form of shed vesicles (99) (Fig. 12).

The impact of therapies designed to reduce myocardial ischemia or attenuate throm-
botic potential on endothelial performance must be considered. One frequently used
agent, unfractionated heparin, exerts prothrombotic effects by adversely affecting
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Fig. 11. CRP is more than an “epi phenomenon” of atherosclerotic vascular disease. In response to
cytokine stimulation, it co-localizes with LDL-cholesterol, facilitating monocyte entry via CD32, a
cell surface receptor. Once internalized, the CRP-LDL-cholesterol complex incites complement acti-
vation, tissue factor expression, and surface adhesion molecule “up-regulation.”

Table 4
High Sensitivity (HS) CRP and Its Correlation with Atherothrombotic Events

Endpoint

Coronary Peripheral
heart disease vascular Cardiovascular
(CHD)-death MI Stroke disease (PVD) death

Relative risk for future cardiovascular events
5.0
4.0 X X
3.0 X X
2.0 X
1.0

Adapted with permission from Ridker PM. Circulation 2001;103:1813–1818.



endothelial-mediated thromboresistance to tissue factor, which is an important trigger
for thrombosis in atherosclerotic coronary artery disease. Under normal circumstances,
TFPI is released from endothelial cells, neutralizing the tissue factor, VIIa complex and
factor Xa. Unfractionated heparin causes a release of TFPI (100), contributing to its
overall anticoagulant effects; however, prolonged administration depletes intracellular
storage pools, compromising both anticoagulant potency and thromboresistance capac-
ity. This phenomenon may help explain the limitations of unfractionated heparin in acute
coronary syndromes and the clustering of thrombotic events that follow its abrupt dis-
continuation (101).

Thrombin
Thrombin, a multifunctional serine protease generated at sites of vascular injury, is a

potent platelet activator and possesses a variety of actions on inflammatory cells, the
vascular endothelium, and smooth muscle cells. Arterial wall-associated thrombin activ-
ity is expressed following coronary angioplasty (102), and thrombin bound to the
subendothelial extracellular matrix is functionally active, localized, and protected from
inactivation by circulating inhibitors (103).

The multiple cell-activating functions of thrombin contribute to hemostatic, inflam-
matory, proliferative, and reparative responses of injured vessel walls (Fig. 13). In human
atheroma, a functional thrombin receptor is expressed in regions rich in macrophages and
smooth muscle cells. Local thrombin generation in areas of dysfunctional endothelium
and either fissured or ruptured atherosclerotic plaques activates surrounding cells,
thereby contributing to plaque growth, inflammation, and thrombosis (104).

Monocytes
Cultured endothelial cells exposed to monocytes release less nitric oxide, and the

monocyte-derived cytokines, IL-1, and TNF-a, down-regulate nitric oxide synthase
(105). Overall, the adhesion of monocytes to endothelial cells, as well as their secretory
products, diminishes the steady-state levels of nitric oxide synthase, an event associated
with an attenuated release of biologically active nitric oxide. The observed suppression
is both monocyte concentration and time-dependent (106).
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Fig. 12. Tissue factor is a strong stimulus for intravascular coagulation, particularly after plaque dis-
ruption. In addition to activating factor X directly (extrinsic coagulation cascade) the TF-VIIa com-
plex generates thrombin (and the conversion of fibrinogen [FgN] to fibrin) via the extrinsic coagula-
tion cascade by factor IX activation (cascade cross-talk).
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Nitric oxide is generated under basal conditions by vascular endothelial cells, and
several lines of evidence suggest that the continuous tonic release of nitric oxide is
important in maintaining normal vasoreactivity and thromboresistance by means of its
potent vasodilating and platelet-inhibiting potential, respectively.

Monocytes and macrophages from atheromatous plaques exhibit a coagulant
response to a variety of stimuli, including IL-1 and products of activated lymphocytes
(107). Monocytes from patients with unstable angina express significant procoagulant
activity; however, they must first bind to lymphocytes (108). In addition, only activated
lymphocytes can stimulate monocyte procoagulant activity.

The impact of T lymphocytes on atherosclerotic disease progression and expression
is supported by studies showing a relationship between immune-mediated IFN-c sig-
naling and acute coronary syndromes. Monocytes from patients with acute coronary
syndromes exhibit a molecular fingerprint of recent activation (transcription of STAT
[transcription-1 proteins], up-regulation of inducible genes (D64 and IP-10) (109), and
monoclonal T cell populations have been detected in atherosclerotic plaques obtained
from patients with fatal MI (110). Although there is little question that antigen-specific
stimulation is of paramount relevance in atherogenesis, an alternate pathway of T cell
activation, independent of antigen presentation, might involve IL-15-A, a macrophage-
released cytokine that shares biologic similarities with IL-2 and induces proliferation of
mature T cells, generation of cytotoxic T cells, induction of CD 40 ligand expression,
and release of proinflammatory cytokines (111).

Smooth Muscle Cells
The smooth muscle cell is ubiquitous in its role as both a pro-atherosclerotic and pro-

thrombotic mediator. Similar to endothelial cells and monocytes, smooth muscle cells

Fig. 13. Beyond serving as the pivotal enzyme for all coagulation processes, thrombin exhibits a broad
range of direct cellular activating (and inhibiting) properties as well. Platelet, monocyte, and neutrophil
activation (and interactions) may be particularly important in the determination of an inflammatory-pro-
thrombotic environment. Thrombin’s effect on dysfunctional endothelial cells includes increased PAI-1
secretion and decreased APC secretion. Thrombin-mediated platelet-derived growth factor (PDGF)
synthesis participates in smooth muscle cell migration and plaque growth. PGI2 and tPA secretion are
decreased as well. The latter may also be functionally defective (impaired fibrinolytic potential).
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express tissue factor (112). In addition, they can release inflammatory cytokines in
response to thrombotic activation that activate platelets and/or monocytes (113).

Cell Adhesion Molecules
In both physiologic and pathologic states, cell surface receptors mediate the adhesion

of cells (endothelial cells, monocytes, lymphocytes, neutrophils, smooth muscle cells,
platelets) to one another and to structural components of the extracellular matrix. To
date, six families of cell adhesion molecules have been described—integrins, selectins,
immunoglobulins, adhesion molecules, proteoglycans, and mucins (Fig. 14).

Integrins comprise a superfamily of heterodimeric transmembrane proteins com-
posed of noncovalently associated a- and b-subunits (Table 5). To date, 8 b-subunits and
12 a-subunits have been identified (114,115). Integrins have been grouped according to
their composition, which typically includes various combinations of a-subunits joined
with a common b-subunit. Most integrins that bind matrix molecules recognize the
tripeptide Arg-Gly-Asp (RGD) that can be found in fibrinogen, fibronectin, fibronectin,
vitronectin, laminin, and type 1 collagen. Not all cellular interactions with matrix pro-
teins are mediated by their RGD sequence.

Selectins are composed of a lectin domain, an epithelial growth factor domain, and
complement regulatory-like molecules. P- and E-selectins bind to common sites of car-
bohydrates, and C-selectin binds to mucin-like endothelial cell glycoproteins. P-selectin
(CD62, granule membrane protein, platelet activation-dependent granule external
membrane protein) can be found within platelet a-granules and endothelial cells
(Weibel-Palade bodies). Because P-selectin binds to monocytes and neutrophils, it is felt
to play an important role in platelet–leukocyte and endothelial cell–leukocyte interac-
tions. The interaction of fibrinogen and P-selectin may have a particularly important role
in regulating inflammatory and thrombotic responses (Table 6).

Members of the immunoglobulin superfamily, including intercellular adhesion mol-
ecules (ICAM-1, ICAM-2) and vascular cell adhesion molecules (VCAM) play an

Fig. 14. The dysfunctional vascular endothelium, transformed intima, and modified cellular compo-
nents of the developing plaque are a virtual warehouse of inflammatory proteins and expressed recep-
tors that mediate the adhesion of cells to one another and to structural components of the cell surface
matrix. ICAM, intercellular adhesion molecule; VCAM, vascular cell adhesion molecule; PECAM,
platelet endothelial cell adhesion molecule; vWF, von Willebrand factor; GP, glycoprotein.



important role in the transmigration of leukocytes. The cytokines TNF-a, IL-1, and IFN-
c stimulate the expression of ICAM on the vascular endothelial surface. Endothelial
VCAM-1 supports the adhesion of lymphocytes, monocytes, eosinophils, and basophils.
Platelet endothelial cell adhesion molecule (PECAM-1) exists on platelets, T lympho-
cytes, and monocytes, suggesting that it contributes to leukocyte migration and throm-
bosis (Table 7).

Cadhesions represent a group of proteins whose major function is the maintenance
of tight gap junctions and intercellular spacing within the vascular endothelium.

Proteoglycans constitute a large protein family with glycoaminoglycan side chains
that mediate lymphocyte binding and epithelial cell binding to collagen, fibronectin, and
thrombospondin. The glycoprotein Ib/IX complex is the most well-known cell adhesion
molecule of the mucin family. It contains a thrombin binding site and a von Willebrand
factor binding site.

Cytokines and Provoked Inflammatory Responses
Histologic studies have shown that atherosclerotic plaques contain foci of monocytes,

macrophages, and activated lymphocytes. The cytokine secretory capacity of monocytes
expressing TNF, IL-1, IL-6, and IFN-k is also increased. The acute-phase reactants CRP
and amyloid A protein are elevated in a majority of patients with unstable angina and
identify those patients who were more likely to suffer an in-hospital ischemic–throm-
botic event (116). The prognostic value of fibrinogen, an acute phase protein directly
involved with the cascade of events leading to thrombosis, has also been determined in
patients with unstable angina and non-ST-segment elevation MI in whom elevations
identify increased risk of spontaneous ischemia, MI, and death (117) (Table 8).
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Table 5
Major Integrins and Their Ligands that Contribute to Atherothrombosis

Integrin Ligands

VLA integrins
a, b1 (VLA-1) Laminin, collagen
a2, b1 (VLA-2) Collagen, laminin
a3, b1 (VLA-3) Fibronectin, laminin, collagen
a4, b1 (VLA-4) Fibronectin, VCAM-1
a5, b1 (VLA-5) Fibronectin
a6, b1 (VLA-6) Laminin

Leukocyte integrins
a2, b2 ICAM-1, ICAM-2
am, b2 ICAM-1, fibrinogen, factor X
ax, b2 Fibrinogen

Cytoadhesions
AIIb, b3 Fibrinogen, fibronectin, vitronectin
aIV, b3 Vitronectin, fibrinogen, thrombospondin

VLA, very late antigens; ICAM, intercellular adhesion molecule; VCAM, vascular cell adhesion 
molecule.



Patients with accelerated atherosclerosis and MI at a young age (�45 yr) frequently
have detectable circulating immune complexes (118). Similarly, patients with acute MI
have increased plasma concentrations of IL-1, IL-6, IL-8, and TNF-a, and the intensity
of the acute inflammatory response after infarction is associated with short-term mor-
tality (119). The inflammatory state also may determine the overall response to treat-
ment (120).

Plasminogen Activator Inhibitor-1
Plasminogen activator inhibitor (PAI)-1 is a globular glycoprotein with a molecular

weight of 50,000 and comprised of 379 amino acids in a single chain. The primary struc-
ture of PAI-1 designates it as a member of the superfamily of serine protease inhibitors
(serpins), and it is structurally similar to other serpins, including angiotensinogen,
antithrombin III, and a-2-antiplasmin. PAI-1 was first isolated by Van Mourik et al.
(121) and has been cloned by several investigative groups (122,123).

At least three distinct conformations of the intact PAI-1 molecule have been identified.
In its latent form, PAI-1 is not susceptible to cleavage by tPA nor does it form complexes
with tPA. However, in its active form, it is both susceptible to cleavage and does form
complexes with the tPA molecule. The active form of PAI-1 is the inhibitory form of the
molecule. In its conformation, the reactive site of PAI-1 is readily accessible to cleavage
by plasminogen activators; once this peptide bond is cleaved, a complex is formed
between plasminogen activators and PAI-1. Thus, the active form of PAI has been appro-
priately termed a suicide substrate. It has a circulating half-life of approx 60 min (124).

Latent PAI-1 has been crystallized, and its structure determined; it is inactive because
part of its reactive centers is inaccessible to binding. Latent conformation of PAI appears
to be a preferred state, and spontaneous reversions of latent PAI to an active state have
not been described. However, if latent PAI is chemically denatured and allowed to refold,
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Table 6
Selectins: Cellular Distribution and Interactions

Cell Distribution Binding site

L-Selectin All leukocytes Endothelial cells
E-Selectin Activated endothelial cells Neutrophils, monocytes, T lymphocytes
P-Selectin Platelets, endothelial cells Neutrophils, monocytes, T lymphocytes

(Weibel-Palade)

Table 7
Adhesion Molecules

Glycoprotein Distribution

ICAM-1 Endothelial cells, fibroblasts, hematopoietic cells
ICAM-2 Endothelial cells, fibroblasts, hematopoietic cells
VCAM-1 Endothelial cells, smooth muscle cells
PECAM-1 Platelets, endothelial cells

ICAM, intercellular adhesion molecule; VCAM, vascular cell adhesion molecule; PECAM, platelet-
endothelial cell adhesion molecule.
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a fraction of the material will resume the active conformation (125). It has been deter-
mined that most PAI-1 secreted into the blood is in the active state, although some of
the PAI stored within platelets is inactive. The mechanisms responsible for activating
latent PAI have not been fully described, but negatively charged phospholipids have been
reported to activate the latent form of PAI in vitro (126).

The primary source of PAI-1 in the circulation is thought to be the endothelium
(127); however, this is not the only synthetic site. Other sites of synthesis include the
liver and vascular smooth muscle cells. Platelets store large quantities of PAI-1, which
can be secreted following aggregation. Endothelial cells also have the capacity to
secrete PAI-1 abluminally (128). The relative abundance of vitronectin in the suben-
dothelial matrix provides a mechanism for preserving PAI-1 activity. The PAI-1-vit-
ronectin complex may represent the physiologically relevant form of the inhibitor in the
extracellular matrix.

A wide array of compounds has been found to stimulate endothelial PAI-1 production.
Inflammatory cytokines, including IL-1 and TNF, can induce PAI-1 synthesis. Trans-
forming growth factor-b, epidermal growth factor, and insulin can also stimulate PAI-1
production. Thrombin is a potent stimulus for PAI-1 in cultured endothelial cells (129).

An excess of PAI-1 reduces the efficiency of the fibrinolytic system, creating a per-
missive environment toward vascular thrombosis. There is compelling evidence that PAI-
1 exists in excess quantities within human atherosclerotic vessels (130). Elevated levels
of PAI-1 are a risk factor for both venous and arterial thrombolic events. PAI-1 excess has
been identified in young survivors of acute MI (131). It has also found in excess among
survivors of MI who subsequently experienced a second event (132) (Fig. 15).

Plasma Fibrinolytic Factors
Lipoprotein (A) is composed of an LDL particle linked to a unique glycoprotein, apo A,

which exhibits marked structural similarities to the plasma zymogen plasminogen. Exper-
imental evidence suggests that increased levels of lipoprotein (A) impair fibrinolysis
through binding to plasminogen receptors on fibrin, endothelial cells, mononuclear cells,
and platelets.

Table 8
Major inflammatory Cytokines

Predominant 
Cytokine cell of origin Biologic activity

IL-1 Endothelial cells T cell activation; cytokine production
Activated macrophages

IL-2 Activated T cell Activated natural killer cells stimulate IL-2, TNF-a
IL-6 Monocytes, macrophages, Differentiatial of B cells; stimulate production of 

T cells, endothelial cells acute phase proteins and cytokines
INF-c Activated T cells Oxygen-derived free radical production expression of

MHC I and II; monocyte and macrophage activation
TNF-a Monocytes, macrophages Cytokine production; endothelial cell injury; pro-

thrombotic effects, cellular proliferation

IL, interleukin; TNF-c, tumor necrosis factor a; INF-c, interferon c; and MHC, major histocompati-
bility complex.
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Renin–Angiotensin System
Angiotensin II has been shown to promote the growth of vascular smooth muscle

cells (133,134), and it has been suggested that angiotensin-converting enzyme (ACE)
inhibitors can reduce neointimal proliferation. Activity of the endogenous fibrinolytic
system is regulated, in large part, by two proteins secreted by the vascular endothe-
lium, tPA and its primary inhibitor PAI-1. Both endogenous tPA and PAI-1 have been
implemented in the pathogenesis of thromboembolic disorders. Infusion of angiotensin
II in low physiologic doses results in a rapid and significant increase in circulating
levels of PAI-1 antigen (135). Effects are apparent within 45 min of initiating the infu-
sion; moreover, the effect of angiotensin II on PAI-1 production appears to be a sim-
ple dose-response relationship. Angiotensin II preferentially induces the synthesis of
PAI-1 I in both cultured endothelial cells and murine astrocytes (136). In cultured
endothelial cells, angiotensin II induces a dose-dependent increase in PAI-1 messen-
ger RNA and in the concentrations of secreted PAI-1 in the media. Platelets express
receptors for angiotensin II, and while angiotensin II is not a direct platelet agonist,
it does sensitize platelets to the effects of other known agonists. As a result,
angiotensin-treated platelets are more sensitive to the aggregating effects of epineph-
rine, adenosine diphosphate, and collagen. Work by Vaughn and colleagues (137) sug-
gests that angiotensins, including angiotensin III and angiotensin IV (particularly the
latter), has a direct effect on endothelial cell and smooth muscle cell PAI-1. The find-
ings of at least one clinical trial suggest that ACE inhibitor therapy in survivors of
anterior MI results in a marked depression of PAI-1 concentrations in plasma within
2 wk of treatment initiation (137).

ACE is found in high concentrations within hypercellular plaques and bordering areas
of clustered macrophages and T lymphocytes. Additionally, angiotenic II receptors exist
in close proximity to sites of plaque rupture among patients with unstable angina (138).

Plasma Coagulation Factors and Cardiac Events
Epidemiologic studies have examined factor VII and fibrinogen, two components of

the natural hemostatic mechanism. In the Northwick Park Study (139), factor VII coagu-
lant activity was shown to correlate with cardiovascular mortality. Fibrinogen also corre-

Fig. 15. Vascular plasminogen activators and their inhibitors play an important role in both plaque
activity (predisposing to disruption) and thrombosis. TPA, tissue plasminogen activator; (PAI-1), plas-
minogen activator inhibitor.



lated strongly, as did factor VIII, although less strongly than other hemostatic markers.
The potential importance of factor VIII, however, is strengthened by the low incidence of
atherosclerotic coronary artery disease in hemophiliacs. In the Atherosclerosis Risk
Communities study, which included 15,800 individuals from four diverse areas in the
United States (140), baseline measurements of factor VIII and von Willebrand factor
were performed to determine their relationship to the development of coronary athero-
sclerosis. In a univariate analysis, both factors were positively associated with plasma
triglycerides and negatively associated with high-density lipoprotein cholesterol.

As in the Northwick Park Study, several large-scale epidemiologic studies have identi-
fied an association between both factor VIII activity and fibrinogen and the incidence of
atherosclerotic coronary artery disease. In the Framingham Study (141), fibrinogen and
coronary disease were strongly correlated, and the association was stronger than was the
association between cholesterol (and other standard risk factors) and coronary disease.

Involvement of the fibrinolytic system in the development of acute coronary syn-
dromes has recently led investigative groups to explore several markers as predictors of
thrombotic cardiovascular events. In a study of 213 consecutive patients with angina
pectoris and angiographically confirmed coronary artery disease, tPA mass concentra-
tion was the only laboratory marker significantly associated with mortality at a mean
follow-up of 7 yr (142).

Diabetes Mellitus
Diabetes mellitus, increasing rapidly on a world-wide basis, is linked strongly to

atherothrombosis (143,144). The linkage of glucose (glycosylation) to proteins produces
an insoluble product known as advanced glycation end-products (AGEs) (145), which
promote atherosclerosis through several unique mechanisms. AGE has been shown to
deplete nitric oxide, thereby impairing endothelium-dependent dilation. It also binds
specific macrophage receptors, stimulating cytokine release and smooth muscle cell
proliferation. AGE increases the secretion of platelet-derived growth factor and
enhances chemotaxis of blood monocytes (146).

Glycosylation of lipoproteins contributes to atherosclerosis through the following
sequence of events. Glycosylated LDL, not being recognizing by LDL receptors,
increases cholesteryl ester synthesis and accumulation in macrophages. In addition, gly-
cosylation of LDL impairs its own degradation and permits more LDL to be bound by
local matrix proteins, where oxidation can take place (147) (Fig. 16).

The glycosylation of HDL increases its clearance and decreases the physiologic HDL
receptor-mediated cholesterol removal process (148).

Hyperinsulinemia is recognized as an important contributor to atherogenesis in the
sitting of Type II diabetes. High fasting insulin concentrations are an independent pre-
dictor of ischemic heart disease-related events in men (149).

TNF-a is increased in the insulin-resistant state (150) and decreases the expression
of nitric oxide synthase and increases the expression of ICAM-1 (151).

Diabetes is associated with a heightened thrombotic capacity that is multifactorial in
origin. Endothelial dysfunction with impaired thromboresistance, increased sympathetic
tone, reduced fibrinolytic potential, elevated coagulation factor concentrations (VII, IX,
X, XII, fibrinogen), and enhanced platelet aggregation in response to a variety of bio-
chemical mediators contribute collectively (152).
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Fig. 16. Glycosylation of proteins resulting in AGEs and their atherogenic effects. A model for atherosclerotic vascular disease is diabetes mellitus.



Dietary Factors
A possible link among atherosclerosis, thrombotic events, and dietary factors has

been explored in several epidemiologic studies. The first, referred to as the Seven Coun-
try Study (153), observed a correlation between total calories consumed as saturated fats
and the occurrence of coronary heart disease-related death.

The potential direct impact of dietary factors on cardiac events was investigated in
the Lyon Diet Heart Study (154). Patients with a prior MI were given a diet previously
shown in the Seven Country Study to be associated with a low cardiovascular mortality
(the Cretan Mediterranean Diet, high in a-linolenic acid). Compared with a control
group, dietary intervention patients had a lower incidence of MI and cardiac death dur-
ing a 27-mo follow-up period (risk ratio 0.27; p � 0.001).

Hypercholesterolemia, induced by a high dietary intake of saturated fatty acids and
cholesterol, is associated with increased platelet coagulant activity, platelet aggregation,
thromboxane A2 production, and shorter platelet survival. Elevations in plasma choles-
terol have also been associated with increases in prothrombin and coagulation factors
VII and X (155).

Factor VII coagulant activity (VIIc) increases with rising plasma triglycerides and
dietary fat intake. It has been proposed that the association between fat consumption and
VIIc is related to increased concentrations of triglyceride-rich lipoprotein particles on
the intrinsic coagulation pathway. The metabolism of triglyceride-rich lipoproteins may
generate a negatively charged surface, which then activates the contact system of coag-
ulation (factor XII, factor XI, prekallikrein, high molecular weight kininogen). Support
for this hypothesis is derived from studies showing reduced prothrombin activation frag-
ment 1.2 concentrations with triglyceride-reducing therapies (156).

Markers of Thrombosis
In clinical practice, limited means exist to assess the physiologically relevant balance

between in vivo anticoagulation and thrombosis. Ideally, if tests were readily available
that reflected active intravascular thrombosis, clot dissolution, and thrombotic potential,
treatment could be tailored more precisely. Conceptually, these markers could also be
used to provide mechanistic and prognostic information.

Thrombin, a 308-amino acid serine protease, plays a central role in the natural his-
tory of ruptured atherosclerotic plaques. Thrombin, in essence, determines the extent of
thrombus formation at sites of vascular injury. Thrombin activity can be assessed in
plasma by measuring fibrinopeptide A (FPA) concentrations. Actually, FPA represents
fibrin formation resulting from thrombin’s activity on fibrinogen. Thrombin generation
is represented by plasma concentrations of prothrombin activation fragment 1.2, throm-
bin-antithrombin complexes, and APC (Fig. 17).

Eisenberg and colleagues (157) reported previously that thrombin activity was
increased among patients with acute coronary thrombosis. Our group has shown that
both thrombin activity and platelet activity (determined by the expression of surface pro-
teins using flow cytometry) are increased in acute coronary syndromes and that height-
ened activity persists even after the acute clinical symptoms have resolved (158). Plasma
markers of thrombin activity and generation may provide useful information during the
early assessment of patients with MI at rest in whom electrocardiographic changes are
either absent or nondiagnostic. In this setting, elevations in FPA, thrombin–antithrom-
bin complexes, and prothrombin activation fragment 1.2 may identify patients with
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Fig. 17. The conversion of prothrombin to thrombin is mediated by the prothrombinase complex
(coagulation factors Va and Xa, phospholipid, and calcium [Ca2�). This enzymatic reaction typically
takes place on existing platelet aggregates; however, it can also occur on a dysfunctional endothelial
surface. During the generation of thrombin, which can be neutralized to some degree through bind-
ing to antithrombin (thrombin–antithrombin duplex [TAT]), a peptide fragment (prothrombin activa-
tion peptide F1.2) appeared in plasma where it can be measured. The thrombin-medicated conversion
of fibrinogen to fibrin yields two peptides, fibrionpeptide A (FPA) and fibronopeptide B (FPB).
Newly generated thrombin can either be complexed to antithrombin (TAT) or participate in the con-
version of fibrinogen to fibrin. D-Dimer is a breakdown product of fibrin.

Fig. 18. Activated platelets undergo numerous structural and functional changes. Surface markers of
activation, including P-selectin, can be measured using flow cytometry as can platelet–leukocyte het-
erotypic aggregates.



active coronary artery disease (159). D-Dimer, a breakdown product of fibrin, has
shown promise as a diagnostic marker among patients with venous thromboembolic dis-
ease and is currently being evaluated in the setting of acute coronary syndromes. Rapid
bedside tests are available that may be useful in the early management of these patients.
The combined measurement of several biochemical markers that reflect decreased
myocardial perfusion (troponin), inflammation (fibrinogen, CRP, amyloid A protein,
leukocyte activation) and thrombosis (platelet activation, thrombin generation, fibrin
formation, thrombin-mediated platelet activation) (Fig. 18) or combination markers
(platelet–leukocyte aggregates, fibrinogen–P-selectin interaction) could potentially
offer the greatest wealth of information on the pathobiology, prevention, and treatment
of acute coronary syndromes (160).
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INTRODUCTION

The likelihood that acute myocardial infarction is triggered by a specific event has
been a subject of debate since the earliest description of this disorder, which incorporated
the belief that specific physical or mental events precipitated the attack (1). Controversy
concerning the events precipitating acute myocardial infarction continued for decades
(2,3), until 1960 when Master published a retrospective study of over 2600 patients with
acute myocardial infarction (4). This study was the largest to that date addressing the trig-
gering of myocardial infarction. While no formal statistical analysis was applied, it was
concluded from the data that the onset of myocardial infarction was unrelated to physical
effort, to time of day, to day of the week, or to the occupation of the patient. In the last 15
yr, as knowledge of the pathological processes underlying acute coronary syndromes has
advanced, the possibility of the existence of specific triggers of the onset of acute
myocardial infarction and related syndromes has been reconsidered.

The current concept holds that acute coronary syndromes result from a breach in the
surface of an atherosclerotic plaque, either by frank rupture of the fibrous cap overlying
the plaque or, less commonly, by endothelial denudation of the cap (5–12). This event
exposes collagen, tissue factor, and the lipid material underlying the luminal surface of the
plaque to blood. The interaction between the inner constituents of the plaque and its cap
and blood where platelets and clotting factor proteins are available for activation, initiates
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the formation of intracoronary thrombus. The competition between thrombosis and
intrinsic fibrinolytic processes determines the natural history of the plaque rupture. One
possible outcome is a voluminous thrombus little diminished by fibrinolysis, causing total
coronary occlusion, extensive myocardial ischemia with electrocardiographic ST seg-
ment elevation, and myocardial infarction. A different clinical syndrome might be
expected to result from a smaller thrombus mass that is spontaneously lysed—transient
symptoms, with or without ischemic electrocardiographic changes, and without myocar-
dial infarction. Another acute presentation of coronary artery disease is sudden cardiac
death. There is evidence that acute changes in plaque morphology can be found in a major-
ity of such cases (13), and mechanisms, including ischemia and reperfusion, hemody-
namic factors, metabolic alterations, and autonomic influences, are implicated (14).

The triggering of acute coronary syndromes requires two elements: a substrate and
the triggering events or circumstances. The substrate is an atherosclerotic plaque with
features predisposing it to superficial erosion or rupture. The plaque exists in a microen-
vironment which includes the physical forces that stress or deform the plaque, coronary
vasomotor tone and endothelial function, circulating catecholamines and other vasoac-
tive substances, and the state of the intracoronary hemostatic environment. The activi-
ties and circumstances that may be recognized as triggering events for acute coronary
syndromes produce their effects through alterations in the microenvironment, which
favor plaque erosion or rupture and intracoronary thrombus formation (Fig. 1).

TRANSFORMATION FROM STABLE TO 
VULNERABLE ATHEROSCLEROTIC PLAQUE

There is considerable heterogeneity in the structure of atherosclerotic plaques, and
numerous investigations have attempted to identify special features of plaques that are
involved in acute ischemic syndromes (5–12). It has been observed in patients experi-
encing acute myocardial infarction, who have coincidentally undergone coronary arte-
riography at some point prior to the acute event, that the site of coronary occlusion is
often not the site of the most stenotic lesion in the coronary tree (15,16). It is now rec-
ognized that acute ischemic syndromes are often precipitated at atherosclerotic sites that
are only minimally obstructive, suggesting that features other than plaque bulk con-
tribute to the risk of a given plaque acting as the site of an acute coronary occlusion
(15,16). Detailed anatomic studies of plaque structure at the site of rupture and throm-
bosis in patients who have died from acute myocardial infarction have identified a vari-
ety of morphologic features that are more likely to be found in these plaques compared
to plaques at other, presumably more stable, sites (5–12). These features include a rela-
tively large physically soft lipid pool and a fibrous cap overlying the plaque, which is
relatively thin (5–12). There is evidence that plaques with a thinner cap and larger under-
lying lipid pool may be more susceptible to physical forces that cause the cap to fissure,
usually at the edge of the plaque, thus setting in motion the thrombogenic cascade lead-
ing to an occlusive clot (5–12). The fibrous cap, separating the thrombogenic core mate-
rial from the blood, is figuratively the “no-man’s land” between stable and unstable
coronary artery disease. It appears to be a site of intense biologic activity and is a
dynamic structure (11,12).

Two important findings in the caps of vulnerable plaques are a reduced smooth muscle
cell content and increased numbers of inflammatory cells, such as activated macrophages,
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T cells, and mast cells. Smooth muscle cells produce collagen and other proteins, which
thicken and strengthen the cap. The inflammatory cells produce a variety of substances
which inhibit collagen formation or degrade that which exists. Substances produced by
inflammatory cells can also induce smooth muscle cell apoptosis (programmed cell
death). These changes in the composition of the cap reduce its strength, favoring rupture
or erosion. Recent studies in patients have shown that higher serum levels of systemic
markers of inflammation predict a higher risk of acute coronary disease (17–19). The spe-
cific mechanisms by which these proinflammatory modulators become augmented in the
vessel wall are as yet unknown. The possibility that infectious agents, either within the
vascular wall or at remote sites, might constitute this link is under investigation, but con-
clusions are still controversial (20,21).

The susceptability of an individual to plaque disruption and resulting coronary disease
events may also depend on the presence of specific inherited polymorphisms of genes
controlling proteins involved in the development of atherosclerotic plaque and in throm-
bosis. For example, in a prospective study of 3052 men in the Northwick Park Heart Study,
initially free of coronary heart disease, cigarette smokers who were carriers of the E4
allele of apolipoprotein E had a significantly increased risk (2.79-fold, 95% confidence
interval 1.59–4.91) of myocardial infarction or coronary artery surgery, with no increased
risk imparted by this allele in exsmokers (22). In another study of 444 patients with angio-
graphically severe severe coronary disease, those with certain alleles of the Factor VII
gene were significantly less likely to have experienced a myocardial infarction (23).

EVIDENCE FOR TRIGGERING

Periodicity in the Onset of Acute Cardiac Events
MORNING INCREASE IN ACUTE CARDIOVASCULAR DISEASE ONSET

The frequency of acute myocardial infarction onset over the 24-h period has been
reexamined since the work of Master (4). Muller and others in 1985 examined data from
the Multicenter Investigation of the Limitation of Infarct Size (MILIS) trial, involving

Fig. 1. Substrate, triggering events, and the physiologic processes linking the two. Atherosclerotic
plaques with varying structural, cellular, and biochemical characteristics form the substrate for acute
coronary events. The plaque is in contact with circulating cellular elements, coagulation proteins, and
vasoactive substances produced locally in the endothelium and circulating systemically. The plaque
also is acted upon by physical forces related to systemic hemodynamics and coronary blood flow.
Triggering events exert their effects by modifying local physiologic processes to promote plaque dis-
ruption and intracoronary thrombosis.



849 patients (24). Serial cardiac muscle enzyme levels were used to estimate the time
of the onset of infarction. These investigators identified a prominent morning increase
in the incidence of infarction onset, peaking from 9 AM to noon, with a smaller peak in
the early evening. A nadir in the incidence of infarction onset was observed at night (Fig.
2). Similar findings were reported from the Intravenous Streptokinase in Acute Myocar-
dial Infarction (ISAM) trial of 1741 patients, with infarction occurring 1.8� more fre-
quently between 6 AM and noon, compared to the other quarters of the day (25). This
pattern, with a predominance of infarctions beginning in the morning hours, and a rel-
ative paucity beginning during what would be considered hours of sleep (midnight to 6
AM), has been confirmed in many other studies (26–35). Some but not all investigators
have also reported a second, smaller peak in the incidence of infarction onset during the
late afternoon or evening hours. A meta-analysis of 30 studies encompassing 66,635
patients found a relative risk for myocardial onset between 6 AM and noon of 1.38 (95%
confidence interval 1.37–1.40) (36). This study calculated that 27.7% of morning non-
fatal infarctions and 8.8% (95% confidence interval 8.5–9.0%) of all nonfatal myocar-
dial infarctions could be attributed to the excess morning risk of acute myocardial
infarction (Fig. 3).

A similar pattern of circadian variation occurs in acute coronary and vascular events
other than nonfatal myocardial infarction. The onset of chest pain at rest in patients hos-
pitalized with unstable angina pectoris also shows a statistically significant morning
peak (37–41). In the Thrombolysis in Myocardial Infarction (TIMI) III study of unsta-
ble angina and non-Q wave myocardial infarction, 31.4% of 7730 patients entered into
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Fig. 2. Circadian variation in myocardial infarction onset. The number of infarctions/h is plotted on
the Y-axis vs the time of onset on the X-axis (24-h clock) for 849 patients experiencing acute myocar-
dial infarction. The hour of onset of infarction is determined from extrapolated from creatine phos-
phokinase MB fraction levels. There is a significant excess of infarctions between the hours of 6 AM

and noon, with a small secondary peak at 7 to 8 PM. Reprinted with permission from ref. 24.



the registry roster had onset of pain between 6 AM and noon (37) (Fig. 4). One study of
1167 patients with non-Q wave myocardial infarction failed to show a significant diur-
nal variation in time of onset of symptoms (41). However, the larger TIMI III study
demonstrated a significant morning excess of events in both the unstable angina and
non-Q wave myocardial infarction subgroups (37).

Ambulatory monitoring of patients with stable coronary artery disease and myocar-
dial ischemia also demonstrates an increase in the number of episodes of transient
myocardial ischemia occurring during the morning hours, between 6 AM and noon, again
sometimes with a secondary peak in the late afternoon (42–47) (Fig. 5). A multicenter
European study of over 1087 stable angina patients found both early morning (9 AM to
noon) and afternoon (3 PM to 6 PM) peaks in anginal attack frequency (48). Another study
of transient myocardial ischemia in the early posthospital phase of acute myocardial
infarction demonstrated the peak incidence of ischemic episodes to be in the early
evening hours rather than in the morning (49). This suggests that circadian patterns may
be altered transiently by an event such as acute myocardial infarction.

Ischemic stroke represents another vascular catastrophe with pathogenesis similar to
that of myocardial ischemic events. A significant variation in the time of onset of stroke
symptoms, with a dominant peak in the 6 AM to noon time frame, has been demonstrated
(50,51). Even when accounting for stroke patients awakening with symptoms, when the
time of onset may not be known, over 50% of strokes in one study (50) and 38% in
another (51) were thought to have had their onset between 6 AM and noon.

The timing of sudden cardiac death also appears to have a similar circadian variation,
demonstrated in two studies of the Massachusetts population (52,53), a group of patients
with advanced heart failure dying suddenly (54), and in patients receiving antiarrhyth-
mic agents during the Cardiac Arrhythmia Supression Trail (CAST) (55). A meta-analy-
sis also reviewed 19 published studies of the time of onset of sudden cardiac death (5834
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Fig. 3. Meta-analysis of time of onset of acute myocardial infarction in over 66,000 patients. In these
studies the 24-h period is divided into 6-h segments, beginning at midnight. The dotted line shows the
expected number of infarctions for each 6-h time period, and the black shaded area shows the excess
incidence of infarctions occurring during the 6 AM to noon segment. Reprinted with permission from
ref. 36.
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Fig. 4. The circadian variation in the timing of the onset of unstable angina pectoris and non-Q wave
myocardial infarction, from the TIMI III Registry. The percent of patients with onset of symptoms in
each 2-h time period (X-axis) is shown. The p-values are the result of the chi-square goodness-of-fit
test for a uniform distribution, indicating a highly significant nonuniformity. Reprinted with permis-
sion from ref. 37.

Fig. 5. Circadian variation in myocardial ischemic burden in patients undergoing 24-hourly ambula-
tory monitoring. The solid lines indicate the level of physical and mental activity (Y-axis on left)
throughout the 24-h cycle (X-axis). These levels increase in the morning, remain elevated throughout
the day, and decrease at night. The dotted line plots the total duration of myocardial ischemia per hour
(Y-axis on right). There is a prominent morning peak in ischemic time, paralleling the rise in the level
of physical and mental activity. However, ischemic time decreases after the morning hours despite
maintenance of high physical and mental activity levels. Reprinted with permission from ref. 42.



events) (36). The relative risk of sudden cardiac death was 1.29� greater (95% confi-
dence interval 1.26–1.32) in the morning period compared to the rest of the day. The
morning excess of sudden cardiac deaths accounted for 22.5% of morning sudden
deaths and 6.8% (95% confidence interval 6.4–7.1%) of all sudden deaths (Fig. 6). Ven-
tricular tachycardia and ventricular fibrillation are the most frequent arrhythmias caus-
ing sudden cardiac death. Several studies of patients with automatic implantible
cardioverter-defibrillators (AICD) capable of documenting the time of arrhythmias
(56–61) and a study of the arrival time in the emergency room of patients with ventric-
ular fibrillation (62), demonstrated a morning peak and a nighttime nadir of the fre-
quency of these events (Fig. 7).

The relationship between morning and myocardial infarction has prompted consider-
ation that the time of awakening, rather than the time of day per se, may better explain
the variation in the time of onset of acute coronary syndromes. In one study of 224
patients, the relative risk of acute myocardial infarction onset between 6 and 9 AM was
1.8 (95% confidence interval 1.3–2.4) (63). After adjustment for individual wake times,
the relative risk of infarction onset in the first 3 h after awakening increased to 2.4 (95%
confidence interval 1.8–3.1). Another study of 137 patients found 23% of patients to
report the onset of symptoms of myocardial infarction within 1 h of awakening (64). In
the CAST experience of 3309 patients with a history of myocardial infarction, 24%
experienced symptom onset within 4 h of awakening (65). In patients with sudden car-
diac death, the relative risk for the first 3 h after awakening was 2.6 (95% confidence
interval 1.6–4.2) compared to other times of the day (66). Studies of ambulatory patients
undergoing Holter monitoring to detect myocardial ischemic episodes found that
ischemic time increased significantly for the 2 h after awakening (42,46). This increase
was observed even after correction for the greater level of physical and mental activity,
which independently influenced ambulatory ischemia (42). The multicenter European
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Fig. 6. Meta-analysis of time of sudden cardiac death in over 19,000 patients. In these studies, the 24-
h period is divided into 6-h segments, beginning at midnight. The dotted line shows the expected num-
ber of infarctions for each 6-h time period, and the black shaded area the excess incidence of sudden
deaths occurring during the 6 AM to noon segment. Reprinted with permission from ref. 36.



angina study cited above found 50% of anginal attacks to occur within 6 h of awaken-
ing (48). While the hours of sleep (generally midnight to 6 AM) have been shown to
encompass the lowest frequency of the onset of acute coronary syndromes, one study
found that in patients with stable coronary disease, arising at night was strongly associ-
ated with the occurrence of transient myocardial ischemia detectable by ambulatory
monitoring (67).

OTHER PATTERNS IN THE TIMING OF ACUTE CARDIAC EVENTS

In addition to variation in frequency of acute cardiac events over the course of a typ-
ical 24-h sleep–wake cycle, other temporal and environmental cycles have been shown
to affect the timing of these events. Several studies have shown that myocardial infarc-
tions are more likely to occur on Monday (26,68–70). One group demonstrated that this
pattern was present only in a working, as opposed to a nonworking, population (68),
although this was not confirmed in another study (34). One interesting observation has
been made concerning 148 sudden cardiac deaths over a 10-yr period on the Hawaiian
Island of Kauai (71). While the occurrence of sudden death in local residents demon-
strated the typical 6 AM to noon peak, sudden death in visitors coming from 2500 to 5400
miles distant (3–6 time zones) showed a peak in the 6 PM to midnight time period. This
may reflect altered sleep–wake cycles induced by “jet lag.”

A seasonal variation, with a peak in wintertime admissions for acute myocardial infarc-
tion and a summertime trough, has also been reported (28,34,69). One group studied the
daily frequency of myocardial infarction over a 10-yr period and found correlations to
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Fig. 7. Circadian variation in frequency of ventricular tachyarrhythmic events in 32 patients with auto-
matic implantable defibrillators capable of recording the time of occurrence of arrhythmias. The Y-
axis represents the number of events vs time of day. The predominance of events during the 6 AM to
noon time period is statistically significant by analysis of variance (ANOVA) (p � 0.007). The curve
is a fourth-order harmonic regression curve, demonstrating a significant periodicity in the frequency
of events over time (R2 � 0.91, p � 0.001). Reprinted with permission from ref. 57.



varying weather patterns from year-to-year; higher incidence correlated with lower tem-
perature and higher humidity (72). A study of vital statistics from five Minneapolis–St.
Paul winters found no statistical relation between air temperature and cardiovascular mor-
tality (73). However, this study found that snowfall influenced mortality on the day of
occurrence and for 2 d following snowfall. The combination of rain and snow was found
to produce a dramatic increase in mortality from acute myocardial infarction. Similar
observations were made in Toronto, Ontario, Canada (74). On the other hand, a large mul-
ticenter study did find a significant increase in cardiovascular disease event rates with
decreasing air temperatures (75). A recent study in patients with event-recording
implantable cardioverter-defibrillators (ICD) found that the frequency of ventricular
tachyarrhythmias correlated with the temperature calculated to be “felt” by the individual.
“Felt-temperatures” in the range considered to represent thermal stress were associated
with higher frequencies of arrhythmia (76). The role that climate, as opposed to nonmete-
orological features of seasonal transitions, may play as a modifier of susceptibility to
acute coronary disease onset is unclear. While the seasonal distribution of myocardial
infarction existed without regard to climate in a multicenter, 259,891-patient U.S. study
(77), a study of 540 acute MI patients in Taiwan, a country with a year-round uniform sub-
tropical climate found no such seasonal variation (78)..

Many of the studies examining the circadian variation of acute myocardial infarction
have performed analyses in subgroups of patients, with the goal of gaining insights into
triggering mechanisms by identifying differences in circadian rhythms between groups
with different characteristics. In most studies, age, sex, cigarette smoking, prior myocar-
dial infarction, or angina pectoris have not affected circadian patterns. The findings for
diabetic patients have been less consistent, with some studies showing attenuation of cir-
cadian variation of myocardial infarction onset in diabetics (26,27,69,79), and others
showing preserved circadian variation (24,31,80). One study found circadian variation
to be present in treated diabetic subjects, and abolished in untreated patients (81).

Specific Activities as Potential Triggers of Acute Myocardial Infarction
Morning and awakening appears to trigger acute coronary syndromes. Other envi-

ronmental changes, such as the transition from weekend to work week and changes in
weather cycles, may also function as triggers. Many investigators have sought specific
events identifiable by patients as triggers. Studies using interview techniques to deter-
mine the fraction of patients reporting a suspected “triggering activity” in the time
period immediately preceding the onset of symptoms have found that 25 to �50% of
patients describe moderate to heavy physical exertion, unusual emotional stress, lack of
sleep, overeating or use of alcohol, noncardiac illness or surgery, or some other activity
as ongoing at the time of, or in the 24 h preceding, the onset of infarction (82–85). How-
ever, these data are limited by recall bias and by the difficulty of obtaining appropriate
control data, i.e., the frequency with which the activity occurs without an acute event
following.

New epidemiological techniques have allowed a more sophisticated study of the rela-
tionship between specific patient activities and the onset of acute cardiac events. One
such approach is the case-crossover method, which uses the patient as his or her own
control to calculate the relative risk of a rare acute event such as a myocardial infarction
following an intermittently performed activity suspected of being a trigger (86). This
method reduces some of the bias inherent in this type of study.

Triggers of Acute Coronary Syndromes 69



PHYSICAL EXERTION

The role of physical exertion as a trigger of myocardial infarction has been a subject
of controversy, since most infarctions occur at rest or with mild activity (Table 1). One
study of 1194 German patients reported 7.1% of infarct patients to have engaged in �
6 metabolic equivalents (METS) of exertion at the onset of infarction vs 3.9% of a con-
trol group (87). From case-crossover analysis, the relative risk of having engaged in this
level of activity within 1 h of the onset of infarction was 2.1 (95% confidence interval
1.1–3.6). This increased risk was modified by the frequency with which the patient
engaged in physical exercise on a routine basis. Exercise �4�/wk was associated with
a relative risk of only 1.3 (95% confidence interval 0.8–2.2), whereas exercise �4�/wk
imparted a relative risk of 6.9 (95% confidence interval 4.1–12.2). Similar findings
emerged from the Myocardial Infarction Onset Study of 1228 patients, which also used
the case-crossover method (88). Although only 4.4% of patients reported heavy physi-
cal exertion within 1 h of the onset of myocardial infarction, the relative risk of infarc-
tion within 1 h of heavy exertion (� 6 METS) was 5.9 (95% confidence interval
4.6–7.7). This risk increase persisted for 1 h after exercise (Fig. 8). These investigators
also found that regular exercise lowered the risk of exertion-related infarction. The rel-
ative risks of infarction following exertion among individuals who exercised 1, 1 to 2,
3 to 4, and �5�/wk were 107, 19.4, 8.6, and 2.4, respectively (Fig. 9) (Table 1). Known
coronary artery disease, age, sex, and a variety of other clinical variables did not influ-
ence the increased relative risk of myocardial infarction imparted by exercise, with the
exception of diabetes mellitus, where the relative risk was significantly higher (18.9 vs
5.4 for nondiabetics).

Similar results concerning the incidence of sudden cardiac death during exercise and
the protective effect of regular exercise, were reported by Siscovick et al. (89) In a group
of men who spent less than 20 min/wk engaged in vigorous exercise, the risk of sudden
death during exercise was increased 56-fold, as compared to a five-fold increase in risk
seen in men exercising more than 20 min/d. The absolute risk of sudden death was very
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Table 1
Relative Risk of Myocardial Infarction Following Triggering Events, 

Including the Effect of Exercise Frequency on Risk

RR of triggering MI 

Trigger Duration of Overall RR MI
stratified by exercise frequency

(reference) risk increase of triggering MI �1/wk 3 to 4/wk

Exercise (88) 1 h 5.9 (4.6–7.7) 107 (67–171) 8.6 (3.6–20.5)
Sexual intercourse (94) 2 h 2.5 (1.7–3.7) 3.0 (2.0–4.5) 1.2 (0.4–3.7)
Anger (103) 2 h 2.3 (1.7–3.2) * *
Morning (36) * 1.38 (1.37–1.40) * *
Cocaine use (105) 1 h 23.8 (8.3–66.3) * *
Marijuana use (106) 1 h 4.8 (2.4–9.5) * *

RR, relative risk (95% confidence intervals); MI, myocardial infarction.
Duration, time period after trigger for which relative risk of infarction remained �1.0.
Anger, “very angry, furious, or enraged”.
Exercise frequency, sessions of �6 METS of effort (vigorous exertion with panting, overheating).
*, not reported.
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Fig. 8. Time of onset of myocardial infarction after an episode of heavy physical exertion (�6 METS)
in 1228 patients. The relative risk is increased nearly 6-fold for the first hour after exertion, then
decreases to approx the baseline risk of 1.0 (dotted line). Whiskers indicate the 95% confidence lim-
its. Reprinted with permission from ref. 88.

Fig. 9. Relation between risk of exertion triggered myocardial infarction and weekly frequency of
heavy exertion. The relative risk of myocardial infarction (Y-axis) following heavy exertion is approx
100-fold in individuals who perform no heavy exertion during the week and falls to approx 2.4-fold
for individuals with �5 sessions of heavy exertion per week. Whiskers indicate the 95% confidence
limits. The dotted line indicates the baseline risk. Reprinted with permission from ref. 88.



low, 1 cardiac death per 20,000 joggers per year. In marathon runners, the sudden death
incidence was lower still: among over 200,000 participants in separate marathon races,
3 such deaths occurred during or immediately after the race (90). The Physician’s Health
Study, involving 21,481 male physicians initially free of self-reported cardiovascular
disease, identified 122 cases of sudden death over 12 yr of follow-up. The relative risk
of sudden death during and up to 30 min after exercise was 16.9 (95% confidence inter-
val 10.5–27.0). This study also identified a protective effect of habitual exercise, with a
gradient of relative risk from 74.1 for individuals exercising �1�/wk to 10.9 for those
exercising �5�/wk (91).

SEXUAL ACTIVITY

Anecdotal reports have related sexual intercourse to the onset of myocardial infarction
(92,93), but there are little systematic data addressing this question. The Myocardial
Infarction Onset Study interviewed 858 patients who were sexually active in the year
prior to their myocardial infarction: 9% reported sexual activity within 24 h and 3%
reported sexual activity within 2 h of the index acute myocardial infarction (94). From
case-crossover analysis, the relative risk of myocardial infarction following intercourse
was 2.5 (95% confidence interval 1.7–3.7). In contrast to the data for physical exertion,
where the period of increased risk persisted for 1 h, the post-coital risk remained elevated
for 2 h. There was no difference between patients with and without a history of angina
pectoris; however, it was observed that regular exercise at �6 METs �3�/wk decreased
the relative risk to a nonsignificant 1.2 (95% confidence interval 0.4–3.7) (Table 1).

MENTAL STRESS AND ANGER

Several studies have suggested that psychologically stressful life events, such as the
death of a spouse, are potential triggers for myocardial infarction and sudden death
(95,96). Other data have shown that periods of general calamity increase the frequency of
myocardial infarction. For example, during the 1991 Persian Gulf War, Iraqi missile
attacks on Israel nearly doubled the relative frequency of cardiovascular deaths in that
country on the day of attack (97) (Fig. 10). Immediately following severe earthquakes in
Athens (98), Hyogo, Japan (99), and Los Angeles (100), researchers documented an
increase in cardiovascular mortality. In Los Angeles, there were 24 sudden cardiac deaths
on the day of the quake, compared to an average of 5 such deaths per day the preceding
week. Only 3 of the 24 deaths occurred in relation to unusual physical exertion (100).

Events such as the death of a loved one, earthquake, and war occur rarely and thus are
of lesser importance when one is considering daily activities that may function as triggers
of acute cardiovascular disease onset. The relation between acute cardiac events and
more commonly experienced periods of high emotion, such as anger, has been suggested
by work examining post-myocardial infarction prognosis in relation to personality char-
acteristics. For example, one study addressing the controversial subject of the “Type A”
personality found that increased first year post-myocardial infarction mortality corre-
lated not with “global Type A” test scores, but with scores reflecting the subcomponents
of anger expression, cynicism, and irritability (101). A relation between mental stress and
cardiac prognosis is suggested by another study of 126 patients, over half of whom
demonstrated a mental stress-induced fall in left ventricular ejection fraction (102). The
relative risk of cardiac death, nonfatal myocardial infarction, or coronary revasculariza-
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tion in that group was 2.4� (95% confidence interval 1.13–5.14) that of the patients who
had no mental stress-induced change in left ventricular ejection fraction.

A more precise relation between anger and acute myocardial infarction was eluci-
dated by the Myocardial Infarction Onset Study, again using the case-crossover design
(103). The relative risk of onset of myocardial infarction following an episode of anger
was 2.3 (95% confidence interval 1.7–3.2), and remained at this level for 2 h (Table 1).
Further analysis of these data found that the relative risk increase was influenced by the
socioeconomic status of the individual subject (104). In patients with less than a high
school education, the risk increase was greater (relative risk 3.3), and the risk increase
was least in patients with some college education (relative risk 1.6).

EXPOSURE TO SPECIFIC SUBSTANCES

Further analysis of the data from the Myocardial Infarction Onset Study has identified
an increased risk of myocardial infarction following exposure to specific substances. One
such analysis identified a nearly 24-fold increase in the risk of myocardial infarction in
the 60 min following cocaine use (95% confidence interval 8.5–66.3) (105). Another
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Fig. 10. The daily frequency of deaths in Israeli citizens �24 yr of age during the Persian Gulf War
(bottom plot) compared to the same time period the year before (top plot) On January 18, 1991 (left
vertical line) missiles launched from Iraq exploded in the Tel Aviv and Haifa areas. Daily warnings
and attacks followed (larger filled points) until February 25 (right vertical line). The chi-square good-
ness-of-fit test demonstrated significant inhomogeneity for the daily mortality during the 5-wk peri-
od, almost entirely due to the excess of cardiovascular deaths during the 24-h period of January 18.
Reprinted with permission from ref. 97.



report from the same group found a 4.8-fold increase in risk of infarction in the 60 min
after smoking marijuana (95% confidence interval 2.4–9.5) (106). The Myocardial
Infarction Onset Study, which was conducted in the Boston area, also identified small but
statistically significant risk increases (1.48–1.69) for myocardial infarction on days of
higher concentrations of particulate airborne pollutants in that city (107).

SUPERIMPOSITION OF TRIGGERS

One study compared the change in acute myocardial infarction incidence immedi-
ately following an earthquake between two intense quakes that occurred in Los Angeles
in 1994 and San Francisco in 1989 (108). Interestingly, there was no statistically signif-
icant increase in hospital admission for acute myocardial infarction for the San Fran-
cisco quake, which occurred at 5:04 PM, compared to the Los Angeles quake which
occurred at 4:31 AM and was followed by a highly significant increase in myocardial
infarction admission rate for that day. This suggests that in some circumstances, specific
triggers may need to act in concert with circadian variations in cardiac vulnerability to
produce their effect.

LINKING TRIGGERS AND ACUTE CORONARY EVENTS

Circadian Changes in Physiologic Variables
Daily activities and experiences, which act as triggers of acute coronary syndromes,

must act through the perturbation of the physiologic milieu in which a vulnerable ath-
erosclerotic plaque exists (Fig. 11). Circadian variation in hemodynamic variables has
been studied to explain the circadian variation of acute cardiac events. The morning
hours are associated with a rise in arterial blood pressure and an increase in heart rate,
both of which are reduced during sleep (109,110). This hemodynamic surge appears to
be related to assumption of the upright posture (111). Most studies have shown that
episodes of ambulatory ischemia are related to an increase in rate–pressure product
(111), and that ambulatory myocardial ischemia is more frequent and more prolonged
in the morning (42–47). Angina patients and normal subjects have a significantly greater
blood pressure and heart rate response during an exercise test in the morning compared
to the response during an afternoon exercise test (112).

In another study, the rate–pressure product at which ischemia was induced was lower in
the morning, in parallel with an increase in postischemic forearm vascular resistance
(113). A study of forearm blood flow found vasodilatory responses to acetylcholine to be
greater in normal subjects in the morning compared to afternoon; however, no such morn-
ing increase in endothelium-dependent vasodilation was found in subjects with coronary
artery disease (114). One study directly examined circadian variation in coronary artery
tone. Segments of artery with dysfunctional endothelium showed exaggerated constrictor
responses to acetylcholine and also greater dilator responses to nitroglycerin at 6 AM as
compared to 1 PM, whereas segments with normal endothelium showed no diurnal varia-
tions (115).These data suggest that, in addition to the morning increase in myocardial oxy-
gen demand, coronary disease patients may have increased coronary vascular resistance
plus a morning blunting of compensatory vasodilatory responses.

A number of hemostatic variables follow a circadian rhythm paralleling that of car-
diac events (116). The morning hours are associated with an increase in platelet aggre-
gability, which occurs with the assumption of the upright posture (117–119). Plasma
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Fig. 11. Potential mechanisms linking atherogenic risk factors, plaque evolution and the transforma-
tion from stable to vulnerable plaque, and the means by which external triggers produce various acute
coronary syndromes.



viscosity (120), fibrinogen levels (121),white blood cell aggregation (122), and lipopro-
tein (a) levels (123) increase in the morning. These changes favor thrombosis. The morn-
ing hours bring a decrease in resting tissue-type plasminogen activator (tPA) levels
(124–127) and an increase in tPA inhibitor, PAI-1 (124–128), which reduces the activ-
ity of the intrinsic fibrinolytic system (Fig. 12). Recent studies of other markers of coag-
ulability and fibrinolysis have further strengthened the appreciation of the morning
hours as a period of relative hypercoagulability (129,130).

The activity of the autonomic nervous system has been studied to elucidate circadian
patterns. Plasma norepinephrine falls to a nadir at night and increases in the morning in
association with awakening and resumption of upright activty (131,132). Forearm vas-
cular resistance has been shown to increase in the morning in normal subjects, a change
attenuated by phentolamine but not nitroprusside, suggesting that the increase in vaso-
motor tone in the morning is mediated through a-adrenergic activity (133). A morning
withdrawal of vagal tone and an increase in sympathetic tone has been suggested by
spectral analysis of heart rate variability (134–139). Autonomic nervous system dys-
function in diabetic patients with coronary artery disease was shown to be associated
with a blunted circadian pattern of myocardial ischemia (140).

Circadian variation has been shown for electrophysiologic variables such as the
length of the refractory period (141) and the QT interval (142). Increased QT interval
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Fig. 12. Circadian variation in physiologic processes mediating the triggering of acute coronary
events. The level of plasminogen activator inhibitor (higher levels favor thrombosis) in 6 healthy vol-
unteers undergoing sampling every 3 h (including during sleep from midnight to 8 AM) is shown by
the dotted line. The level of tissue-type plasminogen activator (higher levels favor fibrinolysis) is
shown by the solid line. Whiskers indicate standard error of the mean. Asterisks indicate significant
difference between peak and nadir values. The balance of factors in the morning favors thrombosis,
and in the evening, the balance of factors favors fibrinolysis. Reprinted with permission from ref. 126.



dispersion (difference between the longest and shortest QT interval in a given patient)
has been considered to represent inhomogeneous ventricular repolarization and is
thought to be a risk factor for malignant ventricular arrhythmias (143,144). Variations
in QT interval dispersion throughout the day support the concept of the morning hours
as a period of heightened sympathetic tone, and that autonomic imbalance, with
increased sympathetic nervous system output or sensitivity, may be a risk factor for
malignant ventricular arrhythmias and sudden cardiac death (143,144).

Physical Exertion and Mental Stress
Various forms of physical exertion have been shown to be triggers of acute myocardial

infarction, and investigators have found marked changes in hemodynamic variables asso-
ciated with exertion. Both dynamic and static forms of exercise increase blood pressure,
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Fig. 13. In 42 elderly patients who experienced “high stress” but no physical injury during a major
earthquake in Japan, levels of coagulation and fibrinolyis-related proteins increased significantly fol-
lowing the quake. Blood samples from within the 60 d preceeding the quake were available for analy-
sis (X-axis, before) and were matched with samples 7–14 d after the quake. In addition to fibrinogen
levels, results are reported for plasmin-a2-plasmin inhibitor complex (PIC, a fibrinolytic factor), von
Willebrand factor (vWF, an endothelial cell derived factor), and tissue-type plasminogen (tPA antigen,
also a fibrinolytic factor). Reprinted with permission from ref. 99.



heart rate, and plasma catecholamines (145,146). Similar changes are seen with mental
stress and cold exposure (145,146). While exercise and mental stress have been demon-
strated to increase platelet activity, they also appear to increase fibrinolytic activity, and
it is not clear whether the balance in these situations would favor thrombosis or throm-
bolysis (145). A recent experimental study using an animal model found that surges in
epinephrine blood levels within the physiologic range increased platelet deposition on
damaged arterial walls (147). The potential effect of mental stress on hemodynamic and
hemostatic variables is illustrated by a study of individuals who experienced a major
earthquake in Japan, but escaped physical injury (99). The investigators compared a vari-
ety of measures of hemodynamic and hemostatic status 7–14 d after the quake with sam-
ples that were coincidentally obtained during the 60 d before the quake. There were
significant increases in systolic and diastolic blood pressure, hematocrit, fibrinogen
level, and von Willebrand factor level (which reflects endothelial cell dysfunction), D-
dimer (which reflects the formation and degradation of fibrin—its elevation is an indica-
tor of activation of the hemostatic system), and two fibrinolytic factors. All values
decreased to prequake levels after 4–6 mo (Fig. 13).

Obstructive Sleep Apnea
It is increasingly recognized that many adults have sleep disordered breathing pat-

terns characterized as obstructive sleep apnea and hypopnea. There appears to be a high
prevalence of these abnormalities in patients with cardiovascular disease, in the range
of 30–50% (148). There is evidence that the disorder may increase the relative risks of
myocardial infarction (149,150), sudden death (151), and cardiovascular death (152).
One small study of 40 patients admitted with acute myocardial infarction found a sig-
nificantly higher prevalence of sleep apnea in patients with myocardial infarction onset
in the morning (153).

Apneic events during sleep result in acute increases in blood pressure, vascular resist-
ance, and sympathetic nervous system activity, and some events may be associated with
hypoxemia (148). In 17 patients with moderate and severe obstructive sleep apnea,
platelet aggregation induced by epinephrine was increased at midnight and 6 AM (com-
pared to 8 PM), in contrast to an overnight decrease in this variable in 15 age-matched con-
trols (154). A similarly small study found an overnight increase in whole blood viscosity
in obstructive sleep apnea patients compared to controls (155). Therefore, it is not sur-
prising that studies have identified myocardial ischemic episodes in association with
obstructive sleep apnea (156,157). Despite these suggestive data, one recent review iden-
tified methodologic difficulties in a number of the epidemiologic studies prior to 1996
and cast doubt on the significance of obstructive sleep apnea as an independent risk fac-
tor for acute cardiac events (158).

THERAPEUTIC CONSIDERATIONS

b-Adrenergic Blocking Drugs
Given the pivotal role of the sympathetic nervous system as a mediator of the trigger-

ing process, close attention has been paid to the effects of b-adrenergic blocking agents
on the onset of acute coronary syndromes. Several studies of the circadian variation of
the time of onset of acute myocardial infarction reported that the morning excess of
events was attenuated in patients taking b-blockers compared to patients not taking these
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agents at the time of the acute event (24,25,27,35,69,159) (Fig. 14). b-Blocking agents
also have been shown to reduce the morning increase in frequency of ventricular tach-
yarrhythmias in patients with AICDs (160) and to attenuate the morning increase in sud-
den cardiac deaths in postmyocardial infarction patients (161). Studies of unstable angina
and non-Q wave myocardial infarction have not demonstrated this beneficial effect of �-
blockade on the circadian variation of these events (37,41). However, this finding is still
consistent with a beneficial effect of b-blockers on triggering mechanisms, in that it may
represent a b-blocker therapy-related shift in morning events from acute myocardial
infarction to less serious acute ischemic syndromes (37). Several randomized prospec-
tive studies of b-blocker therapy in patients with ambulatory ischemia have also shown a
beneficial effect of these drugs on the frequency of acute ischemic events (162,163).

Calcium Channel Blocking Agents and Nitrates
The ability of other anti-ischemic drugs such as calcium channel blocking agents

and nitrates to blunt potential triggering mechanisms is less clear. Two large studies
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Fig. 14. The morning increase in infarctions seen in the ISAM trial (C) was preserved in patients tak-
ing calcium channel blocking agents (B) but was attenuated in patients taking b-blocking drugs (A).
Reprinted with permission from ref. 25.
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of the circadian variation in the time of onset of acute myocardial infarction identi-
fied a subset of patients taking calcium channel blockers and found a persistent morn-
ing increase in infarctions in these patients (27,35) (Fig. 14). On the other hand, some
smaller trials reported the absence of a morning increase in infarction (159) and sud-
den cardiac death (164) in patients taking calcium channel blocking agents. Two sub-
set analyses from trials reporting nitrate usage described no beneficial effect of this
agent on the circadian variation of myocardial infarction onset (35,139). However, one
study found that the lack of use of nitrates or calcium channel blockers in the 24 h
prior to the onset of infarction was associated with a higher frequency of infarction
during physical exertion (35).

Fig. 15. In the Physician’s Health Study, the significant (p � 0.001) morning increase among 211 non-
fatal myocardial infarctions (top panel) was preserved in patients randomized to placebo (p � 0.001)
(middle panel) and attenuated (p � 0.16) in patients randomized to aspirin, 325 mg every other day
(bottom panel). Reprinted with permission from ref. 169.
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Angiotensin-Converting Enzyme Inhibitors 
and Angiotensin II Type 1 Receptor Antagonists

These agents have effects beyond their simple hemodynamic benefits. Angiotensin-
converting enzyme inhibitors influence the intravascular hemostatic environment to
favor fibrinolysis (165) and improve endothelial function (166). The recent Heart Out-
comes Prevention Evaluation (HOPE) study (167) found that treatment with ramipril
significantly reduced the rates of acute myocardial infarction, stroke, and cardiac arrest
in over 9000 patients with coronary and other vascular disease. A recent clinical study
found that irbesartan, an antagonist of the angiotensin II type 1 receptor, significantly
reduced levels of several substances recognized as markers of inflammation, which are
elevated in patients with coronary artery disease (168).. Thus, angiotensin-converting
enzyme inhibitors and related agents may also be considered as having a role in pre-
venting the triggering of acute coronary disease.

Antithrombotic Agents
The effect of aspirin on the circadian pattern of myocardial infarction is also uncer-

tain. In the TIMI Phase II and the International Study of Infarct Survival (ISIS) 2 patient
populations, a history of aspirin use or nonuse at the time of infarction did not affect the
morning increase in infarction incidence (27,35). In contrast, the Physician’s Health
Study followed 22,071 healthy middle-aged men randomized to aspirin or placebo over
5 yr (169). The aspirin group had a 44.8% reduction in the incidence of nonfatal infarc-
tion, with an additional 25.2% reduction between 4 AM and 10 AM (Fig. 15). One other
study of consecutive myocardial infarction admissions reported a beneficial effect of
aspirin similar to that in the Physician’s Health Study (69). The Myocardial Infarction
Onset Study also found that regular users of aspirin had a reduction in the relative risk
of myocardial infarction induced by episodes of anger (103).

The efficacy of thrombolytic agents also appears to have a circadian variation. In one
study of 692 patients undergoing coronary arteriography 90 min after receiving intra-
venous tissue-type plasminogen activator, complete patency was observed in 42% of
patients given the drug between noon and midnight, compared to 29% of patients given
the drug between midnight and noon (p � 0.001) (170). Two smaller studies demon-
strated similar effects (171,172).

Treatment of Myocardial Ischemia and Triggering
Episodes of myocardial ischemia may presage the onset of acute coronary events and

may trigger malignant ventricular arrhythmias. Studies of b-blocking agents (44,
173,174), calcium channel blocking agents (175,176), and their combination (173,176)
have shown that both agents alone or in combination can reduce the total number of
ischemic episodes in a 24-h period, and that b-blocking drugs are particularly effective at
attenuating the well-documented morning increase in ischemia (44,173,174). The effect
of b-blockers may be mediated by the reduction of heart rate, as heart rate increases pre-
cede most episodes of ambulatory ischemia (111,173,174). Long-acting calcium channel
blocking agents may not have the same effect on the circadian variation of ischemic
episodes (44,175). Calcium channel blocking agents such as nifedipine appear to prevent
ischemic episodes that are unrelated to heart rate increases, suggesting that their effect
may be mediated by increasing myocardial oxygen supply rather than by decreasing



myocardial oxygen demand (174). One randomized crossover study comparing atenolol,
amlodipine, and placebo found that atenolol was more effective at suppressing episodes
of ambulatory ischemia, whereas amlodipine was more effective at suppressing exercise-
induced ischemia (177).

b-Blocking agents have been shown to blunt the heart rate and blood pressure
increases that occur in association with mental stress and with handgrip (178), but do
not appear to affect indices of hemostatic function (178,179). This further supports the
role of b-blockade as primarily a modifier of the hemodynamic factors thought to play
a role in the triggering of acute coronary events.

The link between ischemia suppression and cardiac prognosis is supported by at least
two randomized studies. The Atenolol Silent Ischemia Study randomized 306 patients
to atenolol or placebo (162). The group treated with the b-blocker had significantly
fewer episodes of ischemia on ambulatory monitoring, and after 1 yr of follow-up had
significantly fewer cardiac events (relative risk 0.44 [95% confidence interval
0.26–0.75]). The Total Ischemic Burden Bisoprolol Study followed 520 patients for 1
yr, with a similar result: patients randomly assigned to the b-blocking agent bisoprolol
had significantly fewer cardiac events (163).

HMG CoA Reductase Inhibitors and Plaque Stabilization
An emerging concept, which is relevant to the issue of triggering of acute coronary

disease, is that of plaque stabilization (11,12). An atherosclerotic lesion, which is more
resistant to rupture, will be less likely to do so when exposed to a trigger that can induce
plaque disruption. Angiographic studies of aggressive lipid-lowering therapy identified
a disproportionately dramatic reduction in cardiac events compared to tiny changes in
the arteriographic appearance of the coronary arteries. Large clinical studies demon-
strating the success of both primary (180) and secondary (181) coronary event preven-
tion strategies, using b-hydroxy-b-methylglutaryl (HMG) CoA reductase inhibitors
(statins), have supported the concept that these drugs have their beneficial effects on
coronary events by altering the composition and milieu of the plaque rather than by
reducing plaque bulk and coronary stenosis severity. There are a variety of mechanisms
by which the most prominent effect of statins, lipid lowering, may improve plaque sta-
bility. These include increases in collagen content, decreases in macropahges, and
decreases in the expression of metalloproteinases and proinflammatory substances
(11,12). Dietary factors (182) and other drugs, such as fibrates, which do not lower low-
density lipoprotein (LDL) but have statin-like effects on cardiac event rates (183), can
affect the function of receptors that limit the activation of vascular inflammatory
responses (11,12). These represent changes that favor plaque stability and, thus, reduced
susceptability to triggering of acute coronary disease.

OTHER IMPLICATIONS FOR PATIENT MANAGEMENT

A number of practical clinical considerations emerge from the current state of
knowledge of the triggering of acute cardiovascular events. One of these is information
given to patients concerning the role of activities as precipitants of past or future acute
events. A number of specific triggers—awakening, heavy physical exertion, sexual
activity, anger, cocaine and marijuana use, and heavy air pollution—have been linked
by sophisticated epidemiological studies to the onset of acute myocardial infarction.
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Data concerning triggering of acute cardiac disease onset are of value when a physi-
cian is involved in a legal debate over the role of a given event in precipitating acute
cardiovascular disease.

It is important to specify the difference between the absolute and relative risk of car-
diac events in relation to specific triggers when advising patients concerning activities.
The baseline risk of myocardial infarction in a sedentary but otherwise healthy middle
aged man is estimated at 1%/yr, or an hourly risk (8760 h/yr) of slightly greater than 1/1
million (184,185). The Physician’s Health Study involving maddle aged male physicians
found an absolute risk of sudden death during or immediately after exertion to be 1/1.5
million episodes of exertion (91). As an example, consider this individual engaging in
sexual activity, which triples the risk of myocardial infarction onset during the 2 post-
coital hours (94). Sexual activity 2�/wk would be predicted to increase the annual mor-
tality from 1 to only 1.06%. These statistics should be reassuring to individuals
concerned about the possibility of intercourse-induced myocardial infarction. On the
other hand, heavy physical exertion in a sedentary patient increases relative risk of
myocardial infarction 100-fold (86). For a hypothetical post-infarction patient with an
annual myocardial infarction risk of 4%, 1 h of active singles tennis 1�/wk as his or her
sole form of exercise, increases the annual myocardial infarction risk from 4 to 6% (86).

Regular physical exercise has beneficial effects on a variety of health-related param-
eters, including cardiovascular disease and mortality (186–188). These benefits include
reducing the increased risk of acute myocardial infarction immediately following heavy
exertion and intercourse. Healthy individuals at risk for coronary artery disease, as well
as patients with known cardiovascular disease should be encouraged to begin and main-
tain a program of regular exercise after appropriate medical screening (188). Given the
well-documented morning increase in the risk of myocardial infarction and sudden car-
diac death, a prudent recommendation concerning the timing of exercise sessions might
be that patients, with a higher baseline risk of events, who are sedentary, and beginning
a regular exercise program, perform exercise at times other than in the morning. After
the patient has become conditioned to a schedule of regular moderate-to-heavy exercise,
and the relative risk of an exercise-related event decreases, morning exercise times can
be included.

b-Blocking drugs are ideal agents for modulating the surges in sympathetic nervous
system activity that appear to be associated with myocardial ischemia and acute cardiac
events. This class of drugs should be the first choice for the treatment of patients with
coronary artery disease and myocardial ischemia and for post-myocardial infarction
patients. The ability of b-blockers to blunt the morning increase in infarctions suggests
that these agents may be beneficial in some patients without clinically manifest coro-
nary disease, and thus, b-blocker therapy could reasonably be considered as the first
line agent for treatment of hypertension in patients who are considered to be at high
risk for the presence of underlying atherosclerotic coronary artery disease. There are
no data concerning the effect of b-blocker therapy on prognosis in patients with ather-
osclerotic coronary artery disease, no prior infarction, and no demonstrable ischemia.
The role of calcium channel blocking drugs in the management of patients with coro-
nary disease is controversial (189,190). The data on the ability of calcium channel
blockers, as monotherapy, to blunt the morning increase in infarctions and ambulatory
ischemic episodes are conflicting, although these drugs reduce the total burden of
ambulatory ischemic episodes. Given the early morning increase in cardiac events, it
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may be preferable to select drug formulations with long half-lives to provide a phar-
macological effect over the entire 24-h period (191,192). The Controlled-Onset Vera-
pamil Investigation of Cardiovascular Endpoints (CONVICE) study, utilizing a new
controlled-onset extended release verapamil formulation, was a randomized trial
designed to compare this agent to either atenolol or hydrochlorothiazide, as a test of the
“chronotherapuetic” hypothesis. While the new agent was highly effective at control-
ling blood pressure, the trial was terminated prematurely by the industry sponsor (193).
Thus, there is, at present, little data addressing the efficacy of a chronotherapuetic
approach to cardiovascular phamacology (194).

The evidence of a morning procoagulant state and the possible reduction in morning
cardiac event rate with aspirin provides further strength to the recommendation for
indefinite use of this drug for patients with proven or suspected coronary atherosclero-
sis. The demonstration of morning resistance to thrombolysis could conceivably influ-
ence clinical decision making concerning management of patients presenting with acute
myocardial infarction at different times of the day. Although there are, as yet, no data to
support a change in current thrombolytic drug dosing strategies, some authors have sug-
gested a possible need for varying drug dosages for patients presenting at different times
of the day (195,196).

The data tying states of high emotional and mental stress to myocardial ischemia and
acute cardiac events also have potential implications regarding therapy. Individuals with
coronary artery disease who suffer frequent periods of emotional stress or outbursts of
anger might be considered for pharmacotherapy or counseling to attempt to reduce the
frequency and severity of these experiences. However, studies to date have not clearly
shown that such therapy reduces the incidence of acute cardiac events in patients (197).
In addition, heightened preparations by emergency service personnel for dealing with
victims of acute cardiac disease can be considered during periods of general calamity
such as natural disasters.

FUTURE DIRECTIONS

Further investigations into the mechanisms by which the atherosclerotic plaque and
its hemostatic milieu undergoes transformation from a stable to a vulnerable configura-
tion will identify new targets for pharmacologic and other manipulations to reduce the
ability of a given trigger or combination of triggers to induce plaque rupture and intra-
coronary thrombosis. Certain genetic variants may confer particular susceptability to
various triggers, allowing more targeted recommendations for primary and secondary
prevention. The use of serum markers of inflammation to predict cardiac events may
evolve such that risk increases over shorter time periods may be appreciable; i.e., a
heightened risk for the next month as opposed to the next 6–12 mo. If this could be
accomplished, it might facilitate adjustments of lifestyle and therapy during relatively
short periods of significantly increased susceptability to external triggers.

In addition to improving the understanding of plaque biology, clinically applicable
methods will need to be developed to detect vulnerable plaques in patients (198). Con-
trast arteriography, currently the most widely used technique to visualize the coronary
arteries, visualizes the degree to which plaques obstruct the arterial lumen and can
determine gross features of plaque such as large ulcerations (16). Arteriography has
limited ability to identify obstructive plaques that are likely to produce acute coronary
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syndromes and cannot identify the minimal nonobstructive lesions that are often the
culprits in acute syndromes (16). Intravascular ultrasound, a clinically available imag-
ing modality, has greatly improved the ability to visualize the structure of the coro-
nary artery, albeit with limited resolution (199). Emerging new technologies, such as
optical coherence tomography (200,201), magnetic resonance imaging of the coronary
arteries (202), thermal detection techniques (203,204), intravascular electrical imped-
ance imaging (205), and various forms of spectroscopy may provide a superior means
of imaging vulnerable plaques. Near-infrared spectroscopy (206–208) has the poten-
tial to image both the architecture as well as the biochemical composition of athero-
sclerotic material.

Current data suggest that the well-characterized triggers of infarction account for
15–20% of all infarctions (209) (Fig. 16). It is likely that further epidemiological stud-
ies will identify additional triggers, particularly the less well studied issues related to
mental stress, and to the onset of events occurring during sleep. It is not possible to free
human beings from the circumstances that appear to trigger the onset of acute cardio-
vascular disease. The goals of future research will be to elucidate further the mecha-
nisms connecting human circumstances to plaque rupture and intracoronary thrombosis
and to develop therapy to weaken or sever these links.

SUMMARY: KEY POINTS

• Current data suggest at least 15–20% of acute myocardial infarctions may be trig-
gered.

• All acute cardiovascular events studied have displayed a circadian variation, with
a morning (6 AM to noon) excess (relative risk almost 1.4) and a nighttime nadir.
The risk is further increased with adjustment for time of awakening.

• Besides awakening, other triggers of acute myocardial infarction identified in care-
fully controlled epidemiologic studies include, heavy physical exertion, sexual
intercourse, and outbursts of anger. Exposure to substances such as marijuana,
cocaine, and heavy air pollution have also been shown to be triggers.
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Fig. 16. Percent of myocardial infarctions that are triggered. Reprinted with permission from ref. 209.



• Despite the excess of relative risk of infarction (risk increases of 1.5- to 100-fold)
imparted by these activities, the low risk of myocardial infarction, on an hourly
basis, keeps the absolute risk increase imparted by these activities quite small in
most cases.

• The relative risk of physical exertion or sexual activity triggering infarction can be
reduced by vigorous exercise several times weekly.

• Most physiologic processes thought to be implicated in the genesis of acute coro-
nary syndromes display a similar circadian pattern. The morning hours are char-
acterized by an increase in blood pressure, heart rate, sympathetic nervous system
activity, and by a relatively prothrombotic, hypofibrinolytic state.

• b-Blockers and aspirin have been demonstrated to attenuate the morning increase
in infarction incidence.

REFERENCES
1. Obraztsov VP, Strazhesko ND. The symptomatology and diagnosis of coronary thrombosis. In:

Vorobeva VA, Konchalovski MP, eds. Works of First Congress of Russian Therapists. Comradeship
Typography of A.E. Mamontov, Moscow, 1910, pp. 26–43.

2. Sproul J. A general practitioner’s views on the treatment of angina pectoris. N Engl J Med 1936;215:
443–452.

3. Phipps C. Contributory causes of coronary thrombosis. JAMA 1936;106:761–762.
4. Master AM. The role of effort and occupation (including physicians) in coronary occlusion. JAMA

1960;174:942–948.
5. Davies MJ. Stability and instability: two faces of coronary atherosclerosis. Circulation 1996;94:

2013–2020.
6. Fuster V. Mechanisms leading to myocardial infarction: insights from studies of vascular biology. Cir-

culation 1994;90:2126–2146.
7. Falk E, Shah PK, Fuster V. Coronary plaque disruption. Circulation 1995;92:657–671.
8. Libby P. Molecular basis of the acute coronary syndromes. Circulation 1995;91:2844–2850.
9. Falk E. Why do plaques rupture? Circulation 1992;86(Suppl. III):III-30–III-42.

10. Schroeder AP, Falk E. Pathophysiology and inflammatory aspects of plaque rupture. Cardiol Clin
1996;14:211–220.

11. Shah PK. Plaque disruption and thrombosis. Cardiol Rev 2000;8:31–39.
12. Libby P. Current concepts of the pathogenesis of the acute coronary syndromes. Circulation 2001;104:

365–372.
13. Davies MJ, Thomas A. Thrombosis and acute coronary artery lesions in sudden cardiac ischemic death.

N Engl J Med 1984;310:1137–1140.
14. Myerburg RJ, Kessler KM, Castellanos A. Pathophysiology of sudden cardiac death. Pacing Clin Elec-

trophysiol 1991;14:935–943.
15. Little WL, Constantinescu M, Applegate RJ, et al. Can coronary angiography predict the site of a sub-

sequent myocardial infarction in patients with mild-to-moderate coronary artery disease? Circulation
1988;78:1157–1166.

16. Little WL, Applegate RJ. The role of plaque size and degree of stenosis in acute myocardial infarction.
Cardiol Clin 1996;14:221–228.

17. Ridker PM, Rifai N, Pfeffer M, Sacks F, Lepage S, Braunwald E. Elevation of tumor necrosis factor-
alpha and increased risk of recurrent coronary events after myocardial infarction. Circulation 2000;
101:2149–2153.

18. Ridker PM, Rifai N, Stampfer MJ, Hennekens CH. Plasma concentration of interleukin-6 and the risk
of future myocardial infarction among apparently healthy men. Circulation 2000;101:1767–1772.

19. Ridker PM, Hennekens CH, Buring JE, Rifai N. C-reactive protein and other markers of inflammation
in the prediction of cardiovascular disease in women. N Engl J Med 2000;342:836–843.

20. Libby P, Egan D, Skarlatos S. Roles of infectious agents in atherosclerosis and restenosis: an assess-
ment of the evidence and need for future research. Circulation 1997;96:4095–4103.

86 Sapin and Muller



21. Danesh J, Whincup P, Walker M, et al. Chlamydia pneumoniae IgG titres and coronary heart disease:
prospective study and meta-analysis. BMJ 2000;321:208–213.

22. Humphries SE, Talmud PJ, Hawe E, Bolla M, Day INM, Miller GJ. Apolipoprotein E4 and coronary
heart disease in middle-aged men who smoke: a prospective study. Lancet 2001;358:115–119.

23. Girelli D, Russo C, Ferraresi P, et al. Polymorphisms in the Factor VII gene and the risk of myocardial
infarction in patients with coronary artery disease. N Engl J Med 2000;343:774–780.

24. Muller JE, Stone PH, Turi ZG, et al. Circadian variation in the frequency of onset of acute myocardial
infarction. N Engl J Med 1985;313:1315–1322.

25. Willich SN, Linderer T, Wegschieder K, Leizorovicz A, Alamercery I, Schroeder R. Increased morning
incidence of myocardial infarction in the ISAM study: absence with prior beta-adrenergic blockade.
Circulation 1989;80:853–858.

26. Gnecchi-Ruscone T, Piccaluga E, Guzetti S, Contini M, Montano N, Nicolis E. Morning and Monday:
critical periods for the onset of acute myocardial infarction. The GISSI 2 study experience. Eur Heart
J 1994;15:882–887.

27. ISIS-2 (Second International Study of Infarct Survival) Collaborative Group. Morning peak in the inci-
dence of myoardial infarction: experience in the ISIS-2 trial. Eur Heart J 1992;13:594–598.

28. Marchant B, Ranjadayalan K, Stevenson R, Wilkinson P, Timmis AD. Circadian and seasonal factors
in the pathogenesis of acute myocardial infarction: the influence of environmental temperature. Br
Heart J 1993;69:385–387.

29. Thompson DR, Sutton TW, Jowett NI, Pohl JE. Circadian variation in the onset of chest pain in acute
myocardial infarction. Br Heart J 1991;65:177–178.

30. Zornosa J, Smith M, Little W. Effect of activity on circadian variation in time of onset of acute myocar-
dial infarction. Am J Cardiol 1992;69:1089–1090.

31. Hansen O, Johansson BW, Gullberg B. Circadian distribution of onset of acute myocardial infarction in
subgroups from analysis of 10,791 patient treated in a single center. Am J Cardiol 1992;69:1003–1008.

32. Behar S, Halabi M, Reicher-Reiss H, et al. Circadian variation and possible external triggers of onset
of myocardial infarction. SPRINT Study Group. Am J Med 1993;94:395–400.

33. Van der Palen J, Doggen CJ, Beaglehole R. Variation in the time and day of onset of myocardial infarc-
tion and sudden death. N Z Med J 1995;108:332–334.

34. Spielberg C, Falkenhahn D, Willich SN, Wegscheider K, Voller H. Circadian, day-of-week, and sea-
sonal variability in myocardial infarction: comparison between working and retired patients. Am Heart
J 1996;132:579–585.

35. Tofler GH, Muller JE, Stone PH, et al. Modifiers of timing and possible triggers of acute myocardial
infarction in the Thrombolysis in Myocardial Infarction Phase II (TIMI II) Study Group. J Am Coll
Cardiol 1992;20:1049–1055.

36. Cohen MC, Rohtla KM, Lavery CE, Muller JE, Mittleman MA. Meta-analysis of the morning excess
of acute myocardial infarction and sudden cardiac death. Am J Cardiol 1997;79:1512–1516.

37. Cannon CP, McCabe CH, Stone PH, et al. Circadian variation in the onset of unstable angina and non-
Q-wave acute myocardial infarction (the TIMI III Registry and TIMI IIIB). Am J Cardiol 1997;79:
253–258.

38. Behar S, Reicher-Reiss H, Goldbourt U, Kaplinsky E. Circadian variation in pain onset in unstable
angina pectoris. Am J Cardiol 1991;67:91–93.

39. Beamer AD, Lee TH, Cook EF, et al. Diagnostic implications for myocardial ischemia of the circadian
variation of the onset of chest pain. Am J Cardiol 1987;60:998–1002.

40. Figueras J, Lidon RM. Circadian rhythm of angina in patients with unstable angina: relationship with
extent of coronary artery disease, coronary reserve, and ECG changes during pain. Eur Heart J 1994;
15:753–760.

41. Kleiman NS, Schechtman KB, Young PB, et al. Lack of diurnal variation in the onset of non-Q wave
infarction. Circulation 1990;81:548–555.

42. Krantz DS, Kop WJ, Gabbay FH, et al. Circadian variation of ambulatory myocardial ischemia. Trig-
gering by daily activities and evidence for an endogenous circadian component. Circulation 1996;93:
1364–1371.

43. Mulcahy D, Dakak N, Zalos G, et al. Patterns and behavior of transient myocardial ischemia in stable
coronary disease are the same in both men and women. A comparative study. J Am Coll Cardiol
1996;27:1629–1636.

44. Mulcahy D, Keegan J, Cunningham D, et al. Circadian variation of total ischemic burden and its alter-
ation with anti-anginal agents. Lancet 1988;2:755–759.

Triggers of Acute Coronary Syndromes 87



45. Taylor CR, Hodge EM, White DA. Circadian rhythm of angina: similarity to circadian rhythms of
myocardial infarction, ischemic ST segment depression, and sudden cardiac death. The Amlodipine
Angina Study Group. Am Heart J 1989;118:1098–1099.

46. Rocco MB, Barry J, Campbell S, et al. Circadian variation of transient myocardial ischemia in patients
with coronary artery disease. Circulation 1987;75:395–400.

47. Hausmann D, Nikutta P, Trappe HJ, Daniel WG, Wenzlaff P, Lichtlen PR. Circadian distribution of the
characteristics of ischemic episodes in patients with stable coronary artery disease. Am J Cardiol 1990;
66:668–672.

48. Willich SN. European survey on circadian variation of angina pectoris (ESCVA): design and prelim-
inary results. J Cardiovasc Pharmacol 1999;34(Suppl. 2):S9–S13.

49. Mickley H, Pless P, Nielsen JR, Moller M. Circadian variation of transient myocardial ischemia in
the early out-of-hospital period after first acute myocardial infarction. Am J Cardiol 1991;67:
927–932.

50. Argentino C, Toni D, Rasura M, et al. Circadian variation in the frequency of ischemic stroke. Stroke
1990;21:387–389.

51. Marler JR, Price TR, Clark GL, et al. Morning increase in the onset of ischemic stroke. Stroke 1989;
20:473–476.

52. Willich SN, Levy D, Rocco MB, Tofler GH, Stone PH, Muller JE. Circadian variation in the incidence
of sudden cardiac death in the Framingham Heart Study. Am J Cardiol 1987;60:801–806.

53. Muller JE, Ludmer PL, Willich SN, et al. Circadian variation in the frequency of sudden cardiac death.
Circulation 1987;75:131–138.

54. Moser DK, Stevenson WG, Woo MA, Stevenson LW. Timing of sudden death in patients with heart
failure. J Am Coll Cardiol 1994;24:963–967.

55. Peters RW, Mitchell LB, Brooks MM, et al. Circadian pattern of arrhythmic death in patients receiv-
ing encainide, flecainide, or moricizine in the Cardiac Arrhythmia Supression Trial (CAST). J Am Coll
Cardiol 1994;23:283–289.

56. Mallavarapu C, Pancholy S, Schwartzman D, et al. Circadian variation of ventricular arrhythmia recur-
rences after cardioverter-defibrillator implantation in patients with healed myocardial infarcts. Am J
Cardiol 1995;75:1140–1144.

57. Lampert R, Rosenfeld L, Batsford W, Lee F, McPherson C. Circadian variation of sustained ventricu-
lar tachycardia in patients with coronary artery disease and implantable cardioverter-defibrillators.
Circulation 1994;90:241–247.

58. Behrens S, Galecka M, Bruggemann T, et al. Circadian variation of sustained ventricular tach-
yarrhythmias terminated by appropriate shocks in patients with an implantable cardioverter defibril-
lator. Am Heart J 1995;130:79–84.

59. Auricchio A, Klein H. Circadian variations of ventricular tachyarrhythmias detected by the implantable
cardioverter-defibrillator. G Ital Cardiol 1997;27:113–122.

60. Englund A, Behrens S, Wegscheider, Rowland E. Circadian variation of malignant ventricular arrhyth-
mias in patients with ischemic and nonischemic heart disease after cardioverter-defibrillator implan-
tation. J Am Coll Cardiol 1999;34:1560–1568.

61. Grimm W, Menz WM, Hoffman J, Maisch B. Circadian variation and onset mechanisms of ventricu-
lar tachyarrhythmias in patients with coronary disease versus idiopathic dilated cardiomyopathy. Pac-
ing Clin Electrophysiol 2000;23:1939–1943.

62. Arntz HR, Willich SN, Oeff M, et al. Circadian variation of sudden cardiac death reflects age related
variability in ventricular fibrillation. Circulation 1993;88:2284–2289.

63. Willich SN, Lowel H, Lewis M, et al. Association of wake time and the onset of myocardial infarc-
tion. Triggers and mechanisms of myocardial infarction (TRIMM) pilot study. Circulation 1991;84
(Suppl. 6):V162–V167.

64. Goldberg RJ, Brady P, Muller JE, et al. Time of onset of symptoms of acute myocardial infarction. Am
J Cardiol 1990;60:140–144.

65. Peters RW, Zoble RG, Liebson PR, Pawitan Y, Brooks MM, Proschan M. Identification of a second-
ary peak in myocardial infarction onset 11 to 12 hours after awakening: the Cardiac Arrhythmia
Supression Trial (CAST) experience. J Am Coll Cardiol 1993;22:998–1003.

66. Willich SN, Goldberg RJ, Maclure M, Perriello L, Muller JE. Increased onset of sudden cardiac death
in the first three hours after awakening. Am J Cardiol 1992;70:65–68.

67. Barry J, Campbell S, Yeung AC, Raby KE, Selwyn AP. Waking and rising at night as a trigger of
myocardial ischemia. Am J Cardiol 1991;67:1067–1072.

88 Sapin and Muller



68. Willich SN, Lowel H, Lewis M, Hormann A, Anrtz HR, Keil U. Weekly variation of acute myocardial
infarction. Increased Monday risk in the working population. Circulation 1994;90:87–93.

69. Sayer JW, Wilkinson P, Ranjadalayan K, Ray S, Marchant B, Timmis AD. Attenuation or absence of
circadian and seasonal rhythm of acute myocardial infarction. Heart 1997;77:325–329.

70. Thompson DR, Pohl JE, Tse YY, Hiorns RW. Meteorological factors and the time of onset of chest
pain in acute myocardial infarction. Int J Biometeorol 1996 39:116–120.

71. Couch RD. Travel, time zones, and sudden cardiac death. Am J Forensic Med 1990;11:106–111.
72. Hirasawa K, Tateda K, Shibata J, Yokoyama K. Multivariate analysis of meteorological factors and eval-

uation of circadian rhythm: their relation to the occurrence of acute myocardial infarction. J Cardiol
1990;20:797–805.

73. Baker-Blocker A. Winter weather and cardiovascular mortality in Minneapolis-St. Paul, Am J Public
Health 1982;72:261–265.

74. Anderson TW, Rochard C. Cold snaps, snowfall, and sudden death from ischemic heart disease. Can
Med Assoc J 1979;121:1580–1583.

75. Danet S, Richard F, Montaye M, et al. Unhealthy effects of atmospheric temperature and pressure on
the occurrence of myocardial infarction and coronary deaths. A 10-year survey: the Lille-World Health
Organization MONICA project (Monitoring trends and determinants in cardiovascular disease). Cir-
culation 1999;100:E1–E7.

76. Fries RP, Heisel AG, Jung JK, Schieffer HJ. Circannual variation of malignant ventricular tach-
yarrhythmias in patients with implantable cardioverter-defibrillators and either coronary artery disease
or idiopathic dilated cardiomyopathy. Am J Cardiol 1997;79:1194–1197.

77. Spencer FA, Goldberg RJ, Becker RC, Gore JM. Seasonal distribution of acute myocardial infarction
in the Second National Registry of Myocardial Infarction. J Am Coll Cardiol 1998;31:1226–1233.

78. Ku CS, Yang CY, Lee WJ, Chiang HT, Liu CP, Lin SL. Absence of a seasonal variation in myocardial
infarction onset in a region without temperature extremes. Cardiology 1998;89:277–282.

79. Fava S, Azzopardi J, Muscat HA, Fenech FF. Absence of circadian variation in the onset of acute
myocardial infarction in diabetic subjects. Br Heart J 1995;74:370–372.

80. Hjalmarson A, Gilpin EA, Nicod P, et al. Differing circadian patterns of symptom onset in subgroups
of patients with acute myocardial infarction. Circulation 1989;80:267–275.

81. Tanaka T, Fujita M, Fudo T, Tamaki S, Nohara R, Sasayama S. Modification of the circadian variation
of symptom onset of acute myocardial infarction in diabetes mellitus. Coron Artery Dis 1995;6:
241–244.

82. Tofler GH, Stone PH, Maclure M, et al. Analysis of possible triggers of acute myocardial infarction
(the MILIS study). Am J Cardiol 1990;66:22–27.

83. Sumiyoshi T, Haze K, Saito M, Fukami K, Goto Y, Hiramori K. Evaluation of clinical factors involved
in onset of myocardial infarction. Jpn Circ J (Japan) 1986;50:164–173.

84. Smith M, Little WC. Potential precipitating factors of the onset of myocardial infarction, Am J Med
Sci 1992;303:141–144.

85. Stewart RA, Robertson MC, Wilkins GT, Low CJ, Restieaux NJ. Association between activity at onset
of symptoms and outcome of acute myocardial infarction. J Am Coll Cardiol 1997;29:250–253.

86. Maclure M. The case-crossover design: a method for studying transient effects on the risk of acute
events. Am J Epidemiol 1991;133:144–153.

87. Willich SN, Lewis M, Lowel H, Arntz R, Schubert F, Schroeder R. Physical exertion as a trigger of
acute myocardial infarction. Triggers and Mechanisms of Myocardial Infarction Study Group. N Engl
J Med 1993;329:1684–1690.

88. Mittleman A, Maclure M, Tofler GH, Sherwood JB, Goldberg RJ, Muller JE . Triggering of myocar-
dial infarction by heavy physical exertion. Protection against triggering by regular exertion. Determi-
nants of Myocardial Infarction Onset Study Investigators. N Engl J Med 1993;329:1677–1683.

89. Siscovick DS, Weiss NS, Fletcher RH, Lasky T. The incidence of primary cardiac arrest during vig-
orous exercise. N Engl J Med 1984;311:874–877.

90. Maron BJ, Poliac LC, Roberts WO. Risk for sudden cardiac death associated with marathon running.
J Am Coll Cardiol 1996;28:428–431.

91. Albert CM, Mittleman MA, Chae CU, Min-Lee I, Hennekens CH, Manson JoAnn E. Triggering of
sudden death from cardiac causes by vigorous exertion. N Engl J Med 2000;343:1355–1361.

92. Nalbangtil I, Yigthbasi O, Kiliccioglu B. Sudden death in sexual activity. Am Heart J 1976;91:
405–406.

93. Ueno M. The so-called coition death. Jpn J Leg Med 1963;17:330–340.

Triggers of Acute Coronary Syndromes 89



94. Muller JE, Mittleman MA, Maclure M, Sherwood JB, Tofler GH, for the Determinants of Myocardial
Infarction Onset Study Investigators. Triggering of myocardial infarction by sexual activity. Low
absolute risk and prevention by regular physical exertion. JAMA 1996;275:1405–1409.

95. Cottington EM Matthews KA, Talbott EM, Kuller LH. Environmental events preceeding sudden death
in women. Psychosom Med 1980;42:567–575.

96. Parkes CM, Benjamin B, Fitzgerald RG. Broken heart: a statistical study of increased mortality among
widowers. Br Med J 1969;1:740–743.

97. Kark JD, Goldman S, Epstein L. Iraqi missle attacks on Israel. The association of mortality with a
threatening stressor. JAMA 1995; 273:1208–1210.

98. Trichopoulos D, Katsouyanni K, Zavitsanos X, Tzonou A, Dalla-Vorgia P. Psychological stress and
fatal heart attack: the Athens (1981) earthquake natural experiment. Lancet 1983;1:441–444.

99. Kario K, Matsuo T, Kobayashi H, Yamamoto K, Shimada K. Earthquake-induced potentiation of acute
risk factors in hypertensive elderly patients: possible triggering of cardiovascular events after a major
earthquake. J Am Coll Cardiol 1997;29:926–933.

100. Leor J, Poole WK, Kloner RA. Sudden cardiac death triggered by an earthquake. N Engl J Med 1996;
334:413–419.

101. Julkunen J, Idanpaan-Heikkila U, Saarinen T. Components of Type A behavior and the first year prog-
nosis of a myocardial infarction. J Psychosom Res 1993;37:11–18.

102. Jiang W, Babyak M, Krantz DS, et al. Mental stress induced myocardial ischemia and cardiac events.
JAMA 1996;275:1651–1656.

103. Mittleman MA, Maclure M, Sherwood JB, et al. Triggering of acute myocardial infarction onset by
episodes of anger. Determinants of Myocardial Infarction Onset Study Investigators. Circulation 1995;
92:1720–1725.

104. Mittleman MA, Maclure M, Nachnani M, Sherwood JB, Muller JE. Educational attainment, anger, and
the risk of triggering myocardial infarction onset. The Determinants of Myocardial Infarction Onset
Study Investigators. Arch Intern Med 1997;157:769–775.

105. Mittleman MA, Mintzer D, Maclure M, Tofler GH, Sherwood J, Muller JE. Triggering myocardial
infarction by cocaine. Circulation 1999;99:2737–2741.

106. Mittleman MA, Lewis RA, Maclure M, Sherwood J, Muller JE. Triggering myocardial infarction by
marijuana. Circulation 2001;103:2305–2309.

107. Peters A, Dockery DW, Muller JE, Mittleman MA. Increased particulate air pollution and the trigger-
ing of myocardial infarction. Circulation 2001;103:2810–2815.

108. Brown DL. Disparate effects of the 1989 Loma Prieta and 1994 Northridge earthquakes on hospital
admissions for acute myocardial infarction: importance of superimposition of triggers. Am Heart J
1999;137:830–836.

109. Tsuda M, Hayashi H, Kanematsu K, Yoshikane M, Saito H, Comparison between diurnal distribution
of onset of infarction in patients with acute myocardial infarction and circadian variation of blood
presure in patients with coronary artery disease. Clin Cardiol 1993;16:543–547.

110. Kawano Y, Tochikubo O, Minamisawa K, Miyajima E, Ishii M. Circadian variation of hemodynamics
in patients with essential hypertension: comparison between early morning and evening. J Hypertens
1994;12:1405–1412.

111. Deedwania PC. Hemodynamic changes as triggers of cardiovascular events. Cardiol Clin 1996;14:
229–238.

112. Saito D, Matsubara K, Yamanari H, et al. Morning increase in hemodynamic response to exercise in
patients with angina pectoris. Heart Vessels 1993;8:149–154.

113. Quyyumi AA, Panza JA, Diodati JG, Lakatos E, Epstein SE. Circadian variation in ischemic thresh-
old. A mechanism underlying the circadian variation in ischemic events. Circulation 1992;86:22–28.

114. Shaw JA, Chin-Dusting JPF, Kingwell BA, Dart AM. Diurnal variation in endothelium-dependent
vasodilatation is not apparent in coronary artery disease. Circulation 2001;103:806–812.

115. El-Tamimi H, Mansour M, Pepine CJ, Wargovich TJ, Chen H. Circadian variation in coronary tone in
patients with stable angina. Circulation 1995;92:3201–3205.

116. Aranha Rosito GB, Tofler GH. Hemostatic factors as triggers of cardiovascular events. Cardiol Clin
1996;14:239–250.

117. Brezinski DA, Tofler GH, Muller JE, et al. Morning increase in platelet aggregability: association with
assumption of the upright posture. Circulation 1988;78:35–40.

118. Tofler GH, Brezinski DA, Schaefer AI, et al. Concurrent morning increase in platelet aggregability
and the risk of myocardial infarction and sudden death. N Engl J Med 1987;316:1514–1518.

90 Sapin and Muller



119. Willich SN, Arntz HR, Lowel H, Lewis M, Schroeder R. Wake up time, thrombocyte aggregation,
and the risk of acute coronary heart disease. The TRIMM (Trigger and Mechanisms of Myocardial
Infarct) Study Group. Z Kardiol 1992;81(Suppl. 2):95–99.

120. Ehrly AM, Jung G. Circadian rhythm of human blood viscosity. Biorheology 1973;10:577–583.
121. Petralito A, Mangiafico RA, Gibilino S, Cuffari MA, Miano MF, Fiore CP. Daily modifications of

plasma fibrinogen, platelet aggregation, Howell’s time, PTT, TT, and antithrombin III in normal sub-
jects and in patients with vascular disease. Chronobiologica 1982;9:195–201.

122. Bridges AB, Scott NA, McNeill GP, Pringle TH, Belch JJF. Circadian variation of white blood cell aggre-
gation and free radical indices in men with ischemic heart disease. Eur Heart J 1992;13:1632–1636.

123. Bremner WF, Sothern RB, Kanabrocki EL, et al. Relation between circadian patterns in levels of circu-
lating lipoprotein (a), fibrinogen, platelets, and lipid variables in men. Am Heart J 2000;139:164–173.

124. Angleton P, Chandler WL, Schmer G. Diurnal variation of tissue-type plasminogen activator and its
rapid inhibitor (PAI-1). Circulation 1989;79:101–106.

125. Bridges AB, McLaren M, Saniabadi A, Fisher TC, Belch JJF. Circadian variation of endothelial cell
function, red blood cell deformity, and dehydrothromboxane B2 in healthy volunteers. Blood Coagul
Fibrinolysis 1991;2:447–452.

126. Andreotti F, Davies GJ, Hackett DR, et al. Major circadian fluctuations in fibrinolytic factors and pos-
sible relevance to time of onset of myocardial infarction, sudden cardiac death, and stroke. Am J Car-
diol 1988;62:635–637.

127. Bridges AB, McLaren M, Scott NA, Pringle TH, McNeill GP, Belch JJ. Circadian variation of tissue
plasminogen activator and its inhibitor, von Willebrand factor antigen, and prostacyclin stimulating
factor in men with ischemic heart disease. Br Heart J 1993;69:121–124.

128. Sayer JW, Gutteridge C, Syndercombe-Court D, Wilkinson P, Timmis AD. Circadian activity of the
endogenous fibrinolytic system in stable coronary artery disease: effects of beta-adrenoreceptor block-
ers and angiotensin-converting enzyme inhibitors. J Am Coll Cardiol 1998;32:1962–1968.

129. Kapiotis S, Jilma B, Quehenberger P, Ruzicka K, Handler S, Speiser W. Morning hypercoagulability
and hypofibrinolysis. Diurnal variations in circulating activated factor VII, prothrombin fragment F1
� 2, and plasmin-plasmin inhibitor complex. Circulation 1997;96:19–21.

130. Fujino T, Katou J, Fujita M, et al. Relationship between serum lipoprotein(a) level and thrombin gen-
eration to the circadian variation in the onset of acute myocardial infarction. Atherosclerosis 2001;155:
171–178.

131. Linsell CR, Lightman SL, Mullen PE, Brown MJ, Causon RC. Circadian rhythms of epinephrine and
norepinephrine in man. J Clin Endocrin Metab 1985;60:1210–1215.

132. Stene M, Panagiotis N, Tuck MI, Sowers JR, Mayes D, Berg G. Plasma norepinephrine levels are influ-
enced by sodium intake, glucocorticoid administration, and circadian changes in normal man. J Clin
Endocrin Metab 1980;51:1340–1345.

133. Panza JA, Epstein SE, Quyyumi AA. Circadian variation in vascular tone and its relation to alpha-
sympatheric vasoconstrictor activity. N Engl J Med 1991;325:986–990.

134. Furlan R, Guzzetti S, Crivellaro W, et al. Continuous 24 hour assessment of the neural regulation of
systemic arterial pressure and RR variabilities in ambulant subjects. Circulation 1990;81:537–547.

135. Burr R, Hamilton P, Cowan M, et al. Nycthemeral profile of nonspectral heart rate variability meas-
ures in women and men. Description of a normal sample and two sudden cardiac arrest subsamples. J
Electrocardiol 1994;27(Suppl.):54–62.

136. Marchant B, Stevenson R, Vaishnav S, Wilkinson P, Ranjadayalan K, Timmis AD. Influence of the
autonomic nervous system on circadian patterns of myocardial ischemia: comparison of stable angina
with the early post infarction period. Br Heart J 1994;71:329–333.

137. Klingenheben T, Rapp U, Hohnloser SH. Circadian variation of heart rate variability in postinfarction
patients with and without life-threatening ventricular tachyarrhythmias. J Cardiovasc Electrophysiol
1995;6:357–364.

138. Lombardi F, Sandrone G, Mortara A, et al. Circadian variation of spectral indices of heart rate vari-
ability after myocardial infarction. Am Heart J 1992;123:1521–1529.

139. Malik M, Farrell T, Camm AJ. Circadian rhythm of heart rate variability after acute myocardial infarc-
tion and its influence on the prognostic value of heart rate variability. Am J Cardiol 1990;66:
1049–1054.

140. Zarich S, Waxman S, Freeman RT, Mittleman M, Hegarty P, Nesto RW. Effect of autonomic nervous
system dysfunction of the circadian pattern of myocardial ischemia in diabetes mellitus. J Am Coll
Cardiol 1994;24:956–960.

Triggers of Acute Coronary Syndromes 91



141. Kong TQ Jr, Goldberger JJ, Parker M, Wang T, Kadish AH. Circadian variation in human ventricular
refractoriness. Circulation 1995;92:1507–1516.

142. Ong JJC, Sarma JSM, Venkataraman K, Levin SK, Singh BN. Circadian rhythmicity of heart rate and
QTc interval in diabetic autonomic neuropathy: implications for the mechanism of sudden death. Am
Heart J 1993;125:744–752.

143. Ishida S, Nakagawa M, Fujino T, Yonemochi H, Saikawa T, Ito M. Circadian variation of QT interval
dispersion: correlation with heart rate variability. J Electrocardiol 1997;30:205–210.

144. Molnar J, Rosenthal JE, Weiss JS, Somberg JC. QT interval dispersion in healthy subjects and sur-
vivors of sudden cardiac death: circadian variation in twenty-four hour assessment. Am J Cardiol
1997;79:1190–1193.

145. Muller JE, Tofler GH, Stone PH. Circadian variation and triggers of onset of acute cardiovascular dis-
ease. Circulation 1989;79:733–743.

146. Mittleman MA, Sisovick DS. Physical exertion as a trigger of myocardial infarction and sudden car-
diac death. Cardiol Clin 1996;14:263–270.

147. Badimon I, Martinez-Gonzalez J, Royo T, Lassila R, Badimon JJ. A sudden increase in plasma epi-
nephrine levels transiently enhances platelet deposition of severely damaged arterial wall-studies in a
porcine model. Thromb Hemost 1999;82:1736–1742.

148. Roux F, D’Ambrosio C, Mohsenin V. Sleep-related breathing disorders and cardiovascular disease. Am
J Med 2000;108:396–402.

149. Partinen M, Guilleminault C. Daytime sleepiness and vascular morbidity at seven-year followup in
obstructive sleep apnea patients. Chest 1990;97:27–32.

150. Schafer H, Koehler U, Ewig S, Hasper E, Tasci S, Luderitz B. Obstructive sleep apnea as a risk marker
in coronary artery disease. Cardiology 1999;92:79–84.

151. Seppala T, Partinen M, Penttila A, Aspholm R, Tiainen E, Kaukianen A. Sudden death and sleeping
history among Finnish men. J Intern Med 1991;229:23–38.

152. Peker Y, Hedner J, Kraiczi H, Loth S. Respiratory disturbance index: an independent predictor of mor-
tality in coronary artery disease. Am J Resp Crit Care Med 2000;162:81–86.

153. Aboyans V, Cassat C, Lacroix P, et al. Is the morning peak of acute myocardial infarction’s onset due
to sleep related breathing disorders? A prospective study. Cardiology 2000;94:188–192.

154. Sanner BM, Konermann M, Tepel M, Groetz J, Mummenhoff C, Zidek W. Platelet function in pateints
with obstructive sleep apnoea syndrome. Eur Respir J 2000;16:648–652.

155. Nobili L, Schiavi G, Bozano E, De Carli F, Ferrillo F, Nobili F. Morning increase of whole blood vis-
cosity in obstructive sleep apnea syndrome. Clin Hemorheol Microcirc 2000;22:21–27.

156. Schefer H, Koehler U, Ploch T, Peter JH. Sleep-related myocardial ischemia and sleep structure in
patients with obstructive sleep apnea and coronary heart disease. Chest 1997;111:387–393.

157. Franklin KA, Nilsson JB, Sahlin C, Naslund U. Sleep apnoea and nocturnal angina. Lancet 1995;345:
1085–1087.

158. Wright J, Johns R, Watt I, Melville A, Sheldon T. Health effects of obstructive sleep apnea and the
effectiveness of continuous positive airway pressure: a systematic review of the reserach evidence.
BMJ 1997;314:851–860.

159. Woods KL, Fletcher S, Jagger C. Modification of the circadian rhythm of onset of acute myocardial
infarction by long term antianginal treatment. Br Heart J 1992;68:458–461.

160. Behrens S, Ehlers C, Bruggeman T, et al. Modification of the circadian pattern of ventricular tach-
yarrhythmias by beta-blocker therapy. Clin Cardiol 1997;20:253–257.

161. Peters RW, Muller JE, Goldstein S, Byington R, Friedman LM. Propanolol and the morning increase
in the frequency of sudden cardiac death (BHAT study). Am J Cardiol 1989;63:1518–1520.

162. Pepine CJ, Cohn PF, Deedwania PC, et al. Effects of treatment on outcome in mildly symptomatic
patients with ischemia during daily life. The Atenolol Silent Ischemia Study. Circulation 1994;90:
762–768.

163. Von Arnim T. Prognostic significance of transient ischemic episodes: response to treatment shows
improved prognosis Results of the Total Ischemic Burden Bisoprolol Study (TIBBS) follow-up. J Am
Coll Cardiol 1996;28:20–24.

164. Andersen L, Sigurd B, Hansen J. Verapamil and circadian variation of sudden cardiac death. Am Heart
J 1996;131:409–410.

165. Vaughn D, Jean-Lucien R, Ridker P, et al. Effects of ramipril on plasma fibrinolytic balance in patients
with acute anterior infarction. Circulation 1997;96:442–448.

92 Sapin and Muller



166. Mancini GB, Henry GC, Macaya C, et al. Angiotensin converting enzyme inhibition with quinapril
improves endothelial vasomotor dysfunction in patients with coronary artery disease. The TREND
(Trial on Revensing Endothelial Dysfunction) Study. Circulation 1996;94:258–265.

167. Yusuf S, Sleight P, Pogue J, Bosch J, Davies R, Dagenais G. Effects of an angiotensin-converting-
enzyme inhibitor, ramipril, on cardiovascular events in high-risk patients. The Heart Outcomes Pre-
vention Evaluation Study Investigators. N Engl J Med 2000;342:145–153.

168. Navalkar S, Parthasarathy S, Santanam N, Khan BV. Irbesartan, an angiotensin type 1 receptor
inhibitor, regulates markers of inflammation in patients with premature atherosclerosis. J Am Coll Car-
diol 2001;37:440–444.

169. Ridker P, Manson JE, Buring J, Muller JE, Hennekens CH. Circadian variation of acute myocardial
infarction and the effect of low dose aspirin in a randomized trial of physicians. Circulation 1990;82:
897–902.

170. Kurnik PB. Circadian variation in the efficacy of tissue-type plasminogen activator. Circulation 1995;
91:1341–1346.

171. Kono T, Morita H, Nishina T, et al. Circadian variations of onset of acute myocardial infarction and
efficacy of thrombolytic therapy. J Am Coll Cardiol 1996;27:774–778.

172. Fujita M, Araie E, Yamanishi K, Miwa K, Kida M, Nakajima H. Circadian variation in the success rate
of intracoronary thrombolysis for acute myocardial infarction. Am J Cardiol 1993;71:1369–1371.

173. Egstrup K. Attenuation of circadian variation by combined antianginal therapy with supression of
morning and evening increases in transient myocardial ischemia. Am Heart J 1991;122:648–655.

174. Andrews TC, Fenton T, Toyosaki N, et al. Subsets of ambulatory myocardial ischemia based on heart rate
activity: circadian distribution and response to anti-ischemic medication. Circulation 1993;88:92–100.

175. Deanfield JE, Detry JM, Lichtlen PR, Magnani B, Sellier P, Thaulow E. Amlodipine reduces transient
myocardial ischemia in patients with coronary artery disease: double blind Circadian Anti Ischemia
Program in Europe (CAPE Trial). J Am Coll Cardiol 1994;24:1460–1467.

176. Parmley WW, Nesto RW, Singh BN, Deanfield J, Gottlieb SO. Attenuation of the circadian patterns of
myocardial ischemia with nifedifpine GITS in patients with chronic stable angina. J Am Coll Cardiol
1992;19:1380–1386.

177. Davies RF, Habibi H, Klinke WP, et al. Effect of amlodipine, atenolol, and their combination on myocar-
dial ischemia during treadmill exercise and ambulatory monitoring. Canadian Amlodipine/Atenolol in
Silent Ischemia Study (CASIS) Investigators. J Am Coll Cardiol 1995;25:619–625.

178. Jimenez AH, Tofler GH, Chen X, Stubbs ME, Solomon HS, Muller JE. Effects of nadolol on hemo-
dynamic and hemostatic responses to potential mental and physical triggers of myocardial infarction
in subjects with mild systemic hypertension. Am J Cardiol 1993;72:47–52.

179. Andreotti F, Kluft C, Davies GJ, Huisman LG, deBart AC, Maseri A. Effect of propanolol (long act-
ing) on the circadian fluctuation of tissue-plasminogen activator and plasminogen activator inhibitor-
1. Am J Cardiol 1991;68:1295–1299.

180. Shepherd JS, Cobbe SM, Ford I, et al. Prevention of coronary heart disease with pravastatin in men
with hypercholesterolemia. N Engl J Med 1995;333:1301–1307.

181. Randomized trial of cholesterol lowering in 4444 patients with coronary artery disease: the Scandi-
navian Simvastatin Survival Study (4S). Lancet 1994;344:1383–1389.

182. de Lorgeril M, Salen P, Martin JL, Monjaud I, Delaye J, Mamelle N. Mediterranean diet, traditional
risk factors, and the rate of cardiovascular complications after myocardial infarction: final report of
the Lyon Diet Heart Study. Circulation 1999;99:779–785.

183. Rubins HB, Robins SJ, Collins D, et al. Gemfibrazol for the secondary prevention of coronary heart
disease in the with low levels of high-density lipoprotein cholesterol: Veterans Affairs High-Density
Lipoprotein Cholesterol Intervention Trail Study Group. N Engl J Med 1999;341:410–418.

184. Anderson KM, Wilson PW, Odell PM, Kannel WB. An updated coronary risk profile: a statement for
health professionals. Circulation 1991;83:356–362.

185. Anderson KM, Odell PM, Wilson PW, Kannel WB. Cardiovascular disease risk profiles. Am Heart J
1993;121:293–298.

186 Berlin JA, Colditz GA. A meta-analysis of physical activity in the prevention of coronary heart dis-
ease. Am J Epidemiol 1990;132:612–628.

187. Blair SN, Kohl HW 3rd, Barlow CE, Paffenbarger RS Jr, Gibbons LW, Macera CA. Change in physi-
cal fitness and all-cause mortality: a prospective study of healthy and unhealthy men and women.
JAMA 1995;273:1093–1098.

Triggers of Acute Coronary Syndromes 93



188. Fletcher GF, Balady G, Blair SN, et al. Benefits and recommendations for physical activity programs
for all Americans: a statement for health professionals by the committee on exercise and cardiac reha-
bilitation of the council on clincial cardiology, American Heart Association. Circulation 1996;94:
857–862.

189. Yusuf S. Calcium antagonists in coronary artery disease and hypertension. Time for reevaluation? Cir-
culation 1995;92:1079–1082.

190. Buring JE, Glynn RJ, Hennekens CH. Calcium channel blockers and myocardial infarction. A hypoth-
esis formulated but not yet tested. JAMA 1995;274:654–655.

191. Bertolet BD, Hill JA, Pepine CJ. Treatment strategies for daily life silent myocardial ischemia: a cor-
relation with potential pathogenetic mechanisms. Prog Cardiovasc Dis 1992;35:97–118.

192. Flack JM, Yunis C. Therapeutic implications of the epidemiology and timing of myocardial infarction
and other cardiovascular diseases. J Hum Hypertens 1997;11:23–28.

193. Sica D. Lessons learned from prematurely terminated clinical trials. Curr Hypertension Reports 2001;
3:360–366.

194. Munger MA, Kenney JK. A chronobiologic approach to the pharmacotherapy of hypertension and
angina. Ann Pharmacother 2000;34:1313–1319.

195. Kurnik PB. Practical implications of circadian variations in thrombolytic and thrombotic activities.
Cardiol Clin 1996;14:251–262.

196. Braunwald E. Morning resistance to thrombolytic therapy. Circulation 1995;91:1604.
197. Frasure-Smith N, Lesperance F, Prince RH, et al. Randomised trial of home-based psychosocial nurs-

ing intervention for patients recovering from myocardial infarction. Lancet 1007;350:473–479.
198. Naghavi M, Madjid M, Khan MR, Mohammadi RM, Willerson JT, Casscells SW. New developments

in the detection of vulnerable plaque. Curr Atheroscler Rep 2001;3:125–135.
199. Nissen S. Coronary angiography and intravascular ultrasound. Am J Cardiol 2001;87:15A–20A.
200. Brezinski ME, Tearney GJ, Bouma BE, et al. Optical coherence tomography for optical biopsy. Prop-

erties and demonstration of vascular pathology. Circulation 1996;93:1206–1213.
201. Jang IK, Bouma BE, Kang DH, et al. Visualization of coronary atherosclerotic plaques in patients

using optical coherence tomography: comparison with intravascular ultrasound. J Am Coll Cardiol
2002;39:604–609.

202. Toussaint JF, LaMuraglia GM, Southern JF, Fuster V, Kantor HL. Magnetic resonance images fibrous,
calcified, hemorrhagic, and thrombotic components of human atherosclerosis in vivo. Circulation
1996;94:932–938.

203. Casscells W, Hathorn B, David M, et al. Thermal detection of cellular infiltrates in living atheroscle-
rotic plaques: possible implications for plaque rupture and thrombosis. Lancet 1996;347:1447–1451.

204. Stefanadis C, Diamantoupoulos L, Vlachopoulos C, et al. Thermal heterogeneity within human ather-
osclerotic coronary arteries detected invivo: a new method of detection by application of a special ther-
mography catheter. Circulation 1999;99:1965–1971.

205. Konings MK, Mali WP, Viergever MA. Develoment of an intravascular impedance catheter for detec-
tion of fatty lesions in arteries. IEEE Trans Med Imaging 1997;16:439–446.

206. Cassis LA, Lodder RA. Near-IR imaging of atheromas in living arterial tissue. Anal Chem 1993;65:
1247–1256.

207. Dempsey RJ, Cassis LA, Davis DG, Lodder RA. Near-infrared imaging and spectroscopy in stroke
research: lipoprotein distribution and disease. Ann NY Acad Sci 1997;820:149–169.

208. Jaross W, Neumeister V, Lattke P, Schuh D. Determination of cholesterol in atherosclerotic plaques
using near infrared diffuse reflection spectroscopy. Atherosclerosis 1999;147:327–337.

209. Cohen MC, Muller JE. Triggers of acute myocardial infarction. In: Gersh BJ, Rahimtoola SH, eds.
Acute Myocardial Infarction. Elsevier, New York, 1996, pp. 91–105.

94 Sapin and Muller



Insights into the Pathophysiology of
Acute Ischemic Syndromes Using the
TIMI Flow Grade, TIMI Frame
Count, and TIMI Myocardial
Perfusion Grade

C. Michael Gibson, MS, MD,
Sabina A. Murphy, MPH,
and Jeffrey J. Popma, MD

CONTENTS

INTRODUCTION

TFG CLASSIFICATION SCHEME

LIMITATIONS OF THE TFG CLASSIFICATION SCHEME

TIMI FRAME COUNT

NONCULPRIT FLOW AS A FLAWED GOLD STANDARD AGAINST

WHICH TO GAUGE FLOW IN ACUTE MI
TIMI MYOCARDIAL PERFUSION GRADE

RELATIVE CONTRIBUTION OF THE EPICARDIAL STENOSIS AND

MICROVASCULAR RESISTANCE TO FLOW DELAYS IN ACUTE MI
RANGE OF VELOCITIES THAT CONSTITUTES TIMI GRADE 3 FLOW

CORONARY BLOOD FLOW IN THE ASSESSMENT OF THROMBOLYTIC

AGENTS

ADJUNCTIVE MECHANICAL INTERVENTION TO FURTHER IMPROVE

FLOW

RELATIONSHIP OF CORONARY BLOOD FLOW TO CLINICAL

OUTCOMES

REFERENCES

INTRODUCTION

For over a decade now, the Thrombolysis in Myocardial Infarction (TIMI) flow grade
classification scheme has been successfully used to assess coronary blood flow in acute
coronary syndromes (1). Although this scheme has been a valuable tool for comparing
the efficacy of reperfusion strategies and in identifying patients at higher risk for adverse
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outcomes in acute coronary syndromes, there are limitations to this classification
scheme (2,3). To overcome these limitations, the TIMI Angiographic Core Laboratory
developed a new index of coronary blood flow called the TIMI frame count (2). In con-
trast to the TIMI flow grades (TFGs), which are subjective categorical variables, the
TIMI frame count is an objective continuous variable of epicardial flow (2). There has
also been a recent shift toward focus on microvascular perfusion. One method developed
to assess tissue level perfusion is the TIMI myocardial perfusion grade (TMPG) (4). The
goal of this chapter is to review these three methods and to discuss the insights into the
pathophysiology of acute coronary syndromes provided by these indexes of coronary
blood flow and myocardial perfusion.

TFG CLASSIFICATION SCHEME

The original definition of the TFGs from the TIMI 1 study in 1986 are as follows (1):

Grade 0: No perfusion. No antegrade flow beyond the point of occlusion.
Grade 1: Penetration without perfusion. Contrast material passes beyond the area of

obstruction but fails to opacify the entire coronary bed distal to the obstruc-
tion for the duration of the cineangiographic filming sequence.

Grade 2: Partial perfusion. Contrast material passes across the obstruction and opaci-
fies the coronary distal to the obstruction. However, the rate of entry of con-
trast material into the vessel distal to the obstruction or its rate of clearance
from the distal bed (or both) are perceptibly slower than its flow into or clear-
ance from comparable areas not perfused by the previously occluded vessel.

Grade 3: Complete perfusion. Antegrade flow into the bed distal to the obstruction
occurs as promptly as antegrade flow into the bed proximal to the obstruc-
tion, and clearance of contrast material from the involved bed is as rapid as
clearance from an uninvolved bed in the same vessel or the opposite artery.

Recently, several groups have begun to define “TIMI grade 3 flow” as opacification
of the coronary artery within three cardiac cycles (5,6). As the definition above shows,
this is not how TIMI grade 3 flow was originally defined (1). This substantial departure
from the original definition of TIMI grade 3 flow will result in much higher rates of
TIMI grade 3 flow. In the majority of patients with TIMI grade 3 flow in thrombolytic
trials (TIMI 4, 10A, and 10B) (7–9), it requires just under 1 s (26.8 � 9.1 frames or 0.9
s, n � 693) or one cardiac cycle to traverse the length of the artery. Obviously, increas-
ing the time for dye to go down the artery by a factor of three (i.e., from one to three
cardiac cycles) that is permissible to qualify for TIMI grade 3 flow greatly increases the
rate of TIMI grade 3 flow. Data from the TIMI Angiographic Core Laboratory suggests
that the “three cardiac cycle” definition of TIMI 3 flow, results in an approx 10%
increase over the original definition of TIMI grade 3 flow (10).

It is possible that TIMI grade 1 flow may sometimes be classified as TIMI grade 2
flow. In the TIMI Angiographic Core Laboratory, we follow the original definition in
classifying TIMI grade 2 flow: the dye must reach the apex of the heart during the dura-
tion of filming. It is our experience that TIMI grade 1 flow comes in two varieties: one
in which the dye barely penetrates the lesion and the other in which dye penetrates the
lesion fairly well but the dye moves down the artery so slowly that the operator stops
filming before it reaches the apex. We interpret the original definition of TIMI grade 1
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flow very literally, and if the dye is not filmed as it reaches the apex, we classify this
as TIMI grade 1 flow. It is unclear if other angiographic core laboratories would clas-
sify dye that may reach the apex, but is not filmed reaching the apex, as TIMI grade 2
flow. If they do classify flow in this fashion, then this may account for the higher rates
of mortality that have been reported by other angiographic core laboratories for TIMI
grade 2 flow.

LIMITATIONS OF THE TFG CLASSIFICATION SCHEME

One limitation of the TFG classification scheme is a high rate of interobserver vari-
ability in the assessment of TFGs. The rate of agreement between an angiographic core
laboratory and clinical centers is best when determining if a culprit artery is either open
or closed (j value � 0.84 � 0.05, which indicates good agreement) (2). In contrast, the
rate of agreement is only moderate when assessing TIMI grade 3 flow (j value � 0.55
� 0.05) and is actually poor in the assessment of TIMI grade 2 flow (j value � 0.38 �
0.05) (2). Even between experienced angiographic core laboratories, there can be a fre-
quent lack of concordance. In a recent study, the rate of agreement between two core
laboratories in the assessment of TIMI grades 2 and 3 flows was only 83%, and three
experienced angiographic core laboratories achieved complete agreement in only 71%
of the cases (3).

For many years it has been assumed that there are distinct categories of coronary
blood flow. However, we have shown that coronary blood flow is unimodally distributed
as a continuous variable (2). It has also been assumed that the flow in the nonculprit
artery (the flow used as the “gold standard” for assessing TIMI grade flow in the infarct
related artery) is truly “normal”. As will be discussed below, this assumption is not well
justified. Finally, as newer reperfusion strategies achieve a higher rate of TIMI grade 3
flow, this categorical method may have limited statistical power and sensitivity in dis-
tinguishing the efficacy of different reperfusion strategies, as there may be a range of
velocities associated with TIMI grade 3 flow (2).

TIMI FRAME COUNT

To overcome the above limitations associated with the TIMI flow grade classification
scheme, we have recently described a more objective and precise method of estimating
coronary blood flow, in which the number of cineframes required for dye to reach stan-
dardized distal landmarks are counted, called the TIMI frame count (2). In the first frame
used for TIMI frame counting, a column of dye touches both borders of the coronary
artery and moves forward (Fig. 1). In the last frame, dye begins to enter (but does not
necessarily fill) a standard distal landmark in the artery (Fig. 1). These standard distal
landmarks are as follows: in the right coronary artery the first branch of the posterolat-
eral artery; in the circumflex system the most distal branch of the obtuse marginal
branch, which includes the culprit lesion in the dye path; and in the left anterior descend-
ing (LAD) artery the distal bifurcation which is also known as the “moustache,” “pitch
fork,” or “whales tail” (Fig. 1). These frame counts are corrected for the longer length
of the LAD by dividing by 1.7 to arrive at the corrected TIMI frame count (CTFC) (2).

In contrast to the conventional TIMI flow grade classification scheme, the CTFC is
quantitative rather than qualitative, it is objective rather than subjective, it is a continu-
ous rather than a categorical variable, and it is reproducible (2). Indeed, with respect to
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variability, the mean absolute value of the difference between two consecutive hand
injections of the infarct-related artery was only 4.7 � 3.9 frames (n � 85) (2). Other
groups, such as Ivanc and Ellis et al., have shown even better measures of reproducibil-
ity (11). These authors examined angiograms on two separate occasions separated in
time by 6 mos, and found a correlation of 0.97 in their readings over time and a corre-
lation of 0.99 among three different observers (11). There was a 0.7–2.0 frame differ-
ence between observers (11). In a recent study where two experienced angiographic core
laboratories (Global Use of Strategies to Open Occluded Coronary Arteries [GUSTO]
and TIMI) analyzed the same films for a fibrinolytic trial, there were discrepancies in
21% of TFG readings (41 out of 194, j � 0.76); however, excellent concordance in trial
results were seen using the CTFC (overall median difference � 0 frames) with no sig-
nificant difference being observed between the two core laboratories (12).

Normal flow in normal arteries in the absence of acute myocardial infarction (MI)
has been found to be 21.0 � 3.1 frames (n � 78)(2), with the 95% confidence inter-
val for normal flow extending from �14 frames to �28 frames. Despite differences in
the length of the coronary arteries, the force of injections, the diameter of the arteries,
heart rates, cardiac output, and catheter engagement, we have found that the standard
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Fig. 1. The TIMI frame counting method. In the first frame (lower left panel), a column of near or
fully concentrated dye touches both borders of the coronary artery and moves forward. In the last
frame (second column), dye begins to enter (but does not necessarily fill) a standard distal landmark
in the artery. These standard distal landmarks are as follows: the first branch of the posterolateral
artery in the right coronary artery (upper panel, third column); in the circumflex system the most dis-
tal branch of the obtuse marginal branch which includes the culprit lesion in the dye path (mid panel,
third column); and in the left anterior descending artery the distal bifurcation which is also known as
the “moustache”, “pitch fork” or “whales tail” (lower panel, third column).



deviation among 78 arteries with normal flow was only 3.1 frames, a coefficient of vari-
ation of approx 14% (2). We have recently studied the impact of the force of injection
and shown that the CTFC following power injections performed at the 10th and 90th
percentile of human injection rates differ from each other by only 2 frames (13,14).

Using the CTFC, coronary blood flow appears to be unimodally distributed as a con-
tinuous variable (2) (Figs. 2 and 3). Thus, any division of flow into normal and abnor-
mal categories is arbitrary. Although we do not use the CTFC to determine the TFGs, in
a retrospective analysis, the TIMI Angiographic Core Laboratory tended to classify flow
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Fig. 2. Shown here is a histogram displaying the percent of patients with a given CTFC (grouped by
bins of 5 frames) following thrombolysis in the TIMI 4, TIMI 10A, and TIMI 10B trials. Note that
very few patients have a CTFC � 100.

Fig. 3. Cumulative distribution function of corrected TIMI frame counts in 960 patients from the TIMI
4, 10A, and 10B studies. Any CTFC can be chosen on the X-axis as a definition of thrombolytic suc-
cess. The corresponding value on the Y-axis displays the percent of patients that satisfy that definition
of success. Only approx one quarter of patients have normal flow (i.e., a CTFC � 28) following
thrombolysis.



as TIMI grade 2 flow if the CTFC was �40 (approx 1.3 s) (2). In the TIMI 4, 10A and
10B trials (7–9), the 90-min CTFC in culprit arteries is unimodally distributed with a
mean CTFC of 35.6 � 20.8 frames (n � 960) at 90 min following thrombolysis (Figs.
2 and 3). Approximately one quarter of patients achieved normal flow with a CTFC �28
frames, (i.e., within the 95% confidence interval for flow in patients without acute MI)
(Fig. 3).

NONCULPRIT FLOW AS A FLAWED GOLD STANDARD AGAINST
WHICH TO GAUGE FLOW IN ACUTE MI

Traditionally, it has always been assumed that the basal flow in nonculprit arteries
in the setting of acute MI following thrombolysis is normal. However, using the CTFC,
basal flow in the uninvolved artery is in fact not normal (2). In the setting of acute
MI, the mean CTFC at 90 min following thrombolysis among the nonculprit arteries
(30.9 � 15.0, n � 1,817) (15) was 45% higher than minimally diseased arteries with
normal flow in the absence of acute MI (21.0 � 3.1, p � 0.001), but returned to
that of normal arteries by 18–36 hours following thrombolysis (21.3 � 7.1, n � 76,
p � NS) (2).

This problem is further complicated by the fact that nonculprit arteries may not all be
slowed to the same degree depending upon their location. We have shown that flow in
nonculprit LAD arteries was disproportionately slowed by 36% when compared to that
in uninvolved circumflex arteries which confounds the classification of conventional
TFGs (2). While our original study showed that the CTFC in LAD culprits is on the
whole higher (reflecting slower flow) than that in other locations at 90 min following
successful thrombolysis, the CTFC for TIMI grade 3 flow was actually 32% lower for
LAD culprits when compared to the circumflex artery (25.7 vs 34.0 frames) (2). This
paradox was explained by the fact TIMI grade 3 flow in culprit LAD arteries was gauged
against faster flow in nonculprit circumflex arteries (22.5 frames), and consequently,
few LAD culprits (26.2%) achieved a rapid enough velocity to be classified as achiev-
ing TIMI grade 3 flow. In contrast, flow in circumflex culprits was graded against the
36% slower flow in nonculprit LADs (30.5 frames), and therefore, most circumflex
arteries (92%) were classified as achieving TIMI grade 3 flow (2). Thus, the conven-
tional notion that flow in uninvolved arteries is normal may be erroneous and may lead
to the misclassification of TFGs. In the right coronary artery (RCA), no other normal
artery is even present for comparison. The complexity of visual flow grade assessment
is further compounded by the fact that international cinefilms are filmed at a wide but
subtle variety of speeds (12.5, 15, 25, 30, 50, 60 frames/s).

In addition to these reductions in basal nonculprit flow, Uren et al. have shown in
position emission tomography (PET) scanning experiments that the coronary vasodila-
tory response (the ratio of myocardial blood flow after the administration of dipyri-
damole to the basal myocardial blood flow) in angiographically normal nonculprit
arteries remains reduced at 1 wk following acute MI as compared with control patients
without acute MI (1.53 � 0.36 vs 3.17 � 0.72, p � 0.009) (16). Similarly, in a study by
Marjorie et al. in isolated perfused rat hearts, basal coronary blood flow in acute MI
hearts was completely normalized within 1 wk, whereas maximal coronary blood flow
was not normalized until 5 wk after acute MI (17). Thus, acute MI impairs both basal
and maximal flow in nonculprit territories. In addition, Wyatt and Corday have shed
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some light on the pathophysiology of delayed flow in remote areas of the heart by
demonstrating that focal necrosis (micro-infarcts) and regional lactate derangements
occur in the nonoccluded (remote) posterior segments of the left and right ventricles
after occlusion of the proximal LAD in closed chest dogs (18,19).

We have reported that the predictors of delayed flow in the nonculprit artery include
slower flow in the culprit artery, a longer length of culprit vessel distal to the stenosis
(i.e., a bigger infarct), a tighter stenosis in the nonculprit artery, and pulsatile flow in the
culprit artery (15). The observation relating pulsatile culprit flow to delayed nonculprit
flow sheds light on the potential mechanism of global flow delays. Doppler velocity wire
studies have shown that a pulsatile pattern of flow with systolic flow reversal is observed
in the setting of the no reflow phenomenon and that this flow pattern reflects heightened
downstream microvascular resistance.

We have recently reported that flow improves in the nonculprit artery as flow
improves in the culprit artery in the setting of acute MI (15). The CTFC in nonculprit
arteries improved by 3.3 frames between 60 and 90 min following thrombolysis (p �
0.0001) (15). When flow improved in the associated culprit artery between 60 and 90
min, nonculprit artery flow improved by 7.4 frames (p � 0.0003) (15). In contrast, when
flow did not improve in the associated culprit artery, there was no significant improve-
ment in the nonculprit artery flow (1.0 frame, p � NS) (15). Similarly, in the setting of
percutaneous transluminal coronary angioplasty (PTCA) for unstable angina syn-
dromes, we have shown that PTCA of the culprit lesion was associated with a 3-frame
improvement in the nonculprit artery after the intervention (20). Again, if abnormal flow
was present in the nonculprit artery at baseline (i.e., CTFC � 28), then the improve-
ments in nonculprit flow were more dramatic (10 frames) (20). It could be speculated
that the delayed flow in nonculprit arteries may be the result of more extensive necrosis
in shared microvasculature, or a result of vasoconstriction mediated through either a
local neurohumoral or paracrine mechanism. Further studies are needed, however, to
determine the cause of delayed flow in the nonculprit arteries.

TIMI MYOCARDIAL PERFUSION GRADE

It has recently become apparent that epicardial flow does not necessarily imply tis-
sue level or microvascular perfusion (21,22). This led to the recent development of a new
angiographic measure of tissue level perfusion, the TIMI myocardial perfusion grade
(TMPG) (4), as follows:

TMPG 3: Normal entry and exit of dye from the microvasculature. There is the ground
glass appearance (blush) or opacification of the myocardium in the distri-
bution of the culprit lesion that clears normally, and is either gone or only
mildly/moderately persistent at the end of the washout phase (i.e., dye is
gone or is mildly/moderately persistent after 3 cardiac cycles of the washout
phase and noticeably diminishes in intensity during the washout phase), sim-
ilar to that in an uninvolved artery. Blush that is of only mild intensity
throughout the washout phase, but fades minimally, is also classified as
grade 3.

TMPG 2: Delayed entry and exit of dye from the microvasculature. There is the ground
glass appearance (blush) or opacification of the myocardium in the distri-
bution of the culprit lesion that is strongly persistent at the end of the
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washout phase (i.e., dye is strongly persistent after three cardiac cycles of
the washout phase and either does not or only minimally diminishes in inten-
sity during washout).

TMPG 1: Dye slowly enters but fails to exit the microvasculature. There is the ground
glass appearance (blush) or opacification of the myocardium in the distri-
bution of the culprit lesion that fails to clear from the microvasculature, and
dye staining is present on the next injection (approx 30 s between injections).

TMPG 0: Dye fails to enter the microvasculature. There is either minimal or no ground
glass appearance (blush) or opacification of the myocardium in the distri-
bution of the culprit artery indicating lack of tissue level perfusion.

The TMPG has been shown to be a multivariate predictor of mortality in acute MI
(Fig. 4) (4). The TMPG permits risk stratification even within epicardial TIMI grade 3
flow. Despite achieving epicardial patency with normal TIMI grade 3 flow, those
patients whose microvasculature fails to open (TIMI myocardial perfusion grade 0/1)
have a persistently elevated mortality of 5.4%. In contrast, those patients with both TIMI
grade 3 flow in the epicardial artery and TIMI myocardial perfusion grade 3 have a mor-
tality under 1% (4).

The TIMI flow grades and the TIMI myocardial perfusion grades can be combined to
identify a group of patients at very low risk and alternatively very high risk for mortal-
ity. Those patients with both TIMI grade 3 flow and TIMI myocardial perfusion grade 3
flow had a mortality of 0.7% while those patients with both TIMI grade 0/1 and TIMI
myocardial perfusion grade 0/1 flow had a mortality of 10.9% (4).

In order to quantitatively characterize the kinetics of dye entering the myocardium
using the angiogram, digital subtraction angiography (DSA) was developed. DSA is per-
formed at end diastole by aligning cineframes images before dye fills the myocardium
with those at the peak of myocardial filling to subtract spine, ribs, diaphragm, and the
epicardial artery (Fig. 5). A representative region of the myocardium is sampled that is
free of overlap by epicardial arterial branches to determine the increase in the Gray scale
brightness of the myocardium when it first reached its peak intensity. The circumference
of the myocardial blush is measured using a handheld planimeter. The number of frames
required for the myocardium to first reach its peak brightness is converted into time (s)
by dividing the frame count by 30. In this way, the rate of rise in brightness (Gray/s) and
the rate of growth of blush (cm/s) can be calculated.

Compared to normal patients, microvascular perfusion was reduced in acute MI
patients on DSA as demonstrated by a reduction in peak Gray (brightness) (10.9 � 5.7
vs 7.8 � 8.9, p � 0.0001), the rate of rise in Gray/s (2.8 � 1.4 vs 2.1 � 2.5, p � 0.0001),
the blush circumference (19.4 � 5.4 vs 13.6 � 10.7, p � 0.0001), and the rate of growth
in circumference (cm/s)(5.2 � 2.0 vs 3.7 � 3.1, p � 0.0001) (23). However, while DSA
perfusion was impaired overall in the setting of acute MI, TMPG grade 3 in the setting
of acute MI did not differ from that in normal patients when studied quantitatively as
shown by similar peak Gray (10.9 � 5.7 vs 10.6 � 6.1), rate of growth in Gray/s (2.8
� 1.4 vs 3.1 � 2.1), the blush circumference (19.4 � 5.4 vs 18.0 � 10.3), and the rate
of growth in circumference (5.2 � 2.0 vs 4.9 � 2.4) (p � NS for all) (23).

In myocardial contrast echocardiography (MCE) studies by Ito et al. (21,22), the cul-
prit artery was patent after angioplasty or thrombolysis within 24 h of symptom onset
in 126 patients with anterior MI. However, despite epicardial patency, one-fourth of
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patients had a lack of tissue level perfusion and the no reflow phenomenon, and these
patients had a higher rate of adverse outcomes (sustained arrhythmias, pericardial effu-
sion, cardiac tamponade, congestive heart failure, or death), and a lower rate of improve-
ment in global (5 vs 11%) as well as regional left ventricle (LV) contractile function
(standard deviations [SD]/chord) (	0.4 vs 	0.9) (21,22).

Several mechanisms have been postulated in the development of the no reflow phe-
nomenon following acute MI, such as a loss of microvasculature integrity and pro-
found spasm of microvasculature, caused by the release of potent vasoconstrictors from
activated platelets (e.g., serotonin) or neutrophil infiltration and platelet fibrin clots in
the microvasculature (24–30). Adjunctive therapies such as superoxide dismutase, cata-
lase, adenosine, verapamil, papaverine, ketanserine (a serotonin inhibitor), and other
new therapies targeted at the microvasculature may warrant further investigations
(31–33).

Unlike the epicardial artery, the microvasculature responds poorly to nitroglycerine
due to impaired synthesis of endothelium-derived relaxing factor (EDRF) (27). Calcium
channel blockers act directly on vascular smooth muscle rather than EDRF and may be
of benefit in minimizing microvascular spasm. Indeed, in a prospective trial by
Taniyama et al. (34), MCE has been used after primary angioplasty to demonstrate that
the low reflow ratio (ratio of no flow zone plus low reflow zone to the risk area)
decreased by 45% after the administration of 0.5 mg of intracoronary verapamil (from
0.39 � 0.23 to 0.29 � 0.17, p � 0.05) (34). Of note, the improvement in the regional
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Fig. 4. The TMPG assesses tissue level perfusion using the angiogram and is a multivariate predictor
of mortality in acute MI. The TMPG permits risk stratification even within epicardial TIMI grade 3
flow. Despite achieving epicardial patency with normal TIMI grade 3 flow, those patients whose
microvasculature fails to open (TMPG 0/1) have a persistently elevated mortality of 5.4%. In contrast,
those patients with both TIMI grade 3 flow in the epicardial artery and TMPG 3 have a mortality
under 1%.



wall motion score index from baseline to follow-up study at 24 d was higher in the ver-
apamil-treated group than in the control group (0.7 � 0.8 vs 0.2 � 1.3, p � 0.05) (34).
A major question has been whether microvascular spasm is an epiphenomenon in acute
MI and if improving microvascular spasm will lead to improved clinical outcomes. This
small preliminary study suggests that intracoronary verapamil can attenuate microvas-
cular spasm and that it can in turn augment basal tissue level perfusion. It provides a
critical link in relating these improvements in tissue perfusion to improved wall motion
in patients with acute MI (34).

RELATIVE CONTRIBUTION OF THE EPICARDIAL STENOSIS AND
MICROVASCULAR RESISTANCE TO FLOW DELAYS IN ACUTE MI

While the no reflow phenomenon exists in many patients with acute MI, the magni-
tude of its contribution to flow delays following thrombolysis is unclear and may be rel-
atively small. For instance, verapamil administration in the previous study reduced the
CTFC by only 9 frames (from 50 � 15 to 41 � 14, n � 40; p � 0.01) (34). The relief
of the residual stenosis by conventional PTCA and the scaffolding provided by intra-
coronary stent placement present unique opportunities to examine the potential role of
both the residual stenosis and intraluminal obstruction to flow delays following throm-
bolysis (35). Unlike conventional PTCA, intracoronary stenting relieves any residual
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Fig. 5. Digital subtraction angiography (DSA) was developed in order to quantitatively characterize
the kinetics of dye entering the myocardium using the angiogram. DSA is performed at end diastole
by aligning cineframes images before dye fills the myocardium with those at the peak of myocardial
filling to subtract spine, ribs, diaphragm, and the epicardial artery. A representative region of the
myocardium is sampled that is free of overlap by epicardial arterial branches to determine the increase
in the Gray scale brightness of the myocardium when it first reached its peak intensity. The circum-
ference of the myocardial blush is measured using a handheld planimeter. The number of frames
required for the myocardium to first reach its peak brightness is converted into time (s) by dividing
the frame count by 30. In this way the rate of rise in brightness (Gray/s) and the rate of growth of blush
(cm/s) can be calculated.



intraluminal obstruction caused by dissection planes that may cause baffling and non-
laminar flow. Any persistent delay in flow following adjunctive stenting is unlikely to be
due to the residual stenosis or intraluminal obstruction and most likely represents the
contribution of downstream microvasculature resistance. Both rescue and adjunctive
PTCA of the residual stenosis at 90–120 min largely normalized discrepancies in pre-
PTCA frame counts between the TFGs (35). Adjunctive and rescue angioplasty also
restored flow in culprit vessels that were nearly identical to that of nonculprit arteries in
the setting of acute MI (30.5 vs 30.5 frames, p � NS) (35). These observations should
not, however, be misinterpreted as demonstrating that PTCA restores completely “nor-
mal” flow. It is important to note that post-PTCA CTFCs and nonculprit CTFCs of 30
are both in actuality abnormally slowed, and they are nearly 45% slower (p � 0.001)
than the CTFC of 21 previously reported in patients without acute MI and normal flow
(2). Despite a 13% residual diameter stenosis and the relief of intraluminal obstruction
that would be anticipated following stent placement, flow was persistently delayed to 26
frames, and likewise, 34% of stented vessels had abnormal flow with a CTFC � 28 (the
95th percentile of the upper limit of normal) (35). This persistent delay is unlikely to be
due to either the residual stenosis or intraluminal obstruction and most likely represents
the contribution of downstream microvascular resistance. To summarize the magnitude
of flow delays attributable to microvascular resistance, nonculprit and culprit artery flow
following relief of the stenosis by PTCA/stenting is delayed by approx 5 to 10 frames
and likewise, treatment of heightened microvascular resistance with verapamil improves
flow by approx 9 frames.

Recently, we have reported the multivariable determinants of coronary blood flow at
90 min following thrombolysis, and a map of the multiple colinearities that we have
observed is shown in Fig. 6 (35). Obviously, the residual percent stenosis plays a criti-
cal role, with the average 70% stenosis increasing the CTFC by approx 17 frames (35).
The presence of residual thrombus adds approx 4 frames (35). Thus, superior revascu-
larization strategies will reduce the residual stenosis and eliminate thrombus. There were
also some unanticipated contributors to delayed to flow, such as the timing of reperfu-
sion; i.e., those patients who were patent at 60 min had 15 frames faster flow than those
patients who achieved flow between 60 and 90 min. LAD infarcts had slower flow by 8
frames than infarcts in other locations. It could be speculated that left system infarcts
have slower flow due to the fact that they have lesions that are located more proximally,
they subtend the thicker LV wall, and there is higher wall stress in the LV than in the
right ventricle (RV) (35).

RANGE OF VELOCITIES THAT CONSTITUTES TIMI GRADE 3 FLOW

As newer reperfusion strategies are reported to achieve a higher incidence of TIMI
grade 3 flow, a categorical scale may fail to distinguish their efficacies because there is
a range of dye velocities that constitute TIMI grade 3 flow (2,36–38). Even if two reper-
fusion strategies result in the same proportion of TIMI grade 3 flow, the TIMI grade 3
flow of one strategy may be faster than the TIMI grade 3 flow of another strategy, and
there may be a difference in the dye velocity between the two strategies when analyzed
as a continuous variable using the CTFC. This range of velocities that constitutes TIMI
grade 3 flow can be demonstrated by the following example (37). We have developed a
new method of measuring absolute velocity called the PTCA guidewire velocity (37).

Pathophysiology of Acute Ischemic Syndromes 105



106

Fig. 6. Multiple variables determine flow at 90 min, and they are often related to each other. For instance, LAD location, the percent of the vessel distal to
the stenosis, and the presence of a pulsatile flow pattern were all related to each other as well as the 90-min CTFC. In particular, there was a greater percent
of the culprit vessel distal to the stenosis in patients with an LAD lesion (76.6 � 11.1% [n � 252] vs 61.4 � 22.9% [n � 422], p � 0.0001); LAD lesions
predominated in patients with pulsatile flow (61.1% LAD [n � 66 out of 108] vs 38.9% non-LAD [n � 42 out of 108], p � 0.001); and finally patients with
a pulsatile flow pattern also had a greater percent of the vessel distal to the stenosis (72.9 � 16.2% [n � 97] vs 65.8 � 21.3% [n � 548], p � 0.002). Patients
with pulsatile flow had less severe percent stenoses (68.6 � 18.8% [n � 106] vs 73.0 � 18.9% [n � 733], p � 0.02), and pulsatile lesions tended to be col-
lateralized less frequently (pulsatile lesions collateralized in 9.5% [n � 10 out of 105] of cases, and nonpulsatile lesions collateralized in 16% [n � 116 out
of 723] of cases, p � 0.08). Patients who were patent for less than 30 min also had a higher incidence of thrombus (50.0% [n � 24 out of 48] vs 21.4% [n
� 119 out of 555], p � 0.001).



After PTCA, the guidewire tip is placed at the coronary landmark, and a Kelly clamp is
placed on the guidewire where it exits the Y-Adapter. The guidewire tip is then with-
drawn to the catheter tip, and a second Kelly clamp is placed on the wire where it exits
the Y-Adapter. The distance between the 2 Kelly clamps outside the body is the distance
between the catheter tip and the anatomic landmark inside the body. Velocity (cm/s) may
be calculated as this distance [(cm) 
 TFC (frames)] � film frame speed (frames/s).
Flow (cm3/s) may be calculated by multiplying this velocity (cm/s) and the mean cross-
sectional lumen area (cm2) along the length of the artery to the TIMI landmark (37). In
30 patients, velocity increased from 13.9 � 8.5 cm/s pre-PTCA to 22.8 � 9.3 cm/s post-
PTCA (p � 0.001). Despite TIMI grade 3 flow, both before and after PTCA in 18
patients, velocity actually increased 38% from 17.0 � 5.4 cm/s to 23.5 � 9.0 cm/sec (p
� 0.01). For all 30 patients, flow doubled from 0.6 � 0.4 cm3/s pre-PTCA to 1.2 � 0.6
cm3/s post-PTCA (p � 0.001). In the 18 patients with TIMI grade 3 glow both before
and after PTCA, flow increased 86% from 0.7 � 0.3 cm3/s to 1.3 � 0.6 cm3/s (p �
0.001) (37). These data illustrate the wide range of velocities associated with TIMI grade
3 flow and the potential that TIMI grade 3 flow can be improved upon and made faster.
A range of velocities that constitutes different TFGs has also been described using the
Doppler velocity wires (39–41). We have also planimetered the length of arteries from
the angiogram and combined this with the frame count to calculate what is called the
quantitative coronary angiography (QCA) velocity, and we have shown that the QCA
velocity proximal and distal to the lesion is almost identical to that reported using
Doppler velocity wires (42,43).

CORONARY BLOOD FLOW IN THE ASSESSMENT 
OF THROMBOLYTIC AGENTS

A variety of thrombolytic agents have been developed over the past two decades with
the hope of improving coronary blood flow and, hence, mortality in acute MI. Initial
efforts to restore antegrade flow to occluded vessels began with the administration of
intracoronary thrombolytic agents in the late 1970s and the early 1980s (44–47). These
recanalization trials and the intracoronary route of thrombolytic administration were
logistically demanding, and they were soon replaced by trials involving the simpler and
the more rapid intravenous route of thrombolytic administration in 90-min patency tri-
als in the mid 1980s (47,48). The original open artery hypothesis, namely that early and
full reperfusion would lead to improved clinical outcomes, was subsequently confirmed
by large-scale megatrials with angiographic substudies that linked improved 90-min
patency profiles of front-loaded recombinant tissue plasminogen activator (rtPA) to
improved left ventricular function and, in turn, to improved mortality (49,50).

The interobserver variability inherent in the TFG classification scheme is reflected
in the wide range of rates of TIMI grade 3 flow reported for a single drug, front-loaded
tissue-type plasminogen activator (tPA). A pooled analysis involving 1492 patients from
all large angiographic thrombolytic trials of front-loaded tPA to date, reveals a 90-min
patency rate of 82% (60% rate of TIMI 3 flow and 22% rate of TIMI 2 flow) (50–57)
(Fig. 7). As shown in Fig. 7, the rates of TIMI grade 3 flow vary tremendously from a
high of 71% in the initial report of Neuhaus et al. (51) to a low of 45% in the RAPID
2 trial (57). The overall rate of TIMI grade 3 flow in the TIMI Angiographic Core Lab-
oratory over the years has been 60%, which is the same as the rate reported across all
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trials to date. Thus, the TIMI Angiographic Core Laboratory reflects the central ten-
dency of how TIMI grade 3 flow is read in a variety of angiographic core laboratories
from around the world.

In an effort to improve upon this 60% rate of TIMI grade 3 flow, variants of tPA have
been developed such as recombinant plasminogen activator (rPA) (57), which is a nong-
lycosylated deletion mutant of wild-type tPA, novel plasminogen activator (NPA), and a
genetically engineered mutant of tPA (TNK) (54). The Reteplase vs Alteplase Patency
Investigation during Myocardial Infarction (RAPID-2) trial was a small angiographic
patency study which demonstrated a higher 90-min rate of TIMI grade 3 flow for rPA
compared to tPA (60 vs 45%, p � 0.01). It should be noted that this 45% rate of TIMI
grade 3 flow for front-loaded tPA was significantly lower than the rates reported in many
of the trials in Fig. 7. Consistent with the 60% rate of TIMI grade 3 flow observed for
rPA, the results of the Global Use of Strategies to Open Occluded Coronary Arteries
(GUSTO) III trial demonstrated no significant difference in mortality at 30 d (7.47% for
rPA vs 7.24% for tPA, p � 0.54) or the combined endpoint of death/disabling stroke
(7.89% for rPA vs 7.91% for tPA, p � 0.97) (58). Both TNK and NPA have also achieved
approx 60% rates of TIMI grade 3 flow at the doses studied (54).

ADJUNCTIVE MECHANICAL INTERVENTION 
TO FURTHER IMPROVE FLOW

As the previous section indicates, stand alone thrombolytic therapy faces a formida-
ble challenge in increasing the rate of TIMI grade 3 flow beyond 60%. While there are
clear angiographic benefits to rescue (opening a closed artery) and adjunctive PTCA
(further dilating an open artery with TIMI grade 2 or 3 flow) as discussed above, the

Fig. 7. The interobserver variability in the assessment of TIMI grade 3 flow for a single drug (tPA) is
shown here. The rate of TIMI grade 3 flow following front-loaded tPA administration extends from a
high value of 71% to a low value of 45%. Overall, the rate of TIMI grade 3 flow is 60%, the same as
that reported over the years by the TIMI Angiographic Core Laboratory.



clinical benefits are less clear. Previously the routine use of immediate adjunctive con-
ventional angioplasty to supplement the results of thrombolysis has not been shown to
be any more efficacious than a conservative approach of deferred angioplasty (59–61).
PTCA/stenting in the subgroup of patients with suboptimal TIMI 2 flow has not been
fully assessed. Preliminary results from the TIMI study group have shown that in the 38
patients in which TIMI grade 2 flow was dilated, TIMI grade 3 flow was restored in 34
patients (89.5%), and the mean post-intervention CTFC was 30.8 6 26.8 frames (62).
The 30-d risk of death or recurrent MI was 11.2% in patients who were medically man-
aged for TIMI grade 2 flow (12 out of 107) and was 10.0% in those patients who were
treated with PTCA/stenting for TIMI grade 2 flow (4 out of 40) (p 5 NS) (62). Thus,
PTCA/stenting may not offer a major advantage in clinical outcomes over medical man-
agement. Larger randomized trials are obviously needed to ascertain the clinical bene-
fit (if any) of mechanical intervention over medical management for TIMI grade 2 flow
following thrombolysis.

If thrombolytic therapy is not effective in opening the infarct related artery, a “res-
cue” or “salvage” PTCA may be performed. Experience with rescue angioplasty sheds
important light on the relative importance of coronary blood flow and the timing with
which that flow is achieved. In the TIMI 4 trial, although successful rescue angioplasty
for an occluded artery at 90 min resulted in a much higher rate of TIMI 3 flow than suc-
cessful thrombolysis (86.5 vs 64.8%, p � 0.002), this higher rate of grade 3 flow was
achieved later, at over 120 min after thrombolysis, and this time, delay may explain in
part the higher rate of mortality (9.6%) for this strategy than successful thrombolysis
(3.3%) (Fig. 8) (63).

Direct or primary angioplasty in acute MI has been demonstrated to achieve high
rates of patency and TIMI grade 3 flow in several small angiographic trials (63–71). In
the initial study in this area, the Primary Angioplasty in Myocardial Infarction (PAMI)
investigators reported a success rate of 97.1% for primary angioplasty (64). There was
a trend for patients treated with primary angioplasty to have a lower mortality rate than
patients treated with thrombolysis alone (2.6 vs 6.5%, respectively, p � 0.06) in this
trial. However, other randomized trials of primary angioplasty at the time, each involv-
ing less than 100 patients per treatment arm, revealed no significant difference in mor-
tality between the two strategies (65–67).

These early comparisons of primary angioplasty with thrombolysis, however, were
limited by the use of either older dosing regimens of tPA or streptokinase (SK), rather
than utilizing the more efficacious regimen of front-loaded tPA. Fortunately, the most
recent randomized trial in this field (the GUSTO IIb trial) overcomes many of these
limitations in its comparison of direct angioplasty to front-loaded tPA in a large series
of 1138 patients (68). The composite endpoint of the trial (death, reinfarction or stroke)
was lower in the primary angioplasty group than the front-loaded tPA group (9.6 vs
13.7%, p � 0.03), and there was a trend for the 30-d mortality rate to also be slightly
lower (5.7 vs 7.0%, p � NS) with this strategy (68). In contrast to the 90–99% success
rate previously reported by primary angioplasty operators and the 84% rate reported in
the GUSTO IIb trial, only 73% of patients achieved TIMI grade 3 flow following angio-
plasty in this trial when the TFGs were evaluated by an independent angiographic core
laboratory. Although this core laboratory rate of TIMI grade 3 flow is lower than the
rate assessed by the primary PTCA operators themselves, this 73% rate of TIMI grade
3 flow following primary PTCA still compares favorably with the 60% rate reported
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for all trials of front-loaded tPA to date. It is also notable that the survival curves did
not diverge early (i.e., within 24 h), but rather they began to diverge at 1 to 2 wk in this
trial, indicating that the occurrence of reinfarction, rather than early flow, may be driv-
ing the force in the mortality differential between the strategies.

While individual trials, including the relatively large GUSTO IIb trial, were unable to
show significant difference in mortality between the two strategies, a meta-analysis of
all ten randomized trials of primary angioplasty to date, involving 2066 patients (large
enough to detect clinically relevant differences), reveals lower rates of mortality at 30 d
(4.4 vs 6.5%, p � 0.02), death/reinfarction (7.2 vs 11.9%, p � 0.001), and stroke (0.7
vs 2.0%, p � 0.007) when primary angioplasty is compared with thrombolysis (72).

While primary angioplasty may restore a high rate of TIMI 3 flow, stenting may fur-
ther improve upon lumen dimensions and may relieve intraluminal obstruction due to
dissection planes and thrombus. In a pooled analysis of 20 nonrandomized trials of pri-
mary stenting within 24 h of acute MI involving 1357 patients, the incidence of mor-
tality was 2.4%, the incidence of stent thrombosis was 1.5%, and the incidence of
emergency coronary artery bypass graft (CABG) was 1.3% (73). Even if stenting was
the ideal treatment modality for acute MI, it is unclear how many patients would have
vessels ideally suited in size for stent placement. In a pooled analysis of quantitative
angiographic data from the TIMI 4, 10A and 10B trials, only 69% of patients had a prox-
imal reference segment diameter (PRSD) � 2.75 mm, and only 56% of patients had a
PRSD � 3.0 mm (73). Given these restraints regarding the adequacy of vessel size, ran-
domized trials of intracoronary stenting may facilitate the enrollment of patients with
right coronary artery lesions, and this may result in favorable clinical outcomes in these

Fig. 8. Data from the TIMI 4 rescue PTCA experience, which shows that TIMI grade 3 flow is not
always associated with improved outcomes if it is achieved too late. In the TIMI 4 trial, although suc-
cessful rescue angioplasty for an occluded artery at 90 min resulted in a much higher rate of TIMI 3
flow than successful thrombolysis (86.5 vs 64.8%, p � 0.002), this higher rate of grade 3 flow was
achieved later, at over 120 min after thrombolysis, and this time delay may explain in part the higher
rate of mortality (9.6%) for this strategy than successful thrombolysis (3.3%).



trials. Thus, adequate reporting of the outcomes in smaller vessels and the number of
patients excluded on the basis of reference segment diameter is needed to further eval-
uate the generalizability of the primary stenting technique.

As stated previously, the rate of agreement between an angiographic core laboratory
and clinical centers is only moderate in assessing TIMI grade 3 flow, and it is poor in
the assessment of TIMI grade 2 flow (2). Indeed, while the PAMI investigators have
reported a 96% rate of TIMI grade 3 flow following stent placement in acute MI (6), the
TIMI study group has reported a much lower 83% rate of TIMI grade 3 flow following
adjunctive stent placement following thrombolysis (35). As discussed previously, the 3
cardiac cycle definition used by the PAMI group may increase the rates of TIMI grade
3 flow by 10% (10). As suggested by Drs. Topol, Ellis and Califf, the disparity in the
rate of TIMI grade 3 flow following primary angioplasty in the PAMI and GUSTO tri-
als may be overstated, and a more objective method of assessing coronary blood flow
such as the TIMI frame count may be the preferred method in the assessment of TIMI
grade 3 flow in these interventional trials (69). As discussed previously, the TIMI frame
count method indicates that stenting does not restore a CTFC of 21 to infarct arteries,
highlighting the fact that downstream microvascular resistance remains elevated despite
relief of the epicardial stenosis.

When comparing thrombolytic and interventional strategies, it must be kept in mind
that a successful revascularization strategy is one that opens arteries both fully and
quickly. Fig. 9 shows the relationship between vessel patency and the time after a
patient comes to the emergency room. As shown in Fig. 9, the advantage of a throm-
bolytic regimen is speed, and the advantage of an interventional strategy is a higher
rate of full reperfusion. The data for thrombolytic agents is taken from Kawai et al.
(74), in which they performed cardiac catheterization at 15, 30, 45, 60, 75, and 90
min after the administration of a thrombolytic agent that is a variant of tPA. By 15
min after thrombolytic administration, 37% of culprit arteries were patent, and by 45
min after thrombolytic administration, 74% were patent (74). This 74% rate of patency
is 90% of the treatment effect that is achieved by 90 min (84% patency). If the patient
undergoes primary PTCA with a door to balloon time of 120 min (shown by the light
grey line in Fig. 9), the GUSTO IIb trial has shown that there will be a 25% sponta-
neous rate of vessel opening. As shown by the blocked area in Fig. 9, there will be a
significant amount of time during which the patency rates for a thrombolytic will
exceed that of primary angioplasty. This is what we have termed the early PTCA “flow
debt”. At 120 min, however, the patency for PTCA will exceed that of thrombolysis.
If the primary PTCA is performed quicker, with a door to balloon time of 75 min as
shown by the dark grey line in Fig. 9, then by 75 min, the patency rate for the inter-
ventional strategy will exceed that for lysis. This is what we would term the late “flow
debt” for thrombolysis. Despite the superior patency of the interventional strategy at
75 min, it appears that thrombolytics may open a substantial number of vessels more
quickly prior to the performance of the intervention. Thus, while interventional strate-
gies may achieve a higher rate of patency, it appears that thrombolytics have an advan-
tage of opening arteries very quickly in a substantial number of patients. Thus, the
challenge for interventional strategies is to achieve even earlier opening than is cur-
rently the case, and the challenge for thrombolytic agents remains to achieve higher
rates of patency.
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RELATIONSHIP OF CORONARY BLOOD FLOW 
TO CLINICAL OUTCOMES

Several thrombolytic trials have demonstrated an important relationship between the
different TFGs at 90 min after thrombolysis and clinical outcomes (50,75–78). The
GUSTO angiographic substudy involving 1431 patients provided important insight into
the mechanism linking TIMI 3 flow with reduced mortality (50). While the rate of
TIMI grade 2 flow did not differ significantly among the thrombolytic regimens (25%
with SK and subcutaneous heparin regimen, 28% with SK and intravenous [IV] heparin
regimen, 27% with tPA and IV heparin regimen, 35% with tPA and SK combination
regimen, p � NS), the rate of TIMI 3 flow was highest for the tPA with IV heparin
regimen (54% compared to 29% for SK with subcutaneous heparin regimen, 32% for
SK with IV heparin regimen, 38% for the tPA and SK combination regimen) (50).
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Fig. 9. This figure combines data pertaining to both speed and patency for a variety of strategies. If a
patient enters the door at time 0, 30 min later they will be given a thrombolytic (as signified by
“drug”). From the data of Kawai et al. (74) (shown by the dark black line), 15 min after lytic admin-
istration (45 min after presentation) there will be a 37% patency rate, at 30 min after lytic adminis-
tration a patency rate of 62%, at 45 min a patency rate of 74%, and at 90 min a patency rate of 84%.
Thus, speed of reperfusion is the advantage of a thrombolytic agent. If the patient undergoes primary
PTCA with a door to balloon time of 120 min (shown by the light grey line), the GUSTO IIb trial has
shown that there will be a 25% spontaneous rate of vessel opening, however, as shown by the blocked
area, there will be a significant amount of time during which the patency rates for a thrombolytic will
exceed that of primary angioplasty. This is what we have termed the early PTCA “flow debt”. At 120
min, however, the patency for PTCA will exceed that of thrombolysis. If the primary PTCA is per-
formed more quickly, with a door to balloon time of 75 min as shown by the dark grey line, then by
75 min, the patency rate for the interventional strategy will exceed that for lysis. This is what we
would term the late flow debt for thrombolysis. Despite the superior patency of the interventional
strategy at 75 min, it appears that thrombolytics may open a substantial number of vessels more quick-
ly prior to the performance of the intervention.



The mortality rate of 7.4% for patients with TIMI 2 flow approximated that of TIMI
0 or 1 flow (mortality 8.9%) (50). In contrast, TIMI 3 flow was associated with nearly
half this mortality (4.4%) (50). This trial also linked improved TIMI flow grades with
improved LV ejection fractions (50). Thus, it appears that the survival benefit of front-
loaded tPA (6.3% mortality as compared with 1% higher mortality with the other reg-
imens in GUSTO) was due, at least in part, to the improved coronary blood flow (both
higher patency and TIMI 3 flow rates) in the infarct-related artery with this regi-
men (50).

The results of GUSTO 1 raise important questions as to the potential mortality ben-
efits that could be accrued by improved flow at 90 min following thrombolysis. An
increase in the rate of TIMI 3 flow by 22% (from 32% with SK and IV heparin to 54%
with front-loaded tPA) reduced the mortality by 1% (from 7.4% with SK and IV
heparin to 6.3% with front-loaded tPA) in this trial (50). If there is a linear relationship,
to improve mortality by yet another 1%, the rate of TIMI grade 3 flow in the infarct-
related artery would need to improve by another 20% from the current mean value of
60% in all thrombolytic trials to approx 80%. The achievement of 80% rates of TIMI
grade 3 flow appears to be a formidable challenge given the previous observation that
there was only a 73% rate of TIMI grade 3 flow following primary angioplasty in
GUSTO IIb (68).

To further evaluate the relationship between TFGs at 90 min after thrombolysis and
clinical outcome, a pooled analysis of all angiographic thrombolytic trials performed to
date, involving 5498 patients, is presented in Fig. 10. The 30- to 42-d mortality rate was
lowest (3.7%) in patients with TIMI 3 flow at 90 min following thrombolysis and was
significantly lower than that in patients with TIMI grade 2 flow (6.1%, p � 0.0001) or
TIMI grade 0/1 flow (9.3%, p � 0.0001) flow (Fig. 10). The mortality rate difference
between patients with TIMI 2 and 0/1 flows was also significant (p � 0.003) (Fig. 10).
It is only with the larger sample size of this pooled data does the distinction between
TIMI 0/1 and TIMI 2 flows become apparent. This pooled data analysis reconfirms the
superiority of achieving complete reperfusion (i.e., TIMI 3 flow) after thrombolysis.
Although TIMI grade 2 flow (partial perfusion) is not equivalent to TIMI 3 flow, it nev-
ertheless confers a significant survival advantage compared with TIMI 0/1 flow and,
therefore, should not be regarded as a failure of reperfusion, but rather as intermediate
in benefit between TIMI grades 0/1 and 3 flows.

The assessment of the clinical significance of TIMI grade 2 flow has, however, been
confounded by the tremendous interobserver variability in the visual assessment of
coronary blood flow (2). In addition, TIMI grade 2 flow encompasses a wide spectrum
of flows from markedly delayed to near normal flows (2). Finally, the analysis of the
relationship between TIMI grade 2 flow to clinical outcomes is confounded by the obser-
vation that most of TIMI grade 2 flow is observed in LAD arteries (63%), and most of
TIMI grade 3 flow has been observed in right coronary arteries (approx 75%). This sta-
tistical colinearity in infarct artery location and coronary blood flow could explain, at
least in part, the significant differences in clinical outcomes (2).

The more objective CTFC is also related to clinical outcomes (79–83). In the TIMI 4,
10A and 10B trials, the flow in the infarct-related artery in survivors was significantly
faster than in patients who died (CTFCs of 49.5 � 32.3, n � 1195 vs 69.6 � 35.4, n � 53,
respectively; p � 0.0003) (79). In this data set, mortality increases by 0.7% for every 10-
frame rise in CTFC (p � 0.001) (79). Thus, the CTFC at 90 min following thrombolysis
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would be required to increase from its current value of 35 frames to approx 21 frames (nor-
mal flow) to improve mortality by 1% (79). This is a formidable challenge given that flow
in nonculprit arteries at 90 min is approx 30 frames and that culprit CTFCs following
adjunctive PTCA are also approx 30 frames.

None of the patients in the TIMI studies who have had a CTFC � 14 (hyperemic
or TIMI grade 4 flow) died by 30 d (79). Likewise, in the Randomized Efficacy Study
of Tirofibon for Outcomes and Restenosis (RESTORE) trial (tirofiban plus heparin vs
heparin alone in patients undergoing angioplasty for acute ischemic syndromes), the
postangioplasty culprit flow in survivors was significantly faster than in those patients
who died (CTFCs 20.4 � 16.7, n�1073 vs 33.4 � 27.1, n � 10 respectively; p �
0.017) (80). Again, none of the 376 patients with a CTFC � 14 following angioplasty
died in this trial, underscoring the fact that within the subgroup of patients with nor-
mal flow, there may be further subgroups with even better flow (80). The CTFC in
this trial was also related to a lower rate of restenosis, even when post-procedure diam-
eters were corrected for (81). Thus, not only is bigger better, but faster is better also
(81).

We have also shown recently that slower flow distal and not proximal to the lesion is
related to adverse outcomes following thrombolysis (79). Higher CTFCs are also related
to increased myoglobin release (82). We have also shown that other more refined meas-
ures of coronary blood flow, such as the QCA velocity, are also related to clinical out-
comes (83).

Fig. 10. A pooled analysis of all angiographic thrombolytic trials performed to date involving 5498
patients. The 30- to 42-day mortality rate was lowest (3.7%) in patients with TIMI grade 3 flow at 90
min following thrombolysis, which was significantly lower than that in patients with either TIMI
grade 2 flow (6.1%, p � 0.0001) or TIMI grade 0/1 flow (9.3%, p � 0.0001).
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INTRODUCTION

In the United States, the leading cause of death is acute myocardial infarction (AMI)
with as many as 1.1 million patients having MIs annually (1), about half of whom come
to emergency departments (EDs). In addition, nearly twice as many patients come to
EDs with unstable angina pectoris (UAP). A confirmed diagnosis of the same will be
found in only 25% of patients who present to the ED with symptoms suggestive of acute
cardiac ischemia (ACI) (2). Fortunately, the missed diagnosis rate for AMI and UAP in
this setting is about 2% each (3). Clinicians have the task of identifying, treating, and
hospitalizing (in the appropriate unit) those patients with true ACI, to avoid filling hos-
pital telemetry, stepdown units, and coronary care units (CCUs) with the large majority
of patients who do not have ACI.

For many years, the diagnosis of ACI was of more prognostic than therapeutic impor-
tance. Over the past three decades, physicians’ diagnostic and triage decisions for
patients with suspected cardiac ischemia have reflected two tendencies. First, clinicians
have tended to admit all patients with even a low suspicion of acute ischemia as the
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number of acute interventions for treating dysrhythmias and preventing or limiting the
size of AMI has grown. As a result, clinicians have generally admitted nearly all
(92–98%) patients presenting with AMI (4–9), as well as nearly 90% of those present-
ing ACI (i.e., including those with AMI as well as those with UAP) (6,7,10). The con-
scious strategy of maintaining a high diagnostic sensitivity, i.e., that any error be toward
overdiagnosis, has the intended effect: among patients with AMI who seek attention in
EDs, the diagnosis is generally missed in 2% (3). High diagnostic sensitivity has been
achieved at the cost of admitting many patients who do not have ACI (low diagnostic
specificity). Only 18–42% (typically about 30%) of the 1.5 million patients admitted
annually to CCUs (9) actually experience AMI (7,12–16), and only 50–60% have ACI
(6,7,10,12).

