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Preface

Like most fields of clinical medicine, the practice of cardiology changes at a dra-
matic rate. New knowledge in the pathophysiology of acute coronary syndromes,
coupled with new diagnostic approaches to treat patients with coronary artery diseases
(CAD), have placed fresh demands on the clinical laboratory to develop and use more
effective markers to answer these clinical needs. This monograph describes the current
and future markers for CAD and how they are used in a clinical setting.

As a prelude to treating the markers themselves, the first sections of Cardiac Markers
defines and classifies coronary artery diseases. An up-to-date review of the underlying
pathophysiology of unstable angina and acute myocardial infarction (AMI) are presented.
The various therapeutic approaches to the management of patients are described because
cardiac markers have an impact on just how such therapies are used. A major use of
serum markers lies in the cost-effective triage of patients from the emergency depart-
ment. Described in this chapter are the conventional and “chest pain center” strategies.
The subcellular distribution of the proteins and enzymes used in diagnostic tests provide
backround on how they function.

The next two sections describe the cardiac markers in current use. Each chapter
begins with a presentation of the biochemistry of the protein marker treated, followed
by a discussion of the pertinent analytical methodologies available for its measure-
ment. A description is given of the performance of each test used in cardiac disease,
and in selected noncardiac disorders that are important for the proper interpretation of
results. The cytoplasmic markers including myoglobin, creatine kinase (CK), CK-MB
isoenzymes and isoforms, and lactate dehydrogenase isoenzymes. CK has become
recognized as the “gold standard” for diagnosis of AMI. As such, there have been
major efforts to develop sensitive and rapid assays for its analysis. Chapters on myo-
globin and LD isoenzymes are also important since these are early and late markers for
AMI, respectively. The structural proteins represent a new generation of cardiac mark-
ers and include cardiac troponin T and I, and myosin light and heavy chains. Assays
for cTnT and cTnl are quite specific for cardiac injury. Although assays for myosin are
not as specific, they may be important in assessing the severity of AMI.

The final section is devoted to future areas of cardiac marker development and appli-
cations. Because of the need to deliver results quickly, point-of-care devices are now
being developed that enable testing to be carried out by caregivers at bedside. Discus-
sions of platforms and of the regulatory aspects of point-of -care testing are presented. A
look into possible future cardiac markers is also presented. Cardiac troponin will likely
become the new gold standard for cardiac injury. Because myoglobin is not specific to
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cardiac injury, there is a search for earlier and more definitive markers. Whether or not
any of these research assays become adopted into routine practice remains to be seen.

Alan H. B. Wu
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Introduction to Coronary Artery Disease (CAD)

and Biochemical Markers

INCIDENCE OF
CARDIOVASCULAR DISEASES
(CVD)*

Cardiovascular disease (CVD) (of which
CAD is a subset) is the leading cause of mor-
bidity and mortality in the Western world. In
the US, there are approx 70 million people
who suffer from one form of this disease or
another (Fig. 1) (I). Each year, 500,000
suffer from stroke (cerebrovascular accident,
CVA). The annual mortality rate of CVA is
about 150,000 and individually ranks third
overall behind acute myocardial infarction
(AMI) (discussed in Chapter 3) and cancer.
Approximately six million Americans are
admitted to hospitals with a diagnosis of
chest pain. Of those 70 million individuals
with CVD, roughly 5% (three million) have
silent ischemia. The incidence of AMI from
the combination of patients with sympto-
matic and asymptomatic (silent) CAD is 1.5
million patients/yr. The mortality rate is
500,000/yr. Half of these deaths occur before
they reach the hospital for treatment. Unsta-
ble angina (discussed in Chapter 2) and con-
gestive heart failure (CHF) account for a
large fraction of non-AMI patients who are

Alan H. B. Wu

admitted to a hospital with chest pain. A
large number of chest pain patients are also
inappropriately admitted for noncardiac
causes. The remainder are discharged to
home. From this group, there is roughly
30,000 who are inappropriately discharged
from the emergency department. Chapter 4
discusses the impact that cardiac markers
have on the discharge of patients from the
emergency department.

There are numerous risk factors for CVD,
including presence of hypertension (blood
pressure = 140/90 on several occasions),
smoking, hyperlipidemia (total cholesterol >
200 mg/dL, LDL cholesterol > 130 mg/dL),
low HDL cholesterol (< 35 mg/dL), family
history of premature CAD (definite AMI,
AMLI, or death at < 55 yr for parent or sib-
ling), presence of the y-chromosome (males)
and postmenopausal status (females), dia-
betes, and a physically inactive lifestyle (2).
Some of these factors are discussed further
in Chapter 4. Newer risk factors, such as
other plasma lipoproteins (apolipoprotein
A-I and B, lipoprotein (a), apolipoprotein E
genotyping) (3), coagulation factors (fib-
rinogen, Factor VII, VIII, viscosity) (4), and
homocysteine (5), are currently being inves-

*See p. 17 for list of abbreviations used in this chapter.
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Fig. 1. Estimated annual incidence of cardiovascular diseases.

tigated. A thorough discussion of these and
other cardiovascular risk factors are beyond
the scope of this book.

CAD DEFINITIONS

CAD and thrombus formation are the
underlying pathologies responsible for the
majority of patients with AMI. Asympto-
matic patients with CAD are classified as
silent myocardial ischemia. Symptomatic
patients have a clinical presentation of chest
pain and are classified as angina pectoris.
Those with chest pain at rest may have unsta-
ble angina (UA), an acute syndrome associ-
ated with plaque rupture, platelet aggregation
(“white clot”) and thrombus formation (“red
clot”). Unstable angina that is associated with
atotal occlusion of a coronary artery is a pre-
lude to AMI. Unstable angina, non-Q-wave,
and Q-wave AMI are collectively termed
acute coronary syndromes (6). Detection and
treatment of patients with UA are essential in
reducing the incidence of AMI, or minimiz-
ing its morbidity and mortality. However,
medical and surgical therapies are costly and
have risks. For example, percutaneous trans-
luminal coronary angioplasty has a morbid-
ity of 0.32%, whereas diagnostic cardiac
catheterization has a mortality of 0.1% (7).

AMI incidence is 0.61 and 0.05%, respec-
tively. Therefore, a strategy of diagnosis and
risk assessment is appropriate so that patients
who are the most likely to suffer acute events
in the near future are treated over those who
are at low risk. Since sensitive biochemical
markers for myocardial injury are now being
proposed for diagnosis of minor myocardial
injury and risk stratification, a description of
these clinical syndromes is warranted to
rationalize the need for developing new
markers to meet these needs

Silent Myocardial Ischemia

Silent myocardial ischemia can be
defined as the presence of transient myocar-
dial injury from coronary artery disease in
the absence of chest pain or other typical
signs and symptoms (8). Silent ischemia can
occur in individuals without a previous his-
tory of cardiac disease and presumed to be
healthy, or in patients who have had an AMI
and are asymptomatic. Some patients with
coronary artery disease may have episodes
of both silent and symptomatic ischemia.
Documentation of silent ischemia is made
through evidence by electrocardiogram
(ECG) and radionuclide studies. The reason
why some ischemic patients are free of pain
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has been the subject of intense investiga-
tions for many years and remains unre-
solved. It may be possible that some of these
patients have an alteration in their sensitivity
to pain. This may be manifested by higher
plasma concentrations of B-endorphins (9).
The precipitation of chest pain in silent
ischemia patients following administration
of naloxone (opioid antagonist) would sup-
port this hypothesis. Unfortunately, results
of such experiments have been equivocal
(10). Studies in diabetics suggest that there
may be some pathological involvement of
the autonomic nervous system resulting in
raised thresholds to pain. Hyposensitivity to
pain, however, cannot alone explain all cases
of silent ischemia. It is tempting to postulate
that during silent ischemia, less myocardial
tissue is at jeopardy for irreversible damage
than symptomatic episodes. Radionuclide
ventriculography, echocardiography, and
myocardial blood flow studies suggest that
there is little difference between sympto-
matic and asymptomatic ischemia for area of
necrosis or risks for subsequent events (11).

Determining the prevalence of silent
ischemia in patients who are totally asymp-
tomatic is very difficult. One mechanism to
determine retrospectively the prevalence of
atherosclerotic heart disease in adults is to
use autopsy data on individuals who died of
noncardiac causes and who had no symp-
toms or history of coronary artery disease
prior to death. In one review, a prevalence
of 6.4 and 2.6% was reported for males
and females (age range 30-69), respect-
ively (12). Prospective detection of silent
ischemia is helpful for clinical management.
There are two approaches: exercise (tread-
mill) testing with electrocardiogram (ECG)
monitoring and ambulatory (Holter) elec-
trocardiography, whereby ECG tracings are
recorded over a 24-h period. In both cases,
the presence of significant ST-segment
depression of >1 mm is suggestive of an
ischemic event. The confirmation of silent
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ischemia can be performed by angiography
on patients screened positive by these
techniques.

Stable Angina Pectoris

Stable angina has been defined by the
World Health Organization (WHO) as tran-
sient episodes of chest pain precipitated by
exercise or other situations, resulting in an
increased myocardial oxygen demand (13).
The pain usually disappears with rest or with
drugs, such as nitroglycerin, that diminish
the oxygen demands of the heart. It is
divided into three categories:

1. De novo effort angina, angina of <1 mo dura-
tion;

2. Stable effort angina, <1 mo duration; and

3. Worsening effort angina, sudden worsening
in frequency severity, or duration of chest
pain caused by the same effort.

Stable angina is caused by years of ather-
osclerotic deposition of plaque onto coro-
nary arteries. It is one of the entry points for
patients with acute coronary syndrome,
defined collectively as unstable angina
and AML.

UA Pectoris

UA is principally defined as chest pain
occurring at rest. A more thorough definition
has been made by the Agency for Health
Care Policy and Research (14):

1. Symptoms of angina at rest (usually pro-
longed >20 min);

2. New-onset (<2 mo) exertional angina of at
least Canadian Cardiovascular Society Clas-
sification (CCSC) (15) class III in severity;

3. Recent (<2 mo) acceleration of angina as
reflected by an increase in severity of at least
one CCSC class to at least CCSC class III;

4. Variant angina;

Non-Q-wave myocardial infarction; and

6. Post-MI (>24 h) angina.

The CCSC for UA is presented in Chap-
ter 3. In addition to the CCSC classification,
there are other systems that have been pro-

b
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posed. The one used frequently in the US
was proposed by Braunwald (16). This
scheme classifies patients with unstable
angina in terms of severity (from class I-11I)
and clinical circumstances surrounding its
presence (class A—C). An abbreviated ver-
sion is shown in Table 1.

Class I is new onset of severe angina (<2
mo) or accelerated angina, and is character-
ized by the absence of pain at rest. Class II
is angina at rest within the prior month, but
not within the preceding 48 h. Class III is
angina at rest within the preceding 48 h.
Class A is UA secondary to the presence of
extracoronary clinical conditions that
decrease the oxygen supply (e.g., respira-
tory failure) or increase the oxygen demand
(unusual emotional stress) to the heart. Class
B is primary UA, where an extrinsic condi-
tion cannot be identified. Class C is chest
pain developing within 2 wk after AMI. This
classification may be further divided accord-
ing to the intensity of treatment and presence
or absence of transient ST-T-wave abnor-
malities during an anginal episode.

Unlike stable angina, UAis an acute event
characterized by rupture of a coronary artery
plaque. The pathophysiology of UA is
described in Chapter 2. UA is important
because it is a prelude to AMI.

Diagnosis of AMI

The pathophysiology of AMI is presented
in Chapter 3. The WHO has also defined the
criteria for diagnosis of AMI as a triad (13):

1. The history is typical if severe and prolonged
chest pain is present;

2. Unequivocal ECG changes are the develop-
ment of abnormal, persistent Q- or QS-
waves, and evolving injury lasting longer
than 1 d; and

3. Unequivocal change consists of serial
enzyme change, or initial rise and subse-
quent fall of levels. The change must be
properly related to the particular enzyme and

Wu
Table 1
Braunwald Classification
of Unstable Angina
Clinical circumstances
No After
Extracardiac extracardiac AMI,
cause, cause, post-
Severity 2° UA 1°UA AMIUA
New or
accelerated
onset IA IB IC
Rest angina
(within 1 mo
to 48 h) IIB IIB IIC
Rest angina
(within 48 h)  IIIA I11B I1IC

to the delay time between onset of symp-
toms and blood sampling.

When all of these milestones are present,
the diagnosis of AMI is unequivocal. The
diagnosis is less certain when the chest pain
is atypical, if the ECG is equivocal (station-
ary injury current, symmetrical inversion of
the T-wave, pathological Q-wave in a single
ECG record, or conduction disturbances), or
if enzyme changes are not accompanied by
a subsequent fall. The WHO definition is
nearly 20 yr old, and is antiquated with the
advent of cardiac markers that are not them-
selves enzymes (such as myoglobin, cardiac
troponin T [cTnT] or I [cTnI]). A revision of
the WHO AMI diagnostic criteria is now in
dire need.

Assessment of Coronary Artery
Perfusion Status

Patients with AMI can be emergently
treated with thrombolytic agents, such
as intravenous (iv) streptokinase or tis-
sue plasminogen activator (tPA) (17-19)
(Chapter 4). The goal of iv therapy is to
recanalize previously occluded coronary



Introduction to CAD

arteries. Successful salvage of jeopardized
myocardium requires treatment of AMI
patients within the first 6 h of chest pain (20).
Because some patients present after this time
interval and thrombolytic agents have the
potential to cause serious bleeding, not all
patients are candidates for this therapy. For-
tunately, in some patients, spontaneous reper-
fusion can occur without the aid of
clot-dissolving agents. The assessment of
coronary artery perfusion status is important
in the management of AMI patients. In cases
where iv thrombolytic therapy has failed,
emergency (“rescue”) percutaneous translu-
minal coronary angioplasty (PTCA) has been
used. The effectiveness of rescue PTCA is
being studied in clinical trials. Although
rescue PTCA has been successful in a major-
ity of cases, the mortality rate for unsuccess-
ful cases is unacceptably high (21-23).

Successful or spontaneous reperfusion is
indicated by the secession of chest pain or the
presence of reperfusion arrhythmias (24).
Since these indicators are highly subjective,
definitive assessment of coronary artery
patency is performed by cardiac angiography.
The Thrombolysis in Myocardial Infarction
(TIMI) Study Group has established a grad-
ing scale for the extent of patency (17):

1. Grade 0: No antegrade flow beyond the point
of occlusion;

2. Grade 1 (penetration without perfusion):
Contrast media pass beyond the area of
obstruction, but fail to opacify the entire
coronary bed distal to the obstruction for the
duration of the filming;

3. Grade 2 (partial perfusion): Contrast media
pass across the obstruction and opacify the
coronary bed distal to the obstruction. How-
ever, the rate of entry into the vessel distal
to the obstruction or its rate of clearance
from the distal bed (or both) is perceptibly
slower than its entry into or clearance from
comparable areas not perfused by the previ-
ously occluded vessel (i.e., the opposite
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coronary artery or coronary bed proximal to
the obstruction); and

4. 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 obstruction, 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.

The TIMI grading scale is used as the
“gold standard” in characterizing the suc-
cess of biochemical markers and other indi-
cators of coronary artery reperfusion status.

Congestive Heart Failure (CHF)

Heart failure is a condition whereby the
heart is unable to generate a sufficient car-
diac output to meet the needs of metabol-
izing tissues (25). It is characterized by
intravascular and interstitial volume over-
load, which can lead to shortness of breath,
rales, and edema, or inadequate tissue per-
fusion, which can produce fatigue or exer-
cise intolerance (26). Heart failure can be
precipitated by a variety of causes, including
pulmonary embolism, infection, anemia,
thyrotoxicosis, arrhythmias, rheumatic
fever, infective endocarditis, systemic
hypertension, and myocardial infarction.
The manifestations of heart failure include
dyspnea, orthopnea, parosysmal (nocturnal)
dyspnea, Cheyne-Stokes respiration, fatigue
and weakness, lower extremity edema, and
abdominal symptoms associated with ascites
and/or hepatic engorgement (25). The
National Heart, Lung, and Blood Institute
has estimated that there are two million
Americans with CHF, with about 400,000
new cases each year. Total costs for treating
patients exceeds $10 billion/yr. The 5-yr
mortality rate is 50% (26). Because of this
high mortality rate, early detection and
appropriate treatment would be helpful.
Unfortunately, many patients with CHF
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present with no symptoms, and diagnosis in
these patients is very difficult (27).

There are several classifications for CHF.
The New York Heart Association classifica-
tion is based on functional capacity and
objective assessment (28):

Functional capacity

Class I: Patients with cardiac disease, but
without resulting limitation of
physical activity. Ordinary physi-
cal activity does not cause undue
fatigue, palpitation, dyspnea, or
anginal pain;
cardiac disease resulting in slight
limitation of physical activity. They
are comfortable at rest. Ordinary
physical activity results in fatigue,
palpitation, dyspnea, or anginal
pain;
Class III: marked limitation of physical activ-
ity. They are comfortable at rest.
Less than ordinary activity causes
fatigue, palpitation, dyspnea, or
anginal pain; and
Class IV: cardiac disease resulting in inabil-
ity to carry on any physical activity
without discomfort. Symptoms of
heart failure or of the anginal syn-
drome may be present even at rest.
If any physical activity is under-
taken, discomfort is increased

Class II:

Objective assessment

1. No objective evidence of cardiovascular
disease;

2. Objective evidence of minimal cardiovas-
cular disease;

3. Objective evidence of moderately severe
cardiovascular disease; and

4. Objective evidence of severe cardiovascu-
lar disease

Since the criteria for minimal, moderately
severe, and severe disease cannot be pre-
cisely defined, this classification scheme, is
in fact, highly subjective. The Killip Classi-
fication is also a frequently used system
for CHF (29). Patients with suspected
CHF should undergo echocardiography to
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assess left ventricular function (26). The
majority of patients with moderate to severe
CHF will have ejection fractions of
<35-40%. New biomarkers for heart failure
are being developed and are discussed in
Chapter 17.

BIOCHEMICAL MARKERS

Historical Perspective

Abrief history of cardiac markers in CAD
is outlined in Fig. 2. The first biochemcial
marker used in AMI was aspartate amino-
transferase described in 1954 (30). This was
gradually replaced by use of creatine kinase
(CK) described in 1965 (31). With the devel-
opment of electrophoresis methods, CK and
lactate dehydrogenase (LD) isoenzymes
were recognized as markers with higher
specificity than CK (32). In 1975, the
immunoinhibition was developed for
CK-MB (33), whereas radioimmunoassay
was developed for myoglobin (34). Shortly
thereafter, the WHO criteria for AMI was
established in 1979 (13). The WHO criteria
includes enzymes as part of the triad of for
AMI diagnosis. In 1985, the first mass
assays from two different manufacturers
were simultaneously evaluated on AMI
patients (35,36). This led to the development
of the first antibody to CK-MB, which is
used in nearly all commercial CK-MB
immunoassays today (37). Although anti-
bodies to the M- and B-subunit existed,
many thought that MB did not have any
unique antigenicity. ¢TnT as a marker for
AMI was first demonstrated in 1989 (38),
while cTnl appeared in 1992 (39). The use
of CK-MB isoform for triaging patients from
the emergency department was described in
1994 (40). The use of ¢TnT for unstable
angina was first described in 1992 (41). Both
have been validated for risk stratification
in large clinical trials published in 1996
(42,43).
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Fig. 2. History of the development of cardiac markers.

Today, cardiac markers are a multibillion
dollar industry. In the Western world, multi-
ple determinations of cardiac markers are
performed on every patient who is seen with
chest pain. The interest in markers continues
to grow at a tremendous rate. There have
been many review articles (44—47) and
monographs (48,49) published within the last
four years. The next generation of markers
have already been developed (Chapter 17). It
remains to be seen which will survive the test
of time.

Criteria for Assay Performance
in Clinical Studies

Like other tests in the clinical laboratory,
the clinical performance of cardiac markers
is evaluated in patient populations diagnosed
with and without the disease in question.
Equations for clinical sensitivity, specificity,
predictive value, and efficiency are given in
the Appendix. These terms are used through-
out the volume.

Requirements for an Ideal Cardiac
Marker

Owing to the changes in the practice of
cardiology, new biochemical markers for
ischemia and necrosis are needed and are
being developed and studied. There are sev-

eral characteristics of an ideal cardiac marker
(47,50,51). Some of them are listed below.

Substantial Distribution Within Cardiac
Tissue

A basic premise for the success of a bio-
chemical marker is that it is present in rela-
tively high concentration in the tissue of
interest. Because cardiac tissue has an essen-
tial contractile function, structural proteins
of the contractile apparatus are logical can-
didates for use as a cardiac marker. Also,
proteins and enzymes that are required in
energy production and utilization are also
potential markers, since energy is needed to
fuel contractions. Logically, proteins that are
not present in substantial concentrations
within the heart would not be useful mark-
ers. The size and subcellular distribution of
proteins and enzymes will dictate how
quickly the proteins arrive into the general
circulation. Small proteins and those located
predominately in the cytoplasm will appear
first. Proteins and those located in the
nucleus or mitochondria will appear later,
since they must cross through another set of
membranes. Structural proteins will appear
last, since they are released only after degra-
dation of the matrix has been initiated, such
as by macrophages and lysosomal enzymes.
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High Cardiac Specificity

The marker should have no significant
tissue sources other than the target organ (the
heart). Although CK-MB is the most widely
used cardiac marker, it is not ideal, because
skeletal muscles contain a significant
amount of CK-MB that contributes to the
baseline concentration of this isoenzyme in
the serum of healthy individuals. Abnormal
pathologic concentrations of CK-MB must
exceed this baseline level.
High Analytical Specificity

Most cardiac markers make use of immun-
oassays with monoclonal antibodies (MAbs)
and polyclonal antibodies. The ideal assay for
a cardiac marker must use antibodies that do
not crossreact with other structurally related
proteins. Even if there is no direct avidity of
the interferent protein with the antibody, non-
specific binding of the protein can occur when
the interferrent is present at very high con-
centrations (52). For monoclonal (murine-
based) assays, the antibodies should not react
in the presence of heterophile or human anti-
mouse antibodies (HAMAs) (53). Significant
titers of HAMA can be present in individuals
who handle domestic animals or patients
undergoing MAD anticancer drug therapy and
falsely positive results can occur in “sand-
wich”-type immunoassays (54).

High Assay Sensitivity and Precision

The reference range for cardiac markers in
blood is dictated by the normal turnover of
tissues containing significant amount of the
protein in question. The upper limit of normal
ranges from 100 pg/mL for specific assays,
such as cardiac troponin, to 100 ng/mL
for myoglobin (since it is also found in skele-
tal muscles). An assay with poor sensitivity
cannot be used to detect minor myocardial
injury, such as that seen in unstable angina.
Because analytical sensitivity is defined as
the noise level in the absence of analyte,
highly sensitive assays must also necessar-
ily be highly precise (CVs of <5%).

Early Appearance in Blood
After Myocardial Injury

This facilitate the early diagnosis of injury
or infarction, and can be useful for triaging
patients from the emergency department to
the appropriate beds within the hospital or
discharged to home (Chapter 4). Chapter 17
discusses a strategy for development of new
early cardiac markers based on the patho-
physiology of acute coronary syndromes. A
serum marker for early AMI diagnosis
requires development of an assay with a
short turnaround time (TAT) to take full
diagnostic advantage of the earlier marker.