Investigating the causes, progression, and treatment of ACI continues to be a national
research priority. This research continues to produce substantial progress in the areas
of prevention, diagnosis, and treatment of ACI, as well as advances in understanding its
molecular and cellular aspects. Over the past decade, there has been a virtual revolu-
tion in our understanding of both the pathophysiology and the management of coronary
artery disease (17). The conversion of a stable atherosclerotic lesion into a ruptured
plaque with thrombosis has provided a unifying hypothesis for the etiology of acute
coronary syndromes. Our understanding of ACI has evolved from this thesis. Thus,
UAP (i.e., rest angina, new-onset angina, and increasing angina) and AMI are now well
appreciated as parts of a “continuum” of myocardial ischemia. The overarching diag-
nosis of ACI has provided a framework for understanding the pathogenesis, clinical fea-
tures, treatment, and outcome of patients across the spectrum of myocardial ischemia.
For ED triage, the diagnosis of ACI better identifies patients for CCU or telemetry/step-
down unit admission than does the diagnosis of AMI alone. This is partly due to the
difficulty in differentiating UA from infarction, and partly by intent, because it helps
to reverse ischemia and prevent frank infarction. In fact, for patients with ACI and pro-
longed chest pain, but without infarction, the medium- and long-term mortality may be
as poor or worse than for those who actually have AMI (3,18). In clinical medicine,
much research has been focused on the early diagnosis and treatment of ACI. This
research has shown that early diagnosis and treatment of UAP is beneficial and may
prevent AMI.

For clinical reasons, to promote the optimal use of a limited resource and to reduce
unnecessary expenditure, research has focused on improving physician’s diagnostic and
triage accuracy. However, there remains a need for improved methods of diagnosis that
can reduce unnecessary hospitalization for patients incorrectly presumed to have acute
ischemia without increasing the number of patients with acute ischemia who are sent
home inappropriately (19,20). To this end, and as mandated by Congress, in 1991 the
National Heart, Lung, and Blood Institute of the National Institutes of Health instituted
the National Heart Attack Alert Program (NHAAP) to focus on issues related to the
rapid recognition and response to patients with symptoms and signs of ACI in emer-
gency settings and made reports in 1997 (19) and 2000 (21) on technologies for identi-
fying ACI in such settings.

This chapter will discuss the state of the art regarding the diagnosis of ACI in the
emergency setting by reviewing the role of clinical features, standard electrocardiogram
(ECG) analysis, and newer technological adjuncts available to supplement clinical
judgment when evaluating patients with suspected ACI, one of emergency medicine’s
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high-risk presentations. Some methodologic pitfalls inherent in this type of research will
be considered first.

METHODOLOGIC ISSUES

Consideration of the specific methods used in studies of patients with ACI is vital
when critically reviewing studies of the diagnosis and triage of ED patients with sus-
pected ACI (Table 1). Central to any study is whether the patient sample studied is rep-
resentative of ED patients seen in actual practice. Also, the positive predictive value (i.e.,
the proportion of patients that actually have ACI among all those with a positive test or
attribute) of a symptom, sign, or test result depends on the prevalence of ischemic heart
disease in the study population (22). Thus, the proportion of patients with false-positive
results will be higher (and positive predictive value lower) in a population with a low
prevalence of ischemia (all ED patients) compared with a population with a high preva-
lence (CCU patients). Even studies carried out in EDs may not be comparable when ACI
prevalence is significantly different. Inclusion criteria can limit studies of ED patients
if, for example, only patients with chest pain are studied (23–25) compared with the use
of broad entry criteria including multiple symptoms that could be anginal equivalents,
such as any chest discomfort, epigastric pain, arm pain, shortness of breath, dizziness,
or palpitations (26). Study setting (e.g., urban vs rural or teaching vs community hos-
pital) can also affect the applicability of any findings to various practice settings.

Aside from the study sample, other methodologic issues warrant attention, including
the appropriateness of the measured diagnostic end point. Some past ED studies have
focused on identifying or predicting only AMI, but identifying UAP is also important
for monitoring and early therapy, especially when it is considered that on the order of
9% of patients admitted with new-onset or UAP progress to infarction (27,28). Com-
pleteness of follow-up must be considered. Studies with substantial numbers of patients
lost to follow-up may have ascertainment bias, especially when the participation rate
among eligible patients is not high. Also important is the type of follow-up data collec-
tion; for example, the occurrence of AMI will be underestimated if follow-up evaluation
does not include biomarker determination results.

Finally, validation of the findings of clinical studies is critical, especially for predic-
tion rules and diagnostic aids: findings may be center- or data-dependent. The ideal val-
idation study is a prospective trial of a finding’s or prediction rule’s effects on patient
care in diverse settings (29).

Table 1
Key Methodologic Issues for Applicability of Study Results

Representative patient sample.
Representative prevalence of ischemic heart disease.
Broad patient inclusion criteria, not just chest pain.
Study setting includes a range of settings.
Diagnostic end point includes unstable angina as well as acute infarction.
Completeness of follow-up.
Follow-up data appropriate and significant.
Validation of findings in generalizable clinical trials.



CLINICAL PRESENTATION

Chest Discomfort
Of all the symptoms for which patients seek emergency medical care, chest pain or

chest discomfort is one of the most common and complex. Published reports suggest
that up to 7% of visits to the ED involve complaints relating to chest discomfort (30).
The complaint of chest discomfort encompasses a wide specturm of conditions that
range from insignificant to high risk in terms of threat to the patient’s life, including but
not limited to ACI (AMI and UAP), thromboembolic disease (pulmonary embolism),
aortic dissection, pneumothorax, pneumonia, myocarditis, and pericarditis. Chest dis-
comfort may be perceived as pain or as sensations such as tightness, pressure, or indi-
gestion, or as discomfort most noticeable for its radiation to an adjacent area of the body.
Elderly or diabetic patients may have altered ability to specifically localize discomfort.
Individuals and cultural groups vary in their expression of pain and ability to commu-
nicate with health professionals, so that presentation may range from merely bothersome
to cataclysmic for conditions that seem nearly equivalent when objective criteria are
matched. The level of discomfort does not necessarily correlate with the severity of ill-
ness, making identification of potentially life-threatening conditions very difficult in
some patients. Because of the serious nature of many conditions presenting with chest
discomfort and the potential for significant reduction in morbidity and mortality with
early diagnosis and treatment, clinical policies have been developed to guide clinicians
with their initial evaluation of chest discomfort emphasizing prompt triage, assessment,
and initiation of therapy (31). Such clinical policies will not be reviewed here other than
those that apply to ACI.

It is sometimes difficult to distinguish cardiac from noncardiac chest discomfort,
even though chest pain is the hallmark of ACI. Taking the time to elicit the exact char-
acter of the sensation (i.e., without prompting the patient if possible) and any pattern of
radiation (if present) can be helpful. Typically, the chest discomfort of acute ischemia
has a deep visceral character, preventing the patient from localizing the discomfort to a
specific region of the chest. It is often described as a pressure-like heavy weight on the
chest, a tightness, a constriction about the throat, and/or an aching sensation, not
affected by respiration, position, or movement, that comes on gradually, reaches its max-
imum intensity over a period of 2 to 3 min, and lasts for minutes or longer rather than
seconds. In our study of 10,689 ED patients with suspected ACI (2) (Tables 2–6, and see
Tables 9–11), we found that the 76% of patients presenting with the complaint of chest
pain or discomfort (including arm, jaw, or equivalent discomfort) had a 29% incidence
of ACI at final diagnosis (10% AMI, 19% UAP); in 69% of patients, chest pain or dis-
comfort was the chief complaint, and this group had a 31% incidence of ACI (10% AMI,
21% UAP); in 21% of patients, it was the only complaint, and this group had a 32% inci-
dence of ACI (9% AMI, 23% UAP). Furthermore, the same study showed that chest pain
or discomfort, as chief complaint or presenting symptom, was more frequently associ-
ated with a final diagnosis of ACI (88% ACI vs 62% non-ACI; 92% ACI vs 71% non-
ACI, respectively; p � 0.001). Sharp, stabbing, or positional pain is less likely to
represent ischemia (32) but does not exclude it: Lee et al. (33) found that among ED
patients with sharp or stabbing pain, 22% had acute ischemia (5% AMI, 17% UAP).
Among those with partially pleuretic pain, 13% had acute ischemia (6% AMI, 7% UAP),
and among the group with fully pleuritic pain, none were shown to have acute ischemia.
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Notably, 7% of the patients whose pain was fully reproduced by palpation nonetheless
had acute ischemia (5% AMI, 2% UAP), and 24% of patients with pain partially repro-
duced with palpation had ischemia (6% AMI, 18% UAP).

Combinations of variables improved discrimination in these patients (24). In patients
with sharp or stabbing pain that was also pleuritic, positional, or reproducible by pal-
pation, 3% had UAP and none had AMI. Furthermore, if these same patients had no his-
tory of ischemic heart disease, none had acute ischemia. It should be noted that the
“partially” and “fully” groups were subjective and small in number.

Exact location of chest pain is not significantly different in patients with or without
AMI (34), but chest pain that radiates to the arms or neck does increase the likelihood
(35–37). In the study by Sawe (34), which looked at admitted patients with AMI, 71%
had pain radiation to arms and/or necks; pain radiated in 39% of patients admitted with-
out AMI. Consistent with the classical description, 33% of patients who proved to have
infarction had radiation to both arms, 29% to the left arm only, and 2% to the right arm
only (34).
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Table 2
Clinical Presentation Features of ED Patients (N � 10,689)

Clinical feature All (%)

Mean age (yr) (SD) 59 (16)
Gender (% female) 48
Ethnic Group

White 62
Black 32
Hispanic 5
Other 1

Chief complaint (%)
Chest pain 69

Presenting symptoms (%)
Chest pain 76
Shortness of breath 56
Abdominal pain 14
Nausea 28
Vomiting 10
Dizziness 28
Fainting 6

Past medical history (%)
Diabetes 21
Myocardial infarction 26
Angina pectoris 37

Diagnosis (%)
Confirmed angina pectoris 15
Confirmed acute infarction 8
Other 77

Mortality (%)
30-day mortality 2.5

Data from ref 2.
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Some investigators feel that a significant number of patients with cardiac ischemia
can present with abdominal pain as their chief complaint (23,24). However, in our series
of ED patients (2), we found that 14% of study patients had this complaint; this group
had a 15% incidence of ACI at final diagnosis (6% AMI, 9% UAP), but �1% com-
plained of abdominal pain as their chief or only complaint and had a 4% incidence of
ACI (2% AMI, 2% UAP). In the same study, abdominal pain as a chief complaint or pre-
senting symptom was associated with a higher incidence of a non-ACI final diagnosis
(0.6% non-ACI vs 0.1% ACI; 16% non-ACI vs 9% ACI, respectively; p � 0.001–0.002).
Esophageal reflux and motility disorders are common masqueraders of ACI. In a study
of all patients discharged from a CCU with undetermined causes of chest pain, over half
had esophageal dysfunction (38). When these patient’s presenting complaints were com-
pared with those of patients without ACI, those with esophageal disorders were more
likely to complain of a lump in their throat, acid taste, overfullness after eating, a hack-
ing cough, and chest pain that caused awaking at night; they were less likely to report
effort-related chest pain, a history of nitroglycerin use, or reliable chest pain relief with
its use.

Anginal Pain Equivalents
Dyspnea, present in about one-third of patients with infarction in some series

(24,35,39) is the most important angina equivalent. We found in our multicenter ED trial
(2) that 16% of patients with suspected ACI presented with a chief complaint of shortness
of breath and had an 11% incidence of ACI at final diagnosis (6% AMI, 5% UAP); in 8%,

Table 3
Final Diagnosis for Patients by Chief Complaint and Presenting Symtomsa

Final diagnosis ACI (%) Final diagnosis not ACI

Total Non-ACI Total 
No.b AMI UAP ACI cardiac GI MS Other Non-ACI

Chief complaints
Chest pain 7335 10 21 31 33 10 16 11 69
Shortness of breath 1682 6 5 11 53 3 2 31 89
Abdominal pain 47 2 2 4 19 60 2 15 96
Nausea/vomiting 47 11 4 15 23 26 0 36 85
Dizziness/fainting 584 2 2 4 33 5 1 58 96

Presenting symtoms
Chest pain 8127 10 19 29 34 9 15 13 71
Shortness of breath 5843 8 16 24 41 7 10 18 76
Abdominal pain 1333 6 9 15 29 29 8 18 85
Nausea 2850 10 16 26 32 15 9 18 74
Vomiting 1003 13 10 23 28 19 7 22 77
Dizziness 2599 5 11 16 37 10 10 28 84
Fainting 571 4 2 6 38 3 4 49 94

aAbbreviations: ACI, acute cardiac ischemia; AMI, acute myocardial infarction; UAP, unstable angina
pectoris; GI, gastrointestinal; MS, musculoskeletal.

bTotal number of patients with chief complaint or presenting symtom.
Data from ref. 2.
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Table 4
Comparison of Patients With and Without a Final Diagnosis of ACI: Clinical Features, Chief Complaints, Presenting Symptoms, and Past Medical

Historya

Final diagnosis ACI Final Diagnosis not ACI

Total
Total Non-ACI Total vs total

Total AMI UAP ACI cardiac GI MS Other non-ACI non-ACI
no. (894) (1645) (2539) (3916) (962) (1268) (2004) (8150) p valueb

Clinical features
Mean age (SD) (10,689) 65 (13) 65 (13) 65 (13) 58 (17) 56 (15) 49 (14) 58 (16) 57 (16) 0.001c

Gender (% Female) (10,689) 36 47 43 48 52 52 52 50 0.001
Ethnic Group (%) 0.001

White (10,661) 76 75 75 60 55 45 62 58
Black 20 21 21 34 38 46 33 36
Hispanic 3 3 3 5 5 8 5 6
Other 2 1 1 1 2 1 1 1

Chief complaints (%)
Chest pain (10,689) 82 92 88 62 73 93 40 62 0.001
Shortness of breath (10,684) 12 5 7 23 5 2 26 18 0.001
Abdominal pain (10,686) 0.1 0.1 0.1 0.2 2.9 0.1 0.3 0.6 0.002
Nausea/vomiting (10,685) 0.6 0.1 0.3 0.3 1.2 0 0.8 0.5 0.15
Dizziness/fainting (10,682) 2 1 1 5 3 0 17 7 0.001

Presenting symptoms (%)
Chest pain (10,689) 88 95 92 70 79 96 52 71 0.001
Shortness of breath (10,493) 56 57 56 62 43 45 55 56 0.5
Abdominal pain (9,422) 11 8 9 11 43 10 13 16 0.001
Nausea (10,152) 34 29 30 25 44 22 28 27 0.003
Vomiting (9,913) 16 7 10 8 21 6 12 10 0.8
Dizziness (9,222) 17 20 19 29 29 23 40 31 0.001
Fainting (8,920) 3 1 2 7 2 2 16 8 0.001

Past medical history (%)
Diabetes (10,281) 30 32 31 20 18 12 18 18 0.001
History of MI (10,396) 37 50 45 25 16 12 18 20 0.001
History of angina (10,328) 43 73 63 33 28 23 24 29 0.001

aAbbreviations: see footnote to Table 3.
bp values from chi-square test comparing total ACI vs total non-ACI unless noted otherwise.
cp value from Student’s t-test.
Data from ref. 2.
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Table 5
Comparison of Patients With and Without a Final Diagnosis of ACI: by Physical Findingsa

Final diagnosis ACI Final Diagnosis not ACI

Total
Total Non-ACI Total vs total

Total AMI UAP ACI cardiac GI MS Other non-ACI non-ACI
no. (894) (1645) (2539) (3916) (962) (1268) (2004) (8150) p valueb

Physical findings
Pulse

Median atrial rate (7,164) 78 75 76 80 75 74 80 78 0.001c

Blood pressure
Systolic (SBP)

Median 1st (10,675) 144 148 147 144 141 138 140 141 0.001c

Median highest (10,676) 154 154 154 150 148 140 148 149 0.001c

Median lowest (10,675) 111 125 120 123 128 127 125 124 0.001c

Diastolic
Median 1st (10,596) 84 80 82 82 82 80 80 81 0.5c

Median from highest SBP (10,619) 88 83 84 84 84 82 84 84 0.7c

Median from lowest SBP (10,557) 69 72 70 73 77 77 74 74 0.001c

Pulse pressures
Initial (10,596) 60 64 62 60 59 54 58 58 0.001c

Highest (10,619) 68 70 70 65 61 58 63 63 0.001c

Lowest (10,556) 44 51 50 49 50 50 50 50 0.001c

Rales (%) (10,387) 0.001
None 71 78 76 73 93 95 82 81
Basilar 19 17 18 18 6 4 14 3
�Basilar 8 4 6 8 1 1 4 5
Entire lung 2 0 1 1 0 0 1 1

S3 gallop (%) (8,769) 5 2 3 5 1 1 1 3 0.3

aAbbreviations: see footnote to Table 3.
bp-values from chi-square test comparing total ACI vs total non-ACI unless noted otherwise.
cp-value from Wilcoxon rank-sum test.
Data from ref. 2.
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this was the only complaint, with a 10% incidence of ACI (5% AMI, 5% UAP). However,
a final diagnosis of ACI was not more frequent in patients with a presenting symptom of
shortness of breath (56% ACI vs 56% non-ACI; p � 0.5); as a chief complaint, shortness
of breath was more commonly associated with a final diagnosis of non-ACI (18% non-
ACI vs 7% ACI; p � 0.001), possibly reflecting a high prevalence of patients with lung
disease in the study population. Yet, because 4–14% of AMI patients (23,24,26) and 5%
of UA patients present only with sudden difficulty breathing (1), ACI should be consid-
ered as a cause of unexplained shortness of breath.

Both diaphoresis and vomiting, when associated with chest pain, increase the likeli-
hood of infarction (15,29,35). Diaphoresis occurs in 20–50% of AMI patients (36,40).
One study showed that the presence of nausea without vomiting did not discriminate,
but vomiting was significantly more frequent in patients who “ruled in” (35). Our study
(2) found nausea in 28% of patients with suspected ACI: patients with nausea as a pre-
senting symptom had a 26% incidence of ACI at final diagnosis (10% AMI, 16% UAP);
patients with nausea or vomiting as chief complaint (2%) had a 15% incidence of ACI
(11% AMI, 4% UAP); and �1% of patients had nausea or vomiting as their only symp-
tom. The same study found vomiting present in 10% of patients: patients with vomiting
as a presenting symptom had a 23% incidence of ACI (13% AMI, 10% UAP); patients
with vomiting as the chief or only complaint had �1% incidence. Furthermore, we
showed that a chief complaint of nausea or vomiting was more frequently associated
with a final diagnosis of non-ACI (0.5% non-ACI vs 0.3% ACI; p � 0.15), yet a pre-
senting complaint of nausea was more commonly associated with a final diagnosis of
ACI (30% ACI vs 27% non-ACI; p � 0.004); a presenting complaint of vomiting did
not show this association (10% ACI vs 10% non-ACI; p � 0.7). In a CCU study, 43%
of patients with Q wave infarction but only 4% of patients with non-Q wave infarctions
or prolonged angina had vomiting (41).

So-called soft clinical features, such as fatigue, weakness, malaise, dizziness, and
“clouding of the mind” are surprisingly frequent, occurring in 11–40% of patients with
AMI (29,34,35,39). Prodromal symptoms (those occurring in the preceding days or

Table 6
Summary Statistics for Blood Pressure Stratified by Killip Classes (1–3) vs Killip Class 4

Final diagnosis AMI

Killip classes 1–3 Killip class 4
(n � 860) (n � 34) p-valuea

Systolic blood pressure (SBP)
Median 1st 145 120 0.001
Median highest 155 137 0.001
Median lowest 111.5 90.5 0.001

Diastolic blood pressure
Median 1st 84 69 0.002
Median from highest SBP 88 80 0.12
Median from lowest SBP 70 60 0.11

ap-value from Wilcoxon rank-sum test.
Data from ref. 2.



weeks) are also frequent: 40% report unusual fatigue or weakness, 20–39% dyspnea,
14–20% “emotional changes,” 20% change in appearance (i.e., “looked pale”), and
8–10% “dizziness” (24,39). In our series (2), we found that 28% of patients with sus-
pected ACI presented to the ED with dizziness and had a 16% incidence of ACI (5%
AMI, 11% UAP); in 5% of study patients dizziness was their primary complaint, with
a 4% incidence of ACI (2% AMI, 2% UAP), and in 1% of patients it was their only
symptom (2% AMI, 0% UAP). In the same study, dizziness or fainting as a chief com-
plaint were more commonly associated with a final diagnosis of non-ACI (7% non-ACI
vs 1% ACI, p � 0.001); similarly, dizziness or fainting as presenting symptoms were
more frequently associated with final diagnoses of non-ACI (31% non-ACI vs 19%
ACI; 8% non-ACI vs 2% ACI; respectively; p � 0.001). ECG evaluation is very help-
ful in low-prevalence patients with these vague complaints.

Atypical Presentations
Few studies address what proportion of ED patients with ACI present with atypical

symptoms, a group for whom the diagnostic/triage decision is often most problematic.
Among hospitalized patients with AMI, 13–26% had no chest pain or had chief com-
plaints other than chest pain (i.e., dyspnea, extreme fatigue, abdominal discomfort, nau-
sea, or syncope) (23,24). In our ED study of 10,689 patients (2) presenting with a wide
range of clinical symptoms, we found that 31% of patients with suspected ACI presented
without chest pain, with a 26% incidence of ACI at final diagnosis (18% infarction, 8%
unstable angina), and had chief complaints other than chest pain (i.e., shortness of
breath, abdominal pain, nausea, vomiting, dizziness, or fainting).

Among ED patients, no single atypical symptom is of overwhelming diagnostic impor-
tance, although combinations of symptoms can identify high-risk patients who should be
admitted regardless of ECG findings. In our series, we ranked atypical presenting symp-
toms in decreasing order of association with ACI at final diagnosis as follows: nausea
(26%), shortness of breath (24%), vomiting (23%), dizziness (16%), abdominal pain
(15%), and fainting (65%) (2).

Data from community-based epidemiologic studies (25,42–44) suggest that 25–30%
of all Q wave infarctions go clinically unrecognized: half were truly silent, and half were
associated with atypical symptoms in retrospect (25,42). Because Q waves often resolve
(in the Framingham Study), 10% of patients discharged after anterior infarction and
25% of those discharged after inferior infarction lost their Q waves within 2 yr, the true
incidence was underestimated (45).

The rate of erroneous discharge from the ED of patients with AMI may be a marker
for atypical cases, but such studies are limited by inclusion criteria, small numbers, and
lack of complete follow-up. Rates of 2% (46), 4% (9), and as high as 8% (8) have been
reported. In our ED series (3), patients with suspected ACI reported rates of erroneous
discharge of 2% ( 2.1% AMI, 2.3% UAP). Significantly, the early mortality (30-d) for
these “missed “ AMIs may be as high as 10–33% (3,8,9).

Finally, in a large ED of patients with unstable angina, Pope et al. (3) found that 2.3%
were not hospitalized. Over three-fourths of the patients were evaluated by an attending
physician, and more than one-fourth by a consulting cardiologist. Although there was
disagreement over the interpretation of 16% of the ECGs on subsequent review by an
experienced cardiologist, this was not believed to be clinically significant in any of the
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cases. Given that most of the patients who were not hospitalized had Canadian Cardio-
vascular Society class 3 d angina with new symptoms or symptoms that changed within
3 d before presentation, inaccuracies in the clinician assessment of the dynamic nature
of anginal symptoms may have contributed to the failure to hospitalize patients with UA.

PAST MEDICAL HISTORY

In addition to the presenting clinical features, the presence of a coronary artery dis-
ease risk factor has traditionally been considered diagnostically helpful in the ED set-
ting. Not surprisingly, in our ED series (2), an association was shown between patient
having a past history of diabetes mellitus (31% ACI vs 18% non-ACI; p � 0.001), MI
(45% ACI vs 20% non-ACI; p � 0.001), or angina pectoris (63% ACI vs 29% non-ACI;
p � 0.001), and a final diagnosis of ACI; however, these findings require careful inter-
pretation. From the Framingham Study, it is well known that the risk for developing
ischemic heart disease is increased over decades by male gender, advancing age, a smok-
ing habit, hypertension, hypercholesterolemia, glucose intolerance, ECG abnormalities,
a type A personality, a sedentary life style, and a family history of early coronary artery
disease (24,47,48). Clinicians customarily assess these factors when providing preven-
tive care, because they predict the incidence of future coronary disease. However, coro-
nary risk factors were established to provide an estimate of risk over years. Thus, the
Framingham Study showed that hypertension increases the risk of ischemic heart dis-
ease 2-fold over 4 yr (25), but only a very small portion of this risk applies to the few
hours of the ED patient’s acute illness. A patient’s report of coronary risk factors is also
subject to biases and inaccuracies. This history is presumably less reliable than the meth-
ods used to assign risk in longitudinal studies.

Indeed, in a multicenter study, Jayes et al. (49) found that most of the classical coro-
nary risk factors have little predictive value for ACI when used in the ED setting. Except
for diabetes and a positive family history in men, no coronary risk factor significantly
increased the likelihood that a patient had acute ischemia. Diabetes and family history
each confer only about a 2-fold relative risk for acute ischemia in men, whereas chest
discomfort, ST-segment abnormalities, and T-wave abnormalities confer relative risks of
about 12-, 9-, and 5-fold, respectively. Because these results run counter to the prevail-
ing clinical wisdom, it is possible that physicians who give risk factor history great
weight may inappropriately diagnose and/or triage ED patients, an issue that deserves
further attention and investigation.

Finally, a past history of medication use for coronary disease increases the likelihood
that the current chest pain is ACI. Not surprisingly, in the Boston City Hospital and the
multicenter predictive instrument trials, a history of nitroglycerin use was found to be
one of the most powerful predictors of ACI (6). Nonetheless, nitrates can cause dramatic
relief of chest pain from esophageal spasms (50), and thus, the details of the history must
be noted carefully.

PHYSICAL EXAMINATION

The physical examination is generally not very helpful in diagnosing ACI when com-
pared with the value of historical data and ECG findings, except when it points to an
alternate process. On the other hand, clinicians must not be lulled into a sense of security
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by chest pain that is partially or fully reproduced by palpation, because 11% may have
infarction or unstable angina (26). Table 5 shows a comparison of patients with and with-
out a final diagnosis of ACI by physical findings from our series (2). We found the pulse
rate to be lower in patients with a final diagnosis of ACI vs those with a final diagnosis of
non-ACI (p � 0.02), but this difference was not considered clinically significant.

Pulse rate observation in isolation appeared to be generally not helpful in ACI iden-
tification. First, the patient’s pulse rate could be slowed by the presence of b-blockers
as part of a prior treatment regime or by coincident vagal stimulation from ACI (i.e.,
reflex bradycardia and vasodepressor effects associated with inferoposterior wall ACI)
or diagnostic/therapeutic procedures in the ED (i.e., phlebotomy, intravenous access).
Second, the patient’s pulse may be increased by adrenergic excess from just having to
come to the ED and everything that accompanies such a visit, in addition to the adren-
ergic excess (i.e., tachycardia and increased peripheral vascular resistance) associated
with possible on-going ACI.

In our series of ED patients (2), median first and highest systolic blood pressures
(SBP) were higher in patients with a final diagnosis of ACI. This suggested to us that
the adrenergic excess associated with ACI might be greater than that associated with
non-ACI diagnoses. However, to use this hypothesis as a predictive factor, clinicians
must have some idea of their patient’s baseline blood pressure, which is not the case in
most ED evaluations. Thus, the usefulness of this observation may be limited.

In the same series (2), in addition to the effect of adrenergic release during acute
ischemia, the higher initial and highest pulse pressures found in patients with a final
diagnosis of ACI may also reflect the lower compliance of the ischemic left ventricle.
Of relevance to those who are candidates for thrombolytic therapy, excess pulse blood
pressure (the extent to which a patient’s pulse pressure exceeded 40 mmHg for patients
with SBP of �120 mmHg) places these patients at increased risk of thrombolysis-
related intracranial hemorrhage (29).

We discovered that median first, median highest, and median lowest SBPs of patients
with AMI, who subsequently were classified as Killip class 4 (cardiogenic shock), were
above the threshold of this classification (SBP � 90 mmHg) for these three blood pres-
sure observations. This suggests that the adrenergic excess associated with ACI may be
greater than that associated with non-ACI diagnoses. More importantly, although the
number of such patients in this analysis was relatively small, it did suggest that patients
with ACI can present with apparently “normal” blood pressures and can go on to develop
cardiogenic shock.

Abnormal vital signs and certain combinations of these have been shown to be criti-
cally important observations in clinical outcome prediction. The reported probability of
infarction decreases with a normal respiratory rate (35) and increases with diaphoresis
(13), but other signs mainly help identify high-risk patients with infarction (51). In the
predictive instrument for AMI mortality proposed by Selker et al. (52), blood pressure,
pulse, and their interaction figured prominently in three of the six clinical variables used
to develop the prediction instrument.

In our series (2), rales (of any degree), but not S3 gallops, were more frequently seen
in patients with a final diagnosis of ACI. This finding is not surprising, as several clin-
ical syndromes of pump failure can complicate ACI. Our failure to find association
between an S3 gallop rhythm and ACI at final diagnosis is surprising, but it may have
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to do with a failure to document this finding consistently in the medical record on the
part of the ED physicians at study sites.

ELECTROCARDIOGRAM

Standard 12-Lead ECG
A complete summary of evidence related to the diagnostic utility of the standard ECG

was recently published (19,21), and this background will not be repeated here. However,
the NHAAP’s Working Group on Evaluation of Technologies for Identifying ACI (21)
found that most studies evaluated the accuracy of the technologies and only a few eval-
uated the clinical impact of routine use. Furthermore, they concluded that although the
standard ECG is a safe, readily available, and inexpensive technology with a relatively
high sensitivity for AMI, it is not highly sensitive or specific for ACI. However, the ECG
remains an integral part of the evaluation of patients with chest pain and the Working
Group recommended that it remain the standard of care for evaluating patients with
chest pain in the ED.

The ECG provides essential information when the diagnosis is not obvious by symp-
toms alone (53), despite one study noting that the results of the ECG infrequently changed
triage decision based on initial clinical impressions (54). The generally dominant weights
given to ECG variables in mathematical models for predicting ACI substantiate this
impression (6,7,10,15,16). Moreover, the initial ECG is increasingly important in intra-
hospital triage, because of its value in predicting complications of AMI (55–57).

Despite its central role in the evaluation of patients with suspected ACI, there are fun-
damental limitations in the standard ECG (Table 7). First, it is a single brief sample of
the whole picture of the changing supply and demand characteristics of unstable
ischemic syndromes. If a patient with UAP is temporarily pain free when the ECG is
obtained, the resulting tracing may poorly represent the patient’s ischemic myocardium.

Second, 12-lead electrocardiography is limited by its lack of perfect detection (58).
Small areas of ischemia or infarction may not be detected; conventional leads do not
examine satisfactorily the right ventricle (59) or posterior basal or lateral walls well (i.e.,
AMIs in the distribution of the circumflex artery) (60,61).

Third, some ECG baseline patterns make interpretation difficult or impossible includ-
ing prior Q waves, early repolarization variant, left ventricular hypertrophy, bundle-
branch block, and dysrhythmias (62). Lee et al. (9) demonstrated that when the current
ECG shows ischemic findings, availability of a prior comparison ECG improved triage.
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Table 7
Limitations of Electrocardiography

Single brief sample
Lack of perfect detection
Baseline patterns
Interpretation
Clinical context
Imperfect sensitivity and specificity
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Fourth, ECG waveforms are frequently difficult to interpret causing disagreement
among readers, so-called missed ischemia. In a study of AMI patients sent home, ECGs
tended to show ischemia or infarction not known to be old, with 23% of the missed diag-
noses owing to misread ECGs (8). Jayes et al. (63) compared ED physician readings of
ECGs with formal interpretations by expert electrocardiographers and calculated sensi-
tivities of 0.59 and 0.64 and specificities of 0.86 and 0.83 for ST-segment and T-wave
abnormalities, respectively. Both McCarthy et al. (18) and a review of litigation in
missed AMI cases (64) emphasized this factor of incorrect ECG interpretation. In the
largest study to date of ACI in the ED, Pope et al. (3) found that although the rate of
missed diagnoses of ACI (2.1% AMI, 2.3% UAP) was low, there was a small but impor-
tant incidence of failure by the ED clinician to detect ST-segment elevations of 1 to 2
mm in the ECGs of patients with myocardial infarction (11%). Correct ECG interpre-
tation by ED physicians is doubly important today because of the need to use interven-
tions such as thrombolytic agents and percutaneous coronary angioplasty appropriately
in ACI.

Fifth, the implications of the ECG findings must be interpreted in their clinical con-
text, a process done intuitively by clinicians and formally stated in Bayesian analysis.
When symptoms alone strongly suggest ischemia, a normal or minimally abnormal
ECG will not substantially decrease the probability of ischemia. Conversely, when the
presentation is inconsistent with acute ischemia, an abnormal ECG, unless diagnostic
abnormalities are present, will only modestly increase the likelihood of ischemia. Bayes’
rule tells us that the ECG will have the greatest impact when symptoms are equivocal
(65). This is illustrated by Table 8, which shows the probability of acute ischemia for
combinations of history and ECG findings among 2801 emergency patients (66); this
formed the basis for the Acute Ischemic Heart Disease Predictive Instrument (6).

Finally, the ECG suffers from imperfect sensitivity and specificity for ACI. When
interpreted according to liberal criteria for MI (i.e., ECGs that show any of the follow-
ing as positive for AMI: nonspecific ST-segment or T-wave changes abnormal but not
diagnostic of ischemia; ischemia, strain, or infarction, but changes known to be old;
ischemia or strain not known to be old; and probable AMI), the ECG operates with rel-
atively high (but not perfect) sensitivity (99%) for AMI, at the cost of low specificity
(23%; positive predictive value 21%; negative predictive value 99%). Conversely, when
interpreted according to stringent criteria for AMI (only ECGs that show probable AMI),
sensitivity (61%) drops and specificity equals 95% (positive predictive value 73%; neg-
ative predictive value, 92%) (67).

Despite its usefulness, the ECG is insufficiently sensitive to make the diagnosis of
ACI consistently. The ECG should not be relied on to make the diagnosis, but rather
should be included with history and physical examination characteristics to identify
patients who appear to have a high risk for ACI (i.e., a supplement to, rather than a sub-
stitute for, physician judgment). In “rule out AMI” patients, a negative ECG carries an
improved short-term prognosis (55,68–71). Providing the interpreter with old tracings
would intuitively seem to be of value because baseline abnormalities make current eval-
uation difficult, yet, Rubenstein and Greenfield (72), in a study of 236 patients pre-
senting to EDs with the complaint of chest pain, found that only a small proportion
might have benefited from having a previous baseline ECG available (5% might have
avoided unnecessary admission). Furthermore, there was no patient for whom a base-
line ECG would have aided in avoiding an inappropriate discharge. ECG sampling
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should be periodic, not just static. The pitfalls of not ordering ECGs in younger, atypi-
cal patients and of misinterpretation should be anticipated. Finally, clinicians should not
be reluctant to obtain a second opinion, by fax transmission if necessary, for difficult
tracings (Table 9).

ST-Segment and T-Wave Abnormalities
ST-segment and T-wave abnormalities are the sine quo non of ECG diagnosis of ACI.

Numerous studies (58,71,73) have found that 65–85% of CCU patients with ST-segment
elevation alone will have had an infarction. Other investigators found that if both Q
waves and ST-segment elevation were present, 82–94% actually sustained AMI (58).
However, it must be remembered that ST-segment elevation can occur in the absence of
ischemia (i.e., “early repolarization” variant, pericarditis, left ventricular hypertrophy,

Table 8
The Original ACI Predictive Intrument’s Probabilities of Acute Ischemia for ED Patients

ECG Abnormalities (%)

Question: ST0 ST— ST0 STT↑↓ ST— ST↑↓
Chest pain or pressure or left arm pain? T0 T0 ↑↑↓ T0 ↑↑↓ T↑↓

Answer: Yes, chief complaint.
History
No heart attack and no NTG use 19 35 42 54 62 70
Either heart attack or NTG use (not both) 27 46 53 64 73 85
Both heart attack and NTG use 37 58 65 75 80 90
Answer: Yes, but not chief complaint.
History
No heart attack and no NTG use 10 21 26 36 45 64
Either heart attack or NTG use (not both) 16 29 36 48 56 74
Both heart attack and NTG use 22 40 47 59 67 82
Answer No.
History
No heart attack and no NTG use 4 9 12 17 23 39
Either heart attack or NTG use (not both) 6 14 17 25 32 51
Both heart attack and NTG use 10 20 25 35 43 62

Key to ECG abnormalities (must be in two loads, excluding aVR); ST—, ST-segment “straightening;”
ST↑↓, ST segment elevated at least 1 mm or depressed at least 1 mm; T↑↓, T wave “hyperacute” (�50%
of R wave) or inverted at least 1 mm; ST0/T0, above-specified changes absent.

Directions: To determine a given patient’s probability of acute ischemia, start by answering the ques-
tions at the top of the chart about the presence of chest pain and whether or not it is the chief complaint.
This will lead to one of the three large boxes or probability values. Under the History heading are ques-
tions regarding history of heart attack or nitroglycerine (NTG) use. Choose the row that corresponds to
the patient’s report of none, one, or both of these historical features. Then to find the specific probability
value, move across the appropriate row to the column corresponding to the ECG ST-segment and T-wave
changes for the given patient. For example, for a patient with a chief complaint of chest pain, no history
of heart attack or nitroglycerine use, and 1 mm of ST-segment depression and T-wave inversion, the prob-
ability of true ACI would be 78%. (Reproduced from McCarthy BD, Wong JB, Selker HP: Detecting
acute cardiac ischemia in the emergency department: A review of the literature. J Gen Intern Med
5:365–373. Reprinted with permission of Blackwell Science, Incorporated.

Note: Specific definitions of clinical features (questions) for original ACI predictive intrument are
modified for use in this chart.



and previous infarction even in the absence of a ventricular aneurysm) (74). Conversely,
we have shown in our series (2) that a large percentage of patients with ACI (20% AMI,
37% UAP) can present with initial normal ECGs.

In our study of ED patients with suspected ACI (2) (Table 10), we found that ST-seg-
ment elevation of either 1 to 2 mm or 2� mm was more frequently associated with a
final diagnosis of ACI (9% ACI vs 7% non-ACI; 5% ACI vs 1% non-ACI, respectively;
p � 0.001). A full 30% of patients with ST-segment elevation of 1 mm or greater had a
final diagnosis of AMI. In addition, in a study of missed diagnosis of ACI in the ED (3),
Pope at al. found a small but important incidence of failure by the ED clinician to detect
ST-segment elevations of 1 to 2 mm in the electrocardiograms of patients with AMI
(11%). This incidence represents an important and potentially preventable contribution
to the failure to admit such patients.
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Table 9
Comparison of Patients With and Without Electrocardiographic (ECG) Data

Clinical Feature With ECG data (%) Without ECG data (%)
(no.) (n � 8545) (n � 2144) p value

Mean age (yr) (SD) 58.6 (16.1) 58.9 (16.0) 0.4
(10,689)

Gender (% female) 49 47 0.12
(10,689)

Ethic Group 0.001
(10,661)
White 62 61
Black 33 31
Hispanic 4 7
Other 1 1

Presenting Symptoms
Chest pain 76 77 0.2

(10,689)
Shortness of breath 56 55 0.8

(10,493)
Past medical history

Diabetes 21 21 0.7
(10,281)

Myocardial infarction 26 26 0.5
(10,396)

Angina pectoris 36 39 0.010
(10,328)

Diagnosis
(10,689) 0.013
Confirmed angina pectoris 15 15
Confirmed acute infarction 8 10
Other

Mortality
(10,116)
30-d mortality 2.4 2.8

Data from ref. 2.
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Table 10
Comparison of Patients With and Without a Final Diagnosis of ACI by Electrocardiographic Findingsa

Final diagnosis ACI Final Diagnosis not ACI

Total
Total Non-ACI Total vs total

Total AMI UAP ACI cardiac GI MS Other non-ACI non-ACI
no. (894) (1645) (2539) (3916) (962) (1268) (2004) (8150) p valueb

ST-segment (8,545) 0.001
Normal 42 74 63 78 85 88 83 81
Elevated

1–2 mm 16 6 9 8 8 8 6 7
Elevated

2� mm 14 1 5 1 0 1 1 1
Depressed

0.5–1 mm 14 12 12 9 5 3 8 7
Depressed

1–2 mm 10 6 8 4 1 1 2 3
Depressed

2� mm 5 1 2 1 0 0 0 0
T-waves (8,545) 0.001

Normal 38 48 44 57 66 73 61 61
Flat 14 20 18 20 21 17 20 20
Inverted

1–5 mm 37 30 32 21 13 9 17 17
Inverted

5� mm 2 1 1 0 0 0 0 0
Elevated 10 1 4 1 1 1 1 1

Q waves (8,545) 29 23 25 13 8 6 11 11 0.001
Normal ST/T, no Q (8,545) 20 37 31 46 55 63 50 51 0.001

aAbbreviation; see footnote to Table 3.
bp values from chi-square test comparing total ACI vs total non-ACI, unless noted otherwise.
Data from ref. 2.



ST-segment depression usually indicates “subendocardial ischemia.” If these abnor-
malities are new, persistent, and marked, the likelihood of AMI increases. About
50–67% of admitted patients with new or presumed new isolated ST-segment depres-
sion have infarctions (59,73); even more patients have probable ischemia. We found that
all degrees of ST-segment depression (0.5, 1, 1 to 2, and 2� mm) were more commonly
associated with a final diagnosis of ACI (12% ACI vs 7% non-ACI; 8% ACI vs 3% non-
ACI; 2% ACI vs 0% non-ACI, respectively; p � 0.001). A full 19% of patients with ST-
segment depression of at least 0.5 mm or greater had a final diagnosis of AMI. It should
also be remembered that ST-segment depression may occur in non-ischemic settings,
including patients who are hyperventilating, those taking digitalis, those with
hypokalemia, and those with left ventricular strain (without voltage criteria) (74).

Inverted T-waves may reflect acute ischemia; one study showed that isolated T-wave
inversion occurred in 10% of CCU admissions, of whom 22% had AMI (75). T-wave
changes may reflect prior myocardial damage or left ventricular strain (74). Our study (2)
found that certain T-wave patterns (inverted 1–5 mm, inverted 5� mm, or elevated) were
more frequently associated with a final diagnosis of ACI (32% ACI vs 17% non-ACI; 1%
ACI vs 0% non-ACI; 4% ACI vs 1% non-ACI, respectively; p � 0.001). Flattened 
T-waves did not have the same associated with an ACI final diagnosis (18% ACI vs 20%
non-ACI; p � 0.001). Furthermore, 39% of patients with inverted T-waves of at least 1
mm or greater had a final diagnosis of AMI.

Q Waves
Q waves are diagnostic of myocardial infarction, but what is the age of the Q wave?

In the MILIS study of admitted CCU patients, isolated new or presumed new inferior or
anterior Q waves were associated with acute infarction in 51 and 77% of patients,
respectively (58). Other findings of the MILIS study should be kept in mind: 12% of
healthy young men have inferior Q waves (74–76), pathologic Q waves can be from a
previously unrecognized infarction and can mask new same-territory ischemia; Q waves
alone do not identify ACI and are rarely the sole manifestation of AMI (6% in the MILIS
study); and, finally, infarction can occur in the absence of Q waves (77,78). In our ED
study (2), we showed that Q waves were more commonly associated with a final diag-
nosis of ACI (25% ACI vs 11% non-ACI; p � 0.001) and that 29% of patients with Q
waves present on their ECGs had a final diagnosis of AMI.

Nondiagnostic ECG Patterns
“Nondiagnostic” ST-segment and T-wave abnormalities may be defined as follows:

not having �1 mm (0.1 mV) ST-segment elevation or depression in two contiguous
leads, not having new T-wave inversion in two contiguous leads, absence of significant
Q waves (�1 mm deep and 0.3 s duration) in two contiguous leads, not having second-
or third-degree heart block, and not having a new conduction abnormality (bundle-
branch block, etc.). These are the most difficult to interpret and can result in overdiag-
nosis (no comparison ECG available) and underdiagnosis (baseline abnormality
obscuration of ischemia) (79). Lee et al. (33) found that emergency patients with chest
pain and nondiagnostic ECG abnormalities had a low risk of AMI but a significant risk
of ACI. Pope et al. (3) found that 53% of ED patients with a missed diagnosis of AMI
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had normal or nondiagnostic electrocardiograms, as did 62% of patients with a missed
diagnosis of unstable angina.

Normal ECG
Among ED patients with normal ECGs (i.e., lacking Q waves, primary ST-segment

and T-wave abnormalities, and criteria for nondiagnostic abnormalities), 1 (33) to 6%
(79) have been found to have AMI. Among admitted patients with normal ECGs, 6–21%
had AMI (12,75,78–80). Of patients discharged home with a normal ECG, only 1% had
acute infarction (74). Patients with a normal ECG and a suggestive clinical presentation
still have a significant risk of ACI, especially if the ECG was obtained when the patient
was pain free. On the other hand, a truly normal ECG in a patient unlikely to have acute
ischemia provides strong evidence against ACI (33).

In our series, patients with normal ST-segment and T-waves and no Q waves more
commonly had a final diagnosis of non-ACI, yet 20% of these patients had AMI and
37% had UAP at final diagnosis.

Prehospital 12-Lead ECG
The NHAAP Working Group on Evaluation of Technologies for Identifying ACI (21)

found that the diagnostic accuracy of prehospital ECG for AMI and ACI, as expected,
is similar to that of the standard 12-lead ECG, which is the standard of care in the man-
agement of patients suspected of having ACI (Tables 11 and 12). The accumulation of
evidence is substantial in both the total sample size and quality, and the data have been
gathered from patient populations with few exclusion criteria. The evidence shows that
obtaining a prehospital ECG does not prolong time in the field or delay transport to the
ED. In addition, prehospital ECG-guided thrombolytic therapy can be administered 45
min to 1 h earlier than hospital-based thrombolytics. Prehospital thrombolysis has a
modest but significant impact on early mortality, with approx 60 patients requiring pre-
hospital treatment compared to hospital thrombolysis to save one additional life in the
short term. Short-term, beneficial effects of thrombolysis on left ventricular ejection
fraction have not been reported in randomized trials. The long-term survival benefits of
prehospital thrombolysis remain uncertain. Although it has promise, the Working Group
(17a) believed that its best use would be in areas with long emergency medical system
(EMS) transport times and perhaps in conjunction with prehospital thrombolytic ther-
apy. Its routine use was not recommended.

Continuous ECG/Serial ECG
The Working Group (17a) found that only two studies have evaluated the test per-

formance of continuous/serial 12-lead ECG in the ED, but there was no clinical impact
study (Tables 11 and 12). One study by Gibler et al. (84) included a large retrospective
population of 1010 participating in a 9-h protocol. The “serial ECG” consisted of a 20-
s interval between readings. The second study (77) included patients from a veterans’
hospital in which two ECGs were taken 4 h apart. The prevalences of ACI in these stud-
ies were very different (4 and 40%, respectively) given the low-risk populations. The
sensitivity for ACI was low (21 and 25%, respectively) and the specificity was high (92
and 99%, respectively). With the limitations and the varied source of data, a conclusion
about the utility of this technology cannot be drawn at this time.
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Nonstandard Leads ECG
The data on the diagnostic performance of nonstandard lead ECG from the four stud-

ies reported vary too much to draw any firm conclusion (21). The studies used 15, 18,
22, and 24 leads and were conducted with selected patients for admission (Tables 11 and
12). The prevalence is reflective of this selective population: it ranged between 22 and
65% for AMI. There are no clinical impact studies on nonstandard ECGs.

Exercise Stress ECG
The data on the diagnostic performance of exercise stress testing to detect ACI in the

ED are limited to only two studies (83,84) (Table 11 and 12).The overall data include a
small sample size of a low-risk population. Although the diagnostic performance is
encouraging, it would be premature to make conclusions regarding this technology until
additional high-quality studies are conducted.

There are also limited data on the clinical impact of exercise testing for ACI. Two
studies (85,86) had no cardiac events and included very small sample sizes, 28 and 35,
respectively. Adding a third study (83), these investigations comprised a total of only
272 subjects and are of low methodological quality; the clinical impact of this technol-
ogy is unclear.

BIOCHEMICAL MARKERS OF MYOCARDIAL NECROSIS

Creatine Kinase, Single and Serial Measurements
The amount of evidence on creatine kinase (CK) as a single test administered at pres-

entation to patients in the ED is large (21) (Tables 11 and 12). The evidence suggests
that the sensitivity of a single CK reading for AMI is low (36%), and specificity is mod-
est (88%). Limited evidence suggests that the sensitivity of the test depends on the dura-
tion of the patient’s symptoms; sensitivity increases with longer symptom duration. Test
performance across studies did not appear to vary by type of hospital, inclusion criteria,
AMI prevalence, or test threshold.

Only two studies have evaluated serial CK testing (87, 88). Both used broad inclu-
sion criteria, but enrolled populations in which the prevalence of AMI was moderate to
high. Test sensitivity was high (95–99%) in serial tests performed over about 15 h after
presentation to the ED (or from the onset of symptoms), but was only modest (69%) in
the one study that drew serial samples for 4 h. Test specificity was modest in both stud-
ies (68 and 84%).

As a single test, CK is insensitive and only modestly specific for AMI. Serial testing
appears to have higher sensitivity, although the specificity remains modest. However,
the evidence is insufficient to evaluate serial CK measurements over a short time.
Because high serum CK levels represent infarcted myocardium, CK has not been eval-
uated for diagnosing ACI in the ED. There are no clinical impact studies for CK.

Creatine Kinase Subunit, Single and Serial Measurements
As is the case with CK, the total sample size and number of studies on a single cre-

atine kinase subunit (CK-MB) measurement at presentation to the ED are large (21)
(Tables 11 and 12). The evidence suggests that the sensitivity of single CK-MB for AMI
is low (47%), although specificity is high (96%). Studies reported a broad range of sen-
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sitivity for diagnosing AMI. Again, as is the case for CK, limited evidence suggests that
the sensitivity of CK-MB depends on the duration of the patient’s symptoms; sensitiv-
ity increases with longer symptom duration. In general, studies reported a narrow range
(92–99%) of test specificity. Test performance across studies did not appear to vary by
type of hospital, inclusion criteria, AMI prevalence, or test threshold.

The total sample size and number of studies of serial tests for CK-MB in the ED set-
ting are large. Overall, serial testing has a modest sensitivity (87%) and high specificity
(96%) for AMI. However, test sensitivity is strongly related to the timing of serial test-
ing. All studies that performed serial testing for at least 4 h after presentation to the ED
(or until at least 8 h after symptom onset) found test sensitivity to be greater than 90%.
Conversely, all studies that performed serial testing to, at most, 3 h found test sensitiv-
ity to be less than 90%. The pooled sensitivity for serial testing to at least 4 h is 96%;
pooled sensitivity for serial testing until 3 h is only 81%. In general, test specificity was
in a narrow range across studies and was above 90%.

CK-MB as a single test is only modestly sensitive and specific for AMI; however,
serial testing performed over 4–9 h is highly sensitive and highly specific. Because
serum CK-MB levels represent infarcted myocardium, CK-MB has not been tested for
diagnosing ACI in the ED. There are no clinical impact studies for CK-MB.

Troponin T and Troponin I
The evidence for the diagnostic performance of troponin T is substantial in diagnos-

ing AMI but rather limited in diagnosing ACI (21) (Tables 11 and 12). Data for troponin
I are limited, but its performance is similar to that of troponin T. The sensitivity of pres-
entation troponin T for diagnosing AMI in the ED is poor, but improves substantially if
serial measurements are obtained for up to 6 h after ED presentation. Most likely, the
sensitivity is better for patients who have had symptoms for longer periods of time. The
specificity of troponin T for AMI is in the range of 90%.

Myoglobin
The diagnostic performance of myoglobin has been well studied for diagnosing AMI,

but not for diagnosing ACI (21) (Table 11 and 12). The sensitivity of myoglobin for diag-
nosing AMI in the ED is poor when a single initial measurement is obtained, but sensi-
tivity improves greatly if a second measurement is obtained 2–4 h after the first one.
However, the sensitivity for patients only recently symptomatic is poor, and a second
measurement in 2–4 h may still not be sufficiently sensitive to be useful. Specificity is
very good, but not excellent, depending on the extent to which other reasons for elevated
myoglobin are excluded a priori. A doubling of myoglobin levels as soon as 1 to 2 h
after the initial measurement is almost perfectly sensitive for AMI.

The evidence suggests that a normal myoglobin value 2 h after presentation may be
used safely to rule out AMI. A doubling of myoglobin as early as 1–2 h after the base-
line measurement establishes a diagnosis of AMI. A small study (89) suggests that nor-
mal myoglobin and CK-MB values 2 h after presentation completely rule out AMI. The
incremental value of CK-MB compared to myoglobin alone cannot be evaluated given
the small sample sizes. In a much larger study, Kontos (90) found no advantage for myo-
globin over baseline and 3-h CK-MB values.
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Table 11
Summary of Test Performance Studies of Diagnostic Technologies for ACS in the ED

Number Diagnostic 
of Population Studies Sensitivityb Specificityb odds Overall 

Condition studies category prevalence (95% CI) (95% CI) ratiob quality
Technology studied subjects) of studiesa range % % % (95% CI) of evidence

Prehospital ECG ACI 5 (4311) I/II 46–92 76 (54–89) 88 (67–96) 23 (6.3–85) B
AMI 10 (4481) I/II 14–51 68 (59–76) 97 (89–92) 104 (48–224) B

Continuous/serial ECG ACI 2 (1271) III 4–40 21–25c 92–99c 3.8–45c C
AMI 1 (261) III 11 39c 88c 4.9c B

Nonstandard lead ECG ACI 1 (52) IV 48 96c 41c 17c B
AMI 4 (897) IV 22–65 59–83c 76–93c 10–19c B

Exercise stress ECG ACI 2 (312) III 6–10 70–100c 82–93c 11–320 d B
CK (presentation) AMI 12 (3195) I/II/III/IV 7–41 37 (31–44) 87 (80–91) 3.9 (2.7–5.7) B/C
CK (serial) AMI 2 (786) I 26–43 69–99c 68–84c 12–220c C
CK-MB (presentation) ACI 1 (1042) III 20 23c 96c 7.2c C

AMI 19 (6425) I/II/III/IV 6–42 42 (36–48) 97 (95–98) 25 (18–36) B
CK-MB (serial) ACI 1 (1042) III 20 31c 95c 8.5c C

AMI 14 (11,625) I/II/III/IV 1–43 79 (71–86) 96 (95–97) 140 (65–310) B
Myoglobin (presentation) AMI 18 (4172) I/II/IV 6–62 49 (43–55) 91 (87–94) 11 (8.0–15) B/C
Myoglobin (serial) AMI 10 (1277) I/II/IV 11–41 89 (80–94) 87 (80–92) 84 (44–160) B
Troponin I (presentation) AMI 4 (1149) II/III/IV 6–39 39 (10–78) 93 (88–97) 11 (3.4–34) B
Troponin I (serial) AMI 2 (1393) III/IV 6–9 90–100c 83–96c 230–460c A/B
Troponin T (presentation) AMI 6 (1348) II/III/IV 6–78 39 (26–53) 93 (90–96) 9.5 (5.7–16) C
Troponin T (serial) AMI 3 (904) I/III/IV 5–78 93 (85–97) 85 (76–91) 83 (33–210) B
CK-MB and myoglobin 

combination
(presentation) AMI 3 (2283) II/IV 9–28 83 (51–96) 82 (68–90) 17 (7.6–40) B/C

CK-MB and myoglobin 
combination (serial) AMI 2 (291) IV 11–20 100d 75–91d 4.3–14d A/B



Table 11 (continued)
Summary of Test Performance Studies of Diagnostic Technologies for ACS in the ED

Number Diagnostic 
of Population Studies Sensitivityb Specificityb odds Overall 

Condition studies category prevalence (95% CI) (95% CI) ratiob quality
Technology studied subjects) of studiesa range % % % (95% CI) of evidence

P-selectin ACI 1 (263) II 33 35d 79d 2.0d B
AMI 1 (263) II 8.4 45d 76d 2.6d B
AMI 3 (397) I/III 3–30 93 (81–91) 66 (43–83) 20 (7–62) B

Rest echocardiography ACI 2 (228) III 3–30 70 (43–88) 87 (72–94) 20 (9–48) C
Stress echocardiography AMI 1 (139) III 4 90d 89d 68d C
Sestamibi (rest) ACI 3 (702) III 9–17 81 (74–87) 73 (56–85) 18 (11–29) B

AMI 3 (702) 2–12 92 (78–98) 67 (52–79) 26 (6–113)
ACI-TIPI ACI 4 (5496) I 17–34 86–95d,e 78–92d,e 61–69d,e A
Goldman chest pain AMI 3 (5359) I 12–20 88–91d 70–74d 20–23d A

protocol (ACI 27–30)
Algorithm/Protocols No data from prospective studies
Computer-based 

decision aids AMI 6 (3606) I/II/III 7–42 52–98d 58–96d 4.4–904 A

95% CI, 95% confidence interval; ACI, acute cardiac ischemia; ACI-TIPI, acute cardiac ischemia time-insensitive predictive instrument; AMI, acute myocar-
dial infarction; CK, creatine kinase; ECG, electrocardiograph.

a See text for definitions of population categories.
b Results from meta-analysis of several studies using random-effects calculations unless otherwise indicated.
c For purposes of calculation of diagnostic odds ratio, 0.5 was added to cells with 0 subjects.
d Point estimate from single study or a range of reported values, meta-analysis not performed.
e ACI-TIPI is not designed to provide sensitivity and specificity. Reported values here represent overall physician diagnostic performance.



Table 12
Summary of Clinical Impact Studies of Diagnostic Technologies for ACI in the ER

Number of Clinical 
Condition studies Population Prevalence outcomes Clinical Quality of

Technology studied (subjects) categorya % studied impactb evidencec

Prehospital ECG ACI approx 10 I/II 46–100 Time to thrombolysis, 11 A
ejection fraction, mortality.

AMI (approx 8000)d 15–51
Continuous or serial ECG No study Not known
Non-standard lead ECG No study Not known

AMI 0–1
Exercise stress ECG ACI 3 (272) III 0–6 Feasibility and safety. Not known C
CK (single/serial) No study Not known
CK-MB (single) No study Not known

AMI 6.4
CK-MB (serial) ACI 1 (1042) III 20 Additional admissions or �� C

discharges of ACI and 
non-ACI patients.

Myoglobin (single/serial) No study Not known
Troponin I or T No study Not known
Other Biomarkers No study Not known
Rest echocardiography No study Not known
Stress echocardiography No study Not known
Sestamibi imaging No study Not known
ACI-TIPI ACI 4 (14,394) I 17–59 CCU admission rate, ��� A

inappropriate discharge.
Goldman chest pain protocol AMI 1 (1921) II 6.6 Hospitalization rate, 

length of stay, 
estimated costs. – A

�



Table 12 (continued)
Summary of Clinical Impact Studies of Diagnostic Technologies for ACI in the ER

Number of Clinical 
Condition studies Population Prevalence outcomes Clinical Quality of

Technology studied (subjects) categorya % studied impactb evidencec

Algorithm/protocols ACI 2 (602) III 6–9 Length of stay, 
hospital charges, 30-d and 
150-d mortality. Not known B

Computer-based decision aids ACI 1 (977) III 48 30-d mortality. Not known A
AMI 30

ACI, acute cardiac ischemia; ACI-TIPI, acute cardiac ischemia time-insensitive predictive instrument; AMI, acute myocardial infarction; CK, creatine kinase;
ECG, electrocardiograph.

a See text for definitions of population categories.
b Clinical impact scores range from low (�) to high (���)
c Quality of evidence scores range from low (C) to high (A)
d Different outcomes analyzed involved different number of studies and patients.



Other Biomarkers
Studies on P-selectin, malondialdhyde-modified low-density lipoprotein, C-reactive

protein, B-type natriuretic peptide, and pregnancy-associated plasma protein A (PAPP-
A) are just beginning to appear (Tables 11 and 12). There is only one ED study of P-
selectin that reported low sensitivity and low specificity for AMI. In the future, tests for
neurohormonal activation (B-type natriuretic peptide) and inflammation (C-reactive
protein, PAPP-A) may augment our ability to identify patients with acute cardiac
ischemia who are at risk for adverse events. The use of these markers could potentially
augment our ability to reserve the most expensive and aggressive therapies for patients
who have the highest risk.

CARDIAC IMAGING

Echocardiography
The total sample size and the number of studies evaluating echocardiography for the

diagnosis of ACI are small (17a) (Tables 11 and 12). Limited evidence suggests that rest-
ing echocardiography has high sensitivity (93%) although only modest specificity
(66%) for AMI. The availability of previous echocardiograms for comparison may
improve the specificity (91). But even if this improved specificity were verified with
additional studies, the need for previous echocardiography would limit its applicability
in the general ED setting. In addition, the data pertain mostly to patients with normal or
nondiagnostic ECGs. The data for stress dobutamine echocardiography is even more
limited, one study suggests that it may be the next diagnostic step for patients with a
negative resting echocardiogram, normal ECG, and normal enzyme levels. There is no
clinical impact study for this technology.

Technetium-99m Sestamibi Myocardial Perfusion Imaging
Data on the diagnostic accuracy of resting Tc-99m sestamibi imaging in the ED is lim-

ited, and there are still no data on its clinical impact (Tables 11 and 12). The test has been
used in selected patient populations that generally have a low-to-moderate risk of ACI, no
history of MI, and a presenting ECG nondiagnostic for ACI. Thus, the generalizability of
the current evidence is limited, and the test should be reserved for these circumscribed
populations. In these patients, the test has excellent sensitivity for AMI, and very good,
but not perfect, sensitivity for coronary disease in general. Specificity is modest for AMI,
and although it may be a little better for ACI, it is still far from excellent.

COMPUTER-BASED DECISION AIDS

Acute Cardiac Ischemia Time-Insensitive Predictive Instrument
The acute cardiac ischemia time-insensitive predictive instrument (ACI-TIPI) (26)

computes a 0–100% probability that a given patient has ACI (i.e., either AMI or UAP)
(Tables 11 and 12). Applicable to any ED patient presenting with any symptom sugges-
tive of ACI, it is based on a logistic regression equation that uses presenting symptoms
and ECG variables. Originally in handheld calculator form, it is now incorporated into
conventional ECGs so that the patient’s ACI-TIPI probability is printed with the standard
ECG header text. In large controlled interventional trials in a wide range of hospitals, its
use by ED physicians has been shown to reduce unnecessary admissions of patients with-
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out ACI and patients with stable angina, while not reducing appropriate hospitalization
for patients with ACI. It has also been shown to help the triage speed and accuracy of less-
trained and less-supervised residents. The wider dissemination and use of ACI-TIPI
could result in significant positive impact on the triage of ACI patients in the ED.

Goldman Chest Pain Protocol
The Goldman Chest Pain Protocol (7) is based on a computer-derived model using

recursive partitioning analysis to predict myocardial infarction in patients with chest
pain (Tables 11 and 12). It has good sensitivity (about 90%) for AMI, but it was not
developed to detect UAP as well. In a clinical impact study of “low-intensity, nonintru-
sive intervention” performed at a teaching hospital ED (16), no differences in hospital-
ization rate, length of stay, or estimated costs was demonstrated between the
experimental group, which used the protocol, and the control group.

Other Computer-Based Decision Aids
Several investigators have reported various computer-based decision aids to diagnose

AMI (Tables 11 and 12). The artificial neural network by Baxt et al. (92) was found to
have high sensitivity and high specificity for AMI in a prospective study, but the clini-
cal impact has not been demonstrated.

Table 11 (21) summarizes the results of all the diagnostic performance studies eval-
uated, and Table 12 (21) summarizes the clinical impact studies.

IDENTIFYING ACUTE CARDIAC ISCHEMIA IN 
PATIENT SUBGROUPS: GENDER, MINORITIES

Knowing whether gender influences the likelihood that a given ED patient is having
ACI, and whether any specific presenting clinical features are differentially associated
with ACI in women compared with men, can aid clinicians in the accurate diagnosis of
ACI. The incidence of AMI in the general population has been shown to be higher in
men than women (93–96), but until recently, it has not been clear whether this gender
difference holds among symptomatic patients who come to the ED.

Several studies have looked at gender differences in the presentation of patients with
AMI (97–101). In a retrospective analysis of patients with confirmed AMI, women had
higher rates of atypical presentations such as abdominal pain, paroxysmal dyspnea, or
congestive heart failure (CHF) (42,93,102–104). In a group of ED patients with typical
presentations, such as chest pain, the prevalence of AMI was lower in women (33,105).
However, in another study of ED patients with chest pain, when adjustments were made
for other presenting clinical features (specifically ECG), the gender difference was no
longer significant (100). From these results, it is difficult to assess whether the gender-
specific differences in AMI prevalence among symptomatic ED patients were the result
of gender-specific biology or limitations in a particular study’s patient selection.

Zucker et al. (106), in a study of 10,525 patients �30 yr old who presented to the
ED with chest pain or other symptoms suggestive of ACI, found that AMI was almost
twice as common in men as women (10 vs 6%). Among women with ST-segment ele-
vation or signs of CHF, however, AMI likelihood was similar to that in men with these
characteristics. This finding suggests that the presence of CHF should be given sub-
stantial weight in assessing the likelihood of AMI in women presenting to the ED with
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symptoms suggestive of ACI. Pope et al. (3) found that among the patients with AMI
who present to the ED, women were more likely than men to have been discharged. In
addition, among all patients with ACI, women under the age of 55 yr were at highest
risk for not being hospitalized.

Blacks have high levels of risk factors for coronary artery disease but how this find-
ing influences diagnosis in patients presenting to the ED with symptoms suggesting ACI
is not well understood (107,108). Studies that have included only patients with chest
pain and not other symptoms suggestive of ACI, have found no significant differences
in presentation, natural history, or final diagnosis of AMI between black and white
patients (109). Evaluating chest pain and establishing the diagnosis of coronary heart
disease in blacks is often difficult given the presence of excess hypertension and left
ventricular hypertrophy and the increased occurrence of out-of-hospital cardiac arrest in
blacks (110–113). Furthermore, the paradoxical finding of severe chest pain without
significant angiographic coronary artery disease complicates diagnosis and treatment of
blacks with symptoms suggestive of ACI (107,110). In another analysis of the ACI-TIPI
Trial data, Maynard et al. (114) found that black patients were 8–10 yr younger and that
a higher percentage were women than was the case among white patients, which may
partially explain why physicians might be less inclined to suspect the presence of ACI
in black patients. Finally, Pope et al. (3) found that among patients with ACI, the
adjusted risk of being sent home was more than 2� as high among nonwhites as among
whites; among those with AMI, the risk was more than 4� as high among nonwhites as
among whites. In this study, 5.8% of the black patients with AMI were not hospitalized,
as compared with 1.2% of the white patients with infarction.

CLINICAL OUTCOMES

Each year in the United States, approx 9 million patients with chest pain or other
symptoms suggesting ACI (i.e., IMIR Study inclusion symptoms) (23) present to EDs
(115). These patients can have various clinical outcomes ranging from discharge home
to hospital admission after thrombolytic therapy. Table 13 shows the final diagnosis for
the ACI-TIPI Trial (2) control subjects by ED triage disposition. These data were
employed to develop a flowchart (Fig. 1) to represent the diagnoses and triage disposi-
tions of ED patients presenting with chest pain or other symptoms suggestive of ACI.

The flowchart demonstrates that of all such patients, only 23% of patients (hospital
range 12–34%) had ACI at final diagnosis, of which 94% were hospitalized and 6%
were sent home. Conversely, 77% did not have ACI at final diagnosis, of which 59%
were hospitalized and 41% were sent home. In the ACI group of patients, 36% of
patients had AMI and 64% had UAP. This represented, respectively, 8% and 15% of the
overall group. In the AMI group, 97% were hospitalized and 3% were sent home; in the
UAP group, 92% were hospitalized and 8% were sent home. Of those with AMI, 27%
received thrombolytic therapy, representing 2% of the overall group.

Our work with Pozen et al. (6) from 1979–1981, at the same hospitals as the present
report, demonstrated a 7% ED discharge rate for patients with a final diagnosis of ACI;
McCarthy et al. (18) found that 2% of these subjects had AMI at final diagnosis. In the
mid-1980s, Lee at al. (9) reported a 4% AMI discharge rate. Our study found a 6% dis-
charge rate for ACI and a 3% AMI discharge rate, demonstrating stability of these fig-
ures over the decade. The proportions of AMI and UAP in our present study (36% AMI,
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Table 13
Final Diagnosis (%) for ACI-TIPI Trial Control Subjects by 

ED Triage Disposition (N � 5951)a

AMI UAP Non-ACI
Triage (n � 496) (n � 898) (n � 4557)
disposition Control Control Control

Home 3 8 41
Ward 1 2 6
Telemetry 31 61 43
CCU 66 29 10

aAbbreviations: (ACI-TIPI), acute cardiac ischemia-time-sensitive predictive instrument; ED, emer-
gency department; AMI, acute myocardial infarction; UAP, unstable angina pectoris; CCU, coronary care
unit.

Fig. 1. Flowchart illustrating diagnoses and triage dispositions of patients presenting to the emergency
department (ED) with chest pain and other symptoms suggesting acute cardiac ischemia (AMI). *,
percent of total ED patients in the control group with chest pain or symptoms consistent with ACI.
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64% UAP) were essentially identical to those from our work with Pozen et al. (6) in
1979–1984 (35% AMI, 65% UAP). Finally, in an analysis of the ACI-TIPI Trial data for
failure to make the diagnosis of ACI, we found that the missed diagnosis rate for ACI
was 2.2% (2.1% for AMI, 2.3% for UAP) (3).

CONCLUSIONS

Our better understanding of coronary syndromes allow us to appreciate UAP and
AMI as part of a continuum of ACI. ACI is a life-threatening condition whose identifi-
cation can have major economic and therapeutic importance as far as threatening dys-
rhythmias and preventing or limiting MI size. The identification of ACI continues to
challenge the skill of even experienced clinicians, yet physicians continue (appropri-
ately) to admit the overwhelming majority of patients with ACI; in the process, they
admit many patients without acute ischemia (2), still overestimating the likelihood of
ischemia in low risk patients because of magnified concern for this diagnosis for both
prognostic and therapeutic reasons.

Studies of admitting practices from a decade ago yielded useful clinical information,
but showed that neither clinical symptoms nor the ECG could reliably distinguish most
patients with ACI from those with other conditions. Most studies have evaluated the
accuracy of various technologies for diagnosing ACI, yet only a few have evaluated the
clinical impact of routine use. The prehospital 12-lead ECG has moderate sensitivity and
specificity for the diagnosis of ACI. It has demonstrated a reduction of the mean time
to thrombolysis by 33 min and short-term overall mortality in randomized trials. In the
general ED setting, only the ACI-TIPI has demonstrated, in a large multicenter clinical
trial, a reduction in unnecessary hospitalizations without decreasing the rate of appro-
priate admission for patients with ACI. The Goldman chest pain protocol has good sen-
sitivity for AMI, but has not been shown to result in any differences in hospitalization
rate, length of stay, or estimated costs in the single clinical impact study performed. Its
applicability to patients with UAP has not been evaluated. Single measurement of bio-
markers at presentation to the ED has poor sensitivity for AMI, although most bio-
markers have high specificity. Serial measurements can greatly increase the sensitivity
for AMI while maintaining their excellent specificity. Biomarkers cannot identify most
patients with UAP. Finally, diagnostic technologies to evaluate ACI in selected popula-
tions, such as echocardiography, sestamibi perfusion imaging, and stress ECG, may have
very good to excellent sensitivity; however, they have not been sufficiently studied.

Our clinical outcome data provide a useful point of reference for clinicians regarding
the diagnosis and triage dispositions of ED patients presenting with chest pain or other
symptoms suggestive of ACI. In general, of all such patients, only 23% will have ACI.
Of those with ACI, one-third will have AMI and two-thirds will have UAP. This repre-
sents, 8% and 15% of this overall group.
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INTRODUCTION

Coronary heart disease is the single largest cause of morbidity and mortality in the
United States. Each year, approx 1.1 million people in the United States will suffer an
acute myocardial infarction (MI)—650,000 of these will be first attacks and 450,000
will be recurrent. Nearly 500,000 will result in death, half dying before reaching a hos-
pital (1,2).

Mortality from acute MI has been dramatically reduced through successful myocar-
dial reperfusion strategies with thrombolytics or primary percutaneous transluminal
coronary angioplasty (PTCA). The 6.3% mortality in the Global Use of Strategies to
Open Occluded Coronary Arteries (GUSTO) I trial is approximately half the mortality
for patients with acute MI reported in the immediate prethrombolytic era (3). Early
achievement of reperfusion of the infarct-related artery is directly related to reduced
mortality and morbidity—through myocardial salvage and reduction of the degree of left
ventricular dysfunction (4).

The issue of time to treatment with these artery-opening therapies has been of great
interest, in particular since the advent of thrombolytic therapy. There is clear evidence
from both the original animal work and extensive clinical trials with all agents support-
ing a time-dependent relationship between early reperfusion and outcome (5). The time
benefit curve is very steep, with maximum benefit accruing to those patients who are
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reperfused within the first 1 to 2 h after symptomatic occlusion. Analysis of clinical tri-
als provides evidence that equates 1 h of delay in reperfusion to an increase in absolute
mortality by approx 1%, or 10 lives per 1000, and this is a linear relationship in the first
4–6 h following symptom onset (5,6) (Fig. 1). Also, the classic Myocardial Infarction,
Triage, and Intervention (MITI) trial, examining prehospital vs hospital-initiated throm-
bolysis, found that all patients who received this treatment, within 70 min of symptom
onset, experienced a 30-d mortality rate of only 1.2% compared to 8.7% for those treated
70 min or more. Similarly, infarct size was 4.9% for those treated within 70 min vs
11.2% for those treated thereafter (7) (Fig. 2). Given the clear cut relationship between
delay and mortality, a 30-min delay will result in 5 lives lost per 1000, and a 1-h delay
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Fig. 1. Absolute 35-d mortality reduction vs treatment delay. Small closed dots, information from tri-
als included in the FTT analysis; open dots, information from additional trials; small squares, data
beyond scale of XY cross—the linear (34.7–1.6�) and nonlinear (19.4–0.6 � � 29.3 x 	 1) regres-
sion lines are fitted within these data and weighted by the inverse of the variance of the absolute ben-
efit for each data point; black squares, average effects in six time to treatment groups (area of squares
inversely proportional to the variance of absolute benefits). Reproduced with permission from
Boerma et al. The Lancet 1996;348:771–775.

Fig. 2. Myocardial Infarction, Triage, and Intervention (MITI) Trial: 30-d mortality benefits.
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results in 10 lives lost per 1000 (5,6). Therefore, it is imperative that time be considered
as much of an adjunct to the treatment of patients with acute MI, as proposed by Can-
non et al., as drugs that have been shown to have efficacy in reducing mortality (8).

Unfortunately, the full potential of reperfusion and other therapies is not realized by
patients who need these treatments, because many patients do not reach the hospital on
time to benefit from them. Approximately one in five patients with acute MI present to
the hospital within 1 h of symptom onset, whereas slightly less than one-quarter of
patients delay seeking care by 6 or more hours, with no change in these distributions
over time (9). The National Registry of Acute Myocardial Infarction-2 analysis of data
on 272,651 patients showed that only 31% were eligible for reperfusion therapy. Of these
eligible patients, 41% were considered ineligible because symptoms of acute MI were
present for more than 6 h prior to diagnosis (10).

National Heart Attack Alert Program
The new treatments and the synergistic effect of time on their effectiveness, coupled

with ongoing patient and system delays, gave the impetus for the National Heart, Lung,
and Blood Institute’s (NHLBI’s) consideration, in the late 1980s, of establishing a
national education program dedicated to coordinating efforts to improve emergency
care for patients with acute MI and their outcomes (9). The NHLBI launched the
National Heart Attack Alert Program (NHAAP) in June 1991, with the first meeting of
its Coordinating Committee comprised of approx 40 healthcare providers, voluntary,
and federal liaison representatives involved in some aspect of care of the acute MI
patient in the hospital or in the community. The NHAAP’s overarching goal is to pro-
mote early identification and treatment of patients with acute MI and to reduce the inci-
dence of (and improve survival from) sudden cardiac death in the community. The
scope of program was expanded in 1997 to include all patients with acute coronary syn-
dromes, i.e., unstable angina, as well as acute myocardial infarction. Paramount to the
program’s goal is the reduction of delays associated with each of three phases ultimately
leading to rapid treatment of these patients. At the time the NHAAP was started,
patient-associated delays were noted to be the most significant component of total
delays ranging from 2.5–6 h in reported studies. Delays related to the emergency med-
ical services (EMS) system response and transportation of the patient to the hospital
were also noted, and also very disturbing was delays in the early identification and
treatment of patients suitable for reperfusion therapy once the patient arrived in the
emergency department. Hospital delays were found to be in the range of 60–90 min in
several well-conducted clinical trials. It became evident that the magnitude of delay in
the emergency department was not appreciated by most physicians until times from
patient arrival to treatment were actually recorded (11).

It was also apparent that patient-mediated delay was an area that was not well under-
stood, yet represented one of the most significant (and challenging) components of
delay. Furthermore, early program advisors felt that the existing understanding of the
design and implementation of efficient and cost-effective public education campaigns
was not sufficient to warrant such a national effort at that time. They were also con-
cerned that EMS and hospital emergency departments would be overrun by patients who
responded to an improperly developed public education campaign (11).

On the advice of its early advisors, the NHAAP stimulated the Rapid Early Action
for Coronary Treatment (REACT) research program at the NHLBI, to examine the
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impact of community-wide education regarding symptoms of a heart attack and the
importance of accessing EMS. The NHAAP deferred immediate public and patient edu-
cation efforts pending the results of REACT.

The NHAAP Coordinating Committee and the program’s early advisors recom-
mended that, while research was underway that would ultimately inform the NHAAP’s
public education “arm,” it was imperative to first address delays associated with the
emergency medical community who would be responding to patients who ultimately
present in response to a public education campaign. Thus, during its first nearly 8 yr, the
NHAAP focused largely on educating healthcare providers, notably in emergency
departments and EMS systems, about the importance of rapid recognition and treatment
of individuals with symptoms and signs of a heart attack. The NHAAP published issue
papers and reports highlighting: (i) the rapid identification and treatment of acute MI
patients in the emergency department setting (12); and (ii) EMS issues that potentially
impact on rapid recognition and treatment of these patients (13–15). In addition, the pro-
gram reviewed the diagnostic performance and clinical impact data for a number of
technologies used in diagnosing patients with acute cardiac ischemia in the emergency
department (16–19). Subsequently, it issued a position paper on chest pain centers and
programs (20) and convened a symposium with the National Library of Medicine and
the Agency for Health Care Policy and Research to explore the role of new information
technology in expediting the recognition, diagnosis, and treatment of patients with acute
MI (21). To address patient delay pending development of a public educational cam-
paign, the NHAAP published a review paper on patient and bystander factors associated
with treatment-seeking delay (22), as well as recommendations directed to providers for
educational strategies to reduce prehospital delay in their patients at high risk for a heart
attack (23,24). In 1998, the NHAAP released a report that described the community as
the “ultimate coronary care unit”, and encouraged all settings, where patients may pres-
ent with a cardiac emergency, to plan for a timely and effective response (25).

This chapter reviews the three fundamental areas where timely identification and
treatment of patients with an acute MI are critical to their outcomes as identified by
NHAAP, and addresses the implications for policies and educational efforts by
providers, institutions, and communities.

REDUCING DELAYS IN THE HOSPITAL

The NHAAP concentrated its initial efforts on addressing delays associated with
healthcare provider recognition and treatment, notably in the emergency department
setting. The program convened a working group, co-chaired by a cardiologist and an
emergency medicine physician, to examine emergency department processes related to
the care of these patients and identify delays to timely treatment. The working group
concluded that patients presenting with symptoms consistent with acute MI, with ST-
segment elevation on the initial electrocardiogram (ECG) and who had no contraindi-
cations to reperfusion therapy could effectively and safely be identified and treated
within 30 min after emergency department arrival (12). The working group also rec-
ommended that in order to examine, process, and track improvement through a contin-
uous quality improvement effort, the time from emergency department arrival to
initiation of reperfusion therapy would have to be recorded for each patient, since the
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purpose of tracking reductions in delay over time related to changes in the process of
identification and treatment.

Analyzing the Process of Care in the Emergency Department: the “Four Ds”
The working group identified four critical time points in the care of these patients

and termed them the “four D’s.” (Fig. 3). “Door” is the time of arrival and registration
of the patient in the emergency department. “Data” refers to the time that the first ECG
showing ST-segment elevation is recorded, since this electrocardiographic finding is
clearly the trigger for consideration of reperfusion therapy. “Decision,” the third D, is
the time when the decision to proceed with reperfusion therapy is made (the drug is
ordered). The fourth D, “Drug,” is when the thrombolytic infusion is actually begun. The
elapsed time between the patient’s emergency department arrival and initiation of throm-
bolytic drug is then referred to as “door-to-drug time.” In the case of patients receiving
balloon angioplasty, the interval is referred to as the “door-to-balloon” (26) or “door-to-
dilation” time (20). The working group analyzed the process of care in the emergency
department, based on the four D’s, identifying the potential for delays.

DOOR

Once the patient arrives in the emergency department, the initial encounter with the
nurse or registration representative should be focused on clinical symptoms and not on
the collection of demographic information (12). If a patient complains of chest pain,
then triage to a high category with an ECG done within 5 min and physician assessment
within 10 min should be expected.

While substernal chest pain remains the cornerstone of patient history for acute MI
diagnosis, two recent reports from a large series of patients provide rich additional infor-
mation as to how patients may present. Goldberg et al. (27) reported on the symptom
profiles of patients presenting with a complaint of chest pain and a hospital-admission
diagnosis of suspected acute myocardial ischemia and a discharge diagnosis of acute MI
or unstable angina in 43 hospitals in 20 communities throughout the United States dur-
ing collection of baseline data for a larger community intervention trial. They noted that
four other “cardinal” symptoms of a heart attack or unstable angina—dyspnea (49%),

Fig. 3. Process timepoints and intervals through which the acute MI patient passes in the emergency
department.



arm pain (46%), sweating (35%), and nausea (33%)—were commonly reported by men
and women of all ages in addition to the presenting complaint of chest pain. Patients
with acute MI were more likely to complain of arm pain, sweating, nausea, vomiting,
and indigestion. Patients with a diagnosis of unstable angina were more likely to com-
plain of neck pain, dizziness, and palpitations (27).

Furthermore, in nearly 435,000 patients with confirmed MI from the National Reg-
istry of Myocardial Infarction (NRMI) 2 (enrolled from June 1994 to March 1998), 33%
(one in three) did not have chest pain on presentation to the hospital. This group of MI
patients was on average 7 yr older than those with chest pain (74.2 vs 66.9%); and a
higher proportion of them were women (49 vs 38%) and patients with diabetes mellitus
(32.6 vs 25.4%) or prior heart failure (26.4 vs 12.3%). Also, MI patients without chest
pain had a longer delay before hospital presentation (mean 7.9 vs 5.3 h), were less likely
to be diagnosed as having confirmed MI at the time of admission (22.2 vs 50.3%), and
were less likely to have received thrombolysis or primary angioplasty (25.3 vs 74.0%),
aspirin (60.4 vs 84.5%), b-blockers (28.0 vs 48.0%), or heparin (53.4 vs 83.2%). MI
patients without chest pain had a 23.3% in-hospital mortality rate compared with 9.3%
among patients with chest pain (28).

DATA

Locating an ECG machine in the emergency department will reduce door-to-data
time. Acquisition of the 12-lead ECG should be possible within 5 min, 24 h a day, 7 d
a week. If this cannot be accomplished effectively using technical staff, then emergency
department personnel, including nurses or physicians, should be trained to acquire a
high-quality 12-lead ECG. The nurse should have authority to order the 12-lead ECG,
rather than waiting for a physician assessment and order.

DECISION

Once the ECG is available, it should be delivered to the physician for interpretation
rather than placed on the chart or at the nurse’s desk. In the Time to Thrombolysis Sub-
study of the NRMI, the median door-to-decision times and door-to-drug times were sig-
nificantly longer when a consultation by a cardiologist was performed, and these times
were substantially longer for those patients who had a bedside consultation compared to
those whose consultation occurred by phone (29). Fax consultation for the purpose of
interpreting the ECG significantly reduces data-to-decision time and, therefore, median
door-to-drug time (30). Contacting the primary care physician before initiating throm-
bolytic therapy substantially delays door-to-drug time (29). Consultation particularly
contributes to delays around the decision to treat women with a thrombolytic agent and
in initiation of drug therapy (29). In another study, the median time interval from hos-
pital arrival to initiation of thrombolytic therapy was longer in the consultation group
(49 vs 35 min, p � 0.0001). A door-to-drug interval of �30 min was seen in only 23.8%
of the consultation group vs 40.4% of the no consultation group (31).

DRUG

Preparation of the drug in the emergency department as opposed to the pharmacy can
result in substantial decrease in door-to-drug time with a difference in one study being
61.5 as opposed to 84.6 mean min (30). Furthermore, waiting to initiate drug infusion
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in the cardiac intensive care unit results in the greatest delay, 75 min, compared to 50
min when the infusion is begun in the emergency department (30). Extensive written
informed consent is not appropriate for a patient with severe chest pain who is suffer-
ing an acute MI. The patient may be appropriately informed verbally of benefit and risk
within 1 to 2 min by the physician, since reperfusion therapy, like many others in med-
ical emergencies, is now standard of care. There is no evidence that patients who qual-
ify for thrombolytic therapy should be transferred to a tertiary care hospital or center for
initiation of drug, since the delay related to transfer will invariably increase mortality.
Rural hospitals and community hospitals in urban settings must be capable of treating
patients with acute MI with thrombolytic drugs according to the same standards for early
diagnosis and treatment as the cardiology centers. Telephone and fax consultation with
cardiologists in other hospitals may be appropriate to facilitate care in difficult cases.

Thus, it is imperative that the process of assessing patients with chest pain, acquiring
the 12-lead ECG, and making decisions to initiate reperfusion therapy be seamless and
consistent. Furthermore, for patients with clear cut clinical symptoms of acute MI and
unequivocal evidence of ST elevation on the ECG with no question of contraindications,
the responsibility to order and initiate thrombolytic therapy should be delegated by pro-
tocol to the emergency medicine physician. Waiting for the cardiologist has been found
to result in significant delays (12).

Protocols for assessment of such patients and initiation of thrombolytic therapy have
consistently and dramatically reduced door-to-drug times. The experience from several
different institutions was that, prior to initiation of a protocol, door-to-drug times were
between 69 and 76 median min and were reduced to between 21 and 29 min following
protocol development and implementation (4,29,32). Use of critical pathways can facil-
itate reduction in door-to-drug or door-to-balloon times for patients with acute coronary
syndromes (33,34).

Even though the NHAAP emergency department working group recommended that
hospitals reduce door-to-needle time to 30 min or less (12), it was only subsequent to this
recommendation that the relationship between door-to-needle time and mortality was
examined in a registry of 85,589 patients at over 1400 hospitals with ST-segment-eleva-
tion MI who were treated with thrombolysis. Door-to-needle times �30 min were pres-
ent in only 33% of patients and were less common in women, elderly, and nonwhites.
While the results showed that there was no significant increase in mortality for patients
with door-to-needle times of �30 min compared with patients whose door-to-needle
times were 31–60 min, the adjusted odds ratio of death was significantly increased by
11% for patients with door-to-needle times of 61–90 min (p � 0.01) and increased by
23% for patients with door-to-needle times of �90 min. Additional analysis showed a
13–23% increase in the odds for developing an ejection fraction �40% as door-to-needle
time increased �30 min (p � 0.001 for each time point). These data show that a delay in
door-to-needle time �60 min, which is present in about 27% of the patients, was associ-
ated with an 11–23% increase in mortality and in the development of left ventricular dys-
function post-MI, the first direct evidence that efforts to reduce door-to-needle time are
warranted to improve outcome after thrombolysis (35) (Figs. 4 and 5).

The relationship between symptom-onset to balloon time and door-to-balloon time
was examined in a cohort of 27,080 patients with ST-segment-elevation MI or left
bundle-branch block, who were treated with primary angioplasty and reported to the
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Second NRMI, from 1994 to 1998 in 661 community and tertiary care hospitals in
the United States. The median time from the onset of chest pain to hospital arrival
was 1.6 h, and the median time from onset of chest pain to primary angioplasty was
3.9 h. Unadjusted mortality was higher in the patients treated later, but the multivari-
ate-adjusted odds of in-hospital mortality did not increase over the 24-h period (Figs.
6 and 7). The door-to-balloon time, however, showed that the adjusted odds of mor-
tality were significantly increased by 41–62% for patients with door-to-balloon times
longer than 2 h (present in nearly 50% of the cohort) (36) (Figs. 8 and 9).

Thus, both door-to-needle and door-to balloon times appear to be important quality
of care indicators, and efforts to improve processes of care to achieve these optimal
treatment times should rigorously continue. Furthermore, door-to-balloon times should
be considered when choosing between thrombolysis and primary percutaneous coronary
intervention (36).
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Fig. 4. NRMI-2: Thrombolysis—door-to-needle time vs mortality.

Fig. 5. NRMI-2: Thrombolysis—door-to-needle time vs. mortality.



It is very clear that reductions in delay can only occur if times are recorded consistently
on every patient, and door-to-drug time trends are monitored by quarterly analysis of
these data. Significant reductions in door-to-drug times may drift back to unacceptable
levels should a multidisciplinary quality improvement team not meet on a regular basis
to review times to diagnosis and treatment for the purpose of improving the process.
Feedback of these times to participating physicians, nurses, and technologists is critical
in improving performance and outcomes. In the NRMI, median door-to-drug time has
fallen from 60 min in 1990, when the Registry was initiated, to 34 min in 1999 (37) (Fig.
10). The Health Care Financing Administration (now the Centers for Medicare and Med-
icaid Services) reported that between 1994 and 1995, the median time from emergency
department arrival to thrombolytic therapy was 46 min, and by the 1998 to 1999 time
period, the median time had decreased to 39 min (38). This is a result of continuing sur-
veillance and feedback of these data to the team involved in caring for these patients.
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Fig. 6. NRMI-2: Primary PCI—time-to-treatment vs mortality.

Fig. 7. NRMI-2: Primary PCI—time-to-treatment vs mortality.
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Fig. 8. NRMI-2: Primary PCI—door-to-balloon time vs mortality.

Fig. 9. NRMI-2: Primary PCI—door-to-balloon time vs mortality.

Fig. 10. National trends in AMI management: door-to-drug time with thrombolysis.
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The NRMI reported a reduction in median door-to-balloon time for PTCA from 116
min in 1994 to 108 min in 1999 (37) (Fig. 11). The Health Care Financing Administration
reported that between 1994 and 1995, the median time from hospital arrival to primary
angioplasty was 120 min, and by 1998 to 1999, the median time had decreased to 108 min
(38). If patients arrive at a hospital without angioplasty capability, there can be no justi-
fication on the basis of studies of effectiveness in the community for the delay in reper-
fusion incurred by the transfer of such patients to angioplasty-capable hospitals. These
patients, if they cannot be dilated within 90 min or less (�30 min) as recommended by
the most recent American College of Cardiology (ACC) American Heart Association
(AHA) Guidelines (39), should be treated with thrombolytics at the receiving hospital.

Currently, there are more than 1200 chest pain centers in the United States (40). The
NHAAP, having observed the development and growth of chest pain centers in emergency
departments with special interest, created a task force to evaluate such centers and make
recommendations to assist emergency physicians in emergency departments (including
those with chest pain centers) in providing comprehensive management of patients with
acute coronary syndromes (20).

They cited three distinct types of programs in chest pain centers:

1. A heart attack program for the rapid treatment of acute MI in patients with ST-segment
elevation on the 12-lead ECG.

2. A diagnostic (observational) program to exclude the diagnosis of acute MI or unstable
angina in patients with a low-to-moderate probability of having these conditions.

3. An outreach program to educate patients in the chest pain center and in the broader com-
munity about early evaluation for chest pain or related symptoms of a heart attack and
the importance of risk factor identification and control.

The task force recommended certain points that should be kept in mind when devel-
oping chest pain centers or programs to evaluate patients with symptoms of acute coro-
nary syndromes. These recommendations are shown in Table 1. The authors concluded
that in the final analysis the criteria for all approaches and strategies must be the opti-
mal care and clinical outcomes of patients. The organization and designation of a sep-
arate chest pain center are worthwhile only to the extent the center demonstrably
furthers that goal. It is not the name “chest pain center” that counts, but the program
of care in place (20).

Fig. 11. National trends in AMI management: door-to-balloon time in PPTCA.



PREHOSPITAL ACTIONS AND REDUCING TREATMENT DELAYS

Several prehospital strategies related to transport and care can affect patient out-
comes.

Ambulance Transport
How patients with acute MI symptoms get to the hospital has ramifications on how

quickly they are evaluated and treated at the hospital. Surprisingly, calling an ambulance
for heart attack symptoms is not frequently done. The Atherosclerosis Risk in Commu-
nities study reported that the percentage of MI patients arriving at the hospital by ambu-
lance changed little from 1987 to 1998, going from 36 to 40% (41). The REACT
research program revealed that the average rate of EMS use was only 33% in both the
10 intervention and 10 control communities at the study’s baseline assessment (42). The
NRMI-2 compared the baseline characteristics and initial management for 772,586
patients from April 1994 to March 1998 presenting by ambulance vs self-transport
(excluding those in cardiogenic shock, over 6 h from symptom onset to hospital arrival,
or who were transferred in). Only one of two patients with MI was transported to the
hospital by ambulance (43).

Use of the EMS system by calling 9-1-1 or the equivalent local emergency number
(which dispatches an ambulance) is associated with significantly faster delivery of acute
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Table 1
National Heart Attack Alert Program Recommendations for Chest Pain Centers and Programs

• Address the need to identify accurately and efficiently patients with acute cardiac ischemia
(ACI) among the large, and likely increasing, numbers of patients presenting to emergency
departments with symptoms suggestive of ACI.

• Make clear to the public, patients, and providers that the goal is to provide prompt evaluation
and effective care to all patients with symptoms that may represent ACI: chest pain or dis-
comfort, shortness of breath, nausea, dizziness/fainting, or abdominal pain; a focus only on
chest pain is potentially misleading, since as many as 25% of patients presenting with ACI
will not have chest pain.

• In outreach efforts, emphasize the general principles of patient response to important symp-
toms and not direct patients to a particular hospital during an acute episode; instead, encour-
age them to call 9-1-1 to seek rapid treatment.

• Base care, as much as possible, on the use of approaches and technologies for which evi-
dence supports safety and effectiveness, such as those supported in the NHAAP ACI
Diagnostic Technologies Working Group report, its update, or by subsequently published
prospective evaluations.

• Use operational processes that facilitate care of all presenting patients, incorporating atten-
tion to the “4 Ds” (to reduce door-to-drug time with reperfusion therapies) (12) and treat-
ment particularly for those needing reperfusion and anti-ischemic therapy.

• In a continuous quality improvement program, monitor process indicators (measures of
appropriateness of emergency department triage, treatment, and outcomes) using forms and
systems such as those utilized by continuous improvement cycles.

• Coordinate the care of patients, particularly those discharged without a diagnosis of ACI, 
to ensure that test results are communicated to the patient’s primary care or follow-up 
physician. 

Reprinted from ref. 20.



reperfusion therapies. In the aforementioned NRMI-2 study, the mean door-to-throm-
bolytic time was 54.7 min in those who were brought to the hospital by ambulance vs
66.9 min in those who self-transported. The mean door-to-balloon time was 141.7 min
vs 173 min for those who arrived by ambulance vs those who self-transported, respec-
tively (43).

REACT investigators reported a significant association of early reperfusion therapy
with ambulance use. Of 3013 selected study patients who received reperfusion treat-
ment, 1195 (40%) were transported via EMS personnel. The adjusted rate of reperfu-
sion within 6 h of symptom onset was significantly greater for acute MI patients
transported via EMS personnel (36 vs 24%) (44).

Prehospital ECGs
Performing an ECG in the field and transmitting it to the emergency department

speeds the care of patients with acute MI. Obtaining a prehospital ECG has been shown
to be feasible and results in a diagnostic quality ECG. Based on a systematic review and
meta-analysis, Lau and his colleagues found that obtaining a 12-lead ECGs did not pro-
long the time in the field or delay transport to the emergency department (18). Prehos-
pital 12-lead ECGs were shown in both randomized and nonrandomized studies, to
clearly result in significant reductions in time to treatment with thrombolysis, ranging
between 20 and 60 min (18).

In the largest retrospective study of 70,763 patients from a large registry of acute MI
patients, including 3768 patients with prehospital 12-lead ECGs, the median time from
symptom onset to hospital arrival was surprisingly prolonged in patients who had a pre-
hospital 12-lead ECG (152 vs 91 min), although the median time from hospital arrival
to therapy was shortened both for thrombolysis (30 vs 40 min) and for primary angio-
plasty (92 vs 115 min) in the prehospital 12-lead ECG group. The prehospital 12-lead
ECG group was more likely to have reperfusion therapy by thrombolysis or angioplasty,
angiography, and coronary artery bypass grafting than the control group. In-hospital
mortality was 8% in the prehospital ECG group vs 12% in the control group (p �
0.001), and the beneficial effect on survival also remained present in multivariate analy-
ses adjusting for various predictors of mortality (45).

Prehospital Thrombolysis
Administering fibrinolytics in the field has also been studied as a way of reducing

time-to-treatment for acute MI. A meta-analysis of prehospital fibrinolysis trials sum-
marized by the European Myocardial Infarction Project Group, showed a 17% relative
improvement in outcome associated with out-of-hospital fibrinolytic therapy. The great-
est improvement was observed when therapy was initiated 60–90 min earlier than in the
hospital (46). The US Myocardial Infarction Triage and Intervention trial showed no sig-
nificant difference in mortality between prehospital and in-hospital fibrinolysis. As
noted, a retrospective analysis showed that any patient treated within a median time of
70 min, either before or after hospital arrival, had a significantly improved outcome. It
appeared that the window of time from hospital arrival to treatment was shortened for
the in-hospital patients due to the protocol of advance notification of staff (7). Pooled
results of six randomized trials of over 6000 patients found a significant 58-min reduc-
tion in time to fibrinolytic administration (p � 0.007) and decreased all-cause hospital
mortality with prehospital thrombolysis (OR 0.83; CI 0.70–0.98) (47).
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All considered, the AHA Committee on Emergency Cardiovascular Care, the Evi-
dence Evaluation Conference, and the international Guidelines 2000 Conference expert
panel members recommend prehospital fibrinolytic therapy only when a physican is
present or prehospital transport time is � 60 min. They prefer instead that EMS systems
focus on early diagnosis and rapid transport, rather than delivery of therapy (48).

REDUCING DELAYS IN PATIENT RECOGNITION AND ACTION

The greatest delay in initiating reperfusion therapy for patients with ST-segment ele-
vation acute MI is patient-mediated delay. The median delay between symptom onset
and hospital arrival ranges between 2 and 6.4 h (23). In the Gruppo Italiano per lo Stu-
dio della Streptochinasi nell’ Infarcto Miocardico (GISSI) I Trial, 10.9% of patients
were treated with intravenous streptokinase within the first hour after onset of symp-
toms (49). In both the Thrombolysis in Myocardial Infarction (TIMI) 2 and GUSTO I
trials, only 3% of patients were treated within the first hour (50,51).

Goff et al. (52) reported on prehospital delay times for the largest and most repre-
sentative sample of US patients admitted to a hospital for evaluation of suspected acute
cardiac ischemia and discharged with a coronary heart disease-related diagnosis from
the REACT trial. In this study population, the overall median delay time was 2 h (means
differed across communities, ranging from 133 to 156 min) with substantially longer
delays on the order of 30–45 min for the geometric mean for several important sub-
groups, including non-Hispanic blacks vs non-Hispanic whites (by 43 min), among
older than among younger patients (by 14 min for each 10-yr increment in age), and
among Medicaid recipients than among the privately insured (by 41 min). Delay time
was longer, but not significantly so among Hispanics vs non-Hispanic whites and among
both the disabled and homemakers vs the employed (52).

High-Risk Patients
Prior to embarking on a public education campaign, the NHAAP targeted high risk

patients for education by the medical community (23,24). This group continues to be an
important patient population for education about early recognition and response to acute
MI. Over 12 million patients in the United States have a history of an MI, angina pec-
toris, or both, divided approximately evenly between males and females. People who
survive the acute stage of a heart attack have a chance of illness and death that is 1.5–15
times higher than that of the general population, depending on their sex and clinical out-
comes. The risk of another heart attack, sudden death, angina pectoris, heart failure, and
stroke, for both men and women in this group, is substantial (1). Within 6 yr after a rec-
ognized heart attack, 18% of men and 35% of women will have another heart attack.
Furthermore, 7% of men and 6% of women will experience sudden death (1). It is rec-
ommended that these high-risk patients receive specific instructions from their care-
givers on recognition of symptoms, including an understanding that symptoms of a
recurrent MI may not be the same as those of a previous event. They are also to be
instructed on what to do in terms of taking nitrates and taking an aspirin, and are urged
to call 9-1-1. These recommendations are to be shared not only with the patient, but also
with family, and written as a reinforcement to both patient, family members, and others
who may be around the patient when symptoms occur (23,24) (Fig. 12).
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Patients/Public
Extensive information into the problem of patient delay and implications for poten-

tially reducing this delay became available with the results of the REACT research pro-
gram, which were reported in 1998 at the AHA’s Scientific Sessions. REACT was a
4-yr, multisite community intervention study funded by the NHLBI to learn more about
whether patient delays in seeking care for heart attack symptoms could be reduced
through a community-wide heart attack awareness campaign to educate providers,
patients, and the public about heart attack symptoms and appropriate action steps, and
to determine the impact on patient-associated delay time and on EMS systems. The
REACT study comprised five academic field centers and a coordinating center at New
England Research Institute. Each field center identified two community pairs matched
on demographic characteristics totaling 20 communities (10 pairs) of medium-sized
population. One community of each pair was randomized to a multifaceted education
program or “intervention” for the public, patients, and healthcare providers; the remain-
ing community of each pair served for comparison receiving no organized education
program. The main hypothesis was that community-based intervention of 18 mo dura-
tion would reduce patient delay in seeking treatment for a suspected acute MI. The time
period of concern was from symptom onset to arrival at the hospital emergency depart-
ment. The community-wide intervention was developed by the investigators during a 1-
yr planning phase. The main intervention components were: (i) community
organization to mobilize the community and enlist support of medical and nonmedical
community leaders and agencies; (ii) community education to promote awareness,
knowledge, beliefs, skills, behavioral intentions, self-efficacy, and behaviors of high-
risk individuals, family members, and the general public through mass media, small
media, group programs, and magnet events; (iii) provider education to increase
providers’ knowledge, behavioral capacity, and self-efficacy, and their delivery of
patient education; and (iv) patient education for high-risk patients and their families to
promote knowledge, behavioral capacity, self-efficacy, and behaviors for quick action
for acute MI (42).

REACT results revealed that delay time reduction, the primary outcome measure, was
not observed in the 10 intervention communities, compared with the 10 reference com-
munities. There appeared to be a secular trend in improving patient delay times, although
delay times still varied based on region and demographic characteristics of target groups.
However, average use of the EMS system by the primary study population, those with an
acute cardiac diagnosis, was 33% at the study’s baseline in all 20 communities. In those
communities receiving the educational intervention, the odds of EMS use increased
steadily and significantly in the intervention communities, with a net 20% increase in
EMS use in the intervention compared with the reference communities (42).

Despite the lack of statistical significance for the primary outcome measure (patient
delay from symptom onset to hospital arrival), REACT investigators reported a num-
ber of findings from focus groups that were conducted to inform the study’s inter-
vention and from follow-up surveys of patients discharged from the emergency
department or from the hospital, after admission for an acute cardiac diagnosis. These
findings provide an updated science base for understanding the phenomenon of why
patients delay when faced with heart attack symptoms, and have implications for pub-
lic education in this area.
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Expectations about Heart Attack Symptoms
REACT focus groups found that, overwhelmingly, participants expected that heart

attack symptoms would correspond to common Hollywood movie portrayals as sharp
crushing chest pain or collapse, such as a cardiac arrest. They thought there would be
no doubt about the nature of the event that was occurring. This was in sharp contrast to
the actual experience of heart attack symptoms described by participants (53).

In addition to expecting a dramatic chest clutching presentation, knowledge of the
complex array of heart attack symptoms, even the more common ones, is lacking in the
American public. A random-digit-dialed telephone survey conducted among 1294 adult
respondents in 20 communities from the REACT research program revealed that
knowledge of chest pain as a presenting heart attack symptom was high and relatively
uniform (89.7%). However, knowledge of some of the other associated symptoms was
suboptimal. Only two-thirds (67.3%) identified arm pain as a symptom; shortness of
breath was cited by half (50.8%) of the respondents, sweating was named by one-fifth
(21.3%) of those surveyed, and other heart attack symptoms were less common. The
median number of correct symptoms reported was 3 (of 11). Significantly higher mean
numbers of correct symptoms were reported by non-Hispanic whites than by other
racial or ethnic groups, by middle-aged persons than by older and younger persons, by
persons with higher socioeconomic status than by those with lower, and by persons with
previous experience with heart attack than by those without. Thus knowledge of chest
pain (even though there is a misconception that it will be dramatic in nature) as an
important heart attack symptom is high and relatively uniform; however, knowledge of
the complex constellation of heart attack symptoms is deficient in the US population,
especially in low socioeconomic and racial or ethnic minority groups. The authors con-
cluded that at the earliest stages, delay in the recognition of symptoms as being caused
by a heart attack, may be due to inadequate knowledge of heart attack symptoms or
misattribution of the symptoms to another, noncardiac, and potentially less severe
cause. They recommended that efforts to reduce delay in seeking medical care among
persons with heart attack symptoms should address these deficiencies in knowledge
(54).

Uncertainty about Symptoms
In addition, REACT focus group patients reported feeling uncertain about what the

symptoms meant when they experienced them. Heart attack patients described a grad-
ual process of symptom development, self-evaluation and self-treatment, and reevalua-
tion and reappraisal over several hours. While they realized something was wrong, they
reported taking a “wait and see” approach to the initial symptoms, hoping they would
decline or cease. Elderly patients in particular often attributed the symptoms to other
chronic conditions (53).

Perception of Heart Attack Risk
The majority of women in the focus groups believed heart attacks were a male prob-

lem. Older women (over age 65) did not link their health conditions to increased risk of
a heart attack, especially after menopause. Men at higher risk due to the presence of one
or more risk factors, discounted their personal risk if they were receiving regular health
care for a chronic condition. Men were more likely than women to say that they were
too young to experience a heart attack, perceiving it as a phenomenon of the elderly (53).
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Lack of Knowledge of Current Treatments and Timely Care
The REACT focus groups also demonstrated that few were aware of the benefits of

early treatment, including reperfusion therapy, and of accessing EMS. Although lacking
knowledge, most participants were positive about EMS/9-1-1 with the exception of
many African-American participants in the rural South and some Hispanic participants
in Texas who perceived EMS services in their area to be inadequate (53).

Calling 9-1-1
REACT investigators reported, based on a random-digit-dial survey conducted in 20

US communities at baseline, that nearly 90% of respondents said they would use EMS
during a witnessed cardiac event. However, when they conducted a follow-up survey of
chest pain patients presenting to participating emergency department’s and either
released or admitted to the hospital with a confirmed coronary event, the average pro-
portion of patients who used EMS was 23% with significant geographic differences
(range 10–48%). Most victims were driven by someone else (60.4%) or drove them-
selves to the hospital (15.6%). These findings indicate that, in general, community
members recognize the benefit of EMS transport when acting as a bystander to a pub-
lic cardiac event, but individuals personally experiencing symptoms of an acute MI
often choose not to use EMS services. This implies there is a huge discrepancy between
what people say they will do and what they actually do in the face of a cardiac event
(55).

Embarrassment about False Alarms
People also cited that fear of feeling embarrassed if their symptoms turned out to be

a “false alarm”, or a perception that they were not sick enough, was a deterrent to call-
ing an ambulance. They also expressed a reluctance to “bother” physicians or EMS
unless “really sick.” The cost of health care or lack of insurance was not viewed as a bar-
rier to seeking care in emergency situations. Many needed “permission” from others,
such as their healthcare provider, spouse, or other family member to take rapid action
(53).

Calling a Physician
When patients call a physician for consultation about symptoms, rather than calling

EMS, delay time is significantly increased (56–60). Physicians may not be readily avail-
able at the time of the call (leading to delays while office or telephone service staff try
to reach them) or they may give advice that increases the delay to treatment (23).
REACT investigators reported that EMS use was decreased during a cardiac event if
patients took an aspirin/antacid or communicated with a doctor before going to the hos-
pital (55).

Provider Discussions with Patients
A survey of patients who presented to hospital emergency departments in REACT

communities, who were subsequently released from the emergency department,
reported minimal discussion with health professionals or family about what to do in the
event of heart attack symptoms prior to their admission. Few felt they knew what to do
in case of an MI, even though emergency department staff generally reassured them
about the appropriateness of coming in for evaluation of their symptoms (an important
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finding to convey to patients). About 25% of these released patients reported they were
told to call their personal physician if symptoms return. Less than 10% said they were
told explicitly to call EMS/9-1-1, although about half reported being told to “go to the
emergency department ” if symptoms returned.

Surveys of released patients also showed that, although many knew about chest pain
as a symptom, few were aware of the other heart attack symptoms. Only about 55–60%
were aware of thrombolytic drugs, which is about the same as the general public (61).

A REACT survey of patients admitted to a hospital with an acute cardiac diagnosis
found that few talked with healthcare providers about what to do in case of MI symptoms
and the need to act quickly, either prior to admission (less than 10%) or after discharge
(less than 3%). However while in the hospital, approximately half were talked to about MI
symptoms, and half or more were addressed about the need to get to the emergency depart-
ment quickly. Over 40% were given something to read or watch about MI. Thus, most talk-
ing about MI symptoms and the need to react quickly occurred in the hospital (61).

Heart Attack Awareness Campaign
Now that REACT is completed, the NHAAP considered the results in terms how they

can best inform the program’s public education efforts. The NHAAP has revised the
intervention materials created for the REACT research program, for national dissemi-
nation, and developed partnerships that could extend the reach of the materials. The pro-
gram, working with its Coordinating Committee, identified key audiences that should
be targeted: women, the elderly, minority groups—patients discharged from the hospi-
tal with an acute coronary event or released from the emergency department having been
ruled out—and high-risk communities (e.g., those with a high prevalence of coronary
heart disease.) The NHAAP intends to market revised REACT materials and to reach
these defined audiences through working with strategic partners to get them to use the
heart attack message and materials in their community outreach, patient education, and
professional education programs.

In addition to revising the intervention materials used in REACT, a significant fea-
ture of the NHAAP’s planning for its public education activities has been to work with
the AHA to fine-tune the symptom message about heart attack warning signs as well as
to agree on the action steps while ensuring a science-based approach. The public edu-
cation materials and Web sites of both organizations reflect this work—they use the
identical message about warning signs.

The program’s revision of the REACT materials resulted in the “Act in Time To Heart
Attack Signs” campaign which was officially launched on September 10 at a press con-
ference, tied to an editorial in the journal Circulation. The Circulation editorial
announced a joint call to action with the AHA to urge physicians to educate their patients
about heart attack warning signs and the need to call 9-1-1 immediately. In it, both Dr.
Claude Lenfant, Director, NHLBI, and Dr. David Faxon, AHA President, stress that doc-
tor–patient discussions can deliver a powerful message about heart attack warning signs
and the steps to take to minimize delay time (62)

The Act In Time campaign goal is to reduce delay in seeking emergency care for heart
attack symptoms, employing findings from REACT to inform its strategy and messages.
It targets patients, the general public (with the aforementioned targets in particular), and
physicians with the basic heart attack recognition message and the recommended action
steps.
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The Act In Time materials include a booklet, a wallet-sized reminder card, a 1-h course
with an educational video, a new Web site, and a coordinated set of materials for doctors
and other healthcare providers. These include a poster, a laminated quick reference card,
and a tear-off prescription pad for patient education. 

Based on the findings from REACT, the Act In Time campaign seeks to dispel the
misconceptions and fears reported by the REACT investigators and to urge people to
learn the warning signs and make an action plan so they can act quickly in case of a
heart attack (Fig. 12). It targets patients, the general public, and physicians.

In planning and conducting the campaign, the NHLBI is working in partnership with
other organizations. They are the key to conducting a sustained campaign that has a
broad reach and high visibility. The NHAAP’s work with AHA is also being carried out
under a broad partnership with organizations dedicated to helping achieve the objectives
of Healthy People 2010, which is the federal government’s blueprint for building a
healthier nation. Healthy People objectives include raising awareness of heart attack
symptoms, increasing the number of patients treated in the first hour of symptoms, and
improving the timeliness of defibrillation for sudden cardiac arrest.

CONCLUSIONS

In summary, delays in early identification and treatment of acute MI patients with
reperfusion therapy result in significant loss of myocardium and significant, quantifi-
able increases in mortality. While patient-mediated delays have yet to be resolved, delays
in the emergency department have been effectively addressed by a continuous quality
improvement (CQI) program that includes gathering of data on door-to-drug time, the
frequency with which all patients, as well as subgroups of patients are treated, with
reperfusion therapy, the use and kind of adjunctive drugs, and outcomes. A 30-min door-
to-drug time as recommended by the NHAAP, can be achieved safely and effectively
through a CQI program that continuously scrutinizes the process of care in relationship
to time. As recommended in the ACC/AHA guidelines, primary angioplasty for ST-seg-
ment elevation left bundle-branch block MI should be performed when dilatation can be
effected within 90 min of hospital arrival, and in hospitals with a volume of angioplasty
experience at the individual operator and institutional level that exceeds the minimal fig-
ures (39). Protocols which designate the process as well as the responsibility for imple-
mentation will facilitate early identification and treatment of patients with ST-segment
elevation acute MI. Elements of hospital process that are driven by hospital policy and
“turf ” issues without benefit to the patient significantly delay reperfusion therapy and
result in worse outcomes. A seamless patient-oriented protocol will promote a team
approach to the care of these patients, which will result in best-expected outcomes.

Transport of patients by EMS leads to earlier treatment in the emergency department,
as does identification through prehospital 12-lead ECGs that are transmitted to the hos-
pital. Ideally, the physician–cardiology community should be involved in the EMS plan-
ning process for input into key issues that impact on timely treatment, such as diversion
practices.

When talking with patients about recognizing and responding to a possible heart
attack, providers need to be aware of the common misconceptions and knowledge defi-
ciencies. They should dispel the myth of the “Hollywood” heart attack, acknowledging
that while some heart attacks are sudden and intense and involve collapse, most start
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slowly with mild pain or discomfort. Providers also need to explain that, in addition to
chest discomfort, patients may experience a feeling of being short of breath; sweating;
pain in the arms, back, neck, jaw, or stomach; a feeling of being “sick to your stomach”
or lightheaded. Providers should promote the notion of, “when in doubt, check it out”,
acknowledging that it is normal to be uncertain about what is wrong or embarrassed or
afraid about calling 9-1-1, leading to untoward delays in getting help. In addition,
providers can stress that the only way to know for sure is to be evaluated in a hospital
emergency department. It is important that they also emphasize that patients will be taken
seriously and treated respectfully if they come to the emergency department with possi-
ble heart attack signs, even “false alarms.” Providers should actively address the benefits
of artery-opening treatment and the importance of getting treatment quickly to stop a
heart attack in its tracks. Furthermore, the role of early treatment in preventing death or
severe heart muscle damage that will affect the quality of life should be directly
explained. Patients should be reminded that heart attacks are the number one cause of
death among women (as well as men) and that the risk increases greatly with age, espe-
cially after menopause. Finally, providers need to discuss individual patient’s heart attack
risk and what to do if faced with possible heart attack warning signs—including family
and friends in the discussions—and develop an action plan with patients in advance.

Early patient recognition and action by calling 9-1-1 can result in early heart attack
care by the healthcare system, the best kind short of prevention.
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INTRODUCTION

Increasingly, both economic and clinical pressures necessitate accurate diagnosis and
risk stratification of patients presenting to Emergency Departments (EDs) with sus-
pected or actual acute coronary syndromes. Of the more than 6 million patients who pres-
ent to EDs in the United States each year for evaluation of chest pain or
anginal-equivalent symptoms, only about 15% are identified as having an acute myocar-
dial infarction (MI). Conversely, the conventional evaluation, which includes a history,
physical examination, and screening electrocardiogram (ECG) and creatine kinase (CK)-
MB, may miss up to 25% of acute MIs at presentation. When unstable angina and nona-
cute coronary artery disease (CAD) presentations are accounted for, 40% of patients with
chest pain do not have an underlying coronary etiology for their symptoms. The chal-
lenge is to identify both this group and the group at higher risk as early as possible, to pro-
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mote rapid treatment of those who may benefit from specific medical or interventional
approaches and to avoid costly hospitalization and testing in those at low risk.

This chapter will discuss the evaluation and management of patients with suspected
acute coronary syndromes and the use of serum cardiac markers of myocardial necrosis
for diagnosis and risk stratification in all chest pain populations. Focus will be placed
on the use of cardiac markers in conjunction with the Chest Pain Unit concept for effi-
cient evaluation and triage of patients with chest pain.

INITIAL EVALUATION OF CHEST PAIN IN THE ED

Perhaps the greatest diagnostic and triaging challenge for the ED physician lies in the
evaluation of patients presenting with chest pain. The tools immediately available, which
are limited in their sensitivity and specificity for acute coronary ischemia, include the
initial history, the physical examination, and the 12-lead ECG.

The History and Physical Examination
In the setting of chest pain, the physician’s impression of the symptoms as definitely,

probably, probably not, or not angina, along with key historical features of prior MI, sex
of the patient, age, and number of risk factors (diabetes, smoking, hypercholesterolemia,
and hypertension), help establish the likelihood of coronary artery disease (1).

Chest pain or pressure or epigastric burning discomfort, often with radiation to the
neck, arms, shoulders, or jaw, is the most common description of ischemic pain (2–5).
Dyspnea, diaphoresis, nausea, and vomiting may accompany these symptoms or, in less
typical presentations, occur as the sole manifestation of ischemia (4,6). Less often,
ischemic pain may be described as sharp or pleuritic (4,5). Older patients and diabetics
are more likely to have atypical clinical presentations of ischemia; this warrants
increased attention to evaluation of their symptoms (7).

The physical examination is nonspecific for establishing the diagnosis of acute coro-
nary ischemia, but the presence of an S4 or S3 gallop, rales, or hypotension, or the
development of transient or worsening mitral regurgitation during symptoms, are impor-
tant in risk stratification and can support this diagnosis or one of underlying coronary
disease (1,4,8–10). If chest pain is reproduced with palpation or movement, it should
not lead to a false sense of security about the etiology of symptoms as noncardiac. In
one study by Tierney et al., 15% of patients with acute MI complained of tenderness on
chest wall palpation (4), and Lee and colleagues found that to be completely certain that
chest wall pain was not due to acute coronary ischemia, the pain must be described as
sharp or stabbing and be completely reproduced by palpation (5).

The 12-Lead ECG
The 12-lead ECG is usually the earliest available objective test for the presence or

absence of cardiac ischemia and can provide important diagnostic and prognostic infor-
mation in patients with chest pain. In the presence of ST-segment elevation on the 12-
lead ECG, the diagnosis of acute MI is confirmed in over 90% of cases by serial CK-MB
testing (11,12). Unfortunately, only about 10% of all acute MIs present with ST-segment
elevation on the initial ECG; most are confirmed only in retrospect, by serial tracings
showing the development of new Q waves or by serial CK-MB testing (11,13,14). The
initial 12-lead ECG is further limited in that it provides only a static image of what is
usually a dynamic ischemic process and that it has limited ability to evaluate for
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ischemia in the posterior basal and lateral walls. Despite the lack of diagnostic sensi-
tivity of the initial ECG for acute MI, it can support the overall clinical impression of
underlying coronary artery disease (for example, the presence of Q waves) and can pro-
vide prognostic information. Dynamic ST-segment elevation or depression and T-wave
changes predict a higher short-term risk of death or MI and can be used along with the
clinical evaluation to risk-stratify patients presenting with chest pain into high-, moder-
ate-, and low-risk categories for initial triage (1,15–19) (Tables 1 and 2).

Analysis of presenting ECGs from patients in the Global Use of Strategies To Open
Occluded Arteries in Acute Coronary Syndromes (GUSTO-IIa) trial showed that the
presenting ECG category (ST-segment elevation, ST-segment depression, T-wave inver-
sion/normal, or confounding ECG factors) was an important predictor of short-term
mortality in a logistic regression model (20). The highest-risk group included patients
with ECG confounders that obscured interpretation of the ST-segment (left bundle-
branch block, paced rhythm, or left ventricular hypertrophy), who had a 30-d mortality
of 11.6%, followed by ST-segment depression (8.0%), ST-segment elevation (7.4%),
and finally, the very-low-risk T-wave inversion/normal group, with a 30-d mortality of
only 1.2%. The relationship of the baseline ECG findings with mortality and nonfatal
cardiac events in the GUSTO-IIa population is shown in Table 3. A similar gradation

Table 1
Likelihood of Significant CAD in Patients with Symptoms Suggesting Unstable Angina

High likelihood Intermediate likelihood Low likelihood
(e.g., 0.85–0.99) (e.g., 0.15–0.84) (e.g., 0.01–0.14)

Any of the following features: Absence of high likelihood Absence of high or 
features and any of the following: intermediate likelihood

features, but may have:
• History of prior MI or • Definite angina: males • Chest pain classifies

sudden death or other � 60 or females as probably not 
known history of CAD. � 70 yr of age. angina.

• Definite angina: • Probable angina: • One risk factor other
males � 60 or males � 60 or than diabetes.
females � 70 yr of age. females � 70 years of age.

• Transient hemodynamic • Chest pain probably not • T-wave flattening or 
or ECG changes during pain. angina and 2 or 3 risk inversion � 1mm in 

factors other than diabetes.a leads with dominant 
R-waves.

• Variant angina (pain with • Extracardiac vascular disease. • Normal ECG.
reversible ST-segment 
elevation).

• ST-segment elevation or • ST-segment depression 
depression � 1 mm. 0.05–1 mm.

• Marked symmetrical • T-wave inversion � 1 mm in 
T-wave inversion leads with dominant R-waves.
� 1 mm in multiple 
precordial leads.

aCoronary artery disease risk factors include diabetes, smoking, hypertension, and elevated choles-
terol.



of risk by initial ECG characteristics occurred in studies of chest pain patients by Brush
and colleagues (21) and Villanueva et al. (8). In 12,124 acute coronary syndrome
patients enrolled in the GUSTO-IIb trial, Savonitto and colleagues showed that as for
30-d events, the baseline ECG correlated with mortality at 6 mo. In their analysis,
patients with T-wave inversion had the lowest mortality (3.4%), followed by ST-segment
elevation (6.8%), ST-segment depression (8.9%), and combination ST-segment eleva-
tion and depression (9.1%) (22).

In summary, using the conventional tools of the history, the physical examination, and
the initial ECG evaluation, the sensitivities of ED physicians for admitting acute MI and
unstable angina patients are 92–98% and 90%, respectively (23–27). Specificity is low,
however, as only about 30–40% of admitted patients ultimately are found to have an
acute coronary syndrome as the etiology for their symptoms (28,29). In the Thrombol-
ysis in Myocardial Infarction (TIMI) IIIb study of conservative vs early interventional
care in patients meeting clinical and ECG criteria for unstable angina, 18% of patients
were found to have no significant CAD at cardiac catheterization (30) (Fig. 1).
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Table 2
Short-Term Risk of Death or Nonfatal MI in Patients with Unstable Angina

High risk Intermediate risk Low risk

At least one of the following No high risk feature, but No high or intermedi-
features must be present: must have any of the following: ate risk feature, but

may have any of the
following features:

• Prolonged ongoing • Prolonged (�20 min) rest • Increased angina 
(�20 min) rest pain. angina, now resolved, with frequency, severity,

moderate or high likelihood or duration.
of CAD.

• Pulmonary edema, most likely • Rest angina (�20 min or • Angina provoked at a
related to ischemia. relieved with rest or lower threshold.

sublingual nitroglycerin).
• Angina at rest with dynamic • Nocturnal angina. • New onset angina 

ST-segment changes � 1 mm. with onset 2 wk to 
2 mo prior to 
presentation.

• Angina with new or • Angina with dynamic • Normal or
worsening MR murmur. T-wave changes. unchanged ECG.

• Angina with S3 or new 
and/or worsening rales. • New onset CCSC III or IV 

angina in the past 2 wk with 
moderate or high likelihood 
of CAD.

• Angina with hypotension. • Pathologic Q waves or resting 
ST-segment depression � 1 mm 
in multiple lead groups 
(anterior, inferior, lateral).

• Age � 65 yr.

Abbreviations: MR, mitral regurgitation; CAD, coronary artery disease; CCSC, Canadian
Cardiovascular Society Class.



Table 3
Characteristics and Outcomes by Admission Electrocardiographic Categorya

ST elevation ST depression T-Wave depression, Electrocardiographic
(n � 435) (n � 88) normal (n � 163) confoundersb (n � 69)b P

Baseline characteristics
Duration of chest pain (h) 3.0 (1.7, 4.7) 2.9 (1.5, 5.6) 2.1 (0.8, 4.5) 2.6 (1.0, 4.0) 0.093
CK-MB � 7 ng/mL 143 (32.9) 30 (34.1) 44 (27.0) 28 (40.6) 0.218
TnT � 0.1 ng/mL 138 (31.7) 43 (48.9) 49 (30.1) 39 (56.5) �0.0001

30-D outcomesc

Death 32 (7.4) 7 (8.0) 2 (1.2) 8 (11.6) 0.010
MI 366 (84.1) 50 (56.8) 83 (50.9) 46 (66.7) �0.0001
Bypass surgery 63 (14.5) 23 (26.1) 32 (19.6) 7 (10.1) 0.016
Angioplasty 142 (32.6) 20 (22.7) 53 (32.5) 21 (30.4) 0.319

Composite outcomed 393 (90.3) 67 (76.1) 114 (69.9) 51 (73.9) �0.0001

aValues are medians (25th, 75th percentiles) or frequencies (percentages).
bBundle-branch block, ventricular hypertrophy, idioventricular, or paced rhythms.
cMultiple outcomes are possible.
dThe occurrence of death, MI, or revascularization by 30 d.
Adapted from ref. 20.



Conversely, 2–10% of patients sent home from the ED after initial evaluation of their
symptoms will actually have had an unrecognized acute MI (25,31–33); up to 25% of
these are due to misinterpretation of the initial 12-lead ECG (25,32). Approximately
25% of patients sent home from the ED with an unrecognized MI may die (25,31,32).
This figure, coupled with the recognition that the leading cause of malpractice litigation
against ED physicians (about 20% of awards), is related to misdiagnosis of acute MI in
this minority of patients (34), creates understandable pressure for ED physicians to
admit a large proportion of the chest pain patients they see. This practice pattern leads
to significant drains on limited in-hospital resources, including beds and nursing staff,
and results in an estimated $600 million in hospital costs annually for patients without
a coronary etiology for their symptoms (35).

STRATEGIES TO IMPROVE DIAGNOSTIC ACCURACY 
OF INITIAL CHEST PAIN EVALUATION

To improve the diagnostic accuracy of the ED physician for acute coronary syn-
dromes, many evaluation strategies and diagnostic adjuncts to the traditional history,
physical examination, and baseline ECG have been developed. The use of diagnostic
decision aids (algorithms, predictive instruments, and neural networks) that incorpo-
rate and synthesize the information gleaned from the presenting history, physical exam-
ination, and the initial ECG will be discussed in more detail in Chapter 8. The use of
serial ECGs or continuous 12-lead ECG monitoring for ST-segment shifts, as well as
both acute echocardiographic and sestamibi nuclear imaging, offer promise in facili-
tating diagnosis and triage in the ED setting. However, they remain limited by avail-
ability of services and technical expertise in many facilities. Research addressing the
diagnostic ability and cost of such strategies will be needed before widespread use
can be promoted.
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Fig. 1. Extent of coronary artery disease in 720 patients with unstable angina or non-Q wave infarc-
tion who underwent angiography in TIMI IIIb. Data from ref. 30.



Serial ECG Analysis and Continuous ST-Segment Trend Monitoring
Because the process of ischemia is a dynamic one, the initial 12-lead ECG, which

captures only a static image of the process at one time point, may miss patients with sig-
nificant underlying ischemic disease. The use of serial ECG tracings over 3 to 4 h or
with a change in symptoms is one method for diagnosing the cause of the symptoms and
detecting early ischemia that might prompt intervention, including thrombolytic therapy,
in a patient who was initially not a candidate. However, detection of changes in serial
ECGs that warrant intervention is infrequent; in addition, an overall strategy of serial
ECGs has been shown to have a lower sensitivity and specificity than serial CK-MB test-
ing over the same interval (36).

Some ischemic changes may be silent, technical and logistic limitations may prevent
obtaining 12-lead ECGs that are truly diagnostic of the ongoing process, and serial
ECGs even at 3- to 4-h intervals may miss diagnostic changes. The use of continuous
12-lead ECG monitoring for ST-segment trends attempts to circumvent these problems.
Patients are hooked to an instrument that samples a 12-lead ECG in the usual configu-
ration every 20 s and repeatedly compares it to the previously acquired tracing for
changes in the ST-segment (elevation or depression) of �0.1 mV. At this point, an alarm
sounds and a 12-lead ECG is printed for review. If there are no alarm ECGs, serial 12-
lead ECGs are saved approx every 20 min and can be used for later review. This method
creates a dynamic record of the patient’s course; diagnostic changes are picked up that
would otherwise have been missed by static 12-lead ECG evaluation.

In retrospective studies of the use of continuous ST-segment trend monitoring in
the ED setting, the sensitivity and positive predictive value were low in overall low
prevalence chest pain ED populations (37,38). The use of the technology is limited
by patient comfort (patients cannot be ambulatory during the time of monitoring),
and baseline artifact related to patient movement can make interpretation inaccurate.
In addition, the financial expense of such a monitoring system may be prohibitive.
Although the potential for this technology is clear, the National Heart Attack Alert
Program Working Group has recommended further prospective studies of its benefit
and cost-effectiveness before widespread use in the general ED chest pain popula-
tion (39). The ongoing Prognostic Accuracy of Cardiac Troponin Studies and Holter
ST Monitoring (PACTS) trial was designed to answer these questions. This 1000
patient multicenter study will evaluate the prognostic utility and cost-effectiveness of
ST-segment trend monitoring alone and in combination with cardiac troponin I meas-
urement in 1000 patients who present with non-ST-segment elevation acute coronary
syndromes.

IMAGING IN THE ED

Acute Echocardiographic Imaging
In the setting of acute coronary ischemia, insufficient blood flow to the myocardium

results in abnormalities of wall motion and abnormalities of normal systolic wall thick-
ening. Echocardiographic imaging can detect these abnormalities but cannot distinguish
ischemia from acute infarction. However, in patients with chest pain without clear
ischemia on ECG and atypical or low risk clinical features, echocardiographic imaging
may help clarify the diagnosis. In general, the greatest value has been shown in young
male patients without prior cardiac history. Small studies in highly selected populations
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of patients without known CAD or prior infarction have shown sensitivities from
86–92% and specificities from 53–90% depending on the timing of the ECG with chest
pain symptoms and whether acute MI or acute coronary ischemia was the endpoint (39).
In a larger study of unselected chest pain patients, Sabia and colleagues reported that
94% of studies were technically adequate with a sensitivity of 93% and a specificity of
57% for acute MI (40).

When considering the use of echocardiographic imaging for diagnosis of MI in
ED chest pain patients, keep in mind that obtaining good images of all segments of
the myocardium is critical for the accuracy of this means of evaluation. In addition,
assessing wall motion abnormalities due to ischemia in patients with prior infarction
or left bundle-branch block or after bypass surgery is challenging due to baseline
abnormalities of wall motion. Specialized equipment and highly trained individuals
capable of performing and interpreting the studies are necessary on-site 24 h a day.
The use of telemedicine interpretation of ED ECGs as described by Trippi and col-
leagues (41) could obviate the need to have a cardiologist available on-site for inter-
pretation.

Although early work offers promise, it is not clear that echocardiography adds to the
diagnostic accuracy of simpler and more routine ECG and cardiac marker evaluation.
At least one small study in the ED setting has shown no advantage from the addition of
echocardiographic imaging in the evaluation of chest pain patients (42). Further studies
in this group will be needed to assess echocardiography’s effect on clinical outcomes,
as well as its cost-effectiveness.

Nuclear Imaging
The National Heart Attack Alert Program Working Group has recently published a

summary and analysis of the published literature on the use of nuclear perfusion imag-
ing in the ED for the evaluation of chest pain patients (39). In general, the reported sen-
sitivities and specificities of 99Tc sestamibi imaging for predicting acute MI in these
studies was �90% and in the 80–90 % range, respectively. Positive and negative pre-
dictive values in these studies were also high. In addition, their review of the literature
suggests that negative sestamibi imaging in the ED identifies a population at low risk
for both short- and long-term cardiac events.

Similar to the case with echocardiographic imaging, the widespread use of nuclear
imaging for evaluation of chest pain patients in the ED is limited by the need for
24-h availability of personnel trained in the use of radioisotopes and nuclear imag-
ing techniques, as well as someone to interpret the results in real time. Furthermore,
the cost-effectiveness of using nuclear imaging alone or in conjunction with other
diagnostic aids such as serial ECGs or ST-segment trend monitoring or cardiac marker
analysis has yet to be demonstrated. However, in a study that compared the use of
99Tc sestamibi imaging with troponin I (TnI) analysis for detection of acute MI or
the need for revascularization in 424 ED patients with chest pain, Kontos and col-
leagues concluded that the 2 tests provided complementary information (43). 99Tc
sestamibi imaging identified more patients for revascularization than TnI, but the sen-
sitivity for detecting MI in the low risk population was similar for both strategies.
TnI was more specific for the diagnosis of MI than the nuclear imaging strategy,
however.
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MARKERS OF MYOCARDIAL NECROSIS

The use of cardiac markers in the ED setting is now commonplace and provides addi-
tional valuable information to that from the initial ECG, history, and physical examina-
tion. For most available markers, the quantitative assay time is 20 min or less, and the
overall turnaround time is within 1 to 2 of ordering the test. The development of bed-
side qualitative assays for various markers or panels of markers promises not only to
shorten the overall time to test result, but also to place the testing and result reporting
in the hands of the caregivers, a feature that should aid in rapid decision-making in the
ED. The use of individual bedside testing assays for cardiac troponin I (cTnI) and tro-
ponin T (cTnT) has been studied in several large trials for chest-pain evaluation in the
emergency department and for acute ST-segment elevation MI (44–46). In a study of
609 chest pain patients, van Lente and colleagues directly compared bedside qualitative
cTnT testing (cut point 0.2 ng/mL) with in-laboratory quantitative testing using the same
cut point, finding comparable performance in identifying patients at increased risk for
cardiac events (44).

The likelihood of a positive cardiac marker result drawn in the ED in a patient with
true myocardial necrosis depends on the release and clearance properties of the marker,
the time since symptom onset, and the sensitivity of the marker assay. While a positive
marker result identifies a patient at higher risk who should be admitted to a closely mon-
itored setting (if not a cardiac care unit [CCU]) (47), a negative result should not be the
sole determinant of whether a patient is released from the ED. This is especially impor-
tant if other high risk features supporting the diagnosis of unstable angina or possible
acute MI have been identified. Almost 50% of patients with an ultimate diagnosis of
acute MI will be missed by a single screening CK-MB test obtained on presentation to
the ED, and the combination of the initial ECG and CK-MB will miss about 25% of
patients with acute MI (48). Research is ongoing to determine the best marker or com-
bination of markers to evaluate chest pain in the emergency setting. The markers of
myocardial necrosis that are currently available to the ED physician are discussed in the
following section; their properties are summarized in Table 4 and Fig. 2.

The Ideal Marker
An ideal marker of cardiac injury should be both cardiac-specific and have zero blood

concentration in the absence of myocardial injury. It should become elevated in the
serum soon after the onset of an episode of chest pain to allow the detection of high-risk
patients as early as possible and should remain elevated for many hours to allow detec-
tion in patients who delay in seeking evaluation. Persistent elevation of a marker for sev-
eral days could aid in diagnosis and risk stratification of patients with periodic
symptoms or those presenting to the ED well after the episode that prompted evaluation.
The ideal cardiac marker assay would be inexpensive, have rapid in-laboratory and
reporting turnaround times, or be available at the bedside, where ordering, testing, and
results feedback would be in the hands of the caregivers.

The most commonly used markers of myocardial necrosis include myoglobin, CK,
the cardiac-specific isoenzyme of CK (CK-MB), CK-MB subforms (MB1 and MB2),
and cTnI and cTnT. Although none of these individual markers meets all characteristics
of the ideal marker, a combination of the individual assays into a panel of tests could
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Table 4
Characteristics of Various Biochemical Markers of Myocardial Necrosis

Total CK-MB MB2/
Myoglobin CK (mass) MB1 cTnT cTnI

Molecular weight (kDa) 17.8 85 85 NA 33 23.5
Cardiac-specific No No �� �� ��� ���
Affected by renal function Yes No Yes No Yes Yes
Initial detection 1–3 h 4–8 h 3–4 h 3–4 h 4–6 h 4–6 h
Duration of elevation 18–24 h 12–24 h 24–36 h Unknown 10–14 d 7–10 d
Laboratory assay time, mina 8–20 10–20 8–30 25 45b 8–25
Bedside assay Yes Yes Yes No Yes Yes

Abbreviations: CK, creatine kinase; cTnT, cardiac troponin T; cTnI, cardiac troponin I; LDH, lactate
dehydrogenase; NA, not available; h, hours; d, days; ��, very specific; ���, extremely specific.

aThe times listed represent on-instrument duration only and do not take into account sample transport
or specimen handling. Specimen handling routinely includes accessioning, labeling, centrifugation, and
aliquoting, which typically requires about 15 min.

b12-Min assay currently in final phase of FDA approval process.
Adapted from Newby LK, Christenson RH, Ohman EM. Role of troponin and other markers of

myocardial necrosis in risk stratification. In: Topol EJ, ed. Acute Coronary Syndromes. Marcel Dekker,
New York, 1998, pp. 405–435.

Fig. 2. Relative marker increase over time. Adapted with permission from Newby LK, Christenson
RH, Ohman EM. Role of troponin and other markers of myocardial necrosis in risk stratification. In:
Topol EJ, ed. Acute Coronary Syndromes. Marcel Dekker, New York, 1998, pp. 405–435.



cover all needs efficiently. Because of the superiority of these markers (alone or in com-
bination), lactate dehydrogenase (LDH) has largely fallen out of use as a marker of
myocardial necrosis. The in-laboratory assay times for all of these markers are within
15–20 min, and bedside assays are available for most.

Although the use of cardiac markers (including bedside assays) in chest pain patients
has been shown to be of prognostic importance, and Downie and colleagues (49) showed
that in the CCU setting, bedside assessment of myocardial necrosis was feasible and
allowed for more rapid management decisions, the question remains whether point-of-
care testing can measurably shorten ED evaluation time. In their study of point-of-care
testing of routine chemistries in the ED, Parvin and colleagues (50) found no significant
difference in ED length of stay through physician use of bedside point-of-care testing,
even after adjusting for differences in presenting conditions. Further study of the effect
of point-of-care testing of cardiac markers on ED length of stay, rapidity of treatment
decisions, and, ultimately, outcome vs standard testing will be needed.

Myoglobin
Myoglobin is a 17.8-kDa heme protein common to all striated muscle; therefore, it is

not cardiac-specific. Owing to its small size, it may be detected in the serum within 1–3
h after the onset of ischemic symptoms. Despite a lack of specificity, myoglobin has
high diagnostic sensitivity; thus, a negative myoglobin during this time frame has excel-
lent negative predictive value (51,52). Because of rapid renal clearance, myoglobin
remains elevated above the reference range for only 12–18 h. This makes it less useful
as a diagnostic marker in later presentations of acute coronary syndromes. Because it is
eliminated renally, it may be elevated (in the absence of cardiac muscle injury) in
patients with chronic renal insufficiency; it also may be falsely elevated in patients with
skeletal muscle trauma or even after strenuous exercise. These factors limit the use of
myoglobin alone as a diagnostic marker for patients with suspected acute MI.

Creatine Kinase
CK is an 85-kDa enzyme found in all striated muscle cells, where it catalyzes the

phosphorylation of creatine to creatine phosphate. There are three isoenzymes of CK,
each composed of two subunits (M and B): CK-MM, the predominant form in striated
muscle (cardiac and skeletal); CK-MB, most common in the heart; and CK-BB, most
common in the brain but also found in the gut and kidney. Sensitivity for acute MI is
greater than 90% by 6 h, and total CK may be detectable in the serum as early as 4 h
after the onset of symptoms. Because assays for total CK detect all three isoenzymes,
however, total CK is not cardiac-specific.

The reference range for total CK assays depends on the patient’s age, sex, and race,
and levels of total CK may be falsely elevated in many pathological and other conditions
(13,53). Therefore, it is a relatively nonspecific marker that alone has limited utility for
the diagnosis of myocardial injury.

Creatine Kinase-MB
Although CK-MM is the predominant isoenzyme of CK in both cardiac and skeletal

muscle, CK-MB is relatively cardiac-specific, with only small amounts (up to 5%)
detected by immunoassay in skeletal muscle. However, CK-MB may be produced in
increased amounts in skeletal muscle after trauma or in inflammatory conditions.
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Because the CK-MB isoform is found predominantly in cardiac muscle, it is more spe-
cific for the diagnosis of myocardial injury and, therefore, provides a distinct advantage
over total CK. It becomes elevated within 3 to 4 h after the onset of ischemic myocar-
dial injury and returns to baseline within 24–36 h. Therefore, although it provides a
nearly ideal timing profile for a marker of major myocardial necrosis, it remains limited
in its ability to detect small amounts of myocardial damage (infarctlets) that may be
prognostically important but obscured by background release from normal turnover of
skeletal muscle cells.

CK-MB Subforms
In the bloodstream, CK-MB exists predominantly in equilibrium between two forms,

the tissue form (MB2) and the circulating seroconverted form (MB1). As cardiac mus-
cle cells die, the MB2 subform is released and converted to MB1in the serum by car-
boxypeptidase cleavage of the N-terminal lysine on the M subunit. During an acute MI,
large amounts of MB2 are released, increasing the ratio of MB2 to MB1 as well as the
absolute amount of circulating MB2. Puleo and colleagues have shown that an absolute
level of MB2 � 1 U/L and an MB2/MB1 ratio of �1.5 are very sensitive markers of
myocardial necrosis (33). Using the CK-MB subform assay, myocardial necrosis can be
detected as early as 3 h after the onset of ischemic symptoms. The use of the MB sub-
form assay has the same limitations in specificity as does CK-MB, but it has excellent
sensitivity and negative predictive value in patients presenting with chest pain.

The Troponins
The troponins (T, I, and C) are a group of three distinct proteins that are part of the

contractile apparatus of all striated muscle. TnT (33 kDa) provides the structural com-
ponent that links the troponin complex with tropomyosin to the actin filament. TnI (23.5
kDa) is the regulatory subunit involved in the contraction–relaxation process and TnC
(18 kDa) is a calcium-binding subunit. TnI and TnT each exist in three isoforms—skele-
tal (slow- and fast-twitch) and cardiac—that are readily identified as distinct amino acid
sequences recognized by immunoassay techniques. This provides the basis for the car-
diac specificity of TnI and TnT assays for the diagnosis of myocardial injury. As yet, no
tissue-specific isoforms of TnC have been identified.

cTnI is not expressed in skeletal muscle, even during fetal development. However,
there is coexpression of the cardiac and skeletal muscle isoforms of TnT in fetal mus-
cle of both types (54). In normal adults, TnT isoforms are not coexpressed, but in
stressed human hearts, there may be re-expression of the skeletal isoform (55). Re-
expression of the cardiac isoform has occurred in animal models of skeletal muscle
injury (56) and has been detected on biopsy of regenerating skeletal muscle in humans
(57). It is unknown if these findings represent a clinical or diagnostic disadvantage for
cTn.

Unlike myoglobin, total CK, and CK-MB, which exist solely in the soluble state in
the cytosol of muscle cells, only about 6% of cTnT and 2 to 3% of cTnI exists in solu-
ble form in the cytosol of the cardiac muscle cell. The remainder is structurally bound
in the contractile apparatus. Because of early release of the cytosolic pool, cTnI and
cTnT are detectable about 3 to 4 h after the onset of myocardial injury. Somewhat ear-
lier release of cTnT compared with cTnI after myocardial necrosis has been documented
(58–60). No studies have directly compared the timing of the rise of cTnT vs cTnI in
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myocardial injury, but it has been shown that cTnT rises earlier than CK-MB mass in
these patients (61). Conversely, studies with one assay show that cTnI rises later than,
or at the earliest concurrently with, CK-MB mass in myocardial injury patients (54,59).
As suggested by Christenson and colleagues in their comparison of cTnI vs cTnT in
acute coronary syndrome patients, these differences may have important implications
for use of the Tns for diagnosis in the ED chest pain population and for determining
prognosis in acute coronary syndrome patients (62).

After myocardial necrosis, cTnI remains elevated for 7–10 d and cTnT for up to 14
d, likely reflecting sustained release of the structurally bound components. Because of
the sustained elevation of the Tns, detection of recurrent events is more difficult. How-
ever, the troponin assays do offer the advantage that remote events may be detected in
patients who present several hours to days after symptoms occur.

Like CK-MB, and to a variable extent (greater with cTnT than with cTnI), these
markers may be “falsely” elevated in patients with end-stage renal disease, particularly
those on hemodialysis (63–74). This elevation may be related to the risk of CAD (75,76),
but extensive outcomes correlation is not available. Pending further study, the interpre-
tation of the results of Tn testing in chest pain patients with end-stage renal disease must
be done with caution.

CARDIAC MARKERS IN PATIENTS WITH 
HIGH-RISK FEATURES ON INITIAL EVALUATION

ST-Segment Elevation Acute MI
Although the diagnosis of acute MI is later confirmed by serial CK-MB testing in

over 90% of patients presenting to the ED with chest pain and ST-segment elevation on
the initial ECG (11,12), cardiac marker testing can provide useful information about the
size of the myocardial infarction as well as short- and long-term risk stratification.

In both the prethrombolytic and thrombolytic eras, studies have shown a correlation
between infarct size and residual left ventricular function and serum CK or CK-MB con-
centrations (77–80). These findings have also been linked to differences in both death
and nonfatal outcomes, as shown by Christenson and colleagues in an analysis of 145
patients who received accelerated alteplase (81). They showed that the area under the
CK-MB release curve was inversely correlated with both ejection fraction (r � 0.21, p
� 0.04) and infarct-zone left ventricular function (r � 0.21, p � 0.04). In addition, there
was a trend (r � 0.12, p � 0.16) toward higher rates of congestive heart failure and death
in patients with larger CK-MB areas.

Plasma a-hydroxybutyrate dehydrogenase is not a standard marker of myocardial
necrosis, but in a substudy of the Global Utilization of Streptokinase and TPA (alteplase)
for Occluded Coronary Arteries (GUSTO-I) trial, Baardman and colleagues showed that
infarct size so measured correlated with infarct-artery TIMI flow grade at 90-min
angiography. They also showed that smaller infarcts were correlated with accelerated
alteplase or combined alteplase streptokinase treatment (82). These findings provide
mechanistic support for the correlation between TIMI grade 3 flow at 90-min angiogra-
phy and improved survival seen in the GUSTO-I angiographic substudy (83) and the
higher overall survival of alteplase-treated patients in the GUSTO-I trial (84).

The use of cTnT for risk stratification in patients presenting with ST-segment eleva-
tion acute MI has been studied by several groups. In the GUSTO-IIa TnT substudy, a
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single cTnT measure at baseline provided significant information for predicting short-
term mortality, even when the baseline ECG showed ST-segment elevation (20). In this
group, patients who were cTnT-positive (�1 ng/mL) at baseline had a 30-d mortality of
13%, compared with 4.7% in those who were cTnT-negative on presentation. Similarly,
in a 3-yr follow-up study of patients with acute ST-segment elevation MI, Stubbs and
colleagues showed that patients who were cTnT-positive (�0.2 ng/mL) had a signifi-
cantly higher mortality rate (32%) than patients who were cTnT-negative (13%) (85).

Most recently, in a substudy of the Global Use of Strategies To Open Occluded Coro-
nary Arteries (GUSTO-III) trial, Ohman and colleagues evaluated the use of a qualita-
tive bedside rapid assay for cTnT at presentation for risk stratification of patients with
ST-segment elevation MI (46). Overall, 8.9% of patients were cTnT-positive at baseline.
In general, patients who were positive at baseline had longer symptom duration, were
slightly older, were more likely to have diabetes, prior angina, and Killip class �II, and
more often had anterior MI. Both in-hospital and 30-d mortality (14.4 and 15.6%,
respectively) were higher in the cTnT-positive patients than in the cTnT-negative patients
(5.5 and 6.3%, respectively). In addition, the rates of nonfatal in-hospital events, includ-
ing congestive heart failure and cardiogenic shock, were higher in TnT-positive patients.
When the results of the baseline cTnT test were added to an established mortality model
developed by Lee and colleagues (86), the TnT result contributed significantly (v2 � 22,
p � 0.001) though slightly less than the clinical predictors of Killip class, heart rate,
age, and infarct location (87).

These results suggest that cTnT can be used to identify at presentation a subgroup of
patients with ST-segment elevation acute MI who are at higher risk for both in-hospital
complications as well as short- and long-term mortality. The challenge will be to iden-
tify medical or interventional treatments that can be applied early in this subgroup of
patients to mitigate their risk.

Myoglobin has also been studied for a possible role in risk stratification, particularly
to attempt to identify patients at low-risk of mortality after thrombolysis for ST-segment
elevation MI. Srinivas and colleagues have shown that myoglobin levels �239 ng/mL
at 12 h can separate such patients into groups at low risk for 30-d mortality (1.4%) com-
pared with 9.1% 30-d mortality in those with higher levels (88). In a multivariable
model, including age, sex, infarct artery location, and 90-min TIMI flow grade of CK-
MB, TnI, and myoglobin measured at various time points, only the 12-h myoglobin
added significantly in identifying low-risk patients. Similar to the use of markers to
identify high-risk patients, identification of low-risk groups after ST-segment elevation
MI could aid clinical management and discharge decisions. Prospective validation of the
utility of such measures remains to be undertaken, however.

Non-ST-Segment Elevation Acute Coronary Syndromes
The history, physical examination, and baseline ECG all can be used to risk-stratify

patients with non-ST-segment elevation acute coronary syndromes. Woodlief and col-
leagues developed a regression model in 1384 patients in the GUSTO-IIa trial that iden-
tified age, Killip class, systolic blood pressure, and previous hypertension as significant
predictors of 30-d mortality (89). In 393 patients with unstable angina, Calvin and col-
leagues found previous infarction, lack of b-blocker or calcium-channel blocker ther-
apy, ST-segment depression on the presenting ECG, and diabetes to be predictors of
death or acute MI (90).
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As described previously, in the absence of ST-segment elevation on the initial ECG,
the diagnosis of acute MI vs unstable angina is largely made, in retrospect, on the basis
of serial CK-MB testing. However, because even small infarcts as measured by CK-MB
sampling confer worse outcomes, and the best outcomes in these patients are likely to
be obtained when specific treatments are started early, it is clearly important to identify
these groups as soon as possible. The use of the sensitive specific cardiac markers dis-
cussed previously may aid in diagnosis, risk stratification, and management of this
diverse group of patients as well. Specifically, TnT and TnI have now been studied
extensively as indicators of prognosis in patients with non-ST-segment elevation acute
coronary syndromes.

In an enzyme substudy of the Fragmin during Instability in Coronary Artery Disease
(FRISC) trial, cTnT was measured at baseline in 976 patients who presented within 12
h of symptom onset (91). At 5 mo there was a correlation between the combined rate of
death or MI and the level of TnT measured in the serum at baseline; cTnT � 0.06
ng/mL, 4.3%; 0.06–0.18 ng/mL, 10.5%; �18 ng/mL, 16.1%. The cTnT level, age,
hypertension, number of antianginal drugs, and ECG changes were identified in multi-
variable analysis as the most important independent predictors of risk in this population
of unstable angina patients.

The GUSTO-IIa TnT substudy evaluated the use of a single baseline measure of cTnT
compared with the baseline ECG and CK-MB as a risk marker in 855 patients across
the spectrum of acute coronary syndromes (20). Of the 755 patients who had all three
studies at baseline, 36% were cTnT-positive and 32% had elevated CK-MB. As in the
FRISC analysis, the probability of short-term mortality correlated with the serum con-
centration of cTnT at baseline; when the result of the cTnT test was considered as a
dichotomous variable, 30-d mortality was 11.8% in the cTnT-positive patients compared
with 3.9% in cTnT-negative patients. This relationship of TnT status to outcome held
across all ECG categories (ST-segment elevation, ST-segment depression, T-wave inver-
sion/normal, and confounding factors), and the incidence of in-hospital complications
was also higher in the cTnT-positive patients. When the result of the baseline ECG,
cTnT, and CK-MB were evaluated in an unadjusted mortality model, baseline cTnT had
the largest v2 value, followed by the ECG and the CK-MB. However, when the mortal-
ity model was adjusted for the presence of the other two variables (which were forced
in first), the ECG was the strongest predictor of 30-d mortality (v2 � 11.5, p � 0.009),
followed by the baseline cTnT result (v2 � 9.2, p � 0.027). In the adjusted model, the
baseline CK-MB added no significant information after the ECG and cTnT results were
considered.

TnI also has been evaluated as a risk marker in acute coronary syndrome patients. In
a retrospective analysis of serum from 1404 acute coronary syndrome patients enrolled
in the TIMI-3 trial, cTnI was positive in 41% of patients (92). The risk of mortality
increased with increasing levels of cTnI; when troponin I status (positive � 0.04 ng/mL)
was analyzed as a dichotomous variable, mortality was significantly higher in positive
than in negative patients (3.7 vs 1.0%). In a multivariable mortality model, ST-segment
depression (p � 0.001), age �65 yr (p � 0.026), and the baseline cTnI status (p � 0.03)
were independent predictors of mortality.

Newby and colleagues have shown that obtaining serial measures of TnT adds sig-
nificantly to the result of the baseline measure in determining the risk of both in-hospi-
tal and 30-d events in the same GUSTO-IIa TnT substudy population (93). Further, the
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results of both baseline and serial cTnT testing remained predictive of events in the
GUSTO-IIa TnT substudy cohort at 1 yr (mortality 14.2% in baseline cTnT-positive
patients vs 5.8% in negative patients; 9.6 vs 5.6% for any positive). Similarly, Stubbs
and colleagues showed a significant relationship between baseline cTnT measures and
death, combined death/MI, and revascularization at a median follow-up of 3 yr (94).
However, when the event rates between 30 d and 1 yr were evaluated, there was no sig-
nificant difference in mortality over this period for either the baseline or any positive
result on serial testing. Based on these results, the increased risk identified by cTnT test-
ing in acute coronary syndrome patients appears to be for events that occur early, sug-
gesting that the next step is to identify treatment strategies that can favorably alter this
risk when applied early.

Analyses of Tn testing in populations of unstable angina patients enrolled in several
large clinical trials suggest that Tn measurement shortly after presentation may be use-
ful to define subgroups of patients who would benefit most from early medical or per-
cutaneous intervention strategies. Such use of Tn testing may improve clinical outcome
as well as facilitate cost-effective use of expensive medical and interventional therapies.

The FRISC study of a low molecular weight heparin treatment strategy suggested that
Tn-positive subgroups achieved greater benefit from treatment than Tn-negative
patients. In the FRISC study, cTnT-positive (�0.1 ng/mL) patients had greater reduc-
tion in the 40-d incidence of death or MI (14.2 vs 7.4%) with long-term administration
of dalteparin than did those who were cTnT-negative (�0.1 ng/mL) where there was no
difference with or without treatment (95). A similar analysis in 1265 unstable angina
patients receiving percutaneous intervention who were randomized to treatment with
abciximab or placebo in the Chimeric c7E3 Antiplatelet Therapy in Unstable Angina
Refractory to Standard Treatment (CAPTURE) trial suggested that cTnT analysis might
be used to identify a subgroup of patients who would realize the most benefit from
abciximab treatment (96). This evaluation showed a 60% reduction in death or nonfatal
MI at 6 mo among cTnT-positive patients treated with abciximab. However, among
patients who were cTnT-negative, there was no benefit of abciximab treatment relative
to placebo.

Similar results have been reported by both the Platelet Receptor Inhibition in Ischemic
Syndrome Management (PRISM) and the PARAGON-B TnT Substudy investigators
with 2 small-molecule glycoprotein IIb/IIIa inhibitors, tirofiban and lamifiban, respec-
tively (97,98). In PRISM, 2222 patients were randomized to treatment with tirofiban plus
aspirin vs heparin plus aspirin had Tn levels determined at a mean of 8.4 h after symp-
tom onset. Among patients who were cTnI-positive, the rate of death or MI was 4.3%
among tirofiban-treated patients compared with 13.0% among those receiving standard
therapy with heparin and aspirin. Among cTnI-negative patients, there was no difference
in the occurrence of death or MI by treatment group. Results were similar for TnT, and
importantly, this differential treatment effect was observed for both medically treated
patients and those treated with percutaneous coronary revascularization. In the
PARAGON B TnT substudy, the 30-d rate of death or non-fatal MI was 19.0% in cTnT-
positive patients who received placebo compared with 11.0% in those who received lam-
ifiban. The corresponding results among cTnT-negative patients were 10.3% for placebo
and 9.6% for lamifiban, suggesting that the majority of the overall reduction of events in
lamifiban-treated patients (9.9%) vs placebo (9.9%) occurred among cTnT-positive
patients. A systematic overview of these results is displayed in Fig. 3.
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Comparisons of TnT with TnI as risk markers have been attempted. However, the lack
of standardized assays and use of different cut-off values for the same assay in different
studies make the results difficult to interpret. Luscher and colleagues compared cTnT
with cTnI by the Sanofi assay in 491 patients with unstable angina and found them to
identify similar groups of patients at high risk for 30-d death or MI (99).

Using the Dade Stratus II cTnI assay at a cut point of 1.5 ng/mL in comparison to
cTnT in the GUSTO-IIa TnT substudy cohort, both markers when measured at baseline
predicted 30-d mortality, but cTnT provided the most prognostic information. In a mor-
tality model with the ECG and the other marker forced in first, only cTnT still provided
additional prognostic information (62). Further, the area under the receiver operator
characteristics (ROC) curve, which is independent of the cut point used for an assay, was
larger for cTnT compared to cTnI (0.68 vs 0.64).

Serial bedside tests for cTnT and cTnI at baseline and 4 h were evaluated by Hamm
and colleagues with similar performance (sensitivity and negative predictive value) by
both markers. In a logistic regression model, both markers were strong predictors of 30-
d death or MI and remained so even after ST-segment depression on the initial ECG was
forced into the model first (45). The individual chi-square for cTnI in this model was
larger, however.

The results of these studies suggest that the prognostic information demonstrated in
individual studies of cTnT or cTnI should not be generalized to other assays or testing
conditions. Differences in analytical characteristics and measurement precision for the
different cTnI assays may translate into important differences in their ability to risk-
stratify the acute coronary syndrome patient. Differences in the characteristics of the
marker proteins themselves, including the timing and magnitude of release after both
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Fig. 3. Systematic overview of treatment effect by Tn status. Shown are odds ratios with 95% confi-
dence intervals for death or MI among Tn-negative and Tn-positive patients and for interaction of Tn
status with treatment effect for PRISM, CAPTURE, PARAGON-B, and combined trials. Values to left
of 1.0 indicate a benefit of GP IIb/IIIa inhibition. Reprinted with permission from ref. 98.



myocardial necrosis and injury, may also translate into the differences in prognostic
ability seen in individual studies performed under different testing circumstances and
in different patient populations. In an effort to update and standardize the diagnosis of
MI and the use of cardiac marker assays, the European Society of Cardiology/Ameri-
can College of Cardiology Joint Committee for the Tn testing, but also on assay preci-
sion and standardization (100). They have recommended that each assay should be
defined as positive at values above the 99th percentile of normal controls and also that
acceptable imprecision should be reflected by a coefficient of variation �10%. Further
study with standardized assays under well-defined clinical circumstances will be
needed to characterize whether there are any important differences between these mark-
ers in diagnosis and risk stratification.

THE ROLE OF CHEST PAIN UNITS IN THE EVALUATION OF
PATIENTS WITH CHEST PAIN

Because symptoms, the physical examination, and the initial ECG and cardiac marker
evaluations are often inconclusive, Chest Pain Units have been devised as one strategy
to optimize diagnosis and management in low- to moderate-risk chest pain patients
while maintaining reasonable costs of care and avoiding the inherent medicolegal prob-
lems of patients who are sent home with undetected MIs.

In general, Chest Pain Units use protocol-driven strategies for observation and “rule-
out” of MI in low- to moderate-risk patients—those without clear ischemic changes on the
initial ECG, with negative initial cardiac marker assessment, and without high-risk clini-
cal features. These centers provide for more rapid and earlier detection of and therapeutic
intervention for acute MI missed by initial evaluation, or the development of an unstable
clinical course, than routine admission might allow. Most provide for continuous obser-
vation either in or adjacent to the ED with serial sampling of cardiac markers (usually CK-
MB, MB subforms, or Tns) every 3–4 h and serial ECG or continuous ST-segment
monitoring over a period of 9–12 h. Cardiac evaluation and later risk stratification with
exercise stress testing are often included before release in patients who have ruled-out.

In one of the earliest studies of rule-out strategies, Lee and colleagues showed that in
the absence of recurrent chest pain and with negative CK-MB enzymes, a 12-h period
was sufficient to exclude the diagnosis of acute MI in 99.5% of low-risk patients (101).
Similarly, Gibler and colleagues showed that serial sampling of CK-MB over a period
of 9 h was sufficient to eliminate the diagnosis of MI in nearly 100% of patients (28,29).
In study of a 12-h short-stay observation strategy, Gaspoz et al. showed that if serial CK-
MBs were negative in a patient with no recurrent chest pain or ECG changes, the risk
of later MI or death was less than 1% (102). In a randomized trial of 9 h of rule-out
observation in the Chest Pain Unit vs conventional care, Gomez and colleagues showed
no significant difference in outcome between the management strategies (103).

At many sites, the use of Chest Pain Centers or Chest Pain Units has eased the pres-
sure on the ED physician to commit high-cost cardiac care unit resources or release the
patient. Several groups have shown the safety of this approach, as well as significant
reductions in costs and charges with such short-stay observation strategies (Table 5). In
their randomized study, Gomez and colleagues showed a 40% reduction in charges for
Chest Pain Unit observation vs conventional care (103). Gaspoz and colleagues showed
reductions in hospital costs of care of $7274 and $2785 for the comparison of a proto-
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col-driven short-stay strategy vs a CCU- or floor-based strategy, respectively (104). In
our own experience at Duke University Medical Center, the use of a Chest Pain Unit
compared with conventional admission and rule-out has resulted in a 2.3-d shorter
length of stay and a 47% reduction in hospital costs (105). In their chest pain rule-out
program, Mikhail and colleagues found hospital costs fell from an average of $2364
before institution of the program to $894 using their protocol (106). They also demon-
strated the cost-effectiveness of routine stress testing in patients who had ruled-out for
MI. The cost of identifying one patient with CAD after a negative rule-out was $3125;
for identifying one patient with disease that warranted bypass surgery or angioplasty,
the cost was $10,714. The projected cost/yr of life saved was �$2000.

Cardiac Markers in the Chest Pain Unit
Newer markers, such as the cTns and CK-MB subforms, could further enhance the

process of care in the low to moderate risk undifferentiated chest pain population. With
markers that are more sensitive, cardiac-specific, and (in some cases) detected earlier
than CK-MB, the standard observation time for definitive rule-out of MI could be
reduced from 9–12 h to 6–8 h.

The duration of symptoms before presentation varies widely from patient to patient.
In the ED or Chest Pain Unit, then, for the earliest and most sensitive and specific diag-
nosis of myocardial necrosis, the use of a panel of markers that includes myoglobin or
MB subforms as a very early marker, CK-MB mass (4–6 h), and TnT or TnI (4–8�
hours) could be ideal (Fig. 4). The Diagnostic Marker Cooperative Study prospectively
compared the sensitivity and specificity of myoglobin, CK-MB subforms, CK-MB
mass, and cTnI and cTnT at various times from symptom onset across the spectrum of
patients presenting to EDs with chest pain. Of 995 patients, 12.5% had MI by CK-MB
mass assay. Overall, the sensitivity for detecting MI was highest for the CK-MB sub-
form assay either alone or in combination with a Tn. At 6 h, sensitivity was highest
(91%) for CK-MB subforms followed by myoglobin (78%) (107).

In a study of 190 ED patients with chest pain, Levitt and colleagues evaluated the use
of CK-MB alone, myoglobin alone, or a combination of myoglobin and CK-MB at base-
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Table 5
Length of Stay and Financial Implications of Chest Pain Unit Rule-Out Protocols

Protocols Reduction in Cost reduction 
(reference) length of stay (d) ($)a

Gaspoz (101)
CCU 4.0 7274 (76%)
Step-down 2.0 2104 (52%)
Wards 3.0 2785 (63%)
Gomez (100) 0.5 981 (47%)
Mikhail (103) ND 1470 (62%)
DUMC Chest Pain Program (102) 2.3 1765 (47%)

DUMC, Duke University Medical Center; ND, no data recorded.
aFor hospital stay except Gaspoz, which reflects total costs through 6 mo.
Adapted from Newby LK, Califf RM. Identifying patient risk: the basis for rational discharge plan-

ning after acute myocardial infarction. J Thromb Thrombol 1996;3:107–115.



line and 3 h for diagnosis of acute MI in the ED (42). Considering a positive result if
the marker was positive at either time point, myoglobin was more sensitive than CK-MB
but less specific, and the combination of the results of both markers was most sensitive
and specific. The sensitivity, specificity,and positive and negative predictive values of
the individual markers and the combination of markers are shown in Table 6. In a sim-
ilar study of 101 ED patients with chest pain, Kontos et al. showed that when patients
with diagnostic ECGs were excluded, the sensitivity and specificity of a combination of
myoglobin and CK-MB mass results at baseline were 80 and 84%, respectively, for the
diagnosis of acute MI, and were superior to those for either marker alone (108). The
combination of the markers’ results on serial sampling at 0 and 4 h had both sensitivity
and specificity of 100%, suggesting that a combination of markers could identify or
exclude the diagnosis of acute MI as early as 4 h after ED presentation.

The Biochemical Markers of Acute Coronary Syndromes (BIOMACS) Study Group
evaluated the use of serial testing of CK-MB, myoglobin, and cTnT alone or in combi-
nation, and at different discriminatory levels to confirm or exclude the diagnosis of
acute MI within 6 h of presentation in 142 patients with chest pain and nondiagnostic
ECGs (52). They concluded that no markers alone or in combination could safely

202 Newby et al.

Fig. 4. Overlapping time frames of markers.

Table 6
Predictive capabilities of serum enzymes in the ED

Serum Positive Negative
marker predictive predictive
value Sensitivity Specificity value value

Myoglobin 90.59 (69.6–98.8) 88.4 (83.6–93.2) 48.59 (27.9–61.9) 98.79 (95.4–99.8)
CK-MB 81.0 (58.1–94.5) 99.4 (96.8–100) 94.4 (72.7–99.9) 97.7 (94.2–99.4)
Combination 100 (83.2–100.0) 91.2 (85.9–95.0) 58.3 (39.3–73.7) 100 (97.6–100.0)

Presented as % (95% confidence intervals).
A positive serum myoglobin test is defined as a level 88.7 ng/mL or higher, and a positive serum CK-

MB as 11.9 ng/mL or higher, at either the time of ED presentation or 3 h later. The combination test is
defined as positive if either of the above two tests is positive. Adapted from ref. 42.



exclude the diagnosis of acute MI with certainty on admission, but that by monitoring
a combination of myoglobin with CK-MB or cTnT, MI could be excluded in up to 72%
by 6 h with a low rate of patients falsely excluded (Fig. 5). For the diagnosis of MI, no
single marker regardless of the discriminatory level used combined high sensitivity and
specificity, but the combination of myoglobin and CK-MB or myoglobin and cTnT on
serial testing had sensitivities of 92 and 82%, respectively, at 2 h, and 98% for both com-
binations at 6 h. Specificities of the combinations were 98 and 94%, respectively, at 2
h, and 93 and 82%, respectively, at 6 h.

Small studies have investigated the potential of some of the newer cardiac markers in
diagnosis and risk stratification in the low to moderate risk Chest Pain Unit population.
Puleo and colleagues showed that the use of CK-MB subforms in the evaluation of chest
pain patients had excellent negative predictive value to rule-out MI (33). Trahey and col-
leagues reported that serial sampling of CK-MB subforms over a 6-h period followed
by diagnostic exercise testing was sufficient to rule-out the diagnosis of MI in their
Chest Pain Unit patients and to stratify patients with a negative stress test into a low-
risk group with only a 1.3% risk of later MI or recurrent ischemia (109).

TnT testing also shows promise for risk stratification in the low to moderate risk Chest
Pain Unit population. In a meta-analysis of published reports of cTnT testing in chest pain
patients without documented MI, Wu and colleagues calculated an odds ratio for predic-
tion of the need for coronary revascularization of 4.4 (95% confidence interval 3.0–6.5)
in cTnT-positive patients (110). A similar meta-analysis revealed an odds ratio for death
or infarction of 4.3 (95% confidence interval 2.8–6.8) in cTnT-positive patients (Fig. 6).
In an analysis of 439 consecutive patients assigned to observation in the Duke University
Chest Pain Unit, 10% of patients were cTnT-positive on serial testing over 8 h (63). A pos-
itive cTnT result identified a group at higher risk for significant (�75% stenosis) under-
lying CAD (89%) and multivessel disease (67%) than those found in the cTnT-negative
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Fig. 5. Percentage of correctly and falsely excluded acute MI in all patients (59 with and 83 without
infarction) 3 and 6 h after admission. Reproduced with permission from ref. 52.
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group (49 and 29%, respectively). Furthermore, serial testing of TnT over an 8-h period
(compared to CK-MB analysis over 12 h) detected the only patients who were CK-MB-
positive. No patient who was cTnT-negative at 8 h later had positive CK-MB. In short-
term follow-up (mean 21 d), there were no deaths in either group, but at 2 yr mortality was
27% in the cTnT-positive group compared with 7% in the cTnT-negative patients.

Hamm and colleagues recently reported the use of serial bedside testing for cTnT and
cTnI at baseline and at 4 h after presentation in the ED with acute chest pain (45). In
their outcome study of 773 consecutive patients presenting within 12 h of onset of symp-
toms and without ST-segment elevation on initial ECG, the use of qualitative mono-
clonal antibody-based bedside assays for cTnT and cTnI identified by 4 h after
presentation 94 and 100%, respectively, of patients later determined to have MI by fol-
low-up CK and CK-MB testing. Among unstable angina patients, 22% were positive by
TnT and 36% by TnI bedside testing. Importantly, the 30-d risks of death or nonfatal MI
in patients negative for TnT or TnI were only 1.1 and 0.3%, respectively. These results
may be further enhanced by development of a cTnT device having a lower cutoff (0.08
vs 0.2 ng/mL) and greater cardiac specificity.

In a recent study of 1005 patients from six chest pain units in U.S. hospitals, the Chest
Pain Evaluation by Creatine Kinase-MB, Myoglobin, and Troponin I (CHECKMATE)
Investigators demonstrated the utility of multimarker strategies (MMS) of cardiac
marker testing at the point-of-care compared with single marker testing in the local lab-

Fig. 6. Cumulative odds ratios for use of cTnT in patients without infarction for an outcome of infarc-
tion or cardiac death (top) or for an outcome of coronary artery revascularization (bottom). Squares
indicate the actual values; lines indicate the 95% confidence intervals. Reproduced with permission
from ref. 107.
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oratory (111). In that study, MMS-1, which combined myoglobin, an early marker, with
cTnI and CK-MB, later but specific markers, identified more positive patients at base-
line (18.9%) or on serial testing (23.9%) than either a two-marker strategy (MMS-2),
with CK-MB and cTnI (14.3 and 18.8%, respectively), or the single marker local labo-
ratory strategy of CK-MB testing (5.2 and 8.8%, respectively), p � 0.001 for all com-
parisons. As shown in Fig. 7, among chest pain unit patients, no single marker, even with
serial testing, was able to detect all patients at risk for subsequent cardiac events. Only
40% of patients were positive by more than one marker, and 21% of patients were pos-
itive only by myoglobin. The median time to detection of positive patients by MMS-1
was also shorter (2.5 h) compared with single marker local laboratory testing (3.4 h, p
� 0.0001). Importantly, MMS-1 was also the best strategy for discriminating patients at
risk for mortality and death or MI at 30 d.

As these studies suggest, the use of very specific cardiac markers or panels of markers
and new testing strategies can identify early a subset of patients (of those who present
without high risk features) who might benefit from earlier intervention. The challenge for
future research in this area will be to identify which medical or interventional strategies
can modify the future risk these patients face. Further, because these markers also iden-
tify a low risk population earlier than conventional testing might allow, the potential
exists for further reductions in length of stay and expensive diagnostic testing, thus
amplifying the cost savings possible through the use of Chest Pain Units.

CONCLUSION

For evaluation of the thousands of patients with acute nontraumatic chest pain who
present to ED each year, serum markers of myocardial injury (alone or in combination)
will continue to play an increasingly important role, not only in diagnosis and triage
decisions, but also in identifying patients who are at increased risk for adverse outcomes
in both the short and long term. In both regards, their utility extends across the spectrum

Fig. 7. Overlap of myoglobin, CK-MB, and TnI positivity during sampling. Reprinted with permis-
sion from ref. 111.



of low, moderate, and high risk patients as defined by the initial clinical assessment. As
an adjunct to the basic history, physical examination, and baseline ECG, the use of car-
diac markers, particularly the Tns, can provide crucial information for initial and later
risk stratification. The use of serial measurements of cardiac markers not only increases
their sensitivity and negative predictive value for acute infarction, but also, in the case
of the Tns, adds to prognostic ability. With the identification of patients who are nega-
tive on serial testing, particularly those with low risk features, length of hospital stay for
evaluation can be reduced and in-hospital resources can be better allocated, with sub-
stantially decreased costs. However, perhaps the most important feature of the cardiac
markers in risk assessment of chest pain patients is that in patients with positive marker
studies, the majority of the risk for adverse events is incurred early. Thus, the challenge
for the future investigations will be to define the management and treatment strategies
(medical and interventional) that, when applied early in marker-positive patients, will
reduce their likelihood of adverse events.
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INTRODUCTION

As the most common cause of death in this country, acute myocardial infarction
(AMI) has deservedly been the subject of substantial efforts of clinicians, scientists,
governmental and other agencies, and the public in efforts to reduce its devastating
impact. Although very significant progress continues to be made, The National Heart,
Lung, and Blood Institute (NHLBI) of the National Institutes of Health (NIH) recog-
nized the need for a concerted and coordinated effort to reduce mortality and morbidity
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in this country from AMI and, in 1991, initiated the National Heart Attack Alert Pro-
gram (NHAAP).

Detecting AMI and unstable angina pectoris (UAP) in the emergency department
(ED) is a most challenging task, and the consequences of a missed diagnosis can be very
detrimental to both patients and physicians alike. The high prevalence of disease and
resulting common, atypical presentations, and the poor sensitivity or specificity of the
clinical exam have led to the use of many technologies to assist in establishing an accu-
rate diagnosis. Recognizing this central and growing role of diagnostic technologies for
AMI and for acute cardiac ischemia (ACI) in general (including both UAP and AMI) in
emergency settings, which represent patients’ entry points into the health care system,
the NHAAP Working Group on Evaluation of Technologies for Identifying Acute Car-
diac Ischemia in the Emergency Department was formed in 1994 (1,2) to assess the util-
ity of diagnostic technologies for ACI/AMI in the ED. A systematic assessment of the
literature commenced in 1998 (3–6). This update, termed the Systematic Review, was
performed by the New England Medical Center Evidence-based Practice Center under
contract to the Agency for Healthcare Research and Quality, Rockville, Maryland. This
chapter utilizes the assessments of the Systematic Review on the diagnostic perform-
ance and impact on care of those technologies and updates its base of scientific evi-
dence. The technologies reviewed address the diagnosis of ACI (i.e., both AMI and
UAP), as this is the condition that must be identified in the treatment of patients with
AMI and potential AMI. The review included technologies directed at the diagnosis of
ACI in the ED; methods primarily directed at prognostic or risk stratification of such
patients are not addressed.

WORKING GROUP METHODS

A systematic review and evaluation of the scientific literature related to these tech-
nologies was undertaken based on Medline and related electronic literature searches and
supplemented by the scientists’ understanding of the literature and ongoing research.
Relevant English literature on each technology was reviewed, summarized, and ana-
lyzed. For each technology, studies were formally evaluated and then rated. The quality
of evidence provided by the relevant studies was rated as A, B, C, or NK as follows: A
(least bias), prospective controlled clinical trials of high quality (e.g., large randomized
controlled trials ); B (susceptible to some bias), substantial clinical studies (e.g.,
prospective cohort studies); C (likely to have significant bias), limited studies or evi-
dence (e.g., case series, small clinical studies); or NK, not known (e.g., expert opinion
or case reports only).