Prolonged Elevation After Injury

A marker that remains abnormal beyond
2-3 d after the onset of chest pain is useful
for diagnosing the few patients who present
to the hospital late, i.e., after results of early
markers, such as CK-MB and myoglobin
have returned to normal. Although acute iv
therapy is not indicated, a full cardiac
workup is warranted on these late-presenting
AMI patients. Procedures, such as PTCA
and coronary artery bypass graft surgery,
may be considered on an elective basis.

Validated by Clinical Studies

Cardiac markers must be evaluated against
appropriate standards in clinical studies
(55,56). For AMI markers, the criteria for
diagnosis must be carefully established (such
as the WHO criteria) and consistently applied.
For UA and detection of minor injury, diag-
nostic criteria are not as well established. In
either case, results of the marker in question
cannot be used as part of the diagnostic crite-
ria. The cutoff concentration must be rigor-
ously established, since the clinical sensitivity
and specificity are interrelated. Assignment of
the cutoff concentration can be established
by receiver operating characteristic (ROC)
curves. A standardized method for perform-
ing ROC plots and statistically comparing the
performance of multiple markers has recently
been proposed (57). For determination of
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Fig. 3. Use of ROC plots for optimum assessment of cutoff concentrations. (A) Use of normal indi-
viduals as the non-AMI-rule out group produces results with very high clinical sensitivity and speci-
ficity. (B) Use of non-AMI cardiac patients produces lower clinical sensitivities and specificities, but

is more realistic to actual clinical practice.

clinical specificity, it is important to include
patients who have similar clinical presenta-
tions as the disease in question. For a test that
detects AMI, this would include non-AMI
patients with CAD. When normal subjects
are used as the rule-out group, a falsely
inflated clinical specificity might be
obtained. Figure 3 illustrates the effect of
inappropriate and appropriate populations
for an AMI marker using ROC plots.

Assay Available on Automated Analyzer

The most effective cardiac marker used
for acute coronary artery diseases will be one
that is available at all hours and has a short
TAT for results (<15 min). This requires use
of either totally automated analyzers or a
point-of-care (POC) platform. Cardiac
marker assays are available on random-

access immunoassay analyzers that enable
stat testing at all hours for most of the ana-
lytes discussed in Chapter 9. It has recently
been demonstrated that when all testing is
performed on a stat basis, hospital length of
stay for cardiac diagnosis-related groups
(DRGQG) is significantly reduced over testing
performed once or twice per day (58,59).
POC devices are an emerging area for test-
ing and are discussed in Chapter 16. They
offer the advantage that no instruments are
needed, and the sample does not need to be
delivered to the laboratory for testing. Many
devices make use of whole blood, which fur-
ther facilitates a rapid TAT for results.

Summary of Release vs Time Curves

By the nature of its pathophysiology, AMI
is inherently a very dynamic process. The



12

100-
TnT
50-
=
£ ~_§ cTi
5 154 g
S b4 MLC
: 15
g ’°‘§ CK-MB
s 1
g 5-
3 [T
0

Days After Onset of AMI

Fig. 4. Release of cardiac markers into blood following AMIL

release of cardiac markers from ischemic
areas to the peripheral circulation where it
can be measured is a function of its subcel-
lular location (as described in Chapter 5),
vascular access from the point of injury, and
size of the protein. Figure 4 summarizes the
general release pattern of the cardiac mark-
ers after AMI. Time zero is defined from the
moment of onset of symptoms, and not from
the presentation of patient to the emergency
department. It should be recognized that the
onset of chest pain is not always known, par-
ticularly in elderly patients in whom a reli-
able clinical history is not always available.
The ordinate reflects the blood concentration
of the marker as expressed in relative units of
multiples of the upper reference limit (URL).
Myoglobin (Chapter 6) and CK-MB iso-
forms (Chapter 10) are released within the
first 6 h after onset, and return to normal
within 24 h. Total CK (Chapter 7) and CK-
MB (Chapters 8 and 9) are released within 12
h after chest pain, and return to normal after
48-72 h. Lactate dehydrogenase isoenzyme
1 (Chapter 11), ¢cTnT (Chapter 13) and
cTnl (Chapter 14), and myosin light chains
(Chapter 15) are released within 12-24 h
after chest pain, and remain abnormal for

5 d or more. The release of experimental
cardiac markers (Chapter 17) into blood
should be compared to results of these mark-
ers where the concentration vs time after
onset of AMI is well established. Compara-
tive studies of new markers against estab-
lished markers, such as CK-MB or troponin,
should be conducted on the same patient
populations.

The kinetics of enzyme release is acceler-
ated when an AMI patient is treated with
thrombolytic agents or angioplasty success-
fully (Fig. 5), which is defined as the reperfu-
sion of previously occluded coronary arteries.
Various cardiac markers are being used to
identify the reperfusion status of AMI patients.
The use of markers to determine coronary
artery patency is discussed under the corre-
sponding marker chapter.

Infarct Sizing

One of the earliest applications of cardiac
markers was for the estimation of the size or
severity of AMI (60-62). Infarct sizing can
be calculated by plotting the release of a car-
diac marker vs time after the onset of chest
pain, and measuring the resulting “area
under the curve” or AUC (Fig. 6). Calcula-



Introduction to CAD

Successful
reperfusion
(TIMI Grade 0)

Permanent
occlusion
(TIMI Grade 3)

Concentration of marker

Time

Fig. 5. The effect of successful reperfusion on
blood concentrations of cardiac markers relative
to permanent occlusion.

tion of infarct size has correlated fairly well
with estimates of necrotic zones made on
cardiac tissue at autopsy (62), and postin-
farction ejection fraction (63). A noninva-
sive calculation of infarct size may be useful
in the future management of patients suffer-
ing AMI. The calculation of infarct sizing by
biochemical markers resumes a particular
shape to the enzyme activity (or concentra-
tion) vs time after AMI curve, and that the
amount of enzyme or protein that appears in
blood is a fixed fraction of the total among
released from the necrotic zone. The calcu-
lations are summarized below:

[t ftydt x body wt x Ky

IS = Ea x K

@

where f(t) is the enzyme appearance func-
tion, body wt is the body weight, K is the
proportion of body wt in which released
enzyme is distributed, Eq is the amount of
enzyme depleted per gram of infarcted heart,
and Ky is the ratio of total enzyme appearance
in blood to total enzyme disappearance from
the infarcted myocardium. This equation can
be simplified by combining the constants to
form Kg and defining f(t) as dE/dt + K4E:

Ka [EE(Hdt + E(T) )
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Fig. 6. Use of total enzymes and proteins for
infarct sizing (IS). The area under the activity vs
time curve is integrated. k4 is the disappearance
rate constant, and E is the plasma CK activity
at time t. E(T) is the enzyme activity at time T,
i.e., when results have returned to baseline
concentrations.

where E(T) is the enzyme activity
when results have returned to baseline
concentrations.

The interest in infarct sizing has waned
with the development and use of throm-
bolytic therapy and percutaneous translumi-
nal coronary angioplasty. Because of the
“wash-out phenomenon” observed with suc-
cessful treatment, estimates of infarct sizing
are not altered because the enzyme—time
curve is altered with reperfusion, and a
greater (and unpredictable) fraction of
enzymes released from the necrotic zone
appear in blood (64,65). Thus, although CK
and CK-MB have been successfully used in
early infarct sizing studies, markers, such as
myosin light and heavy chains, may be more
accurate, because they do not respond dif-
ferently in the presence of reperfusion ther-
apy (see Chapter 15). The accuracy of infarct
sizing is also affected by the presence of
myocardial infarct extension. In experimen-
tal dogs, myocardial extension that was pro-
duced within 12 h of an initial infarct
resulted in a reduction in regional myocar-
dial blood flow, producing a delay in the
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appearance of cardiac markers into blood
(66). Radionuclide ventriculography may
provide a more accurate measurement of
infarct size (67,68). Although tomography is
considered technically difficult and expen-
sive, it is becoming more and more available
in hospitals and medical centers.

CARDIAC MARKERS
IN ISCHEMIC DISEASES

Silent Ischemia

Little is known concerning the release of
cardiac markers in patients with spontaneous
episodes of silent ischemia, because in the
absence of pain, it is difficult to identify
these patients at a time when blood sampling
will be meaningful. In patients undergoing
stress testing, traditional biochemical mark-
ers, such as total CK, CK-MB isoenzyme,
and lactate dehydrogenase isoenzymes, are
not sufficiently sensitive to be useful for
detection of minor injury. With the avail-
ability of ¢cTnT and cTnl, and myosin light
chains, new studies are warranted to deter-
mine if these sensitive markers can be used
to monitor minor injury that can occur
during stress testing. A disadvantage of
serum testing, however, is that there may be
a delay of a few hours in the release of pro-
teins from ischemic areas. Therefore, results
immediately after testing might remain in
the normal range. Collection of blood 3—6 h
after a treadmill will not be as convenient as
Holter ECG monitoring.

Angina

In symptomatic patients with stable
angina and UA, detection of ischemia in
blood requires use of a cardiac marker with
high analytical sensitivity and specificity
because the extent of the injury in these
patients is minute compared to that of
patients with AMI. Therefore, blood con-
centrations of cardiac enzymes and proteins
may only marginally exceed the upper limit

Wu

Table 2

Results of Health Subjects

for CK-MB and cTnT#

ID CK-MB cTnT
1 0.00 0.00
2 0.50 0.00
3 0.00 0.00
4 1.30 0.00
5 0.00 0.00
6 0.00 0.00
7 0.00 0.00
8 3.00 0.00
9 0.00 0.10

10 0.60 0.00

11 0.60 0.00

12 0.00 0.01

13 0.00 0.00

14 1.20 0.00

15 0.00 0.00

16 0.00 0.01

17 0.00 0.00

18 0.20 0.00

19 1.60 0.00

20 0.00 0.00

ax=0.42,0.77 ng/mL; SD =0.001, 0.004 ng/mL.

of areference population, and be well below
that used as a cutoff for AMI. It is obvious
that if the cardiac marker does not have high
analytical sensitivity, it will be unable to dif-
ferentiate blood concentrations of normal
individuals from those with minor myocar-
dial injury. For example, early generations of
thyroid-stimulating hormone (TSH) had lim-
ited sensitivity, and results of patients with
hyperthyroidism were within the measure-
ment range for normal individuals. When
high sensitivity (third-generation) TSH assays
became available, they were more useful for
hyperthyroid diseases (69).

A cardiac marker with high analytical sen-
sitivity, however, is not enough. High ana-
lytical specificity is also important. Table 2
shows results of CK-MB from a group of
normal individuals using an automated mass
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Fig. 7. Selection of cutoff limits for determination of minor myocardial injury with a specific cardiac

marker, and AMI with a nonspecific myocardial marker.

assay with a sensitivity of under 0.10 ng/mL.
Although the majority of values are within
the normal range, there are four subjects in
this group that have CK-MB values exceed-
ing 1.0 ng/mL, and might be significant for
minor myocardial injury. The normal range
from this data, using the central 95% range
of values, would be 0.0-1.60 ng/mL. Table 2
also shows results of this same population
for cTnT. The normal range from this data
calculates to 0.0-0.01 ng/mL. If it is
assumed that ¢TnT has high specificity for
myocardial injury, results for CK-MB on
subjects 4, 8, 14, and 19 were owing to non-
specific release from skeletal muscles.

The impact of nonspecificity on the
marker’s ability to detect minor myocardial
injury is illustrated in Fig. 7. A relatively
high cutoff concentration for CK-MB may
be necessary (e.g., 5.0 ng/mL) because of
the significant residual baseline content of
CK-MB present in normal sera (e.g., patient
8). Although new onset of myocardial injury
adds to this baseline content, it may still be
below the assay’s preselected cutoff con-
centration (Fig. 8 A). Because cTnT has high
specificity, the residual baseline content in
normal sera is very low, and a much lower

cutoff concentration can be selected to detect
minor injury (Fig. 8B). With this assay, the
same increment of myocardial injury shown
in Fig. 8 A will produce a positive result for
cTnT in Fig. 8B.

AMI

As discussed in Chapter 3, patients with
AMI will release very high concentrations of
enzymes and proteins. Cutoff concentrations
have traditionally been established to dif-
ferentiate non-AMI conditions, such as con-
gestive heart failure and stable angina and
UA from AMI. One is tempted to postulate
that irreversible injury only occurs during
AMLI, following a threshold amount of time
after permanent occlusion (Fig. 9A). Under
these conditions, the establishment
of an AMI cutoff is not difficult (Fig. 9A).
The development of highly sensitive bio-
chemical markers has shown, however, that
irreversible injury does occur during prein-
farction ischemic events, such as UA and
that the pathophysiology of AMI progresses
along a “continuum” rather than in a “step-
wise” fashion (Fig. 9B). The establishment
of an AMI cutoff concentration under this
concept is vague. Because the differentia-



Fig. 8. The effect of specificity on sensitivity of biochemical markers for minor myocardial injury.
(From ref. 70, with permission from the American Association for Clinical Chemistry.)
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tion between UA and AMI is important, it
may be more meaningful to establish two
cutoff concentrations for markers with high
specificity (such as ¢TnT or cTnl): one for
minor injury and the other for AMI (Fig. 7)
(70). For nonspecific markers, such as total
CK, CK-MB, or myoglobin, only a single
relatively high cutoff to differentiate UA
from AMI may be applicable.

ABBREVIATIONS

AMI, Acute myocardial infarction; AUC,
area under the curve; body wt, body weight;
CAD, coronary artery diseases; CCSC, Cana-
dian Cardiovascular Society Classification;
CHF, congestive heart failure; CK, creatine
kinase; cTnl, T, cardiac troponins I and T;
CV, coefficient of variation; CVA, cere-
brovascular accident; CVD, cardiovascular
disease; DRG, diagnosis-related groups;
ECQG, electrocardiogram; HAMA, human
antimouse antibodies; IS, infarct size; IV,
intravenous; POC, point-of-care; PTCA, per-
cutaneous transluminal coronary angioplasty
ROC, receiver operating characteristic; TAT,
turnaround time; TIMI, Thrombolysis in
Myocardial Infarction; tPA, tissue plasmino-
gen activator; UA, unstable angina; URL,
upper reference limit; WHO, World Health
Organization.

APPENDIX

Equations for Diagnostic Performance
of Laboratory Tests**

Sensitivity: x 100

Specificity; ——— x 100
FP + TN

TP
Positive predictive value: ———— % 100
TP + FP

x 100

Negative predictive value:
N + FN
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TP
TP + FP + FN + TN

Efficiency: x 100

**TP = true positives; TN = true negatives; FP =
false positives; FN = false negatives.
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Pathophysiology of Acute Coronary Syndromes

Satyendra Giri, David D. Waters, and Alan H. B. Wu

INTRODUCTION
Definition

Acute coronary syndromes encompass a
spectrum of symptomatic manifestations of
ischemic heart disease, including unstable
angina (UA)*, and non-Q-wave and Q-wave
acute myocardial infarction (AMI). The syn-
drome of warning chest pain preceding the
event was first described in 1912 by Herrick
(1). His suspicion of acute coronary occlu-
sion resulting from evolving coronary throm-
bus as a cause of this chest pain syndrome
was further substantiated in 1930s (2). Sub-
sequently, the now near universally accepted
term “unstable angina” was coined in 1971
(3). Since then, descriptive classifications of
UA have been proposed, and their prognos-
tic value in managing acute coronary syn-
dromes has been substantiated (4-6).

The treating physician, when confronted
with a presentation of chest pain at rest and
accompanying electrocardiograph (ECG)
abnormalities, cannot distinguish between
the diagnosis of UA, non-Q-wave AMI, or
an infarct in evolution until the ECG pat-
terns evolve or the cardiac enzymes become
available. Where uncertainty exists regard-
ing diagnosis, the immediate management
of patients does not depend on differentia-

tion of UA and non-Q-wave AMI (7,8).
Diagnosis of UA does not require the pres-
ence of ECG changes, although its presence
increases the diagnosis specificity and indi-
cates a worse prognosis (7-10).

Clinical Spectrum

In its broader definition, acute coronary
syndrome should include all patients with
the initial occurrence of increasing severity
of angina. Although the Framingham study
showed that UA was the first manifestation
of coronary artery disease (CAD) in only
about 10% of cases, retrospectively exclud-
ing AMI patients (/17), the majority of
patients experience a cyclic, changing pat-
tern of chest pain. Only a minority seek med-
ical attention and fewer are hospitalized.

INITIATION AND PROGRESSION
OF ATHEROSCLEROSIS: LIPID
VS THROMBIN HYPOTHESIS

The pathophysiology of acute coronary
syndromes is still imperfectly understood, but
can be considered in terms of complementing
hypotheses that were first formulated in this
century. The thrombogenic hypothesis was
postulated by vok Rokitansky in 1844, who
after observing the process of intimal thick-

*See p. 36 for list of abbreviations used in this chapter.
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ening from fibrin deposition followed by sub-
sequent fibroblast organization and lipid accu-
mulation, deduced the idea of “dyscrasia,”
since the deposit was derived from abnormal
blood (12). The lipid hypothesis was propa-
gated by vok Virchow in 1856, who described
the location of intimal thickening to be in the
subendothelial layer, hence questioning the
derivation from surface deposits as proposed
by the thrombogenic hypothesis (13).

In the ensuing period, a single multifac-
torial theory that integrates both initial con-
templation has evolved and recognizes
endothelial dysfunction as a response to
injury as the common step (14). Many risk
factors acting singly or in unison (hyperlipi-
demia, smoking, hypertension, diabetes)
along with the local factors (shear stress,
endothelin, abnormal vasomotion) contri-
bute to the development and progression of
endothelial atherosclerotic lesions.

The altered endothelial barrier allows
circulating monocytes and plasma lipids
into the vessel wall, and simultaneous
aggregation and adherence of platelets to
the endothelial cells. Release of platelet-
derived growth factor (PDGF) and other
mitogenic factors potentiate the migration
and proliferation of vascular smooth
muscle cells. Together with lipid accumu-
lation and enhanced connective tissue syn-
thesis, these processes lead to the typical
atheroma (15).

NATURAL HISTORY
OF CORONARY HEART DISEASE
(CHD)

The natural history of CHD involves two
distinct stages. The first stage consists of
an initial asymptomatic period during which
nonobstructive atherosclerotic plaque is
formed with further progression depending
on its associated risk factors (Fig. 1A). The
second stage consists of rapid thrombogen-
esis due to plaque rupture exposing throm-
bogenic contents, such as collagen and
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tissue thromboplastin, which promotes
platelet aggregation, fibrin formation, and
development of occlusive or near occlusive
thrombus. (16). The final result of a plaque
rupture will essentially depend on the
“hemostatic balance,” a concept introduced
in 1956 (17). The hemostatic balance is a
complex interaction between the dynamics
of blood flow, components of the vessel
wall, platelets, and plasma proteins, as well
as numerous regulatory factors within the
platelets, coagulation system, and the fibri-
nolytic system (Fig. 2) (18). Prospective
epidemiological studies have demonstrated
association between disturbance of the
hemostatic balance and the occurrence of
coronary events (19,20). Figure 3 illustrates
rupture of an atherosclerotic vessel with a
nonocclusive thrombus.

MECHANISMS’ CONTRIBUTION
TO PROGRESSION

OF ATHEROSCLEROSIS

AND INTRACORONARY
THROMBOGENESIS

The occurrence of thrombosis in athero-

sclerotic heart disease is potentiated by sev-
eral factors (Fig. 1B) (7). Some of the
important causes are discussed below.

Vascular Endothelium Dysfunction

The vascular endothelium plays an impor-
tant role not only in the control of vascular
tone, but also as a barrier against plasma pro-
teins and cells. Figure 2 illustrates the cel-
lular and biochemical events that take place.
It regulates lipid transport, and contributes to
inflammatory responses, platelet aggrega-
tion, cell proliferation, and angiogenesis.
Formation of an atherosclerotic lesion in the
vascular endothelium increases permeability
to fibrinogen, albumin, monocytes, and
lipoprotein (a) [Lp(a)] (15,16). Circulating
monocytes are converted into activated
macrophages, which oxidize low-density
lipoproteins (LDL) and augment the pro-
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Fig. 1. (A) Schematic picture representing the cross-section of a coronary artery with an athero-
sclerotic plaque. (B) Inset of (A): Amplified image of shoulder region of the atherosclerotic plaque
displaying mechanisms contributing to the progression of atherosclerosis and intracoronary throm-
bogenesis. (C) Inset of (A): Amplified image displaying mechanisms contributing to the progression
of thrombus following plaque rupture and exposure of core components.

duction of growth factors, which further
damage the endothelium (2/,22). Endothe-
lial cells release thrombogenic factors, such
as von Willebrand factor (vWF), factor V,
and plasminogen activator inhibitors (PAI) 1
and 2, chemotactic agents for monocytes
called tissue factor (TF), which are activated
by interleukin-1 (IL-1), interferon (IFN-Y)
and tumor necrosis factor (TNF), and surface
proteins for monocyte adhesion, such as
endothelium-leukocyte adhesion molecule-
1 (ELAM-1), intracellular adhesion mole-
cule-1 (ICAM-1), and endothelin-1 (ET-1).
ET-1 is a powerful vasoconstrictor and
proaggregator (23,24). Endothelial cells also
release antithrombotic agents, such as tissue-
plasminogen activator (t-PA), prostacyclin
(PGI-2), thrombomodulin, heparin, protein
S, tissue factor pathway inhibitor (TFPI),
and endothelial-derived relaxing factor

(EDRF). EDREF, which is identical to nitric
oxide (NO), is a powerful antiplatelet agent
and vasodilator (25). Growth factors, such as
transforming growth factor-B (TGF-p),
fibroblast growth factor (FGF), TNF, inter-
leukin 1 (IL-1), PDGF, and so forth, are
released (26). Any injury to the endothelium
would result in platelet-thrombus formation
owing to the exposure of subendothelial sub-
stances and increased shear stress (27). The
normal endothelium helps modulate the
vasomotor response of the vascular smooth
muscle cells. Atherosclerosis impairs the
normal vasodilator capability of the endothe-
lium, and in the absence of normal endothe-
lium, the smooth muscle cells will be
constricted by thrombin, thromboxane A2
(TxA?), serotonin, and other agents. Thus
far, a relationship between many of these
factors and CHD remains hypothetical.
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Fig. 1B.

Platelet Hyperactivity

Patients with CHD demonstrate exagger-
ated platelet reactivity causing platelet aggre-
gation and adherence to the vessel wall
stimulating local thrombus formation (25).
Platelet adhesion is mediated by membrane
receptors with high affinity for fibronectin,
thrombospondin, collagen, vVWF, and other
factors that are synthesized by endothelial
cells (28). The exposure of platelet glycopro-
tein IIb/I1la receptors is the final common
pathway in platelet aggregation, resulting in

binding of fibrinogen and fibronectin. These
receptors are found only on activated platelets
and are mediated by Tx A2, thrombin, Adeno-
sine diphosphate (ADP), and collagen. At this
point, glycoprotein IIb/IIla exposure can
occur despite a complete inhibition of arachi-
donic acid pathway by acetylsalicylic acid
(ASA), whereas by blocking the glycopro-
tein IIb/IIla receptors, a total inhibition of
platelet aggregation can be achieved (29).
Activated platelets are responsible for the
release of biologically active compounds,
which stimulate aggregation, vasoconstric-
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Fig. 1C.

tion, and smooth muscle cell migration and
proliferation. In addition, the activated platelet
surface catalyzes the coagulation process and
generates thrombin. This thrombin plays a
pivotal role in the hemostatic process by caus-
ing fibrinogenesis, platelet stimulation, and
factor V and XIII activation (30).