Based on these reviews, each technology, for its primary purpose, was rated in terms
of its diagnostic performance for identifying ACI/AMI in actual use and its demon-
strated clinical impact. Diagnostic performance indicates the accuracy of the technol-
ogy and is measured by sensitivity, specificity, or receiver-operating characteristic
curve, for ACI or AMI. Clinical impact indicates its demonstrated impact on diagnosis,
triage, treatment, or outcome (e.g., mortality) when used by clinicians in actual practice.
Performance in each of these two dimensions was rated as: ��� (very accurate diag-
nosis/large clinical impact), �� (moderately accurate/medium impact), � (modestly
accurate/small impact), NK (not known), or NE (not effective). When there were suffi-
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cient numbers of studies available for a specific technology, a meta-analysis was per-
formed to quantify diagnostic performance or clinical impact.

In assigning these ratings, each technology was evaluated on the basis of its per-
formance of its primary diagnostic purpose of general ED detection (G), early detection
(E), and detection in specific subgroup (S). These designations are noted in Table 14,
which appears at the end of this summary.

The Systematic Review’s conclusions and ratings for each diagnostic technology fol-
low. The ratings of the Systemic Review reflect its estimation of the accuracy or impact
of the test in actual practice in the ED. These assessments incorporate the quality of the
literature, the magnitude or effect size of the reported findings, and considerations of
generalizability and feasibility.

STANDARD ELECTROCARDIOGRAM

The primary purpose of the standard electrocardiogram (ECG) is to detect ACI in
broad symptomatic ED populations. However, there are several fundamental limitations
in the standard ECG. First, it is a single brief sample from a highly varied domain.
Because unstable ischemic syndromes have rapidly changing demand and supply char-
acteristics, a single ECG may not adequately represent the entire picture (7). If a patient
with unstable angina is (temporarily) pain-free at the time the ECG is obtained, the
resulting normal tracing will poorly represent the patient’s ischemic myocardium. A
tracing taken minutes later may have a very different appearance. Second, 12-lead elec-
trocardiography is limited because of its lack of perfect detection in areas of the
myocardium it samples. Small areas of ischemia or infarction may not be detected. Addi-
tionally, the conventional leads do not directly examine the right ventricle (8) or the pos-
terior basal or lateral walls very well. AMIs in the distribution of the circumflex artery
are likely to have a nondiagnostic ECG (9,10). Third, some ECG baseline patterns make
the ECG tracing difficult or impossible to interpret. These findings include early repo-
larization, left ventricular hypertrophy, bundle-branch block, and arrhythmias (11).
Also, prior Q waves can mask zones of reinfarction, although the presence of any sig-
nificant abnormality in a patient with chest pain or other related symptoms should gen-
erally be considered positive.

Fourth, the wave forms of ECGs are often difficult to interpret, and thus, there is
much disagreement among readers. Such nonagreement frequently includes cases of
missed ischemia. This has been studied by Lee and colleagues (12) in their review of
patients with AMI who were sent home. The ECGs of such discharged patients tended
to have ischemia or infarction not known to be old; 23% of missed diagnoses were due
to misread ECGs. These patients were younger, were less likely to have prior infarct or
angina, and had more atypical symptoms.

In spite of these shortcomings, the standard ECG functions as an integral component
of the evaluation of patients with acute chest pain and should continue to be incorpo-
rated in strategies that incorporate other clinical characteristics such as historical and
physical examination parameters. The ECG is not a perfectly sensitive test, and it should
always be considered a supplement to, rather than a substitute for, physician judgment.
The Systematic Review recommends the ECG continue to be considered the standard
of care in the evaluation of chest pain in the ED patient. The results of the Working
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Group’s final ratings of the quality of evidence evaluating this technology and of its ED
diagnostic performance and clinical impact are shown in Table 1.

PREHOSPITAL ECG

The primary test purpose for the prehospital ECG is the early detection of AMI with
acute ST-segment elevation. Additional important issues are whether the prehospital
ECG reduces the time to an appropriate intervention for ST-segment elevation AMI
detected in the prehospital setting and whether the intervention yields clinical benefit.
A 12-lead prehospital ECG is obtained at the scene or in the ambulance and a prelimi-
nary ECG interpretation is printed out in the ambulance. The ECG is then sent to the
hospital via cellular telephone through a modem, which takes approx 20 s. Error-free
data transmission is ensured by an interactive method of data transfer (13). The follow-
ing patients are eligible for prehospital ECGs: cooperative adult patients with a com-
plaint of chest pain or other symptoms of heart attack, with systolic blood pressure �90,
and without malignant dysrhythmias (ventricular tachycardia or fibrillation, or sec-
ond/third-degree atrioventricular block) (14).

A prospective evaluation demonstrated that 91.4% of prehospital chest pain patients
met these eligibility criteria (15). From 3–5% of prehospital patients with complaints of
chest pain may be identified as candidates for thrombolytic therapy, which comprises
one-half or more of all patients receiving thrombolytic therapy (14,16,17). Multiple
studies have shown the feasibility of performing prehospital 12-lead ECGs (13–25).
Diagnostic quality ECGs can be acquired and successfully transmitted in approx 70%
of prehospital chest pain patients eligible for 12-lead ECGs (15). ECG acquisition
increases the time spent at the scene of an emergency an average of 3.9 min over con-
trol (15). Additionally, there is no difference between the information collected in the
prehospital setting and that received by cellular transmission at the base station (13).
Diagnostic accuracy was evaluated in 11 studies with a total of 7508 patients by meta-
analysis (4). Data were available for ACI in 5 studies and for AMI in 8 studies. For ACI,
the pooled sensitivity was 76% (95% confidence interval [CI]: 54–89%), the specificity
was 88% (95% CI: 67–96%), and the diagnostic odds ratio was 23. For AMI, the sensi-
tivity was 68%, specificity of 97%, and diagnostic odds ratio of 104.

Prehospital ECG’s Effect on Hospital-Based Time to Treatment
Several studies have demonstrated significant reductions in hospital-based time to

treatment with thrombolytic therapy for AMI patients identified prior to patient arrival
with prehospital 12-lead electrocardiography (20,21,23,26). Kereiakes et al. (20)

214 Zalenski and Selker

Table 1
Standard ECGa

ED diagnostic performance ED clinical impact

Quality Accuracy Quality 
evidence (max � ���) of evidence Impact

A �� Standard of care Standard of care

aFor abbreviations and gradings in Tables 1–13, see footnotes to Table 14.



demonstrated that the median hospital delay to treatment was 64 min for patients
transported by automobile, 55 min for patients transported by local ambulance, 50
min for patients transported by the emergency medical services (EMS) system with
a prehospital ECG obtained but not transmitted to the receiving hospital, and 30 min
for patients transported by the EMS system who had a 12-lead ECG transmitted from
the field. Specialized EMS system transport alone did not facilitate in-hospital ini-
tiation of thrombolytic therapy; a significant reduction in hospital time delay to treat-
ment was observed only in patients transported by the emergency medical system
who had cellular transmission of a prehospital 12-lead ECG from the field. Karagou-
nis et al. (21) demonstrated a statistically significant 20-min time reduction to hos-
pital-based treatment with thrombolytic therapy in AMI patients identified by
prehospital 12-lead ECG.

Prehospital ECG and Prehospital Thrombolysis
The Myocardial Infarction Triage and Intervention (MITI) trial randomized 360 pre-

hospital AMI patients to receive either prehospital or hospital-based thrombolytic ther-
apy (27). Using prehospital 12-lead ECGs and a paramedic contraindication checklist,
the MITI trial demonstrated that 353 (98%) of the 360 patients enrolled had subsequent
evidence of AMI. Two percent of patients had nondiagnostic abnormalities on the initial
ECG. Prehospital identification of patients eligible for thrombolysis by paramedics
reduced the hospital treatment time from 60 min (for patients not in the study) to 20 min
(for study patients allocated to begin treatment in the hospital). Since this was not a com-
parable group by definition, it is only suggestive of the potential benefit of a protocol-
driven prehospital thrombolytic program.

The MITI trial also showed that administration of thrombolytics occurred 33 min ear-
lier in the prehospital group than in the hospital group, although the investigators found
no significant differences overall in mortality, ejection fraction, or infarct size between
the prehospital group and the hospital treatment group. Although there was no improve-
ment in outcome associated with initiating treatment before hospital arrival, treatment
within 70 min of symptom onset was associated with a statistically significant lowered
mortality rate of 1.2% (24).

A number of other studies outside the United States have demonstrated that it is pos-
sible to accurately identify thrombolytic candidates in the prehospital setting
(24,25,28–38). The Grampion Region Early Anistreplase Trial (34) conducted in north-
ern Scotland demonstrated a median time difference of 130 min between prehospital and
hospital-based treatment with thrombolytic therapy. This trial demonstrated a statisti-
cally significant 52% relative reduction in 1-yr mortality. Furthermore, significantly
fewer Q wave (smaller) MIs were seen in patients treated with prehospital thrombolytic
therapy compared with patients treated in the hospital (34). A meta-analysis of seven tri-
als of out-of-hospital thrombolysis showed a 16% (95% CI: 2–27%) reduction in the risk
of death (4).

In summary, prehospital identification of thrombolytic candidates through the use of
prehospital 12-lead electrocardiography has been shown in almost every study to sig-
nificantly reduce hospital-based time to treatment. This time savings is perceived as ben-
eficial, but has not, by itself, demonstrated a reduction in mortality. Prehospital
treatment with thrombolytic therapy may result in a significant mortality reduction if the
time savings is in the area of 1 h or more. Recent meta-analyses of diagnostic tests have
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found excellent accuracy and of treatment effects showed that prehospital thrombolysis
can reduce hospital mortality in AMI (4). The results of the Systematic Review’s final
ratings of the quality of evidence evaluating this technology and of its ED diagnostic
performance and clinical impact are in Table 2.

CONTINUOUS 12-LEAD ECG

A typical instrument for continuous ST-segment monitoring is microprocessor-con-
trolled and fully programmable (39). It can continuously acquire a new 12-lead ECG
every 20 s and analyzes the ST-segments. The initial ECG is defined as the pretrigger
ECG. If ST-segment elevation or depression occurs 0.2 mV in a single lead or 0.1 mV
in two leads as compared with the pretrigger ECG, the device enters a potential alarm
state. If four sequential ECGs have met the threshold criteria, then an alarm sounds and
a 12-lead ECG is printed for physician review. This ECG then becomes the new pre-
trigger ECG for future ST-segment comparisons. Typically, a 12-lead ECG is saved
every 20 min as well as any alarm ECGs. One can also print two-dimensional graphs of
ST-segment trends (magnitude vs time) for the 12 individual leads or the average ST-seg-
ment magnitudes for the four regional groupings: anterior (V1–V3), inferior (II, III,
AVF), low lateral (V4–V6), and high lateral (I, AVL).

The practice of monitoring dysrhythmias in suspected cardiac patients became the
standard of care when electrical and chemical defibrillation demonstrated the potential
to terminate dysrhythmias. Similarly, with the advent of specific proven modalities to
treat both AMI (with thrombolytics or angioplasty) and myocardial ischemia (with anti-
coagulants, vasodilators, circulation support devices, and angioplasty), there are sound
reasons to evaluate and test the continuous 12-lead ECG.

There are two questions that continuous electrocardiography could address: first, it
could aid in the early detection of potential candidates for thrombolysis or angioplasty
while undergoing monitoring in the ED. This may occur in patients with suspected AMI
whose initial ECG is nonspecific, but whose second ECG has at least 0.1 mV of ST-
segment elevation in two contiguous leads. Second, in subgroups of ED patients, it could
improve the diagnosis of ACI by detecting ST-segment changes that confirm the diag-
nosis of unstable angina or non-Q wave AMI. Since approx 50% of the patients with
chest pain and AMI present to the ED without ST-segment elevation, and nearly 20% of
these patients develop in-hospital electrocardiographic evidence of transmural infarc-
tion, continuous serial ECGs with ST-segment trend monitoring may identify the patient
population most likely to benefit from rapid interventions following detection of elec-
trocardiographic criteria diagnostic for AMI (40).
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In a retrospective study, Gibler et al. (41) used ECG/ST-segment trend monitoring
to monitor 1010 patients in a chest pain evaluation and treatment program located in
the ED. Of 52 patients with cardiac disease, 11 had evidence of ischemia or evolving
AMI by ST-segment trend monitoring. As this population had a low prevalence of
acute ischemic coronary syndrome, it is hypothesized that such a monitoring device
may actually demonstrate a higher utility in a population with greater disease preva-
lence. In a recent prospective study of serial 12-lead ECGs, automated 12-lead ECGS
were monitored every 20 s and printed at least every 20 min during a mean period of
128 min in the ED while awaiting hospital admission (40). The sensitivity of ST-seg-
ment elevation was increased by 16.2% from 45.6% to 61.8% (p � 0.001) with no
decrease in specificity. Serial ECGs made a substantial impact on care as shown by
the treatment of 21 of 34 patients (62%) with new ST-segment elevation with reper-
fusion therapy.

There have been no large randomized controlled prospective ED or coronary care unit
(CCU) studies evaluating this technology. Cost-benefit analysis of this technology has
not been accomplished. Although ED ST-segment monitoring holds the potential to
detect silent myocardial ischemia and MI reduce missed ischemic diagnoses, and provide
the earliest evidence for coronary occlusion in patients presenting with preinfarction
angina, larger prospective studies are required to make this assessment. The results of the
Systematic Review’s (3) final ratings of the quality of evidence evaluating this technol-
ogy and of its ED diagnostic performance and clinical impact are shown in Table 3.

NONSTANDARD ECG LEADS

The standard 12-lead ECG is a less-than-perfect predictor of AMI. The sensitivity of
ST-segment elevation for AMI is approx 50% (42), and up to 30% of AMI patients have
nonspecific or normal ECGs.

One of the explanations offered for these limitations is that the 12-lead ECG poorly
detects posterior wall (43) and right ventricular infarction (RVI) (8). These areas of the
myocardium are not directly interrogated by standard leads but are assessed by poste-
rior leads V7, V8, and V9 and right-sided leads V4R, V5R, and V6R (44).

Posterior AMI is one of the most commonly missed ECG findings, and this may be
explained by the lack of direct ECG examination (45). In their study, Seyal and Swiryn
(46) found that 6% (13 out 250) of infarctions are isolated to the posterior basal surface
of the left ventricle.

Posterior and right-sided leads are acquired using the same electrocardiograph as
standard leads. For right-sided leads, the lead placement is just the reverse of standard
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left-sided leads (i.e., midclavicular line, fifth intercostal space for V4R, anterior axillary
line for V5R, and midaxillary line for V6R). Posterior leads continue in the same hori-
zontal plane as the precordial leads (i.e., fifth intercostal space, but continue on to the
posterior axillary line for V7, midscapular line for V8, and paraspinal for V9) (44).

A plethora of articles assess the diagnostic value of V4R and other right-sided leads
to detect RVI (8,47–51). There is a consensus that within this context, right-sided leads
detect RVI with a sensitivity of 80–90% and a specificity of 80%. More recently, Zehen-
der and colleagues (47) showed that right ventricular leads are independent predictors
of in-hospital and long-term prognosis in inferior wall AMI.

Posterior wall AMI usually occurs in the setting of inferior AMI, but occurs as an iso-
lated phenomenon about 5% of the time. Posterior leads occasionally have been reported
to assist in the diagnosis of AMI. However, detecting “true” posterior wall AMI from
the numerous noninfarct cases is difficult, partly because it is an uncommon finding.

Although the literature has documented that the standard 12-lead ECG is insensitive
for detecting posterior AMI, there have been only occasional reports comparing find-
ings on the standard 12-lead to posterior leads. In a multicenter study of the diagnostic
accuracy of an ECG that contained three right ventricular and three posterior leads
against the standard 12 lead, 533 patients were enrolled (44). Sensitivity for the diagno-
sis of AMI was improved with the 18-lead ECG, by 8.5%, but specificity decreased by
6.5%. This was largely due to high false-positive rates for isolated ST-segment elevation
in the right ventricular (RV) leads. Posterior leads had better specificity, comparable to
the 12-lead ECG. Logistic regression analysis found that RV leads had independently
contributed to the diagnosis of AMI; posterior leads just missed standard levels of sig-
nificance (p � 0.055), indicating a small level of impact.

In summary, sampling RV leads is clinically practical, uses the universally available
12-lead ECG, and appears to increase the sensitivity and specificity for detection of
right ventricular infarction (a strong, independent predictor of major complications and
in-hospital mortality in patients with inferior AMI). Such leads have the potential to
improve severity classification of AMIs, help refine the process of risk-benefit assess-
ment for emergency interventions, possibly provide an indication for thrombolytic treat-
ment, and avoid nitrate-induced hypotension in patients with RVI. Sampling posterior
leads has improved the sensitivity of the ECG for posterior AMI, but the effect size is
small. Right ventricular leads do not contribute to the diagnosis of AMI generally, but
only to the diagnosis of RVI. The results of the Systematic Review’s (3) final ratings of
the quality of evidence evaluating these technologies and of their ED diagnostic per-
formance and clinical impact are shown in Table 4.

218 Zalenski and Selker

Table 4
Nonstandard ECG Leads

ED diagnostic performance ED clinical impact

Quality Accuracy Quality 
evidence (max � ���) of evidence Impact

Nonstandard B � NK NK
ECG leads



ECG EXERCISE STRESS TEST

After ruling out an AMI or an unstable angina, a graded exercise test (52) prior to dis-
charge from the ED may assist in the diagnosis of coronary artery disease (CAD) and
result in more appropriate referral (53–61). In a study of patients evaluated in a chest
pain center located in the ED, 791 of 1010 patients underwent graded ECG exercise
stress testing after 9 h of nondiagnostic serial ECG/ST-segment trend monitoring; 0-, 3-,
6-, and 9-h creatine kinase isoenzyme-cardiac muscle subunit (CK-MB) testing; and
resting echocardiography (41). None of the patients undergoing ECG exercise stress
testing suffered an adverse event while being tested. Of these 791 patients, 782 (98.9%)
had a negative or nondiagnostic ECG stress test, and the positive predictive value was
44% (4 out of 9) for CAD. Thirty-day follow-up revealed a 0.1% AMI rate and 0.5% all-
cause mortality rate. Two recent prospective studies have shown that this approach has
high diagnostic accuracy and is cost-effective. In a study of 317 patients at low proba-
bility of AMI by the Goldman computer protocol who met the attending physician’s
threshold for admission, four serial CK-MBs, three serial ECGs, and clinical re-evalu-
ations were performed (57). A total of 224 patients (71%) were negative for ACI and
underwent treadmill exercise testing, and two-thirds of these (148 out of 224) had con-
clusively negative tests. The overall sensitivity of the protocol with treadmill testing was
90% (CI: 72.3–97.4%), specificity 50.5% (95% CI: 44.6–56.4%), and negative predic-
tive value 98% (95% CI: 94.2–99.6%). Patient satisfaction with the protocol was higher
than a randomly selected group of controls (58). A randomized controlled cost subsidy
showed that the total cost per patient for the accelerated diagnostic protocol was 27%
less than hospital admission ($1528 vs $2095, p � 0.001) (59).

A second study of 502 patients evaluated with myoglobin, CK-MB, serial ECGs, and
provocative testing (with imaging in appropriate subgroups) showed a 100% sensitivity
for AMI at 5-mo follow-up for the 410 (86%) of patients discharged; 8.7% (44 out of
502) of patients had a final diagnosis of ACI, and 58% of these were only detected by
stress testing (60). An average cost savings of 62% was reported. Another randomized
trial of 100 low-risk patients assigned to either an ED-based rapid rule-out protocol or
routine hospital care found significant reductions in length of stay (11.9 vs 22.8 h), and
initial ($893 vs $1349) and 30-d costs ($898 vs $1522, all p values � 0.001) (61). Thus,
the ED-based protocol was found to be less costly even with the inclusion of mandatory
provocative testing. ECG exercise stress testing in the ED can be incorporated into a pro-
tocol to evaluate patients with low- to moderate-risk chest pain. The assessment of the
Systemic Review’s final ratings (3) of the quality of evidence evaluating this technology
and of its ED diagnostic performance and clinical impact are shown in Table 5.

ACUTE CARDIAC ISCHEMIA TIME-INSENSITIVE PREDICTIVE
INSTRUMENT

The ACI time-insensitive predictive instrument (ACI-TIPI) represents the next gen-
eration of ACI predictive models developed by Selker and colleagues (62,63). The ACI-
TIPI, like the original ACI predictive instrument (64,65), provides the ED physician with
the 0–100% probability that a given patient truly has ACI to supplement the ED triage
decision. The variables used for the ACI-TIPI are (i) age; (ii) sex; (iii) the presence or
absence of chest pain or pressure or left arm pain; (iv) whether chest pain or pressure is
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the patient’s most important presenting symptom; (v) the presence or absence of ECG
Q waves; (vi) the presence and degree of ECG ST-segment elevation or depression; and
(vii) the presence and degree of ECG T-wave elevation or inversion. Its diagnostic per-
formance has been tested in large studies that included ED (62,66) and EMS (67)
patients and has been demonstrated to be diagnostically equivalent to the earlier version
(62), except for a slightly higher sensitivity for AMI. Thus, it should be comparable to
the original ACI predictive instrument (62), with two advantages for clinical use. First,
its incorporation into the conventional computerized electrocardiograph allows direct
measurement of details of the ECG waveform without the need for physician interpre-
tation, with automatic printing of the ACI probability on the ECG header (Fig. 1). Sec-
ond, its “time-insensitivity” makes it valid for retrospective review and assessment of
care as well as for real-time ED clinical care.
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Two published early trials have shown impact on the speed and accuracy of ED triage
(66,68). The trial of clinical impact on ED triage decision making of a 10,689-patient
multicenter controlled clinical trial showed the diagnostic performance of the ACI-TIPI
electrocardiograph by itself and by ACI-TIPI risk groups to be very good and showed
that its use improved patient ED triage (69). In terms of its actual impact on ED care,
for patients without ACI in hospitals with low telemetry capacities, the use of the ACI-
TIPI decreased CCU admissions by 16% and increased ED discharges to home by 7%
(p � 0.09). Moreover, for patients seen by residents without supervising attending
physicians, the ACI-TIPI’s use reduced CCU admissions by 31%, reduced telemetry
admissions by 19%, and increased discharged to home by 18% (p � 0.005).

For patients with stable angina pectoris, in hospitals with low telemetry bed capaci-
ties, the ED use of the ACI-TIPI reduced CCU admission by 50%, increased telemetry
admissions by 25%, and increased ED discharges to home by 10% (p � 0.04). At hos-
pitals with high telemetry capacities, the use of the ACI-TIPI reduced telemetry admis-
sions by 14% and increased ED discharges to home by 101% (p � 0.03) (the level of
discharge seen in hospitals with lower telemetry unit capacities). Across all hospitals,
the ACI-TIPI reduced CCU admission by 26% and increased ED discharges to home by
48% (p � 0.04). Finally, for patients with AMI or UAP, at both the low- and high-capac-
ity hospitals, and with both supervised and unsupervised residents, the ACI-TIPI’s ED
use did not change the appropriate admission of 96% of patients to either CCU or
telemetry beds.

The overall results of the Systematic Review’s final ratings of the quality of evidence
evaluating this technology and of its ED diagnostic performance and clinical impact are
shown in Table 6.

GOLDMAN CHEST PAIN PROTOCOL

The Goldman chest pain protocol is a computer-derived decision aid and was devel-
oped to assist physicians in using routinely collected clinical and test data in the ED in
identifying patients likely to be having an AMI who therefore require triage to the CCU.
A statistical technique of recursive partitioning was used to divide the study’s subjects
into subgroups by ED data elements of the history, physical examination, and ECG into
having proportions of AMI higher or lower (Fig. 2) (70,71).

The protocol was developed using prospectively collected data on patients presenting
to the ED with acute chest pain (71). AMI was used as the outcome on which to base
triage to the CCU, given that the risk of emergent complications early in the admission
is 17% compared with 0.5% in patients without AMI. Recursive partitioning was used
to develop a decision tree with the probability of ruling in for an AMI as the outcome
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of each branch. The protocol was prospectively validated in a population of 4770
patients who presented with chest pain (70). Follow-up of the 2232 patients who were
discharged from the ED was performed by either physical examination, follow-up
measurement of CK, or telephone to determine whether an AMI had occurred after dis-
charge from the ED. Diagnostic performance for AMI compared with that of physicians
for the same patients is shown in Table 7.

These data show the sensitivity of the protocol for predicting AMI with triage to the
CCU to be the same as that of physicians, but with higher specificity than physicians.
It was projected that 11.5% of patients without AMI would have been triaged elsewhere
had the protocol been used.

A prospective trial used a time series study design to determine the impact of the pro-
tocol on the triage and outcomes of patients presenting to the ED at the Brigham and
Women’s Hospital in Boston (72). The time series design used six 14-wk cycles, con-
sisting of a 5-wk control and/or intervention period separated by 2-wk wash-out cycles.
Risk estimates and triage recommendations were provided to physicians in a nonobtru-
sive fashion. Rates of admissions during intervention and control periods were
unchanged in the hospital (52 and 51%, respectively) and in the CCU (10% each). Also,
there were no significant differences in hospital length of stay or average total costs (72).
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*chest pain protocol divides patients into high and low risks of AMI on the basis of a recursive parti-
tioning model. It uses routinely collected and interpreted history, physical examination, and electro-
cardiographic data. Reproduced with permission from ref. 57. [Zalenski RJ, McCarren M, Roberts
RR, et al. An evaluation of a chest pain diagnostic protocol to excluded acute cardiac ischemia in the
emergency department. Arch Intern Med 1997;157:1085–1091. ©1997 American Medical
Association.



The Goldman computer-based chest pain protocol was developed using a sound method-
ology. The fact that it was validated in a large population that included two university
and four community hospitals, with at least two of the hospitals having racially diverse
populations, supports its potential utility in a diverse patient population. As the proto-
col currently stands, its greatest potential benefit would likely be in improving physi-
cians’ specificity for AMI and avoidance of triage to the CCU with attendant cost
savings. However, this impact has not yet been demonstrated in a controlled clinical trial
of its use. Also, given that UAP is important with regard to clinical and cost implica-
tions, the fact that non-AMI ACI is not addressed by the Goldman protocol is a signif-
icant limitation. The protocol cannot be applied to all ED patients with symptoms
consistent with ACI. The results of the Systematic Review’s final ratings of the quality
of evidence evaluating this technology and of its ED diagnostic performance and clini-
cal impact are shown Table 8.

OTHER COMPUTER-BASED DECISION AIDS

These computer-based decision aids, including neural networks, provide examples of
a variety of ways to identify patients for CCU admission and to predict MI (73–78), and
they are reviewed in the full Systematic Review (3). Models published have some limi-
tations, especially that they often predict AMI rather than ACI, and have not yet been
demonstrated to be safe and effective in actual use. Although each has some promise,
including very encouraging performance in their preliminary studies, at this point, none
can be considered ready for clinical use. The results of the Systematic Review’s final
ratings of the quality of evidence evaluating these technologies and of their ED diag-
nostic performance and clinical impact are shown in Table 9.

CREATINE KINASE

CK-MB measurements are traditionally obtained early in the ED course of a patient
admitted to the hospital for suspected AMI or ACI (79–82). The utility of the assay in
the ED as a one-time test is limited because levels do not significantly increase until 4–6
h after the onset of AMI (79). In a meta-analysis of 10 studies of 2504 ED patients, the
presenting CK-MB had a sensitivity of only 44% (95% CI: 35–53%), but a specificity
of 96% (95% CI: 94–97%) (6). Serial CK-MB performs significantly better. In a meta-
analysis of seven studies of 3229 ED patients, the sensitivity of serial CK-MB meas-
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Table 7
Diagnostic Performance for AMI Compared with that of Physicians for the Same Patients

Physicians (%) Protocol (%) P value

Sensitivitya 88 88 NS
Specificityb 71 74 �0.00001
Positive predictive valuec 29 32 0.10
Overall accuracy 73 76 �0.00001

aPercentage of patients with AMI admitted to CCU.
bPercentage of patients without AMI not admitted to CCU.
cPercentage of patients with AMI among the total admitted to CCU.



urements was 80% (95% CI: 61–91%) (6). It is important to be fully aware that CK and
CK-MB do not identify patients with ACI, because they do not identify UAP. Patients
with UAP comprise about half of patients with ACI. Underscoring this is the study by
Hedges et al., which showed that even serial CK-MB measurements had a sensitivity of
only 31% for ACI (83).

Despite improvements in the diagnostic performance and practicality of CK and CK-
MB assays, there is no randomized controlled clinical impact trial showing that these
tests are effective for decisions to send a patient home or to the appropriate level of care
of admission for patients with suspected ACI, either as one-time or serial tests. The Sys-
tematic Review found only one study that showed a small but important clinical effect
of serial CK-MB testing on triage decisions (83). Further prospective trials with follow-
up of all (including nonadmitted) patients are needed before a strategy incorporating
CK-MB into medical decision making can be fully evaluated. The results of the Sys-
tematic Review’s final ratings of the quality of evidence evaluating this technology and
of its ED diagnostic performance and clinical impact are shown in Table 10.

OTHER BIOCHEMICAL TESTS

Myoglobin, an early marker of AMI (84–85), and the cardiac troponins T and I, which
are medium and late markers (86–88) specific for myocyte damage, hold promise to
improve the identification of patients with AMI and minor myocardial injury. The Sys-
tematic Review examined myoglobin in its assessment of biomarkers in ACI (6). The
reviewers found that in five studies of 831 ED patients, serial myoglobin had a sensi-
tivity of 90% (95% CI: 78–96%) and a specificity of 92% (95% CI: 82–97%) (6). In 10
studies of 1395 ED patients, a single presentation myoglobin had a sensitivity of only
49% (95% CI: 41–57%) (6). As was found in studies of serial vs single (presentation)
values of CK-MB, myoglobin, although an early marker, cannot be used as a one-time
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Table 8
Goldman Chest Pain Protocol

ED diagnostic performance ED clinical impact

Quality Accuracy Quality 
evidence (max � ���) of evidence Impact

A For AMI: ��� A �
For UAP: NE

Table 9
Other Computer-Based Decision Aids

ED diagnostic performance ED clinical impact

Quality Accuracy Quality 
evidence (max � ���) of evidence Impact

A �� NK NK



test. Like all other markers, the sensitivity of a single presenting troponin for AMI is
low (approx 40%). In serial troponin I or T studies, sensitivities for AMI ranged from
90–100%. Troponin has become the de facto standard for the diagnosis of AMI. Stud-
ies suggest that the cardiac troponins can add predictive value to CK-MB measurements
(89–91). This is likely due to their ability to detect smaller amounts of myocardial necro-
sis, amounting to the identification of AMI in some cases of rest angina (92).

Serum protein testing will likely include a panel of multiple markers, which provide
utilized marker kinetics to optimize the diagnosis of AMI, regardless of time of presen-
tation to the ED. An early sensitive marker such as myoglobin, when combined with CK-
MB and troponin-T or -I , could provide the clinician with critical information necessary
to make decisions in the emergency setting. Two studies assessed by the Systematic
Review tested a combination strategy. The studies enrolled 291 patients and CK-MB and
myoglobin testing were performed at presentation and 3 or 4 h later. This combination
had a 100% sensitivity in both studies and specificities of 91 and 75%, respectively (6).
Sensitivity of a single presentation testing of combined CK-MB and myoglobin in three
studies of 2283 patients had a sensitivity of 83% (95% CI: 51–96%) and specificity of
82% (95% CI: 68–90%). Thus serial testing, over a 3- or 4-h period, provides the best
diagnostic outcomes for the detection of AMI. The results of the Systematic Review’s
final ratings of the quality of evidence evaluating these technologies and of their ED
diagnostic performance and clinical impact are shown in Table 11.

ECHOCARDIOGRAM

Resting echocardiography is examined in the Systematic Review’s report (5). Its the-
oretical appeal for the diagnosis of ACI in the ED is based on the relationship between
regional myocardial wall motion abnormalities and cardiac ischemia. When the
myocardium becomes ischemic, there is a nearly immediate alteration in wall motion,
and the wall becomes hypokinetic or dyskinetic (93). However, there are some caveats
regarding its use in the ED. When looking for ACI, it still has a high enough false-neg-
ative rate to preclude discharging all patients with a negative echo. For the purpose of
ruling in or ruling out AMI, echocardiography has not been shown to be able to be either
acquired or interpreted by ED personnel. Considerable expertise is needed for data
acquisition and interpretation (94–95).

The Systematic Review examined three high-quality (grade B, susceptible to some
bias) studies of 397 patients in the ED and found an overall sensitivity for AMI of 93%
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Table 10
CK

ED diagnostic performance ED clinical impact

Quality Accuracy Quality 
evidence (max � ���) of evidence Impact

Single test A For AMI: � NK NK
For UAP: NE

Multiple tests A For AMI: ��� C ��
over time For UAP: NE



(range 81–97%), with a specificity of 66% (range 43–83%) (96–98). Resting echocar-
diography for the diagnosis of ACI was evaluated in two studies of 228 patients, whose
overall quality of evidence was rated as C (likely to have significant bias). The sensi-
tivity was 70% (range 43–99%) and specificity was 87% (range 72–94%) (5). Although
echocardiography in the ED shows initial promise, there are no data demonstrating that
it can effectively triage patients in large clinical settings. The results of the Systematic
Review’s final ratings of the quality of evidence evaluating this technology and of its
ED diagnostic performance and clinical impact are shown in Table 12.

SESTAMIBI AND OTHER TECHNETIUM-99M PERFUSION AGENTS

Technetium-99m-sestamibi (99mTc sestamibi) is an excellent perfusion tracer
(99–105), with advantageous physical characteristics compared with thallium-201
(100,102). Its availability, excellent imaging properties, and stable tracer distribution
with time make it a practical agent for ED use (103–105). There is minimal redistribu-
tion after its initial coronary flow-related distribution in the myocardium (99,100); thus
images made up to 1–4 h after injection will still reflect myocardial blood flow as it was
at the time of injection (103). Although large-scale trials are not yet published, the avail-
able data indicate that 99mTc sestamibi is a promising agent for use in the ED evaluation
of selected patients with chest pain.

In pooled data of 1571 patients from the ED reveal that sestamibi has a range in sen-
sitivity for AMI of 92–100%, with a range of specificity from 49–84% (5). For ACI, its
pooled sensitivity was 89% (95% CI: 73–96%) and pooled specificity was 77%(95%
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Table 11
Other Biochemical Tests

ED diagnostic performance ED clinical impact

Quality Accuracy Quality 
evidence (max � ���) of evidence Impact

Troponin-T and B� For AMI: ��� NK NK
troponin-I For UAP: NE

Myoglobin B For AMI: ��� NK NK
For UAP: NE

Table 12
Echocardiogram

ED diagnostic performance ED clinical impact

Quality Accuracy Quality 
evidence (max � ���) of evidence Impact

For ACI: C � NK NK
For AMI: B �� NK NK



CI: 63–87%) (5). There are as of now no data on its clinical impact. However, a multi-
center randomized trial, known as ERASE, will be published soon.

To date, sestamibi has been used in a small number of centers that have considerable
expertise (105). It is not certain that the technique will have good generalized applica-
bility, particularly as a screening test in lower risk ED patients without ongoing chest
pain or when used by less experienced interpreters. Until more evidence is available, it
cannot yet be recommended for general use. The results of the Systematic Review’s final
ratings of the quality of evidence evaluating this technology and of its ED diagnostic
performance and clinical impact are shown in Table 13.

CONCLUSIONS AND RECOMMENDATIONS

Summary of Clinical Recommendations Based on Demonstrated 
Diagnostic Performance and Clinical Impact

Recommendations regarding the use of a technology should be based on both ED
diagnostic performance and clinical impact data obtained in high-quality or substantial
studies. Of the various test technologies evaluated in the sections, however, only four
met this highly desirable standard of evaluation. A summary of clinical recommenda-
tions based on demonstrated diagnostic performance and clinical impact is provided in
Table 14.

The prehospital ECG was found to have good (��) diagnostic performance based
on evidence from good-quality prospective studies (B). This technology was judged to
have a moderate clinical impact (��) based on high-quality (A) clinical studies.
Although this technology has promise in both speeding the diagnosis of ACI and per-
mitting field thrombolyis, the latter will only be realized in areas with long EMS trans-
port times. The general implementation of prehospital ECGs is recommended.

The second technology for which data are available on both its ED diagnostic per-
formance and clinical impact is the Goldman chest pain protocol. An important caveat,
however, is that this protocol was designed only for AMI detection and not the more gen-
eral detection of ACI in the form of UAP. Its diagnostic performance for AMI has been
demonstrated to be excellent (���) in multicenter high-quality studies (A). However,
in a high-quality prospective study (A), it has only a very small effect (�) on clinical
care. Further studies of clinical impact are desirable.

The third diagnostic technology on which there are studies of both diagnostic per-
formance and clinical impact is the ACI-TIPI. In high-quality (A) studies of both diag-
nostic performance and clinical impact, the ACI-TIPI achieved a large (���) effect.
The general implementation of the ACI-TIPI is recommended.
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Table 13
Sestamibi and Other Technetium-99m Perfusion Agents

ED diagnostic performance ED clinical impact

Quality Accuracy Quality 
evidence (max � ���) of evidence Impact

B �� NK NK
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Table 14
Summary Ratings of Diagnostic Technologies for ACI for ED Use

ED Demonstrated
diagnostic ED clinical

Primary
performance impact

diagnostic Quality Accuracy Quality 
Technology use evidence (max � ���) of evidence Impact

Standard ECG G A �� Standard Standard
of Care of Care

ACI-TIPI G A ��� A ���
Prehospital ECG E B �� A ��
Goldman chest pain G A For AMI: ��� A �

protocol For UAP: NE
CK, multiple tests S A For AMI: ��� C ��

over time For UAP: NE
Sestamibi S B �� NK NK
CK, single test S A For AMI: � NK NK

For UAP: NE
ECG exercise S B �� C NK-NE

stress test
Echocardiogram S AMI: B For AMI: �� NK NK

ACI: C For ACI: � NK NK
Other computer-based G A �� A NK

decision aids
Troponin-T and S B� For AMI: ��� NK NK

troponin-I For UAP: NE
Myoglobin S B For AMI: ��� NK NK

For UAP: NE
Nonstandard ECG S B � NK NK

leads
Continuous 12-lead S B � NK NK

ECG

Key: Diagnostic rating: Clinical impact rating:
AMI � acute myocardial infarction A � highest-quality ��� � very accurate/

(least bias) large clinical impact
UAP � unstable angina pectoris B � high-quality �� � moderately accurate/ 

(some bias) medium impact
G � general detection of ACI C � significant bias � � modestly accurate/

small impact
E � early detection NK � not known NK � not known
S � detection in subgroup NE � not effective NE � not effective
Note: The technologies are listed in order of the Systematic Review’s ratings of diagnostic accuracy

and demonstrated clinical impact, and alphabetically among equivalent ratings, with the exception of
standard ECG, which is considered to be a standard of care.



The final diagnostic technology, serial CK-MB testing, has been studied in high-qual-
ity (A) studies and been found to be highly (���) accurate for the diagnosis of AMI
(but not ACI). It has been only evaluated in one study (C), and was found to have a mod-
erate (��) effect on triage decisions. Additional studies of high quality are needed to
assess its impact are needed.

Summary of Clinical Recommendations Based on Demonstrated 
Diagnostic Performance but without Data on Clinical Impact

All technologies reviewed had some published evidence of diagnostic performance and
nine technologies had no studies of actual impact on clinical care (i.e., all clinical impact
grade NK). The Working Group strongly advises that, with the exception of the standard
12-lead ECG (see immediately below), diagnostic performance alone is an insufficient
basis for recommendation for general use. This is from the long experience of numerous
examples of technologies that have excellent or good diagnostic performance, but negli-
gible or even negative clinical impact when tested under conditions of actual use.

The standard 12-lead ECG has been shown in many studies to have very good, although
not perfect, diagnostic performance in the ED. Given that the ECG is part of standard ED
evaluation, in the view of the Working Group, a trial to demonstrate its clinical impact
would be neither necessary nor ethical. Indeed, the 12-lead ECG should be part of the very
initial evaluation of any ED or EMS patient with symptoms suggestive of ACI.

Although they have not yet been demonstrated to actually improve clinical care in
high-quality studies, blood biochemical tests of myocardial necrosis have undergone
prospective testing of their diagnostic performance for the detection of AMI. Available
data suggest that the use of a single biomarker test yields insufficient performance for
use in ED triage, but that the use of multiple tests over several or more hours has very
good diagnostic performance for AMI. Combinations of differing assays, such as myglo-
bin and CK-MB, performed serially have been found to yield excellent diagnostic per-
formance. Myoglobin may be best suited to complement either CK-MB or a cardiac
troponin in combination testing. It is important to bear in mind that none of the bio-
markers have good sensitivity for UAP, which raises the possibility of missing this form
of ACI if triage is dependent on such tests. Given the paucity of prospective trials of the
impact of these tests on ED triage (level of admission or discharge), they cannot yet be
recommended for general ED triage use at this time, although they are very useful for
the diagnosis of AMI in observation units or in-hospital care.

Echocardiography, well studied in other settings, has undergone several studies in the
ED, which have generally shown moderate diagnostic performance for initial ED eval-
uation. Given this, and that its actual impact on ED care has not been evaluated, this
technology cannot be recommended for general ED use at this time.

Sestamibi and other technetium-99m perfusion agents have been studied in the ED
setting, and although the overall diagnostic performance of sestamibi has been promis-
ing, it has not been sufficiently tested to recommend its general ED use. Whether ses-
tamibi will be found to be more helpful when evaluated for special subgroups, and when
tested for its actual impact on care, remains to be seen. At this point, its general ED use
cannot be recommended.

As an extension of the standard ECG, nonstandard ECG leads have undergone some
limited testing in the ED for detecting AMI, and another prospective trial was just com-
pleted. The good-quality (B) studies indicate that there is a small improvement (�) in
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diagnostic accuracy afforded by these leads. Since their impact on care has not been stud-
ied, nonstandard ECG leads cannot yet be recommended for general use. In a similar
fashion, good-quality (B) studies of continuous ECGs have also found that they make a
modest improvement in the accuracy of the ECG, but their impact on care has not been
studied. Therefore, this modality cannot be recommended for general use at this time.
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INTRODUCTION

Prevalence and Impact

At the beginning of the 21st century, cardiovascular (CV) disease remains the lead-
ing cause of death (1). Over 12,400,000 Americans are living with clinical coronary
heart disease (CHD), and this year, an estimated 1,100,000 Americans will have a fatal
or nonfatal acute myocardial infarction (AMI). CV disease was responsible for 950,000
deaths in the United States in 1998, accounting for over 40% of all deaths, and CHD
was the leading cause of cardiovascular death, claiming 460,000 lives. Half of CHD
deaths (a quarter million/yr) are directly related to AMI. Death occurs suddenly, out-of-
hospital, in 220,000 annually, and most of these deaths are triggered by coronary
ischemia (2–4). Indeed, at least one-half of AMI-related deaths occur within 1 h of onset
of symptoms and before reaching a hospital emergency department (5). Although CV
mortality rates declined between 1980 and 1992 in men, they increased over the same
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period in women, and for the past 10 yr, they have failed to decline or have increased in
men as well (1). Thus, the impact of CV disease, and AMI specifically, continues to be
great.

Over 5 million people visit U.S. emergency departments each year for evaluation of
chest pain and related symptoms, and almost 1.5 million are hospitalized for an acute
coronary syndrome (ACS) (6,7). ACS patients on presentation are triaged into ST-ele-
vation AMI and non-ST elevation AMI/unstable angina categories (8,9). In 1990, ST-
elevation AMI accounted for 55% of AMIs, whereas in 1999, it had declined to 37%
(10). The cause of this redistribution is uncertain, but it likely involves changes in patient
demographics and preventive care.

Acute reperfusion (achieved by thrombolysis or coronary angioplasty) has marked a
significant conceptual and practical advance for therapy of ST-segment elevation (STE)-
AMI (11). With broad application of reperfusion therapy, 30-d mortality rates from STE-
AMI have progressively declined (from 20–30% to 5–10%) (10,12,13).

History

It has now been almost a century since Herrick in the United States (14) and Obrast-
zow and Straschesko in the Soviet Union (15) described the clinical syndrome of acute
coronary occlusion. Coronary thrombosis as a precipitating event was postulated. How-
ever, it was not until 1980 that coronary thrombosis, as the mechanism of abrupt coro-
nary occlusion, was demonstrated. In a landmark study, DeWood and colleagues (16)
performed coronary angiography in the early hours of AMI and found coronary occlu-
sion to be present in 87% of patients studied within 4 h of symptom onset. The nature
of the occlusion was shown to be thrombotic at emergency coronary bypass surgery.

A basis for early reperfusion therapy was laid by the late 1970s in classical studies
by Reimer, Jennings, and colleagues (17,18). In a canine model of coronary occlusion
and reperfusion, myocardial cell death began within 15 min of occlusion and proceeded
rapidly in a wave front from endocardium to epicardium. Myocardial salvage could be
achieved by releasing the occlusion within a narrow time frame (�3–6 h). The degree
of salvage was inversely proportional to the duration of ischemia and occurred in a
reverse wave front from epicardium to endocardium. The extent of necrosis could be
modified by changing metabolic demands and varying collateral blood supply as well
as the duration of occlusion.

Pathophysiologic Considerations

Improved understanding of pathophysiologic events leading to coronary thrombosis
has been forthcoming over the past two decades. Pathologic, angiographic, and angio-
scopic observations have suggested the concept that erosion, fissuring, or rupture of a
vulnerable atherosclerotic plaque is the initiating mechanism of coronary occlusion,
resulting in coronary spasm, intraplaque hemorrhage, and occlusive luminal thrombo-
sis (19–23). Additional studies have suggested that plaque erosion or rupture most fre-
quently occurs in lipid-laden plaques with the endothelial cap weakened by internal
metalloproteinase activity derived primarily from macrophages (24–26).

When the plaque ruptures, elements in the bloodstream are exposed to plaque matrix
elements, including collagen and the intensely thrombogenic lipid core with its associ-
ated macrophage-derived tissue factor (24) (Fig. 1). The result is stimulation of platelet
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adhesion, activation, and aggregation; secretion of vasoconstrictive and thrombogenic
mediators; thrombin generation; and fibrin formation, causing vasospasm and the for-
mation of a platelet- and fibrin-rich thrombus. The result is reduction (non-STE-ACS)
or interruption (STE-AMI) of coronary blood flow with rapid onset of myocardial cell
dysfunction and death. These and other observations set the stage conceptually and sci-
entifically for the evaluation of reperfusion therapies in clinical AMI.

DISCOVERY AND EARLY CLINICAL APPLICATION 
OF THROMBOLYTICS

Early Work
In 1933, Tillet and Garner (27) reported the discovery of a streptococcal fibrinolysin.

They observed the ability of filtrates of streptococcal cultures to lyse human clots.
Streptokinase (SK) was subsequently characterized as reviewed by Sherry (28). SK was
first successfully applied clinically for the liquefaction of a pleural clot, reported in 1949
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Fig. 1. Schematic diagram showing comparison of the characteristics of “vulnerable” and “stable”
plaques. Vulnerable plaques often have a well-preserved lumen because plaques grow outward ini-
tially. The vulnerable plaque typically has a substantial lipid core and a thin fibrous cap separating the
thrombogenic materials such as macrophage-derived tissue factor from the blood. The nonspecific
inflammatory process leads to recruitment and activation of macrophages and smooth muscle cells
(SMCs), which release collagenases, degrading the protective cap. At sites of plaque rupture or ero-
sions, increased concentration of inflammatory cells may be found, with active uptake of lipids to cre-
ate foam cells. By contrast, stable plaque has a relatively thick fibrous cap protecting the often-small-
er lipid core from contact with the blood. Adapted with permission from ref. 24.



(29). Use of SK in AMI began in 1954, and the first series was reported in 1958 (30).
This experience suggested that intravenous (IV) SK infusions could be given safely and
that treatment begun within 14 h of symptom onset could lead to a more favorable hos-
pital course than later treatment (at 20–72 h), which resulted in outcomes similar to
those of no treatment. At least 17 studies of IV SK in AMI were reported over the fol-
lowing two decades, but acceptance was limited by poor understanding of AMI patho-
physiology and the role of SK and poor study design with treatment delays (31–35). The
largest and most promising of these early studies was the European Cooperative Study
Group report in 1979 (31). Among 315 AMI patients, 6-mo mortality was substantially
lower in those receiving a 24-h infusion of SK than placebo (16 vs 31%, p � 0.01).
Bleeding was observed more frequently with SK, but was mostly minor. An overview
of the eight major early-era trials of IV SK of acceptable randomized design suggested
a significant (20%) reduction in mortality among 3275 patients (33). This set the stage
for further development.

Intracoronary Thrombolysis
Despite the promise of these early studies, the primary mechanism of benefit (coro-

nary thrombolysis) was not clearly understood until angiographic demonstrations
between 1976 and 1981 (16,36–38). These observations led to feasibility studies of clin-
ical thrombolysis with intracoronary (IC) SK under angiographic monitoring (39–41).
A high rate of coronary occlusion (�80%) was confirmed during the early hours of
AMI, and the ability of SK to achieve early reperfusion with a success rate of approx
75% was demonstrated (41). Application was generally safe, and clinical outcomes were
favorable. Based on these promising results, randomized studies of IC thrombolysis
were undertaken.

Anderson et al. (42) first demonstrated in 1983 the beneficial potential of IC SK
in the setting of AMI based on a randomized study–design. Fifty patients with AMI
were enrolled within a mean of 2.7 h of symptom onset and were randomized to
receive either standard coronary care or immediate catheterization with IC SK, begun
an average of 4 h after symptom onset. In the intervention group, perfusion was
achieved in 79% after a mean of 30 min of SK infusion. The intervention strategy
was associated with statistically significant relief of ischemic discomfort (quantified
by morphine requirement), prevention of heart failure (Killip class), and improve-
ment in functional recovery by hospital discharge (measured by radionuclide left ven-
tricular ejection fraction). Cardiac markers—creatine kinase (CK), CK-MB, lactate
dehydrogenase (LDH), LDH-1—peaked earlier, STE resolved more rapidly, and Q
wave development was more limited in the SK group. Echocardiographic wall motion
score improved in the intervention group, and convalescent thallium perfusion stud-
ies showed a smaller defect (infarct) size with the reperfusion strategy. A smaller (n
� 40) concurrently published randomized study treated patients later (at �6 h after
symptom onset) and demonstrated relief of ischemic pain but found no improvement
in global or regional myocardial function (43).

Randomized studies of intermediate size followed and suggested the potential for
mortality benefit. The Western Washington Trial (44) randomized 250 patients with
AMI to IC SK or standard therapy (IV nitroglycerin). Early reperfusion was documented
in 69% of SK-treated patients vs 12% of controls (p � 0.01) at a mean of about 6.5 h
after symptom onset. Ischemic pain was relieved in the SK group, but improvement in
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global and regional cardiac function was not shown. However, 30-d mortality was
reduced: 3.7% in SK vs 11.2% in control patients (p � 0.02). Mortality after 1 yr also
was lower with the reperfusion strategy (8.2 vs 14.7%), although the difference was no
longer significant (p � 0.1) (45). However, within the SK group, mortality was only
2.5% among those achieving early reperfusion compared to 16.7% in those with partial
or no reperfusion (p � 0.01). Mortality in the partial and/or no reperfusion SK group
was similar to the untreated group. This observation provided the first clinical evidence
that the mechanism of thrombolytic benefit is related to the achievement of early reper-
fusion.

Additional evidence for a survival benefit of IC SK came from a Dutch study of 533
patients (46). Interpretation of the study was complicated by the use of IV SK in the last
117 patients followed by angiography and additional IC SK if needed to achieve reper-
fusion. This evolving thrombolytic strategy was associated with reduced mortality at
both 1 mo (5.9 vs 11.7%, p � 0.03) and 1 yr (8.6 vs 15.9%, p � 0.001).

IC urokinase (UK) also was tested in AMI and, along with SK, was approved for IC
infusion to achieve recanalization in coronary artery thrombosis (41,47,48). Reperfu-
sion rates similar to those reported for SK (range, 62–94%) were achieved by a wide
range of infusion rates (2000–24,000 U/min) (41). A randomized comparison of IC UK
(total average dose of 500,000 IU) and IC SK found the two drugs to produce compa-
rable rates of recanalization (47). UK was associated with smaller reductions in circu-
lating fibrinogen and a lower incidence of bleeding and allergic complications.

The positive results in these IC thrombolysis trials were counterbalanced by variable
results in subsequent studies (49). In a meta-analysis of nine randomized trials of IC SK
involving approx 1000 patients, Yusuf et al. (49) found an 18% overall mortality reduc-
tion, but the confidence intervals (CI) were wide (44% reduction to 19% increase), and
the difference was not significant. The variability in results, the logistic difficulties, and
the time delays inherent to IC SK administration (believed to be the cause of subopti-
mal outcomes) stimulated the reevaluation of IV SK as a more practical, universally
applicable approach to thrombolytic therapy.

Intravenous Thrombolysis
Schröder et al. (50) tested a strategy of short-term (1 h), high-dose (0.5–1.5 million

units [MU]) infusions of SK given to patients at an early time (within 12 h) of symp-
tom onset. In their initial clinical trial, a baseline angiographic study was followed by
a 0.5 MU SK infusion. After 1 h, occluded coronary arteries from 11 of 21 patients
(52%) had opened, and total patency rate (adding those with initial subtotal occlusions)
was 62%. In a subsequent study, 93 patients were treated with 1.5 MU over 1 h. Early
angiography was not performed, but an 84% later patency rate (in the fourth wk) was
shown. Serum CK-MB concentrations peaked early (within 10–12 h after therapy), con-
sistent with the pattern seen with angiographically demonstrated recanalization, and
myocardial salvage was suggested by improved function in the infarct zone. A suc-
cessful recanalization pattern was more frequently observed for patients treated within
3 h than later. The safety profile of IV SK in these doses, including bleeding rates, was
acceptable.

Several small to intermediate-sized randomized trials of IV vs IC SK followed these
feasibility studies (35,51–54). These trials generally supported “equivalence” between
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the two routes of administration with little difference in coronary patency at 24 h and
no significant difference in clinical outcome by route of administration.

The potential utility of IV SK in the modern era of investigation was further sup-
ported by a larger randomized trial (Intravenous Streptokinase in Acute Myocardial
Infarction, n � 1741 patients), which observed an 11% mortality reduction with IV SK,
from 7.1% to 6.3% (55). This favorable trend did not achieve statistical significance,
however.

In parallel with these, other studies investigated effects on ventricular function. An
overview of results suggested functional improvement (myocardial salvage) when ther-
apy was begun early (within 3 to 4 h). Results were inconsistent or negative for later
therapy (41) as predicted by animal models (17,18). In 12 studies, SK was begun within
4 h of symptom onset. An increase in infarct-zone ventricular function was observed in
each study, and an increase in global function (ejection fraction) was noted in 9 of these
studies (41,56). By contrast, if therapy was begun more than 4 h after symptom onset (6
studies), regional wall motion rarely improved (in only one study) and global ejection
fraction was unchanged (41,56). When functional improvement occurred in patients
given later therapy, it appeared to be based on collateral or residual antegrade blood flow
and other factors slowing the rate of necrosis (57,58). Consistent improvement in func-
tion was observed when reperfusion interventions occurred within 2 h (58–60). Given
the variability in functional response and the potential importance of other mechanisms
(such as remodeling), the focus shifted to large mortality trials for the assessment of
clinical thrombolytic benefit.

OVERVIEW OF THROMBOLYTIC AGENTS

General Mechanisms of Action
All of the so-called thrombolytic (more specifically, fibrinolytic) agents are either

direct or indirect activators of plasminogen, a circulating fibrinolytic proenzyme (61).
Plasminogen is converted by plasminogen activators or activator complexes to plasmin,
the active fibrinolytic enzyme form, by cleavage of the arginine 560–valine 561 bond.
Plasmin has relatively broad proteolytic properties, degrading fibrin, fibrinogen, pro-
thrombin, and factors V and VII. Plasminogen activator-induced fibrinolysis may then
act to disrupt forming thrombus and lead to reperfusion.

Six thrombolytic agents have been approved and marketed for use in the United
States, although UK is approved only for IC delivery. These agents differ in several prop-
erties, including structure, fibrin specificity, speed and duration of action, and anti-
genicity, as summarized in Table 1.

FDA-Approved Thrombolytics
STREPTOKINASE

The first fibrinolytic agent to be discovered and applied clinically, SK is a 415-amino
acid protein of bacterial origin that shares homology with several serine proteinases
(62,63) and is the prototype of an indirect-acting agent. As with other thrombolytics, SK
induces fibrinolysis by activating the body’s intrinsic fibrinolytic system (plasmino-
gen–plasmin). On administration, SK rapidly combines with circulating plasminogen in
an equimolar (1:1) ratio to form a SK-plasminogen activator complex. A catalytic site
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Table 1
Characteristics of FDA Approved Intravenous Thrombolytic agents 

SK APSAC tPA rPA TNK-tPA
(streptokinase) (anistreplase) (alteplase) (reteplase) (tenecteplase)

Dose 1.5 MU in 30 U in 100 mg 10 U � 10 U, 30–50 mgb

30–60 min 5 min in 90 mina 30 min apart over 5 s
Circulating half-life 

(min) �20 �100 �4 �16 �20
Antigenic Yes Yes No No No
Allergic reactions Yes Yes No No No
Systemic fibrinogen 

depletion Severe Severe Mild-Moderate Moderate Minimal
ICH �0.4% �0.6% �0.7% �0.8% �0.7%
Patency (TIMI-2/3) 

rate, 90 minc �51% �70% �73–84% �83% �77–88%
Lives saved/100 treated �3c �3d �4e �4 �4
Cost per dose 

(approx U.S. dollars) 300 1700 1800 2200 2200

aAccelerated tPA given as follows: 15 mg bolus, then 0.75 mg/kg over 30 min (maximum, 50 mg), then 0.50 mg/kg over 60 min (maximum 35 mg).
bTNK is dosed by weight (supplied in 5 mg/mL vials): �60 kg � 6 mL; 61–70 kg � 7 mL; 71–80 kg � 8 mL; 81–90 kg � 9 mL; �90 kg � 10 mL.
cBased on Granger et al. (94) and Bode et al. (74)
dPatients with STE or BBB, treated in �6 h.
eBased on the finding from the GUSTO trial that tPA saves 1 more additional life/100 treated than does SK.



on plasminogen in the activator complex is activated, leading to conversion of free cir-
culating plasminogen in the region of the activator complex to plasmin. Similarly, the
SK-plasminogen complex itself is autocatalytically cleaved to form SK-plasmin, but this
form of the complex retains its activator activity. The in vivo half-life of the SK-plas-
minogen–plasmin activator complex is approx 23 min.

SK is antigenic and has little fibrin specificity, so that substantial systemic lytic effect
occurs in clinically applied doses. The generation of circulating fibrinogen degradation
products (FDPs) (which exert antiplatelet and antithrombotic effects) and the depletion
of circulating fibrinogen and a-1-antiplasmin, along with other clotting factors, provide
long-acting (up to 1 to 2 d) antithrombotic actions that far exceed the time-course of fib-
rinolytic effects. This may explain why the addition of IV heparin to SK and aspirin
increases bleeding risk but provides little additional benefit.

UROKINASE

A native protein responsible for part of the proteolytic activity in human urine was
first reported in 1861 and was shown to have specificity for fibrin (64,65). It was later
established that renal parenchymal cells are responsible for UK production. Contempo-
rary clinical formulations of UK have been obtained from human kidney cells grown in
culture and are primarily of the low molecular weight form (33,000 Da), whereas that
purified from human urine is of higher molecular weight (55,000 Da). The therapeutic
efficacy of the two molecular species in clinical applications is very similar. UK, unlike
SK, is a direct-acting proteolytic agent (trypsin-type serine proteinase). UK contains 410
amino acid residues in two polypeptide chains connected by a disulfide bridge.

UK activity is not found in the circulation under normal conditions. When present,
UK directly converts plasminogen to plasmin through enzymatic cleavage at the L-argi-
nine 560–valine 561 site (the identical site of attack of SK); no additional cofactors are
required. A single bolus of UK is cleared from the circulation with a half-life of 14–16
min by degradation to inert metabolites in the liver. UK is nonantigenic.

For AMI, UK has been approved only for IC use in a dose of 6000 IU a minute for
periods up to 2 h or until lysis of the coronary arterial thrombus is observed. Heparin
therapy is recommended concurrently with UK. UK also has been tested by the iv route
in doses of 2 to 3 MU (generally administered as a bolus plus a short-term infusion reg-
imen). However, iv UK is less well studied than iv SK or tissue-type plasminogen acti-
vator (tPA), and its mortality benefits have been less well-established (66). Hence, tPA
is generally used when a nonantigenic agent with less systemic-fibrinolytic activity than
SK is desired.

Clinically, UK has been most frequently used in catheter-directed infusions to remove
thrombus and restore patency in appropriately selected cases of venous, arterial, and
graft thromboses, and intravenously for massive pulmonary embolism (64). Recently,
however, UK has become unavailable in the U.S. market.

ANISTREPLASE

Anistreplase (anisoylated plasminogen streptokinase activator complex, or APSAC)
was the first custom-designed biochemically modified fibrinolytic agent to be developed
(67,68). It was designed to allow rapid delivery (a 2- to 5-min injection), rapid onset,
more prolonged duration of action, and improved plasma stability and fibrin binding
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compared with SK. However in doses used clinically, it retains the antigenic and nonspe-
cific systemic thrombolytic effects of SK.

APSAC is synthesized by complexing SK with lys-plasminogen and reversibly acy-
lating the complex by reacting it with the anisoyl group of a special acylating agent, pro-
ducing a molecule of 131,000-Da molecular weight. Placed in aqueous solution or
plasma, APSAC deacylates by a simple ester hydrolysis reaction, a rate-limiting process
that follows first-order kinetics. APSAC’s fibrinolytic activity has a half-life of approx
105 min in plasma. The commonly used clinical dosage of 30 U of APSAC corresponds
to approx 1.1 MU of SK.

TISSUE-TYPE PLASMINOGEN ACTIVATOR

tPA is the primary physiologic (intrinsic) plasminogen activator in the circulation
(69). A two-subunit form can be generated by limited proteolytic cleavage. Both single
and two-chain forms activate plasminogen with approx similar catalytic efficacy and
biologic potency (70). tPA demonstrates partial fibrin selectivity in comparison to SK
in that tPA generates greater plasmin and fibrinolytic activity locally, in the neighbor-
hood of thrombus, than systemically. The result is relatively less plasminemia, fib-
rinogenolysis, and general (systemic) proteolysis than SK. tPA is subject to inhibition
by a circulating plasminogen activator inhibitor (PAI-1), and its activity is rapidly
cleared from the circulation with a half-life of �5 min (71). tPA is nonantigenic and,
unlike SK, may be reutilized without concern about interference with activity by neu-
tralizing antibodies (72). tPA is manufactured for clinical application using recombinant
technology as alteplase (rtPA).

RECOMBINANT PLASMINOGEN ACTIVATOR

Reteplase (recombinant plasminogen activator, or rPA) became the first clinically
available mutant (modified) form of native plasminogen activator (73–75). rPA is a dele-
tion mutant of alteplase (rtPA) in which the finger, epidermal growth factor, and kringle-
1 domains have been deleted. As a result of structural and biosynthetic modifications,
rPA, compared to tPA, is nonglycosylated, smaller, and less fibrin-specific (with lower
fibrin affinity and more readily reversible binding), but it has an extended half-life
(13–18 min). The slower clearance allows rPA to be given in a double-bolus regimen
(two boluses separated by 30 min) compared with the 90-min infusion for rtPA. Fol-
lowing the demonstration of a favorable (at least “equivalent”) effect on clinical events
in AMI compared to SK (73), rPA received market approval in the U.S. in 1997. An
apparent advantage in establishment of early patency compared with tPA in a relatively
small study (74) was not associated with a superior mortality outcome in a large (15,000
patients), randomized AMI trial, Global Utilization of Streptokinase and tPA for
Occluded Coronary Arteries (GUSTO) III (75).

TENECTEPLASE

Tenecteplase (TNK-tPA) is a genetically engineered, triple-site substitution variant of
tPA (76). At amino acid 103, threonine is replaced by asparagine, adding a glycosylation
site; at site 117, asparagine is replaced by glutamine, removing a glycosylation site; and
at a third site (296–299), four amino acids (lysine, histidine, arginine, and arginine) are
replaced by four alanines. The first two changes decrease clearance rate (half-life of 20
min), allowing for single bolus dosing (77–79). The third change confers greater fibrin
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specificity (77) and resistance to PAI-1 (77,80,81). Given these favorable properties,
clinical testing of TNK-tPA was undertaken in the Thrombolysis in Myocardial Infarc-
tion (TIMI) 10A trial (77). Doses tested ranged from 5 to 50 mg. TNK-tPA showed a
slower plasma clearance rate, approximately one-third or less of that previously observed
with tPA. The corresponding plasma half-life of elimination of TNK-tPA ranged from 11
to 20 min, compared to 3.5 min for tPA (82). These results were replicated in the TIMI
10B trial (78,83). After bolus TNK-tPA, plasma levels are maintained over time, so that
the curve approximates that of the tPA bolus–infusion regimen (Fig. 2).

Selected Investigational Fibrinolytics
PROUROKINASE

In the early 1980s, a glycosylated, single chain form of UK-type plasminogen acti-
vator (scuPA) was isolated from human urine and cell culture media and characterized
biochemically as a proenzyme form of the active two-chain urokinase (tcuPA). Prouroki-
nase (proUK) was of interest in part because it appeared to be more fibrin-specific than
UK. This effect is believed to be mediated by the preferential conversion of scuPA to
active tcuPA at the fibrin surface (11). The circulating half-life of natural and recombi-
nant scuPA is 4 and 8 min, respectively, with predominant hepatic clearance (84). A
phase 2 study of glycosylated proUK produced in mouse hybridoma cells suggested
promising coronary patency rates (85), but further development for AMI has not been
undertaken.

SARUPLASE

Saruplase is a recombinant nonglycosylated form of human proUK with less fibrin
specificity and stability than glycosylated proUK (11). Elimination is biphasic, with an
initial half-life of 6–9 min. Administration has been by bolus (20 mg) plus infusion (60
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Fig. 2. Similar pharmacologic properties are demonstrated with bolus doses of TNK compared to the
standard 90-min infusion of tPA. Adapted with permission from ref. 83.



mg/60 min). Saruplase has undergone comparative clinical studies with SK and tPA
(86–88). Saruplase achieves early (60–90 min) coronary patency rates greater than SK
and similar to 3-h tPA infusions. Mortality rates were at least equivalent to SK but
intracranial hemorrhage rates were greater. An application for clinical use was rejected
by the European Medical Evaluation Agency (EMEA).

LANOTEPLASE

Lanoteplase (nPA) is a tPA mutant with deletions of the epidermal growth factor, the
fibronectin finger domain, and the amino acid 117 glycosylation site (11). The result is
slower clearance (half-life, 37 min), allowing for bolus injection, but decreased fibrin
specificity. In comparative studies with tPA, nPA achieved equivalent patency rates (89)
and similar 30-d mortality rates (90), but an increase in intracranial hemorrhage was
observed (1.13 vs 0.62%). It is believed that the dosing strategy of both nPA and heparin
may have contributed, but further development of nPA is uncertain.

STAPHYLOKINASE

Staphylokinase (SAK) is a single-chain, 136 amino-acid protein secreted by strains
of Staphylococcus aureus and manufactured for clinical use by recombinant DNA tech-
nology (91,92). The SAK–plasmin complex is fibrin selective, efficiently activating
plasminogen while bound to fibrin at the thrombus surface. SAK has shown at least
equivalent reperfusion potential and greater fibrin specificity than accelerated dose tPA
in phase 2 studies. SAK is antigenic, inducing neutralizing antibodies within 1 wk. A
peglyated form has been generated to increase half-life and allow for bolus dosing.

CLINICAL EFFICACY OF THROMBOLYTIC AGENTS

Coronary Recanalization and Patency Profiles
Based on theoretic considerations and clinical observations, it is believed that the

establishment and maintenance of coronary perfusion is the major mechanism of throm-
bolytic benefit in AMI (“open artery hypothesis”). Given the difficulty in performing
adequately sized mortality trials, angiographic studies have first been undertaken dur-
ing development of thrombolytic regimens. These have assessed the recanalization
(reperfusion) and patency profiles of the infarct-related coronary artery in response to
thrombolytic therapy.

RECANALIZATION (REPERFUSION) VS PATENCY

The earliest series of studies assessed coronary patency at baseline and, for those ini-
tially showing total coronary occlusion, the ability of thrombolytic regimens to recanal-
ize (“reperfuse”) through the site of obstruction on subsequent angiography (generally
at 60–90 min). Larger and more recent studies have omitted the baseline angiogram in
favor of rapid administration of iv therapy and have compared coronary patency between
regimens at 60–90 min and later. Because spontaneous (re)perfusion (grade 2 or 3 flow)
has occurred in approx 15–20% of patients studied angiographically in the early (�4–6)
h of AMI, coronary patency rates are generally higher than recanalization rates (93,94).
Although recanalization rates may be a better indicator of pharmacologic activity,
patency rates may correlate better with patient outcome, are easier to obtain, and form
the basis of the present discussion.
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CORONARY PERFUSION (PATENCY) PROFILES

A pooled analysis of 58 studies (n � 14,124 angiographic observations) formed the
basis for an overall profile of patency rates of several commonly used reperfusion reg-
imens (Fig. 3) (94). In the absence of thrombolytic therapy, spontaneous perfusion was
observed early after STE-AMI in only 15–21% of patients at 60–90 min after study
entry. No further increases were observed within the first day, but subsequent follow-up
demonstrated gradually increasing patency rates (to about 60% by 3 wk) associated with
spontaneous, aspirin, or heparin-facilitated intrinsic thrombolysis.

All thrombolytic regimens improved early patency rates although the speed of throm-
bolysis varied. SK (generally, 1.5 MU over 1 h) achieved the lowest patency rates at 60
and 90 min (48 and 51%, respectively). Intermediate and roughly similar rates of
patency were achieved by APSAC and 3-h tPA infusions (about 60% at 60 min and 70%
at 90 min). Accelerated (90 min) tPA bolus–infusion regimens achieved higher patency
rates (74 and 84%, respectively). Patency profiles of newer tPA variants given by bolus
injection have been similar to tPA. Combination therapy with reduced dose accelerated
tPA (or bolus tPA variants) and abciximab (or another platelet glycoprotein IIb/IIIa
inhibitor) has improved patency rates further, up to 91 and 94%, respectively (79).

In contrast to the differing early patency profiles observed among various regimens,
patency rates at 3–24 h and beyond have been found to be generally similar among stan-
dard thrombolytics, averaging 80–85% (94). Reocclusion rates have been generally
higher after fibrin-specific therapy (e.g., tPA) than after nonfibrin-specific (systemically
active) agents (13 vs 8%, p � 0.002), especially in the absence of optimal concurrent
IV heparin with fibrin-specific therapies.

The validity of these composite patency rates, generated from many studies of vary-
ing design and size, was confirmed by the single large GUSTO angiographic substudy
(95). This substudy, embedded within the much larger (41,021 patients) GUSTO mor-
tality trial (96), also enabled clear demonstration of the importance of early (90 min)
TIMI grade 3 (complete) perfusion compared with TIMI grade 2 (incomplete) and lower

Fig. 3. Pooled angiographic patency rates (TIMI 2 � 3 flow) over time with no thrombolytic agent,
SK, APSAC, tPA, rPA, TNK, and combination therapy of half-dose tPA and abciximab.



grades (TIMI 0,1) as an accurate predictor of mortality outcomes. Specifically, the
GUSTO Angiographic Study (n � 2431 patients) demonstrated a 90-min patency rate
(TIMI grades 2/3) of 81% for accelerated-dose tPA and heparin, compared with 54% for
SK and subcutaneous (sc) heparin (p � 0.001 vs tPA) and 60% for SK with iv heparin
(p � 0.001 vs tPA). At 180 min, patency rates were the same in the four treatment groups
and remained constant over 7 d of observation (range, 72–86%). Reocclusion rates in
the study were similar among regimens (about 6%).

PATENCY/MORTALITY CORRELATIONS

The achievement of early complete TIMI grade 3 perfusion, recognized recently to
be a better predictor of outcome, was specifically evaluated in GUSTO (96). Rates of
complete (grade 3) perfusion at 90 min were 54% with accelerated tPA, 29% with SK
plus SC heparin, and 32% with SK plus iv heparin (p � 0.001 for comparison of SK
groups with tPA). Differences in measures of left ventricular function and mortality par-
alleled differences in rates of patency at 90 min: ventricular function was best in those
with normal (grade 3) flow irrespective of treatment. Likewise, mortality at 30 d was
lowest among those with normal (TIMI 3) flow at 90 min (4.4%), highest (8.9%) among
those with absent flow (p � 0.009), and intermediate in those with partial (TIMI 2) flow
(7.4%). In a formal predictive model that was based on patency differences, the corre-
lation between predicted and observed mortality rates was 0.97, providing strong evi-
dence for the importance of early and complete infarct artery patency in determining
mortality outcomes (97).

Placebo or Nonthrombolytic Controlled Mortality Studies 
of Intravenous Thrombolytics

During the late 1980s, a few key placebo or nonthrombolytic controlled studies were
performed that firmly established the basis for a survival benefit of iv thrombolysis
(49,98–100). These studies are summarized in Table 2 (100) and discussed below.

GRUPPO ITALIANO PER LO STUDIO DELLA STREPTOCHINASI NELL’INFARTO

MYOCARDIO (GISSI)

The Italian GISSI study was the first adequately powered and designed mortality
study in the modern era of thrombolysis to establish a survival benefit for iv fibrinolytic
therapy (101). GISSI enrolled 11,806 patients with presumed AMI within 12 h of symp-
tom onset who had ST-segment deviation (elevation or depression) on electrocardiogram
(ECG) and assigned them to receive 1.5 MU of iv SK over 1 h or standard therapy alone.
Treatment was unblinded. The primary end point was 21-d mortality, which could be
assessed in 11,712 patients. Aspirin was not routinely given, and heparin use was left to
the physician’s discretion. Most patients (about 90%) showed STE, and 94% were con-
firmed to have suffered AMI by discharge. Coronary angiography and coronary inter-
ventions were rarely used. Overall, a relative mortality risk reduction of 19% was
observed (p � 0.0002). Survival benefit was time-dependent: relative risk reduction was
not significant for treatment begun after 6 h, but it averaged 26% for therapy begun
within 3 h (p � 0.0005) and, in an exploratory analysis, 51% (p � 0.0001) in a sub-
group treated within 1 h of symptom onset. Other subgroup analyses demonstrated ben-
efit specifically in patients with anterior infarction (relative risk [RR] � 0.75), with no
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previous MI (RR � 0.75), with Killip class I or II (RR � 0.80), and of age �65 yr (RR
� 0.72). A trend also favored treatment in more elderly patients. Thus, GISSI, published
in 1986, suggested that iv SK was safe and conferred a significant early survival bene-
fit in AMI (at least among patients presenting within 6 h of symptom onset who gener-
ally had STE). Moreover, mortality benefits appeared to be maintained in the long term
(102).

SECOND INTERNATIONAL STUDY OF INFARCT SURVIVAL (ISIS-2)

ISIS-2, an even more ambitious test of IV thrombolysis, followed in 1988 (103) and
confirmed and extended the observations of GISSI. ISIS-2 used a 2-by-2 factorial
design to assess the effects of iv SK (1.5 MU over 1 h), aspirin (162 mg/d on admission
and daily for 1 mo), both, or neither in 17,187 patients entering 417 hospitals worldwide
with suspected AMI within 24 h of symptom onset. The primary end point was vascu-
lar death at 5 wk. In the double placebo group, the mortality rate was 13.2%. The odds
of dying were reduced by SK alone (by 25%, p � 0.0001) and also by aspirin alone (by
23%, p � 0.0001). Additive benefit occurred with the combination of SK and aspirin
(42% odds reduction, p � 0.00001). When SK and aspirin were given early (within 4 h
of symptom onset), a 53% odds reduction in mortality was achieved. Benefits were
time-dependent, although less so than in GISSI. Subgroup analyses demonstrated lower
mortality rates with thrombolytic therapy in the same subgroups shown to benefit in
GISSI and, in addition, in those presenting with bundle-branch block (BBB), with infe-
rior infarction, and at all ages (including those � 70 yr old). A notable exception was
the group presenting with ST-segment depression. A small excess (0.1%) of confirmed
cerebral hemorrhage was observed with SK, as were larger excesses in hypotension, pre-
sumed allergic reactions, and minor bleeds. Overall, therapy was regarded as safe, and
IV SK was “established” in a broad group of patients with AMI. Importantly, ISIS-2 also
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Table 2
Large Mortality Trials Comparing Standard Therapy with tPA or Streptokinase

End points GISSI (101)a ISIS-2 (103)b ASSET (107)c

Drug SK Control SK Control 3-h tPA Placebo
(n patients) (5860) (5852) (8592) (8595) (2512) (2493)

Death (%) 10.7 13.0 9.2 12.0 7.2 9.8
Reinfarction (%) 4.1 2.1 2.8 2.4 3.9 4.5
Any stroke (%) 0.2d NR 0.7 0.8 1.1 1.0
Hemorrhagic stroke (%) NR NR 0.1 0 0.3 0.08
Major bleeds (%) 0.3d NR 0.5 0.2 1.4 0.5

aEnd points measured at 21 d; included patients without STE.
bEnd points measured at 35 d; death � vascular mortality; included patients without STE. Study also

included a factorial randomization to aspirin.
cEndpoints measured at 30 d; included patients without STE.
dMajor bleeds and stroke attributed by investigator to SK. Nonfatal stroke at 6 mo was 0.7% in each

group (102).
NR � not reported.
SK � Streptokinase.



established antiplatelet therapy with aspirin, given on admission and daily thereafter, as
a routine part of AMI management.

APSAC INTERVENTION MORTALITY STUDY (AIMS)

Contemporary with ISIS-2 (1988), AIMS established a substantial survival benefit of
IV APSAC in a multicenter trial from the United Kingdom (104,105). Patients under 70
with STE were entered within 6 h of AMI onset and randomized to APSAC (30 U) or
placebo. The primary end points were 30-d and 1-yr mortality. Aspirin was not routinely
used, but iv heparin was begun after 6 h. Patients were subsequently given warfarin for
at least 3 mo. AIMS was stopped early because of efficacy. In the final analysis of 1258
patients, 30-d mortality was reduced from 12.1% in the placebo group to 6.4% in the
APSAC group (odds reduction 51%, 95% CI: 26–67%, p � 0.0006) (105). After 1 yr,
mortality reductions persisted (17.8% with placebo, 11.1% with APSAC, odds reduc-
tion 43%, CI: 21–59%, p � 0.0007) (105). All subgroups benefited.

The need for adjunctive IV heparin added to aspirin after APSAC was addressed by
the first Duke University Clinical Cardiology Study (DUCCS-1) (106). DUCCS-1, of
intermediate size, found no difference in clinical end points other than a higher rate of
bleeding in AMI patients assigned to IV heparin compared with no heparin. Hence, cur-
rent recommendations for heparin with APSAC follow those for its parent drug SK (9),
derived from a larger experience including GUSTO-1 (95), which demonstrated no
advantage of concomitant iv over sc heparin with SK.

ANGLO-SCANDINAVIAN STUDY OF EARLY THROMBOLYSIS (ASSET)

Shortly after ISIS-2, ASSET provided evidence of a survival benefit with rtPA (107).
ASSET enrolled 5013 patients with suspected AMI (ECG confirmation not required)
within 5 h of symptom onset and randomized them to double-blind therapy with rtPA,
100 mg over 3 h together with IV heparin, 5000 U, then 1000 U/h for 1 d, or placebo
plus heparin. Aspirin was not routinely given. The primary end points were 1- and 6-mo
mortality. Thirty-day mortality was significantly lower in the rtPA than the placebo
group (7.2 vs 9.8%, relative risk reduction 26%, 95% CI: 11–39%, p � 0.001). Bleed-
ing complication rates were higher with rtPA (1.4 vs 0.4% for major hemorrhage), but
total stroke rates were similar (1.1 vs 1.0%).

LATE ASSESSMENT OF THROMBOLYTIC EFFICACY (LATE) STUDY

Earlier studies had conclusively demonstrated the benefit of IV thrombolytic therapy
begun within 6 h of onset of symptoms. The LATE study aimed to assess the more con-
troversial question of treatment effects of a randomized double-blind comparison of iv
rtPA (100 mg over 3 h) with matching placebo in patients with symptoms of 6–24 h
duration and ECG criteria consistent with AMI (108). A total of 5711 patients were
entered and randomized to rtPA or placebo plus oral aspirin. iv heparin was recom-
mended for 48 h. The primary end point, 35-d mortality, was reduced by 14.1% (95%
CI: 0–28%). Mortality reductions occurred primarily in the prespecified patient group
given treatment within 12 h of symptom onset (8.9 vs 12.0%, RR reduction 26%, CI:
6–45%, p � 0.023). The results of LATE suggested that the time window for throm-
bolysis (with rtPA) should be extended to at least 12 h from symptom onset for patients
with AMI. An overview of “late” studies with SK also supported a survival benefit up
to 12 h (109,110).
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FIBRINOLYTIC THERAPY TRIALISTS’ (FTT) COLLABORATIVE GROUP REPORT

By 1990, the benefit of IV thrombolytic therapy in appropriate AMI patients was
regarded as established, ending the era of placebo (or nonthrombolytic)-controlled tri-
als (110,111). To maximize information gained from these trials, the FTT collaborative
group pooled the nine major trials that had randomized 1000 or more patients (110). The
FTT database included 58,600 patients. Overall, an 18% reduction in 5-wk mortality
(from 11.5 to 9.6%) was observed with fibrinolytic therapy, a highly significant result
(p � 0.0001). Most patients (approx 45,000) presented with STE or BBB on ECG, and
benefit was concentrated in these groups. Within the group with BBB on admission
ECG, 49 lives were saved per 1000 patients treated. Within the STE group, greater ben-
efit was observed in those with anterior (37 saved/1000) than with inferior STE only (8
saved/1000). Combined or other site STE showed intermediate benefit (27 saved/1000).
No mortality benefit was observed for patients presenting with normal ECGs or ST
depression; indeed, thrombolysis caused a slight adverse trend (7 and 14 more
deaths/1000 treatments, respectively) (Fig. 4). The mortality reductions seen in the STE
and BBB groups showed time dependence: absolute benefits declined from about 40
lives saved/1000 for treatment within the first h, to 20–30 for h 2–12, to 7 for h 13–24. 

When other studies that evaluated very early therapy (i.e., emergency ward or para-
medic-based) are included, even greater benefits are observed. Boersma et al. (112) re-
appraised very early therapy based on a database of 50,246 patients derived from all
randomized trials of 100 or more patients published between 1983 and 1993. Overall, a
nonlinear relation of treatment delay to benefit was observed (Fig. 5). These results
clearly demonstrated a time dependency of benefit, particularly when large numbers of
patients are treated within the first 1 or 2 “golden hours”.

The FTT collaborative group analysis provides important information on therapy for
patients over age 75, for whom relatively few data are available in single randomized

Fig. 4. Thrombolytic therapy effect on mortality (lives saved/1000 treated) as reported in the FTT
Collaborative Group (using SK, APSAC, UK, and 3-h tPA), by admission ECG. Patients presenting
with BBB and anterior segment elevation derived the most benefit from thrombolytic therapy. Patients
with inferior STE derived much less benefit, whereas those with ST-segment depression or with nor-
mal or nonspecific ECG showed trends toward harm. Adapted from ref. 110.
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trials. For these patients, proportionate mortality reductions were less (the trend to ben-
efit was not significant) although the absolute mortality reduction was still preserved.

Mortality reductions were little influenced by systolic blood pressure or heart rate
except at their extremes. Hypotension (systolic blood pressure � 100 mmHg on pres-
entation) was associated with greater AMI risk overall, but also with greater absolute
mortality reductions with therapy (60 lives saved/1000 treated; p � 0.001). During per-
sistent hypotension (cardiogenic shock), the effectiveness of thrombolytic therapy is
unclear (113). Intra-aortic balloon pumps are associated with lower mortality in the
presence of thrombolytic therapy during cardiogenic shock (114); however, emergent
revascularization is preferred when available.

Benefits of thrombolytic therapy also were confirmed by FTT for other high-risk
groups, including those with prior MI (absolute reduction of 1.6 vs 2.0% for those with-
out prior MI) and diabetes (absolute reduction of 3.7 vs 1.5% for those without dia-
betes). The absolute benefit of thrombolytics in the currently era may be even greater,
as the FTT data are derived primarily from SK, APSAC, and 3-h tPA infusions, which
have been shown inferior to accelerated tPA, and these trials have included patients with
ECG criteria now known to not benefit from thrombolytic therapy.

Comparative Trials of Thrombolytic Regimens

TPA VS SK

There are three large mortality trials comparing tPA with SK. These trials are sum-
marized in Table 3 and discussed below (115).

GISSI-2/International Study Group Trial. The GISSI-2/International Study was the
first adequately powered mortality study to compare tPA with SK and also to explore the

Fig. 5. Absolute reduction in 35-d mortality decreased as time-to-treatment increases. Small closed
dots represent data from trials included in the FTT analysis, open dots represent information from
additional trials, and small squares represent trials with absolute benefit �80 lives/1000 treated. The
linear and nonlinear regression lines are fitted within these data and weighted by the inverse of the
variance of the absolute benefit for each data point. The six black squares represent the average effect
by time-to-treatment at six different time points (area of the squares are inversely proportional to the
variance of the absolute benefit). Reproduced with permission from ref. 112.
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Table 3
Comparative Mortality Trials of tPA vs SK or APSAC

GISSI-2/ International ISIS-3 GUSTO-1)
End points (116,117) (118)a (96)a

Drug SK 3h tPA SK 3h tPA APSAC SK Accel. tPA SK/tPA
(n patients) (10,396) (10,372) (13,607) (13,569) (13,599) (20,173) (10,344) (10,328)

Death (%) 8.5 8.9 10.6 10.3a 10.5 7.3 6.3a 7.0
Reinfarction (%) 3.0 2.6 3.5 2.9a 3.6 3.7 4.0 4.0
Any stroke (%) 0.9 1.3* 1.0 1.4a 1.3 1.3 1.6 1.7
Hemorrhagic stroke (%) 0.3 0.4 0.2 0.7a 0.6 0.5 0.7a 0.9
Non-CNS bleeds (%) 0.9 0.6a 4.5 5.2a 5.4 6.0 5.4a 6.1

ap � 0.05; statistical comparisons are only listed for SK vs tPA.



effect of sc heparin (116,117). Patients with suspected AMI of �6 h duration (12,490 from
the Italian GISSI-2 centers and 8,401 from the balance of the International Study centers;
total 20,891) were randomly allocated to tPA (100 mg given over 3 h) or SK (1.5 MU over
30–60 min), given open-label (unblinded). In a factorial fashion, patients also were ran-
domly allocated to sc heparin (12,500 U twice daily beginning 12 h after the start of
thrombolytic therapy) or no heparin. Aspirin (325 mg/d) was given in all treatment groups.
Early b-blockade was encouraged. The primary efficacy endpoint, in-hospital mortality,
occurred in 8.5% of SK and 8.9% of tPA patients (RR 1.05, 95% CI: 0.96–1.16, p � NS)
(116). Mortality rates were 8.5% for the sc heparin and 8.9% for the no heparin group (RR
0.95, 95% CI: 0.86–1.04, p � NS). Definite hemorrhagic stroke was reported in 0.3% of
the SK and 0.4% of the tPA group. A small excess of major bleeds was seen with sc heparin
(1.0 vs 0.5%), but heparin did not affect the incidence of stroke or reinfarction. A com-
bined in-hospital endpoint of death or severe left ventricular function, measured in the
GISSI-2 cohort (117), also did not differ by thrombolytic (SK 22.5%, tPA 23.1%).

Third International Study of Infarct Survival (ISIS-3). ISIS-3 was the second ade-
quately powered mortality comparison between SK and tPA (given as duteplase) and
between sc heparin and no heparin (118). The thrombolytic APSAC also was evaluated.
A total of 41,299 patients from 914 hospitals worldwide with a diagnosis of suspected
AMI were entered within 24 h of the onset of symptoms (median 4 h) and randomly
allocated to SK (1.5 MU infusion over 1 h), tPA (duteplase, 0.6 MU/kg infused over 4
h), or APSAC (30 U over 3 min). Aspirin (162 mg) was given on admission and daily.
Patients also were allocated to sc heparin (12,500 IU), starting at 4 h and given twice
daily for 7 d, or no heparin, in a second randomization. Study drug was administered in
an open-label (unblinded) fashion. The primary end point, mortality at 35 d, occurred in
a similar percentage of the three treatment groups (SK 10.6%, APSAC 10.5%, tPA
10.3%). Six-month mortality also showed no differences among thrombolytic regimens
(SK 14.0%, APSAC 13.7%, tPA 14.1%).

The addition of sc heparin reduced mortality modestly during the first wk (7.4 vs
7.9%, p � 0.06), but the difference diminished by 35 d (10.3 vs 10.6%, p � NS), and 6-
mo mortality was almost equivalent (0.1% difference) in each heparin group. Combining
the heparin results of ISIS-3 and GISSI-2 strengthened the conclusion that a modest ben-
efit occurred during wk 1 (avoidance of 5 deaths/1000 patients, p � 0.01) with loss of
benefit during follow-up (5 wk, 6 mo). Duteplase was associated with fewer reports of
allergy or hypotension but a higher rate of cerebral hemorrhage than the other regimens.

Unresolved Issues after GISSI-2 and ISIS-3. The failure to show a survival advan-
tage of tPA over SK was surprising, given tPA’s more rapid reperfusion profile
(93–95,110,120). In attempting to explain this paradox, several possibilities were raised
(121,122), including the following: heparin dosing was inadequate (sc instead of iv)
(123,124); tPA was not front-loaded (94); treatment was begun too late to show differ-
ential salvage; and, STE on ECG to insure appropriate patient selection was not
required. These concerns led to GUSTO (96).

GUSTO. GUSTO tested the hypothesis that more aggressive thrombolytic strategies
would produce earlier reperfusion and result in improved survival. Importantly, tPA was
given as an accelerated regimen with iv heparin, and patients were enrolled early (within
6 h, mean 2.7) and were required to show STE on ECG. GUSTO randomized 41,021
patients from 15 countries to: (i) IV SK 1.5 MU/1 h with sc heparin; (ii) 1.5 MU SK
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with iv heparin, titrated to achieve an aPTT between 60 and 85 s; (iii) accelerated-dose
tPA (15-mg bolus, 0.75 mg/kg up to 50 mg over 30 min, then 0.5 mg/kg to 35 mg over
60 min, for a maximum of 100 mg over 90 min) and iv heparin; or (iv) a combination
of tPA 1 mg/kg and SK 1 MU, given concurrently over 60 min with iv heparin. The pri-
mary endpoint, 30-d mortality, was modestly but significantly lowered with accelerated
tPA (6.3%), representing a 14% risk reduction (p � 0.001) compared with the SK strate-
gies (7.3%). SK outcomes did not differ by heparin regimen. The combined strategy
(tPA plus SK) gave an intermediate outcome.

The risk of hemorrhagic stroke was modestly higher with tPA (0.7%) than SK (0.5%).
However, even after combining death with nonfatal disabling stroke, tPA continued to
be favored (event rates 6.9 vs 7.8%, p � 0.006).

In an angiographic substudy embedded within GUSTO (n � 2431 patients), the
patency rate (TIMI grades 2 � 3) of the infarct-related artery at 90 min was found to
vary inversely with mortality rates in the overall study, being highest in the tPA plus
heparin regimen (81%), intermediate with combined tPA and SK (73%), and lowest with
SK with either iv (60%) or sc heparin (53%) (95). Differences were accounted for by
differences in complete (TIMI grade 3) reperfusion rates (54%, 38%, 32%, and 29%,
respectively). Later patency rates tended to equalize among therapeutic strategies and
were not predictive of mortality outcomes. A formal predictive model was developed for
mortality assuming that thrombolytic therapy achieved its survival benefit through
increasing coronary artery patency at 90 min (97). The close match between predicted
and observed 30-d mortality rates (correlation coefficient � 0.97) further supported the
early achievement of complete perfusion as the major mechanism of survival benefit.

T-PA VS APSAC

tPA-Eminase AMI Study (TEAM-3). The third Thrombolysis trial of Eminase in
AMI (TEAM-3) compared APSAC (30 U/2–5 min) and tPA, given in a standard (3 h)
infusion, in 325 AMI patients with symptoms of �4 h duration and electrocardiographic
STE (125). Coronary patency rates were high after both APSAC (89%) and tPA (86%;
p � 0.4) (90-min patency rates were not measured), and clinical event rates were gen-
erally comparable although bleeding occurred more frequently after APSAC. However,
the primary end point, left ventricular ejection fraction, was higher after tPA, both at dis-
charge (54 vs 51%; p � 0.04) and at 1 mo (54 vs 50%; p � 0.002)

tPA-APSAC Patency Study (TAPS). This German angiographic study compared
accelerated tPA with APSAC in 421 AMI patients (126). Early patency rates were higher
with tPA (73 vs 60% at 60 min; p � 0.05; 84 vs 70% at 90 min; p � 0.0007) including
rates of complete (TIMI grade 3) perfusion (72 vs 54% at 90 min). By contrast, re-occlu-
sion within 1 to 2 d occurred more frequently after tPA (10 vs 3%), and later patency
rates did not differ between the regimens. Bleeding was more frequent after APSAC,
given with aggressively dosed iv heparin. Mortality rates were lower with tPA, although
the study was not powered for survival comparisons.

TIMI-4 Trial. TIMI-4 compared APSAC, front-loaded tPA, or combination throm-
bolytic therapy in 382 patients enrolled within 6 h of AMI onset with STE or new left
bundle-branch block (LBBB) (127). Double-blind therapy was with front-loaded tPA
(up to 100 mg/90 min), APSAC (30 U/2–5 min), or a combination of tPA (up to 50 mg)
and APSAC (20 U) with aspirin and iv heparin. Coronary patency rates were higher in
tPA- than APSAC-treated patients, both at 60 (78 vs 60%; p � 0.02) and 90 min (84 vs
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73%, p � 0.02), including complete (grade 3) perfusion (60 vs 45% at 90 min, p �
0.01). An “unsatisfactory outcome,” the primary end point, occurred in 41% of tPA, 49%
of APSAC (p � 0.2 vs tPA), and 54% of combination patients (p � 0.06). Mortality
rates were lowest after tPA. Bleeding was more frequent in APSAC-containing regi-
mens. TIMI-4 added to the GUSTO angiographic study (95) in supporting the early
open-artery hypothesis of benefit and in favoring tPA over SK or APSAC.

COMPARATIVE TRIALS WITH NEWER BOLUS THROMBOLYTICS

Three bolus-administered mutants of tPA have been compared to wild-type tPA (rtPA)
and (for rPA) to SK. Results of the three largest trials are summarized in Table 4.

RPA VS SK OR TPA

International Joint Efficacy Comparison of Thrombolytics Trial (INJECT).
INJECT randomized 6010 AMI patients in double-blind fashion to reteplase (two 10-
MU boluses given 30 min apart) or SK (1.5 MU over 1 h) (73). The 35-d primary mor-
tality end point was reached by 9.0% of rPA and 9.5% of SK patients—a nonsignificant
absolute reduction of 0.5% (95% CI: –1.98% to � 0.96%). Based on the premise that a
new thrombolytic agent should achieve a mortality rate no worse than 1% more than a
standard regimen (i.e., SK) with 95% confidence (“equivalence”), rPA was approved by
the Food and Drug Administration (FDA) in 1996.

Reteplase Vs Alteplase Patency Investigation During AMI (RAPID-2). RAPID-2
compared rPA and its parent drug, tPA, in an angiographic patency study in 324 AMI
patients (74). At the primary, 90-min end point, infarct-related artery patency was 83%
with rPA vs 73% with tPA (p � 0.03), and respective TIMI grade 3 rates were 60 vs 45%
(p � 0.01). However, very early patency rates (at 30 min) tended to favor tPA. On the basis
of this favorable patency comparison, a mortality trial, GUSTO-III, was undertaken.

GUSTO-III. GUSTO-III, an international multicenter trial, tested whether rPA
could reduce mortality compared with accelerated rtPA in 15,059 AMI patients pre-
senting within 6 h of symptom onset with STE (75). Both therapies were given with
aspirin (160 mg, then 160–325 mg daily) and IV heparin (5000 U, then 800–1000 U/h,
adjusted to a target activated partial thromboplastin time (aPTT) of 50–70 s). The study
had over 85% power to detect the expected �20% relative mortality reduction with rPA,
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Table 4
Comparative Mortality Trials of tPA with Bolus Thrombolytics

End points ASSENT-II (133) GUSTO-III (75) In-TIME-II (90)

Drug tPA TNK tPA rPA tPA nPAa

(n patients) (8488) (8461) (4921) (10,138) (5022) (10,038)

Death (%) at 30 d 6.15 6.18 7.24 7.47 6.61 6.75
Reinfarction (%) 3.8 4.1 4.2 4.2 5.5 5.0
Any stroke (%) 1.66 1.78 1.79 1.64 1.53 1.87
Hemorrhagic stroke (%) 0.94 0.93 0.87 0.91 0.64b 1.12b

Major bleed (%) 5.94b 4.66b 1.2 0.95 0.6 0.5

aTNK, tenecteplase; rPA, reteplase; nPA, lanoteplase.
bp � 0.05 for comparison.



based on patency differences observed in RAPID-2 (74). However, mortality rates at 30
d did not differ: 7.50% for rPA compared with 7.28% for rtPA (p � 0.64, ratio 1.03,
95% CI: 0.91–1.18). The incidence of hemorrhagic stroke was similar for rPA and rtPA
(0.93 vs 0.85%). Other outcomes also were similar. Thus, rPA is not superior in its sur-
vival benefits to tPA.

GUSTO-III emphasized the hazard of using a surrogate outcome (patency rates) to
project small mortality differences. Earlier, a double-bolus regimen of tPA (50 mg � 50
mg administered 30 min apart) also was reported to yield an improved patency outcome
compared with the accelerated tPA infusion regimen (128), but a later study failed to
show superiority and, in fact, was discontinued owing to increased bleeding (129).

TNK-TPA VS TPA

TNK-tPA, a fibrin-selective, single bolus fibrinolytic, was evaluated in the TIMI 10A
dose finding and TIMI 10B and ASSENT-1 dose confirmation trials (77,83,130). In
these phase 1 and 2 studies, a clear dose-response was observed, both for coronary
patency and hemorrhage (including intracerebral hemorrhage [ICH] for the 50-mg
dose). With limitation and weight-adjustment of TNK-tPA dose and reduction and ear-
lier down-titration of heparin dosing, satisfactory bleeding rates, and comparable TIMI
3 patency rates were demonstrated at 90 min compared with accelerated rtPA.

TIMI-10A. In this first clinical trial of TNK-tPA, ascending doses of 5–50 mg were
tested (77). Greater TIMI grade 3 flow rates at 90 min (57–64%) (77) and improved bet-
ter myocardial perfusion (131,132) were achieved with 30–50 mg TNK-tPA than with
lower doses. A longer half-life of TNK-tPA was confirmed.

Two phase II trials were conducted in the U.S. and Europe to evaluate efficacy (i.e.,
the rate of grade 3 flow at 90 min, TIMI-10B) (83) and safety (i.e., the rate of intracra-
nial hemorrhage, ASSENT-I) (130):

TIMI-10B. TIMI-10B randomized 886 AMI patients to receive either front-loaded
tPA or a single 5–10 s TNK-tPA bolus of 30 or 50 mg (77). The 50-mg dose was dis-
continued due to increased bleeding and replaced with a 40-mg dose. The 40-mg dose
produced a similar rate of TIMI grade 3 flow at 90 min as tPA (63 vs 63%, p � NS).
TIMI grade 3 flow at 60 min (and 2 or 3 flow) and TIMI frame counts at 90 min also
were similar for TNK-tPA and tPA. However, corrected TIMI frame count score
improved (more rapid coronary flow) among patients who received higher “weight-cor-
rected” doses (0.5 mg/kg and higher) of TNK-tPA (132). Rates of ICH, initially a con-
cern, decreased later in TIMI-10B and ASSENT-I after institution of a reduced dose
heparin protocol (83). This lower dose heparin regimen was selected for the phase-3
study (ASSENT-II). Rates of other serious bleeding (requiring transfusion) were lower
with the more fibrin-selective TNK-tPA than tPA.

ASSENT-1. ASSENT-I randomized 3235 patients with AMI to 30, 40, or 50 mg
TNK-tPA with the primary goal of determining the rates of intracranial hemorrhage to
assist in choosing the most appropriate dose for phase 3 testing (130). Given concerns
in TIMI-10B, the 50-mg dose was discontinued early on and replaced by 40 mg, and
heparin doses were reduced. ICH occurred in 0.77% of patients overall: 0.94% in the 30
mg arm and 0.62% in the 40 mg arm. Death, death or nonfatal stroke, and severe bleed-
ing complications occurred in a low proportion of patients in all groups. Given the
acceptable safety for ICH of TNK-tPA 30–40 mg, given with lower-dose heparin, phase
3 testing was undertaken.
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ASSENT-II. The double-blind phase-3 Assessment of the Safety and Efficacy of a
New Thrombolytic-2 (ASSENT-II) study was a randomized mortality equivalence trial
that compared weight adjusted TNK-tPA (as a bolus over 5–10 s) with accelerated rtPA
(133). All patients received aspirin and lower dose heparin. ASSENT-II enrolled 16,950
patients worldwide who presented within 6 h of AMI onset. TNK-tPA dose (range, 30–50
mg) was based on weight adjustment and approximated (in 5-mg increments) 0.53 mg/kg.

The 30-d mortality end point was essentially identical for TNK-tPA (6.17%) and tPA
(6.15%) and fulfilled the definition of “equivalence”, with a relative risk of 1.00 (90% CI:
0.91–1.10, p for equivalence � 0.028). Only one subgroup stood out: for those treated �4
h after the onset of pain, an apparent survival advantage for TNK-tPA was observed (7.0
vs 9.2% mortality). This result was postulated to relate to TNK-tPA’s greater fibrin speci-
ficity, in keeping with trends observed in earlier trials (75,96). (It is known that clots
become more resistant to fibrinolysis the longer they mature; greater fibrin specificity
may enhance a thrombolytic’s ability to lyse these older, fibrin-rich clots.)

Relative safety also was favorable in ASSENT-II (133). ICH rates were virtually iden-
tical for TNK-tPA and tPA (0.93 vs 0.94%). Total stroke rates also were similar (1.78 vs
1.66%). Reassuringly, ICH rates were lower (not higher) for TNK-tPA vs tPA in the high
risk group of low-weight, elderly women. Further, overall major noncerebral bleeding
rates were significantly lower with TNK-tPA (4.7 vs 5.9%, p � 0.0002) as were trans-
fusion rates (4.3 vs 5.5%, p � 0.0002) and total bleeding rates. These results may be a
consequence of greater fibrin specificity for TNK-tPA and weight adjustment.

Thus, convenience and safety but not mortality advantages were shown to argue for
TNK-tPA’s utility as an alternative to tPA.

LANOTEPLASE VS TPA

Lanoteplase (nPA), a longer-acting tPA variant, was studied in doses of 15–120 kU/kg
in the phase 2 angiographic trial Intravenous nPA for Treating Infarcting Myocardium
Early (InTIME) (89). A dose response for 60-min TIMI-3 patency was observed over the
three lowest doses but not between 60 and 120 kU/kg, and neither of these doses was
superior to rtPA. A subsequent double-blind mortality equivalence trial, InTIME-2,
selected the 120 kU/kg dose and randomized 15,078 STE-AMI patients presenting
within 6 h to nPA or tPA (2:1 ratio) (90). Although 30-d mortality rates were similar (nPA
� 6.77%, tPA � 6.60%), a significantly higher ICH rate occurred in the nPA group (1.13
vs 0.62%). As concerns developed about excessive ICH rates during InTIME-2, heparin
down-titration was undertaken earlier (at 3 h) if PTT exceeded 70 s. Reductions in ICH
after both nPA and tPA ensued. In an extension study (InTIME-2B, n � 1491), the
heparin bolus was omitted, and heparin was initiated with an infusion of 15 U/kg/h (1000
U/h maximum). ICH rates declined further for nPA to 0.87%. These observations have
impacted heparin recommendations generally when heparin is given with thrombolytics.

Thus, none of the newer fibrinolytic regimens has surpassed accelerated tPA for sur-
vival outcomes. However, the ease of administration of TNK-tPA, together with its
reduced transfusion requirements, is likely to lead to its rapid acceptance into clinical
use. Lower rates of dosing errors with bolus fibrinolytics such as TNK also may con-
tribute to superior clinical outcomes (134).

Combinations of Thrombolytics with Platelet Glycoprotein IIB/IIIA
Inhibitors and New Antithrombins

With the failure of new thrombolytic monotherapies to improve early coronary
patency and clinical outcomes compared with tPA, interest has shifted toward combina-
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tion pharmacotherapies (135). Theoretical arguments have been made for combining
fibrinolytics with augmented antiplatelet therapies (136). The platelet membrane glyco-
protein (GP) IIb/IIIa, a specific fibrinogen receptor, is the final common pathway in
platelet activation and an attractive therapeutic target. Antibodies, peptides, and small
molecules have been developed that block the platelet GP IIb/IIIa receptor. These have
potent platelet anti-aggregatory effects and have demonstrated efficacy in the setting of
non-STE ACS and coronary angioplasty (137–140). In STE-AMI, their utility as adjunc-
tive therapy for patients undergoing direct percutaneous transluminal coronary angio-
plasty (PTCA) with stenting recently has been shown (141). Given the critical role of
platelets in coronary arterial thrombosis, the combination of a fibrinolytic with a GP
IIb/IIIa inhibitor has substantial appeal as an approach to improving pharmacologic
reperfusion. Results of the two large mortality trials of combination therapy are sum-
marized in Table 5.

TIMI-14

Abciximab, a monoclonal chimeric antibody against GP IIb/IIIa, was tested as con-
junctive therapy with lower doses of tPA in the TIMI-14 dose-ranging angiographic trial
(79). The combination of half-dose tPA and full-dose abciximab (with reduced doses of
heparin) compared with tPA monotherapy produced impressive increments in TIMI-3
flow rates at 60 min (72 vs 43%, p � 0.0009) and 90 min (77 vs 62%, p � 0.01) with
similar bleeding rates. TIMI 2/3 was achieved in an even higher percentage (up to
91–94%).

SPEED

Another angiographic study, Strategies for Patency Enhancement in the Emergency
Department (SPEED) tested rPA with abciximab (vs rPA alone) in 2 phases (140). The
best combination in phase A (half-dose rPA—5U � 5U 30 min apart—with full dose
abciximab) was re-evaluated in phase B with two heparin bolus doses (40 or 60 U/kg).
Improved TIMI-3 flow rates were observed with combination therapy, 54 vs 47%,
although differences were not significant. Higher rates of bleeding (9.8 vs 3.7%) were
observed with combination therapy. SPEED piloted the GUSTO-V AMI outcomes trial.

HART-II

An argument also has been made for substituting an antithrombin more effective than
heparin in combination with a fibrinolytic. Low molecular weight heparins (LMWHs)
have theoretical advantages over unfractionated heparin (142). Unlike unfractionated
heparin, LMWHs interact less with elements in the circulation (plasma proteins,
platelets, leukocytes, endothelial cells), have more predictable kinetics, are effective
inhibitors of thrombin generation (antifactor Xa activity) as well as thrombin generation
(anti-IIa activity), are given in fixed doses without the requirement for monitoring, and
have compared well with heparin in clinical trials (143).

The HART II trial was an angiographic trial of 400 patients with AMI given aspirin
and accelerated tPA randomized to weight adjusted heparin or enoxaparin 30 mg IV then
1 mg/kg sc at 15 min and every 12 h (144). Coronary patency was greater with enoxa-
parin than heparin (80 vs 75%), and reocclusion rates were lower (6 vs 10%) without
excessive bleeding.
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Table 5
Mortality Trials with Combined Thrombolytic and GP IIb/IIIa Inhibitor Therapy

Endpoints GUSTO-V AMI (145) ASSENT-3 (146)

Drug rPA 1/2 rPA � TNK/heparin TNK/enoxaparin 1/2 TNK �
(n patients) (8260) abciximab (8328) (2038) (2040) abciximab (2017)

Death at 30 d (%) 6.2 5.9 6.0 5.4 6.6
Reinfarction (%) 3.5 2.3 4.2 d 2.7 d 2.2d

Any stroke (%) 0.9 1.0 1.5 1.6 1.5
Hemorrhagic stroke (%) 0.6a 0.6b 0.93 0.88 0.94
Major bleed (%) 2.3c 4.6c 2.2 3.0 4.3

aICH rate for patients �75 � 1.1%.
bICH rate for patients �75 � 2.1%.
cSevere and moderate bleeding combined.
dIn-hospital events.



Similarly, hirudin, a direct acting antithrombin, and its analogues (e.g., bivalirudin)
have been advocated for adjunctive therapy in place of heparin (see below).

GUSTO-V AMI

GUSTO-V AMI was an unblinded mortality study in 16,588 patients with STE-AMI
enrolled within 6 h and randomized to standard rPA (10 U � 10 U) or half-dose rPA (5
U � 5 U) plus full-dose abciximab (145). The primary hypothesis, that 30-d mortality
rate with combination therapy would be less than with standard thrombolytic therapy,
was not confirmed (5.6 vs 5.9%, respectively, p � 0.43) although the criterion for non-
inferiority was reached. However, of 16 prespecified in-hospital adverse AMI-related
outcomes, 14 occurred less frequently with combination therapy. Combined death or
nonfatal reinfarction rates (RR, 0.83, p � 0.001), nonfatal MI alone (p � 0.0001), recur-
rent ischemia (p � 0.004), urgent coronary intervention (RR, 0.64, p � 0.0001), ven-
tricular tachycardia or fibrillation, high-grade AV block, and total complications (28.5
vs 31.7%, p � 0.0001) were each significantly reduced.

On the other hand, spontaneous bleeding rates and transfusion requirements were
increased up to 2-fold with combination therapy (p � 0.0001). Moreover, there was a sig-
nificant (p � 0.03) adverse treatment interaction by age for ICH. ICH occurred in 2.1 vs
1.1% for combined vs standard therapy for age �75, whereas the rates were 0.4 vs 0.5%,
respectively, for age �75 (Fig. 6). GUSTO-V AMI was interpreted as validating an alter-
native reperfusion strategy for patients �75 yr old. However, the lack of incremental
mortality benefit and the increased bleeding risks were disappointing. Younger patients
at higher AMI risk (anterior AMI) arguably might be considered for the GUSTO-V AMI
combination regimen although ASSENT-3 suggests another alternative (below).

ASSENT-3

ASSENT-3 was a randomized but unblinded trial of 6095 patients with STE-AMI who
were enrolled within 6 h of AMI onset and assigned to one of three regimens: (i) TNK-
tPA and unfractionated heparin (both weight adjusted); (ii) TNK-tPA with the LMWH
enoxaparin; or (iii) half-dose TNK-tPA with heparin and full-dose abciximab (146).
Enoxaparin was given as a 30 mg iv bolus and 1 mg/kg sc repeated every 12 h until hos-
pital discharge or for 7 d. The first two SC doses could not exceed 100 mg. Unfraction-
ated heparin was dosed according to American College of Cardiology/American Heart
Association (ACC/AHA) guidelines (9): 60 U/kg bolus (maximum, 4000 U) and 12
U/kg/h initial infusion (maximum, 1000 U/h), adjusted after 3 h to an aPTT of 50–70 s.
With abciximab co-therapy, the heparin dose was further reduced to a 40 mg/kg bolus
(maximum 3000 U) followed by a 7 U/kg per h initial infusion (maximum, 800 U/h).

The primary efficacy endpoint of ASSENT-3 was the composite of 30-d mortality
and in-hospital reinfarction or refractory ischemia. The primary efficacy plus safety
endpoint was the efficacy endpoint plus in-hospital ICH or other major bleeding. The
efficacy endpoint was significantly lower in both the enoxaparin (11.4%, p � 0.0002)
and the abciximab co-therapy groups (11.1%, p � 0.0001) than the TNK-tPA/heparin
group (15.4%) (146). The efficacy plus safety endpoint also was significantly lower
with adjunctive enoxaparin (13.7%, p � 0.004) and conjunctive abciximab (14.2%, p
� 0.014) than with unfractionated heparin (17.0%) (Fig. 7), although the advantage of
combination therapy was not seen in the elderly. A lesser need for urgent coronary inter-
ventions was observed with the two experimental therapies.
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Despite the positive composite efficacy result with combination abciximab, there was
no mortality benefit (6.6 vs 6.0% for TNK-tPA/heparin control). Moreover, significant
adverse interactions of treatment with age (RR � 1.30 for �75 yr vs 0.74 for �75, p �
0.001) and diabetes (RR � 1.35 with vs 0.74 without diabetes, p � 0.0007) were
observed for the efficacy plus safety end point (Fig. 8). More major bleeding compli-
cations, transfusions, and thrombocytopenia occurred in the abciximab group (all p �
0.001), and the rates were three times higher in those older than 75 yr.
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Fig. 6. Percent risk of death or ICH for full dose rPA or half-dose rPA plus abciximab (rPA � Abx)
in the GUSTO-V trial. Data from ref. 145.

Fig. 7. Kaplan-Meier 30-d survival curves for the end point of death, in-hospital reinfarction, refrac-
tory ischemia, or major bleeding from the ASSENT-3 trial. Reproduced with permission from ref 146.
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In contrast, enoxaparin increased bleeding rates only slightly, and no treatment inter-
actions were seen. Taking into account efficacy and safety, TNK-tPA with adjunctive
enoxaparin emerged as the best overall therapy. Ease of administration and lack of need
for monitoring advantaged enoxaparin over heparin, and greater safety in the elderly and
diabetics distinguished it from the abciximab combination.

ENTIRE: A TEST OF THREE-WAY COMBINATIONS

A combination of half-dose thrombolytic, GP IIb/IIIa inhibition and enoxaparin was
studied in ENTIRE-TIMI 23 (Enoxaparin and TNK-tPA with or without GP IIb/IIIa
Inhibitor as Reperfusion strategy in STE MI). Preliminary results were presented at the
2001 European Society of Cardiology meetings. A total of 461 patients were enrolled.
Patients tended to have higher rates of ST-segment resolution with enoxaparin vs heparin
and with combination therapy vs TNK-tPA alone. Rates of major hemorrhage were
higher with TNK-tPA combinations. However, bleeding rates trended lower if enoxa-
parin was used instead of heparin (5.6 vs 7.8%). Although the study was not powered to
detect efficacy, the 30-d rates of MI or death were reduced in the enoxaparin groups
(14.9% with TNK-tPA/heparin vs 4.4% with TNK-tPA/enoxaparin and 6.2% with 
half-dose TNK-tPA/abciximab/heparin vs 4.8% with half-dose TNK-tPA/abciximab/ 
enoxaparin).

HERO-2

GUSTO-2B and TIMI-9B trials showed that the direct-acting thrombin inhibitor
hirudin was slightly, but not significantly, superior to the less expensive heparin
(147,148). Hirudin was not developed further for this indication. Recently, a compari-
son was reported of the less expensive direct thrombin inhibitor bivalirudin (previously,
hirulog) to iv heparin as an adjunct to SK in the randomized study, HERO-2, performed
in 17,073 AMI patients in 46 countries (149). Mortality, the primary end point, was not
reduced by bivalirudin compared to heparin (10.8 vs 10.9%) despite reduction in non-
fatal reinfarction (2.8 vs 3.6%, p � 0.004). Bleeding rates were similar or slightly higher
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Fig. 8. Thirty-day end point of death, in-hospital reinfarction, refractory ischemia, or major bleeding
by age for combination vs control thrombolytic (TNK-tPA) regimens in ASSENT-3. Data from ref.
146.



with bivalirudin. Thus, the value of hirudin analogues as adjuncts to fibrinolytics,
instead of heparin, continues to be uncertain.

COMBINATION REGIMENS: A SUMMARY

Based on these recent trials of combination therapies, combined enoxaparin and
TNK-tPA appears to be the most attractive alternative pharmacological reperfusion strat-
egy at this writing and deserves further study. The role of combined GP IIb/IIIa and
thrombolytic therapy, in contrast, is less certain after GUSTO-V and ASSENT-3. Com-
bining GP IIb/IIIa inhibitors with SK has been abandoned because of excessive bleed-
ing rates. Further studies should be limited to younger patients at lower risk of bleeding
and high risk of AMI-related complications, and these might include those likely to
undergo early percutaneous coronary intervention (PCI). Whether shorter-acting GP
IIb/IIIa inhibitors (such as eptifibatide or tirofiban) and further reductions in adjunctive
heparin doses can improve the benefit–risk ratio of combination regimens with throm-
bolytics must await ongoing and future studies.

BLEEDING AND OTHER ADVERSE RISKS OF 
THROMBOLYTIC THERAPY

Bleeding
Bleeding is the major risk associated with thrombolytic therapy. Absolute and rela-

tive bleeding contraindications to thrombolytic therapy are given in Table 6. Fortunately,
bleeding is usually manageable with conservative measures, only occasionally requires
transfusion, and most frequently (70% of cases) occurs at sites of vascular puncture. In
ISIS-3 (118), which did not require angiography, noncerebral bleeding was reported in
4.5% of patients after SK, 5.4% after APSAC, and 5.2% after tPA; hemorrhage required
transfusion or was otherwise defined as “major” in only 0.9, 1.0, and 0.8% of patients,
respectively. In the FTT overview experience of about 60,000 patients (110), a major
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Table 6
Absolute and Relative Contraindications to Thrombolytic Therapy

Contraindications, absolute:
Active bleeding or bleeding diathesis.
Prior hemorrhagic stroke.
Intracranial or spinal cord tumor.
Suspected or known aortic dissection.

Contraindications, relative:
Severe, uncontrolled hypertension (�180/110 mm Hg).
Anticoagulation with elevated INR.
Prior ischemic stroke.
Recent major trauma/surgery.
Pregnancy.
Recent noncompressible vascular punctures.
Recent retinal laser therapy.
Cardiogenic shock when revascularization is available.



bleeding event occurred in 1.1% after thrombolytic therapy compared with 0.4% after
control, a small but significant difference (p � 0.00001).

Life-threatening internal hemorrhage may occur after thrombolytic therapy, of which
ICH is the most important. The fatality rate with ICH is approx 60% (range 44–75%)
(110,150–153), and disability is common among survivors. The risk of ICH in clinical
trials has averaged about 0.5–1.0% but varies with patient characteristics, particularly
advancing age, as well as the specific dose and type of the thrombolytic agent and adjunc-
tive antithrombotic therapies (150–156). Downward adjustment of heparin doses in
recent trials has helped to avoid excessive ICH risk with tPA variants (90,133). Increases
in ICH associated with thrombolysis are in part offset by decreases in ischemic stroke.

The FTT meta-analysis suggested that for every 1000 patients treated with fibri-
nolytic agents, therapy causes 7 major noncerebral hemorrhages and 2 nonfatal, non-
cerebral hemorrhages while preventing 18 deaths by 35 d (110). ISIS-3 compared
various older thrombolytic regimens and reported ICH rates of 0.2% for SK, 0.55% for
APSAC, and 0.66% for tPA (duteplase) (118). Respective total stroke rates were 1.04,
1.26, and 1.39% (slightly but significantly greater with tPA than SK). In the subsequent
GUSTO study (96), rates of ICH were 0.54% with SK and 0.72% with accelerated tPA
(alteplase), each with IV heparin. Respective total stroke rates were 1.40 and 1.55%. In
a comparison of rPA and tPA, ICH rates were 0.93 and 0.87%, respectively, and total
stroke rates 1.68 and 1.81% (p � NS) (75). Similar ICH rates also were found in the
phase-3 comparison of TNK-tPA and tPA (0.93 vs 0.94%) (133).

Unacceptable increases in ICH and other bleeding risks have been observed with
aggressive adjuvant antithrombotic regimens given together with thrombolytics. Indeed,
the GUSTO-IIA, TIMI-9A, and r-Hirudin for Improvement of Thrombolysis (HIT)-III
trials (157–159) were stopped prematurely and reconfigured because of excessive rates
of hemorrhage, including ICH. In the subsequent trials (GUSTO-IIB, TIMI-9B), hem-
orrhage rates decreased to an expected and acceptable range (147,148). Downward
adjustments of heparin dosing were made prior to ASSENT-II (with TNK-tPA) and
InTIME-2 (with lanoteplase), as noted above (90,133,148).

In an effort to build a predictive model for ICH, Simoons et al. (155) collected infor-
mation from five clinical study sources providing information on 150 patients with doc-
umented ICH after thrombolytic therapy. These were compared with 294 matched
controls. A multivariate analysis identified four independent predictors for ICH: age �65
yr (OR: 2.2, CI: 1.4–3.5), weight �70 kg (OR: 2.1, CI: 1.3–3.2), hypertension on admis-
sion (OR: 2.0, CI: 1.2–3.2), and use of tPA (alteplase) compared with SK (OR: 1.6, CI:
1.0–2.5). Assuming an overall incidence of ICH of 0.75%, the model predicted inci-
dences of ICH of 0.26, 0.96, 1.32, and 2.17% for those with no, one, two, or three risk fac-
tors, respectively. For patients over 75 yr, the risk was predicted to be 1.5% with no other
risk factors, climbing to 3.3% with the other two risk factors. Comparing the expected
benefits of thrombolytic therapy with these predicted risks may allow the physician to
individualize the selection of therapy, which might include a less aggressive thrombolytic
or antithrombotic regimen or a primary PCI in those at high risk for ICH.

Allergy, Hypotension, Fever
SK and APSAC are antigenic and potentially allergenic although serious anaphylaxis

and bronchoconstriction are rare (incidence �0.2–0.5%) (96,103,104,110,118,160). In
ISIS-2, any allergic reaction was observed in 4.4% receiving SK compared to 0.9%
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receiving placebo, an absolute excess of 3.5% (103). In the comparative study ISIS-3
(118), any allergic-type reaction was reported after SK in 3.6%, APSAC in 5.1%, and
tPA (duteplase) in 0.8% (p � 0.00001, SK vs tPA). Most of these reactions were minor;
only 0.3% (SK), 0.5% (APSAC), and 0.1% (tPA) required treatment. In GUSTO, severe
or “anaphylactic” reactions recurred in 0.6 and 0.2% of SK and tPA patients, respec-
tively (96).

Angioneurotic and periorbital edema have been reported rarely after SK or APSAC.
Other rare reactions have included hypersensitivity vasculitis, purpuric rashes, serum
sickness, or renal failure due to interstitial nephritis (63,104,152,161,162). These rare
reactions appear to be more frequent after repeated administration.

Fever, with or without other associated manifestations of allergic or immune
response, has been reported in 5–30% of patients given SK and 5–10% given APSAC.
Fever has been reported to respond to acetaminophen.

Hypotension, usually readily managed, occasionally occurs after SK and APSAC.
These drugs generate bradykinin, a potent vasodilator. In ISIS-2, “significant” hypoten-
sion and/or bradycardia was reported in 10.0% after SK and 2.0% after placebo infu-
sion, an excess of about 8% with SK (103). In the ISIS-3 comparative study, hypotension
was reported in 11.8% receiving SK and, similarly, 12.5% receiving APSAC, but a lower
percentage (7.1%) receiving tPA (118). Only half of hypotensive episodes required treat-
ment. In GUSTO, rates of reported hypotension were more comparable between SK
(13%) and tPA (10%) (96).

Other Associated Adverse Effects

The effect of thrombolytic reperfusion on the incidence of arrhythmias was an early
concern. It is now realized that, although transient changes in rhythm may occur at the
time of reperfusion, overall, during hospitalization, the incidence of serious ventricular
arrhythmias does not increase, and late ventricular fibrillation is reduced.

Reperfusion therapy has been associated with a small increase in re-infarction
(absolute excess over control patients of about 1 to 2%). This is primarily accounted for
by recurrent occlusive events in the infarct-related artery with infarction of previously
salvaged myocardium. Differences in re-infarction rates among thrombolytic agents
may be accounted for either by differences in initial salvage rates associated with dif-
ferences in effective early recanalization and/or by a greater tendency to re-occlusion
with one vs another regimen (e.g., after tPA vs SK).

INDICATIONS FOR THROMBOLYTIC THERAPY IN AMI 
AND CURRENT USE PATTERNS

The 1999 guidelines of the ACC/AHA (9) strongly recommend thrombolytic therapy
(Class I indication; strong evidence base) for presentations within 12 h of the onset of
suggestive clinical features (ischemic chest discomfort or equivalent) with STE (�0.1
mV, 2 or more contiguous ECG leads) or BBB obscuring ST-segment analysis and age
�75 yr. Thrombolytic therapy also is generally recommended (Class IIa indication;
evidence basis suggestive but less firm) for these same features and age �75 yr (in the
absence of contraindications). Therapy is considered possibly effective (Class IIb indica-
tion; scientific basis weak, opinion divided), i.e., selected use might be considered, for
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Table 7
ACC/AHA Guidelines for Management of AMI (9)

Prerequisites for considering Choice/time of Adjuvant 
fibrinolytic therapy fibrinolytic agent therapy

ACC/AHA 1999 Class I (Available evidence No specific recommendations: Aspirin 160–325 mg/d.
for efficacy and benefit):
1. STE, time to therapy In patients with large area of infarction, b-blockers unless contraindicated or CHF.

less than 12 h and age ≤75 yr. early after symptom onset, and at low
risk for ICH, may consider the use of tPA.

2. BBB with history In smaller infarcts with smaller potential of ACE inhibitors for anterior MI, CHF or 
suggestive of MI. survival benefit and if a greater risk of ICH EF �40% (alternatively; all patients, 

exists, SK may be the choice. reassess need for continued therapy at 
6 wk).

Class IIa (Weight of evidence Door to needle time less than 30 min. IV heparin with tPA, rPA, (TNK-tPA) 
favors use/efficacy and benefit): and non-STE-AMI.
1. Age �75 yr with STE or BBB, SC heparin with SK or APSAC unless at 

suggestive history, time �12 h. high risk for thromboembolism, when IV 
heparin is preferred.

Class IIb (Usefulness/efficacy
is less well established):

1. STE, time to therapy 12–24 h.
2. SBP �180 mmHg, or DBP 

�110 mmHg with high risk MI.
Class III (Evidence for harm):
1. STE, time to therapy 

�24 h, pain resolved.
2. ST-segment depression.

CHF, congestive heart failure; DBP, diastolic blood pressure; EF, ejection fraction; ICH, intracerebral hemorrhage; SBP, systolic blood pressure; ACE,
angiotensin-converting enzyme.



these ECG findings but time 12–24 h or blood pressure on presentation �180 mmHg
systolic and/or �110 mmHg diastolic and a high risk AMI. Thrombolysis is not indicated
(Class 3 indication; no evidence of benefit or possibility of harm) for those with STE (or
BBB) but time to therapy �24 h and ischemic pain resolved and for those with ST-
depression (at any time). These recent ACC/AHA guidelines are summarized in Table 7.

Current Use of Fibrinolytics
The National Registry of Myocardial Infarction (NRMI) tracks the use of reperfu-

sion therapies in the U.S., which is accomplished through surveys of over 1400 hos-
pitals. During three phases from 1990–1999, data from 1,514,292 patients with AMI
have been assembled (10–13). During the decade, those eligible for thrombolytic ther-
apy (STE or LBBB within 12 h of presentation) fell from 36 to 27%, but eligible
patients who actually received reperfusion therapy remained the same (69 vs 70%).
Of the patients receiving reperfusion therapy, the use of thrombolytics fell, from 59
to 48%, whereas primary PCI increased, from 12 to 24%. Of those receiving throm-
bolytic therapy, the mean time from hospital arrival to drug delivery decreased, from
62 min to 38 min.

UNDER AND OVER UTILIZATION OF THROMBOLYTIC THERAPY

A recent Danish study analyzed 3195 AMI patients with indications and 3397 AMI
patients without indications for thrombolysis for the appropriate use of thrombolytic
therapy (163). Thrombolytic therapy was reportedly overutilized in 13% of subjects,
with the most common reason given as presentation after 12 h of onset of symp-
toms (this analysis was unable to determine individual characteristics in which late
use of thrombolytics may have been appropriate). Nevertheless, logistic regression
models showed lower 30-d and 4-yr mortality rates among these patients receiving
thrombolytics compared to similar patients not treated with thrombolytics. This study
also reported thrombolytics to be underutilized in 14% of patients; these patients
were older (mean age 72 vs 64 yr) and more likely to have a BBB (17 vs 4.5%)
than patients who received thrombolytics. As expected, nonuse of thrombolytics in
this group was associated with increased mortality. One-fifth of patients had at least
one contraindication to thrombolytic therapy, the most common being prior stroke
(52%). Yet 18% of patients with prior stroke received thrombolytics nevertheless. In
these subjects with an indication for thrombolytics and a history of stroke, the use
of thrombolytic therapy was associated with a 71% reduction in 30-d adjusted mor-
tality (12 vs 32%). Recurrent stroke was more common in patients not treated with
thrombolytics (4 vs 2%, p � NS). Thus, physicians appear to be able to select AMI
patients without classic inclusion criteria or with exclusion criteria who may benefit
from thrombolytic therapy. Many contraindications are relative, and individual assess-
ment is necessary. This study would suggest prior stroke should not be an absolute
contraindication; however, definitive data are lacking. Of greater concern is the
20–70% of patients reported in many studies who are eligible for thrombolytic ther-
apy but never receive it.

THROMBOLYSIS IN THE ELDERLY

The appropriate use of thrombolytic therapy in the elderly continues to be debated.
In a recent analysis of over 37,000 Medicare patients (age �65) with thrombolytic-eli-
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gible AMI (164), only 38% received thrombolytic therapy and 4.2% received primary
angioplasty. After multivariate adjustments, thrombolytic therapy was not associated
with improved 30-d survival (OR: 1.01, CI: 0.94–1.09), whereas primary angioplasty
was (OR: 0.79, CI: 0.66–0.94). However, at 1 yr, both thrombolytic therapy (OR: 0.84,
CI: 0.79–0.89) and primary angioplasty (OR: 0.71, CI: 0.61–0.83) were associated with
lower mortality rates. Another retrospective Medicare analysis (165) suggested that
thrombolytic therapy may even be harmful in those over 75 yr.

In contrast, a large Swedish registry found a 12% risk reduction in the composite end
point of cerebral bleeding and 1-yr mortality (166). Similarly, the FTT overview of ran-
domized trials data for patients over 75 yr reported a trend toward reduced 35-d mor-
tality from 29.4 to 26.0% with thrombolytic therapy (110). Analyses restricted to elderly
patients with clear indications for thrombolytic therapy, suggested a greater absolute
benefit from thrombolytic therapy than observed in younger patients.

Thrombolytic regimens should be chosen to minimize the risk of ICH, which
increases in the elderly (155). Weight adjusting treatment regimens and avoidance of
excessive heparin and other adjunctive antithrombotics (e.g., GP IIb/IIIa inhibitors) is
important. When safety concerns predominate, primary angioplasty should be consid-
ered as a preferred reperfusion strategy.

LBBB AND THROMBOLYSIS

For patients with LBBB not known to be new, the diagnosis of AMI may be obscured,
and thrombolytic therapy may be inappropriately withheld. In order to define a pre-
diction rule for evaluating LBBB, the GUSTO-1 investigators evaluated ECG changes
in patients with LBBB and AMI and compared them to control LBBB patients with-
out AMI (167). Three ECG criteria proved to have independent value in the diagno-
sis of AMI: (i) STE of 1 mm or more in leads with a positive QRS complex; (ii)
ST-depression of 1 mm or more in leads V1, V2, or V3; and (iii) STE of 5 mm or
more with a negative QRS complex. Using an index score, these criteria were shown
to have a sensitivity of 36% and a specificity of 96% for AMI in the validation group.

CARDIOPULMONARY RESUSCITATION

Previously, prolonged cardiopulmonary resuscitation (CPR) has been considered a
contraindication to thrombolytic therapy. Recently, a small trial evaluated 90 patients
who had out-of-hospital cardiac arrest for AMI and did not have return of spontaneous
circulation within 15 min (168). During the first study year, patients treated with CPR
had return of spontaneous circulation 44% of the time, and 30% were admitted to the
intensive care unit (ICU). During the next yr, patients with the above criteria were
treated with heparin and tPA, which resulted in improved return of spontaneous circu-
lation (68%, p � 0.03) and admission to the ICU (58%, p � 0.01) without bleeding com-
plications. Discharge rates from the hospital trended higher in the thrombolytic therapy
group (15 vs 8%).

SELECTION OF A REPERFUSION REGIMEN 
AND ADJUNCTIVE THERAPY

Selection of a Reperfusion Regimen
The selection of a reperfusion regimen is based on the risk of the AMI, a benefit vs

risk analysis of therapy, and a consideration of economic constraints. Using these fac-
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tors, tPA-related thrombolytics have become predominant in the U.S., whereas in Europe
and elsewhere, less costly SK is still widely used. These same factors will undoubtedly
influence the rate of incorporation of new adjunctive therapies (such as LWMH and
platelet GPI) into common practice. A number of algorithms for selecting the reperfu-
sion regimen (i.e., a specific thrombolytic or primary PCI) have been proposed
(9,169,170), but none has been prospectively validated and universally accepted.

In the author’s view, primary PCI may be viewed as the preferred strategy when read-
ily available (time to PCI, 60–120 min) in experienced centers (9). This is based on an
overview of comparative trials, which suggests reduced rates of death, reinfarction, and
hemorrhagic stroke with primary PCI as compared to thrombolytics when PCI is per-
formed in a timely fashion by experienced teams with surgical back-up (171–173). Pri-
mary PCI is discussed more fully in a subsequent chapter.

In contrast, a differential benefit of PCI has been more difficult to demonstrate in
community applications of the two reperfusion strategies, where experience, patient
selection, and timing may be suboptimal (174–176). Even in experienced centers, logis-
tic problems for timely PCI often arise (e.g., after hours or laboratories occupied). Thus,
in many circumstances, thrombolytic therapy remains the reperfusion strategy of choice.

TNK-tPA, accelerated dose tPA, or rPA may be recommended as a first choice regi-
men for high risk AMI patients who also have the potential for a large therapeutic ben-
efit, i.e., anterior AMI, BBB-related AMI, or poor-prognosis inferior AMI (i.e., with
right ventricular involvement or with anterior reciprocal ST-depression, or with lateral
and posterior extension), time �6 h, and age �75 yr (older patients have greater mor-
tality risk, but also have greater bleeding risk and derive less proportionate and absolute
benefit from therapy). TNK-tPA offers the advantage of single bolus dosing, a lower
transfusion requirement, and may reduce dosing errors (134), yet maintains equivalent
survival efficacy compared to tPA. For lower-risk patients, efficacy advantages are less
clear, and physician preference, patient safety, cost issues, and availability will guide
choice. SK is preferred when cost is an important consideration, although a nonim-
munogenic thrombolytic is preferred for patients with a history of prior SK use (72). SK
also has a lower risk of ICH if excessive heparin is avoided.

Despite two large trial outcomes (145,146), the role of combination therapies with
GP IIb/IIIa inhibitors remains unclear, and recommendations on use cannot be given yet.
Combinations tested in GUSTO-V and ASSENT-3 should be avoided in the elderly
(�75 yr old) (145,146).

Adjunctive therapy with the LMWH enoxaparin presents another co-therapy option.
Based on ASSENT-3 (146), enoxaparin appears to be an attractive alternative to unfrac-
tionated heparin as an adjunctive antithrombin with standard dose TNK-tPA. Further
testing and assimilation of enoxaparin into official guidelines is anticipated in the near
future.

Adjunctive Antiplatelet and Antithrombotic Therapy
Current guidelines strongly recommend (Class I indication) aspirin on admission in

a dose of 162–325 mg, preferably chewed (9). Aspirin in then continued in the same
dose once daily indefinitely (enteric coated forms are popular). For aspirin allergy,
clopidogrel may be used (9).

iv heparin is recommended (Class IIa) with tPA-related fibrinolytics (9), beginning
concurrently and given for 48 h, with a target aPTT within12 h of 50–70 s (1.5 to 2 times
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control) (120). Currently recommended dosing includes a 60 U/kg bolus (maximum
4000 U) followed initially with a 12 U/kg/h infusion (maximum 1000 U/h) with adjust-
ment after 3 h based on aPTT.

iv heparin is not routinely recommended with systemically active (nonfibrin-selec-
tive) agents such as SK and APSAC, especially within 6 h of fibrinolysis (9). Rather, sc
heparin (7500–12,500 U SC 2� daily until ambulatory) or a LMWH may be given. iv
heparin is “probably effective” after 6 h for patients at high risk for further thrombosis
or thromboembolism (e.g., those with large or anterior AMI, atrial fibrillation, previous
embolus, or known left ventricular thrombus) (9).

An important adjunctive role for the newer antithrombotic agents, including direct
antithrombins such as hirudin and hirulog (145,146,177), as replacements for unfrac-
tionated heparin, has not yet been established.

INCORPORATING THROMBOLYTIC THERAPY INTO A RAPID
TRIAGE AND TREATMENT ALGORITHM

Effective use of thrombolytic therapy (and other reperfusion strategies such as PCI)
requires incorporation into an efficiently managed emergency ward-based system
(8,9,178) that is tailored to each specific hospital’s capabilities and strategic preferences
(i.e., toward primary PCI or thrombolytic therapy). The importance of developing and
implementing such a strategy consistently and efficiently cannot be overemphasized.
Outcomes appear to be determined more importantly by the care with which a strategy
is developed and implemented than whether thrombolytic therapy or primary PCI forms
the preferred approach to reperfusion.

Of the more than 5 million patients presenting with chest pain annually to paramedics
or emergency departments, only a small percentage will be candidates for thrombolytic
therapy (approx 5–10%) (179,180). However, the importance of rapidly identifying,
triaging, and treating these patients cannot be overemphasized. Patients with chest pain
are rapidly screened with a targeted history, physical examination, and ECG, within 10
min of arrival. They are then assigned to one of four or five chest pain pathways (defi-
nite STE/BBB AMI, unstable angina/non-STE MI, probable unstable angina, possible
unstable angina, or noncardiac chest pain) (8,9). In the STE/BBB AMI group, further
screening for thrombolytic contraindications is rapidly performed and treatment begun.
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INTRODUCTION

In the past few years important progress has been made in the field of catheter-based
reperfusion for acute ST elevation myocardial infarction (MI). In addition to the emer-
gence of stent implantation as the treatment of choice, important emphasis has been
placed on the critical role of preserving an intact microcirculation and pharmacological
regimens have evolved to bridge to and facilitate mechanical reperfusion. These inno-
vations will be discussed after a brief review of the key differences between reperfusion
strategies, history of catheter-based reperfusion, and its comparison with fibrinolysis. 

FIBRINOLYTIC THERAPY VS MECHANICAL REPERFUSION: KEY
CONCEPTS AND DIFFERENCES

The use of fibrinolytic therapy, the most widely applied reperfusion therapy, has been
extensively investigated in almost 200,000 patients enrolled in randomized clinical tri-
als (1–4). It is logistically ideal for widespread use at almost any medical facility. A few
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key concepts, corroborated by angiographic evaluation and substantial clinical follow-
up, have emerged from this vast experience. 

Time to Reperfusion
Acute thrombotic coronary occlusion results in a front of ischemia, leading eventu-

ally to tissue necrosis (5). The resulting injury depends on the duration of the insult, the
rapidity and completeness of reperfusion, presence and extent of collateral circulation,
and destruction of microvasculature. Boersma et al. have shown in a systematic evalua-
tion of fibrinolytic therapy that when applied within the first hour of symptom onset, 65
lives/1000 patients treated are saved, as compared to only 29 lives saved, when given 3
h or more from infarct onset (6) (Fig. 1). Similar data from the Gruppo Italiano per lo
studio della sopravvivenza nell’Infarto Micardico (GISSI)-I trial (7) and studies of pre-
hospital thrombolytic administration (8,9) have focused our attention on the need for
very early therapy for acute MI. Regrettably, the same studies showed that only a small
fraction (3–5%) of patients present within this “golden hour”. In contrast, mechanical
reperfusion restores flow almost simultaneously with its successful application.
Although earlier mechanical reperfusion is also very desirable, a number of observa-
tions suggest that the rather direct relationship between survival and time to reperfusion
existent for fibrinolysis applies less stringently in the case of angioplasty. Consistently,
there is a 30–60 min additional delay to onset of therapy when comparing angioplasty
with fibrinolysis. Cannon et al. (10) examined this complex interaction in the National
Registry of Myocardial Infarction (NRMI) II. While there was no significant correla-
tion between time from symptom onset to balloon inflation (total ischemia time) and
mortality, there was a direct and steep dependency between hospital delay to angioplasty
and mortality, particularly beyond 2 h of delay (Fig. 2). The first statement may not accu-
rately account for intermittent arterial patency, while the latter is confounded by sick
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Fig. 1. Effectiveness of fibrinolytic therapy and interval from symptom onset to administration.
Adapted from ref. 6.



patients in cardiogenic shock requiring stabilization. Nevertheless, they point to the fact
that more reliable reperfusion may atone for a slightly longer delay. Indeed, similar
results were obtained from other clinical trials (11,12). Recently, investigators in the
Stent versus Thrombolysis for Occluded Coronary Arteries in Patients with Acute
Myocardial Infarction (STOP AMI) trial demonstrated that myocardial salvage index
was significantly higher for angioplasty than for lysis at any interval from symptom
onset and, particularly so, after the initial 3 h (13) (Fig. 3).

Quality of Reperfusion
Besides early administration of therapy, complete reperfusion, or Thrombolysis in MI

(TIMI) 3 flow in the infarct artery at 90 min is also an extremely potent predictor of
improved outcome. The primacy of rapid and sustained infarct artery patency was high-
lighted in the angiographic substudy of the Global Use of Strategies to Open Occluded
Arteries in Acute Coronary Syndromes (GUSTO) I trial (14). As compared with lesser
degrees of reperfusion, TIMI 3 flow was associated with a markedly improved survival
at 30 d (Fig. 4). Simes et al. (15) showed that the differences in the rate of TIMI 3 flow
at 90 min among the four fibrinolytic regimens tested in GUSTO I explained almost
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Fig. 2. Adjusted odds ratio of death by time from symptom onset (A) and from hospital arrival (B) to
first balloon inflation. Adapted from ref. 10.



entirely the differences in mortality among the four groups. Retrospective analyses of
other fibrinolytic trials have confirmed this observation (16,17). Furthermore, even
when brisk antegrade flow is initially achieved with lytic therapy, substantial attrition of
the benefit occurs because of intermittent patency (25%), reocclusion (13%), and
impaired microvasculature, or “no-reflow” (23%) (18). The concept of the “illusion of
reperfusion” (19) reflects our overestimation of the actual rate of complete reperfusion
induced by lytic therapy, which probably occurs in only a quarter of those treated. 

Because, as compared with optimal fibrinolytic therapy, primary angioplasty is capa-
ble of achieving TIMI 3 flow in 15–35% more patients (14,20,21), it is reasonable to
expect that this difference in patency rates will translate into clinical benefit. As a mech-
anistic confirmation of the improved outcome with better patency, the relation between
completeness of flow restoration with percutaneous transluminal coronary angioplasty
(PTCA) and myocardial salvage was examined by Laster et al. in 180 patients enrolled
in the Mayo Clinic Registry of Primary Angioplasty (22). TIMI 3 flow was achieved in
163 (91%) patients, TIMI 2 in 13 (7%) patients, and TIMI 0/1 in 4 (2%) patients of the
group. Postangioplasty TIMI flow grade was significantly associated with infarct size
and degree of myocardial salvage. In a pooled analysis of the four Primary Angioplasty
in Myocardial Infarction (PAMI) trials, Stone et al. showed in nearly 2300 patients that
TIMI 3 flow after angioplasty is associated with a 6-mo mortality of only 2.6%, while
patients with lesser reperfusion had substantially higher mortality (6.1% for TIMI 2 and
22.2% for TIMI 0/1 flow, p � 0.0001) (23). Furthermore, preangioplasty flow had a sig-
nificant impact on the ability to achieve TIMI 3 flow after angioplasty (91.5% if TIMI
� 3 flow before intervention vs 98.1% if TIMI 3 flow was present), as well as on 6-mo
mortality (Fig. 5). As described later in the chapter, this observation becomes important
as strategies to facilitate primary angioplasty are developed.

“Temporary Vs Definitive” Reperfusion
The seminal contribution by DeWood et al. (24) highlighted the importance of arte-

rial thrombus in the initiation and propagation of the events leading to myocardial necro-
sis. In the majority of cases, thrombus dissolution induced by lytic agents leaves behind
a significant coronary stenosis, which serves as a substrate for recurrent ischemic
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Fig. 3. Reperfusion strategy and myocardial salvage index according to time to treatment. Adapted
from ref. 13.



events. Thus, a large proportion of patients have revascularization procedures before
hospital discharge, or within the first few months after an acute MI. This varies with
physician preference, availability, and prevailing clinical practice. For example, among
the 21,772 patients enrolled in the United States in the GUSTO I trial, 71 and 58%
underwent coronary angiography and revascularization, respectively, prior to hospital
discharge (25). Successful primary angioplasty virtually eliminates residual high-grade
stenoses in the infarct artery, at least until restenosis occurs. 

Safety
The hazard of intracranial hemorrhage, especially in elderly patients with uncon-

trolled hypertension, constitutes another important challenge in the treatment of acute
MI with fibrinolytic therapy (26–28). The incidence of hemorrhagic stroke has been
substantially reduced when mechanical reperfusion is applied. 
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Fig. 4. Mortality (30-d) and 90-min infarct-artery TIMI flow. Adapted from ref. 17.

Fig. 5. Impact of pre-angioplasty TIMI flow grade on 6-mo mortality in patients undergoing mechan-
ical reperfusion. Reproduced with permission from ref. 23.



PRIMARY ANGIOPLASTY

Observational Series and Registries 

Many series reported the results of primary angioplasty in various settings of clinical
practice. Most are small in size (�100 patients) and include patients selected for this
procedure because of contraindications to lytics or institutional preference (29–32). In
these series, comparison with outcome of patients treated with fibrinolytic agents is not
possible because of critical selection biases. 

O’Keefe et al. reported from the Mid-America Heart Institute, which pioneered the
procedure in the United States, on the outcome of 1000 consecutive patients treated with
primary angioplasty (33). The mean time from symptom onset to reperfusion was 5.4 �
4.0 h, and 7.9% of the patients were in cardiogenic shock. Infarct artery patency (not
specifically categorized as TIMI 2 or 3 flow) was 94% overall, with lower rates observed
for venous bypass grafts (86%). The in-hospital mortality was 7.8% overall, and 44% in
those presenting with cardiogenic shock. The global ejection fraction increased from
50% before angioplasty to 57% before discharge. Major bleeding and strokes occurred
in 2.8 and 0.5%, respectively. Reocclusion was documented in 13% by angiography in
selected patients before hospital discharge.

Rothbaum et al. (29) reported on 151 patients who underwent primary angioplasty
with a success rate of 87%. In-hospital mortality was 5 and 37% for successful and
failed PTCA, respectively. Most of the deaths occurred in patients with cardiogenic
shock. Angiographic follow-up, performed in 70% of eligible patients at 6 mo, demon-
strated restenosis in 31%. The mortality at an average follow-up of 1.7 yr was 2.2%.

The Primary Angioplasty Registry (PAR) included 271 patients treated within 12 h
of symptom onset at six centers with considerable expertise in primary angioplasty (34).
Patients with contraindications to lytic therapy, or with cardiogenic shock were excluded
from the registry. The procedural success rate (TIMI 3 flow with �50% residual steno-
sis), assessed by an independent angiographic laboratory, was 92%. The rates of death
(4%), reinfarction (3%), and stroke (1%) were very favorable. Only 2% of those dis-
charged from the hospital died during the 6-mo follow-up, and an additional 3% expe-
rienced a nonfatal MI (35). Repeat angioplasty was performed in 16% and bypass
surgery was necessary in 4%. Systematic protocol-driven repeat angiography was per-
formed in 76% of the patients eligible for it. Almost half the patients (45%) demon-
strated angiographic restenosis, including 13% with total occlusion.

The Myocardial Infarction Triage and Intervention (MITI) program in the Seattle area
collated a large cohort of consecutive patients with acute MI treated with primary angio-
plasty (1050) or fibrinolytic therapy (2095) at 19 hospitals, between 1988 and 1994 (36).
Despite nonrandomized treatment allocation, the two groups were well matched with
respect to age, gender, incidence of anterior infarction, and presence of high-risk char-
acteristics (21) (Table 1). As expected, the time to treatment in the PTCA group
exceeded that in the lytic group by almost one full hour. The in-hospital mortality was
similar in the two groups, 5.5 and 5.6%, respectively. Before hospital discharge, 74 and
32% of lytic-treated patients underwent angiography and angioplasty, respectively. The
initial hospitalization was significantly longer and less costly in the lysis group. The
mortality at 1 and 3 yr was similar in the two groups (Fig. 6), while the use of repeat
angiography and angioplasty remained higher in the angioplasty group at both intervals.
The initial choice between lysis and angioplasty was not independently associated with
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improved survival at 3 yr. Similar results were observed in the NRMI II cohort, in whom
the in-hospital mortality (5.2 vs 5.4%), or reinfarction (2.5 vs 2.9%) were comparable
for mechanical and pharmacological reperfusion, respectively (37).

Rogers et al. (38) gathered data from the Alabama Registry of Myocardial Ischemia on
1170 acute MI patients, of whom 10 and 19% were treated with primary angioplasty, and
lytics, respectively, within 6 h of symptom onset. The average time to treatment was 252
and 184 min, respectively. In the lysis group, 90 and 49% had angiography and angio-
plasty, respectively, before hospital discharge. The in-hospital mortality was similar in
the two groups. At 1 yr, 85 and 88%, respectively, were free from death and reinfarction.
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Table 1
The MITI Registrya

Characteristic Lytic therapy n � 2095 Primary angioplasty n � 1050

Age (yr) 60 � 12 60 � 12
Female gender (%) 24 23
Prior infarct (%) 13 15
Prior bypass surgery (%) 6 8
Prior stroke (%) 4 7
Prior GI bleeding (%)b 1 3
HR � 100 bpm (%) 10 12
SBP � 100 mmHg (%) 10 12
Current anterior MI (%) 37 34
High risk (%)c 55 57
Time to therapy (hr)b 1.0 � 1.0 1.7 � 1.2

GI, gastrointestinal tract; MI, myocardial infarction; HR, heart rate; SBP, systolic blood pressure.
aAdapted from ref. 36.
bp � 0.01, all others p � NS.
cBased on Grines et al. (21).

Fig. 6. Survival up to 4 yr in the angioplasty and lytic patients in the MITI registry. Reproduced with
permission from ref. 36.



The German Multicenter Registry (ALKK) accumulated data on 758 patients treated
with primary angioplasty in 1994–95 (39). Time to treatment was almost 6 h from symp-
tom onset, and 17% were in cardiogenic shock. Complete reperfusion (TIMI 3 flow) was
achieved in 90%. The overall in-hospital mortality was 11.5%; 3.5 and 50% in those
without and with cardiogenic shock, respectively. From the same registry, Zahn et al.
reported a comparative analysis of 156 and 437 patients treated with primary angioplasty
and lytics, respectively (40), matched by age, gender, infarct location, systolic blood
pressure, and delay to treatment. Contraindication to thrombolysis were significantly
more common in the angioplasty group. In-hospital death, and death and reinfarction
were significantly less common in the angioplasty group, as compared with lytic-treated
patients (Fig. 7). The improvement in outcome was apparent by the end of the first 48 h
after treatment. The clinical benefit observed in the angioplasty group was strengthened
by a low incidence of major bleeding (0.7%) and cerebral hemorrhage (0%).

Ottervanger et al. showed in 600 consecutive patients with 6-mo follow-up angiogra-
phy after primary angioplasty that over half of the patients had an improvement in ejec-
tion fraction, particularly those with anterior infarction, and that the average ejection
fraction improved from 44 � 11% at discharge to 46 � 12% at 6 mo (p � 0.01) (41).

As equipment and adjunctive pharmacology improved, the long-term effects of pri-
mary angioplasty became more evident. Zahn et al. (42) analyzed two large cohorts of
patients with acute MI in Germany in two registries, Maximal Individual TheRapy in
Acute MI (MITRA) and the Myocardial Infarction Registry (MIR), of nearly 23,000
patients, 9906 of whom were deemed eligible for reperfusion therapy. Fibrinolysis was
used in the vast majority (n � 8759) and was administered approx 30 min after arrival
to the emergency department. The rest (n � 1370) underwent primary angioplasty at
approx 70 min from arrival. Over the 4-yr period of patient accrual, there was a statis-
tically significant decline in in-hospital mortality among the angioplasty patients (p �
0.003 for trend), while lytic-treated patients had no significant change in this outcome
(Fig. 8). Furthermore, as compared with fibrinolysis, catheter-based reperfusion was
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Fig. 7. In-hospital events in angioplasty (black bars) and lytic (white bars)-matched patients from the
German Registry of Acute Mycardial Infarction. Adapted from ref. 40.



associated with a 46% reduction in the adjusted odds ratio of in-hospital death (95%
confidence interval: 0.43–0.67).

Randomized Studies of Primary Angioplasty
Table 2 details the important characteristics of the 10 randomized studies (approx

2700 patients) (20,21,43–50) comparing primary angioplasty with various regimens of
intravenous fibrinolytic therapy, according to time of publication. All patients were can-
didates for both interventions and received at least 100 mg of aspirin and an antithrom-
bin agent for at least 2 d after the intervention. Consistently, the first balloon inflation
occurred later (17–59 min) than the initiation of lytic therapy. The principal end points
were assessed at hospital discharge or 30 d. Some of the studies provided additional fol-
low-up up to 2 yr. According to the overview by Weaver et al. (51), as compared to fib-
rinolytic therapy, primary angioplasty reduces the relative risk of death by 34%, death
plus nonfatal reinfarction by 42%, and nonfatal reinfarction by 47%, by hospital dis-
charge or 30 d. Among the various small trials, there were no differences in outcome
among the lytic agents and regimens used. The absolute reduction for the above-men-
tioned end points was 2.1, 4.6, and 2.4%, respectively (Fig. 9). Except for GUSTO IIb,
the studies were insufficiently powered to show a statistically significant difference in
mortality or death and reinfarction, respectively, as demonstrated in Fig. 10. 

Importantly, as compared to lytic therapy, the rate of stroke was reduced by 65% with
primary angioplasty, while the incidence of hemorrhagic stroke was even more drastically
affected (93% relative reduction). The difference in stroke was particularly striking in the
trials using tissue-type plasminogen activator (tPA) (0.6% for PTCA vs 2.1% for tPA) and
less impressive in those using streptokinase (1.0% for PTCA vs 1.6% for streptokinase).
Major bleeding episodes (other than intracranial) associated with blood product transfu-
sions were as common in the angioplasty patients (8.8%) as in the lytic group (8.4%).

The Primary Coronary Angioplasty Trials (PCAT) collaborator group followed the
patients in the 10 studies mentioned above for at least 6 mo. As shown in Fig. 11, there
was a substantial reduction in death and death or reinfarction among angioplasty
patients, compared with those receiving pharmacological reperfusion. This advantage
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Fig. 8. Mortality in patients treated with fibrinolysis and primary angioplasty over a 4-yr period.
Adapted from ref. 42.



Table 2
Randomized Studies of Primary Angioplasty Vs Fibrinolytic Therapya

Author Lytic Duration 1o End No. patients Time to No. patients Time to
(reference) agent of sx. point time PTCA PTCA (min) lytics lytics (min)

Dewood (42) tPA 4 h N/A 30 days 46 126 44 84
Grines (21) tPA 3 h �12 hr discharge 195 60 200 32
Zijlstra (44) SK 1 h �6 hr discharge 152 62 142 30
Gibbons (46) tPA 4 h �12 hr discharge 47 45 56 20
Ribeiro (45) SK 1 h �6 hr discharge 50 238 50 179
Zijlstra (50) SK 1 h �6 hr 30 days 45 68 50 30
Ribichini (49) tPA 1.5 h �6 hr discharge 41 40 42 33
Grinfeld (48) SK 1 h �12 hr 30 days 54 63 58 18
GUSTO Iib (20) tPA 1.5 h �12 hr 30 days 565 114 573 72
Garcia (47) tPA 1.5 h 5 hr 30 d 95 84 94 69

Sk, streptokinase.
aAdapted from ref. 51.



was evident in all important subgroups, as shown in Fig. 12. The Zwolle Investigators
also provided 5-yr follow-up for their cohort and showed an impressive reduction in
mortality (13 vs 24% for lysis, p � 0.001, 46% relative risk reduction) and in reinfarc-
tion (6 vs 22%, p � 0.001, 73% relative risk reduction), as well as lower cost and inci-
dence of repeat revascularization (52).

All the trials mentioned above compared balloon angioplasty alone with fibrinolysis.
Incorporating the latest advances in mechanical reperfusion (discussed in detail below),
the STOP AMI compared the outcome of 71 patients treated with coronary stenting and
adjunctive platelet inhibition with abciximab with 69 patients receiving accelerated tPA
(13). Beyond clinical outcome, in an attempt to identify the mechanism responsible for
the advantage of angioplasty, the investigators measured infarct size and salvage index
using serial sestamibi scintigraphy. As shown in Fig. 13, there was a substantial reduc-
tion in the incidence of the composite end point of ischemic and hemorrhagic compli-
cations in the mechanically reperfused patients. Furthermore, this benefit was linked to
a significant reduction in final infarct size (14.3 vs 19.4%, p � 0.02). While the salvage
index remained rather constant for angioplasty patients (50–55%, regardless of time
from symptom onset), patients treated with tPA had a sharp drop-off in efficacy with
later reperfusion (45% for therapy within 3 h of onset vs 24% only for patients treated
between 3 and 12 h from onset) (Fig. 3).

Even though primary angioplasty appears superior to in-hospital fibrinolysis, data
comparing it to prehospital administration are only now emerging. In the Comparison
of Angioplasty and Pre-hospital Thrombolysis in MI (CAPTIM) trial, 840 patients with
acute MI of less than 6 h were randomized to primary angioplasty (n � 421) or early
lysis (n � 419). The primary end point of death, or re-MI or stroke at 30 d was attained
in 6.2 and 8.2% of the two groups, respectively, p � 0.29. There were fewer strokes
and reinfarctions in the angioplasty group, but nearly twice as many of these patients
developed cardiogenic shock, compared with the lytic arm (4.9 vs 2.5%), resulting in
an incidence of death of 4.8 and 3.8%, respectively. Both groups completed their
assigned reperfusion strategy at nearly identical intervals from symptom onset, 215
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Fig. 9. Relative (black bars) and absolute (white bars) risk reduction of death, reinfarction, and death
or reinfarction in 10 randomized trials of primary angioplasty vs lytic therapy. Adapted from ref. 51.
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Fig. 10. Relative risk reduction in death (A) and death or reinfarction (B) in individual randomized
trials of primary angioplasty vs lytic therapy. Reproduced with permission from ref. 51.



and 220 min, respectively. A third of the lytic patients required emergency rescue
angioplasty (53).

Two other aspects of mechanical reperfusion for acute MI were examined by the PAMI
II Investigators in a trial in which all suitable patients received mechanical reperfusion
(54). They tested the hypotheses that early angiography identifies patients at high risk of
in-hospital death based on coronary anatomy and ventricular function and that intra-aor-
tic counterpulsation (IABP) may improve the patency of the infarct-related artery after
primary angioplasty in patients at high risk for recurrent ischemia. One thousand and
ninety nine patients were identified within 12 h of symptom onset of acute ST elevation
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Fig. 11. Six-month incidence of death and death or reinfarction in patients treated with fibrinolysis or
mechanical reperfusion. From the PCAT Investigators.

Fig. 12. Benefit of mechanical reperfusion over fibrinolysis in predefined subgroups (p � 0.05 for
all). From the PCAT Investigators.



MI, including fibrinolytic-therapy-ineligible patients. Of the 908 patients entered in the
study, emergency angiography identified 437 and 471 patients at high and low risk,
respectively, for in-hospital death. The criteria for assignment to the low-risk status are
shown in Table 3. The in-hospital event rates are shown in Fig. 14. Importantly, there were
no death or reinfarction in the week following discharge in low-risk patients randomized
to early discharge without functional testing. Early angiography and angioplasty indeed
identified a low-risk group of patients with mortality comparable to that of elective angio-
plasty patients. IABP did not confer a significant advantage in death, reinfarction, or reoc-
clusion in the high-risk patients. Nevertheless, IABP was associated with a significantly
lower need for repeat angiography and repeat PTCA of the infarct-artery in these patients.

ADVANCES IN PRIMARY ANGIOPLASTY: DEVICES 
AND PHARMACOLOGY

Although the immediate results of primary angioplasty are quite satisfactory, the rate
of restenosis and recurrent clinical events remained disappointing. Nakagawa et al. stud-
ied survivors of acute MI treated with primary balloon angioplasty from the angio-
graphic standpoint (55). The cumulative rates of restenosis and reocclusion at 3 wk, 4
mo, and 1 yr were 8.8 and 12%, 29 and 14%, 33 and 14%, respectively. Thus, resteno-
sis was very prevalent in this cohort, while reocclusion was less frequent and tended to
occur early in the follow-up period (Fig. 15).
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Fig. 13. Six-month outcome in the STOP AMI trial. Data from ref. 13.

Table 3
Criteria for Low Risk Classification in the PAMI II Studya

Age � 70 yr
EF � 45%
1 or 2 vessel disease
Native culprit artery
Successful PTCA
No (recurrence of) ventricular arrhythmia

aAdapted from ref. 54.
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Fig. 15. Incidence of angiographic restenosis and reocclusion in primary angioplasty patients.
Reproduced with permission from ref. 55.

Fig. 14. (A) In-hospital event rates for high risk patients treated with (black bars) or without IABP
(white bars) in the PAMI II study. (B) In-hospital event rates for low risk patients randomized to inten-
sive care (black bars) or stepdown (white bars) care in the PAMI II study.(Adapted from ref. 54.)



As coronary stent implantation became the preferred modality of revascularization
after the deployment technique and adjunctive dual antiplatelet were perfected, seven
randomized trials of stent implantation (and one consecutive series) in acute MI were
completed (56–63) (Table 4). Important differences existed among the studies with
respect to methodology, follow-up, and rate of cross-over. Nevertheless, in aggregate,
the results indicate that, at least in low-risk patients, the mortality is very low in both
arms and stenting is more effective in preventing reinfarction and repeat infarct artery
revascularization (Fig. 16). There was initial concern that deployment of a bulky stent
in a thrombus-laden vessel at high pressure would increase the extent of distal emboliza-
tion and reduce the rate of TIMI 3 flow, as suggested by the STENT PAMI and STEN-
TIM-2 trials. 

A partial solution to the problem of distal embolization was offered by the use of
aggressive platelet inhibition with glycoprotein IIb/IIIa antagonists. First observed in a
small cohort of patients with evolving acute MI in the Evaluation of c7E3 for the Preven-
tion of Ischemic Complications (EPIC) study (64), the benefit of abciximab therapy dur-
ing primary angioplasty was confirmed in four randomized clinical trials: The Neumann
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Table 4
Randomized Trials of Coronary Stenting in Acute MI

Study (reference) N Death Composite end point

Stent PTCA Stent PTCA

FRESCO (56) 150 0% 1% 9% 28%a

STENTIM II (57) 211 3% 1.9% 19% 27%
GRAMI (58) 104 3.8% 7.6% 17% 35%a

PASTA (59) 136 5% 7% 21% 46%a

Suryapranata (60) 227 2% 3% 5% 20%a

STENT PAMI (61) 900 4.2% 2.7% 13% 20%
CADILLAC (63) 2082 3.3% 4.0% 10.9% 15.7%

aAuthor: provide footnote

Fig. 16. Six-month incidence of ischemic complications following randomization to stent or balloon
angioplasty in acute MI. Adapted from refs. 58–63.



(Munich) trial, ReoPro and Primary PTCA Organization and Randomized Trial (RAP-
PORT), Abciximab before Direct Angioplasty and Stenting in Myocardial Infarction
Regarding Long-Term Follow-up (ADMIRAL), and Controlled Abciximab and Device
Investigation to Lower Late Angioplasty Complications (CADILLAC) (63,65–67). The
incidence of major ischemic events at 30 d was reduced in all trials by abciximab, as
shown in Fig. 17. Nevertheless, there was substantial heterogeneity in 6-mo outcome, par-
ticularly between the ADMIRAL and CADILLAC studies. Fig. 18 illustrates these differ-
ences and highlights the difficulty of comparisons across trials. In ADMIRAL, patients
with cardiogenic shock (8%, mortality nearly 80%) were enrolled, while the presence of
cardiogenic shock was an exclusion criterion in CADILLAC. Furthermore, nearly a quar-
ter of patients in ADMIRAL received abciximab before angiography, a practice not per-
mitted in CADILLAC. Indeed, the benefit of abciximab was particularly evident in the
early treatment group suggesting facilitation of the coronary intervention. Altogether, it
appears that abciximab adjunctive therapy reduces early ischemic complications such as
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Fig. 17. Thirty-day ischemic events in trials of primary angioplasty with or without abciximab.
Adapted from refs. 63 and 65–67.

Fig. 18. Incidence of death at 6 mo in the CADILLAC and ADMIRAL trials. Adapted from refs. 63
and 67.



abrupt closure, stent thrombosis, and reinfarction. Its long-term benefit is directly
dependent upon the acuity of the population treated.

EPICARDIAL AND MYOCARDIAL REPERFUSION

Beyond the importance of reestablishing TIMI 3 flow in the infarct-related artery, we
became increasingly aware of the significance of the integrity of the microcirculation in
immediate and long-term outcome after reperfusion therapy (68). In general, patients
with acute MI experience a systemic hyperactivity of platelets, manifested by slower
flow than normal in both the infarct and noninfarct arteries (69). Many retrospective
analyses demonstrated worse outcome in patients with impaired microcirculation, even
in the presence of adequate epicardial reperfusion (18,70–72). The “no-reflow” phe-
nomenon typically results either from distal embolization of platelet and fibrin throm-
bus or from destruction of the capillaries by prolonged ischemia. Furthermore, there is
spasm and endothelial dysfunction from secretion of vasoactive substances from
embolized platelets, as well as reperfusion injury resulting from neutrophil and com-
plement accumulation in the infarcted territory. Distal embolization can be attenuated
by adjunctive therapy with platelet IIb/IIIa inhibition. As demonstrated by Neumann et
al. (65), patients undergoing angioplasty with abciximab had more improvement in
regional and global ejection fraction than those treated with heparin alone. Similar
results were obtained in the ADMIRAL study (67). Capillary destruction can be pre-
vented by more rapid reperfusion. Indeed, Sheiban et al. (73) showed that left ventricu-
lar systolic function improved gradually only in patients in whom TIMI 3 flow is
restored within 4 h of symptom onset. In those with more delayed reperfusion, there was
no unfavorable remodeling, with preservation of end-diastolic and end-systolic vol-
umes. Clinical outcome was remarkably similar in all patients with reperfusion. In
another analysis of 199 patients with primary angioplasty for acute anterior MI, Iwakura
et al. (74) identified the predictors of no-reflow, which occurred in 39% of the cohort.
TIMI 0 flow, Q waves, pre-infarct angina and more severe wall motion abnormality on
admission were the sole independent predictors of no-reflow, which was associated with
a higher peak creatine kinase isoenzyme-cardiac muscle subunit (CK-MB) (3883 �
2173 vs 1869 � 1303 IU/L, p � 0.001).

Gibson et al. used the myocardial blush apparent after coronary opacification to grade
the degree of microvasculature dysfunction after reperfusion. Combining epicardial
TIMI flow grade with the Tissue Myocardial Perfusion (TMP) grade, one can better
stratify risk of death after reperfusion (75,76) (Fig. 19). Even more importantly, TMP
grade can further risk stratify patients with TIMI 3 flow (76) (Fig. 20).

RESCUE AND FACILITATED ANGIOPLASTY

Rescue angioplasty typically refers to catheter-based reperfusion following failed ther-
apy with fibrinolysis. Ellis et al. (77) performed a meta-analysis of 11 series of rescue
angioplasty, mostly observational, and found that in patients with moderate and large
MIs, there was an advantage in survival (92 vs 87%, p � 0.01), reinfarction (3.8 vs
11.7%, p � 0.05), and occurrence of heart failure (4.3 vs 11.3%, p � 0.05), compared
with conservative therapy. The largest randomized trial of rescue angioplasty in patients
with TIMI 0 to 1 flow after lytic therapy for acute anterior MI also showed a reduction
in the 30-d composite of death, reinfarction, or heart failure (16.6 vs 6.4%, p � 0.05)
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Fig. 19. Integration of epicardial (TIMI flow grade) (A) and myocardial (TMP grade) (B) perfusion
in patients receiving pharmacological reperfusion therapy for acute MI. Adapted from ref. 75.

Fig. 20. Impact of TMP grade in patients with TIMI 3 flow after mechanical reperfusion therapy.
Adapted from ref. 76.



favoring rescue angioplasty over conservative management (78). These data reflect
mostly the work done in the 1980s and early 1990s, when the success of rescue angio-
plasty was only 80–90% (TIMI 3 flow without reinfarction). More recently, in the
GUSTO III trial (79), patients undergoing rescue angioplasty had a lower mortality at
30 d when abciximab was added compared with standard anticoagulation with heparin
(3.6 vs 9.7%, p � 0.04). Data from the TIMI 14 study confirm that rescue angioplasty
is safe in patients with failed lysis, resulting in a mortality of 5.5% and an incidence of
ischemic events of 10.7% at 30 d, considerably better than in historical series of rescue
angioplasty (80).

As primary angioplasty is available around the clock in a minority of centers in the
United States and the importance of arterial patency before angioplasty has been well
established (23,81), strategies geared to achieve arterial patency and thus facilitate
angioplasty are intensely studied. 

Reduced-dose fibrinolysis as a prelude to angioplasty has been studied in the Plas-
minogen-activator Angioplasty Compatibility Trial (PACT) (82). It compared the admin-
istration of single-bolus tPA (50 mg) or placebo followed by immediate angiography and
rescue angioplasty (if TIMI � 3 flow exists) or completion of the pharmacological reg-
imen if normal flow was present. While patients receiving 50 mg tPA had a higher rate
of TIMI 2 � 3 flow on initial angiogram than those allocated to placebo (61 vs 34%, p
� 0.001), there was no difference in the final rate of TIMI 3 flow after rescue angio-
plasty for TIMI � 3 flow (77 and 79%, respectively). At 30 d, there was no difference
in mortality (3.6 vs 3.3%), reinfarction (3.0 vs 2.6%), or major bleeding (12.6 vs 13.5%)
between the tPA and placebo groups, respectively. The patients with best recovery of
systolic function were those with TIMI 3 flow on arrival to angiography, regardless of
whether it was spontaneously achieved or pharmacologically induced. 

A more successful strategy to facilitate angioplasty was the combination of reduced
dose fibrinolytics and GP IIb/IIIa inhibitors. In four small angiographically controlled
trials (Table 5), the combination regimens improved speed and quality of reperfusion
compared to standard-dose fibrinolysis (83–86). They also provided important infor-
mation on the feasibility and utility of facilitated angioplasty. In the Strategies for
Patency Enhancement in the Emergency Department (SPEED) trial, 323 patients under-
went early catheter-based reperfusion after the protocol-mandated control angiography
at 60 min, and 123 did not (87). Compared to patients treated conservatively, those
undergoing facilitated angioplasty had significantly less reinfarction, (1.2 vs 4.9%, p �
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Table 5
Trials of Combination Fibrinolysis and GP IIb/IIIa Inhibitors in Acute MI

Study (reference) N GP IIb/IIIa Lytic TIMI 3 flow at 60’

Combination Control

TIMI 14 (83) 888 Abciximab tPA, rPA 63% 45%a

SPEED (84) 465 Abciximab rPA 54% 47%
INTRO-AMI (85) 649 Eptifibatide tPA 56% 40%a

INTEGRITI (86) 189 Eptifibatide TNK-tPA 67% N/A

Tnk, tenecteplase.
ap � 0.05.



0.003) and a significantly lower incidence of death, reinfarction, or urgent revascular-
ization (Fig. 21). Patients receiving the combination of abciximab and low-dose
reteplase (rPA) had a significantly higher incidence of TIMI 3 flow before angioplasty
than those receiving abciximab alone or full dose rPA (47 vs 24 vs 39%, p � 0.05,
respectively) as well as a higher incidence of major bleeding (8.8 vs 2.7 vs 3.6%, respec-
tively, p � 0.24).

TARGETED SUBGROUPS FOR PRIMARY ANGIOPLASTY 

While primary angioplasty is an alternative to lytic therapy in most reperfusion can-
didates, certain subgroups of patients are particularly suited for immediate angiography
and primary angioplasty, in view of the poor outcome or hazard associated with lytic
therapy.

Absolute and Relative Contraindications for Lytic Therapy
In a pooled analysis of eight trials of fibrinolytic therapy, enrolling more than 50,000

patients, only a third of those screened (range 9–51%) were eventually enrolled. Few
patients have absolute contraindications to lytic therapy, such as recent bleeding
episodes, major surgery, or previous stroke with residual neurological deficits. The com-
mon reasons for exclusion were relative contraindications, such as presentation later
than 6 h from symptom onset (13–37%), advanced age with its inherent increased risk
of intracranial hemorrhage (2–31%), and lack of “classical” electrocardiographic find-
ings (11–62%) (88,89). Although the Worcester Heart Attack Study Group reported a
175% increase in the use of lytics in acute MI between 1986 and 1993, still only 25.5%
of those screened received the therapy (90). Subjects younger than 55 yr were 4.5�
more likely to receive it than patients older than 75 yr. Since it is well established that
ineligibility for thrombolytic therapy is associated with a 4- to 8-fold increase in 30-d
mortality (91), such patients should be considered for mechanical reperfusion (92).
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Fig. 21. Clinical outcome of patients undergoing facilitated angioplasty or treated conservatively after
combination platelet and fibrin lysis. Reproduced with permission from ref. 87.



Cardiogenic Shock
Cardiogenic shock is the result of substantial loss of myocardial function (�40% of

left ventricular mass) in 80%, or the development of mechanical complications in 20%
of those in whom it occurs (93,94). Historically, cardiogenic shock was associated with
an exceedingly poor prognosis, with mortality averaging 70% (94–96). Temporizing
measures, such as intra-aortic counterpulsation and inotropic support do not affect sur-
vival in the absence of reperfusion. Overall, fibrinolytic agents have not favorably
affected the survival in these patients, probably because of poor delivery of the drug to
the infarct site. Patients with cardiogenic shock were infrequently enrolled in fibri-
nolytic trials. In GISSI I (7), 146 and 134 patients with cardiogenic shock (Killip class
4) were randomized to streptokinase and placebo, respectively. The mortality at 21 d was
70% in both groups. In contrast, two other placebo-controlled studies documented a
modest mortality reduction in patients assigned to fibrinolysis, as compared to placebo
(97,98). In the GISSI II International Study (99) the in-hospital mortality of patients
with cardiogenic shock assigned to tPA (80 patients, 100 mg over 3 h) or streptokinase
(93 patients) was 78 and 65% (p � 0.04), respectively. In GUSTO I, 315 patients pre-
sented in cardiogenic shock and were evenly distributed among the four lytic regimens
(100). Patients assigned to streptokinase-based regimens tended to have a lower mortal-
ity than those assigned to tPA (51 vs 57%, respectively). In selected patients who under-
went rescue angioplasty, the survival was improved (43%) compared to those who did
not undergo revascularization (77%). Obviously, patients who did not undergo emer-
gency angiography and revascularization were more likely to be critically ill, than those
referred for intervention.

Mechanical reperfusion for patients with cardiogenic shock has been studied exten-
sively in observational series. Among 539 patients in 16 studies (7–81 patients each)
(93), the average mortality was 50%. When reperfusion was successful, the fatality rate
was only 35%, while failure to restore flow was associated with a mortality of 84%.
None of these studies had an adequate control or alternative therapy arm. An interna-
tional registry (94) prospectively followed 251 patients with cardiogenic shock (8% due
to mechanical complications). Among those selected on clinical grounds for emergency
angiography and revascularization, the mortality was 51% as compared to 85% in those
treated conservatively.

The Should We Emergently Revascularize Occluded Coronaries for Cardiogenc
Shock (SHOCK) trial was a randomized trial dedicated to examine the role of immedi-
ate revascularization in patients with cardiogenic shock (101). Among 302 patients
enrolled, those allocated to early revascularization (angioplasty performed within 1 h of
diagnosis in 50%) had a significantly higher survival at 6 mo than those stabilized med-
ically (65 vs 54%, p � 0.04), which was maintained at 1 yr (Fig. 22). Particular bene-
fit was observed among those younger than 75 yr.

Thus, because of the generally unsatisfactory results of fibrinolytic therapy and the
potential for improved outcome with mechanical reperfusion, this subset of patients rep-
resents an important target for primary angioplasty.

Prior Bypass Surgery 
These patients tend to have a less favorable result with lytic therapy, especially when

saphenous vein grafts are the culprit conduits. In the GUSTO I trial, there was a higher
mortality rate in patients with, than without, prior bypass surgery treated with lytics at 30
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d (10.7 vs 6.7%, respectively). Although not proven in clinical randomized trials, mechan-
ical revascularization when available promptly, may improve outcome in this subgroup.

Diagnostic Uncertainty: Early Triage Angiography
Some patients present with atypical symptoms, or signs, which preclude immediate

administration of fibrinolytic therapy, because of the uncertainty that an MI is evolving.
Emergency angiography, with subsequent primary angioplasty upon identification of a
culprit artery, may afford an immediate diagnosis and therapy and eliminate the risk of
exposing the patient to an unneeded and potentially dangerous therapy. McCullough et
al. reported on a randomized study of early triage angiography vs conservative therapy
in 197 patients ineligible for lytic therapy (102). Revascularization was performed in 52
and 35% of the two groups, respectively. The early angiography group had a signifi-
cantly lower rate of recurrent ischemia (14 vs 33%) and markedly reduced hospital stay. 

Availability of On-Site Facilities
Approximately 20% of the hospitals in the United States are equipped with the facil-

ities and personnel necessary to provide primary angioplasty 24 h/d. Patients having the
onset of acute MI in such an institution, or being able to reach it rapidly, are obvious
candidates for mechanical revascularization. More controversial is the transfer of can-
didates for either pharmacological or mechanical therapy from institutions not geared
for primary angioplasty to one able to offer this service. For patients who present with
cardiogenic shock, or with absolute contraindications to fibrinolytic therapy, consider-
ation for such a transfer is particularly vital.

The Primary Angioplasty in Patients Transferred from General Community Hospitals
to Specialized Units with or without Emergency Thrombolysis (PRAGUE) trial ran-
domized 300 patients to streptokinase, streptokinase and transfer for angioplasty, or
transfer for primary angioplasty without fibrinolysis, after administration of aspirin and
heparin. At 30 d the composite of death, reinfarction, or stroke occurred in 23, 15 and
8%, respectively, p � 0.001, demonstrating that transfer is safe and effective (103).
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Fig. 22. Impact of early revascularization on survival in patients with cardiogenic shock. Adapted
from ref. 101.



Similar results were obtained in the recently completed Danish Trial in Acute
Myocardial Infarction (DANAMI-2) (103a). Among 1,129 patients with high-risk fea-
tures, the incidence of death, re-MI, or stroke at 30 d was 8% for primary PCI and 14%
for lyrics (p = 0.003). regardless of whether transfer to a PCI facility was (9 vs 14%, p=
0.002) or not (7 vs 12%, p = 0.048) needed.

Traditionally, primary PTCA was performed only in institutions with surgical back-
up. Such an approach is supported by the frequent incidence of multivessel disease dis-
covered during acute angiography, as well as the need to salvage patients with
unsuccessful PTCA. Recent advances in the equipment and techniques, especially coro-
nary stents, have minimized the incidence of unsuccessful angioplasty and led to a more
aggressive approach, favoring immediate intervention upon the risk of transferring an
unstable patient (103b).

TECHNICAL ASPECTS OF PRIMARY ANGIOPLASTY

The patient with an evolving MI should be brought to the catheterization suite as soon
as the decision to perform emergency angiography was reached. Aspirin (at least 325
mg) and up to 4000 U (50 U/kg) of heparin should be administered, while obtaining at
least two intravenous access lines. Larger doses of heparin may be detrimental if platelet
glycoprotein IIb/IIIa inhibitors are to be administered later during the procedure. These
agents can even be infused as preparations for angiography are made or in the Emer-
gency Department, in an attempt to enhance patency of the infarct-related artery and
facilitate intervention (67). Intravenous nitroglycerin and morphine are helpful in con-
trolling symptoms, if hemodynamic status allows it. Both groins should be prepared for
access, in case intra-aortic counterpulsation or percutaneous bypass are needed. Six
French arterial sheaths are typically sufficient for most coronary interventions. Regular
contrast agents can be used, unless severe left ventricular dysfunction or pulmonary
edema exist. Nonionic preparations have been associated with enhanced platelet aggre-
gability (104). A left ventriculogram, preceded by measurement of left ventricular end-
diastolic pressure, is very helpful in assessing degree of dysfunction before reperfusion
and unsuspected mechanical complications. It is contraindicated in the presence of car-
diogenic shock or severe respiratory distress. The noninfarct artery should be visualized
first to assess extent of coronary disease and presence of collateral flow. Finally, the sus-
pected infarct-related artery should be engaged with a guiding catheter, in anticipation
of primary angioplasty. The size of the occluded artery can be estimated from its prox-
imal portion. Usually, a soft tip wire is sufficient to cross the thrombus-laden lesion.
Rarely, a stiffer wire or additional support with a balloon are needed for crossing. Intu-
bation of branches is helpful in ensuring intraluminal guidewire advancement. If doubt
persists, the balloon can be advanced distally and a small amount of contrast can be
injected via the wire port to assess the distal vessel. Direct stenting should be consid-
ered when anatomy permits, particularly if the artery is patent on initial angiogram. Not
infrequently, stent implantation results in transient diminution in flow, which usually
responds to adenosine (18–48 �g intracoronary) or verapamil (100–200 micrograms
intracoronary) or nitroprusside (100–400�g intracoronary). If distal embolization of
plaque and thrombus is very profound, support with intra-aortic counterpulsation and
intracoronary tPA (10–40 mg) may be helpful in restoring normal flow. Balloon defla-
tion may result in “reperfusion arrhythmia,” especially with inferior infarcts. Defibril-
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lation may be necessary and the equipment should be readily available. Rarely, the only
way to interrupt the electrical storm is to reinflate the balloon and administer anti-
arrhythmic therapy. A pulmonary artery catheter may be placed to facilitate hemody-
namic management in patients with complicated procedures. Transvenous temporary
pacemakers are rarely needed for treatment of persistent bradycardia or high degree atri-
oventricular block. Intravenous heparin after the intervention is rarely needed, particu-
larly if the angiographic results is satisfactory and platelet IIb/IIIa inhibition is
administered. Standard adjunctive pharmacology, coronary risk factor modification, and
rehabilitative care for post-MI patients is subsequently provided.

If the culprit vessel is a venous bypass graft, local infusion of a small dose of tPA
may be beneficial, although the risk of distal embolization is high. Platelet activation
caused by the lytic agent can further exacerbate the thrombotic tendency and can be
attenuated by concomitant platelet IIb/IIIa inhibition. The transluminal extraction
catheter (TEC) has been utilized (105) to facilitate thrombus extraction. One hundred
patients were prospectively studied, after experiencing lytic failure (40%), postinfarc-
tion angina (28%), or cardiogenic shock (11%). A large thrombus was observed in 66%
of the patients. The culprit vessel was an occluded saphenous vein bypass in 29%.
Recanalization of the infarct artery was achieved in 94%. In-hospital death occurred in
5%. At 6 mo, target vessel revascularization was necessary in 38%, and a disappointing
angiographic restenosis rate of 68% was noted. These results tempered the use of this
device in the setting of acute MI. Its use may be rejuvenated by the combination of
platelet receptor blockade and stenting, following thrombus extraction. More recently, a
new suction device (Angiojet) has been introduced and has shown promising results.
In the Vein Graft AngioJet study (VEGAS) II trial, 77% of acute MI patients treated with
Angiojet aspiration and stenting achieved TIMI 3 flow, and 75% of them were free of
ischemic recurrence at 30 d.

In 5–10% of patients (21), emergency angiography reveals either a patent infarct
artery without severe stenosis or severe and diffuse coronary disease (including left
main coronary stenosis), which is better suited for surgical revascularization. For the lat-
ter case, primary angioplasty may still be indicated, if feasible, to prevent myocardial
damage and enable the performance of semielective coronary bypass surgery and use of
arterial conduits.

ECONOMIC ASPECTS OF PRIMARY ANGIOPLASTY

The expense incurred in treating patients with primary angioplasty is comprised of
the cost of maintaining a 24-h availability for this procedure and the cost of the equip-
ment and resources consumed during the actual procedure. Lieu et al. (106) determined
that the additional cost of the procedure is only $1597 if the hospital already has 24-h
coverage for acute coronary interventions. In contrast, if night call for the support per-
sonnel were a new expense, the cost would increase to at least $3206 for each procedure
(assuming 200 patients/yr). A hospital envisioning building a new catheterization suite
to provide primary angioplasty services would spend $3866–14,339 for the same vol-
ume, per case.

From the PAMI I study, Stone et al. (107) reported the cost analysis of 90% of the
patients enrolled in the study. Total hospital charges (including professional fees) were
similar in the PTCA and tPA groups. At a mean follow-up of 2.1 yr, there were no sig-
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nificant differences in late events, such as death, reinfarction, revascularization, or
recurrence of unstable angina, suggesting similar late resource consumption. Similar
results were obtained from the Dutch primary angioplasty study (108). In the Mayo
Clinic randomized trial of primary angioplasty and lytic therapy, the in-hospital costs
were similar in the two groups, but the late costs were increased in the lytic group,
because of increased need for angiography and revascularization (46).

In the PAMI II study, analysis of cost in a small subset of low-risk patients revealed
marked savings in those allocated to early discharge, as compared to standard care fol-
lowing primary angioplasty.

The GUSTO IIb Investigators reported the cost analysis in a subset of patients
enrolled in the primary angioplasty study (374 out of 1138) (109). The costs were
remarkably similar for angioplasty and tPA patients both in-hospital and at 6 mo.

In contrast, the large observational series from the MITI registry (36) suggested that
both the in-hospital cost and subsequent resource utilization over 3 yr were higher in the
angioplasty, as compared to the lytic group.

LIMITATIONS OF PRIMARY ANGIOPLASTY

In order to make percutaneous mechanical revascularization strategy preferable to
fibrinolytic therapy in most patients with an evolving MI, the following limitations and
obstacles have to be overcome: (i) the need for dedicated expert personnel 24 h/d. Hos-
pitals and operators with higher volume of primary angioplasty tend to have the lowest
rate of mortality and morbidity (110,111); (ii) a longer delay to reperfusion in most
instances, especially during off-hours; and (iii) intensive resource utilization, especially
with the widespread use of coronary stents and potent platelet inhibitors.

These limitations have to be weighed against the potential for more complete reper-
fusion, avoidance of recurrent ischemic events, faster hospital discharge, and better
rehabilitation afforded by primary PTCA. These constraints obviously do not apply to
patients who are not candidates for lytic therapy.

CURRENT GUIDELINES FOR PRIMARY ANGIOPLASTY

The American College of Cardiology and American Heart Association Task Force has
recently updated the comprehensive recommendations for the management of acute MI
(112). Under these guidelines, primary angioplasty is strongly advised (Class I, Level
of evidence A) as an alternative to fibrinolytic therapy, “only if performed in a timely
(90 � 30 min from hospital arrival) fashion by individuals skilled in the procedure (�75
PTCA cases/yr) and supported by personnel in high-vol centers (�200 PTCA
cases/yr)”. It is also recommended for patients younger than 75 yr in cardiogenic shock
within 36 h of infarct onset (Class I, Level of evidence A). Less enthusiastic support is
offered for its use in patients at risk for bleeding (Class IIa, Level of evidence C). The
authors further stress the need for skilled operators who have consistent high rates of
success (i.e., TIMI 3 flow in at least 90% of patients, emergency coronary artery bypass
graft [CABG] in less than 5%, and overall mortality below 12%).

SUMMARY AND RECOMMENDATIONS

Restoration of brisk antegrade flow in the infarct-related artery is the principal goal
in the initial phase of management of acute MI. Consequently, the choice of therapy
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needs to be tailored to the patient’s presenting signs and symptoms, institutional capa-
bilities, timing of presentation, existing comorbid conditions, and patient and physician
preference.

The following statements and recommendations are, inherently, assuming “ideal” cir-
cumstances and need to be adjusted to the local conditions. There are insufficient data
to weigh the benefit of surgical back up in all institutions performing primary angio-
plasty, against the delay created by trying to secure it.

Primary angioplasty is the preferred reperfusion strategy in patients who present to
an experienced facility, where the procedure can be performed (i.e., TIMI 3 flow
achieved), within 60–120 min of presentation.

Primary angioplasty is the preferred strategy in patients (<75 yr old) with cardiogenic
shock presenting to an institution with the appropriate facilities. Elsewhere, a trial of
lytic therapy may be warranted, while transfer to a catheterization laboratory for possi-
ble rescue angioplasty is arranged.

Primary angioplasty should be strongly considered in patients with previous bypass
surgery, or large infarctions (anterolateral, or extensive inferoposterior involvement),
especially with hemodynamic compromise. This is predicated on the ability to perform
emergency angiography and angioplasty within 60–120 min of presentation.

Primary angioplasty should be strongly considered in all patients with ST elevation
acute MI and absolute contraindications to lytic therapy (bleeding hazard), even if its
performance may mandate rapid hospital transfer with appropriate medical supervision.

Emergency angiography and angioplasty (when appropriate) should be undertaken in
patients with long presentation delay (>12 h) or in cases of atypical presentations and
diagnostic uncertainty. 

When anatomy permits, stent implantation should be preferred to balloon angioplasty
alone.

Aggressive adjunctive therapy with platelet GP IIb/IIIa inhibitors should be consid-
ered in all patients undergoing primary angioplasty, particularly in those at high risk for
recurrent ischemia or cardiogenic shock.
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INTRODUCTION

Interventional therapy is now central to the treatment of patients with acute coronary
artery syndromes (ACS): acute ST-segment elevation myocardial infarction (STEMI),
non-ST-segment elevation myocardial infarction (NSTEMI), and unstable angina (UA).
Most patients with acute myocardial infarction (AMI), however, present to community
hospitals that do not have cardiac surgical programs, and thus usually lack the capabil-
ity to provide percutaneous coronary intervention (PCI) (1). The requirement that PCI
be provided only at tertiary cardiac surgery centers has thus limited the widespread
application of this optimal therapy for ACS. Extending the benefits of early PCI to this
large population of patients with ACS that are admitted to community hospitals requires
either transfer to a tertiary surgery center, often emergently, or the performance of PCI
on site. A third solution is the ambulance triage of patients with AMI to emergency inter-

11



vention centers if within a reasonable distance; this is not yet an acceptable practice in
most regions of the United States.

PRIMARY PCI IS THE TREATMENT OF CHOICE FOR PATIENTS
WITH AMI AT QUALIFIED CENTERS

In a well-known meta-analysis of 10 randomized trials of acute STEMI, primary PCI
lowered the rates of death, stroke, and the combined end point of death or reinfarction
compared to fibrinolytic therapy (2). The trials in this meta-analysis were performed
before the advent of newer fibrinolytic agents and glycoprotein (GP) IIb/IIIa platelet
inhibitors and before the widespread use of coronary stenting. More recent randomized
studies utilizing these newer modalities continue to demonstrate an even greater clini-
cal superiority of primary PCI in fibrinolytic-eligible patients (3,4). Such randomized
studies are usually conducted at experienced, dedicated centers; the applicability of such
studies to the “real world” has been questioned.

The most recently reported observational registries confirm that the clinical out-
comes of PCI which are reported in randomized trials from research centers, can
indeed be broadly reproduced. For example, a current registry of over 2000 PCI pro-
cedures in New York State demonstrated outstanding outcomes for primary PCI that
did in fact reproduce the results of randomized trials (5). The authors concluded that
the mortality rates for PCI in this registry “are, for the most part, similar to those
reported by other studies in the literature. Furthermore, the mortality rates reported
in this study for primary PCI are lower than the rates reported for fibrinolytic ther-
apy in recent studies.” Other recent registry data from the Second and Third National
Registries of Myocardial Infarction (NRMI-2 and -3) found that primary PCI at hos-
pitals that performed �16 procedures per year had lower mortality than fibrinolytic
therapy. Very interestingly, hospitals that performed fewer procedures than this still
had mortality rates with primary PCI that were equal to those with fibrinolytic ther-
apy (6). Another report of pooled registry data for nearly 10,000 patients in two
recent registries of AMI in Germany noted a nearly 50% reduction in mortality for
patients treated with primary PCI compared to patients treated with fibrinolytic ther-
apy (7). In this report, primary PCI was associated with a lower mortality in all sub-
groups analyzed; as the mortality of the subgroup increased, the absolute benefit of
primary PCI also increased. In addition, over the study period from 1994 to 1998,
there was continuous improvement in the rates of death and reinfarction for patients
with AMI treated with primary PCI, but no such improvement for patients treated
with fibrinolytic therapy (8).

Even if the outcomes of primary PCI and fibrinolytic therapy were equal in lytic-eli-
gible patients, fibrinolytic therapy is not appropriate in around two-thirds of patients
with AMI. Patients ineligible for lytic therapy include patients without NSTEMI, even
if they have unrelieved/ongoing ischemic symptoms (a higher-risk group), patients who
present late, patients with cardiogenic shock, those with prior bypass surgery (9), the
elderly, and, of course, patients with bleeding contraindications. Patients that are ineli-
gible for fibrinolytic therapy are at higher risk of death than those eligible (10–12). Such
patients may have a considerably improved survival rate when afforded the reperfusion
alternative of primary PCI.
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For example, data from the NRMI-2 registry suggest that patients with AMI and
bleeding contraindications to fibrinolysis may be very appropriate for primary PCI (13).
A large registry in Germany has demonstrated that, for patients with AMI that were inel-
igible for fibrinolytics due to bleeding risk, there was an 11-fold reduction in mortality
with primary PCI compared to conservative therapy (14). This same registry also
demonstrated a three-fold reduction in mortality for primary PCI compared to fibri-
nolytic therapy in patients that are normally excluded from randomized trials: those with
nondiagnostic ECG, left bundle-branch block, late presentation �12 h, or unknown pre-
hospital delay (15). There was a similar reduction in the combined end points of death,
reinfarction, stroke, advanced heart failure, and postinfarction angina for primary PCI
in this population.

The elderly represent another group that has suboptimal outcomes with fibrinolytic
therapy. A recent analysis of Medicare patients with AMI reported that in patients over
75 yr old, fibrinolytic therapy resulted in worse outcomes than no reperfusion therapy,
especially in women (16,17). This elderly population represents almost one-third of
patients with acute MI (17). Another analysis has reported that primary PCI improves
mortality dramatically compared to fibrinolytic therapy in elderly patients (18).

The most feared complication of fibrinolytic therapy is cerebral hemorrhage. The risk
of hemorrhagic stroke is generally less than 1% in patients treated with fibrinolytics.
However, a study of Medicare patients identified multiple readily identifiable risk fac-
tors for cerebral hemorrhage with fibrinolytic therapy, which included age �75 yr,
female sex, black race, prior stroke, blood pressure �160 mmHg, use of tissue plas-
minogen activator (tPA) instead of streptokinase, elevated prothrombin time, and low
body weight (19). The overall risk was 1.4% in this population. A risk stratification scale
developed on the basis of these factors demonstrated a progressively increasing risk of
hemorrhagic stroke with increasing numbers of risk factors. For example, a black
woman over age 75 weighing under 143 pounds treated with tPA (five risk factors)
would have a 4.1% chance of suffering a cerebral hemorrhage! Clearly, for this reason
alone, PCI can be regarded as the treatment of choice for ST-elevation AMI in the eld-
erly population with risk factors for intracerebral hemorrhage.

In patients with cardiogenic shock, early intra-aortic balloon counterpulsation and
early mechanical revascularization is imperative. Immediate intervention with hemody-
namic support at initial presentation can salvage viable myocardium and preserve other
hypoperfused organ systems. In the recent Should We Emergently Revascularize
Occluded Coronaries for Cardiogenic Shock? (SHOCK) trial, revascularization in under
6 h conferred the best survival advantage compared to fibrinolytic therapy of all descrip-
tors examined (20). Another large series recently reported a dramatically increased sur-
vival in patients receiving PCI within the first 2 h (21), confirming the imperative of
rapid revascularization for survival in shock. Patients presenting with acute MI and car-
diogenic shock should be treated with immediate balloon counterpulsation followed by
emergent mechanical revascularization, at the point of first contact wherever possible
(22–28). The on-site availability of coronary bypass surgery for such patients in shock
is largely moot, since these patients are so critically ill (29,30).

In view of the superiority of primary PCI for treatment of AMI, it is not surprising
that the use of primary PCI has increased three-fold in the past decade (from 2.4% to
7.3% of all patients with AMI), while the use of fibrinolytic therapy has declined 40%
(from 34.3% to 20.8%), according to data from the first three NRMI registries (31).
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EARLY PCI IS THE TREATMENT OF CHOICE FOR 
PATIENTS WITH HIGH-RISK ACS

In recent registry data from Washington State, patients with NSTEMI who were
admitted to hospitals that favored an early invasive treatment strategy had 30-d and 4-
yr mortality rates that were almost 50% lower than those admitted to hospitals that
favored a conservative treatment strategy (32). It should be noted that fibrinolytic ther-
apy is not indicated in patients with NSTEMI and may be harmful (12,33).

Previous randomized trials of early aggressive vs conservative approaches in UA and
NSTEMI have had conflicting results. These were conducted before the common usage
of stents and GP IIb/IIIa antagonists (34–37). The Veterans Affairs Non-Q-Wave Infarc-
tion Strategies in Hospital (VANQWISH) trial randomized patients with non-Q wave
AMI to an early invasive strategy vs noninvasive risk stratification (34). In VANQWISH,
there was an excess risk of the invasive approach, which was entirely a direct result of
a high surgical mortality of 11.6% in the invasive group. This operative mortality rate
does not reflect current experience, and thus, the conclusions of the VANQWISH study
thus cannot be applied to patients at centers with lower operative mortalities. Conversely,
the Thrombolysis in Myocardial Infarction (TIMI) 3B trial showed less recurrent
ischemia and fewer and shorter hospitalizations at 1 yr in patients randomized to rou-
tine early (18–48 h) cardiac catheterization and revascularization, compared to conser-
vative management (37).

The use of early PCI in patients with ACS has been re-examined in two other recent
trials and a recently reported registry. The Second Fragmin and Fast Revascularization
during Instability in Coronary Artery Disease (FRISC II) trial demonstrated an
improvement in the combined rate of death or AMI at 6 mo in patients with high-risk
ACS using an early invasive approach compared to a stepwise selective invasive
approach (36). This trial also showed that patients with ST-segment depression on
admission electrocardiogram (ECG) had more severe coronary disease; in these
patients, an early invasive strategy substantially decreased the combined rate of death
and AMI. Now, 2-yr follow-up results of FRISC II have demonstrated a 4.2% reduc-
tion in death and AMI with the early invasive approach (38). The event curves contin-
ued to separate over the 2 yr, even though half of the patients in the conservative arm
ultimately underwent revascularization. Patients with ST-segment depression and ele-
vated troponin, at the highest risk, benefited the most: the 1-yr risk of death or AMI
was reduced by nearly 50% with the early invasive approach compared to the conser-
vative approach (14 vs 25%, respectively).

The Treat Angina with Aggrastat and Determine Cost of Therapy with an Invasive or
Conservative Strategy—Thrombolysis in Myocardial Infarction (TACTICS-TIMI) -18
trial randomized 2220 patients with ACS to early coronary angiography within 4–48 h
of presentation vs a more conservative ischemia-guided approach, both groups being
treated with tirofiban (39). Enrollment criteria included accelerating angina and either
ischemic ECG changes, elevated serum cardiac markers (troponin or creatine kinase
isoenzyme-cardiac muscle subunit [CK-MB]), or previous AMI or coronary revascular-
ization. The composite end point of death, acute MI, or rehospitalization for recurrent
UA at 6 mo was significantly reduced in patients treated with an early invasive approach
(Table 1), with the greatest benefit conferred to patients with ischemic ECG changes or
elevated troponin levels.
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These new studies together indicate that patients with NSTEMI or other ACS associ-
ated with ischemic ECG changes and/or elevated troponin should be treated with an
early invasive strategy within the first 48 h of hospital admission. The findings of these
trials are corroborated by a recent report from the Mayo clinic, which found in a retro-
spective population-based study that early coronary angiography in patients with ACS
was independently associated with a reduction in all-cause mortality, particularly in
intermediate- and high-risk patients (40).

An economic analysis of the TACTICS study was recently presented. TACTICS
demonstrated that, while the initial in-hospital costs were higher with the invasive strat-
egy, the costs incurred in the conservative arm were higher during the 6 mo of follow-
up, largely because of increased rehospitalizations (41). The total 6-mo cost for patients
in the aggressive arm was essentially the same as for those in the conservative arm.

THE DELIVERY OF INTERVENTIONAL THERAPY 
TO PATIENTS WITH ACS MUST BE IMPROVED

While great advances continue to be made in the technology and pharmacology of
coronary intervention, much more work needs to be done to improve the delivery of PCI
to a greater proportion of patients with ACS, now that the superiority of the interven-
tional approach is being clearly established. According to Medicare data in Michigan,
60% of patients with AMI present to hospitals that do not have cardiac surgical programs
(1). Nearly all of these hospitals do not have the capability to provide PCI.

The solution to this problem of improving the access to early PCI for patients with
AMI and other high risk ACS requires three interdependent approaches: (i) the devel-
opment of new PCI programs at those nonsurgical hospitals that can meet rigorous
requirements, such as those that we have advocated (Tables 2 and 3) (30); (ii) the devel-
opment of systems and transfer agreements at the local hospital level to encourage more
frequent and earlier transfer of more patients to emergency intervention centers; and (iii)
the establishment of guidelines, policies, and protocols to enable and encourage the pre-
hospital ambulance triage of patients with suspected AMI to emergency intervention
centers that have 24-h, 365-d PCI capability (analogous to trauma centers).

Because the transfer of ever-increasing numbers of patients with high-risk ACS to ter-
tiary centers, which currently provide PCI, could quickly overload their capacity, even

Table 1
Six-Month Outcomes of TACTICS-TIMI-18: Prospective Randomized Trial Comparing Early

Coronary Angiography Vs Ischemia-Guided Therapy in Patients with ACS Treated with
Tirofiban (39)

Early invasive strategy Conservative strategy
(n � 1114) (n � 1106)

Combined endpointa 15.9% 19.4%
Death or reinfarction 7.3% 9.5%
Reinfarction 4.8% 6.9%

TIMI, Thrombolysis in Myocardial Infarction; %, percent of patients.
aDeath, reinfarction, or hospitalization for unstable angina
p � 0.05, p � 0.029, p � 0.025 vs early invasive approach.
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Table 2
Operator, Institutional, and Angiographic Criteria for Primary PCI Programs at Hospitals with-

out On-Site Cardiac Surgery (30)

1. The operators must be experienced high-vol interventionalists who regularly perform elec-
tive intervention.

2. The nursing and technical CCL staff must be experienced in handling acutely ill patients
and comfortable with interventional equipment. They must have acquired experience in ded-
icated interventional laboratories. They participate in a 24-h, 7-d/wk call schedule.

3. The CCL itself must be well equipped, with optimal imaging systems, resuscitative equip-
ment, IABP support, and must be well stocked with a broad array of interventional equip-
ment.

4. The CCU nurses must be adept in the management of acutely ill cardiac patients, including
invasive hemodynamic monitoring and IABP management.

5. The hospital administration must fully support the program and enable the fulfillment of the
above institutional requirements.

6. Formalized written protocols must be in place for immediate and efficient transfer of
patients to the nearest cardiac surgical facility.

7. Primary PCI must be performed routinely as the treatment of choice around the clock for a
large proportion of patients with AMI, to ensure streamlined care paths and increased case
vol. The institution should expect to perform 3 to 4 primary PCI procedures/mo.

8. Clinical and angiographic selection criteria for the performance of primary PCI and for
transfer for emergency CABG must be rigorous (Table 4).

9. There must be an ongoing program of outcomes analysis and formalized periodic case
review.

AMI, acute myocardial infarction; CABG, coronary artery bypass graft; CCL, cardiac catheterization
laboratory; CCU, cardiac care unit; IABP, intra-aortic balloon pump; PCI, percutaneous coronary inter-
vention.

Adapted from ref. 30.

Table 3
Selection for Primary PCI and Emergency Aortocoronary Bypass Surgery at Hospitals without

On-Site Cardiac Surgery (30)

Avoid intervention in hemodynamically stable patients with:
• Significant (�60%) stenosis of an unprotected left main coronary artery upstream from an

acute occlusion in the left coronary system that might be disrupted by the angioplasty
catheter.

• Extremely long or angulated infarct-related lesions with TIMI grade 3 flow.
• Infarct-related lesions with TIMI grade 3 flow in stable patients with three-vessel disease

(56,57).
• Infarct-related lesions of small or secondary vessels.
• Lesions in other than the infarct artery.
Transfer for emergent aortocoronary bypass surgery patients with:
• High-grade residual left main or multivessel coronary disease and clinical or hemodynamic

instability:
—After angioplasty of occluded vessels.
—Preferably with intra-aortic balloon pump support.

PCI, percutaneous coronary intervention; TIMI, Thrombolysis in Myocardial Infarction.
Adapted from ref. 30.



if all of them did provide primary PCI as first-line therapy for AMI, the second and third
approaches above will ultimately depend on the development of more interventional
programs at more community hospitals. The need for more interventional facilities can
be projected to increase even further in the near future, with the aging of the baby
boomers (42) and with the increased application of PCI to more patients. This increas-
ing need for coronary intervention may well outstrip the need for more cardiac surgery
facilities. Thus, solutions 2 and 3 above will ultimately depend, in part, on solution 1,
the uncoupling of PCI programs from cardiac surgery programs.

Though there is an emerging practice in some hospitals in the US to provide primary,
urgent, and even elective PCI with off-site surgical backup, there are important regula-
tory barriers that discourage this practice in many states. It is to be hoped that the new
American College of Cardiology/American Heart Association (ACC/AHA) guidelines
for PCI will help to discourage these regulatory barriers. The new guidelines state that
the superiority and greater applicability of primary PCI for the treatment of AMI has
raised the question of whether primary PCI should be performed at institutions . . .
[without] on-site cardiac surgery (43). The guidelines recommend primary PCI at hos-
pitals with off-site cardiac surgical backup with a Class IIb indication (usefulness/effi-
cacy less well-established by evidence/opinion), provided that �36 procedures per year
are performed at such hospitals by higher-volume interventionalists within 30–90 min
of admission and that a proven plan for rapid access to a cardiac surgical center is in
place. These guidelines also include tables listing further operator, institutional, and
patient selection criteria for the performance of PCI and emergency coronary bypass
surgery at such hospitals, based on those that we originally proposed (Tables 2 and 3).
Thus they affirm that, when appropriate standards are met, the provision of primary PCI
at hospitals with off-site cardiac surgical backup is a reasonable treatment alternative.
These guidelines, while still discouraging the performance of nonemergent PCI at non-
surgical hospitals, do add in a discussion of this issue that, “As with many dynamic areas
in interventional cardiology, these recommendations may be subject to revision as clin-
ical data and experience increase.”

Development of New PCI Programs at Qualified Hospitals 
with Off-Site Surgical Backup

The need for emergency surgery because of mishap in the catheterization laboratory
is very rare today in light of the major technological and pharmacological advances
related to PCI. The advent of newer-generation stents and glycoprotein IIb/IIIa platelet
inhibitors has lowered the risk of abrupt vessel (re)closure from 2–5%, as reported in
the 1980s, to approx 0.4% (44–48). In an analysis of Primary Angioplasty in Myocar-
dial Infarction (PAMI) trials, emergency surgery for failed primary angioplasty was
required in only 0.4% of patients (47). The authors of this study concluded: “In concert
with the declining incidence of emergent coronary artery bypass graft (CABG) with the
use of stents, these data suggest that skilled physicians and personnel may safely per-
form primary angioplasty at select hospitals without operative facilities (allowing
patients to benefit from enhanced survival free from reinfarction and stroke with pri-
mary angioplasty compared to fibrinolytic therapy), as long as steps are in place to facil-
itate surgical revascularization expeditiously by transfer to a nearby tertiary center when
necessary.”
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Over 850 community hospitals in the United States have cardiac catheterization lab-
oratories but no cardiac surgical programs (49). Often these laboratories are staffed by
experienced interventionalists who perform PCI at surgical centers. At least 75 hospi-
tals in 30 states now perform primary PCI with off-site backup, of which at least 25, in
17 states, also provide nonemergent PCI. Overseas, the British Cardiac Society and
British Cardiovascular Intervention Society together recently issued new guidelines for
PCI (50). These guidelines now allow both emergency and elective PCI to be performed
at hospitals with off-site surgical backup, provided that they have systems in place to
enable patients to be on cardiopulmonary bypass within 90 min of calling the cardiac
surgeon. Regulations in the Netherlands and in Australia are being modified to allow
PCI programs at hospitals without on-site cardiac surgery. Recently, the Cardiac Care
Network of Ontario, Canada, recommended to the Ontario Ministry of Health that pilot
programs be set up to perform PCI at hospitals with off-site surgical backup (51), for
the same reasons that have been cited above.

That primary PCI can be performed safely and effectively at hospitals with off-site
cardiac surgery backup has been demonstrated in many reports (30,52–61). Table 4
shows pooled outcomes from six reported registries of primary PCI at community hos-
pitals with off-site cardiac surgical backup (30,53–61). In the combined experience of
these six community hospital registries, which included a total of 1679 primary PCI pro-
cedures, the pooled rates of procedural success, coronary artery bypass surgery for pro-
cedural complication, reinfarction, stroke, and mortality in patients without shock were
very similar to the outcomes of patients without shock in the contemporaneous Primary
Angioplasty Registry (PAR) of five high-volume cardiac surgery centers (62). In addi-
tion, the time from arrival to emergency department to reperfusion was lower in the hos-
pitals without on-site surgery than those with on-site surgery (86 vs 124 min). The
overall mortality in these registries was 6.4%. Data that discriminate patients with and
without shock are available for 1209 patients in these series. The mortality in 1102
patients without shock was 3.7%. Only two patients (0.16%) out of the 1209 in which
data were available required emergency bypass surgery because of new myocardial jeop-
ardy caused by the interventional procedure.
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Table 4
Pooled Results from 6 Published Reports from Primary PCI Programs with Off-Site Cardiac
Surgical Backup (30,53,56–61) compared to the PAR, which Included 6 High-Vol Tertiary

Hospitals (62)

Programs with PAR hospitals (n)
off-site backup (n) (n � 245)

Median time to reperfusion 86 min (1357) 124 min
Successful PCI 92% (1186) 88%
Reinfarction 2.2% (1419) 3.0%
Stroke 0.5% (1419) 1.0%
Mortalitya 3.7% (1102) 4.0%
Emergency surgery for procedural complication 0.2% (1419) 1.2%

ED, emergency department; %, percent of patients.
aPatients without cardiogenic shock.



Expanding the Access to PCI for Patients with ACS 323

The excellent results in these six series were, for the most part, achieved before stents
and IIb/IIIa platelet inhibitors were in common use. These modalities should further
improve the safety of the procedure (3,63–68). In fact, newer-generation stents and
platelet GP IIb/IIIa inhibitors have lowered the risk of abrupt vessel (re)closure from
2–5% to around 0.4% (44–48).

It should be added that smaller hospitals with dedicated primary PCI programs may
be able to perform primary PCI faster than larger centers (69). Possible reasons for
potentially greater efficiency of smaller hospitals may include more direct communica-
tion between the emergency physician and the cardiologist with less bureaucracy,
decreased travel times if the catheterization team lives nearby, and greater flexibility in
a catheterization laboratory schedule that may not be as congested.

The efficacy and safety of primary PCI with off-site cardiac surgical backup has now
been demonstrated in the first randomized study of PCI vs fibrinolysis at hospitals with
off-site surgical backup. The 453-patient Cardiovascular Patient Outcomes Research
Team (C-PORT) trial, the second largest of all prospective randomized trials to date of
primary PCI vs fibrinolytic therapy in AMI (70,70a), demonstrated the superiority of
primary PCI at those hospitals without cardiac surgery that performed more than 12 pro-
cedures per year. Primary PCI at these centers resulted in a reduction of the combined
incidence of death, recurrent AMI, and stroke at 6 mo by 42% (p � 0.04). There was no
significant difference between the two treatment modalities in hospitals that performed
fewer procedures. Patient groups that particularly benefited in this trial were women,
diabetics, and the elderly. No patient in this trial required emergency surgery for PCI
mishap. The investigators concluded that the need for in-house cardiac surgery backup
was not supported by the results of the C-PORT study.

Community hospitals that consider offering primary PCI should have experienced
high-volume interventionalists on staff who routinely perform elective PCI at interven-
tion centers, an experienced catheterization laboratory staff, a well-equipped laboratory,
and established protocols for emergent transfer to surgical centers (30). They should
expect to perform at least two to four procedures/mo in order to maintain competence
(5,70,71,72,73). Thus, they should offer primary PCI as the first-line treatment of choice
for patients that present with AMI with full-time availability of the on-call team on a 24-
h, 7-d/wk basis (Table 2). Recent reports indicate that hospitals that perform at least two
to four primary PCI procedures/mo have better mortality rates than those that perform
fewer, and better than mortality rates for fibrinolytic therapy alone (5,71–73). For exam-
ple, the NRMI-2 and -3 registries found that patients who received primary PCI at hos-
pitals that performed �16 procedures per year had lower mortality than those receiving
fibrinolytic therapy (5). Hospitals that performed �16 procedures per year, neverthe-
less, had mortality rates with PCI that were still similar to those with fibrinolytic ther-
apy. Patients in this study that were randomized to primary PCI also had fewer strokes
and less need for subsequent revascularization.

Development of Systems and Transfer Agreements to 
Encourage More Frequent and Earlier Transfer of 
More Patients to Emergency Intervention Centers

As discussed above, current studies support an early invasive approach in patients
with high-risk ACS. When such patients present to hospitals without PCI capability, the
risk and delay associated with transfer to interventional centers may be more than off-



set by the added benefit of coronary intervention, especially in the case of patients with
AMI. Because the benefit of primary PCI does not seem to be nearly so time-depend-
ent as the benefit of fibrinolytic therapy (74), a policy of emergent transfer of at least
the high-risk and fibrinolytic-ineligible patients with AMI may be a reasonable
approach.

There are not many randomized trials that test this approach. The Air-Primary Angio-
plasty in Myocardial Infarction (AIR-PAMI) trial was a prospective multicenter ran-
domized study of 138 fibrinolytic-eligible patients with high-risk AMI without shock
that presented to hospitals which lacked interventional capability (75). Patients were
randomized to fibrinolytic therapy versus transfer for PCI without fibrinolytic therapy.
The group transferred for PCI had a 38% reduction of the combined end point of death,
reinfarction, and stroke compared to patients receiving fibrinolytic therapy on-site (not
statistically significant due to lack of recruitment).

Another such trial was the Primary Angioplasty in Patients Transferred from General
Community Hospitals to Specialized PTCA Units (PRAGUE) study, which provides
more support for immediate transfer for PCI of high-risk AMI patients that present to
noninterventional hospitals (76). PRAGUE was a prospective randomized study involv-
ing 300 patients with AMI. In PRAGUE, patients with AMI were randomized into three
groups: (i) transfer for primary PCI without antecedent fibrinolytic therapy; (ii) trans-
fer for PCI after starting fibrinolytic therapy; and (iii) fibrinolytic therapy without trans-
fer. Patients in the first group that were transferred for PCI without fibrinolytic therapy
had significantly lower 30-d incidence of major adverse cardiac events (MACE), which
included death, reinfarction, and stroke, than those randomized to the second and third
groups (Table 5). There were two episodes of ventricular fibrillation during transfer in
the 100 patients that received fibrinolytic agents before transfer; no complications
occurred during transfer in the 101 patients not treated with fibrinolytic therapy.

The Second Danish Trial of Acute Myocardial Infarction (DANAMI 2) has random-
ized two different groups of patients with AMI to fibrinolytic therapy vs primary PCI.
Patients presenting to tertiary centers will be randomized to fibrinolytic therapy vs
immediate PCI, and patients presenting to community hospitals will be randomized to
fibrinolytic therapy vs immediate transfer for PCI. This trial has been halted prema-
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Table 5
One-Month Outcomes of the PRAGUE Prospective Randomized Trial, Comparing Emergency

Transfer for Primary Angioplasty Vs Fibrinolytic Therapy Vs a Combined Strategy (76)

Fibrinolysis Transfer with Transfer without 
without transfer fibrinolysis fibrinolysis 

(n � 99) (n � 100) (n � 101)

Mortality 14% 12% 7%
Reinfarction 10% 7% 1%
Stroke 1% 3% 0%
Combined endpointa 23% 15% 8%

PTCA, percutaneous transluminal coronary angioplasty.
aDeath, reinfarction, or stroke; %, percent of patients
p � 0.03, p � 0.002.
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turely, following recommendations from the trial’s Safety and Ethical Committee.
Results of DANAMI 2 are expected to be announced at the ACC Scientific Sessions in
March, 2002.

When primary PCI is delayed in patients with AMI, owing to need for transfer or
catheterization laboratory unavailability, lower doses of fibrinolytic agents, especially
with platelet GP IIb/IIIa inhibitors, may enhance early patency without jeopardizing PCI
outcomes. The Plasminogen Activator Angioplasty Compatibility Trial (PACT) found
that treatment with alteplace, compared to placebo before primary PCI in 606 patients,
improved early patency rates without increased complications of the procedure (77).
This strategy of ‘facilitated’ coronary intervention is now being studied on a broader
scale in several new trials, including the Controlled Abciximab and Device Investiga-
tion to Lower Late Angioplasty Complications (CADILLAC) II trial, which will also
incorporate the use of GP IIb/IIIa platelet inhibitors (78). In CADILLAC II, 3000
patients with AMI will be randomized to a combination of a fibrinolytic agent and a GP
IIb/IIIa platelet inhibitor vs double placebo and then taken to the catheterization labo-
ratory (after transfer, if necessary).

Thus, it is reasonable to recommend that patients with high-risk AMI that present to
hospitals without coronary intervention should be transferred emergently to an inter-
ventional center for immediate coronary angiography and primary PCI. Patients with
ACS that have ischemic ECG changes or elevated cardiac markers should be treated
immediately with platelet GP IIb/IIIa inhibitors and transferred for intervention within
the first 4–48 h of admission, and more emergently if symptoms or signs of ongoing
ischemia do not stabilize quickly.

Although the need is clear for hospitals without interventional capability to establish
rapid transfer protocols to interventional centers for their higher-risk AMI patients, the
emergent transfer of such patients presents many difficulties. Many community hospi-
tals may be reluctant to transfer patients early in the throes of AMI unless they deterio-
rate clinically, at which time the risk is much greater. Another problem is that many
tertiary centers still do not offer primary PCI as routine first-line care, even for their
own patients with AMI, and thus, may not have established protocols to perform imme-
diate PCI on critically ill patients that they accept in transfer. These considerations sup-
port the need to expand the availability of centers that are capable of offering primary
PCI. Uncoupling PCI from the requirement for on-site coronary bypass surgery will
reduce the pressure to open more low-volume surgical programs to support needed new
PCI programs.

Establishment of Policies and Protocols to Enable the Prehospital
Ambulance Triage of Patients with Suspected AMI 

to Emergency Intervention Centers
Current registry data in the United States indicate that patients with AMI that pres-

ent to interventional centers may have improved outcomes compared to patients with
AMI that are transferred for primary PCI. The NRMI-2 registry analyzed the outcomes
of 10,618 fibrinolytic-eligible patients with AMI that receiving PCI within 6 h of arrival
to a center capable of coronary intervention. This registry demonstrated that patients that
were transferred for PCI underwent the procedure a mean of 2.3 h later than patients
receiving intervention at the point of first presentation and had a significantly higher
mortality rate (7.7 vs 5.0%, p � 0.0001) (79).



Recently, the AIR-PAMI trial outcomes (cited above) were compared to the PAMI-No
Surgery On Site (No S.O.S.) Registry (80). In the No S.O.S. registry, 500 patients, with the
same enrollment criteria for high-risk AMI as the AIR-PAMI Trial, received primary PCI
at 19 community hospitals with off-site surgical backup. In this comparison, transfer for
primary PCI was safe, but the performance of coronary intervention on-site at hospitals
without cardiac surgery was associated with shorter delay, higher rates of PCI success,
and significantly lower 1-yr mortality than patients transferred for coronary intervention.

These data support the contention that patients with high-risk AMI who are treated
with PCI might have better outcomes if triaged by ambulance directly to nearby quali-
fied emergency interventional centers, rather than to the closest acute-care hospital.
Emergency intervention centers need not be limited to those with on-site cardiac sur-
gery, as discussed above. Patients with cardiogenic shock should be especially likely to
benefit from this approach, since emergency revascularization within the first few hours
of presentation improves survival dramatically in this group (20,21).

Establishing a system of routine prehospital ambulance triage of patients with AMI
to emergency intervention centers will also present many difficulties. Unlike for major
trauma cases, there are no policies or protocols in the United States for ambulance
providers to bypass a conventional acute-care hospital to travel further to an emergency
intervention center. In many areas of the United States, tertiary centers are widely
spaced geographically, some over 3 h from acute-care community hospitals. Many ter-
tiary centers do not offer primary PCI as routine first-line care, even for their own
patients. These considerations thus support the need to increase the availability of cen-
ters that can offer primary PCI for AMI in broader geographical locations. Uncoupling
the requirement for on-site cardiac surgery would enable the establishment of more
qualified PCI programs, while at the same time, reducing the pressure to build more
low-volume cardiac surgery centers to support coronary intervention.

The practice of prehospital ambulance triage of higher-risk AMI patients to special-
ized emergency intervention centers for immediate PCI will require a major change in
paradigm in the United States. Prehospital ambulance triage of AMI patients is already
practiced in Paris, France, and is being studied in another European trial, the Prehospi-
tal Infarction Angioplasty Triage (PHIAT) trial. In PHIAT, 213 patients with large AMI
as identified by ambulance ECG underwent prehospital triage directly to emergency
intervention centers (81). Catheterization laboratory staff were alerted prior to patient
arrival. In this trial, investigators achieved a median time of 128 min from symptom
onset to admission, and a median time from admission to first balloon inflation of only
38 min. The rapid time from symptom onset to reperfusion was reflected in a very favor-
able 6-mo mortality of 6%, in a population that included only patients with ‘large’AMI;
89% of patients had anterior infarctions. The authors of PHIAT concluded that prehos-
pital ambulance triage is a feasible, effective, and safe way to provide early intervention
to patients with large AMI.

CONCLUSIONS

There is a clear need to increase the delivery of coronary intervention for patients
with AMI and other high-risk ACS that present to community hospitals, which represent
the majority of such patients. In order to expand the access to PCI for such patients,
there are three main approaches that are both appropriate and necessary:

326 Wharton and Sinclair McNamara



1. Programs to provide both primary and nonemergent PCI at qualified hospitals without
on-site cardiac surgery should be encouraged, if they can meet rigorous standards such
as those outlined in Tables 2 and 3 (30).

2. Protocols for rapid and routine transfer of high risk and fibrinolytic-ineligible patients
with AMI and other ACS to centers capable of emergency intervention on a 24-h, 7-
d/wk basis. The goal from initial presentation to catheterization laboratory arrival after
transfer should and can be less than 1 h (82,83). Appropriate patients for transfer would
include those with shock, those at increased risk to develop shock (those with conges-
tive heart failure, hypotension, tachycardia, anterior AMI, or age over 70 yr) (84), and
those with contraindications to fibrinolytic therapy, as well as patients treated with fib-
rinolytic agents who would be appropriate for rescue angioplasty in the event of treat-
ment failure. Such patients should be considered for pro-active transfer to an
interventional center after starting fibrinolytic therapy, in order to avoid the delay of
waiting for failure of reperfusion prior to initiating the transfer process.

High-risk patients with UA and NSTEMI, which includes those with ischemic ECG
changes or elevated cardiac markers, should be treated with platelet GP IIb/IIIa
inhibitors and transferred on an urgent basis for intervention within the first 48 h. Those
that fail to stabilize quickly should be transferred more emergently.

3. The practice of routine prehospital ambulance triage to centers capable of around-the-
clock emergency intervention should be encouraged by new national and local guide-
lines and policies. In order to provide wider geographic distribution, hospitals without
on-site cardiac surgical programs in underserved areas should be encouraged to estab-
lish PCI programs, if they can meet the rigorous qualifications in Table 3.

Acute coronary intervention is now the treatment of choice for patients with AMI and
high-risk acute coronary syndromes. This best treatment for acute coronary disease must
be made more available at the hospitals in the community, which are the hospitals to
which most patients with ACS present (1). Improving the delivery of interventional ther-
apy by methods such as those described here can provide a substantial healthcare bene-
fit to society.
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INTRODUCTION

Fifteen years ago the Gruppo Italialono per lo Studio della Streptochianasi nell’Infarto
Miocardico (GISSI) trial firmly established the benefit of fibrinolytic therapy in acute
myocardial infarction (1). Several years later, the importance of adjunctive antiplatelet
therapy with aspirin was demonstrated in the Second International Study of Infarct Sur-
vival (ISIS-2) (2). The need for concomitant anticoagulant therapy with heparin remains
less clear, but indirect evidence in the setting of fibrin-specific lytics has led to wide-
spread adoption (3,4).

However, pharmacologic reperfusion for acute ST-elevation myocardial infarction is
limited by the fact that infarct-related artery patency is achieved in only 60–80% of
patients at 90 min, and Thrombolysis in Myocardial Infarction (TIMI) flow grade 3 is
achieved in only 30–55% of patients (5). Moreover, even after successful thrombolysis,
reocclusion occurs in 5–10% of patients and is associated with increased morbidity and
mortality (5,6). Third-generation bolus fibrinolytics such as reteplase and tenecteplase
appeared to be more effective than alteplase in angiographic studies (7–10), but these
patency data have not translated into lower mortality rates in large phase III clinical tri-
als (11,12).

Thus, attention has shifted to optimizing adjunctive antithrombotic therapy. It is well
recognized that there are several important limitations to our current antiplatelet and
anticoagulant agents, namely aspirin and unfractionated heparin. Aspirin is only a weak
inhibitor of platelet activation, allowing platelet activation to occur by cyclooxygenase-
independent pathways (13). Persistent platelet activation leads to platelet aggregation,

12



creating platelet-rich coronary thrombi which are relatively resistant to thrombolysis
(14) and to further stimulation of the clotting cascade by providing a catalytic surface
for coagulation factor interactions (15). Heparin has several major limitations to being
an ideal anticoagulant. First, although heparin is able to inactivate fluid-phase thrombin,
it is unable to inactivate fibrin monomer-bound (16) or clot-bound (17) thrombin. Sec-
ond, heparin is inactivated by platelet factor 4 and heparinases, both of which are
released by activated platelets (18). Third, heparin is a heterogeneous mixture with
highly variable pharmacokinetics (19). Fourth, treatment with heparin can be compli-
cated by heparin-induced thrombocytopenia (20).

Along with these pharmacodynamic and pharmacokinetic limitations to our current
adjunctive therapy, there is evidence that a hypercoagulable state exists during acute
coronary syndromes that may persist as far as 6 mo out (21). Furthermore, thromboly-
sis may even potentiate this hypercoagulable state. Thrombolytic therapy has been
shown to cause platelet activation (22,23), increased thrombin generation (24–26), and
increased thrombin activity (27,28), that heparin may not be able to adequately suppress
(25,29–31). The mechanisms underlying this hypercoagulable state and its potentiation
by thrombolysis are incompletely understood, but may involve clot digestion leading to
thrombin liberation (32), reexposure of prothrombotic lesions, or direct effects on the
coagulation cascade (33).

Thus, research efforts have focused on developing new antiplatelet and anticoagulant
agents that are capable of overcoming the above limitations and achieving higher rates
of infarct-related artery patency and lower rates of reocclusion and, thereby, enable us
to reduce the morbidity and mortality still associated with acute myocardial infarction.

PLATELET INHIBITION

Platelet Activation and Aggregation
Platelets play a key role in initiating coronary artery thrombosis (13,34,35). Damage

to the vessel wall exposes the subendothelial matrix and allows platelet adhesion
through glycoprotein (GP) Ib binding to von Willebrand factor (vWF), GP Ia binding to
collagen, and other adhesion molecule interactions (36). Platelets can then be activated
by a variety of agonists including thrombin, adenosine diphosphate (ADP), collagen,
and thromboxane A2 (TXA2) (Fig. 1). There are three main signal transduction path-

334 Sabatine and Jang 

Fig. 1. A greatly simplified schematic depicting platelet adhesion, activation, and aggregation and the
sites of action of antiplatelet agents. Platelet adhesion is mediated primarily by collagen binding to
GP Ia and vWF binding to GP Ib. Platelet activation is extremely complex and only incompletely
understood. Three major pathways have been identified. One pathway involves stimulation of PLC by
agonists such as TXA2, thrombin, serotonin (5-HT), platelet-activating factor (PAF), and collagen.
PLC converts phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol 1,3,5-triphosphate (IP3) and
diacyl glycerol (DAG). Increased levels of IP3 causes translocation of calcium from intracellular stor-
age sites to the cytosol, which, with the help of calmodulin, leads to the activation of a variety of
enzymes including myosin light chain kinase (MLCK). The other product of PLC activity is DAG,
which activates protein kinase C (PKC). These two kinases, MLCK and PKC, phosphorylate, respec-
tively, myosin light chain (MLC) and a 47-kDA protein (p47), ultimately leading to platelet activation.
Another pathway involves stimulation of PLA by agonists such as ADP and epinephrine (epi). PLA
liberates arachidonic acid (AA) from membrane phospholipids. AA is then converted by cyclooxyge-
nase (CO) to PGH2, which can then be converted either into TXA2 by thromboxane synthase (TxS)
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or into PGI2 by prostacyclin synthase. TXA2 is a platelet activator and a vasoconstrictor. A third path-
way involves adenylate cyclase which, when inhibited by thrombin, ADP, or epi, leads to decreased
levels of cyclic adenosine monophosphate (cAMP) and consequent depression of the PLC pathway
described above. The end result of activation of any of these three pathways is to induce platelet acti-
vation specifically by bringing about cytoskeletal rearrangement, granule release, and the activation
of GPIIb/IIIa. Platelet aggregation then occurs through fibrinogen binding to GP IIb/IIIa receptors on
different platelets. The sites of action of platelet inhibitors is shown using open arrowheads and
dashed lines. Addional abbreviations: (�), receptors which lead to activation of adenylate cyclase; (–),
receptors which lead to inhibition of adenylate cyclase; A, ADP receptor; E, epinephrine receptor; TX,
TXA2 receptor; T, thrombin receptor; S, 5-HT receptor; P, PAF receptor; ATP, adenosine triphosphate;
5’ AMP, 5’ adenosine monophosphate; PD, phosphodiesterase.



ways: (i) activation of phospholipase C (PLC) (e.g., by thrombin, collagen, and TXA2)
leads to an increase in intraplatelet calcium concentration and subsequent phosphoryla-
tion and activation of downstream signal transducers; (ii) activation of phospholipase A2
(PLA2) (e.g., by ADP) leads to an increase in arachidonic acid levels with subsequent
conversion to TXA2; and (iii) inhibition of adenylate cyclase (e.g., by ADP and epi-
nephrine) leads to a decrease in cyclic adenosine monophosphate (which normally
antagonizes the activity of PLC) (36–39). Importantly, platelet activation can occur
through both TXA2-dependent and TXA2-independent pathways. Regardless of the
pathway, platelet activation results in changes in morphology (36), degranulation, induc-
tion of procoagulant activity (15), and activation of the glycoprotein IIb/IIIa (GP
IIb/IIIa) receptor (37). The final step, platelet aggregation, occurs when fibrinogen mol-
ecules bind to the activated GP IIb/IIIa receptor and connect platelets to one another
(40). Thus, platelet inhibition can occur by interfering with any one of these steps (Fig.
1 and Table 1) (41–43).

Cyclooxygenase Inhibitors: Aspirin
PHARMACOLOGY

Aspirin irreversibly inhibits cyclooxygenase (COX) by acetylating a serine residue at
position 529 of the COX polypeptide (44,45). COX converts arachidonic acid into the
eicosanoid prostaglandin G2 (PGG2), which is the precursor of PGH2. PGH2 is either
converted into prostacyclin (PGI2) by prostacyclin synthase or converted into TXA2 by
thromboxane synthase. Which of the two eicosanoids is synthesized depends on whether
prostacyclin synthase or thromboxane synthase predominates; the former predominates
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Table 1
Antiplatelet Agents

Platelet adhesion inhibitors:
Glycoprotein Ib inhibitors
vWF inhibitors

Platelet activation inhibitors:
Cyclooxygenase inhibitors

Aspirin
NSAIDs
Sulfinpyrazone

ADP antagonists (i.e., thienopyridine derivatives)
Ticlopidine
Clopidogrel

Thromboxane inhibitors (i.e., synthase inhibitor and receptor antagonist)
Ridogrel

Dipyridamole
Prostacyclin and analogues
Thrombin inhibitors

Platelet aggregation inhibitors:
Glycoprotein IIb/IIIa inhibitors

Monoclonal antibodies (e.g., abciximab)
Synthetic peptide compounds (e.g., eptifibatide)
Nonpeptide mimetics (e.g., tirofiban)



in endothelial cells and the latter predominates in platelets (46). Because platelets lack
the biosynthetic machinery to synthesize new proteins, aspirin inhibits thromboxane
synthesis for the lifespan of the platelet (approx 10 d). Conversely, vascular endothelial
cells can generate new COX, and therefore, the duration of aspirin’s inhibitory effect on
prostacyclin synthesis may be shorter (47). Clinically, this translates into aspirin acting
as an antiplatelet and anticoagulant agent. However, as thromboxane acts only on one of
the platelet activation pathways, aspirin is unable to inhibit platelet activation by medi-
ators such as thrombin that can utilize TXA2-independent pathways. Interestingly, there
is some preliminary evidence that aspirin may have an antithrombotic effect unrelated
to inhibition of COX (48,49).

Plasma levels of aspirin are detectable 20–30 min after administration of a single
crushed or chewed dose, and platelet inhibition is achieved after approx 60 min (50).
Although the current recommendations call for 162–325 mg of aspirin orally daily in
acute myocardial infarction (4), it appears that 100 mg of aspirin is probably sufficient
to almost completely inhibit the synthesis of thromboxane in individuals both with and
without atherosclerotic disease (51,52).

CLINICAL DATA

A meta-analysis of all clinical trials involving aspirin in the treatment of acute
myocardial infarction demonstrated that antiplatelet therapy confers statistically signif-
icant reductions in nonfatal reinfarction, nonfatal stroke, vascular death, and overall
mortality (53). The definitive study in this area is ISIS-2, in which 17,187 patients, who
presented within 24 h of the onset of symptoms consistent with acute myocardial infarc-
tion, were randomized in a 2-by-2 factorial design to receive streptokinase 1.5 million
units (MU) intravenously (iv) over 60 min, aspirin 162.5 mg orally once daily, both, or
neither (2). At 5 wk, treatment with aspirin reduced vascular mortality by 20% (from
11.8 to 9.4%, p � 0.00001) (Fig. 2) and nonfatal reinfarction by 49% (from 2.0 to 1.0%,
p � 0.00001). Treatment with aspirin was not associated with any significant increase
in major bleeding. Follow-up of the patients in ISIS-2 has shown that these benefits from
short-term antiplatelet therapy with aspirin have persisted for several years (54).

Of note, the reductions in vascular mortality seen with streptokinase and aspirin were
additive (vascular mortality 13.2% with neither, 10.7% with aspirin alone, 10.4% with
streptokinase alone, and 8.0% with both). Moreover, aspirin produced an even greater
reduction in the in-hospital reinfarction rate in the group that received fibrinolytic ther-
apy (from 3.8 to 1.8%) than in the group that did not (from 2.9 to 1.9%). It has been
shown that fibrinolytic therapy can activate platelets (22,23), and antiplatelet therapy
with aspirin may abolish this effect and prevent potential thrombolysis-induced platelet
aggregation, coronary artery reocclusion, and reinfarction.

ADP Antagonists: Ticlopidine and Clopidogrel
PHARMACOLOGY

Ticlopidine and clopidogrel are thienopyridine derivatives that inhibit the binding of
ADP to its receptor (Fig. 1) (55). There are, in fact, multiple ADP receptors, all of which
are part of the membrane-bound nucleotide P2 receptor family. It is believed that ticlo-
pidine and clopidogrel inhibit the P2TAC receptor, which is linked to adenylate cyclase
inhibition (56). The thienopyridines can also indirectly inhibit the activity of several
other platelet agonists such as arachidonic acid, collagen, thrombin, epinephrine, and
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serotonin. This is thought to occur because the aggregation response to these agonists is
augmented by the initial release of ADP from activated platelets. At high concentrations
of these agonists, platelet aggregation is ADP-independent, and therefore, ticlopidine
and clopidogrel have no significant effect. Unlike aspirin, the ADP antagonists can
inhibit platelet aggregation in response to vascular shear stress (57). Observations that
ticlopidine can block GP IIb/IIIa-mediated platelet aggregation (58) probably reflect a
downstream effect of ADP inhibition rather than a direct effect. After starting a standard
daily oral maintenance dose of either ticlopidine or clopidogrel, the full antiplatelet
effect is not seen for 3–5 d and then persists for 4–8 d after drug discontinuation, con-
sistent with an in vivo metabolite causing irreversible platelet inhibition (58–60). How-
ever, administration of an oral loading dose results in antiplatelet effect being apparent
after 60–90 min (61).

Gastrointestinal (GI) upset, nausea, vomiting, diarrhea, and rashes occur in approx
10–20% of patients taking ticlopidine; many of the GI side effects can be eliminated by
having the patient take ticlopidine with food. The most serious adverse effects are idio-
syncratic neutropenia, which has been reported to occur in 1% of patients, and throm-
botic thrombocytopenic purpura (TTP), which occurs in �0.1% of patients (62,63).
Clopidogrel enjoys a better side effect profile with lower rates of GI and dermatologic
adverse reactions and rates of neutropenia and TTP that are roughly comparable to what
is seen in the overall population. For these reasons, it has largely supplanted ticlopidine.
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Fig. 2. Cumulative vascular mortality in d 0–35 in the ISIS-2 trial for all patients allocated aspirin vs
all patients allocated placebo tablets. Reproduced with permission from ref. 2.



CLINICAL DATA

To date, there are few data regarding the efficacy of the ADP antagonists in ST-ele-
vation myocardial infarction. However, two ongoing trials, CLARITY-TIMI 28 and
COMMIT, will address this issue. The former is an angiographic study that will exam-
ine the effect of clopidogrel on late infarct-related artery patency in patients undergoing
fibrinolysis. The latter is a phase III trial that will examine the effect of clopidogrel on
mortality in patients undergoing fibrinolysis with a nonfibrin-selective lytic. However,
while we await the results of these studies, there are several lines of evidence that sup-
port the utility of ADP antagonists as adjunctive antiplatelet therapy in acute coronary
syndromes.

The ADP antagonists have become standard of care after intracoronary stent deploy-
ment to reduce thrombotic complications. The Intracoronary Stenting and Antithrom-
botic Regimen (ISAR) trial demonstrated that, compared to anticoagulant therapy,
combination antiplatelet therapy with aspirin and ticlopidine resulted in an 86% reduc-
tion in stent occlusion, an 82% reduction in reinfarction, a 78% reduction in reinterven-
tion, and elimination of severe hemorrhagic complications (64). In a subgroup analysis
of 123 patients with stent placement for acute myocardial infarction, antiplatelet therapy
resulted in a significant 84% reduction (from 21 to 3.3%, p � 0.005) in clinical events
defined as cardiac events (cardiac death, reinfarction, reintervention) plus noncardiac
events (noncardiac death, stroke, severe hemorrhage) (65). The Stent Anticoagulation
Regimen Study (STARS) demonstrated that the incidence of adverse events (death,
emergent coronary artery bypass graft [CABG], myocardial infarction, or subacute clo-
sure) was significantly lower with aspirin plus ticlopidine (0.6%) as compared to aspirin
alone (3.6%, p � 0.001) or aspirin plus warfarin (2.4%, p � 0.01) (66). Several recent
randomized trials suggest that, compared with ticlopidine, clopidogrel offers equivalent
efficacy and better safety and tolerability (67–69).

In the Clopidogrel versus Aspirin in Patients at Risk of Ischeamic Events (CAPRIE)
trial, 19,185 patients who had either a recent ischemic stroke, a myocardial infarction in
the past 35 d, or symptoms of peripheral arterial disease were randomized to clopido-
grel 75 mg orally once daily or aspirin 325 mg orally once daily (70). Treatment with
clopidogrel resulted in a statistically significant 8.7% reduction in the combined pri-
mary endpoints of ischemic stroke, myocardial infarction, or vascular death (from 5.83
to 5.32%, p � 0.043). More recently, the Clopidogrel in Unstable Angina to Prevent
Recurrent Events (CURE) trial demonstrated that in 12,562 patients presenting with
unstable angina, the addition of clopidogrel to a standard regimen of aspirin and unfrac-
tionated heparin resulted in a 20% reduction in the rate of the composite endpoint of
death, myocardial infarction, and stroke (from 11.4 to 9.3%, p � 0.001) (71). There was
a 38% increase in major bleeding, but no statistically significant increase in life-threat-
ening bleeding.

Glycoprotein IIb/IIIa Inhibitors
PHARMACOLOGY

The glycoprotein IIb/IIIa receptor (GP IIb/IIIa) is a member of the integrin super-
family of heterodimeric adhesion molecules that is found on platelets (40). It is the
primary receptor for platelet aggregation through binding to fibrinogen. GP IIb/IIIa
contains two domains responsible for the binding of adhesive proteins (Fig. 3) (72).
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One domain is on the GP IIIa subunit and its ligand is the peptide sequence RGD.
The other domain is on the GP IIb subunit and its ligand is the dodecapeptide
HHLGGAKQAGDV. The dodecapeptide is found only in fibrinogen and is located on
the c chain. Conversely, the RGD sequence is found in many peptides including fib-
rinogen (where it is located on the a chain), fibronectin, vitronectin, vWF, and throm-
bospondin. GP IIb/IIIa is unable to bind fibrinogen unless the platelet is first activated
by an agonist, which then induces a conformational change in GP IIb/IIIa, revealing
the binding domain and rendering the molecule a competent fibrinogen binder. Platelet
aggregation occurs when two activated platelets bind to the same fibrinogen molecule
(each to one end), thereby forming a fibrinogen bridge between the two platelets.

GP IIb/IIIa inhibitors are particularly attractive as antiplatelet agents, because they
can block the final step in platelet aggregation triggered by all endogenous platelet acti-
vators. There are several types of GP IIb/IIIa inhibitors (40,73). In 1985, a mouse mon-
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Fig. 3. GP IIb/IIIa structure. The IIIa (b3) subunit contains a domain whose ligand is the peptide
sequence RGD, which is found in each a-chain of fibrinogen. The IIb (aIIb) subunit contains a domain
whose ligand is the dodecapeptide HHLGGAKQAGDV, which is found in the c chain of fibrinogen.
Reproduced with permission from ref. 72.



oclonal antibody against GP IIb/IIIa (known as 7E3) was generated (74); subsequent
clinical trials have used abciximab (ReoPro), which is a Fab fragment of a chimeric
human–mouse genetic reconstruction of 7E3 (abbreviated c7E3 Fab). Based on the dis-
integrins, which are natural peptides derived from snake venom that contain either an
RGD-based or KGD-based sequence, researchers developed small-molecule GP IIb/IIIa
inhibitors including synthetic peptide compounds, such as the cyclic KGD peptide ana-
log eptifibatide (Integrilin) (75,76), and nonpeptide mimetics, such as tirofiban (Aggra-
stat) (77,78).

There are several important differences in the pharmacokinetics and pharmacody-
namics of the currently available GP IIb/IIIa inhibitors. Abciximab has a very high affin-
ity for GP IIb/IIIa and a long half-life (8–12 h), and after discontinuation of the infusion,
platelet function returns gradually. In contrast, the small-molecule inhibitors eptifibatide
and tirofiban have short half-lives, and platelet function returns quickly after discontin-
uation of the infusion. Although it has high affinity, abciximab has low specificity and
binds to other integrins, including the vitronectin receptor (GP aVb3), which is found on
endothelial cells. Whether this is of clinical relevance remains unknown. In contrast,
eptifibatide and tirofiban are extremely specific for the GP IIb/IIIa receptor. In addition
to the expected side effect of excess bleeding, abciximab has also been associated with
profound thrombocytopenia in 0.5–1.0% of cases (79) and the development of anti-
mouse antibodies in 5–6% of cases (80). However, in the ReoPro Readministration Reg-
istry, retreatment with abciximab was not associated with diminished efficacy or serious
side effects, although the cases of thrombocytopenia tended to be more profound (81).

CLINICAL DATA

Primary Angioplasty. All three GP IIb/IIIa inhibitors have been tested extensively in
patients undergoing percutaneous coronary interventions (PCIs) and pooled analyses
have demonstrated a 33% reduction in the composite of death, myocardial infarction, or
the need for urgent revascularization through 30 d (73). The early trials, however, gen-
erally excluded patients undergoing intervention in the setting of an acute myocardial
infarction.

More recently, though, four trials have examined the efficacy of GP IIb/IIIa inhibitors
in patients undergoing primary angioplasty for acute ST-elevation myocardial infarction.
In the ReoPro in Acute Myocardial Infarction and Primary PTCA Organization and
Randomized Trial (RAPPORT), 483 patients were treated with abciximab or placebo
before primary balloon angioplasty. Treatment with abciximab was associated with a
48% reduction in death, reinfarction, or the need for urgent revascularization by 30 d (p
� 0.03) (82). However, the majority of this benefit derived from a reduction in the need
for urgent revascularization. Major bleeding was twice as common in the abciximab
group.

As with elective PCI, stenting has now become common in primary angioplasty for
ST-elevation myocardial infarction. In the ISAR 2 trial, 401 patients undergoing intra-
coronary stenting for ST-elevation myocardial infarction were randomized to abciximab
or placebo (83). Treatment with abciximab was associated with a 52% reduction in the
rate of death, reinfarction, or target lesion revascularization at 30 d (p � 0.038). Impor-
tantly, the magnitude of the risk reductions for each of the individual components of the
composite end point were similar. Moreover, the 5% absolute reduction in the compos-
ite end point seen at 30 d persisted through 1 yr of follow-up.
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Similar results were seen in the 300 patients in the Abciximab Before Direct Angio-
plasty and Stenting in Myocardial Infraction Regarding Acute and Long-Term Follow-
up (ADMIRAL) study, in which treatment with abciximab in patients undergoing
primary stenting for ST-elevation myocardial infarction had a 59% reduction in the rate
of death, reinfarction, or the need for urgent target vessel revascularization by 30 d (p
� 0.01) (Fig. 4) (84). Angiographic data demonstrated improved rates of TIMI flow
grade 3 in the culprit artery both before and after stenting. The magnitude of the clini-
cal benefits seen with abciximab persisted without attenuation through 6 mo (Fig. 4).
Moreover, there was a lower rate of elective target vessel revascularization by 6 mo, rais-
ing the possibility that abciximab reduced the rate of restenosis.
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Fig. 4. Kaplan-Meier curves showing the cumulative incidence of the primary end point (death, rein-
farction, or urgent target-vessel revascularization) at 30 d and 6 mo in the ADMIRAL trial for patients
randomized to stent plus placebo (solid squares) vs stent plus abciximab (open circles). Reproduced
with permission from ref. 84.



The results from the CADILLAC study have been published (85). This was a large
study in 2082 patients with acute myocardial infarction who were randomized in a 2 �
2 factorial design to balloon angioplasty vs stent and to abciximab vs placebo. Treat-
ment with abciximab resulted in approx 15% reductions in recurrent ischemic events in
both the balloon angioplasty and primary stenting arms.

Fibrinolysis. The Thrombolysis and Angioplasty in Myocardial Infarction (TAMI) 8
pilot study first examined the safety and utility of abciximab given after thrombolysis
for acute myocardial infarction (86). Patients were treated with accelerated alteplase and
aspirin, and were randomized to receive a bolus of abciximab at 15 h, 6 h, or 3 h after
the beginning of the alteplase infusion at doses ranging from 0.1 to 0.25 mg/kg. There
was no significant difference in the bleeding or thrombocytopenia rates. Although not
designed to detect differences in clinical cardiac events (e.g., angina, myocardial infarc-
tion, urgent revascularization, or death), this combined end point was seen in 13% of the
pooled abciximab group vs 20% of the control group.

TIMI 14 was a large angiographic trial that evaluated the efficacy of full-dose abcix-
imab in conjunction with reduced-dose lytic (87). Ninety-minute angiography revealed
that the rates of TIMI flow grade 3 were 32% in patients treated with abciximab alone,
62% in patients treated with alteplase alone, and 77% in patients receiving full-dose
abciximab plus reduced-dose alteplase (15-mg bolus, followed by a 35-mg infusion over
60 min) (p � 0.01). Moreover, at 60 min, rates of TIMI flow grade 3 were 43% in the
alteplase group compared to 72% in the abciximab plus reduced-dose alteplase group
(p � 0.0009) (Fig. 5).

Major bleeding rates were similar in the alteplase-alone and the abciximab plus
reduced-dose alteplase groups. Interestingly, in a very-low-dose heparin arm (bolus of
30 U/kg followed by an infusion at 4 U/kg/h), the rate of 60-min TIMI flow grade 3 was
68% and the major bleeding rate was only 1%. These findings suggest that future opti-
mization of the heparin dose may minimize bleeding complications without signifi-
cantly compromising efficacy.
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Fig. 5. Proportion achieving TIMI flow grade 3 in the TIMI 14 trial (87) at 60 and 90 min for al
patients (dose-finding and dose-confirmation) randomized to accelerated full-dose alteplase (open
bars) vs reduced-dose alteplase (15 mg bolus followed by 35 mg infusion over 60 min) plus abcix-
imab (solid bars).



Abciximab was tested in conjunction with reduced doses of other fibrinolytics. In
the Strategies for Patency Enhancement in the Emergency Department (SPEED) (88)
and the reteplase phase of TIMI 14 (89), combination therapy consisting of full-dose
abciximab and reduced-dose reteplase (5 � 5 U) resulted in marginally higher rates of
TIMI flow grade 3 at 60–90 min compared to full-dose reteplase alone (54 vs 47% in
SPEED and 73 vs 70% in TIMI 14, p � NS for both). In the Enoxaparin and
tenecteplase (TNK-tPA) with or without GP IIb/IIIa Inhibitor as Reperfusion Strategy
in ST-elevation myocardial infarction (ENTIRE) study, abciximab plus reduced dose
TNK-tPA was compared to full-dose TNK-tPA (patients also were randomized to
unfractionated heparin vs the low-molecular-weight heparin enoxaparin, discussed
below) (90). Combination therapy resulted in similar rates of TIMI flow grade 3, but
trends towards higher rates of complete ST-segment resolution by 180 min and lower
rates of death or myocardial infarction among patients receiving unfractionated heparin
(6.5 vs 15.9%).

The overall promising results with combination reperfusion therapy in pilot studies,
coupled with prior observations from the Global Utilization of Streptokinase and tPA
for Occluded Coronary Arteries (GUSTO) I angiographic substudy that a 23% improve-
ment in the proportion of patients achieving TIMI flow grade 3 was associated with a
1% absolute decrease in mortality (5), led to GUSTO V, a phase III clinical trial in
16,588 patients comparing abciximab plus reduced-dose reteplase to reteplase alone
(91). The 30-d mortality rates were not statistically different between the abciximab plus
reduced-dose reteplase (5.6%) and the reteplase alone (5.9%) arms. However, patients
receiving combination therapy did have a 16% lower rate of the combined end point of
death or nonfatal reinfarction (p � 0.0011; Fig. 6) as well as a 12% lower rate of recur-
rent ischemia (p � 0.004) and trends toward lower rates of a variety of other end points
including malignant arrhythmias and mechanical complications. Although rescue angio-
plasty was used infrequently, it did occur more often in the reteplase group (8.6 vs 5.6%,
p � 0.0001), and this may have minimized potential mortality differences between the
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Fig. 6. Proportion of patients with the primary end point of death (solid bars) or the composite end
point of death and nonfatal reinfarction (solid and open bars) in the GUSTO V trial (91) for patients
randomized to abciximab plus reduced-dose reteplase vs reteplase alone.



two arms. Moderate and severe bleeding was twice as frequent in the combination ther-
apy arm (Fig. 6). Rates of intracranial hemorrhage (ICH) were similar in patients �75
yr of age, but twice as high in patients �75 yr of age.

In the Assessment of the Safety and Efficacy of a New Thrombolytic Regimen
(ASSENT) III trial, patients were randomized to one of three regimens: full-dose TNK-
tPA plus unfractionated heparin, full-dose TNK-tPA plus the low-molecular-weight
heparin enoxaparin, or reduced-dose TNK-tPA plus abciximab and unfractionated
heparin (92). The 30-d mortality rates were not statistically significantly different
between the abciximab and unfractionated heparin treatment groups (6.6 vs 6.0%, p �
0.4). However, the rate of the composite end point of death, in-hospital reinfarction, or
in-hospital refractory ischemia was lower in the abciximab arm compared with the
unfractionated heparin arm (11.1 vs 15.4%, p � 0.001). Major bleeding, however, was
twice as high in the abciximab arm (4.4%) compared to the unfractionated heparin arm
(2.2%).

Analogous to the approach with abciximab, initial studies examining the utility of
eptifibatide in pharmacologic reperfusion for ST-elevation MI combined different doses
of eptifibatide with a full-dose of a fibrinolytic. In IMPACT-AMI, combination therapy
with the highest dose of eptifibatide and full-dose alteplase resulted in very high rates
of patency (93%) and TIMI flow grade 3 (71%), but this degree of success was not repli-
cated in the dose-confirmation phase, in which combination therapy was not superior to
lytic alone (93).

In another trial, patients with acute myocardial infarction were given full-dose strep-
tokinase and different doses of eptifibatide or placebo (94). Treatment with eptifibatide
was associated with a higher likelihood of achieving TIMI flow grade 3 in the infarct-
related artery at 90 min (50 vs 32%), but at the expense of increased bleeding compli-
cations.

In the Integrilin and Reduced Dose Thrombolytic in Acute Myocardial Infarction
(INTRO-AMI) study, testing of multiple different combinations of eptifibatide and
alteplase in a dose-finding phase led to two regimens being tested in a dose-confirma-
tion phase: a “180/1.33/90” regimen (initial 180 lg/kg bolus, infusion at 1.33 lg/kg/h,
and then a second 90 lg/kg bolus 30 min later) and a “180/2.0/90” regimen (with the
second bolus 10 min later) (95). Combination therapy using the 180/2.0/90 regimen
yielded superior rates of TIMI flow grade 3 compared to alteplase alone (56 vs 40%, p
� 0.04).

The Integrilin � TNK in AMI (INTEGRITI) angiographic trial examined combina-
tions of eptifibatide and reduced-dose TNK-tPA. A 180/2.0/180 regimen appeared most
promising in the dose-finding phase. In the dose-confirmation phase, compared with
patients receiving full-dose TNK-tPA alone, there were trends toward higher rates of
TIMI flow grade 3 (59 vs 49%, p � 0.15) and complete ST resolution (71 vs 61%, p �
0.08) in patients receiving combination therapy (96).

In summary, combination therapy with a reduced-dose fibrinolytic and a GP IIb/IIIa
inhibitor does offer improvements in infarct-related artery patency, but these have not
translated into mortality benefits. It may be that, between rescue angioplasty and
improved overall medical therapy (e.g., angiotensin converting enzyme [ACE] inhibitors
and statins), small differences in patency do not have a large impact on survival.
Nonetheless, the reductions in nonfatal ischemic events seen with combination therapy
are clinically important. Moreover, combination therapy offers a more attractive transi-
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tion to the cardiac catheterization laboratory than does full-dose fibrinolytic therapy
without a GP IIb/IIIa inhibitor on board. Studies helping to define the optimal facili-
tated angioplasty regimen are ongoing.

Other Antiplatelet Agents
NONSTEROID ANTI-INFLAMMATORY DRUGS

Unlike aspirin, nonsteroid anti-inflammatory drugs (NSAIDs) are reversible COX
inhibitors. Although studied in the setting of acute myocardial infarction, they have not
been shown to be superior to aspirin (97). However, their antiplatelet effects have been
highlighted by reports from some (98,99), but not all (100), studies in which patients
not on aspirin who were assigned new selective COX-2 inhibitors had higher cardio-
vascular thrombotic events than did patients assigned to NSAIDs. It should be noted,
though, that not all NSAIDs exert the same antiplatelet effect, and there is even some
evidence that certain NSAIDs may block aspirin’s antiplatelet effect (101).

SULFINPYRAZONE

Sulfinpyrazone is a uricosuric agent structurally related to phenylbutazone. It is a
competitive inhibitor of COX but it may inhibit platelets through other mechanisms as
well. Although in one study it reduced the rate of reinfarction in patients after myocar-
dial infarction (102), there are no consistent data supporting the utility of sulfinpyra-
zone in acute coronary syndromes.

DIPYRIDAMOLE

Dipyridamole inhibits platelets through an unknown mechanism: it may act as a phos-
phodiesterase inhibitor, thereby increasing concentrations of cAMP and maintaining the
platelet in its resting state, it may stimulate prostacyclin synthesis, or it may inhibit cel-
lular uptake and metabolism of adenosine (103). Clinically, dipyridamole is a weak
antiplatelet agent with no established role in acute coronary syndromes (104).

RIDOGREL

Ridogrel is a thromboxane synthase inhibitor as well as a competitive TXA2/
prostaglandin endoperoxide (PGEND) receptor blocker (105,106). This dual activity
allows ridogrel to inhibit platelet activation several ways (Fig. 1). There has been one
randomized controlled trial of ridogrel in acute myocardial infraction. In the Ridogrel
vs Aspirin Patency Trial (RAPT), 907 patients presenting within 6 h of an acute myocar-
dial infarction were treated with streptokinase 1.5 MU and randomized to re-ceive either
ridogrel 300 mg IV bolus, followed by 300 mg orally 2� daily, or aspirin 250 mg IV
bolus, followed by 160 mg orally once daily (107). There were no differences in the rates
of infarct-related artery patency at predischarge angiography or mortality.

PROSTACYCLIN AND ANALOGUES

Prostacyclin acts both as an antiplatelet agent and as a vasodilator. Its antiplatelet
effects are mediated through stimulation of adenylate cyclase. This causes an increase
in levels of cAMP, thereby stimulating cAMP-dependent protein kinases, decreasing
cytoplasmic calcium levels, and maintaining the platelet in its resting state (108).
Receptor down-regulation and unacceptable vasodilatation leading to hypotension have
limited the clinical efficacy of current prostacyclin preparations as antiplatelet agents
(109).
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THROMBIN INHIBITORS

As thrombin is the most potent endogenous platelet activator (110–112), antithrom-
bins should exert an antiplatelet effect. This has been established in experimental mod-
els (113,114), and these agents are discussed in detail below.

GLYCOPROTEIN IB AND VWF INHIBITORS

Analogous to the development of GP IIb/IIIa inhibitors to block platelet aggregation,
GP Ib and vWF inhibitors are being developed to block platelet adhesion (42,115,116).
No clinical data are available at this time. However, there is concern that these inhibitors
would significantly interfere with normal hemostasis and produce unacceptable bleed-
ing complications, as seen clinically in GP Ib deficiency (Bernard–Soulier syndrome)
and von Willebrand’s disease homozygotes.

Summary

• Platelets play a pivotal role in acute coronary syndromes and platelet activation
is a complex process with multiple pathways leading to the final common path-
way of platelet aggregation.

• Aspirin, a COX inhibitor and a relatively weak platelet antagonist, is the stan-
dard of care for antiplatelet therapy in acute coronary syndromes and has been
shown to significantly reduce the rates of death and nonfatal reinfarction.

• Ticlopidine and, more recently, clopidogrel, are ADP antagonists that are bene-
ficial when combined with aspirin for intracoronary stent deployment and
unstable angina. Studies in the setting of ST-elevation myocardial infarction are
ongoing.

• GP IIb/IIIa inhibitors are clearly efficacious in the setting of primary angio-
plasty or primary stenting, where they reduce the rates of death, cardiac
ischemic events, and the need for repeat revascularization. The picture is less
clear for pharmacologic reperfusion therapy, where a reduced-dose fibrinolytic
plus a GP IIb/IIIa inhibitor improves infarct-related artery patency, but not over-
all mortality. The rate of recurrent ischemic events is decreased, but unfortu-
nately bleeding, especially ICH in the elderly, is increased. Additional data are
needed before recommendations can be made.

ANTICOAGULATION

Coagulation Cascade
Thrombin is a glycosylated serine protease that plays a fundamental role in throm-

bosis (117). Thrombin is generated from prothrombin by the prothrombinase complex,
which includes factors Xa, Va, calcium, and phospholipids (Fig. 7). Its main action is to
transform fibrinogen into fibrin. Thrombin is one of the most potent endogenous platelet
activator (110–112). The active catalytic site lies within a relatively narrow canyon on
the molecule’s surface (Fig. 8) (118). Adjacent to this site is the substrate recognition
site, also known as the anion-binding exosite, to which fibrinogen binds (118). In addi-
tion, there is a separate fibrin-binding site (17). Finally, there are several other well-char-
acterized binding sites including an apolar binding site (119), which is involved in both
substrate binding as well as platelet attachment via GP Ib, a heparin-binding site, and
the primary platelet attachment site, which is an anion-binding exosite similar to the
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Fig. 7. The intrinsic and extrinsic pathways of the coagulation cascade and the sites of action of
antithrombin agents (open arrowheads and dashed lines). Abbreviations: TF, tissue factor; TFPI, tis-
sue factor pathway inhibitor; ATIII, antithrombin III; LMWH, low-molecular weight heparin; TAP,
tick anticoagulant peptide; UFH, unfractionated heparin; F1.2, prothrombin fragment 1.2; FPA, fib-
rinopeptide A.

Fig. 8. Simplified depiction of thrombin and several of its key binding sites.



substrate recognition site, which binds to platelets using a tethered-ligand motif (111).
Thrombin inhibition can be achieved either by binding to one of these critical sites or
by inhibiting thrombin generation, which is achieved primarily by inhibiting Factor Xa
(Fig. 7 and Table 2) (42,117,120,121).

Heparin
PHARMACOLOGY

Heparin is a glycosaminoglycan that contains a unique pentasaccharide sequence
with high binding affinity for antithrombin III (ATIII) (19,122). When bound to heparin,
ATIII undergoes a conformational change that results in an acceleration of its ability to
inactivate both thrombin and factor Xa by acting as a “suicide substrate” (Fig. 9).
Heparin also increases the rate of the thrombin-ATIII reaction by greater than 1000-fold
by acting as a catalytic template to which both the inhibitor and the protease bind,
thereby forming a ternary complex. (Note: ternary complex formation is not required
for factor Xa inactivation.) Once thrombin binds to ATIII, heparin is released from the
complex. There is also some evidence that part of heparin’s anticoagulant effect is due
to its ability to both stimulate the release and enhance the activity of tissue factor path-
way inhibitor (123–125). Heparin molecules that contain fewer than 18 saccharide units
(i.e., low-molecular-weight heparins [LMWHs]) are unable to bind thrombin and ATIII
simultaneously and are, therefore, unable to form ternary complexes to accelerate
thrombin inhibition (see below). Heparin is largely ineffective against fibrin monomer-
bound (16) or clot-bound (17) thrombin (Figs. 9 and 10) and against factor Xa bound in
the prothrombinase complex.

Heparin is a heterogeneous mixture of glycosaminoglycans of varying molecular
sizes (126). This translates into heterogeneous anticoagulant activity for three reasons.
First, only approx 30% of heparin molecules actually contain the specific pentasaccha-
ride sequence mentioned above that is required for ATIII binding (122). Second, the anti-
coagulant profile of heparin in terms of the ratio of thrombin to factor Xa inhibition is
influenced by the chain length (127). Third, the clearance of heparin is proportional to
its molecular size (128).
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Table 2
Antithrombotic Agents

Indirect thrombin inhibitors:
Heparin
LMWHs

Direct thrombin inhibitors:
Hirudin
Bivalirudin
Argatroban

Thrombin generation inhibitors:
Factor Xa inhibitors

LMWHs
Pentasaccharide
TAP

TFPI



Heparin can be administered either by continuous iv infusion or by intermittent sub-
cutaneous injections with comparable efficacy, although there is a 1–2 h delay in achiev-
ing an anticoagulant effect via the subcutaneous route. The half-life of heparin varies
depending on the dose given, but is approx 60–90 min.

Heparin-induced thrombocytopenia (HIT) is a well-documented complication of
heparin administration (20). HIT type I occurs in approx 10% of patients receiving
heparin and is manifested by mild thrombocytopenia occurring within 48 h of the initia-
tion of therapy. The platelet count rarely falls below 100,000/mm3 and returns to normal
within 5 d even if heparin therapy is continued. The mechanism is thought to be direct
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Fig. 9. Interaction between thrombin and heparin. (A) Thrombin binding to its natural substrate fib-
rinogen. (B) Inactivation of thrombin by ATIII and heparin. (C) Fibrin-bound thrombin is enzymati-
cally active but resistant to inactivation by ATIII and heparin.

Fig. 10. Comparison of the inhibitory effects of heparin against fluid phase (open bars) and clot-
bound (solid bars) thrombin activity. Thrombin or fibrin clots were incubated with citrated plasma in
the presence or absence of heparin. FPA levels were then measured by radioimmunoassay, and the per-
cent inhibition of FPA generation was calculated for each inhibitor concentration. Heparin concen-
trations of 0.2–0.4 U/mL span the therapeutic range for this agent. Reproduced with permission from
ref. 17.



heparin-mediated platelet aggregation. Patients with HIT type I do not go on to have
thrombotic complications. In contrast, HIT type II is marked by more severe thrombocy-
topenia and a greatly increased risk of thrombosis. This syndrome occurs in 1–5% of
patients receiving heparin, approximately one-third of whom will go on to develop
thrombosis. The platelet count usually starts to decrease after 5–12 d of therapy (and
potentially earlier if the patient has been exposed to heparin before) and usually falls by
more than 50% or drops to less than 100,000/mm3. If heparin is discontinued, the platelet
count usually returns to normal in 4–10 d. The pathogenesis of this syndrome is believed
to be due to antibodies forming against heparin–platelet factor 4 complexes (Fig. 11)
(129,130). These immune complexes can then bind to Fc receptors on platelets and trig-
ger platelet activation, thereby releasing more platelet factor 4. Platelet factor 4 can bind
to heparin-like molecules on the surface of endothelial cells, providing a target for the
above-mentioned antibodies and leading to endothelial cell injury and thrombosis.

Several investigators have reported a “rebound effect” after the cessation of heparin
therapy in patients with acute coronary syndromes. In one trial that randomized patients
with unstable angina to heparin, aspirin, both, or neither, there was a nearly threefold
higher incidence of disease reactivation (i.e., recurrent unstable angina or myocardial
infarction) in patients who had received heparin than in the other groups (13 vs 5%)
(131). The majority of these recurrences were severe enough to require urgent inter-
vention. Other investigators have noted that after the cessation of heparin in patients
with acute coronary syndromes there is a transient increase in prothrombin fragment 1.2
and fibrinopeptide A levels, suggesting that both thrombin generation and activity were
increased (132). Similar observations have been made after the discontinuation of
heparin in patients undergoing coronary angioplasty (133). The mechanism underlying
this rebound phenomenon is unclear but may be due to an accumulation of prothrom-
botic factors during heparin therapy that then create a hypercoagulable state after the
cessation of heparin.

CLINICAL DATA

Trials with No Routine Aspirin. There have been 21 trials enrolling a total of approx
5000 patients that have examined the effects of heparin in acute myocardial infarction
in the pre-aspirin era (i.e., pre-ISIS-2). Most of these trials were also in the prethrom-
bolysis era as only 14% of the patients in these trials received thrombolytic therapy. A
meta-analysis revealed that treatment with heparin resulted in a statistically significant
25% reduction in mortality (from 14.9 to 11.4%, p � 0.002) and a statistically non-
significant 18% reduction in reinfarction (from 8.2 to 6.7%, p � 0.08) (Fig. 12) (134).
Conversely, treatment with heparin was also associated with a near doubling of the major
bleeding rate (1.9 vs 0.9%). Two trials (135,136) have examined the role of heparin in
patients receiving a thrombolytic but not aspirin (Table 3). Treatment with heparin was
associated with a higher infarct-related artery patency rate (136) and a lower mortality
rate (135). However, the applicability of these data is limited now that treatment with
aspirin has become standard of care.

Trials with Routine Aspirin. There have been six trials (137–143) enrolling approx
68,000 patients that have examined the effects of heparin in acute myocardial infarction
in patients who did routinely received aspirin as part of the treatment protocol (Table 3).
Ninety-three percent of the patients in these trials received thrombolytic therapy. A
meta-analysis (134) revealed that treatment with heparin resulted in marginally statisti-
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Fig. 11. HIT. Heparin interacts with platelet factor 4 (PF4), which is released in small quantities from
circulating platelets to form PF4–heparin complexes (1). Specific IgG antibodies react with these con-
jugates to form immune complexes (2) that bind to Fc receptors on circulating platelets. Fc-mediated
platelet activation (3) releases PF4 from �-granules in platelets (4). Newly released PF4 binds to addi-
tional heparin, and the antibody forms more immune complexes, establishing a cycle of platelet acti-
vation. PF4 can also bind to heparin-like molecules on the surface of endothelial cells (EC) to pro-
vide targets for antibody binding, potentially leading to immune-mediated EC injury (5) and throm-
bosis. Reproduced with permission from ref. 130.

g



A
ntiplatelet and A

nticoagulant T
herapy

353

Fig. 12. Meta-analysis of the effects of heparin in the absence and presence of aspirin in patients with suspected acute myocardial infarction. Reproduced
with permission from ref. 134.

GUEST



cally significant in-hospital 6% reduction in mortality (from 9.1 to 8.6%, p � 0.03) and
9% reduction in reinfarction (from 3.3 to 3.0%, p � 0.04) (Fig. 12). Again, treatment
with heparin was also associated with an increased major bleeding rate (1.0 vs 0.7%).

Most of the data come from the GISSI-2 trial (138,139) and the ISIS-3 trial (140). Dur-
ing the actual period of heparin treatment in these trials there was a 7% relative reduction
in mortality (from 7.3 to 6.8%), but at 35 d, the difference in mortality was no longer sta-
tistically significant (2% relative reduction, from 10.2 to 10.0%). There is, however, con-
cern that these two megatrials may have underestimated the beneficial effects of heparin
because of the way in which the heparin was administered. In GISSI-2, the heparin was
started 12 h after the initiation of fibrinolytic therapy, and in ISIS-3, it was started 4 h after
the initiation of fibrinolytic therapy. Moreover, in both trials, the heparin was adminis-
tered subcutaneously, which further delayed the achievement of an anticoagulated state.

Trials with IV Heparin. Given the fact that patients enrolled in GISSI-2 and ISIS-3
accounted for greater than 95% of the patients included in the above meta-analysis and
that there are concerns regarding the efficacy of the heparin regimens in those two mega-
trials, it is reasonable to undertake a separate inspection of trials that have used intra-
venous heparin. There have been six randomized controlled trials (136,137,141–144)
that have directly examined the effect of iv heparin in patients receiving thrombolytic
therapy for acute myocardial infarction (Table 3). A meta-analysis of these trials (145)
revealed a statistically nonsignificant 9% reduction in mortality (from 5.6 to 5.1%) (Fig.
13). There was no significant difference in the rates of reinfarction or recurrent ischemia.
There was, however, a statistically nonsignificant 42% increase in the rate of severe
bleeding with double the rates of stroke and intracranial hemorrhage.

The above trials, however, are a heterogeneous group. None of the patients in the study
by Bleich and colleagues (136), half of the patients in the ISIS-2 pilot study (137), and
only those patients who did not receive heparin in Heparin-Aspirin Reperfusion Trial
(HART) (144) received aspirin, whereas all of the patients in European Cooperative
Study Group (ECSG)-6 (141), OSIRIS (142), and Duke University Clinical Cardiology
Study (DUCCS)-1 (143) received aspirin. An analysis of the subgroup of patients in these
six trials who were given aspirin revealed that heparin had no effect on mortality. In con-
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Table 3
Randomized Trials of Heparin in Patients Receiving Thrombolysis for 

Acute Myocardial Infarction

Trial (reference) Year Aspirin Heparin Thrombolytic Patients

SCATI1 (35) 1989 – SC � SK 711
Bleich et al. (136) 1990 – IV TPA 95
ISIS-2 pilot (137) 1987 � IV � SK 619
HART1 (44) 1990 � IV TPA 205
GISSI-2 (138,139) 1990 � SC SK 20,891
ISIS-3 (140) 1992 � SC SK 45,856
DUCCS-1 (143) 1994 � IV APSAC 250
OSIRIS (142) 1992 � IV SK 128
ECSG-6 (141) 1992 � IV TPA 652

Abbreviations: SK, streptokinase; tPA, tissue-type plasminogen activator (alteplase); APSAC, anisoy-
lated plasminogen streptokinase activator complex.



trast, in patients who were not given aspirin, treatment with heparin was associated with
a statistically nonsignificant 28% reduction in mortality, similar to the effect seen in the
meta-analysis of trials in the pre-aspirin and prethrombolytic era.

When streptokinase is used as the thrombolytic agent, the data from the GUSTO trial
demonstrated that treatment with iv heparin conferred no mortality benefit over high-
dose subcutaneous heparin (146). Since iv heparin is not superior to subcutaneous
heparin (from GUSTO), and subcutaneous heparin is not superior to placebo (from
GISSI-2 and ISIS-3), there is indirect data that iv heparin offers no advantage in patients
receiving thrombolysis with streptokinase for acute myocardial infarction.

In contrast, when alteplase is used as the thrombolytic agent, iv heparin is a standard
part of adjunctive therapy (4). There are two indirect lines of evidence that support this
practice. First, several small trials (136,141,144) have shown improved infarct-related
artery patency (defined as TIMI flow grade 2 or 3) when iv heparin is added to throm-
bolysis with alteplase (Table 4). More importantly, these trials have also demonstrated a
higher percentage of patients achieve TIMI flow grade 3 with the addition of iv heparin
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Fig. 13. Meta-analysis of the effects of IV heparin in patients with suspected acute myocardial infarc-
tion. Reproduced with permission from ref. 145.

Table 4
Angiographic Studies Randomizing IV Heparin in Patients Receiving Thrombolysis for Acute

Myocardial Infarction

TIMI grade 2 or 3(%) TIMI grade 3 (%)

Trial (reference) Year Aspirin Patients – Hep � Hep – Hep � Hep

Bleich et al. (136) 1990 – 95 43 71 38 52
HART (144) 1990 � 205 52 82 31 56
ECSG-6 (141) 1992 � 652 75 83 66 76



to thrombolysis with alteplase. These trials were themselves too small to show a signifi-
cant difference in mortality or reinfarction. However, extrapolating from the GUSTO-I
data showing that TIMI flow grade 3 at 90 min is associated with lower mortality and bet-
ter left ventricular function at 30 d (5), one can argue that the addition of iv heparin to
thrombolysis with alteplase may improve patient outcome. Second, if one analyzes the
patients receiving alteplase in GISSI-2, ISIS-3, and GUSTO-I, the mortality rates are
9.8% for alteplase alone, 9.6% for alteplase plus subcutaneous heparin, and 6.3% for
alteplase plus iv heparin. Such comparisons are hazardous for several reasons. The mor-
tality rates in general were lower in GUSTO-I than in GISSI-2 or ISIS-3 for comparable
groups. More importantly, in GISSI-2 and ISIS-3, the “standard” alteplase infusion was
used (100 mg over 3 h), whereas in GUSTO-I, an “accelerated” alteplase infusion (147)
was used (100 mg over 90 min). Nonetheless, the lowest mortality rate with alteplase was
achieved by giving it with iv heparin, and thus, this has become the standard of care.

Trials with More Intensive Intravenous Heparin Regimens. In GUSTO-I, 50% of
patients failed to achieve therapeutic anticoagulation. Therefore, a more intensive iv
heparin regimen (increasing the upper limit of the target activated partial thromboplas-
tin time [aPTT] to 90 s and increasing the initial infusion of heparin to 1300 U/h for
patients weighing 80 kg or more) was initially used in TIMI-9A (148), GUSTO-IIa
(149), and HIT-III (150). This resulted in 20% more heparin being administered in
GUSTO-IIa than in GUSTO-I. All three trials were stopped prematurely because of an
increased rate of ICH and other major bleeding events. Whereas the rate of ICH was
0.7% in GUSTO-I, it was 1.9% in the heparin arm of TIMI-9A and 1.5% in the heparin
arm of GUSTO-IIa (for the subset of patients receiving thrombolytic therapy for acute
myocardial infarction); there were no ICHs in the heparin arm of HIT-III, but there was
a 3.4% rate in the hirudin arm, prompting the termination of that trial. The mean aPTT
of patients with ICH was 100 s in TIMI-9A and 110 s in GUSTO-IIa as compared to a
mean aPTT of 85 s (both trials) for patients without ICH. An analysis of the aPTTs from
patients enrolled in the GUSTO-I trial revealed a lower mortality was associated with
aPTT at 12 h between 50 and 70 s; aPTTs higher than this were associated with an
increased rate of moderate to severe bleeding, ICH, and, interestingly, reinfarction (151).

In summary, in patients ineligible for thrombolytic therapy, heparin is of proven ben-
efit in patients unable to take aspirin and is of no proven benefit in those taking aspirin.
For patients receiving thrombolytic therapy with streptokinase, there is no data that
heparin, either subcutaneous or iv, offers any benefit. For patients receiving alteplase,
heparin continues to be used based on angiographic data showing higher infarct-related
artery patency, but clinical trials demonstrating decreased mortality or reinfarction are
lacking. By extension from its use with alteplase, heparin is also routinely used with the
new third-generation fibrinolytics reteplase and TNK-tPA. If heparin is to be used, it
should be adjusted to achieve an aPTT between 50 and 70 s.

Direct Thrombin Inhibitors
HIRUDIN

Pharmacology. Hirudin is a naturally occurring anticoagulant derived from the saliva
of the medicinal leech (Hirudo medicinalis) that has subsequently been produced via
recombinant DNA technology (152). It is a 65-amino-acid protein with a molecular
weight of 7000 Da that contains two domains: the N-terminal domain binds to and
inhibits the active catalytic site of thrombin (153) and the C-terminal tail binds to the sub-
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strate recognition site of thrombin (154) (Fig. 14). The apolar binding site of thrombin
may also be involved in the interaction (119). Unlike heparin, hirudin is a direct throm-
bin inhibitor and, therefore, does not require the presence of ATIII to neutralize thrombin.
Hirudin is uniquely specific for thrombin (155), does not cross-react with the antibodies
responsible for HIT, and is not inactivated by platelet factor 4 or heparinases. Hirudin is
an extremely potent antithrombin and can inactivate both fluid-phase and clot-bound
thrombin, although it is less effective against the latter, requiring approx 10-fold higher
doses to achieve comparable degrees of thrombin inhibition (Fig. 15) (17,156).

Clinical Data. After demonstrating promising results in two pilot studies when given
as adjunctive antithrombin therapy with alteplase (TIMI-5) (157) and streptokinase
(TIMI-6) (158), hirudin was compared to heparin in three phase III trials (TIMI-9A
[148], GUSTO-IIa [149], and HIT-III [150]). In both TIMI-9A and GUSTO-IIa, hirudin
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Fig. 14. Interaction between thrombin and direct thrombin inhibitors. Hirudin (A) and bivalirudin (B)
bind to both the catalytic and substrate recognition sites. Argatroban (C) binds only to the catalytic
site. All of the direct thrombin inhibitors can inactivate clot-bound thrombin and none of them
requires the presence of ATIII.

Fig. 15. Comparison of the inhibitory effects of hirudin against fluid phase (open bars) and clot-bound
(solid bars) thrombin activity. Thrombin or fibrin clots were incubated with citrated plasma in the
presence or absence of hirudin. FPA levels were then measured by radioimmunoassay, and the percent
inhibition of FPA generation was calculated for each inhibitor concentration. Reproduced with per-
mission from ref. 17.



was given as a 0.6 mg/kg iv bolus followed by an infusion at 0.2 mg/kg/h, while in HIT-
III, a different recombinant hirudin was used and at a slightly lower dose (0.4 mg/kg iv
bolus followed by an infusion at 0.15 mg/kg/h). As stated above, these trials were stopped
prematurely because of an unexpectedly high rate of ICH. Combining the data from the
three trials, treatment with hirudin was associated with a higher rate of ICH (1.6 vs 0.9%)
and a higher rate of major bleeding (10.8 vs 7.7%). Based on these data, the TIMI,
GUSTO, and HIT investigators altered their anticoagulation protocols with a reduction in
the hirudin and heparin doses in TIMI-9B and GUSTO-IIb and a change from alteplase
to streptokinase and a change from iv to subcutaneous hirudin and heparin in HIT-4.

In TIMI-9B (159), 3002 patients with acute myocardial infarction were treated with
aspirin and either alteplase or streptokinase (at the discretion of the treating physician)
and were randomized within 12 h of symptoms to receive anticoagulation for 96 h with
either hirudin 0.1 mg/kg iv bolus, followed by an infusion at 0.1 mg/kg/h, or heparin
5000 U iv bolus, followed by an infusion at 1000 U/h. Both anticoagulants were adjusted
to achieve an aPTT of 55–85 s. At 24 h, there was a slightly higher rate of death or non-
fatal myocardial infarction with hirudin (2.8 vs 2.3%). At 30 d, treatment with hirudin
was associated with a 21% higher incidence of death (6.1 vs 5.1%), a 19% reduction in
the rate of myocardial infarction (3.6 vs 4.4%), and a 9% higher incidence of the com-
bined end point of death, recurrent myocardial infarction, congestive heart failure, or
shock (12.9 vs 11.9%). None of these differences achieved statistical significance. There
was also no significant difference in the rates of ICH or other major bleeding events.

In GUSTO-IIb (160), 12,142 patients with acute coronary syndromes were random-
ized to receive anticoagulation for 72 h with either hirudin or heparin, each dosed
according to the same protocol used in TIMI-9B. Of the 12,142 patients, 4131 presented
with ST-segment elevation and 74% of those patients received thrombolytic therapy with
either alteplase or streptokinase (again, at the discretion of the treating physician). At 24
h, treatment with hirudin (for both ST-elevation and non-ST-elevation patients) was
associated with a statistically significant 39% reduction in the combined end point of
death or myocardial infarction (from 2.1 to 1.3%). At 30 d, for the patients with ST-seg-
ment elevation, there was only a 6% reduction in mortality (from 6.2 to 5.9%), an 18%
reduction in myocardial infarction (from 6.0 to 5.0%), and a 14% reduction in the pri-
mary combined end point of death or myocardial infarction (from 11.3 to 9.9%). None
of these differences achieved statistical significance. For patients with ST-segment ele-
vation, there was no significant difference in the rates of ICH or of severe or moderate
bleeding (although for all patients, treatment with hirudin was associated with a 14%
higher rate of major bleeding).

In HIT-4, 1208 patients with acute myocardial infarction were treated with streptok-
inase and were randomized to hirudin 0.2 mg/kg iv bolus, followed by 0.5 mg/kg sub-
cutaneously 2� daily for 5 to 7 d, or a bolus of placebo, followed by heparin 12,500 U
subcutaneously 2� daily (161). Thirty-day mortality and reinfarction rates were similar
with a 6.8% mortality and a 4.6% reinfarction rate in the hirudin group compared to a
6.4% mortality and a 5.1% reinfarction rate in the heparin group. Data from the angio-
graphic substudy revealed a trend towards higher rates of TIMI flow grade 3 at 90 min
with hirudin than with heparin (41 vs 34%, p � 0.16) and data from the electrocardio-
gram (ECG) substudy demonstrated a higher rate of complete ST-segment resolution by
90 min with hirudin than with heparin (28 vs 22%, p � 0.05).
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Thus, despite promising angiographic data, three large randomized controlled trials
have failed to show any statistically significant benefit of hirudin over heparin in terms
of mortality or reinfarction (although in the largest trial, GUSTO-IIb, there was a trend
showing an approx 18% reduction in reinfarction). There are several possible reasons for
the lack of a significant demonstrable benefit with hirudin in these trials (162). First, the
trials may have been underpowered, given the relatively low event rates. Calculations by
the TIMI-9B investigators, however, showed that the likelihood that a 25% relative supe-
riority of hirudin over heparin failed to be detected in TIMI-9B is less than 1 in 1000 and
that the likelihood that even a 10% relative superiority failed to be detected is 1 in 20.
Second, hirudin may have been dosed inadequately. However, in GUSTO-IIa, despite a
higher dose of hirudin, which was associated with an unacceptably high rate of ICH, the
rate of death or myocardial infarction was 11.7% in the hirudin group. Third, the duration
of antithrombin therapy may have been inadequate. There is, however, no indication that
treatment for 96 h (in TIMI-9B) was clearly superior to treatment for 72 h (in GUSTO-
IIb). Fourth, the effects of direct thrombin inhibitors, such as hirudin, may not be durable.
In GUSTO-IIb, all of hirudin’s beneficial effect on reducing the rate of death or reinfarc-
tion was evident at 24 h; subsequent to this, the event-rate curves neither converged nor
diverged (this pattern, however, was not seen in TIMI-9B, in which hirudin was associ-
ated with mixed results in terms of the rate of death or reinfarction at 24 h). This poten-
tial lack of a durable effect has also been noted in other trials using thrombin inhibitors
(163–165) and stands in contradistinction to the beneficial effects seen with the GP
IIb/IIIa inhibitors, which persist even out to 3 yr (166). The mechanistic implication of
this observation is that thrombin inhibitors may not be able to “passivate” the arterial sur-
face in order to prevent the generation of platelet thrombi after the treatment is discon-
tinued. Fifth, like heparin, hirudin is not able to inhibit clot-bound thrombin. Sixth,
although hirudin may be a more potent inhibitor of thrombin activity, it may be a less
potent inhibitor of thrombin generation. Prothrombin fragment 1.2 (F1.2) levels are used
as a marker of thrombin generation, and fibrinopeptide A (FPA) levels are used as a
marker of thrombin activity. Data show that heparin causes a greater reduction in F1.2
levels than hirudin does, whereas hirudin causes a greater reduction in FPA levels than
heparin does (167,168), implying that heparin may possess a greater ability to decrease
thrombin generation (potentially through its enhancement of ATIII’s inhibition of factor
Xa) and hirudin may possess a greater ability to decrease thrombin activity.

BIVALIRUDIN

Pharmacology. Bivalirudin (Angiomax, formerly Hirulog) is a 20-amino acid syn-
thetic peptide with a molecular weight of 873 Da that contains the [D] Phe-Pro-Arg-Pro
sequence of the amino terminus of hirudin connected by a polyglycyl link to a 12-amino
acid sequence from the carboxy terminus of hirudin (117,169). The former sequence
binds to and blocks the catalytic site, while the latter sequence binds to and blocks the sub-
strate recognition site (Fig. 14). Bivalirudin has been shown to be equally active against
both fluid-phase and clot-bound thrombin (17), and it is not inhibited by platelet factor 4.

Clinical Data. After promising data was seen in a pilot angiographic study (170),
Théroux and colleagues at the Montreal Heart Institute randomized 68 patients pre-
senting with acute myocardial infarction and treated with aspirin and streptokinase to iv
heparin, low-dose bivalirudin (0.5 mg/kg/h for 12 h, followed by 0.1 mg/kg/h for 4–6
days), and high-dose bivalirudin (1.0 mg/kg/h for 12 h, followed by a placebo infusion)
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(171). The primary end point of TIMI flow grade 3 at 90 min was achieved in 31% of
patients who received heparin, 85% of patients who received low-dose bivalirudin, and
61% of patients who received high-dose bivalirudin (p � 0.008).

The Hirulog Early Reperfusion/Occlusion (HERO) trial randomized 412 patients pre-
senting with acute myocardial infarction and treated with aspirin and streptokinase to iv
heparin, low-dose bivalirudin (0.125 mg/kg IV bolus, followed by an infusion at 0.25
mg/kg/h for 12 h, followed by an infusion at 0.125 mg/kg/h for �60 h), and high-dose
bivalirudin (0.25 mg/kg IV bolus, followed by an infusion at 0.5 mg/kg/h for 12 h, fol-
lowed by an infusion at 0.25 mg/kg/h for �60 h) (172). Again, the primary end point
was achievement of TIMI flow grade 3 at 90–120 min. There was a statistically signif-
icantly higher percentage of patients achieving TIMI flow grade 3 with high-dose
bivalirudin (48%) and low-dose bivalirudin (46%) than with heparin (35%) (p � 0.03).
Major bleeding was significantly less in the low-dose bivalirudin group (14%) than in
the high-dose bivalirudin (19%) or heparin (28%) groups (p � 0.01).

Based on the results of HERO-1, the HERO-2 trial was conducted in which patients
undergoing fibrinolysis with streptokinase were randomized to bivalirudin (the same
high-dose regimen used in HERO-1) or iv unfractionated heparin (173). Thirty-day mor-
tality rates were similar in the bivalirudin (10.8%) and heparin (10.9%) arms and higher
than the rates seen in other contemporary lytic trials (approx 6%). However, similar to
the results seen with the direct thrombin inhibitor hirudin, treatment with bivalirudin
was associated with a 30% reduction in the rate of reinfarction (1.6 vs 2.3%, p � 0.001).

ARGATROBAN

Pharmacology. Argatroban is an arginine derivative tripeptide synthetic compound
with a molecular weight of 527 Da that is structurally similar to fibrinopeptide A
(117,174–176). Argatroban contains a sequence corresponding to the cleavage sequence
in fibrinogen and inhibits thrombin by acting as a competitive antagonist, binding to the
apolar binding site, and blocking the catalytic site (Fig. 14). Like hirudin, argatroban
does not require the presence of ATIII to neutralize thrombin, and it is not inhibited by
platelet factor 4 or heparinases. Argatroban is equally effective against fluid phase and
clot-bound thrombin (Fig. 16) (156). This is in contrast both to heparin, which is largely
ineffective against clot-bound thrombin, and to hirudin, which demonstrates reduced
activity against clot-bound thrombin (17,156,177). This may be related to argatroban’s
relatively small size (Table 5), which may allow it to better penetrate into the interstices
of a fibrin clot and, thus, more effectively inhibit fibrin-bound thrombin.

Clinical Data. In the Myocardial Infarction with Novastan and TPA (MINT) trial,
120 patients with acute myocardial infarction presenting within 6 h of symptom onset
received alteplase and aspirin and were randomized to receive IV heparin (70 U/kg IV
bolus, followed by an infusion at 15 U/kg/h), low-dose argatroban (100 lg/kg IV bolus,
followed by an infusion at 1.0 lg/kg/min), or high-dose argatroban (100 lg/kg IV bolus,
followed by an infusion at 3.0 µg/kg/min) (178). Treatment with argatroban was associ-
ated with a trend towards higher rates of TIMI flow grade 3 at 90 min (58.7% in the
high-dose argatroban group and 56.8% in the low-dose argatroban group compared to
42.1% in the heparin group; p � 0.13 and 0.20, respectively). In patients who received
treatment between 3 and 6 h after the onset of symptoms, the superiority of argatroban
was even more striking with TIMI flow grade 3 achieved in 57.1% of the high-dose arga-
troban patients vs in 20.0% of the heparin patients (p � 0.03). There were trends towards
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less major bleeding in the low-dose argatroban (2.6%) and high-dose argatroban (4.3%)
groups than in the heparin group (10.0%).

Low-Molecular-Weight Heparin
PHARMACOLOGY

LMWHs are fragments of standard unfractionated heparin (UFH) produced by con-
trolled depolymerization to yield chains with mean molecular weights of 4000–6000
(179,180). As with UFH, the anticoagulant activity of LMWH is due to the unique
pentasaccharide sequence that binds to ATIII, thereby inducing a conformational
change that makes the reactive site more accessible to both factor Xa and thrombin.
However, unlike UFH, only a small percentage of LMWH contains the sufficient
number of polysaccharide residues to be able to act as a catalytic template by bind-
ing ATIII and thrombin simultaneously. Thus, LMWH exerts its anticoagulant effect
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Fig. 16. Comparison of the inhibitory effects of argatroban against fluid phase (circles) and clot-
bound (squares) thrombin activity. Thrombin or fibrin clots were incubated with the chromogenic syn-
thetic substrate S2238 in the presence or absence of argatroban. p-nitro-aniline (p-NA) release was
then assayed and the percent inhibition of p-NA release was calculated for each inhibitor concentra-
tion. Reproduced with permission from ref. 156.

Table 5
Molecular Weights of Antithrombins

Antithrombin Molecular weight (Da)

Heparin average 15,000
Hirudin 7000
LMWHs 4000–6000
Hirulog 873
Argatroban 527

Abbreviations: LMWHs, low-molecular-weight heparins.



primarily by inhibition of thrombin generation that is achieved by inactivating fac-
tor Xa (Fig. 17) (181). Like UFH, LMWH cannot inactivate clot-bound thrombin
(182), nor can it inactivate factor Xa once it is part of the prothrombinase complex.
LMWHs are resistant to inactivation by platelet factor 4 (183), are less bound by
acute phase reactants and vascular endothelial cells, thereby resulting in a more pre-
dictable anticoagulation effect (128,179), and are far less likely to trigger HIT (184)
(although in a patient with HIT and antiplatelet antibodies LMWH may cross-react).
The LMWHs have different chemical characteristics, different degrees of anti-Xa:anti-
IIa activity, and different effects on tissue factor pathway inhibitor, and thus, should
not be considered as a single class of agents (185). The two most-studied LMWHs
are enoxaparin (Lovenox) and dalteparin (Fragmin), which have anti-Xa:anti-IIa activ-
ity ratios of 3.8 and 2.7, respectively.

CLINICAL DATA

Several studies have shown improved angiographic results in patients receiving
LMWH compared with UFH. In the Biochemical Markers in Acute Coronary Syn-
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Fig. 17. Mechanism of action of heparin vs LMWH. UFH induces a conformational chane in ATIII,
allowing the latter to more readily inhibit thrombin and factor Xa. In the case of thrombin inhibition,
UFH also acts as a catalytic template, forming a ternary complex with thrombin and ATIII and accel-
erating their interaction by greater than 1000-fold. In contrast, LMWH does not contain a sufficient
number of polysaccharide residues to act as a catalytic template for ATIII and thrombin, but still can
induce the conformational change in ATIII and therefore is primarily a factor Xa inhibitor.



dromes II (BIOMACS II) study, 101 patients with ST-elevation myocardial infarction
were treated with streptokinase and aspirin and were randomized to subcutaneous dal-
teparin or placebo. There was a trend toward higher rates of TIMI flow grade 3 in
patients treated dalteparin (68 vs 51%, p � 0.10) and a lower rate of recurrent ischemic
episodes (16 vs 38%, p � 0.04).

Dalteparin (30 U/kg IV bolus and 90 U/kg subcutaneously, followed by 120 U/kg sub-
cutaneously 2� daily for 4–7 d) was compared to IV UFH (for 48 h) in 439 patients
undergoing fibrinolysis with alteplase in the ASSENT Plus trial (186). Late angiogra-
phy after 4–7 d revealed higher rates of patency (87 vs 76%, p � 0.006) and a trend
towards modestly higher rates of TIMI flow grade 3 (69 vs 63%, p � 0.16).

The LMWH enoxaparin was studied in three angiographic trials. In the Acute
Myocardial Infarction-Streptokinase (AMI-SK) trial, 496 patients receiving streptoki-
nase for ST-elevation myocardial infarction were randomized to enoxaparin (30 mg IV
bolus, followed by 1 mg/kg subcutaneously 2� daily) or placebo (187). Late angiogra-
phy (d 5–10) revealed higher rates of patency (87.6 vs 71.7%, p � 0.001) and TIMI flow
grade 3 (70.3 vs 57.8%, p � 0.01). Complete ST segment resolution was also higher at
both 90 min (15.7 vs 11.1%, p � 0.012) and at 180 min (36.3 vs 25.4%, p � 0.004).

In the 400 patients undergoing fibrinolysis with alteplase in HART-II, enoxaparin (30
mg IV bolus, followed by 1 mg/kg subcutaneously every 12 h) was compared to iv UFH
(188). After 90 min, treatment with enoxaparin resulted in modest trends towards higher
rates of patency (80.1 vs 75.1%) and TIMI flow grade 3 (52.9 vs 47.6%) at 90 min.
Patients with a patent infarct-related artery at 90 min underwent follow-up angiography
at 5–7 d. In this subgroup, treatment with enoxaparin was associated with a trend
towards lower rates of reocclusion (5.9 vs 9.8%).

In the ENTIRE study, several enoxaparin regimens (with and without a bolus; differ-
ent subcutaneous maintenance doses) were compared to iv UFH. There were no signif-
icant differences between the enoxaparin regimens. Compared to UFH, enoxaparin
resulted in similar rates of TIMI flow grade 3, but a trend towards higher rates of com-
plete ST segment resolution by 180 min. Among patients receiving full dose TNK-tPA,
ischemic events (death, nonfatal myocardial infarction) were less frequent in patients
receiving enoxaparin (4.4 vs 15.9%, p � 0.005).

As detailed above, ASSENT-3 was a phase III trial comparing three pharmacologic
reperfusion regimens: full-dose TNK-tPA plus UFH, full-dose TNK-tPA plus the
LMWH enoxaparin, or reduced-dose TNK-tPA plus abciximab (92). The 30-d mortal-
ity rates did not statistically significantly differ between the groups (5.4% for enoxa-
parin, 6.6% for abciximab, and 6.0% for UFH, p � 0.25) (Fig. 18). However, the rate
of the composite end point of death, in-hospital reinfarction, or in-hospital refractory
ischemia was lower in the enoxaparin and abciximab arms compared with the unfrac-
tionated heparin arm (11.4 and 11.1 vs 15.4%, p � 0.001). Major bleeding rates were
3.0% in the enoxaparin arm, 4.3% in the abciximab arm, and 2.2% in the unfractionated
heparin arm (p � 0.0005).

Thus, compared with using UFH, adjunctive anticoagulation in fibrinolysis using
LMWH appears to offer a reduction in ischemic events with only a minimal excess in
bleeding. This is in contrast to combining a GP IIb/IIIa inhibitor with a reduced-dose
fibrinolytic, which was also associated with a reduction in ischemic events, but with a
significant excess in bleeding. However, as discussed above, the latter option does offer
an easier transition to the cardiac catheterization laboratory. Despite several studies sug-
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gesting that patients on LMWH can safely undergo cardiac catheterization (189), uncer-
tainly with regard to this point has, to date, slowed widespread adoption of LMWHs in
acute coronary syndromes.

Other Anticoagulants
PENTASACCHARIDE

The unique pentasaccharide sequence found in heparin that is required for binding
to and activation of ATIII has been synthesized (190). Several recent studies have
shown that pentasaccharide is more efficacious than LMWHs in the treatment of deep
vein thrombosis (191–193). In the PENTALYSE study, 333 patients with ST-elevation
myocardial infarction undergoing fibrinolysis with alteplase were randomized to UFH
or one of several different doses of pentasaccharide (194). Rates of TIMI flow grade 3
in the infarct-related artery at 90 min were comparable across all the groups, but there
was a trend towards improved late patency (d 5–7) in the pooled pentasaccharide group
vs the UFH group (86 vs 75%, p � 0.1).

TICK ANTICOAGULANT PEPTIDE

Tick anticoagulant peptide (TAP) was originally derived from the soft tick
(Ornithodorus moubata) and is now produced via recombinant DNA technology
(195–197). TAP can inhibit factor Xa both in its free form and as part of the prothrom-
binase complex. In animal models, TAP proved superior to heparin (198) and hirudin
(199,200) in accelerating thrombolysis and preventing acute reocclusion.

TISSUE FACTOR PATHWAY INHIBITOR

Tissue factor pathway inhibitor (TFPI), also known as lipoprotein-associated coagu-
lation inhibitor (LACI), has been examined as a means to block one of the pathways
leading to factor Xa generation. TFPI is a 276-amino acid protein containing three
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Fig. 18. Proportion of patients with the primary end point of death (left group of bars), the compos-
ite end point of death, nonfatal reinfarction, or refractory ischemia (middle group of bars), and the
safety end point of major bleeding (right group of bars) in the ASSENT 3 trial (92) for patients ran-
domized to full-dose TNK-tPA plus enoxaparin (solid bars) vs reduced-dose TNK-tPA plus abciximab
(shaded bars) vs full-dose TNK-tPA plus UFH (open bars).



Kunitz-type inhibitor domains (201–203). TFPI can bind and inhibit factor Xa, and the
Xa-TFPI complex can inhibit the VIIa-tissue factor complex, which generates factor Xa
(204,205). In animal studies, TFPI prevented reocclusion after thrombolysis (206–208),
although not effectively as TAP (209).

Thrombin Generation Vs Thrombin Activity
The pattern of reocclusion seen in experiments with thrombin generation inhibitors

confirms previous observations that both active thrombin generation and preformed
thrombin play a role in reocclusion. Inhibition of prothrombinase prevents further throm-
bin generation, but leaves preformed clot-bound thrombin to trigger reocclusion once it is
exposed during ongoing thrombolysis. Conversely, thrombin inhibition may effectively
prevent preformed thrombin from triggered thrombosis, but such therapy must continue
until prothrombinase activity has been neutralized by endogenous anticoagulant systems
or new thrombin generation will lead to thrombosis. Therefore, inhibition of both throm-
bin and prothrombinase may allow one to rapidly achieve thrombolysis and prevent reoc-
clusion using the shortest duration of therapy with the lowest systemic effects.

Summary

• Thrombin is a complex molecule that plays a key role in both the coagulation
cascade and platelet activation. Multiple agents have been developed in an
attempt to block its role in coronary thrombosis.

• In patients not receiving aspirin, heparin has been shown to reduce mortality
and nonfatal reinfarctions. In patients receiving aspirin and undergoing throm-
bolysis, neither subcutaneous nor iv heparin is of proven benefit when strep-
tokinase is used, but iv heparin remains the standard of care when
fibrin-specific lytics are used, based primarily on extrapolations from angio-
graphic data. Attempts to use more intensive iv heparin regimens have resulted
in unacceptably high rates of bleeding.

• Despite several theoretical advantages and promising angiographic data, direct
thrombin inhibitors such as hirudin, bivalirudin, and argatroban have yet to be
shown to be superior to heparin. In several large, phase III clinical trials, hirudin
and bivalirudin were associated with lower rates of reinfarction, but similar rates
of mortality when compared with heparin.

• LMWHs preferentially inhibit factor Xa and, hence, thrombin generation. In a
recently completed phase III trial, adjunctive anticoagulation with enoxaparin
proved superior to UFH in reducing the composite of death and ischemic events.
As more clinical data accumulate on LMWHs and as clinicians become more
comfortable with patients on LMWH undergoing coronary interventions,
LMWH may supplant UFH as the preferred anticoagulant in fibrinolysis.

CONCLUSION

The current standard for adjunctive therapy with thrombolysis remains aspirin and
heparin. Both of these medications came into use more than 50 yr ago when our
understanding of the molecular biology underlying acute coronary syndromes was
nonexistent. As we have deciphered the mechanisms underlying platelet activation
and aggregation and thrombin generation and activity, we now stand at the thresh-
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old of a new era in which exquisitely tailored pharmacotherapy can be used to inhibit
the pathways leading to coronary artery thrombosis.

Platelet physiology has now been sufficiently dissected to allow us to specifically tar-
get and inhibit platelet adhesion, activation, and aggregation. While aspirin remains a
vital component of acute myocardial infarction therapy, both ADP antagonists and GP
IIb/IIIa inhibitors have emerged as powerful new adjunctive agents. Similarly, we now
have at our disposal inhibitors both of thrombin generation and of thrombin activity and
we are able to attack both fluid-phase and clot-bound thrombin.

Regardless of whether a patient with ST elevation myocardial infarction undergoes
pharmacologic-based or catheter-based reperfusion, intensive antiplatelet therapy and
proximal inhibition of the coagulation cascade are likely to be the mainstays of adjuvant
therapy. As we continue to refine our knowledge, the next steps will be to design appro-
priate combinations of agents for each setting.
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INTRODUCTION

During the past two decades the pathophysiologic mechanisms considered responsible
for the acute coronary syndromes (ST-segment elevation myocardial infarction [MI], ST-
segment depression MI, and unstable angina) have been evolving dramatically. In the
mid-to-late 1970s, episodic coronary vasospasm was thought to be responsible for the
development of unstable angina and acute MI (AMI) (1,2). In the mid-to-late 1980s and
mid-1990s, plaque rupture and subsequent thrombus formation were considered para-
mount (3,4), and coronary vasoconstriction was considered quite inconsequential. The
different acute coronary syndromes were perceived simply to represent different points
on a single continuum of plaque rupture and thrombus formation: the continuum ranged
from a ruptured plaque with little or no thrombus (often asymptomatic), to a ruptured
plaque with moderate thrombus leading to only partial coronary occlusion (unstable
angina and MI associated with ST-segment depression), to a ruptured plaque with exten-
sive thrombus and complete occlusion of the artery (MI associated with ST-segment ele-
vation). In the mid-to-late 1990s, however, it has been appreciated that this
two-component pathophysiologic model of the acute coronary syndromes may be sim-
plistic and inadequate for some patients. Recent evidence from atherectomy samples, for
example, indicate that a substantial number of patients with unstable angina, and perhaps
a subset of patients with ST-segment deviation MI as well, may be manifesting disease
due to a rapid cellular proliferation of the atherosclerotic plaque itself, with little contri-
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bution from either major thrombus formation or vasoconstriction (5,6). These three
mechanisms (ruptured plaque, thrombus formation, and rapid cellular proliferation) may
also be closely interrelated in a given patient, with a substantial contribution from each.

As the understanding of culprit mechanisms has evolved, the targets of therapeutic
intervention have likewise evolved. Because the predominant pathophysiology of the
acute coronary syndromes relates to an abrupt cessation of coronary blood flow and
myocardial oxygen supply, therapeutic strategies have focused on restoration of coro-
nary blood flow: therapies to limit thrombus formation and enhance thrombus dissolu-
tion (thrombolytic therapy, thrombin inhibitors, and platelet inhibitors) and therapies to
“debulk” the luminal obstruction mechanically (percutaneous transluminal coronary
angioplasty, stent, atherectomy, laser, and so on). A critical foundation in the therapeu-
tic approach to patients with the acute coronary syndromes remains, however, the reduc-
tion in myocardial oxygen demand since this approach may limit the amount of
infarction for a given amount of ischemia, and it may also widen the window of time
within which other therapeutic interventions may be effective. The purpose of this chap-
ter is to focus on the role of the conventional antiischemic therapies, i.e., b-adrenergic
blockers, calcium channel blockers, and nitrates, in the management of the acute coro-
nary syndromes. Although an effort is made to review the experience with these agents
separately for patients who present with ST-segment elevation compared with those who
present with ST-segment depression or unstable angina, this distinction often cannot be
made from many of the clinical trials conducted before the thrombolytic era. Entry cri-
teria for most of the older studies included persistent ST-segment elevation or depres-
sion �1.0 mm, whereas many of the newer studies include only those with persistent
ST-segment elevation if thrombolytic therapy was administered.

b-ADRENERGIC BLOCKING AGENTS

Mechanisms of Action
b-Blockers function as competitive antagonists to the b-adrenergic receptors on cell

membranes. Selective b-1 antagonists act at receptor sites found primarily in the
myocardium, inhibiting catecholamine-mediated increases in cardiac contractility and
nodal conduction rates. b-2 receptors are found mainly in vascular and bronchial smooth
muscle; inhibition at these receptor sites can lead to vasoconstriction and bronchospasm.
These b-blockers exert their beneficial effect in the acute coronary syndromes by pre-
venting catecholamine-mediated b-1 activation, leading to decreased contractility and
heart rate, thereby improving the oxygen supply/demand balance. These drugs also exert
an antiarrhythmic effect, as evidenced by an increase in the threshold for ventricular fib-
rillation in animals and a reduction in complex ventricular arrhythmias in humans (7–9).
Finally, b-blockers may prevent plaque rupture by reducing the mechanical stresses
imposed on the plaque (10).

Use in ST-Segment Elevation MI
The b-blockers were among the first therapeutic interventions designed to limit the size

of an AMI. In most of these studies, all patients with AMI were included together regard-
less of the direction of the ST-segment deviation on admission. Norris and colleagues in
New Zealand (11,12) demonstrated in 1978 that early administration of b-blockers
decreased the size of AMI measured enzymatically (as a function of creatine-kinase
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enzyme release) or by reduction of ST-segment elevation. Some of the early studies of b-
blockers to reduce infarct size (13) were limited by the lack of appreciation that the win-
dow of time within which myocardium may be salvaged was in the range of 6–12 h. In the
Multicenter Investigation of the Limitation of Infarct Size (MILIS) study, for example, b-
blockers were administered up to 24 h after onset of chest pain (13).

More recent studies using a more appropriate design to administer the b-blocker
within an appropriate time window have definitively demonstrated a benefit associated
with b-blocker therapy (Fig. 1) (14,15). In the largest trial, the First International Study
of Infarct Survival (ISIS-1) (16), over 16,000 patients with suspected MI were treated
with immediate intravenous (iv) atenolol, 5–10 mg, within 12 h of the onset of symp-
toms, followed by 100 mg daily. The mortality difference between those receiving
atenolol and the controls was evident by the end of d 1; the 7-d mortality was reduced
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Fig. 1. Results of 51 randomized clinical trials of the effects of oral or iv followed by oral b-blockers
for the treatment of AMI (odds ratios and 95% CI for effect of treatment on mortality). Reproduced
with permission from ref. 60.
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from 4.3 to 3.7% (p � 0.02). Meta-analyses from 27 randomized trials, totaling about
27,000 patients, indicate that early iv (followed by oral) b-blockers reduced mortality by
13% in the first week (95% confidence interval [CI]:-2–25; p � 0.02) (14,17). The mor-
tality reduction was greatest in the first 2 d (about 25%), supporting the value of early
initiation of b-blockade (17). Early treatment also reduced nonfatal reinfarction by about
19% (95% CI -5 to -33; p � 0.01) and nonfatal cardiac arrest by about 16% (95% CI:-
2–30; p � 0.02). Composite end points of death, nonfatal reinfarction, and nonfatal
arrest were reduced by 16% (p � 0.001) (17). Data from the ISIS-1 trial suggest that
the reduction in mortality is largely due to prevention of cardiac rupture and ventricu-
lar fibrillation (16). Detailed analyses of the results based on various subgroups (initial
heart rate, risk category, presence or absence of ventricular arrhythmia, and so on) indi-
cated a benefit in all groups.

When b-blockers are used in conjunction with thrombolytic therapy, they provide
incremental benefit, particularly if they can be administered early after the onset of
infarct symptoms. In the Thrombolysis in Myocardial Infarction (TIMI)-II trial (18),
patients with persisting ST-segment elevation, who were randomized to receive early
metoprolol (15 mg iv, followed by oral metoprolol 50 mg twice daily (bid) for 1 d and
then 100 mg bid thereafter) in addition to iv alteplase, experienced a 49% lower inci-
dence of subsequent nonfatal reinfarction (p � 0.02) and a 27% lower incidence of

380 Yeghiazarians and Stone 

Fig. 2. Sudden death, other death, and nonfatal reinfarction in long-term b-blocker trials that reported
these end points separately (odds ratios [active/control], together with approximate 95% confidence
ranges). See original article for citation of specific trials. Reproduced with permission from ref. 14.
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recurrent ischemia (p � 0.005) compared to those patients randomized to receive meto-
prolol only orally, beginning 6 d after the acute event. Those patients who were treated
within 2 h of symptom onset had the greatest reduction of the composite end point of
death or reinfarction compared to those treated to only late oral metoprolol.

A number of studies have classified the mechanism of death as sudden or nonsudden,
based on the duration of time from the onset of symptoms to actual death. Sudden death
is variably defined as “instantaneous” to “within 2 h of symptoms” and is presumably
due to arrhythmias or cardiac rupture; nonsudden deaths are those occurring later after
the onset of symptoms, presumably owing to nonarrhythmic causes, such as reinfarc-
tion, and may include a few noncardiac deaths. Tabulation of the results from the avail-
able studies indicates a highly significant reduction of approx 30% in the incidence of
sudden death and a nonsignificant reduction of only about 12% in the incidence of non-
sudden death (Fig. 2) (14). The fact that b-blockers were particularly effective in reduc-
ing both sudden death and mortality among patients with complex ventricular ectopy at
baseline (19) suggests that b-blockers exert their beneficial effect primarily by reducing
the frequency and severity of arrhythmias (20).

It is striking that the long-term mortality benefits of the b-blockers following an index
MI (i.e., secondary prevention) extend to most members of this class of agents (14). There
does not seem to be a significant difference agents with or without cardioselectivity (Fig.
3). However, the presence of intrinsic sympathomimetic activity reduced the benefit to

Fig. 3. Mortality in long-term b-blocker trials, by ancillary properties of agent tested (odds ratios
[active/control], together with approximate 95% CI. See original article for citation of specific trials.
Reproduced with permission from ref. 14.
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Fig. 4. (A) Relation between reduction in heart rate (difference between treatment groups) and percent-
age of reduction in mortality in large, prospective, double-blind trials with b-blockers. Open circles, b-
blockers with intrinsic sympathomimetic activity: r � 0.6: p � 0.05. See original article for citation of
specific trials. Reproduced with permission from ref. 21. (B) Relation between reduction in heart rate
and percentage of reduction in recurrent nonfatal infarctions in large, prospective, double-blind trials
with b-blockers. Open circles, b-blockers with intrinsic sympathomimetic activity; r � 0.59; p � 0.05.
See original article for citation of specific trials. Reproduced with permission from ref. 21.

nonsignificance (odds ratio 0.90; 95% CI: 0.77–1.05) (Fig. 3) (14). Reduction in heart
rate appears to be a critical feature associated with the protective effect of b-blockers.
Indeed, there is a significant relationship between the magnitude of heart rate reduction
observed on the active agent and the magnitude of reduction in mortality (Fig. 4A) (21).

Many of the large-scale clinical trials have also reported the effects of long-term b-
blocker use on nonfatal reinfarction. Results from  pooled  analyses indicate that b-
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blocker use is associated with an odds ratio of 0.74 (95% CI: 0.66–0.83; p � 0.001). As
observed for mortality, there is also a significant relationship between the magnitude of
reduction in heart rate and the reduction in nonfatal recurrent MI (r � 0.54; p � 0.05)
(Fig. 4B) (21). This observed benefit of reducing nonfatal reinfarction is in addition to
the benefit on mortality.

The magnitude of benefit from long-term use of a b-blocker is also dependent on the
patient’s risk of mortality associated with their index MI (Table 1). Post hoc analyses of
data from the Beta Blocker Heart Attack Trial (BHAT) (22) indicate that those MI
patients without electrical or mechanical complications experienced only a 6% relative
benefit from the use of propranolol. MI patients with electrical complications experi-
enced a 52% relative benefit, those with mechanical complications experienced a 38%
relative benefit, and those with both mechanical and electrical complications experi-
enced a 25% relative benefit. Considering the low cost of routine b-blocker use and its
substantial benefit, such therapy has a relatively favorable cost-effectiveness ratio: an
estimated cost of therapy per year of life saved would be $13,000 in low-risk patients,
$3600 in medium-risk patients, and $2400 in high-risk patients (23).

The benefits from routine b-blocker use seem to persist as long as the active agent
is continued (24–26). It is, therefore, most appropriate after MI to maintain b-blocker
therapy indefinitely in patients who can tolerate it (27). The benefits of a b-blocker in
long-term secondary prevention appear to extend to most patient subgroups. The Beta-
Blocker Pooling Project (28) combined the results of nine large trials and found that
although high-risk patients were most likely to benefit from b-blocker therapy, lower-
risk patients also benefited, even though the absolute and relative benefits were small.
The experience using b-blockers in the elderly is limited, but available data indicate that
the benefit may even be greater in patients older than 50–60 yr than in younger patients.
Benefit appeared to be similar in both men and women.

The recently published CAPRICORN trial (29) was a multicenter double-blind ran-
domized controlled trial of 1959 patients with a definite MI 3–21 d prior to enrollment
with a left ventricular (LV) ejection fraction of 40% or less, who were receiving con-
current treatment with an angiotensin-converting enzyme (ACE)-inhibitor. Patients were
randomly assigned to receive carvedilol or placebo with an upward titration of the dose
to a maximum of 25 mg bid. The primary end point was all-cause mortality and hospi-
tal admission. After a mean follow-up of 1.3 yr, all-cause mortality was lower in the
carvedilol than in the placebo group (12 vs 15%, p � 0.03), but there was no signifi-
cant difference in the co-primary end points of death and hospitalization. In addition,
the patients treated with the b-blocker had lower rates of cardiovascular mortality (11 vs
14%, p � 0.024) and nonfatal myocardial infarctions (3 vs 6%, p � 0.014). The bene-
fits of long-term therapy with carvedilol in post-MI patients complicated by LV dys-
function were in addition to the effects of ACE-inhibitors, which were prescribed in up
to 98% of the enrolled patients.

Given the beneficial results of other b-blocker trials in the post-MI setting, the
CAPRICORN trial might be generalized to other b-blockers in providing yet another
strong evidence that, unless contraindicated, all post-MI patients should be maintained
on long-term b-blocker therapy in addition to other proven therapies, such as ACE
inhibitors. The side effects from prolonged b-blocker use have generally been minor and
are similar to those seen with placebo (30). In studies that report it, the incidence of heart
failure is slightly but significantly higher in patients receiving b-blocker (5.9%) than in



Table 1
All-Cause Mortality by Risk and Treatment Groups: b-Blocker Heart Attack Triala

Placebo group Propranolol group

No. of Mortality No. of Mortality Absolute Relative Adjusted relative
Risk group patients rate (%) patients rate (%) efficacy (100) efficacy (%) efficacy (%)

No electrical or mechanical 1079 6.6 1047 6.2 0.4 6 –4
complications

Electrical complications only 423 10.9 443 5.2 5.7 –52 –57
Mechanical complications only 202 16.8 201 10.4 6.4 –38 –43
Both electrical and mechanical 217 17.1 225 12.9 4.2 –25 –30

complications

aAverage length of follow-up was 25 mo. Data adjusted for 13 variables predictive of mortality. Reproduced with permission from ref. 20.
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patients receiving placebo (5.4%) (pooled odds ratio 1.16; 95% CI: 1.01–1.34) (14).
However, even patients with a history of mild or moderate congestive heart failure
(CHF) actually experienced greater benefit from b-blockade than did patients without
that condition (20).

Use in Patients with Unstable Angina and ST-Segment Depression MI
Many of the studies evaluating the efficacy of b-blockers for AMI were conducted

before the era of thrombolytic therapy, and patients were included with either ST-seg-
ment elevation or depression on their presenting electrocardiogram (ECG). Since treat-
ment was administered as early as possible after the onset of symptoms, criteria were
not available to identify who would evolve a Q wave MI, a non-Q wave MI, or even
unstable angina. Most of the experience previously discussed, therefore, concerning
patients with “ST-segment elevation MI” actually represents a heterogeneous mixture of
“acute coronary syndromes” and is applicable to patients with non-Q wave MI and those
with unstable angina as well.

Only one placebo-controlled trial (31) specifically examined the effectiveness of b-
blockers in unstable angina. In this study, patients not on prior b-blocking therapy were
randomized to receive metoprolol, nifedipine, or both. Patients already on b-blockers
were randomized to either nifedipine or placebo. The use of b-blockers alone was asso-
ciated with a 25% reduction in recurrent ischemia or MI at 48 h. This reduction was not
statistically significant. However, the addition of nifedipine to existing b-blockade was
associated with a 20% reduction in short-term cardiac end points.

Other trials of b-blocker use in unstable angina have been small and uncontrolled
(32–34). A meta-analysis of these trials (35) showed a 13% reduction in progression
from unstable angina to MI, but no significant reduction in mortality. However, a num-
ber of randomized trials have shown a clear mortality benefit from b-blockers in other
coronary syndromes, including acute MI, stable angina, and postinfarction angina, as
discussed above.

Thus, b-blockers remain a cornerstone of the acute treatment of MI. Treatment is gen-
erally initiated intravenously, especially if it can be administered within 12 h of symp-
tom onset, followed by continuation using oral formulations. The recent American
College of Cardiology/American Heart Association (ACC/AHA) guidelines for the
management of patients with AMI are noted in Tables 2 and 3 (15). b-Blockers are con-
sistently useful for secondary prevention following MI (27) and should be maintained
indefinitely.

CALCIUM CHANNEL BLOCKING AGENTS

Mechanisms of Action
Calcium channel blocking agents inhibit the entry of calcium into vascular smooth

muscle cells and myocardial cells during the action potential, which triggers the con-
tractile process. This calcium entry blockade leads to direct effects of vasodilation, neg-
ative inotropy, negative chronotropy (decreased heart rate), and negative dromotropy
(decreased arteriovenous [AV]-nodal conduction) (36). The systemic vasodilation leads
to reflex sympathetic activation, which, in turn, promotes an increase in AV-nodal con-
ductions.
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The net clinical effects of the calcium channel blockers will be a composite of their
direct effects and their reflex-mediated indirect effects. The two major categories of cal-
cium channel blockers, the dihydropyridines (including nifedipine, amlodipine, and
nicardipine) and the nondihydropyridines (including diltiazem and verapamil) differ
fundamentally: the dihydropyridines have greater vascular selectivity, leading to more
peripheral vasodilation, and the potential for increased reflex sympathetic activation,
whereas the nondihydropyridines have greater myocardial selectivity with a greater neg-
ative inotropic, chronotropic, and dromotropic effect. Both types of calcium channel
blockers prevent coronary vasoconstriction and lower blood pressure. Thus, the princi-
pal anti-ischemic effects of the calcium blockers are to reduce myocardial oxygen
demand by lowering blood pressure (dihydropyridines and nondihydropyridines) and
lowering contractility and heart rate (nondihydropyridines only), as well as preventing
coronary vasoconstriction if it is present. It should be noted that if reflex sympathetic
activation predominates, as may be observed with use of immediate-release dihydropy-
ridines, then the increase in contractility and heart rate may lead to an exacerbation of
oxygen supply/demand imbalance. The calcium channel blockers may also exert a fun-

Table 2
Recommendations for the Use of b-Blocker Therapy Administered Early During Acute

Myocardial Infarction

Conditions for which there is evidence that treatment is beneficial, useful, and effective.
Patients without a contraindication to b-adrenoceptor blocker therapy who can be treated

within 12 h of onset of infarction, irrespective of administration of concomitant throm-
bolytic therapy.

Patients with continuing or recurrent ischemic pain.
Patients with tachyarrhythmias, such as atrial fibrillation with a rapid ventricular response.

Conditions for which evidence is less well established.
Non-Q wave MI.

Conditions for which evidence suggests treatment is not useful and may be harmful.
Patients with moderate or severe left ventricular failure or other contraindications to 

b-adrenoceptor blocker therapy.

Data from ref. 15.

Table 3
Recommendations for Long-Term Adminstration of b-Blockers (i.e., Secondary Prevention)

Conditions for which therapy is beneficial, useful, and effective.
All but low-risk patients without a clear contraindication to b-adrenoceptor blocker therapy; 

treatment should begin within a few days of the event (if not initiated acutely) and contin-
ue indefinitely.

Conditions for which beneficial effects are less well established but weight of evidence favors
their use.

Low risk patients without a clear contraindication to b-adrenoceptor blocker therapy.
Conditions for which evidence suggests treatment is not useful and may be harmful.

Patients with a contraindication to b-adrenoceptor blocker therapy.

Data from ref. 15.



damental cardioprotective effect of limiting calcium influx during ischemia, thereby
limiting the amount of necrosis that ensues from a given ischemic result (36).

Use of Calcium Channel Blockers in Patients with MI
DIHYDROPYRIDINE CALCIUM BLOCKERS (NIFEDIPINE AND NICARDIPINE)

Early studies investigated the use of calcium channel blockers, particularly the dihy-
dropyridines, for the early treatment of MI, but they were not found to be useful (Fig.
5) (37). Patients were generally included regardless of the direction of ST-segment devi-
ation on presentation. The dihydropyridines were studied in particular because they
could be safely combined with b-adrenergic blockers without the concern for excessive
reduction in myocardial contractility or bradycardia. The available formulation of dihy-
dropyridines in this early era consisted of short-acting nifedipine, and this agent was
found to be actually detrimental when used without a b-blocker to blunt the reflex sym-
pathetic activity (38–42). When combined with a b-blocker, nifedipine was significantly
beneficial in reducing symptomatic manifestations of AMI (38). Many of the studies
(17,26,37,43) may not be methodologically comparable because the doses tested varied,

b-Blockers, Calcium Channel Blockers, and Nitrates 387

Fig. 5. Typical odds of death, infarct development, and reinfarction by disease, type of trials, and drug.
Areas of squares are proportional to numbers of patients. Bars, 95% confidence intervals. Portions to
left of vertical line (corresponding to odds ratio �1) indicate risk with treatment; portions to right of
vertical line indicate increased risk with treatment. Upper 95% confidence limit for effect on mortal-
ity in unstable angina � 6.2. Note that treatment does not seem to reduce risk of any event. See orig-
inal article for citation of specific trials. Reproduced with permission from ref. 37.
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Table 4
Secondary Prevention Trials of Calcium Channel Blocking Agentsa

Event and agent Active Control Odds ratio (CI)

Mortality
Dihydropyridine 379/5137 335/5135 1.16 (0.99–1.35)
Verapamil 244/2644 266/2649 0.91 (0.76–1.10)
Diltiazem 180/1574 181/1577 0.99 (0.80–1.24)

Reinfarction
Dihydropyridine 138/3838 119/3871 1.19 (0.92–1.53)
Verapamil 138/2606 171/2624 0.80 (0.63–1.01)
Diltiazem 113/1557 142/1560 0.79 (0.61–1.02)

aData are number of events/number of subjects. 

and both the underlying disease manifestation and the timing from onset of the acute
ischemic manifestation to initiation of the study drug may have been different.

Nevertheless, nifedipine has been uniformly unsuccessful in reducing either mortal-
ity or the rate of reinfarction (Fig. 5). A recent update of a pooled analysis (43) of sta-
ble coronary patients in a coronary regression trial with either nifedipine (44) or
nicardipine (45) showed a trend toward an increase in mortality (7.4 vs 6.5%; odds ratio
1.16; 95% CI: 0.99–1.35; p � 0.07) and a nonsignificant increase in reinfarction (3.5
vs 3.1%; odds ratio 1.19; 95% CI: 0.92–1.53) (Table 4).

Nondihydropyridine Calcium Blockers (Verapamil and Diltiazem)
The calcium channel blockers verapamil and diltiazem can be considered together

because their net pharmacologic effect is that of slowing the heart rate and, in some
instances, reducing myocardial contractility (36), thereby reducing myocardial oxygen
demand. These studies are closer to more conventional secondary prevention design,
since patients in these studies were treated with the active agent after their index MI was
stabilized. A recent pooled analysis by Yusuf and colleagues (43) indicated that vera-
pamil and diltiazem had no effect on mortality following AMI, but that they exerted a
significant effect on reducing the rate of reinfarction (6.0 vs 7.5%; odds ratio 0.79; 95%
CI: 0.67–0.94; p � 0.01) (Table 4). The effect seems similar for both agents.

Although the overall results of trials with verapamil showed no mortality benefits,
subgroup analysis showed that immediate-release verapamil initiated several d after
AMI in patients who were not candidates for a b-blocking agent may be useful in reduc-
ing the incidence of the composite end point of reinfarction and death, provided LV
function is well preserved with no clinical evidence of heart failure. In a placebo-con-
trolled trial of almost 1800 patients, verapamil 360 mg/d started in the second wk after
AMI and continued for a mean of 16 mo had no effect on mortality compared to the
control group, but reduced major event rates (death or reinfarction) from 21.6% in the
control group to 18.0% in the active treatment group (p � 0.03) (46). In patients with-
out heart failure in the coronary care unit, however, verapamil significantly reduced both
mortality (from 11.8% in the control group to 7.7% in the active treatment group; p �
0.02) and major events (from 19.7% in the control group to 14.6% in the active treat-
ment group; p � 0.01), but there was no effect on either end point among patients who
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experienced CHF in the coronary care unit (46). Verapamil is detrimental to patients
with heart failure or bradyarrhythmias during the first 24–48 h after AMI (15,47,48).

Data from the Multicenter Diltiazem Postinfarction Trial (MDPIT) and the Diltiazem
Reinfarction Study (DRS) (49,50) suggest that patients with non-Q wave MI or those
with Q wave infarction, preserved LV function, and no evidence of heart failure may
also benefit from treatment with immediate-release diltiazem. In the DRS, 576 patients
with non-Q wave MI were treated with either diltiazem (90 mg every 6 h) or placebo
initiated 24–72 h after the onset of MI and continued for 14 d (50). There was no dif-
ference in mortality, but diltiazem reduced the rate of reinfarction from 9.3% in the con-
trol group to 5.2% (p � 0.03) and the rate of refractory postinfarction angina from 6.9%
in the control group to 3.5% (p � 0.03). In the MDPIT, 2466 patients with a Q wave or
non-Q wave MI were treated with either diltiazem (240 mg/d) or placebo 3–15 d after
the MI onset and followed for a mean of 25 mo. There was no difference in mortality in
the two treatment groups (49). A significant bidirectional interaction was observed,
however, between diltiazem and the presence of pulmonary congestion during the index
MI (Fig. 6). In the 1909 patients without pulmonary congestion, diltiazem was associ-
ated with a significant reduction in cardiac events at 1 yr from 11% in the control group
to 8%, whereas in the 490 patients with pulmonary congestion, diltiazem increased the
cardiac event rate from 18% in the control group to 26%. A similar pattern was observed
with respect to the ejection fraction, which was dichotomized at 40% (49). The results
of MDPIT may be confounded by the fact that 53 and 55% of placebo- and diltiazem-
treated patients, respectively, received concomitant b-blocker therapy. Also, both the
MDPIT and DRS projects were conducted in an era when the use of aspirin was not as
prevalent as it is today, raising further uncertainty about the relevance of their findings
for contemporary management of AMI (15). Of particular clinical importance is the
detrimental mortality effect of diltiazem in patients with LV dysfunction.

It should be emphasized that there have not been studies comparing the efficacy of
verapamil or diltiazem with that of a b-blocker. b-Blockers more consistently reduce
both mortality and reinfarction and should be recommended for those patients who can
tolerate such medication. Verapamil or diltiazem may be a reasonable alternative for
those patients who cannot tolerate a b-blocker, but who can tolerate one of the calcium
blockers, for example, patients with severe chronic obstructive pulmonary disease or
asthma. It should be noted, however, that many patients who cannot tolerate a b-blocker,
because of concern of excessive bradycardia or CHF, may experience similar complica-
tions from diltiazem or verapamil.

Use of Calcium Blockers in Patients with Unstable Angina
Several small randomized trials have examined the use of nifedipine and diltiazem in

unstable angina. A meta-analysis of these trials (37) showed no reduction in MI or death
rates in patients given calcium antagonists (110 of 561 patients [20%] treated with cal-
cium antagonists developed MI, compared to 104 of 548 [19%] in the control group;
death rates were 2.4 and 1.6% for the calcium antagonist and control groups, respec-
tively) (Fig. 5). The largest trial, the Holland University Nifedipine/Metoprolol Trial
(HINT) (31) described above, was discontinued prematurely because of a trend toward
more nonfatal MIs in patients receiving nifedipine alone. When combined with a b-
blocking agent, however, patients receiving nifedipine had a decreased rate of MI and
death compared with placebo.



390 Yeghiazarians and Stone 

Several studies, however, have shown symptomatic benefit from calcium antagonists
(50–52). Thus, evidence for calcium channel blockers in unstable angina does not sug-
gest any beneficial effect on mortality or progression of MI, but does support their use
for relief of refractory symptoms. Because of randomized trials showing an increased
risk of death in patients treated with calcium channel blockers in the setting of AMI,
particularly in patients with LV dysfunction (49), calcium antagonists should be used
only in patients with refractory symptoms despite the use of nitrates and b-blockers.

Calcium blocking agents have also been used successfully to reduce symptoms and
possibly decrease morbidity in patients with vasospastic (also known as Prinzmetal’s or
variant) angina (53–56). Although patients with either Prinzmetal’s variant angina or
unstable angina may present with rest angina, patients with Prinzmetal’s angina are char-
acterized by preservation of exercise capacity without angina. By contrast, patients with
unstable angina, who usually have severe epicardial coronary plaques that reduce blood
flow, typically have very limiting exertional angina, as well as rest angina. In several
small controlled and uncontrolled trials, a significant reduction in angina frequency was
reported with the use of calcium antagonists (53–55). There are no data to suggest supe-
rior efficacy of any one agent in particular. In one very small trial of patients with refrac-

Fig. 6. Diltiazem-treated patients with pulmonary congestion had a higher rate of cardiac events than
patients receiving placebo; diltiazem-treated patients without pulmonary congestion had a lower rate
of cardiac events than patients receiving placebo. The values in parentheses are numbers of patients.



tory angina, the combination of diltiazem and nifedipine was more effective than either
agent alone (55), although intolerable side effects precluded the use of both drugs in sev-
eral of these patients. Because vasospastic angina is due to transient coronary arterial
spasm rather than plaque rupture and thrombus, there is no role for antithrombotic or
antiplatelet agents. Medical therapy, with an emphasis on nitrates and calcium antago-
nists titrated to symptom relief, is the mainstay of treatment. However, because most
patients with vasospastic angina have some degree of underlying epicardial coronary
artery disease, they may occasionally present with AMI due to plaque rupture. These
patients should be managed according to standard practice.

The most recent ACC/AHA guidelines concerning use of the calcium channel block-
ers are shown in Table 5 (15).

NITRATES

Mechanisms of Action
Nitroglycerin remains central to the treatment of coronary artery disease. The clini-

cal effects of nitrates are mediated through several distinct mechanisms, including the
following:

1. Dilation of large coronary arteries and arterioles with redistribution to blood flow from
epicardial to endocardial regions. Nitroglycerin provides an exogenous source of nitric
oxide in vascular endothelium, facilitating coronary vasodilation even when damaged
endothelium is unable to generate endogenous nitric oxide production due to coronary
artery disease. It is important to emphasize that these coronary vasomotor effects may
either increase or decrease collateral flow.
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Table 5
Recommendations for the Use of Calcium Blocker Therapy for the Acute Coronary Syndromesa

Conditions for which there is evidence that treatment is beneficial, useful, and effective.
Verapamil or diltiazem may be given to patients in whom b-adrenoceptor blockers are 

ineffective or contraindicated (i.e., bronchospastic disease) for relief of ongoing ischemia
or control of a rapid ventricular response with atrial fibrillation after AMI in the absence
of CHF, LV dysfunction, or AV block.

Conditions for which beneficial effects are less well established.
In non-ST-elevation infarction, diltiazem may be given to patients without LV dysfunction, 

pulmonary congestion, or CHF; it may be added to standard therapy after the first 24 h
and continues for 1 yr.

Conditions for which evidence suggests treatment is not useful and may be harmful.
Nefedipine (short-acting) is generally contraindicated in routine treatment of AMI because 

of its negative inotropic effects and the reflex sympathetic activation, tachycardia, and
hypotension associated with its use.

Diltiazem and verapamil are contraindicated in patients with AMI and associated LV 
dysfunction or CHF.

aAbbreviations: AMI, acute myocardial infarction; CHF, congestive heart failure; LV, left ventricular.
Data from ref. 15.



2. Peripheral venodilation leads to an increase in venous capacitance and a substantial
decrease in preload, thus reducing myocardial oxygen consumption (MVO2). Nitrates
are consequently of particular value in treating patients with LV dysfunction and CHF.

3. Peripheral arterial dilation, typically of a modest degree, may decrease afterload.

In addition, nitrates have been shown to relieve dynamic coronary constriction,
including that induced by exercise. Nitrates may also have an inhibitory effect on platelet
aggregation in patients with unstable angina (57), although the clinical significance of
this finding is unclear.

Use of Nitrates in Patients with ST-Segment Elevation MI
Early studies demonstrated that nitrates may be of value to reduce infarct size and

improve regional myocardial function when administered early in the course of AMI
(Fig. 7) (58–60). Judgutt et al. (59), for example, found that IV nitroglycerin adminis-
tered to patients with AMI preserved LV function, particularly in patients with an ante-
rior MI, and led to improved survival. A meta-analysis of these earlier studies prior to
the acute reperfusion era indicated that nitrates reduced the odds of death after AMI by
35% (95% CI: 28–49; p � 0.001) (61). However, it should also be noted that use of
nitroprusside was actually found in early studies to exacerbate MI by causing a coro-
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Fig. 7. Cumulative meta-analyses of the use of iv nitroglycerin for AMI. Reproduced with permission
from ref. 60.
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nary steal phenomenon. Routine use of nitroprusside to limit infarct size has led to con-
flicting results (62–64), and its use cannot be recommended.

The use of nitrate therapy was investigated in the context of routine use of throm-
bolytic therapy and aspirin with short-term mortality as the primary end point in two
recently completed large trials (15). The Gruppo Italiano per lo Studio della Soprav-
vivenza nell’Infarto Miocardico (GISSI)-3 trial (65) randomly assigned 19,394 patients
to a 24-h infusion of nitroglycerin (beginning within 24 h of onset of pain), followed by
topical nitroglycerin (10 mg daily) for 6 wk (with patch removed at bedtime, allowing
a 10-h nitrate-free interval to avoid tolerance), or control. Approximately 50% of
patients in the control group received nitrates on the first d or two at the discretion of
their physician. There was an insignificant reduction in mortality at 6 wk in the group
randomly assigned to nitrate therapy alone, compared with the control group (6.52 vs
6.92%, respectively). GISSI-3 evaluated lisinopril in a similar fashion; 6-wk mortality
was reduced slightly. At both 6-wk and 6-mo follow-up, the combined use of lisinopril
and nitrates led to a greater reduction in mortality when compared with the group that
received no nitrate therapy or lisinopril alone. The other large trial (66), compared 28-d
treatment of controlled-release oral isosorbide mononitrate with placebo control (as well
as iv magnesium sulfate vs control and the angiotensin-converting enzyme inhibitor
captopril vs placebo control) in a 2-by-2-by-2 factorial design of 58,050 patients with
suspected MI. Nitrate therapy in ISIS-4 was associated with a small nonsignificant
reduction in 35-d mortality compared with the control group (7.34 vs 7.54%) in the
overall comparison. All subgroups examined, including those not receiving short-term
nonstudy IV or oral nitrates at entry, failed to demonstrate a significant mortality ben-
efit with nitrate use. In both GISSI-3 and ISIS-4, the power to detect potential benefi-
cial effects of routine nitrate therapy was reduced by the extensive early use (�50%) of
nontrial nitrate in the control subjects. 

A review of evidence from all pertinent randomized clinical trials does not support
routine use of long-term nitrate therapy in patients with uncomplicated AMI (15). How-
ever, it is reasonable to use IV nitroglycerin for the first 24–48 h in patients with AMI
and recurrent ischemia, CHF, or management of hypertension. It should be continued
orally or topically in patients with CHF and large transmural MIs as well. IV adminis-
tration is recommended in the early stage of AMI, because of its onset of action, ease of
titration, and opportunity for prompt termination in the event of side effects (Table 6).

These agents remain of major value in the treatment of recurrent angina or hyper-
tension associated with AMI.

Use of Nitrates in Patients with Unstable Angina
Despite a clear benefit when applied in patients with chronic coronary artery disease

or ischemic left heart failure, there are no data from randomized placebo-controlled tri-
als that demonstrate an effect of nitrates with respect to symptom relief or reduction in
morbid events in patients with unstable angina. In patients receiving continuous nitrates,
tachyphylaxis may be seen as early as 24–48 h after initiation. This problem can be man-
aged by increasing the dose as needed until symptom relief is achieved. Once a patient
has been pain-free for 24 h, it is advisable to switch to a topical or oral form of nitrate
therapy, with a nitrate-free interval of 6–8 h/d.

CONCLUSIONS
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• b-Adrenergic blockers are effective in reducing cardiac events in the acute coro-
nary syndromes by lowering heart rate and contractility (i.e., myocardial oxy-
gen demand).

• The benefit of b-blockers in secondary prevention supports indefinite use of
these agents following AMI.

• b-Blockers are most effective in improving outcome in patients whose AMI is
complicated by electrical or hemodynamic disturbances.

• Calcium channel blockers reduce myocardial oxygen demand by lowering blood
pressure dihydropyridines and nondihydropyridines) and lowering contractility
and heart rate (nondihydropyridines), as well as preventing coronary vasocon-
striction, if it is present.

• Dihydropyridines should not be used without concomitant treatment with a b-
blocker, because reflex-mediated increases in sympathetic activation may exac-
erbate the myocardial supply/demand balance.

• Nondihydropyridines (verapamil or diltiazem) may be given to patients in
whom b-blockers are ineffective or contraindicated in the absence of CHF, LV
dysfunction, or AV block. IV nitroglycerin may be useful for the first 24–48 h
in patients with AMI and recurrent ischemia, CHF, or management of hyper-
tension.

• Routine use of long-term nitrates is not recommended in patients with uncom-
plicated AMI. These agents can be used in patients with AMI and recurrent
ischemia, CHF or for the management of acute hypertension.
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INTRODUCTION

A century ago, Tigerstedt and Bergman (1) infused extracts of rabbit kidney into
experimental animals and noted a hypertensive response. The chemical effector in the
extracts would later be named renin. Years later in another landmark study, Goldblatt et
al. (2) produced systemic hypertension in dogs by clipping their renal artery, further sup-
porting the hypothesis that the kidneys play a central role in blood pressure regulation.
It was not, however, until the 1950s that the blood-borne complement of enzymes and
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substrates comprising the renin–angiotensin system would be elucidated. It is clear that
renal juxtaglomerular cells secrete renin in response to intravascular volume depletion,
decreased serum sodium concentration, and adrenergic stimulation. In the blood stream,
renin proteolytically cleaves the prohormone angiotensinogen, produced and secreted by
the liver, into the decapeptide angiotensin I. Angiotensin I, in turn, is cleaved into the
octapeptide angiotensin II by angiotensin-converting enzyme (ACE), a ubiquitous
enzyme present on the surface of endothelial cells. Many of the clinically important
effects of the renin–angiotensin system discussed in this chapter are likely to be attrib-
utable to the action of angiotensin II on its receptors in multiple organs.

Extensive investigation of the renin–angiotensin system over the last 25 yr has
expanded a previously restrictive view of its role as a blood pressure and volume regu-
lator. It appears that an activated renin–angiotensin system is a maladaptive response in
many disease states. These include an increased risk of initial and subsequent myo-
cardial infarction (MI), myocardial hypertrophy, development and progression of con-
gestive heart failure, ventricular remodeling following infarction, and ventricular
arrhythmias. These observations formed the basis for the evaluation of possible benefi-
cial effects of blockade of the renin–angiotensin system. This chapter will focus on the
mechanisms and clinical benefits of ACE inhibition after and during acute coronary syn-
dromes, in particular MI.

MECHANISMS AND EFFECTS OF ACE INHIBITORS AFTER ACUTE
CORONARY SYNDROMES, IN PARTICULAR MI

Myocardial Hypertrophy and Its Prognostic Implications
Left ventricular (LV) remodeling following MI, the process by which the infarcted

ventricle changes in size and shape, provides a plausible link between neurohormonal
activation and postinfarct prognosis. There is ample experimental evidence that
angiotensin II plays a role in both mechanical stress-induced, as well as stress-inde-
pendent, myocyte hypertrophy. For example, Yamazaki et al. (3) stretched cardiac
myocytes on deformable silicone dishes. This mechanical stress rapidly increased the
activity of mitogen-activated protein kinases (MAPKs) and activators. Saralasin, an
angiotensin II antagonist peptide, and CV-11974, a specific antagonist to type 1
angiotensin II receptors, both partially inhibited the stretch-induced activities of these
enzymes.

However, the application of these concepts to clinical practice is neither simple nor
straightforward. Patients do not present with degrees of hypertrophy or remodeling in
exact proportion to the calculated hemodynamic stress (4,5). Nonhemodynamic mech-
anisms may, therefore, help determine the extent of LV hypertrophy. Schunkert et al. (6)
assessed the effects infusion of angiotensin II had on new protein synthesis in isolated
rat hearts. Angiotensin II infusion stimulated protein synthesis, and the signal transduc-
tion pathway appeared to involve the type 1 angiotensin II receptor and protein kinase
C. It appears that there are significant similarities in the signal transduction pathways
induced by both mechanical stimulation of myocytes and that of angiotensin II. Both
stimuli employ activation of protein kinase C that in turn leads to phosphorylation and
activation of MAPKs. These translocate into the cell nucleus and activate nuclear tran-
scription factors modulating the hypertrophic response. Further evidence in support of
the role of angiotensin II as a cardiac growth factor has been developed by showing that
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angiotensin II causes an increase in protein synthesis without changing the rate of DNA
synthesis in cultured myocytes (hypertrophy). Similarly, in cultured cardiac fibroblasts,
angiotensin II induces an increase in protein synthesis, DNA synthesis, and cell number
(mitoses), independent of hemodynamic or neurohormonal effects (7). These effects are
modulated by the angiotensin II type I receptor subtype and can be inhibited by subtype
I angiotensin II receptor antagonists (7). Indeed, blockade of the renin–angiotensin sys-
tem with ACE inhibitors has been shown to regress LV hypertrophy (8). However, the
clinical significance in terms of any mortality benefits to be gained from regression of
hypertrophy is presently unknown. Thus, the process of postinfarct LV remodeling has
been tied to angiotensin II, as well as hypertrophy by morphologic evidence (9,10) and
experimental studies. The net clinical benefits of the use of ACE inhibitors to prevent
remodeling are a logical clinical correlate of these experimental findings.

Evidence from Genetic Studies
Preliminary evidence for the involvement of the renin–angiotensin system in

ischemic events also has come from retrospective but not prospective epidemiological
studies of the ACE gene in humans. A retrospective case-controlled study of small sam-
ple size by Cambien et al. (11) suggested a link between polymorphism of the ACE gene
with increased risk of MI. This finding, however, was not supported by data of a larger
sample size from the Physicians’ Health Study studied by Lindpaintner et al. (12), who
found no association between the presence of the ACE gene D-allele and an increased
risk of ischemic heart disease or MI (12,13). This ACE gene polymorphism consists of
an insertion (I) or deletion (D) of a 287-bp sequence of DNA. Individuals containing the
D/D genotype exhibit plasma ACE levels twice that of individuals containing the I/I
genotype (11). The D/D genotype also is more prevalent in middle-aged men with a
prior history of MI when compared to age-matched controls (11). An increased inci-
dence of the ACE D/D genotype has been identified in children of patients with a his-
tory of MI compared with controls (14). Additional disease states, which have been
associated with the D/D genotype include LV hypertrophy (15), hypertrophic car-
diomyopathy (16), restenosis after coronary angioplasty (17), and progressive ventricu-
lar dilatation following anterior MI (18). Subjects enrolled in the Captopril and
Thrombolysis Study (CATS) (19) underwent quantitative echocardiography immedi-
ately following therapy with streptokinase. After a 1-yr follow-up, both end-systolic and
end-diastolic volumes, as well as plasma norepinephrine levels, were greater in the D/D
genotype group. Furthermore, these effects were attenuated in patients with the
D/D genotype group by therapy with captopril. Also, in a study by Kohno et al. (20)
ACE inhibitor therapy was administered for �2 yr to 54 patients with hypertension and
moderate to severe LV hypertrophy. In 17 patients with the D/D genotype, mean regres-
sion in posterior wall thickness and LV mass index was significantly less than in the
other patients with I/D or I/I genotypes.

Lindpaintner et al. (12) found no association between the presence of the ACE gene
D-allele and an increased risk of ischemic heart disease or MI. Explanations advanced
in attempt to reconcile the conflicting and variable experimental results hinge on the
influences that multiple environmental factors may have on the expression of a particu-
lar disease process and variations of genetic backgrounds among differing populations
being studied (12,13).
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Vascular Endothelial Function and ACE Inhibition
Endothelial cells line the entire inner surface of the vasculature providing a smooth

interface between circulating blood and the vessel wall, as well as mediating crucial meta-
bolic functions. As a rich source of vasoactive substances, the endothelium plays a role as
an organ system with autocrine, paracrine, and even endocrine functions regulating vas-
cular tone, regional blood flow, and intimal proliferation. Important endothelium-derived
vasodilators are prostacyclin, bradykinin, nitric oxide (NO), and endothelium-derived
hyperpolarizing factor. These substances have a major role in the evolving concept of
early atherosclerosis, as well as that of stable and unstable ischemic syndromes (21).

The predominant tone of a vascular bed is the sum of simultaneously acting vasodila-
tor and vasoconstrictor influences. In normally functioning endothelial cells, a basal rate
of production of NO is maintained by the action of the constitutive enzyme NO synthase
(22). This basal production, which requires a normal endothelium, maintains a net vas-
cular relaxation. However, various vasoactive substances (i.e., bradykinin, serotonin,
adenosine diphosphate, and substance P), as well as the effect of blood’s shearing force
on the endothelium, can up-regulate NO synthase activity, increasing production and
secretion of NO (23–25). NO inhibits cellular growth and migration. In concert with
prostacyclin, NO exerts potent anti-atherogenic and antithrombotic properties by pre-
venting platelet aggregation and cell adhesion (21).

The renin–angiotensin system influences endothelial function, and there is evidence
that ACE inhibition may improve endothelial function through multiple possible mech-
anisms. Mancini and co-workers (26) reported on 129 patients with documented coro-
nary atherosclerosis randomized to quinapril or placebo for 6 mo. Coronary endothelial
function was assessed with intracoronary infusions of acetylcholine. Quinapril-treated
patients had an improvement in endothelial function, when compared to placebo-treated
patients. The authors postulated that among other causes, decreased degeneration of NO,
and bradykinin-mediated NO release may also play a part.

More recently, Takashi et al. (27) have investigated the potential role of the interactions
of ACE inhibitors containing a sulfhydryl (SH) group. Using in vitro techniques that
included preparation of human coronary vessels with either nitroglycerin or nicorandil,
the investigators studied the effects on the vessels after the addition of either captopril (a
SH-group-containing ACE inhibitor) or enalaprilat. Both nitroglycerin and nicorandil
exhibited an increase in vasodilatation in the presence of captopril and not in response to
enalaprilat. The response may involve the opening of an ATP-sensitive potassium chan-
nel and subsequent guanylate cyclase activation. Buikema et al. (28) studied the effects
of SH-containing zofenopril vs lisinopril (no-SH group). They found that ACE inhibition
with a SH group has a potential advantage in the improvement of endothelial dysfunction
through increased activity of NO after release from endothelium. Thus, improvement in
endothelial function is an additional possible mechanism to explain the net benefits of
ACE inhibitors after and during acute coronary syndromes, in particular MI.

LV Remodeling Following Acute Myocardial Infarction (AMI)
The clinical association of cardiomegaly, congestive heart failure, and decreased sur-

vival has been documented extensively (29). Over half a century ago, Waris et al. (30)
studied 125 patients who had sustained their first MI. Patients exhibiting cardiac enlarge-
ment on chest radiography demonstrated a significantly increased 5-yr mortality. A high
proportion of the survivors with an enlarged heart developed New York Heart Association
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class III angina or congestive heart failure during follow-up. White et al. and St. John Sut-
ton et al. (31,32) have demonstrated that after MI, LV volumes predict clinical outcome.
This has been further evidenced from higher brain natriuretic peptide (BNP) concentra-
tions early after first MI, which is associated with adverse LV remodeling characteristics.
This partially explains why BNP is a strong predictor of outcome after MI (33). Thus, the
early clinical impression regarding the importance of cardiac enlargement following MI
was correct and provided an impetus for defining mechanisms responsible for the
observed topographic alterations, as well as and therapeutic modalities to limit them.

RANDOMIZED TRIALS OF ACE INHIBITORS AFTER 
ACUTE CORONARY SYNDROMES, IN PARTICULAR MI

SAVE
The Survival and Ventricular Enlargement Study (SAVE) (34) was the first large ran-

domized double-blind placebo-controlled trial to evaluate the effects of an ACE inhibitor
(captopril) on clinical outcome in survivors of AMI. Patients with ejection fractions (EF)
of �40% (average 31%) and no overt congestive heart failure or severe ongoing
ischemia were randomized to captopril 3–16 d after infarction (initial oral dose,
6.25–12.5 mg, slowly titrated to 50 mg 3� daily if tolerated) or placebo and were fol-
lowed for 2–5 yr. Eligibility was confirmed by radionuclide ventriculogram. The SAVE
study demonstrated a 19% reduction in all-cause mortality (Fig. 1), 21% for cardiovas-
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Fig. 1. Cumulative mortality from all causes in the study groups. The number of patients at risk at the
beginning of each year is shown at the bottom. Therapy with captopril (within 3–16 d after MI) sig-
nificantly reduced mortality from all causes compared with the placebo group. The reduction in risk
was 19% (95% CI: 3–32%; p � 0.019). Data from ref. 34.
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cular mortality, 37% for development of severe congestive heart failure, and 22% for
heart failure requiring hospitalization. Thus, SAVE established the role of ACE inhibi-
tion in the treatment of patients after MI with low EFs.

Although the primary end point of SAVE focused on the assessment of survival and
prevention of deterioration of LV function, recurrent MI was a prospectively defined and
carefully sought end point. The captopril-treated group demonstrated a 25% relative
reduction in the risk of recurrent MI. A more detailed analysis for predictors of MI by
Rutherford et al. (35) demonstrated that LV EF was not a predictor of recurrent MI. Cap-
topril therapy was associated with similarly decreased risk of reinfarction for SAVE
patients with EFs above and below the median. Furthermore, captopril therapy also
decreased the incidence of angioplasty or bypass surgery (relative reduction in risk 24%,
p � 0.014) when compared to placebo (Fig. 2). Lamas et al. (36) demonstrated that the
principal predictor of recurrent infarction was the number of vessels diseased and not
revascularized. Captopril therapy reduced the incidence of recurrent infarction in
patients with single, as well as multivessel, disease.