Patients presenting with CHD and
arrhythmias have thrombocytosis, which
persists in AMI or sudden death survivors
even 7 yr after the event (30). Also, even in
healthy subjects, high platelet count corre-
lates with higher CHD mortality (20). Fur-

thermore, an increased platelet aggregability
can be demonstrated in patients with unsta-
ble angina and predicts future coronary
events in patients with a history of an AMI
(31,32). Since platelets have 3-2- as well as
a-2-adrenoceptors, the catecholamines
released from the ischemic myocardium can
cause platelet activation. This is in agree-
ment with the inhibition of platelet function
by selective -1 blockers. Calcium seems to
play a major role in platelet activation and
calcium antagonists may inhibit the forma-
tion of TxA2 (32).
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Fig. 2. Sequence of events in the pathophysiology of acute coronary syndromes. SMC-smooth

muscle cell. (Used with permission from ref. 7.)

An increase in the number of platelet o-
receptors has been shown during ischemia
(33). The role of platelet-activating factor
(PAF) is unsettled, but may cause arrhythmia
during ischemic insult (34). Similarly,
platelets have 5-hydroxytryptamine recep-
tors and release of serotonin also may lead
to arrhythmias. The exposure of the glyco-
protein IIb/Il1a receptors binding fibrinogen
during platelet activation with TxA2, throm-
bin, collagen, ADP, and other agents is crit-
ical for platelet aggregation. Thus platelets

play a central role in the development of
arterial thrombi. Consistent association of
increased volume and activity of platelets
with acute coronary syndrome have been
shown, which may contribute to necrosis and
arrhythmogenesis.

Enhanced Procoagulant Activity

Fibrin deposition is present in the arterial
walls of developing atherosclerotic lesions,
and has been shown to bind LDL (33). This
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Fig. 3. Nontotally occlusive coronary thrombus of the left anterior descending coronary artery fol-
lowing rupture of an atherosclerotic plaque (UA). Trichrome stain magnification, x10. (A) Ruptured
area. (B) Intact atherosclerotic plaque. (C) Thrombi. (Slide courtesy of Krzysztof Podjaski, MD,
Department of Pathology, Hartford Hospital, Hartford, CT.)

process of fibrin deposition followed by the
growth of the atherosclerotic plaque has
been suggested to be the main pathogenetic
component behind atherosclerosis (35,36).
The oxidized LDL present in the lipid core
of the atherosclerotic plaque induces posi-
tive chemotactic response for macrophages,
which synthesize TF and may stimulate
smooth muscle cells to do the same (37,38).

Also, ischemic injury of the atherosclerotic
plaque induces synthesis of tissue thrombo-
plastin in the adventitia of the arterial wall
(39). Tissue factor is a membrane-associated
lipoprotein expressed in the atherosclerotic
lesions by macrophages and possibly smooth
muscle cells, and acts as the procoagulant for
tissue thromboplastin. On exposure to blood,
tissue factor forms a calcium-dependent
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complex with factor VIIa on phospholipid
membranes, and this complex is regulated by
TFPI released from endothelial cells (40).
Formation of a prothrombin activator com-
plex on a lipid membrane, such as platelet or
smooth muscle cell surface, can accelerate
thrombin generation by 278,000 times (39).
A significant proportion of thrombin remains
fibrin-bound, augmenting thrombogenicity
of the thrombus. The heparin therapy cannot
completely inhibit action of thrombin, since
the receptors for antithrombin II1 (ATIII) and
heparin cofactor II on thrombin are con-
cealed when thrombin is fibrin-bound. Also,
heparin is neutralized by the platelet factor
IV released from the activated platelets
(39,41).

Several other coagulation proteins are
related to the risk of CHD. Plasma fibrinogen
is elevated in healthy persons with a high risk
of CHD (19,36) and is associated with pro-
gression to AMI (42). Further elucidation
regarding the role of fibrinogen is needed
because it is possible that raised plasma fib-
rinogen levels merely represent inflamma-
tion-induced acute-phase reaction (43).
Factor VII activity has been shown to be
independently associated with the risk of
future CHD in middle-aged men (19). Also,
several cross-sectional studies show
increased factor VII mass and activity in
patients with or at risk for CHD (43,44). A
relationship between the dietary influence on
plasma triglyceride concentration and phos-
pholipid—factor VII complex has been pos-
tulated (45). The Northwick Park Heart
(NPH) Study found an association between
factor VIII activity and the incidence of CHD
(46), and among hemophiliacs, there is a low
incidence of CHD (47). The vWF has an
important role to play in atherogenesis, since
it is responsible for platelet adhesion to
endothelial cells. Several studies demonstrate
an association between a high vWF level and
CHD (48,49). Endogenous anticoagulants
(proteins C and S, ATIII, heparin cofactor I,
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and TFPI) are also activated with the activa-
tion of the coagulation system (36). Throm-
bin inhibition by heparin cofactor II is also
ATIII-dependent (50), and induction of TFPI
release from endothelial cells by heparin
inhibits the prothrombinase complex (41).
Although logically low concentrations of
these endogenous anticoagulants should be
associated with an increased risk of CHD,
study results have been controversial (36). In
the NPH Study, both low and high ATIII
levels were associated with an increased risk
of CHD (51), and similar conflicting results
are reported for ATIII and protein C (36).
This could be owing to the inconsistency in
methodology involved in measuring antigen
level and functional activity of the endoge-
nous anticoagulants between studies. In
addition, the previously unrecognized acti-
vated protein C resistance may also explain
some of these conflicting results (52).

Impaired Fibrinolytic Capacity

Endothelial cells release t-PA, which
mediates clot lysis by cleaving fibrin-bound
plasminogen to plasmin. The extent of clot
lysis is regulated by inhibitors of t-PA and
plasmin (53). Plasminogen activator
inhibitor-1 (PAI-1) released from endothelial
cells is the primary inhibitor of t-PA (54). An
increase in circulating PAI-1 can attenuate
physiological fibrinolytic activity and the
rate of clot lysis (54).

Low fibrinolytic activity has been shown
to be a major determinant of CHD in
younger men (40-54 yr) even after adjusting
for plasma fibrinogen (19). In recent years,
specific and sensitive methods to determine
the different components of the fibrinolytic
system (PAI-1, t-PA antigen, t-PA activity,
and so forth) have been developed, and sev-
eral cross-sectional studies examining levels
of these markers in patients with acute coro-
nary syndrome have been performed
(55,56). Measurement of PAI-1 has pro-
duced conflicting results possibly because
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its concentration varies depending on age,
sex, risk factors, and the degree of athero-
sclerosis in an individual (36). Furthermore,
the plasma levels of t-PA and PAI-1 are sub-
ject to circadian variations (57). The plasma
PAI-1 activity peaks in the early morning
and may show wide intraindividual varia-
tion. PAI-1, like other serine-protease
inhibitors (53), is synthesized by many cells,
but it is suggested that the vascular endothe-
lial cells of various tissues are primarily
responsible for plasma levels of PAI-1.
Another important source of PAI-1 is
platelets, which release their pool from the
o-granules along with procoagulant factors
(58,59). In an in vitro model of a platelet-
fibrin thrombus, presence of platelet PAI-1,
which is bound to fibrin after clot lysis, have
been shown to correlate with the amount of
residual clot (57). This may explain the inef-
ficacy of thrombolysis in UA, as throm-
bolytic agents without antithrombotic agents
stimulate platelets. PAI-1 is an acute-phase
reactant and increases after AMI (56,60),
surgery, endotoxemia, and septicemia (61).
It also appears to be important in angiogen-
esis, wound healing, and in affecting the
composition of extracellular matrix (62).
Apolipoprotein B-containing particles
(very low density lipoprotein [VLDL] and
oxidized LDL particles) stimulate the pro-
duction of PAI-1 in cultured human endothe-
lial cells (63,64). Serum triglycerides are
strongly associated with PAI-1 levels in
plasma, and lipid-lowering intervention is
accompanied by improvement in the fibri-
nolytic capacity (65,66). Factor XII-depen-
dent fibrinolytic activity is significantly
decreased in the survivors of an acute coro-
nary event (67). Also, a significant increase
in the frequency of reinfarction and recurrent
thromboembolism in patients with a factor
XII deficiency have been documented
(68,69). Furthermore, factor XII-dependent
fibrinolytic activity decreases during t-PA
infusion if >40% of the circulating pool of
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plasminogen is converted to plasmin (70).
This underscores the significance of opti-
mum dosing regimens that generate mini-
mal systemic plasmin and ensure adequate
levels of plasminogen.

PATHOPHYSIOLOGY BEHIND
TRIGGERING OF ACUTE
CORONARY SYNDROMES

In the majority of cases, the mechanism
accountable for abrupt conversion of coro-
nary disease is rupture of the surface of an
atherosclerotic plaque in a focal segment of
an epicardial coronary artery exposing
thrombogenic plaque components to flow-
ing blood with formation of superimposed
thrombus at the site of pre-existing stenosis
(16,71,72). The clinical consequence fol-
lowing this event depends on the resultant
obstruction, duration of compromised perfu-
sion, and the oxygen demand of the myocar-
dial substrate in jeopardy. If there is extensive
local thrombosis, a flow-limiting coronary
stenosis would result in myocardial ischemia
associated with UA or with the necrosis that
characterizes non-Q-wave AMI. When
plaque rupture and thrombosis are extensive
enough to occlude the coronary artery
completely, it may result in an acute
Q-wave infarction. Likewise, superimposed
enhanced and abnormal vasomotion resulting
in constriction and degree of collateral cir-
culation also influence the clinical outcome.

Mechanisms behind the induction of
plaque rupture and thrombus formation are
still an area of active research. The sponta-
neous episodes of ischemia in patients with
UA predominantly result from episodic reduc-
tions in coronary blood flow. This reduction,
in turn, is caused by the combined effects of
fixed (atherosclerotic plaque) and dynamic
(thrombosis and vasoconstriction) forces.
Current research has tried to understand the
interaction between the hemostatic system
and components of atherosclerotic plaque,
which act as triggers of thrombotic cascade.
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Evidence of Thrombus Involved
in Acute Coronary Syndromes

The active atherosclerotic plaque seems
to be fissured in 50-90% of cases of acute
coronary syndromes. Disruption of a plaque
exposes its thrombotic components, includ-
ing collagen, lipids, macrophages, and tissue
factor (37,38). This leads to platelet aggre-
gation and activation of the coagulation
system, which results in the formation of a
platelet-rich thrombus (white thrombus).
Secondary to this thrombotic response and
as a result of stasis in the affected coronary
vessel, a thrombus rich in fibrin and ery-
throcytes (red thrombus) may evolve and
extend upstream or downstream. In addition,
other factors, such as the local blood flow
disturbances (high shear rates within severe
stenosis) and the systemic or local equilib-
rium, may influence the magnitude of the
thrombotic response (73).

This “thrombinocentric” hypothesis
explaining the initiation of acute coronary
syndromes is supported by many observa-
tions. For example, thrombotic occlusion in
acute coronary syndrome-related deaths is
shown to be 21-91% (74-76). Using coro-
nary angiography to evaluate patients within
4 h of symptoms, an 87% incidence of total
coronary occlusion has been reported (77).
Similarly, pathological studies of patients
who died suddenly or soon after the acute
coronary syndrome show ruptured plaque
with superimposed thrombus as the under-
lying mechanism in the development of
acute coronary syndromes (72,78). The
recent angiographic and angioscopic studies
(79,80) demonstrate thrombotic occlusion in
up to 90% of patients during the early hours
of myocardial infarction. In the Thromboly-
sis In Myocardial Infarction (TIMI) 3 A trial,
thrombus was definitely present in 35% of
primary culprit lesions and possibly present
in an additional 40% (81 ). Likewise, an 80%
incidence of plaque rupture has been demon-
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strated with layered thrombus in patients
with UA (78). Total coronary occlusion was
the most common finding in UA patients
who died (82).