SOLVD
Studies of Left Ventricular Dysfunction (SOLVD) randomized 6797 patients in two

separate placebo-controlled trials of enalapril in LV dysfunction—a treatment arm (37)
and a prevention arm (38). All patients had an EF of �35%. Patients in the prevention
arm had asymptomatic LV dysfunction, and patients in the treatment arm had clinically
established heart failure. Although SOLVD was a trial of patients with chronic LV dys-
function of any etiology, 79% were thought to have an ischemic cardiomyopathy. How-
ever, no patient in either trial had unstable angina at the time of enrollment nor had
suffered an AMI in the month before enrollment. There was a reduction in risk of MI of
23% and unstable angina of 20% in the enalapril-treated group.

Fig. 2. Life table of cumulative need for revascularization (by either percutaneous coronary angio-
plasty or coronary artery bypass surgery) after randomization. For this combined analysis, the time to
first event was used. Data from ref. 35.



AIRE
The Acute Infarction Ramipril Efficacy (AIRE) trial (39) randomized patients with

early pulmonary congestion after infarction (Killip Class �1) to ramipril or placebo.
Ramipril was given as 1.25–2.5 mg 2� daily, titrated up to 5 mg 2� daily for an aver-
age of 15 mo. There was a 27% reduction in risk of death from all causes (from 23% in
placebo patients to 17% in treated patients) (Fig. 3). Furthermore, there was a reduction
of 19% in the first occurrence of a prespecified combined end point of death, severe
heart failure, MI, or stroke. AIRE required clinical evidence of pulmonary congestion.

TRACE
Echocardiography was used to select patients participating in the Trandolapril Car-

diac Evaluation (TRACE) trial (40). Patients were screened within 2-6 d and wall
motion index was calculated based on the nine-segment wall motion assessment
described by Heger et al. (41), and calculated to select patients with EFs of �35%. In
TRACE, approx 39% of all MI patients had an early EF of �35%. There was a signif-
icant 22% reduction in mortality after 24–50 mo in patients with LV dysfunction
assigned at random to trandolapril 1 mg orally once daily, slowly titrated to 4 mg once
daily. As in the other trials, those patients treated with the ACE inhibitor had improved
survival (Fig. 4A) and a lower incidence of heart failure (Fig. 4B).
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Fig. 3. Mortality curves from the AIRE study illustrating the primary end point of all-cause mortali-
ty analyzed by intention to treat. Separation of the curves occurred early, and they continued to
diverge throughout the study. There was a 27% overall reduction in risk of death (95% CI: 11–40%;
p � 0.002) in the ramipril group. Data from ref. 39.
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Fig. 4. (A) Cumulative mortality from all causes among patients receiving trandolapril or placebo.
Mortality curves diverged early, with estimated mortality at 1 mo of 8.8% in the trandolapril group
and 11.2% in the placebo group. The relative risk of death from any cause in the trandolapril group,
compared with the placebo group, was 0.78 (95% CI: 0.67–0.91; p � 0.001). (B) Progression to
severe heart failure occurred more often and developed earlier in the placebo group compared with
the trandolapril group (relative risk, 0.71; 95% CI: 0.56–0.89; p � 0.001). Data from ref. 40.
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SMILE
The Survival of Myocardial Infarction Long-Term Evaluation (SMILE) trial (42) ran-

domized patients with anterior wall infarctions who had not received thrombolytic ther-
apy. Patients assigned to the ACE inhibitor zofenopril had an improved outcome.

HOPE
The Heart Outcomes Prevention Evaluation Study (HOPE)(43) trial provides the first

evidence of clinical benefit in unselected high-risk patients with or without a prior car-
diovascular event. This trial evaluated the effect of oral ramipril (10 mg daily) vs placebo
in 9297 patients, who either established atherosclerotic disease or diabetes with another
cardiovascular risk factor (e.g., hypertension, dyslipoproteinemia, and history of smok-
ing or microalbuminuria). Patient characteristics included diabetes in 39%, coronary
artery disease in 80%, peripheral vascular disease in 43%, and a previous cerebrovas-
cular event in 11%. Interestingly, in contrast to previous ACE inhibitor trials, patients
were excluded if they had a known history of congestive heart failure or an EF �40%.
A significant reduction of 22% (p � 0.001) in the primary end point (a composite end
point of MI, stroke, or death from cardiovascular disease (Fig. 5). Also, ramipril treat-
ment showed a significant risk reduction in all-cause mortality, MI, stroke, cardiac
arrest, and revascularization procedures in all subgroups. Of note, ACE inhibition
appeared to be beneficial independently of the effect on blood pressure.

These findings demonstrate that an important part of the early and late benefit of
ACE inhibition relates not only to hemodynamic and cardiac architectural benefits, but
also to the prevention of ischemic events. Indeed, perhaps the early benefit may relate
more to prevention of early recurrent myocardial ischemia than with other mechanisms.

Fig. 5. Estimates of the composite outcome of MI, stroke, or death from cardiovascular causes in the
ramipril group and the placebo group. The relative risk of the composite outcome in the ramipril
group as compared with the placebo group was 0.78 (95% CI:, 0.70–0.86). Data from ref. 43.



PEACE
The Prevention of Events with Angiotensin Converting Enzyme Inhibitor (PEACE)

(44) trial will randomize 8290 patients to trandolapril or placebo. This trial will further
provide important information as to whether ACE inhibition will reduce the incidence
of cardiovascular mortality or nonfatal MI in patients with documented coronary artery
disease (CAD), including previous MI and a preserved LV function.

RECOMMENDED USE OF ACE INHIBITORS AFTER 
ACUTE CORONARY SYNDROMES, IN PARTICULAR MI

In the aforementioned randomized trials, maintaining therapy for 2–4 yr will lead to
reductions in mortality of 30–70 lives per 1000 patients treated. As suggested by the
American College of Cardiology (ACC)/American Heart Association (AHA) guidelines
(45,46), ACE inhibitors should be given to all post-MI patients with signs of LV dys-
function with or without symptoms (47). The HOPE trial suggests that all high-risk
patients (regardless of whether they experienced MI or LV dysfunction) should receive
ACE inhibitors, but these conclusions must be viewed in light of the emerging data from
the PEACE trial of patients with prior MI and preserved LV function. Given the totality
of current evidence, we recommend the use ACE inhibitors in all patients with prior MI
indefinitely, unless results from ongoing trials indicate otherwise. This recommendation
includes all post-MI patients regardless of LV function, except in those where there are
known contraindications for use.

ACE Inhibition and Aspirin
Both ACE inhibitors and aspirin are recommended for secondary prevention after

AMI. Curiously, it had been suggested based on a data-derived hypothesis from SOLVD
that there was an adverse interaction and, indeed, several plausible biological mecha-
nisms were postulated (48). However, in subgroup analysis of other trials of ACE
inhibitor use after acute coronary syndromes, a deleterious interaction was not consis-
tently found. Furthermore, in observational studies, consistent beneficial additive
effects have been observed (49,50). Thus, we currently recommend concomitant use of
ACE inhibitors and aspirin in all post-MI patients.

MECHANISMS AND EFFECTS OF ACE INHIBITORS DURING 
ACUTE CORONARY SYNDROMES, IN PARTICULAR MI

The Renin–Angiotensin System During Coronary Ischemia
A considerable body of evidence exists supporting the link between activation of the

renin–angiotensin system and increased risk of MI. The time-course of neurohormonal
rise and subsequent decline and the degree of activation are related to the clinical con-
dition and hemodynamic compensation of the patients. In patients whose MI is compli-
cated by congestive heart failure, cardiogenic shock, or arrhythmias, activation of the
renin–angiotensin system can be detected within 6 h of symptom onset. In others, ele-
vation of renin and angiotensin II does not occur until after d 1, with peak levels on d
3. The highest levels of renin and angiotensin II are seen in patients who develop heart
failure or cardiogenic shock (51) and in those treated with diuretics (52). By d 10, renin
and angiotensin II levels return to normal except in patients treated with diuretics, in
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which renin levels may remain elevated for a longer time period (51). However, even in
patients who are hemodynamically compensated, but who have sustained an extensive
infarction, higher levels of renin and angiotensin II are generally detected. For example,
Vaughan et al. (52) studied patients who were 11–30 d after a first anterior wall AMI,
who were not taking diuretics, and who did not have overt congestive heart failure. These
investigators found mild but significant increases in angiotensin II and renin in patients
with the most severe LV dysfunction, as well as in those with a history of pulmonary
congestion early after infarction.

Intuitively, it is tempting to speculate that activation of the neuroendocrine system
with its attendant vasoconstriction and tachycardia, has some value in supporting hemo-
dynamic stability during the peri-infarct phase. However, except for extreme conditions
such as cardiogenic shock or circulatory collapse, neurohormonal activation has detri-
mental clinical effects on cardiovascular function during the acute and convalescent
phases of MI.

Cohn et al. (53–55) and Packer et al. (56) have clearly shown that higher levels of cat-
echolamines and renin are associated with increased mortality in heart failure patients.
The prognostic importance of neurohormonal activation in patients following MI is less
apparent but real. Rouleau et al. (57) measured neurohormones in 534 patients an aver-
age of 12 d after infarction. Multivariate analyses, which included clinical characteris-
tics as well as EF, showed that plasma renin activity and atrial natriuretic peptide
independently predicted postinfarct cardiovascular mortality. Plasma renin activity,
aldosterone, atrial natriuretic peptide, and arginine vasopressin predicted a broader end-
point of cardiovascular mortality, congestive heart failure, or recurrent infarction. These
analyses suggest that an activated neurohormonal system is not merely an epiphenom-
enon of LV dysfunction, but is directly maladaptive and detrimental to cardiovascular
survival. The clinical implications of these analyses are supported by the results of ran-
domized trials of ACE inhibitors. Similarly, the improvement in survival seen in patients
treated with �-blockers during and following MI favors at least some direct detrimental
effects of unopposed elevations of neurohormones. Thus, despite some data to the con-
trary, at present neurohormonal activation is considered a cause of poor postinfarct prog-
nosis, and an important therapeutic target.

Interaction of the Renin–Angiotensin System with the 
Fibrinolytic System and Platelets

Another important proposed mechanism of the renin–angiotensin system in acute
coronary syndromes concerns the ability to modulate the plasma fibrinolytic system,
which is based on the balance between plasminogen activator inhibitor-1 (PAI-1) and
tissue-type plasminogen activator (tPA). tPA is released from endothelial cells and is
present in small amounts in plasma where it catalyzes the conversion of plasminogen to
plasmin. Plasmin proteolytically degrades fibrin, hence its antithrombotic activity. PAI-
1, also secreted mainly from endothelial cells is a major inhibitor of tPA, thereby slow-
ing degradation of the fibrin clot and promoting hemostasis. Both have short plasma
half-lives, on the order of 5 min, and their relative concentrations play an integral role
in modulation of both thrombosis and fibrinolysis. PAI-1 is elevated in a variety of pro-
thrombotic or ischemic states, including young survivors of MI (58). Angiotensin II
stimulates endothelial cells in culture to release PAI (59,60), an observation confirmed
in vivo in normal volunteers (61). Furthermore, bradykinin, a vasoactive peptide that is
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degraded by ACE, induces dose-dependent increases in circulating plasminogen activa-
tor levels (62).

Vaughan et al. studied plasma fibrinolytic balance in patients following anterior MI
randomized to ramipril or placebo in the Healing and Early Afterload Reducing Ther-
apy (HEART) study. At d 14 after the infarct, PAI levels were 44% lower in the ramipril-
treated group (p � 0.004) than in placebo patients. Furthermore, the ratio of circulating
PAI to tPA was higher than at baseline in those patients not treated with ACE inhibition
(63). Also, Miani et al. (64) demonstrated that intracoronary infusion of bradykinin
stimulates tPA release without causing any change in PAI-1 levels in the human coro-
nary circulation. An ACE inhibitor augmented this effect. Furthermore, Soejima et al.
(65) demonstrated that administration of enalapril reduces the increased procoagulant
activity in patients with MI associated with inhibition of the activation and accumula-
tion of macrophages and monocytes by reduction of plasma tissue factor (TF), tissue
factor pathway inhibitor (TFPI) and monocyte chemoattractant protein-1 (MCP-1) lev-
els. These observations form the basis of a new paradigm for the treatment of acute
coronary syndromes.

Protection against intravascular thrombosis depends on the balance between pro-
thrombotic influences, such as PAI, and fibrinolytic influences, such as tPA (66). ACE
inhibition, through nonhemodynamic humoral mechanisms, may favorably shift this
balance towards fibrinolysis and prevention of thrombotic events (Fig. 6). The proposed
beneficial effects of ACE inhibition on vascular reactivity and the coagulation system
are supported by a recent study (67). In a prospective cohort of 301 patients with non-
ST-segment elevation acute coronary syndrome, 53 patients had been pretreated with
ACE inhibitors. This intervention significantly reduced the likelihood of troponin I
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Fig. 6. ACE plays a crucial dual role in the fibrinolytic balance between PAI-1 and tPA. Conversion
of angiotensin I to angiotensin II leads to increased expression of PAI-1; degradation of bradykinin
inhibits the production of tPA. Inhibition of ACE enhances bradykinin-mediated release of tPA from
the endothelium while decreasing angiotensin-II-mediated release of PAI-1. The net effect is a shift
in the fibrinolytic balance toward lysis, which is an advantageous condition during acute ischemic
syndromes (59).



release and was associated with lower maximum troponin I concentrations. These find-
ings were independent of aspirin treatment and not associated with ACE genotype.

Evidence of Antiplatelet Effects
Antiplatelet effects have been found during ACE inhibition in AMI. In a study involv-

ing the blood samples of 25 patients with AMI, ACE inhibition was shown to reduce the
formation of large platelet aggregates in an experimental perfusion system when com-
pared to the blood samples of the placebo group (68). The authors speculate that this
effect might be related to a down-regulation of glycoprotein IIb/IIIa complex on the
platelet surface.

Arrythmogenesis
Since activation of the renin–angiotensin system, along with other neurohormones,

occurs during the acute and convalescent phases of MI, this system may play an impor-
tant role in arrhythmogenesis, which is mediated by direct and in direct effects of
angiotensin II (69–71). At least five mechanisms are postulated through which
angiotensin II may promote cardiac arrhythmias during MI: (i) angiotensin II mediates
increases in cardiac filling pressures, thereby abnormally increasing wall stress (72); (ii)
angiotensin II directly produces coronary vasoconstriction and decreases coronary
blood flow; (iii) angiotensin II enhances sympathetic tone and the effects of circulating
catecholamines (73); (iv) angiotensin II has direct electrophysiologic effects on cardiac
myocytes (74); and (v) angiotensin II stimulates the adrenal glands to produce aldos-
terone, promoting renal salt and water retention and potassium excretion leading to
potential electrolyte disturbances, such as hypokalemia (75).

There is ample experimental and some clinical evidence of an antiarrhythmic effect
of ACE inhibition. For example, captopril administered before the start of or at the end
of experimentally induced ischemia in isolated rat myocardium reduces reperfusion-
induced ventricular fibrillation and decreases purine outflow and peak creatine phos-
phokinase levels during reperfusion (76). Similarly, in the closed chest pig model,
captopril (continued beyond the acute phase of experimentally produced ischemia)
decreases the inducibility of ventricular arrhythmia by programmed electrical stimula-
tion performed 2 wk after MI (77).

Early captopril treatment after an AMI has been shown to reduce the incidence of late
potentials on signal-averaged electrocardiography. This was shown on d 6–30, favorably
affecting the antiarrythmogenic profile of this ACE inhibitor (78). Spargias et al. (79)
analyzed 67 patients from the AIRE trial and found that ramipril therapy was associated
with a significant reduction in QT dispersion over a 2-mo period after AMI. This reduc-
tion of ventricular repolarization inhomogeneity may be a potential antiarrythmic effect.
Furthermore, in 1577 patients from the TRACE study (80), patients with reduced LV
function secondary to AMI randomized to trandolapril had a decreased incidence of
atrial fibrillation.

While ACE inhibitors clearly reduce sudden cardiac death and all-cause mortality,
whether ACE inhibition reduces the incidence of sudden presumably arrhythmic death
is less clear. The Multicenter Unsustained Tachycardia Trial (MUSTT) (81) randomized
2087 patients with prior MI, nonsustained ventricular tachycardia, and depressed ven-
tricular function. There were no significant differences in total mortality (p � 0.47) or
arrhythmic death or cardiac arrest (p � 0.51) with ACE inhibitor use at discharge over
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a median 43 mo of follow-up. In 56 patients randomized to ACE inhibitor or placebo
for 3 mo after MI, programmed electrical stimulation revealed no significant differences
in inducibility of monomorphic sustained ventricular tachycardia (82). However, the
incidence of ventricular fibrillation tended to be lower in the ACE inhibitor group. In
summary, randomized trials are necessary to better define the possible beneficial role
of ACE inhibition in arrhythmogenesis.

Infarct Expansion: Mechanism of Early Remodeling
Immediately after MI, rapidly occurring and complex alterations in the histology of

the infarcted segment lead to the morphologic and geometric change termed infarct
expansion. Morphologically, infarct expansion is thinning and lengthening of the
infarcted segment. Histologic analyses show that infarct expansion may begin within
hours to days following acute infarction, prior to the period when phagocytic cells begin
debriding the area of necrotic tissue (83,84). Therefore, wall thinning, an essential part
of infarct expansion, is not due to removal of necrotic tissues by phagocytic cells, but
rather due to slippage and rearrangement of necrotic myocytes, leading to a decrease in
the number of cells across the LV wall.

Multiple factors are known to determine the degree to which infarct expansion
occurs. Large infarcts involving the anteroapical walls (85), elevated intracardiac pres-
sures (86), and impaired infarct healing (87) all increase expansion. Infarct expansion
is an important, but transient mechanism for LV dilatation and distortion. As scar tissue
forms in infarcted areas, increased tensile strength leads to greater resistance to deform-
ing forces. By 3 wk after infarction, infarct expansion has largely halted.

Infarct expansion and the resulting alterations in LV size and geometry are important
physiologic triggers for the late phase of LV remodeling. The law of Laplace relates wall
tension to the pressure and shape of the fluid-filled chamber being examined. Wall ten-
sion is directly proportional to pressure and inversely proportional to curvature. Thus,
at any intracavitary pressure examined, wall tension is lowest for a normally shaped,
highly curved LV apex. This principle explains why the LV wall is thinnest at the apex.
Furthermore, as apical curvature becomes even greater in systole, wall tension in the
normal apex tends to fall, offsetting the systolic rise in wall tension caused by the
increase in systolic pressure (88).

These favorable physiologic conditions may be adversely affected by infarct expan-
sion. In an expanded apex, the normal, sharp curvature of the apex is blunted, leading
to higher wall tension. Furthermore, and most importantly, the peri-infarct regions are
tethered to the akinetic segments. During systole, these peri-infarct regions develop a
concave-outward curvature, or anticlastic curve, which also severely increases wall ten-
sion (85).

The degree of systolic dysfunction after MI is a key determinant of early and chronic
alterations in ventricular topography. With small insults involving �20% of the LV mus-
cle (89), EF and stroke vol remain normal due to compensatory hyperfunctioning of
remaining viable tissues. However, with larger impairments of LV function, the ability
of remaining viable muscle to compensate is overcome, EF falls, and LV dilatation
occurs to maintain stroke vol.

Thus, the morphologic and physiologic forces that lead to progressive LV remodel-
ing in the chronic phase of the infarct are based on the degree of systolic dysfunction,
as well as the extent of geometric ventricular derangement. Increases in ventricular wall
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stress are a physiologic trigger for hypertrophy in noninfarcted myocardium. Thus, a
decreased EF following transmural MI results in elevation of end-systolic vol with an
attendant increase in end-systolic wall stress. If the infarct has sufficiently compromised
systolic function, alterations in local geometry, particularly in the peri-infarct regions,
may lead to the development of small peri-infarct segments with an anticlastic curve.
These abnormalities in vol and stress all are markedly exaggerated by infarct expansion,
if it occurs. Thus, the chronic phase after infarction may be characterized by regional
hypertrophy of the noninfarcted segment, as well as progressive LV dilatation and dys-
function. A vicious cycle is set into action, whereby dilation is the catalyst for increased
wall stress. Mass-to-vol ratio cannot be normalized, and further dilation ensues.

Strategies to Limit Remodeling
For a long time, infarct scar had been considered an inert tissue. However, utilizing

molecular and cellular biologic technologies, we know that infarct scar is composed of
biologically active components such as myofibroblasts with contractile behavior and the
capacity of producing type I collagen (90). This activity contributes to the formation of
fibrous tissue in noninfarcted myocardium. ACE inhibition or angiotensin 1 receptor
antagonism has proven effective in attenuating this metabolic activity. In the early phase
postinfarction, which encompasses the first several days, there is evidence from ran-
domized trials that improvement in loading conditions, either with intravenous (IV)
nitroglycerin (91) or with ACE inhibitors, may reduce infarct expansion. However, the
data with iv nitroglycerin remain controversial, and the acute impact of early ACE inhi-
bition on LV vol appears small. By contrast, long-term ACE inhibition has demonstrated
remarkable benefits in postinfarct patients, particularly in those with LV dysfunction.

In seminal investigations on rats with experimental infarctions, captopril significantly
decreased ventricular dilation and prolonged survival (92). The experimental work was
rapidly followed by two small clinical trials in humans that first demonstrated that the
process of LV remodeling could be attenuated in man by treatment with ACE inhibition
(93,94). In the study published by Pfeffer et al. (93), patients with a first anterior infarc-
tion and an EF of 45% or less were randomized to captopril or placebo. While captopril
attenuated remodeling, treated patients with the most severe LV dilatation had an
occluded infarct artery and a large infarct. In a subanalysis of the HEART study, BNP
elevation after MI further proved that neurohormonal activation occurs and persists in
patients with AMI, even in the presence of preserved LV function. Despite significant
clinical effects and benefits on LV remodeling, ramipril use in patients soon after MI
has been show to have only a modest impact on BNP levels (95).

The clinically important question of whether tissue-specific ACE inhibitors have
more antiremodeling benefit over nontissue-specific ones has been addressed. Koner-
mann et al. (96) randomized 52 patients with their first AMI to receive captopril (non-
tissue-specific) or fosinopril (tissue-specific) started 7 d after the event. Cine magnetic
resonance was done at the beginning of the trial and at 26 wk to assess remodeling. The
investigators found that the use of either ACE inhibitor had no major difference in their
influence on LV remodeling. However, equivalence must be viewed in the context of the
small sample size. In this regard, a meta-analysis of 845 patients with a 3-mo echocar-
diographic follow-up, de Kam et al. (97), found the very early use (�9 h) of ACE
inhibitors after the onset of AMI, LV dilatation was only significantly reduced in those
patients in which thrombolysis failed. Other mechanisms may be responsible for the
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beneficial effects of ACE inhibitors in successfully reperfused patients. Nevertheless,
whether there is clinical significance of small (15 mL) differences in LV vol requires
testing in large randomized trials.

CLINICAL TRIALS DURING ACUTE CORONARY 
SYNDROMES, IN PARTICULAR MI

CONSENSUS II
Several years ago, the Cooperative New Scandinavian Enalapril Survival Study II

(CONSENSUS II) (98) had planned to randomize 9000 patients to determine whether
early administration (within 24 h of the onset of symptoms of AMI) of iv enalapril would
reduce mortality during a 6-mo follow-up period. Mortality at 6 mo did not differ sig-
nificantly between groups (9.4% in the placebo group and 10% in the enalapril group,
p � 0.26). However, the trial was terminated early, after approx 6000 patients were
enrolled due to concerns of adverse effects from early hypotension. This side effect,
defined as a systolic blood pressure �90 mmHg or diastolic blood pressure �50 mmHg,
was observed more commonly in the treatment group than in the placebo group. Fur-
thermore, patients with hypotension appeared to have a poorer clinical outcome. These
findings led to an early and erroneous recommendation against the use of intravenous
ACE inhibition in acute infarction, particularly when accompanied by thrombolytic
therapy with streptokinase, which may itself lead to hypotension via similar enzymatic
pathways.

GISSI III
The third Gruppo Italiano della Sopravvivenza nell’Infarcto Miocardico (GISSI-3)

study (99) randomized 19,394 patients within 24 h of the onset of symptoms of AMI to
the long-acting ACE inhibitor lisinopril (initial dose, 5 mg daily, titrated to 10 mg daily
if tolerated) for 6 wk. A small (relative risk reduction of 12%, absolute risk reduction of
0.8%) but significant reduction (p � 0.03) in mortality was observed at 42 d after infarc-
tion only with lisinopril therapy (Fig. 7). Hypotension was the principal side effect, but
it did not lead to adverse outcomes.

ISIS IV
The International Study of Infarct Survival (ISIS-4) randomized 58,050 patients

within 1 d of infarction to test the effect of 1 mo of captopril therapy, magnesium, or
nitrates in a factorial design (100). Patients were assigned to either captopril (titrated
from an initial dose of 6.25 mg to as much as 50 mg 2� daily) or placebo for 28 d. There
was a significant (p � 0.02) benefit of captopril therapy with a relative reduction in mor-
tality risk for captopril-treated patients of 7% at 5 wk and an absolute reduction in risk
of 0.5% (Fig. 8). The benefit of early treatment persisted for at least 1 yr.

CCS
The Chinese Cardiac Study (CCS) (101) assessed the efficacy of early captopril use

on mortality and mortality after AMI. A total of 14,962 patients in China up to 36 h
(mean 16.6 h) after the onset of suspected AMI, without clear contraindications, were
randomized to either 4 wk of oral captopril (6.25 mg initial dose, 12.5 mg 2 h later, and
then 12.5 mg 3� daily) or placebo. Although no significant reduction in the overall 
4-wk mortality was found, the incidence of heart failure was significantly reduced in the
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captopril group (17 vs 18.7%; p � 0.01). Also, the anterior wall infarction of captopril
treated group was found to have a lower mortality (8.6 vs 10.2%, p � 0.02). Thus, early
captopril use in AMI was found to prevent about 6 deaths per 1000 patients treated and
about 15 deaths due to heart failure per 1000 patients in the first 4 wk with greater ben-
efits. In the subgroup of patients with anterior MI, ACE inhibitor therapy prevented 16
deaths per 1000 patients with no benefit for the inferior infarction group. Furthermore,
after analyzing patient subgroups by heart rate at presentation, there were no benefits of
ACE inhibition when heart rate is slow or heart block and hypotension are present. This
is believed to be due to the parasympathetic effect of ACE inhibition.

These studies have particular clinical relevance because they address the patient dur-
ing the very acute phase of the infarct, prior to the time when any screening tests or eval-
uations for LV function could be done. Indeed, their strength is generalizability and ease
of application. This strategy led to a significant benefit of 5 lives saved per 1000 patients
treated per year, and extended the use of ACE inhibitors to the majority of post-MI
patients.
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Fig. 7. Six-week survival curves for lisinopril-treated patients and controls. The curves separated early
(d 0 to 1) and continued to diverge throughout the next 6 wk, supporting the argument for the early
institution of therapy with ACE inhibitors in selected patients. Patients allocated lisinopril had an 11%
lower risk of death than the controls (6.3 vs 7.1%). Data from ref. 9.



The time course of benefit becomes particularly relevant in encouraging the early use
of ACE inhibition in patients with MI. In the ISIS-4 and GISSI-3 studies, encompass-
ing 77,444 patients, 219 lives were saved by 4–6 wk of ACE inhibition. Latini and
coworkers (102) analyzed the time course of the total survival difference between active
therapy and control. In both studies, patients were treated within 24 h of presentation.
By the end of the first d of therapy, there were already 65 fewer deaths in the treatment
arm than in the control group, so that 29.7% of the total difference between groups was
already present at the end of d 1. By the end of d 7, the difference between groups had
increased to 145 lives, or 66.2% of the total number of lives destined to be saved. The
sum total benefit of the remaining weeks of therapy accounted for a minority (33.8%)
of lives saved. One must consider whether attenuation of LV remodeling accounts for
early survival benefit, or whether any convincing explanation of the early benefit of
ACE inhibitor therapy must invoke an anti-ischemic mechanism. Pertinent to the find-
ings of Vaughan and coworkers (52) described before, the association of activation of
the renin–angiotensin system with greater risk of acute ischemic events has clinical sig-
nificance. Specifically, if inhibition of the renin–angiotensin system prevents MI and
other ischemia through alterations in the fibrinolytic system, then the early benefit of
ACE inhibition observed in GISSI-3 and ISIS-4 could be more easily explained.
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Fig. 8. Effects on mortality during the first 5 wk; there were 7.19% deaths in the captopril group com-
pared with 7.69% deaths in the placebo group. Relative reduction in mortality for captopril-treated
patients was 7% absolute risk reduction was 0.5% (95% CI: 0.13–1%; p � 0.02) Data from ref. 100.



RECOMMENDED USE OF ACE INHIBITORS DURING 
ACUTE CORONARY SYNDROMES, IN PARTICULAR MI

As recommended by the ACC/AHA (45,46), ACE inhibition should be started early,
when no known contraindications exist, preferably within 24 h in all patients who are
suffering an AMI. ACE inhibition should be initiated in the setting of AMI in the absence
of hypotension (systolic blood pressure �100 mmHg). Any ACE inhibitor may be used,
since the benefits appear to be a class effect (47). However, to avoid hypotension, a small
dose of a short-acting agent, such as captopril (6.25 mg), may be used initially, espe-
cially in unstable patients or in patients with systolic blood pressure �110 mmHg. An
ACE inhibitor should also be given when hypertension persists despite treatment with
nitroglycerin and a �-adrenergic antagonist in patients with LV dysfunction or conges-
tive heart failure.

At the present time, treating patients with AMI should include early mechanical or
pharmacological reperfusion with thrombolysis, aspirin, �-blockade, and ACE inhibi-
tion (47). �-adrenoreceptor blocking agents or thrombolysis with streptokinase may lead
to undesirable lowering of blood pressure. Therefore, a cautionary note to be addressed
is the potential for hypotension that may occasionally accompany ACE inhibition. Par-
ticularly important is the fact that none of the previously mentioned trials were designed
to determine optimal dose or frequency of administration of the ACE inhibitor chosen.
Targeting dose principles were utilized so clinicians wishing to generate similar results
in their own patient population may wish to choose one of the ACE inhibitors studied
and administer it in the manner described in hopes of achieving outcomes similar to
those in the trials. Also, clinical judgment on the part of the physician plays a key role
in determining which patients will benefit from the earliest use of ACE inhibitors.

NEW FRONTIERS

At the present time, most of the beneficial effects of ACE inhibition depend on reduc-
tion in angiotensin II levels or activity, although the potential benefit of elevations in
bradykinin on venodilation and on the fibrinolytic system should not be discounted.
Recently, two new classes of agents have been developed and are being studied in clin-
ical trials, which may prove to have important hemodynamic or anti-ischemic effects
possibly equaling or surpassing those of traditional ACE inhibition. Angiotensin II
receptor blockers (ARB) such as losartan, valsartan, ibesartan, and candesartan offer
selective blockade of the type 1 angiotensin II receptor. This receptor is thought to pri-
marily mediate vasoconstrictive and proliferative effects of angiotensin II. Given the
recent appreciation that there are non-ACE pathways for the formation of angiotensin
II, direct receptor blockade promises an even more complete reduction of angioten-
sin II-mediated effects. Preliminary studies suggest some benefits of ARBs in the post-
MI setting. However, the reported trials are small, and the positive results do not yet
merit widespread clinical application but do support the conduct of several ongoing
large-scale trials (103,104).

Spinar et al. (103) randomized 201 patients with AMI treated either with direct angio-
plasty, thrombolysis or heparin alone to captopril or losartan. These patients were fol-
lowed for 2 wk, and it was found that losartan did not affect diastolic vol but decreased
end-systolic vol (p � 0.001), resulting in a significant increase in EF and a decrease in
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wall-motion index (p � 0.001). The authors concluded that ARBs seem to have a more
pronounced effect on LV remodeling than ACE inhibitors. Furthermore, in a pilot study
by Di Pasquale et al. (104), 99 patients presenting with AMI were randomized to cap-
topril, 75 mg/d plus placebo (50 patients), or to captopril, 75 mg/d plus losartan 12.5
mg as a first dose and 25 mg/d successively. Patients in both groups were similar with
regard to age, sex, creatine kinase peak, EF, end-systolic vol, and risk factors. The com-
bination of captopril and losartan had a significantly larger effect in decreasing end-sys-
tolic vol at 3 mo than captopril alone during echocardiographic follow-up.

Larger international clinical trials such as Valsartan In Acute Myocardial Infarction
trial (VALIANT) (105) will further evaluate the role of the addition of ARB to ACE
inhibitors or ARB alone in the management of patients with AMI associated with LV dys-
function. The study Optimal Trial in Myocardial Infarction with the Angiotensin II
Antagonist Losartan (OPTIMAAL) (106) will evaluate the effects of ARB in survival
and morbidity when compared to ACE inhibitors in the setting of AMI or reinfarction and
heart failure. Of interest, the Evaluation of Losartan in the Elderly (ELITE II) study com-
pared the use of captopril (50 mg 3� daily) to losartan (50 mg daily) in 3152 randomized
patients with congestive heart failure, failed to show a mortality benefit of losartan over
captopril at 2 yr (107). Thus, while data from large-scale trials are not yet available, ARB
might be a useful alternative in the setting of contraindications or patient intolerance to
ACE inhibition. Finally, the Candesartan in Heart Failure—Assessment of Reduction in
Mortality and Morbidity (CHARM) is a multicenter trial designed to investigate the clin-
ical usefulness of the long-acting angiotensin II type 1 blocker candesartan in a broad
spectrum of patients with symptomatic heart failure. CHARM intends to randomize
6500 patients into 3 independent parallel placebo-controlled studies characterized by: (i)
low LV EF (�� 40%) and ACE inhibitor tolerance, (ii) low LV EF and ACE inhibitor
intolerance; and (iii) normal LV EF and not current use of ACE inhibitor. The primary
objective in each trial is to evaluate the effects of candesartan on the combined end point
of cardiovascular mortality or congestive heart failure hospitalization (108).

Table 1
Angiotensin-Converting Enzyme Inhibitor

Acute Myocardial Infarction: Selective Clinical Trialsa

Studyb No. Duration (d) Placebo (%) RR (%) Lives/1000

SAVE 2231 42 25 19 42
AIRE 2006 15 23 27 57
SMILE 1556 1 8 (22) 18

12 14 33 41
TRACE 1749 24 42 22 76

aAbbreviations: AIRE, Acute Infarction Ramipril Efficacy study; SAVE, Survival and Ventricular
Enlargement trial; SMILE, Survival of Myocardial Infarction Long-Term Evaluation trial; TRACE,
Trandolapril Cardiac Evaluation trial; RR, risk reduction.

bThese trials of postinfarct ACE inhibitors studied only high-risk patients: patients with asymptomatic
left ventricular dysfunction (SAVE), patients with manifested symptoms of heart failure in the early
myocardial infarction period (AIRE), patients with anterior wall myocardial infarction and not receiving
thrombolytic therapy (SMILE), and patients with acute myocardial infarction exhibiting wall motion
abnormalities (TRACE). Each of these studies have clearly shown a mortality benefit with the use of
ACE inhibitors. Data from ref. 102.
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Another exciting new pharmacotherapy involves the development of cell surface met-
alloprotease inhibitors. These agents promise a host of potentially beneficial hemody-
namic effects that include inhibition of ACE, inhibition of endopeptidase, and increases
in levels of natriuretic peptides. Again, data are inconclusive to suggest whether there is
any benefit over standard-of-care ACE inhibition.

At present, based on the totality of evidence, ACE inhibitors represent a mainstay
of the therapy of patients during and after acute coronary syndromes, in particular
MI.
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INTRODUCTION

Each year, approx 1.1 million patients in the United States suffer an acute myocardial
infarction (AMI) and 440,000 die (1). The number of index vs recurrent MI events is
650,000 and 450,000, respectively. Reperfusion therapy, increased use of adjunctive
medication such as aspirin, b-blockers, angiotensin-converting enzyme inhibitors, and
lipid lowering therapy coupled with better risk stratification to identify those most likely
to benefit from early coronary revascularization has led to significant improved long-
term prognosis after MI.

Effective risk stratification after AMI encompasses several phases; emergency triage
within the initial hours of symptom onset, the intermediate hospital phase, and the pre-
hospital discharge or early (� 3 wk) posthospital discharge phase. The risk estimates for
mortality provided in this chapter are based on physiologic information provided by a
detailed clinical history, judicious use of certain noninvasive tests, anatomic informa-
tion provided by coronary angiography in selected patients, and prognostic importance
of various treatment options that may favorably impact long-term survival. The focus of
this chapter is to review risk stratification procedures in the early postinfarction phase
to identify higher risk patients that may benefit from therapeutic treatment strategies that
reduce mortality.
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EARLY CLINICAL RISK STRATIFICATION

The use of clinical and electrocardiogram (ECG) variables alone at the time of hos-
pital admission in patients with ST-segment elevation myocardial infarction (STEMI)
was examined in the InTIME II database of 14,114 patients treated within 4 h of symp-
tom onset with lanoteplase (nPA) or tissue-type plasminogen activator (tPA), aspirin,
and heparin to predict 30-d mortality (2). Ten independent variables accounting for 97%
of the overall predictive capacity for increased 30-d mortality risk were included in the
Thrombolysis in Myocardial Ischemia (TIMI) risk score for STEMI (Fig. 1). Of the 10
variables, diabetes, history of hypertension, and prior history of angina were grouped as
a composite variable for a final variable set of 8 components. The mortality rate was
�1% with a score of zero and increased to 35.9% for a score �8 (Fig. 2). The InTIME
risk score for patients treated with thrombolytic therapy was tested in the TIMI 9 trial
and showed similar prognostic capacity. The authors then tested the score in the National
Registries of Myocardial Infarction (NRMI) III registry of 84,029 patients with STEMI.
Patients in NRMI III tended to be older, more often female, and have a history of coro-
nary artery disease more often than those in the derivation set; 48% received reperfu-
sion therapy. The risk score showed strong prognostic capacity overall and among
patients with acute reperfusion therapy. However, among patients not receiving reperfu-
sion therapy, the risk score underestimated death rates and offered lower discriminatory
capacity (3).

Cannon et al. examined the use of a risk score to diagnose patients with acute coro-
nary syndrome and non-STEMI to determine likelihood of developing a non-Q-MI
(4). Four of 50 baseline variables independently predicted non-Q-MI. The four risk
factors were absence of prior percutaneous transluminal coronary angioplasty (PTCA),
chest pain �60 min, ST deviation on presenting ECG, and recent onset angina. The
risk of non-Q-MI was 7, 19.6, 24.4, 49.9, and 70.6% for 0, 1, 2, 3, or 4 risk factors,
respectively.

Fig. 1. TIMI risk score for STEMI. Adapted with permission from ref. 2.



Age
Age is a major risk factor for increased mortality in patients after AMI treated with

thrombolytic therapy. In-hospital mortality rates were 28% in patients �85 yr in the
community-based NRMI (5), 21% after 30 d in patients �65 yr in the Cooperative Car-
diovascular Project, 11.2% in patients � 70 yr in the TIMI II trial after 42 d, and 17.2%
in patients �70 yr after 30 d in the Global Use of Strategies To Open Occluded Arter-
ies in Acute Coronary Syndromes (GUSTO)-1 trial (6–9).

By contrast, in-hospital mortality rates were only 3, 3.8, and 1.1% in patients �55 yr,
�50 yr, and �45 yr enrolled in the Myocardial Infarction Registry, TIMI II trial, and
GUSTO-1 trials, respectively (5,9–11). Older patients are prone to an increased rein-
farction rate and readmission for cardiac events (8). Multivessel coronary disease,
important comorbid conditions, and aging myocardium with concomitant decreased
myocardial reserve explains some of the increased mortality risk compared to younger
individuals.

Gender
Women tend to be older than men at the time of first infarction and have a greater

prevalence of associated comorbidity (12,13). The 35-d mortality rate for women com-
pared with men was 12.5 vs 8.2% in the Fibrinolytic Therapy Trialists Group (11). In
this report, 44% of patients �75 yr were women. Kober et al. (14) reported a 1-yr mor-
tality rate of 28% for women and 21% for men in a consecutive series of 6676 patients
with AMI; the increased mortality risk in women occurred relatively early (�30 d).
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Fig. 2. Predicting 30-d mortality using TIMI risk score for STEMI. Adapted with permission from ref. 2.



Diabetes Mellitus and Stress Hyperglycemia
Diabetes mellitus increases the relative risk of in-hospital mortality by at least 1.5–2

compared with nondiabetic patients (15). Diabetic women in particular have a relatively
poor prognosis, in part related to an increased incidence of congestive heart failure, rein-
farction, and recurrent ischemic events (15–18). Late mortality is significantly increased
in diabetic compared with nondiabetic patients (19).

Stress hyperglycemia at the time of MI is strongly correlated with mortality rates. In
a meta-analysis conducted by Capes et al. (20), data from 15 trials reporting admission
glucose concentrations in relation to in-hospital mortality or heart failure rates after
AMI were reviewed. In the patients without known diabetes, those with a glucose con-
centration �109–143 mg/dL had a 3.9-fold higher risk of death compared to patients
with lower glucose concentrations. At glucose concentrations of �143–180 mg/dL, the
risk of cardiogenic shock or heart failure was increased 3-fold. In patients with frank
diabetes, glucose concentrations �180–196 mg/dL were associated with a moderate risk
of death (relative risk 1.7).

Race
The 1-yr mortality rate in TIMI II was similar in White, African-American, and His-

panic patients, although the presence of atherosclerotic risk factors was greater in
African-American and Hispanics (21). Similar findings were reported in the Charleston
Heart Study (22) and GUSTO-1 (after 30 d) (9); however, African-American patients
had �2-fold increase risk of late death at 1 yr after adjustment for other prognostic fac-
tors in the GUSTO-1 (23). Secondary prevention measures are likely to be an area of
future research into race related differences in outcome.

Prior MI
The relative mortality risk of patients with a previous MI is approx 1.5� greater than

in patients with a first infarction regardless of whether or not the patient is treated with
thrombolytic therapy (9,11). The mortality gradient is greatest in patients with major left
ventricular (LV) dysfunction prior to the reinfarction event. In TIMI II, a prior vs no
prior history of MI was associated with 7.9 vs 4.3% mortality rate after 42 d (6). Mul-
tivessel coronary disease was present in 60 vs 28% of patients with prior vs no prior
infarction.

Prior Revascularization
In GUSTO-1, the 30-d mortality rate was 10.7% in 41,021 patients who had prior

coronary bypass grafting vs 6.7% in those without prior cardiac surgery. The mortal-
ity rates were 5.6 vs 7.0% in patients who had prior vs no prior coronary angioplasty
(9).

Physical Examination
Hypotension, systolic pressure �100 mmHg, sinus tachycardia (ventricular rate

�100 beats/min), a third heart sound, jugular venous distension, and pulmonary rales
may indicate significant LV dysfunction and are markers of increased mortality
(2,23–25). The physical examination is important in the early recognition of catastrophic
mechanical complications such as ventricular septal defect, mitral valve dysfunction, or
myocardial rupture.
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Pulmonary Edema
Detection of clinical or radiologic evidence of congestive heart failure is a strong

indicator of cardiac events. The 1-yr cardiac mortality of patients with acute pulmonary
edema approaches 25–30% (26,27). In the acute postinfarct phase, pulmonary edema
may represent permanent damage from the infarct and myocardial stunning as a result
of the ischemic insult. The finding of clinical evidence of pulmonary congestion as a
prognostic indicator is independent of ejection fraction measurements at the time of hos-
pital discharge (28).

Cardiogenic Shock
Cardiogenic shock occurs in approx 7% of patients in the acute infarct setting and is

associated with a mortality rate �70% (29,30). Retrospective analyses of thrombolytic
trials do not show a significant mortality reduction in patients presenting with cardio-
genic shock (11,31,32). In an overview of 386 patients who were treated with coronary
angioplasty for cardiogenic shock, Bates and Topol (31) reported an overall reperfusion
rate of 73% and inhospital mortality rate of 44%. Emergency coronary bypass grafting
in this setting has an associated mortality rate of approx 40% (31). The approximate
60% survival rate after coronary revascularization is better than the expected 70% mor-
tality rate. The SHOCK trial (33) randomized 302 patients with cardiogenic shock �36
h post-MI to conventional medical therapy with thrombolysis or to acute coronary revas-
cularization; 64% of patients received percutaneous coronary intervention (PCI) and
36% received coronary artery bypass graft (CABG). At 6 mo, mortality was signifi-
cantly lower among patients receiving earlier revascularization compared to conven-
tional therapy (50.3 vs 63.1%) (p � 0.05). Mortality was not significantly different at
30 d. Thus, an early revascularization strategy for patients with cardiogenic shock is
associated with improved 6-mo survival rates.

White Cell Count
Elevated white blood cell counts (WBCs) are associated with a higher risk of adverse

events after an AMI. In the TIMI 10A and B trials (n � 975), an elevated WBC was
associated with resistance to thrombolytic therapy, lower coronary artery patency at 60
and 90 min, worse TIMI myocardial perfusion grades and increased thrombus burden.
When the WBC counts were �15,000/lL, the 30-d mortality was 10.4% vs 0–4.9% for
WBC counts �15,000/lL. Shock or heart failure was also more common in patients
with higher WBC counts (17% vs 0–6%).

C-Reactive Protein
C-reactive protein (CRP) within 6 h of an AMI is predictive of in-hospital adverse

coronary events. In a study (34) of 234 patients with AMI who underwent primary
angioplasty and stenting, elevated CRP �0.3 mg/dL was associated with a 22.4% inci-
dence of coronary reocclusion, reinfarction, target vessel revascularization, and death
compared to 4.3% in patients with normal levels. The need for bailout stenting was
increased in patients with elevated CRP levels (61 vs 38%).

Cardiac Troponin
Cardiac troponin measurements improve MI detection and allow early risk stratifica-

tion in acute coronary syndromes. In GUSTO IIA (35), 30-d mortality was 13% among
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patients with STEMI and a positive cardiac troponin T (cTnT) on admission vs 4.7%
among those with negative cTnT results. This was confirmed by Giannitsis et al. (36),
who reported a 9-mo mortality of 14 vs 3.9% among patients with STEMI and admis-
sion cTnT �0.1 ng/mL vs �0.1 mg/mL. Incomplete reperfusion was more common in
patients with increased cTnT. In the Fragmin During Instability in Coronary Artery Dis-
ease (FRISC) study and other studies of patients with an acute coronary syndrome
(36–38), cTnT �0.1 ng/mL predicts a lower likelihood of achieving TIMI III grade flow
in the infarct related vessel with thrombolytic therapy or primary PCI.

Increased mortality rates among STEMI patients with elevated admission cTnT may
be due to later presentation after symptom onset, microvascular dysfunction, or failure
to achieve post procedural TIMI III flow. Higher rates of congestive heart failure and
shock are also associated with elevated levels of cardiac troponin (39).

The 12-Lead ECG
ECG findings associated with increased mortality risk include anterior STE, dis-

tortion of the terminal portion of the QRS complex (Fig. 3), left bundle-branch block,
right bundle-branch block, advanced atrioventricular block, and atrial fibrillation
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Fig. 3. Prognostic information from ECG patterns. (A and B) From patients without distortion of ter-
minal position of the QRS complex. (C and D) From patients with terminal QRS distortion (emer-
gence of J point at �50% of R-wave in leads with qR configuration or disappearance of S-wave in
leads with Rs configuration). Reproduced with permission from ref. 40. (E) From a patient with ante-
rior infarction with additional STE 15 min after initiation of thrombolysis with final resolution sug-
gestive of favorable clinical outcome. Reproduced with permission from ref. 47.



(9,11,21,40). In GUSTO-1, the 30-d mortality rate was 9.9 vs 5.0% in patients with
anterior vs inferior STE. The relative risk of death, reinfarction, or congestive heart
failure was 4-fold greater in patients with inferior infarction if ST-segment depres-
sion was also noted in the anterior lead group, particularly leads V4–V6 or if evi-
dence of right ventricular involvement was present (41–45). In GUSTO-1, the 30-d
mortality rates were 18.7, 17, 14, and 17% for patients with left bundle-branch block,
right bundle-branch block, left anterior fascicular block, and left posterior fascicular
block, respectively, compared with 6% in patients with a normal conduction pattern
(46).

Early resolution of STE (within hours of thrombolysis) is associated with a more
favorable prognosis than in patients with persistent STE. Additional STE over and above
the initial elevation seen in the first h of thrombolysis with ultimate resolution is also
associated with favorable clinical outcome (47) (Fig. 3E). The 30- and 180-d mortality
rates of patients who had �50% resolution of STE within 4 h of treatment were 3.5 and
5.7% compared to 5.7 and 7.4% in patients without these findings in the Gruppo Ital-
iano per lo Studio della Sopravvienza nell’Infarto Miocardico (GISSI)-2 (48). The Inter-
national Joint Efficacy Comparison of Thrombolytics (INJECT) study, which compared
the effects of reteplase or streptokinase in 6010 patients reported a 35-d mortality rate
of 2.5% in patients with complete resolution of STE compared with 17.5% in patients
without ST-segment resolution (49) (Fig. 4).

LV function can be estimated from the resting ECG at the time of hospital discharge.
Silver et al. (50) reported a positive predictive value of 98% to estimate LV ejection frac-
tion �40% in patients with new non-anterior Q wave infarction, no previous history of
Q wave MI, or congestive heart failure. The findings were validated in 10,756 patients
enrolled in GUSTO-1 (51).

New Q waves as compared to absence of new Q waves at the time of presentation to
the emergency room are also associated with higher cardiac mortality rates at 30 d (7 vs
2%) and at 5 yr (16 vs 6%) (52).
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Fig. 4. Thirty-five-day mortality rates by percent sum (R) of ST-segment resolution within 3 h after
start of thrombolysis. Reproduced with permission from ref. 49.



Early Coronary Angiography
In the acute infarct setting, coronary angiography is usually performed because of

hemodynamic instability, persistent chest pain, or evidence of continued infarct artery
occlusion and thrombolytic ineligibility (53–57). Clinical trials comparing PTCA with
thrombolytic therapy or PTCA in the setting of failed thrombolysis or ineligibility for
thrombolytic drugs are discussed in subsequent chapters.

INTERMEDIATE HOSPITAL PHASE

In the intermediate phase of hospitalization (�24 h after admission), low-risk patients
who might be candidates for early hospital discharge should be identified (58,59). In
TIMI II, absence of significant risk factors at the time of emergency room presentation
was associated with a 6-wk mortality rate of only 1.5% (6). In the Thrombolysis and
Angioplasty in Acute Myocardial Infarction (TAMI) trials, Mark et al. (60) reported on
708 patients who underwent early coronary angiography and identified 30% of patients
at low risk who were discharged on d 4 after the index event. In GISSI-2, 53% of patients
were able to perform an exercise test and had an ejection fraction �40%; the 6-mo mor-
tality rate after hospital discharge was �1% (61). In GUSTO, absence of ischemic car-
diac complications and need for coronary revascularization or cardioversion was
reported in 57.3% of enrolled patients, 30-d mortality rate was 1%, and the 1-yr mor-
tality rate was 3.6% (62). Low-risk patient subsets account for as many as half of all
recent postinfarct survivors and may not require extended hospitalization or expensive
diagnostic procedures. Active cholesterol lowering therapy as per the National Choles-
terol Education Project guidelines, motivation to stop smoking, and identification of
social isolation and depression are all part of the postinfarct rehabilitative strategy.

Recurrent ischemic cardiac pain, reinfarction, and congestive heart failure signifi-
cantly increase mortality risk during the intermediate hospital phase. In TIMI II, rein-
farction significantly increased mortality rates after 3 yr of follow-up (63). In the TAMI
trials, the in-hospital mortality rate was 21% for reinfarction, 11% for recurrent
ischemia, and 4% when neither complication occurred. Congestive heart failure symp-
toms occurred in 50% of patients who developed reinfarction, 31% of patients who
developed recurrent ischemia, and 17% of patients when neither ischemic complication
occurred (64). Recurrent in-hospital ischemic cardiac events after infarction are a class
I indication for cardiac catheterization according to American College of Cardiol-
ogy/American Heart Association (ACC/AHA) guidelines (57).

PREDISCHARGE RISK STRATIFICATION

The use of noninvasive testing in the prethrombolytic era for risk stratification after
AMI has been extensively reviewed (65–67). The predictive value of noninvasive test-
ing for cardiac events is somewhat less in patients who received thrombolysis or direct
coronary angioplasty; the patients tend to be younger, have better preserved left ven-
tricular function, and have less extensive multivessel coronary disease (Fig. 5) (68). A
substantial number of patients who undergo early coronary angiography have high-risk
anatomy and are subsequently revascularized. This results in a relative low-risk patient
population at the time of hospital discharge with a subsequent anticipated lower num-
ber of cardiac events to be investigated by noninvasive testing. The 1-yr mortality rates

432 Puri et al. 



in patients who survive to hospital discharge range from 2 to 3.3% in the TIMI II and the
Should We Intervene Following Thrombolysis? (SWIFT) trials, respectively (69–71).
Thus, according to Bayesian theory, noninvasive testing would need to be extremely pre-
cise to separate the 98 patients who survive from the 2 to 3 patients that will die in the
year following AMI.

Acute coronary syndrome patients with an uncomplicated course that are ambulatory
at the time of hospital discharge are generally lower risk individuals, since those with a
complicated course have either died or received coronary revascularization procedures.
Guidelines for the noninvasive evaluation of low risk patients at or around the time of
hospital discharge were reviewed in the 1999 ACC/AHA Update of Acute Myocardial
Infarct Guidelines. Three classes of recommendations for the noninvasive evaluation are
published. Class I indications are conditions for which there is general evidence or gen-
eral agreement that a given procedure or treatment is beneficial, useful, and effective.
Class II indications are conditions for which there is conflicting evidence or divergent
opinion about the usefulness/efficacy of a procedure or treatment. A class IIA guideline
indicates the weight of evidence/opinion is in favor of usefulness/efficacy, whereas a
class IIB indication is less well established by evidence/opinion. The class III indication
are conditions for which there is evidence or general agreement that a procedure/treat-
ment is not useful/effective and in some cases may be harmful. Table 1 illustrates the
three different class indications for the use of noninvasive test procedures for lower risk
postmyocardial infarct survivors.

Echocardiography
Two-dimensional echocardiogram with Doppler analysis is the preferred noninvasive

method for evaluation of overall and regional left and right ventricular systolic and dias-
tolic function, valvular integrity and function, and detecting mechanical complications
of AMI. Predischarge LV function assessment is among the most important and accu-
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Fig. 5. Comparison of angiographic findings in reperfusion trials with the pooled data from studies
done in the prethrombolytic era. Reproduced with permission from ref. 68.



rate predictors of subsequent cardiac events after AMI. Increased LV vol, extensive LV
wall motion abnormalities, and severe depressed LV ejection fraction identify patients
at significant increased mortality risk in the 1- to 5-yr follow-up after AMI (Fig. 6 and
Table 2) (28,72–79). Assessment of LV diastolic function and LV filling patterns on
Doppler echocardiography provide additional information in the setting of AMI.
Cerisano et al. report that restrictive filling patterns (short deceleration time and
increased early rapid filling wave [E]/filling wave due to atrial contraction [A] ratio)
were strong predictors of LV remodeling, and they identified patients at higher risk of
progressive LV dilation within 6 mo after MI (Fig. 7) (80). Nijland et al. (81) report 1-
yr survival rates of 100% for nonrestrictive vs 50% for restrictive mitral valve inflow
problems after MI. Patients with a restrictive filling pattern had larger enzymatic infarct
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Table 1
Preparation for Discharge from the Hospital

Noninvasive Evaluation of Low Risk Patients
Recommendations

Class I
1. Stress ECG

a. Before discharge for prognostic assessment or functional capacity (submaximal at 4–6 d
or symptom-limited at 10–14 d).

b. Early after discharge for prognostic assessment and functional capacity (14–21 d).
c. Late after discharge (3–6 wk) for functional capacity and prognosis if early stress was

submaximal.
2. Exercise, vasodilator stress nuclear scintigraphy, or exercise stress echocardiography when

baseline abnormalities of the ECG compromise interpretation.a

Class IIa
1. Dipyridamole or adenosine stress perfusion nuclear scintigraphy or dobutamine echocardio-

graphy before discharge for prognostic assessment in patients judged to be unable to exer-
cise.

2. Exercise 2-dimensional echocardiography or nuclear scintigraphy (before or early after dis-
charge for prognostic assessment).

Class III
1. Stress testing within 2 to 3 d of AMI.
2. Either exercise or pharmacological stress testing at any time to evaluate patients with unsta-

ble postinfarction angina pectoris.
3. At any time to evaluate patients with AMI who have uncompensated congestive heart fail-

ure, cardiac arrhythmia, or noncardiac conditions that severely limit their ability to exercise.
4. Before discharge to evaluate patients who have already been selected for cardiac catheteri-

zation. In this situation, an exercise test may be useful after catheterization to evaluate func-
tion or identify ischemia in distribution of a coronary lesion of borderline severity.

aMarked abnormalities in the rest ECG as left bundle-branch block (LBBB), LV hypertrophy with
strain, ventricular pre-excitation, or a ventricular paced rhythm render a displacement of the ST-segments
virtually uninterpretable. For patients taking digoxin or who have �1 mm ST-depression on their resting
tracing who undergo standard stress electrocardiographic testing, it must be realized that further ST-
depression with exercise may have minimal diagnostic significance.

Adapted with permission from ACC/AHA 1999 MI Guidelines (57).



Table 2
Noninvasive Tests, Echocardiography, and Prognostic Value of Resting Wall Motion Abnormalities in Patients with AMIa

Studyb No. of Sensitivity Specificity PPA NPV
(reference) Year patients (%) (%) (%) (%) End points

Gibson et al. (72) 1982 68 79 61 34 92 Cardiogenic shock
Horowitz et al. (73) 1982 43 85 17 69 93 Death, serious arrhythmias, pump failure
Nishimura et al. (74) 1984 61 80 90 89 82 Death, serious arrhythmias, pump failure
Jaarsma et al. (75) 1988 77 88 57 35 95 Severe heart failure
Saabia et al. (76) 1991 30 100 12 46 100 Shock, arrythmias, angina

aAbbreviations: PPA, positive predictive accuracy; NPV, negative predictive value.
bThrombolysis was not used in these studies.
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Fig. 6. Effect of LV function on survival following MI; (A) Prethrombolytic era; the curvilinear rela-
tionship between radionuclide ejection fraction and 1-yr cardiac mortality showing a sharp increase
in mortality with ejection fraction �40%. (B) Thrombolytic era: although not strictly comparable to
panel A, the same curvilinear relationship between echocardiographic ejection fraction and 6-mo
mortality rates suggest that the use of thrombolytic therapy shifts the mortality curve to the left.
Reproduced with permission from ref. 27.

Fig. 7. Pulsed-wave doppler recording of mitral inflow velocities to identify diastolic filling patterns.
Normal, DT � 160–240 ms with E/A ratio �1.0; Impaired relaxation, DT �240 ms with E/A ratio
� 1.0; Pseudonormal, DT 160–200 ms with E/A ratio 1–1.5; Restrictive, DT �160 ms with E/A ratio
�1.5. DT, deceleration time; E, early rapid filling wave; A, filling wave due to atrial contraction; ms,
milliseconds.



size, larger LV end-diastolic and end-systolic vol indexes, lower ejection fractions,
higher wall motion score index, and more frequent symptoms of heart failure than
patients without restrictive patterns.

Sakate et al. (82) examined 44 patients after MI with cardiopulmonary exercise test-
ing and echo Doppler studies. LV ejection fraction did not correlate to exercise capac-
ity, whereas Doppler echo indices of LV diastolic function correlated with exercise
capacity in this cohort of patients with mild cardiac dysfunction. Similar results were
reported by Miyashita et al. (83).

Exercise Electrocardiography
The use of exercise electrocardiography provides an estimate of functional capacity

after an infarction to prepare patients for cardiac rehabilitation and occupational work
evaluation and also provides information regarding adequacy of medical therapy or
coronary revascularization therapy and on subsequent cardiac event rates.

Functional capacity and the ability to generate an adequate systolic blood pressure
response are major predictors of medium- and long-term mortality after AMI. Patients
who are unable to perform an exercise test predischarge because of cardiac causes are
high risk subjects with significant increased mortality rates. Inability to complete the
exercise protocol because of functional limitations is also associated with a significant
increased risk compared to patients able to complete the exercise test (84–86).

In TIMI II, 1-yr mortality was 7.7% in patients unable to perform an exercise test at
the time of hospital discharge vs 1.8% in patients who were able to perform the test (84).
Similar results were reported by the GISSI-2 investigators (87). Exercise-induced ST-
segment depression �1 mm increased the relative mortality risk in patients assigned to
the invasive strategy in TIMI II (84).

Approximately 25% of patients who receive thrombolysis AMI have an abnormal
exercise test at the time of hospital discharge (Table 3). The frequency of ischemic
responses is increased with symptom-limited as opposed to target heart rate or work-
load-limited tests (93,94). The positive predictive value of exercise-induced ST-segment
depression �1 mm was 8% in patients who received thrombolysis vs 18% who did not
for the end point of recurrent MI or death in a meta-analysis of 54 studies (Fig. 8) (95).

A normal exercise ECG at the time of discharge is associated with a 1-yr mortality
rate of �1% with �90% predictive accuracy. Additional noninvasive testing with more
expensive modalities in this low-risk patient subset is unlikely to be warranted, since
coronary revascularization is unlikely to reduce overall cardiac mortality at 1 yr below
1%. However, no data is available that tests this strategy against 5-yr outcome data. A
practical approach to the use of exercise testing in the postinfarct setting adapted from
recent ACC/AHA guidelines is illustrated in Fig. 9 (57,96).

Indications for the use of exercise testing after AMI are illustrated in Table 4.
The need to perform exercise electrocardiography in all low risk postinfarct sur-

vivors was examined by Bogaty et al. (97). In a study of 121 consecutive patients with
acute MI fulfilling low risk criteria, patients were randomized to either: (i) a short
hospital stay (80 subjects); or (ii) conventional stay (40 subjects). Short stay patients
with no ischemia on ST-segment monitoring were discharged on d 3, returning for an
exercise test 1 wk later. During the patient recruitment phase, 41% of all screened
patients with AMI would have been medically eligible for the short stay strategy.
Twenty-one percent were not discharged early because of ischemia on ST-segment
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Table 3
Selected Exercise Treadmill Studies done in the Thrombolytic Era and Relationship to Prognosis

Duration
No. of of follow-up Abnormal Prognostic Strongest predictor

Studies (reference) patients Year Type of test (mo) test % information of cardiac events

Piccalo et al. (88) 157 1992 Symptom Ltd. 6 33 No variables ST-depression with angina
(12 � 2 d) predictive of mortality. predicted more postinfarct

angina.
Chaitman et al. (84) 2502 1993 Submaximal 12 13 Mortality for positive test Predictor of mortality: 

(14 d) 2.4%; for negative test 1.8%; inability to exercise.
7.7% for patients 
unable to exercise.

Stevenson et al. (89) 256 1993 Symptom Ltd. 6–12 49 Low PPV for new cardiac Inability to reach workload
(7–21 d) events (17%) (D, RI, UA, R). of �7 METS.

Arnold et al. (90) 981b 1993 Symptom Ltd. 12 24 2.2 RR of mortality for Systolic BP rise 
(predischarge) patients unable to exercise. �30 mmHg.

Villela et al. (87) 6296 1995 Symptom Ltd. 6 26 Mortality for positive test Predictors for mortality: 
GISSI (28 d) 1.7%; for negative test 0.9%; systolic BP rise �28 mmHg

7.1% for patients unable to (RR 1.85); symptomatic
exercise. ischemia (RR 2.54); 

submaximal positive 
(RR 2.28); low work 
capacity (�100 W) 
(RR 2.05).

Toft et al. (91) 178 1995 Symptom Ltd. 26–50 40 Low PPV for new cardiac ST-segment depression �1
(predischarge) events (19%) (D, RI). mm and DST/DHR index.

Khattur et al. (92) 114 1997 Symptom Ltd. 18 31 Ejection fraction Exercise time �6 METS.
(5–8 d) �40%; (PPA 69%) 

Exercise time �6
METS, PPA 58% for 
D, RI, UA, CHF, VA.

aAbbreviations: D, death; RI, reinfarction; UA, unstable angina; CHF, congestive heart failure; VA, ventricular arrhythmia; PPA, positive predictive accuracy; R,
revascularization; METS, metabolic equivalents; BP, blood pressure; RR, relative risk; W, Watts; DST/DHR, change in ST-segment depression vs change in heart rate.

b490 out of 981 received thrombolytics.
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Fig. 8. Meta-analysis of noninvasive tests in thrombolytic- and nonthrombolytic-treated patients. The
positive predictive accuracy for cardiac death, reinfarction rate, and rates of abnormal tests are lower
in thrombolytic patients. Reproduced with permission from ref. 95.

Fig. 9. Use of noninvasive testing with exercise (ETT) to risk-stratify lower risk survivors after MI.
Submaximal, rather than symptom-limited, testing should be done if exercise is scheduled early (3–5
d) after the index event. APM HR, age-predicted maximum heart rate; METS, metabolic equivalents.
Adapted from ref. 96 with permission.



monitoring or spontaneous angina. After 6 mo, median total days hospitalized were
7.5 in the standard stay and 3.6 in the short stay group (p � 0.001). The findings from
this study indicate that the reduced hospital stay strategy for low risk patients after
AMI is feasible, resulting in a substantial and sustained reduction in hospitalized days
without unfavorable psychosocial consequences or adverse risk of cardiac events. The
reduced hospital stay strategy also reduced the number of invasive cardiac procedures
performed.

Myocardial Perfusion Imaging
Myocardial perfusion scintigraphy localizes ischemia to a specific myocardial terri-

tory and distinguishes peri-infarction ischemia from ischemia at a remote distance from
the infarct site. The test is particularly useful in patients who cannot exercise or who
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Table 4
Indications for Exercise Electrocardiography after MI

Recommendations

Class I
1. Before discharge for prognostic assessment, activity prescription, evaluation of medical

therapy (submaximal at about 4–7 d).a

2. Early after discharge for prognostic assessment, activity prescription, evaluation of medical
therapy, and cardiac rehabilitation if the predischarge exercise test was not done (symptom-
limited/about 14–21 d).a

3. Late after discharge for prognostic assessment, activity prescription, evaluation of medical
therapy, and cardiac rehabilitation if the early exercise test was submaximal (symptom-lim-
ited/about 3–6 wk).a

Class IIa
1. After discharge for activity counseling and/or exercise training as part of the cardiac reha-

bilitation in patients who have undergone coronary revascularization.
Class IIb
1. Patients with the following ECG abnormalities:

a. Complete left bundle-branch block.
b. Pre-excitation syndrome.
c. LV hypertrophy.
d. Digoxin therapy.
e. Greater than 1 mm of resting ST-segment depression.
f. Electronically paced ventricular rhythm.

2. Periodic monitoring in patients who continue to participate in exercise training or cardiac
rehabilitation.

Class III
1. Severe comorbidity likely to limit life expectancy and/or candidacy for revascularization.
2. At any time to evaluate patients with AMI who have uncompensated congestive heart fail-

ure, cardiac arrhythmia, or noncardiac conditions that severely limit their ability to exercise.
3. Before discharge to evaluate patients who have already been selected for cardiac catheteri-

zation. Although a stress test may be useful after catheterization to evaluate or identify
ischemia in the distribution of a coronary lesion of borderline severity, stress imaging tests
are recommended.

aExceptions are noted under classes IIb and III.
Adapted with permission from ACC/AHA Exercise Guidelines (96).



have noninterpretable rest ECGs (Fig. 9). The incremental prognostic value using
myocardial perfusion scintigraphy to that obtained by exercise ECG alone has not been
extensively studied in patients who receive thrombolysis or direct primary coronary
angioplasty. In a series of 210 patients who received thrombolytic therapy and were fol-
lowed for 21 mo, Miller et al. (98) reported a 2-yr survival rate free of cardiac events of
86 vs 80% in patients with high- vs low-risk scans. Table 5 illustrates exercise myocar-
dial perfusion studies of patients who received thrombolysis or direct coronary angio-
plasty and their relationship to prognosis (98–105).

In patients who cannot perform exercise, dipyridamole or adenosine myocardial per-
fusion imaging can be useful for risk stratification (106,107). Mahmarian et al. (102)
studied the value of quantitative adenosine thallium-201 myocardial scintigraphy 2–5 d
after AMI. Multivariate analysis of the 146 patients, 36% of whom received throm-
bolytic therapy, revealed that a combination of ejection fraction and extent of myocar-
dial ischemia provided the optimal model for risk stratification. When the extent of
myocardial ischemia was �10% and ejection fraction �40%, 1-yr survival free of rein-
farction was 94%. In this report, mortality was best predicted by total infarct size.
Miller et al. (108) showed that infarct size �12% of the left ventricle measured by
99mTc sestamibi SPECT was associated with no mortality in 274 patients over a 2-yr
follow-up (Fig. 10). Characteristics of a high risk nuclear study include: (i) reversible
defect �10% LV; (ii) perfusion defect �20% LV; and (iii) increased lung uptake of
thallium-201

Exercise or Dobutamine Echocardiography
There are few data reporting the prognostic value of exercise echocardiography after

infarction in patients who received thrombolysis or direct PTCA. In three small patient
series (�100 patients), exercise echocardiography was associated with a greater sensi-
tivity and specificity for cardiac events than exercise electrocardiography alone
(109–111). Smart et al. (112) reported sensitivity, specificity, and safety of dobuta-
mine–atropine stress echocardiography 5 � 2 d after MI in a 232-patient series. Wall
motion abnormalities remote from the infarct zone were associated with 97% specificity
and 68% sensitivity for multivessel coronary disease. The most sensitive and specific
findings for residual infarct-related stenosis were an ischemic response (decrease in wall
thickness in more than two contiguous segments at peak dose without improvement at
low dose) and a biphasic response (improved wall thickening in more than two con-
tiguous segments from rest to low dose, but decreased wall thickening from low to peak
dose). Carlos et al. (113) used dobutamine stress echocardiography for risk stratifica-
tion after acute MI in 214 patients, 121 of whom received thrombolytic therapy. A lower
basal wall motion score index (1.55 vs 1.88), higher number of infarcted segments (4.1
vs 1.9), and lower number of dobutamine-responsive segments (1.2 vs 2.9) were asso-
ciated with an adverse prognosis. Absence of viability was associated with the worst
prognosis in multivariate analysis. They also report that dobutamine echocardiography
was a better predictor of cardiac events than coronary angiography (Fig. 11). Pierard et
al. (114) confirmed that wall motion response to dobutamine in a region with rest dys-
function is highly sensitive and specific for predicting the functional recovery of seg-
mental contraction after AMI and recovery of LV function. This was further studied by
Picano et al. (115), in 314 medically treated patients from the Echo Dobutamine Inter-
national Cooperative (EDIC) study who underwent dobutamine stress echocardio-
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Table 5
Prognostic Value of Stress Nuclear Imaging Studies in Patients Undergoing Thrombolysisa

Multivariate
% ST-depression/ predictors 

No. of Time after Follow-up % reversible Cardiac of cardiac 
Studies (reference) patients Type of stress MI (d) (mo) defects events (%) events

Tilkemeier et al. (99) 64/171 Low-level exercise 10 � 4 12 15/42 D, RI, R LV enlargement.
thallium (7)

Hendel et al. (100) 71 Dipyridamole 10 � 2 24 NR D � MI No clinical or 
thallium (14) scintigraphic variable.

Bowling et al. (101) 84 Exercise thallium Predischarge 6 NR D, MI, UA Postdischarge angina.
(13)

Miller et al. (98) 210 Symptom-limited 9 � 6 24 15/56 D (3) Rate pressure product.
exercise thallium

Mahmarian et al. (102) 146 (36%) Adenosine 
received thallium 5 � 3 16 NR D, RI, VA, Absolute extent of 

thrombolytics CHF (33) ischemia; EF; total per-
fusion defect size best
predicted death.

Basu et al. (103) 100 Symptom-limited 42 21 39/68 D, RI, UA, Cardiac events in 89% 
exercise CHF (37) of patients.

Travin et al. (104) 134/54b Symptom-limited 7 15 23/70 D, MI, UA Event rate 38% in 
exercise Tc (13) patients with �3
sestamibi reversible sestamibi

defects.
Dakik et al. (105) 71 Symptom-limited 13 24 15/38 D, MI, VA, EF reversible; perfusion

exercise thallium CHF (37) defect size �20%.

aAbbreviations: D, death; RI, reinfarction; UA, unstable angina; CHF, congestive heart failure; VA, ventricular arrhythmia; PPA, positive predictive accuracy; R,
revascularization; NR, not reported; LV, left ventricle; EF, ejection fraction.

bNumber of patients with imaging studies/number of patients in study.
cAll patients received primary PTCA.
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Fig. 10. Influence of infarct size measured by 99mTc sestamibi on mortality during 2-yr follow-up.
Two-year mortality was 7% for 137 patients with infarct size �12% and 0% for 137 patients with
infarct size �12%. Reproduced with permission from ref. 108.

Fig. 11. Comparison of cardiac events (death, reinfarction, unstable angina, congestive heart failure,
ventricular arrhythmias) according to extent of coronary artery disease detected by dobutamine
echocardiography and coronary angiography. Reproduced with permission from ref. 113.



graphy. They reported the presence of myocardial viability identified as inotropic
reserve after low-dose dobutamine is associated with higher probability of survival. The
higher the number of segments showing improvement of function, the better the survival
probability. The prognostic information provided by stress echocardiography after AMI
is reviewed in Table 6 (109–111,113,116–121). Indications for nuclear/echocardiogram
stress testing adapted from ACC/AHA guidelines are reviewed in Table 7 (122).

Up to one-third of patients with significant LV dysfunction may improve with revas-
cularization. Depressed ventricular function may be present even though coronary blood
flow has been adequately restored due to myocardial stunning. Identification of exten-
sive reversible LV dysfunction is of prognostic importance and may help to optimize
medical management after MI. Techniques to assess viability include myocardial perfu-
sion imaging, positron emission tomography, contrast magnetic resonance imaging, and
dobutamine echocardiography. Evidence of improved contractility at low dose dobuta-
mine in dyssynergic myocardium indicates regions of myocardium that may be
improved with coronary revascularization procedures.
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Table 6
Prognostic Value of Stress Echocardiography in Patients After MIa

Cardiac Events

Study No. of Follow-up Non-
(reference) Year Test patients (mo) Ischemic ischemic Comments

Ryan et al. (109) 1987 EX 40 6–10 94 17 D, MI, UA, R
Applegate et al. (110) 1987 EX 67 11 50 13 D, MI, R
Iliceto et al. (116) 1990 Pacing 83 14 � 12 65 8 D, MI, UA, R
Bolognese et al. (117) 1992 DIP 217 24 16 5 D, MI, UA
Camerici et al. (118) 1993 DIP 190 14 � 10 52 17 D, MI, UA, R
Picano et al. (119) 1993 DIP 1080 16 5.4 2.8 MI
Quintanta et al. (111) 1995 EX 70 36 27 9 D, MI, R
Carlos et al. (113) 1997 DOB 214 16 � 6 44 28 D, MI, CHF, UA
Greco et al. (120) 1997 EX 178 17 � 13 23 14 D, MI, UA
Greco et al. (120) 1997 DOB 178 17 � 13 24 12 D, MI, UA
Salustri et al. (121) 1999 DOB 245 17 � 13 23 11 D, MI, UA

aAbbreviations: D, death; MI, myocardial infarction; R, revascularization; UA, unstable angina; CHF,
congestive heart failure; EX, exercise; DIP, dipyridamole; DOB, dobutamine.

Table 7
Indications for Nuclear/Echocardiogram Stress Testing Based on ACC/AHA Guidelines

1. Uninterpretable ECG.
2. Mild abnormality on exercise treadmill test (ETT).
3. Unable to exercise.
4. MI not treated with acute reperfusion.
5. Myocardial viability assessment.

Data from refs. 57, 96, and 122.



Coronary Angiography
Ellis et al. (123) randomized 87 patients treated with thrombolysis who had a negative

noninvasive risk stratification workup to medical therapy or coronary angioplasty (4–14
d). After a 12-mo follow-up, survival free of MI was 97.8% in patients who did not receive
PTCA compared to 90.5% in patients (p � 0.07). Mark et al. (124) compared the use of
angiography, angioplasty, and survival rates of patients enrolled in GUSTO-1 from the
U.S. and Canada. The rate of coronary angiography was 72 vs 25%, coronary angioplasty
29 vs 11% and 1-yr survival rate 90.7 vs 90.3% in the U.S. vs Canada, respectively. In the
Survival and Ventricular Enlargement (SAVE) trial, 31% compared with 12% of Ameri-
can vs Canadian patients underwent coronary revascularization. The 1-yr mortality rates,
however, were virtually identical (11%) (125). Results were similar in 240,989 patients
surveyed in 1073 U.S. hospitals from 1990–1993 (126). The indications for cardiac
catheterization after MI adapted from ACC/AHA guidelines are illustrated in Table 8.

Evaluation for Electrical Instability
The risk of sudden cardiac death in survivors of MI with normal ejection fraction is

low, whereas patients with an ejection fraction �35–40% have a 10% risk of sudden car-
diac death over 3.5 yr; 6–8% in the first yr and 2–4%/yr thereafter (127). In GISSI 2,
the prevalence of frequent ventricular ectopy (�10 PVC/h) was 20% in 8676 patients,
which is not significantly different than the frequencies reported in the prethrombolytic
era (128). The predictive accuracy for cardiac events is lower in the postthrombolytic
patient (Table 9) (128–132).

In GUSTO, Singh et al. (133) reported lower heart rate variability (HRV) 24 h after
AMI in patients with anterior vs nonanterior MI (SDANN 53 � 21 vs 63 � 24 ms; p �
0.005), increased HRV with TIMI II flow low frequency [LF] 5.3 � 1.0 vs 4.8 � 1.2
ms2; p � 0.01), and lower HRV in those who died at 1 yr compared to survivors.
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Table 8
Indication for Coronary Angiography After MIa

Indication Classb

1. Patients with spontaneous episodes of myocardial ischemia or I
episodes of myocardial ischemia provoked by minimal exertion.

2. Before definitive therapy of mechanical complications of MI I
(acute MR, VSD, pseudoaneurysm).

3. Persistent hemodynamic instability. I
4. MI suspected to have occurred by a mechanism other than IIa

thrombotic occlusion at an atherosclerotic plaque.
5. Survivors of AMI with depressed LV systolic function 

(LV EF �40%), CHF, prior revascularization, or malignant IIa
ventricular arrhythmia.

6. Survivors of AMI who had clinical heart failure during acute IIa
episode but subsequently demonstrated preserved LV function.

aAbbreviations: MI, myocardial infarction; AMI, acute myocardial infarction; MR, mitral regurgitation;
VSD, ventricular septal defect; LV, left ventricular; EF, ejection fraction; CHF, congestive heart failure.

bClass I, evidence that the given procedure is beneficial, useful, and effective; class IIa, weight of evi-
dence in favor of usefulness.

Adapted with permission from the ACC/AHA 1999 Guidelines (57).
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Low-amplitude (�25 V) late potentials along with increased filtered QRS duration
(�120 ms) are suggestive evidence of slowed and fragmented conduction. Absence of
these findings in the postinfarct setting is associated with a 96–99% negative predictive
value for sustained ventricular tachycardia or sudden death after 1 yr (132,134–137).
The combined use of ambulatory ECG variables, signal-averaged ECG, and HRV leads
to a greater positive predictive accuracy for cardiac events (134–136).

Programmed electrical stimulation inducing monomorphic ventricular tachycardia
with cycle length �230 ms performed 2–4 wk after MI patients with ejection fraction
�35% is a good predictor of spontaneous sustained ventricular tachycardia (138,139).
Pedretti et al. (140) reported a sensitivity of 81% and specificity of 97% for inducibility
of ventricular tachycardia to predict future arrhythmia in patients after MI who had two
or more of the following: ejection fraction �40%, late potentials, or high-grade ectopy.
Zoni-Barriso et al. (139), using up to two extra stimuli for induction of monomorphic
ventricular tachycardia, found inducibility to have a sensitivity, specificity, and positive
predictive accuracy of 55, 99, and 67%, respectively, for arrhythmic event. Patients were
selected if they had either ejection fraction �40%, late potentials, or complex ventricu-
lar arrhythmias. Lack of inducibility in this high-risk population carries a better progno-
sis. The Multicenter Automatic Defibrillator Implantation Trial (MADIT) showed that in
a select group of patients enrolled 4 wk to 2 yr after MI (with ejection fraction �35%, an
episode of nonsustained ventricular tachycardia, and nonsuppressible ventricular tach-
yarrhythmia during electrophysiologic study) randomization to automatic implantable
cardioverter-defibrillator was associated with significantly improved survival rates com-
pared to conventional therapy (141). The Multicenter Unsustained Tachycardia Trial
(MUSTT) (142) showed that electrophysiologically guided therapy with implantable
defibrillators, but not with antiarrhythmic drugs in patients with coronary disease, LV
ejection fraction �40%, and asymptomatic, nonsustained ventricular tachycardia
reduced the risk of cardiac arrest and sudden death from arrhythmia. The use of noninva-
sive predictors of sudden cardiac death to select candidates for electrophysiologic stud-
ies to identify the highest risk patient for sudden cardiac death after AMI is shown in
Fig. 12.

Table 9
Prevalence of Frequent PVCs (�10/h), Risk of SCD, Sensitivity, Specificity, and PPA of

Frequent PVCs to Predict SCD and Sustained Ventricular Arrhythmiasa

Study No. of Prevalence SCD Sensitivity Specificity PPA
(reference) Year patients (%) (%) (%) (%) (%)

Moss et al. (129) 1979 940 23 5.9 42 78 11
Bigger et al. (130) 1984 819 15 6.6 55 72 12
Mukharji et al. (131) 1984 533 15 4.6 67 47 8
Maggioni et al. (128) 1993 8626 20 0.9 42 80 3
McClements et al. (132) 1993 301 26 4.3 38 74 6

Abbreviations: SCD, sudden cardiac death; PPA, positive predictive accuracy; PVCs, premature ven-
tricular couplets.

aAfter thrombolysis.
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CONCLUSION

Using mostly data from the thrombolytic era, a logical sequence of clinical and nonin-
vasive test procedures has been provided to risk-stratify postinfarct survivors into high
and lower risk populations. The highest risk patients should be considered for early coro-
nary angiography and revascularization therapy if clinically indicated, and the lowest risk
patients could be managed medically. However, all risk stratification algorithms that are
developed based on noninvasive testing will continue to evolve as ongoing clinical out-
come studies and consensus statements are tested. Presently, the strategy given in Fig. 13

Fig. 12. Use of noninvasive electrophysiologic markers to identify high risk patients for electrophys-
iologic studies and evaluation for risk of sudden cardiac death after MI.
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Fig. 13. Overall strategy to risk-stratify postinfarct survivors and identify optimal candidates for car-
diac catheterization or continue medical management. Reproduced with permission from ref. 57.
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and Table 1 can be used to assess cardiac risk after AMI in the postthrombolytic/ direct
angioplasty era.
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INTRODUCTION

The underlying precipitant of unstable angina non-ST-segment elevation myocardial
infarction (UA/NSTEMI) is the ruptured or fissured coronary plaque, or endothelial ero-
sion, which elicits a complex interaction between the coagulation cascade and platelets
to form a thrombus. The majority of these disruptions and resulting thrombi cause only
insignificant obstruction to coronary blood flow. However, a large thrombus can cause
a significant impediment to coronary flow resulting in ischemia. This thrombus may
resolve spontaneously with restoration of blood flow, or propagate to cause further
ischemia. Often, this process can lead to complete occlusion of the vessel precipitating
a myocardial infarction (MI) (1–9).

Since 1980, when DeWood et al. (9) proved that MI was the result of in vivo thrombus
formation, great resources have been expended to understand and curtail coronary
thrombosis. A number of antiplatelet and anticoagulant regimens have been investigated
that include aspirin, clopidogrel, glycoprotein IIb/IIIa antagonists, indirect thrombin
inhibitors (heparin, low-molecular-weight heparin [LMWH] and pentasaccharide),
direct thrombin inhibitors, and thrombolytics in acute coronary syndromes (ACS). The
core of the problem lies within the ruptured plaque itself. Cellular and lipid elements
such as tissue factor, surface-bound von Willebrand factor, and types I and III collagen
are exposed, activating the intrinsic and extrinsic coagulation cascades. These pathways
lead to the activation of thrombin, which, among a number of activities, cleaves fibrino-
gen to fibrin, activates factor XIII to stabilize the fibrin clot, and activates factors V and
VIII in a positive feedback loop to accelerate thrombin’s own generation. Simultane-
ously, thrombin as well as collagen, adenosine diphosphate (ADP), von Willebrand fac-
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tor, thromboxane A2, and local shear forces activate platelets. There is then an exocytosis
of the platelets’a and dense granules, releasing ADP and thromboxane A2 which, in turn,
feeds back to accelerate local platelet activation. Activated platelets then expose glyco-
protein IIb/IIIa receptors that allow platelets to bind fibrin to form a thrombus (1–5).

A number of randomized clinical trials have established the beneficial role of
antiplatelet agents, such as aspirin, ticlopidine, clopidogrel in UA/NSTEMI (10–14).
Several anticoagulation regimens have been investigated as well, and these include the
indirect thrombin inhibitor heparin and LWMHs and direct thrombin inhibitors. In
patients treated with aspirin plus unfractionated heparin (UFH) or LMWH, a meta-
analysis revealed a 33% reduction in the risk of MI or death compared with those treated
only with aspirin (15). For patients pretreated with aspirin, the combination of aspirin
plus short-term UFH or LMWH appears to halve the risk of MI or death. However,
longer term use of LMWH or UFH (beyond the first 7 d) does not seem to provide addi-
tional benefit (16). Yet despite antiplatelet and anticoagulant therapy, approx 7–12% of
patients with UA go on to suffer MI within 14 d (15). Furthermore, a significant pro-
portion of patients with NSTE ACS, being aggressively treated with aspirin and either
UFH or LMWH, experience recurrent angina prompting urgent revascularization, MI or
death, within the first 24 h, 48 h, and 8 d of hospital admission, respectively (17). The
1-yr mortality of patients with UA is 5–14%, with half of the deaths occurring within
the first 4 wk (15). Thus, there remains great interest in improving the efficacy of the
current antiplatelet and anticoagulant therapy. The following is a synopsis of the data
generated in the investigation of new anticoagulant therapies.

UNFRACTIONATED HEPARIN

Of the available anticoagulant regimens for ACS, UFH is the oldest, most widely
available, and until recently was the standard by which new anticoagulant agents were
judged (18). Heparin was first identified in 1916. In 1939, investigators found that its
anticoagulant properties required the presence of a cofactor that was later named
antithrombin III (ATIII) (19). Heparin binds to the lysine site of ATIII and produces a
conformational change at the arginine reactive center, converting ATIII from a slow to
a rapid inhibitor of thrombin (factor IIa) (Fig. 1). Heparin then dissociates from the
complex to be re-utilized (18,19). Commercial preparations of UFH are heterogeneous
with compounds ranging in molecular weight from 3000–30,000 Da. One-third of these
molecules with the essential pentasaccharide sequence bind ATIII and are responsible
for the majority of heparin’s anticoagulant effect. The remaining two-thirds have little
anticoagulant effect at therapeutic doses (19).

The heparin–antithrombin III complex inactivates factors IIa (thrombin), Xa, XIIa,
XIa, and IXa. Thrombin is 10� more sensitive to the heparin–ATIII complex than is fac-
tor Xa (19). However, the inactivation of thrombin requires that both ATIII and long-
chain heparin bind to thrombin. The inactivation of factor Xa can be accomplished with
short or long chains of heparin. Heparin moieties less than 5400 Da are unable to bind
thrombin and ATIII simultaneously, but can bind factor Xa if they contains the correct
pentasaccharide. As such, UFH exerts the majority of its anticoagulant properties
through thrombin inactivation. Unfortunately, the anticoagulant effect of heparin is
modified by platelets, fibrin, vascular surfaces, and plasma proteins. Platelet-bound fac-
tor Xa is inaccessible to UFH. Thrombin, when bound to fibrin, is also protected from
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inactivation by the heparin–ATIII complex. Finally, heparin binds to, and is inactivated
by, a number of plasma proteins, including vitronectin and other acute phase reactant
proteins (19). Therefore, despite its compelling anticoagulant properties, its use in the
platelet-rich arterial thrombus may be somewhat limited.

From 1962–1973, six randomized trials encompassing 3800 patients with ACS were
conducted involving UFH, as well as warfarin and phenindione, either alone or in com-
bination (19). Pooling of the data from these trials showed a 22% reduction in total mor-
tality (p � 0.002). Another overview of 5700 patients treated with heparin alone
demonstrated a 16% reduction in mortality as well (20).

The first randomized, placebo-controlled trial of UFH in 1981 by Telford and Wilson
(21) showed a significant reduction (vs placebo) in the incidence of MI (15 vs 3%) after
7 d of intravenous heparin. Theroux et al. (22) performed a placebo-controlled random-
ized trial evaluating aspirin alone vs heparin alone vs a combination of the two in 479
patients with acute UA. The incidence of refractory angina decreased by 63% in the
heparin group and 53% in the combination group, but there was no change in the group
receiving aspirin alone. The incidence of MI was reduced in the group receiving aspirin
(3%, p � 0.01), UFH (0.8%, p � 0.001), and combination therapy (1.6%, p � 0.003)
vs placebo (12%). As compared with aspirin, UFH was associated with a relative risk
of 0.47 for refractory angina (p � 0.006), 0.25 for MI (p � 0.52), and 0.52 for any event
(p � 0.10). The combination of aspirin and UFH was only slightly superior to aspirin
alone and was worse than UFH alone. Thus, there was a trend towards the superiority of
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Fig. 1. The interaction of UFH, LMWH, and direct thrombin inhibitors with thrombin and factor Xa
to inhibit thrombus formation.



UFH over aspirin in the treatment of UA. However, as a result of the efficacy of both
drugs in UA, the study was under-powered to show a benefit of combination therapy.

Theroux et al. then continued their study (23), altering the design to evaluate aspirin
alone in comparison with UFH alone, deleting the placebo and combination therapy
arms. During the study period, MI occurred in 0.8% of patients in the UFH group com-
pared with 3.7% in the aspirin group (p � 0.035). An extended factorial analysis of the
479 patients in the first trial and 245 patients in the second trial was performed. Four of
362 patients receiving UFH therapy experienced a fatal or nonfatal MI compared with
23 of 362 patients who did not (odds ratio 0.16, p � 0.005). Eleven of 366 patients who
received aspirin suffered an event, compared with 16 of 358 patients who did not receive
aspirin (odds ratio 0.66, p � NS). Bleeding complications were seen in 4 aspirin-treated
patients compared with 15 heparin-treated patients (p � 0.008). The degree of risk
reduction with UFH in comparison with aspirin exceeded 75%.

In the interim, the RISC Group (12) had published data showing that aspirin (75 mg
daily), and not UFH (delivered in intermittent boluses), decreased the risk for MI in
patients with UA. The results of this study should be qualified by the fact that heparin
was delivered by intermittent boluses and the average dose of heparin was only 15,000
U/d. There was no adjustment of the dose on the basis of activated partial thromboplas-
tin time (aPTT), making it likely that many patients had subtherapeutic anticoagulation.
Additionally, patients were randomized up to 72 h after the last episode of chest pain,
with the average time to randomization being 33 h. This resulted in the selection of a
less acute cohort with lower-risk unstable coronary syndromes.

In another study of patients with refractory UA (24), where heparin was administered
by continuous infusion, Neri Serneri et al. found that there was a significant decrease in
the number of anginal attacks (71–77%), silent ischemia (84–94%), and total duration
of ischemia (81–86%) compared with baseline (p � 0.001). Neither aspirin alone nor
alteplase significantly reduced these endpoints.

In a later study (25), Neri Serneri et al. randomized patients with UA to subcutaneous
UFH, intravenous heparin, or aspirin. The study design called for all patients to receive
aspirin for 3 d prior to taking the study drug. Patients begun on heparin were taken off
aspirin on d 4. After 72 h of the study drug, aspirin alone was found to have no effect
on the number of anginal attacks, total ischemic episodes, or the duration of ischemia.
Heparin, however, significantly lowered all three end points, whether given subcuta-
neously or intravenously. Analysis would suggest that those receiving heparin actually
also benefited from the residual effects of 3 d of aspirin. Similarly, Theroux et al. (26)
observed a rebound of clinical symptoms after heparin discontinuation. Of note, this
study also showed a trend suggesting that continuation of heparin therapy (12,500 IU
subcutaneously daily) for at least 4 wk may be useful in patients with UA. A similar
trend was not observed in the aspirin group.

In the Antithrombotic Therapy in Acute Coronary Syndromes (ATACS) Trial (27), 214
nonprior aspirin users with UA were randomized to aspirin (162.5 mg daily) alone, or
aspirin plus UFH (aPTT adjusted) for 5 d followed by 12 wk of coumadin. Of the 214
patients, 147 had UA, 46 had a non-Q wave myocardial infarction (NQWMI), and 16 had
a Q wave myocardial infarction (QWMI). At 14 d, 27% of patients receiving aspirin alone
reached a primary end point of recurrent angina, or MI, or death, compared with 10% in
the combination therapy group (p � 0.004). In the subset of patients with UA, a primary
end point was attained in 29% of the aspirin group compared with 21% of the heparin
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group. Major bleeding was observed in 2.9% of the combination group, but not in those
taking aspirin alone. By the end of 12 wk of therapy, 25% of those solely on aspirin expe-
rienced a primary end point compared with 13% assigned to the aspirin and heparin
group (p � 0.06). Pooling data from the ATACS, RISC, and Theroux studies produced an
estimated relative risk of 0.44 for infarction or death among patients treated with combi-
nation anticoagulant and antiplatelet therapy in comparison with aspirin alone (27).

Holdright et al. (28), using Holter electrocardiogram (ECG) detection of ischemia,
published results discordant with those above in a single-blind study of 285 patients with
UA randomized to aspirin (150 mg daily) or aspirin plus intravenous aPTT-adjusted
UFH. ST-segment monitoring was performed for the first 48 h of therapy. No signifi-
cant difference between the two groups was noted for episodes of ischemia, total dura-
tion of ischemia, nor for secondary end points of MI or death.

Finally, in a meta-analysis (15) of 6 trials involving 1353 patients with UA and
NSTEMI, the incidence of MI or death during combination therapy with heparin and
aspirin was shown to be 7.9% compared to 10.4% in those on aspirin alone at 2 wk. This
represents a risk reduction of 0.67 (p � 0.057). Risk of recurrent ischemic pain was
17.3% compared with 22.6% (p � 0.08), respectively. Major bleeding occurred in 0.4%
and 1.5% (p � NS), respectively. Heparin had no effect on the rate of revascularization.

Thus, although there are some data showing that heparin is superior to aspirin alone in
the treatment of patients with UA, the superiority of aspirin plus heparin over aspirin
alone is not as strongly supported. Additionally, it is also clear that aspirin, when used in
conjunction with heparin, reduces the incidence of rebound ischemic episodes that
appear to cluster around 9.5 h after termination of the heparin infusion (27). Because UA
represents a heterogeneous collection of ischemic pathology with varying degrees of risk
for infarction and death, the potential benefit of heparin across these different groups
probably differs. However, even when most would advocate the use of heparin, there is
considerable disagreement as to the optimal duration of therapy. Although UFH contin-
ues to be viewed as a clinically important anticoagulant, the nomograms its use is based
on need to be adjusted for the clinical variables that affect aPPT, the syndrome being
treated, and any medications, other than UFH, that might affect hemostasis. Thus a guid-
ance is required in view of the fact that different situations require different approaches
regarding the use of UFH. For example, the dosage of UFH for the treatment of venous
thromboembolic disease does not appear to be appropriate for subjects with ACS. This
becomes important when UFH is used together with thrombolytic agents, because of the
increased risk of intracranial hemorrhage. In view of this, recent American College of
Cardiology/American Heart Association (ACC/AHA) Guidelines recommend that
patients with acute MI receive an initial bolus of heparin at 60 U/kg (maximum, 4000 U),
followed by alteplase (12 U/kg/h). Where intravenous heparin is given for the treatment
of NSTEMI and UA, an initial bolus of 60–70 U/kg (maximum, 5000 U) followed by a
12–15 U/kg/h infusion is suggested. The aim is to reach an aPTT of 50–70 s (29).

LOW-MOLECULAR-WEIGHT HEPARIN

To date, combination anticoagulant therapy with intravenous heparin and aspirin
remains a common standard of care for hospitalized patients with UA and NSTEMI
(15,28). Unfortunately, a significant failure rate still exists, with 32% of UA patients
requiring coronary revascularization with 4 d of hospital admission (only 12% of which
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are considered periprocedural) and the peak risk of recurrent angina prompting urgent
revasularization, MI, or death occurring in the first 24 h, 48 h, and 8 d, respectively (17).
The rate of failure, however, is likely secondary to the unpredictable anticoagulant
response to standard UFH, as well as neutralization by serum proteins and activated
platelets.

The last decade has seen the introduction and immense benefits of LMWH. Standard
UFH is a heterogeneous mixture of sulfated polysaccharides with an average molecular
weight of 12,000–15,000 Da and a range from 5000–30,000 Da. LMWH is comprised
of molecules averaging 4000–6500 Da, depending on the preparation (30–33). Impor-
tantly, heparin molecules less than 5400 Da lack the ability to bind thrombin and ATIII
simultaneously. Therefore, its predominant effect is the inactivation of factor Xa rather
than factor IIa (Fig. 1). As such, the anti-Xa to antithrombin ratio of LMWH ranges from
1.5–3.9 depending on the preparation (30,31).

LMWH has several clear advantages over UFH. First, its effective half-life is approx 4
h, which allows twice daily dosing. Because it does not bind to plasma proteins, such as
platelet factor four and von Willebrand factor, it cannot be neutralized, and its anticoag-
ulant response is much less erratic than that of UFH. Therefore, laboratory monitoring is
not required. Furthermore, LMWH remains active in a platelet-rich environment because
it can bind platelet-bound factor Xa. Unlike UFH, it does not increase vascular perme-
ability and inhibit platelet function (30,31). Finally, heparin-induced thrombocytopenia
occurs much less frequently with LMWH than with UFH (30,33).

LMWH was first reported to have benefits over UFH in the prophylaxis of deep-
venous thrombosis in orthopedic patients (34). Since then, several blinded randomized
trials have demonstrated that LMWH is as good as UFH in the treatment of deep-venous
thrombosis (35–39).

In arterial diseases, Edmonson et al. (40) observed better peripheral artery bypass
graft patency with LMWH than standard aspirin plus dipyridamole. Kay et al. (41) com-
pared LMWH (nadroparin) to placebo in patients with ischemic stroke and found a
favorable dose-dependent effect of twice daily LMWH given for 10 d with respect to
neurodeficit at 6 mo without a significant increase in rates of hemorrhagic transforma-
tion of the infarct (p � 0.005).

Given these studies, there was great enthusiasm to utilize LMWH in acute ischemic
syndromes such as UA. Gurfinkel et al. (42) studied UA patients (n � 219) in an open-
label study. Patients were randomized to aspirin alone, aspirin plus aPTT-adjusted UFH,
and aspirin plus the LMWH nadroparin (214 UIC/kg anti-Xa) 2� daily, subcutaneously
for 5–7 d after presentation. The combination of aspirin plus LMWH was superior to
aspirin only with respect to recurrent angina (p � 0.03), nonfatal MI (p � 0.01), and
urgent revascularization (p � 0.01). This combination was also superior to aspirin and
UFH with respect to recurrent angina (p � 0.002) and myocardial ischemia (p � 0.04).
Additionally, patients receiving LMWH were less likely to suffer hemorrhagic compli-
cations than those receiving intravenous UFH (p � 0.01).

The Fragmin During Instability in Coronary Artery Disease (FRISC) Group (43)
examined the efficacy of LMWH (n � 1506) in patients with UA or NQWMI. It was a
double-blinded randomized parallel-group multicenter trial comparing aspirin alone (75
mg daily) with aspirin plus dalteparin (120 IU/kg 2� daily) for 5–7 d, followed by dal-
teparin (7500 IU subcutaneously daily) for the next 35–45 d. The primary end point of
death and new MI was decreased by 48% (an absolute decrease of 3%) in the first 6 d
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by dalteparin. The rates of urgent revascularization also decreased significantly. At 40
d, the benefit of LMWH persisted, but subgroup analysis showed this only to extend to
nonsmokers. There was evidence of a rebound in ischemic events when the dose was
changed from twice to once daily.

Thus, the FRISC study showed that aspirin plus LMWH was better than aspirin plus
placebo. The Fragmin in Unstable Coronary Artery Disease (FRIC) study (44) compared
aspirin plus LMWH with aspirin plus aPTT-adjusted intravenous UFH. Patients with UA
or NQWMI (n � 1482) were randomly assigned, in an open-label fashion, either 2�
daily subcutaneous dalteparin (120 IU/kg) or aPTT-adjusted intravenous UFH, in addi-
tion to aspirin. In the second phase, patients in both groups were randomized to one daily
injection of dalteparin (7500 IU) or placebo in a double-blinded fashion. The compos-
ite end point of death, MI, or recurrent angina was 9.3% in the dalteparin group and
7.6% in the UFH group. The combined end points of death and MI for the 2 groups were
3.9 and 3.6%, respectively. In the prolonged treatment phase, there was no difference in
the composite end point of death, MI, or recurrent angina (12.3% in both groups) with
a relative risk ration (RRR) of 0% (Fig. 2). The authors speculated that although dal-
teparin did not provide prolonged benefit at this dose, it might with twice-daily treat-
ment. This was examined in the FRISC II study (45), in which patients with unstable
coronary artery disease, who had received treatment with open-label dalteparin for at
least 5 d, were randomly assigned to continue with double-blind twice-daily subcuta-
neous dalteparin (120 IU/kg) or placebo in addition to aspirin for 3 mo. At 30 d, there
was a significant decrease in the composite end point of death or MI in the dalteparin
versus placebo groups (3.1 and 5.9%), while the decrease was not significant at 3 mo
(6.7 and 8.0%, respectively). In the total cohort, there was a decrease in death, MI, or
revasularization at 3 mo in the dalteparin and placebo groups (29.1 and 33.4%, respec-
tively). The initial benefits were not sustained at the 6-mo follow-up.

In the Enoxaparin vs Unfractionated Heparin for Unstable Angina and Non-Q Wave
Myocardial Infarction (ESSENCE) Trial (46), 3171 patients with rest UA and NQWMI
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IS, FRIC, TIMI 11b, and ESSENCE studies. Reproduced with permission from Cohen M. Semin
Thromb Hemost 1999;25(Suppl. 3):113–212.



were randomly assigned subcutaneous enoxaparin (1 mg/kg) 2� daily or continuous
aPTT-adjusted intravenous UFH for 2–8 d in a double-blind placebo-controlled fashion.
After 14 d of therapy, the risk of death, MI, or recurrent angina was significantly lower
in patients assigned to enoxaparin compared with UFH (16.6 vs 19.8%, p � 0.019) with
a RRR of 16.2% (p � 0.02) in favor of enoxaparin (Fig. 2). This difference remained
significant at 30 d (19.8 vs 23.3%, p � 0.016). The secondary end point of death or MI
was reached at 14 d in 4.9% of the enoxaparin group compared to 6.1% of the UFH
group (p � 0.13), and at 30 d, by 6.2% of the enoxaparin group compared to 7.7% of
the UFH group (p � 0.08). Furthermore, at 30 d, the need for coronary revasculariza-
tion was significantly lower in patients assigned to enoxaparin (27.1 vs 32.2%, p �
0.001). There was no difference between the two groups with regard to major hemor-
rhagic complications.

In a 1-yr follow-up survey of the ESSENCE study (47) the primary composite end
point of death, MI, or recurrent angina was significantly lower among patients random-
ized to receive enoxaparin compared with those receiving UFH (32.0 vs 35.7%, p �
0.022). In addition, a trend toward a lower incidence of the secondary composite end
point of death or MI was detected (11.5 vs 13.5%, p � 0.082). There was also a signif-
icant reduction in the enoxaparin treatment group with respect to the need for diagnos-
tic catheterization (55.8 vs 59.4%, p � 0.036), and the need for coronary
revascularization was significantly lower in the enoxaparin treatment group (35.9 vs
41.2%, p � 0.002).

Therefore, the ESSENCE Study is the first to show a significant benefit of LMWH
over standard UFH that is sustained over 1 yr. These results are contrary to those of the
FRIC Study. This may be a result of a number of factors. One major difference is the
choice of LMWH preparation. Enoxaparin has an anti-Xa:anti-IIa activity ratio of 3:1
compared with 2:1 for dalteparin. In addition, the levels of von Willebrand Factor, a
marker of both platelet stimulation and clinical adverse outcome (48), have been shown
to be reduced significantly more by enoxaparin compared to both dalteparin and UFH
(49). These differences are discussed in more detail below, but it should also be noted
that the open-label nature of the FRIC Study (in-hospital phase), make it difficult to
compare these two studies head-to-head.

The Thrombolysis in Myocardial Infarction (TIMI) 11A investigators (50) showed
that enoxaparin 1.0 mg/kg 2� daily is the optimal dose, because the risk of major hem-
orrhage was almost 3-fold less than with 1.25 mg/kg 2� daily. Importantly, there was
no difference in the composite end point of death, MI, or recurrent ischemia.

The TIMI 11B trial (51) was initiated to assess the benefits of an extended course of
anticoagulant treatment with enoxaparin compared with UFH for the prevention of death
and cardiac ischemic events in individuals with UA/NQWMI and to confirm enoxa-
parin’s superiority over UFH in UA/NSTEMI patients. In this study, 3910 patients were
randomly assigned UFH intravenously for a minimum of 3 d and a maximum of 8 d, fol-
lowed by either subcutaneous placebo injections or uninterrupted treatment with enoxa-
parin during both an acute and an outpatient phase. The acute phase of the study was
designed to assess whether enoxaparin was superior to UFH in preventing events dur-
ing hospitalization and for a limited period thereafter, whereas the outpatient phase
addressed the question of whether there was a potential benefit in continuing the admin-
istration of enoxaparin for a further 35 d following discharge from hospital. Treatment
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in the acute phase consisted of an initial intravenous bolus of 30 mg followed by injec-
tions of 1.0 mg/kg every 12 h. The outpatient phase involved 40-mg injections every 12
h for patients weighing less than 65 kg and 60 mg for patients weighing more than or
equal to 65 kg. The primary end point of the study was the composite of all-cause mor-
tality, recurrent MI, or the need for urgent revascularization. Of the 3910 patients
enrolled, 1957 received UFH and 1953 received enoxaparin. The primary end point was
reached by 8 d in 14.5% of patients in the UFH treatment group and 12.4% of the
patients in the enoxaparin treatment group, with a RRR of 14.5% (p � 0.03) in favor of
enoxaparin (Fig. 2). The difference between groups was significant (p � 0.048). By 43
d, the primary end point had been reached in 19.5% of the UFH group and 17.3% of the
enoxaparin group (p � 0.048). The rates of major hemorrhage in the two treatment
groups did not differ during the first 72 h or the entire initial hospital stay. However, dur-
ing the outpatient phase, there was a significantly higher occurrence of major hemor-
rhage in the enoxaparin treatment group compared with the placebo group (2.9 vs 1.5%,
p � 0.021). From these findings it was concluded that for the acute treatment of
UA/NQMI patients, enoxaparin is superior to UFH in reducing the triple composite end
point without causing significant increases in the rate of major hemorrhage.

Although both TIMI 11B and ESSENCE independently indicated the superiority of
enoxaparin over UFH in reducing the primary composite end point, neither study was
sufficiently powered to detect statistically significant treatment effects on end points
other than the composite end points selected. To address this, a prospectively planned
meta-analysis was to provide more robust estimates of the treatment effects of enoxa-
parin on death and serious cardiac ischemic events, either on their own or in various
combinations, especially death and nonfatal MI in patients with UA/NQWMI (52).
Enoxaparin was found to be associated with a 20% reduction in death and serious
ischemic events that appeared within the first few d of treatment: this benefit was main-
tained up to 43 d. The treatment effect of enoxaparin occurs within 48 h and a quanti-
tatively similar relative treatment effect was observed at d 2 and d 43. The 1-yr follow-up
of TIMI 11B-ESSENCE (53), in which event rates for the composite end point of death,
nonfatal MI, and urgent revascularization, and its individual components were assessed,
revealed a significant treatment benefit of enoxaparin on the event rate at 1 yr (p �
0.08). The event rate was 25% in the UFH group and 23.3% in the enoxaparin group,
representing an absolute difference of 2.5%.

The objective of the Fraxiparine in Ischaemic Syndrome (FRAXIS) study (54) was
to assess the short-term benefit of the LMWH nadroparin in comparison with UFH for
patients with either UA or NQWMI. Patients (n � 3468) were divided into three paral-
lel groups and were randomized to one of the three following treatment regimens: (i)
intravenous bolus of UFH (5000 IU) followed by an aPTT-adjusted infusion of UFH for
6 � 2 d; (ii) an intravenous bolus of nadroparin 86 anti-Xa IU/kg, followed by subcu-
taneous injections of nadroparin 86 anti-Xa IU/kg for 6 � 2 d; or (iii) an intravenous
bolus of nadroparin 86 anti-Xa IU/kg, followed by subcutaneous injections of
nadroparin 86 anti-Xa IU/kg 2� daily for 14 d. The composite primary outcome used
in the study was that of cardiac death, MI, refractory angina, or recurrence of UA at d
14. With regard to the primary outcome, no statistically significant effects were recorded
between the three treatment regimens, with a RRR of 3.9% (Fig. 2). Additionally, there
were no significant intergroup differences with respect to secondary endpoints. How-
ever, with respect to major hemorrhage, there was a statistically significant increased
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risk in the 14-d nadroparin group compared with the UFH group (3.5 vs 1.6%, p �
0.0035). From the study findings, it was concluded that, although it may be easier to
administer, nadroparin given over 6 � 2 d offers similar efficacy and safety in the treat-
ment of acute UA or NQWMI to UFH. However, prolonged treatment with nadroparin,
over 14 d, provides no additional clinical benefits, but does increase the risk of hemor-
rhage.

Differences in the pharmacokinetics, pharmacodynamics and efficacy of different
LMWHs clearly exist. A prospective study of 438 patients with UA or NQWMI (Enoxa-
parin vs Tinzaparin in the Management of Unstable Coronary Artery Disease [EVET]
study) compared the efficacy of enoxaparin with tinzaparin (55). Patients were ran-
domized to receive either twice-daily subcutaneous injections of 100 UI/kg enoxaparin
or once-daily 175 UI/kg tinzaparin for 7 d. Recurrence of UA was less frequent in the
enoxaparin group than the tinzaparin group at 7 d (24 out of 220 vs 41 out of 218; p �
0.029), but no significant difference between the two groups were observed with respect
to death, MI, or refractory angina at 7 d. At 30 d, the frequency of death and rehospi-
talization in each group was not significantly different, while the need for revascular-
ization was significantly less in the enoxaparin group (36 out of 220 vs 57 out of 218;
p � 0.019). This was achieved without the risk of bleeding complications increasing.

As so many patients with UA/NSTEMI also receive concomitant glycoprotein IIb/IIIa
inhibitors (see Chapter 17 for further details), it is important that the safety of the two
therapies when co-administered is investigated. Safety data on enoxaparin in combina-
tion with abciximab, tirofiban, and eptifibatide have been collected (56–58). In combi-
nation with tirofiban in UA/NSTEMI patients, a small pilot study (n � 55) showed that
the combination of tirofiban and enoxaparin was safe and that co-administration of
enoxaparin did not adversely affect the pharmacodynamics of tirofiban, when compared
with UFH (57). A later study of 535 patients treated with both tirofiban and enoxaparin
or tirofiban and UFH showed the combination of enoxaparin and tirofiban to be safe.
Enoxaparin-treated patients had a low rate of major hemorrhage (0.2% for enoxaparin
vs 0.5% for UFH), and a similar rate of clinical events was reported for both combina-
tions (death or MI at d 30: 9.2% enoxaparin, 10% UFH) (58). A substudy of the Global
Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded Coronary
Arteries (GUSTO) IV-ACS randomized trial (59) also revealed that treatment of high
risk ACS patients with dalteparin for 5–7 d after starting either 24- or 48-h treatment
with abciximab or placebo (315, 331, and 328 patients, respectively) does not increase
the rate of major bleeding in any group, while an increased rate in minor bleeding was
only seen in patients treated for 48 h with abciximab.

LMWH and Percutaneous Coronary Intervention
Two complementary registry studies evaluating the safety and usefulness of two spe-

cific dose regimens of enoxaparin with, and without, concomitant abciximab during per-
cutaneous coronary intervention (PCI) have been reported by Kereiakes et al. (60).
Patients undergoing PCI were enrolled in separate conducted by the National Investiga-
tors Collaborating on Enoxaparin (NICE) study groups (NICE 1 and NICE 4 studies).
NICE 1 patients were treated with 1.0 mg/kg intravenous enoxaparin without abciximab,
while NICE 4 patients received a reduced dose (0.75 mg/kg) intravenous enoxaparin
combined with standard dose abciximab. The studies indicated that enoxaparin with or
without abciximab provided safe and effective anticoagulation during PCI. A combina-
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tion of abciximab and reduced dose enoxaparin was associated with a low incidence of
bleeding or ischemic events. Major and minor bleeding occurred in 1.1 and 6.2% of
NICE 1 patients and 0.4 and 7.0% of NICE 4 patients, respectively, at 30 d post-PCI.
There was a low incidence of thrombocytopenia with only 0.9 and 2.1% of NICE 1 and
NICE 4 patients having a platelet count less than 100,000 at 30 d. The composite end
point of death, MI, and urgent revascularization in-hospital (Fig. 3) and at 30 d post-PCI
was 6.2 and 7.7% in NICE 1 patients and 6.5 and 6.8% in NICE 4 patients, respectively.
Anticoagulant activity measured at 5 and 15 min post-enoxaparin bolus reflected values
expected for 1.0 and 0.75 mg/kg enoxaparin treatment, while no differences occurred at
4 and 8 h. The conclusion from these studies is that enoxaparin (1.0 mg/kg) without
abciximab, as well as enoxaparin (0.75 mg/kg) in combination with abciximab, provides
safe and efficacious anticoagulation during PCI. Subsequently, the NICE-3 study was
performed to assess the safety of subcutaneous enoxaparin in combination with eptifi-
batide, tirofiban, or abciximab, in patients who subsequently underwent PCI (56). The
study confirms the low risk of major bleeding (4.5%) found in the NICE 1 and 4 trials,
and also demonstrated a low rate of clinical end points (death, MI, and urgent revascu-
larization) of 4.5% for any glycoprotein IIb/IIIa inhibitor in combination with enoxa-
parin (Fig. 3). The Can Routine Ultrasound Influence Stent Expansion (CRUISE) study
was also recently initiated to evaluate the safety and efficacy of either 0.75 mg/kg intra-
venous enoxaparin or 60 IU/kg intravenous UFH in combination with eptifibatide in
patients undergoing nonemergency PCI with planned stent implantation. Bhatt et al.
(61) recently presented results that showed that the risk of minor or major bleeding
events was not significantly different between patients treated with a combination of
eptifibatide and either enoxaparin (129 patients) or UFH (132 patients). They also
reported that the efficacy of these combined therapies were not significantly different.

Although evidence has shown that UFH can be safely and effectively replaced in
patients with UA or NQWMI by subcutaneous injections of LMWH, the optimal coag-
ulation strategy for such patients when they require cardiac catheterization is not clear.
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Fig. 3. Event rates for enoxaparin with or without glycoprotein IIb/IIIa antagonists in the NICE trials.
NICE 1 patients received enoxaparin alone, NICE 4 patients received enoxaparin plus abciximab,
while NICE 3 patients received enoxaparin plus either tirofiban, eptifibatide, or abciximab. Adapted
from Kereiakes DJ, et al. J Invas Cardiol 2001;13:272–278.



To address this issue, Collet et al. (62) conducted a study with the aim of evaluating a
new anticoagulation strategy in these patients. A total of 451 patients with UA/NQWMI
were treated for at least 48 h with twice-daily 1.0 mg/kg subcutaneous enoxaparin,
cycled at 6 AM and 6 PM. From this group, 65% underwent coronary angiography within
8 h of the morning enoxaparin injection, followed by immediate PCI in 28% of patients.
PCI was performed without any further UFH/LMWH treatment. Anti-Xa activity was
0.98 � 0.03 IU/mL at the time of catheterization, �0.5 IU/mL in 97.6% of patients and
did not relate to LMWH-to-catheterization time. At 30 d, the death and/or MI rate was
3.0% in the PCI group, 6.2% in the total population, and 10.8% in patients not under-
going catheterization. The bleeding rate at 30 d was 0.8% in the PCI group, which was
comparable to that of patients not undergoing catheterization. They concluded that PCI
conducted within 8 h of subcutaneous enoxaparin injection was both safe and effica-
cious. The early complications of PCI (abrupt closure and urgent revascularization) were
prevented, and a low event rate at 1-mo follow-up was evident.

Differences in Efficacy Relating to Pharmacology
So far, only one LMWH has demonstrated superior results to UFH when treating UA.

A meta-analysis of data from 5 major trials (ESSENCE, TIMI 11B, FRIC, FRISC, and
FRAXIS) showed that enoxaparin gives better results than UFH for treating all groups
of UA/NQWMI patients with regard to the composite end point of death, MI, and the
need for revascularization, without increasing the risk of major bleeding (63). The meta-
analysis showed that neither dalteparin nor nadroparin were superior to UFH for treat-
ing ACS patients, although equivalence was demonstrated with dalteparin in the FRIC
study (48). Moreover, a direct comparison of the efficacy and safety of enoxaparin and
tinzaparin in the EVET study (55) showed that enoxaparin is more effective in reducing
both the incidence of recurrent angina at 7 d and the need for revascularization at 30 d
in UA/NQWMI patients. This benefit is achieved without increasing bleeding compli-
cations. The multicenter, ARMADA study (64) evaluated the effects of enoxaparin, dal-
teparin, and UFH on von Willebrand factor and platelet activation (both predictors of
adverse outcome) in UA/NQWMI patients. In agreement with earlier studies, enoxa-
parin and dalteparin blunted the rise of von Willebrand factor when compared with
UFH, although the greater effect of enoxaparin on this factor was not confirmed. At 30
d, the incidences of clinical events were 13.0 and 18.8% for enoxaparin and dalteparin,
respectively, compared to 27.7% for UFH. The study also showed that platelet GPIb/IX
receptor (von Willebrand receptor) expression might also be associated with outcome in
this patient group and that the highest GPIb/IX receptor expression was seen with
enoxaparin. In addition, differential effects on tissue factor were also noted.

Montalescot et al. (65) have hypothesized that the control of von Willebrand factor, in
light of its being a predictor of clinical outcome in UA, may relate to the effectiveness of
anticoagulation, and that the degree of control may differ between the anticoagulants
evaluated in UA. To test their hypothesis, they studied 154 patients with UA or NQWMI
enrolled in a variety of clinical trials assessing anticoagulant treatments. In these studies,
UFH, enoxaparin, and dalteparin were used to treat patients for a minimum of 48 h. Their
findings confirmed that in patients with UA, a rise in von Willebrand factor over the ini-
tial 48 h is associated with impaired outcome at 30 d. They found that the early rise in von
Willebrand factor seen in UA patients treated with UFH is less if treatment is undertaken
with enoxaparin. However, such an early rise in von Willebrand factor was found to be
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minimally reduced by dalteparin. The authors concluded that this may be an explanation
for the superiority noted with enoxaparin in clinical trials.

DIRECT THROMBIN INHIBITORS

Unlike UFH, direct thrombin inhibitors such as hirudin and bivalirudin do not require
a cofactor to inhibit thrombin (66,67). The class prototype, hirudin, is a 65-amino-acid
polypeptide derived from the medicinal leech (Hirudo medicinalis), that binds selec-
tively to thrombin in a 1:1 fashion at 2 sites. The 72-amino-acid carboxy terminus binds
to the fibrinogen recognition site of thrombin. The amino terminus binds to thrombin’s
catalytic site. This binding is not covalent but the dissociation rate is so slow that hirudin
is essentially an irreversible inhibitor of thrombin. Importantly, it can bind and inacti-
vate both free and bound thrombin. Additionally, PF4, vitronectin, or other plasma pro-
teins do not inactivate it. Finally, direct thrombin inhibitors have a predictable and stable
anticoagulant response (66–68).

The antithrombotic effects of hirudin have been demonstrated in animal models.
Most notably in the pig model of deep arterial injury (68), where hirudin was a more
effective inhibitor of both platelet deposition and thrombus formation than UFH at the
site of arterial injury. Furthermore, hirudin completely eliminated macroscopic throm-
bus formation at an aPTT at least twice that of normal (68).

Given its mechanistic advantages, one might expect hirudin to result in better out-
comes in ACS. The TIMI-5 (69) study investigated the efficacy of hirudin compared with
UFH as an antithrombotic adjunct in patients with STE who were receiving thrombolytic
therapy and aspirin. At 90 min, the primary end point of TIMI-3 flow at 90 min and 18–36
h was present in 62 and 49% of the hirudin and UFH groups, respectively (p � 0.07). At
18–36 h of therapy, the infarct related artery patency was significantly higher in the
hirudin group (98 vs 89%, p � 0.01). Death or reinfarction occurred significantly less in
the hirudin group (6.8 vs 16.7%, p � 0.02), while the total incidence of major hemor-
rhage was not significantly different, with 23.3% for UFH and 17.5% for hirudin.

In another angiographic study, 116 patients with UA and �60% stenosis of a culprit
coronary artery or saphenous vein graft were randomized to receive either 1 of 2 doses
of UFH or 1 of 4 doses of hirudin (70). After 72–120 h of therapy, patients treated with
hirudin had significantly better calibre diameter and minimal cross-sectional area,
reflecting thrombus dissolution or prevention of thrombus propagation. Additionally,
there was a more consistent and stable elevation of the aPTT with hirudin along with a
trend towards an improved composite end point of death, MI, and recurrent angina (14
vs 24%, p � 0.14). This data suggests that resolution of a coronary thrombus as judged
by lesion severity might be associated with clinical benefit in UA/NQWMI patients.

The TIMI-7 investigators (71) also randomized UA patients, who were receiving daily
aspirin, to 4 different doses of the direct thrombin inhibitor, Hirulog (bivalirudin), in a
double-blind study. No differences were observed among the 4 groups of Hirulog dos-
ing for the primary composite end point of death, nonfatal MI, rapid clinical deteriora-
tion, or recurrent angina at rest by 72 h. However, the secondary end point of death or
nonfatal MI was 10% in the lowest dose group compared with 3.2% in the 3 combined
higher dose groups at hospital discharge and persisting for 6 mo. The authors reasoned
that the lowest dose could be used as a control group and concluded that Hirulog was
effective in preventing adverse outcomes when used in addition to aspirin.
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In the GUSTO IIb study (72), 12,142 patients with chest pain associated with STE or
depression or T-wave inversion were examined. Patients with STE received tPA, aspirin,
and hirudin or UFH, while those without STE were administered aspirin and hirudin or
UFH. The total risk of death or MI at 24 h was lower in the hirudin group than the UFH
group (1.3 vs 2.1%, p � 0.001). However, this risk was not significantly different
between the hirudin and UFH groups at 30 d (9.8 vs 8.9%, p � 0.06). When the
UA/NSTEMI group was examined separately, there was no difference between hirudin
and UFH therapy. There was also no difference in serious or life-threatening hemor-
rhage, although hirudin was associated with a higher incidence of moderate bleeding
(8.8 vs 7.7%).

In summary, direct thrombin inhibitors have, thus far, failed to live up to their initial
billing. One can theorize that although thrombin is an important antagonist of platelet
activation, it represents only one pathway of platelet activation among nearly 100.

Oasis Trials
In a pilot study conducted by The Organisation to Assess Strategies for Ischemic Syn-

dromes (OASIS) investigators (73), low-dose hirudin (0.2 mg/kg bolus and infusion of
0.10 mg/kg/h) and medium-dose hirudin (0.4 mg/kg bolus and 0.15 mg/kg/h) were eval-
uated in conjunction with UFH. A total of 909 patients taking aspirin with UA or sus-
pected MI without STE were randomly assigned UFH, low-dose hirudin, or
medium-dose hirudin. At 7 d, the risk of cardiovascular death, MI, and refractory angina
was significantly reduced in the medium-dose hirudin patient group.

The OASIS-2 (74) study involved 10,141 patients and assessed the superiority of
medium-dose hirudin over UFH in preventing cardiovascular death, MI, and refractory
angina. The primary outcome of cardiovascular death or new MI at 7 d was reached in
4.2% of patients in the UFH treatment group and 3.6% of patients in the hirudin group
(p � 0.077). For the UFH treatment group, 6.7% of patients experienced cardiovascu-
lar death, new MI, or refractory angina at 7 d compared with 5.6% in the hirudin treat-
ment group (p � 0.0125). This treatment effect was achieved in the first 72 h. Although
there was a significant excess of major hemorrhage in the hirudin group (1.2 vs 0.7%,
p � 0.01), there was not an excess of life-threatening strokes. It was concluded from the
findings of OASIS-2 that hirudin is superior to UFH in preventing cardiovascular death,
new MI, and refractory angina, and that it has an acceptable safety profile in patients
with UA or NSTEMI. Furthermore, a combined analysis of the OASIS, OASIS-2, and
GUSTO IIb studies indicated a 22% reduction in the relative risk of cardiovascular death
or MI at 72 h, 17% reduction at 7 d, and 10% reduction at 35 d. Statistical significance
was reached at 72 h and 7 d. It should be noted that in the OASIS II study, however,
there was no significant difference between the incidence of death or MI in patients in
the heparin- or hirudin-treated groups at 35 d. Additional studies of direct thrombin
inhibitors are needed to establish benefits at 30 d or longer.

Bivalirudin
Kong et al. (75) performed a meta-analysis of six randomized trials to assess the

effect of bivalirudin, a direct thrombin inhibitor, on 4 end points in patients with ACS:
death, MI, major hemorrhage, and the composite of death or MI. The 6 randomized con-
trolled trials of bivalirudin involved a total of 5674 patients; 4603 patients underwent
elective percutaneous coronary revascularization and 1071 patients had ACS and
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received “medical” therapy only. A random-effects model was used for 4 trials, n �
4973, comparing bivalirudin with UFH. In these trials, a significant reduction in the
composite end point of death or MI was associated with bivalirudin at 30–50 days (p �
0.02) or 14 fewer events/1000 patients treated. For the same trials, there was also a sig-
nificant reduction in major hemorrhage (p � 0.001), or 58 fewer events/1000 patients
treated. A similar analysis combined two dose-ranging trials, involving a total of 701
patients, comparing therapeutic (aPTT greater than 2� the control time) with subther-
apeutic bivalirudin anticoagulation (aPTT less than 2� the control time). From this
meta-analysis, it was concluded that bivalirudin is at least as efficacious as UFH with a
superior safety profile. These benefits were further examined in the HERO-2 study (76),
in which 17,073 patients receiving aspirin and streptokinase were randomized to receive
either UFH or bivalirudin. Data presented recently show a significant decrease in the
composite end point death and MI, and nonfatal disabling stroke in the bivalirudin group
compared with the UFH group (12.7 vs 13.8%, p � 0.049).

TRIM Study Group
The effect of three different doses of a thrombin inhibitor, inogatran, with UFH for

unstable coronary disease was evaluated by the Thrombin Inhibition in Myocardial
Ischemia (TRIM) study group (77). In the study, 1209 patients admitted to the hospital
with suspected UA or NQWMI were randomly assigned double-blind treatment with
inogatran, a selective low-molecular-weight thrombin inhibitor, or UFH given as a
bolus. Initial treatment was followed by a 3-d infusion with either a low, medium, or
high dose of inogatran, or UFH. The primary composite end point was death, incidence
of MI, refractory angina, or recurrent angina after 7 d. Secondary end points were as
above after 3 and 30 d. Median activated aPTTs after 24 h were 36, 44, and 53 s for low-
, medium-, and high-dose inogatran groups, respectively, compared with an aPTT of 54
s in the UFH group. At the end of the 3-d infusion period, patients receiving UFH had
significantly fewer composite events than did inogatran-treated patients (p � 0.01).
However, after 7 d, the event rate with respect to the primary outcome did not differ
between the treatment groups. Death and MI occurred significantly less frequently in
the UFH treatment group than in the three inogatran groups after 3 d (p � 0.05). After
7 d, although event rates continued to be lower in the UFH group, differences between
groups were not statistically significant. Again, after 30 d, there were no significant dif-
ferences in event rates between the four treatment groups. Within 7 d of treatment, major
bleeding occurred in 1.1% of patients, with no differences between treatment groups.
Therefore, during the study–drug infusion, none of the inogatran doses were better than
UFH in preventing ischemic events. Nor was there a relationship between event rate and
inogatran dosage. Consequently, despite a clear dose effect with respect to the prolon-
gation of aPTT, this study did not indicate that inogatran’s efficacy would improve at
higher doses. Lastly, after withdrawal of UFH and inogatran treatment, event rates
increased, suggesting a rebound effect.

ORAL DIRECT THROMBIN INHIBITORS

Oral thrombin inhibitors, such as megalatran, ximelagatran, and CI-1028, are cur-
rently being developed as potential agents for the prophylaxis and treatment of throm-
bosis. The first of the direct thrombin inhibitors to be used was hirudin; however, direct
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inhibitors with low molecular weights have since been developed (e.g., DuP 714,
PPACK, efegatran), and these have an enhanced ability to inhibit clot-bound thrombin
and the processes of thrombosis taking place at sites of arterial damage (78,79). For
many of the available oral direct thrombin inhibitors, suboptimal gastrointestinal
absorption is an evident problem. H376/95 is a new oral direct thrombin inhibitor. It is
a prodrug with two protective residues attached to the direct thrombin inhibitor mega-
latran. Gustafsson et al. (80) undertook a 3-part study comparing the intestinal absorp-
tion properties of melagatran on its own and in the H376/95 prodrug form, and also
studied the affect of the prodrug on an experimental thrombosis model in rats. In the
melagatran portion of the study, healthy male volunteers were given escalating single
oral doses of the agent (57–200 mg) in an aqueous solution after an overnight fast. Four
people were used at each dose level. In the prodrug study, healthy male volunteers were
given escalating single oral doses between 5 and 98 mg, with 5 subjects at each dose
level. By converting melagatran into the prodrug, the oral absorption of melagatran was
between 2.7 and 5.5� higher than after oral administration of unaltered melagatran. It
was concluded that, by using the prodrug principle in this way, melagatran becomes
endowed with the pharmacokinetic properties necessary for oral administration without
compromising the pharmacodynamic properties of the agent, thereby providing an oral
direct thrombin inhibitor of use in a clinical setting. In the rat model, oral H 376/95 was
found to be more effective in preventing thrombosis than was the LMWH, dalteparin.

Using a rat model, Mikulski et al. (81) assessed the effect of pretreatment with mela-
gatran and inogatran for cerebral infarction. Ischemic stroke was induced in rats photo-
chemically. A single oral dose of melagatran (30 lmol/kg) was found to significantly
reduce the vol of the cortical infarct by 53% (p � 0.05) compared with control animals.
Additionally, after administration of intravenous (6 lmol/kg) or oral (100 lmol/kg) ino-
gatran, there was a decrease in cortical infarct vol of 83 and 19%, respectively, com-
pared with controls. Therefore, the study demonstrated that experimental focal ischemic
infarction, brought about by photochemically induced endothelial cell damage, can be
significantly reduced with direct thrombin inhibitors given in oral form.

McClanahan et al. (78) have conducted a study with the objective of evaluating the
efficacy of CI-1028, a direct thrombin inhibitor that is orally bioavailable, in a canine
electrolytic injury model of venous and arterial thrombosis. Animals received either
saline or CI-1028 in doses of 10, 15, 20, or 30 mg/kg. Maximum blood CI-1028 con-
centrations were generally achieved between 15 and 30 min of oral administration. The
drug was found to increase time to occlusion (TTO). In the 20 mg/kg treatment group
(n � 8), TTO was significantly longer than in controls both in arteries (p � 0.05) and
in veins (p � 0.05). Likewise, at the 30 mg/kg dose (n � 8), TTO was significantly
prolonged. Although surgical blood loss and template bleeding times had a tendency to
increase in a dose-dependent fashion, this only reached statistical significance at the
highest dose. Consistent with the agents’ mechanism of action, dramatic changes in
thrombin time were noted. Hardly any changes were detected in prothrombin time.
Maximum aPTT and activated clotting time (ACT) were achieved at approx 30 min
after administration, and they were in the region of 2- and 5-fold baseline values,
respectively, at the 30 mg/kg dose. These findings demonstrate that CI-1028 provides
a dose-dependent antithrombotic effect following oral administration in the canine
model described.
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WARFARIN

Mechanism of Action
Vitamin K, a cofactor required for the conversion of precursor proteins into active

coagulation factors II, VII, IX, and X, is disrupted by warfarin. As a consequence, the
vitamin K-dependent proteins exposed to warfarin during their synthesis are rendered
dysfunctional. Where coagulation factors have already been completely synthesized
prior to warfarin treatment, the drug has no effect. As a result, the coagulation factors
that are fully established have to be depleted by way of normal catabolism before the
beneficial effects of warfarin become apparent. Warfarin increases both prothrombin
time and aPTT.

Studies with Warfarin
Despite the use of aspirin, the long-term risk of MI or death continues to be high in

patients with UA. Consequently, additional treatments are constantly being considered.
One candidate is warfarin.

In the Organization to Assess Strategies for Ischemic Syndromes (OASIS-2) substudy
(82) warfarin anticoagulant therapy was compared with conventional therapy, for up to
5 mo, on the primary composite end point of cardiovascular death, MI, or stroke, and
on the secondary composite end point of cardiovascular death, MI, stroke, and read-
mission to hospital for UA. Of the 10,141 patients entering the main trial, 3712 were
randomized, 12–48 h later, to receive oral anticoagulant therapy (n � 1848) or standard
therapy (n � 1864). Countries represented in the study were defined as being good or
poor compliers (based on the use of oral anticoagulants at a rate of above or below 70%
at 35 d). In the good-complier countries, both the primary and secondary composite out-
comes were significantly reduced with oral anticoagulants compared with standard ther-
apy (primary end point: 6.1 vs 8.9%, p � 0.02; secondary endpoint 11.9 vs 16.5%, p �
0.005). There were no significant differences in end points in the poor-complier coun-
tries. In the overall study, there was a significantly higher incidence of major bleeding,
which was larger in the good-complier countries (relative risk 2.71) than in the poor-
complier countries (relative risk 1.58). Additionally, in the good-complier countries,
there were significant reductions in the number of cardiac catheterization procedures (p
� 0.004) and reductions in revascularization procedures approached statistical signifi-
cance (p � 0.06). Hence, considering participating countries according to their rate of
compliance to anticoagulant therapy suggests that high compliance has the potential to
lead to clinically significant reductions in major ischemic cardiovascular events.

In another study, conducted by Huynh et al. (83), the potential benefit of secondary
prevention with warfarin in patients with NSTE ACS and prior coronary artery bypass
grafting (CABG) was investigated. In this double-blind trial, 135 patients with UA or
NSTEMI, who had already undergone CABG, and were poor candidates for revascular-
ization, were randomized to receive: (i) aspirin and placebo; (ii) warfarin and placebo; or
(iii) aspirin and warfarin for 12 mo. A primary composite end point of death, MI, or UA
requiring admission to hospital 1 yr after randomization was used in the study. This was
reached in 14.6% of the patients in the warfarin alone group, 11.5% in the aspirin alone
group, and in 11.3% in the combination therapy group (p � 0.76) Subgroup analysis by
risk factors was unable to provide any indication that warfarin on its own, or in combina-

Anticoagulant Therapies 475



tion with aspirin, could be more beneficial than aspirin on its own. Additionally, in the
two groups of patients receiving warfarin there was a greater frequency of bleeding.

In the ATACS trial (84), 214 UA/NSTEMI patients were randomized to receive either
aspirin alone (162.5 mg daily) or a combination of aspirin (162.5 mg daily) plus UFH
(aPTT, 2� control) followed by warfarin (internation normalized ration [INR], 2 to 3)
as antithrombotic therapy. Therapy began within 9.5 � 8.8 h of qualifying pain and con-
tinued for 12 wk. At 14 d, there was a significant decrease in the frequency of ischaemic
events in the group treated with the combination therapy compared to the group treated
with aspirin alone (10.5 vs 27%; p � 0.004). At 12 wk, however, there was a non-
significant decrease in total ischemic events in the combination therapy group vs aspirin
alone. From these results, Cohen et al. (84) concluded that the combination of
antithrombotic therapy with aspirin plus anticoagulation with warfarin leads to a sig-
nificant reduction in ischemic events in the early phase of UA.

In the recently presented Warfarin-Aspirin Reinfarction Study (WARIS)-II study,
3626 MI patients were randomized to treatment with aspirin 160 mg od, or warfarin INR
2.8–4.2, or both warfarin INR 2.0–2.5 and aspirin 75 mg once daily (85). Patients were
followed-up for up to 4 yr. The combined warfarin and aspirin treatment was signifi-
cantly more effective than aspirin alone at reducing death, nonfatal MI, and stroke. War-
farin treatment alone was also significantly more effective than aspirin alone, but to a
lesser degree. One disadvantage of warfarin treatment was that major bleeding was 4�
more common than with aspirin alone, but the overall bleeding rate in the study was rel-
atively low.

SUMMARY

Advances in our understanding of coronary thrombosis made in the last 2 decades
have led to the current standard of care for the treatment of NSTE ischemic syndromes
becoming aspirin and UFH, or increasingly enoxaparin, which has been shown to have
superior efficacy to UFH. The direct thrombin inhibitors, hirudin and bivalirudin, have
shown variable results in patients with UA and NSTEMI, but some bleeding risks, and
further studies are needed to clarify the usefulness of these therapies. However, even
with these combination therapies, many patients go on to suffer MI or death. Advances
in anticoagulant therapies, coupled with new antiplatelet therapies, will likely result in
even greater reductions in adverse clinical outcomes for patients with NSTEMI.
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INTRODUCTION

The central importance of platelets in the pathogenesis of acute coronary syndromes
(ACS) has increasingly been recognized over the past few years. Therefore in the last
decade, a series of novel antiplatelet agents has been developed and our understanding
of the role of the older agents has expanded as well. Platelets have intensively been stud-
ied not only for the elucidation of pathophysiologic mechanisms of disease, but also as
central targets in the castrametation of therapeutic interventions in the field of throm-
botic diseases. There is now overwhelming evidence that various classes of antiplatelet
agents improve survival and reduce myocardial infarction in patients suffering an ACS
(with or without ST-segment elevation) and in those undergoing percutaneous coronary
intervention (PCI). This chapter will review the background, rationale, and data-driven
evidence behind the applicability of the main antiplatelet classes of drugs approved for
clinical use (aspirin, thienopyridines, and platelet glycoprotein [GP] IIb/IIIa antagonists)
for the treatment of non-ST elevation ACS and highlight some of the most relevant
aspects of their clinical use.

VASCULAR INJURY AND THROMBOSIS

Rupture or erosion of an atherosclerotic plaque with subsequent platelet aggregation
and coronary artery thrombosis is a central pathophysiologic event across the entire
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spectrum of acute ACS (1–3). As the plaque matures and increases in size, macrophages
and foam cells preferentially infiltrate its shoulder regions (4,5) and are capable of
releasing several enzymes and inflammatory mediators that play a crucial role in the
degradation of the extracellular matrix and weakening of the fibrous cap (6). In addi-
tion, contraction, bending, flexing and shear stress fluctuations of the cap during the car-
diac cycle can weaken the plaque and render it prone to rupture (1).

The resulting discontinuity in the fibrous cap leads to exposure of the highly throm-
bogenic fatty gruel contained within the plaque to flowing arterial blood (7), with sub-
sequent thrombosis on the luminal surface of the plaque. Endothelial denudation,
exposure of subendothelial collagen and other matrix proteins, the initiation of the
extrinsic pathway of coagulation by the high content of tissue factor (TF) present in the
fatty gruel (8), together with a turbulent flow around a swollen plaque, are all potent
stimuli for platelet activation and thrombus formation. It is, therefore, not surprising that
antiplatelet and antithrombin therapies are the cornerstones in the treatment of ACS.

PLATELET PATHOPHYSIOLOGY IN ARTERIAL THROMBOSIS

Platelets are the smallest of blood cells, with an average diameter of 1–2 lm and a
mean cell volume of 5–6 fL, and have a life span of approx 7–10 d (9), which appar-
ently is not reduced in activated platelets (10). The average platelet count is quite high,
ranging from 140–440 � 109/L (11). Therefore, even seemingly subtle changes related
to the function and activation status of platelets may have a significant impact on phys-
iologic or pathologic processes.

Platelets play a central role in the drama of hemostasis and serve as a fundamental
link between the formation of platelet-rich thrombi and the activation of the coagulation
cascade. In addition, although platelets have classically been viewed as only hemostatic
in nature, there is a rapidly growing body of evidence indicating that platelets also play
a role in effecting inflammatory responses, both directly and by modulating the activa-
tion of leukocytes. Therefore, antiplatelet therapy may well have a significant anti-
inflammatory effect as well (12,13).

A series of well orchestrated and punctually executed events must occur before an
unactivated and circulating platelet reaches and adheres to a site of vascular injury or
merges onto a developing thrombus. Although these events most probably occur in a
more-or-less simultaneous fashion, they can be conceptually divided into the following
phases: platelet adhesion, activation, granule secretion, and aggregation.

Platelet Adhesion
Whether it is spontaneous, as in the case of ACS, or iatrogenic, as in the case of per-

cutaneous transluminal coronary angioplasty, platelet deposition occurs almost instan-
taneously after arterial injury (14). After endothelial denudation, platelets translocate on
the vessel wall by an interaction mediated by their constitutively expressed GP Ib-IX-V
complex and von Willebrand Factor (vWf) affixed to the subendothelium (15), and pos-
sibly also with newly expressed P-selectin on activated endothelial cells (16). The GP
Ib–vWF interaction is particularly important under conditions of increased shear stress
(17), such as those occurring in stenotic coronary artery lesions. It has also been pro-
posed that vWF may form a bridge between exposed subendothelial collagen and GP Ib
on platelets (18), further facilitating the rolling of platelets. After this initial interaction,
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platelets decelerate, become activated, and firmly adhere through integrins, most promi-
nently aIIbb3 (also known as GP IIb/IIIa) and a2b1 (also known as GP Ia/IIa, one of many
collagen receptors) (15,18).

Platelet Activation
A myriad of platelet agonists, such as thrombin, adenosine diphosphate (ADP),

thromboxane A2 (TXA2), platelet activating factor, and chemokines, are present in the
thrombotic milieu and can induce platelet activation and aggregation. One of the first
mechanisms that may activate platelets in the above-described model of platelet adhe-
sion is the “outside-in” signaling through by ligated GP Ib (19) or collagen-induced acti-
vation through any of the platelet collagen receptors expressed on platelets (e.g., GP
Ia/IIa and GP VI) (18). Upon activation, platelets change from their normal round dis-
coid shape to a compact spherical morphology with long dendritic prolongations called
pseudopodia, which greatly facilitate their adhesion, aggregation and attachment to
other cells (20) (Fig. 1).

During platelet activation, calcium currents are generated within the cells and bring
about a change in shape and also induce the granule release reaction. These activated
platelets adhere to the injured endothelial surface and flatten to form a platelet mono-
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Fig. 1. Electron micrographs of resting and activated platelets. The top photographs are scanning elec-
tron micrographs of a resting, disc-shaped circulating platelet (upper left; �20,000), and of two acti-
vated platelets, which have adopted a spherical form with the formation of long filopodia (upper right;
�10,000). The lower photographs are (from left to right), a schematic depiction of the cross-section-
al view of a resting platelet, showing the subcellular platelet structures (bottom left); the actual elec-
tron micrograph of a resting platelet (bottom middle; �21,000); and an electron micrograph of an
activated platelet, showing the constriction of the microtubular ring around the centralized granules,
with the formation of filopodia (bottom right; �30,000). Reproduced with permission from: George
JN. Hemostasis and Fibrinolyisis. In: Stein JH, et al, eds. Internal Medicine, 5th ed. Mosby, St. Louis,
1998:534–540.
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layer to which other platelets or leukocytes can adhere. Additionally, and as part of the
link between platelet-dependent hemostasis and strict coagulation, activated platelets
undergo the so-called “flip-flop” reaction and provide an anionic phosphatidylserine-
rich surface for the efficient assembly of a prothrombinase complex with consequent
thrombin formation. Therefore, strategies aimed at interrupting platelet activation and
aggregation may also result in decreased thrombin generation, both in vitro (21) and in
vivo (22).

Platelet Secretion
Because platelets are anucleate cells, it was long thought that they were incapable of

any protein synthesis. However, it has recently been discovered that platelets, especially
after thrombin stimulation, are indeed capable of translating constitutive mRNAs in their
cytoplasm and of rapidly synthesizing interleukin (IL)-1b (23), which may actively par-
ticipate in thrombotic and inflammatory phenomena for extended periods of time. In
addition, platelets contain potent pro-aggregatory mediators prepackaged in various
granules (Table 1). a-Granules release a vast array of proteins, while dense granules
contain several mediators that greatly amplify the activation and aggregation processes.
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Table 1
Platelet Contents

Contents of Platelet Granules

1. a-granules
Fibrinogen
VWF
GP IIb/IIIa
P-selectin
a2-antitplasmin
Plasminogen Activator Inhibitor-1 (PAI-1)
Factor V
Platelet Derived Growth Factor (PDGF)
Platelet Factor 4
Fibronectin
Thromboglobulin
Thrombospondin
Albumin
IgG

2. Dense granules
ADP
ATP
Pyrophosphate
Serotonin
Calcium
Magnesium

3. Lysozomes
Lysozyme

4. Peroxisomes
Catalase



Some of the proteins contained within the a-granules are synthesized by the megakary-
ocyte and are subsequently passed on to platelets during their production in the bone
marrow, while other proteins may simply enter the platelet by receptor-mediated endo-
cytosis or fluid-phase pinocytosis (20).

Platelet Aggregation
Unlike the many receptors that intervene in platelet adhesion, GP IIb/IIIa seems to be

the main receptor responsible for the final phases of platelet aggregation. The GP
IIb/IIIa receptor (also denominated aIIbb3 in the integrin nomenclature) is the most
abundant receptor expressed on the platelet surface, with a density of about
70,000–90,000 receptors on the surface of a quiescent platelet, but which can be
increased to more than 100,000 receptors per cell after platelet activation and translo-
cation of an internal pool of GP IIb/IIIa located in a-granules (24). Like other members
of the integrin superfamily, GP IIb/IIIa is a heterodimeric molecule with a large extra-
cellular domain for cation ion-facilitated ligand binding, and short intracytoplasmic tails
involved in “outside-in” signaling after its ligation (25) (Fig. 2). Several different mol-
ecules, such as vWf, fibrinogen, fibronectin, and vitronectin, serve as ligands to this
receptor, nevertheless, fibrinogen appears to play the main role in the aggregation
process (26). On the other hand, vWf is believed to be the principal ligand mediating
shear-induced platelet aggregation (17,27). Two sequences are recognized by GP
IIb/IIIa: (i) the RGD (Arg-Gly-Asp) sequence (28), which is present on several ligands
including vWf, fibrinogen, and fibronectin; and (ii) the KQAGDV (Lys-Gln-Ala-Gly-
Asp-Val) sequence, which is only present in fibrinogen (29). In the resting state, GP
IIb/IIIa has a low affinity for fibrinogen binding, however, platelet agonists functionally
up-regulate this integrin via “inside-out” signaling, inducing conformational changes
that lead to a binding-competent status (30) (Fig. 3). Therefore, during platelet activa-
tion, GP IIb/IIIa becomes receptive to ligand binding with the consequent formation of
fibrinogen bridges between other GP IIb/IIIa receptors on platelets, thus forming
platelet-rich thrombi (Fig. 4). In addition, fibrinogen may also form a bridge between
activated GP IIb/IIIa on platelets and MAC-1 (aMb2 or CD11b/CD18) integrins
expressed on leukocytes, thus forming platelet–leukocyte aggregates (31), which are
likely to have an important role on inflammation linked to thrombosis.

ANTIPLATELET AGENTS

Aspirin
Aspirin has now been available for more than a century. The antiplatelet effect of

aspirin is due to irreversible acetylation of the serine-529 residue, causing permanent
inhibition of the cyclooxygenase enzyme (32). This action prevents the conversion of
arachidonic acid to prostaglandin (PG) H2, with the consequent inhibition of TXA2,
which promotes thrombosis through the amplification of platelet activation and aggre-
gation, as well as by causing vasoconstriction. Aspirin, however, also blocks the syn-
thesis of the platelet-inhibitory and vasodilator prostacyclin (PGI2) in endothelial cells.
In addition, a number of other roles for aspirin have since been proposed, including
acetylation of other proteins, such as thrombin and fibrinogen, and 12-hydroxyeicosan-
otetraenoic acid (12-HETE) antagonism (33)..
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Fig. 2. Schematic depiction of the GP IIb/IIIa receptor (also known as aIIbb3 in the integrin nomenclature). Platelet agonists induce “inside-out” signaling,
leading to the modulation of the ligand-binding affinity of the receptor. On the other hand, ligand-binding to GP IIb/IIIa induces “outside-in” signaling
through GP IIb/IIIa, leading to the activation of intracellular signaling pathways. Courtesy of Jose A. Lopez, M.D.



Although aspirin is a potent inhibitor of platelet aggregation induced by arachidonic
acid, it is a relatively weak antiplatelet agent when platelets are stimulated by a number
of other agonists including ADP and thrombin. Aspirin does not prevent a-granule
release in response to platelet agonists and does not inhibit epinephrine-induced platelet
aggregation (34). Although aspirin blocked cyclic flow variations in a canine model of
coronary stenosis and endothelial injury, this inhibition was overcome by the addition
of epinephrine (35). In spite of these observations, there is abundant evidence of the
clear clinical efficacy of aspirin as an antiplatelet agent.

Aspirin is readily absorbed in the stomach and small intestine, with a systemic
bioavailability approaching 50% for single doses in the range of 20–1300 mg (36).
Although salicylate levels in the portal vein increase within 5 min after aspirin inges-
tion, the time required to exert a clinically meaningful antiplatelet effect is not clear. In
healthy volunteers, inhibition of arachidonic acid-induced platelet aggregation and
TXA2 production were demonstrated within 15 min after the ingestion of 81 mg of
aspirin (37). However, inhibition of thrombin-induced TXA2 generation in clotting
blood probably does not occur until approx 24 h after the ingestion of 75 mg of aspirin
(36).

Antiplatelet Therapy 487

Fig. 3. Under resting conditions, GP IIb/IIIa has a low affinity for its ligands. After platelet activation,
GP IIb/IIIa becomes receptive to ligand-binding. As a result of outside-in signaling induced by ligand
binding, ligand-induced binding sites (LIBS) (neo-epitopes) are expressed on the receptor. In addi-
tion, receptor-induced binding sites (RIBS) on the ligand may also be expressed as a result of the
interaction between the ligand and its receptor. Courtesy of Jose A. Lopez, M.D.
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Fig. 4. Activation of a resting platelet by a variety of agonists and the change in GP IIb/IIIa upon activation, leading to platelet aggregation. The mechanism
of action of aspirin, thienopyridines, and GP IIb/IIIa antagonists is indicated. Courtesy of Jose A. Lopez, M.D.



CLINICAL USES

The consistent and beneficial effects of aspirin have been documented in hundreds of
thousands of patients suffering various manifestations of cardiovascular disease. In a
meta-analysis of more than 75,000 patients with preexisting cardiovascular disease
enrolled in several secondary prevention trials, aspirin reduced the combined end point
of vascular death, myocardial infarction, and stroke by 27% in a highly significant way
(38). More recently, in the Primary Prevention Project, low-dose aspirin (100 mg)
reduced the risk of cardiovascular death by 44% among patients with at least one car-
diovascular risk factor but with no known vascular disease, thus extending the indica-
tion of aspirin into a setting of primary prevention (39). Furthermore, in the Second
International Study of Infarct Survival (ISIS-2) study, aspirin (162.5 mg) was as effec-
tive as streptokinase in reducing 5-wk vascular mortality in patients with suspected
acute myocardial infarction (40). In consequence, because the ISIS-2

The benefits of aspirin in unstable angina pectoris have been clearly established by
four major well-controlled clinical trials (Table 2). In the Veterans Administration Coop-
erative study (41), 1266 men were randomized to 324 mg of aspirin or placebo. At 3 mo,
the combined risk of death or nonfatal myocardial infarction was reduced by 51% (10.1
vs 5%). This benefit was maintained at 12 mo with a 43% risk reduction of the com-
bined end point, even though the study drugs were stopped 3 mo after enrollment. In the
Canadian Multicenter Trial, 555 patients with unstable angina pectoris were randomized
to receive aspirin, sulfinpyrazone, both, or placebo (42). At 2 yr, the risk reduction for
the combined end point of cardiac death and nonfatal myocardial infarction, by inten-
tion-to-treat analysis, was 30%. An efficacy analysis for cardiac death alone showed a
reduction of 70%. The Montreal Heart Institute study included 479 patients with unsta-
ble angina pectoris randomized to receive aspirin, heparin, both, or neither (43). Patients
treated with aspirin had a risk reduction of 71% for in-hospital myocardial infarction. In
the RISC study (44), 796 patients with unstable angina or non-Q wave myocardial
infarction were randomized to aspirin, an intermittent bolus of heparin, both, or placebo.
Risk reduction in the aspirin group was 57% at 5 d, 69% at 30 d, and 61% at 3 mo.

These observations have led to the firm recommendation that aspirin be administered
to all patients as part of a primary and secondary prevention strategy for cardiovascular
disease, to all patients undergoing PCI, and to all patients presenting with either a non-
ST-elevation ACS or an acute myocardial infarction, unless they have a contraindication
to its use.

ASPIRIN DOSE

The dose of aspirin required to achieve optimal clinical response remains controver-
sial. The dose-response effect of aspirin on platelet aggregation and TXA2 production is
log-linear, but reaches a plateau at approx 80 mg (45). Lower doses can inhibit platelet
aggregation without blocking the vascular production of vasodilating and anti-aggrega-
tory prostaglandins, and also limit the frequency of gastrointestinal side effects (46,47).
Therefore, theoretical reasons exist to favor low doses of aspirin vs higher doses. The
meta-analysis performed by the Antiplatelet Trialists’ Collaboration did not find lower
aspirin doses (�350 mg) to be superior to higher doses in the prevention of cardiovas-
cular events (38). A Dutch study involving 3131 patients with transient ischemic attacks
compared the effects of aspirin 30 mg/d with 283 mg daily on the incidence of vascular
death, stroke, or myocardial infarction. After a mean follow-up of 2.6 yr, there was no
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Table 2
Major Trials of Aspirin, Heparin and Ticlopidine in Syndromes of Non-ST-Segment Elevation MI

No. of Drugs Death and P Risk 
Trial patients studied Follow-up nonfatal MI value reduction

VA coop. 1338 ASA 325 mg/d 3 mo 5 vs 10.1% 0.0005 51%
Canadian Multicenter 555 ASA 1300 mg/d 24 mo 8.6 vs 17% 0.008 51%
Montreal Heart Ins. 479 ASA 650 mg/d 6 d 3.3 vs 12% 0.01 72%

Heparin, apt 6 d 1.2 vs 7% �0.05 85%
RISC study 652 ASA 75 mg/d 30 days 4.3 vs 13.4% 0.0001 68%

Heparin 14–20,000 30 d 3.4 vs 4.9% NS 30%
Italian 652 Ticlopidine 500 mg/d 6 mo 7.6 vs 13.6% 0.009 53%
Montreal Heart Ins. 484 ASA vs heparin 5.3 d 3.7 vs 0.8% 0.035 88%
Telford et al 214 Heparin 30–40,000 7 d 3 vs 15% �0.05 80%

ASA, acetylsalicylic acid (aspirin); MI, myocardial infarctions.



difference between the two groups in the incidence of the composite end point or its
components (48). However, this issue was recently addressed by the Aspirin in Carotid
Endarterectomy trial, which involved more than 2800 patients undergoing carotid
endarterectomy (49). Patients randomly received either low-dose aspirin (81 or 325 mg)
or high-dose aspirin (650 or 1300 mg) daily. The risk of death, myocardial infarction, or
stroke were lower among patients who received either of the two lower doses of aspirin
compared to the higher doses, both at 30 d (5.4 vs 7.0%, p � 0.07 [relative risk (RR) �
1.31]) and at 3 mo (6.2 vs 8.4%, p � 0.03 [RR � 1.34]). Therefore, this is the first direct
evidence to support low doses of aspirin (81–325 mg daily). Given the weight of evi-
dence against a dose-response effect of aspirin, in addition to apparent dose-related tol-
erability of aspirin therapy, as well as the theoretical concern about an imbalance
between TXA2 and PGI2 production, it seems appropriate to favor the lower doses of
aspirin shown to be effective for a given indication. In consequence, because the ISIS-
2 trial conclusively established the efficacy of a 162 mg aspirin dose in patients with
suspected myocardial infarction, it appears reasonable to administer 160–325 mg of
aspirin to patients with non-ST-segment elevation ACS.

ASPIRIN RESISTANCE

About 5–40% of patients have been reported to manifest a new and vaguely defined
entity called “aspirin resistance” (33,50–53). The wide range of reported frequencies of
this condition possibly reflect the various definitions and methods and criteria that have
been used to define it. Aspirin resistance has been variously defined in pharmacody-
namic studies as failure of aspirin to prolong bleeding time or failure to reduce 12-HETE
production (33); or failure of aspirin to reduce platelet aggregation by a certain per-
centage (depending on the agonist being used); or as having normal platelet aggregation
despite aspirin therapy in newer platelet-function analyzers, such as the PFA-100 (53).
The variability among these assays may be significant, and the findings have not been
universally reproducible. Aspirin resistance has also been clinically defined as having a
new cardiovascular event despite aspirin therapy. Thus, several problems may be
encountered while trying to define this entity. In addition, it has also been proposed that
more than being aspirin-resistant, some individuals may simply be more sensitive to a
certain platelet agonist and, therefore, require higher aspirin doses to achieve a similar
antiplatelet effect (54).

Regardless of how aspirin resistance is defined, it is apparent that a group of patients
may not be deriving any benefit from aspirin therapy at the usual doses. Therefore, the
question is whether aspirin resistance has an impact on the outcome of patients. Two
studies have reported that aspirin resistance is clinically relevant. In one of these stud-
ies, patients who suffered a stroke were given 500 mg of aspirin 3� daily. Based on the
modified Wu and Hoak platelet function test, 40% of patients were found to be aspirin
“non-responders.” After a 2-yr follow-up period, aspirin nonresponders had a 20-fold
higher rate of cardiovascular death, myocardial infarction, or recurrent stroke compared
to aspirin responders (52). In a second study, compared to aspirin responders, patients
who failed to fully respond to aspirin therapy had a greater frequency of vessel reoc-
clusion after percutaneous transluminal ileofemoral angioplasty (55).

What the appropriate management of patients with aspirin resistance should be is cur-
rently somewhat speculative. Whether higher aspirin doses should be prescribed or
aspirin should be substituted with a thienopyridine is not known. However, based on the
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findings of the Clopidogrel vs Aspirin in Patients at Risk of Ischaemic Events (CAPRIE)
trial (56), in which clopidogrel alone was at least as efficacious and safe compared to
aspirin in patients with vascular disease, the substitution of aspirin for a thienopyridine
(specifically clopidogrel) would seem sound.

LIMITATIONS AND ADVERSE EFFECTS OF ASPIRIN THERAPY

Side effects are seen infrequently with low-dose aspirin therapy and can easily be
monitored. The major side effects of aspirin are gastrointestinal symptoms, which occur
more frequent with higher aspirin doses (49,57) Gastrointestinal bleeding, however,
appears to be equally likely to occur at any dose (58). In a small number of patients
(4%), particularly those with adult onset asthma, aspirin may cause bronchospasm and
angioedema.

Concerns have been raised regarding a possible negative interaction between aspirin
and angiotensin-converting enzyme (ACE) inhibitors. ACE inhibitors increase plasma
levels of bradykinin, which is a potent stimulus for prostacyclin production, and may
partly explain the favorable effects of this class of drugs. By blocking the cyclooxyge-
nase enzyme, aspirin may also block prostacyclin production and blunt some of the
effects of ACE inhibitors. Aspirin was seen to prevent several of the beneficial hemo-
dynamic effects normally seen with ACE inhibitor therapy in patients with severe heart
failure (59). In addition, post hoc analyses of two large-scale multicenter trials suggested
that aspirin attenuated the improved survival seen with ACE inhibitors in patients with
moderate-to-severe heart failure (60,61). In contradistinction, an analysis of more than
11,500 patients did not observe the purported negative interaction between aspirin and
ACE inhibitors (62). Because of the potential implications in the health of millions of
patients taking both ACE inhibitors and aspirin, this issue will have to be directly
addressed in a prospective fashion.

CLINICAL USE OF ASPIRIN IN PATIENTS WITH NON-ST-ELEVATION ACS

Aspirin remains the cornerstone of anti-platelet therapy for patients with non-ST-
elevation ACS. It should be administered as early as possible to all patients, unless there
is history of severe intolerance. The American Heart Association/American College of
Cardiology guidelines give a Class I recommendation for the administration of 162 mg
to 325 mg of aspirin in the acute setting to patients (with no contraindications to aspirin)
presenting with non-ST-segment elevation ACS, preferably chewing the first dose of a
rapidly absorbable, nonenteric coated formulation to rapidly establish a high blood level;
and thereafter, 75–160 mg of aspirin (enteric or nonenteric) per day, indefinitely. A
thienopyridine, preferably clopidogrel, should be administered to patients who are
unable to take aspirin because of hypersensitivity or severe gastrointestinal intolerance
(63).

Thienopyridines
ADP was identified more than 40 yr ago as a mediator derived from erythrocytes that

could affect platelet adhesion and aggregation (64). In fact, in the thrombotic milieu,
ADP is released from erythrocytes that are lysed as they are subjected to high shear
stress that may result from a severely stenotic lesion. In addition, ADP is present in
platelet dense granules and is released upon activation, thus amplifying the aggregation
and activation responses in both, an autocrine and paracrine fashion. ADP acts in syn-
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ergy with other platelet agonists and potentiates most aggregation responses, even of
weak agonists, such as serotonin, epinephrine (65), or chemokines (66). Thus, ADP is a
necessary cofactor for the normal activation and aggregation of platelets. Further obser-
vations pointing to the central role of ADP in hemostasis is the profound impact ADP-
removing enzymes have on platelet aggregation (68), or the bleeding diatheses observed
in patients with genetic defects of ADP receptors, or in those who have dense granules
deficient in ADF (68). Therefore, it is not surprising that platelet ADP receptors are
potential targets for antithrombotic or pharmacologic interventions.

PLATELET ADP RECEPTORS

Transduction of the signal elicited by ADP involves a rise in free cytoplasmic calcium
due to an influx of this cation from the extracellular medium, as well as the mobiliza-
tion of the internal calcium stores and a concomitant inhibition of adenylyl cyclase (68).
Although, based on pharmacological studies, MacFarlane proposed in 1983 the exis-
tence of two distinct ADP receptors, one mediating platelet shape change and aggrega-
tion and the other the inhibition of adenylyl cyclase (69), it was not until quite recently
that the main platelet ADP receptors, which are essential in the normal aggregation
process, were cloned and further characterized. These receptors can be divided into two
groups: the G protein-coupled receptors, termed P2Y, and the ion-gated channel recep-
tors termed P2X.

P2Y1, a G protein-coupled receptor that activates Gq, was the first of the P2 (puriner-
gic) receptors to be cloned (70). Nevertheless, it soon became apparent that another ADP
receptor was involved in ADP-induced platelet aggregation, as selective antagonists to
P2Y1 had no effect whatsoever on ADP-induced inhibition of platelet adenylyl cyclase,
which is stimulated by anti-aggregatory mediators, such as prostacyclin or nitric oxide.
Indeed, several groups nearly simultaneously published their observations showing that
P2Y1 is necessary but not sufficient for platelet aggregation (71,72). Definitive evidence
of the existence of an ADP receptor coupled to adenylyl cyclase inhibition came from
studies using P2Y1 knock-out mice, in which platelet shape change and aggregation in
response to ADP were abolished, whereas adenylyl cyclase production of cyclic AMP
was unaffected (73).

The ADP receptor that remained to be identified was expected to also be of the
purinoceptor P2Y superfamily, since ADP is known to activate the heterotrimeric Gi2
protein. Depending on the author, this receptor was termed P2YADP, P2TAC, or P2cyc
(68). Very recently, this elusive receptor was cloned (74). Sequence analysis identified
the new receptor of the P2Y family and termed it P2Y12. As expected, ADP stimulation
of cells expressing only P2Y12 led to adenylyl cyclase inhibition, a phenomenon
reversed by treatment of these cells with selective P2Y12 antagonists (74,75). Even
though P2Y12 was very recently identified, this is the receptor targeted by the clinically
used platelet ADP receptor antagonists, the thienopyridines: ticlopidine and clopidogrel.

The third ADP receptor expressed on platelets is P2X1, an ATP-gated ion channel and
a member of the ionotropic receptor superfamily involved in platelet shape-change upon
stimulation (76). This receptor is responsible for the rapid entry of calcium ions from
the extracellular medium to the platelet upon ADP cell stimulation and is broadly
expressed on a variety of tissues, specifically on excitable cells such as neurons and
muscle cells. As opposed to the P2Y receptors, mice deficient in P2X1 demonstrate no
obvious hemostatic defects (77). Future studies will define the precise role of this recep-
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Table 3
Platelet Purinergic Receptorsa

P2Y1 P2Y12 P2X1

ADP Agonist. Agonist. True agonist or possible contamination of
commercial sources of ADP with ATP.

ATP Antagonist (receptor Antagonist (receptor Agonist.
density-dependent effect?). density-dependent effect?).

Platelet function Platelet shape change. Amplification of platelet Shape change.
Necessary but not sufficient granule secretion and aggregation. Synergism with P2Y1-induced
for full ADP-induced aggregation. Platelet aggregation. Ca2� responses.
Transient aggregation.

Intracellular events Intracellular Ca2� mobilization. Inhibition of adenylyl cyclase. Fast Ca2�entry into the cell after ATP/ADP 
Protein phosphorilation. stimulation.

Receptor Coupled to Gq-protein. Coupled to Gi-protein. ATP-gated ion channel.
Expression profile Widely distributed: platelets, Restricted to platelets, Broadly expressed on excitable tissues, such 

heart, blood vessels, testis, megakaryocytes and as neurons, muscle cells and glial cells.
prostate, ovaries. subregions of the brain.

Chromosome 3 3 17
Blocked by 

thienopyridines – � –

aProperties of the three main platelet ADP-receptors identified thus far.



tor in platelet function. Table 3 summarizes the key features of the three ADP receptors
previously discussed.

RESPECTIVE ROLES OF THE ADP RECEPTORS IN PLATELET FUNCTION

Based on a series of observations, it is believed that P2Y1 is responsible for platelet
shape change, which is an important event in platelet activation. In fact, P2Y1 alone can
trigger a clear but transient aggregation response, which is probably necessary during
the initial phases of platelet aggregation. Nevertheless, this receptor is not sufficient for
full platelet aggregation, and the P2Y12 receptor appears to be responsible for the com-
pletion and amplification of platelet aggregation induced by ADP, as well as by other
agonists. P2Y12 plays a specific role in the activation of the GP IIb/IIIa receptor after
ADP stimulation, and it also confers stability to the platelet macroaggregate (68).

In such a scenario, it appears that while P2Y1 plays a specific role in the initial
platelet activation response, characterized by shape change and formation of long
filopodia, it is the P2Y12 receptor that is involved in the amplification of platelet aggre-
gation induced by other agonists such as thrombin, chemokines, epinephrine, or TXA2.
Therefore, there is a strong biological rationale behind the pharmacological antagonism
of the ADP receptors.

Ticlopidine and Clopidogrel
ADMINISTRATION AND PHARMACOKINETICS

Two thienopyridines are currently approved for clinical use in the United States.
Ticlopidine was approved in 1991 and clopidogrel in 1998. These two compounds are
only available in the oral form and share many features. They both have similar molec-
ular structures, differing only in a carboxymethyl side group, which is present in clopi-
dogrel but not in ticlopidine (78). Additionally, both of these drugs are prodrugs that
lack any activity and must, therefore, undergo first-pass metabolism through the liver in
order to become biologically active. Although food intake does not affect the absorption
of ticlopidine or clopidogrel, it is recommended that the former be taken with food in
order to minimize gastrointestinal symptoms. Antacids, on the other hand, decrease the
absorption of ticlopidine. Both drugs attain peak plasma concentrations 1 to 2 h after
administration, ticlopidine reaching them more rapidly than clopidogrel. However, the
onset of action of the two thienopyridines differs. Platelet inhibition takes a few days to
reach a plateau with either agent: from 3–5 d with ticlopidine, and from 4–7 d with
clopidogrel. In order to accelerate platelet inhibition and rapidly achieve a therapeutic
effect, ticlopidine and clopidogrel are commonly given with a first loading dose: 500
mg for ticlopidine and 300–600 mg for clopidogrel. When high (300–600 mg) loading
doses of clopidogrel are administered orally, effects on markers of platelet activation
(79), aggregation (80), and adhesion to a collagen surface (81) have been observed
within 90 min of administration. After the initial bolus dose, 250 mg 2� daily of ticlo-
pidine or 75 mg once daily of clopidogrel are administered. Because these two com-
pounds irreversibly inhibit the platelet P2Y12 receptor, their inhibitory effect lasts for
the rest of the platelet’s life span. Both, ticlopidine and clopidogrel have been evaluated
in a wide range of clinical scenarios and have been similarly efficacious.

SECONDARY PREVENTION

In a meta-analysis of 39 randomized placebo-controlled trials involving more than
6500 patients with vascular disease, ticlopidine reduced the combined end point of vas-
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cular death, myocardial infarction, and stroke by 33% (38). When compared to aspirin,
ticlopidine produced a 10% relative reduction in the combined end point of vascular
death, myocardial infarction, and stroke among 3471 patients with prior stroke or tran-
sient ischemic attack, who had been enrolled in three randomized clinical trials (38).

By far the largest study of thienopyridines has been the CAPRIE trial, which evalu-
ated the efficacy of clopidogrel in the secondary prevention of cardiovascular events
(56). The trial involved 19,825 patients divided into three groups: (i) those with ischemic
stroke within 1 wk to 6 mo; (ii) those suffering myocardial infarction in the previous 35
d before study entry; and (iii) those with peripheral vascular disease. Patients randomly
received either aspirin (325 mg daily) or clopidogrel (75 mg daily). After a 3-yr follow-
up period, patients receiving clopidogrel had a modest 8.7% (p � 0.043) risk reduction
in the composite end point of vascular death, myocardial infarction, or ischemic stroke,
consistent with the 10% risk reduction that had been previously seen in the ticlopidine
meta-analysis for secondary prevention (Fig. 5). Clopidogrel was extremely well-toler-
ated and rarely led to its discontinuation because of side effects. In CAPRIE, patients
with peripheral vascular disease derived particular benefit from clopidogrel, largely due
to a reduction in the rate of myocardial infarction. Another subgroup analysis has
recently showed that patients with prior cardiac surgery also derived particular benefit
from clopidogrel compared to aspirin, with a 31% relative reduction in the composite
end point of vascular death, myocardial infarction, stroke, or rehospitalization (82).

ACS

The first evidence of thienopyridine efficacy in the management of patients with
unstable angina came from the Studio della Ticlopidina nell’ Angina Instabile (STAI)
(81). Patients received either conventional treatment (including b-blockers or calcium
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Fig. 5. Kaplan-Meier curve of the CAPRIE study showing an 8.7% reduction in the risk of death,
hemorrhagic stroke, and nonfatal myocardial infarction (MI) with clopidogrel during 3 yr of follow-
up (56). Courtesy of Peter B. Berger, M.D. Reproduced with permission from: The CAPRIE
Investigators. Lancet 1996;348:1329–1339.
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channel blockers, and nitrates), or the conventional treatment plus ticlopidine. Patients
treated with ticlopidine had a 46% risk reduction in cardiovascular death and nonfatal
myocardial infarction.

Definitive evidence supporting the use of a thienopyridine in the management of non-
ST-elevation acute coronary syndromes comes from the recent Clopidogrel in Unstable
Angina to Prevent Recurrent Events (CURE) Trial (84). More than 12,500 patients pre-
senting with an ACS (74.9% were diagnosed with unstable angina and 25.1% with sus-
pected non-ST-elevation myocardial infarction) were randomly assigned to either aspirin
(75–325 mg/d) plus clopidogrel (300 mg loading dose, plus 75 mg daily thereafter) or
to aspirin plus placebo, in addition to the usual therapy. The primary end point of CURE
was, as in CAPRIE, the combined end point of vascular death, myocardial infarction, or
stroke. The mean follow-up period was 9 mo. The combination of clopidogrel and
aspirin was associated with a significant reduction in the composite end point (9.3 vs
11.5%, RR 0.80, p � 0.001), largely influenced by a lower incidence of myocardial
infarction (5.2 vs 6.7%, RR 0.77, p � 0.001), compared to aspirin plus placebo (Fig. 6).
Combination therapy was associated with a reduced incidence of stroke (1.2 vs 1.4%, p
� NS), but also associated with a significant increase in major bleeding (3.6 vs 2.7%,
RR 1.38, p � 0.003) as well as minor bleeding (5.1 vs 2.4%, RR 2.12, p � 0.001).
Within the first 24 h of treatment, the benefit of the clopidogrel plus aspirin regimen
became evident and persisted thereafter; there was a relative risk reduction of 0.79 in
the composite end point within the first 30 d and of 0.82 after 30 d.

In previous studies of ACS evaluating intravenous GP IIb/IIIa antagonists, benefit
was observed primarily in high-risk patients (see below). In CURE, a comparable ben-
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Fig. 6. Cumulative hazard rates for the first primary outcome of cardiovascular death, nonfatal
myocardial infarction, or stroke during the 12 mo of the CURE trial (84). Reproduced with permis-
sion from: The CURE Investigators. N Engl J Med 2001;345:494–502.
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efit was observed in both high-risk and low-risk patients, whether defined by troponin
positivity (risk ratios of 0.81 and 0.79 for marker-positive and marker-negative patients,
respectively) or by the presence of ST-segment changes (0.79 and 0.80 for those with
and without ST-segment shifts, respectively). In addition, an observational substudy
from CURE (the PCI-CURE study) showed that the dual antiplatelet regimen also
reduced ischemic complications in patients who underwent PCI. In CURE, PCI was per-
formed in 2,658 patients in a median of 10 d after they were randomized to clopidogrel
or placebo. After the procedure, most patients received open-label thienopyridine for a
mean of four weeks, after which the study drug was re-started for a mean follow-up of
eight months. Compared to placebo, the combination of aspirin and clopidogrel reduced
the relative risk of cardiovascular death, myocardial infarction or revascularization
within 30 d by 30% (4.5 vs 6.4%, p = 0.03)(85). Therefore, patients presenting with non-
ST-segment elevation ACS and who undergo PCI should routinely receive clopidrogel
in addition to aspirin. Nevertheless, because there was a lower proportion of patients
with myocardial infarction or refractory ischemia in the clopidogrel group before the
coronary intervention (12.1 vs 15.3%, p � 0.008), presumably as a result of the bene-
ficial effects of clopidogrel at the time of the initial enrollment in CURE, concerns have
been raised regarding the interpretation of PCI-CURE (86).

LIMITATIONS AND ADVERSE EFFECTS OF TICLOPIDINE AND CLOPIDOGREL

There are a number of limitations in the use of thienopyridines, particularly in the
case of ticlopidine. The slow onset of action is an unfavorable pharmacokinetic feature
of thienopyridines. Loading doses may be used to speed up platelet inhibition, but tox-
icity limits the ease of administering large bolus doses, particularly in the case of ticlo-
pidine. Indeed, as many as 20% of patients are forced to discontinue ticlopidine because
of side effects, most commonly diarrhea, nausea, and skin rash. Neutropenia and throm-
botic thrombocytopenic purpura (TTP) are probably the most severe adverse reactions
attributed to ticlopidine, with an estimated incidence of about 3.3 and 0.02%, respec-
tively. However, TTP, which usually occurs within the first month of therapy, can be fatal
in up to 25–50% of cases. Because of these reactions, blood counts of patients being
treated with ticlopidine must be frequently monitored. As opposed to ticlopidine, clopi-
dogrel has demonstrated an excellent side effects profile, with an overall incidence of
gastrointestinal symptoms (abdominal pain, gastritis, nausea, vomiting, or dyspepsia)
lower than that seen in patients treated with aspirin. More importantly, in more than 3
million patients receiving clopidogrel, the incidence of TTP was comparable to that of
the general population, and 100-fold lower than that reported in ticlopidine-treated
patients (87). In addition, no cases of clopidogrel-associated severe neutropenia have
been reported. Another advantage of clopidogrel over ticlopidine is that it is about 70%
cheaper.

In general terms, since clopidogrel appears to be as efficacious as ticlopidine but with
a better safety and pharmacologic profile, the switch from ticlopidine to clopidogrel
seems to be justified for the wide range of clinical settings in which these drugs have
been tested (88).

CLINICAL USE OF CLOPIDOGREL IN PATIENTS WITH NON-ST ELEVATION ACS

On the basis of the CURE trial, clopidogrel should be administered to patients pre-
senting with an ACS. However, several points should be kept in mind regarding this
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trial. Only 4% of the CURE patients were enrolled in the United States, where an
aggressive strategy, which includes early administration of intravenous GP IIb/IIIa
antagonists and early angiography, with subsequent revascularization if deemed
necessary, are commonly performed in patients with ACS. In fact, in the CURE trial,
centers pursuing an invasive approach contemplating early angiography and revascu-
larization were excluded from participation. Therefore the question remains as to what
extent the CURE results are directly applicable to patients being managed in an aggres-
sive manner. Furthermore, the early administration of clopidogrel in patients who
require coronary bypass surgery during the initial hospitalization may well result in
excess and potentially life-threatening perioperative bleeding. Unlike the intravenous
GP IIb/IIIa antagonists, which either have a short (2–4 h) half-life or can be reversed
by platelet transfusions, clopidogrel irreversibly inhibits ADP-induced platelet aggre-
gation for the remaining platelet’s life. Indeed, nonrandomized studies have reported
significantly higher postoperative bleeding complication and re-operation rates because
of bleeding in patients treated with a thienopyridine (10 vs 2% with no thienopyri-
dine) (89,90). Therefore, clopidogrel should be withheld for at least 5–7 d in patients
in whom elective coronary bypass surgery is planned. In hospitals where early (24–36
h of admission) diagnostic catheterization is commonly performed in patients with
non-ST-segment elevation ACS, clopidogrel should be administered once it has been
decided that coronary bypass surgery will not be scheduled within the next week or
so. In case PCI is performed immediately following angiography, a loading dose (300-
600 mg) of clopidogrel can be administered to a patient who is already on the catheter-
ization table.

The current American Heart Association/American College of Cardiology guide-
lines recommend that patients presenting with non-ST-segment elevation ACS receive
300–600 g of clopidogrel as a loading dose, followed by 75 mg daily thereafter, in
addition to aspirin, for at least 1 mo and up to 9 mo, regardless if PCI is planned.
Whether clopidogrel should be stopped at 9 mo or continued for a longer period is
not clear since the mean follow-up in CURE was 9 mo. This decision should be based
on the individual patient’s related risk factors. For example, diabetic patients, or those
with diffuse coronary artery disease or in whom complete revascularization was not
achieved, would probably benefit from prolonged dual antiplatelet therapy.

As with any antiplatelet drug, the increased bleeding risk associated with clopido-
grel must be objectively balanced against the expected benefits of this therapy. In
CURE, for every 1000 patients treated with clopidogrel, there were 21 fewer events
pertaining to the first primary outcome (i.e., cardiovascular death, non-fatal myocar-
dial infarctions, or stroke), in exchange for 10 excess major bleeding events (defined
as substantially disabling bleeding, intraocular bleeding leading to loss of vision, or
the need of a transfusion of at least two units of blood).

The Glycoprotein IIb/IIIa Antagonists
Because GP IIb/IIIa is indispensable for platelet aggregation, blockade of this inte-

grin results in the inhibition of platelet aggregation irrespective of the platelet agonist
or stimulus-response coupling pathway involved. GP IIb/IIIa antagonists are therefore
the most powerful and specific inhibitors of platelet aggregation of the current
antiplatelet armamentarium.
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Table 4
Properties of Intravenous GP IIb/IIIa Antagonists

Abciximab Eptifibatide Tirofiban Lamifiban

Commercial name ReoPro Integrilin Aggrastat —
Supplier Centocor/Eli Lilly COR/Schering-Plough Merck Roche
Year of approval 1995 1998 1998 —
Structure Antibody Fab fragment Cyclic heptapeptide Synthetic nonpeptide Synthetic nonpeptide
Integrin selectivity aIIbb3 and aVb3 aIIbb3 aIIbb3 aIIbb3

Molecular weight (kDa) 48 0.83 �0.5 �0.5
Plasma half-life 10–30 min approx 2.5 h approx 2 h approx 2 h
Excretion Unknown approx 50% renal 40–70% renal 90% renal
Approved indications PCI NSTE ACS NSTE ACS Not approved

Refractory unstable angina, 
if PCI is to be performed 
within 24 h

Approved dose PCI: ACS: ACS: Not approved
Bolus: 0.25 mg/kg Bolus 180 lg/kg 0.4 lg/kg/min � 30 min,
Infusion: 0.125 lg/kg/min Infusion: 2.0 lg/kg/min then 0.1 lg/kg/min
(max 10 lg/min) � 72–96 h � 48–108 h
ACS � PCI (within 24 h) PCI:
Same as above, for 12–24 h Bolus: 135 lg/kg

Infusion 0.5 lg/kg/min
� 20–24 h
ESPRIT:
Bolus: 2x 180 lg/kg
(10 min apart), then 
2.0 lg/k/min � 18–24 h

Major clinical trials EPIC, EPILOG, CAPTURE, PURSUIT PRISM PARAGON A
EPISTENT, RAPPORT, IMPACT-II PRISM-PLUS PARAGON B
ADMIRAL, CADILLAC, RESOTRE 
TARGET, GUSTO-IV, TARGET
GUSTO-V

NSTE, non-ST-segment elevation; PCI, percutaneous coronary intervention; ACS, acute coronary syndrome.



PHARMACOLOGY OF INTRAVENOUS GP IIB/IIIA ANTAGONISTS

Three intravenous GP IIb/IIIa antagonists have undergone extensive evaluation in
several large-scale clinical trials in the settings of PCI and non-ST-segment elevation
myocardial ischemia, and in pharmacologic-based reperfusion regimens for the treat-
ment of acute myocardial infarction (“combination therapy”) (91). An additional GP
IIb/IIIa antagonist, lamifiban, has also been evaluated in patients presenting with ACS,
but is not approved for clinical use (Table 4).

ABCIXIMAB

Abciximab (ReoPro™) is the human–murine chimeric Fab fragment of the mono-
clonal antibody directed to GP IIb/IIIa, 7E3. Owing to its affinity for the b3 (GP IIIa)
subunit, abciximab also binds other b3-containing integrins, most notably the vitronectin
receptor aVb3, which is involved in cell adhesion, migration, and proliferation; how-
ever, the significance of this interaction remains unknown. After intravenous adminis-
tration of the standard bolus dose of abciximab (0.25 mg/kg), approximately two-thirds
of the drug rapidly binds to platelets and blocks approx 80% of the GP IIb/IIIa recep-
tors, with a corresponding 80% inhibition of platelet aggregation in response to ADP
(5–20 lM). Nevertheless, there is a fair amount of variability in the degree of platelet
inhibition which is attained after a bolus dose, and even more so after the standard infu-
sion (0.125 lg/kg/min) of abciximab (92).

Free plasma levels of abciximab rapidly drop after administration. Internalization of
abciximab in platelet a-granules has been documented (93) and may potentiate subse-
quent a-granule release (94). Several in vivo and ex vivo studies show that once admin-
istered, abciximab is redistributed from platelet to platelet (92). In fact, platelet-bound
abciximab can be detected up to 3 wk after the initial administration, at a time when all
of the platelets that were present during abciximab administration can be expected to
have been removed from the circulation based on their 7–10 d life span. Low plasma
levels of free, unbound abciximab allow rapid reversal of the drug’s inhibitory effect by
platelet transfusions. Nevertheless, because of abciximab’s redistribution capacity, very
large numbers of platelets may be needed in order to decrease GP IIb/IIIa blockade to
under 50%, a level at which hemostasis should not longer be impaired.

EPTIFIBATIDE

Eptifibatide (IntegrilinTM) is a cyclic heptapeptide based on the KGD (Lys-Gly-
Asp) sequence found in the venom of the southeastern pigmy rattlesnake, Sisturus m.
barbouri. The molecular structure of the peptide derivative of this venom was modi-
fied by substitution of arginine for lysine (thus a KGD sequence), enhancing its speci-
ficity for GP IIb/IIIa, while cyclization of the amino acid sequence enhanced the
anti-aggregatory potency of the compound (95). Therefore, unlike abciximab, eptifi-
batide binds with high affinity and specificity to GP IIb/IIIa and does not cross-react
with other integrins.

Renal clearance is thought to be the main elimination route of eptifibatide, which has
a plasma half-life of approx 2.5 h. In contrast to abciximab, a very high number of
unbound drug molecules, relative to the number of receptors, are attained after intra-
venous administration of eptifibatide. Therefore, platelet transfusions may not reverse
eptifibatide’s inhibitory effect, as the newly transfused platelets would most probably be
rapidly inhibited by the unbound eptifibatide. In this regard, reversal of the antiplatelet
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effect relies mainly on suspending the administration of the drug and waiting for at least
4 h for the drug to be cleared and for platelet aggregation to approx 50% of baseline lev-
els (92).

TIROFIBAN

Tirofiban (Aggrastat™) is a peptidomimetic agent with geometric, stereotactic, and
charge characteristics similar to the RGD (Arg-Gly-Asp) sequence. It thus acts as a
highly specific competitive antagonist of the GP IIb/IIIa receptor (96). In a similar
way to eptifibatide, after intravenous administration of tirofiban, the peak molecular
concentration of the drug relative to the number of receptors is high; therefore, it is
also unlikely that platelet transfusions are effective in reversing the antiplatelet effects
of tirofiban. Again, similarly to eptifibatide, because of tirofiban’s mean half-life of
approx 2 h, reversal of the drug’s antiplatelet effects relies on stopping the medica-
tion and waiting for approx 4 h to achieve approx 50% of the normal platelet aggre-
gation (92).

Clinical Trials of Intravenous GP IIb/IIIa Antagonists in 
Non-ST Elevation ACS

The role of intravenous GP IIb/IIIa antagonists in the treatment of non-ST-elevation
ACS has been studied in six large prospective randomized trials involving approx 30,000
patients. Unlike the clear-cut positive results of the GP IIb/IIIa antagonists in the inter-
ventional arena, there has been considerable heterogeneity in the efficacy of these drugs
in reducing cardiovascular events among patients presenting with non-ST-elevation ACS
(91). This heterogeneity may stem from several differences inherent to the ACS popu-
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Fig. 7. Odds ratios and 95% confidence intervals (CI) for 30-d death or myocardial infarction (MI) in
the six major trials of GP IIb/IIIa antagonists in non-ST-elevation ACS.



lation. For example, as opposed to the “planned” vessel injury in patients undergoing
elective PCI, patients with unstable angina or non-ST-elevation myocardial infarction
present with spontaneously ruptured plaques and have ongoing coronary thrombosis.
Therefore, maximal platelet inhibition cannot be afforded at the time of injury and onset
of the ACS. In spite of these observations, the results of several clinical trials support
the use of GP IIb/IIIa antagonists in patents suffering non-ST-elevation ACS (Fig. 7).

TRIAL DESIGNS

The Platelet Glycoprotein IIb/IIIa in Unstable Angina: Receptor Suppression Using
Integrilin Therapy (PURSUIT) (97), Platelet Receptor Inhibition in Ischemic Syndrome
Management in Patients Limited by Unstable Signs and Symptoms (PRISM-PLUS)
(98), Platelet IIb/IIIa Antagonism for the Reduction of Acute Coronary Syndrome
Events in a Global Organization Network (PARAGON) (99), and Platelet Receptor Inhi-
bition in Ischemic Syndrome Management (PRISM) (100) trials, collectively known as
the “4P’s,” are the basis for the use of GP IIb/IIIa antagonists for the treatment of ACS.
Entry criteria were similar in these trials, although the PRISM study had a lower-risk
population compared to the other trials. Indeed, 25% of patients enrolled in the PRISM
study were diagnosed with non-Q wave myocardial infarction, compared to 45% in the
higher risk populations enrolled in PRISM-PLUS and PURSUIT.

There were considerable differences between the trials regarding the therapeutic
strategy to be followed. While PRISM and PARAGON focused primarily on the med-
ical management of patients, discouraging early coronary catheterization and revas-
cularization, PRISM-PLUS encouraged angiography and revascularization after an
initial 48-h drug pretreatment period, maintaining drug therapy at the time of the pro-
cedure. PURSUIT, on the other hand, was a megatrial carried out in 28 countries and
did not mandate any particular invasive or pharmacologic strategy apart from the study
medication.

Regarding adjunctive pharmacotherapy, all patients received aspirin. Nevertheless,
the use of heparin varied among the trials. In PURSUIT, heparin was encouraged dur-
ing the active drug infusion, but was not protocol-mandated. Heparin co-administration
to patients receiving GP IIb/IIIa inhibitor therapy was specifically tested in a random-
ized manner in the PRISM-PLUS and PARAGON-A studies. In the PRISM study,
patients assigned to tirofiban did not receive adjunctive heparin. Table 5 summarizes the
design of these four clinical trials.

The PARAGON-B trial enrolled 5225 high-risk patients with ischemic chest pain in
the preceding 12 h, and either changes in the ST-segment or T wave, or positive cardiac
enzymes (creatine kinase isoenzyme-cardiac muscle subunit [CK-MB] or troponins)
(101). Patients were randomized to either lamifiban (500 mg iv bolus, followed by var-
ious infusion doses based on their estimated creatinine clearance over 72 h) or placebo
for up to 120 h after any PCI.

The most recent of the GP IIb/IIIa antagonist in ACS trials is Global Use of Strate-
gies to Open Occluded Arteries (GUSTO)-IV (102). Seven thousand eight hundred
patients presenting with ischemic chest pain lasting more than 5 min in the preceding
24 h, and either positive troponins or at least 0.5 mm of ST-segment depression, ran-
domly received either abciximab for 24 h, abciximab for 48 h, or a matching placebo.
Abciximab was administered at the standard bolus and infusion doses. Early angiogra-
phy and revascularization were strongly discouraged.
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Table 5
Design of the Major Trials Evaluating GP IIb/IIIa Antagonists in ACS

Entry Rx Heparin Angiography and Primary 
Trial Drug n Criteria Duration Use revascularization End Point

PRISM Tirofiban 3232 Angina at rest or minimal 48 h Control group. Discouraged. Death, MI, or 
exertion within 12 h, and refractory ischemia
either: D ECG or ↑ at 48 h.
CPK-MB, or CAD history, 
or (�) stress test.

PRISM-PLUS Tirofiban 1915 Angina at rest or minimal 48–96 h Control group Encouraged Death, MI, or 
exertion within 12 h, and (96 h co-administered after the 48-h refractory ischemia
either: D ECG or ↑ CPK-MB. if PTCA). with tirofiban. drug infusion. at 7 d.

PURSUIT Eptifibatide 10,948 Angina at rest within 24 h, Hospital Encouraged, but MD discretion. Death or MI at 30 d.
and either:D ECG or ↑ discharge not randomized.
CPK-MB (96 h if 

PTCA).
PARAGON-A Lamifiban 2282 Angina at rest within 72–120 h Control group MD discretion. MD discretion.x30 d.

12 h, and D EKG randomized.
PARAGON-B Lamifiban 5,225 Angina at rest within 72 h Control group MD discretion 30 d all-cause 

12 hr � D ST or D T, randomized (encouraged). mortality, MI, or
or ↑ cardiac markers, severe recurrent 
or (�) troponins ischemia.

GUSTO-IV Abciximab 7,800 Angina for �5 min within 24–48 h Control group Encouraged. Any-cause death, or
24 h and either: D ECG Heparin MI at 30 d.
or ↑ troponin T or I, co-administration 
or �0.5mm transient _ST. with abciximab. 
LMWH substudy.

CPK-MB, creatine phosphokinase isoenzyme; CAD, coronary artery disease; PTCA, purcutaneous transluminal coronary angioplasty; MI, myocardial infarc-
tion; LMWH, low-molecular-weight heparin; MD, medical doctor; D, change.



Table 6
Short- and Medium-Term Clinical Outcomes of Patients Receiving GP IIb/IIIa Antagonists for ACSa

48–96 h 30 d 6 mo

Death MI Death or MI Death MI Death or MI Death MI Death or MI

PRISM
Heparin 0.4 1.4 1.4 3.6 4.3 7.1 — — —
Tirofiban 0.2 0.9 0.9 2.3 4.1 5.8 — — —

PRISM-PLUS
Heparin 0.3 2.6 2.6 4.5 9.2 11.9 7.0 10.5 15.3
Tirofiban � heparin 0.1 0.9 0.9 3.6 6.6 8.7 6.9 8.3 12.3

PURSUIT
Placebo 1.2 8.3 9.1 3.7 13.5 15.7 6.2 15.7 19.0
Eptifibatide 0.9 7.1 7.6 3.5 12.6 14.2 6.4 14.7 17.8

PARAGON-A
Placebo 0.5 3.3 3.7 2.9 10.6 11.7 6.6 14.3 17.9
Lamifiban (low dose) 0.3 3.5 3.5 3.0 9.4 10.6 5.2 10.8 13.7
Lamifiban (high dose) 0.4 2.5 2.6 3.6 10.9 12.0 6.8 12.9 16.4

GUSTO-IV
Placebo 0.3 1.3 1.5 3.9 3.9 5.1 8.0 — —
Abciximab 24 h 0.7 1.3 1.9 1.9 3.4 5.6 8.2 — —
Abciximab 48 h 0.9 1.4 2.2 2.2 4.3 5.9 9.1 — —

aShort- and medium-term clinical outcomes from 5 major randomized trials of GP IIb/IIIa antagonists in the treatment of patients with non-ST-elevation ACS.
MI, myocardial infarction.
Modified from ref. 91.



TRIAL OUTCOMES

The net clinical benefit of GP IIb/IIIa antagonists in the treatment of non-ST-eleva-
tion myocardial ischemia has been shown in several trials, however, there has been a sig-
nificant heterogeneity in their results (Table 6). In the PRISM study, patients who
received tirofiban compared to heparin alone, had a reduced rate of the composite of
death, new myocardial infarction, or refractory ischemia during the 48-h infusion period
of the study drug (3.8 vs 5.6%, RR 0.67, p � 0.01), largely as a result of a reduction in
recurrent ischemia. At 30 d, however, this difference was no longer significant (p �
0.34). A treatment effect at 30 d, however, was seen in PRISM-PLUS. Patients who
received the combination of tirofiban and heparin had a reduced rate of 30-d mortality,
myocardial infarction, refractory ischemia, or rehospitalization for unstable angina,
compared to patients receiving heparin alone (18.5 vs 22.3%, RR 0.78, p � 0.03).
Although this benefit was maintained at 6 mo, the 30-d composite end point did not
quite reach the prespecified statistical significance of p � 0.025.

Although the PRISM population was low-risk, patient stratification based on positive
troponin I or T levels revealed a number of interesting findings (103). First, troponins
identified patients at high risk for subsequent cardiovascular events, consistent with
prior studies. Second, and most important of all, positive troponins served to identify
patients who would benefit the most from tirofiban therapy. For example, 30-d death or
myocardial infarction occurred in 13.0% of troponin I-positive patients, compared to
4.9% of troponin-negative patients (p � 0.001). Among troponin-positive patients,
tirofiban reduced the risk of death and myocardial infarction by 75 (p � 0.004) and 63%
(p � 0.01), respectively, whereas no treatment effect could be discerned among tro-
ponin-negative patients (Fig. 8).
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Fig. 8. Thirty-day event-rate curves (mortality or myocardial infarction) for patients with troponin-I
concentrations higher or lower than 1.0 lg/mL. A reduction in death or myocardial infarction was
observed in troponin I-positive patients who received tirofiban (103). Reproduced with permission
from: Heeschen C, Hamm CW, Goldman B, et al. Copyright by The Lancet Ltd, 1999.
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Although the original design of PRISM-PLUS did contemplate a direct comparison
between tirofiban only, heparin only, and a combination of tirofiban and heparin, such
a comparison could not be completed, because the tirofiban-only arm was prematurely
stopped when an interim analysis revealed an unexpected increase in death in this group,
compared with the heparin-only arm. Although this observation could have resulted
from the play of chance, as it was not statistically significant and was inconsistent with
the results of the PRISM study, it raised the possibility of a prothrombotic effect of GP
IIb/IIIa antagonism without adjunctive heparin use.

The multinational PURSUIT trial demonstrated a significant 1.5% absolute risk
reduction in the occurrence of death or myocardial infarction as early as 96 h of initiat-
ing the study drug. The beneficial effects of eptifibatide among the high-risk PURSUIT
population persisted at 7 d, 30 d, and at 6 mo follow-up, indicating that the treatment
effect is durable. In addition to decreasing the incidence of myocardial infarction, epti-
fibatide was shown to reduce the size of the infarction.

In contrast to the clinical benefit observed in the other three trials, PARAGON-A did
not show a reduction in 30-d death, myocardial infarction, or recurrent ischemia with
either high dose or low dose lamifiban. However, after the initial 30-d period, the event-
rate curves diverged, and by 6 mo there was a lower rate of death or myocardial infarc-
tion associated with the low dose of lamifiban plus heparin (odds ratio [OR] 0.66, p �
0.025, vs placebo � heparin). Retrospective analyses of PARAGON-A showed that opti-
mal platelet inhibition and improved clinical outcomes among patients receiving lami-
fiban were attained when the plasma levels of the drug were between 18 and 42 ng/mL
(104). As a result of this observation, the PARAGON-B trial studied the optimal dose
of lamifiban based on renal function. All patients received aspirin and either unfrac-
tionated or low molecular weight heparin, in addition to placebo or lamifiban. Patients
assigned to the active treatment group did not show an improved survival in terms of
30-d death or myocardial infarction (10.6% in the lamifiban group vs 11.5% in the
placebo group, p � 0.32) (101). Interestingly, an 1160-patient troponin substudy found
that patients who tested positive for troponin T had a 50% greater risk of dying, having
myocardial infarction, or having severe recurrent ischemia within 30 d (the study’s pri-
mary composite end point), compared to troponin-negative patients (105). In addition,
only troponin-positive patients seemed to derive clinical benefit from lamifiban, reduc-
ing the risk of reaching the composite end point to almost the same as that of troponin-
negative patients. Among troponin-positive patients, lamifiban reduced the primary
composite from 19.4 to 11.0% (p � 0.01), while among troponin-negative patients, there
was no significant treatment effect of lamifiban (11.2% for placebo vs 10.8% for lam-
ifiban, p � 0.86). Thus, PARAGON-B confirmed that troponin positivity predicts a
worse short-term clinical outcome and also identifies which patients are likely to bene-
fit from GP IIb/IIIa blockade.

Although the CAPTURE trial strictly does not form part of the collection of trials that
have studied GP IIb/IIIa antagonists in the medical management of patients with ACS, it
is germane to the present discussion (106). In CAPTURE, more than 1200 patients with
refractory unstable angina underwent angiography and were subsequently randomized to
receive 18–24 h of either placebo or abciximab prior to planned angioplasty. Following
angioplasty, the abciximab infusion was continued for an additional 1 h. The composite
end point of death, myocardial infarction, or urgent revascularization at 30 d occurred
significantly less frequently among patients receiving abciximab compared to placebo
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(11.3 vs 15.9%, RR 0.64, p � 0.01). An angiographic analysis from this trial showed that
abciximab promoted thrombus dissolution, consistent with the finding of reduced recur-
rent ischemia, as evidenced by continuous electrocardiographic monitoring. Abciximab
not only decreased the number of events after the coronary intervention, but also prior to
the procedure and as a result of the procedure per se (rate of myocardial infarction before
PCI, 0.6 vs 2.1% [p � 0.03]; after PCI 2.6 vs 5.5% [p � 0.009]). Importantly, a subse-
quent analysis that stratified the CAPTURE patients according to their serum troponin T
levels, found that the benefit of abciximab had been confined to patients with elevated
troponin T levels (107). Indeed, in this group of patients, abciximab reduced the risk of
death or myocardial infarction at 6 mo by an impressive 68% (p � 0.002).

Based on the positive results of the CAPTURE trial, GUSTO-IV assessed the effect
of a prolonged (24 or 48 h) infusion of abciximab in patients presenting within 24 h of
the onset of a non-ST-elevation ACS. In contrast to the previous trials, GUSTO-IV
showed no clinical benefit of GP IIb/IIIa blockade, compared to placebo. In fact, the 48-
h infusion of abciximab consistently increased the incidence of death at 48 h (0.3%
placebo vs 0.9% for 48-hr abciximab, OR 2.9, p � 0.008), at 7 d (1.8 vs 2.0% p �0.57),
and at 30 d (3.9 vs 4.3%, p � 0.66). The primary end point of death or myocardial infarc-
tion at 30 d was reached in 8.0, 8.2, and 9.1% in the placebo, 24-h abciximab, and 48-
h abciximab groups, respectively. Furthermore, in contrast to the CAPTURE, PRISM,
and PARAGON-B studies, in which troponin positivity identified high risk patients who
derived particular benefit from GP IIb/IIIa therapy, a similar effect could not be dis-
cerned in GUSTO-IV (102). The precise mechanisms explaining this phenomenon are
currently unknown, however, several possibilities have been proposed. Compared to the
other trials, GUSTO-IV may have enrolled lower risk patients. In addition, investigators
knew that GUSTO-IV strongly discouraged early revascularization; this may have intro-
duced a selection bias in which patients more likely to benefit from therapy were
excluded. Other possibilities include platelet activation secondary to outside-in signal-
ing through the GP IIb/IIIa integrin with a possible pro-inflammatory effect resulting
from prolonged GP IIb/IIIa receptor occupancy (25), and significant peak-through vari-
ations in platelet inhibition.

In spite of the negative results seen in GUSTO-IV, there is abundant evidence sup-
porting the use of eptifibatide or tirofiban in the management of high risk patients pre-
senting with non-ST-elevation ACS. In addition, the benefit of administering abciximab
to high risk patients with refractory unstable angina, who are to undergo percutaneous
coronary revascularization within 24 h, remains unchanged.

ROLE OF REVASCULARIZATION

The 4P trials clearly indicate an improvement in the clinical outcome of patients with
an ACS who are treated with platelet GP IIb/IIIa antagonists. Nevertheless, these trials
did not specifically evaluate the efficacy of GP IIb/IIIa antagonism in patients with ACS
who subsequently underwent PCI. A meta-analysis of postrandomization observations
from CAPTURE, PURSUIT, and PRISM-PLUS, however, provide evidence that GP
IIb/IIIa antagonism not only reduces ischemic events during the infusion of the drug,
but also significantly ameliorates ischemic complications resulting from PCI (108). An
overall 34% reduction in the composite of death or nonfatal myocardial infarction was
found during medical management with GP IIb/IIIa antiplatelet therapy preceding PCI
(2.5 vs 3.8%, OR 0.66), and an additional 41% reduction in PCI-related ischemic com-
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plications was noted among patients who received GP IIb/IIIa antagonists and who sub-
sequently underwent PCI.

The recent Treat Angina with Aggrastat and Determine Cost of Therapy with an Inva-
sive or Conservative Strategy, Thrombolysis in Myocardial Infarction (TACTICS-TIMI)
18 trial provided definitive evidence of the complementary roles of GP IIb/IIIa block-
ade and early PCI for the treatment of ACS (109). In the TACTICS-TIMI 18 trial, 2220
patients presenting with non-ST-elevation ACS were treated with aspirin, tirofiban, and
heparin, in addition to the usual management. Patients were subsequently randomized
to either an invasive strategy, which included early (on average, 24 h after enrollment)
catheterization and revascularization (if necessary), or to a conservative strategy of med-
ical management, reserving coronary angiography to cases of recurrent or provokable
ischemia. At 6 mo, the rate of the primary end point (consisting of death, myocardial
infarction, or rehospitalization for an ACS) was reduced in patients managed according
to the invasive strategy, compared to those being medically managed (15.9 vs 19.4%, p
� 0.025). Additionally, TACTICS-TIMI 18 prospectively validated the notion that tro-
ponin-positive (i.e., high risk) patients derive an added benefit from an early invasive
therapeutic strategy compared to those who do not have elevated troponin levels. Tro-
ponin T-positive (�0.01 ng/mL) patients randomized to the invasive strategy had a 45%
relative reduction in the odds of reaching the primary end point, compared to lack of
efficacy observed in troponin-negative patients (p �0.001).

LIMITATIONS AND ADVERSE EFFECTS GP IIB/IIIA ANTAGONISTS

Platelet GP IIb/IIIa antagonists have been administered to tens of thousands of
patients under a variety of settings and have consistently shown to have a very good
safety profile.

Bleeding. Bleeding complications are the main concern regarding the safety of these
agents. In the Evaluation of 7E3 for the Prevention of Ischemic Complications (EPIC)
(110) trial, abciximab significantly increased the risk of major bleeding. Nevertheless,
it was later determined that the non-weight-adjusted dose of heparin that had been used
accounted for the excess bleeding events. In the subsequent Evaluation in Percutaneous
Transluminal Coronary Angioplasty to Improve Long-Term Outcome with Abciximab
GP IIb/IIIa blockade (EPILOG) and Evaluation of Platelet IIb/IIIa Inhibitor for Stent
(EPISTENT) trials, in which weight-adjusted heparin doses had been in conjunction
with early sheath removal, there was no excess in bleeding complications among
patients being treated with abciximab (111). Similarly, in the PRISM-PLUS study,
tirofiban was associated with a slight but nonsignificant increase in major bleeding. In
PRISM, tirofiban did not increase the risk of major bleeding. In the PURSUIT and
Enhanced Suppression of the Platelet IIb/IIIa Receptor with Integrilin Therapy
(ESPRIT) (112) trials, which used higher eptifibatide doses compared to Integrilin to
Manage Platelet Aggregation to Prevent Coronary Thrombosis (IMPACT)-II (113),
there was a small but statistically significant increase in major bleeding. Importantly, in
PURSUIT, patients who received eptifibatide and underwent coronary artery bypass
surgery did not have additional bleeding complications compared to patients assigned
to placebo. Additionally, it is reassuring that none of the GP IIb/IIIa antagonists have
increased the risk of intracranial hemorrhage (114).

Thrombocytopenia. Abciximab has been reported to cause both, pseudothrombocy-
topenia and true thrombocytopenia. In patients receiving abciximab and who develop

Antiplatelet Therapy 509



thrombocytopenia, EDTA-induced pseudothrombocytopenia should always be consid-
ered and ruled-out by directly examining a peripheral blood smear for the presence of
platelet aggregates, as the automated platelet counters do not normally distinguish this
entity from true thrombocytopenia (115). In addition, EDTA-dependent pseudothrom-
bocytopenia does not constitute an indication to stop abciximab therapy. Another con-
dition that must be considered and ruled-out is heparin-induced thrombocytopenia, as
patients receiving abciximab also frequently receive heparin.

True abciximab-induced profound thrombocytopenia (platelet count �20,000/lL)
occurs in about 0.3–1.0% of patients (115). In these patients, a significant decrease in
their platelet count can normally be detected within the first hours after drug adminis-
tration, therefore it is essential that a platelet count be obtained within 2–4 h after initi-
ating abciximab. Most patients with severe thrombocytopenia respond well to platelet
transfusions, and their platelet count usually recovers within 5 d, but may take over a wk
to do so.

The mechanisms of abciximab-induced thrombocytopenia are unknown, but may
include the presence of an antibody to a neoepitope expressed after abciximab binding
to GP IIb/IIIa, or abciximab-induced platelet activation with subsequent platelet seques-
tration from the circulation. At the moment, available data lend support to an immune-
mediated mechanism for abciximab-induced thrombocytopenia, as high titer antibodies
are detected in the plasma of patients after they have been treated with abciximab.

Additional concerns have been raised as approx 6% of patients who receive abcix-
imab develop human antichimeric antibodies (HACA), however, these antibodies do not
appear to affect the in vitro platelet inhibition by abciximab. Importantly, the ReoPro
Readministration Registry (116), which included 500 patients who received abciximab
for a second time, reported: (i) a high clinical success rate; (ii) no cases of hypersensi-
tivity, bleeding, or death; and (iii) an incidence of thrombocytopenia comparable to
patients receiving abciximab for the first time. A shift in the incidence of thrombocy-
topenia, from mild to profound thrombocytopenia, however, was observed. There were
also several cases of delayed (0.8%) (approx 6 d after hospital discharge) and recurrent
thrombocytopenia (0.8%), the latter occurring despite platelet transfusions. It is there-
fore recommended that clinicians obtain a second platelet count 24 h after the readmin-
istration of abciximab, and that they maintain a high index of suspicion for the delayed
development of abciximab-induced thrombocytopenia. Although there have been no
reports of immune reactions associated with either tirofiban or eptifibatide, decreased
platelet counts occasionally occur (100).

MONITORING PLATELET FUNCTION

As with any form of pharmacologic therapy, there is a significant inter-individual
variability in the response to GP IIb/IIIa antagonists. Differences in platelet size and
counts, activation status, number of GP IIb/IIIa receptors expressed per platelet, splenic
size, renal function, and platelet GP IIb/IIIa genetic polymorphisms, can all influence
the pharmacological response to a given GP IIb/IIIa antagonist. Furthermore, these
asseverations are not merely theoretical, as a significant intra- and interindividual vari-
ability in platelet inhibition has been documented in patients and healthy subjects receiv-
ing antiplatelet therapy (117). To assess these differences, a number of assays for
analyzing platelet function have been developed and range from the well-validated tur-
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bidometric aggregometry method, to modern platelet function analyzers such as the
PFA-100 and the rapid PFA (RPFA), which are both available for clinical use.

Several studies have evaluated the pharmacokinetic and pharmacodynamic properties
of the intravenous GP IIb/IIIa antagonists, however, the GOLD trial is the largest and
the first study to correlate platelet function in patients receiving GP IIb/IIIa antagonists
with clinical outcomes (118). The GOLD trial monitored platelet function using the
RPFA device in 485 patients who underwent PCI and received GP IIb/IIIa antagonist
therapy: abciximab (84%), tirofiban (9%), and eptifibatide (7%). Patients who achieved
�95% platelet inhibition within 10 min, had a 6.4% event rate of major adverse cardiac
events, compared to 14.4% of patients who attained �95% inhibition (p � 0.006). At 8
h, patients who had �70% inhibition, had lower event rates than those who achieved
�70% platelet inhibition (8.1 vs 25%, p � 0.009). The GOLD study confirms impor-
tant interindividual variations in platelet inhibition after GP IIb/IIIa blockade therapy
and also reveals that a significant proportion of patients do not reach optimal platelet
inhibition. The question, however, remains as to whether clinical events can be reduced
by adjusting the dose of GP IIb/IIIa antagonist to an optimal antiplatelet effect.

Clinical Use of Intravenous GP IIb/IIIa Antagonists in 
Patients with Non-ST Elevation ACS

Data from the PRISM, PRISM-PLUS, and PURSUIT studies favor the use of
tirofiban or eptifibatide in patients with non-ST-elevation ACS, particularly among
high-risk patients with positive troponins, or in patients undergoing adjunctive PCI. 

However, unlike the decision to administer GP IIb/IIIa antagonists to patients under-
going elective PCI, the administration of this form of antiplatelet therapy to patients pre-
senting with ACS is less straightforward. Indeed, the diagnosis of unstable angina
remains largely clinical. Furthermore, the diagnosis of non-ST-elevation myocardial
infarction is frequently made retrospectively, based upon the examination of enzymatic
markers of myocardial necrosis. Therefore, GP IIb/IIIa antagonist therapy is commonly
initiated in an “empiric” way in this group of patients, in spite of the observation that
the benefit of this therapy seems to be somewhat confined to high-risk unstable angina
patients particularly to those with elevated troponin levels and to those who proceed to
PCI. A meta-analysis of the six trials shown in Table 5 and Fig. 7 indicates hat GP
IIb/IIIa antagonist therapy is associated with a 9% relative (or 1% absolute) reduction
in the odds of death or myocardial infarction at 30 d (119). Subgroup analyses of this
study suggest that patients with elevated troponins or who undergo PCI, are those who
derive most benefit from GP IIb/IIIa blockade.

Putting these data in context with the TACTICS trial, patients presenting within the
first few h (�3 h) after the onset of the non-ST-elevation ACS, in whom troponin ele-
vation would not be detected yet, should probably receive intravenous GP IIb/IIIa antag-
onists (tirofiban or eptifibatide) and undergo early coronary catheterization and
revascularization if deemed appropriate. If, however, a patient is found to not have an
elevated troponin level 12 h or more after the onset of symptoms, a noninvasive
approach would seem adequate. If GP IIb/IIIa antagonists were to be administered to a
patient with these characteristics, benefit from this form of therapy would not be
expected to be significant.

One concern of the “up-front” or empiric administration of GP IIb/IIIa therapy is that
patients with ACS may require coronary artery bypass grafting (CABG) surgery. A sub-
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analysis of PURSUIT has shown that eptifibatide is not only safe, but also significantly
improves the outcome of patients undergoing CABG (120). Once the decision to per-
form CABG surgery has been made in patients receiving either tirofiban or eptifibatide,
the drug infusion should be stopped, and at least 4 h must pass in order to reverse the
antiplatelet effect. In patients with ACS who receive abciximab because of a planned
PCI within the next 24 h, but who for some reason or another proceed to CABG sur-
gery, the medication should be stopped and platelets may need to be transfused.

A critical issue regarding GP IIb/IIIa antagonists in patients with ACS is the role of
concomitant heparin therapy, however, this point has been difficult to determine from
the results of the above-discussed trials. While in PRISM heparin was directly compared
with tirofiban, the combination of tirofiban plus heparin was not examined. Conversely,
although in PRISM-PLUS one of the treatment arms was tirofiban plus heparin and the
control group received heparin only, the tirofiban-only arm was stopped prematurely
because of an increase in mortality. In the PURSUIT trial, investigators were encour-
aged to use concomitant heparin, however, this was not done in a standardized fashion.
PARAGON-A was the only trial to specifically test the interaction between heparin and
GP IIb/IIIa blockade because of its 2 � 2 factorial design, in which patients random-
ized to lamifiban were further randomized to receive either heparin or no heparin.
Although there were no differences in outcome between the groups at 30 d, the combi-
nation of low-dose lamifiban with heparin had a lower rate of death or myocardial
infarction compared to the other groups at 6 mo, and a lower mortality at 1 yr. Although
this study would provide direct evidence supporting the concomitant use of both classes
of agents, it was not adequately powered to establish differences between the two
groups.

The most recent American Heart Association/American College of Cardiology guide-
lines for the treatment of non-ST-elevation ACS give a class I recommendation for the
administration of a GP IIb/IIIa antagonist, in conjunction with aspirin and heparin, to
patients in whom catheterization and PCI are planned. If, however, clopidogrel has
already been adminstered to these patients, the recommendation to administer a GP

Table 7
High Risk Features in Patients with Non-ST-Elevation ACS

High Risk

Feature At least 1 of the following must be present:

History Accelerating tempo of ischemic symptoms In preceding 48 h
Character of pain Prolonged, ongoing (�20 min) rest pain.
Clinical findings Pulmonary edema, most likely due to ischemia.

New or worsening mitral regurgitation murmur.
S3 or new/worsening rales.
Hypotension, bradycardia, tachycardia.
Age �75 yr

ECG Angina at rest with transient ST-segment changes �0.5 mV.
Bundle-branch block, new or presumed new.
Sustained ventricular tachycardia.

Cardiac markers Elevated.

Adapted from ref. 63.
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IIb/IIIa antagonist is class IIa, meaning that the weight of evidence favors the selected
treatment, although there may be divergent opinions in this matter. Also given as a class
IIa recommendation is the administration of tirofiban or eptifibatide, in addition to
aspirin and heparin (either unfractionated or low-molecular weight) to patients with con-
tinuing ischemia or with other high-risk features (Table 7) and in whom an invasive
approach is not planned. The general opinion is that the benefit of tirofiban or eptifi-
batide in low-risk ACS patients who do not have continuing ischemia and in whom PCI
is not planned, would not outweigh the associated risks.
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INTRODUCTION

Acute coronary syndromes represent a clinical spectrum that extends all the way from
unstable angina presenting with a transient episode of chest pain, to non-ST-elevation
myocardial infarction (MI) with more prolonged chest pain and biochemical evidence
of MI, to ST-elevation MI with more extensive myocardial damage and formation of Q
waves on the surface electrocardiogram (ECG), and finally to sudden cardiac death.
Pathophysiologic correlations include minor plaque ulceration and transient thrombus
formation in unstable angina, more extensive thrombosis in non-Q wave MI, and com-
plete occlusion in ST-elevation MI and sudden death. Despite initially promising small
studies, a large randomized trial showed that thrombolytic therapy is not beneficial and
may even be harmful in unstable angina and non-ST-elevation MI. Several trials have
compared conservative vs early invasive strategies in unstable angina and non-ST-ele-
vation MI. Results of these trials were conflicting, and most antedated the use of platelet
glycoprotein (GP) IIb/IIIa receptor inhibitors and coronary stenting. Risk stratification
models, based on simple clinical and laboratory parameters, potentially might allow
identification of high risk patients who will benefit the most from an early invasive
approach and those with lower risk, in which early conservative management may be
more appropriate.
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PATHOPHYSIOLOGY OF ACUTE CORONARY SYNDROMES

Plaque rupture with thrombus formation is the primary pathophysiologic mechanism
behind acute coronary syndromes (1–5). This process is complex and starts with expo-
sure of subendothelial constituents like collagen, von Willebrand factor, fibronectin, and
vitronectin. These elements are recognized by platelet surface receptor glycoprotein Ib
and lead to platelet activation and adhesion to the vessel wall. Activated platelets release
from their a-granules substances such as thromboxane A2, thrombin, adenosine diphos-
phate, and serotonin. These are vasoconstrictor substances, and they cause a physiolog-
ical obstruction superimposed on the mechanical disruption. More important, they lead
to further platelet activation and aggregation. The final common pathway of platelet
aggregation involves activation of the GP IIb/IIIa surface receptors, which cross-link
platelets via fibrinogen bridges. Aggregated platelets facilitate the conversion of pro-
thrombin to thrombin, and this leads to increased thrombin formation, which in turn is
a potent agonist for further platelet activation. Finally, the thrombus is stabilized by
thrombin-mediated conversion of fibrinogen to fibrin.

Angioscopy studies have confirmed these findings and demonstrated intracoronary
thrombus or complex plaques in 90–100% of patients presenting with unstable angina
(6,7) Angiography studies, on the other hand, are limited by a low sensitivity for detect-
ing intracoronary thrombus and have revealed its presence in only about 30–40% of
patients (8,9). Moreover, the demonstration of improved clinical outcomes with the
administration of aspirin and heparin has provided indirect evidence that coronary
thrombosis plays a central role in acute coronary syndromes (10,11).

THROMBOLYTIC THERAPY FOR ACUTE CORONARY SYNDROMES

Because of the high incidence and detrimental role of intracoronary thrombus in
acute coronary syndromes, much attention has been focused on the potential use of
thrombolytic agents to improve outcomes. Several randomized trials (12–25) were
undertaken in the late 1980s and early 1990s to assess the effect of thrombolytic ther-
apy on angiographic and clinical outcomes in patients with unstable angina and non-ST-
elevation MI. These studies involved relatively small numbers of patients and used a
variety of thrombolytic agents including tissue-type plasminogen activator, streptoki-
nase, or urokinase. The findings of these studies were not consistent, and most, but not
all, showed angiographic and clinical benefits (Table 1). Because of their small size and
the conflicting results, no definitive conclusions could be reached about the efficacy of
thrombolytic therapy in unstable angina and non-ST-elevation MI.

The Thrombolysis in Myocardial Infarction (TIMI) III trial was the first large ran-
domized, placebo-controlled trial that used a 2 � 2 factorial design to compare tissue-
type plasminogen activator and placebo, and conservative vs early invasive strategies in
unstable angina and non-ST-elevation MI. A total of 1473 patients presenting within 24
h of ischemic chest discomfort were randomized to either tissue-type plasminogen acti-
vator or placebo. All patients received aspirin, intravenous heparin, b-blockers, calcium
channel blockers, and nitrates. The angiographic results of a subgroup were published
in the TIMI IIIA analysis (26); among 306 patients who underwent angiography at base-
line and at 18–48 h, treatment with tissue-type plasminogen activator did not influence
either improvement in the caliber of the culprit lesion (by �10% reduction) or improve-
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ment in flow by at least two TIMI flow grades. However, in patients with angiographi-
cally documented thrombus, and in those with non-ST-elevation MI, treatment with tis-
sue-type plasminogen activator appeared to improve the angiographic end points.

The 6-wk (27) and 1-yr (28) clinical outcomes of the entire cohort were reported in
the TIMI IIIB study. At 6 wk, patients had worse outcomes if they had received tissue-
type plasminogen activator, with a combined incidence of death and MI of 8.2 vs 6.2%
for placebo (p � 0.05). At 1 yr, the incidence of death and MI was similar in both groups
(12.4 vs 10.6%, p � 0.24) (Fig. 1). Subgroup analysis of patients with true unstable
angina demonstrated an excess of death or MI at 6 wk with tissue-type plasminogen
activator, while in patients with non-ST-elevation MI at entry, no differences were seen
between tissue-type plasminogen activator and placebo at both 6 wk and 1 yr.

The role of adjunctive intracoronary thrombolytic therapy with angioplasty in unsta-
ble angina and non-ST-elevation MI was studied in the Thrombolysis and Angioplasty
in Unstable Angina (TAUSA) trial (29,30). Similar to the TIMI III trial, treatment with
the thrombolytic agent urokinase increased the incidence of acute closure and the com-
bined end point of recurrent ischemia, infarction, or emergency coronary artery bypass
grafting (CABG) (Table 2).
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Table 1
Small Randomized Trials of Thrombolytic Therapy Compared to Placebo 

in Acute Coronary Syndromes

Trial Thrombolytic
(reference Year N agent Results

Neri Serneri et al. (12) 1990 97 tPA Mild reduction in angina within
24 h only.

Ardissino et al. (13) 1990 24 tPA Reduction in recurrent ischemia.
Chaudhary et al. (14) 1992 50 tPA Reduction in recurrent ischemia

and revascularization.
Gold et al. (15) 1987 24 tPA Reduction in angina.
Romeo et al. (16) 1995 67 tPA Reduction in recurrent ischemia

and acute MI.
Topol et al. (17) 1988 40 tPA Reduction in need for PTCA.
Williams et al. (18) 1990 67 tPA Mild improvement in coronary

stenosis.
Freeman et al. (19) 1992 70 tPA Reduction in coronary thrombi

but not on clinical events.
van den Brand et al. (20) 1991 36 tPA No effect.
Saran et al. (21) 1990 48 SK Reduction in recurrent ischemia,

acute MI, and mortality.
Chatterjee et al. (22) 1993 100 SK Reduction in recurrent ischemia,

acute MI, and revascularization.
White et al. (23) 1995 112 SK No effect.
Schreiber et al. (24) 1989 25 UK Reduction in early progression

of ischemia and MI.
Sansa et al. (25) 1991 43 UK No effect.

tPA, tissue-type plasminogen activator; SK, streptokinase; UK, urokinase; MI, myocardial infarction;
PTCA, percutaneous transluminal coronary angioplasty.



In conclusion, both the TIMI III and TAUSA trials showed that intravenous throm-
bolytic therapy, alone or when given prior to angioplasty, is not beneficial and may even
be harmful in patients with unstable angina or non-Q wave MI. It is unclear why, despite
the central role of intracoronary thrombus, thrombolytic therapy is beneficial in acute
ST-elevation MI but not in unstable angina or non-ST-elevation MI. Some studies have
suggested that thrombi associated with unstable angina and non-ST-elevation MI are
usually platelet rich, contain little thrombin, and are therefore resistant to thrombolytic
effects (7). Patients with ST-elevation MI, on the other hand, have more mature ery-
throcyte-rich thrombi containing abundant thrombin, which are more susceptible to lysis
by thrombolytic agents (31). In addition, it is well established that thrombolytic agents
do exert a paradoxical platelet-activating effect, which might potentially exacerbate
thrombus formation and lead to a worse prognosis in patients with unstable angina and
non-ST-elevation MI.
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Table 2
Clinical End Points in the TAUSA Trial Demonstrating Worse Clinical Outcome with the Use
of Intracoronary Urokinase in Conjunction with Angioplasty in Patients with Unstable Anginaa

End point Urokinase [No. (%)] Placebo [No. (%)] p value

Recurrent ischemia 23 (9.9) 8 (3.4) 0.005
(Re)infarction 6 (2.6) 5 (2.1) NS
CABG 12 (5.2) 5 (2.1) 0.09
Recurrent ischemia, 

MI, or CABG 30 (12.9) 15 (6.3) 0.018

aCABG, coronary artery bypass grafting; MI, myocardial infarction.

Fig.1. Cumulative rates of death or MI in the tPA and placebo groups in TIMI IIIB trial. Reproduced with
permission from Anderson et al. One year results of the thrombolysis in myocardial infarction (TIMI)
IIIB clinical trial. J Am Coll Cardiol 1995;26:1643–1650. tPA, tissue-type plasminogen activator.
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EARLY INVASIVE VS CONSERVATIVE STRATEGIES

After patients with unstable angina and non-ST-elevation MI have been stabilized with
aspirin, heparin, other anti-anginal medications, and possibly GP IIb/IIIa inhibitors, a
decision must be made regarding risk stratification. It is important to detect accurately
patients with more advanced coronary artery disease who would likely benefit from early
revascularization. One approach would be to perform predischarge stress perfusion
imaging in all patients, followed by cardiac catheterization and revascularization only in
those patients with significant reversible perfusion defects. This strategy has the advan-
tage of being less invasive and may reduce costs when compared with a more invasive
approach of performing angiography routinely. The major limitation of this strategy lies
in the limited sensitivity and specificity of perfusion imaging: 85–90% sensitivity and
70–80% specificity (32). This indicates that 10–15% of patients with significant coro-
nary artery disease will not be detected, and 20–30% of patients without significant dis-
ease will have abnormal perfusion tests, leading to unnecessary cardiac angiography.

An alternative strategy would be to perform coronary angiography in all patients with
unstable angina or non-ST-elevation MI, with revascularization by percutaneous translu-
minal coronary angioplasty (PTCA) or CABG whenever appropriate. One advantage of
this approach would be the ability to employ appropriate management strategies earlier. A
component of this advantage would be the high sensitivity (approaching 100%) for detect-
ing significant coronary lesions that would benefit from revascularization, along with the
reassurance that could be given to other patients who do not have critical coronary artery
disease at all. On the other hand, coronary angiography is an invasive procedure, and com-
plications, albeit very rare, still occur. Routine angiography in all patients entails large
financial costs and might overestimate the clinical importance of marginally stenotic ves-
sels (60–70% diameter stenosis), which could lead to the excessive use of angioplasty.

Several randomized trials have compared outcomes with early conservative vs early
invasive management in acute coronary syndromes. Results of these trials were conflict-
ing and most antedated the use of platelet GP IIb/IIIa receptor inhibitors and coronary
stenting. These include TIMI IIIB, Veterans Affairs Non-Q Wave Infarction Strategies In-
Hospital (VANQWISH), Medicine vs Angiography in Thrombolytic Exclusion (MATE),
Fast Revascularization during Instability in Coronary Artery Disease (FRISC) II, and
Treat Angina with Aggrastat and Determine Cost of Therapy with an Invasive or Conser-
vative Strategy—Thrombolysis in Myocardial Infarction (TACTICS-TIMI) 18 (Table 3).

TIMI IIIB
As mentioned above, the TIMI IIIB trial used a 2 � 2 factorial design to compare tis-

sue-type plasminogen activator and placebo and an early invasive strategy vs an early
conservative strategy in patients with unstable angina or non-ST-elevation MI. A total
of 1473 patients seen within 24 h of ischemic chest discomfort at rest, considered to rep-
resent unstable angina or non-ST-elevation MI, were included. All patients were treated
with bed rest and anti-ischemic medications including aspirin, intravenous heparin, b-
blockers, calcium channel blockers, and nitrates. Patients were then randomized into an
early invasive strategy with early angiography (18–48 h), followed by revascularization
when the anatomy was suitable, or an early conservative strategy with coronary angiog-
raphy, followed by revascularization, used only if initial medical therapy failed. At 6 wk,
the primary end point of death, MI, or an unsatisfactory symptom-limited exercise stress
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test occurred in 18.1% of patients in the early conservative strategy and 16.2% of
patients in the early invasive strategy (p � NS). The length of initial hospitalization and
the incidence and days of rehospitalization were, however, all lower in the early invasive
group (27). At 1-yr follow-up (Fig. 2), the incidence of death or MI remained similar in
both groups (10.8% for early invasive vs 12.2% for early conservative, p � 0.42). Total
revascularization was common in both groups and slightly higher in the early invasive
group (64 vs 58%, p � 0.001).

An initial cost analysis performed suggested a 7.2% cost saving in the early conser-
vative arm compared to the early invasive arm (33). This analysis, however, did not take
into account the additional visits to doctors’s offices or emergency rooms for recurrent
chest pain that did not result in hospital admissions. These probably occurred more often
in the early conservative arm. This, in addition to the extra cost incurred by more fre-
quent revascularization between 6 wk and 1 yr in the early conservative arm, suggests
that the costs of the two management strategies were probably the same.

In summary, both strategies resulted in a similar incidence of death or MI, with appar-
ently similar costs. An early invasive strategy was associated with slightly more repeat
coronary angioplasty procedures, but with a lower incidence of later hospital admission
and use of anti-anginal medications.

VANQWISH Trial
The VANQWISH trial (34,35) was designed to compare outcomes of patients with a
non-Q wave MI who were randomized prospectively to an early invasive strategy vs an
early conservative strategy. The primary end point of the trial was all-cause mortality or
nonfatal infarction during at least 1 yr of follow-up. A total of 920 patients (mean age
61 � 10 yr) were randomized and followed for a mean duration of 23 mo (range �
12–44 mo). In the invasive arm, 462 patients underwent early coronary angiography
within 3–7 d of randomization. Angioplasty was performed in patients with single-ves-
sel disease, whereas CABG was performed for patients multivessel disease. Patients
assigned to the conservative strategy (n � 458) underwent coronary angiography only
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Table 3
Trials Comparing Early Invasive and Conservative Strategies in Acute Coronary Syndromes

Trial (reference) Year N Outcomes

TIMI IIIB (27,28) 1995 1473 At 1 yr, death/MI similar in both groups.
VANQUISH (34,35) 1998 920 At 1 yr, death and death/MI higher in invasive

group. Excess death seen mainly post-CABG. At
23 mo, death and death/MI similar in both groups.

MATE (36) 1998 201 At hospital discharge, death/recurrent ischemic
events lower in invasive group. At 21 mo, death/
recurrent ischemic events similar in both groups.

FRISC II (37,38) 2000 2457 At 1 yr, death, MI, death/MI, and TVR lower in
invasive group.

TACTICS-TIMI18 (39) 2000 2220 At 6 mo, death/MI/ACS and death/MI lower in
invasive group. Greatest benefit in patients with
elevated troponin T.

ACS, acute coronary syndromes; CABG, coronary artery bypass graft surgery; MI, myocardial infarc-
tion; TVR, target vessel revascularization.



if they had postinfarct angina, �2 mm ST depression on exercise stress test, and �2 dis-
tribution area defects or increased lung uptake on thallium stress test. All patients
received aspirin and diltiazem. Nitrates, angiotensin-converting enzymes (ACEs)
inhibitors, b-blockers, heparin and thrombolytics were permitted.

After a mean follow-up of 23 mo, 96% of patients in the invasive arm and 48% in the
conservative arm had undergone coronary angiography, and 44 and 33% underwent
revascularization respectively. A total of 152 primary end point events (26.9% of
patients) occurred in the invasive arm compared to 138 events (29.9% of patients) in the
conservative arm (p � 0.35, Fig. 3). However, during the first yr, there was a signifi-
cantly higher incidence of both the primary end point and death in the invasive arm (111
vs 85 events, p � 0.05 for the primary end point, and 58 vs 36, p � 0.024 for death)
(Fig. 4). This difference was largely related to excess in-hospital mortality (21 vs 6
patients, p � 0.007). Further analysis revealed that 11 of 21 deaths occurred after
CABG, and no deaths were reported after angioplasty.

Important limitations of this trial include marked delays in angiography (2 d) and
revascularization (8 d) in the invasive group. In addition, angioplasty or CABG was per-
formed in only 44% of patients in the invasive group, and the use of angioplasty was actu-
ally more frequent in the conservative group (33 vs 22%). Finally, patients included in the
VANQWISH trial were labeled as “moderate risk.” High-risk patients that would benefit
mostly from an early invasive approach, such as those with postinfarct angina, congestive
heart failure or persistent left bundle-branch block, were excluded from the study.

Despite those limitations, the investigators of this study concluded that patients with
non-Q wave MI do not benefit from routine, early invasive management consisting of
coronary angiography and revascularization, and that a conservative, ischemia-guided
initial approach is both safe and effective.
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Fig. 2. Relative rates of death or MI in the early conservative and early invasive strategies in TIMI
IIIB trial. Reproduced with permission from Anderson et al. One year results of the thrombolysis in
myocardial infarction (TIMI) IIIB clinical trial. J Am Coll Cardiol 1995;26:1643–1650.
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Fig. 3. Probability of even-free survival in both treatment groups in the VANQWUISH trial during
12–44 mo of follow-up. Reproduced with permission from Boden et al. Outcomes in patients
with acute non-Q-wave myocardial infarction randomly assigned to an invasive as compared with a
conservative management strategy. Veterans Affairs Non-Q-Wave Infarction Strategies in Hospital 
(VANQWISH) trial investigators. N Engl J Med 1998;338:1785–1792.

Fig. 4. Probability of survival in both treatment groups in the VANQWUISH trial during 12–44 mo
of follow-up. Reproduced with permission from Boden et al. Outcomes in patients with acute non-Q-
wave myocardial infarction randomly assigned to an invasive as compared with a conservative man-
agement strategy. Veterans Affairs Non-Q-Wave Infarction Strategies in Hospital (VANQWISH) trial
investigators. N Engl J Med 1998;338:1785–1792.
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MATE Trial
This small randomized trial (36) evaluated the outcomes of 201 patients with acute

coronary syndromes ineligible for thrombolytic therapy. Patients were randomized to
early triage angiography and subsequent therapies based on the angiogram vs conven-
tional medical therapy consisting of aspirin, intravenous heparin, nitroglycerin, b-block-
ers, and analgesics. Sixty-four patients (58%) in the triage angiography group and 33
patients (37%) in the medical group received revascularization (p � 0.004). At hospital
discharge, the primary end point of recurrent ischemic events or death occurred in 14
patients (13%) in the triage angiography vs 31 patients (34%) in the conservative group
(45% risk reduction, 95% confidence interval [CI]: 27–59%, p � 0.0002). Long-term
follow-up at a median of 21 mo revealed, however, no significant differences in the end
points of late revascularization, recurrent MI or all-cause mortality (Fig. 5).

FRISC II Trial
The FRISC II trial (37,38) was the first trial comparing early invasive and early con-

servative strategies in the stenting era. This was a large randomized placebo-controlled
trial that used a 2 � 2 factorial design to compare dalteparin vs placebo, and early conser-
vative vs early invasive strategy in patients with unstable angina and non-ST-elevation MI.
A total of 2457 patients (median age � 66 yr, 70% men) were recruited. All of them
received aspirin, b-blockers, nitrates, and dalteparin for 5 d. Thereafter, patients were ran-
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Fig. 5. Freedom from recurrent MI or death in both treatment groups in MATE trial over a median
follow-up of 21 mo. Reproduced with permission from McCullough et al. A prospective randomized
trial of triage angiography in acute coronary syndromes ineligible for thrombolytic therapy. Results
of the medicine versus angiography in thrombolytic exclusion trial (MATE) trial. J Am Coll Cardiol
1998;32:596–605.
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domized to an invasive approach (coronary angiography within 2–7 d) or to a conserva-
tive strategy. In addition, patients were randomized to dalteparin or placebo for 3 mo.
After 6 mo, 78% of patients in the invasive arm had undergone revascularization vs 43%
in the conservative arm. Of those who underwent percutaneous revascularization, 60%
were stented. At 1 yr (Table 4), patients randomized to the invasive arm had lower rates of
death (2.2 vs 3.9%, risk ratio 0.57 [95% CI: 0.36–0.90], p � 0.016), MI (8.6 vs 11.6%, risk
ratio 0.74 [0.59–0.94], p � 0.015), death or MI (10.4 vs 14.1%, risk ratio 0.74
[0.60–0.92], p � 0.005). They also had less hospital readmission (37 vs 57%, risk ratio
0.67 [0.62–0.72]), and target vessel revascularization (7.5 vs 31%, risk ratio 0.24
[0.20–0.30], p � 0.01). In other words, after 1 yr in 100 patients, an invasive strategy saved
1.7 lives, prevented 2.0 nonfatal MIs and 20 readmissions, and provided earlier and better
symptom relief at the cost of 15 more patients with CABG and 21 more with PTCA.

In summary, based on the FRISC II trial, the investigators concluded that an early
invasive approach should be the preferred strategy in most patients with unstable coro-
nary artery disease who have signs of ischemia on electrocardiography or raised bio-
chemical markers of myocardial damage.

TACTICS-TIMI 18
This trial (39) has the greatest relevance to current practice, since it involved the use

of stenting and the GP IIb/IIIa platelet inhibitor tirofiban. A total of 2220 patients with
unstable angina or non-ST-elevation MI were included. All patients had one of the fol-
lowing: ischemic EKG changes, elevated cardiac markers, or history of coronary artery
disease. All patients received aspirin, heparin, and tirofiban. Patients in the invasive arm
underwent coronary angiography within 4–48 h (mean of 24 h), and were revascularized
if indicated. Patients in the conservative arm underwent cardiac catheterization only with
refractory angina, a positive stress test, new MI or rehospitalization for unstable angina,
or hemodynamic instability. At 6-mo follow-up, coronary angiography had been per-
formed in 97% of patients in the invasive arm and 51% in the conservative arm. Revas-
cularization had been performed in 61 and 44%, respectively. The primary end point of
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Table 4
End Points after 12 mo in Invasive and Non-invasive Groups

Patients Patients with

Risk ratio
Endpoint

assessed endpoint

(95% CI)

p

Invasive Noninvasive Invasive Noninvasive 
group group group group

Death and/ 1219 1234 127 (10.4%)* 174 (14.1%) 0.74 (0.60-0.92) 0.005
or MI

MI 1219 1234 105 (8.6%) 143 (11.6%) 0.74 (0.59-0.94) 0.015
Death 1222 1234 27 (2.2%) 48 (3.9%) 0.57 (0.36-090) 0.016

MI � myocardial infarction. 
*Six (0.5%) of these events occurred before the randomized revascularisation procedure.
Adapted from Wallentin et al. Outcomes at one year after an invasive compared with a non-invasive

strategy in unstable coronary artery disease. The FRISC II invasive randomized trial. FRISC II Investiga-
tors Fast Revascularization during Instability in Coronary artery disease. Lancet 2000;356–16 (ref. 38)



death, MI, or rehospitalization for acute coronary syndrome occurred significantly less
often in the invasive arm (15.9 vs 19.4%, p � 0.025) (Fig. 6). In addition, death or MI
alone was also significantly reduced by an invasive strategy (7.3 vs 9.5%, p � 0.05). One
important finding of TACTICS-TIMI 18 is the verification of the “troponin hypothesis”,
whereby patients with elevated baseline troponin T levels achieved the greatest benefit
from an early invasive strategy (14.3 vs 24.2%, p � 0.001) (Fig. 7). Thus, in the current
era of GP IIb/IIIa inhibitors and stents, it appears that an invasive strategy is beneficial in
patients with unstable angina or non-ST-elevation MI. The greatest benefit seems to be
achieved in high risk patients with elevated troponin T levels and ischemic ECG changes.
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Fig. 6. Outcomes of both treatment groups in the TACTICS-TIMI18 trial. Reproduced with permis-
sion from Cannon et al. TACTICS (Treat Angina with Aggrastat and Determine Cost of Therapy with
an Invasive or Conservative Strategy). Thrombolysis in Myocardial Infarction 18 Investigators.
Comparison of early invasive and conservative strategies in patients with unstable coronary syn-
dromes treated with the glycoprotein IIb/IIIa inhibitor tirofiban. N Engl J Med 2001;344:1879–1887.

Fig. 7. Outcomes of invasive and conservative strategies in TACTICS-TIMI 18 according to troponin
T level.
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RISK STRATIFICATION IN ACUTE CORONARY SYNDROMES

A possible explanation of the conflicting results in the above trials is the fact that
patients with unstable angina and non-ST-elevation wave MI present with a wide spec-
trum of clinical risk for death and cardiac ischemic events. Ideally, one ought to be able
to identify high risk patients who might benefit mostly from an aggressive invasive
approach, and those with lower risk where conservative management might be more
appropriate.

Several analyses have been performed attempting to identify prognostic risk factors
in patients with unstable angina and non-ST-elevation wave MI. Traditional risk factors
associated with worse outcomes have included increased age, accelerated or rest angina,
associated pulmonary edema, mitral regurgitation murmur or S3 sound, ischemic ECG
changes, elevated creatinine kinase levels, and a positive stress test. More recently iden-
tified risk factors include elevated troponin (40–42), fibrinogen (43), and C-reactive
protein levels (44,45). The most comprehensive risk assessment model to date is the
TIMI risk score proposed by Antman at al. (46). In that analysis, the test cohort was the
unfractionated heparin group in TIMI 11B trial and the 3 validation cohorts were the
unfractionated heparin group from the Efficacy and Safety of Subcutaneous Enoxaparin
in Non-Q Wave Coronary Events (ESSENCE) trial and both enoxaparin groups from the
TIMI 11B and ESSENCE trials. The TIMI risk score was derived by selection of inde-
pendent prognostic factors using multivariate logistic regression, and the numbers of
factors present were added to categorize patients into risk strata. The seven TIMI risk
score predictor variables were: age �65 yr, �3 risk factors for coronary artery disease,
prior coronary stenosis �50%, ST-segment deviation on ECG on presentation, �2 angi-
nal events in less than 24 h, use of aspirin in prior 7 d, and elevated serum markers (Table
5). Events rates increased significantly as the TIMI risk score increased, and ranged
from 4.7%, when none or one risk factor is present, to 40.9%, when 6 or 7 risk factors
are present (Fig. 8). The prognostic value of this model was confirmed in the unfrac-
tionated heparin group from the ESSENCE trial, both enoxaparin groups from the TIMI
11B and ESSENCE trials, and the Platelet Receptor Inhibition in Ischemic Syndrome
Management in Patients Limited by Unstable Signs and Symptoms (PRISM-PLUS) and
TACTICS-TIMI 18 trials (Figs. 9a,b).
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Table 5
Independent Predictors of Cardiac Adverse Events at 14 d in TIMI 11B Test Cohort 

Risk factor OR [95% CI] p

Age �65 yr 1.75 [1.35–2.25] �0.001
�3 CAD risk factors 1.54 [1.16–2.06] 0.003
Prior stenosis �50% 1.70 [1.30–2.21] �0.001
ST deviation 1.51 [1.13–2.02] 0.005
�2 anginal events �24 h 1.53 [1.20–1.96] 0.001
ASA in last 7 d 1.74 [1.17–2.59] 0.006
Elevated cardiac markers 1.56 [1.21–1.99] �0.001

CAD, coronary artery disease; ASA, aspirin.
Adapted from Antman et al. The TIMI risk score for unstable angina/non-ST elevation MI: a method

for prognostication and therapeutic decision making. JAMA 2000;284:835–842 (ref. 46).



Having established those risk factors, investigators have attempted to identify those
patients who would fail medical therapy, or conversely, those who would benefit most
from an early invasive approach. Stone et al. (47) studied the 733 patients enrolled in
the conservative arm in the TIMI IIIB database and found that baseline characteristics
predictive of failure of medical therapy included rest angina with ST-segment depres-
sion, prior treatment with aspirin or heparin, history of prior angina, older age, and fam-
ily history of premature coronary artery disease. The incidence of developing a clinical
event ranged from 8% if none of the risk factors were present, to 63% if all are present.
Using the TIMI risk score model in the TACTICS-TIMI 18 trial (Fig. 9b), an invasive
approach was most beneficial when the TIMI risk score was 5–7 (OR � 0.55, 95% CI:
0.33–0.91). When the TIMI risk score is 0–2, on the other hand, early invasive or con-
servative approaches were similar.

Based on these studies, it seems that patients with unstable angina or non-ST-elevation
MI who are at higher risk are likely to benefit the most from an early invasive approach.
In lower risk patients, both approaches yield similar outcomes but a conservative
approach might be more cost-effective. Further studies will help clarify these points.

CONCLUSION

Plaque rupture with subsequent thrombus formation is the central mechanism behind
acute coronary syndromes. Clinical manifestations depend mainly on the extent of
thrombosis and degree of coronary flow obstruction. In unstable angina, only minor
plaque ulceration and transient thrombus formation occur, while more extensive throm-
bosis happens in non-ST-elevation MI and sudden death. Despite initial promising
results, a large randomized trial showed that thrombolytic therapy is not beneficial, and
may even be harmful in unstable angina and non-ST-elevation MI. Possible explanations
include the predominance of platelet-rich rather than fibrin-rich thrombi, and paradoxi-
cal activation of platelet by thrombolytics. Initial trials comparing early invasive and con-
servative strategies in the management of acute coronary syndromes yielded conflicting
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Fig. 8. Risk of cardiac adverse events at 14 d in relation to number of TIMI risk factors. Reproduced
with permission from Antman et al. The TIMI risk score for unstable angina/non-ST elevation MI: a
method for prognostication and therapeutic decision making. JAMA 2000;284:835–842.
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results. In the modern era of stenting and glycoprotein IIb/IIIa receptor blockers, an early
invasive strategy seems to be more effective, especially in high-risk patients. Low risk
patients may benefit more from a conservative strategy.

REFERENCES
1. Constantinides P. Plaque fissuring in human coronary thrombosis. J Atheroscler Res 1966;6:1–6.
2. Davies MJ, Thomas AC. Plaque fissuring-the cause of acute myocardial infarction, sudden cardiac

death, and crescendo angina. Br Heart J 1985;53:363–373.

Fig. 9. Outcomes of patients based on TIMI risk score in PRISM PLUS (a) and TACTICS-TIMI 18
(b) trials.



3. Falk E. Plaque rupture with severe pre-existing stenosis precipitating coronary thrombosis. Charac-
teristics of coronary atherosclerotic plaques underlying fatal occlusive thrombi. Br Heart J 1983;50:
127–134.

4. Fuster V, Badimon L, Badimon JJ, Chesebro JH. The pathogenesis of coronary artery disease and the
acute coronary syndromes. N Engl J Med 1992;326:242–250.

5. Libby P. Molecular bases of the acute coronary syndromes. Circulation 1995;91:2844–2850.
6. Sherman CT, Litvack F, Grundfest W, et al. Coronary angioscopy in patients with unstable angina pec-

toris. N Engl J Med 1986;315:913–919.
7. Mizuno K, Satomura K, Miyamoto A, et al. Angioscopic evaluation of coronary-artery thrombi in

acute coronary syndromes. N Engl J Med 1992;326:287–291.
8. Capone G, Wolfe NM, Meyer B, Meister SG. Frequency of intracoronary filling defects by angiogra-

phy in angina pectoris at rest. Am J Cardiol 1985;56:403–406.
9. Vetrovec GW, Cowley MJ, Overton H, Richardson DW. Intracoronary thrombus in syndromes of unsta-

ble myocardial ischemia. Am Heart J 1981;102:1202–1208.
10. Theroux P, Ouimet H, McCans J, et al. Aspirin, heparin, or both to treat acute unstable angina. N Engl

J Med 1988;319:1105–1111.
11. Cairns JA, Gent M, Singer J, et al. Aspirin, sulfinpyrazone, or both in unstable angina. Results of a

Canadian multicenter trial. N Engl J Med 1985:313:1369–1375.
12. Neri Serneri GC, Gensini GF, Poggesi L, et al. Effect of heparin, aspirin, or alteplase in reduction of

myocardial ischaemia in refractory unstable angina. Lancet 1990;335:615–618.
13. Ardissino D, Barberis P, De Servi S, et al. Recombinant tissue-type plasminogen activator followed by

heparin compared with heparin alone for refractory unstable angina pectoris. Am J Cardiol 1990;66:
910–914.

14. Chaudhary H, Crozier I, Hamer A, Foy S, Shirlaw T, Ikram H. Tissue plasminogen activator using a
rapid-infusion low-dose regimen for unstable angina. Am J Cardiol 1992;69:173–175.

15. Gold HK, Johns JA, Leinbach RC, et al. A randomized, blinded, placebo-controlled trial of recombi-
nant human tissue-type plasminogen activator in patients with unstable angina pectoris. Circulation
1987;75:1192–1199.

16. Romeo F, Rosano GM, Martuscelli E, et al. Effectiveness of prolonged low-dose recombinant tissue-
type plasminogen activator for refractory unstable angina. J Am Coll Cardiol 1995;25:1295–1299.

17. Topol EJ, Nicklas JM, Kander NH, et al. Coronary revascularization after intravenous tissue plas-
minogen activator for unstable angina pectoris: results of a randomized, double-blind, placebo-con-
trolled trial. Am J Cardiol 1988;62:368–371.

18. Williams DO, Topol EJ, Califf RM, et al. Intravenous recombinant tissue-type plasminogen activator
in patients with unstable angina pectoris. Circulation 1990;82:376–383.

19. Freeman R, Langer A, Wilson RF, Morgan CD, Armstrong PW. Thrombolysis in unstable angina. Cir-
culation 1992;85:150–157.

20. van den Brand M, van Zijl A, Geuskens R, de Feyter J, Serruys PW, Simoons ML. Tissue plasmino-
gen activator in refractory unstable angina. A randomized double-blind placebo-controlled trial in
patients with refractory unstable angina and subsequent angioplasty. Eur Heart J 1991;12:1208–1214.

21. Saran RK, Bhandari K, Narain VS, et al. Intravenous streptokinase in the management of a subset of
patients with unstable angina: a randomized controlled trial. Int J Cardiol 1990:28:209–213.

22. Chatterjee SS, Bhattacharya R, Das Biswas A, et al. Intravenous thrombolytic therapy in unstable
angina. Indian Heart J 1993;45:103–108.

23. White HD, French JK, Norris RM, Williams BF, Hart HH, Cross BC. Effects of streptokinase in
patients presenting within 6 hours of prolonged chest pain with ST segment depression. Br Heart J
1995; 73:500–505.

24. Schreiber TL, Macina G, McNulty A, et al. Urokinase plus heparin versus aspirin in unstable angina
and non-Q-wave myocardial infarction. Am J Cardiol 1989;64:840–844.

25. Sansa M, Cernigliaro C, Campi A, Simonetti I. Effects of urokinase and heparin on minimal cross-
sectional area of the culprit narrowing in unstable angina pectoris. Am J Cardiol 1991;68:451–456.

26. The TIMI IIIA investigators. Early effects of tissue-type plasminogen activator added to conventional
therapy on the culprit coronary lesion in patients presenting with ischemic cardiac pain at rest: results
of the Thrombolysis in Myocardial Infarction (TIMI IIIA) trial. Circulation 1993;87:38–52.

27. The TIMI IIIB investigators. Effects of tissue plasminogen activator and a comparison of early inva-
sive and conservative strategies in unstable angina and non-Q-wave myocardial infarction: results of
the TIMI IIIB trial. Circulation 1994;89:1545–1556.

Thrombolytics and Conservative vs Invasive Strategies 533



28. Anderson HV, Cannon CP, Stone PH, et al. One year results of the thrombolysis in myocardial infarc-
tion (TIMI) IIIB clinical trial. J Am Coll Cardiol 1995;26:1643–1650.

29. Ambrose JA, Almeida OD, Sharma SK, et al. Adjunctive thrombolytic therapy during angioplasty for
ischemic rest angina: results of the TAUSA trial. Circulation 1994;90:69–77.

30. Mehran R, Ambrose JA, Bongu RM, et al. Angioplasty of complex lesions in ischemic rest angina:
results of the TAUSA trial. J Am Coll Cardiol 1995;26:961–966.

31. Jang IK, Gold HK, Ziskind AA, et al. Differential sensitivity of erythrocyte-rich and platelet-rich arte-
rial thrombi to lysis with recombinant tissue-type plasminogen activator: a possible explanation for
resistance to coronary thrombolysis. Circulation 1989;79:920–928.

32. Zaret BL, Wackers FJ. Nuclear cardiology. N Engl J Med 1993;329:775–783;855–863.
33. Conti RC. Unstable angina: costs of conservative and invasive strategies using TIMI IIIB as a model.

Clin Cardiol 1995;8:187–188.
34. Ferry DR, O’Rourke RA, Blaustein AS, et al. Design and baseline characteristics of the Veterans Affairs

Non-Q-Wave Infarction Strategies In-Hospital (VANQWISH) trial. VANQWISH trial Research Inves-
tigators. J Am Coll Cardiol 1998; 31:312–320.

35. Boden WE, O’Rourke RA, Crawford MH, et al. Outcomes in patients with acute non-Q-wave myocar-
dial infarction randomly assigned to an invasive as compared with a conservative management strat-
egy. Veterans Affairs Non-Q-Wave Infarction Strategies in Hospital (VANQWISH) trial investigators.
N Engl J Med 1998;338:1785–1792.

36. McCullough PA, O’Neill WW, Graham M, et al. A prospective randomized trial of triage angiography
in acute coronary syndromes ineligible for thrombolytic therapy. Results of the medicine versus
angiography in thrombolytic exclusion trial (MATE) trial. J Am Coll Cardiol 1998;32:596–605.

37. FRISC II Investigators. Invasive compared with non-invasive treatment in unstable coronary-artery
disease: FRISC II prospective randomized multicentre study. Fragmin and fast Revascularization dur-
ing Instability in Coronary artery disease investigators. Lancet 1999;354:708–715.

38. Wallentin L, Lagerqvist B, Husted S, Kontny F, Stahle E, Swahn E. Outcomes at one year after an inva-
sive compared with a non-invasive strategy in unstable coronary-artery disease. The FRISC II invasive
randomized trial. FRISC II Investigators. Fast Revascularization during Instability in Coronary artery
disease. Lancet 2000;356:9–16.

39. Cannon CP, Weintraub WS, Demopoulos LA, et al. TACTICS (Treat Angina with Aggrastat and Deter-
mine Cost of Therapy with an Invasive or Conservative Strategy). Thrombolysis in Myocardial Infarc-
tion 18 Investigators. Comparison of early invasive and conservative strategies in patients with
unstable coronary syndromes treated with the glycoprotein IIb/IIIa inhibitor tirofiban. N Engl J Med
2001;344:1879–1887.

40. Galvani M, Ottani F, Ferrini D, et al. Prognostic influence of elevated values of cardiac troponin I in
patients with unstable angina. Circulation 1997; 95:2053–2059.

41. Lindahl B, Andren B, Ohlsson J, Venge P, Wallentin L. Risk stratification in unstable coronary artery
disease. Additive value of troponin T determinations and pre-discharge exercise tests. FRISK Study
Group. Eur Heart J 1997;18:762–770.

42. Lindahl B, Venge P, Wallentin L. Relation between troponin T and the risk of subsequent cardiac events
in unstable coronary artery disease. The FRISC Study Group. Circulation 1996;93:1651–1657.

43. Becker RC, Cannon CP, Bovill EG, et al. Prognostic value of plasma fibrinogen concentration in
patients with unstable angina and non-Q-wave myocardial infarction (TIMI IIIB trial). Am J Cardiol
1996;78:142–147.

44. Haverkate F, Thompson SG, Pyke SD, Gallimore JR, Pepys MB. Production of C-reactive protein and
risk of coronary events in stable and unstable angina. European Concerted Action on Thrombosis and
Disabilities Angina Pectoris Study Group. Lancet 1997;349:462–466.

45. Morrow DA, Rifai N, Antman EM, et al. C-reactive protein is a potent predictor of mortality inde-
pendently of and in combination with troponin T in acute coronary syndromes A TIMI 11A substudy.
Thrombolysis In Myocardial Infarction. J Am Coll Cardiol 1998;31:1460–1465.

46. Antman EM, Cohen M, Bernink PJ, et al. The TIMI risk score for unstable angina/non-ST elevation
MI: A method for prognostication and therapeutic decision making. JAMA 2000;284:835-842.

47. Stone PH, Thompson B, Zaret BL, et al. Factors associated with failure of medical therapy in patients
with unstable angina and non-Q-wave myocardial infarction. A TIMI IIIB database study. Eur Heart J
1999;20:1084–1093.

534 Moustapha and Anderson 



Current Device Strategies in the
Management of Acute Coronary
Syndromes

Kanwar P. Singh, MD and
C. Michael Gibson, MS, MD

CONTENTS

GENERAL MECHANISMS OF ACTION OF NEW DEVICES

MEASURING SUCCESS

CURRENT TECHNIQUES IN PCI
CORONARY STENTING

PHARMACOTHERAPEUTIC STRATEGIES DURING PC
FUTURE DIRECTIONS

REFERENCES

INTRODUCTION

Early head-to-head trials suggested no advantage of an early invasive approach to an
early conservative approach in patients with acute coronary syndromes (ACS) (1–3). In
part, the limitations to conventional percutaneous transluminal coronary intervention
(PTCA) were due to dissection and attendant abrupt vessel closure, as well as frequent
adverse clinical events: 5% incidence of myocardial infarction (MI), 2–3% risk of emer-
gent coronary artery bypass graft (CABG) surgery, and 30–50% rate of late restenosis.
Since these early trials, significant advances have been made in the understanding of the
underlying pathologic processes that have historically limited PTCA. For example, a
great deal of attention has focused on the development of new device strategies that
diminish the degree of endothelial trauma and arterial wall inflammation. Major
advances in adjuvant medications, including the judicious use of potent antiplatelet
(thienopyridines and glycoprotein [Gp] IIb/IIIa antagonists) agents have dramatically
decreased the rates of both early and late complications. Technological advances include
stents (medicating and coated), directional coronary atherectomy, rotational atherec-
tomy, laser atherectomy, cutting balloons, brachytherapy, and intravascular ultrasound.
Together, the advances in medications and technology have greatly improved outcomes
and have lead to the re-examination of the conclusion that medical therapy is preferred
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(4). The dramatic increase in available techniques has driven interventional cardiologists
to take a lesion-specific approach to therapy, and in this context, the term percutaneous
coronary intervention (PCI) has been adopted to reflect conventional PTCA and its
alternatives. This chapter will summarize: (i) current techniques employed in PCI;
(ii) coronary stents, including the techniques to treat in-stent restenosis; (iii) new phar-
macologic approaches to ACS; and (iv) future directions in device strategies for the man-
agement of ACS.

GENERAL MECHANISMS OF ACTION OF NEW DEVICES

The mechanism by which percutaneous devices enlarge obstructed coronary arteries
can be classified using two basic categories: dilating devices and tissue removal
(atherectomy) devices. Dilating devices expand coronary arteries, displacing the
obstructing plaque or thrombus radially to create an expanded arterial lumen diameter.
These devices generally use balloon dilation to provide the force for radial displacement.
Examples include conventional angioplasty balloons, heated balloons, cutting balloons,
and balloon-expandable stents. Atherectomy devices work by removing the obstructing
plaque or thrombus, thus expanding the arterial lumen diameter by “debulking” the
lesion. Although the predominant mechanism of action with these devices is debulking
the lesion, they also dilate the lesion via “Dottering” (i.e., lumen dilation that accom-
panies the insertion of a rigid body). Atherectomy devices may be further divided into
ablative lasers, which remove plaque via tissue vaporization, and the mechanical
atherectomy devices. Directional coronary atherectomy and transluminal extraction
catheters are examples of devices that collect plaque into an isolated chamber that can
be removed from the body. Rotational atherectomy, on the other hand, ablates plaque
into debris smaller than red blood corpuscles (2–5 lm in diameter), which ultimately
passes through the coronary microcirculation and then is cleared by the reticuloen-
dothelial system.

MEASURING SUCCESS

In order to compare outcomes in PCI across device strategies, it is necessary to use
a common vocabulary. Outcomes in percutaneous coronary interventions are catego-
rized in three ways: angiographic success, procedural success, and clinical success.
Angiographic success refers to the achievement of a residual stenosis diameter less than
50% in the presence of Thrombolysis in Myocardial Infarction (TIMI) grade 3 flow as
defined by the TIMI Trial (5). In the modern era of scaffolding technology such as
stents, an additional term, optimal angiographic result, was created to describe the
achievement of a postprocedural minimum stenosis diameter of less than 20%. Proce-
dural success requires that angiographic success be coupled to the absence of specific
complications during hospitalization (MI, emergent CABG, death). In order to stan-
dardize the definition of periprocedural MI, the current American College of Cardiol-
ogy/American Heart Association (ACC/AHA) Guidelines for Percutaneous Coronary
Intervention recommend creatine kinase isoenzyme-cardiac muscle subunit (CK-MB)
isoenzyme values threefold higher than the upper limit of normal and do not include the
routine use of cardiac troponins or CK (6). Achievement of clinical success requires
relief of patients’ symptoms, in addition to angiographic and procedural success bench-
marks, and is divided into short-term and long-term. Short-term clinical success is
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achieved if a patient’s symptoms are relieved after recovery from the procedure, whereas
long-term success requires that relief be durable at 6 mo

CURRENT TECHNIQUES IN PCI

Conventional Angioplasty
Although balloon catheters are used as adjunctive devices in most modern-era inter-

ventional therapies, they stand alone in conventional PTCA. The technical design of
conventional PTCA equipment has evolved considerably in the last several years.
Improvements include more supportive and flexible guiding catheters, more trackable
and flexible guide wires, and improved crossing profiles of balloon catheters. These
technical improvements have led to a 92% procedural success rate, and less than a 1%
rate of periprocedural mortality and emergency CABG (7).

Most luminal improvement following conventional PTCA results from plaque redis-
tribution and overstretching of the vessel rather than plaque compression. Overstretch-
ing frequently results in elastic recoil following balloon deflation, often leaving behind
a stretched vessel with some residual stenosis (8). Recent studies have shown that larger
postprocedural lumen diameters are associated with less restenosis or larger lumens at
6-mo follow-up. This observation has come to be known as “bigger is better” (9). How-
ever, this benefit in late outcomes must be carefully weighed against the acute risk of
coronary dissection and abrupt closure if oversized balloons are used (10). By reducing
and even eliminating elastic recoil, new device strategies such as stenting and directional
atherectomy can provide lower postprocedural residual stenoses (0–10%), which are
associated with a lower rate of restenosis. Fortunately, achieving a larger lumen diame-
ter with new device strategies does not carry the same risk of dissection and abrupt clo-
sure as conventional PTCA.

Laser Angioplasty
Light amplification by stimulated emission of radiation (LASER) angioplasty utilizes

highly organized light emitted from optical fibers at the catheter tip to destroy obstruct-
ing atherosclerotic tissue. The two types of systems currently available are the excimer
laser coronary angioplasty (ELCA), which emits light with wavelength 308 nm, and the
holmium yttrium-aluminum-garnet (Ho:YAG), which emits light with wavelength 2100
nm. The specific effects on atherosclerotic tissue (vaporization, direct molecular break-
down, or ejection of debris) depend on the source of energy used. Laser angioplasty
requires adjunctive balloon angioplasty to achieve an optimal angiographic result in
greater than 90% of cases (11), giving rise to the term “laser-facilitated angioplasty.”
The New Approaches to Coronary Intervention (NACI) registry of 1000 lesions in 887
patients reported a high procedural success rate (84%) and low rates of death (1.2%), Q
wave MI (0.7%), and CABG surgery (4.5%) with ELCA (12). Three randomized con-
trolled trials have been performed using laser angioplasty. In the Laser Angioplasty vs
Angioplasty (LAVA) trial (13), 215 patients were randomized to PTCA or laser-facili-
tated angioplasty. Compared to conventional PTCA, excimer laser-facilitated angio-
plasty resulted in a more complicated hospital course, including a significantly higher
rate of nonfatal MI (4.3 vs 0%, p � 0.04) without immediate or long-term clinical ben-
efits. In the Excimer Laser Rotablator and Balloon Angioplasty for the treatment of
Complex Lesions (ERBAC) trial (14), 620 patients with complex lesions were random-
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ized to rheolytic, excimer laser-facilitated, or PTCA therapy. In this trial, there was an
increased risk for target vessel revascularization in the ELCA group (46 vs 32% for
PTCA, p � 0.013), though rates of procedural success were similar. Finally, the Ams-
terdam–Rotterdam (AMRO) trial (15) randomized 308 patients with stable coronary
artery disease (CAD) and complex lesions with length �10 mm to laser-facilitated or
stand-alone balloon angioplasty. Angiographic and procedural success rates were simi-
lar, but there was a trend towards an increase in restenosis at 6 mo with laser (51.6 vs
41.3%, p � 0.13).

The technique of laser-facilitated angioplasty is primarily used to treat complex
lesions (i.e., diffuse, ostial, and vein-graft lesions) not suited for conventional PTCA and
stenting, and it is relatively contraindicated with heavily calcified and tortuous vessels.
Failure to achieve large residual lumen diameters without adjunctive PTCA is a signif-
icant limitation of ELCA. Dissection is the major complication associated with this pro-
cedure, although it usually does not result in acute vessel closure, and has been reduced
by the use of saline solution flush techniques during the procedure (16). Special train-
ing required in laser safety for operators and cardiac catheterization laboratory person-
nel also limits its use.

Mechanical Atherectomy and Thrombectomy
To overcome some of the limitations previously described for conventional PTCA,

coronary atherectomy was developed as a method of excising or ablating atherosclerotic
tissue by using directional, rotational, and extractional devices. Thrombectomy can be
achieved by the installation of intracoronary thrombolytic or by rheolysis.

DIRECTIONAL CORONARY ATHERECTOMY

Directional coronary atherectomy (DCA) enlarges the stenotic coronary lumen pri-
marily by cutting and extracting the atherosclerotic tissue, and secondarily via the Dot-
tering effect. The catheter is designed with a 9-mm-long cutting window that is open
120° in its cross-sectional dimension. The cutting surface is apposed to atherosclerotic
tissue by inflation of a contralateral balloon. Rotation of the catheter at 2500 rpm carves
out an arc of tissue, which is then isolated in a storage chamber. Progressive inflation
pressures are used to appose the catheter and atheroma, and the catheter’s position is
serially rotated to face the circumference of lesions.

Whereas initial single-center experiences reported DCA to be a highly effective inter-
ventional therapy (17), subsequent randomized-controlled trials of DCA vs conventional
PTCA, such as the Coronary Angioplasty Versus Excisional Atherectomy Trial
(CAVEAT-I) (18), the Canadian Coronary Atherectomy Trial (CCAT) (19) in native
coronary lesions, and CAVEAT-II (20) in saphenous vein graft lesions, did not show a
significant reduction in angiographic restenosis rates for DCA, although there was a
trend favoring DCA over conventional PTCA in the CAVEAT-I trial (50 vs 57%, p �
0.06) (Table 1). The 1-yr follow-up in CAVEAT-I showed a higher mortality rate in
patients treated with DCA than in patients treated with conventional PTCA (2.2 vs 0.6%,
p � 0.035), however, these results are confounded by noncardiac deaths (21). Because
routine balloon postdilation was discouraged in these trials, the postprocedural residual
stenosis was �25%, a value similar to that of conventional PTCA. Indeed, a multivari-
ate analysis of CAVEAT-1 angiographic data showed the postprocedural lumen diame-
ter to be the most significant determinant of angiographic restenosis, regardless of the
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device used (22). The high rate of restenosis associated with DCA in these trials was
attributed to the 25% residual stenoses that were not treated with routine postdilation
following DCA. Thus, the goal of more recent trials has been to perform “optimal”
atherectomy, in which case the postprocedure lumen diameter is made as large as pos-
sible and the residual stenosis minimized (�10%). Two atherectomy trials, the Balloon
vs Optimal Atherectomy Trial (BOAT) (23) and the Optimal Atherectomy Restenosis
Study (OARS) (24), tested DCA followed by adjunctive low-pressure balloon dilation.
High procedural success rates 97–98% and low rates of major in-hospital complications
(death, Q wave MI, CABG surgery) (2.1–3.5%) were achieved in DCA patients with
adjunctive PTCA (23,24). In addition, final diameter stenosis was reduced to less than
10% in both trials after adjunctive PTCA. The BOAT study also confirmed a 21% rela-
tive reduction in the 6-mo angiographic restenosis rate for DCA with adjunctive PTCA
over PTCA alone (31.4 vs 39.8%, p � 0.01), thereby confirming that “bigger is better”
(23). Because an increased postprocedural lumen diameter is such a significant corre-
late of reduced restenosis rates, conventional PTCA has become a common adjunct to
successful but suboptimal (�10% residual stenosis) DCA procedures when the risk of
additional atherectomy cuts seem to be substantial.

DCA has been associated with an increased risk of significant CK-MB leak. How-
ever, it is not clear that low levels of myocardial necrosis portend poorer prognoses in
this subset of patients (25). Moreover, the use of adjunctive abciximab (a Gp IIb/IIIa
antagonist) can reduce the incidence of periprocedural non-Q wave MI by over 50%
(26). DCA provides a unique opportunity to essentially “biopsy” the lesion. This has
demonstrated that the risk of restenosis following DCA may be influenced by other fac-
tors, such as prior cytomegalovirus infection (27). At present, DCA is indicated as an
alternative to PTCA in de novo lesions in vessels �3 mm, bifurcation lesions, ostial
lesions, and for the treatment of in-stent restenosis (ISR).
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Table 1
Results from Randomized Trials Comparing PTCA with DCA

CAVEAT (18) C-CAT (168) BOAT(23) CAVEAT-II (20)

PTCA DCA PTCA DCA PTCA DCA PTCA DCA
n � n � n � n � n � n � n � n �

OUTCOME 500 512 136 138 492 497 156 149

Angiographic 
success (%) 80 89a 91 98 NR NR 79.0 89.2a

Procedural
success (%) 76 82 88 94 87 93a NR NR

Early complications (%) 
(death, MI, CABG) 5 11a 6 5 3.6 2.0 12.2 20.1

Restenosis (%) 57 50 43 46 39.8 31.4a 50.5 45.6
Late complications (%)

(death, MI, TLR) 42.4 38.7 29 29 24.8 21.1b 44.3 40.3

MI, myocardial infarction; CABG, coronary artery bypass graft; TLR, target lesion revascularization;
NR, not reported

ap � 0.05
bdeath, MI, target vessel revascularization.
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ROTATIONAL ATHERECTOMY

Rotational atherectomy (RA) is a treatment technique that utilizes a diamond-stud-
ded burr spinning at speeds from 140,000–200,000 rpm to ablate atherosclerotic tissue
in coronary arteries. This technique operates under the principle of differential cutting,
whereby the less compliant diseased calcified tissue is preferentially abraded in prefer-
ence to the more compliant nondiseased vascular tissue. The abrasive nature of lesion
debulking leads to distal embolization of plaque microparticles, which are approx 2–5
lm in size (i.e., smaller than a red blood cell) and generally pass through microcircula-
tion, and are eventually cleared by the reticuloendothelial system. Occasionally, when
these microparticles are liberated to the distal microvasculature in large concentrations,
they can cause myocardial ischemia or even infarction. Indeed, the no-reflow phenom-
enon is more frequent in RA (7.7%) than PTCA procedures (0.3%) (28). As a result of
this risk, RA of the right coronary artery is typically done with a temporary pacing wire
in place, as A-V block and bradycardia are significant risks of right coronary artery
manipulation. To combat the effects of no-reflow during RA procedures, intracoronary
vasodilators such as nitrates and calcium channel blockers are routinely administered,
therefore adequate vol status must be maintained. Recent evidence demonstrates that
slower speeds (29) and the use of adjunctive Gp IIb/IIIa antagonists (30) decrease
platelet activation and aggregation and decreases the risk of no-reflow.

Intravascular ultrasound (IVUS) studies of rotational atherectomy have shown that
improvement in lumen diameter is primarily due to selective removal of calcified
plaque, with minimal stretching of the vessel (31). Due to the small diameter of avail-
able burrs, however, low-pressure adjunctive balloon PTCA is required in most rota-
tional atherectomy cases (32).

In the ERBAC trial (14), rotational atherectomy was compared to conventional PTCA
in complex lesions. Rotational atherectomy had a higher procedural success rate (91 vs
80%, p � 0.001), a lower residual percent diameter stenosis (31 vs 36%, p � 0.05), a
similar restenosis rate (62 vs 54%, p � NS), but a higher repeat revascularization rate
at 6 mo (46 vs 35%, p � 0.04) compared to conventional PTCA. A report from a 709
patient multicenter rotational atherectomy registry showed a high rate of procedural suc-
cess (95%) and low rates of death (0.8%), Q wave MI (0.9%), non-Q wave MI (3.8%),
and emergency CABG surgery (1.7%) (33). There was a somewhat lower 6-mo angio-
graphic restenosis rate (38%) in 527 patients available for repeat angiography in this reg-
istry compared with that reported in the ERBAC study (33).

A pooled analysis of 5250 patients undergoing rotational atherectomy shows a 93.7%
(4920 out of 5250) rate of procedural success, a 0.6% (32 out of 5035) mortality rate, a
1.6% (83 out of 5035) rate of CABG surgery, a 1.4% (72 out of 5035) rate of Q wave
MI, and 6.8% (276 out of 4033) rate of non-Q wave MI (32–42) (Table 2). The rate of
restenosis was 42% (697 out of 1657) at follow-up, a rate similar to that of conventional
PTCA. Although there are observational data suggesting clinical benefits from RA in
certain lesion subsets, there have been no multicenter randomized trials demonstrating
its superiority over conventional PTCA.

Research into optimal rotational atherectomy strategies is ongoing. The Study to
Determine Rotablator System and Transluminal Angioplasty Strategy (STRATAS) trial
(43) was performed to evaluate an “aggressive” strategy (n � 249) with burr/artery ratio
�0.70 alone or with low-pressure adjunctive balloon �1 atmosphere vs the “routine”
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strategy (n � 248) with burr/artery ratio � or � to 0.70 with balloon inflation �4
atmosphere. Initial and 6-mo follow-up clinical and angiographic results were similar,
but multivariate analysis showed that left anterior descending location (odds ratio 1.67,
p � 0,02) and operator-reported excessive speed decreases of �5000 rpm (odds ratio
1.74, p � 0.01) were independent predictors of restenosis. Similarly, the Coronary
Angioplasty versus Rotablator Atherectomy Trial (CARAT) (44) was performed to eval-
uate whether a lesion-debulking strategy, accomplished with large burr/artery ratios
(�0.7) conferred any advantage over a lesion-modifying strategy with smaller
burr/artery ratios (�0.7). Angiographic success rates were similar, but larger burr/artery
ratios were associated with more frequent serious angiographic complications when
compared to smaller burr/artery ratios (12.7% vs 5.1%, p � 0.05).

Rotational atherectomy can be an effective technique in those lesions with angio-
graphic characteristics predictive of low success rates following conventional PTCA.
These include calcified lesions, ostial lesions, in-stent restenosis, and possibly total
occlusions.

TRANSLUMINAL EXTRACTION CATHETER

Transluminal extraction catheter (TEC) atherectomy enlarges the arterial lumen by
cutting, aspirating, and removing thrombus, plaque, and other obstructing debris. In
contrast to the discrete tissue fragments retrieved by DCA, TEC results in a slurry of
blood and debris. The difficulty associated with treating highly thrombotic native coro-

Table 2
Pooled Data from Early Studies of Rotational Atherectomy

Non-Q
Patient Procedural Mortality CABG Q wave wave Restenosis

Study number success (%) (%) (%) MI (%) MI (%) (% patients)

Dietz 1991 106 73 0.0 1.9 0.0 4.7 42
Barrione 1993 166 95 1.8 0.0 0.6 8.4 —
Gilmore 1993 143 92 0.9 2.8 0.9 2.8 —
Guerin 1993 67 93 0.0 1.6 1.6 6.6 —
Stertzer 1993 346 94 0.0 1.0 2.6 — 37
Ellis 1994 400 90 0.3 0.9 2.2 5.7 —
Safian 1994 116 95 1.0 1.9 4.8 2.9 51
Vandormael 215 91 — — — — 62

1994
Warth 1994 874 95 0.8 1.7 0.9 3.8 38
MacIsaac 1995 2161 95 0.8 2.0 0.7 8.8 —
Stertzer 1995 656 96 0.5 1.4 3.4 — —
Total

experience 5250 93.7% 0.6% 1.6% 1.4% 6.8% 42%
(4920 out (32 out (83 out (72 out (276 out (697 out 
of 5250) of 5035) of 5035) of 5035) of 4033) of 1657)

Procedural success is defined as a residual stenosis �50% with no incidence of death, Q wave MI, or
emergency CABG.

All complications (mortality, CABG surgery, Q wave MI, non-Q wave MI) are in-hospital.



nary or saphenous vein graft lesions, distal thromboembolism (DTE), and the “no
reflow” phenomenon with conventional PTCA prompted the development of the TEC
device and the Angiojet rheolytic thrombectomy catheter. The NACI registry has
reported on the largest cohort of patients treated with this device. These results show a
low device success rate (48%), but an acceptable procedural success rate with adjunc-
tive PTCA (87%) (45). As a result of the small size (�2.5 mm) of the TEC cutters and
a limited ability to aspirate, this procedure is associated with inadequate lumen enlarge-
ment when used as a “stand-alone” device (45). Follow-up reports from NACI have
demonstrated that the multivariate predictors of DTE with TEC are noncardiac disease,
stand-alone TEC, thrombus, and larger vessel size (46). The rate of DTE is 8.3% in this
registry of high-risk patients, and it carries a high in-hospital mortality rate (18.5%).

RHEOLYTIC THERAPY

The Angiojet rheolytic thrombectomy system is a novel treatment technique that
employs the Bernoulli principle in vacuum-extracting thrombus. The catheter has a
stainless-steel tip that houses three jets that propel saline proximally into an effluent port
system. The saline rushes past a circumferential opening (0.5 mm in width) in the
catheter tip creating a relative vacuum that aspirates blood and thrombus adjacent to the
tip into the effluent chamber. As thrombus enters the catheter, it is mechanically broken
down by the action of the saline and flushed out of the body. Typically, the catheter is
passed multiple times, until no further obstructing thrombus is seen, or no further
improvements are made with additional passes.

Pilot studies of the Angiojet were encouraging, with significant reductions in throm-
bus burden, and high degrees of procedural and clinical success, notably in a relatively
high-risk patient population with acute ischemic syndromes (47). Subsequent random-
ized comparative trials have demonstrated its relative safety and efficacy in comparison
to the intracoronary administration of the thrombolytic medications urokinase (48). A
recent trial of patients with acute MI demonstrated that the angiographic success was
93.8% with the use of adjunctive measures in 95% of cases (67% stent, 26% balloon
alone, 1% RA, 1% DCA) (49). Procedural success was 87.5%, with an in-hospital mor-
tality of 7.1%. Of note, bradycardia occurred in 52% of patients, requiring atropine,
temporary pacemaker, or both in up to 31% of cases. The results of this trial are remark-
able in light of the nonexclusion of patients with cardiogenic shock. Sixteen percent of
patients met clinical criteria for shock at time of enrollment, a factor that has portended
a very poor outcome in previous trials of acute MI (50). Thirty-day outcomes were
excellent: no further MIs or deaths occurred, and freedom from major adverse cardiac
event rate was 92.9%, reflecting the initial mortality of 7.1%.

The present indications for rheolytic thrombectomy therapy are the presence of mod-
erate or severe thrombus in native vessels or saphenous vein grafts larger than 2.0 mm
prior to the performance of definitive therapy with stent, PTCA, or other PCI for
myocardial ischemia.

IVUS
IVUS is a catheter-based technique that provides cross-sectional tomographic

images of coronary vessels from wall to luminal surface. It is generally performed by
motorized endoluminal pullback at a rate of 0.5 mm/s. Its greatest utility has been in
its contribution to the understanding of the pathophysiologic processes of coronary
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artery disease in terms of restenosis (51), in-stent restenosis (52), optimal balloon dila-
tion (53), and stent deployment (54). IVUS studies have demonstrated that even opti-
mal angiographic appearance belies potential residual plaque appearance, which can
be improved with IVUS-guided angioplasty. IVUS is not routinely recommended, but
emerging evidence suggests that it should be used in certain scenarios: (i) to docu-
ment optimal stent deployment in long and complex lesions; (ii) determination of
nature of in-stent restenosis for therapy optimization; (iii) evaluation of coronary
obstruction not easily visualized by conventional angiography; (iv) assessment of sub-
optimal result after PCI; and (v) management of coronary artery disease after trans-
plantation (6).

CORONARY STENTING

Coronary stents are fenestrated tubes expanded by balloon dilation to scaffold dis-
rupted atherosclerotic tissue within the culprit vessel, maintain the expanded lumen
diameter by supporting stretched diseased segments, and minimize contact between
blood and thrombogenic subintimal tissue. Stent implantation reduces elastic recoil and
medial dissection, both of which contribute to the high rates of abrupt closure and
restenosis associated with conventional PTCA (55–57).

Stents differ in composition (metallic or nonmetallic), thickness, architectural design
(slotted tube versus coiled wire), and mode of implantation (self-expanding or balloon
expandable). To date, almost all stents have been made from either stainless steel or tan-
talum. Ideally, a stent should consist of nonthrombogenic material, sufficient flexibil-
ity for passage through tortuous vessels, great radial strength, minimal metal surface
area, and sufficient radiopacity for fluoroscopic visualization. Although it has been dif-
ficult to develop a single stent with all of these properties, excellent designs have
emerged.

Stenting procedures continue to grow in number, and this is partly due to the impres-
sive early and late angiographic and clinical results achieved to date. The results from
stenting are so impressive compared to PTCA that clinicians feel compelled to maxi-
mize their use. However, patients included in randomized stent trials were subject to spe-
cific inclusion and exclusion criteria, which may not be strictly held in common
practice. Interestingly, one study revealed that only 20% of patients who received stents
would have met criteria for inclusion into trials that have demonstrated their benefit
(58).

De Novo Lesions
Coronary stent implantation was originally assessed in the treatment of focal de novo

lesions in large native coronary arteries. Early trials such as Belgium and Netherlands
Stent Trial (BENESTENT) (55) and Stress Restenosis Study Investigation (STRESS)
(56) measured the safety and efficacy of stents vs PTCA for stable CAD. These trials
both demonstrated that stents conferred significant advantages in angiographic resteno-
sis rates, and trends towards decreased target vessel revascularization (TVR), and
adverse clinical events (death, MI, CABG, TVR) at 6 mo. The Stents and Radiation Trial
(START) trial (59) included patients with both stable and unstable angina and demon-
strated similar results of decreased restenosis, and though death and MI rates were sim-
ilar, the effects on restenosis were durable at 4 yr.
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Restenotic Lesions
Stent use for restenotic lesions in native vessels previously treated with PTCA was

evaluated in the Restenosis Stent Trial (REST) (60). Patients (383) with restenosis were
randomized to repeat angioplasty or stent placement. Angiographic follow-up revealed
that restenosis was less frequent in the stent group vs the PTCA group (18 vs 32%, p �
0.03), as was target lesion revascularization (TLR) (10 vs 27%, p � 0.001).

Vein Grafts
Recurrent restenoses of saphenous vein grafts (SVG) are a common occurrence

despite good angiographic results with angioplasty. Stent use was tested in focal SVG
lesions in the Saphenous Vein Graft De Novo (SAVED) trial (61) in an attempt to achieve
a decreased rate of recurrent restenosis. Patients (220) with new SVG lesions were ran-
domized to PTCA or stent therapy. Stenting not only achieved better initial angiographic
results (92 vs 69% angiographic success rate), but also carried an improved rate of free-
dom from adverse events (73 vs 58%, p � 0.03). Interestingly, there was only a trend
towards improvement in restenosis rate associated with stenting vs PTCA (37 vs 46%, p
� NS). A separate large, multicenter investigation of 589 patients with SVG lesions
experienced a 29.7% restenosis rate at 6 mo, lower than historical controls of PTCA (62).

Chronic Coronary Occlusions
Chronic coronary occlusions are particularly difficult to treat with PTCA in light of the

high rate of procedural failure and recurrence. Three randomized controlled trials have
investigated the utility of stents in this setting. The Stenting in Chronic Coronary Occlu-
sion (SICCO) trial (63) randomized 119 patients with angiographically successful PTCA
to adjunctive stent or no further interventional procedure. The stent group had less
restenosis at 6-mo angiography compared with the PTCA alone group (34 vs 72%, p �
0.001). Long-term follow-up (mean 33 � 6 mo) demonstrated that the stent group suf-
fered fewer cardiac events (cardiovascular death, lesion-related acute MI, TLR, or angio-
graphic demonstration of recurrent reocclusion) (24 vs 59%, p � 0.002) (64). The Groupo
Italiano per lo Studio sullo Stent nelle Occlusioni Coronariche (GISSOC) trial (65) has a
similar design with 110 patients. Angiographic follow-up at 9 mo demonstrated larger
mean diameters, less reocclusion, less recurrent ischemia, less TLR, and, notably, less
restenosis (32 vs 68%, p � 0.001). The Total Occlusion Study of Canada (TOSCA) (66)
trial randomized 410 patients to PTCA vs PTCA and stent after passing the guidewire
(crossover rate 10%). Maintenance of TIMI 3 grade flow (the primary end point) was sig-
nificantly higher in the stent group (89.1 vs 80.5%, p � 0.024). The stent group also had
a lower restenosis rate (55 vs 70%, p � 0.01), and less TVR (8.4 vs 15.4%, p � 0.03).

Other Indications
In addition, there is observational data suggesting benefits of stent deployment in

aorto-ostial lesions (67), left main lesions (68), bifurcation lesions (69), residual
stenoses, and mild dissections following conventional PTCA.

“Bail-Out” Stenting
Maintaining the patency of severely injured vessels by means of mechanical scaf-

folding was one of the first roles envisioned for intracoronary stenting. Although tech-
niques such as prolonged balloon inflations (70), directional atherectomy (71), and
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intracoronary thrombolytic infusion (72) were effective at times, MI and/or death were
frequent sequelae of acute vessel closure prior to the introduction of coronary stenting.
Indeed, the 1985/1986 National Heart Lung and Blood Institute (NHLBI) registry
showed that following acute vessel closure, 5% of patients died in hospital, 32% were
sent for CABG surgery, and 42% sustained MI (73). Several small, randomized trials
have shown stenting to be an effective “bail-out” technique in cases of post-PTCA acute
vessel closure, which can be caused by coronary dissection, spasm, or thrombus
(74–76). A pooled analysis of “bail-out” stenting in 1033 patients (25% presenting with
acute vessel closure) reported a procedural success rate of 85.6%, a mortality rate of
2.4%, an emergency CABG rate of 8.2%, an acute MI rate of 6.9%, and a stent throm-
bosis rate of 8.5% (74–78) (Table 3). Given the apparent benefits from prior historical
NHLBI data, a randomized trial testing the efficacy of “bail-out” stenting seems highly
unlikely. The frequency of stent use as a “bail-out” technique has declined as primary
stenting of “off label” indications has increased. However, it continues to be an accepted
back-up measure for those lesions that are best managed initially by PTCA.

Device Strategies in the Management of ACS 545

Table 3
Results of Large Series Bail-out Stenting Studies

Palmaz- Gianturco- Wiktor 
Schomig Schatz Roubin European Total 

(P-S Stent) NACI Registry Multicenter Stent Study Experience

Patient number 339 107 518 69 1033
Indication of 

acute closure (%) 15 19 32 30 25
Angiographic 

success (%) 96.5 99 92.9 92.6 94.7
Procedural

success (%) 87.2 78 87.3 76.6 85.6
Deatha (%) 1.8 4.9 2.2 2.9 2.4
MIa (%) 5.6 17.6 5.5 NR 6.9
CABGa (%) 9.1c 3.9 7.3 14.5c 8.2
Stent

thrombosisa (%) 7.0 NR 8.7 15.6 8.5
Repeat

PTCAb (%) 16.1 6.5 8.5 21.0 12.4
Restenosis

rateb (%) 30 NR 39 27 35

Adapted from ref. 78
Procedural success was defined as angiographic success (stent deployed and �50% residual stenosis)

with no in-hospital death, MI, or CABG surgery. Procedural success is recorded as the percentage of
patients with angiographic success, since not all studies reported the procedural outcome of patients with-
out angiographic success.

aAll early adverse events were assessed in-hospital except for the Schomig study, which assessed early
adverse event within 4 wk.

b6-Mo follow-up data.
aIn 26 patients (8% with successful stent deployment) from the Schomig study, and 5 patients (7.8%)

from the Wiktor European Stent study, stenting was performed prior to early nonemergency CABG sur-
gery due to uncertainty regarding subacute thrombosis risk and the extent of myocardium at risk.

NR, not reported.
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Subacute Thrombosis after Coronary Stenting
A major limitation of coronary stenting in early trials was the risk of subacute throm-

bosis, which occurred in up to 8% of cases, and generally eventuated in MI or death
(55,56,79,80). Because subacute thrombosis generally occurs late, at 2–14 d postinter-
vention, it is a more feared complication than abrupt closure immediately following con-
ventional PTCA, which generally occurs while the patient is still in the cardiac
catheterization laboratory. Initial efforts involving intensive anticoagulation regimens of
aspirin, dipyridamole, dextran, and heparin during stent deployment and warfarin post-
procedure, failed to prevent subacute thrombosis and caused significant bleeding com-
plications.

IVUS studies have shown that subacute thrombosis appears to arise primarily at
sites of poorly supported plaque. Despite the angiographic appearance of complete
stent expansion, it was observed that many stents were inadequately deployed by tra-
ditional balloon inflation pressures (6–8 atmospheres) and had poor apposition to the
arterial wall (81). Repeat balloon inflations using higher pressures (16–20 atmospheres)
were observed to result in larger lumen diameters with complete apposition of the
stent struts, thereby reducing subacute thrombosis even in patients not receiving sys-
temic long-term coumarin anticoagulation therapy (58). Although IVUS imaging was
initially used regularly to assess adequacy of stent expansion, subsequent reports have
suggested that it is not routinely needed if high-pressure balloon inflations are used
(82).

In the Intracoronary Stenting and Antithrombotic Regimen (ISAR) trial (83), 517
patients who underwent successful stenting were randomized to antithrombotic therapy
with antiplatelet therapy (aspirin � ticlopidine) or anticoagulation therapy (aspirin �
phenprocoumon). At 30 d, the antiplatelet group experienced 75% fewer cardiac events,
including fewer MIs (1.6 vs 6.2%, p � 0.02), and importantly, no bleeding events. Sim-
ilarly, the Stent Anticoagulation Regimen Study (STARS) (84), a randomized trial eval-
uating elective Palmaz-Schatz stenting in patients treated with aspirin, aspirin and
coumadin, or aspirin and ticlopidine, showed 2.9, 2.4, and 0.6% rates of stent thrombo-
sis, respectively, at 30 d (p � 0.05). Thus, inhibition of platelet activation is a more effec-
tive way of limiting subacute thrombosis than inhibition of the coagulation cascade. As
a result of adjunctive high-pressure balloon inflations and antiplatelet therapy, the rate
of subacute thrombosis is now less than 2%. A pooled analysis of 8176 patients from 33
studies evaluating coronary stenting using aspirin and ticlopidine in the absence of acute
MI shows a 1.5% rate of subacute thrombosis, a 0.8% mortality rate, a 1.1% rate of MI,
and a 0.5% rate of emergency CABG surgery (53,82–112) (Table 4). Newer stent
designs, such as heparin-coated stents (113), may further reduce rates of subacute
thrombosis as a result of coating the thrombogenic metallic surface with antithrombotic
agents or biological conduits like veins or biodegradable materials (i.e., either endoge-
nous materials like fibrin or exogenous materials like a polymer). Urgent PCI is the pre-
ferred method of treating subacute thrombosis, particularly if a technical problem is
discovered upon review of the initial deployment (inadequate coverage of dissection,
inadequate expansion, outflow obstruction, etc.), and CABG surgery is usually per-
formed in refractory cases. In the case of unavailability of cardiac catheterization labo-
ratory facilities, or anticipated delays in PCI, intravenous thrombolysis is the accepted
alternative (114).
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The limitations to antiplatelet therapy with ticlopidine are the frequent occurrence of
side effects: gastrointestinal upset (up to 20%); rash (up to 15%); liver enzyme abnor-
malities (though cholestatic hepatitis is rare), and neutropenia and bone marrow toxic-
ity (1%, reversible). Clopidogrel, a new thienopyridine medication, has been shown to
be as effective as ticlopidine, and far better tolerated (114–116). The pharmacokinetics
of clopidogrel has been studied; a loading dose of 300 mg, followed by 75 mg daily,

Table 4
Pooled Analysis of Stenting Using Aspirin and Ticlopidine in the Absence of Acute MI

Patient Subacute Mortality) MI CABG 
Study number Stent Sthrombosis (%) (%) (%) (%)

Jordan 1994 (63) 132 PSS 0 — — —
Wong 1994 (64) 28 PSS 0 0 0 0
Colombo 1994 (65) 50 Wiktor 2.2 — — —
Elias 1994 (66) 79 Wiktor 1.3 0 0 0
Hall 1994 (67) 44 GRS 0 — — —
Aubry 1994 (68) 643 All 2.5 3.7 3.7 1.3
Morice 1995 (69) 1250 All 1.7 0.7 0.6 0.4
Morice 1995 (70) 397 All 1.5 1 0.3 1
Morice 1995 (71) 246 All 1.2 0.4 0 0.8
La Blanche 1995 (72) 98 All 0 2 4 3
Barragan 1995 (59) 208 PSS, GRS 0.5 1 1 0.5
Colombo 1995 (58) 60 GRS 0 1 — 4
Wong 1995(73) 33 PSS 0 0 0 0
Fajadet 1995 (74) 119 PSS 0 0.8 — —
Blassini 1995 (75) 60 PSS 0 0 0 0
Reifart 1995 (76) 98 GRS — 1 0 1
Hall 1995 (77) 68 GRS 3 1.5 — —
Hasse 1995 (78) 46 PSS 0 0 0 0
Goods 1995(79) 152 GRS 0.7 0 0 0.7
Belli 1995 (80) 88 — 0 0 0 0
Morice 1995 (81) 1156 All 1.6 0.3 2.7 0.3
Caravalho 1995 (82) 87 GRS 1.1 0 0 0
Hall 1996 (83) 123 All 0.8 0 0.8 0
Lefevre 1996 (84) 245 All 2 3 1.6 0
Morice 1996 (85) 260 PSS 1.2 — 1.9 0.4
Goods 1996 (86) 296 GRS 0.7 0.3 — 0.7
Marco 1996 (87) 18 GRS-II 0 0 0 0
Elias 1996 (88) 240 Wiktor 3.6 1.2 — 1.2
Elias 1996 (88) 182 Wiktor 1 1 — 0
Schomig 1996 (89) 257 PSS 0.8 0.4 0.8 0
Leon 1996 (61) 244 PSS 0.6 — — —
Moussa 1997 (90) 1042 All 1.9 — — —
Nakamura 1997 (59) 127 All 3.1 — 3.1 0.8
Total Experience 8176 — 1.5% 0.8% 1.1% 0.5%

(n � 121) (n � 63) (n � 86) (n � 38)

GRS, Gianturco-Roubin Stent; PSS, Palmaz-Schatz Stent.
All event rates (mortality, MI, CABG) are in-hospital.



results in effective platelet inhibition 4 to 5 d sooner than both without the loading dose
and regular 250 mg 2� daily ticlopidine dosing regimens (115).

Primary Stenting in Acute MI
By reducing residual stenoses, relieving intraluminal obstruction and sealing dis-

section planes created by PTCA, primary stenting may provide additional short- and
long-term benefits in acute MI. Despite initial concerns of stent thrombosis in the set-
ting of acute MI, experiences with primary stenting have revealed favorable results
thus far. A pooled analysis of 1357 patients from 20 nonrandomized studies of pri-
mary stenting shows a mortality rate of 2.4%, a reinfarction rate of 1.1%, an emer-
gency CABG rate of 1.3%, and a stent thrombosis rate of 1.5% (using ticlopidine) of
patients (117). In the Stent- Primary Angioplasty in Myocardial Infarction (Stent-
PAMI) trial (118), 900 patients who had acute MI (defined as 1 mm ST-segment ele-
vation in two contiguous lead, or if electrocardiogram [ECG] nondiagnostic, objective
evidence in the cardiac catheterization laboratory of high-grade stenosis, and wall-
motion abnormality), with stentable lesions were randomized to PTCA (15% cross-
over rate) or Palmaz-Schatz heparin-coated stents. The primary combined end point
(death, MI, CVA, TVR at 6 mo) occurred less in the stent group than in the PTCA
group (12.6 vs 20.1%, p � 0.01), though the difference was entirely accounted for by
the decrease in TVR. Stented patients also had less angina (11.3 vs 16.9%, p � 0,02),
less TVR (7.7 vs 17.0%, p � 0.001), and less restenosis (20.3 vs 33.5%) at 6-mo fol-
low-up angiography. There was no difference in mortality rates, except among patients
with a closed artery at presentation in which the mortality was higher among stented
patients.

Limitations of Coronary Stenting
The preprocedural arterial lumen size remains a major issue in stenting procedures.

A meta-analysis of the Benestent-I and STRESS-I/II trials showed that arteries less than
2.6 mm and greater than 3.4 mm in diameter (the smallest and largest quintiles treated)
did not have better restenosis rates than arteries treated with conventional PTCA (119).
A pooled analysis of quantitative angiographic data from the TIMI 4 and TIMI 10 trials
shows that 69% of patients presenting with acute MI had a proximal reference segment
diameter (PRSD) � 2.75 mm, and 56% had a PRSD � 3.0 mm (117). Despite recent
advances in stenting techniques, the fact that smaller vessels may derive reduced bene-
fits from coronary stenting due to greater risks of subacute thrombosis and intimal
hyperplasia remains a significant challenge in coronary stenting.

Another challenge associated with stenting involves the treatment of in-stent resteno-
sis. Although balloon angioplasty is the most common method of treating in-stent
restenosis and is associated with a greater than 90% procedural success rate, it has been
observed to have a high rate of restenosis (54%) (120). This is perhaps because balloon
angioplasty of in-stent restenosis works by compressing and extruding the intimal tis-
sue rather than by expanding the stent.

Although the stenting of highly thrombotic lesions is generally avoided, in a small
trial stents were placed in 86 thrombus-containing lesions in patients with ACS. Despite
this, there was a low rate of subacute thrombosis (1%) and restenosis (33%) (121). In
addition to the risk of subacute thrombosis, other potential limitations of stenting
include side branch occlusion, stent embolization, and inadequate access to more distal
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disease and significant side branches post-stent-implantation, the occasional inability to
deliver a stent to the target lesion, and the potential for the wire to become entrapped in
stents while recrossing. The impact of stenting on subsequent bypass procedures is
unknown.

Many new stent designs currently under investigation include welded tubular stents,
integrated flexible-coil stents, interlocking coil-strut stents, self-expanding stents, and
radiation-emitting stents. Although it is unlikely that any single design will be suitable
for all patients, diversity in composition and structure are likely to offer the interven-
tionalist a wide variety of options in the future.

Restenosis and In-Stent Restenosis
New insights into the pathophysiology of restenosis have emerged concurrently with

developments in coronary stenting. Early animal studies suggested that intimal prolif-
eration after arterial injury is the predominant cause of restenosis. As a result, several
clinical trials tested the effect of various antiproliferative agents on coronary restenosis.
These trials, however, showed no significant beneficial effect in preventing restenosis
(122).

The results of several recent studies have challenged the theory that intimal prolif-
eration is the sole or predominant mechanism of restenosis following conventional
PTCA. For instance, molecular studies using immunohistochemical labeling of prolif-
erating cell nuclear antigens in human atherectomy specimens, revealed minimal evi-
dence of cellular proliferation in both primary as well as restenotic lesions following
conventional PTCA (123). In addition, serial IVUS imaging studies have shown inti-
mal proliferation to be a minor contributor (30%) to late diameter loss and have demon-
strated that shrinkage of the dilated segment (measured as a reduction in the
cross-sectional area of the vessel subtended by the external elastic lamina) is a major
contributor to lumen loss following conventional PTCA (124). With respect to in-stent
restenosis, serial IVUS studies have demonstrated that neo-intimal proliferation,
through the stent struts, accounts for almost all of the late diameter loss, with almost
no evidence of vessel shrinkage or stent collapse (125). Three large randomized trials
comparing stenting (using Palmaz-Schatz stents) with conventional PTCA for the treat-
ment of focal de novo native vessel lesions including the Benestent-I and Benestent-II
(55,169) and the STRESS-I (56) studies, revealed larger acute lumen diameters and a
25–30% relative reduction in the rate of restenosis after stenting compared with con-
ventional PTCA (Table 5). Thus, coronary stenting is associated with reduced resteno-
sis rates because it maintains expanded lumen diameters and prevents pathologic
remodeling.

Although current stenting techniques have reduced restenosis, they have not elimi-
nated it. Recently, much attention has been focused on stent designs with better scaf-
folding properties that may be able to minimize intimal injury and prevent subsequent
restenosis. The rate of restenosis at 6 mo using aspirin (without ticlopidine) with the
ACS multilink stent (West European Stent Trial [WEST]-II trial) was lower (10%) than
that when using the Palmaz-Schatz stent (Multicenter Ultrasound Stenting in Coronar-
ies trial [MUSIC]) (13%), despite the inclusion of smaller vessels and a greater number
of patients with unstable angina in the WEST-II trial (126). Brachytherapy, the use of
local radiation, has emerged as a viable option for the prevention of recurrent ISR, and



trials with medicating stents coated with substances such as paclitaxel and sirolimus are
underway.

BRACHYTHERAPY

Brachytherapy prevents restenosis by decreasing intimal hyperplasia and cellular pro-
liferation within treated segments of atherosclerotic coronary arteries. In November
2000, the Food and Drug Administration (FDA) approved two sources of radiation for
the prevention of recurrent ISR. The first utilizes c radiation (photons) emitted from an
iridium-192 source; the second utilizes b radiation (electrons) emitted from yttrium-90
or phosphorous-32 sources. Radiation is delivered via a “ribbon”, which is temporarily
introduced into the coronary artery by a catheter-based delivery. Radioactive stents are
presently being studied as an alternative delivery system.

c Radiation has been studied in three randomized controlled trials (127–129). The
protocols of these trials involved recruitment of patients with optimal angiographic
results after combinations of PTCA, RA, ELCA, and DCA for ISR, randomization to
either adjunctive c radiation or placebo, and routine post-PCI care with thienopyridines
(clopidogrel or ticlopidine) and aspirin. Gp IIb/IIIa inhibitors were contraindicated. The
SCRIPPS Coronary Radiation to Inhibit Proliferation Post Stenting (SCRIPPS) trial
(127) recruited patients with restenoses of any kind, whereas the Washington Radiation
for In-Stent Restenosis Trial (WRIST) (128) and the GAMMA-ONE (129) trials tar-
geted only patients with ISR. GAMMA-ONE was the only multicenter trial. Results
from each trial were compelling. Restenosis rates were decreased by 42–68%, and TLR
rates were decreased by 43–73%. Important caveats to these results were found, how-
ever. Although composite end points including death, MI, TLR, CABG, and thrombo-
sis were improved, the difference was almost entirely accounted for by the decrease in
TLR, a variable likely influenced by the protocol-driven follow-up angiography (130).
Furthermore, in WRIST, there was an increase in TVR (7.6%) and TLR (9.3%) in mo
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Table 5
Multicenter Randomized Trials Comparing Conventional PTCA with Stenting

STRESS BENESTENT-I BENESTENT-II
Outcome (23) (24) (169)

PTCA Stent PTCA Stent PTCA Stent
n � 202 n � 205 n � 257 n � 259 n � 410 n � 413

Angiographic success (%) 92.6 99.5a 98.1 96.9 99 99
Procedural success (%) 89.6 96.1a 92.7 91.1 95 96
Early complications (%) 

(death, Q-wave MI, 
CABG) 7.9 5.9 6.2 6.9 5.1 3.9

Late complications 
(death, Q-wave MI, 
TVR) 23.8 19.5 30 20a 19.3 12.8a

Restenosis 42.1 31.6a 32 22a 31 16a

Bleeding complications 4.0 7.3 NR NR 1.0 1.2

MI, myocardial infarction; CABG, coronary artery bypass graft; NR, not reported.
ap � 0.05.



6–12 in the treatment group, suggestive of the possibility that radiation delayed the
recurrence ISR rather than prevented it. There was also a trend towards the increase in
late thrombotic events in the treatment group (9.2 vs 3.5% at 12 mo, p � NS). In
GAMMA-ONE, late thromboses were also more common in the irradiated group (5.3
vs 0.7%, p � 0.07). All events occurred in patients who had received new stents at the
time of irradiation and had discontinued thienopyridine therapy for more than 1 mo. The
conclusion of the authors of the GAMMA-ONE trial was that c radiation would not be
a viable option for the subset of patient who had received a new stent in the context of
treatment for ISR, until the issue of late thrombosis was resolved.

Following this study, the Washington Radiation for In-Stent Restenosis Trial plus 6
mo of clopidogrel (WRIST-PLUS) trial treated 120 patients with ISR with intracoronary
c radiation, but extended clopidogrel therapy to 6 mo. Repeat stenting was discouraged
but allowed (28.3% received new stents) (131). The primary end point of this study was
the occurrence of late thrombosis, as well as the combined end point of death, MI, and
TLR at 6 mo. Control groups were historical from the WRIST study. Outcomes for
WRIST-PLUS were similar to the placebo arms of the historical controls, and better than
the irradiated results of the controls, in terms of late total occlusion and late thrombo-
sis. This important finding indicates that a strategy of reduced new stent placement and
long-term clopidogrel therapy effectively removed all of the increased late thrombotic
side-effects of c radiation. Notably, the FDA advises against the use of new stents with
c radiation, but recommends 1 yr of antiplatelet therapy in that context (132).

b Radiation confers several practical advantages over c radiation: decreased radiation
exposure to patient, medical personnel, and environment; decreased procedure time; and
obviated need for catheterization laboratory redesign. The Beta Energy Restenosis Trial
(BERT) was a pilot trial that treated 21 patients with b radiation from a Sr/Y90 source
and found no in-hospital or 30-d morbidity or mortality (133). Restenosis rate was lower
than expected at 15%, and late loss index was also low. This motivated three random-
ized-controlled trials (RCTs): Stents and Radiation Therapy (START) (134); Prolifera-
tion Reduction with Vascular Energy Trial (PREVENT) (135); and BETA-WRIST
(136). START was the largest of the three, randomizing 476 patients to b radiation or
placebo. Stent use was discouraged and only occurred in 21% of cases. Thienopyridine
therapy was administered for 90 d. In 8 mo of follow-up, no late thromboses occurred,
and restenosis rate was 14% in the treatment group vs 41% in the placebo group. A
recent dose-finding study was performed in patients with de novo lesions (137). The
largest dose given (18 gy) was found to actually increase luminal size on angiographic
follow-up, and the overall restenosis rate across doses was 16%. As the authors note, a
randomized clinical trial comparing a strategy of stentless PCI plus radiation vs PCI
with stent for the prevention of restenosis is needed.

MEDICATED STENTS

Stent-based delivery systems for medication appear to be a viable option for local
medication to prevent restenosis (138). Animal models suggested that antimitotic agents
might be beneficial in decreasing the proliferative and hyperplastic response to endothe-
lial damage (139). At present, only sirolimus (Rapamune)-coated stents have had any
human experience in the U.S. Sirolimus’ FDA-approved indication is as an immune-
modulator to prevent rejection in patients with renal transplants. Mechanistically, it
binds to an intracellular protein and up-regulates p27, leading to cell-cycle arrest. It has
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been shown to inhibit human smooth muscle cell proliferation in vitro (140). In a pilot
trial, 30 patients with angina pectoris were randomized to receive fast-release or slow
release sirolimus-coated stents, and were studied with IVUS immediately postprocedure
and at 4 mo. Patients took daily aspirin and clopidogrel for 60 d. Clinical follow-up was
also performed at 8 mo. Angiographic results were impressive: intimal hyperplasia was
10.7% by IVUS (141) compared to historic IVUS controls of 19–48%, and there was
essentially no late lumen loss or edge-effect. At 8 mo, there were no clinical events (MI,
death, TLR, TVR, cerebrovascular accident [CVA], stent thromboses). The effects were
seen with both formulations.

Paclitaxel, the antineoplastic agent used in certain malignancies such as breast, has a
different mechanism of action. It binds microtubules and polymerizes them, making
them unstable, thereby arresting the cell cycle. Elegant animal models have demon-
strated that stents eluting paclitaxel are promising in their ability to prevent neointimal
hyperplasia and proliferation (139). Their impact on human coronary arteries is yet to
be determined.

PHOTOPHORESIS

Photophoresis is an immunomodulatory treatment, in which patients are phle-
botomized, and their blood is separated into leukocyte-poor blood, which is returned to
the patient, and leukocyte-rich plasma, which is exposed to uv light in the presence of
a photo-activated substance such as methoxsalen, which covalently binds DNA, cell sur-
face molecules, and cytoplasmic components in the exposed leukocytes prior to being
returned to the patient. Reinfused, the T-cell response is modulated. A small pilot RCT
of methoxsalen photophoresis in the prevention of restenosis was recently reported
(142). Seventy-eight patients being treated with single-vessel angioplasty were ran-
domized to photophoresis or control. Patients were followed clinically for 6 mo includ-
ing routine exercise treadmill testing (ETT). Clinical restenosis rates were significantly
lower in the treatment group compared to the control group (8 vs 27%, p � 0.04).

PHARMACOTHERAPEUTIC STRATEGIES DURING PCI

Combined aspirin and heparin is the most frequently used antiplatelet–antithrombotic
therapy during coronary angioplasty to achieve and maintain activated clotting times
(ACT) greater than 200 s. Because thrombin is generated during PTCA and potentially
activates platelets, direct thrombin inhibitors (hirudin and hirulog) were developed as
agents that could potentially inhibit platelet activation.

Despite these theoretical benefits, several multicenter trials have been unable to
demonstrate that hirudin is a superior antithrombotic agent compared to heparin
(143–148). Although hirudin has greater potential to reduce thrombin activity by inhibit-
ing both fluid-phase and clot-bound thrombin, heparin has greater potential to inhibit
earlier steps in the coagulation cascade. The net result may be an equal decrement in
thrombus deposition within the culprit vessel. Although not significantly more effica-
cious than heparin, direct thrombin inhibitors may be safer than heparin.

Whereas there are multiple pathways for platelet activation, a single receptor (the Gp
IIb/IIIa receptor) on the platelet surface mediates the final common pathway of platelet
aggregation. By preventing the platelet Gp IIb/IIIa receptor from binding fibrinogen to
cross-link platelets, Gp IIb/IIIa inhibitors exert potent effects during interventional
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procedures. There are three approved intravenous Gp IIb/IIIa antagonists presently avail-
able for use during PCI: abciximab (Reopro); eptifibatide (Integrilin); and tirofiban
(Aggrastat). Each has a distinct biochemical profile, and trials of these drugs have
shown varying effects. These medications have been tested in a variety of contexts
including unstable angina, non-ST-segment elevation MI, ST-segment elevation MI, and
PCI.

Abciximab
Abciximab is the Fab fragment of a human–mouse chimeric antibody directed against

the Gp IIb/IIIa receptor. It has a high affinity for the receptor, and has a biological half-
life of 8–12 h. It is cleared by the reticuloendothelial system and, therefore, is not
affected by renal or hepatic dysfunction. Its activity is reversed by drug discontinuation
and platelet transfusion. It is approved for use in primary PCI and refractory unstable
angina with planned PCI within 24 h, but not in the routine medical management of
patients with ACS.

PCI

Abciximab was evaluated in the Evaluation of Abciximab for the Prevention of
Ischemic Complications (EPIC) trial (149), a randomized controlled trial of 2099
patients undergoing high-risk PTCA or directional atherectomy. The results showed a
35% reduction in clinical events (freedom from death, nonfatal MI, and urgent inter-
vention) at 30 d for patients treated with an abciximab bolus and a 12-h infusion (8.3%
events) vs placebo (12.8% events) (p � 0.01). The reduction of clinical events in the
abciximab bolus and infusion group remained evident at 6 mo (23%, p � 0.001) and at
3 yr (13%, p � 0.009) (150). These long-term results favoring abciximab were largely
driven by a reduced need for repeat revascularization, not by death or reinfarction. While
it has been claimed that the drug reduced the incidence of “clinical restenosis,” the true
rate of angiographic restenosis in patients treated with abciximab, however, was not
determined in this trial. Major bleeding complications were twice as frequent in the
abciximab bolus and infusion group (14%) than in the placebo group (7%, p � 0.001)
(149). The risk of excessive bleeding with abciximab tended to be greater in patients
with higher ACT levels, lower body weights, and higher doses of heparin (149). Given
this bleeding risk, lower doses of weight-adjusted heparin were used in the Evaluation
in PTCA to Improve Long-Term Outcome with Abciximab Gp IIb/IIIa receptor block-
ade (EPILOG) trial. This randomized prospective multicenter placebo-controlled trial of
2792 patients undergoing elective PTCA evaluated lower doses of weight-adjusted
heparin. The results again revealed favorable outcomes with abciximab, with no signif-
icant increase in bleeding complications (151). At 30 d, abciximab again significantly
reduced the incidence of the composite end point (acute MI, urgent revascularization,
or death) (5.2% in the abciximab and low-dose heparin group vs 11.7% in the placebo
and standard-dose heparin group, p � 0.0001), but this did not come at the expense of
excess bleeding (2.0 vs 3.1% for placebo, p � NS) (151). In the c7E3 Fab Antiplatelet
Therapy in Unstable Refractory Angina (CAPTURE) trial (152), 1265 patients with
refractory unstable angina and a culprit lesion amenable to angioplasty were random-
ized to abciximab therapy (18–24 h pre-PCI and 1 h post-PCI or placebo. The abcix-
imab group had a 29% reduction in the combined end point of death, MI, TLR in 30 d,
though this benefit was not durable at 6 mo.
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ACS

In CAPTURE, abciximab was beneficial to patients as pre-PCI therapy. Its role as an
initial medical therapy for patients not planned to undergo early PCI for ACS was inves-
tigated in the Global Use of Strategies to Open Occluded Arteries (GUSTO) IV-Acute
Coronary Syndromes Trial (153). Seven thousand eight hundred patients with ACS were
randomized to abciximab bolus plus 24-h infusion, bolus plus 48-h infusion, or placebo,
in addition to standard therapy with aspirin and heparins. The primary end point of death
or MI at 30 d was not significantly different across groups (8.0 placebo vs 8.2% 24-h
infusion vs 9.1% 48-h infusion). Interestingly, this lack of benefit was seen across sub-
groups, including those with positive cardiac troponins (a group that has seen the most
benefit in other Gp IIb/IIIa trials).

ST-SEGMENT ELEVATION MI

Abciximab was found to reduce combined end points of death, MI, and TVR in by
48% at 30 d in the Reopro in Acute Myocardial Infarction and Primary PTCA Organi-
zation and Randomized Trial (RAPPORT) trial (154), in which 483 patients were ran-
domized to abciximab or placebo prior to primary angioplasty for acute MI. Abciximab
also reduced that combined end point by 52% at 30 d in the ISAR-2 trial (155), in which
401 patients were randomized to abciximab or placebo prior to primary stenting for
acute MI, and by 47% at 30 d in the Abciximab before Direct Angioplasty and Stenting
in Myocardial Infarction Regarding Acute and Long-Term Follow-up (ADMIRAL) trial
involving 300 randomized patients (156). Abciximab has also been beneficial in small
angiographic trials following thrombolytic administration (157,158).

Eptifibatide
Eptifibatide is a cyclic heptapeptide with low affinity and high specificity for Gp

IIb/IIIa receptors. It is 50% renally cleared, and therefore, its dose must be altered in
patients with renal dysfunction, and it should be avoided in patients with renal failure.
Its biological half-life is approx 2.5 h, and its activity is best reversed by discontinua-
tion of infusion. The role of platelet transfusion in reversal is unclear. Its use is approved
for use in both ACS and PCI.

PCI

In the Integrilin to Manage Platelet Aggregation to prevent Coronary Thrombosis
(IMPACT) II trial of 4010 patients undergoing PTCA, the 30-d clinical event rate (death,
acute MI, or repeat PTCA) tended to be lower in patients treated with a low-dose bolus
and infusion of eptifibatide than in the placebo group (9.2 vs 11.4%, p � 0.06), with no
significant increase in bleeding complications (159). The benefits were especially evi-
dent in patients undergoing elective procedures. In patients treated with high-dose bolus
followed by infusions of eptifibatide, there was no significant reduction in the 30-d clin-
ical event rate. In the recently reported Enhanced Suppression of the Platelet IIb/IIIa
Receptor with Integrilin Therapy (ESPRIT) trial (160), eptifibatide was administered in
a double-bolus with infusion fashion to prevent the potential dip in platelet inhibition at
10–15 min that had occurred in previous evaluations. Two thousand sixty-four patients
who were undergoing scheduled PCI with stents in native arteries were randomized to
receive eptifibatide or placebo in addition to standard therapy with aspirin and heparin
and post-PCI thienopyridine. The critical findings of this study are that eptifibatide did

554 Singh and Gibson 



not significantly decrease any of several categories of angiographic complications,
though at 48 h, the relative rate of death or MI was reduced by 43% (p � 0.0017). Inter-
estingly, eptifibatide appeared to decrease the relative risk of MI most in patients in
whom there were no angiographic complications (relative risk ratio 43%, p � 0.03).

ACS

In the large Platelet Glycoprotein IIb/IIIa in Unstable Angina: Receptor Suppression
Using Integrilin Therapy (PURSUIT) trial (161), 10,948 patients with ACS were ran-
domized to a 72-h infusion of eptifibatide or placebo in addition to standard therapy
with aspirin and heparin. Patients were permitted to go to the cardiac catheterization
laboratory at the discretion of the attending physician (11.2%). Overall, eptifibatide
therapy was associated with a significant decrease in the composite end point of death
or MI at 30 d (14.2 vs 15.7%, p � 0.04). This advantage was most apparent in the sub-
group that underwent PCI within the first 72 h, but those that did not undergo PCI still
had a statistically significant benefit to therapy.

ST-SEGMENT ELEVATION MI

Eptifibatide has been studied in two trials of ST-segment elevation MI with throm-
bolytic medications, but it has not been studied in the primary PCI for MI setting. The
IMPACT-AMI trial (162) was a dual-phase dose-ranging and RCT combining eptifi-
batide and alteplase. In the dose-ranging portion, the highest dose of eptifibatide used
demonstrated improved patency rates, but the RCT failed to reproduce the benefit. Pre-
liminary results of the Integrilin and Reduced Dose Thrombolytic in Acute Myocardial
Infarction (INTRO-AMI) trial (163), have reported promising TIMI grade 3 flow rates
with decreased dose eptifibatide and alteplase.

Tirofiban
Tirofiban is a synthetic nonpeptide with high specificity and low affinity for the Gp

IIb/IIIa receptor. Its biologic half-life is approx 2 h, and is best reversed by discontinu-
ation. Platelet transfusion may also be helpful in reversal of drug effect. It is renally
cleared to varying degrees (40–70%), so similar it eptifibatide, its dose must be
decreased in patients with renal dysfunction, and its use should be avoided in patients
with renal failure. Tirofiban is approved for use in ACS.

PCI

In the Randomized Efficacy Study of Tirofiban for Outcomes and Restenosis
(RESTORE) trial (164) of 2139 patients, there was a 38% relative reduction (5.4 vs
8.7% in the placebo group, p � 0.005) of the composite end point (death, acute MI,
repeat revascularization, or stent placement) at 2 d, and a 27% relative reduction at 7 d
(p � 0.02) in patients treated with tirofiban, with no significant increase in bleeding
complications. At 30 d and 6 mo, the 3% difference in absolute event rates was
unchanged, and the reduction in the event rates tended to be significant. When the end
point was constructed to be consistent with that in other trials (i.e., urgent revascular-
ization rather than repeat revascularization), a significant difference in event rates was
maintained (8.0 vs 10.5% for placebo, p � 0.05). The RESTORE study has the only
angiographic substudy to evaluate the risk of restenosis following Gp IIbIIIa inhibition,
and there was no significant difference in the rate of restenosis between treated and con-
trol patients (165).
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ACS

Tirofiban has been evaluated in two trials of ACS. The Platelet Receptor Inhibition
In Ischemic Syndrome Management (PRISM) trial (166) randomized 3232 patients with
ACS to tirofiban or heparin infusions for 48 h in addition to aspirin. The primary end
point (composite of death, MI, or refractory ischemia during the infusion) was signifi-
cantly less frequently observed in the tirofiban group than in the heparin group (3.8 vs
5.6%, p � 0.01), although this was entirely accounted for by the decrease in refractory
ischemia (3.5 vs 5.3%, p � 0.01). Neither death, nor MI, nor combined death or MI was
reduced by the administration of tirofiban. Interestingly, there were no beneficial effects
attributable to tirofiban at 7 d, but at 30 d, a reduced rate of death had become statisti-
cally significant (2.3% tirofiban vs 3.6% heparin, p � 0.02). The Platelet Receptor Inhi-
bition in Ischemic Syndrome Management in Patients Limited by Unstable Signs and
Symptoms (PRISM-PLUS) trial (167) randomized 1915 patients with ACS to tirofiban,
heparin, or combination tirofiban and heparin. All patients received aspirin therapy. The
tirofiban-alone group was terminated prematurely due to excessive deaths at 7 d. The
primary end point (composite death, MI, refractory ischemia within 7 d) was lower
among the combination therapy group than the heparin-alone group (12.9 vs 17.9%, p
� 0.03). These results were noted at 48 h, and were durable at 30 d and 6 mo. Refrac-
tory ischemia was durably decreased in the combination therapy group at 48 h, 7 d, 30
d and 6 mo. MI was decreased at 7 d, but was not durable to 30 d and 6 mo.

ST-SEGMENT ELEVATION MI

There are presently no trials reported that support the use of tirofiban in acute ST-
segment elevation MI.

A pooled analysis of 11,040 patients in trials of Gp IIb/IIIa inhibitors during interven-
tional procedures shows lower 30-d (7.8 vs 11.4%, p � 0.001) and 6-mo (26.2 vs 29.6%, p
� 0.001) event rates, but a higher rate of bleeding complications (5.9 vs 4.3%, p � 0.001)
for Gp IIb/IIIA inhibitors when compared with placebo (Table 6). Several orally bioavail-
able synthetic inhibitors of Gp IIb/IIIa have been developed and tested, but results have
been disappointing. No oral Gp IIb/IIIa inhibitor has any accepted indication at this time.

FUTURE DIRECTIONS

The remarkable development of new devices for coronary revascularization over the
last decade has led to considerable expansion in the number of patients treatable using
interventional procedures, and improvements in short- and long-term outcomes. Indica-
tions and methods of use for the current devices will continue to be expanded and
refined, with randomized trials playing a major role. Newer technologies directed at lim-
iting or even eliminating in-stent restenosis are one of the major focuses at this time. To
this end, site-specific drug-delivery systems such as medicating stents that prevent
restenosis and in-stent restenosis are a very active area of development. In addition,
experimental technologies like intravascular magnetic resonance imaging may make
their way into the clinical realm to allow more precise guidance of interventional
devices, and optimal plaque ablation and remodeling while limiting arterial injury.
Finally, an increased understanding of vascular biology, thrombosis, and restenosis will
hopefully lead to pharmacological therapies designed to ameliorate adverse thrombotic,
proliferative, and remodeling responses.
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Table 6
Trials of GpIIb/IIIa Inhibitors during Interventional Procedures

30-day 30-day 6-month
Composite Major Composite
Endpointa Bleeding Endpointf

Drug Placebo Drug Placebo Drug Placebo
Trial Patients (%) (%) p-Value (%) (%) p-Value (%) (%) p-Value

EPICa 2,099 8.3 12.8 0.008 14.0 6.6 0.001 27.0 35.1 0.001
EPILOGb 2,792 5.2 11.7 �0.001 2.0 3.1 0.19 22.8 25.8 0.07
IMPACT-IIc 4,010 9.2 11.4 0.06 4.8 5.1 NS 30.1 31.5 NS
RESTOREd 2,139 10.3 12.2 0.16 5.3 3.7 0.09 24.1 27.1 0.11
Total

Experience 11,040 8.4 11.9 �0.001 5.9 4.3 0.001 26.2 29.6 0.001
(341/4063) (479/4033) (240/4063) (175/4033) (1057/4029) (1183/3999)

ac7E3 bolus and infusion vs. placebo in high-risk PTCA/DCA
bc7E3 with low-dose heparin vs. placebo in elective PTCA/DCA
cIntegrelin (low-dose bolus and infusion) in elective and high-risk PTCA/DCA except elective stents (randomized group)
dTirofiban bolus and infusion vs. placebo in high-risk PTCA/DCA
eDeath, MI, or urgent revascularization
fDeath, MI, or repeat revascularization
RRR � relative risk reduction
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INTRODUCTION

Cardiovascular disease remains the leading cause of death in women in the United
States, and the rate of decline remains less than that observed for men (1). Owing to an
increased awareness of these statistics, and a focus on women’s health issues in general,
there has been an intense interest in women with heart disease. Accordingly, gender dif-
ferences in the presentation, evaluation, access to care, management, and acute- and
long-term outcomes of women with acute coronary syndromes continue to be evaluated.
Therefore, the goal of this chapter is to review briefly the epidemiology, risk factors,
clinical presentation and evaluation of women with acute coronary syndromes, discuss
gender differences in patients treated with medical therapy and coronary revasculariza-
tion procedures, and highlight issues specific to women with unstable angina, myocar-
dial infarction, and cardiogenic shock.

EPIDEMIOLOGY

The incidence of coronary heart disease increases with age in women, although the
clinical presentation of the disease lags 10 yr behind that in men, and by 20 yr for more
serious clinical events such as myocardial infarction and sudden death. While the life-
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time risk of developing coronary heart disease after age 40 is 49% for men and only
32% for women, women are more likely to experience significant morbidity and mor-
tality associated with an acute coronary syndrome (1). Interestingly, while mortality
rates have declined over time for men, they have increased for women (Fig. 1). In part,
because women have myocardial infarctions at older ages than men, they are more likely
to die following the event, and mortality usually occurs within a few weeks (Fig. 1). In
fact, 38% of women, compared to 25% of men, will die within 1 yr after having an ini-
tial recognized myocardial infarction, and by 6 yr after the index event, 35% of women
will have a second acute coronary syndrome compared to only 18% of men (1). African-
American women are at particularly high risk for adverse outcomes associated with
acute coronary syndromes as evidenced by mortality data from 1998 that revealed that
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Fig. 1. Cardiovascular morbidity and mortality in women. (A) There has been a significant decline in
cardiovascular mortality for men from 1979–1998, yet an increase in women for the same time peri-
od. (B) Women age 65 yr or older are more likely to have a myocardial infarction than younger women
(1). MIs, myocardial infarctions; yr, years.



deaths from cardiovascular disease occurred in 400.7/1000 for black females compared
to 294.9/1000 for white females (1).

Cardiovascular disease has been recognized as the leading cause of morbidity and
mortality in women since the early 1900s, accounting for the death of 53% of women
compared to 47% of men in the United States in 1998. Recent data from the Nurses’
Health Study revealed a 31% decrease in coronary artery disease incidence in this cohort
of women from the 2-yr period 1980–1982 to the 2-yr period 1992–1994; however, the
rates of decline have been slower in women compared to men and the risk of death, rein-
farction, and congestive heart failure following a nonfatal myocardial infarction
remained higher in women than in men (1,2).

RISK FACTORS

The traditional and well-studied risk factors for coronary heart disease in men,
namely, hypertension, diabetes mellitus, hypercholesterolemia, cigarette smoking, a
family history of premature atherosclerotic vascular disease, and obesity appear to be
operative in women as well; however, in the presence of any of these risk factors, the
incidence of coronary heart disease is higher in men than in women (3). For example,
although the incidence of coronary heart disease is higher among men than among
women with systolic hypertension, the relative risk of coronary heart disease (in com-
parison with a gender-matched population without hypertension) is the same in women
and men. Furthermore, women have a higher incidence of hypertensive heart disease
and common causes of hypertension, such as renovascular hypertension due to fibro-
muscular dysplasia, are more common in women than in men (4,5).

Women with diabetes mellitus have twice the risk of myocardial infarction as nondi-
abetic women and the same risk of a myocardial infarction as a nondiabetic male of the
same age (3). In addition, the increased risk associated with diabetes appears to be syn-
ergistic with gender. In one study, cardiovascular mortality rates were 3–7� higher in
diabetic women than nondiabetic women, as compared to 2–4� higher in diabetic men
than in nondiabetic men (6).

Interestingly, gender differences have been noted in cardiovascular risk attributed to
hypercholesterolemia. In fact, decreased high-density lipoprotein (HDL) levels are a
stronger predictor of risk in women than in men (7,8), and elevated low-density lipopro-
tein (LDL) levels, a strong predictor of atherosclerotic heart disease in men, do not con-
stitute as strong a risk factor for coronary artery disease as low HDL levels in women
who do not have established clinical coronary disease (9,10). Elevated triglyceride lev-
els also appear to be an independent predictor of coronary disease in older women, and
there is evidence to suggest that lipoprotein(a) [Lp(a)] is strongly associated with coro-
nary artery disease in younger women (9,11).

It is noteworthy that cigarette smoking remains the leading cause of preventable coro-
nary heart disease in women and that over 50% of myocardial infarctions occurring
among middle-aged women are attributable to tobacco use (12). The magnitude of
increased risk, a two- to four-fold increase compared to nonsmokers, is similar in
women and men, occurs with even minimal exposure, and is related to the number of
cigarettes smoked (13). Moreover, the risk of coronary heart disease begins to decline
within months and reaches the level of nonsmokers 3–5 yr after smoking cessation.
Although the prevalence of current tobacco use is similar in women and men with acute
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coronary syndromes undergoing revascularization procedures, the prevalence of former
smoking is higher in men and reflects reports documenting a slower decline in smoking
cessation rates in women (Fig. 2) (14). For women over the age of 35 yr who use oral
contraceptives, there is a synergistic effect with tobacco use to increase the risk of
atherothrombotic coronary artery disease (15). These unfavorable smoking patterns in
women, particularly among young women, have widespread clinical implications.

Obesity and sedentary lifestyle contribute to increased risk of coronary artery disease
in women (Fig. 2). In fact, one-third of adult women are classified as obese, and up to
60% of women report no regular physical activity. Central, or abdominal, obesity has
been identified as a significant coronary disease risk factor for women, and studies sug-
gest women who participate in a regular exercise program have a 50% risk reduction
compared to sedentary women (12).

CLINICAL PRESENTATION

Whereas almost two-thirds of men with coronary heart disease present with myocar-
dial infarction or sudden death as the initial manifestation of disease, over 50% of
women may have angina pectoris as their first symptom (Fig. 3) (16), yet establishing
the diagnosis of ischemic heart disease in women remains problematic. This is, in part,
due to the relatively high prevalence in women of chest pain in the absence of signifi-
cant epicardial coronary artery stenoses.

To address this issue, several studies have examined the predictive value of chest pain
utilizing angiographic assessment of coronary anatomy and determined that there is a
poor correlation between chest pain symptoms and angiographic evidence of coronary
disease (17). At best, a clinical history of angina correlated with angiographic disease
only one-half of the time in women. Even when unstable symptoms were present, the
correlation was no better than 59%. The best correlation occurred in women thought not
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Fig.2.Trends in risk factors for coronary artery disease. Rates of cigarette smoking have decreased from
1980–1992 in women; however, obesity and lack of regular exercise have increased significantly (2).



to have angina by history in which coronary artery disease was absent 95% of the time.
Some added predictive value occurred when women were stratified by presence of coro-
nary heart disease risk factors. For example, significant coronary artery disease was
found in 55% of women with two or more risk factors, but only 7% of women with fewer
than two risk factors (18).

One of the initial studies to recognize the diagnostic value of chest pain in women
was the Coronary Artery Surgery Study (CASS) (19). In this study, definite angina,
probable angina, probably not angina, and definitely not angina were carefully defined.
Over 20,000 patients, of whom 4000 were women, were prospectively enrolled in this
study, and all underwent coronary angiography to define coronary disease prevalence.
Significant coronary disease, defined as at least 70% coronary artery stenosis, was
found in 72% of the women with definite angina and 36% of the women with probable
angina. The other two categories, probably not angina and definitely not angina, were
combined under a category of nonspecific chest pain, and only 6% of the women so clas-
sified had significant coronary artery disease. In men, a similar classification resulted
in significantly different prevalence rates of 93, 66, and 14%, respectively (19).

Therefore, chest pain in women is neither sensitive nor specific in predicting the pres-
ence of underlying coronary artery disease. The highest sensitivity is found in women
presenting with symptoms of typical angina pectoris, whereas the highest specificity is
found in women presenting with nonspecific symptoms of chest pain.

In fact, women with acute coronary syndromes often present with symptom patterns
that differ from their male counterparts. In a recent study of patients presenting to the
emergency department, who subsequently had the diagnosis of acute coronary syn-
drome confirmed during hospitalization, chest pain was the most frequently reported
symptom in both men and women; however, women were more likely than men to pres-
ent with mid-back pain, nausea and/or vomiting, dyspnea, palpitations, and indigestion
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Fig. 3. Clinical presentation differs between women and men. Women who present for evaluation of
an acute coronary syndrome complain of chest pain or pressure more frequently than men, and, in
fact, 60% of women compared to 50% of men report chest pain symptoms on initial presentation (20).



(20,21). Similarly, in patients presenting with an acute myocardial infarction, men were
significantly less likely to complain of neck pain, back pain, jaw pain, and nausea, than
women (22).

The magnitude and frequency of anginal-type chest pain, as well as nonspecific chest
pain, in the absence of significant epicardial coronary stenoses is of practical impor-
tance but remains largely unexplained. This phenomenon has been attributed to mitral
valve prolapse, vasospastic angina, and microvascular endothelial dysfunction (23).
Reduction of circulating estrogen following menopause is associated with profound
impairment of endothelial vasodilator function and has been suggested to contribute to
chest pain syndromes (24). In fact, recent studies demonstrate that coronary microvas-
cular dysfunction is present in approximately one-half of women who present with chest
pain in the absence of obstructive epicardial coronary disease and cannot be predicted
by risk factors for atherosclerosis and hormone levels (25).

In women, studies of the control of blood flow in angiographically normal coronary
vessels suggest that endothelial vasomotor dysfunction may mediate myocardial
ischemia by contributing to pathologic coronary constriction or failure to dilate appro-
priately under conditions of increased demand (26). This phenomenon was demon-
strated by measuring coronary vasodilator reserve in patients with chest pain but
angiographically normal coronary arteries using a doppler-tipped flow wire. Interest-
ingly, there was a trend for a higher coronary vasodilatory reserve in men compared to
women (27).

Therefore, endothelial microvascular dysfunction may play a more important role in
the production of ischemia in women than in men, and coronary angiography alone may
fail to diagnose the etiology of chest pain. These observations suggest further, that in
the setting of chest pain and angiographically normal or insignificant epicardial coro-
nary artery disease, hemodynamic analysis of the coronary vasculature may be war-
ranted.

NONINVASIVE EVALUATION

In women with acute coronary syndromes, in whom symptoms stabilize or in whom
the diagnosis of coronary artery disease is uncertain, noninvasive testing is usually per-
formed. In general, noninvasive evaluation of coronary artery disease in women is less
accurate than in men, owing primarily to the lower prevalence of disease in women. The
most widely employed and best studied diagnostic modality is the exercise treadmill test
(28), and it is predictably problematic in women due to a lower prevalence of coronary
artery disease in premenopausal women, a higher prevalence of mitral valve prolapse
and hyperventilation-induced ST-segment depression, a higher incidence of hyperten-
sive heart disease, and limited ability to exercise to an adequate heart rate response. In
contrast to what is observed in men, resting ST-T wave abnormalities on an electrocar-
diogram in women do not predict exercise stress test outcome independent of other clin-
ical risk factors of coronary disease (Fig. 4) (29).

Myocardial perfusion imaging with thallium has improved the diagnostic accuracy of
noninvasive stress testing and increased sensitivity to 84–90% and specificity to 75–87%
in women, but the diagnostic accuracy may be reduced in patients who are obese or have
large breasts. Accuracy may be improved further with technetium-99m (Tc-99m) ses-
tamibi, which has a similar sensitivity (85–90%) to thallium, while the specificity of Tc-
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99m is higher (84–94%) than that of thallium (71%) (30). A study of 8671 patients (3213
women, 5458 men) who underwent exercise treadmill stress testing with myocardial per-
fusion imaging confirmed that more women than men had a false-positive test, while the
false-negative rate was significantly lower in women than men. Compared with men,
women had lower test sensitivity and positive predictive value, but higher test specificity,
negative predictive value, and accuracy. In patients with a false-negative exercise elec-
trocardiogram, “high-risk” scans were less prevalent in women (31).

Diagnostic noninvasive stress testing has an improved accuracy when multiple risk
parameters, including ST deviation, chest pain, and exercise time, are included in the
test interpretation. For women, a low-risk Duke treadmill score is associated with a 97%
5-yr survival, with 80% of these patients having no evidence of epicardial coronary
artery disease at angiography. Multivessel disease is confirmed in 70% of women with
a high-risk treadmill score; however, owing to early intervention is associated with a
90% 5-yr survival rate. For tests performed with nuclear imaging, 3-yr cardiac survival
ranged from 99 to 85% for 0 to 3 vascular territories with perfusion abnormalities,
respectively (32).

Exercise echocardiography appears promising in women and is more specific than
exercise electrocardiography (33). Stress echocardiography is reported to have a high
sensitivity (86%) and specificity (86%), but often examiners stop the test before detect-
ing less severe areas of damage (30). Similarly, the presence of a new echocardiographic
wall motion abnormality following dobutamine administration has been found to be a
highly specific manifestation of ischemia, even in women (34). The sensitivity of dobut-
amine stress echocardiography is as good as what is reported for exercise treadmill stress
testing, while the specificity and accuracy are increased significantly (35). The prognos-
tic significance of stress echocardiography was evaluated in 135 women with a high
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Fig. 4. Results of exercise electrocardiogram utilizing coronary angiography and myocardial perfu-
sion imaging as a reference standard in women. In 3213 women evaluated by exercise ECG stress test-
ing, sensitivity remains low whether myocardial perfusion imaging or coronary angiography is used
as the reference standard. ECG, electrocardiogram; CAD, coronary artery disease; NL image, normal
myocardial perfusion image; AbNL image, abnormal myocardial perfusion image (31).



probability of coronary artery disease. In women with a high pretest likelihood of coro-
nary heart disease, a negative stress echocardiography exam identified a subgroup of
women who were at low risk of cardiac events and, therefore, were not recommended for
further invasive investigation, while a positive stress echocardiography exam identified a
subgroup of women at increased risk for subsequent cardiac events (36). Furthermore,
three-dimensional imaging with magnetic resonance imaging, positron emission tomog-
raphy, and electronic beam computed tomography are under active investigation in
women (37), yet recent studies demonstrate that presently, the diagnostic accuracy of
electron beam computed tomography reveals a sensitivity of 88% and a specificity of
only 49% (32).

MEDICAL THERAPY

Antiplatelet Agents
The role of adjunctive pharmacologic therapy in the treatment of patients with acute

myocardial infarction has been well studied, although data on gender differences in
response to treatment are limited. In general, results of trials performed predominantly
in men and therefore, treatment recommendations, have been extrapolated to women. It
should be noted, however, that women with a high baseline risk profile have the most to
gain from risk reduction therapy.

Although few studies addressed the efficacy of aspirin for primary prevention in
women, a meta-analysis of randomized trials of aspirin therapy revealed a 25% reduc-
tion in the risk of subsequent cardiovascular events in both women and men with vas-
cular disease (38). Further review revealed that only one-third of postmenopausal
women with cardiovascular disease were taking daily aspirin, and, the majority of these
women were doing so for primary prevention (39). In the Second National Registry of
Myocardial Infarction (NRMI 2), women were less likely to receive aspirin both on hos-
pital admission and at discharge than their male counterparts (40).

Recently, inhibitors of the glycoprotein IIb/IIIa receptor, a receptor on the platelet
surface that mediates platelet aggregation, have been developed and, in clinical trials,
have demonstrated efficacy in the initial medical stabilization of patients with acute
coronary syndromes and as an adjunct to percutaneous revascularization procedures
(41). As it has also been suggested that there is a gender-based difference in platelet
function and women are believed to have hyperreactive platelets, it therefore follows that
they should experience a greater benefit from these platelet inhibitors (42).

To evaluate the role of glycoprotein IIb/IIIa receptor antagonists in the medical
management of acute coronary syndromes, the Platelet Receptor Inhibition in Ischemic
Syndrome Management in Patients Limited by Unstable Signs and Symptoms (PRISM-
PLUS) trial randomized 1915 patients with acute coronary syndromes to tirofiban or
placebo and demonstrated a 32% reduction in the composite endpoint of death, myocar-
dial infarction, refractory ischemia or rehospitalization for recurrent ischemia, at 7 d, a
22% reduction at 30 d, and a 19% decrease at 6 mo in patients treated with tirofiban.
Women treated with tirofiban had a 30% reduction in events at 7 d, which was similar
to the 27% reduction observed in men (43). Interestingly, these benefits for women were
not as readily recognized in the Platelet Glycoprotein IIb/IIIa in Unstable Angina:
Receptor Suppression Using Integrilin Therapy (PURSUIT) trial. This study random-
ized 10,948 patients to eptifibatide or placebo treatment groups. Treatment with eptifi-
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batide was associated with a significant reduction in the incidence of death or myocar-
dial infarction. Treatment effect consistently favored eptifibatide in all major subgroups
except women (odds ratio for women, 1.10; 95% confidence interval [CI]: 0.91–1.34);
however, there was a geographic disparity in outcomes and among both men and women
in North America, there was a benefit associated with treatment with eptifibatide (inci-
dence of the composite end point: among men, 16.2% in the placebo group vs 12.4% in
the eptifibatide group, p � 0.006; among women, 12.9 vs 10.6%, respectively, p � 0.19)
(44).

In women treated with abciximab in the Evaluation of 7E3 for the Prevention of
Ischemia Complications (EPIC), Evaluation in Percutaneous Transluminal Coronary
Angioplasty to Improve Long-Term Outcome with Abciximab GP IIb/IIIa blockage
(EPILOG), and Evaluation of Platelet IIb/IIIa Inhibitor for Stent (EPISTENT) trials,
there was a significant reduction in mortality, myocardial infarction, or urgent revascu-
larization at 30 d (12.7 to 6.5%, p � 0.001). This decrease in major adverse cardiac
events was evident at 6 mo (16.0 vs 9.9%, p � 0.001), and at 1 yr there was a reduction
in mortality from 4 to 2.5% (45). In the EPISTENT trial, women treated with abciximab
who underwent balloon angioplasty fared better than if a stent was placed without abcix-
imab therapy (5.1 vs 11.7% event rate, p � 0.021), in contrast to what was observed in
men (46). At 1-yr follow-up, stent placement with adjunctive abciximab therapy resulted
in a lower mortality rate than either stenting or abciximab alone (placebo plus stent,
2.4%, abciximab plus percutaneous transluminal coronary angioplasty PTCA, 2.1%,
abciximab plus stent, 1.0%) (47).

Of note, diabetic women, a high-risk subset of women, appeared to benefit signifi-
cantly from abciximab administration (Fig. 5). While there were no differences in out-
come noted at 30-d or 6-mo, at 1 yr there was a marked mortality benefit as well as a
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Fig. 5. Diabetic women benefit from glycoprotein IIb/IIIa antagonism. Women with diabetes in the
EPISTENT trial who were treated with abciximab and coronary stent placement demonstrated a sig-
nificant reduction in adverse outcomes at 1 yr compared to women treated with placebo or the com-
bination of balloon angioplasty and abciximab. MI, myocardial infarction; TVR, target vessel revas-
cularization (48).



reduction in myocardial infarction and target vessel revascularization in women treated
with abciximab who had a stent placed or underwent balloon angioplasty (13.3 vs 28.9
vs 34.5%, p � 0.02 for stent–stent comparison and p � 0.09 for stent–abciximab and
balloon–abciximab comparison). This benefit was mostly driven by a decline in target
vessel revascularization rates, which were significantly reduced from 21.1% in
stent–placebo and 26.7% in balloon–abciximab to 4.5% in stent–abciximab, (p � 0.02
for stent–stent comparison and p � 0.004 for stent–abciximab and balloon–abciximab
comparison) (48). Major hemorrhagic events were not significantly different between
women treated with placebo or abciximab, but there was an increase in minor bleeding
events (4.7 vs 6.7%). Female gender, abciximab use, and age �70 yr were independent
predictors of an increased risk of hemorrhagic complications (48).

Women treated with eptifibatide as an adjunct to percutaneous revascularization pro-
cedures had a significant reduction in the rate of death, myocardial infarction, urgent
revascularization, or bailout stent placement from 11.6 to 9.1% p � 0.04, which was
gender-independent and not associated with a significant increase in bleeding (49). To
extend these observations to contemporary percutaneous revascularization, the ESPRIT
trial evaluated the safety of eptifibatide with stent implantation. The ESPRIT trial
demonstrated a 37% relative reduction in the primary composite end point of death,
myocardial infarction, and urgent target vessel revascularization at 48 h and a 36% rel-
ative reduction at 30 d with continued benefit observed at 6 mo. Subgroup analysis
revealed that women treated with eptifibatide had a 58% relative reduction in events
compared with women treated with placebo (50).

Lipid Lowering Agents
Although the U.S. National Cholesterol Education Program (NCEP) guidelines rec-

ommend an LDL cholesterol goal of less than 100 mg/dL for men and women with doc-
umented coronary heart disease, the Heart Estrogen/Progestin Replacement Study
(HERS) trial of postmenopausal women with atherosclerotic coronary artery disease
revealed that only 47% of women were taking lipid-lowering medication, and LDL cho-
lesterol was above target in 91% of the study group. In fact, only 33% of women with
LDL cholesterol �160 mg/dL were receiving lipid lowering therapy (51). To address
this issue, the Women’s Atorvastatin Trial on Cholesterol (WATCH) aggressively treated
women and importantly demonstrated that 87% of women with 2 or more coronary
artery disease risk factors and 80% of women with documented coronary heart disease
treated with atorvastatin reached their LDL cholesterol goal (52).

Studies of cholesterol-lowering agents for primary prevention of coronary heart dis-
ease that included women were underpowered to detect absolute decreases in mortality;
however, the Air Force/Texas Coronary Atherosclerosis Prevention Study (AFCAPS/
TexCAPS) revealed that after an average of 5.2 yr follow-up, the risk of a first major
acute coronary event was reduced in both men and women with a decrease in relative
risk of 46% in women (53).

The Scandinavian Simvastatin Survival Study was a trial of simvastatin therapy for
secondary prevention of coronary heart disease that enrolled 3617 men and 827 women
with angina or a prior myocardial infarction. At a median follow-up of 5.4 yr, simvas-
tatin therapy achieved a 37.4% reduction of LDL cholesterol in women resulting in a
49% decrease in the need for percutaneous or surgical revascularization procedures. In
contrast to what was observed in men, women did not experience a significant reduc-
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tion in cardiovascular or all-cause mortality. One potential explanation for these results
is that women who participated in the study were more likely to have angina as the entry
criteria to the study than men (37 vs 17%), and, therefore, may not have had significant
epicardial coronary artery disease (54). Similarly, in the Cholesterol and Recurrent
Events (CARE) trial, 3583 men and 576 postmenopausal women with a history of
myocardial infarction and elevated LDL cholesterol were randomized to pravastatin or
placebo, and, at 5-yr follow-up, the reduction of risk of cardiovascular death in women
treated with pravastatin was twice that seen in men (43 vs 21%). In addition, women had
a greater reduction in nonfatal myocardial infarction than men (51 vs 15%) and a 56%
decrease in stroke (55).

Hormone Replacement Therapy
Postmenopausal hormone replacement therapy has been suggested to reduce cardio-

vascular morbidity by up to 56% in healthy women who take estrogen compared to
women who have never taken hormone replacement medications (56); however, these
observations from small clinical trials may overestimate the actual cardiovascular bene-
fits derived from hormone replacement therapy (Fig. 6). Theoretically, estrogen supple-
mentation may reduce coronary events by improving cholesterol profiles, promoting
endothelium-derived vasodilation, and by serving as an antioxidant (12,57–59). Despite
these potential therapeutic benefits, the HERS trial failed to demonstrate the therapeutic
efficacy of estrogen replacement therapy compared to placebo with respect to coronary
heart disease, nonfatal myocardial infarction, or mortality at 5 yr follow-up (60). In fact,
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Fig. 6. Hormone replacement therapy and coronary artery disease. In women treated with estrogen or
a combination of estrogen and medroxyprogestin (MPA), there was a reduction in LDL cholesterol
and an increase in HDL cholesterol; however, this improvement in lipid profile did not translate into
a regression of coronary artery disease at angiography, nor did it lead to a significant reduction in clin-
ical events. LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; MI,
myocardial infarction (60).



hormone replacement therapy was associated with a three-fold increase in venous throm-
boembolic events, a 3- to 8-fold increase in lifetime risk of developing endometrial can-
cer, and an increase in gallbladder disease (60,61). The Estrogen Replacement and
Atherosclerosis (ERA) Study utilized quantitative coronary angiography to confirm
these findings. Women were treated with hormone replacement therapy or placebo and
underwent cardiac catheterization. After 3 yr of follow-up the mean change in lumen
diameter was not significantly different between treatment groups (62). These trials,
therefore, form the basis for the current American Heart Association/American College
of Cardiology (AHA/ACC) recommendation that hormone replacement therapy does not
play a role in the primary prevention of coronary heart disease; however, for women who
presently take estrogen compounds, there is no benefit to discontinue this therapy (63).

GENDER DIFFERENCES IN REFERRAL PATTERNS

Several early studies suggested that a gender-related difference in the referral rate for
coronary angiography existed, despite the availability of noninvasive stress testing to
risk-stratify patients (Fig. 7) (64). After an abnormal nuclear stress test, women were
less likely than men to be referred for coronary angiography (65) even when the pretest
suspicion of coronary artery disease was high (66). Women were referred for additional
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Fig. 7. Gender differences in referral patterns for cardiac catheterization following diagnostic stress
testing. Men are more likely to be referred for coronary angiography than women early after exercise
nuclear stress testing. This was most pronounced in patients with a high pre- and posttest likelihood
of coronary disease. High, Intermediate, Low, refers to likelihood of coronary artery disease; Pre-ETT
LK CAD, pretest likelihood of coronary artery disease; Post-ETT LK CAD, posttest likelihood of
coronary artery disease (64).



studies with less frequency than men following a similar abnormal stress test (38 vs
62.3%) despite follow-up evidence that demonstrated that women with a positive stress
test were at increased risk for coronary events compared to men (14.3 vs 6.0%) (23,66).
In fact, women were also only half as likely as men to undergo cardiac catheterization
before presenting with a myocardial infarction, even after reporting chest pain symp-
toms and functional disability from angina (67). It has been suggested that this delay in
the referral for diagnostic coronary angiography may contribute to the higher morbid-
ity and mortality in women with documented coronary disease as compared to men.

Other factors that have been cited to account for the observed gender differences in
the referral rate for coronary angiography include the physician’s awareness of the
prevalence of coronary heart disease in women, the sensitivity and specificity of non-
invasive stress testing, the presence of comorbid conditions that may influence the deci-
sion for revascularization if disease is confirmed, gender differences in risks and
benefits of coronary revascularization, and the patients’ enthusiasm to proceed with car-
diac catheterization (68,69). Interestingly, when 174 patients who presented for stress
testing were questioned with respect to willingness to undergo an invasive study, women
were much more likely to accept the recommendation for cardiac catheterization than
men (OR 7.1; 95% CI: 1.1, 45.3) (70).

It has also been suggested that any perceived gender bias in referral patterns may
actually reflect an inappropriate overutilization of cardiac catheterization in men at low
risk for coronary disease as opposed to an underutilization of the procedure in women
(71,72). To evaluate this possibility, the records of 1335 patients who underwent coro-
nary angiography were reviewed. Angiography that was deemed inappropriate was not
gender-specific, and the rate of catheterization deemed inappropriate was not signifi-
cantly different between women and men (5 and 4%, respectively) (73).

Recently, the role of gender bias with respect to referral patterns for coronary angiog-
raphy has been disputed. In one series of patients with chest pain who underwent exer-
cise stress testing, the adjusted referral rates for cardiac catheterization for women were
similar to men (74) and, even more surprising was the observation that physicians tended
to overestimate, rather than underestimate, the probability of coronary disease in women
(74). Similarly, review of patients undergoing nuclear stress testing revealed that even
though women were more likely to have normal perfusion studies than their male coun-
terparts (70.9 vs 50.5%, p � 0.05), women with abnormal images were equally referred
for diagnostic cardiac catheterization and that the presence of reversible and persistent
defects, not gender, was the only independent predictor of referral for angiography (75).
In the setting of severe ischemia documented by stress testing, women were actually
referred for angiography more frequently than men (64). These seemingly contradictory
observations regarding referral patterns for coronary angiography illustrate the growing
awareness of the incidence and prevalence of coronary artery disease in women as well
as the overall increased availability of coronary angiography in the community.