Plaque Morphology
and Its Components

The committee of Vascular lesions of the
council of Atherosclerosis, American Heart
Association, have proposed classification of
atherosclerotic lesions. The atherosclerotic
plaque progresses through stages of evolu-
tion, and is differentiated by its proportion of
lipids (intra- or extracellular), macrophages,
and smooth muscle cells (16). Plaques with
a predominance of extracellular lipids are
called Type IV lesions. Accumulation of
extracellular lipids occupying within the
intima separated from the vascular lumen by
a thin fibrous cap constitutes Type Va
lesions. This extracellular lipid accumula-
tion is called the lipid core (83). This lipid
core is associated with erosion and destruc-
tion of adjacent tissue. The thinning of
fibrous cap overlying the lipid core makes it
vulnerable to tearing or disruption. The
fibrous cap may rupture if the strain on the
cap components exceeds their deformability
(84), leading to exposure of the thrombo-
genic lipid core components to flowing
blood (Type VI or complicated lesion) (85).

Effect of Hemodynamic Forces

In a susceptible plaque weakened by var-
ious causes, hemodynamic forces (includ-
ing circumferential stress, shear stress, and
flexion stress) seems to cause further dis-
ruption (86). Acute changes in coronary
pressure, fluctuations in shear stress, and
arching of the artery during each cardiac
cycle contribute to plaque rupture. Circum-
ferential stress is directly related to a vessel’s
luminal diameter and intraluminal pressure,
and is inversely related to its wall thickness.
However, plaque rupture does not always
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occur at high stress regions, probably
because of the local variations in plaque
material properties (87). It seems that
plaques containing strands of collagen are
resistant to disruption, because the collagen
anchors the fibrous cap. Compared with
intact caps, ruptured ones are deficient of
collagen bundles, and their tensile stress is
reduced (88). In addition, when the lipid core
is situated eccentrically in the plaque, it is
more likely to fissure (87). According to
computer models, circumferential stress is
localized at the shoulder region of the
plaques with soft lipid-rich cores, which are
the most common sites of disruption. The
level of circumferential stress seems to be
higher in plaques that cause mild or moder-
ate obstruction than in those that lead to
severe stenosis (85,89). Computer model
analysis shows increased tensile stress at the
ends of plaque caps, particularly when the
extracellular lipid pool exceeds >45% of the
vessel wall circumference (89). This may be
the reason why 60-70% of all acute coronary
syndromes evolve from obstructive plaques
that produce <50% stenosis. It is possible
that not only do these plaques have high lipid
content and thinner fibrous cap, but also that
such plaques are subject to high levels of
circumferential stress and thus are more
likely to become disrupted.

Role of Inflammation

In recent times, the role of inflammation
as the principal underlying pathophysiolog-
ical process in acute coronary syndromes has
been proposed (90-92). All atherosclerotic
plaques contain monocytes, macrophages,
and T-lymphocytes. However, as demon-
strated by cell-specific monoclonal antibod-
ies (MAbs), these cell types are much more
abundant in unstable compared with stable
coronary plaques, suggesting that an acute
inflammatory process may be present. At the
local level of disrupted plaques, macro-
phages are plentiful, particularly near the
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shoulder regions, and they have the unique
ability to produce metalloproteinases in vitro
and in vivo (93-96). These metallopro-
teinases can cause degradation of virtually
all components of the fibrous cap of an ath-
erosclerotic plaque, which supports the
hypothesis of a role in plaque instability and
disruption (93,97,98). There is also
increased accumulation of T-lymphocytes
and activated degranulated mast cells. Sig-
nificant mononuclear infiltrate in the culprit
lesion has been demonstrated in patients
dying within 1 mo of UA (99) and also in the
atherectomy specimens (98) obtained from
patients with UA. Not only are there more
inflammatory cells in patients with stable
angina, but they are also more likely to be
activated, and the activated macrophages
and lymphocytes appear to be contiguous
with the site of disruption of the coronary
plaque. van der Wall and his colleagues (98)
demonstrated scarcity of smooth muscle
cells in the culprit lesions of patients dying
soon after the onset of AMI. These lesions
showed a large number of macrophages and
lymphocytes expressing the HLA-DR anti-
gens, indicating their activated state.

The macrophage-derived foam cells
release free radicals, lipid oxidation products,
and proteolytic enzymes, degrading the con-
nective tissue matrix and thinning the fibrous
cap (89,101). Metalloproteinases, which are
derived from macrophages (interstitial colla-
genase, gelatinase, and stromelysin), are
also abundant in the shoulders and base
regions of the plaque (97,102). Experiments
demonstrating an increased gelatinolytic
and caseinolytic activity at the sites of
macrophage accumulations (/02), and an
increase in collagen breakdown when mono-
cyte-derived macrophages are incubated with
human aortic plaques, clearly insinuate
macrophages as being responsible for plaque
disruption. There is also a 50-fold increase in
the number of activated mast cells at the
shoulder region of the plaques when com-
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pared to normal coronary intima. These mast
cells, through their release of tryptase and
chymase, can activate metalloproteinases pro-
duced by plaque macrophages and smooth
muscle cells. This could be the mechanism
for triggering matrix degradation, fibrous cap
digestion, and rupture of coronary plaques
(103). Finally, significantly large macro-
phage-rich areas are detected in atherectomy
specimens obtained from patients with unsta-
ble coronary syndromes as compared to stable
angina (/04). This further supports the crucial
role of macrophages in the triggering of the
acute coronary syndromes.

Potentiation of Thrombosis
by Inflammation

In patients with UA, monocytes, after
exposure to immunogenic or other stimuli,
express a procoagulant-inducing factor on
their surfaces, a lymphokine that stimulates
clotting (105). Monocyte procoagulant
activity is comparatively low in patients with
stable angina, noncardiac chest pain, dilated
cardiomyopathy with ventricular thrombus,
and from normal control patients (106). The
hypercoagulability induced by monocytes in
the acute coronary syndromes has been
investigated in two recent studies (90,107).

Evidence of Systemic Inflammation
in Acute Coronary Syndrome

Systemic evidence of acute inflammation
is present in UA and is an independent pre-
dictor of outcome. C-reactive protein alone
(108) or both C-reactive protein and serum
amyloid A protein (97) have been found to
be elevated in patients with UA compared
with those who have stable angina. Patients
with UA who had elevated levels of these
inflammatory markers were more likely to
experience recurrent chest pain, have more
ischemia on Holter monitoring, and have
significantly higher rates of revasculariza-
tion compared with patients with UA with-
out elevated levels of these markers.
Interleukin-6 (IL-6) levels were also found
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to be significantly elevated in 59% of
patients with UA compared with 21% of
patients with stable angina, and the elevation
correlated with short-term events (81).

Thrombogenicity of Atherosclerotic
Plaques

The degree of plaque disruption and the
different level of thrombogenicity of differ-
ent core components exposed appear to
determine the amount of thrombus formation
(109,110). Superficial plaque injury with
exposure of collagen-rich matrix present in
small plaque fissures is associated with less
platelet deposition compared to that seen
after deep injuries with exposure of the lipid-
rich core. The lipid core is much more throm-
bogenic than the collagen-rich component
(110). Therefore, plaques containing lipid-
rich “gruel” are not only more prone to rup-
ture, but they are also the most thrombogenic
when their content is exposed to flowing
blood. The atheromatous gruel is derived
from core lipids, disintegrated cells, macro-
phages, and extracellular matrix. It contains
cholesteryl esters, Lp(a), phospholipids, cel-
lular debris and collagen degradation prod-
ucts. The components responsible for the
high thrombogenicity, in the gruel is
unknown. However, two recent studies indi-
cate that tissue factor may play a role in acti-
vating the coagulation cascade after plaque
rupture (37,38). Tissue factor antigen, which
is present in the atheromatous gruel, is
upregulated in circulating and endothelium-
adhered monocytes, and is also increased in
coronary tissue from patient with UA
(106,111-113). The macrophages and pos-
sibly the smooth muscle cells are responsi-
ble for tissue factor content of the plaque in
patients with acute coronary syndrome.
Tissue factor is also associated with
macrophages and its membranous debris
(114). However, it is likely that other com-
ponents of the gruel, such as lipids, might
also induce platelet aggregation and activa-
tion of the coagulation system (37,38).
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At present, it is quite apparent that ather-
osclerotic plaques occupying <50% of the
diameter of a coronary artery can develop
fissure and become a nidus for thrombosis.
Even though coronary arteriography can
diagnose the severity of coronary disease
(115), it cannot predict the site of future coro-
nary occlusion. Probably, the reason why
severe coronary disease at angiography is
able to predict high coronary morbidity and
mortality is because there is higher likeli-
hood of the presence of small plaques
prone to rupture (/16). This underscores the
need for a practical method to identify the
vulnerable lesions that are subject to an
abrupt disruption with subsequent thrombus
formation.

CORONARY ARTERY
THROMBOSIS

The sequence of events in the acute coro-
nary syndromes, which consist of plaque dis-
ruption, thrombus formation, abnormal
vasomotion, platelet activation, and aggre-
gation, are all highly interrelated, since they
share common mediators.

Mechanisms Contributing
to the Progression of Thrombus (Fig. 3C)

Born and colleagues (117) have proposed
the possibility of the plaque fissuring being
a random event, analogous to the appear-
ance of cracks in the wings of an airplane,
the result of a natural wear and tear phe-
nomena on a vulnerable composition. Prob-
ably, plaques rupture frequently, but are
resealed by a small mural thrombus, which
organizes and contributes to an episodic, yet
clinically silent growth (86). This may be
the reason for the benefit of B-blocker ther-
apy in patients with CHD. However, if the
thrombus is extensive, it can impair coronary
blood flow leading to ischemia (16,86).
Many variables determine whether a rup-
tured plaque proceeds rapidly to an occlu-
sive thrombus and an acute ischemic events,
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or persists at an intermediate stage as a
nonocclusive clinically silent thrombus.

Plaque Injury and Resulting Exposure
of Core Components

It is uncertain why a particular disruption
of a plaque would lead to occlusive throm-
bus in some cases but not others. The depth
of injury may be important, since the deeper
injuries expose a greater amount of throm-
bogenic core components. When suben-
dothelial layers are exposed to flowing blood
at a high shear rate, platelet adhesion and
aggregation are induced. However, the
thrombus is labile and can be partially dis-
lodged by the blood flow leaving a smaller
residual mural thrombus (118,119). On the
other hand, exposure of deeper vascular
layers to blood flow results in a dense
platelet thrombus formation, which is not
easily dislodged. In patients presenting with
acute coronary syndromes, a large and
complex plaque rupture exposing highly
thrombogenic components leads to exten-
sive coronary thrombus formation and, if
persistent and occluding, may lead to acute
Q-wave myocardial infarction.

Resulting Stenosis and Shear Rates

The degree of occlusion resulting from
plaque disruption causes sudden geometric
changes resulting in high shear rates (86).
Higher shear rates resulting from stenosis
increase platelet and fibrinogen deposition at
the site of plaque rupture (86,118,120).
Therefore, the larger the geometric change,
the more persistent the thrombotic occlusion
causing prolonged ischemia. Similarly, sur-
face roughness and irregularities at the site
of plaque rupture also influence thrombo-
genicity (121).

Residual Intracoronary Thrombus

Residual intracoronary thrombus can con-
tribute to recurrent thrombotic vessel occlu-
sion in several ways (121-123). First, by
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increasing stenosis and shear rate, it may
facilitate the activation and deposition of
platelets and fibrinogen (119,123,124).
Second, recent studies demonstrate throm-
bus itself being very thrombogenic, and it
continues to grow despite heparin therapy
(125,126). It is possible that the enhance-
ment of platelet and thrombin activity by
thrombolytic agents themselves may con-
tribute to rethrombosis by exposing the
fibrin-bound thrombin to the circulating
blood (127,128).