The observed absence of gender bias in referral for angiography may not be a uni-
versal phenomenon. In Austria, a country with a state-run health system and free access
to high-technology medicine with no age limits, a recent analysis of 476 patients
revealed that there is a significant delay for women to undergo cardiac catheterization
compared to men. For patients undergoing cardiac catheterization, 4.5% of women
reported recent onset of symptoms compared to 13.7% of men, chest pain of less than
1 yr duration for 27.1% of women and 34% of men, but greater than 1 yr for 68.4% of

Women and ACS 581



women compared to 52.3% of men. Prior to cardiac catheterization women were more
likely to receive a trial of medical therapy (87.1 vs 78.8%), but fewer women than men
had been referred to a cardiologist and, at the time of coronary angiography, a greater
percentage of women were New York Heart Association (NYHA) class III–IV (76).

The existence of gender bias in referral patterns for coronary angiography in women
following myocardial infarction also remains controversial. As the role of cardiac
catheterization in patients who have had a myocardial infarction is to determine the
extent and severity of disease prior to revascularization procedures, there should not be
any difference in the rate of angiography based on gender amongst postinfarction
patients. Yet historically it has been shown that women hospitalized with a myocardial
infarction were 15–28% less likely to undergo cardiac catheterization than men (77).
This finding was confirmed in the Myocardial Infarction and Triage and Intervention
(MITI) Registry, where cardiac catheterization was utilized less frequently in women
following myocardial infarction than in men (78). In fact, even in women with a class I
or IIa indication for coronary angiography as determined by the ACC/AHA guidelines,
cardiac catheterization was less likely to be performed (79). In contrast to these obser-
vations, review of a series of 2473 patients admitted with acute myocardial infarction
revealed that after adjustment for age, there was no gender bias in the rate of referral for
coronary angiography (80). Furthermore, in 439 patients admitted with an acute
myocardial infarction, angiography rates were nearly identical in women and men, and
the only predictors of cardiac catheterization following myocardial infarction were
ACC/AHA class of indications and age (81).

CORONARY REVASCULARIZATION

There are numerous and remarkably consistent gender-based differences in clinical
characteristics and acute and long-term outcome in patients with acute coronary syn-
dromes requiring percutaneous or surgical revascularization procedures. As expected,
women are older than men and have a baseline clinical and angiographic profile that
confers higher procedural risk for adverse outcome (82). Despite these unfavorable pre-
procedure characteristics, more advanced comorbid disease and complex coronary
anatomy, the outcome of women who undergo coronary revascularization procedures
continues to improve (83).

Baseline Clinical and Angiographic Characteristics
Gender differences in patients with coronary heart disease undergoing surgical (Table

1) (84–88) or percutaneous (Table 2) (89–93) revascularization procedures have been
extremely consistent in virtually all published reports. Women who undergo revascular-
ization procedures are older and have a higher prevalence of hypertension, diabetes, and
hypercholesterolemia than men. Fewer women have had a prior myocardial infarction,
and the prevalence of left ventricular dysfunction is lower in women than in men. In
addition, women have a higher incidence of comorbid disease, and fewer women are
considered to be ideal candidates for surgical revascularization in comparison with men.

Large-scale studies of patients undergoing coronary revascularization have also con-
sistently shown that women have a significantly higher incidence of congestive heart
failure than men (94). As women are reported to have an overall higher left ventricular
ejection fraction than men owing to a history of fewer previous myocardial infarctions,
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Table 1
Gender Differences in Baseline Clinical Characteristics in Patients 

Undergoing Coronary Bypass Surgerya

Authors Patients Mean HTN DM CHF USAP EF
(reference) Sex No. age (yr) (%) (%) (%) (%) (%)

Capdeville et al. (86) W 61 68 79 44 28 47
M 126 65b 67 33 17c 45

Aldea et al. (85) W 523 68 82 42 23 55 49
M 1220 64d 74d 27d 18d 48d 48

Abramov et al. (84) W 932 65 60 31 7 47
M 3891 62d 45d 22d 3d 33d

Williams et al. (88) W 5395 68 24 47
M 13,797 64d 37d 49d

Edwards et al. (87) W 97,153 70 37 16 63
M 247,760 59d 25d 11d 57d

aAbbreviations: HTN, hypertension; DM, diabetes mellitus; CHF, congestive heart failure; USAP,
unstable angina pectoris; EF, ejection fraction.

bp � 0.05.
cp � 0.005.
dp � 0.001.

Table 2
Gender Differences in Baseline Clinical Characteristics in Patients 

Undergoing Percutaneous Coronary Interventionsa

Authors Patients Mean HTN DM ↑Chol Prior CHF USAP
(reference) Sex No. age (yr) (%) (%) (%) MI (%) (%) (%)

Mehilli et al. (90) W 1001 69 75 27 57 33 40
M 3263 63b 68b 19b 47b 37c 38

Alfonso et al. (89) W 158 66 65 34 59 38 4 72
M 823 59b 42b 16b 49c 47c 4 72

Peterson et al. (91) W 35,571 66 59 30 34 10 33
M 74,137 62b 48b 20b 40b 6b 30b

Robertson et al. (92) W 975 66 64 28 62 41 17 70
M 1880 62b 49b 20b 56b 48b 10b 59b

Welty et al. (93) W 2101 67 41 36 46 38 7 63
M 3888 61b 31b 22b 44 41 4b 55b

aAbbreviations: HTN, hypertension; DM, diabetes mellitus; (Chol, hypercholesterolemia; MI, myocar-
dial infarction; CHF, congestive heart failure; USAP, unstable angina pectoris.

bp � 0.001.
cp � 0.05.



this “gender paradox” has been explained by the presence of diastolic dysfunction and
the finding of a steep left ventricular pressure–volume relationship in women in com-
parison to men (Fig. 8) (95). Whether ischemia in women is due to diastolic dysfunc-
tion is unclear, but the latter may partially explain the increased occurrence of unstable
symptoms despite a lower incidence of multivessel coronary disease in women com-
pared to men.

Despite gender-related differences in referral patterns for the use of diagnostic car-
diac catheterization, at catheterization, women have been shown to have the same or less
angiographic evidence for coronary artery disease than men despite reporting more
functional disability in terms of anginal chest pain. In fact, women undergoing coronary
revascularization are more likely to have severe angina (Canadian class III or IV) and
unstable symptoms than men (96,97). One explanation for this finding is a gender-
related difference in the pathophysiology of the ruptured plaque (98,99).

Women who are found to have significant epicardial coronary stenoses at cardiac
catheterization present with the same degree of coronary artery disease in comparison
to men with respect to severity and distribution of lesions (100,101), including the
prevalence of left main and three-vessel disease (73). In fact, over a 16-yr period, there
was no significant gender difference observed with respect to extent and localization of
coronary lesions in patients with angiographically documented coronary artery disease.
Of note, there was a significant shift from the diagnosis of multivessel disease toward
single-vessel disease in both men and women indicating that, over time, diagnostic car-
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Fig. 8. Congestive heart failure in women with coronary artery disease. Although there is an increased
prevalence of congestive heart failure in women compared to men, women have a higher left ventric-
ular ejection fraction and a lower left ventricular end-diastolic volume suggesting that diastolic dys-
function contributes significantly to congestive heart failure symptoms in women. LVEF, left ventric-
ular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVEDP, left-ventricular end-dias-
tolic pressure (95).



diac catheterization had become utilized with increasing frequency in a wider subset of
patients earlier in the course of their disease.

Acute Outcome
Improvements in myocardial protection and advances in surgical techniques have

allowed surgical revascularization procedures to be offered to a larger subset of women
with symptomatic coronary heart disease. Despite these advances, gender differences in
in-hospital mortality following coronary artery bypass surgery have persisted and have
been notably consistent during the past 20 yr (Table 3). Specifically, in-hospital mortal-
ity is approx 2.5-fold higher in women in comparison with men, is only partially
explained by older age and a higher risk profile in women (102,103), and has been
attributed to more urgent or emergency procedures owing to unstable symptoms as well
as greater technical difficulty in operating in women (102). Small coronary vessel diam-
eter has been associated with increased mortality, and several studies have reported that
when body surface area (a surrogate for vessel size) is considered, female gender is no
longer an independent predictor of in-hospital mortality (104). Congestive heart failure
has been shown to be independently associated with mortality (105), particularly in
women, as well as excess hemorrhagic complications.

These observations have been confirmed in a recent retrospective study of 4823
patients, including 932 (19.3%) women, undergoing coronary artery bypass surgery that
revealed significant gender-based differences in morbidity and mortality. Compared to
men, women who underwent coronary artery bypass surgery were older, had a smaller
mean body surface area, and a higher prevalence of diabetes, hypertension, peripheral
vascular disease, congestive heart failure, history of percutaneous revascularization pro-
cedures, and NYHA class III or IV angina. Women were more likely to require urgent
surgery with an increased frequency of preoperative intra-aortic balloon pump usage.
Women had fewer bypass grafts constructed than men and were less likely to have inter-
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Table 3
Gender Differences in Operative Mortality in Patients Undergoing 

Coronary Artery Bypass Surgerya

Authors Patients
(reference) Sex No. Mortality (%) MI (%) CVA/TIA

Capdeville et al. (86) W 61 0.8 1.6 0
M 126 3.3 0 1.6

Abramov et al. (84) W 932 2.7 4.5 2.4
M 3891 1.8 3.1b 1.8

Aldea et al. (85) W 523 1.5 0.6 1.1
M 1220 1.0 0.6 0.4

Williams et al. (88) W 5395 3.5 1.0 1.6
M 13,797 2.1c 0.6d 1.3

aAbbreviations: MI, myocardial infarction; CVA, cerebrovascular accident; TIA, transient ischemic
attack.

bp � 0.05.
cp � 0.001.
dp � 0.004.



nal mammary artery grafting, multiple arterial conduits, or coronary endarterectomy
performed at the time of surgery. The early mortality rate in women in this series was
2.7 vs 1.8% in men (p � 0.09), and women were found to be more prone to periopera-
tive myocardial infarction (4.5 vs 3.1% p � 0.05). Interestingly, after adjustment for
other risk factors, female gender was not an independent predictor of early mortality,
but was a weak independent predictor for the composite end point of death, periopera-
tive myocardial infarction, intra-aortic balloon pump placement, or cerebrovascular
accident (8.55 vs 5.9%; odds ratio, 1.30; 95% CI: 0.99–1.68; p � 0.05). Recurrent angi-
nal symptoms were more frequent in female patients (15.2 � 4.0% vs 8.5 � 2.0% at 60
mo, p � 0.001) but did not result in an increase in repeat percutaneous or surgical revas-
cularization procedures (106).

Surgical myocardial revascularization in women has increasingly been performed uti-
lizing an off-pump (without cardiopulmonary bypass) technique (Fig. 9). In a series of
patients deemed appropriate for off-pump revascularization procedures, the mortality
for women was lower compared to their on-pump counterparts, despite an older age and
higher incidence of diabetes. In fact, the mortality rate for women operated on without
cardiopulmonary bypass dropped to the mortality rate typically seen in men. This was
associated with a shorter length of stay and a lower incidence of transient ischemic
attacks, cerebrovascular accidents, postoperative bleeding complications, and blood
transfusions; however, these favorable outcomes in women may reflect patient selection
and require further study (107).

Historically, women undergoing coronary angioplasty had a lower procedural success
rate than men (108); however, recent reports have demonstrated similar angiographic
outcome and rates of periprocedural myocardial infarction and emergency coronary
bypass surgery (Table 4) (97,105). Yet, in-hospital mortality is significantly higher in
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Fig. 9. Complications following “off-pump” surgical revascularization. In a series of women deemed
appropriate for “off-pump” surgical revascularization, postoperative complications were significantly
decreased as compared to women who underwent traditional surgical revascularization procedures.
OPCAB, “off-pump” coronary artery bypass; CABG, coronary artery bypass grafting; TIA/CVA,
transient ischemic attack/cerebrovascular accident (107).
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Table 4
Gender Differences in Acute Outcome in Patients Undergoing 

Percutaneous Coronary Interventionsa

Authors Patients Angiographic Death Nonfatal TVR CABG
(reference) Sex No. success (%) MI (%) (%) (%)

Mehilli et al. (90) W 1001 1.7 1.4 3.2 0.9
M 3263 0.8b 1.0 2.2 0.7

Alfonso et al. (89) W 182 89 6 6 1
M 947 94b 2b 3 0

Peterson et al. (91) W 35,571 92 1.8 1.5 4.8
M 74,137 90c 1c 1.2c 4.4c

Robertson et al. (92) W 975 86 1.4 6.7 3.3
M 1880 89c 1.1 5.2 1.9c

Welty et al. (93) W 2092 1.2 0 0.4
M 3878 0.5b 0.3 0.2

aAbbreviations: MI, myocardial infarction; TVR, target vessel revascularization; CABG, coronary
artery bypass grafting.

bp � 0.05
cp � 0.005

Fig. 10. Gender differences in complications following coronary stenting. As compared to men,
women who had coronary stents placed between 1990–1997 had an increased risk of adverse outcome
following the procedure. MI, myocardial infarction; Em CABG, emergent coronary artery bypass
grafting (89).



women, and an independent effect of gender on acute mortality following coronary
angioplasty persists despite adjustment for differences in baseline clinical and angio-
graphic characteristics (Fig. 10) (96,97). There is no single explanation for this increase
in mortality, but it has been hypothesized that women poorly tolerate periods of tran-
sient ischemia during percutaneous revascularization procedures (109), and a higher
incidence of periprocedural congestive heart failure and pulmonary edema has been
reported (105). In fact, congestive heart failure has been shown to be a gender-inde-
pendent predictor of mortality in both women and men undergoing coronary angioplasty
(96,97).

Furthermore, during angioplasty, women mount different autonomic and hemody-
namic responses to abrupt coronary occlusion than men. In a series of 140 men and 65
women undergoing single vessel percutaneous revascularization, total occlusion of a
coronary artery was associated with more pronounced ST-segment changes and chest
pain in women compared to men. This was associated with a higher incidence of sig-
nificant bradycardia (31 vs 13%) or increase in heart rate variability (25 vs 11%) accom-
panied by a drop in systemic blood pressure (110).

In the New Approaches to Coronary Intervention (NACI) Registry, women undergo-
ing percutaneous revascularization procedures with new devices were older and had
more recent onset of severe or unstable chest pain than their male counterparts. Despite
this adverse clinical profile, procedural success rates with respect to final percent diam-
eter stenosis and Thrombolysis in Myocardial Ischemia (TIMI) flow grade was similar
between women and men; however, women were more likely to experience procedure
related complications, including coronary dissection, vascular access repair, hypoten-
sion, and transfusion, than men (92). There was no significant gender-based difference
in the rate of in-hospital death, Q wave myocardial infarction, and emergent coronary
bypass surgery, and gender was not an independent predictor of major adverse cardiac
events. In the Bypass Angioplasty Revascularization Investigation (BARI) registry,
women undergoing balloon angioplasty had similar rates of in-hospital mortality,
myocardial infarction, and emergency coronary bypass surgery as men, although women
had a higher incidence of periprocedural congestive heart failure and pulmonary edema
(105).

To assess the influence of gender on coronary artery stent placement, 158 consecu-
tive women undergoing coronary stenting were compared with 823 consecutive men.
Women who underwent stent placement were found to have a higher in-hospital mor-
tality, and female gender was independently associated with procedural complications
(relative risk 2.4, 95% CI: 1.2–4.8) (89). Interestingly, the increased risk of death or non-
fatal myocardial infarction occurred only during the first 30 d after stent placement. The
combined rate of death or myocardial infarction was 3.1% for women compared to 1.8%
for men, and the multivariate-adjusted hazard ratio (HR) for women was 2.02 (95% CI:
1.27–3.19) (90). Therefore, stents have not fulfilled their promise to rid of the gender
difference in outcomes in patients treated with percutaneous coronary intervention.

Long-Term Outcome
Following hospitalization for coronary bypass surgery, long-term mortality and

event-free survival are similar in women and men. In fact, after adjusting for advanced
age and a higher risk profile in women, female gender has been shown to be an inde-
pendent predictor of improved survival (105), and actuarial survival at 5 yr was greater
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in women then men (93.1 � 1.7% vs 90.0 � 1.0%). After adjustment for other risk fac-
tors, female gender was found to be predictive of late survival (risk ratio, 0.40; 95% CI:
0.16–0.74; p � 0.005) (106).

Reports of gender differences in long-term outcome in patients treated with percuta-
neous coronary intervention reveal that at 1-yr follow-up, more women than men
reported an improvement in their anginal symptoms (70 vs 62%) and fewer women
required repeat target vessel revascularization (32 vs 36%) (92). In fact, the benefits of
percutaneous revascularization in women are realized up to 5 yr following the procedure
as demonstrated in the BARI trial. At an average of 5.4 yr, follow-up mortality rates were
similar between these high-risk women and men (12.8 vs 12.0%, respectively), and after
adjustment for baseline characteristics, women had a significantly lower risk of death
(105). In the stent era, similar long-term outcomes have been observed, and at 1 yr, the
outcome was similar for both men and women (111).

SPECIFIC SYNDROMES

Unstable Angina
Women and men who present with unstable angina have different coronary heart dis-

ease risk factors and clinical symptoms, yet have a similar rate of revascularization pro-
cedure utilization and mortality rates. One prospective registry followed 4305 men and
2847 women with unstable angina who were admitted to coronary care units in King
County, Washington, between 1988 and 1994. Women were older and had a higher inci-
dence of hypertensive heart disease and congestive heart failure than men, but had lower
rates of tobacco use, previous myocardial infarction, and prior percutaneous interven-
tion (112). Women were less likely to receive Agency for Health Care Policy Research
(AHCPR) recommended pharmacologic treatment, diagnostic cardiac catheterization,
and percutaneous or surgical coronary revascularization procedures than their male
counterparts (113). Although women were more likely to require rehospitalization for
recurrent symptoms than men, early and late mortality rates were similar after adjust-
ment for age (112). By contrast, other studies have demonstrated a significant increase
in mortality for women who present with unstable angina compared to men. In fact,
women who present with unstable angina have in-hospital mortality rates that are
reported to be up to 3� higher (9.3 vs 3.0%) than what is observed for men, account-
ing for a relative risk of 3.07. In logistic regression models, the association between gen-
der and mortality was not significantly altered when corrected for age, ST-segment
electrocardiogram changes, and coronary heart disease risk factors (114).

Interestingly, following an emergency department visit for the first presentation of
unstable angina, women were less likely than men to undergo noninvasive and invasive
diagnostic tests, and conversely, male sex was associated with a 24% increase in the use
of cardiac procedures. Despite this utilization of resources, men had an increased risk
of major adverse cardiac events compared to women (115).

Myocardial Infarction
PROGNOSIS

Women have a worse prognosis following acute myocardial infarction than men, both
prior to (116) and following the advent of thrombolytic therapy (117). In the Framing-
ham Study cohort, the initial fatality rate was 44% in women and 27% in men, and dur-
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ing the first 5 yr following the index event, women had an average annual rate of rein-
farction of 9.6% in comparison with 2.9% in men (116). In the Multicenter Investiga-
tion of the Limitation of Infarct Size (MILIS) study, in-hospital mortality was 13% in
women as compared to 7% in men, and cumulative mortality at 48 mo was 36% in
women vs 21% in men (118,119).

The extent to which this increased risk can be attributed to differences in treatment
is not well defined; however, review of 1737 patients admitted to a cardiac intensive care
unit with an acute myocardial infarction (Fig. 11) revealed that women took longer to
seek medical treatment, were less likely to receive aspirin acutely (87.8 vs 91.3%, p �
0.03), and had longer door-to-needle times (90 min [range 60–143.5 min] compared to
78 min [range 50–131 min], p � 0.004) for men. This resulted in an estimated survival
at 30 d of only 78.4% (range 74.4–81.9%) for women compared to 88.0% (range 86.1
to 89.7%) for men. Increased risk of an adverse outcome persisted in this cohort of
women even after adjustment for age, racial group, and diabetes (HR 1.52; 95% CI:
1.15–2.01). Estimated 30-d survival free of reinfarction and unstable angina was also
lower for women than for men (75% [range 71–79%] vs 86% [range 84–88%]). Inter-
estingly, at 12 mo, there was no observed gender-based differences in the influence of
treatment variables on the differential risks for women and men (120).

These observations were supported by data from data from the Cooperative Cardio-
vascular Project that reviewed records from 138,956 Medicare beneficiaries (49% of
them women) who had an acute myocardial infarction in 1994 or 1995. Women in all
age groups were less likely to be recommended for diagnostic catheterization than men,
and this difference was especially pronounced among women 85 yr of age or older.
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Fig. 11. Gender differences in the initial treatment for myocardial infarction. Women with an acute
myocardial infarction take longer to seek medical attention compared to men. Once at the emergency
room, they are less likely to receive aspirin and b-blockers and take longer to start thrombolytic ther-
apy (120).



Women were somewhat less likely than men to receive thrombolytic agents within 60
min (adjusted relative risk, 0.93; 95% CI: 0.90–0.96) or aspirin within 24 h after arrival
at the hospital (adjusted relative risk, 0.96; 95% CI: 0.95–0.97), yet were equally likely
to receive b-blockers (adjusted relative risk, 0.99; 95% CI: 0.95–1.03). Despite less
aggressive treatment of women compared to men during the early management of acute
myocardial infarction, 30-d mortality rates in this study were similar (121).

The prognosis for women following acute myocardial infarction in the thrombolytic
era remains controversial. Women admitted during the first 6 h of an acute myocardial
infarction, treated with thrombolytic agents or primary or rescue angioplasty, were more
likely to be older (57 vs 67 yr, p � 0.001), with a greater incidence of hypertension and
contraindications to thrombolytic therapy (28.5 vs 42.5%, p � 0.02) than men. Regard-
less of strategy, when equivalent rates of successful reperfusion of the infarct-related
artery were achieved, women had a significantly higher in-hospital mortality compared
to men (18.7 vs 7.2%, p � 0.001) (122). These observations were confirmed in a study
that demonstrated that women treated with thrombolytic agents reach similar 90-min
patency rates and regional ventricular function as men; however, these benefits did not
influence 30-d mortality rates, which remained higher for women (13.1 vs 4.8%, p �
0.0001) (123).

It has been suggested that women have a worse outcome than men following acute
myocardial infarction due to differences in recommendation and utilization of diagnos-
tic coronary angiography and, therefore, revascularization, as part of the treatment plan.
In the Atherosclerosis Risk in Communities (ARIC) study, women were less likely than
men to undergo coronary angiography whether treated at a community or tertiary hos-
pital (124). In contrast to these observations, a recent single center experience demon-
strated that age-adjusted rates of coronary angiography following acute myocardial
infarction were similar between women and men (125).

ST-Elevation Myocardial Infarction
THROMBOLYTIC THERAPY

While aggressive reperfusion therapy with pharmacologic agents has been shown to
reduce in-hospital mortality by as much as 25–30%, women are more likely to have a
contraindication to thrombolysis and, therefore, not receive thrombolytic therapy (122).
This observation was confirmed in a series of 1059 patients who presented with an acute
myocardial infarction, which revealed that women were less likely to receive throm-
bolytic agents than men (126). Moreover, it has been shown that only 55% of eligible
women compared with 78% of eligible men receive tissue plasminogen activator. In con-
trast to these observations, a recent retrospective review of women age 50 yr or younger,
who presented with an acute myocardial infarction, determined that 94% of women met
eligibility criteria for thrombolytic agents, and 91% of these women were treated with
drug. The most common reasons for withholding thrombolytic agents were nondiag-
nostic electrocardiogram and late presentation (�12 h after symptom onset) to the emer-
gency department (127).

Once administered, thrombolytic agents have similar efficacy in women and men as
demonstrated by 90-min infarct-related artery patency rates (39 vs 38%), reocclusion
rates (8.7 vs 5.1%), and left ventricular ejection fraction and regional ventricular func-
tion, which has been reported to be similar in women and men, although women have
more recurrent ischemia (21.4 vs 17.0%). Despite these similarities, the 30-d mortality
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rate was 13.1% in women vs 4.8% in men (p � 0.0001), and after adjustment for other
clinical and angiographic variables, gender remained an independent predictor of 30-d
mortality (123).

In a meta-analysis of the Fibrinolytic Therapy Trialists’ Collaboration Group, which
included all randomized clinical trials that compared thrombolytic agents with a placebo
or control group, the absolute benefit of thrombolytic therapy with regard to 35-d mor-
tality was 2.2% in female patients compared to 1.9% in male patients. In addition,
female gender and low body weight were identified as independent risk factors for cere-
brovascular and hemorrhagic complications associated with thrombolytic therapy (128).
Furthermore, the Assessment of the Safety and Efficacy of a New Thrombolytic
(ASSENT-2) study revealed a trend toward lower total stroke rate and 30-d mortality in
female patients over 75 yr of age treated with tenecteplase than in those treated with
alteplase. These observations suggest that female patients, especially over 75 yr of age,
will probably benefit greatly from a thrombolytic agent with a weight-based dosing reg-
imen (128).

The Global Utilization of Streptokinase and Tissue Plasminogen Activator for
Occluded Coronary Arteries (GUSTO-I) trial database evaluated 41,021 patients with
suspected acute myocardial infarction and demonstrated a significant gender difference
with respect to the unadjusted 1-yr mortality rate for the initial GUSTO-I population and
30-d survivors. For the initial population, when adjusted for age, women had a signifi-
cantly worse outcome than men (odds ratio � 1.4, 95%, CI: 1.3–1.5, p � 0.001). Inter-
estingly, for the 30-d survivors, adjustment based on age alone explained the 1-yr
mortality difference (risk ratio � 0.96, 95% CI: 0.85–1.07, p � 0.441) between men and
women (129).

Treatment of young women with thrombolytic therapy was previously thought to be
problematic owing to the increased risk of hemorrhage associated with active menstru-
ation. Although studies have suggested that there may be an increase in the risk of mod-
erate bleeding in menstruating patients treated with thrombolytic agents, the GUSTO-I
study revealed that the mortality reduction associated with thrombolytic therapy for
acute myocardial infarction should not be withheld because of active menstruation
(130).

PRIMARY ANGIOPLASTY

Percutaneous revascularization strategies to restore coronary artery patency during
acute myocardial infarction in the absence of prior thrombolytic therapy, or primary
angioplasty, results in a higher infarct-related coronary artery patency rate (131),
smaller enzymatic infarct size, increased preservation of left ventricular function, and
improved clinical outcome compared to thrombolytic therapy (131–133). A pooled
analysis of early clinical trials of primary angioplasty revealed a 44% mortality reduc-
tion during hospitalization (OR 0.56, CI: 0.53–0.94) and a 9% mortality reduction at 1
yr (134). Yet, despite the observed survival benefit, women are more likely to refuse
catheterization as a therapeutic modality for acute myocardial infarction. Of the 2.4%
of patients who reported that they were likely to refuse primary angioplasty, a signifi-
cant proportion were older women with a history of prior myocardial infarction (135).

Women who present with acute myocardial infarction who undergo primary angio-
plasty comprise a higher risk patient population compared to men. This was demon-
strated in The Primary Angioplasty in Myocardial Infarction (PAMI) trial, which
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compared primary angioplasty with tissue-type plasminogen activator, and revealed that
women were older (65.7 vs 57.7 yr, p � 0.0001) and had a higher incidence of diabetes
(19 vs 10%, p � 0.03), hypertension (54 vs 39%, p � 0.005), and a history of conges-
tive heart failure (5 vs 0%, p � 0.002) compared to men. Women were more likely to
present later after symptom onset than their male counterparts (229 vs 174 min, p �
0.0004), and in-hospital mortality for women was 3.3-fold higher than men (9.3 vs
2.8%, p � 0.0005) (131,136). In the subset of women who were assigned to the angiog-
raphy arm of the study, women were less likely than men to undergo percutaneous revas-
cularization procedures owing to a higher prevalence of surgical disease or the presence
of a noncritical stenosis. In women that did undergo angioplasty, the in-hospital mor-
tality rate was similar to men (4.0 vs 2.1%), and percutaneous revascularization and
younger age were independent predictors of in-hospital survival in women. Importantly,
cerebrovascular hemorrhage occurred in 5.3% of women treated with a thrombolytic
agent compared with 0.7% men (p � 0.037), while there was no increase in hemorrhagic
events, regardless of gender, with primary angioplasty. These observations suggest that
primary angioplasty improves survival in women, such that it is comparable to men, and
reduces the risk of hemorrhagic stroke that is associated with thrombolytic therapy
(136,137).

Women with acute myocardial infarction tend to have a worse prognosis then men
because they present much later after symptom onset. To examine the influence of late
presentation on the efficacy of primary angioplasty, a study of 496 patients with acute
myocardial infarction who underwent primary angioplasty specifically assessed out-
come in patients who were treated between 6 and 24 h. Patients who presented late were
more often female, underwent primary angioplasty procedures with a lower success rate
compared to patients with early presentation, resulting in a greater deterioration of left
ventricular function. Patients who did undergo a successful revascularization procedure
were more likely to have reocclusion of the infarct-related artery, repeat myocardial
infarction, and a significantly higher mortality rate at 6 mo (138).

As coronary stents are increasingly utilized in primary revascularization procedures,
the Stent-PAMI trial compared coronary stent implantation with balloon angioplasty for
the treatment of acute myocardial infarction. At 6-mo follow-up, the combined primary
end point of death, reinfarction, cerebrovascular accident, or target-vessel revascular-
ization for ischemia, was reached by fewer patients in the stent group than in the angio-
plasty group (12.6 vs 20.1%, p � 0.01) (139). Women in this trial were older (66 � 12
vs 58 � 12 yr, p � 0.0001), had a higher incidence of hypertension, hypercholes-
terolemia, diabetes, and smaller size infarct-related artery at angiography compared to
men. Even though TIMI grade 3 flow was restored in a greater percentage of women
than men (94 vs 90.0%, p � 0.07), by 6 mo, women had increased rates of death (7.9
vs 2.0%, p � 0.0002), reinfarction (6.4 vs 2.7%, p � 0.01), and stroke (2.0 vs 0.3%, p
� 0.01), with similar rates of late target vessel revascularization. These data have been
confirmed in other studies (140) and demonstrate that women undergoing percutaneous
revascularization in the stent era remain at high risk for adverse events (142).

Non-ST-Segment Elevation Myocardial Infarction
Few studies have specifically addressed the influence of gender differences on the

outcome of patients who present with non-ST-segment elevation myocardial infarction
undergoing percutaneous coronary revascularization procedures. Women who present
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with non-ST-segment elevation myocardial infarction that undergo angioplasty are con-
sistently older, and have an increased incidence of hypertension with a preserved left
ventricular ejection fraction when compared men. In one study, 941 women who under-
went coronary angioplasty had a similar success, in-hospital mortality, and emergency
coronary artery bypass surgery rate as men and overall survival during a mean follow-
up period of 4 yr was comparable. Although women were more likely to experience
severe angina than men, women were less likely to undergo coronary artery bypass
grafting during this time (141).

Women with unstable angina or non-Q wave myocardial infarction enrolled in the
TIMI-IIIB trial were older with a higher prevalence of diabetes and hypertension, and
were more likely to be given a trial of medical therapy compared to men. Although
women were less likely to have significant epicardial coronary artery disease at cardiac
catheterization, the 42-d rate of death and myocardial infarction was similar (142).
These findings were confirmed in the Global Unstable Angina Registry and Treatment
Evaluation (GUARANTEE) Registry. At cardiac catheterization, women had less severe
epicardial coronary artery stenoses and were more likely than men to have insignificant
coronary artery disease (25 vs 14%, p � 0.0001) (143).

A recent series evaluated outcome in 101 women who presented with non-Q wave
infarction and underwent percutaneous revascularization during that hospitalization.
Procedural success rates were similar for women and men, although women were less
likely to undergo multivessel intervention. In-hospital adverse cardiac events were sim-
ilar between men and women, although there was a trend towards a higher in-hospital
death rate in women (4 vs 1%, p � 0.058), and at 1-yr follow-up, women had a signif-
icantly worse survival rate than men (89 vs 95%, p � 0.04) (144).

Cardiogenic Shock
Cardiogenic shock complicates acute myocardial infarction in 5–15% of patients

(145) and is recognized clinically as systemic hypotension resulting in end-organ hypop-
erfusion in the presence of elevated cardiac filling pressures. The subset of patients who
present with or develop cardiogenic shock are more likely to be women, tend to be older,
have more coronary artery disease risk factors, and are more likely to have had a prior
myocardial infarction or surgical revascularization (146).

To evaluate the role of coronary revascularization strategies in the treatment of car-
diogenic shock, the SHOCK (Should we emergently revascularize Occluded Coronary
arteries for cardiogenic shocK) trial was conducted (147,148). This multicenter trial ran-
domized 302 patients who presented with acute myocardial infarction and cardiogenic
shock due to left ventricular dysfunction confirmed by both clinical and hemodynamic
criteria. Approximately 37% of women were assigned to undergo revascularization and
27% to medical therapy. While there was no significant difference in 30-d mortality
between treatment groups (46.7 vs 56.0%), by 6 mo, there was a survival benefit for
patients who underwent percutaneous or surgical revascularization procedures. Interest-
ingly, age �75 yr was found to be an independent predictor of increased morbidity and
mortality for patients that underwent angioplasty or coronary artery bypass grafting at
both 30 d and 6 mo (148). As women who present with acute myocardial infarction and
cardiogenic shock are often older, these observations suggest that coronary revascular-
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ization procedures may not improve mortality, and in fact, may predict a worse outcome
in this cohort.

Importantly, a total of 1492 patients were screened for the SHOCK trial, and 1107
were deemed ineligible and entered into a registry. Women accounted for approx 40%
of Registry patients and were more likely to be in cardiogenic shock due to isolated right
ventricular shock (149), acute severe mitral regurgitation (150), or ventricular septal
rupture (151), than from predominant left ventricular failure. Women entered in the Reg-
istry had a higher incidence of diabetes and 2- or 3-vessel disease, yet the combined per-
cutaneous and surgical revascularization rate for these women was lower than that for
nondiabetic patients with single vessel disease (152).

CONCLUSIONS

In patients with coronary heart disease, numerous and consistent gender differences
in presentation, evaluation, treatment strategies, and outcome of treatment with throm-
bolytic therapy, percutaneous revascularization procedures, and coronary artery bypass
surgery have been well documented. Women with acute coronary syndromes are older,
with more high-risk clinical and angiographic factors and comorbid disease than men,
and undergo treatment at increased risk for an adverse outcome. Many of the observed
gender differences in acute and long-term outcome can be attributed to the older age and
higher clinical risk profile in women. Despite these unfavorable features, recent studies
suggest that the outcome in women is improving, and in particular, percutaneous and
surgical revascularization procedures are effective treatment strategies in women.
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INTRODUCTION

Although emergency cardiac care resources are oriented toward rapid implementa-
tion of reperfusion therapy with resultant myocardial salvage and improvement in sur-
vival, cardiogenic shock remains the leading cause of death among hospitalized patients
with acute myocardial infarction (Fig. 1) (1–5).

In the past several years important information has emerged from analysis of
patients with cardiogenic shock in thrombolytic therapy trials and through prospec-
tive registries of patients with infarction. The role of reperfusion therapy in cardio-
genic shock has been further clarified with the publication of the important Should
We Emergently Revascularize Occluded Coronaries for Cardiogenic Shock (SHOCK)
trial (6).

This review will discuss the modern concepts and controversies regarding the man-
agement of cardiogenic shock occurring as a result of myocardial damage in the setting
of acute myocardial infarction.
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DEFINITION AND RECOGNITION

Circulatory shock describes a state of tissue hypoperfusion. In the setting of an acute
ischemic event (usually myocardial infarction) the “shock” state may arise from cardio-
genic or noncardiogenic mechanisms. Noncardiogenic causes occurring in the setting of
myocardial infarction include adverse effects of pharmacologic agents such as nitrates,
angiotensin-converting enzyme inhibitors, and other vasodilator drugs. Hypotension
may also arise during the infusion of thrombolytic agents such as streptokinase. Hem-
orrhagic shock may occur secondary to gastrointestinal or occult retroperitoneal bleed-
ing as most patients receive anticoagulant and/or thrombolytic agents. Massive
pulmonary emboli can result in circulatory shock. A tension pneumothorax may result
from mechanical ventilation or after cardiac arrest. Hypovolemia should always be con-
sidered as a result of diaphoresis, vomiting, and overdiuresis. Sepsis can result in a shock
state in patients with other comorbid illnesses.

Cardiogenic etiologies of shock may occur in the setting of myocardial infarction
independent of myocardial damage. Tachyarrhythmias such as ventricular tachycardia
and rapid atrial fibrillation require prompt correction in the setting of hypotension.
Hypotension may not only arise from direct effects of thrombolytic agents but have also
resulted from hemopericardium with tamponade without identifiable rupture (7).
Ascending aortic dissection can lead to the complex of pericardial tamponade and
myocardial infarction. Associated cardiac conditions such as significant aortic stenosis,
may importantly contribute to the development of shock. Excessive vagal tone can result
in hypotension in the early phase of infarction commonly in association with bradycar-
dia although isolated hypotension can occur from this accentuated cardiac reflex (8).

Direct myocardial damage may lead to a heterogeneous group of derangements result-
ing in circulatory shock. Pump failure from extensive left ventricular damage is the pri-
mary cause of cardiogenic shock. Mechanical defects as a direct result of myocardial
injury occur less commonly and include papillary muscle dysfunction/rupture, ventricu-
lar septal defect, and free wall myocardial rupture with tamponade. Right ventricular
infarction with an accompanying left ventricular infarction may also lead to shock.
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Fig. 1. Hospital mortality rates from trials/registries over the past 2 decades (1–5).



Clinical recognition of circulatory shock includes identifying manifestations of a low
cardiac output such cyanosis, cool extremities, altered mental status, and oliguria in the
setting of hypotension. These findings with concomitant pulmonary edema establish rel-
atively confirmatory evidence for cardiogenic shock. However, hemodynamic monitor-
ing allows diagnostic confirmation and can guide management decisions. The
hemodynamic manifestations of cardiogenic shock include a systolic blood pressure
�90 mmHg (or �30 mmHg below basal levels), an elevated pulmonary capillary wedge
pressure �15 mmHg, and a reduced cardiac index �2.2 L/min/m2 .

EPIDEMIOLOGY

Examination of several investigations elucidates the circumstances of cardiogenic
shock. The incidence of cardiogenic shock was reported in 1954 to occur in 19.7% of
816 patients admitted with acute myocardial infarction (9). Killip and Kimball described
shock in 19% of 250 patients seen in a single cardiac care unit (CCU) over a 2-yr period
(10). Later information derived from trials conducted before the reperfusion era identi-
fied an incidence of 6.4% in the Secondary Prevention Reinfarction Israeli Nifedipine
Trial (SPRINT) registry (1) and 6.5% in the Multicenter Investigation of the Limitation
Infarct Size (MILIS) trial (11). The long-term population-based Worcester Heart Attack
Study determined the incidence of cardiogenic shock during 11 1-yr periods between
1975–1997 (12). The overall incidence average 7.1%. After adjustment for potentially
confounding risk factors, there was no significant change in the proportion of patients
with shock over the study period. Of the 426,253 patients reported in the second
National Registry of Myocardial Infarction (NRMI) registry the incidence of cardio-
genic shock averaged 6.2% with only a slight decline noted between 1994 (6.6%) and
1997 (6.0%) (5).

Several trials of thrombolytic therapy have reported this complication. Shock was
identified in 7% in International Study of Infarct Survival (ISIS)-3 and 7.2% of the
Global Utilization of Streptokinase and Tissue Plasminogen Activator for Occluded
Coronary Arteries (GUSTO)-I trial patients (3,13). In contrast, shock was reported in
5.2% of patients enrolled in GUSTO-III, which compared tissue-type plasminogen acti-
vator (tPA) to recombinant plasminogen activator (rPA) and 4.0% in the Anglo-Scandi-
navian Study of Early Thrombolysis (ASSENT-2) trial which compared tPA against
tenecteplase (TNK) (14,15).

There is considerable reported variability in the temporal onset of shock in the course
of infarction. This is significantly influenced by the study conditions. In the era pre-
ceding widespread use of reperfusion therapy, cardiogenic shock was reported on pres-
entation in 4.5% among 2931 patients in the MILIS trial (7.1% developed shock during
hospitalization) (11). In the SPRINT registry 2.6% (24% of shock patients) of 3465 pati-
ets admitted in Killip class I developed shock at an average of 4 ± 4 (median 2) d after
admission (1). In contrast, cardiogenic shock occurred after admission (most within 48
h) in 89% of 2972 patients in the GUSTO-I trial (3). However, early shock may be under-
estimated in thrombolytic trials due to entry criteria, difficulties with informed consent
in critically ill patients, and physician bias regarding management strategy.

In the Israeli Thrombolytic Survey Group 56% of 254 patients presented in cardio-
genic shock (16). Of the 26,280 patients with cardiogenic shock reported in the NRMI-
2 registry 28% presented with shock on admission (5).
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In the SHOCK trial registry shock due to left ventricular failure developed at a
median of 6.2 h after infarction symptom onset and at median 4.6 h after hospital admis-
sion (17). In this registry (45% were transferred from outside hospitals), 9% were in
shock on arrival, and shock developed within 6 h in 46% and by 24 h in 74%. The sig-
nificant proportion of patients developing shock after admission emphasizes the value
of early identification and intervention in an attempt to impact the ominous prognosis.

The classification of patients into pre- or postadmission shock does reveal important
differences in the anatomy and pathophysiology of shock development. In the SHOCK
registry early shock was more often associated with multilead ST-elevation and multiple
electrocardiogram (ECG) infarct locations (17). The median time to onset of shock was
shortest in those with a culprit left main coronary occlusion (1.7 h), which was signifi-
cantly shorter than with other locations (Table 1) (17,18). Furthermore, the mortality was
higher (62.6 vs 53.6%) with early (�24 h) vs late (�24 h) shock, however almost half of
the patients were transferred form other institutions. In contrast, the 30-d mortality of
patients classified as preadmission shock was lower (69 vs 87%) than those developing
shock after hospital admission in the Israeli Thrombolytic Survey Group (16).

Mechanical complications of infarction account for shock in a minority of patients.
The distribution of causes of shock in the SHOCK registry are depicted in Fig. 2 (4).
Women had a significantly higher incidence of mechanical complications (19).
Although mechanical complications occur in a distinct minority of patients, they must
be excluded in the early management of patients with shock.

THE PATHOPHYSIOLOGY OF CARDIOGENIC 
SHOCK FROM MYOCARDIAL INFARCTION

A comprehensive understanding of the pathophysiologic characteristics and events of
cardiogenic shock must be attained to impact the discouraging outcome of patients with
this entity. The assiduous hemodynamic decline involves several interactive processes.

Early (initial 60 min) in the course of infarction autonomic disturbances have a pre-
dominant influence on a patient’s hemodynamic status. As reported by Webb et al. (8)
sympathetic overactivity (tachycardia and hypertension) occurred in 36% of patients
(monitored within 30–60 min of infarction onset). However, the majority (55%) exhib-
ited bradyarrhythmias and/or hypotension. This is a manifestation of the Bezold-Jarish
reflex (20), which is expressed commonly during acute inferior-posterior infarction
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Table 1
Temporal Onset of Shock and Mortality Related to Culprit Vessel in Shock Registry (17,18)

MI onset → shock Hospital 
Infarct related vessel (median hours) mortality (%)

Left main 1.7 78.6
Right coronay artery 3.5 37.4
Left circumflex 3.9 42.4
Left anterior descending 11 42.3
Saphenous vein graft 10.9 69.7

MI, myocardial infarction.



(77%). Webb and colleagues also noted vagal effects in 32% of anterior infarctions. The
likely mechanism of this response involves a mechanical stimulus of vagal afferents
probably from systolic bulging of ischemic myocardium which results in vasodilation
and bradycardia with additional inhibition of the arterial baroreflex (8,20,21).

An intravascular volume deficit has been recognized in up to 20% of patients with
cardiogenic shock (22). This would be characterized as a Killip or hemodynamic class
III state. Relative hypovolemia is most commonly encountered in the setting of right
ventricular infarction. It has been shown that left ventricular performance is optimal dur-
ing infarction with a pulmonary capillary wedge pressure of 14–18 mmHg (23).
Although vol infusion can restore class I status to some patients initially categorized in
class III, the majority do not appreciably improve reflecting evidence of primary cardiac
compromise (24). In the SHOCK trial registry, 31% of patients presenting with shock
did not exhibit signs of pulmonary congestion by radiographic or physical examination.
Notably, the 28% of patients with clinical hypoperfusion without pulmonary congestion
had a mean pulmonary capillary wedge pressure of 21.5 � 6.7 mmHg vs 24.3 � 8.1
mmHg in patients with hypoperfusion and pulmonary congestion. The hospital mortal-
ity in each of these groups was high at 70 and 60%, respectively (25).

The early development of cardiogenic shock in the course of infarction most com-
monly results from the loss of a large amount of myocardium. Autopsy studies have
demonstrated that shock typically occurs after damage to �35–40% of left ventricular
muscle (26–28). This may result from occlusion at a perilous site within a single coro-
nary artery supplying a large region of myocardium or from cumulative damage after
previous infarction. The elimination of the collateral function of an infarct-related artery
could significantly enhance the destructive effect of a single vessel occlusion.

Later in the course, extension of infarct damage may occur as a result of multiple
mechanisms. Infarct extension or reinfarction identified by enzyme elevation was
reported in 23.3% of patients developing cardiogenic shock by the MILIS study group,
compared with 7.4% of patients without shock (p � 0.001) (11). In the GUSTO-I trial,
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reinfarction occurred in 11% of patients with shock compared to 3% without shock (p
� 0.001) (3). Reinfarction most commonly results from reocclusion, and this event has
been shown to increase the risk of shock (29). Thrombus propagation or embolization
might also result in reinfarction. Passive collapse and vasoconstriction at a second site
within the coronary circulation can also result in ischemia or a second acute infarction
(30). In the SHOCK registry, recurrent ischemia was more common in those with shock
of late onset (�24 h) (38 vs 13.2%, p � 0.001) (17). Reinfarction was seen equally in
early and late shock (8.2 and 8.3%).

Extension of infarction into the border zone in a subepicardial or lateral direction has
been documented pathologically in the majority of patients with cardiogenic shock in
some series (26,27). Factors which could adversely extend infarction into the border
zone include impaired collateral flow, increased myocardial oxygen consumption by
sympathetic activation or inotropic agents, changes in the balance of arterial driving
pressure (aortic pressure—left ventricular diastolic pressure) from hypotension or con-
gestive failure, and the possibility of reperfusion injury.

The phenomenon of reperfusion injury remains controversial (31–33). Investigation
in experimental models has demonstrated pathologic evidence for progression to irre-
versible injury of viable myocardium in reperfused infarct zones and reduction of infarct
size with agents that modify reperfusion injury. However, data are lacking to corrobo-
rate the importance of this phenomenon in a clinical situation. In fact, the GUSTO-I trial
demonstration that rapid achievement of thrombolysis in myocardial infarction (TIMI)
grade 3 flow by thrombolysis results in the lowest mortality would suggest that reper-
fusion injury is unlikely to have an important effect on outcome (34).

The pathologic picture of cardiogenic shock is characterized by progressive myocar-
dial necrosis with an irregular extension of infarction not only into the border zone, but
with focal regions of necrosis throughout both the left and right ventricles (26,27). This
latter form of extension is a reflection of the hemodynamic state as it can be seen with
other etiologies of circulatory shock.

Hypotension leads to ongoing myocardial injury. This progressive myocardial necro-
sis is confirmed by observation of a persistent elevation of creatine kinase isoenzyme-
cardiac muscle subunit (CK-MB) (35). Left ventricular function is further impaired by
the inefficiency of infarct zone expansion leading to increased wall stress (36). This pro-
gressive cardiac dysfunction leads to a “vicious cycle” of hypotension, declining coro-
nary perfusion, and deteriorating left ventricular function culminating in an irreversible
shock state. This shock state is potentiated by maladaptive compensatory mechanisms
including sympathetic stimulation, fluid retention, and vasoconstriction. Lactic acidosis
further impairs myocardial function.

In addition to ischemia-induced myocardial necrosis, recent data suggests a role for
apoptosis in myocyte cell death during myocardial infarction. This process appears to
predominate in areas of acutely distended myocardium remote form the infarct area or
in the border zone in myocytes that are not rescued (37,38).

As stated earlier in this section, shock typically occurs when �35–40% of the left
ventricular muscle is involved. There is not a threshold level of damage for defining
patients with cardiogenic shock. A series of 16 patients with final infarct sizes of
�40% of the left ventricle quantitated by Technetium-99m sestamibi tomography
reported a 94% survival with development of cardiogenic shock in only one patient
(39).
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The variable neurohumoral response to left ventricular dysfuntion has often been
implicated to explain the discrepancies in the clinical manifestations of similar size
infarctions. However, the function of myocardium remote from the infarct region plays
a pivotal role in hemodynamic response and has been recognized to be of considerable
prognostic importance (40). Normally the noninfarct segments become hyperkinetic. An
absence of hyperkinesis or asynergy of noninfarcted regions identify patients at high risk
for early mortality (41). Diffuse hypokinesis has been recognized as a distinguishing
feature for the development of cardiogenic shock in patients with similar size infarctions
by echocardiography (42).

The corollary of abnormal remote myocardial function is multivessel coronary artery
disease. In two autopsy series of patients dying from cardiogenic shock, 2 or 3 vessel
disease (�75% obstruction) was identified in all patients (42,43). The left anterior
descending artery is predominantly involved. Angiographic studies have reported left
main and/or multivessel disease in 60–90% of patients with cardiogenic shock
(18,42,44–48). The SHOCK registry reported multivessel disease in 77% (2 vessel dis-
ease, 21%; 3 vessel disease, 56%) with significant (�50%) left main disease in 16.2%
of patients with ventricular failure (18). The left anterior descending is the predominant
culprit vessel in patients with left ventricular power failure (Fig. 3).

A canine model of myocardial infarction simulating the presence of single or multi-
vessel disease illustrates the devastating effect of additional coronary obstructive dis-
ease remote from the infarct artery. Beyersdorf et al. (49) demonstrated that, although
animals with isolated left anterior descending occlusion exhibited a 100% 6-h survival
of the acute infarction, those with a coexistent 50% left circumflex stenosis suffered a
57% mortality from cardiogenic shock or intractable ventricular fibrillation.

Shock can also result from distinct cardiac structural damage with a less extensive
left ventricular infarction. Right ventricular infarction can be detected in 40–50% of
patients with left ventricular inferior infarction. A deficit of right ventricular pump func-
tion from proximal occlusion of the right coronary artery leads to a decline in left ven-
tricular preload as the principle mechanism of the shock state seen in approx 10% of
patients with inferior wall infarction. The right ventricle dilates, and the pericardium fur-
ther constrains left ventricular filling, resulting in hemodynamic parameters similar to
pericardial constriction (diastolic equalization, right ventricle dip/plateau pressure con-
figuration and ventricular interdependence). Abnormal interventricular septal function
shifts toward the left ventricle in diastole contributing to the low-output state (50). Sig-
nificant left ventricular damage is common with a clinically evident right ventricular
infarction (51).

Rupture of the ventricular free wall, interventricular septum, and papillary muscle
represent the major mechanical complications of myocardial infarction. These compli-
cations result from necrosis of critical cardiac structures and share a similar pathophys-
iological substrate. They have been commonly associated with a first myocardial
infarction (52–56). The infarction is usually small to moderate in size in patients with
free wall or papillary muscle rupture (28,52). The majority of studies have reported less
extensive coronary artery disease in patients with these complications compared to other
patients with infarction (52,54,55,57). It has been proposed that patients with more
severe coronary artery disease and left ventricular dysfunction cannot generate suffi-
cient contractile stress to produce cardiac rupture. Infarct expansion has been demon-
strated to be a harbinger of myocardial rupture (58).
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Controversy remains over the possible accentuation of cardiac rupture by throm-
bolytic therapy (59). Honan et al. (60) reporting a meta-analysis of clinical trials sug-
gested that while early thrombolysis decreases the risk of cardiac rupture, late therapy
may enhance this potential complication. However, Late Assessment of Thrombolytic
Efficacy (LATE) trial results did not show an increased risk of rupture in patients treated
�12 h from onset, but thrombolysis did accelerate the time to rupture (61). In a report
from the NRMI participants, data suggested that thrombolysis accelerated myocardial
rupture typically within 24–48 h (62). Furthermore, the median time from myocardial
infarction onset to diagnosis of interventricular septal rupture was 1 d in the GUSTO-I
trial (63). Significantly, it has been shown that patients with cardiac rupture almost uni-
formly exhibit ineffective perfusion of the infarct artery (64).

Rupture of the free wall of the left ventricle can occur with left and, less commonly,
right ventricular infarction (28,65). Rupture usually results from a transmural infarction
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Fig. 3. The culprit vessel distribution in patients with ventricular failure and mechanical complication
etiologies of cardiogenic shock in the SHOCK Trial registry. (LAD � left anterior descending; LCX,
left circumflex; RCA, right coronary artery; LM, left main.



(28). Free wall rupture is often a sudden catastrophic event culminating in electro-
mechanical dissociation and death. However a subacute presentation (approx 20%) man-
ifested as hypotension, and right heart failure has been recognized perhaps representing
an initial small hemopericadial accumulation (66,67). Patients may exhibit a transient
episode of hypotension and bradycardia portending death in minutes to days.

The reported distribution of infarct location with an acute ventricular septal defect
has been variable although more recent reports suggest a predominance of inferior wall
involvement (68–70). A simple direct perforation or complex serpentine tracts may com-
municate between the two ventricles. The hemodynamic derangement is usually more
substantial with inferior infarction reflecting associated right ventricular involvement
and ineffective compensation for the shunt volume (71).

The complexity of the mitral valve apparatus and the subendocardial location of the
papillary muscle blood supply explains the occurrence of papillary muscle dysfuntion
during infarction. Cardiogenic shock occurs commonly in patients with partial or com-
plete rupture of one of the papillary muscles (52,72). The posteromedial papillary mus-
cle is more frequently involved because of the single vessel blood supply from the
posterior descending branch of the right or left circumflex coronary artery. The antero-
lateral muscle has a dual blood supply from the left anterior descending and left cir-
cumflex arteries (73).

It can appreciated that patients with preexisting severe valvular heart disease may
have little reserve available to tolerate a large myocardial infarction, and like patients
with previous infarction, they will be at higher risk for cardiogenic shock. Additionally,
there have been several recent descriptions of patients presenting with an acute
anteroapical infarction with compensatory hyperdynamic function of the preserved
basal segments resulting in systolic anterior motion of the mitral valve leading to car-
diogenic shock from left ventricular outflow tract obstruction (74–76). These patients
have presented with a systolic murmur and shock in the setting of an acute infarction,
often with only a small enzyme elevation. Recognition of this syndrome must be con-
sidered as common treatments for shock, including inotropic agents and afterload reduc-
tion including intra-aortic balloon counterpulsation, may lead to further clinical
deterioration. Effective therapeutic measures include b-blockade and utilization of a-
agonists (74).

Finally, it should be recognized that peripheral vasodilation may be seen in the seen
in the terminal phase of shock from any cause. This could be manifest as a lower than
expected systemic vascular resistance and a poor response to vasoconstrictor agents.
Several mechanisms may play a role in this failure of vascular smooth cell contraction
including activation of KATP channels by lactic acidosis, unregulated nitric oxide syn-
thesis, and depletion of vasopressin stores (77).

PREDICTIVE INDICATORS OF CARDIOGENIC SHOCK

Recognition of the predictive indicators of cardiogenic shock may allow implemen-
tation of strategies that could impact on the disappointing survival of these patients
(Table 2) .

Historical characteristics have been defined that are predictive of cardiogenic shock.
Patients who develop shock are typically older (1,3,5,11,12,78). In the GUSTO-I trial,
it was recognized that, for each decade increase in age, the risk of developing shock rose
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47% (79). A relative preponderance of women has been identified compared to the over-
all population of patients hospitalized with myocardial infarction (1,5,12,78). A previ-
ous infarction enhances the risk of cardiogenic shock as documented in several studies
(3,5,11,12). Patients with shock are more likely to have a history of angina, stroke, or
peripheral vascular disease (5,11).

A diagnosis of diabetes mellitus increases the likelihood of cardiogenic shock
(3,5,11,12). Notably, the presence of diabetes mellitus did not increase risk in the
SPRINT trial, but an admission glucose of �180 mg% was predictive of shock partic-
ularly in nondiabetics (1). An enhanced activation of stress-related compensatory mech-
anisms (release of catecholamines, cortisol, etc.) in patients destined for shock may
explain this finding (80). Elevation of blood lactate levels have also preceded the man-
ifestations of cardiogenic shock (81).

Considering the pathophysiology of cardiogenic shock, the clinician should embrace
certain clues from examination of the patient to lower the threshold for the diagnosis of
shock. Evaluation of every hypotensive event should lead to consideration of a cardio-
genic etiology. Sinus tachycardia has been recognized as a significant risk factor for
early death (82). Abnormal mental status, agitation, and cool extremities should lead to
further clarification of the hemodynamic status (24,83). The survival of patients with
myocardial infarction have been categorized by clinical and hemodynamic subsets.
Patients may be stratified in class IV (hypoperfusion and pulmonary congestion) with-
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Table 2
Predictive Indicators of Cardiogenic Shock

Historical features:
Age �65 yr
Female gender
Previous infarction
Known multivessel coronary disease
Previous angina or other vascular disease

Physical examiniation:
Sinus tachycardia
Clinical hemodynamic status class III-IV
Agitation, abnormal mental status

Clinical events:
Reinfarction
Hypotension

Laboratory findings:
Hyperglycemia (�180 mg%)
Increased blood lactate
CK-MB �160 IU/L

Cardiac testing:
Bundle branch block on ECG
LVEF � 0.35
Remote asynergy
Wall motion index
Coronary artery jeopardy score

LVEF, left ventricular ejection fraction.



out blood pressure criteria for a diagnosis of cardiogenic shock. These patients with
“nonhypotensive shock” were identified in the SHOCK registry and were more likely to
have an anterior infarction. A higher systemic vascular resistance was noted in this
group, and although hospital mortality was somewhat better compared to classic
hypotensive shock (43 vs 66%, p � 0.001), many patients later developed circulatory
collapse (84). Patients in class III (isolated hypoperfusion) often do not respond to vol-
ume expansion and are also likely in an early phase of cardiogenic shock (24).

Events occurring during the course of infarction should alert the clinician to the
potential for hemodynamic deterioration. The principle predictive event for cardiogenic
shock is represented by recurrent infarction. Infarct extension or reinfarction was
detected in a significantly greater proportion of patients with than without shock in both
the MILIS (23.3 vs 7.4%, p � 0.001) and GUSTO-I trials (11 vs 3%, p � 0.001) (3,11).

Some studies have identified significant elevation of cardiac enzyme levels (CK-MB
� 160 IU/L, lactate dehydrogenase [LDH] � 4� normal) reflecting infarct size as risk
factors for cardiogenic shock (1,11). However, enzyme determinations may be con-
founded by timing, the early peak of reperfusion, and reinfarction. Patients with bundle-
branch block are more likely to develop cardiogenic shock (85). Determination of acute
global left ventricular function by contrast ventriculography, radionuclide angiography,
and echocardiography has been demonstrated to have predictive value for mortality and
complications such as cardiogenic shock (40,86–88). An ejection fraction of �0.35 was
an independent predictive variable for cardiogenic shock occurring after admission in
the MILIS trial (11). The presence of remote asynergy and/or the absence of regional
hyperkinesia has important prognostic implications regarding mortality and cardiogenic
shock (41). Quantitation of regional function by echocardiography has been utilized as
a predictive instrument for cardiogenic shock. Gibson et al. (89) showed that calculation
of a wall motion index in Killip class I or II patients was highly predictive of later hemo-
dynamic deterioration. A discriminate equation was developed from their data (1.44
[Killip class] � 2.11 [wall motion index]) with a result of �6.04 predicting 78% of
patients with cardiogenic shock.

Multivessel disease is a common component of cardiogenic shock. Knowledge of
coronary anatomy from previous or acute coronary angiography may allow foresight
into the potential for the development of shock. In theory, utilization of a coronary artery
jeopardy score could predict hemodynamic deterioration as utilized for prediction of
cardiogenic shock in patients undergoing elective angioplasty (90).

Multivariate analysis utilizing logistic regression of patients in the SPRINT registry
and the MILIS trial identified several predictive variables that allowed assignment of a
probability for the development of cardiogenic shock with additive accumulation of each
variable. The MILIS study distinguished the variables of age �65 yr, admission left ven-
tricular ejection fraction �0.35, CK-MB �160 IU/L, diabetes mellitus, and previous
infarction with a probability of developing cardiogenic shock at 18% with 3 variables and
54% with 5 variables (11). In a similar fashion, the SPRINT registry defined age, female
gender, history of angina, stroke, or peripheral vascular disease, peak LDH �4� normal,
and admission glucose �180 mg% with the probability of shock at 20% for 4 risk factors
and 35% for all 6 risk factors (1). A scoring system based primarily on age and physical
findings on presentation has been derived from the GUSTO-I trial that accurately predicts
the risk of shock (validated in the GUSTO-III cohort) after thrombolytic therapy (Table 3)
(79), A similar prediction algorithm for shock in patients with non-ST-elevation acute
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Table 3
Prediction Algorithm for Cardiogenic Shock with ST-Elevation Infarction (79)

Predictive factor Points Predictive factor Points

Age HR

20 6 40 3
30 12 60 0 Sum Predictive Factor Pts.
40 19 80 8 Age � BW � MI location �
50 25 100 14 Msc. RF � Treatment �
60 31 120 17 HR � SBP � DBP �
70 37 140 19 Killip class
80 43 160 22
90 49 180 24

200 27
Body weight (kg.) 220 29
40 19 240 32
60 17 260 34
80 15

100 12 Systolic BP (mmHg) Shock
120 10 80 59 Total points probability (%)
140 8 100 49 92 1
160 6 120 39 103 2
180 4 140 32 110 3
200 2 160 27 114 4
220 0 180 23 118 5

200 18 130 10
MI location 220 14 137 15

Anterior 8 240 9 142 20
Inferior 1 260 5 146 25
Other 0 280 0 149 30

152 35
Misc. risk factors Diastolic BP (mmHg) 155 40

Previous MI 5 40 4 158 45
Previous CABG 6 60 5 160 50
No previous PTCA 6 80 7
Female 3 100 9
Hypertension 2 120 11
USA residence 2 140 13

160 15
Treatment 180 16

tPa 0 200 18
Streptokinase IV 5
Streptokinase SQ 6 Killip class

I 0
II 9
III 17

HR, heart rate; MI, myocardial infarction; CABG, coronary artery bypass graft; PTCA, percutaneous
transluminal coronary angioplasty; IV, intravenous; SQ, subcutaneous; BP, blood pressure.



coronary syndromes was determined from the Platelet Glycoprotein IIb/IIIa in Unstable
Angina: Receptor Suppression Using Integrilin Therapy (PURSUIT) Trial data (91).

CLINICAL ASSESSMENT

A decline in blood pressure should prompt search for correlative findings to confirm
a diagnosis of circulatory shock. This includes assessment of vital signs, peripheral per-
fusion, mentation, and urine output. A consideration of noncardiogenic causes of shock
should be entertained and directly proceed with appropriate diagnostic testing.

Physical examination should be directed toward assessment of volume status with
attention to pulse volume, jugular veins, and perfusion. Cardiac examination must focus
on a search for signs of tamponade, aortic dissection, or pulmonary embolus. Ausculta-
tion of a murmur should lead to consideration of severe mitral regurgitation or a ventric-
ular septal defect. Occasionally the murmur from these defects may be unimpressive or
absent (92). As described above, dynamic left ventricular outflow tract obstruction
should also be considered in the setting of shock, anterior infarction, and a systolic mur-
mur (74).

A portable chest X-ray will support the diagnosis of pulmonary edema, tamponade,
emboli, or dissection. Laboratory studies should include determinations of hemoglobin,
platelets, electrolytes, glucose, markers of myocardial injury, and lactate.

Electrocardiography will aid in the assessment of acute hemodynamic deterioration.
Most patients with cardiogenic shock will demonstrate ECG findings of an acute trans-
mural infarction with ST-elevation or new left bundle-branch block. In patients with
shock due to left ventricular failure, the infarction is most commonly in an anterior dis-
tribution (50–80% in recent series) (3,4,11,93). ST-elevation in aVR lead is characteris-
tic of shock due to left main coronary artery occlusion (94).

A non-ST-elevation infarction is present in 14–36% of recent series of shock due to
left ventricular power failure. A left circumflex coronary artery occlusion should be con-
sidered as the etiology shock in these patients (11,93,95). ECG is also a necessary com-
ponent in the evaluation of patients developing shock after admission in view of the
common association of reinfarction.

Echocardiography is a vital tool in the evaluation of patients with cardiogenic shock.
The technique allows rapid quantitation of global ventricular function and assessment
of regional wall motion (89,96). In patients with left ventricular failure, echocardiogra-
phy reveals a significant systolic dysfunction (mean left ventricular ejection fraction
0.31 � 11 in the SHOCK trial), extensive regional wall motion abnormalities, and com-
monly demonstrate a restrictive filling pattern by Doppler (97,98). Mechanical compli-
cations can be accurately diagnosed in an expedient manner (99). Right ventricular
infarction can be confirmed as a significant contributor to shock. Two-dimensional and
doppler echocardiographic studies can identify the site of ventricular septal rupture and
allow shunt quantification (100). Echocardiography is essential for the diagnosis of free
wall rupture and associated cardiac tamponade (67). Papillary muscle rupture can also
be detected (101,102). Transesophageal echocardiography may be necessary in patients
on mechanical ventilators and can more accurately quantitate mitral regurgitation (103).

Hemodynamic monitoring is usually required to manage patients with cardiogenic
shock. Right heart catheterization with a balloon floatation catheter can confirm the
hemodynamic diagnosis and greatly aid in monitoring the effectiveness of therapy
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(83,104). This technique is usually combined with arterial pressure monitoring especially
when administering vasoactive pharmacology. By sampling oxygen saturations, a ven-
tricular septal defect can be detected and severe mitral regurgitation may be suggested by
detection of giant “V” waves in the wedge position. The characteristic hemodynamic find-
ings of right ventricular infarction include a disproportionate elevation of right heart fill-
ing pressures with normal or only mildly elevated left heart filling pressure (RA/PCW �
0.80) (105). Tamponade can be established with the presence of a pericardial effusion and
differentiated from the “constrictive” physiology of a right ventricular infarction (50).

The hazards of pulmonary artery catheterization have been implicated in the adverse
outcome of critically ill patients (106). However, such monitoring continues to be uti-
lized in the majority of patients with cardiogenic shock (68% in SHOCK registry) (107).
Cardiogenic shock remains a Class I indication for right heart hemodynamic monitor-
ing according to American College of Cardiology/American Heart Association
(ACC/AHA) guidelines (108). The inaccuracy of clinical assessment and, in particular,
the underestimation of pulmonary wedge pressure has been previously emphasized (25).
Notably in observational studies examining the use of pulmonary artery catheterization
in acute myocardial infarction, the mortality of subset patients with cardiogenic shock
was not adversely affected by this intervention (109). A recent analysis from the
SHOCK registry noted an association of more aggressive therapy, lower mortality and
no harm from pulmonary artery catheterization (107). The multifaceted benefits of
hemodynamic monitoring warrant its application in these critically ill patients.

THEURAPEUTIC MEASURES

General Measures
The principal therapeutic goals in cardiogenic shock associated with myocardial

infarction include restoration of an adequate cardiac output and mitigation of myocar-
dial injury and its effect on organ function.

While the patient is being evaluated, it is essential to begin therapeutic measures to
reverse circulatory shock. A cautious trial of volume expansion is warranted unless the
patient exhibits clear signs of pulmonary edema. Oxygenation should be assessed and
hypoxia must be rapidly corrected by supplemental oxygen and, if necessary, mechani-
cal ventilation to reduce myocardial oxygen demand. The majority of patients require
mechanical ventilation (76% in the SHOCK registry) (110). Prompt treatment of
arrhythmias (including DC cardioversion and temporary pacing) may lead to consider-
able hemodynamic improvement.

Attention to multiorgan function is an important component of intensive treatment of
the shock syndrome. One fifth of patients in the SHOCK trial had suspected sepsis, and
nearly 60% had a confirmed infectious etiology (pulmonary 54%, invasive lines 30%)
(111).

Pharmacologic
In Griffith and colleagues’ original 1954 description of a large series of patients with

cardiogenic shock, the use of sympathomimetic agonists provided encouraging evidence
for effective medical therapy (9). There is little evidence that vasopressor therapy
improves the survival of these patients, yet it remains a critical component for early sta-
bilization and ongoing hemodynamic support (112). The principal pharmacologic
agents utilized are compared in Table 4.

616 Lane and Holmes 



Table 4
Inotropic Agents

Cardiovascular effects

Mechanism/
Agent receptor action Dose HR BP C.O. SVR PCW Comments

Dopamine DA at 2–5 µg/kg/min 2–30 ↑ ↑ ↑ 0–↑ ↑ 50% of action secondary to NE
b1, NE release at µg/kg/min release. Stimulation of dopamine
5–10 µg/kg/min alpha receptors leads to increased
at >10 µg/kg.min renal and splanchnic blood flow.

Dobutamine b1, b2 2–30 + 0 ↑ ↓–0 ↓–0 Racemic mixture of (+) and (-) 
µg/kg/min isomers. Renal perfusion is 

increased by elevated cardiac 
output.

Norepinephrine a, b1 0.5–80 ↓–0 ↑ ↓–0 ↑ 0–↑ Potent vasoconstrictor.
µg/min

Epinephrine a, b1, b2 0.005–0.5 ↑ ↑ ↑ ↓ ↑ Potent renal vasoconstrictor. 
µg/kg/min Epinephrine induced 

hypokalemia may accentuate 
potential for arrhythmias.

Amrinone Phosphodiesterase inhibitor 0.75 mg/kg 0–↑ 0–↓ ↑ ↓ ↓ Half-life � 2–6 h
increases cAMP enhancing then 5–10 Thrombocytopenia:2–4%.
contractility and vasodilation. µg/kg/min

Milrinone Same as amrinone. 50 µg/kg then 0–↑ 0–↓ ↑ ↓ ↓ Half-life � 0.5–2 h. 
0.25–1.0 Thrombocytopenia rare.
µg/kg/min

C.O. cardiac output; SVR systemic vascular resistance; PCW pulmonary capillary wedge pressure; DA Dopamine.



These agents increase cardiac contractility and enhance cardiac performance but
often at the expense of an elevated myocardial oxygen demand. The sympathomimetic
drugs have a similar rapid onset (�5 min) and peak effect (15 min) with a half-life of
1.5–2.5 min (113). Proarrhythmic actions are the most serious side effect. The pharma-
codynamics of these drugs must be considered including the logarithmic increase in
concentration necessary to produce linear increases in effect, the development of toler-
ance due to receptor desensitization and the complex interaction of individual agents
upon the adrenergic receptor subtypes (114). The balance of inotropic, chronotropic, and
vasoactive effects of each drug are optimally applied with accurate information regard-
ing the patient’s hemodynamic status.

Dopamine is usually the initial drug utilized in treating patients with cardiogenic
shock. It is effective in increasing arterial pressure and raising cardiac output providing
a necessary initial step in the patient with significant hypotension. The effectiveness of
dopamine diminishes after 24 h, not only from receptor down-regulation, but also from
depletion of norepinephrine stores (115). Dobutamine’s b-effects increase cardiac out-
put, reduce vascular resistance and pulmonary capillary wedge pressure, but without
alteration in arterial pressure (116). Norepinephrine is usually reserved for patients with
very severe hypotension or those who fail to respond to other inotropic agents. It can
effectively improve coronary perfusion by increasing arterial pressure (117). Epineph-
rine is a potent inotropic agent but use may be limited by tachycardia and ventricular
arrhythmias (114). Phenylephrine is an a-1 vasoconstictor agent that should be reserved
for shock with a loss of vascular tone. It is contraindicated for patients with a systemic
vascular resistance of �1200 dynes � s/cm–5 (118). The phosphodiesterase inhibitors
amrinone and milrinone have positive inotropic and significant vasodilator actions pro-
ducing a rise in cardiac output, a fall in left ventricular filling pressure, with minimal
effect on myocardial oxygen demand. However there is a risk of significant hypotension
with these agents, and they possess a long half-life (119).

By combining agents therapy may achieve the advantages of modest inotropic doses
while minimizing the risk of side effects. Dopamine and dobutamine have often been
utilized together to optimize the benefits of each drug. Both drugs infused at a rate of
7.5 µg/kg/min have been shown to achieve a more ideal hemodynamic state than higher
doses of either drug alone in patients with cardiogenic shock (120). Other drugs can also
be utilized in combination, such as norepinephrine and low-dose dopamine, to maintain
arterial pressure and renal perfusion. The addition of a phophodiesterase inhibitor may
further improve cardiac output in patients on sympathomimetic drugs. Vasodilators,
such as nitroprusside, may be used cautiously in patients with an adequate arterial pres-
sure but a low cardiac output. Diuretics are utilized in an ongoing fashion to optimize
left ventricular filling pressures. A vigilant attention to the patient’s status is critical to
avoid wide variations in hemodynamic parameters that may lead excessive drug doses,
proarrhythmia, and catastrophic deterioration.

The loss of vascular tone in the late phases of all types of shock has been noted (77).
Vasopressin has been utilized in shock associated with refractory cardiac arrest (121).
A nitrous oxide synthetase inhibitor, L-NMMA has been infused in patients with
“refractory cardiogenic shock,” leading to a significant increase in mean arterial pres-
sure (�43%) although a transient drop in cardiac output was noted that rose after 5 h
(122). A small (n � 22) randomized trial demonstrated a favorable effect on hemody-
namic status and survival (123).
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Other innovative pharmacological advances may be proven effective in the future. The
incremental benefits of limiting reperfusion injury may prove substantial in cardiogenic
shock. Several methods have been examined to impede oxygen-free radical damage uti-
lizing oxygen radical scavengers, adenosine, and neutrophil inhibitors (antibodies to
adhesion receptors or selectin blockade) (32,33,124,125).

Myocardial metabolism is not only altered within the infarct zone, but also in remote
regions with or without ongoing ischemia (49,126). “Substrate” infusions of gluta-
mate/aspartate, glucose-insulin-potassium, coenzyme Q10 and 2-mercato-propionyl-
glycine have restored remote myocardial function in an experimental model of
cardiogenic shock (127). Carnitine may protect myocardial metabolism in ischemia
(128). A survival of 78% was reported for 27 patients receiving high doses of intra-
venous L-carnitine (129). Meta-analysis of trials evaluating the use of glucose-insulin-
potassium in myocardial infarction have suggested a benefit, for applying these citric
acid cycle-repleting techniques to patients with cardiogenic shock (130–132). Ongoing
clinical investigation will examine the benefits of these approaches.

Mechanical Support of the Circulation
INTRA-AORTIC BALLOON COUNTERPULSATION

Intra-aortic balloon counterpulsation has been utilized to treat patients with cardio-
genic shock for the past 30 yr. Experimental augmentation of coronary diastolic flow
was described by Kantrowitz and Kantrowitz in 1953 (133). The application of this prin-
ciple was reported by Claus and colleagues (134) utilizing a device that cycled blood in
the aorta. The gas-driven balloon displacement pump introduced in clinically by
Kantrowitz et al. in 1968 (135) has persisted as an essential adjunct in the therapy of
patients with cardiogenic shock.

By inflating the balloon catheter during diastole coronary perfusion pressure
increases, and the collapse of the balloon with the onset of systole results in a decline
in left ventricular afterload. Hemodynamic effects in cardiogenic shock include a reduc-
tion systolic aortic pressure and a rise in diastolic aortic pressure, with no change in
mean aortic pressure (136). Cardiac output improves and heart rate decreases. The
reduction in afterload is beneficial to patients with mechanical complications (mitral
regurgitation and ventricular septal defect) (137). Overall, there is a decline in myocar-
dial oxygen demand with a reduction in diastolic left ventricular pressure and volume
(138,139). Coronary sinus lactate levels are decreased with counterpulsation indicating
a beneficial effect on myocardial energetics (136,140).

Counterpulsation increases coronary driving pressure with a resultant rise in coro-
nary blood flow (138,140). Although there is controversy regarding the efficacy of this
technique to increase flow beyond a coronary obstruction, variations in experimental
preparations or clinical conditions along with differences in coronary flow measure-
ments may account for these discrepancies (138,141,142). In theory, regional perfusion
may be enhanced to remote myocardium through a subcritical compliant stenosis or via
collateral circulation (30,138,143). Counterpulsation alone has not been shown to
decrease infarct size in acute infarction (144), but theoretically, may minimize the
“piecemeal” extension of necrosis induced by the shock state.

The use of the intra-aortic balloon pump will result in hemodynamic stabilization
of �75% of patients with medically refractory cardiogenic shock (136,145,146).
Despite these benefits, the intra-aortic balloon pump appears to be underutilized in
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patients with cardiogenic shock, although the proportion appears to be increasing (Fig.
4) (12,14,147–149).

Although counterpulsation is an ACC/AHA Class I recommendation for cardiogenic
shock (108), the independent effect of this support on survival in remains controversial.
Early studies noted a persistent high mortality rate of patients treated with shock. For
example, a cooperative trial of 87 patients reported a 77% hospital mortality in 1969
(136). Other investigation also suggested little survival benefit despite the marked clini-
cal improvement (150). In most studies, counterpulsation was often applied many hours
after shock had developed and nearly always after a failure of intense vasopressor support.

In the modern era of infarct reperfusion therapy, interventional procedures (throm-
bolysis, angioplasty, bypass surgery) are often combined with counterpulsation. Obser-
vational studies have demonstrated an association with a lower hospital mortality in
patients receiving balloon pump support (151). However, patients treated with balloon
pump support are often younger with fewer comorbidities (148,149). The combination
with emergency coronary bypass surgery has been used to treat patients with cardio-
genic shock successfully for three decades (152–154). Clear discrimination of a unique
benefit for counterpulsation is more complex with these common coexistent treatment
variables.

The utilization of intra-aortic balloon pump support and thrombolysis appears to have
a unique synergistic effect (see Thrombolysis section below). A favorable trend on 30-
d and 1-yr mortality was noted with early counterpulsation in the GUSTO-I trial (155).
Combined analysis of the GUSTO-I and GUSTO-III shock patients demonstrated an
improved 30-d survival with balloon pump support (45 vs 58%, p � 0.001) regardless
of patient age (156). Evaluation of 5563 shock patients who received thrombolysis in
the NRMI-2 database revealed a significant reduction in mortality for patients under-
going counterpulsation (49 vs 67%) (148). This positive effect of balloon pump support
on mortality reduction for shock patients treated with thrombolysis was also evident in
the SHOCK registry (47 vs 63%, p � 0.0001) (149).
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Fig. 4. The utilization of intra-aortic balloon counterpulsation in several investigations of patients
with cardiogenic shock (12,14,147–149).



In contrast to the relatively defined benefit for counterpulsation with thrombolysis,
the survival advantage in combination with primary angioplasty is less apparent. No sur-
vival improvement was seen in the SHOCK registry, and a higher mortality (47 vs 42%,
p � .01) was noted in the NRMI-2 registry (148,149). This may reflect a more favor-
able clinical status of patients undergoing primary angioplasty without balloon pump
support. Furthermore, the intra-aortic balloon pump improves the safety of cardiac
catheterization and primary angioplasty during cardiogenic shock. Brodie et al. noted
fewer adverse catheterization laboratory events in patients with cardiogenic shock (14.5
vs 35.1%, p � 0.009) in patients undergoing counterpulsation before intervention (157).

The hazards of intra-aortic balloon counterpulsation must be considered. Major com-
plications (10–20%) are primarily related to limb ischemia or hemorrhage requiring sur-
gery and/or transfusion (158). Other major complications include death (�1%),
thromboembolism, aortic dissection, sepsis, cholesterol embolization, stroke, and limb
loss. Female gender, peripheral vascular disease, diabetes mellitus and body surface area
are predictors of complications (158–160). Intra-aortic balloon pump complications are
not more frequent in shock patients (161).

Intra-aortic balloon counterpulsation remains an important adjunct for the support of
patients with cardiogenic shock. The relative benefit of balloon pump support is uncer-
tain. Although randomized investigation is needed, it remains difficult to conduct in
these critically ill patients. Notably, the less than expected benefit of revascularization
in the SHOCK trial has been attributed to the uniform aggressive supportive therapy uti-
lized, which included balloon counterpulsation (86% in both treatment arms) (6).

OTHER MECHANICAL SUPPORT DEVICES

Although adequate circulation can be restored in many patients by intra-aortic balloon
counterpulsation, approx 25% will fail to improve and a stable cardiac rhythm is neces-
sary for continued effectiveness (136). Several innovative techniques have been intro-
duced to extend hemodynamic support to even the most critically ill patients. These
methods have been utilized to allow time for recovery of ischemic border zone
myocardium or favorable remodeling processes (162) and provide an opportunity for cor-
rective procedures, such as revascularization or as bridge therapy prior to transplantation.

The ideal mechanical support device should maintain an adequate cardiac output,
improve coronary perfusion, and decrease myocardial oxygen consumption while allow-
ing rapid, uncomplicated, safe implementation. While no device fulfills all of these cri-
teria, several have effectively supported critically ill patients.

Peripheral cardiopulmonary bypass has been used to support patients in cardiogenic
shock (163–167). The main components of the percutaneous cardiopulmonary bypass
support (PCPS) include, a centrifugal nonocclusive pump, hollow-fiber membrane oxy-
genator, and a heat exchanger. Femoral arterial and venous access is obtained via 18–20
French cannulas. The PCPS can achieve flow rates of up to 6 L/min. This technique can
be rapidly instituted in the catheterization laboratory or at the bedside and can be applied
to patients in cardiac arrest.

PCPS has been utilized primarily to support patients undergoing elective high risk
angioplasty. In these patients bypass support results in a reduction of left ventricular
afterload and left ventricular systolic volume with no change in mean arterial pressure
(summation of a fall in systolic and rise in diastolic pressure). However, there is deteri-
oration of regional myocardial function in areas supplied by stenotic vessels (168).
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Other limitations include difficult application with significant peripheral vascular dis-
ease and inadequate ventricular unloading (169). Complications of PCPS are principally
related to hemorrhage at the access sites. A time limitation of 6–8 h has been recom-
mended with PCPS due to an increased risk of metabolic abnormalities, hemolysis, and
disseminated intravascular coagulation. However, success has been reported with more
prolonged (29 � 26 h) use of this device in cardiogenic shock when combined with
revascularization (166). Other forms of extracorpeal membrane oxygenation support
have been reported (169).

Shawl and colleagues reported institution of bypass within 30–180 min of shock
onset (4.4 h from infarct onset) in 8 patients, with 100% survival in all 7 patients who
underwent revascularization at 8 mo (163). Other small series have also reported suc-
cess with this technique (166,167,170).

The Hemopump support device consists of a continuous flow pump based on an
Archimedes screw principle, contained within a 14 or 21 French catheter. The pump
rotates at 27,600–45,000 rpm propelling blood from a vent within the left ventricle to
the aorta. The larger device allows flow rates up to 3.5 L/min, whereas the smaller per-
cutaneously inserted 14F device is limited to rates of 1.7–2.2 L/min (171–173). The
Hemopump has been shown to effect significant ventricular unloading, while improv-
ing regional function to ischemic and reperfused myocardium (174,175). The device can
be utilized for several d. Its use is also limited by peripheral vascular disease and is con-
traindicated with significant aortic vascular or aortic valve disease. Complications are
primarily related to thrombocytopenia requiring platelet transfusion (7%), thromboem-
bolism (9.6%), and ventricular arrhythmias (27%) (176).

In a series of 11 patients with cardiogenic shock, there was a significant rise in mean
arterial pressure and a fall in left ventricular end-diastolic pressure. Four of the 11
patients survived despite performance of revascularization procedures in 10 out of 11
patients (177). This device is no longer available in the United States.

A variety of ventricular assist devices have been utilized to support patients in cardio-
genic shock. Biventricular support is usually not necessary in this setting (178). These
devices provide sufficient hemodynamic support and can unload the left ventricle poten-
tially reducing infarct size (178–180). Long-term support can be achieved, but a thoraco-
tomy is usually required. Other less invasive (including percutaneous application) assist
devices have been introduced utilizing inflow from the left atrium, via a transeptal
catheter, with return to an arterial cannula (181–183). However, experience is limited.

These devices provide a considerable increment in circulatory support compared to
the intra-aortic balloon pump and can sustain prolonged survival, provided they are
implemented before shock-induced irreversible organ damage. Despite left ventricular
unloading and, theoretically, an opportunity for myocardial healing (184) and recovery,
only a few patients have undergone device explantation unless utilized as a bridge to
transplantation (178,185). This latter approach has been utilized successfully in several
series (178,185–188).

Reperfusion and Survival in Cardiogenic Shock
The myocardial salvage and survival benefits of achieving a patent infarct artery have

established the importance of reperfusion therapy for myocardial infarction (2,189,190).
This concept remains at the foundation of modern therapy for acute myocardial infarc-
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tion A critical link was established between early attainment of complete (TIMI 3 flow)
infarct artery patency and survival by the GUSTO-I angiographic substudy (191). Intu-
itively, one would predict a similar salutary connection between early patency and sur-
vival in cardiogenic shock. In a series of 200 patients with cardiogenic shock, the
mortality rate in patients with patent infarct arteries was 33 vs 75% with closed arteries
(93). Recent data from the SHOCK registry verified the relationship between complete
infarct artery patency and survival (Fig. 5) (18). The strong association between infarct
artery patency and outcome highlights a meaningful achievable target in the progress
toward improving the survival of cardiogenic shock.

Recent large population studies have demonstrated improving survival of patients
with shock. In the Worcester Heart Attack Study, mortality fell from 70–85% between
1975–1990 to 50–60% in 1995–1997. This was associated with a substantial increase
intra-aortic balloon counterpulsation (5 → 42%), thrombolysis (0 → 25%), angioplasty
(0 → 29%), and coronary bypass surgery (0 → 14%) (12). In a similar fashion, patients
surviving shock were more likely to undergo revascularization procedures in the NRMI-
2 registry (5). A comparable benefit from more extensive use of interventions, includ-
ing revascularization, has been postulated to explain the lower mortality for patients in
the GUSTO-I trial with shock hospitalized in the U.S. compared with other countries
(192). Despite this evidence and recent trial data (6), there remains skepticism (prima-
rily due to concerns about selection bias) regarding the advantage of reperfusion ther-
apy in patients with cardiogenic shock (193).

Thrombolysis
The mortality reduction by thrombolytic therapy for acute myocardial infarction led

to hopeful speculation that these agents favorably influence the survival of the subgroup
with cardiogenic shock. It appears that thrombolysis does reduce the incidence of car-
diogenic shock. In the Anglo-Scandinavian Study of Early Thrombolysis (ASSET)-1

Fig. 5. Relationship between TIMI flow grade in the infarct-related vessel and hospital mortality in
the SHOCK registry (18).
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trial, the incidence was reduced from 5.1 to 3.8% (p � 0.05) with tPA (190). Shock
(onset �24 h after admission) was also decreased with treatment in the anistreplase
(APSAC) multicenter trial from 9.5 to 3.2% (p � 0.03) (194).

An analysis of 94 thrombolytic trials involving 81,005 patients with myocardial
infarction noted that 22% included patients with cardiogenic shock (195). Only 3 trials
performed subgroup analysis on this complication and one trial reported data comparing
thrombolysis with a control group. The Gruppo Italiano per lo Studio della Streptochi-
nasi nell’Infarto Miocardico (GISSI) trial reported data regarding the effect of intra-
venous streptokinase on patients with defined cardiogenic shock, and no benefit on
hospital survival was identified with treatment (n � 280, mortality: streptokinase 69.9%,
untreated 70.1% p � NS) (2). However, both the APSAC Intervention Mortality Study
(AIMS) and the ISIS-2 (streptokinase) trials reported a survival benefit for treatment
with these agents in patients with hypotension with a 33 and 23% reduction in mortality,
respectively (189,196). Likewise, the Fibrinolytic Therapy Trialist analysis noted that the
absolute benefits of thrombolysis are largest in patients with evidence of hemodynamic
impairment identified by hypotension, defined by a systolic blood pressure �100 mmHg
(60 lives saved/1000 patients treated) or the combination of hypotension and tachycardia,
heart rate (HR) �100 beats/min (bpm) (73 lives saved/1000 patients treated) (197). Nev-
ertheless, the mortality of the relatively small number of patients with shock or hypoten-
sion remained high in the major thrombolytic therapy trials.

The equivocal or marginal benefit apparent in these trials may reflect the diminished
efficacy of thrombolysis in cardiogenic shock. A reperfusion rate of 44% was reported
for 44 cardiogenic shock patients receiving intracoronary streptokinase in the Society
for Cardiac Angiography’s registry compared to an overall reperfusion rate of 71%
(198). Bengston et al. reported similar results with a patent infarct artery found in 48%
(33 out of 69) of patients receiving intravenous thrombolysis (93). The effectiveness of
thrombolysis is determined by complex mechanical, hemodynamic, and metabolic fac-
tors. For example, acidosis can impair the transformation of plasminogen to plasmin
decreasing the efficacy of thrombolytic agents in circulatory shock (199).

The reduction of coronary perfusion pressure occurring with cardiogenic shock inter-
feres with the delivery of plasminogen and plasminogen activators to the thrombus (200).
Experimental data with magnetic resonance imaging have demonstrated enhanced lysis
with pressure-induced permeation of whole blood thrombi (201). Both norepinephrine
infusion and intra-aortic balloon counterpulsation have been shown to augment coronary
thrombolysis in intact animal models (202–204). This principle of pressure-dependent
thrombolysis has been extended to the clinical setting. Garber et al. (205) reported suc-
cessful thrombolysis (tPA) in cardiogenic shock patients who responded to dopamine or
norepinephrine with a rise in mean arterial pressure (64–102 mmHg, 6 of 8 patients
treated). A small retrospective community hospital series has demonstrated an improved
survival of patients who underwent combined thrombolysis and counterpulsation com-
pared with either treatment alone (n � 36; combined 40%, intra-aortic balloon pump
10%, thrombolysis 6%, p � 0.04), all without angioplasty or surgery (206). This com-
bined strategy may play an important role in hospitals without revascularization facilities
by stabilizing patients and facilitating their transfer to tertiary centers (207). The syner-
gistic benefits of intra-aortic balloon counterpulsation and thrombolysis have been pre-
viously detailed (see Intra-aortic Balloon Counterpulsation section).
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Differences have been noted in the relative efficacy of thrombolytic agents in car-
diogenic shock. Patients receiving accelerated tPA were less likely to develop cardio-
genic shock in the GUSTO-I trial (5.5%) compared to those treated with streptokinase
(6.9%) (p � 0.001) (3). However, there was a trend for a lower 30-d mortality in those
who developed shock and were treated with streptokinase and subcutaneous heparin
compared with tPA (51 vs 57%, p � 0.061). A similar advantage for streptokinase was
noted in the International Study Group (208). The mortality of patients with shock
treated with retaplase is equivalent to tPA therapy (209).

The exclusion criteria and selection bias present in most trials of thrombolytic therapy
have led to an incomplete understanding of its role in treating patients with cardiogenic
shock. Patients who experience successful reperfusion of the infarct artery with throm-
bolysis will likely attain a survival benefit. The hospital mortality was reduced overall in
patients treated with thrombolysis in the SHOCK registry (54 vs 63%, p � 0.05) (149)
and as noted, survival was further enhanced with balloon pump support. Thrombolysis
especially when combined with intra-aortic balloon counterpulsation is an important ini-
tial treatment modality at hospitals without revascularization capabilities.

Coronary Angioplasty
Reperfusion of an occluded infarct artery by primary angioplasty offers several

advantages over thrombolytic therapy. These include superior reperfusion efficacy, near-
elimination of the risk of intracranial hemorrhage, and reduction of recurrent ischemia
and/or infarction (210). There are also benefits to this reperfusion method in the elderly,
patients with prior bypass surgery, and in those who are ineligible for thrombolysis.
Meta-analysis of randomized controlled trials has shown an advantage for primary
angioplasty over thrombolysis with a reduction in mortality, reinfarction, and stroke
(211). The reduced effectiveness of thrombolysis in cardiogenic shock has led to a pre-
sumed superiority of primary angioplasty as a reperfusion modality.

A review of nonrepetitive patient series (Table 5) (44,45,47,48,93,212–229) examining
balloon angioplasty in cardiogenic shock demonstrates considerable improvement in the
hemodynamic parameters of patients undergoing successful angioplasty, with a reduction
in left ventricular filling pressure and a rise in cardiac output (214,217,219,230–232). A sig-
nificant increase in left ventricular ejection fraction has also been reported (223,231,233).

Although, superior to thrombolytic therapy, reperfusion efficacy in cardiogenic shock
is decreased compared to the �90–95% success reported in the overall patient popula-
tion undergoing primary angioplasty (210). For example, in the SHOCK registry, angio-
plasty was successful (defined as TIMI flow grade 2 or 3 with a residual stenosis �50%)
in 75% with �TIMI grade 3 flow in 18% (223).

Examination of these series (Table 5) suggests that survival is enhanced by angio-
plasty. These studies consistently demonstrate a lower mortality for patients undergoing
successful angioplasty compared with historical controls, concurrent patients who do
not undergo angioplasty, or fail the procedure. There are concerns regarding selection
bias in these reports. Patients who are more critically ill or die prior to attempted revas-
cularization may be excluded. A lower risk group may be selected for angiography. In
both the GUSTO-I trial and SHOCK registry, patients who underwent catheterization
without revascularization had an improved survival over those who did not undergo
invasive evaluation (3,234). Consecutive application of angioplasty in a series (n � 25)



Table 5
Angioplasty and Cardiogenic Shock

Mortality (%) Stent

Series Thrombolysis Reperfusion Time Hosp/ Successful Unsuccessful Long MVD Support
reference N Age (%) (%) (h) 30d RP RP Term (%) Yr (%)

O’Neill (212) 27 — 41 88 17a 30 25 67 — — Pre-1985 0
Lee (47) 69 58 29 71 4.7b 45 31 80 45% at 24 m 60 1982–1985 0
Shani (214) 9 59 0 67 2.3a 33 — — 38% at 10 m — Pre-1986 0
Heuser (215) 10 — 0 60 — 40 17 75 — — Pre-1986 0
Laramie (216) 39 64 0 86 3.9a 41 — — 32% at 24 m 87 1981–1987 0
Hibbard (45) 45 63 29 6 6a 44 29 71 56% at 27 m 58 1982–1989 0
Yamamoto (217) 26 67 23 62 3.5a 62 44 90 69% at 12 m 53 1985–1990 0
Moosvi (48) 38 63 25 76 33b 44 38 78 — 66 1985–1990 0
Gacioch (218) 48 59 46 73 24b 55 39 93 64% at 12 m — 1985–1990 0
Eltchaninoff (44) 33 65 21 76 23a 36 24 75 48% at 12 m 67 1986–1990 0
Bengston (93) 50 66 36 85 2.8b 43 38 71 — — 1987–1988 0
Morrison (219) 17 — 0 71 — 53 25 100 — 65 1988–1994 0
Himbert (220) 21 67 14 86 4.5a 70 72 66 84% at 17 m 68 1989–1993 0
Emmerich (221) 16 53 0 100 2.9a 19 19 — 19% at 14 m 69 1990–1994 0
Urban (222) 27 66 34 85 — 67 62 — 77% at 12 m 83 1982–1996 13
Webb (223) 276 64 — 75 3.3b 46 33 86 — 78 1993–1997 24
Yip (224) 42 62 — 83 4.7a 31 — — — 26 1993–2000 0
Perez-Castellano

(225) 65 67 — 72 — 70 62 94 — 72 1994–1997 50
Zeymer (226) 390 64 — 78 4.1a 52 40 83 — 65 1994–1998 0
Calton (227) 18 53 0 79 1.8b 28 21 50 — 45 1995–1997 0
Antoniucci (228) 66 65 0 94 3.3b 26 21 100 29 at 6 m 67 1995–1997 47
Ajani (229) 46 64 0 63 3.8a 37 — — 40 at 2 m 35 1995–1999 35

Time Interval:
aMI symptoms—angioplasty.
bShock—angioplasty.
RP, reperfusion; MVD; Multivessel disease.



reported by Himbert et al. (220) demonstrated a mortality of 81% in patients with a suc-
cessful procedure. However, a more contemporary report of 66 consecutive patients
reported by Antoniucci and colleagues (228) demonstrated a procedure success rate of
94% and a hospital mortality of 26% with early shock (within 1 h of admission) under-
going stent (47%) supported angioplasty.

In the SHOCK registry, patients who underwent angioplasty had a lower hospital
mortality rate than medically treated patients (46.4 vs 78%, p � 0.001). The mortality
rate did correlate with reperfusion efficacy (33% with TIMI grade 3 flow, 50% with
TIMI grade 2 flow, and 86% with TIMI 0–1 grade flow) (223).

MODERN ADVANCES IN TRANSLUMINAL REVASCULARIZATION

Stents have ascended to a predominant role in transluminal revascularization.
Although the impact was delayed by early concerns regarding implantation of stents in
the thrombotic mileau of an acute infarct artery, stenting evolved from a bailout proce-
dure to routine application to patients undergoing primary catheter-based reperfusion.
Randomized trials comparing primary stenting with angioplasty in acute infarction have
consistently demonstrated a reduction in recurrent ischemia and reinfarction (210).
However, in the Stent Primary Angioplasty in Myocardial Infarction (Stent-PAMI) trial,
the final TIMI 3 flow rate was lower in the stent group (93 vs 89%, p � 0.0006) with a
trend for a higher 6-mo mortality (4.3 vs 2.8%, p � 0.06) (235). These limitations were
not seen in the Controlled Abciximab and Device to Lower-Late Angioplasty Compli-
cations (CADILLAC) trial with an overall significant reduction in 6 mo Major Adverse
Cardiac Events (MACE) in the stent group (10.4 vs 18.4%, p � 0.001) and no evidence
of reduced TIMI grade 3 flow or survival with stent implantation (236).

In cardiogenic shock, initial utilization of stent support after balloon angioplasty for
suboptimal results or complications (dissection) has enhanced reperfusion success
(228,237). Several reports suggest that this improved efficacy may translate into a sur-
vival benefit (238–241). In the SHOCK trial, stent use was associated with improved
procedure success in the early revascularization group (92 vs 76%, p � 0.045) and suc-
cess was correlated with reduced 30-d mortality (38 vs 79%, p � 0.003) (242).

Glycoprotein IIb/IIIa inhibitors have been clearly established as important adjuncts
for transluminal revascularization principally by reducing ischemic events (243). How-
ever, the use of IIb/IIIa inhibition with catheter-based reperfusion therapy for acute ST-
elevation infarction remains controversial (244). Trial data are somewhat discordant in
regards to the advantage of the addition of abciximab over primary stenting alone
(236,245). Analysis of two prospective databases of patients with cardiogenic shock
determined a benefit for patients undergoing primary angioplasty and a synergistic
advantage with the use of stents (241,246).

Although directional and transluminal extraction atherectomy devices have been uti-
lized as primary reperfusion modalities in acute myocardial infarction, superiority over
balloon angioplasty and stenting has not been demonstrated (247,248). However, exten-
sive thrombus burden may be present in some infarct arteries (particularly large [�4.0
mm] right coronary arteries) and result in reduced procedure success, the no reflow phe-
nomenon, and decreased survival (224). Recently, successful thrombus removal utiliz-
ing the AngioJet rheolytic thrombectomy device has been reported during acute
infarction and in the setting of cardiogenic shock (249,250). Future investigation of this
and other thrombectomy devices may validate the effectiveness of this approach.
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Coronary Artery Bypass Surgery
The introduction of the intra-aortic balloon pump brought considerable immediate

hemodynamic improvement to patients in cardiogenic shock. However, the challenge of
balloon pump-dependent patients and the realization of limited survival benefits led to
early use of cardiac surgery. Patients were commonly operated on �24–48 h after the
onset of shock, but mortality rates of less than 60% were encouraging (46,251,252).
Infarctectomy or aneurysmectomy (sometimes performed without revascularization)
was often combined with bypass grafting. The benefits of myocardial resection have not
been proven, and this is now rarely performed (253,254).

The reports (Table 6) of patients undergoing coronary artery bypass surgery for car-
diogenic shock share many of the same drawbacks (primariy related to selection bias)
as noted with angioplasty series (146,152,153,223,251,255–272,330).

Dewood and colleagues (153) emphasized the importance of early revascularization
in achieving successful results of bypass surgery. In their series, patients operated on
within 16 h of infarction onset had a significantly lower mortality than those operated
on later (25 vs 71%, p � 0.03). If revascularization is delayed, and there is evidence for
mulitorgan failure, mortality rates are high (254,266). Patients undergoing bypass sur-

Table 6
Coronary Artery Bypass Surgery and Cardiogenic Shock

Series Hospital
reference N Age Time Mort. (%) Year

Johnson (255) 5 58 2.5–12a 40 1962–1974
Mundth (256) 22 51 �24 40 1968–1972
Keon (257) 21 — 7.8b 67 1970–1974
Mills (258) 10 50 �24–48a 0 1971–1974
Miller (259) 10 55 36–144b 40 Pre-1974
O’Rourke (251) 6 54 74a 67 1971–1972
Cascade (260) 7 57 4–24b 29 1971–1974
Bardet (146) 4 54 24–40b 50 1972–1974
Ehrich (261) 3 51 �24b 67 1972–1974
Willerson (152) 3 46 48b 67 Pre-1975
Dewood (153) 19 52 — 42 1973–1978
Nunley (330) 14 58 — 14 1974–1981
Subramanian (262) 20 55 — 45 1976–1978
Hines (263) 7 — 276b 14 1976–1980
Phillips (264) 34 51 8a 24 1975–1982
Connolly (265) 14 66 230a 28 1982–1984
Laks (266) 50 — 103a 30 1981–1986
Guyton (267) 9 63 6.7a 22 1983–1986
Sergeant (268) 89 61 2.8a 21 1971–1992
Allen (269) 66 59 6.3a 9 1986–1991
Donatelli (270) 8 65 2.2b 50 1994–1995
Edep (271) 185 70 — 23 1994
Webb (223) 109 64 — 34 1993–1997

Time Interval:
a MI symptoms—surgery.
b Shock—surgery.
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gery for cardiogenic shock may have a relatively high rate of postoperative complica-
tions (267).

The results of coronary bypass surgery in cardiogenic shock have improved over the
past 3 decades. Although better patient selection may play a role, the necessity of early
and complete revascularization has been recognized. Advances in surgical practice have
evolved that have led to impressive results in some series. There has been considerable
progress in techniques of myocardial protection utilizing blood-based cardioplegia solu-
tions, sometimes substrate-enriched (amino acids, oxygen, glucose), and implemented
through novel methods of administration (continuous, retrograde). These techniques
continue to evolve. The strategy of revascularization may depend on the timing of sur-
gery proceeding with the infarct artery in early evolving infarction and revascularizing
critical “remote” vessels initially when surgery occurs later in the course. Controversy
remains regarding the choice of conduits (mammary artery or vein grafts) with some
utilizing double grafting techniques to the left anterior descending artery (126,273). A
few patients have been reported to undergo bypass surgery without cardiopulmonary
bypass support (“off-pump”) in the setting of cardiogenic shock (274).

Perhaps the most compelling results have been reported by Allen et al. (269) in a mul-
ticenter study reporting a 9% mortality for 66 patients in cardiogenic shock undergoing
controlled surgical reperfusion, including vented cardiopulmonary bypass and warm
amino acid-enriched blood cardioplegia. Although the investigators emphasize the ben-
efits of prolonged controlled surgical reperfusion in minimizing reperfusion injury
(126,269), the surgical advantage allowing early complete revascularization of remote
ischemic myocardium is likely the predominant influence explaining these results.

Of 2972 patients with cardiogenic shock in the GUSTO-I trial, 11.4% underwent
coronary bypass surgery with an average 30-d mortality of 29% (3). In the SHOCK reg-
istry, 109 patients underwent bypass surgery as primary therapy for shock secondary to
left ventricular failure with a hospital mortality of 23.9% (223). An analysis of hospital
admissions with cardiogenic shock in California during 1994 revealed that 185 patients
underwent coronary bypass surgery with a hospital mortality of 23.4% (271,272). In
reviewing the breadth of recent studies involving reperfusion therapy of cardiogenic
shock in myocardial infarction, coronary bypass surgery has shown the most favorable
overall results. Concern remains regarding the nonrandomized nature of these studies
and the selection process that occurs before the patient reaches the operating room, yet
this procedure remains a vital approach in patients with left main or multivessel disease
and in patients with concomitant mechanical complications of the infarction.

The Essential Role of Revascularization in Cardiogenic Shock
Although the reperfusion paradigm is at the foundation of modern therapy of acute

myocardial infarction, there is persistent debate over the influence of revascularization
on the outcome of patients with cardiogenic shock (193,275).

Analysis of several prospective databases support a role for revascularization therapy.
The association of improving survival and more aggressive treatment strategies, includ-
ing revascularization, was noted in both the Worcester Heart Attack Study and the
NRMI-2 registry (see Reperfusion and Survival in Cardiogenic Shock section) (5,12).
A similar fall in hospital mortality (71 to 60%) from 1992–1997 was accompanied by
an increase in the proportion of patients undergoing revascularization (34 to 51%) in the
SHOCK Registry (276). The California analysis (n � 1122) of cardiogenic shock admis-



sions in 1994 recognized revascularization independently reducing the odds of death by
80% (272). Mortality (n � 837) was also independently decreased by revascularization
therapy (62.5 vs 84.3%, p � 0.001) in the Maximal Individual Therapy of Acute
Myocardial Infarction (MITRA) study (277). In the GUSTO-I trial, the 30-d mortality
was reduced among patients undergoing angioplasty and/or bypass surgery (38 vs 62%,
p � 0.001), although revascularization patients were younger with less prior infarction
and shorter thrombolytic reperfusion times (278). However, in multivariate logistic
regression analysis, an invasive revascularization strategy was independently associated
with reduction in 30-d and 1-yr mortality (278,279).

Only two randomized trials of urgent revascularization therapy have been conducted.
The Swiss Multicenter trial of Angioplasty for Shock (SMASH) enrolled only 55
patients because of insufficient recruitment (222). The reduction in 30-d mortality noted
for the invasive group 69 vs 78%) was not significant.

The SHOCK trial deserves special attention (6). Patients with shock due to predom-
inantly left ventricular dysfunction (ST-elevation or new left bundle-branch block) were
enrolled. Notably, 55% were transferred from other hospitals with a median time to ran-
domization equaling 11 h. Over the recruitment period (1993–1998), 302 patients were
randomly assigned to an early revascularization strategy (angioplasty [55%] or bypass
surgery [38%]) within 6 h of randomization (median � 1.4 h). Thrombolytic therapy
(63%) was recommended in the medical stabilization group,and delayed (�54 h) revas-
cularization (angioplasty [14%], bypass surgery [11%]) was recommended if clinically
appropriate. Intra-aortic balloon support was recommended (86% in both groups).

At 30 d, the survival advantage (primary end point) observed with early revasculariza-
tion did not achieve statistical significance. However, a significant benefit was noted at 6
mo and 1 yr (Fig. 6) (6,280). This benefit appeared to be limited to patients �75 yr of age.

Although the treatment difference in the primary end point did not achieve statistical
significance, the trial was somewhat underpowered, and the aggressive treatment
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Fig. 6. The temporal relation to survival for patients randomized in the SHOCK trial by treatment
strategy (6,280).



(thrombolysis and balloon counterpulsation) in the medical stabilization group may
have mitigated the apparent benefits. The SHOCK registry confirmed similar benefits
for an early revascularization strategy (4).

The experimental and clinical importance of multivessel disease in the pathophysiol-
ogy of cardiogenic shock has been established (42,43,49). In some studies, multivessel
disease and incomplete revascularization have been related to mortality (224,228). In
the SHOCK trial, angioplasty was recommended for patients with 1 or 2 vessel disease
and bypass surgery for severe triple vessel or left main disease (281). In both the
SHOCK trial and registry, mortality was increased in patients undergoing angioplasty
with triple vessel disease (223,282). There has been little investigation regarding the role
of multivessel angioplasty in the setting of cardiogenic shock, although utilization of
stents may allow safer application of this strategy.

Although controversy remains, available evidence supports the application of early
revascularization procedures to patients with cardiogenic shock secondary to left ven-
tricular failure (Table 7) (108).

Special Clinical Situations
RIGHT VENTRICULAR INFARCTION

In the SHOCK registry, the prognosis of patients with shock due to primarily left ven-
tricular or right ventricular shock was similar (61 vs 54%) (283).

The initial management of patients with shock from right ventricular infarction
involves administration of volume to augment right ventricular function and maintain
adequate left ventricular preload. Venous dilatation with drugs such as nitroglycerin
must be avoided. Volume loading alone may not optimize hemodynamic parameters.
This may result from accentuated right ventricular distension and adverse ventricular
interdependence effects. The use of inotropic agents, such as dobutamine, have been
reported to increase the cardiac output in this situation (284).
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Table 7
ACC/AHA Guidelinesa for Emergency Revascularization for 

Acute Myocardial Infarction with Cardiogenic Shock

Primary percutaneous interventions (PCI)
Class I

In patients who are within 36 h of an acute ST-elevation/Q wave or new LBBB MI who
develop cardiogenic shock, are �75 yr old, and in whom revascularization can be per-
fromed within 18 h of the onset of shock.

PCI after thromblysis
Class IIa

Cardiogenic shock or hemodynamic instability.
Emergency coronary bypass surgery

Class I
1. Failed angioplasty with persistent pain or hemodynamic instability.
2. At the time of surgical repair of postinfarction ventricular septal defect.

Class Iia
Cardiogenic shock with coronary anatomy suitable for surgery.

a1999 revision (108).
PCI, percutaneous coronary intervention; LBBB, left bundle-branch block; MI, myocardial infarction.



Maintenance of right atrial contraction is important and may require AV sequential
pacing or cardioversion of arrhythmias. Intra-aortic balloon counterpulsation should be
employed with persistent hypotension, especially in the presence of multivessel coro-
nary artery disease. Percutaneous cardiopulmonary bypass, right ventricular assist
devices, and pulmonary artery counterpulsation have also been utilized (50).

Revascularization therapy has been shown to improve the hemodynamic status and
outcome of patients with right ventricular infarction (283,285,286). Bowers et al. (285)
reported a series of 53 patients with acute right ventricular infarction who underwent
primary angioplasty. In patients with successful complete reperfusion of the right main
coronary artery and major right ventricular branches, marked improvement in right ven-
tricular function occurred. Unsuccessful reperfusion resulted in more frequent hypoten-
sion and low cardiac output (83 vs 12%, p � 0.002) and a higher mortality (58 vs 2%,
p � 0.001) than in those with successful reperfusion.

ACUTE ISCHEMIC SYNDROMES WITHOUT ST-ELEVATION

In two large trials evaluating patients with non-ST-elevation acute coronary syn-
dromes, cardiogenic shock developed 2.5% of patients (91,287). In both the SHOCK
registry and GUSTO IIb trial, patients developing shock without ST-elevation were older
and had more frequent comorbid factors, including more prior infarction, congestive
heart failure, and bypass surgery compared to shock patients with ST-elevation (95,287).
The onset of shock in the GUSTO-IIb trial was significantly later (76.2 vs 9.6 h, p �
0.001) in patients without ST-elevation (287).

Although mechanical causes of shock are uncommon in this setting, the pathogene-
sis of this syndrome is heterogeneous. Compared with ST-elevation infarction, recurrent
ischemia and reinfarction are more common. Triple vessel disease is significantly more
likely. The left circumflex coronary artery is more frequently identified as the culprit
artery (95,287). It is known that total occlusion of the left circumflex artery may occur
without ST-elevation on a standard 12-lead ECG (288).

Despite typically smaller infarctions in patients with shock secondary to non-ST-ele-
vation infarction, the outcome is similar to patients with ST-elevation. In the SHOCK
registry, hospital mortality occurred in 62.5% with non-ST-elevation compared with
60.4% of ST-elevation infarction (95). The 30-d mortality of patients without ST-eleva-
tion in the GUSTO-IIb trial was actually higher than with ST-elevation (72.5 vs 63%, p
� 0.05) (287).

The role of revascularization for patients with shock secondary to non-ST-elevation
syndromes remains uncertain (95). In the PURSUIT trial, the 30-d mortality was lower
in patients who received eptifibatide (58.2 vs 73.5%, p � 0.02) (91).

THE ELDERLY

Approximately 85% of deaths from myocardial infarction occur in patients �65 yr
(289). The senescent cardiovascular system has a reduced capacity to compensate for
myocardial injury sustained during infarction (290,291). In the GUSTO-I trial, older age
is the variable most strongly predictive of the development of shock and 30-d mortality
with shock (79,292).

The advantage of primary angioplasty over thrombolysis is magnified in the elderly
(293). However, in the SHOCK trial patients �75 yr in the early revascularization group
had a higher mortality at 30 d compared to those assigned to medical stabilization (53
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vs 75%) (6). Echocardiographic data accumulated during the trial suggested that elderly
patients in this small cohort (n � 56) had a significant excess of low ejection fractions
and remote zone hypokinesis at randomization compared to younger patients (294). In
contrast, in the SHOCK registry, there was an apparent survival benefit for those aged
�75 yr who were clinically selected for early revascularization (4,295).

A decline in hospital fatality rate was noted for elderly patients (�65 yr) over time
in the Worcester Heart Attack Study. Early revascularization was an independent pre-
dictor of hospital survival (296). The excess mortality and complex comorbid status in
the elderly patient with cardiogenic shock impedes definition of the expected advan-
tages of revascularization. Further investigation is necessary to refine selection for ther-
apy in this high risk group.

PRIOR CORONARY BYPASS SURGERY

Patients presenting with infarction and previous coronary bypass surgery are older
and have more extensive coronary artery disease, worse left ventricular function, and
more associated comorbidities (297,298). In the GUSTO-I trial, patients with prior
CABG exhibited a higher 30-d mortality (10.7 vs 6.7%, p � 0.001) and more cardio-
genic shock (9 vs 5.8%, p � 0.001) (299). Although angioplasty was performed on
equivalent proportion of patients with (26.5 vs 29.6%) and without prior bypass surgery
in the SHOCK registry, very few patients in the latter group underwent repeat bypass
surgery (300). There was a reduction in mortality associated with revascularization in
the prior bypass surgery group (56.5 vs 84.45, p � 0.018) similar to those without prior
surgery (44 vs 80%, p � 0.001). Revascularization should be considered for cardiogenic
shock in patients with prior coronary bypass surgery.

THE LEFT MAIN SHOCK SYNDROME

As one might expect, the extensive myocardial insult resulting from left main coro-
nary artery occlusion is characterized commonly by a dramatic presentation and a sub-
stantial hemodynamic derangement. The timing of shock onset and mortality related to
the culprit infarct vessel is depicted in Table 1 (17,18). The rapid onset of shock is asso-
ciated with widespread ST-elevation, especially associated with ST-elevation in a VR
(94).

Quigley et al. (301) reported a 94% mortality for the “left main shock syndrome”
(acute anterior infarction, severe left main stenosis, and cardiogenic shock) and sug-
gested that conservative therapy may be indicated in this subset. Although infarction and
shock arising from left main obstruction is often a catastrophic event, several reports
have demonstrated survival with an aggressive approach including emergency catheter-
ization and revascularization with either surgery and/or transluminal revascularization
(302–304).

Shock and Mechanical Complications of Myocardial Infarction
VENTRICULAR SEPTAL RUPTURE

Cardiogenic shock associated with rupture of the interventricular septum is a highly
lethal event. In the shock registry (n � 55) the hospital mortality was 87% (69). Risk
factors for this complication include advanced age, female gender, hypertension, and
lack of previous infarction (63,69).
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Intra-aortic balloon counterpulsation may stabilize the patients’ hemodynamic status
(137), but the potential for sudden decompensation remains (305). Previous data sug-
gested a lower operative mortality when surgery was delayed. However, a deadly selec-
tion process occurs with a substantial proportion of patients unable to survive until a late
operation. Early surgical repair is a necessary strategy. Very few patients in cardiogenic
shock survive without surgery (57,69,305). In the SHOCK registry, mortality was
reduced with surgery (81 vs 96%) (69). Other surgical reports suggest better outcome
(306,307), but preoperative cardiogenic shock is a predictor of operative mortality
(308,309). Patients with inferior infarction and posterior septal rupture have an
increased mortality due to more complex defects and extensive right ventricular involve-
ment (63,69,71). Recently, successful closure of postinfarction septal defects has been
reported with transcatheter septal occluder devices (310–313). Future trials will clarify
the role of these devices in the management of this lethal complication (314).

PAPILLARY MUSCLE DYSFUNCTION OR RUPTURE

Acute severe mitral regurgitation resulting in shock during myocardial infarction is
also likely to resultant in death without prompt surgical intervention (315–317). In the
SHOCK registry, patients with this complication were more likely female (52 vs 37%,
p � 0.004) and were less likely to exhibit ST-elevation (41 vs 63%, p � 0.001) com-
pared to shock due to left ventricular failure (318). Shock developed at a median of 12.8
h after onset of the infarction.

As with septal rupture, intense medical therapy and balloon pump support may sta-
bilize the patient, but the prognosis is poor without surgical intervention (137). Again,
surgical delay often leads to rapid clinical deterioration and death. Early surgery is rec-
ommended (319). Several series have documented success with this approach (92,320).
In the SHOCK registry, mortality was lower with early (16.6 h) surgery (318). Valve
repair without replacement was possible in 6 out of 42 patients. A few patients with pap-
illary muscle dysfunction have been treated successfully with angioplasty (321,322).
However, this approach must be taken cautiously. Tcheng et al. reported higher mortal-
ity with angioplasty compared with medical or surgical treatment (323). In the SHOCK
registry 9 patients were treated with angioplasty and 6 died (318).

FREE WALL RUPTURE

Free wall rupture of the left or right ventricle is commonly a fatal event. Risk fac-
tors include advanced age, female gender, hypertension, and less prior infarction
(60,324,325).

Patients identified by electromechanical dissociation requiring ongoing cardiopul-
monary resuscitation have rarely survived, although a few successful surgical cases have
been reported (253). Surgical results in subacute rupture are more favorable (50% sur-
vival) (67,326,327). Hemodynamic improvement may occur through the maneuvers of
volume administration, inotropic agents, and pericardiocentesis, allowing stabilization
for transfer to the operating room. Medical management of selected patients with left
ventricular free wall rupture has been reported by Figueras and colleagues (328). Sur-
vivors (15 out of 19) were successfully treated with intravenous volume and dobutamine
and survived with subsequent bedrest and b-blocker administration. A method utilizing
pericardiocentesis, followed by injection of “fibrin glue” (composed of fibrinogen, Fac-
tor XIII, and aprotinin) in the pericardial space, has also been reported to successfully
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treat this complication (329). Thus, survival is possible through cautious medical man-
agement in some patients who recover from the initial tamponade.

In the SHOCK registry, 28 patients (2.7%) presented in shock with free wall rupture
or tamponade (327). Nearly all (27 out of 28) patients were treated with surgical repair
(n � 21, 38% survival) or pericardiocentesis (n � 6, 50% survival). Rapid diagnosis
with echocardiography in patients with shock is an essential component in the manage-
ment of patients with free wall rupture.

CARDIOGENIC SHOCK: THE MODERN STRATEGIC APPROACH

The management of patients with cardiogenic shock mandates a rapid decision
process and efficient delivery of care (Fig. 7). Assessment of the predictive indicators
of shock should accentuate the goal of myocardial salvage in patients at risk. Early
reperfusion and immediate intervention in treating recurrent ischemia may curtail
myocardial injury, thereby decreasing the possibility of left ventricular power failure.
Early meticulous management of hypotension or heart failure may prevent progression.

In patients with established shock, diagnostic evaluation and supportive therapy
should proceed as parallel processes. Hemodynamic evaluation, echocardiography, and
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Fig. 7. The modern strategic approach to cardiogenic shock. IABP, intra-aortic balloon pump; CABG,
coronary artery bypass graft surgery; PCI, percutaneous coronary intervention.



vasopressor therapy should be enacted promptly. Available data supports a strategy of
early cardiac catheterization and revascularization. Thrombolytic therapy and balloon
counterpulsation should be instituted in patients who present with shock to hospitals
without revascularization facilities. Transfer to a revascularization center should follow.
Single vessel obstruction can usually be approached with coronary angioplasty. Corre-
lation of coronary anatomy and regional left ventricular function may aid decisions
regarding revascularization of patients with multivessel disease. Urgent surgery should
follow in patients identified with mechanical complications.

CONCLUSIONS

Cardiogenic shock is the primary cause of hospital death after myocardial infarction.
Several conditions must be distinguished from left ventricular power failure as the eti-
ology of hypotension accompanying myocardial infarction. Multivessel coronary artery
disease effects abnormal function of regions remote from the infarct segment and plays
a major role in the pathophysiology of cardiogenic shock.

Aggressive management of cardiogenic shock includes concomitant diagnostic and
therapeutic measures. Identification of predictive indicators may allow early preventa-
tive actions. Pharmacologic and mechanical supportive maneuvers are necessary
adjuncts. In patients with ventricular septal defect or papillary muscle rupture, early
operative correction is necessary to impact the poor overall outcome of these mechani-
cal defects.

The survival benefit of early infarct artery reperfusion in acute myocardial infarction
appears to extend to the subset with cardiogenic shock. Transluminal revascularization
and coronary artery bypass surgery appear to be superior to thrombolytic therapy in
effecting infarct artery patency in this hemodynamic subset.

Despite increased understanding and therapeutic promise, cardiogenic shock remains
an ominous diagnosis. The revascularization strategy for cardiogenic shock will con-
tinue to evolve. The role of metabolic myocardial support, mitigation of reperfusion
injury, and newer circulatory support devices must also be clarified.
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INTRODUCTION

Coronary atherosclerosis in younger patients is quite common (1,2), and early evi-
dence of this disease appears to be present in many, if not most, Americans by the age
of 30 (3). Autopsy studies on casualties of both war and other trauma reveal early signs
of atherosclerosis in up to 70% of individuals 30 yr old or younger, with significant
flow-limiting stenoses in 10% (4). Recent intravascular ultrasound studies (IVUS) from
cardiac transplant recipients also confirm these reports. In these studies, where the aver-
age donor age was 33.4 � 13.2 yr, a remarkable 51.9% of the donor coronary arteries
demonstrated IVUS evidence of atheroma when these arteries were examined soon after
transplantation. Furthermore, in patients under the age of 20, an astonishing 17% had
evidence of disease (5).

Although atherosclerosis may be present early, the clinical manifestations of coronary
artery disease (CAD) in young patients—myocardial infarction (MI) and angina pec-
toris—are less frequent (6). Yet these manifestations may provide the only opportunity
to intervene in this potentially lethal disease. There are other reasons to study these
patients in greater depth. First, the number of patients experiencing MI at the age of 45
or less is not insignificant: approx 125,000 patients/yr or 5% of all MIs in the United
States (7). Second, there are unique etiologies to consider more closely in evaluating
these patients (8). Third, we may be able to learn a great deal about the CAD process
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itself by studying its manifestations in younger patients, such as insight regarding novel
risk factors and biologic variables that may be applicable to all patients. In fact, the
younger MI patient may afford the possibility of observing CAD without other con-
founding variables and comorbid conditions. Finally, management of younger survivors
of MI may present a particular challenge to the physician given the potential number of
years ahead in which risk reduction, anti-atherosclerotic, anti-anginal, and/or anti-con-
gestive heart failure (CHF) efforts must be maintained. This chapter will review the
unique pathologic and clinical features regarding premature CAD, and then consider
additional risk factors that clinicians may want to consider evaluating when treating the
younger patient who has suffered an MI. The study of these issues is limited by both the
lack of consolidated data in this population and by the differences in definitions as to
what constitutes a young patient. In general, we will define this group of patients as indi-
viduals 45 yr of age or younger, although we will consider data from studies that set
somewhat different standards for “premature” CAD.

ETIOLOGIC CONSIDERATIONS IN THE YOUNGER MI PATIENT

It is important distinguish between nonatherosclerotic and atherosclerotic mecha-
nisms of MI in the younger patient (8). Although it is tempting to consider more unusual
reasons for the acute infarct in the young patient, the process is more often due to typ-
ical atherosclerosis stemming from traditional risk factors (9). Nevertheless, it is also
true that the nonatherosclerotic and more unusual risk factors are found disproportion-
ately more often among younger MI patients (10). This may be due in part to selection
bias, with physicians more inclined to look for unusual etiologies in the younger patient.

NONATHEROSCLEROTIC MECHANISMS OF ACUTE MI 
IN THE YOUNGER PATIENT

Any process that blocks coronary artery blood flow may lead to infarction (11). In
addition, focal areas of myocardial damage can occur independent of a change in the
vascular supply to that area. An extensive list of nonatherosclerotic causes have been
reported in studies and case reports in the medical literature; this group has been sum-
marized in Table 1. Although all these causes have been reported to cause MI, not all
have been reported per se in the younger patient. A select few will be discussed here
with the reader directed to other sources and reviews for more details.

Coronary artery spasm (CAS), also known as variant or Prinzmetal’s angina, can
account for MI in the absence of obvious atherosclerosis (12). First described in 1959,
CAS is defined by an abrupt decrease in the diameter of an epicardial artery due to vaso-
constriction. The classical description is of symptoms that occur at rest, unrelated to
exertion (8). Subsequent studies have shown electrocardiogram (ECG) abnormalities
consistent with acute injury, as well as responsiveness to nitroglycerin. Prolonged
vasospasm can lead to frank infarction. There is a suggestion of coincident atheroscle-
rosis contributing to the tendency for spasm, as well as worsening what is otherwise an
excellent prognosis (89–97% 5-yr survival). Vasospasm probably reflects a diffuse
abnormality in endothelial function that some have reported in patients with a family
history of premature CAD, as well as younger individuals before the onset of clinically
evident atherosclerosis (13). CAS is important to consider in the younger MI patient,
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given the frequency of normal-appearing arteriograms at the time of catheterization in
young MI victims (14). CAS is one potential explanation for an “evanescent” cessation
in coronary blood flow. In the catheterization laboratory, CAS can be investigated
through the administration of various intracoronary pharmacologic agents (ergonovine,
acetylcholine, methacholine, epinephrine, histamine) or application of certain tech-
niques (cold pressor test, hyperventilation). Management of CAS may include nitrates
and/or calcium channel blockers as well as an avoidance of b-blockers out of concern
for unopposed a stimulation.
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Table 1
Nonatherosclerotic Causes of MI

Aortic disease
Aortic stenosis
Aortic insufficiency
Aortic dissection extending to coronary arteries

Toxicity
Carbon monoxide poisoning
Cocaine

Hematological abnormalities
Polycythemia vera
Thrombocytosis
Disseminated intravascular coagulation

Trauma
Myocardial contusion
Coronary artery laceration
Coronary artery abnormalities
Coronary artery dissection

Coronary artery spasm (Prinzmetal’s Angina)
Coronary anomalies

Anomalous coronaries
Arteriovenous (AV) fistula
Aneurysm

Emboli to the coronary artery
Myocardial processes

Focal myocarditis
Metabolic or intimal proliferative diseases

Inherited metabolic syndromes/mucopolysaccharidose
Fabry disease
Amyloidosis
Juvenile initimal sclerosis
Intimal hyperplasia (contraceptive steroids or post-partum state)
Cerebrotendinous Xanthomathomatosis
Pseudoxanthoma elasticum sitosterolemia
Werner’s syndrome

Miscellaneous
Progeria

Idiopathic MI with normal coronary arteriogram



CAS may be one mechanism of MI in cocaine abuse, another cause of nonathero-
sclerotic MI that is seen disproportionately in the young (15). As a hyperadrenergic stim-
ulus, cocaine can precipitate CAS while also increasing myocardial oxygen demand
through increased blood pressure and heart rate. Of note, patients may present many h
after the cocaine use, perhaps due to the effects of active metabolites such as ben-
zoyiergonovine (16). Cocaine is also atherogenic, increases platelet aggregation, and is
associated with endocarditis with embolic infarcts when abused intravenously. Routine
toxicology screen for cocaine use is warranted in young patients presenting with acute
MI or chest pain in the absence of other known major predisposing factors. Coronary
angiography is normal in one-third of cocaine-related infarcts with the majority of the
remaining angiograms demonstrating some degree of thrombus or CAD (17).

Coronary emboli are another nonatherosclerotic cause of MI in the young (11). Arte-
rial thrombi can occur as a complication of infective endocarditis, paradoxical emboli
through a patent foramen ovale, hypercoagulable states, and atrial myxomas. In general,
such occurrences in the coronary circulation appear to be rare. Coronary artery anom-
alies may also cause ischemia, infarction, and/or sudden cardiac death due to compres-
sion by surrounding structures (18). For example, origin of the left coronary artery from
the right or noncoronary aortic sinus of Valsalva can be associated with sudden cardiac
death, particularly when the artery runs between aortic and pulmonary artery roots.
Finally, deep myocardial bridges and spontaneous coronary dissections should be con-
sidered when atherosclerosis is not evident.

ATHEROSCLEROTIC MECHANISMS OF ACUTE MI 
IN THE YOUNGER PATIENT

General Issues
Although it is important to consider nonatherosclerotic etiologies for acute MI in the

young, most infarctions are likely due to typical atherosclerosis, since traditional risk
factors are common in these patients. Genest and colleagues reviewed patients less than
60 yr of age who underwent admission for MI to the cardiac intensive care unit and
found that most of these patients had known risk factors for CAD (19). Other data sup-
port these findings. For example, increasing number of traditional risk factors in a young
patient predicts more extensive CAD (6). The most common risk factors are smoking
(20), dyslipidemia (21), and a family history of CAD (22). Hypertension and diabetes
are less correlated with MI in the young patient, perhaps reflecting the long-term toll
these processes take on the vasculature (23).

There may be several reasons why one patient with multiple, but common, risk fac-
tors experiences an MI at an earlier age than another patient. It may result from the par-
ticular severity of a given known risk factor, the combination of multiple known risk
factors, an underlying genotype, which has amplified the pathologic response, or a com-
bination of the above. In addition, young patients with atherosclerosis may place higher
demands on the myocardium due to increased exertion. The cases, which receive exten-
sive attention, are often those that occur in the world class athlete (24).

In considering traditional risk factors, cigarette smoking is at the top of list. Several
studies have estimated that between 60–90% of young patients experiencing an MI are
smokers (25–27). The Pathologic Determinants of Atherosclerosis in the Young (PDAY)
study has found a correlation between raised atherosclerotic lesions in the right coro-
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nary artery and abdominal aorta of young men, 15–34 yr of age who died of violent
causes, and their thiocyanate levels a marker of cigarette smoke (28,29). Thrombolysis
in Myocardial Infarction (TIMI) studies have also suggested that cigarette smoking is
associated with infarction at a younger age and is more often associated with thrombo-
sis of a less critical lesion, thus implicating plaque rupture (30). More recent work has
suggested the importance of counseling high risk patients to avoid passive smoke inhala-
tion. Certainly not all smokers develop premature clinical atherosclerosis, suggesting a
“two hit” process with some patients being more susceptible to smoking’s toxic vascu-
lar effects. Regardless, cigarette smoking remains an obvious target for the physician
who hopes to subtract a powerful factor from contributing to a patient’s risk.

Another reason why one patient may develop CAD before another is the presence of
either undefined, or not yet confirmed, risk factors. Although statistically, most prema-
ture CAD does result from traditional risk factors, emerging risk factors have also been
disproportionately associated with the younger patient (19,31). As mentioned earlier,
this may stem from increased attention to these other risk factors in the younger MI
patient. For example, hyperinsulinemia appears to have an epidemiologic and biologic
evidence to support its role in premature atherogenesis (32). In a Canadian study of
monogenic insulin resistance, the presence of the homozygous mutation increased the
risk of needing bypass surgery from 1 in 7350 to 1 in 3.75 in women ages 35–54 yr (33).
These emerging risk factors may not be solely associated with premature CAD, but rel-
evant to CAD in general. Clinicians should consider screening for these risk factors in
any patient who suffers an MI in the absence of other obvious risk factors.

It has been suggested that the patient who has an MI before the age of 45 has an
approx 50% chance of having some form of an inherited genetic disorder (22,34). The
possibilities for the nature of this disorder are considerable and reflect much of our new
insight into vascular biology. A detailed review of these disorders is beyond the scope
of this chapter although the broad nature of some of these disorders can be considered.

Lipoprotein(a)
One study of acute MI in 102 young men revealed lipoprotein(a) [Lp (a)] excess was

the most common abnormality found (18.6%), with other familial disorders declining
from there (Table 2) (19,35). Other studies have suggested a similar correlation between
Lp(a) and CAD (36,37), although no such correlation was noted in the Physicians’
Health Study (38). Lp(a) is a particularly intriguing molecule, since basic science work
has suggested a plausible mechanism to support its association with CAD (39). Lp(a)
consists of a low-density lipoprotein (LDL)-like apolipoprotein B particle linked to an
apolipoprotein(a) [apo(a)] moiety (40). Lp(a) is known to be deposited directly in the
arterial wall where it may incite pathological reactions contributing to atherosclerosis.
In addition, the apo(a) moiety bears considerable homology to plasminogen, thus creat-
ing a decoy for plasminogen activator, resulting in competitive inhibition of fibrinolysis
and a putative hypercoagulable state. Lp(a) thus represents a potential intersection
between lipoproteins and the coagulation system. Lp(a) may be of particular importance
in explaining the striking increased incidence of premature atherosclerosis among young
Asian Indians, in spite of their typical vegetarian diets (41,42). Treatment of Lp(a)
excess is difficult. No significant Lp (a) lowering is achieved with most medications that
lower LDL, although there have been reports of lowering with niacin (43).
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HDL
Most clinicians who care for MI patients will eventually encounter one young patient,

usually a male, with premature CAD, whose sole lipid abnormality is a significantly low
high-density lipoprotein (HDL) level (44). Often, such patients will have low LDL lev-
els, suggesting that LDL is not the major culprit lipoprotein. Most likely, such patients
have hypoalphalipoproteinemia, an inherited lipid disorder (45). The inverse relation-
ship between HDL levels and CAD has been well established. What is less clear is the
ease with which we can significantly change someone’s HDL levels, or if such a change
in HDL levels will alter their clinical course (46). A major limitation has been, in part,
due to the lack of medications that can significantly change HDL levels significantly.
Diet and exercise, in particular lowering the body mass index, can raise HDL levels.
Niacin is probably the most effective drug for raising HDL levels, perhaps as much as
10–15% in patients who can tolerate its side effects (47). Niacin can be administered
successfully if carefully managed by the physician. Manufacturers of new preparations
of niacin given once in the evening report fewer side effects, although clinical experi-
ence continues to emerge. Although modest alcohol intake can raise HDL levels, many
physicians feel uncomfortable endorsing such a practice. In patients with low HDL who
are on b-blockers, one should consider using a b-blocker with intrinsic sympath-
omimetic activity (ISA), given the evidence that those with ISA tend to not lower HDL
as much. This consideration should be balanced against the proven efficacy of more con-
ventional b-blockers in post-MI survival trials, and therefore, clinical judgement will be
needed on a case-by-case basis (47).

However, more modest changes in HDL may also be beneficial. In the now landmark
Veterans Affairs (VA) HDL Cholesterol Intervention Trial (VA-HIT), 2531 veterans with
known CAD and HDL �40, LDL �140, and triglycerides �300 were randomized in a
double-blinded placebo-controlled trial of gemfibrozil (1200 mg/d). After a median fol-
low-up of 5.1 yr, the primary end point of nonfatal MI and death from coronary causes
was decreased by 22%. The striking finding was the modest 6% increase of HDL from
32 to 34 mg/dL (48). LDL did not change (113 mg/dL), but triglycerides fell 31% from
160 to 115 mg/dL. Gemfibrozil was well tolerated; dyspepsia was the only side effect
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Table 2
Frequency of Lipoprotein Abnormalities in Men with Premature Coronary Heart Disease

Cases (n � 321)

Controls
(n � 901) Not Adjusted Adjusteda

HDL-c � 10th% 10% 46% 36%
Apo A-I � 10th% 10% 37% 36%
Apo B � 90th% 10% 24% 36%
Triglycerides � 90th% 10% 26% 26%
LDL-c � 90th% 10% 12% 22%
Lipoprotein(a) � 90th% 10% 16% 16%

aSignificantly different than controls (p � 0.01).
HDL-c, high-density lipoprotein cholesterol; LDL-c, low-density lipoprotein cholesterol.
Adapted with permission.



more common in the active treatment arm. Statin use was reportedly low, although not
specified. Whether these findings are a class effect remains to be determined, but other
earlier studies with fibrates have suggested that their benefit may, in fact, be due to an
HDL effect (49,50).

One should also be alert to the potential for improving HDL levels by lowering
triglyceride levels. Diet (especially the high carbohydrate diet so often taken by those
on low fat regimens), exercise, and treatment of secondary factors (diabetes, nephrotic
syndrome, thyroid disorders) can lower triglyceride levels (51,52). More recent studies,
for example Airforce/Texas Coronary Atherosclerosis Prevention Study (AFCAPS), in
which patients could not be enrolled if HDL levels were too high, raise the question of
treating isolated low HDL by lowering the LDL level further (53,54). In that study, statin
therapy appeared to “neutralize” the effects of the low HDL (55). The potential impact
of therapeutic agents that could raise HDL levels to the same extent, ease, and tolera-
bility as statins are anxiously awaited given their potential benefit, especially among
these younger patients with isolated low HDL certainly the benefits seen from niacin
likely derive in large part from its HDL effects. One cannot ignore evidence that sug-
gests that MIs, regardless of age, are rare in patients with hyperalphalipoproteinemia, a
protective genetic mutation in which HDL levels are often above 100 mg/dL (56). One
can easily imagine the potential impact of a pharmacologic agent that might be able to
induce such levels.

Interestingly, familial hypercholesterolemia (FH), a disease strongly associated with a
predisposition to premature CAD, represented only 3% of the premature infarct popula-
tion in the ICY study cited above. This percentage would be expected to change in other
populations where FH is a well described common problem, e.g., French Canadians.

In addition to inherited lipid disorders, we continue to learn more about the interac-
tive nature of modest levels of dyslipidemia. Recent work has suggested that the com-
bination of elevated LDL, lower HDL, and elevated triglycerides (“syndrome X”) may
be particularly atherogenic. The exact reasons for this remain unclear, but may involve
small dense LDL, the low HDL, an effect of triglycerides themselves, or underlying
insulin resistance. Interestingly, some studies, such as the post hoc analysis of the
Helsinki Heart Study and more recently the Paris Prospective Study, suggest that the
elevated triglyceride level confers increased risk even among patients with the same
LDL/HDL ratio (57).

Also of note is the frequency with which no known familial lipid disorder is found in
genetic studies of young MI survivors (19). Certainly, this is a reflection of how much
we have yet to learn about the variables that contribute to atherosclerosis, in particular
those that extend beyond lipids and lipoproteins. Table 3 lists many of the nontraditional
risk factors currently under intensive investigation in basic science laboratories and in
clinical trials.

Homocysteine
Homocysteine is one such example of an emerging risk factor that may play a role in

premature atherosclerosis (58,59). The suggestion that homocysteine might be athero-
genic stemmed from the recognition that congenital homozygous homocystinuria, a dis-
ease fatal in early childhood, included premature vascular disease as part of its
phenotype (60). Subsequent studies have suggested that the genetically determined ele-
vation in homocysteine levels may contribute to CAD and other types of vascular dis-
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ease (61). A basis for this interaction has been suggested by in vitro studies demon-
strating damage to endothelial cells, perhaps through oxidation, as well as stimulation
of smooth muscle cell proliferation, inhibition of endothelial cell nitric oxide produc-
tion, and increased endothelial cell production of thrombomodulin (62). In vivo primate
studies suggest vascular lesions can be induced by infusion of homocysteine. The inci-
dence of homocystinuria, an autosomal recessive disorder, has been estimated at 1:
200,000, while heterozygosity is placed at 1:100 (63).

Several epidemiologic studies have supported an association of hyperhomocystine-
mia with MI, peripheral vascular disease (PVD), and cardiovascular disease (CVD), as
well as a “concentration-dependent” effect, even within normal ranges. In the Physician
Health Study, homocysteine levels in the upper 5% of men 40–84 yr of age were asso-
ciated with a 3.1 relative risk increase of MI compared to those with the lowest levels
of homocysteine (64,65). Similar prospective associations were seen in the Tromso
study (66). Furthermore, lowering plasma homocysteine levels appears to beneficial. In
a study of another paradigm for accelerated atherosclerosis, postangioplasty restenosis,
the use of vitamin B12, pyridoxine, and folate decreased the amount of angiographic
restenosis (39.9 � 20.3% vs 48.2 � 28.3%, p � 0.01, the rate of restenosis (19.6 vs
37.6%, p � 0.01), and the clinical need for revascularization (10.8 vs 22.3%, p � 0.047),
while concomitantly lowering plasma homocysteine levels (11.1 � 4.3 to 7.2 � 2.4
lmol/L, p � 0.001) (67).

The relationship between homocysteine and CAD in the younger MI patient has not
been fully explored. In attempting to establish the relationship between homocysteine
and vascular disease, most studies have set age cutoffs around 50 yr of age. Nevertheless,
a Framingham angiographic study of 170 men (mean age 50 yr) with CAD suggested that
homocysteine was an independent risk factor (58). In contrast, other studies have failed
to demonstrate a clear association between homocysteine levels and premature CAD.
Kang and colleagues could not demonstrate a difference between homocysteine levels in
patients with CAD who were less than 40 yr of age and case controls (68). There was a
significant difference in homocysteine levels between case and control groups among
older patients. This age-dependent phenomenon may be related to the lack of dietary B
vitamins and folate intake within older populations. The use and study of homocysteine
in clinical practice has been limited by the different methods to measure homocysteine
levels (random level vs methione loading), the existing overlap between normal levels
and abnormal levels of homocysteine, and the ease of treatment with oral folate, leading
some clinicians to simply have patients take folate supplementation empirically.
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Table 3
Nontraditional/Emerging Risk Factors for Atherosclerosis/Premature Vascular Disease

Lp(a)
Homocysteine levels
Insulin levels
Fibrinogen levels
DHEA-s
LDL particle size (small, dense, LDL, Pattern B)
Oxidized LDL levels
Decreases HDL2 subfractions



Fibrinogen
Fibrinogen rremains under extensive evaluation for its role in atherosclerosis and, to

a more limited extent, in premature CAD (22,69). Multiple studies have suggested a
relationship between fibrinogen levels and CAD/MI (69). This association is biologi-
cally plausible given the presumed effects of increased fibrinogen levels on coagulation
and blood viscosity. Framingham data (1315 patients) suggest that fibrinogen levels
increase with age, and the incidence of CAD becomes significantly greater when base-
line levels of fibrinogen exceeded 3.1 g/L. Five of the published fibrinogen studies have
included patients less than 45 yr of age, yet evidence that fibrinogen contributes to the
development of premature CAD remains inconclusive (70). Hamsten et al. reported the
largest group although in a retrospective case-controlled study (71). In this setting, ele-
vated fibrinogen was among the best markers of ischemic heart disease in the 148
patients less than 45 yr of age. Perhaps fibrinogen as a risk factor has received less atten-
tion due to our inability to modify its levels. Thus far, only alcohol use and estrogen ther-
apy in women have been suggested to decrease its levels.

Other Novel Factors
The thrombospondin family of proteins has also been recently implicated from stud-

ies employing state-of-the-art genomics technology. These proteins are important in
angiogenesis, vascular healing, cell adhesion, and anticoagulation and serve as ligands
for specific receptors, such as oxidized LDL and integrins. At the Cleveland Clinic,
investigators recently identified three single nucleotide polymorphisms in the throm-
bospondin gene in a survey of more than 50,000 genetic polymorphisms involving 398
families with a history of premature CAD in a case-controlled study. Thrombospondin
was one of 62 candidate genes, which were selected on the basis of their roles in vas-
cular biology, lipidology, and hemostasis. The investigators go on to speculate that the
polymorphisms in this gene family may be responsible for the accelerated atherosclero-
sis in these patients (72). Other nontraditional risk factors and biologic variables for both
vascular disease and premature vascular disease are being examined, as well including
dehydroepiandrosterone sulfate (DHEA-s), iron, and c-reactive protein (65).

CLINICAL FEATURES AND PATTERNS OF CAD IN 
THE YOUNGER PATIENT

The younger patient with a MI typically has less extensive CAD, with fewer numbers
of lesions, as well as stenoses that tend to be less severe (25). Negus and colleagues
found that the majority of angiograms in post-MI patients less than 40 yr of age had a
stenosis in a single vessel, most often the left anterior descending artery (63). Similar
result were reported by Wolfe and Vacek in catheterizations in 35 patients less than 35
yr of age from the US Air Force: high rates of single vessel left anterior descending
artery (LAD) disease, with more frequent total occlusions as compared to a group of
100 patients over 55 yr (73). It is also not unusual to find no evidence for significant
flow-limiting lesions at cardiac catheterization of the younger MI survivor. In the Coro-
nary Artery Surgery Study (CASS) database, 504 young adults with MI underwent
angiograms, with 16% of men and 21% of women having normal coronary arteries (74).
Some of the possible etiologies for MI in these patients have been discussed previously.
In addition, particularly in this age group, one should be reminded that the early stages
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of atherosclerosis move in an abluminal direction, thereby preserving the dimensions of
the lumen despite the presence of significant atherosclerosis within the vessel wall. Such
“young” lesions may well be more prone to rupture, thus explaining recent evidence that
the majority of MIs occur at the site of modest stenoses, typically no greater than 70%
(75–77). Cardiac catheterization in fact only reveals the nature of the lumen, thus lim-
iting its value in the study of premature atherosclerosis. Intravascular ultrasound and
ultrafast computerized tomography (CT) have been suggested as alternatives in these
settings because of their ability to image the vascular wall.

Beyond the anatomic distribution of the CAD, the younger patient is more likely to
experience an infarct as opposed to angina pectoris. This observation is also suggestive
of plaque rupture as a primary mechanism for infarction in these patients as opposed to
increasing degrees of stenoses where supply ultimately is outstripped by demand. Patho-
logic studies support such hypotheses, even if currently limited to studies with few
patients. Dollar and coworkers analyzed the atherosclerotic plaques in the coronaries of
8 women who had MIs before the age of 40 and compared them to 37 adults over 45 yr
(78). These young women tended to have more foam cells and less dense fibrous tissue,
both of which are markers of more unstable plaques. Corrado et al. from Italy also found
similar results in 200 consecutive Italian patients less than 35 yr who died suddenly:
one-quarter had acute thrombosis superimposed upon a lipid rich core (79).

Only the CASS study has addressed left ventricular function in young patients with
MI (74). There was no significant difference in overall left ventricular function as com-
pared to older patients with MI. This finding is consistent with previous observations
that younger patients tend to have less extensive multivessel CAD. Perhaps these
younger patients had less time to develop collateral circulation. Interestingly, despite the
preservation in ventricular function in the younger patients, they tended to have less
heart failure.

CONCLUSION

The frequency of atherosclerosis and its consequences, such as MI in a younger pop-
ulation, highlights the need for risk reduction efforts in a primary care primary preven-
tion setting. Even beyond primary prevention in the adult, this problem also raise issues
regarding screening and treatment in pediatric populations (80–82). Currently, we are
facing an on-going struggle to ensure that adults are appropriately screened and treated
for established risk factors. Studies suggest that the majority of events in the younger
population are greatly influenced by remediable risk factors like cigarette smoking,
hypertension, and common forms of dyslipidemia for which effective interventions exist
(83). The issues surrounding these younger patients with atherosclerosis offer support
for the National Cholesterol Education Panel’s recommendation that all Americans over
the age of 21 yr should know their lipid profile. An important advance relevant to pre-
mature atherosclerosis is the growing recognition of the artificial and potentially mis-
leading nature of distinguishing between primary and secondary prevention (84). In the
new guidelines, patients without prior history of CAD are treated aggressively if their
10-yr risk warrants it, independent of prior history. One such example of a high risk pop-
ulation is diabetic patients, all of whom should be treated to secondary prevention lev-
els (84). Although contrarian views have previously argued against this approach out of
concern for inducing unnecessary treatment too early in a patient’s life, this concern
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seems incorrectly placed, especially in the face of lipid-lowering benefits in patients at
lower and lower degrees of risk. All too many patients will die from their first MI, obvi-
ating any opportunity for their benefiting from the many cardiovascular therapies now
available. This places a clearcut challenge at the feet of primary care physicians to rec-
ognize risk and intervene before that first event. For others, the loss of ventricular func-
tion will leave them incapacitated to various extents. Beyond this, it is difficult to
estimate the loss and impact to a family, to individual productivity, or to society in gen-
eral when a patient suffers an MI. Such events are all the more unfortunate to the extent
they may have been preventable. These issues are perhaps even more dramatic when the
patient has not yet reached mid-life. The ability to identify risk and intervene in what-
ever way is appropriate in altering known risk factors, while continuing to understand
emerging ones, remains among the few options we have available against a complex,
variable, and recurrent disease.

Careful study of MI in the younger patient will certainly yield further insight into the
atherosclerotic process, with implications for both this population as well as other
patients with vascular disease. For now, a common sense approach to these patients
would include consideration of screening and treating nontraditional risk factors when
MI occurs in the absence of other established significant risk factors, particularly when
there is a clear family history for premature CAD. Similarly, older patients with CAD
without obvious risk factors can also be considered for screening for these other emerg-
ing risk factors. Clearly, physicians must not pass up the opportunity to mitigate those
established risk factors for which we have proven interventions, especially in the
younger patient who may be facing the challenge of surviving 30–40 more yr if he is to
meet the life expectancy of his peers. For now, physicians will be left to their own clin-
ical judgement regarding young MI patients in terms of several issues. Should one use
empiric folate treatment for homocysteine levels? Is there further benefit from even
greater reductions in LDL levels beyond �100 mg/dL? Do the potential pleiotropic ben-
efits of statins argue that all patients should be on these agents? What is the incremen-
tal benefit-to-risk reduction when adding second agents targeting HDL and triglycerides
to existing statin treatment? Hopefully, study of this young post-MI population will offer
us some answers to these questions, if not insight into the basic biologic mechanisms at
work in atherosclerosis.
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SERUM LIPIDS AND CORONARY HEART DISEASE

The evidence that cholesterol plays the central role in the atherosclerotic process is
derived from all disciplines of medical research, ranging from molecular biology to ran-
domized clinical trials. The epidemiologic proof is particularly strong and consistent.
Coronary heart disease (CHD) is rare in populations with low serum cholesterol levels
(1,2) comparisons of countries with varying incidence of CHD, there is a strong posi-
tive correlation between serum cholesterol levels and the risk of CHD events (3) coun-
tries experiencing an increase in mortality from CHD, a preceding substantial rise in
serum cholesterol levels has been observed (4). In Finland, where the mortality from
CHD has been the highest in the world, the recent decline in mortality has been preceded
by a decline in population serum cholesterol levels (5). In epidemiological surveys
within Western societies,serum cholesterol is a strong risk factor for CHD (6,7). A raised
level of low-density lipoprotein (LDL) constitutes the main cause of coronary athero-
sclerosis (8), in particular small dense LDL (9). In addition, strong evidence indicates
that low levels of serum high-density lipoprotein (HDL) cholesterol and high levels of
serum triglycerides are independent risk factors for CHD (7,10,11). The combination of
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borderline high-risk LDL cholesterol, raised triglycerides, small LDL particles, and low
HDL cholesterol has been labeled as the atherogenic lipoprotein phenotype (12), or
atherogenic dyslipidemia (13), and is the central feature of the metabolic syndrome. The
other components of this syndrome include central obesity, hypertension, insulin resist-
ance, and a procoagulant state. Further evidence has identified another apolipoprotein
B-containing particle, intermediate-density lipoprotein (IDL), as atherogenic (14–17).
High serum triglyceride levels may reflect high levels of the triglyceride-rich lipopro-
tein particles very-low-density lipoprotein (VLDL) and IDL.

Observational research indicates a linear relationship between population levels of
serum cholesterol and CHD, with a 20% increase in risk of CHD for each 10% increase
in serum cholesterol (18). This dose-response effect occurs at any level of cholesterol,
in both men and women (1). Because CHD is almost entirely absent in societies with
very low serum cholesterol levels, even though smoking and hypertension are prevalent,
elevated serum cholesterol seems to be a prerequisite for development of coronary ath-
erosclerosis. On the other hand, risk factors like cigarette smoking and hypertension are
not a prerequisite for atherosclerosis in individuals with genetically elevated serum LDL
cholesterol (familial hypercholesterolemia). Such risk factors can, however, strongly
enhance the rate of transport of LDL through the arterial wall (19) by enhancing its
atherogenic modification (20–23).

In patients with established CHD, serum cholesterol has not been among the strongest
predictors of subsequent risk, because myocardial damage from atherosclerosis and
thrombosis tends to dominate (24). Still, serum cholesterol stands out as a significant
risk factor in patients surviving acute myocardial infarction (25).

ANTI-ATHEROSCLEROTIC MECHANISMS OF 
CHOLESTEROL LOWERING

The complexity of the pathogenesis of atherosclerosis makes it difficult to understand
what parts of the process are most influenced by cholesterol lowering. Moreover, the
effects of lipid lowering are difficult to study in humans. Atherosclerosis results from
an interaction between blood and vessel wall. Components of importance are of a
genetic, immunological, inflammatory, particle kinetic, cell kinetic, proliferative, syn-
thetic, degenerative, cytotoxic, and mechanical nature, including blood pressure and
flow pattern (21,26). The diseased vessel wall tends to activate the coagulation system
and platelets to form thrombi that may further enhance the process of atherosclerosis.
Plasma lipoproteins seem to be involved in the entire spectrum of the process, e.g., LDL
seems to have a direct, receptor-independent augmentative effect on platelet reactivity
(27). Much focus has been put on the formation of foam cells and the resulting core of
lipids that is found in many atherosclerotic plaques (28). Oxidized LDL particles have
been believed to be pivotal for this process (20,29).

A number of studies have shown that unstable coronary atheromas often do not pro-
duce tight stenoses. It is the physical disruption of the plaque that ultimately leads to
occlusive thrombi. Vulnerable plaques are characterized by a moderate to large lipid
core, a large volume of macrophages, and a structurally weakened fibrous cap (30).
Thus, plaque instability is predicted by its lipid-related features. The idea that marked
reduction in serum LDL concentration would lead to a net flux of lipids out of the plaque
core, which then stabilizes the plaque, has attracted much attention (26). Studies in non-
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human primates have demonstrated that such shrinkage takes place (31). Following
sustained consumption of an atherogenic diet, there are substantial increases in coro-
nary artery content of cholesterol. On return to a native vegetarian diet, lipid-laden
macrophages disappear and core lipid volume diminishes. However, angiographic stud-
ies in humans reveal only small changes, indicating regression in coronary lesions with
lipid-lowering treatment that do not account for the clinical benefits (32). Further stud-
ies in cholesterol-fed rabbits have demonstrated that newly formed plaques tend to accu-
mulate inflammatory cells that express collagenolytic enzymes. After the rabbits are
shifted to a low-cholesterol diet, or given a statin, the inflammatory cells almost disap-
pear, levels of collagenolytic enzymes are markedly reduced, and in some studies, tis-
sue factor diminishes (30,33).

In some cases of death from CHD and unstable coronary syndromes, plaque mor-
phology does not include a lipid core, but signs of cell proliferation are present, as well
as endothelial damage and inflammatory components (34–36). Lipid lowering may
improve coronary endothelial function and vasomotor responses (37), decrease smooth
muscle growth, and reduce proliferation of macrophages and lymphocytes in addition
to its anti-inflammatory effects (38). However, it should be remembered that therapies
shown to improve endothelium-dependent vasodilatation are not necessarily associated
with reduced myocardial ischemia or cardiovascular risk. Estrogen therapy and α-toco-
pherol supplementation are cases in point (39). Moreover, effects of statins on smooth
muscle cell proliferation appear to depend on the relative lipophilicity of the agent used.
Pravastatin, which is the most hydrophilic of the currently available statins, has the least
inhibitory effect on smooth muscle cell proliferation (40). However, both pravastatin and
the more lipophilic statins lovastatin, simvastatin, and atorvastatin have demonstrated
clinical benefits.

CHOLESTEROL AND DIET

Cholesterol levels are strongly related to consumption of dietary saturated fatty acids
(41,42); high consumption of animal fat, in particular from milk (43), seems to explain
much of the excess mortality from CHD in Western countries. Whereas energy from fat
constitutes 35–45 % in countries with a high prevalence of CHD, a proportion of 15%
and lower is typical in populations in which CHD is rare (44); the difference largely due
to saturated fatty acids. Diets rich in monounsaturated fatty acids, such as olive oil, and
polyunsaturated fatty acids, such as those found in plant seed oil, tend to reduce serum
LDL cholesterol and increase HDL cholesterol (45). Such diets seem not to be athero-
genic even when fat consumption constitutes 40% of energy, as exemplified by diets typ-
ical for Crete and other Mediterranean societies (45).

EFFECT OF DIETARY INTERVENTION

Substituting fish for red meat had no effect on CHD in three epidemiologic studies,
but seemed protective against CHD in six epidemiologic and two case-control studies
(46), and in one randomized-controlled trial in patients surviving myocardial infarction,
the Diet and Reinfarction Trial (DART) (47). In the Chicago Western Electric Study, 430
deaths from CHD over 30 yr of follow-up were analyzed (46). In men consuming ≥35
g fish/d the relative risk of death from CHD was 0.62 (95% confidence interval:
0.40–0.94) compared with nonconsumers; also a significant (p = 0.04) graded relation
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between the relative risks and strata of fish consumption was seen. The protective com-
ponents in fish have not yet been clearly defined; the n-3 long-chain polyunsaturated
fatty acids may be effective, or it may simply be that less atherogenic nutrients are sub-
stituted for saturated fat. The St. Thomas Atherosclerosis Trial (STARS) randomized
coronary patients to usual care, diet, or diet with cholestyramine (48). Patients in whom
disease progression occurred consumed 42 g/d of saturated fat, whereas those with
regression consumed only 21 g/d.

Apart from DART, there have been few randomized clinical trials on dietary inter-
vention following acute coronary syndromes, and all have been small. The first to show
encouraging results was the study by Leren in 412 hypercholesterolemic men with a first
myocardial infarction who were randomized to usual diet or advice to substitute veg-
etable oil for animal fats and avoid dietary cholesterol (49). In the first 5 yr of follow-
up, serum total cholesterol was reduced by 14% relative to the control group, from a
mean baseline level of nearly 300 mg/dL. After 11 yr of follow-up, a significant 44%
relative risk reduction in fatal myocardial infarction was found (p = 0.004) in the diet
group, but CHD mortality was not statistically significantly different between the
groups (diet 79 cases, control 94; p = 0.097).

The Lyon Heart Study randomized 605 patients younger than 70 yr with a first myocar-
dial infarction to receive no dietary advice or to receive advice from a cardiologist and die-
titian to adopt a Mediterranean-type diet: more bread, root and green vegetables, more
fish, no day without fruit, less meat, and substitution of a margarine consisting of 48%
oleic acid and enriched with α-linolenic acid (an n-3 fatty acid) for butter (50). Interest-
ingly, the advice did not result in any significant differences between the two groups in
serum lipids and lipoprotein levels. Nevertheless, a significant (p < 0.001) reduction in the
primary end points of cardiac death and nonfatal acute myocardial infarction was
observed after a follow-up period of up to 5 yr (mean 27 mo) (Fig. 1). Unfortunately, the
study was small, comprising only 41 primary end point events and has been criticized for
premature termination and insufficient statistical power. When only fatal events are ana-
lyzed, the upper 95% confidence interval for the risk ratio is a less impressive 0.98 (51).
The basis for the reduction in sudden death may be due to an effect of n-3 fatty acids on
arrhythmia threshold. Recently, the American Heart Association (AHA) issued their lat-
est Dietary Guidelines that endorse the entire Mediterranean dietary pattern as exempli-
fied in the Lyon study (52). Specific recommendations include five or more fruit and
vegetables/d, six or more servings of grain products/d, limited saturated fat to <7% of total
energy, limited trans-fatty acids (e.g., cookies, crackers, commercially prepared fried
foods, and some margarines), limited foods high in cholesterol, and substitution of unsat-
urated fatty acids from fish, vegetables, legumes, and nuts for saturated fatty acids.

A small secondary prevention trial used diet to reduce events after MI. The trial con-
trasted a diet with more fruit, vegetables, nuts, and grain products with the usual post-
myocardial infarction diet. Significant changes were seen in weight loss, cardiovascular
events, and total mortality (53).

CURRENT DIET GUIDELINES: DO THEY WORK?

There is no general consensus on the most appropriate dietary advice for adults at
high risk or with established CHD. The Expert Panel of the National Cholesterol Edu-
cation Program (NECP) issued guidelines consisting of a two-step approach (54): Step
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1, 8–10% of energy from saturated fat, �30% of energy from total fat, and <300 mg of
cholesterol/d; for Step 2, a further reduction of saturated fat to <7% and cholesterol to
<200 mg/d. For patients with known CHD, the Step 2 diet was suggested. The guide-
lines of the European Atherosclerosis Society are essentially identical to the Step 1 diet
(55). In meta-analysis, the Step 1 and 2 diets caused a 12–16% reduction in LDL cho-
lesterol and a 8% reduction in triglycerides, but also a 7% reduction in HDL cholesterol
with the Step 2 diet (56). Genetic differences exist in dietary response. For example,
individuals with the atherogenic lipoprotein phenotype with small dense LDL particles
respond with a reduction in apolipoprotein B and, hence, in LDL cholesterol, whereas
those with a predominance of larger LDL particles respond with only modest reductions
in LDL cholesterol and apolipoprotein B (57).

Several arguments have been advanced to support the low-fat high-carbohydrate
diets. Low-fat diets allow for easier weight loss and reduce postprandial lipemia. How-
ever, both compliance and the effect of the diet on triglycerides and HDL cholesterol
have been a cause of concern. In hypercholesterolemic patients without elevated triglyc-
erides, a low-fat diet may raise triglycerides (58).

Recently, the guidelines of the NECP were updated (59). The new guidelines suggest
a multifaceted lifestyle approach including weight reduction and increased physical
activity to reduce CHD risk. Reduction in saturated fat and cholesterol intakes to levels
of the Step 2 diet is recommended, however, total fat is allowed to range from 25–35% of
total energy. A higher intake of unsaturated fat (rather than saturated and trans-fatty
acids) is suggested to help to reduce triglycerides and raise HDL cholesterol in persons
with the metabolic syndrome. Other therapeutic options to enhance LDL cholesterol low-
ering include use of plant stanols/sterols (2 g/d) and increased viscous fiber (10–25 g/d).

Cholesterol Lowering 671

Fig. 1. Survival curves for combined cardiac death and nonfatal acute myocardial infarction in the
Lyon Heart Study, comparing a Mediterranean-type diet with a conventional French diet. Reproduced
with permission from ref. 50.
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Few randomized-controlled clinical trials have been carried out to establish the clin-
ical benefit of these guidelines, in particular in middle-aged CHD patients. Since the
consumption of dietary fat already has decreased in the Western populations during the
last decades, the strategy of a Step 1 and 2 diet following a CHD event may produce rel-
atively less clinical benefit than was possible before. In the Oslo Study a Step 1-type
diet was tested in a randomized fashion among 1232 healthy men with high cholesterol
levels; however, the participants were also given advice to stop smoking (60). It is there-
fore not clear what part of the observed 47% reduction of CHD events (p = 0.028) was
due to the dietary advice. The authors estimated that the reduction in serum cholesterol
accounted for about 60% of the reduction in events.

A recent review found six studies that compared the cholesterol-lowering effects of
diet plus statin therapy with statin therapy alone (61). In each study, a diet low in total
and saturated fat and in cholesterol was compared with a high-fat Western-style diet in
hypercholesterolemic patients taking 10–40 mg/d of a statin. Five of these studies
showed that a cholesterol-lowering diet had an independent and additive effect to statin
treatment. Diet resulted in an additional 5–18.4% lowering of LDL cholesterol. Greater
reductions in LDL cholesterol may require more extreme lifestyle changes. Very low fat
diets that are high in complex carbohydrates and that are combined with exercise and/or
meditation may cause substantial lowering of LDL cholesterol (62), even when added
to statin therapy (63). It is likely that only a small minority of patients is willing and able
to undergo such a turnabout of life.

FIBER AND SOY PROTEIN

Another dietary component that may have a favorable impact on serum lipids is
dietary fiber, especially from cereals, dried beans, vegetables, and fruit, possibly due to
decreased absorption of fatty acids and biliary cholesterol (64). Such diets may sub-
stantially lower blood pressure (65). A comprehensive meta-analysis suggested that 3 g
soluble fiber from oats (three servings of oatmeal of 28 g each) decreases LDL choles-
terol by 5 mg/dL. However, one randomized trial of men with CHD failed to demon-
strate a benefit of increased fiber intake on recurrent infarction, possibly because the
follow-up period was too short, only 2 yr (47). Consumption of 25–75 g/d of soy pro-
tein, rather than animal protein, has been shown to reduce LDL cholesterol by 13% in
a meta-analysis (66).

ALCOHOL

Several epidemiological investigations have noted that regular moderate consumption
of alcohol is associated with an increase in HDL cholesterol and a decreased mortality
from CHD. In a study of 490,000 men and women, the rates of death from cardiovas-
cular diseases were 30–40% lower among those reporting at least one drink daily than
among abstainers (67). However, the drinking pattern may be important, as binge drink-
ing of beer was associated with a six-fold increased risk of fatal myocardial infarction,
in comparison with men drinking less than three bottles/session (68). In other investi-
gations, the lowest mortality from CHD was seen in individuals drinking 2 to 3 U/d (69).
Small amounts of alcohol taken regularly instead of the same amount taken 1 or 2 d/wk
seem to result in greater benefit (70). Alcohol increases HDL-cholesterol subclasses that
are protective of CHD; this effect is present whether the alcohol ingested is beer, wine,
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or liquor. About 50% of the inverse association between alcohol consumption and CHD
death is explained by the HDL cholesterol level (71). Red wine with meals reduces the
propensity of LDL to undergo peroxidation (72). Alcohol also has theoretically favor-
able effects on platelets and the coagulation-fibrinolytic system (73). To date, however,
no prospective randomized study has evaluated the feasibility and clinical and social
consequences of advising abstainers and people who rarely taste alcohol to take up reg-
ular drinking to reduce the risk of CHD. Therefore, the putative effects of alcohol on
CHD should be applied more to reassure moderate drinkers that their habits are not
harmful than to encourage nondrinkers to drink.

DRUGS TO REDUCE CHOLESTEROL

Statins
A wide range of drugs affecting lipid metabolism has become available. They vary

greatly in their mechanism of action and their potency in reducing LDL cholesterol and
increasing HDL cholesterol. During the last decade, the hydroxy-methylglutaryl-CoA-
reductase inhibitors, or statins, have become the most widely prescribed class of drugs
because of their very low rate of side effects and greater effectiveness in reducing LDL
cholesterol than other classes of drugs. Because they are the only class of drugs proved
to reduce all-cause mortality, physicians without expert insight into lipid metabolism
and pharmacology of the other classes of drugs are perfectly safe in using statins as the
only lipid-lowering therapy.

Statins inhibit the rate-limiting step of mevalonate synthesis in the production of cho-
lesterol, mainly in the liver. The number of LDL receptors on the liver cell membrane
is, therefore, up-regulated to increase import of cholesterol from the blood to meet
demand in the liver. As a consequence, the number of LDL particles in plasma is
reduced. Ability to reduce LDL cholesterol concentrations, using the currently highest
recommended dosages, ranges from 30–60% on average according to the following rank
order: fluvastatin, pravastatin, lovastatin, simvastatin, and atorvastatin. Statins usually
do not increase HDL cholesterol levels >10%, even at high dosages, but doubling of any
statin dose typically produces another 6% decrease in LDL cholesterol. Usually triglyc-
erides are reduced by 10%, but at higher dosages and in patients with hypertriglyc-
eridemia, 30–45% reduction can be seen.

Statins have been found to induce a large number of direct, possibly beneficial effects
on components in plasma and cells involved in the atherosclerotic and thrombotic
process. These include inhibition of smooth muscle cell proliferation and migration
(74,75), inhibition of endogenous cholesterol synthesis in macrophages (76), regulation
of natural killer cell function (77), and decreased platelet aggregation (78), as well as
numerous others. Several studies have focused on the antiinflammatory effects of
statins. C-reactive protein, a nonspecific, acute-phase, inflammatory reactant, has been
associated with coronary risk more extensively than other inflammatory markers of ath-
erosclerosis. The first report that documented the effect of statin treatment on C-reac-
tive protein levels involved a subgroup analysis of the Cholesterol and Recurrent Events
(CARE) trial (38). The reduction in coronary events with pravastatin treatment was
much greater in patients with high levels of inflammatory markers (based on defined
cut-off values) than in the rest of the subjects. Moreover, C-reactive protein levels
increased in placebo-treated patients, but decreased in those that received pravastatin.
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Other studies have demonstrated that reduction of C-reactive protein levels is a class
effect of statins. Whether C-reactive protein is a marker or an actual mediator of ather-
sclerosis has not been established, nor has it been determined whether lowering of C-
reactive protein is a secondary effect related to lowering of LDL cholesterol. Thus, the
clinical importance of these ancillary effects of statins, beyond reduction of LDL cho-
lesterol, remains speculative at present.

Fibrates
Fibrates activate peroxisome proliferator-activated receptors (PPARs), which then

induce the transcription of several genes that encode proteins controlling lipoprotein
metabolism, including lipoprotein lipase and apolipoproteins A-I and A-II. Fibrates typ-
ically decrease serum triglycerides 30–40% or more in hypertriglyceridemia. HDL cho-
lesterol is increased 10–20%. Adverse events are mostly gastrointestinal in nature and
include increased incidence of gallstones. In a recent review, Bucher and coworkers
found no statistically significant effects of fibrates on mortality, however, rates of non-
coronary and total deaths tended to be higher in the fibrate than in the control groups
(79). Since this publication, reports from two additional major trials have appeared.

The Veterans Affairs Cooperative Studies Program High-Density Lipoprotein Inter-
vention Trial (VA-HIT) was designed to assess if elevating HDL cholesterol in men with
preexisting CHD and low HDL cholesterol levels and lowering triglycerides in men with
normal or mildly increased triglycerides but with low LDL cholesterol levels at entry
would reduce the incidence of nonfatal myocardial infarction or CHD death (80). The
2531 men were randomized to gemfibrozil 1200 mg/d or placebo for 5 yr. The primary
outcome variable of the combined incidence of CHD death and nonfatal MI was reduced
22% (p < 0.006). The study was not powered to achieve a significant reduction in total
mortality, however, there was no apparent increase in non-CHD causes of death. Gem-
fibrozil treatment also resulted in a significant 59% reduction in transient ischemic
attacks and a 65% decrease in carotid endarterectomy. In contrast to the major second-
ary prevention statin trials, the rates of revascularization and percutaneous transluminal
coronary angioplasty or hospitalization for stable angina were not different between
gemfibrozil and placebo. While LDL cholesterol levels were essentially unchanged,
treatment with gemfibrozil led to moderate elevations in HDL cholesterol of 6% and
reductions of 31% in triglycerides. A subsequent report suggested that the changes in
remnant and smaller VLDL and IDL fractions were related to benefits in clinical end
points. This report has revived interest in fibrates and suggests that modulating other
lipoproteins than LDL cholesterol level may effectively prevent CHD.

These results contrast with those of the Bezafibrate Infarction Program (BIP) (81),
also a secondary prevention trial, but one that failed to demonstrate a beneficial effect
of bezafibrate on CHD (81). In this study, 1548 patients were assigned to bezafibrate
and 1542 patients to placebo. Neither a 9.4% reduction in the primary end point or a
13% reduction in nonfatal myocardial infarction was statistically significant. However,
in the subgroup of patients with baseline triglycerides >200 mg/dL, the cumulative prob-
ability of a primary end point was 39.5% lower (p = 0.02) in patients randomized to
bezafibrate than in patients randomized to placebo. The confidence intervals for the VA-
HIT comprise the BIP results, so the difference of outcome in the two studies could be
due to chance (82).
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Additional data are available from the Diabetes Atherosclerosis Intervention Study
(DAIS). In this trial, 418 men and women aged 40–65 yr with type-2 diabetes, under
good glycemic control, were assigned to micronized fenofibrate (200 mg/d) or placebo
for at least 3 yr. About half the patients had known CHD. The fenofibrate group showed
a significantly smaller increase in percentage diameter stenosis by angiography than the
placebo group. The trial was not powered to examine clinical end points, but these were
fewer in the fenofibrate than the placebo group (38 vs 50) (83).

Other Drugs
Niacin reduces the synthesis of VLDL by inhibiting the mobilization of free fatty

acids from peripheral tissues reducing plasma triglyceride levels by about 30%. Niacin
may also inhibit the conversion of VLDL into LDL and, thus, modestly reduce LDL cho-
lesterol by 10–20%. Niacin generally is considered the most effective drug for raising
HDL cholesterol levels, typically increasing levels by up to 30%, and reduces levels of
lipoprotein(a). Niacin is a relatively inexpensive drug and has been shown to decrease
myocardial infarction and stroke (84) and, in combination with resins, to prevent pro-
gression and cause regression of coronary atherosclerosis (85). Although the use of
niacin has been associated with several adverse effects, a once-nightly extended-release
formulation has shown to cause minimal flushing and almost no hepatic toxicity (86).

Resins bind to bile acids in the intestine, and the complex is not reabsorbed but
excreted. This causes the liver to increase the synthesis of bile acids, and the subsequent
increased demand for cholesterol induces the same effect as inhibition of cholesterol syn-
thesis: an increase in the number of LDL receptors on the cell surface. This results in a
reduction in plasma LDL cholesterol of up to 20% when cholestyramine or colestipol is
used at dosages of 20–24 g daily. Adverse effects of gastrointestinal nature are frequent
with high dosages. The resins offer no advantage over the statins, in either price or
potency, and are today used mostly in combination with statins in patients with severe
hypercholesterolemia. One disadvantage of resins is that triglyceride levels are some-
times increased, especially in hypertriglyceridemia. HDL cholesterol may increase by up
to 10%. Treatment with resins has been shown to reduce coronary artery events (87).

Fish oils with concentrated omega-3 polyunsaturated fatty acids decrease the pro-
duction of VLDL, thus triglyceride levels decrease by up to 30–50% in hypertriglyceri-
demic patients. The Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto
Miocardico (GISSI)-Prevenzione trial (88) randomly allocated 11,324 patients with
recent myocardial infarction (�3 mo) to four treatment groups: fish oil in the form of
capsules containing about 1 g of eicosapentaenoic acid and docosahexaenoic acid in a
2:1 ratio, 300 mg vitamin E, fish oil and vitamin E combined, or no supplement. The
trial had an open-label design and followed participants for 3.5 yr. In these patients, who
were relatively low risk, fish oil supplements, but not vitamin E, reduced the combined
primary end point of death, nonfatal myocardial infarction, and nonfatal stroke by 15%
(95% confidence interval: 2–26%). All the benefit was due to the reduction of total mor-
tality. This trial is the first to demonstrate that a pharmacological equivalent of a dietary
component is capable of decreasing predefined end points of morbidity and mortality.

Hormone replacement therapy (HRT) with estrogen or the combination of estrogen
and a progestin has been widely believed to be cardioprotective based on consistent
reports from numerous observational studies. Estrogen typically produces a 10–15%
reduction in LDL cholesterol and 10–25% increase in HDL cholesterol. In combination
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with most progestins, the effect on HDL cholesterol is attenuated. The effect on triglyc-
erides is variable, and an increase may be observed, as well as a shift to smaller denser
LDL particles.

The only randomized, placebo-controlled study with clinical end points in women
with CHD, the Heart and Estrogen/Progestin Replacement Study (HERS), failed to
show a benefit for CHD over the 4 yr of follow-up (89). HERS tested conjugated equine
estrogen plus medroxyprogesterone in 2763 women with preexisting CHD and a mean
age of 67 yr. Surprisingly, the study showed an excess of events in the hormone group
during the first year after randomization. In line with the results from the HERS trial,
the Effects of estrogen Replacement on the progression of coronary artery Atheroscle-
rosis (ERA) study showed that initiation of HRT did not lead to an alteration in mean
minimal coronary-artery diameter measured by coronary angiography (90). However,
this study was not powered to study clinical end points. Likewise the Women’s Health
Initiative trial concluded that etrogen plus progestin use for an average of 5.2 y increased
the risk of CHD and stroke in postmenopausal women (91).The AHA further suggested
that the decision to continue or stop HRT in women with cardiovascular disease who
have been undergoing long-term HRT should be based on established noncoronary ben-
efits and risks and patient preference.

Plant sterols and their saturated derivatives the stanols are the naturally occurring
equivalents of mammalian cholesterol. Plant sterols and stanols displace cholesterol
from the micelles in the intestine, thus decreasing cholesterol absorption. These agents
produce modest LDL cholesterol reductions even in the context of a healthy diet. A
recent meta-analysis concluded that at daily intakes of 2 g plant sterols and stanols
reduce LDL cholesterol levels by 9–14% with no effect on HDL cholesterol or triglyc-
erides (92).