Vasoconstriction

Atherosclerosis and its related risk fac-
tors are associated with impaired vasodila-
tion and enhanced vasoconstriction (129).
Coronary vasospasm has been established in
patients with UA (730). Both abnormal
vasodilation and enhanced vasoconstric-
tion have been studied and attributed to
being owing to dysfunction in endothelial-
dependent dilation mechanisms (131,132),
which primarily results in the increased inac-
tivation of nitric oxide (NO) (EDRF). In
addition, altered platelet function resulting
in platelet-dependent vasoconstriction medi-
ated by serotonin and TxA32, (133,134).
Thrombin-dependent vasoconstriction (135)
at the site of plaque disruption, and increased
production of the peptide endothelin (vaso-
constrictor) (16) suggest a direct interaction
of these substances with smooth muscle
cells. This is in agreement with the recent
observation that transient vasoconstriction
accompanies plaque disruption and throm-
bosis in the acute coronary syndromes (136).

Sympathetic Nervous System
Activation

Catecholamines have been shown to
induce a hypercoagulable state and also cause
vasoconstriction. Circulating catecholamines
also enhance platelet activation and thrombin
generation (137,138). States of sympathetic
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hyperactivity, like emotional stress, unaccus-
tomed exercise, morning awakening, and
smoking, may contribute to the development
of arterial thrombosis. It is possible that
plaque disruptions that occur at the time of
sympathetic hyperactivity are more prone to
develop an acute coronary syndrome (136).

Hypercholesterolemia
and Lipoprotein (a)

High cholesterol levels are associated with
hypercoagulability and platelet hyperactivity
at the site of experimentally induced acute
vascular injury (139,140). High-density
lipoprotein (HDL)-associated Apo A-1 is
reduced in patients presenting with UA
and AMI. This suggests that HDL may also
influence intracoronary thrombus formation,
in addition to mobilizing free cholesterol
from tissues and macrophages. Furthermore,
HDL may also stabilize PGI-2 through Apo
A-1, which is present on the surface of HDL
particles and has been identified as a PGI-2-
stabilizing factor (141).

Lp(a) has been proposed to be a link
between atherogenesis and thrombogenesis.
Lp(a) has been shown to be associated with
coronary heart disease, especially in subjects
with familial hypercholesterolemia or a
family history of premature coronary heart
disease (142). Glycoprotein Apo (a) present
in Lp(a) is structurally homologous to plas-
minogen (/43), with both genes linked on
the long arm of chromosome 6 (/44). This
close homology may result in competitive
inhibition of the binding of plasminogen to
fibrin monomer and to the plasminogen
receptor of the endothelial cell, thus inhibit-
ing the action of t-PA (145), and cause acute
thrombotic complications. However, the
direct thrombogenic effect of high Lp(a)
results has not been confirmed in unfrac-
tionated plasma, and the clinical importance
of the association between Lp(a) and plas-
minogen is still uncertain.
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Other Metabolic States

Diabetes mellitus may enhance platelet
reactivity and coagulation, perhaps through
an increase in plasma vWF (146) or other
plasma factors, or through an alteration of
the free cholesterol content of platelet mem-
brane secondary to the changes of plasma
lipoproteins (147). Diabetics who are not
treated intensively have a substantially
higher incidence of myocardial infarction
and microangiopathy (748, 149). Other meta-
bolic conditions, such as heterozygous
homocystinemia, are also considered to be
independent thrombogenic risk factors.

Other metabolic states that may activate
platelets and coagulation cascade can
increase risk of CHD. Enhanced thrombin-
induced platelet aggregation has been deter-
mined to be an independent marker for
subsequent coronary events in patients with
CHD (150). Also, patients with history of
acute coronary syndrome continue to gener-
ate a high level of thrombin even after being
stabilized (151).

Several studies have shown a high plasma
fibrinogen concentration to be an indepen-
dent risk factor for CHD (19,152). Similarly,
high levels of factor VII coagulant activity
are also associated with an increased risk of
coronary events (/9). Many traditionally
recognized risk factors for CHD, like age,
obesity, hypercholesterolemia, diabetes,
smoking, and emotional stress (153,154),
have high levels of these proteins, thus par-
tially explaining the possible thrombotic eti-
ology behind these risk factors.

CONCLUSION AND AREAS
OF FUTURE RESEARCH

The natural history of atherosclerosis
involves fatty streak formation to plaque pro-
gression owing to a variety of recognized and
unrecognized risk factors, and then abrupt
conversion to acute coronary syndrome
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owing to plaque rupture, superimposed
thrombus formation, and coronary occlusion.

For most patients, an episode of UA is
just one brief exacerbation in a pattern of
symptomatic CHD stretching over a period
of years, and the control of risk factors is the
component of treatment that has the most
substantial effect on long-term outcome in
most cases. One research area deserving
attention is the myocardium itself and its
varied reaction to ischemic insult. Factors
that probably modulate the myocardium’s
ability to withstand ischemic insult are the
collateral flow, microcirculation, angiogen-
esis, adenosine, ATP-sensitive K+ channels,
and the metabolic elements of myocardium,
all of which need further investigation.

New insights into the mechanisms of
plaque vulnerability and triggering of plaque
rupture are important to designing preven-
tive strategies and specifically targeted ther-
apy. Smokers must stop. One should try to
persevere to attain stricter glucose control in
diabetics. Hypertension should be carefully
controlled, and weight loss is important for
obese patients. An exercise program is safe
after an episode of UA has been stabilized if
the heart rate is kept below the ischemic
threshold.

The benefits of cholesterol lowering with
HMG CoA reductase inhibitors have been
demonstrated in the Scandinavian Simvas-
tatin Survival study and the West of Scotland
study, in which such treatment reduced both
mortality and coronary events by approx
30% in hypercholesterolemic patients in both
primary and secondary preventive settings.

The ability of HMG CoA reductase
inhibitor therapy to decrease acute coronary
events may be owing to a reduction in oxi-
dized lipids and subsequent inflammatory
process. Similarly, extent of vasoconstric-
tion during the triggering of acute coronary
syndrome is probably underestimated and
not treated. This vasoconstriction may play



36

an important role, especially in the earlier
stages of acute coronary syndrome and could
explain inefficacy of thrombolysis in UA and
non-Q-wave AMI. Likewise, the antiplatelet
and anticoagulant agents are most effective in
the prevention of acute coronary syndromes.
Antiplatelet therapy is also effective in pre-
venting the progression of smaller coronary
atherosclerotic plaques. Aspirin is effective in
acute coronary syndromes, during and after
coronary revascularization, in chronic coro-
nary and cerebrovascular disease, and as pri-
mary prevention for high-risk groups (155).
Combination of low-dose antiplatelet ther-
apy, such as aspirin and anticoagulant agents,
may have an augmented effect in patients at
high risk for thrombotic events (156).

Several new antithrombotic agents are
under intense clinical investigation as possi-
ble successors to aspirin and heparin. One
promising class of agents is represented by
the platelet fibrinogen receptor antagonists:
the glycoprotein IIb/IIla inhibitors. These
compounds block the final common pathway
of platelet aggregation, thereby preventing
the platelet from participating in thrombus
formation and extension.

ABBREVIATIONS

ADP and ATP, adenosine diphosphate and
adenosine triphosphate; AMI, acute myocar-
dial infarction; ASA, acetylsalicylic acid;
ATIII, antithrombin IIT; B-TG, B-throm-
boglobulin; CHD, coronary heart disease;
ECQG, electrocardiogram; ELAM-1 and
ICAM-1, endothelium-leukocyte and intra-
cellular adhesion molecules-1; EDREF,
endothelial-derived relaxing factor; ET-1,
endothelin-1; HDL and LDL, high- and low-
density lipoproteins; HETE, hydroxye-
icosatetraenoic acid; IFN-v, interferon-y;
IL-1, interleukin 1; LTBg4, leukotriene By;
MCP, matrix collagenase protein; MCSF,
macrophage colony-stimulating factor; MMP,
matrix-degrading metalloproteinases; NO,
nitrous oxide; NPH, Northwick Park Heart;
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PAF, platelet-activating factor; PAI, plasmi-
nogen activator inhibitors; PDGF, platelet-
derived growth factor; PGI-2, prostacyclin;
SMC, smooth muscle cell; TF, tissue factor;
TNF, tumor necrosis factor; TFPI, tissue
factor pathway inhibitor; TGF-B and FGF,
transforming and fibroblast growth factors;
TIMI, thrombolysis in myocardial infarction;
TIMP, tissue inhibitor of metalloproteinases;
t-PA, tissue plasminogen activator; tissue
necrosis factor; TxA», thromboxane Aj; UA,
unstable angina; vVWF, von Willebrand factor.
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PATHOPHYSIOLOGY OF
ATHEROSCLEROTIC CORONARY
ARTERY DISEASE (CAD)

Historical

Atherosclerotic vascular disease has been
present in humans for thousands of years.
Atherosclerotic lesions were identified
in Egyptian mummies dating as early as the
15th century B.C. In the 19th century,
researchers speculated that arterial wall
injury may cause an inflammatory response,
resulting in atherosclerotic lesions (/). By
the early 1900s investigators had proposed a
correlation among the degree of atheroscle-
rotic lesions, acute myocardial infarction
(AMD)*, and stroke (2). The prevention and
treatment of coronary artery atherogenesis is
a major public health concern today (3).

Coronary Artery Atherogenesis

Atherogenesis begins in childhood. Lipid-
rich lesions containing macrophages and T-
lymphocytes (fatty streaks) are found in the
aorta shortly after birth, and increase in
number between the second and third
decade. Eventually, expanding lesions
become elevated and may affect normal

laminar blood flow. These lesions contain
smooth muscle cells that have migrated into
the intimal layer of the arterial wall with
accumulation of lipids, forming a fibrous
plaque. As migration and proliferation of
smooth muscle cells continue, a fibrous cap
is formed containing dense connective tissue
matrix, macrophages, T-lymphocytes, cell
debris, and intracellular and extracellular
lipids.

In more advanced lesions, the fibrous
plaque can become vascularized, and the
lipid-rich core increases in size and becomes
calcified. At this stage, the surface of the
intima may develop cracks and thrombi, and
hemorrhage. If a thrombus is involved, it can
lead to occlusive disease by reducing the size
of the vascular lumen (4).

Plague Disruption

Coronary atherosclerotic plaque is
composed of connective tissue, calcium
phosphates, lipids, inflammatory cells
(T-lymphocytes, macrophages), and smooth
muscle cells in the residual medial layer. The
proportion of each component varies among
individuals and is related to lesion age.
Older, heavily fibrotic or calcified plaque is

*See p. 66 for list of abbreviations used in this chapter.
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hard, whereas younger, soft plaque consists
predominantly of lipids and foamy macro-
phages. Regardless of composition, lesion
progression consistently leads to the forma-
tion of a fibrous cap.

Rupture of the fibrous cap may occur
from smooth muscle spasm, causing the
release of plaque contents into the lumen of
the blood vessel, and ultimately leading to
coronary thrombus and AMI (5,6). The
pathogenesis and pathophysiology of
myocardial ischemia are complex events
involving the interaction of several
processes, including vascular spasm and
plaque rupture as well as platelet and throm-
bin system activation. The series of events
leading to a specific coronary event may be
variable. For example, plaque rupture,
caused by vasospasm, can induce thrombo-
sis, or platelet adherence can lead to vaso-
constrictive substance release, causing
vasospasm and plaque rupture.

Coronary Artery Spasm

The endothelial cells lining the vessel
wall play a critical role in maintenance of
vascular homeostasis. They are actively
involved in plaque formation as well as
platelet and inflammatory cell adhesion.
Endothelial cells also release mediators con-
trolling vascular relaxation (endothelium-
derived relaxing factor [EDRF], nitric oxide
[NO]), and spasm (endothelins). Three
mechanisms have been proposed for the
induction of coronary vasospasm:

1. A decrease in NO release. NO has been
shown to be an important endothelial-derived
vasodilator. However, immunohistochemi-
cal studies of atherosclerotic lesions demon-
strate increased, rather than decreased,
expression of NO synthetase in diseased
arteries, suggesting increased NO production
is more characteristic of CAD (7).