CHOLESTEROL LOWERING: THE ANGIOGRAPHIC EVIDENCE

Since 1984, the objective of a large number of clinical trials has been to investigate
coronary vessel lumen morphology by angiography and the changes induced by long-
term cholesterol lowering. (48,62,85,87,93–107). In most of these trials angiographic
evidence of retardation of progression of atherosclerosis and prevention of new lesions
were demonstrated with cholesterol lowering, almost regardless of what methods were
used. However, even though these are often referred to as “regression” trials, signs of
plaque shrinkage were much less convincing, and at best, the lumen diameter increased
by a few percentage points or by a few hundred millimeters. Angiographic determina-
tion of the extent of atherosclerosis has inherent methodological problems, as compen-
satory remodeling of the vessel takes place over time (108), and plaques vulnerable to
rupture and thrombosis are often invisible (109). It is often not possible to determine the
difference between plaques and thrombi from an angiogram. Thrombi commonly
undergo lysis or growth, and finally, local changes in vascular tone may be mistaken for
atherosclerotic changes. Despite these pitfalls, the groups randomized to cholesterol
lowering on average experienced regression in about one-fourth of lesions. A meta-
analysis of 12 of these trials found that the relative risk of progression was 0.66 (95%
confidence interval: 0.59–0.73) and of regression was 2.03 (95% confidence interval:
1.64–2.52) with cholesterol lowering (32).

In addition, trials have demonstrated retardation of intimal thickening of carotid arter-
ies with cholesterol lowering using B-mode ultrasound (110–112).
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ACUTE EFFECTS OF CHOLESTEROL LOWERING

In the angiographic regression studies, treatment duration was typically 2–4 yr before
any morphological changes could be observed. In the Multicentre Anti-Atheroma Study
(MAAS) trial, no significant difference between the two treatment groups was observed
at the first angiography performed after 2 yr. Only after 4 yr of therapy did the differ-
ence become evident (103). In the later statin studies with clinical end points, the time
until significant differences appeared between the placebo and treated groups was about
14–18 mo, although a numerically small difference was present from mo 1 in the Scan-
dinavian Simvastatin Survival Study (4S) and mo 6 in the West of Scotland Coronary
Prevention Study (WOS). In all the secondary prevention statin studies, participants had
experienced a coronary event several months earlier and had stabilized. If cholesterol
lowering with statins has endothelial-relaxing or plaque-stabilizing effects, these effects
may be clinically evident in the period immediately after an acute coronary syndrome
has occurred. Several studies have examined this hypothesis.

A number of investigations have shown that physiological responses to cholesterol
therapy can be observed early. Myocardial perfusion abnormalities improved after only
90 d of intensive cholesterol lowering, using dipyridamole and positron emission tomog-
raphy imaging (113). The pathological vasoconstrictory response of atherosclerotic
coronary arteries to infusion of acetylcholine was blunted after 6 mo cholesterol lower-
ing with lovastatin in one study (37) (Fig. 2), and after 12 mo with lovastatin in the com-
bination with cholestyramine or probucol in another (114). It was later shown that 1-mo
therapy with simvastatin induced significant increases in the vasodilator response to
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Fig. 2. Change in lumen diameter of coronary arteries with increasing doses of acetylcholine infusion
after 6 mo of therapy with lovastatin or placebo. Reproduced with permission from ref. 37.
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acetylcholine in the forearm vasculature in hypercholesterolemic subjects (115). Even a
single LDL apheresis was shown to improve endothelium-dependent vasodilatation
within minutes in hypercholesterolemic individuals (116). Moreover, the Reduction of
Cholesterol in Ischemia and Function of the Endothelium (RECIFE) study provided evi-
dence that endothelial function can be improved by cholesterol lowering in patients with
unstable coronary disease (117). Flow-mediated vasodilation in the brachial artery
improved in patients with acute coronary syndrome treated with pravastatin compared
to placebo (117). The abnormal vascular response is not only seen in patients with
marked hypercholesterolemia. Even healthy individuals with LDL cholesterol levels
well within the range considered as normal, had blunted responses to infusion of the
endothelium-dependent vasodilator metacholine chloride, compared to those with low
levels (118).

Other studies have shown that in patients with stable coronary disease, platelet throm-
bus deposition measured in a perfusion flow chamber was more than twice as high in
those with hypercholesterolemia compared with those with normal cholesterol levels
(119). After 2.4 mo of pravastatin treatment, cholesterol levels and platelet thrombus
deposition were normalized. These observations have been replicated in subjects with
high cholesterol levels but without coronary disease (119).

Several studies have examined whether cholesterol lowering may have immediate
clinical effects on hard end points. A prospective cohort study using data from the
Swedish Register of Cardiac Intensive Care examined the effect of early initiation of
statin treatment in patients with acute myocardial infarction on 1-yr mortality. The study
compared 5528 patients who received statins at or before discharge to 14,071 patients
who left the hospital without statin therapy (120). After adjustment for confounding fac-
tors, early statin treatment was associated with a relative risk of 0.75 (95% confidence
interval: 0.63–0.89) for 1-yr mortality. Preliminary reports from the Global Use of
Strategies to Open Occluded coronary arteries (GUSTO-IIb) and Platelet Glycoprotein
IIb/IIIa in Unstable Angina (PURSUIT) trials as well as the Orobifiban in Patients with
Unstable Coronary Syndromes—Thrombolysis and Myocardial Infarction (OPUS-
TIMI) trials showed that patients treated with lipid-lowering drugs showed a survival
advantage already at 1 mo (121). In all these observational studies, patients who were
treated with lipid-lowering drugs were younger and healthier than patients who were not
treated. This selection bias may account for the apparent benefit of statin treatment.

The Myocardial Ischemia Reduction and Aggressive Cholesterol Lowering (MIR-
ACL) trial randomized 3086 patients who had experienced unstable angina or a non-Q
wave myocardial infarction within 24–96 h after hospital admission to atorvastatin 80
mg/d or to placebo (122). Patients for whom coronary revascularization was planned or
who had a total cholesterol level >270 mg/dL were excluded. The primary end point of
the trial was a composite that included nonfatal acute myocardial infarction, cardiac
arrest, or symptomatic myocardial ischemia. The study treatment period lasted for 16
wk. A primary end point occurred in 228 patients (14.8%) in the atovastatin-treated
group and 269 patients (17.4%) in the placebo group (a relative risk reduction of 16%;
p = 0.048). The only component of the primary end point that attained statistical signif-
icance was a reduction in symptomatic myocardial ischemia. Additional studies of
statins in acute coronary syndromes are ongoing.

Another study, the Atorvastatin Versus Revascularization Treatment (AVERT) trial,
though not done in patients with acute coronary syndrome, included 341 patients who
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were candidates for percutaneous revascularization (PTCA) (123). Participants had sta-
ble CHD and a lesion in at least one vessel of >50%. Entry lipid levels included LDL
cholesterol <115 mg/dL and triglycerides <500 mg/dL. Subjects were randomized to
PTCA or to atorvastatin 80 mg/d and then followed for 18 mo. The PTCA group was
not prevented from receiving lipid-lowering drugs, and 70% of this group did receive
statin therapy. The atorvastatin group achieved a 46% reduction in LDL cholesterol
compared with 18% in the PTCA group. Thus, in addition to examining the differences
between PTCA and atorvastatin treatment, the study evaluated aggressive vs lipid low-
ering. The primary end point for ischemic events was 36% lower in the atorvastatin
group (13 vs 21%) (Fig. 3). An adjustment penalty for interim analyses meant that this
difference did not reach conventional statistical significance, however, the time taken to
reach an ischemic event was statistically significantly longer in the atorvastatin-treated
group (p = 0.03).

CLINICAL END POINT TRIALS OF CHOLESTEROL 
LOWERING DRUGS

Until 1994 over 25 randomized clinical trials of long-term cholesterol lowering drug
therapy had reported mortality data (18). The most important of these trials, involving
patients with previous myocardial infarction as well as healthy hypercholesterolemic
individuals, had used clofibrate, niacin, colestipol, cholestyramine, and gemfibrozil
(124–129). One trial used surgical therapy with ileal bypass (97). However, no single
trial had been able to demonstrate convincingly that all-cause mortality would be
reduced with such therapies, even in high-risk populations such as patients with myocar-
dial infarction. The focus on insignificant findings from these trials, suggesting
increased risk of cancer, suicide, and violent deaths, as well as other hazards from cho-
lesterol lowering created mistrust among the majority of physicians. Consequently, even
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Fig. 3. Patient-by-patient effect of cholesterol lowering over 6 mo on the number of episodes of
ischemic ST-segment depression in patients with coronary disease. Two of 20 in the placebo group vs
13 of 20 in the treatment group show resolution of ischemia. Reproduced with permission from ref. 123.
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if new powerful cholesterol-lowering drugs became available, they were rarely used,
even in hypercholesterolemic patients with acute coronary syndromes. Since 1994, clin-
ical practice has dramatically changed as new large-scale controlled trials using sim-
vastatin, pravastatin, and lovastatin have demonstrated impressive clinical benefits with
the long-term use of such drugs.

When considering trials of cholesterol-lowering therapy, the distinction between so-
called primary and secondary prevention is artificial and should be avoided. None of the
primary prevention trials were really primary in preventing atherosclerosis as they ran-
domized middle-aged or elderly individuals and observed the rate of CHD events over
a few years. At the time of randomization, it can be assumed that all patients develop-
ing a CHD event already had extensive coronary atherosclerotic lesions. Therefore, the
primary and secondary preventive trials are only different with regard to the absolute
risk of the study population.

The Statin Trials
The first study to demonstrate improved survival was the 4S trial (130). This study

randomized 4444 men and women, aged 35–70 yr, to long-term therapy with simvas-
tatin or placebo in a double-blind fashion. Only patients with a fasting total cholesterol
level of 212–309 mg/dL and triglyceride levels <221 mg/dL 2 mo after receiving dietary
advice equivalent to the Step 1 diet of the NCEP guidelines (54) and the European Ath-
erosclerosis Society guidelines (55) were included. The simvastatin dose was 20 mg
daily and was titrated to 40 mg after 12 or 24 wk if serum total cholesterol exceeded
200 mg/dL, which was necessary in 37% of patients. This therapy led to a mean reduc-
tion of LDL cholesterol over the course of the study of 35% and of 10% in triglycerides,
whereas HDL cholesterol increased by 8%. During the median follow-up of 5.4 yr
(range of those surviving: 4.9–6.3), 256 patients (11.5%) died in the placebo group, vs
182 (8.2%) in the simvastatin group, a relative risk reduction of 30% (p = 0.0003) (Fig.
4). CHD mortality was reduced 42% relative to placebo, and fatal and nonfatal infarc-
tion and coronary deaths were reduced by 34%. In addition, coronary revascularization
procedures (bypass surgery or angioplasty) were reduced by 37%. The difference
between placebo and simvastatin groups with regard to coronary events was small in the
first yr of therapy and reached clinical significance after approx 14 mo from random-
ization.

Three large studies with pravastatin were published in the next 3 yr. The first was
WOS, done in 6595 men with LDL cholesterol levels in the range of 155–232 mg/dL,
and using pravastatin 40 mg/d or placebo over a period of 5 yr (131). Pravastatin low-
ered LDL cholesterol by 26%, leading to a relative risk reduction of 33% in the risk of
CHD deaths, which resulted in a 22% reduction in all cause mortality (p = 0.051 when
adjusted for baseline variables). Nonfatal myocardial infarction or death from CHD was
reduced 31% (p < 0.001), and the need for coronary revascularisation was reduced 37%
(p = 0.009).

The CARE study (Fig. 5) randomized 4159 men and women with previous myocar-
dial infarction and LDL cholesterol levels of 115–174 mg/dL to placebo or pravastatin
40 mg daily for 5 yr (132). In this study, pravastatin lowered LDL cholesterol by 28%
relative to placebo, which was associated with a risk reduction of major coronary events
by 24%. Coronary bypass surgery and angioplasty were performed in 26% fewer cases
in the pravastatin group. The rates of death from CHD were low, and the 20% reduction
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Fig. 4. Kaplan-Meier curves of the incidence of major coronary events: fatal CHD or nonfatal
myocardial infarction in 4S.

Fig. 5. Kaplan-Meier curves of the incidence of fatal CHD or nonfatal myocardial infarction, from the
CARE study. Reproduced with permission from ref. 132.
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in the pravastatin group did not reach statistical significance. Although similar in size, the
4S and the CARE study differed in the risk of the study population (Table 1). This is not
only explained by the fact that the CARE participants had lower cholesterol levels, but
probably more so because 54% of the patients had undergone a recent coronary bypass
surgery or angioplasty. In 4S, such patients were excluded, unless they had experienced a
new infarction or recurrent angina following the procedure (8% of the patients).

The largest study with pravastatin was the Long-term Intervention with Pravastatin
in Ischemic Disease (LIPID) study, which randomized 9014 men and women with pre-
vious acute coronary syndromes (133). The study population had baseline total choles-
terol levels in the range of 155–270 mg/dL, triglyceride levels <445 mg/dL, and a
median LDL cholesterol of 150 mg/dL. The placebo-controlled double-blind study was
stopped prematurely after 5 yr because of significant results in favor of pravastatin 40
mg/d, including a highly significant 24% reduction in CHD mortality and 23% reduc-
tion in all-cause mortality as well as similar percent reductions in coronary revascular-
isation procedures and major CHD events.

Finally, the Air Force/Texas Coronary Atherosclerosis Prevention Study (AFCAPS/
TexCAPS) study included 6605 men and women without clinical evidence of cardio-
vascular disease. LDL cholesterol levels were in the range of 180–264 mg/dL, HDL cho-
lesterol levels were <50 mg/dL, and triglycerides <400 mg/dL (134). This study used
lovastatin 20–40 mg/d with the goal of lowering LDL cholesterol to <110 mg/dL. A 27%
reduction in LDL cholesterol relative to placebo was achieved at yr 1. The primary end
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Table 1
Mortality and Morbidity in the 4S and in the CARE Study.

4S CARE

Event No. (%) of patients No. (%) of patients
Placebo Simvastatin Placebo Pravastatin

(n = 2223) (n = 2221) (n = 2078) (n = 2081)

Coronary deaths 189 (8.5) 111 (5.0) 119 (5.7) 96 (4.6)
Other cardiovascular 18 25 11 16

deaths
Death from cancer 35 33 45 49
Suicide, violence, 7 6 4 8

trauma
Other deaths 7 7 15 11
Unclassified cause 2 0

of death
All deaths 256 (11.5) 182 (8.2) 196 (9.4) 180 (8.6)
Nonfatal MI (definite) 270 (12.1) 164 (7.4) 173 (8.3) 135 (6.5)
Nonfatal MI 418 (18.8) 279 (12.6)

(definite/probable)
Death from CHD 

or nonfatal MIa 622 (28.0) 431 (19.4) 274 (13.2) 212 (10.2)
CABG or PTCA 383 (17.2) 252 (11.3) 391 (18.8) 294 (14.1)

aCABG, coronary artery bypass grafting; PTCA, percutaneous transluminal coronary angioplasty.
Numbers for 4S include definite and probable MI, as well as silent MI, diagnosed by annual ECG.



point of major coronary events, which included unstable angina pectoris, was reduced
36% (p < 0.001) with lovastatin, but the study was not powered to show reductions in
coronary or total mortality.

Previous concerns in regard to an increase in the risk of noncardiovascular mortality
have not been confirmed in the statin studies. Furthermore, the studies with most events
showed a statistically significant 20–30 % reduction in the risk of cerebrovascular disease.
The safety of long-term therapy with statins seems reassuring. Apart from a minimal risk
of myopathy, no other serious adverse experiences have been seen in the long-term trials.
The slight elevation of liver enzymes observed in a small proportion of patients has not
been associated with increased incidence of clinical signs of liver disease (135). A meta-
analysis of the five published statin studies concluded that there was no association
between statin use over a 5-yr period and the risk of fatal and nonfatal cancers (136).

An additional important finding from the statin trials is the consistency of benefit
observed across all major subgroups of patients that have been analyzed. This includes
patients at the highest risk of major CHD events, like the elderly and patients with mul-
tiple risk factors, including cigarette smoking, hypertension, and diabetes. In 4S, the dia-
betic subpopulation had a 55% reduction in the risk of major coronary events (p =
0.002). Because the diabetic subgroup has a 2.5-fold higher risk than nondiabetics
(almost half of the diabetic patients in the placebo group suffered a major event), the
absolute risk reduction was formidable (137).

These findings in subgroups from the five initial statin trials have recently been con-
firmed in the largest statin study to date, the Heart Protection Study (HPS), which was
presented at the 2001 AHA meeting (149). A total of 20,536 individuals were recruited
to HPS, which was coordinated by the University of Oxford Clinical Trials Centre in
the United Kingdom. The participants were at high risk of CHD, either because of
established CHD, cerebrovascular disease, peripheral vascular disease, diabetes melli-
tus, or hypertension. The study compared simvastatin 40 mg/d, antioxidant vitamins (E,
C, and b-carotene), the combination of simvastatin and vitamins or placebo. Patients
were eligible for HPS with cholesterol levels >134 mg/dL provided that the patient’s
physician did not consider that lipid-lowering therapy was indicated (or contraindi-
cated). The trial population was actively recruited so as to include substantial numbers
of elderly people, women, people with below-average cholesterol levels, and people
with diabetes without established CHD. The primary end points were all-cause mortal-
ity, CHD mortality, and non-CHD mortality. The HPS started recruitment in 1994. As
the results of the 4S and following statin studies became available, increasing numbers
of patients were given statins by their physicians, on the average 18% of the patients in
the placebo group in the course of the study. Compliance in the simvastatin group was
about 85%. These differences in compliance resulted in a diminishing difference in
LDL cholesterol between the groups, from 46 mg/dL initially, to about 29 mg/dL by
the end of the study. While vitamin supplementation had no effect on the primary end
points, the preliminary results showed that simvastatin 40 mg/d reduced total CHD end
points by 26%. Total mortality was reduced by 12% and CHD mortality by 17%. Death
from ischemic stroke was reduced by 27% (all statistically significant results). These
effects did not differ according to the category of preexisting disease (previous CHD,
cerebrovascular disease, diabetes, peripheral vascular disease), in women or men, in
those whose age was � or >65 yr, and in those with baseline LDL cholesterol <100
mg/dL or �100 mg/dL.
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The results of the HPS confirm prospectively and in prespecified analyses previous
subgroup observations made in the 4S study. In 4S, significant reductions in major CHD
events were seen regardless of the baseline LDL cholesterol level, which ranged from
115–262 mg/dL (138). In contrast, the CARE study found no benefits of cholesterol
lowering in the subgroup with LDL cholesterol of 115–125 mg/dL (132). This subgroup
probably had too few end points to detect a benefit, as the 95% confidence interval
ranged from a 23% reduction to a 38% increase in the relative risk. Table 2 shows the
reduction in total and LDL cholesterol achieved in the largest trials and the resulting
reductions in clinical end point. There is a clear trend that the more cholesterol is
reduced, the greater is the reduction in events.

Cost-Effectiveness of Statins
Statins are regarded as relatively expensive drugs, in comparison with, e.g., antihy-

pertensive therapy. However, health-economic calculations of data from the end point
trial 4S speak in favor of wide application of this therapy in high-risk populations, such
as patients with acute coronary syndromes. In a cost-minimization analysis based on
prospectively collected data in 4S, the daily cost of simvastatin averaged U.S. $2.30
when U.S. costs were applied to the data. This cost was offset by 88% in the U.S. because
of reduction in the use of healthcare resources, especially hospitalization for acute CHD
and coronary revascularization procedures, making the effective cost of therapy only
U.S. $0.28/d (139). Cost-minimization analyses only quantify the direct economic
impact of therapy and do not convert clinical benefits into financial terms (cost-benefit
analysis) or into life-years saved (cost-effectiveness analysis).

In a cost-effectiveness analysis of the 4S data, using base costs in Sweden, the
cost/life-yr saved was on average SEK 56,400 (approx U.S. $7700) (140). The cost-
effectiveness ratio is thus comparable with percutaneous angioplasty for severe or mod-
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Table 2
Major Randomized Clinical Trials of Cholesterol Lowering, Their Reduction in Total and LDL
Cholesterol with Therapy Relative to the Control Group, and the Relative Risk Reduction in

Coronary Mortality and Major Coronary Events

Reduction (%) Risk Reduction (%)

Total LDL Coronary Major
Study (reference) Therapy cholesterol cholesterol mortality coronary events

CDP (105) Clofibrate 7 ? 13 9
WHO (107) Clofibrate 9 ? 11 20
CDP (105) Niacin 10 ? 2 13
LRC (109) Cholestyramine 13 20 30 15
LIPID(133) Pravastatin 20 24 24 23
WOS (112) Pravastatin 20 26 33 31
CARE (113) Pravastatin 20 28 20 24
POSCH (78) Ilial bypass 23 38 37 35
4S (111) Simvastatin 26 36 42 34



erate angina and much more favorable than coronary artery bypass grafting in patients
with three-vessel disease or treatment of mild hypertension (141).

In a sensitivity analysis limited to direct cost, the cost/life-yr gained ranged from U.S.
$3800 for a 70-yr-old man with CHD and total cholesterol of 309 mg/dL to U.S. $27,400
in a 35-yr-old female with 212 mg/dL in total cholesterol (142). When healthcare costs
in gained years are included in the analysis, the cost/life-yr saved is U.S. $10,400 in men
and U.S. $16,800 in women. When both direct and indirect costs (such as increased labor
production because of improved disease-free survival) are included in the analyses,
reduction in the healthcare costs exceeded the cost of intervention in both men and
women aged 35 yr. In patients aged 59 yr, cost/life-yr saved ranged from U.S. $1200 to
U.S. $8600 according to sex and baseline total cholesterol level.

TREATMENT RECOMMENDATIONS

The AHA 1995 guidelines to reduce risk in patients with coronary and other vascu-
lar disease were updated in 2001 (143). Again, as in 1995, the Consensus Panel state-
ment was endorsed by the American College of Cardiology (ACC). The
recommendations on lipid management are presented in Table 3. The primary goal of
treatment remains attainment of an LDL cholesterol level <100 mg/dL, however, sec-
ondary goals have been modified. Secondary goals are now attaining non-HDL choles-
terol levels <130 mg/dL if triglycerides are �200 mg/dL. These goals are slightly more
ambitious than those suggested by the European Atherosclerosis Society, which recom-
mends an LDL cholesterol level <115 mg/dL, however, cholesterol levels in European
CHD patients are generally higher than in the U.S.

The guidelines of 2001 are likely to undergo modifications in the future as more evi-
dence from clinical trials becomes available. Presently, the AHA guidelines are supported
by reanalysis of 4S data and results of other more recent trials. In 4S, the relationship of
LDL cholesterol levels achieved with simvastatin and the subsequent risk of major CHD
events was almost linear down to levels well below 100 mg/dL (144). In the Post Coronary
Artery Bypass Graft Trial the strategy to reduce LDL cholesterol to less than 85 mg/dL
was more beneficial in preventing death or angiographic deterioration of atherosclerosis
than a strategy to obtain levels of 130–140 mg/dL. Meta-analysis of clinical trials shows
that the more cholesterol is lowered, the greater the reduction in CHD events (79). Trials
of statins used in higher dosages show that some of them reduce elevated triglyceride lev-
els as efficient as with fibrates and niacin, and therefore, it is likely that statins will dom-
inate the field of risk prevention, even in hypertriglyceridemic patients (145,146). Results
of the VA-HIT study support use of fibrates in patients requiring additional therapy.
Results of the HPS may move target LDL cholesterol levels even lower than at present.

In several major clinical trials, a period of dietary intervention of several mo preceded
randomization to control or lipid lowering intervention. With the exception of the MIR-
ACL trial, all trials were carried out in patients in stable condition with their most recent
event having occurred several mo previously. Additional trials are in progress and should
provide additional information on the effect of starting drug treatment before discharge
in patients with acute coronary syndromes. At present, the AHA guidelines recommend
that physicians should consider starting drug therapy on discharge (147). Cholesterol
lowering is now established beyond reasonable doubt as a fundamental part of risk
reduction in patients with established CHD. Future challenges are not only to implement
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treatment and reach goals but also to prevent discontinuation of therapy, as this may take
place in a substantial number of patients (148). Reduction of cost of statins will
undoubtedly contribute to such improvement.

Key Points

• CHD is almost totally preventable with the right diet and nonsmoking.
• Dietary changes can improve prognosis, even in middle age.
• In Western societies, strict nonatherogenic diets are presently not generally

accepted.
• Statins are the drug of choice in patients with acute coronary syndromes.
• Statins can lower the risk of CHD mortality by up to 42% in 5 to 6 yr.

Table 3
AHA/ACC Guide to Lipid Management for Patients with Coronary and Other Vascular Disease

Primary goal:
LDL < 100 mg/dL.
Start dietary therapy in all patients: (<7% saturated fat, <200 mg/d cholesterol) and promote
physical activity and weight management. Encourage increased consumption of omega-3 fatty
acids. Assess fasting lipid profile in all patients, and within 24 hr of hospitalization for those
with an acute event. If patients are hospitalized, consider adding drug therapy on discharge.
Add drug therapy according to the following guide:

LDL < 100 mg/dL LDL 100–130 mg/dL LDL � 130 mg/dL
(baseline or on-treatment). (baseline or on-treatment). (baseline or on-treatment).
Further LDL-lowering Therapeutic options: Intensify LDL-lowering 
therapy not required. Intensify LDL-lowering therapy (statin or resina).
Consider fibrate or therapy (statin or resina). Add or increase drug 
niacin (if low HDL Fibrate or niacin therapy with lifestyle 
or high TG). (if low HDL or high TG). therapies.

Consider combined drug 
therapy (statin + fibrate 
or niacin) (if low HDL 
or high TG)

Secondary goal:
If TG � 200 mg/dL,

then non-HDL should be < 130 mg/dL.
If TG � 150 mg/dL or HDL < 40 mg/dL:

Emphasize weight management and physical activity. Advise smoking cessation.
If TG 200–499 mg/dL:

Consider fibrate or niacin after LDL-lowering therapya.
If TG � 500 mg/dL:

Consider fibrate or niacin before LDL-lowering therapy.
Consider omega-3 fatty acids as adjunct for high TG.

TG, triglycerides.
aThe use of resin is relatively contraindicated when TG > 200 mg/dL.
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INTRODUCTION

According to data from the prethrombolytic era, a patient who survives a first
myocardial infarction (MI) faces nearly an 80% chance of another cardiovascular dis-
ease (CVD) event within the next 5 yr (1). More contemporary data indicate that within
6 yr of an MI, approx 20% of men and 35% of women will sustain another heart attack
with similar percentages developing congestive heart failure (CHF) (2). Thus, the diag-
nosis of an MI brings with it the high likelihood of recurrent cardiovascular events, com-
pounding morbidity, and probable ultimate fatality. Viewed in this way, CVD is, in fact,
much like many forms of cancer, although the reaction of many patients to those two
diagnoses can be quite different. Perhaps this is related to antiquated notions, propagated
at times by physicians, that mechanical cardiovascular therapies, such as bypass surgery
and angioplasty, can “fix” the cardiovascular problem. The myriad of therapeutic
options available to the cardiologist and their patients might further fuel such concepts.
In reality, modern medicine might be better at “curing” some types of cancer than
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reversing advanced atherosclerosis. CVD patients suffer a chronic insidious disease that
requires aggressive interventions to alter the complex process that led to its generation,
propagation, and recurrence; steps untouched by acute mechanical treatments restoring
patency or providing alternate paths of blood flow. Fortunately, the number of interven-
tions, both medical and lifestyle, for so-called secondary prevention also continues to
grow. Similarly, our understanding of atherogenesis and the development of acute coro-
nary syndromes is also progressing, creating hope for the development of new, and per-
haps more effective, therapeutic approaches. We are also left with the considerable
challenge of applying those interventions known to reduce cardiovascular risk.

The need to use all interventions available for modifying risk factors and ameliorating
the natural history of coronary artery disease (CAD) in the MI survivor is supported by
epidemiologic and clinical trials data (3,4). There is no higher risk group for future CVD
events than the patient who has survived a heart attack  or unstable angina (5). Mortality
rates post-MI are the greatest in the first year, but continue to be 2–5%/yr for men and
women, depending on their age and left ventricular systolic function (1,2). The simple
presence of angina post-MI approximately doubles the risk of subsequent coronary heart
disease mortality (2,6). Issues regarding the secondary prevention of MI have been dis-
cussed throughout this book, as well as in thorough discussions in the literature (3,7–9).
As such, our aim is to provide a compendium of the interventions to consider in the post-
MI patient.

The 27th Bethesda Conference, sponsored by the American College of Cardiology,
carefully reviewed risk factors for atherosclerosis, organizing them into four categories:
(i) interventions proven to lower CVD risk; (ii) likely to lower CVD risk; (iii) risk fac-
tors associated with increased risk that, if modified, might lower risk; and (iv) risk
factors associated with CVD risk, but which cannot be modified (Table 1) (10). Before
discussing some of those therapies, it is important to discuss some issues of definition
that arise when discussing the secondary prevention of MI.

More than 1 million first MIs will occur this year in the United States (2). Although
the survivors of these events are now technically candidates for “secondary prevention,”
there is little doubt that, in the majority of cases, in the days, weeks, months, and even
years prior to that first MI, these patients already had considerable subclinical CAD.
Given that at least one-quarter of those first MIs will prove fatal within 30 days, the need
to intervene in high-risk patients, even in the absence of anginal symptoms is quite
apparent. As such, there has been an appropriate movement away from using terms such
as “primary” and “secondary” prevention based simply on the documentation of a prior
MI. Instead, one can view patients as being on a spectrum of risk, independent of a pre-
ceding coronary event. In this way, one would consider patients without a history of MI,
but with documented significant atherosclerosis in at least one vascular bed, as needing
aggressive secondary prevention therapies. Such an approach is now adapted by the
National Cholesterol Education Program (NCEP).

A similar argument can be made for the patient with diabetes mellitus (11,12). The
presence of this co-morbidity makes subclinical CAD so likely, that the American Dia-
betes Association and the NCEP Adult Treatment Panel (ATP) III have called for a “sec-
ondary prevention” approach to the management of all diabetic patients (11). With this
notion of a spectrum of risk, one must keep in mind those interventions specifically
directed toward the infarcted myocardium, for example, b-blockers, antiplatelet agents,
and angiotensin-converting enzyme (ACE) inhibitors, as opposed to those that reduce
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long-term risk in general. As used here, the term secondary prevention refers to all
patients at high risk for cardiac events because of the presence of known vascular dis-
ease, diabetes, or a confluence of risk factors that makes the 10 yr incidence of MI sig-
nificantly high.

CHOLESTEROL LOWERING

One of the greatest accomplishments in modern medicine was the proving of the cho-
lesterol hypothesis, which did not occur conclusively until 1994 with the publication of
the Scandinavian Simvastatin Survival Study (4S) (13). Although prior clinical trials had
shown decreased cardiac events with lipid-lowering, no prior study had demonstrated a
mortality benefit by decreasing cholesterol or LDL levels in patients with a prior his-
tory of MI. Given the side effects that often accompanied the older generation of lipid-
lowering therapies (e.g. resins, niacin), many physicians were hesitant to routinely use
these agents.

The 4S investigators performed a large randomized placebo-controlled study designed
to investigate a primary end point of mortality benefit using simvastatin (20–40 mg to
bring the total cholesterol �200 mg/dL) vs placebo. The subjects had a mean cholesterol
of 261 mg/dL; 827 women numbered among the 4444 participants. Patients on active
therapy experienced a 30% reduction in overall mortality (11.5 vs 8.2%) with a statisti-
cal significance of p � 0.0003. Subgroup analysis showed consistent benefit across sub-
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Table 1
Risk Factor (RF) Intervention Categories for CVD

Category I: RF for which interventions are proven to lower CVD risk:
Cigarette smoking
LDL-C
High saturated fat/cholesterol diet
Left ventricular hypertrophy secondary to hypertension
Thrombogenic factors

Category II: RF for which interventions are likely to lower CVD risk:
Diabetes mellitus
Physical inactivity
HDL
Triglycerides/small dense LDL
Obesity

Category III: RF associated with increased risk that, if modified, might lower CVD risk:
Psychosocial factors
Lipoprotein (a)
Homocysteine
Oxidative stress
No alcohol consumption

Category IV: RF associated with CVD risk, but cannot be modified:
Age
Male gender
Family history of early onset CVD

Adapted from the 27th Bethesda Conference Report (10).



groups of women, smokers, hypertensives, and the elderly (14). Particularly striking in
post hoc analysis was the benefit among diabetic patients with a risk reduction of 55% (p
� 0.018) (15). There was also a reduction in need for future revascularization proce-
dures, with a 37% risk reduction (p � 0.00001). Beyond the clear-cut clinical benefit for
patients, economic analysis reveals significant cost savings in the treated vs untreated
groups (11). Similar results have been reported in the other secondary prevention trials,
using pravastatin in patients with CAD but with average or only mildly elevated choles-
terol levels (16,17).

The strength of these data has engendered obvious questions regarding the optimal
LDL level in the post-MI patient. Restated, is there additional risk reduction achieved by
reducing LDL levels from 100 mg/dL to approx 70 mg/dL? Previously, clues to the
answer to this important question rested only in post hoc analyses from 4S and Choles-
terol and Recurrent Events (CARE) trial. If one looks at patients with baseline LDL
�125 mg/dL in CARE, no apparent benefit in terms of clinical events was seen with
pravastatin therapy in this trial (17,20). Is there a “floor” to the LDL level beyond which
further lowering no longer accrues benefit to the patient? The CARE investigators also
found, via post hoc analysis, that the absolute or percentage reduction in LDL had little
relationship to subsequent coronary events in their study population of stable post-MI
patients who had average cholesterol levels (20). Similarly, the West of Scotland Coro-
nary Prevention Study (WOSCOPS) investigators found that treatment benefit was not
related to a patient’s baseline LDL, and that there appeared to be no further benefit
beyond an LDL-lowering of about 24%. 

In contrast, the 4S investigators have reported that, in their patients (CAD patients
with elevated cholesterol levels), CVD event reduction was related to the magnitude of
LDL lowering. Now prospective data from the Oxford University-run Health Protection
Study (HPS) can be added to these data as yet another statin trial likely to enter the pan-
theon of landmark statin trials. HPS addressed the effects of simvastatin 40 mg in patients
with either a history of CAD, or at high risk for it on the basis of diabetes or other evident
vascular disease among patients with LDL levels which, on average, were approx 80
mg/dL in the treatment group and approx 125 mg/dL in the placebo group (21). In HPS,
patients with vascular disease or diabetes had comparable major vascular event rate risk
reductions of about 30% whether their baseline LDL-C was �100 mg/dL or �135
mg/dL (21). In impressive fashion, HPS showed benefit across all subgroups and LDL
levels. This issue will also be further considered in studies underway, such as Treat to
New Targets (TNT), in which patients will achieve with atorvastatin either LDL levels of
approx 100 mg/dL (atorvastatin 80 mg) or approx 70 mg/dL (atorvastatin 10 mg). A sim-
ilar trial is underway with simvastatin. For now, given the excellent tolerability and safety
of statins, the long-term risk for recurrent events in the MI survivor, as well as many years
of evidence demonstrating the association between LDL and CVD risk, this more aggres-
sive approach to treatment appears warranted. The ATP III recommends treating all
patients with vascular disease or diabetes to an optimal LDL-C level of �100 mg/dL
(11).

The issue of LDL lowering for secondary prevention underscores several points
raised earlier. The first is the relatively arbitrary distinction between what truly consists
of secondary prevention vs primary prevention and the need for intervention in high-
risk patients who have not yet experienced a first MI. The WOSCOPS demonstrated a
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31% decrease in cardiac events in patients with high cholesterol and no prior MI (18).
The recommendation by the American Diabetes Association and the NCEP ATP III, that
all diabetic patients begin lipid-lowering interventions if their LDL is �130 mg/dL inde-
pendent of other risk factors, reflects this notion of cardiovascular risk as a continuous
spectrum as opposed to discrete categories. Similarly, the NCEP ATP III recommends bas-
ing LDL intervention on the degree of risk. The statin trials also underscore the impor-
tance of modifying risk related to atherosclerosis in any vascular bed; both 4S, as part of
post hoc analysis, and the CARE trial, as a primary end point, showed decreased stroke
rates with statin therapy (19). This has now also been suggested in HPS as well (21a).

The potential benefit of lipid-lowering therapy in acute coronary syndromes rather
than in stable CVD patients is now being examined. The Myocardial Ischemia Reduction
with Aggressive Cholesterol Lowering (MIRACL) trial was designed to assess the bene-
fits of aggressive lipid lowering immediately after an acute coronary event (22). After
just 16 wk, the composite primary end point of death, recurrent MI, cardiac arrest, or
worsening angina with rehospitalization occurred in 14.8% of the atorvastatin group vs
17.4% of the placebo group (relative risk of 0.84, p � 0.048). The one component of the
composite end point, which reached statistical significance, was recurrent symptomatic
ischemia prompting rehospitalization (6.2 vs 8.4%, p � 0.02). Moreover, there are a
number of ongoing trials designed to determine how low one should lower LDL-C in sta-
ble patients with documented atherosclerotic vascular disease (23).

It is important that all CVD patients undergo lipid testing with aggressive dietary and
medical treatment for any dyslipidemia that may be present. One should also remember
that while the acute phase of an MI may change lipid levels, these effects will only lower
LDL levels. As such, one can check the LDL level post-MI; if it is �100 mg/dL, one
can begin at least a low dose of statin therapy with a safe assumption that the baseline
LDL level prior to the cardiac event was only higher. If the LDL returns �100 mg/dL
in the acute setting, it then becomes incumbent upon the physician to recheck levels
later to see if treatment is warranted. Alternatively, the HPS findings suggest many
patients with vascular disease or diabetes may benefit from statin therapy regardless of
baseline lipid levels (21a).

HYPERTENSION

Hypertension is defined as a blood pressure �140/90 mmHg, while normal BP is
classified as �130/85 mmHg (24). Hypertension affects about 50 million Americans,
and it is a major independent risk factor for future CVD events. It contributes to left ven-
tricular hypertrophy, it impairs vascular endothelial function, and it may increase the risk
of plaque rupture due to increased hemodynamic shear stresses.

Most studies involving hypertension post-MI have suggested that persistently ele-
vated blood pressure leads to higher reinfarction and mortality rates (24,25). Many phar-
macologic interventions routinely prescribed to CAD patients will lower blood pressure,
for example, b-blockers or ACE inhibitors (26). It appears that some of the benefits of
these agents are related to factors other than improvement in blood pressure alone. Even
when medication is employed for hypertension, dietary modification and exercise
should be the cornerstones of therapy for all hypertensive CVD patients.
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ASPIRIN
Unless contraindicated, essentially every post-MI patient should be taking an

antiplatelet agent (e.g., aspirin or clopidogrel). Benefits have been demonstrated in
acute MI in the ISIS-II trial, where the prompt use of aspirin was almost as effective as
thrombolytic therapy in decreasing short-term mortality (23%) (27). The utility of
antiplatelet agents has also been shown in acute coronary syndromes in several studies,
with doses ranging from 75 to 1300 mg/d (28). The Antiplatelet Trialist Collaboration
meta-analysis found reductions in cardiac events of about one-third (29). Recently, the
Clopidogrel in Unstable Angina to Prevent Recurrent Events (CURE) investigators
found that adding clopidogrel to aspirin for an average of 9 mo decreased major events
by 20% as compared to aspirin treatment alone (30).

b-BLOCKERS
b-blockers appear to decrease the risk of recurrent cardiac events through effects

on several mechanisms that might be contributing to myocardial ischemia: decreased
oxygen consumption, and decreased blood pressure, and decreased ventricular arrhyth-
mia (31,32). Older trials, before thrombolytics, demonstrated the mortality benefit of
b-blockers with a decreased incidence of sudden death (14% short-term mortality risk
reduction suggested by meta-analysis) (31,32). The use of high doses of nonselective
b-blockers may be associated with modest adverse effects on the lipid profile, prima-
rily in lowering high-density lipoprotein (HDL) (33,34). There is some question regard-
ing how long it is necessary to have CAD patients on b-blockers post-MI, but they
are excellent choices for long-term blood control in CVD patients (24).

ACE INHIBITORS
ACE inhibitors have been shown to have a mortality benefit post-MI (26,35). The

benefits, however, also include improved ventricular function, decreased symptoms and
admissions for CHF, and less cardiovascular events in patients with left ventricular dys-
function, diabetes, or known vascular disease. In the Survival and Ventricular Enlarge-
ment (SAVE) trial, there was a 19% decrease in mortality among patients on ACE
inhibitors. Currently, the general recommendation is for the initiation of ACE inhibitors
within 1 to 2 d post-MI. The Heart Outcomes Prevention Evaluation (HOPE) trial sug-
gests that ACE inhibitors should be the standard of care in all patients with vascular dis-
ease or diabetes who have a systolic blood pressure �120 mmHg (26).

HORMONE REPLACEMENT THERAPY
Estrogen has been reported to have significant vascular system benefits, with the

assumption being that estrogen may explain the approx 10 yr lag phase in CAD events
among women as compared to men (37). As such, hormone replacement therapy (HRT)
has received much scrutiny and study in both the literature and the media regarding its
potential risks and benefits (38). Unfortunately, the Heart Estrogen/Progestin Replace-
ment Study (HERS) found no benefit of continuous combined conjugated equine estro-
gen and medroxyprogesterone acetate (39). Similar findings were observed in the
Woman’s Health Initiative. The American Heart Association recently issued a statement
summarizing the data regarding HRT and CVD and concluded that women should not
take HRT for the sole purpose of trying to lower their risk of heart disease (40).
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EXERCISE AND REHABILITATION
Many physiologic benefits relevant to the cardiovascular system can be seen in

response to exercise, whether within or independent of a rehabilitation program. A 22
trial meta-analysis (4600 patients) suggested that post-MI rehabilitation programs led to
decreases in total mortality (20%), cardiovascular mortality (22%), and recurrent infarc-
tion (25%) (41).

DIABETES–INSULIN RESISTANCE
Increasing attention has focused on the close relationship between diabetes and ath-

eroslcerosis, a link that extends even to those patients with other forms of metabolic
abnormalities, including impaired fasting glucose (IGT) and the insulin resistance syn-
drome (also known as the dysmetabolic syndrome) (42). Diabetes mellitus is now rec-
ognized as a “risk equivalent” for CAD, which is an important concept adopted by the
ATP III, with all diabetic patients treated to an LDL less than 100 mg/dL (11,43,44).
Consistent with this interest has been ongoing attention to the potential role of diabetic
therapies on CAD. Although improved glucose control has been intently pursued in the
past, more recent data from United Kingdom Prospective Diabetes Study (UKPDS) has
found that tighter glycemic control and blood pressure treatment was associated with
some degree of improved outcomes among diabetic patients (45,46). Overall improve-
ment in metabolic parameters, including better glycemic control, may also have indirect
effects, for example, lowering triglycerides and raising HDL. Newer antidiabetic agents,
such as thiazolidinediones, which may also have direct vascular effects that limit ather-
osclerosis or its complications, is an area of intent study (47).

OTHER INTERVENTIONS
Considerable interest, especially on the part of patients has continued to focus on the

potential benefits of vitamins, especially antioxidants like Vitamin E, in the prevention
of recurrent cardiovascular events. In this regard, recent large clinical trials, including
HOPE and the HPS, argue in a most definitive fashion that antioxidant vitamins, even
in the theoretical optimal combination of Vitamin E and Vitamin C, fail to offer any pro-
tection against recurrent cardiovascular events (1,44,48). The role of oxidation in ather-
osclerosis is well-supported and intriguing; it may simply be that the appropriate or
effective antioxidant interventions have not yet been developed. Considerable interest
has also focused on the use of folate as a means of treating vascular disease, especially
when patients manifest elevated homocysteine levels. The extent of folate in typical diets
has made such studies challenging, as has the overlapping nature of homocysteine lev-
els among people with and without vascular disease. More recent work suggests folate
therapy may offer some decrease in rates of restenosis (49).

AN INTEGRATED APPROACH TO RISK REDUCTION 
AMONG POST-MI PATIENTS

A comprehensive approach to the prevention of MI in high-risk patients must be tai-
lored to the individual. A list of these approaches was developed by the National Insti-
tutes of Health (NIH) Consensus Conference and is adapted in Table 1. Given our
inability to offer a “cure” for atherosclerosis, comprehensive risk factor modification
strategies should be employed. Of course, such therapies only work when the physician
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implements them appropriately, and then does their best to ensure continued compliance
(50). Most studies to date suggest a poor performance on the part of physicians in using
proven therapies in secondary prevention (51). For example, best estimates suggest that
only about a third of patients who have MIs will undergo appropriate screening and
treatment for dyslipidemia (52).

It remains part of our challenge to ensure that the proven ABCs of secondary pre-
vention are put into practice (Table 2) (53,54). In addition, we must remember that
aggressive medical therapy and revascularization should be viewed as complementary
strategies. All patients with vascular disease and diabetes should receive proven medical
and lifestyle prescriptions to favorably alter the atherosclerotic process throughout the
body. Revascularization without comprehensive risk factor modification is a suboptimal
therapeutic strategy (55,56).
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OVERVIEW OF ACUTE CORONARY SYNDROMES

The high frequency and large amount of resources used in treating acute coronary syn-
dromes (ACS) create a considerable economic burden. Coronary heart disease is the sin-
gle largest cause of death in both men and women in industrialized societies, resulting in
459,841 deaths in the United States alone in 1998, which is one of every five deaths (1).
An estimated 1,100,000 Americans a year will have a new or recurrent coronary attack
(myocardial infarction or sudden death due to coronary disease). Within 6 yr of a myocar-
dial infarction, 18% of men and 35% of women with have a recurrent heart attack, 7% of
men and 6% of women will suffer sudden death, and 22% of men and 46% of women will
be disabled with heart failure. While about two-thirds of patients after a myocardial
infarction do not make a complete recovery, 88% of those under age 65 return to work. A
total of 1,263,000 men and 915,000 women diagnosed with coronary heart disease were
discharged from hospitals in 1998. Between 1979 and 1998, these discharges increased
24.6% for men and 26.4% for women. Coronary heart disease is the leading cause of pre-
mature permanent disability in the U.S. labor force, accounting for 19% of disability
allowances by the Social Security Administration. The total cost of coronary disease is
estimated at $298.2 billion for 2001. Based on the a 6-mo cost of approx $20,000 from
the Treat Angina with Aggrastat and Determine Cost of Therapy with an Invasive or Con-
servative Strategy—Thrombolysis in Myocardial Infarction (TACTICS-TIMI) 18 trial,
the costs of ACS in the United States is in excess of 20 billion dollars annually. However,
this is an underestimate as there can be continuing induced costs, both direct and indirect,
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as patients become disabled and require more health care services over the ensuing
months and years.

ACS represent an acute event that can have continuing costs, and thus differs from
and is more complicated than a single form of therapy or diagnostic test (Table 1). When
considering a new therapy for ACS, there is generally a clear starting point but often no
clear stopping point (other than death). The natural history of ACS may vary substan-
tially, as may management. The patient may be stable but then decompensate, resulting
in a hospitalization and intensified therapy, presumably with a somewhat worse health
state and associated costs. The goal of therapy is to return the patients to their baseline
health state and maintain them there. Economic considerations should include direct
cost as well as indirect costs, which may be substantial due to lost productivity. ACS
may also have a considerable impact on how people feel (quality of life) and how they
function (health status). A good design for an outcomes study in heart failure should
take into account all of these possibilities.

BACKGROUND ON ECONOMIC ANALYSES

In an environment in which society cannot afford all possible medical services, all
forms of care compete for resources based on effectiveness and cost. A comparison of
cost between contending therapies can involve a simulation in which costs and outcome
are estimated from nonrandomized comparisons and randomized controlled trials. Even
within randomized trials, an economic analysis can range from a simulation to a very
detailed component of the trial with extensive primary data collection. For any of these
designs, the simplest type of economic study is a comparison of costs or a cost-mini-
mization study. Such a study is useful when it is reasonable to assume that the two treat-
ments offer similar outcomes.

When effectiveness cannot be assumed to be the same for competing therapies, there
are three related forms of economic analyses that can be used to study the relationship
of cost to outcome: cost-effectiveness, cost-utility, and cost-benefit. Cost-effectiveness
analysis assumes that there is one overall measure of effectiveness, often survival (2).
This method breaks down when there are multiple measures of effectiveness. For
instance, one form of therapy may increase the risk of death, but offers improved symp-
tomatic status. This may, in principle, be addressed through cost-utility analysis, in
which all measures of effectiveness are incorporated into one measure, utility (2). A
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Table 1
What is Different About the Economics of ACS?

Episode in a chronic disease rather than a procedure.
Clear starting point.
No clear stopping point.
Disease course may vary widely.
Management may vary widely.
Boundaries of what to include may be difficult.
Indirect costs may be substantial.
Health status may be affected significantly.



third and somewhat less popular form of analysis is cost-benefit analysis, in which
measures of both cost and effectiveness are reduced to dollars or other currency (2).

We can begin to understand the approach of cost-effectiveness analysis by consider-
ing competing therapies, A and B, to treat the same condition (Fig. 1). In panel 1, ther-
apy A is less effective but more expensive than therapy B. In this setting, B is said to
dominate A. Similarly, in panel 4, A is more effective and less expensive than B. In this
setting, A would dominate B. Commonly, however, the more effective therapy or test is
also more expensive. Thus, in panel 2, A is more effective but also more expensive. Sim-
ilarly, in panel 3, B is more effective but also more expensive. When a therapy is both
more effective and more expensive than the competing therapy, cost-effectiveness analy-
sis can help decision makers choose whether to allocate resources to the more effective
service.

The perspective in these analyses can have an important impact on their structure and
outcome. For instance, an analysis from a hospital’s perspective might not include the
long-term consequences of a particular clinical strategy, whereas this issue may be most
important to the patient and the payer. The perspective of all of the various stakeholders
may be viewed in aggregate as “society”. To be most useful in serving societal goals,
cost and cost-effectiveness analyses should be performed from a societal perspective, in
which an attempt to measure all of the costs and measures of outcome associated with
a particular treatment is made. These costs should include those incurred by the patient,
the costs of medical resources that could have been used for other patients, and any loss
of income that the patient sustained because of poor health, as well as the loss of income
for those who may have provided informal care to the patient. Outcome should include
events, quality of life, and survival. By looking at the sum of all of these costs in rela-
tion to outcome, a policy maker could decide, for example, whether the public good ben-
efited more by allocating limited health care resources to preventive services or a new
therapy for ACS.
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DETERMINING COSTS

Nomenclature for Costs
Economists are more concerned with how society chooses to allocate limited

resources rather than what something costs per se (3). Cost may be used to sum resource
use of several type, permitting an economic comparison of services with a common
scale. Accounting methods are used to develop costs from resource use; a summary of
accounting names is shown in Table 2.

Costs must be considered from one of several possible perspectives (4). For hospi-
tals, costs are their expenses related to providing a service. For payers, the cost is what
the providers charge, plus their administrative expenses. In principle, cost studies often
seek to determine societal costs, which can be used in cost-effectiveness analyses to gain
the widest perspective. However, societal costs are never directly measurable, and thus
combinations of cost proxies from one or several stakeholders, where measurable, are
often used as estimates.

Costs are classified as direct or indirect (5). Varying definitions of indirect costs may
lead to uncertainty categorizing a particular cost. Theoretically, direct costs are those
incurred by a stakeholder for a therapy or test, and indirect related costs are those
incurred by other societal groups. More commonly, direct costs relate to the provision
of medical care, while indirect costs are other societal costs.

Medical costs can also be divided into three components: in-hospital direct costs, fol-
low-up direct costs, and indirect costs. Inpatient costs are comprised of hospital costs
(e.g., room, laboratory testing, pharmacy, etc.) and physician professional billings. Fol-
low-up direct costs include physician office visits, outpatient testing, medications, home
health providers, and additional hospitalizations. In this setting, indirect costs reflect lost
patient or business opportunity and may be referred to as productivity costs (6).

A final way of thinking about costs is that direct costs are realistically linked to a
particular service, while indirect costs are not. This type of indirect cost is also called
overhead (7).
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Table 2
Nomenclature for Costs

Cost perspective:
Provider, i.e., hospital or professional.
Payer, i.e., insurance carrier.
Patient.

Cost category:
Direct costs.
Indirect costs.

Accounting method:
Top-down.
Bottom-up.

Costs per service:
Average cost.
Marginal (incremental) cost.



The appropriate length of time over which to measure costs is dependent upon the
procedures being studied and outcomes being measured. The cost of a hospitalization
for ACS could be considered the initial hospitalization alone. Alternatively, the cost for
a hospitalization for ACS could be considered to include the “induced” cost related to
that hospitalization during a period of follow-up (8).

Often in the United States, hospital provider costs are used as a proxy for societal
costs. What a hospital charges for a service is not its cost (9). Measuring hospital cost
is difficult and has been approached by using what is called either top-down or bottom-
up accounting (10). Top-down costing involves dividing all the money spent on a hos-
pitalization or procedures by the number of episodes of care of the particular type
performed. In contrast, a bottom-up approach involves individually costing all resources
used for a service, i.e., supplies, equipment depreciation and facilities, salaries, etc. All
methods involve a set of assumptions and limitations. When considering the cost of a
specific procedure using top-down costing, it must be assumed that costs in the depart-
ment in which the procedure is provided can be separated from costs in other depart-
ments. There may also be variability within a department. Bottom-up methods also are
limited by the ability to account for all resources consumed and to appropriately apply
costs.

Another issue involved in measuring hospital costs is average vs marginal or incre-
mental cost (11). Average cost is calculated by dividing all costs for a therapy or test by
the number of that particular type. In contrast, the marginal cost is the cost of the next
similar procedure. Average costs include all resources used, including overhead, whose
costs would not be decreased if not utilized. Marginal costing accepts fixed costs as a
given and focuses only on variable costs or those additional resources consumed by each
additional patient. Variable costs are analytically separated from fixed costs by estab-
lishing the perspective and time-frame as fixed. For instance, facilities’ costs are com-
monly considered fixed, but how should marginal personnel costs be assigned? If an
older test such as Swan Ganz catheters decreases as echocardiography becomes more
common, how is the decrease in intensive care unit (ICU) nurse activity and increase in
echocardiography technician activity reflected? Because of these difficulties, most cost
and cost-effectiveness studies use average costs.

Cost Measurement
There is a detailed approach to top-down costing based on the UB92 summary of hos-

pital charges, which is commonly used in the United States (12). The UB92 is a uniform
billing statement used by all third party carriers. The relationship between costs and
charges, in the form of global specific cost to charge ratios, must be developed using
American Hospital Association guidelines and then filed annually with Health Care
Financing Administration (HCFA) in a Hospital Cost Report, which is in the public
domain.

An alternative approach is to use bottom-up cost accounting and assign cost weights
to each type of resource used (13). The sum of resources times their cost weights yields
total cost. However, the methods are sufficiently laborious that they are rarely used.

Another approach is to use a payer perspective (14). In the United States, Medicare
diagnosis-related group (DRG) reimbursement rates can be used to define cost. Similar
methods are available in other countries. The use of DRGs to assign cost does not account
for variation in cost within that DRG and may not even reflect average resource use.
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To assess professional costs, it is not sufficient to consider only the primary physicians’
fees alone, as other professionals provide services (15,16). The goal must be to capture all
of the professional services for an episode of care. In the United States, there has been an
effort to rationalize physician payments by developing a set of scales for services (17).
This system, the resource-based relative value scale (RBRVS), was developed over time
to try to assess the relative time, physical, and cognitive efforts associated with physician
services (17). Each service is assigned a number called the relative value unit (RVU). If
the profile of physician services for a procedure or hospitalization is known, then RVUs
for each service may be used to develop a proxy for the physician costs. The total RVUs
may be converted to a dollar figure by a conversion factor from Medicare or private insur-
ance carriers. Developing a profile of professional services is quite laborious and rarely
undertaken. An alternative approach is to use published data in which professional serv-
ices by DRG are estimated as a percent share of hospital costs (18).

Determining the costs of outpatient services presents different challenges in assess-
ing resource utilization, including direct and indirect medical costs. Direct costs include
physician office visits, medications, procedures and testing, rehabilitation, nursing
home stays, and home health services, as well as patient out of pocket expenses, includ-
ing travel. Services can be assigned a cost using the Medicare Fee schedule as discussed
above. Medication costs can be estimated from compiled prices by sampling pharma-
cies or using published wholesale pharmaceutical prices.

Indirect productivity costs include missed time from work by the patient or family
members. In any case, it is not possible to directly measure all of the indirect costs. For
instance, if an executive in a company has a myocardial infarction and is out of work for
6 wk, there may or may not be loss of pay, but the effect on the business cannot readily
be determined. Indirect costs, if measured at all, are often confined to family loss of
income, and the numbers must be examined with both interest and skepticism.

Inflation and Discounting
Costs in the future should be deflated by multiplying by a constant to convert from

any one year to another, based on the medical inflation rate or the general inflation rate
of the consumer price index (CPI) (19). The medical inflation rate is generally larger
than of the overall CPI and will give somewhat different figures. Future costs should
also be discounted to reflect the opportunity costs of current dollars, i.e., future costs
should be expressed at their present value (20). For instance, if a policy maker were
given the alternative of spending $1000 now or $1000 in 5 yr to treat a given condition
and obtain the same outcome, the decision would always be the latter. Costs are gener-
ally discounted at a rate of 3–5%/yr (20).

COMPARING COSTS TO OUTCOME

Determination of Patient Utility and Quality Adjusted Life Years
In the treatment of ACS, it is unusual for one measurement of outcome to be of suf-

ficient clinical importance that all other outcome measures may be ignored in clinical
decision making. While death generally overwhelms all other outcome measures in
importance, these patients may also suffer from considerable disability. Thus, a therapy
may be justified based on improved health status alone, even if not life saving.
Improved health status should not be thought of as independent of a disease process.
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The relationship of health status to disease process, with a focus on ACS is shown in
Fig. 2 (21). Health status includes, symptoms, functional limitations, and the reaction
to these limitations, which we may call quality of life. Decreased health status is
dependent on the severity of the disease process. To incorporate health status measures
into a cost-effectiveness analysis, an overall measure of health status is needed. In prin-
ciple, this task may be accomplished through the determination of patient utility.

The utility of a therapy or test is the sum of benefits, both positive and negative, that
accrues to a patient over time as the result of the procedure (22). More technically, util-
ity is a measure of patients’ preferences for one health state over another. We may con-
sider the assessment of utility beginning with a decision tree (Fig. 3), which takes a
patient at a specific point and then considers, in principal, all possible events up to some
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point in the future. In this model, nodes with squares represent choices, and nodes with
circles represent chance events. In the simplified model shown, a single choice is made,
and for each choice, there are two possible outcomes. Each outcome is called a health
state. Each health state has a utility and a probability of occurrence. The utility of choice
A in Fig. 3 is the sum of the utility of health state 1, times its probability plus the util-
ity of health state 2, times its probability. Unlike this simplified model, for any one treat-
ment, there may be multiple possible health states; it is generally difficult to determine
the probability and utility health states.

Utility changes over time, corresponding to changes in health state. The utility of two
alternative treatments after suffering an ACS are compared in Fig. 4. After initiating
therapy A, the patient may feel well and utility rises. A recurrent symptomatic period
between yr 1 and 2 causes utility to fall. With successful treatment, utility rises again.
For therapy B, there is no episode of recurrent symptoms, and utility gradually rises.
Ultimately, the patients get to the same point, but the patient who has the episode of
recurrent heart failure suffers a period of decreased utility. Utility measurement reflects
patient preference. One patient may dislike the disability of chest pain enough to be will-
ing to undergo more aggressive therapy with revascularization. Another patient may dis-
like the difficulties involved with more aggressive care enough to be willing to put up
with more functional limitation.

Utility may be measured indirectly using either a validated survey, such as the Health
Utilities Index (23) or the EuroQol (24) or by directly assessing patient preference. The
patient preference methods, Standard Gamble and Time Trade-off (2), ask patients to
directly evaluate their current state of health and then evaluate what they would give up
or risk to achieve perfect health. The patient preference methods are probably superior
to surveys because the evaluation of a patient’s view of his/her own state of health is
measured directly, but they are more difficult to administer. In the Time Trade-Off

Fig. 4. Theoretical time course of utility for two different therapies for heart failure. With therapy A,
there is a dip in utility followed by recovery, while for therapy B, utility gradually rises.
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approach, patients weigh the fraction of expected survival they are willing to give up to
live in perfect health. With the Standard Gamble, patients weigh what risk of death they
are willing to take to live in perfect health. The Standard Gamble is probably superior
because it includes the element of risk (2).

Utility alone does not provide a final summary measure of outcome, because it does
not include life expectancy. A summary measure can be created by combining utility and
survival to obtain quality-adjusted life years (QALYs) (Fig. 5) (21,25). Survival, as with
cost presented above, is generally discounted, which means that patients value a year of
survival at the present time more than a year of survival in the future. The “true” dis-
count rate for survival is unknown. Values in the literature for the discount rate have var-
ied from 2% to 10%, with 3% being the most popular, and it should be discounted at
the same rate as cost (20). Thus, with a discount rate of 3%, next year’s survival is 3%
less important than this year’s survival. QALYs is the best summary measure of outcome
in a cost-utility analysis because, it incorporates patient value, risk aversion, expected
survival, and a discount rate.

Cost-Effectiveness and Cost-Utility Analysis
Cost-effectiveness is defined as the change in cost per unit increase in effectiveness.

If the summary effectiveness measure is in QALYs, then the marginal or incremental
cost-effectiveness of therapy or test A compared to therapy or test B is defined as:
COSTA – COSTB/QALYsA – QALYsB. The cost-effectiveness ratio combines the three
important outcome measures of utility, survival, and cost (Fig. 5).

Cost-effectiveness analysis involves multiple assumptions in measuring both cost and
outcome, which introduces uncertainty or error. Uncertainty in clinical microeconom-
ics is generally approached through sensitivity analysis. With sensitivity analysis, meas-
urements in which there is uncertainty are varied between appropriate ranges, and the
analysis is repeated. However, the appropriate ranges for the variables for sensitivity

Fig. 5. Interrelationship between survival, utility, and cost to create a cost-utility analysis.



analysis may not be clear. Sensitivity analysis offers a sense of the stability of the cost-
effectiveness ratio; in some studies the variation in the ratio with sensitivity analysis may
be small, while in others it may be sufficiently large that the original point estimate may
have little meaning. Therapies that appear cost-effective using only the central point esti-
mate may not seem as cost-effective when the underlying assumptions are varied, or a
ratio that was marginally cost-effective may seem quite cost-effective when the assump-
tions are varied; this may be especially true concerning the cost of a new therapy which
may decline over time. In studies in which cost and effectiveness are directly measured,
the variability of the cost-effectiveness ratio can be expressed with a 95% confidence
interval (CI) determined by boot-strap analysis.

COST-EFFECTIVENESS OF THERAPY IN ACS

Clinical trials and subsequent economic evaluations have been carried out in most
areas of medical decision making concerning ACS. These studies are discussed below
and summarized in Table 3.

Coronary Care
Patients with an acute myocardial infarction, whether ST-segment elevation or not,

often suffer life-threatening complications that require rapid high-level intervention.
Consequently, the standard of care is generally to admit patients with an acute myocar-
dial infarction to a coronary care unit. Admission to these units is costly and relatively
few patients benefit from the units’ advanced capabilities. The value of this triage for
specific groups of patients can be illuminated through an economic analysis.

To address this issue, Tosteson and colleagues made use of clinical and resource uti-
lization data from 12,139 emergency department patients who presented with acute
chest pain (26). They compared a coronary care unit with admission to an intermediate
care facility with central electrocardiographic monitoring and personnel to detect and
treat in-hospital complications. Information on the effectiveness of coronary care units
is sparse, particularly in this setting of alternatives with some of the same capabilities.
Based on data from the Multicenter Chest Pain Study, the authors estimated that mor-
tality for patients with an acute myocardial infarction would be 15% higher for admis-
sion to an intermediate care unit compared with a coronary care unit (27). Using this
assumption, the value of admission to a coronary care unit varied depending on the age
of the patient and the initial probability of an acute myocardial infarction. In 1992 dol-
lars, for patients who were 55–64 yr old and had a 1% probability of infarction, admis-
sion to a coronary care unit had a cost-effectiveness ratio of $1.4 million/yr of life saved,
while the same age patients with a 99% probability of an infarction had a cost-effec-
tiveness ratio of $15,000/yr of life saved. The cost-effectiveness ratio was less than
$75,000/yr of life saved if the probability of infarction exceeded 20%. The cost-effec-
tiveness of coronary care units was less favorable for younger patients because of their
lower underlying risk of a life-threatening complication.

Pharmacologic Reperfusion
With the advent of information about the efficacy of thrombolytic therapy for the

treatment of patients with suspected acute myocardial infarction, interest turned to
the economic value of this intervention. Since the two largest and earliest trials of
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Table 3
Summary of Economic Studies in Acute Coronary Syndromes

Study Study basis Study Study Cost and 
(reference) Intervention (reference) size type cost-effectiveness

Tosteson et al. (26) Coronary care Multicenter 12,139 Nonrandomized $15,000–1.4 million/yr of life saved,
Chest Pain Study depending on patient characteristics.

Krumholz et al. (28) Reperfusion Literature NA Simulation $21,200–$50,000/yr of life saved 
in elderly.

Mark et al. (33) tPA vs streptokinase GUSTO 41,021 Partial simulation $13,410–$203,071/yr of life saved,
survival based on depending on patient characteristics.
23,105 randomized trial
resource
use

Kalish et al. (34) tPA vs streptokinase GUSTO NA Simulation based Under $27,400 to over $1000/QALY
on randomized trial depending on patient characteristics.

Reeder et al. (41) PTCA vs tPA in Clinical Trial 99 Based on Inconclusive.
ST-elevation MI randomized trial.

Stone et al. (42) PTCA vs tPA in PAMI 358 Based on PTCA dominates.
ST elevation MI randomized trial

Mark et al. (50) Low-molecular-weight ESSENCE (49) 655 Based on LMWH dominates unfractionated
heparin randomized trial heparin in non-Q MI.

Mark et al. (52) GP IIb/IIIa in EPIC (51) 2038 Based on Cost saving for drug cost less 
high risk PTCA randomized trial than $1270.

Weintraub et al. (54) GP IIb/IIIa in RESTORE (53) 1920 Based on Effective at no increased cost.
high risk PTCA randomized trial

Weintraub (61) Invasive strategy TACTICS-TIMI 18 1722 Based on Effective at no increased cost.
in UA/NSTEMI randomized trial

Goldman et al. (63) b-Blockade Literature NA Simulation $3,623–$23,457/yr of life saved,
depending on level of risk.

Tsevat et al. (65) ACE Inhibition SAVE 2231 Simulation based $3600–$60,800/QALY depending 
on randomized trial on level of risk.

McMurray et al. (66) ACE inhibition Literature NA Simulation based 1752–3110 British pounds/yr of
on randomized trial life saved, depending on model 

characteristics.
Ades et al. (67) Rehabilitation Literature NA Simulation $4950/yr of life saved.

MI, myocardial infarction; LMWH, low-molecular-weight heparin; UA/NSTEMI, unstable angina non-ST-segment elevation myocardial infarction..



thrombolytic therapy used streptokinase, the early economic evaluations focused on
this agent (28–32).

A cost-effectiveness analysis published in 1992 examined the use of streptokinase
compared with no treatment, since the two largest and earliest trials of thrombolytic
therapy used streptokinase (28). The investigators focused on the treatment of elderly
patients with suspected acute myocardial infarction, a group for which there is less
enthusiasm about using thrombolytic therapy. Based on data available from Gruppo Ital-
iano per lo Studio della Streptochinasi nell’ Infarto Myocardio (GISSI)-1 and Second
International Study of Infarct Survival (ISIS-2), the relative benefit of thrombolytic
therapy was assumed to be lower in elderly patients and the risk of thrombolytic ther-
apy was higher, but the absolute risk after an acute myocardial infarction was much
higher compared with younger patients. The smaller relative reduction in the higher risk
associated with infarction offset the higher risk of complications. Thus, the decision
analysis suggested that thrombolytic therapy was economically attractive over a broad
range of assumptions about the risks and benefits. After considering the costs of the
treatment, complications, and long-term health care of survivors, the authors estimated
that the cost-effectiveness ratio of streptokinase compared with conventional medical
therapy was $21,200/yr of life saved for an 80-yr-old patient. The authors calculated
similar estimates for younger patients. Several studies have found similar results. One
analysis has even suggested that thrombolytic therapy could be cost saving because of
its impact on reducing rehospitalization (32).

With the emergence of tissue-type plasminogen activator (tPA) as a more expensive
and more effective alternative to streptokinase, studies addressed whether the incre-
mental benefit was large enough to justify the incremental cost. The Global Utiliza-
tion of Streptokinase and tPA for Occluded Coronary Arteries (GUSTO) trial
investigators performed a substudy to address this issue specifically (33). The inves-
tigators collected detailed information about resource consumption in a subgroup of
the GUSTO subjects. They found that both treatment groups were similar in their use
of resources in the year after enrollment. The treatment groups had a mean length of
stay of 8 d, including an average of 3.5 d in the intensive care unit. During the initial
hospitalization, the treatment groups had a similar rate of bypass surgery (13%) and
angioplasty (31%). Overall, the 1-yr health costs, excluding the difference in the cost
of the thrombolytic agent, were $24,990/patient treated with tPA and $24,575/patient
treated with streptokinase. The major difference in the cost of the therapies was the
cost of the drugs: $2750 for tPA and $320 for streptokinase. The primary analysis
assumed no increase in costs for the tPA group after the first yr. Based on the GUSTO
results and an estimate of the patients’ life expectancy, the additional life expectancy
per patient treated with tPA was estimated to be 0.14 yr. Based on these estimates,
the authors concluded that the cost-effectiveness ratio of using tPA instead of strep-
tokinase was $32,678/yr of life saved. This ratio varied considerably based on the
infarction site and the age of the patient. In general, the younger and lower risk patients
had higher cost-effectiveness ratios. For example, the cost-effectiveness ratio for tPA
in a patient aged 40 yr or younger with an inferior infarction was $203,071/yr of life
saved compared with $13,410/yr of life saved for a person aged 75 yr or older with
an anterior infarction. An analysis conducted independent of the GUSTO trial reached
similar conclusions (34). Comparisons with other new agents await strong evidence
of their superiority to tPA.

716 Weintraub



Pharmacologic Reperfusion Vs Primary Percutaneous Coronary Intervention
Mechanical approaches to reperfusion have been employed with increasing fre-

quency. The clinical or economic advantage of primary angioplasty have been somewhat
controversial (35–37). Several studies have suggested a substantial advantage of primary
angioplasty (38–40). Economic analyses based on early studies suggested that primary
angioplasty is associated with a reduction in mortality without increasing cost (41,42).
In an early study by Reeder et al. (41) 99 patients with acute myocardial infarction pre-
senting within 12 h after onset of symptoms were randomized to tPA or immediate
angioplasty as the initial revascularization strategy. The primary outcome determinants
were direct and indirect costs, including duration of hospital stay and return to work. No
significant difference in cost between the two initial treatment strategies was noted. A
trend was noted toward a briefer hospital stay and fewer late in-hospital procedures in
patients treated initially with angioplasty. Other measures of indirect costs were not sta-
tistically different. The two strategies were considered to have similar cost-effectiveness.

In a larger and somewhat more recent study Stone et al. (42) evaluated the cost-effec-
tiveness of acute percutaneous coronary intervention (PCI) in the Primary Angioplasty
in Myocardial Infarction (PAMI) trial. A total of 358 patients in the U.S. with acute
myocardial infarction were randomized to tPA or primary percutaneous transluminal
coronary angioplasty (PTCA). Compared with tPA, primary PTCA resulted in lower in-
hospital mortality (2.3 vs 7.2%, p � 0.03), reinfarction (2.8 vs 7.2%, p � 0.06), recur-
rent ischemia (11.3 vs 28.7%, p � 0.0001), and stroke (0 vs 3.0%, p � 0.02), as well as
shorter hospital stay (7.6 � 3.3 d vs 8.4 � 4.7 d, p � 0.04). Despite the initial costs of
cardiac catheterization in all patients randomized to PTCA, total charges tended to be
lower with PTCA ($27,653 � $13,709 vs $30,227 � $18,903, p � 0.21). At a mean fol-
low-up time of 2.1 � 0.7 yr, no major differences in postdischarge events or New York
Heart Association functional class were present between PTCA and tPA-treated patients,
suggesting, but not proving, similar late resource consumption. Compared with tPA,
reperfusion by primary PTCA was felt to improve clinical outcomes with similar or
reduced costs, suggesting a dominant strategy. However, the ability to generalize these
results to the community setting where access to the catheterization laboratory may be
limited has been less certain. Thus, additional studies of actual practice, however, have
provided less impressive results associated with the use of primary angioplasty (37,43),
making estimates of the effectiveness more difficult.

A fundamental problem in the area of reperfusion, both pharmacologic and mechani-
cal is that the field is moving rapidly. Changes in costs and techniques require rapid access
to recent data in order to develop relevant economic models. For example, stents, initially
considered to be contraindicated in acute myocardial infarction because of concerns that
they would incite thrombus formation, have become the standard for primary mechanical
reperfusion therapy (44). As evidence of the efficacy of stents accumulates, there will be
a need to examine their economic impact compared with balloon angioplasty and throm-
bolytic therapy. Also, as more rapid discharge protocols evolve for patients who receive
reperfusion therapy, the balance of costs and effectiveness may shift (45).

Antithrombotic Agents
Aspirin reduces mortality and morbidity for patients with ACS. As a result of the

marked benefit and the minimal cost of the therapy, no formal economic analysis of
aspirin for the treatment of ACS has been published in the mainstream journals. The
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ISIS-2 trial found that aspirin avoided 25 deaths for every 1000 patients with suspected
acute myocardial infarction (46). In addition, the 1 mo of aspirin therapy in ISIS-2 was
associated with halving the risk of stroke or reinfarction. Aspirin avoided about 10 rein-
farctions and 3 strokes for every 1000 patients treated. The avoidance of complications
would likely translate into cost savings, leading aspirin to be considered a “strongly
dominant” therapy.

Heparin for the treatment of acute myocardial infarction has also not been formally
evaluated in an economic analysis, since it has not been shown to provide a strong ben-
efit for acute myocardial infarction in the aspirin era (47). In addition, while aspirin plus
heparin is the standard of care for patients hospitalized with unstable angina, a meta-
analysis of the unstable angina studies found only borderline significant results in favor
of heparin (48). Given the uncertainty about its effectiveness, heparin would only be a
favored therapy if there were evidence that heparin reduces cost. No studies have
revealed an economic advantage to heparin therapy in this setting.

New agents are emerging with increasing frequency. For example, low-molecular-
weight heparin is emerging as an effective therapy for unstable angina (49). The greater
cost and benefit of this new treatment makes it ideal for economic analyses. Mark and
colleagues performed an economic analysis for a subset of patients enrolled in the Effi-
cacy and Safety of Subcutaneous Enoxaparin in Non-Q-Wave Coronary Events Study
Group (ESSENCE) (50). Patients treated with enoxaparin had lower resource use dur-
ing the initial hospitalization, and this benefit persisted at 30 d, with a cumulative cost
savings associated with enoxaparin of $1172 (p � 0.04). The investigators concluded
that enoxaparin both improves important clinical outcomes and saves money relative to
therapy with standard unfractionated heparin, making it a strongly dominant therapy.

Use of Glycoprotein IIb/IIIa Inhibitors in the Setting of High-Risk PCI
The use of the monoclonal antibody fragment abciximab inhibitor of the platelet

receptor glycoprotein (GP) IIb/IIIa has become common in the setting of PCI, but espe-
cially so in patients undergoing PCI in the setting of ACS. Treatment of high risk patients
undergoing coronary revascularization reduces the short-term risk of the composite of
death, myocardial infarction or coronary revascularization (51). An economic analysis
of the Early Postmenopausal Intervention Cohort (EPIC) trial found that the use of this
therapy for high-risk patients was associated with a cost savings of $622/patient during
the initial hospitalization from reduced acute ischemic events (52). During the 6-mo fol-
low-up, the therapy decreased repeat hospitalization rates by 23% (p � 0.004) and
repeat revascularization by 22% (p � 0.04), producing a mean $1270 savings/patient
(exclusive of drug cost) (p � 0.018). If the cost of the drug were less than $1270, then
the strategy would be effective and cost saving.

The Randomized Efficacy Study of Tirofiban for Outcomes and Restenosis
(RESTORE) trial found that in patients undergoing coronary angioplasty for ACS,
tirofiban protects against early adverse cardiac events related to abrupt closure (53). A
subsequent economic analysis reported that the use of tirofiban (including drug costs)
was not associated with an increase in health care costs (54).

Neither of these studies directly examined the use of these agents in patients with
acute ischemic syndromes. TACTICS-TIMI 18 trial has specifically addressed this issue
(55).
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Invasive vs Conservative Strategies in Non-ST-Segment Elevation ACS
The relative value of an invasive strategy with early catheterization and possible

revascularization compared with a conservative strategy with exercise testing in patients
with unstable angina or non-ST-segment elevation acute myocardial infarction has been
studied in several clinical trials in the pre-stent, pre-GP IIb/IIIa blocker era, with equiv-
ocal results (56–58). More recently the Fast Revascularization during Instability in
Coronary Artery Disease (FRISC) trial, which included the use of coronary stents,
showed a reduction in events at 6 mo with an invasive strategy. None of these trials
included a prospective economic component.

An invasive vs a conservative strategy for non-ST-segment elevation ACS was stud-
ied in the TACTICS-TIMI 18 trial. TACTICS-TIMI 18 included the use of both intra-
coronary stents and the GP IIb/IIIa blocker aggrastat. It is also the first trial in this area
with a formal cost and cost-effectiveness analysis built into the structure of the trial
(55,59). In TACTICS-TIMI 18, 2220 patients with unstable angina were randomized to
an early invasive strategy with routine catheterization within 4–48 h and revasculariza-
tion as appropriate, or to a more conservative (“selective invasive”) strategy, with
catheterization performed in the event of recurrent ischemia or a positive stress test
(60). The primary end point was a composite of death, myocardial infarction or rehos-
pitalization for an ACS at 6 mo. The primary end point was reduced with the early inva-
sive strategy compared to the conservative strategy, 15.9 vs 19.4%, odds ratio 0.78,
95% CI: 0.62–0.97, p � 0.025. The incidence of death or myocardial infarction at 6 mo
was similarly reduced (7.3 vs 9.5%, respectively, OR 0.74, 95% CI: 0.54–1.00, p �
0.0498). Direct costs examined included those associated with: hospitalizations, emer-
gency room visits, inpatient rehabilitation, nursing home stays, office visits and proce-
dures, and cardiac-related medications (61). Indirect costs resulting from lost
productivity were estimated from work days missed and patient-reported work effec-
tiveness levels according to employment classification. Total 6-mo costs did not differ
significantly between the two treatment arms. Average total cost for the invasive arm
was $20,616 vs $19,987 for the conservative arm. The 95% CI for the $629 difference
(invasive minus conservative) was (–$1237, $2455). Mean cost of the initial hospital-
ization was significantly higher for the invasive arm ($14,660) than the conservative
arm ($12,666); the 95% CI for the $1994 cost difference was ($610, $3288). However,
mean 6-mo follow-up costs incurred postdischarge were significantly higher for the
conservative arm: $7203 vs $6063, largely due to rehospitalizations. The –$1140 cost
difference had an associated 95% CI of (–$2238–$36). In patients with unstable
angina/non-ST-segment elevation myocardial infarction treated with the GPIIb IIIa
inhibitor tirofiban, the clinical benefit of an early invasive strategy is achieved without
an economically relevant increase in cost.

b-BLOCKER THERAPY
b-blocker therapy has been shown to reduce mortality following an acute myocardial

infarction (62). Goldman and colleagues conducted the most widely cited economic
analysis of the costs and effectiveness of b-blocker therapy (63). Using data from the
literature, they estimated that b-blocker therapy produced a relative reduction in mor-
tality of 25% in yr 1–3 after an infarction and a 7% reduction for yr 4–6. They evalu-
ated the cost-effectiveness of the therapy under the assumption that the benefit did not
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persist after yr 6. Costs were calculated using 1987 dollars. The investigators stratified
potential patients by their estimated mortality into low risk (1.5% in the first yr),
medium risk (7.5% in the first yr), and high risk (13% in the first yr). The cost-effec-
tiveness ratio was strongly associated with the underlying risk of the patient. For a 45-
yr-old man with low risk, the cost-effectiveness ratio was $23,457, with medium risk
was $5890, and with high risk was $3623.

Angiotensin-Converting Enzyme Inhibition
Several large randomized trials have demonstrated a reduction in acute myocardial

infarction for patients with left ventricular dysfunction after an acute myocardial infarc-
tion who are treated with an angiotensin-converting enzyme (ACE) inhibitor (64). Tse-
vat and colleagues (65) examined the cost-effectiveness of this intervention using
resource utilization, survival, and health-related quality of life information from the Sur-
vival and Ventricular Enlargement (SAVE) trial, a randomized trial of captopril for sur-
vivors of a myocardial infarction with an ejection fraction of 40% or less. The
investigators conservatively estimated that the benefit of captopril did not persist beyond
4 yr. The trial found that captopril improved survival at 3.5 yr by about 20%. Costs were
calculated in 1991 dollars. The cost-effectiveness ranged from $60,800/quality-adjusted
life year for 50-yr-old patients to $3600 for 80-yr-old patients. McMurray and col-
leagues also found that ACE inhibitors are an economically attractive intervention after
myocardial infarction (66).

Rehabilitation
In a decision analytic model, Ades et al. (67) studied the cost-effectiveness of car-

diac rehabilitation to coordinate exercise training and secondary prevention after acute
myocardial infarction. The cost-effectiveness of cardiac rehabilitation, in dollars/yr of
life saved, was calculated by combining published results of randomized trials of car-
diac rehabilitation on mortality rates, epidemiologic studies of long-term survival in
the overall postinfarction population, and studies of patient charges for rehabilitation
services and averted medical expenses for hospitalizations after rehabilitation. Car-
diac rehabilitation participants had an incremental life expectancy of 0.202 yr. In
1988, the average cost of rehabilitation and exercise testing was $1485, partially off-
set by averted cardiac rehospitalizations of $850/patient. A cost-effectiveness value
of $2130/yr of life saved was determined for the late 1980s, projected to a value of
$4950/yr of life saved in 1995. A sensitivity analysis was conducted to support these
findings.

SUMMARY

ACS remain a serious medical problem, which can be associated with death and dis-
ability on one hand, and considerable resource utilization on the other. The primary
driver for choice of therapy must remain clinical efficacy. Once efficacy is established,
cost-effectiveness analysis has an important role. Resources are limited, and responsi-
ble choices must be made. The methods involved in cost-effectiveness analysis are com-
plicated, and data for the analysis are generally not fully optimal. Nonetheless,
cost-effectiveness analysis offers the best method for helping society make rational
medical decisions. Good therapy at a reasonable price for the treatment of ACS have
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generally proven to be cost-effective. Thus, most of the major therapies for ACS,
including reperfusion, acute PCI, use of GP IIb/IIIa blockers, use of an invasive strat-
egy in high risk patients, use of aspirin, b-blockers, and ACE inhibition are quite rea-
sonably cost-effective.
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OVERVIEW

Effects of Smoking on Health
Cigarette smoking continues to be one of the most prevalent causes of preventable

morbidity and mortality in the United States (1,2). In the United States, an estimated 47
million adults smoke, and over 400,000 deaths/yr are attributable to smoking (3,4).
Tobacco use is causally linked to diseases such as cancer, heart disease, stroke, and
chronic obstructive pulmonary disease (5) and is responsible for over $50 billion in
annual healthcare expenditures (6). Moreover, Environmental Tobacco Smoke (ETS) or
“second hand smoke” has been strongly associated with respiratory illness in children
and with both cancer and heart disease in adults living with smokers (7). The prevalence
of smoking decreased dramatically in the United States between 1950 and 1980 (8),
coinciding with the release of a series of reports from the U.S. Surgeon General regard-
ing the effects of tobacco smoking on health. However, this trend has not continued.
Today, one quarter of all adults living in this country smoke (9), and the rate of smok-
ing among high school students increased throughout the 1990s (10).

Smoking Cessation in Cardiac Patients
Each year, over 600,000 people are newly diagnosed with coronary heart disease

(CHD), presenting with events such as myocardial infarction (MI) or chronic conditions
such as angina pectoris, congestive heart failure, or arrhythmias (11). CHD is the lead-
ing cause of mortality in the U.S., accounting for almost half of all deaths in the United
States annually (12,13). Cigarette smoking greatly increases the risk of death from heart
disease. Specifically, mainstream smoke (MSS), which is smoke that is directly inhaled
by the smoker, has pathophysiologic effects on the heart, blood vessels, coagulation
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system and lipoprotein metabolism (14–16). MSS exposure leads to an increase in
white blood cell count and an increase in blood neutrophils, producing chronic eleva-
tions in oxygen-derived free radicals, fostering the development of atherosclerosis.
MSS exposure also reduces the number of circulating lymphocytes, suppresses T and
B cell function, and increases the concentration of free fatty acids (FFAs) in the blood,
which results in increased levels of low-density lipoproteins (15). MSS exposure also
reduces levels of high-density lipoprotens (HDL) and produces pathogenic changes in
myocardial vasculature, resulting in vasoconstriction and reduced blood flow and oxy-
gen and nutrient delivery to the myocardium. These pathological changes occur in non-
smokers exposed to ETS as well and follow a dose-response relationship when ETS
exposure is quantified in these subjects and compared to morbid cardiac outcomes.

While both mainstream smoking and ETS exposure significantly increase the indi-
vidual’s risk of CHD, smoking cessation produces marked reductions in cardiovascular
risk (5). The experience of hospitalization, particularly for cardiovascular disease, can
result in smoking cessation even without intervention (17–19). However, cessation rates
vary greatly depending upon reason for hospitalization, length of stay, and the presence
of depressive symptoms (20). For example, Rigotti and colleagues (21) found high ces-
sation rates (58%) 1 yr after hospitalization among coronary bypass patients, while other
studies have shown very low cessation among smokers immediately after hospitaliza-
tion (13.7%) and at 1-yr follow-up (9.2%) (22). While the majority of individuals who
quit smoking without intervention will relapse within 3 mo, individuals provided with
professional intervention had lower rates of relapse (23).

Physician Interventions for Smoking Cessation
While 70% of smokers visit a physician each year, very few of their doctors use this

opportunity to address the patient’s smoking (24). Physicians practicing in specialties
such as cardiology or emergency medicine are less likely to provide smoking cessation
interventions than primary care physicians (25). Possible explanations cited for low
physician intervention rates include lack of time, deficient training in counseling skills,
and an absence of organizational support (26–29). This low prevalence is especially
unfortunate as multiple studies have shown that even brief interventions, lasting less
than 3 min, will significantly increase the probability that the smoker will quit (30). For-
mal physician training, the use of cues or reminders, pharmacological aids, follow-up
visits, and supplemental educational materials all increase the effectiveness of physi-
cian-delivered interventions (31).

Cardiologists seeing smokers with coronary artery disease, hypertension, or histories
of recurrent chest pain, can be especially effective because the patient’s illness can be
linked directly to smoking. The clinical encounter is a great teachable moment (32) which
should be seized. Many physicians do not feel that they have the counseling skills or
training to address smoking cessation effectively. This chapter will provide a well-stud-
ied, effective, and simple approach that cardiologists can use with their smoking patients.

TREATMENT APPROACHES

Recently, clinical guidelines have been developed through a joint collaboration
between the Centers for Disease Control (CDC) and the Agency for Healthcare Research
and Quality (AHRQ) together with the National Cancer Institute, the National Heart
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Lung and Blood Institute, the National Institute on Drug Abuse, the Robert Wood John-
son Foundation, and the University of Wisconsin Medical School Center for Tobacco
Research and Intervention (30). The recommendations made as a result of this extensive
systematic review and analysis of the extant peer-reviewed scientific literature form the
basis of the approach taken in this chapter.

The key principles underlying these recommendations are:

1. Physicians should identify all of their patients who smoke.
2. Physicians should be conversant with all of the current effective treatments available for

tobacco dependence.
3. Physicians should offer treatment to all of their smoking patients who are ready to quit.
4. Even smoking patients who are not yet ready or willing to quit should be offered treat-

ment because intervention by a physician demonstrably increases the smoker’s readiness
and motivation to quit.

5. The physician should understand that tobacco dependence is a chronic condition that
typically requires repeated intervention before long-term success is achieved.

The best practice model of brief intervention for smoking cessation is easily sum-
marized by the mnemonic device of the “Five A’s”.

The Five A’s are:
ASK: The physician should ask all patients if they smoke or have recently quit.
ADVISE: The physician should give every tobacco user clear, strong, and personal-

ized advice to quit.
ASSESS: The physician should assess the patient’s level of nicotine dependence and

readiness to quit.
ASSIST: The physician should assist the patient in obtaining one or more of the

effective treatments that exist for smoking cessation.
ARRANGE FOLLOW-UP: The physician should arrange follow-up to reinforce

successful efforts and to identify slips early, so that barriers can be identified and moti-
vation to try again can be renewed.

Each of the Five A’s are summarized in Fig. 1, with links (in parentheses) to check-
lists and resources throughout the remainder of this chapter.

(1) ASK
National guidelines recommend that physicians systematically determine the smok-

ing status of all patients at every visit. One simple method of accomplishing this goal
incorporated a routine vital sign chart containing a smoking section. This small change
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substantially increased the likelihood that smoking intervention was addressed during
the patient visit (33).

(2) ADVISE
EVERY TOBACCO USER SHOULD BE GIVEN ADVICE TO QUIT

THAT IS CLEAR, STRONG, AND PERSONALIZED

Smoking cessation counseling is one of the most cost-effective healthcare interven-
tions that can be made. Unfortunately research has repeatedly shown that smoking coun-
seling is not provided at most physician visits (27). Counseling does not need to be
extensive to be effective. Advice which is clear, direct, and tailored to the individual
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patient’s medical history or physical symptoms is more effective than generalized
generic advice (30). Brief, clear advice from a physician has been shown to double quit
rates. For example, advice to a patient who is currently enrolled in cardiac rehabilitation
might sound like this:

• Clear: “It is important for you to quit smoking.”
• Strong: “Since you’ve already experienced heart disease (or specify condition),

the most important thing you can do to avoid repeating this experience is to quit
smoking.”

• Personal: “Your risk of having a second MI will be a lot lower is you quit smok-
ing.”

Other phrases which work are: “As your physician, I want you to know that the most
important thing you can do, to protect or improve your health, is to quit smoking.” “Quit-
ting smoking is important for everyone who smokes, but for you it’s especially impor-
tant because of (specify current health problem).”

ASSESS
ASSESS THE PATIENT’S READINESS TO QUIT SMOKING AND

LEVEL OF NICOTINE DEPENDENCE

(3) Readiness to Quit Smoking. Readiness to quit smoking is a key determinant of
treatment approach. Treatment for smokers who are ready to make a serious quit
attempt should be focused on behavioral strategies, including selecting a Target Quit
Date (TQD), reviewing and arranging appropriate pharmacological therapies, and refer-
ral to self-help or professional programs. Treatment for smokers who are not ready to
quit should focus on increasing the patient’s motivation to quit. Treatment for these
smokers should focus on the psychological issues surrounding cessation, including rea-
sons for quitting vs reasons for continuing smoking, concerns about the cessation
process, the patient’s self-confidence, and family and/or social supports and barriers to
quitting (Fig. 2).

Motivation or readiness to quit smoking has most often been measured using Pro-
chaska and DiClemente’s Stages of Change model (35), which was developed for use in
outpatient populations. As most hospitals impose smoking restrictions in the inpatient
setting, and hospitalization itself encourages serious thought about smoking habits,
employing this algorithm in the inpatient setting introduces a bias misclassifying smok-
ers into higher motivation to quit categories. Recent research has shown that a single
question, “How likely it is that you will remain abstinent after hospital discharge?” has
a higher predictive value for predicting sustained quits in hospital inpatients (36).

(4) Nicotine Dependence. The most widely used and validated measure of nicotine
dependence is the Fagerstrom Test for Nicotine Dependence (FTND). Patients scoring
�6 are considered highly nicotine dependent. While research shows that most smokers
benefit from nicotine replacement therapy (NRT) and that providing NRT is especially
important for highly dependent smokers. Smokers who use nicotine replacement show
double the success rates as those who do not (30,37), but this effect is most pronounced
among highly nicotine-dependent smokers. Highly nicotine-dependent smokers are 3�
more likely to be successful if they use nicotine replacement than if they do not. More-
over, the physician should choose the initial dose of NRT after considering the patient’s
level of nicotine dependence (see Table 1) and the patient’s current smoking rate.
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SPECIFIC TREATMENT PLANS

ASSIST
A MOTIVATIONAL APPROACH

There are as many different types of smokers as there are people. For the sake of
simplicity however, the physician can consider smokers as one of two groups: those
who are ready to quit, and those who are not. Research studies have repeatedly shown
that physicians who identify the two categories of smokers and take the appropriate
motivational approach to addressing smoking with these groups are more successful in
helping them to quit. Motivational approaches, including the “Transtheoretical” or
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“Stages of Change” model and Motivational Interviewing, are widely used theoretical
models of how people change health behaviors (6,35). Developed for use in outpatient
populations, the basic tenet of these models is that individuals who are not yet ready to
change behavior need to be approached differently than those who are ready to change.
In practical terms, this means that treatment goals for smokers who are not yet ready
to quit should focus on identifying reasons to quit, thus enhancing motivation for quit-
ting, and identifying perceived barriers. Treatment for these smokers should avoid
immediate behavioral goal-setting, such as discussing quit dates or selecting pharma-
cological treatments. Conversely, interventions for smokers who are ready to quit
should focus on behavioral goals (e.g., choosing a TQD and pharmacotherapy) and cop-
ing strategies.

NOT READY TO QUIT

Patients who are not yet ready to quit need help identifying reasons to quit, improv-
ing their motivation and confidence in their ability to quit, and identifying barriers to
smoking cessation. These patients may lack, or believe they lack, the needed financial
resources to afford NRT or pharmacologic aids to quitting, or information about how
smoking is affecting their health. They may have concerns about quitting—possibly
related to prior failed attempts (39). The physician can intervene with these patients by
providing information that is relevant and helping them identify barriers to quitting and
the resources that are necessary to support cessation. Motivational interventions are
most successful when the physician is empathic, promotes patient autonomy (provides
choices among options), supports the patient’s sense of self-confidence, and avoids
argumentation (40,41).

(5) The “Good Reasons to Stop Smoking Now” and the “Benefits of Quitting Smok-
ing” lists may be helpful.

Smoking Cessation 731

Table 1
Fagerstrom Test for Nicotine Dependence (FTND)

Points 0 1 2 3

How many cigarettes do you smoke per day
�10 11–20 21–30 �30

Do you smoke more in the morning (or when you first wake up) compared to the rest of the
day ?

No Yes
Do you find it difficult to not smoke in places where smoking is not allowed, like church or
the movies?

No Yes
How soon after waking do you smoke your first cigarette ?

�60 min 31–60 min 6–30 min �5 min
Do you smoke when you are so ill that you must stay in bed?

No Yes
Which cigarette of the day would you most hate to give up?

any other the first

From ref. 38.



GOOD REASONS TO STOP SMOKING NOW
Its never too late to quit. The body begins to repair itself within minutes of the last

cigarette.

Within 20 min of your last cigarette:
• Blood pressure begins to decrease.
• Pulse slows to a more normal rate.
• The temperature of hands and feet increases to normal.
8 h:
• Carbon monoxide level in the blood returns to normal.
• Oxygen level in blood increases.
24 h:
• Chance of heart attack decreases.
48 h:
• Nerve endings start regrowing.
• Ability to smell and taste things is improved.
72 h:
• Bronchial tubes relax, making breathing easier.
2 wk to 3 mo:
• Circulation improves and walking becomes easier.
• Lung function increases up to 30%.
1 mo to 9 mo:
• Coughing, sinus congestion, fatigue, and shortness of breath all decrease.
• Cilia regrow in the lungs, increasing your ability to handle mucus, clean the

lungs, and reduce infection.
• Body’s overall energy level increases.
5 yr:
• The lung cancer death rate for the average smoker is cut in half.
10 yr:
• Risk of lung cancer is almost as low as for those who never smoked.
• Risk of other cancers (mouth, larynx, kidney, bladder, pancreas) all decrease.

Taken from the American Cancer Society’s FreshStart program.

BENEFITS OF QUITTING SMOKING
• Fresher breath.
• Cleaner smelling hair and clothes.
• Whiter teeth.
• Saving money (a pack-a-day smoker will save almost $1000/yr).
• Freedom from social restrictions and the demands of addiction.

→ no need to ensure continual cigarette supply.
• Improved circulation.
• Improved ability to exercise.
• Longer and better life.
• Less chance of having a heart attack, stroke, and cancer.
• Reduced risk of lung disease, fewer problems with existing respiratory disease.
• Improved health for the people you live with, especially your children.
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• Better health: exsmokers have fewer days of illness, fewer health complaints,
better self-reported health status.

• After 10 yr, the risk of lung cancer for exsmokers is cut in half.
• After 10 yr, the risk of stroke for exsmokers is the same as for people who never

smoked.
• For people with heart disease, quitting smoking reduces the risk of repeat heart

attacks and death from heart disease by over 50%.

(6) CONCERNS ABOUT QUITTING

Many patients are aware that they should quit smoking, but have concerns about the
process of quitting or are discouraged from prior failed attempts. These patients may
benefits by exploring their concerns about quitting. The Decisional Balance worksheet
(Fig. 3) has been used in numerous smoking cessation trials to help smokers identify
both their reasons for wanting to quit and perceived barriers to quitting.

READY TO QUIT

Effective treatments exist for smoking cessation and should be provided to all smok-
ers who are ready to quit. Effective treatment components include:

• Selecting a TQD.
• Reviewing pharmacological therapies with the patient and selecting appropriate

options.
• Anticipating challenges (work schedules, stressors, social supports, and sabo-

teurs).
• Offering referral to self-help materials or specialized programs and resources.
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(7) PLANNING TO QUIT

• Select a TQD.
Usually this is within 2 wk of the office visit. Total abstinence on this date is
essential.

• Prepare environment.
If possible, eliminate ashtrays, smoking paraphernalia, and cigarette supply.

• Past experience.
Review what worked in prior quit attempts and what caused relapses.

• Plan the day.
Patients need to consider how they will alter their usual routine to avoid smok-
ing. Avoid alcohol. For a few days, patients may need to avoid people and places
associated with smoking. Patients should anticipate triggers and have a coping
plan.

• Practice and preparation.
Patients can begin to change their normal routine around smoking in the days
before quitting. For example, if the patient always has a cigarette with coffee in
the morning, he or she could begin drinking coffee without smoking in the days
leading up to quit day. This gives the patient some practice in breaking up the
behavioral cues associated with smoking.

• Recommend pharmacotherapy.
Consider using medications if not contraindicated. Explain how these medica-
tions can reduce withdrawal symptoms and increase chances of success.

• Suggest social support.
Have the patient identify family, friends, or coworkers who will be helpful.
Arrange for other household smokers to restrict their smoking near the patient.

• Schedule follow-up visit.
Follow-up contact should occur 1 wk after the Quit Day.

SHORT-TERM COPING STRATEGIES

• Remove all smoking-related paraphernalia (ashtrays, lighters, etc.) from the
home, office, and car.

• Keep cigarettes out of easy reach (in an out-of-the-way kitchen cupboard, in the
garage, in the trunk of the car).

• Be prepared to ask others to modify their behavior for a short while.
• Avoid alcohol.
• Exercise: taking brief walks during the day reduces stress and gets the smoker

out of the environment where they were triggered to smoke.
• Reward positive change.

(8) PHARMACOLOGICAL THERAPY FOR SMOKING CESSATION

All smokers who are ready to make a serious quit attempt should be strongly encour-
aged to use pharmacotherapy to aid their quitting efforts, except where contraindicated.
As with other chronic disease conditions, nicotine dependence is best treated using mul-
tiple modalities including behavioral and pharmacotherapies. Physicians are advised to
discourage patients from trying a single method and then switching to another single
method only if the first approach fails. That strategy is likely to weaken the patient’s
resolve to quit before achieving success.
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There are two first-line medications that are effective for smoking cessation; bupro-
pion and NRT. NRT is currently available in four different delivery formats: transder-
mal patch, gum, nasal spray, and inhaler. The efficacy of nicotine replacement products
is similar, with each agent leading to a doubling of the cessation rate, so the choice of
product depends on patient factors such as smoking patterns, rate, and preference. Tai-
loring of NRT to the individual’s ambient nicotine levels and smoking patterns appears
to substantially increase treatment efficacy (Table 2). For example, a study by Sachs et
al. (42) found that short-term cessation rates were over 75% when nicotine replacement
was increased until blood nicotine levels matched those found when the patient was
smoking. Higher-dose patches appear to be safe for the heavy smoker (43) and those
who achieve a higher level of replacement of their smoking nicotine level may do bet-
ter. However, there does not appear to be a general benefit to starting smokers at higher
dose levels. While multiple patches are appropriate for the individual who is heavily
nicotine-dependent, cost can become a prohibitive factor. In some heavily dependent
smokers, it may be beneficial to combine nicotine replacement products such as gum
plus a patch (44). Using either NRT or bupropion increases the odds of successful ces-
sation by 50–150% (45–47). NRT and bupropion can be used simultaneously, since they
have different mechanisms of action. They are synergistic: using both entities together
is more effective than using either alone.

Beyond nicotine replacement and antidepressants such as bupropion, other agents
such as clonidine, anti-anxiety agents, and nicotine antagonists have shown promise
(48,49), but have yet to demonstrate their efficacy in large-scale clinical trials (50), thus
they are not recommended for first-line treatment at present.

Key Points

• Pharmacotherapy doubles quit rates and is safe for most patients.
• Pharmacotherapy is effective for a broad range of patients and should NOT be

reserved for “hard core” smokers or heavy smokers only.
• Different medication types (e.g., bupropion and NRT) can be combined to

enhance chances of success.
• Combining the nicotine patch with self-administered forms of NRT (e.g., patch

plus gum) may be more effective than using a single form of NRT.
• Long-term pharmacotherapy can reduce the risk of relapse.

NICOTINE REPLACEMENT IN CARDIAC PATIENTS

When used in medical settings, NRT plus a physician’s advice can produce impres-
sive abstinence rates (51). Soon after the nicotine patch was approved for use, the media
reported a possible link between patch use and cardiovascular incidents. The use of NRT
in cardiac patients has been of concern, because some of the cardiotoxic effects of smok-
ing are attributable to nicotine. While nicotine does have sympathomimetic effects that
increase heart rate, blood pressure, and stimulate vasoconstriction (52), the use of NRT
generally leads to significantly lower blood nicotine levels compared to smoking (53)
even in patients who smoke during NRT treatment (54,55). Use of NRT is likely to result
in fewer adverse cardiovascular effects than continued smoking. Anecdotal reports of
adverse cardiac events (56,57) have made physician’s hesitant to prescribe NRT for car-
diac patients (58). Systematic research over the past decade has documented that there
is no reliable association between acute cardiovascular events and use of the nicotine
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Table 2
First-Line Pharmacological Therapies

Nicotine
Bupropion Nicotine polacrilex Nicotine Nicotine

Medication (Zyban) patch (gum) Inhaler nasal spray

Contraindications Seizure disorder, current Severe eczema, allergy Severe None. Presence of asthma,
bupropion use (e.g., to adhesives or temporomandibular rhinitis, nasal 
Wellbutrin) or MAO other skin disease. joint disease, jaw polyps, or sinusitis.
inhibitors, anorexia or problems, dentures.
bulimia, allergy to bupropion.

Precautions Is usually well-tolerated Recent (2 wk) MI, Same as Same as nicotine patch. Same as
by patients with severe arrhythmia, nicotine patch. Use caution with nicotine inhaler.
cardiovascular disease— severe angina patients who have 
infrequent reports pectoris. asthma, wheezing, or
of hypertension. other pulmonary disease.

Dosage/ 150 mg 1�/d for 3 d, Available in 7–21 mg 2 mg and 4 mg. 4 mg cartridge (80 1 to 2 doses/h 
use instructions 150 mg 2�/d for 7–12 doses.Treatment One piece inhalations/cartridge). (5/h and 40/d 

wk.Start 7–10 d usually lasts 4–12 wk every 1–2 h 6–16 cartridges/d maximum).3–6 mo.
prior to quit date. with dosage tapering. (24/d maximum). for 3–6 mo.

Availability Prescription. OTC OTC Prescription Prescription
Adverse reactions Dry mouth, insomnia. Skin irritation Mouth soreness, Irritation of mouth, Irritation in nose

(possible remedy) (hydrocortisone cream/ hiccups, dyspepsia, throat, coughing, and throat, watering
rotate patch sites); jaw ache (review rhinitis. eyes, sneezing 
vivid dreams (avoid correct chewing and cough. 
wearing during sleep) technique).

Comments May be used Vary initial dose May work especially May work especially
concurrently with with smoking rate well for light or well for light or
NRT. Treatment (e.g., �15 cigarettes/d irregular smokers. irregular smokers.
can be maintained should start at May help with May help with
for 6 mo. lower-dosage; oral substitution. oral substitution.

�35/d may need Requires proper 
higher dose). May chewing technique.
work best for 
regular-interval smokers.

MAO, monoamine oxidase; OTC, over-the-counter medications.



patch, even among patients who continue to smoke while using the patch (59–62).
Because cigarette smoking, in general, and nicotine ingestion, in particular, have car-
diovascular effects, some caution is warranted regarding the safety of NRT among cer-
tain cardiac patients. These are:

• Patients with immediate (within 2 wk) history of MI.
• Patients with serious arrhythmias.
• Patients with severe or worsening angina pectoris.

Note that these are cautions, not contraindications. The physician must weigh the ben-
efits of smoking cessation against any possible risk from nicotine replacement. Bupro-
pion is generally well-tolerated in cardiac patients, although there have been rare reports
of exacerbation of hypertension.

(9) PROGRAM REFERRAL

Most smoking cessation efforts are enhanced by behavioral supports. These can
include self-help materials, telephone calls, support groups, and individual therapy for
smoking cessation. Intervention intensity is positively associated with cessation success:
essentially “more is better”. Minimal interventions, such as brief advice from a physi-
cian lasting less than 3 min increases the chance of successful cessation by approx 30%,
while high-intensity interventions, such as individual counseling can more than double
quit rates. Therefore, the more intervention resources the physician provides to the
patient, the more likely it will be that he or she will quit smoking (Table 3).

BOOKS AND OTHER SELF-HELP RESOURCES

Numerous books and tapes are available as self-help aids for smokers who are
attempting to quit. Most recently, a number of Internet Web sites have sprung up offer-
ing assistance to smokers who are trying to quit. Internet sites may be especially help-
ful to some smokers since chats and other supports are available 24 h/d. There are many
good books available to patients who want to quit smoking. A few of these are listed
below.

1. The Stop Smoking Workbook: Your Guide to Healthy Quitting (Anita Maximin &
Lori Stevio-Rust; New Harbinger Publications, 1995). This stop-smoking guide stands
out because of its comprehensive content and its interactive workbook format. The prac-
tical exercises take smokers through a structured process that enables them to under-
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Table 3
Efficacy and Estimated Abstinence Rates for Intervention Types and Intensities

Level of Number Estimated odds Average
Contact studies ratio (range) abstinence rates

No intervention 39 1.0 10.9
Physician advice: (3 min) 10 1.3 (1.1–1.6) 13.4
Self-help 93 1.2 (1.1–1.4) 12.3
Telephone counseling 26 1.2 (1.1–1.4) 13.1
Group counseling 52 1.3 (1.1–1.6) 13.9
Individual counseling 67 1.7 (1.4–2.0) 16.8

From ref. 30.



stand the realities of addiction and the different phases of quitting, and helps them to
make the changes in their lives that are necessary to quit for good.

2. If Only I Could Quit : Recovering from Nicotine Addiction (Karen Casey Hazelden.
Information Education publishers, 1996). A motivational book based describing the
experiences of 24 individuals while trying to quit smoking. Based on a Twelve Step phi-
losophy, this book outlines a three-month, one-day-at-a-time program to begin recovery
from nicotine addiction.

3. No-Nag, No-Guilt: Do-It-Your-Own Way Guide to Quitting Smoking (Tom Fergu-
son, Random House, Inc. publishers, 1998). Dr. Ferguson is an experienced medical
writer who avoids anti-smoking rhetoric. Instead, he offers a reasonable, practical pro-
gram for smokers who want to quit.

4. American Cancer Society’s “Fresh Start” A 21-day gradual smoking reduction pro-
gram that is helpful for smokers who wish to quit without using NRT. This book
addresses coping with cigarette cravings, withdrawal symptoms and the benefits of quit-
ting smoking.

5. Quit Smoking for Good:A Supportive Program for Permanent Smoking Cessation
(Andrea Baer, Crossing Press, 1998). This book focuses on making emotional and
behavioral changes needed to prepare for permanent smoke-free living.

6. American Lung Association 7 Steps to a Smoke-Free Life (Edwin Fisher, Jr. & C.
Everett Koop, John Wiley & Sons, 1998). This book is based on the American Lung
Association’s “Freedom from Smoking” program. Helps smokers identify smoking trig-
gers and develop coping strategies. Contains worksheets, checklists and “quick quit
tips” .

7. The Complete Idiot’s Guide to Quitting Smoking (Lowell Kleinman, MD. Deborah
Messina-Kleinman & Mitchell Nides, Macmillan publishing, 2000). A solid, compre-
hensive guide to smoking cessation and pharmacotherapy.

8. When It Hurts Too Much to Quit: Smoking and Depression (Gerald Mayer, Desert
City Press, 1997). This book presents information about the special challenges facing
smokers who are trying to quit while experiencing clinical depression. This book
addresses the relationship between smoking and depression, the basics of brain chem-
istry, the essentials of effective treatment and making choices about getting help.

9. Out of the Ashes: Help for People Who Have Stopped Smoking (Peter Holmes &
Peggy Holmes, Fairview Press, 1992). This book offers ex-smokers new ways to cope
with the challenges of remaining smoke-free.

Web sites. Many patients are familiar with computers and may have access at home
or work to the Internet. This form of support can be particularly helpful to smokers who
are having difficulty. They can access help and support on a 24-h basis using the Inter-
net. The following is a list of smoking cessation support sites with a brief review of their
contents. All site address (in bold) begin with http://www except for the Nicotine
Anonymous site.

1. Clever.net/chrisco/nosmoke/cafe.html A long, convoluted Web address with high
quality Web site at the other end: the “No Smoke Cafe”. The site content includes
“Counselor Larry”: pages containing a wealth of information about making psycholog-
ical and behavioral changes needed to quit. This site also features chat rooms, message
boards, and inspirational information about tobacco use and quitting.

2. Quitsmoking.about.com This site is part of the “About.com” network of health-related
Web sites. The site contains lots of information about smoking cessation methods, the
“Ash Kickers” discussion forum and links to many other resources.
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3. Lungusa.com American Lung Association Web site featuring Freedom from Smoking
and 7-Steps to a Smoke-Free Life programs. This site offers help in English and Spanish.

4. Nicorette.com This SmithKline Beecham Web site features nicorette gum and the
“Committed quitters” program—a sound self-help cessation program for NRT gum
users. Available in English and Spanish.

5. Zyban.com This is the Glaxo Wellcome site dedicated to providing information about
Zyban and the “Zyban Advantage” smoking cessation support program.

6. Smokehelp.org The “Smokers Helpline” Web site. This site has general information
about quitting smoking, the dangers of tobacco and so on. Caution: This site states that
quitting cold turkey is the “best way” for most people to quit and discourages NRT use.

7. Cancer.org American Cancer Society Web site. This site is difficult to navigate and has
only generalized informational pages about smoking related issues, without providing
much hands-on help. For example, clicking on their “Fresh Start” program brings up a
single page telling you that Fresh Start is a program to help people quit smoking—with
no content about the program or information/links to any actual program.

8. http://nicotine-anonymous.org The Nicotine Anonymous (NA) Web site has contacts
for local chapters and instructions on setting up an NA group. NA follows a traditional
12-step model of addiction recovery. Caution: This site states that “Nicotine Anony-
mous accepts that nicotine is a toxic addictive substance that endangers our quality of
life.”, but goes on to say “We neither endorse nor oppose such devices as nicotine gum
or patches”. This resource might be helpful to smokers who need group support, but the
apparent bias against NRT and confusion between tobacco vs nicotine as toxic sub-
stances warrants caution.

(10) ARRANGE FOLLOW UP

FOLLOW-UP VISITS

• Ideally the first follow-up should occur within 1 wk of the Quit Date.
• A phone contact on the quit day is helpful to most smokers.
• Congratulate and reinforce success.

If smoking has occurred,

• Identify circumstances surrounding slips.
• Reframe slips as learning experiences—not as signs of failure.
• Identify new target quit day.
• Reassess need for pharmacotherapy.
• Consider referral to a more intensive program.

A second follow-up visit is recommended within 1 mo.

(11) DISCUSS CONCERNS ABOUT REMAINING QUIT

Nicotine dependence is a chronic and recurring condition, often requiring several
serious quit attempts before permanent success is achieved. Therefore, physicians
should be prepared to address relapse prevention with any patient who has recently quit
smoking (less than 6 mo abstinence). Physicians should reinforce success, underline the
benefits of quitting smoking, and help patients identify any problems or concerns they
may have about remaining quit. Even recently quit patients experiencing difficulties
staying quit or verging on relapse may be helped with pharmacotherapy or behavioral
therapy and referrals (63,64).
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Problem/Concern Possible Solution

Strong, continued withdrawal Nicotine replacement therapy.
symptoms or cravings. If quit �1 wk, start at lower dose (e.g., 7-mg patch).

Consider therapy with bupropion.
Depressive symptoms or Provide counseling.

negative mood. If significant, prescribe medication.
OR Refer to specialist.

Weight gain. Emphasize healthy diet (no strict dieting).
Suggest increasing physical activity.
Most people gain �10 lbs and is self-limiting.
Consider medications known to delay/reduce weight gain
(e.g., nicotine gum, bupropion).

Lack of support for cessation. Schedule follow-up visit.
Identify social or family supports.
Refer to organization for support.

Low motivation. Assess for cravings/withdrawal symptoms.
Recommend rewarding activities.
Emphasize benefits of quitting smoking.

SUMMARY AND CONCLUSIONS

Because three quarters of all smokers will visit a physician at least once each year
(1), smoking cessation interventions delivered in medical settings can reach a wide
range of smokers who otherwise might not present for treatment (24). Medical settings
may also provide a unique, teachable moment in which to influence patients’ percep-
tion of risk from smoking related illness, and to enhance their motivation to quit
(65,66).

Tobacco use is unique in that it constitutes a highly significant public health threat,
for which clinicians tend not to intervene consistently despite the presence of effective
treatments. Smoking is the single, leading cause of preventable death in the U.S. today,
killing more than 450,000 Americans each yr and causing uncounted morbidity and suf-
fering. The annual cost of smoking and smoking related illness and death in the U.S.
exceeds 130 billion dollars (67).

Specialists are even less likely to provide smoking counseling than primary care
physicians (25,68). This is particularly unfortunate, since smokers are more likely to
quit when counseling is provided within the context of a sick visit (32). The reluc-
tance of physicians to provide counseling can be traced to many factors including lack
of counseling skills, inadequate training, time pressures (patients/h), and absent orga-
nizational support. Large, multilayered hospital systems, third-party insurers, and
administrative structures often create barriers to physicians trying to provide preven-
tive health counseling. Physicians should not bear the entire blame for this unfortu-
nate deficit in proactive preventive health intervention. However, physicians can and
should always strive to address smoking with their patients with the same vigor with
which they address hypertension. The guidelines for physician intervention presented
in this chapter reflect recommendations for clinician intervention produced by the
AHRQ and US Public Health Service (30). These recommendations should become
the standard of care for the millennium embraced by physicians, mid-level providers,
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and healthcare systems as they strive together to free their patients once and for all
from the addiction to nicotine and the morbidity and mortality that inevitably surround
tobacco use.
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Critical Pathways for Acute Coronary
Syndromes

Christopher P. Cannon, MD and
Patrick T. O’Gara, MD

INTRODUCTION

Critical pathways are standardized protocols for the management of specific diseases
that aim to optimize and streamline patient care (1,2). Other names used for such pro-
grams are “clinical pathways” or simply “protocols” such as acute myocardial infarction
(AMI) protocols used in the emergency department (ED) to reduce time to treatment
with thrombolysis (3). “True” critical pathways list in great detail all processes of care
and potential inefficiencies for medical procedures such as coronary artery bypass sur-
gery (2). Some pathways are treatment recommendations and algorithms focusing on
improving compliance with evidence-based medicine and have more relevance in the
ambulatory setting (e.g., hypertension or hyperlipidemia) (4). Critical pathways were
first developed for business and industry as a tool to streamline production processes
(5). When applied to medicine, critical pathways initially were seen as a means to reduce
length of hospitalization, but soon were recognized as an important tool for improving
quality of care.

Goals of Critical Pathways
Use of “critical pathways” is currently growing rapidly primarily as a means of reduc-

ing hospital length of stay. However, several other components can be added to critical
pathways, with the overall goal of improving patient care. These other goals focus on
improving the use of appropriate treatments and on facilitating patient triage to the
appropriate level of care (Table 1). In addition, limiting unnecessary tests can reduce
costs and allow money to be spent on other treatments that have been shown to be ben-
eficial.

NEED FOR CRITICAL PATHWAYS

For patients with acute coronary syndromes (ACS), critical pathways are needed
because many patients do not receive evidence-based therapies. In addition, there is a
wide variation in using procedures as well. Aspirin, heparin, and beta-blockers have
been shown to improve outcomes in ACS, and their use was recommended in national
guidelines released in 1994 and 2000 (6,7). However, the National Registry of Myocar-
dial Infarction (NRMI) showed that among 240,989 MI patients receiving thrombolytic
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therapy, only 87% received aspirin, and only 63% of patients with non-ST-segment ele-
vation MI received aspirin (8). Similarly, in the Cooperative Cardiovascular Project,
among patients fully eligible to receive aspirin (i.e., no contraindications to aspirin such
as bleeding ulcer), only 80% of patients received aspirin (9). In the Thrombolysis In
Myocardial Infarction (TIMI) III and Global Unstable Angina Registry And Treatment
Evaluation (GUARANTEE) registries of unstable angina and non-ST-segment elevation
MI, only 80% of patients received aspirin (10,11).

Another example of underutilization of medications concerns fibrinolysis. It has been
suggested that only 25–30% of patients with acute MI receive thrombolysis. However,
thrombolytic therapy is only beneficial in patients with STEMI (12). In the TIMI 9 Reg-
istry of patients with STEMI, 69% of patients received either thrombolysis (60%) or pri-
mary percutaneous coronary intervention (PCI) (9%) (13). Of those who presented to
the hospital within 12 h of the onset of pain, 75% received reperfusion therapy (13).
Similar findings have been reported in NRMI (14). Thus, despite a reasonable percent-
age of patients receiving reperfusion therapy for STEMI, opportunities for improvement
exist, with the ultimate goal of extending the benefits of reperfusion therapy to all
patients with STEMI.

Underutilization of most other guideline-recommended medications also has been
observed. In the TIMI 9 Registry of STEMI, 91% of patients received heparin, and beta-
blockers were given to 61% (13). In patients who developed congestive heart failure or
had documented left ventricular (LV) dysfunction post MI, only 39% were treated with
angiotensin-converting enzyme (ACE) inhibitors at hospital discharge. In the TIMI III
and GUARANTEE registries of UA/NSTEMI, intravenous heparin was used in 60% of
patients and beta-blocker therapy was also underused (10,11).

HOSPITAL AND ICU LENGTH OF STAY

Other opportunities for improvement in ACS are hospital length of stay and utiliza-
tion of intensive care (ICU) and coronary care units (CCU). Hospital length of stay for
ACS have ranged from 8 to 9 d in registries in the mid 1990s (10). Among patients
treated with thrombolysis for STEMI, similar observations have been made. In GUSTO-
I, the median length of stay was 9 d (15). In a follow-up analysis, which divided patients
into those who had an uncomplicated course (no recurrent ischemia, congestive heart
failure, or any other complication) vs any one of these complications, the median length
of stay for both groups was 9 d (16). In the TIMI 9 Registry conducted in 1995, for
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Table 1
Goals of ACS Critical Pathways

1. Reducing time-to-treatment with reperfusion therapy.
2. Increase use of recommended medications (e.g., aspirin).
3. Decrease use of unnecessary tests/procedures.
4. Provide guidance on timing of cardiac procedures.
5. Reduce hospital, intensive care unit, and emergency department length of stay.
6. Increase participation in clinical research protocols.
7. Provide a framework for collecting information and feeding it back to clinicians and others

(Continuous Quality Improvement).
8. Improve patient care and decrease costs.



uncomplicated patients with STEMI the median length of stay was 8 d (17). Thus, it
appears that length of stay has been long in all patients with acute coronary syndromes,
and opportunities exist to safely reduce this length of stay, especially in low-risk
patients.

A decade ago, admission to the CCU was standard for patients with unstable angina
and MI. In the GUARANTEE registry, 40% of patients with unstable angina and non-
ST-segment elevation MI were admitted to the CCU (11). Current recommendations are
to restrict CCU admissions to patients at higher risk (STEMI, hemodynamic compro-
mise, or other complications) (7,18).

Under- and Overutilization of Cardiac Procedures
Another area for potential improvement is in the use of cardiac procedures following

admission for acute MI and unstable angina. Wide variation has been observed, espe-
cially between the United States and other countries. In acute STEMI, numerous stud-
ies have found wide differences in the use of cardiac procedures but no difference in
mortality (19,20). These data suggest that there may be unnecessary procedures per-
formed in some patients; however, more contemporary trials are warranted to define this
issue better.

On the other hand, in UA/STEMI, the recent FRISC II and TACTICS-TIMI 18 trials
have shown a benefit of an early invasive strategy in intermediate- and high-risk patients
(21,22). In patients with positive troponin at admission, there is a 40-50% reduction in
death or MI through 6–12 mo follow-up (23). Because approx 60% of patients have pos-
itive cardiac markers (23), this would mean that these patients should undergo proce-
dures. In addition, for the remaining troponin-negative patients, a conservative strategy
does involve catheterization and revascularization in patients who have recurrent
ischemia. Thus, nearly three-quarters of patients with UA/NSTEMI are appropriate can-
didates for an early invasive strategy. Because current rates of catheterization are lower
(approx 30% in Europe and Canada and 55–60% in the United States), in this popula-
tion, based on current evidence of benefit in higher-risk patients, more patients should
be undergoing cardiac catheterization procedures.

Thus, based on variations in care and the need to improve quality while reducing
unnecessary use of resources, a strong rationale exists for using critical pathways in the
management of ACS.

Emerging Evidence that Critical Pathway can improve care
Performance data on critical pathways in cardiology are beginning to emerge show-

ing that these pathways can lead to improved outcomes. Several studies that have eval-
uated critical pathways in cardiac surgery demonstrated that they reduce length of stay
and costs (24). Studies of chest pain protocols have shown that they reduce length of
stay, the number of patients with missed MIs, the number of hospital admissions, and,
importantly, overall costs (25–28).

For STEMI, several studies have reported that a standardized pathway or protocol can
significantly decrease door-to-drug time by up to 50% (29,30). Two studies have simi-
larly show that quality improvement efforts and implementation of critical pathways can
significantly reduce door-to-balloon time (31,32). In one study, this reduction in door-
to-balloon time was accompanied by a reduction in mortality (31).
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The Guidelines Applied in Practice (GAP) Project of the ACC was implemented in 10
hospitals in Michigan and led to improvements in several performance measures. The
GAP Investigators put together materials designed to make it easier for hospitals to imple-
ment the ACC/AHA AMI guidelines in clinical practice. These materials included a criti-
cal pathway, standard orders, pocket cards, chart stickers, and patient handouts.
Implementation of the protocols and pathways led to improvements in utilization of
appropriate medications: beta-blocker use rose from 65% of patients to 77%, aspirin use
in the hospital from 76% to 87%, and the use of aspirin at discharge from 81% to 93% (33).

Another hospital-based quality improvement program, the Cardiac Hospital Athero-
sclerosis Management Program (CHAMP), used a treatment algorithm to increase uti-
lization of aspirin, beta blockers, ACE inhibitors, and statins for secondary prevention
(4). These investigators were able to dramatically improve compliance with secondary
prevention measures, and were able to show improve achievement of cholesterol lowering
to a goal of low density lipoprotein (LDL) cholesterol <100 mg/dL. Importantly, these
improvements in the quality of care were associated with a lower rate of death or MI (4).

Improving the Cost-Effectiveness of Care
Several randomized studies have shown that one means of improving the cost-effec-

tiveness of care is to reduce hospital length of stay. In STEMI, identification of low-risk
patients has led to the possibility of early hospital discharge for patients with an uncom-
plicated course. A pilot trial of such a strategy in 80 patients suggested that hospital stay
and costs could be significantly reduced without an increase in complications (34). In
the Primary Angioplasty in Myocardial Infarction (PAMI) - 2 trial, 471 low-risk patients
were randomized to a strategy of early discharge or to conventional hospital discharge
(35). Clinical outcomes at 6 mo were similar in both groups: 0.8 vs 0.4% mortality for
early discharge vs standard care (p � 1.0), unstable angina 10.1 vs 12.0% (p � NS),
recurrent MI 0.8 vs 0.4% (p � NS), or the combination of death, unstable angina, MI,
congestive heart failure or stroke, 15.2 vs 17.5% p � 0.49) (35). On the other hand, hos-
pital length of stay was 3 d shorter (4.2 d vs 7.1 d, p � 0.0001) and hospital costs were
lower ($9,658 � $5,287 vs $11,604 � 6,125, p � 0.002) (35). Thus, a strategy of acute
catheterization and primary PCI allowed identification of low risk patients. Early dis-
charge was safe and resulted in substantial reduction in hospital length of stay and cost
savings.

BRIGHAM AND WOMEN’S HOSPITAL ACUTE 
CORONARY SYNDROME PATHWAYS

An overview of our critical pathways for acute coronary syndromes is shown in Fig.
1. There are two pathways for the different types of syndromes: two for acute STEMI
patients (one for fibrinolysis and one for primary angioplasty), two for UA/NSTEMI
(one for high-risk and one for low-risk patients), and two for patients with chest pain of
unclear etiology (ED-based rule out MI pathways).

STEMI Critical Pathway
The critical pathway for all acute coronary syndromes begins immediately with the

triage nurse who brings patients with chest pain into an “acute” room of the ED. A brief

748 Cannon and O’Gara



Critical Pathways for Acute Coronary Syndromes 749

history is obtained and electrocardiogram performed. If ST segment elevation is pres-
ent, the patient is immediately evaluated for reperfusion therapy. Based on the wealth of
data showing superiority of primary PCI over thrombolysis (36–39), primary PCI is the
preferred strategy. Because of the importance of door-to-balloon time (40), if there are
extenuating circumstances (e.g., severe snow storm) and the time for the cardiac
catheterization team to be available and perform the procedure is long, immediate
thrombolysis would be carried out, so as to achieve more rapid reperfusion.

For the primary PCI pathway, the transfer of the patient to the cardiac catheterization
laboratory has been found in two studies to be the longest part of the overall door-to-
balloon time (31,32), and thus we have focused on reducing this transfer time by hav-
ing a single pager to call the cath lab personnel. Low-risk patients are admitted to the
step-down unit after PCI in accord with the PAMI-II trial (35). Primary stenting is com-
mon, as is the use of IIb/IIIa inhibition, usually with eptifibatide. No additional stress
testing is performed except if patients have evidence of significant coronary stenoses in
the non-infarct-related arteries. Discharge is targeted for hospital day 3 or 4 depending
on the extent of infarction.

For the thrombolysis pathway, the goal is to start the thrombolytic drug in �30
min from arrival in the ED (3). The second goal of the pathway (begun in the ED
but continued in the CCU) is to treat the patient with all other appropriate medica-
tions, such as aspirin, an antithrombin (which is now specified as the low-molecu-
lar-weight heparin enoxaparin) (41,42), anti-ischemic, and cholesterol-lowering
medications. Patients are treated in the ED and admitted to the CCU. Low-risk patients
are transferred out of the CCU after 24 h, whereas other are transferred after 2 d.
Risk stratification is the next goal of the pathway. Rescue angioplasty is performed
for patients who have evidence of ongoing symptoms and ST segment elevation. Oth-
erwise, patients are treated according to the TIMI IIB conservative strategy (43), with

Fig. 1. Critical pathways for acute coronary syndromes at Brigham and Women’s Hospital.



cardiac catheterization performed for ischemia or a positive stress test, the latter being
performed on hospital d 3 or 5 for low- and higher-risk patients, respectively. Echocar-
diography is recommended for most patients to assess left ventricular function.

Unstable Angina and Non-STEMI Pathway

The pathway for unstable angina and non-STEMI at Brigham and Women’s Hospital
emphasizes (1) early relief of ischemic pain, which has been found to be a determinant
of development of myocardial infarction (44); (2) administration of antithrombotic and
anti-ischemic therapy; (3) reminders of eligibility criteria of ongoing clinical trials; (4)
suggested list of blood tests in an effort to reduce unnecessary studies; (5) a recom-
mendation for an early invasive or conservative strategy.

Patient eligibility for our pathway is based on clinical criteria for UA/NSTEMI, i.e.,
patients who present with typical angina at rest or with minimal exertion. It is felt that
broad entry criteria are warranted to allow the pathway to benefit potentially as many
patients as possible.

RISK STRATIFICATION

The presence of ST segment deviation (either depression or transient ST elevation) is
a strong marker of high risk for adverse outcomes. Of note, ST change of 0.5 mm
appears to have equal significance to ST depression of 1 mm or more (45,46). Because
only a third of patients presenting with unstable angina have ECG changes (45), the
admission diagnosis relies predominantly on the history. Similarly, benefit of more
aggressive therapies is greatest in patients with ST segment changes (22,47).

CARDIAC MARKERS

The pathway includes three CK-MB and Troponin I determinations drawn at base-
line, 8 and 16 h. Because serial troponin values have been found to improve the sensi-
tivity of detecting high risk patients (without ST elevation) (48), we have included these
in the pathway. As noted below, this is helpful in determining a high-risk group in whom
IIb/IIIa inhibitors would have the greatest benefit (49,50).

TIMI RISK SCORE

The TIMI risk score was developed using multivariate analysis to predict the occur-
rence of death, MI, or recurrent ischemia leading to urgent revascularization in the TIMI
11B trial (51). Seven independent risk factors emerged: age �65 years,  �3 risk factors
for CAD, documented coronary artery disease at catheterization, prior ASA,  �2
episodes of angina in last 24 h, ST deviation �0.5 mm, and elevated cardiac markers
(Fig. 2). Use of this scoring system was able to risk stratify patients across a 10-fold gra-
dient of risk, from 4.7 to 40.9% (p � 0.001) (51). More important, the relative benefit
of the newer therapies (enoxaparin vs unfractionated heparin, tirofiban vs heparin, and
an invasive vs conservative strategy) were all seen to increase as the risk increased
(22,51,52). Thus, these findings emphasize the importance of risk stratification as the
first task in evaluating patients who present with UA/NSTEMI (7).

In our Emergency Department order set, we have incorporated all these three mark-
ers of risk, ST segment changes, positive troponin or CK-MB, and the TIMI Risk score
to determine two pathways: a high-risk and a low-risk pathway.
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MEDICAL MANAGEMENT

As shown in Fig. 3, initial management in both pathways is with aspirin, beta-block-
ers, and nitrates to control ischemic pain. Intravenous nitroglycerin is used if pain per-
sists despite three sublingual nitroglycerin tablets. Calcium antagonists are used if
needed to control ischemia after these agents are at optimal therapeutic doses.

Most recently, we have added clopidogrel and enoxaparin to the initial treatment of
all patients, and have added glycoprotein IIb/IIIa inhibitors for patients in the high-risk
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Fig. 2. Risk stratification with the TIMI Risk Score.

Fig. 3. Unstable angina/non-STEMI critical pathway.



pathway (53). Clopidogrel plus aspirin was found to reduce cardiovascular death, MI,
or stroke by 20% compared with aspirin alone (54), a reduction that was seen in all sub-
groups, including patients with or without ST segment changes, and in those with pos-
itive or negative markers. A benefit of pretreatment with clopidogrel was seen in patients
who went on to PCI, with a significant 30% reduction in death or MI at both 30 d, and
through follow-up (55).

Our pathway recommends glycoprotein llb/IIIa inhibitors to be used for high-risk
patients, especially those with positive troponin (49,50,56,57). Four studies have each
shown a 50–70% reduction in death or MI in troponin-positive patients receiving gly-
coprotein IIb/IIIa inhibition compared with aspirin and heparin alone (49,50,56,57). In
contrast, those with a negative troponin have no benefit of GP IIb/IIIa inhibition com-
pared with aspirin and heparin. Similar findings have been found with the TIMI Risk
Score (52). Diabetics also are a high-risk group who appear to have a mortality benefit
fro IIb/IIIa inhibition (58).

For enoxaparin, it has similarly been found that it is beneficial over unfractionated
heparin in only high-risk patients (51,59), but its ease of use, and the simplicity for the
ED to have one standard antithrombin regimen for all ACS patients have enabled this to
become the standard antithrombin in our new 2002 pathway.

The choice of an invasive vs conservative strategy is based also on risk: with an early
invasive strategy in the high-risk pathway and the choice of a conservative or invasive
strategy for the low-risk pathway (22). In the high-risk pathway, catheterization is car-
ried out immediately from the ED if the patient is having ongoing pain despite medical
therapy, or later the same day if scheduling permits. Otherwise, it is carried out the fol-
lowing day. Based on the anatomic findings, revascularization is carried out as appro-
priate.

In the low-risk pathways, an early conservative strategy involves aggressive medical
management, clinical monitoring, and non-invasive testing. In addition, if a patient is
admitted with chest pain, but has an unclear diagnosis of coronary artery disease, a diag-
nostic stress test is done.

SECONDARY PREVENTION AND FOLLOW-UP

Because follow-up is critical, we ensure that both a phone call and a letter summa-
rizing the hospital events are sent to the primary care physician and cardiologist caring
for the patient. This allows continuity of care, and is an opportunity for the cardiologist
to provide a rationale for long-term management with key medications such as aspirin,
clopidogrel, beta-blockers, and cholesterol-lowering medications. Given the long-term
benefit of aspirin in secondary prevention as well as that of clopidogrel in both CAPRIE
and CURE (60,61), the combination of aspirin and clopidogrel is recommended for most
patients, with treatment for at least 1 y based on CURE.

Similarly beta-blockers are recommended for long-term management in all patients
without contraindications. Given the results of the Heart Outcomes Prevention Evalua-
tion (HOPE) trial (62), ACE inhibitors should be considered at discharge. Cholesterol-
lowering therapy is a key component of a long-term secondary prevention program and
is recommended (63–65). Follow-up care with the primary care physician to achieve an
LDL less than 100 mg/dL is recommended by the National Cholesterol Education Pro-
gram (NCEP-3) (66).
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Smoking cessation is a critical point of emphasis during hospitalization and at the time
of discharge. Currently all cardiac patients are screened for current smoking, and are edu-
cated by trained nurses and given follow-up information about our smoking cessation
classes and program. Finally cardiac rehabilitation is a key component following acute
coronary syndromes. For patients with severe limitation of exercise capacity such as the
very elderly, transfer to a rehabilitation facility is arranged, especially following CABG
when needed. Patients are approached for participation in a cardiac rehabilitation pro-
gram, either at our hospital or one near to their home. All patients receive a booklet out-
lining an exercise program and its outline is briefly reviewed by the cardiologist and the
nurse.

“Rule-Out MI Pathways”
For the large population of patients without ECG changes, patients are risk stratified:

Patients, with clearly atypical pain, not suggestive of ischemia, are discharged home
with follow-up to their primary physicians (Fig. 4). The remaining patients with pain
possibly suggestive of ischemia are observed in the ED. If stable, these patients undergo
early exercise testing to determine the burden of ischemia. If positive, the patients are
admitted for further evaluation and treatment. If negative, they are discharged home
(ideally within 6 h of ED arrival) with follow-up by their physicians (25).

FORMAT

The format of the pathways has evolved from a several page pathway listing all the
indications, contraindications, and doses for each medicine (e.g. fibrinolytic therapy,
heparin, beta-blockers) (29,67–69), to a one-page document with all five pathways, each
in a simple “checklist” format (Table 2) (68). This checklist format was developed in
order to simply the pathway and increase its usability—and use. The design is such that
it serves as a quick reminder of the key medications to consider and tests to perform. In
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this way, a busy ED physician could use the pathway rapidly to improve care, but the
pathway would not be a burden of paperwork for the physician. We have similarly devel-
oped a checklist for use at the time of hospital discharge. This “cardiac checklist” could
be used in two ways: physicians could keep a copy on a small index card in their pocket,
and run down the list when writing admission orders for patients, or it could be used in
developing standard orders for an MI patient, either printed order sheets or computerized
orders, which the physician can choose from when admitting a patient to the hospital.

We have recently developed a Palm Pilot program for these cardiac checklists to make
them even more accessible at the bedside (70). The newest type of tool is the TIMI Risk
Calculator developed for the Palm handheld device (Fig. 2). This tool is interactive and
allows physicians to calculate the TIMI Risk Score for an individual patient. It then pro-
vides outcomes for the patient from several large trials and shows the benefits of new
therapies, notably clopidogrel, enoxaparin, GP IIb/IIIa inhibition, and an early invasive
strategy, all tailored to the patient’s risk. The Palm Pilot program also provides the rec-
ommendation from the ACC/AHA UA/NSTEMI Guideline for management of the
patient based on his/her risk score. The newest version includes the STEMI risk scores
in addition to the UA/NSTEMI risk score (see www.timi.org). 

We have also created standardized order sets for the ED physician and nurse to use
utilizing much the same format (Fig. 5). Because all medications and other orders are
now entered electronically—having a template with the critical pathway ensures that the
physician sees the checklist of orders. The physician simply chooses a pathway based
on the clinical diagnosis and clicks on the medications he or she wishes. It is hoped that
this system, which guarantees that physicians will see the critical pathway for every
patient, will further increase the use of evidence-based medications. A complete set of
hospital admission orders also exists.

HOW TO DEVELOP A CRITICAL PATHWAY

In order to develop or update a pathway at your hospital, it is worthwile to consider
the three phases of a critical pathway: pathway development, implementation, and
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Table 2
Cardiac Checklist for UA/NSTEMI

Medications:
1. Aspirin _
2. Clopidogrel _
3. Heparin (or LMWH) _
4. GP IIb/IIIa inhibitor for high risk patients _
5. Beta-blocker _
6. Nitrate _
7. ACE inhibitor _
Interventions:
8. Cath/revascularization for intermediate high-risk patients _
Secondary prevention:
9. Cholesterol: check � treat as needed _
10. Treat other risk factors (smoking) _

From Cannon CP. Critical pathway for unstable angina and non-ST elevation myocardial infarction.
February 2002. Crit Path Cardiol 2002;1:12–21, with permission



maintenance (continuous quality improvement) (Table 3). Developing a pathway is
itself a five-step process (Table 4): to first identify the problem, then assemble the team,
assess the existing process, review the data, disseminate a draft pathway for input and
revision to final pathway. The details of each step are outlined below:

1. Identify the problem. Development of a pathway begins with identifying the problem,
such as underuse of newly available effective therapies (clopidogrel, GP IIb/IIIa
inhibitors, and LMWH) and underutilization of existing therapies (aspirin, heparin, and
beta blockers) for ACS patients. Another problem to be considered in STEMI patients
is the timeliness of repefusion therapy. This measure will now be monitored by the Joint
Commission of Accredidation of Hospital Organization, beginning in July 2002.

2. Assemble the team. The team should be multidisciplinary and include representatives
from all groups that would be affected by the pathways and whose buy-in would be
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Fig. 5. Emergency Department standard orderset for unstable angina (page 2 is shown with some
components of antithrombotic therapy).

Table 3
Approach to Critical Pathways

1. Pathway development
2. Implementation
3. Maintenance

Collect and monitor data on pathway performance
Periodically modify or update pathway as needed



needed for implementation. This would include representatives from cardiology (inter-
ventional and noninterventional), emergency medicine, nursing, cardiac surgery, nonin-
vasive laboratory, pharmacy, cardiac rehabilitation, social service, case management,
and dietary service (71). A smaller group can be useful to do the initial draft. At Vir-
ginia Commonwealth University/Medical College of Virginia, organization of a multi-
disciplinary Acute Cardiac Team (ACT) was one of the key elements in the success of
chest pain critical pathways (27). This was a multidisciplinary team of emergency physi-
cians, cardiologists, and laboratory and nursing staff who participated in the decision
making.

3. Assess the existing process. This step first involves an assessment of current ED and
cardiology practice for ACS. The committee should undertake an inventory of proce-
dures, protocols, and pathways currently in place. Some committees may want to under-
take a more detailed analysis, consisting of a review of medical records to identify
critical intermediate outcomes, rate-limiting steps, and high-cost areas on which to
focus their efforts (2).

4. Review the data. The committee should review the literature to identify best practices
and optimal processes of care. For ACS, new guidelines from the ACC/AHA and new
studies define the optimal therapies and approach to risk stratification and management
strategies (72). In brief, the ACC/AHA guidelines provide specific recommendations for
early risk stratification, immediate medical management, and hospital care of patients
with ACS. These guidelines provide a clinical risk stratification algorithm, review the
role of the ECG, serum markers such as troponins, and functional testing, and outline
an Acute Ischemia Pathway. Recommendations for anti-ischemic therapy and
antithrombotic therapy are spelled out, as are the indications for early invasive or early
conservative management strategies.

5. Determine the pathway format and disseminate a draft pathway. Although the for-
mat of a critical pathway may vary, an important feature is a time task matrix in which
specific tasks are organized along a timeline (2). There is a spectrum of pathways rang-
ing from a form that takes the place of the medical record to a simple checklist. Criti-
cal pathways may help reduce charting in more complicated situations. If the pathway
format is too difficult to follow, it will not be used.

Reviewing the draft pathway with the committee and getting buy-in from all parties
is an important step. With the many constituencies, it is important to have respect for
everyone’s perspective. Consensus meetings obtain buy-in from all parties involved with
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Table 4
The Steps in Critical Pathway Development

1. Define problems (practice variation, excess resource use, failure to provide known evidence-
based therapies,delays in time to reperfusion therapy).

2. Create a pathway (or adapt an existing one).
3. Form a working committee/task force for the development of optimal guidelines for medical

care.
4. Distribute a draft critical pathway to all personnel and departments involved. Revise the

pathway to reach a best consensus approach.
5. Implement the pathway, preferably via a pilot test involving a prominent, local clinical

champion(s).



acceptance of the pathway components. To maximize the impact of the first announce-
ment, the rollout should take a “Big Bang” approach.

PATHWAY IMPLEMENTATION

Implementing the pathway can be challenging and, if not handled well, can lead to
barriers to utilization. All staff involved in any component of the pathway must be edu-
cated about it; this includes non-participants who may be affected by the pathway. Mis-
conceptions need to be dispelled. Questions about repercussions from failure to follow
the pathway should be addressed. Roles and responsibilities must be clearly defined for
all staff involved in implementation of the pathway (2).

Pathways may be implemented in several ways. The pathway may be sent to physi-
cians and nurses and presented at appropriate staff meetings, with implementation
depending on voluntary participation. Another means of encouraging pathway use
would be e-mail reminders triggered by admission diagnosis or monthly reminders to
physicians and nurses. Or there could be independent screening of all admissions with
copies of the pathway placed in the chart. Some hospitals have used designated case
managers to evaluate each patient and ensure that the pathway is carried out. This obvi-
ously has the drawback of requiring additional resources from the hospital.

An effective method of implementing a pathway is to release it in the form of a set
of standard orders. Standard orders may be printed for use in the ED or in an electronic
format. Tools such as wall chart, pocket cards, and simple checklists appear to be the
key to successful implementation of critical pathways (73).

PATHWAY MAINTENANCE

Along with putting the pathway in place, a continuous quality improvement (CQI)
process should be instituted to monitor the pathway’s use and effectiveness. Data must be
collected and analyzed and processes refined to achieve the improvement in outcomes
and resource utilization (2). The continuous quality improvement team could present data
at monthly multidisciplinary continuous quality improvement case conferences; CCU
morning rounds; monthly ED cardiac case reviews; and Grand Rounds presentations.
The frequency of such meetings should be tailored to the institution.

The monitoring of data can be through established registries such as the National
Registry of Myocardial Infarction (NRMI) or newer initiatives such as the AHA’s Get
With the Guidelines program or the Can Rapid Risk Stratification of Unstable Angina
Patients Suppress Adverse Outcomes with Early Implementation of the ACC/AHA
Guidelines (CRUSADE) program. Alternatively, a more streamlined registry form can
be a helpful tool to assist with a regular review process. As part of the maintenance
process, the team should be reviewing new therapies and treatments and considering
modification or updating of the pathway to improve it and keep it current.

CONCLUSION

Use of critical pathways is currently growing rapidly. They offer great potential for
both reducing hospital length of stay and costs and improving patient care. A growing
number of well conducted randomized trials and other studies have shown that they are
effective in improving the quality of care in ACS. Having standardized approaches with
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simple “checklists” to ensure appropriate care is given appears to lead to a significant
improvement in the outcomes of ACS patients. After development of pathways, it is
important to monitor their performance to ensure that they meet the overall goal of
reducing costs while improving quality of patient care. It is our belief that this goal can
be achieved.
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myocardial infarction,
cardiac markers, 750
medical management, 751, 752
risk stratification, 750
TIMI risk score, 750

Bupropion, smoking cessation, 735, 736

C

CABG, see Coronary artery bypass grafting
CADILLAC study, 297, 343, 627
CADILLAC II study, 325
Calcium channel blockers, see also specific

drugs,
ACC/AHA guidelines, 391
mechanisms of action, 385–387
myocardial infarction trials,

diltiazem, 388, 389
nicardipine, 387, 388
nifedipine, 387, 388
verapamil, 388, 389

triggering factor modulation, 79–81
types, 386
unstable angina trials, 389–391

CAPRICORN study, 383
CAPRIE study, 339, 491, 492, 496
CAPTIM study, 291, 293
CAPTURE study, 507, 508, 553, 554
CARAT study, 541

Cardiac rehabilitation,
cost-effectiveness analysis, 720
secondary prevention of myocardial

infarction, 700, 701
Cardiogenic shock,

assessment,
echocardiography, 615
electrocardiography, 615
hemodynamic monitoring, 615, 616
physical examination, 615

clinical manifestations, 605
definition, 604
epidemiology, 605, 606
etiology, 604
mechanical complications of myocardial

infarction,
free wall rupture, 634, 635
papillary muscle rupture, 634
ventricular septal rupture, 633, 634

pathophysiology, 606–611
predictive indicators, 611–615
risk stratification after acute myocardial

infarction, 429
sex differences in outcomes, 594, 595
thrombolytic therapy contraindication,

302, 316, 317, 623–625
treatment,

algorithm, 635, 636
dobutamine, 617, 618
dopamine, 617, 618
drug comparison, 616–618
elderly patients, 632, 633
general measures, 616
intra-aortic balloon counterpulsation,

619–621
left main shock syndrome, 633
non-ST-segment elevation myocardial

infarction, 632
percutaneous cardiopulmonary bypass

support, 621, 622
prior coronary bypass surgery patients,

633
prospects, 619
revascularization,

coronary artery bypass grafting,
628, 629

percutaneous transluminal coronary
angioplasty, 625–627

survival impact, 622, 623, 629–631,
636
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right ventricular infarction patients,
631, 632

Cardiopulmonary resuscitation (CPR),
thrombolysis outcomes in patients, 270

CARE study, 579, 673, 682, 698
CAS, see Coronary artery spasm
CASS study, 573
CAVEAT-I study, 538
CAVEAT-II study, 538
CCAT study, 538
CCS study, 414, 415
Cell adhesion molecules,

atherogenesis role, 45, 46
types, 47

CHARM study, 418
Chest Pain Unit,

biochemical markers,
creatine kinase, 200–205, 223, 224
myoglobin, 201, 202, 224, 225
troponins, 201–206, 225

cost analysis, 200, 201
functions, 200

Chlamydia pneumoniae,
antibodies in acute coronary syndromes, 6
atherogenesis role, 27, 28

Cholesterol control,
acute effects, 677–679
AHA/ACC guidelines, 685, 686
alcohol, 672, 673
angiographic evidence of benefits, 676
anti-atherosclerotic mechanisms, 668,

669
coronary heart disease risk factor, 667,

668
diet,

fat intake, 669
fiber, 672
guidelines, 670–672
intervention trials, 669, 670
soy, 672

fish oil studies, 675
hormone replacement therapy, 675, 676
pharmacotherapy,

clinical end-point trials, 679, 680,
682–684

fibrates, 674, 675
niacin, 675
statins, 673, 674, 680, 682–684

plant sterols, 676
resins, 675
secondary prevention of myocardial

infarction, 697–699

women, 578, 579
CI-1028, unstable angina/non-ST-segment

elevation myocardial infarction
management, 474

Circadian rhythm,
acute myocardial infarction onset, 63–65
exercise timing, 83
physiologic variables in plaque rupture,

74, 76, 77
stroke, 65
sudden cardiac death, 65, 67
triggering factor modulation by cardiac

drugs, 78–81
wake time effects on acute coronary

syndromes, 67–69
Clinical pathways, see Critical pathways
Clopidogrel,

limitations and side effects, 498
mechanism of action, 337, 338
non-ST-segment elevation myocardial

infarction management, 495–499
pharmacokinetics, 495
secondary prevention trials, 495, 496
ST-segment elevation myocardial infarction

management, 339
stenting use, 547, 548

CMV, see Cytomegalovirus
Cocaine,

acute coronary syndrome triggering, 73,
74

myocardial infarction in younger patients,
656

Coxsackie B virus, atherogenesis role, 29
CONSENSUS II study, 414
Coronary angiography,

acute coronary syndrome findings, 6, 8,
37, 38

cholesterol control benefit studies, 676
digital subtraction angiography principles,

102
risk stratification after acute myocardial

infarction,
early risk stratification, 432
predischarge risk stratification, 445

Coronary angioplasty, see Percutaneous
transluminal coronary angioplasty

Coronary artery bypass grafting (CABG),
cardiogenic shock management, 628, 629
sex differences,

acute outcomes, 585, 586, 588
baseline clinical and angiographic

characteristics, 582–584
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long-term outcomes, 588, 589
Coronary artery spasm (CAS), myocardial

infarction in younger patients, 654–
656

Coronary embolism, myocardial infarction
in younger patients, 656

Cost analysis, see also specific treatments,
acute coronary syndrome economic features,

706
cost determination,

approaches, 709, 710
inflation and discounting, 710
nomenclature, 708, 709

cost-effectiveness analysis,
angiotensin-converting enzyme

inhibitors, 720
antiplatelet–anticoagulation therapy,

717, 718
assumptions, 713, 714
beta blockers, 719, 720
coronary care, 714
definition, 713
non-ST-segment elevation myocardial

infarction treatments, 719
overview, 706, 707
percutaneous transluminal coronary

angioplasty, 717
rehabilitation, 720
summary of studies, 715
thrombolytic therapy, 714, 716

economic impact of coronary disease, 705
health status and relationship to disease

severity, 710–712
patient utility, 712, 713
quality-adjusted life years, 713

C-PORT study, 323
CPR, see Cardiopulmonary resuscitation
C-reactive protein (CRP),

D-dimer level correlation, 40
expression across acute coronary syndromes,

6, 42
LDL cholesterol association, 41
plaque lipid core composition, 26, 27
risk stratification after acute myocardial

infarction, 429
statin reduction, 673, 674

Creatine kinase,
Chest Pain Unit testing, 200–205
emergency department testing, 140, 141,

191, 193, 194, 223, 224
risk stratification,

non-ST-segment elevation myocardial
infarction, 197

ST-segment elevation myocardial
infarction, 195

Critical pathways,
Brigham and Women’s Hospital critical

pathways,
rule-out myocardial infarction pathways,

753
secondary prevention and follow-up,

752, 753
ST-segment elevation myocardial

infarction, 748–750
unstable angina/non-ST-segment

elevation myocardial infarction,
cardiac markers, 750
medical management, 751, 752
risk stratification, 750
TIMI risk score, 750

checklist format, 753, 754
cost-effectiveness improvement, 748
definition, 745
development, 754–757
evidence of care improvement, 747, 748
goals, 745–747
implementation, 757
maintenance, 757
under- and overutilization of cardiac

procedures, 747
CRP, see C-reactive protein
CURE study, 339, 497–499
Cytomegalovirus (CMV), atherogenesis role,

27, 28

D

DAIS study, 675
Dalteparin,

clinical trials, 362–364
mechanism of action, 362

DANIMI 2 study, 324, 325
DART study, 669
DCA, see Directional coronary atherectomy
D-dimer,

C-reactive protein level correlation, 40
thrombosis marker, 54

Diabetes mellitus,
atherogenesis mechanisms, 50
risk stratification after acute myocardial

infarction, 428
secondary prevention of myocardial

infarction, 701
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Diet,
atherogenesis studies, 52
cholesterol control,

fat intake, 669
fiber, 672
guidelines, 670–672
intervention trials, 669, 670
soy, 672

Digital subtraction angiography (DSA),
principles, 102

Diltiazem,
mechanisms of action, 385–387
myocardial infarction trials, 388, 389

Dipyridamole, antiplatelet activity, 346
Directional coronary atherectomy (DCA),

538, 539
Dobutamine, cardiogenic shock manage-

ment, 617, 618
Dopamine, cardiogenic shock management,

617, 618
DRS study, 389
DSA, see Digital subtraction angiography
DUCCS-1 study, 354

E

ECG, see Electrocardiography
Echocardiography,

cardiogenic shock, 615
emergency department testing, 146, 189,

190, 225, 226
risk stratification after acute myocardial

infarction, stress echocardiography,
441, 444

women, 575, 576
Economic analysis, see Cost analysis
Elderly,

age and risk stratification after acute
myocardial infarction, 527

cardiogenic shock management, 632, 633
thrombolytic therapy, 269, 270, 317

Electrocardiography (ECG),
cardiogenic shock, 615
emergency department,

continuous/serial electrocardiography
and diagnostic value, 139, 189,
216, 217

exercise stress testing, 140, 219
limitations, 133, 134, 183
nondiagnostic patterns, 138, 139
nonstandard leads, 140, 217, 218
normal tracings and risks, 139

predictive value, 134–136, 184–188,
213, 214

Q waves, 138
ST segment,

depression, 138
elevation, 135, 136, 195, 196

T-wave abnormalities, 138
prehospital electrocardiography,

diagnostic value, 139, 215, 216
prospective study, 214
treatment delay prevention, 169, 214,

215
risk stratification after acute myocardial

infarction,
early risk stratification, 430, 431
stress electrocardiography, 437–440

women, 574
ELITE II study, 418
Emergency department, acute cardiac

ischemia management,
biochemical markers,

creatine kinase, 140, 141, 191, 193,
194, 223, 224

ideal marker criteria, 191, 193
miscellaneous biomarkers, 146
myoglobin, 141, 191, 193, 224, 225
troponins, 141, 191, 194, 195, 225

Chest Pain Unit, see Chest Pain Unit
computer-based decision aids,

Acute Cardiac Ischemia Time-Insensitive
Predictive Instrument, 146, 147,
219–221

Goldman Chest Pain Protocol, 147,
221–223

miscellaneous aids, 147, 223
critical pathways, see Critical pathways
differential diagnosis, 126–128
echocardiography, 146, 189, 190, 225,

226
electrocardiography,

continuous/serial electrocardiography
and diagnostic value, 139, 189,
216, 217

exercise stress testing, 140, 219
limitations, 133, 134, 183
nondiagnostic patterns, 138, 139
nonstandard leads, 140, 217, 218
normal tracings and risks, 139
predictive value, 134–136, 184–188,

213, 214
Q waves, 138
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ST segment,
depression, 138
elevation, 135, 136, 195, 196

T-wave abnormalities, 138
epidemiology, 121, 122, 148, 157, 238
flowchart, 149
four D’s of emergency management,

data, 162
decision, 162
door, 161, 162
drug, 162, 163

medical history, 131, 184
methodological issues for applicability of

study results, 123
physical examination, 131–133, 184
presentation,

abdominal pain, 126
anginal pain equivalents, 126, 129,

130
atypical presentations, 130, 131
blood pressure, 129, 132
chest pain,

cardiac versus noncardiac, 124, 126
location, 125
quality, 124, 125

diaphoresis, 129
ethnic differences, 125, 127, 128, 148
prodromal symptoms, 129, 130
S3 gallop rhythm, 132, 133
sex differences, 125, 127, 128, 147,

148
vomiting, 129

Systemic Review’s recommendations,
diagnostic procedures with clinical

impact, 227, 229
diagnostic procedures without clinical

impact data, 229, 230
overview, 228

technetium-99m sestamibi imaging, 146,
190, 226, 227

time to treatment and delay prevention,
157, 158, 163–165, 167

triage, 122, 148–150
Endothelium,

anatomy, 20
angiotensin-converting enzyme inhibitor

effects on function, 402
atherosclerosis pathogenesis, see

Atherosclerosis
intrinsic thromboresistance factors,

annexin V, 22

antithrombin, 21
heparin cofactor II, 21
nitric oxide, 20
prostacyclin, 20
protein C, 21, 22
protein S, 21, 22
tissue factor pathway inhibitor-1, 22
tissue factor pathway inhibitor-2, 22
tissue plasminogen activator, 20, 21
urokinase-type plasminogen activator,

20, 21
vascular functions, 19

Enoxaparin,
clinical trials, 362–364
mechanism of action, 362
thrombolytic combination therapy trials,

262–164
ENTIRE study, 264, 344, 363
EPIC study, 296, 509, 553, 577, 718
EPILOG study, 509, 553, 577
EPISTENT study, 509, 577
Eptifibatide,

combination therapy,
fibrinolysis, 343–346
primary angioplasty, 341–343

percutaneous coronary intervention,
acute coronary syndromes, 555
clinical trials, 554, 555
ST-segment elevation myocardial

infarction, 555
pharmacology, 341, 501, 554
PURSUIT study, 503–505, 507–509, 511,

512
structure, 501

ERA study, 580
ERBAC study, 537, 538, 540
ESPRIT study, 509, 554, 578
ESSENCE study, 465–467, 530, 718
Ethnic differences, see Race
Exercise,

rehabilitation, see Cardiac rehabilitation
secondary prevention of myocardial

infarction, 700, 701
timing and benefits, 83

F

Factor VII,
activity and cardiovascular mortality, 49
dietary effects, 52

Factor VIII, activity and cardiovascular
mortality, 49, 50
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Fibrates,
clinical trials, 674, 675
mechanisms of action, 674
types, 674

Fibrinogen,
activity and cardiovascular mortality, 49,

50
levels in younger patients and cardiac

risks, 661
Fibrinolysis, see Thrombolytic therapy
Folic acid, secondary prevention of myocardial

infarction, 701
FRAXIS study, 467
Free wall rupture, cardiogenic shock, 634,

635
FRIC study, 465
FRISC study, 464, 465, 718
FRISC II study, 318, 465, 527, 528, 747
FTT collaborative group report, 251–253

G

GAMMMA-ONE study, 550, 551
Gender, see also Women, acute coronary

syndromes,
acute cardiac ischemia presentation, 125,

127, 128, 147, 148
cardiogenic shock, 594, 595
coronary revascularization differences,

acute outcomes, 585, 586, 588
baseline clinical and angiographic

characteristics, 582–584
long-term outcomes, 588, 589

myocardial infarction prognosis, 589–591
non-ST-segment elevation myocardial

infarction, 593, 594
referral pattern differences, 580–582
risk stratification after acute myocardial

infarction, 427
ST-segment elevation myocardial infarc-

tion,
primary angioplasty, 592, 593
thrombolytic therapy, 591, 592

unstable angina, 589
GISSI study, 249, 250, 282, 333
GISSI-1 study, 716
GISSI-2 study, 253–255, 354–356
GISSI-3 study, 393, 414, 416
Glycoprotein Ib, inhibitor development, 347
Glycoprotein IIb/IIIa inhibitors, see also

Abciximab; Eptifibatide; Tirofiban,
acute coronary syndrome management,

12

adverse effects,
bleeding, 509
thrombocytopenia, 509, 510

clinical trials,
design, 503
outcomes, 503, 506–508
revascularization role, 508, 509

combination therapy,
fibrinolysis, 343–346
primary angioplasty, 341–343

cost-effectiveness analysis, 718
facilitated angioplasty, 300, 301
individual response, 510, 511
non-ST-segment elevation myocardial

infarction management, 502–513
pharmacology, 341, 499
receptor features,

platelet activation mechanism, 336,
485

recognition sequences, 485
structure, 339, 340, 485

thrombolytic combination therapy trials,
259–265

types, 340, 341
women acute coronary syndrome

management, 576–578
GOLD study, 510, 511
Goldman Chest Pain Protocol, computer-

based decision aid in emergency
department, 147, 221–223

GUARANTEE study, 594, 746, 747
GUSTO, 255–256, 355, 716
GUSTO-I, 283, 285, 344, 356, 592, 605,

607, 608, 611, 613, 620, 623, 625,
629, 632, 746

GUSTO-IIa, 358
GUSTO-IIb, 358, 359, 472, 632, 678
GUSTO-III, 257–258, 300, 605, 614, 620
GUSTO-IV, 503–505, 508, 554
GUSTO IV-ACS, 468
GUSTO V AMI, 262, 344

H

HART study, 354
HART-II study, 260, 363
HDL, see High-density lipoprotein
HEART study, 410, 413
Heart rate variability (HRV), risk stratification

after acute myocardial infarction, 445
Heat shock proteins (HSPs), plaque lipid

core composition, 26, 27
Helicobacter pylori, atherogenesis role, 28
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Heparin, see also Low-molecular-weight
heparin; Unfractionated heparin,

acute coronary syndrome management,
10, 12

composition, 349
cost-effectiveness analysis, 718
mechanism of action, 42, 43, 349, 460
pentasaccharide, anticoagulant activity,

364
percutaneous coronary intervention use,

552
pharmacokinetics, 349, 350
rebound effect, 351
trials,

aspirin combination therapy, 351, 354
intravenous heparin, 354–356
monotherapy, 351
thrombolytic combination therapy

trials, 260, 262, 264
Heparin cofactor II, intrinsic thromboresistance,

21
Heparin-induced thrombocytopenia (HIT),

incidence, 350
pathogenesis, 350, 351
types, 351

HERO study, 360
HERO-2 study, 264, 360
Herpes simplex virus, atherogenesis role, 28
HERS study, 676, 700
High-density lipoprotein (HDL), deficiency,

alcohol prevention, 672, 673
coronary heart disease risk factor, 667,

668
younger patients and cardiac risks, 658,

659
HINT study, 390
Hirudin,

clinical trials in acute myocardial infarction,
357–359, 471

mechanism of action, 357, 471
percutaneous coronary intervention trials,

552
structure, 356, 357
unstable angina/non-ST-segment elevation

myocardial infarction management,
471, 472

HIT, see Heparin-induced thrombocytopenia
HIT-4 study, 358
HIT-III study, 356, 358
HMG CoA eductase inhibitors, plaque

stabilization, 82

Homocysteine, elevation in younger patients
and cardiac risks, 659, 660

HOPE study, 407, 700
Hormone replacement therapy (HRT),

cardiovascular benefits, 579, 580
cholesterol control, 675, 676
secondary prevention of myocardial

infarction, 700
HPS study, 683
HRT, see Hormone replacement therapy
HRV, see Heart rate variability
HSPs, see Heat shock proteins
Hypertension, control and secondary preven-

tion of myocardial infarction, 699–701

I

IABP, see Intra-aortic balloon counterpulsation
IMPACT-II study, 509, 554
IMPACT-AMI study, 345, 555
Inflammation,

atherosclerosis role, 6, 27, 46, 47
cytokines, 46–48

INJECT study, 257
Inogatran, unstable angina/non-ST-segment

elevation myocardial infarction
management, 473, 474

Integrins,
atherogenesis role, 45
types, 46

INTEGRITI, 345
Interferon-γ, plaque rupture role, 30
InTIME study, 259
Intra-aortic balloon counterpulsation (IABP),

angioplasty outcomes, 293, 294
cardiogenic shock management, 619–621

Intravascular ultrasound (IVUS), 542, 543,
653

INTRO-AMI, 345
ISAR study, 546
ISAR 2 study, 341
ISIS-1 study, 379, 380
ISIS-2 study, 250, 333, 337, 489, 716
ISIS-3 study, 255, 354–356, 605
ISIS IV study, 414, 416

L

Lamifiban,
PARAGON-A study, 503–505, 507, 512
PARAGON-B study, 503–505, 507, 508

Lanoteplase,
development, 247
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tissue-type plasminogen activator
comparison trial, 259

Laser angioplasty,
outcomes, 537, 538
systems, 537

LATE study, 251, 610
LAVA study, 537
LBBB, see Left bundle-branch block
LDL, see Low-density lipoprotein
Left bundle-branch block (LBBB), thrombolytic

therapy considerations, 270
Left main shock syndrome, management,

633
Left ventricular hypertrophy (LVH),

angiotensin-converting enzyme,
inhibitors in remodeling prevention,

413, 414
polymorphisms, 401

infarct expansion and early remodeling
mechanism, 412, 413

remodeling after myocardial infarction,
400–403

LIPID study, 682
Lipoprotein(a),

elevation in younger patients and cardiac
risks, 657

fibrinolysis inhibition, 48
LMWH, see Low-molecular-weight heparin
Low-density lipoprotein (LDL), coronary

heart disease risk factor, 667, 668
Low-molecular-weight heparin (LMWH),

see also Dalteparin; Enoxaparin,
clinical trials, 362–364
composition, 361, 464
mechanism of action, 362
pharmacology, 464
unstable angina/non-ST-segment elevation

myocardial infarction management,
combination with percutaneous coronary

intervention, 468–470
monotherapy, 463–468, 470

LVH, see Left ventricular hypertrophy
Lyon Heart Study, 670

M

MAAS study, 677
MACE study, 627
MADIT study, 446
Marijuana, acute coronary syndrome triggering,

74
MATE study, 527

Matrix metalloproteinases (MMPs), plaque
rupture role, 30

MCE, see Myocardial contrast echocardiography
MCP-1, see Monocyte chemoattractant protein-1
MDPIT study, 389
Megalatran, unstable angina/non-ST-segment

elevation myocardial infarction
management, 473, 474

Mental stress,
acute coronary syndrome triggering, 72
physiologic variables in plaque rupture,

77, 78
Microvascular disease, acute myocardial

infarction, 38, 40
MILIS study, 379, 589, 590, 605, 607, 613
MINT study, 360
MIR, see Myocardial Infarction Registry
MIRACL study, 678, 699
MITI program, 286, 287
MITI Registry, 582
MITRA study, 288, 630
MMPs, see Matrix metalloproteinases
Monocyte, endothelial cell interactions, 43, 44
Monocyte chemoattractant protein-1 (MCP-1),

atherogenesis role, 25
Mortality, cardiovascular disease, 237, 238
MUSIC study, 549
MUSTT study, 411, 446
Myocardial contrast echocardiography

(MCE), principles, 102, 103
Myocardial Infarction Registry (MIR), 288
Myocardial Infarction, Triage, and Intervention

trial, 158
Myocardial perfusion imaging, see also

Technetium-99m sestamibi imaging,
emergency department testing, 146, 190,

226, 227
risk stratification after acute myocardial

infarction, 440, 441
women, 574, 575

Myoglobin,
Chest Pain Unit testing, 201, 202
emergency department testing, 141, 191, 193
ST-segment elevation myocardial infarction

evaluation, 196

N

National Cholesterol Education Program
(NCEP), dietary guidelines, 670–672

National Heart Attack Alert Program (NHAAP),
four D’s of emergency management,
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data, 162
decision, 162
door, 161, 162
drug, 162, 163

goals, 159, 160
high-risk patient education, 170, 173
origins, 122, 159, 212
patient education, see Patient education
prehospital electrocardiography,

diagnostic value, 139, 215, 216
prospective study, 214
treatment delay prevention, 169, 214, 215

REACT, see Rapid Early Action for
Coronary Treatment

time to treatment, 159, 160
treatment delay prevention

recommendations, 167, 168
NCEP, see National Cholesterol Education

Program
NHAAP, see National Heart Attack Alert

Program
Niacin, cholesterol control, 675
Nicardipine,

mechanisms of action, 385–387
myocardial infarction trials, 387, 388

NICE studies, 468, 469
Nicotine replacement therapy (NRT), smoking

cessation, 735–737
Nifedipine,

mechanisms of action, 385–387
myocardial infarction trials, 387, 388

Nitric oxide (NO),
intrinsic thromboresistance, 20, 44
microvasculature response to nitroglycerine,

103
monocyte effects on synthesis, 43, 44

Nitroglycerine,
guidelines for use, 394
mechanisms of action, 391, 392
microvasculature response, 103
ST-segment elevation myocardial infarction

trials, 392, 393
unstable angina trials, 393

NO, see Nitric oxide
Nonculprit artery, flow in acute myocardial

infarction, 100, 101
Non-Q wave myocardial infarction,

angiographic findings, 6, 8
clinical spectra of myocardial ischemia,

3–5

Nonsteroidal anti-inflammatory drugs
(NSAIDs), antiplatelet activity, 346

Non-ST-segment elevation myocardial
infarction,

acute management classification, 4
angiographic findings, 37, 38
anticoagulant therapy,

bivalirudin, 471–473
CI-1028, 474
hirudin, 471, 472
inogatran, 473, 474
low-molecular-weight heparin, 463–468,

470
low-molecular-weight heparin with

percutaneous coronary
intervention, 468–470

megalatran, 473, 474
rationale, 459, 460
unfractionated heparin, 460–463, 470
warfarin, 475, 476

antiplatelet therapy,
ACC/AHA guidelines, 512, 513
aspirin, 485, 487, 489, 491, 492
clopidogrel, 495–499
glycoprotein IIb/IIIa inhibitors, 502–513
overview, 460, 481
ticlopidine, 495–498

antithrombotic therapy, 10
biochemical markers in emergency

department evaluation, 196–200
Brigham and Women’s Hospital critical

pathway,
cardiac markers, 750
medical management, 751, 752
risk stratification, 750
TIMI risk score, 750

cardiogenic shock management, 632
cost-effectiveness analysis of treatments, 719
medical treatments, 10–12
sex differences in outcomes, 593, 594

NRMI, 745
NRT, see Nicotine replacement therapy
NSAIDs, see Nonsteroidal anti-inflamma-

tory drugs

O

OARS study, 539
OASIS study, 472
OASIS II study, 472, 475
Obstructive sleep apnea, cardiac risks, 78
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OPTIMAAL study, 418
OSIRIS study, 354

P

PACT study, 300, 325
PAI-1, see Plasminogen activator inhibitor-1
PAMI study, 592, 717
PAMI-2 study, 293, 748, 749
Papillary muscle rupture, cardiogenic shock,

634
PAR, see Primary Angioplasty Registry
PARAGON-A study, 503–505, 507, 512
PARAGON-B study, 503–505, 507, 508
Patient education,

calling 911, 175
false alarm embarrassment, 175
heart attack symptoms,

expectations, 174
uncertainty, 174

high-risk patient education, 170, 173
prospects, 177, 178
provider discussions with patients, 175,

176
risk perception, 174

PCI-CURE study, 498
PCPS, see Percutaneous cardiopulmonary

bypass support
PEACE study, 408
PENTALYSE study, 364
Percutaneous cardiopulmonary bypass support

(PCPS), cardiogenic shock management,
621, 622

Percutaneous transluminal coronary angioplasty
(PTCA),

ACC/AHA guidelines and recommendations,
306, 307, 321

antiplatelet–antithrombotic therapy, 552–556
cardiogenic shock management, 625–627
conventional technique, 537
coronary blood flow and clinical outcomes,

112–114
cost analysis, 305, 306
cost-effectiveness analysis, 717
delivery improvement,

ambulance triage, 325–327
importance, 319, 321
patient selection, 320
program development at qualified

hospitals with off-site surgical
backup, 321–323, 327

systems and transfer agreement
development, 323–325, 327

devices,
classification by mechanism, 536
prospects, 556

early treatment outcomes, 318, 319
facilitated angioplasty, 300, 301
facilities,

availability, 303, 304, 315
requirements, 320

guidewire velocity, 105, 107
limitations, 306
outcome classification, 537
Primary Coronary Angioplasty Trials,

289–291
registries, 286–289, 316
relative contributions of epicardial stenosis

and microvascular resistance to flow
delays, 104, 105

reperfusion of epicardium and myocardium,
298

rescue angioplasty, 298, 300
restenosis rates, 294
sex differences,

acute outcomes, 585, 586, 588
baseline clinical and angiographic

characteristics, 582–584
long-term outcomes, 588, 589

technique, 304, 305
thrombolysis comparison,

quality of reperfusion, 283, 284
safety, 285, 316, 317
temporary versus definitive reperfusion,

284, 285
time to reperfusion, 282, 283

TIMI flow grade assessment, 108–111
TIMI frame count assessment, 111

Periodontal disease, atherogenesis role, 29
PHIAT study, 326
Photophoresis, restenosis prevention, 552
Physical exertion,

acute coronary syndrome triggering, 70,
72, 83

physiologic variables in plaque rupture,
77, 78

Plaque,
fibrous cap, 30, 31, 63
growth and evolution, 25
imaging, 35, 36
intrinsic thrombogenicity, 33
lipid core, 26, 27, 30
rupture,

circadian rhythms in physiologic variables,
74, 76, 77



Index 775

distribution across acute coronary
syndromes, 8, 37, 38

dynamics, 35
factors affecting vulnerability, 5, 6, 27,

30, 62, 63
pathophysiology, 238, 239, 377, 378
prevention, 33
stress modeling,

distribution, 32
frequency, 32
shear stress, 31, 32
wall stress, 32

triggers, 32, 33
vulnerable sites, 37

ultrastructure, 25
vulnerable plaque detection, 84, 85

Plasminogen activator inhibitor-1 (PAI-1),
circadian rhythm, 76
conformations, 47, 48
inducers, 48, 49
induction by angiotensin II, 49, 409, 410
structure, 47
synthesis sites, 48

Platelet aggregation,
adhesion, 482, 483
ADP receptors and roles, 492–495
granule contents and secretion, 484, 485
inhibitors, see specific drugs
platelet features, 482
receptor inhibition, see Glycoprotein

IIIB/IIa inhibitors
signal transduction of activation, 334–336,

483, 484
thrombosis role, 333, 334, 482–485

PRAGUE study, 303, 324
PREVENT study, 551
Primary Angioplasty, see Percutaneous

transluminal coronary angioplasty
Primary Angioplasty Registry (PAR), 286,

322
PRISM study, 503–506, 508, 511, 512, 556
PRISM-PLUS study, 503–505, 508, 511,

512, 530, 556, 576
Prostacyclin,

antiplatelet activity, 346
intrinsic thromboresistance, 20

Protein C, intrinsic thromboresistance, 21, 22
Protein S, intrinsic thromboresistance, 21, 22
Protocols, see Critical pathways
Prourokinase, development, 246
PTCA, see Percutaneous transluminal coro-

nary angioplasty

Pulmonary edema, risk stratification after
acute myocardial infarction, 429

Purinergic receptors,
inhibitors, see Clopidogrel; Ticlopidine
platelet types, 493–495

PURSUIT study, 503–505, 507–509, 511,
512, 555, 576, 632, 678

Q

QALYs, see Quality-adjusted life years
QT interval, circadian rhythm, 76, 77
Quality-adjusted life years (QALYs), economic

analysis, 713
Q wave abnormalities,

emergency department presentation, 138
risk stratification, 431

Q wave myocardial infarction,
angiographic findings, 6, 8
clinical spectra of myocardial ischemia, 3–5

R

RA, see Rotational atherectomy
Race,

acute cardiac ischemia presentation, 125,
127, 128, 148

risk stratification after acute myocardial
infarction, 428

Rapid Early Action for Coronary Treatment
(REACT),

focus groups,
calling 911, 175
false alarm embarrassment, 175
knowledge of treatments, 175
provider discussions, 175, 176
risk perception, 174
symptoms,

expectations, 174
uncertainty, 174

heart attack awareness campaign, 176, 177
initiation, 159, 160
prehospital actions for treatment delay

reduction,
ambulance transport, 168, 169
electrocardiography, 169, 214, 215
thrombolysis, 169, 170, 215

scope of study, 173
RAPID-2 study, 257
RAPPORT study, 297, 341, 554
REACT, see Rapid Early Action for Coronary

Treatment
RECIFE study, 678
Recombinant plasminogen activator, see Reteplase



776 Index

Referral patterns, sex differences, 580–582
Rehabilitation, see Cardiac rehabilitation
Renin–angiotensin system, see also Angiotensin

II,
arrhythogenesis role, 411, 412
interaction with fibrinolytic system and

platelets, 409–411
myocardial infarction risks of activation,

408, 409
overview of cascade, 399, 400

REST study, 544
RESTORE study, 555, 718
Reteplase (rPA),

advantages, 245
comparative trials, ST-segment elevation

myocardial infarction,
streptokinase, 257, 258
tissue-type plasminogen activator, 257,

258
patency profile, 248
synthesis, 245

Rheolytic thrombectomy, 542
Ridogrel, antiplatelet activity, 346
Right ventricular infarction, cardiogenic

shock management, 631, 632
Risk factor modification,

cholesterol control, see Cholesterol control
diabetes, 701
hypertension control, 699–701
integrated approach to risk reduction,
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