2. Increased NO degradation by oxygen via
free radicals (NO + O2 — NO3).

3. Increased sensitivity of vascular smooth
muscle constrictors. The efficacy of calcium
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entry blockers in decreasing vasospasm sug-
gests that there may be abnormal expression
of voltage-dependent calcium channels in
diseased vessels, which could enhance
contractility.

Platelet Activation and Thrombus Formation

Experimental and clinical observations of
platelet participation in ischemia indicate
that platelets function in the following roles.
Once activated, they form aggregates that
can restrict coronary perfusion and eventu-
ally cause AMI. Alternatively, activated
platelets release their granular contents
(ADP, thrombin, thromboxane A2), which
are involved in the induction of cell prolif-
eration and thrombosis (8).

Platelets usually circulate freely in blood
and rarely adhere to endothelial cells. One
possible explanation for this behavior may
be that both platelets and endothelium have
a negative charge, and thus are mutually
repulsive. However, in the event of vessel
injury, subendothelial connective tissue is
exposed and causes platelets adherence (col-
lagen and fibronectin interact with platelet
membrane glycoproteins). This interaction
triggers a conformational change in the
platelet’s shape from disk to stellate forms
(activation) (9-11). In the presence of cal-
cium, activated platelets induce intraplatelet
regulatory proteins. These proteins activate
the actin-myosin system, resulting in platelet
contraction, which results in the release of
ADP, serotonin, and thromboxane A3. Once
released, these mediators further induce
platelet aggregation and also promote throm-
bin production.

Other changes in platelet structure and
function may be observed, but are of unclear
significance. For example, studies have
shown an increased mean platelet volume
(MPV) in patients with sudden death and
AMI (both during and after infarction)
(12-14). However, it has been suggested that
since MPV measurements are derived from
automated hematology instruments, an



Acute Myocardial Infarction

elevated MPV may actually reflect the
presence of platelet agglutinates rather than
individually enlarged platelets.

Thrombin System Activation

Thrombin is generated on the membrane
of activated platelets from circulating pro-
thrombin as an end product of coagulation.
The coagulation process converts a number
of plasma procoagulants into activated fac-
tors via an intrinsic and extrinsic pathway.
The intrinsic pathway involves factors
within blood that lead to the conversion of
prothrombin to thrombin. The extrinsic
pathway is initiated by substances outside
the blood such as tissue thromboplastin.

Factor X acts as a bridge between the
intrinsic and extrinsic pathways, and acti-
vates prothrombinase, which converts pro-
thrombin to thrombin. Thrombin also
activates platelets on vascular endothelial
and smooth muscle cells via a thrombin
receptor, leading to the release of factor V
and producing a positive feedback mecha-
nism for further pathway activation. Ulti-
mately, thrombin converts fibrinogen to
fibrin. Fibrin can form coupled monomers
(polymers) that make up the skeleton of a
thrombus, trapping platelets as well as red
and white blood cells (15).

Risk Factors

Atherosclerotic lesions and their rate of
development are highly variable and depend
on anatomic site as well as various genetic,
physiologic, and environmental risk factors.
Hyperlipidemia

Hyperlipidemia from dietary lipids is the
most important environmental cause for ath-
erosclerotic disease. There is a direct asso-
ciation between lowering of plasma
cholesterol and a reduced incidence of coro-
nary atherosclerosis (16,17). The National
Cholesterol Education Program has estab-
lished guidelines for normal plasma values
of cholesterol and lipoproteins: Cholesterol
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levels <200 mg/dL are considered “desir-
able,” 200-239 is considered “borderline,”
and “high blood cholesterol” is defined as a
level >240. Low-density lipoproteins
(LDLs) levels <130 mg/dL are considered
“desirable,” 130-159 are “borderline,” and
those with levels >160 mg/dL are classified
as “high-risk” (18).

Oxidized LDL (oxLDL)

Native LDL transports lipids into the
intima through the endothelium. During this
process, LDL may become oxLDL. Macro-
phages actively take up oxLDL, leading to an
accumulation of lipid and formation of foam
cells within the intima. Oxidized lipids are
activators of monocytes as well as being cyto-
toxic and are considered to be a major factor
in plaque progression (19,20). Oxidized lipids
can injure the endothelium and smooth
muscle cell membranes during transport of
extracellular cholesterol into the cell. Anti-
oxidants, such as probucol, have been shown
to induce lesion regression by preventing
membrane damage of free radicals (21).

Hypertension

Hypertension has clearly been established
as an independent risk factor for CAD (22),
although the mechanism of atherosclerosis
induction remains unsubstantiated. Altered
flow characteristics may result in injury to
the endothelium and development of lesions
leading to atherosclerosis (23). The effects of
hypertensive agents, such as angiotensin and
renin, may also be factors (23).

Cigaret Smoking

A strong correlation has been established
between cigaret smoking and CAD. Com-
ponents of cigaret smoke may be injurious to
the arterial wall. However, the exact path-
ways of the metabolic effect remain an
active area of investigation (24).

Gender

The reason for increased male incidence
of atherogenesis is not clear. It has been
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suggested that estrogens may play a role in
decreased female incidence, since post-
menopausal women have an increased risk
of CAD. However, increases in cardiovas-
cular mortality have been documented in
men receiving large doses of estrogenic hor-
mones after a myocardial event (22).

Diabetes

Although a specific mechanism has not
been elucidated, a correlation between dia-
betes and hypertension with decreased con-
centrations of HDL cholesterol has been well
established (22).

Other Factors

Other risk factors for the presence of CAD
that have been established include family
history, age (>45 yr in males, >55 in
females), previous myocardial infarction
(MI), and sedentary lifestyle (18).

There may also be an association between
inflammation caused by Chlamydia pneu-
moniae infections and coronary atheroscle-
rosis. In one study involving 90 patients
undergoing coronary arthrectomy, 79% of
assayed specimens were positive for the
presence of Chlamydia, whereas only 4% of
patients with normal coronary arteries
showed evidence of Chlamydia (25).

PATHOPHYSIOLOGY OF
SYNDROMES OF MYOCARDIAL
ISCHEMIA (REVERSIBLE INJURY)

Vascular Pathophysiology
Stable Angina Pectoris

Stable angina is a clinical syndrome
defined by the occurrence of recurrent
ischemic chest pain or other symptoms of
myocardial ischemia (angina equivalent) in
a pattern that does not change significantly
over time. Symptom occurrence remains
consistent over a period of several weeks or
longer with respect to the level of exertion
that triggers an episode, as well as the dura-
tion, severity, and frequency of episodes.
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Although significant variability in the char-
acteristics of individual ischemic episodes
typically does occur, an unchanging pattern
can be observed over time (26).

Coronary artery angiography of patients
with stable angina patterns typically reveals
hemodynamically significant vessel stenosis
owing to atherosclerotic plaque without evi-
dence of acute thrombosis (27,28). During
periods of low myocardial oxygen demand,
blood flow through the stenosed vessel
remains adequate and the patient remains
asymptomatic. However, during times of
increased oxygen demand, flow through the
fixed lesion cannot be proportionately
increased, and the region of myocardium
perfused by the culprit vessel becomes
ischemic. The increase in myocardial work
and oxygen demand is relatively constant at
a given level of exertion, thus explaining the
typically reported initiation of symptoms
during similar activities on a daily or weekly
basis. The finding of a relatively repro-
ducible ischemic threshold on serial exer-
cise testing of stable angina patients further
supports this mechanism (26). The variabil-
ity of reported symptoms is likely owing to
various transient alterations in coronary vas-
cular tone, such as those caused by circa-
dian rhythms (29).

Unstable Angina

The clinical diagnosis of unstable angina
is given to patients who report a change in
pattern of their ischemic symptoms. This
includes patients with new onset of anginal
symptoms as well as those who have recently
experienced an increased frequency, dura-
tion, or severity of symptoms. Patients expe-
riencing chest pain at rest are included and
are a particularly high-risk subgroup (30).
Several systems have been proposed to fur-
ther categorize patients with unstable angina
according to symptom severity. At present,
the most widely used grading system was
developed by the Canadian Cardiovascular



Acute Myocardial Infarction

Table 1
Canadian Classification System
for Unstable Angina“

Class

Description

I Day-to-day activity, such as walking or
climbing stairs; angina occurs only with
strenuous, rapid, or prolonged exertion

IT  Slight limitation of ordinary activity; angina
occurs on walking or climbing stairs
rapidly, walking uphill, walking or stair
climbing after meals, in cold or windy
conditions, under emotional stress, or
only during the few hours after awaken-
ing; angina occurs when walking more
than two blocks on a level surface and
climbing more than one flight of ordinary
stairs at a normal pace and in normal con-
dition

IIT Marked limitations of ordinary physical
activity; angina occurs on walking one to
two blocks on a level surface or climbing
one flight of stairs in normal conditions
and at a normal pace

IV Inability to carry on any physical activity
without discomfort; angina may be pre-
sent at rest

aAdapted from ref. 36.

Society (Table 1) (31). The pathophysiology
of unstable angina is presented in Chapter 2.

Myocardial Cell Pathophysiology

Although the process of ischemic cell
injury and death can be measured using
many indicators, observation of energy
usage is perhaps the most relevant. In the
myocyte, as in all cells, energy is stored and
transferred within the high-energy phosphate
bonds of ATP. The needs of the many energy-
requiring processes of the cell are met
through the continuous regeneration of ATP
by aerobic metabolism of glucose and fatty
acids. However, within minutes of oxygen
deprivation to the myocardial cell, the
oxygen-dependent synthesis of ATP (oxida-
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tive phosphorylation) dramatically decreases
(32). In the continued absence of oxygen, a
shift to anaerobic metabolism takes place,
and this does result in some continued ATP
production. However, the metabolism of
1 mol of glucose by anaerobic metabolism
results in 2 mol of ATP, compared to the 36
mol of ATP produced by aerobic processes.
Further, the byproducts of anaerobic metab-
olism have deleterious effects on other intra-
cellular processes. The overall result is that
soon after oxygen deprivation, ATP demand
surpasses production and existing stores of
the energy-rich compound are depleted. As
ATP becomes scarce, the function of ATP-
dependent ion channels in the sarcoplasmic
and cell membranes quickly becomes com-
promised. This results in impairment of the
cells’ ability to maintain ionic gradients nec-
essary for contractility and cellular integrity
(33,34).

If oxygen is restored to the cell rapidly,
these changes are reversible. Aerobic metab-
olism is resumed, ATP levels are restored,
and the necessary ionic gradients are main-
tained. In experimental models of a transient
ischemic insult, cell recovery occurs repro-
ducibly when intracellular ATP content is
reduced by <40%. These cells do exhibit
microscopic changes, such as intermyofib-
rillar edema and mitochondrial swelling, but
do not exhibit the typical changes associated
with necrosis (32).

Hemodynamic Affects

Transient myocardial ischemia of even
brief duration is associated with predictable
hemodynamic abnormalities (35). Several
invasive hemodynamic studies of patients
with induced or spontaneous episodes of
ischemia have demonstrated the rapid onset
of left ventricular (LV) dysfunction as indi-
cated by increases in LV and pulmonary
artery diastolic pressures and decreased LV
ejection fraction (36-38). These findings
are consistent with echocardiographic
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observations of regional akinesis and global
ventricular dysfunction associated with tran-
sient ischemia induced during coronary
artery angioplasty procedures (39).

Impairment of systolic function is observ-
able as early as 1 min following coronary
occlusion and corresponds to a sudden
decrease in contractile force at the cellular
level (40). Several biochemical processes
have been implicated in this phenomenon,
including intracellular changes in Ca2+ trans-
port and concentration gradients, depletion of
ATP and inorganic phosphate stores, and
intracellular acidosis. Whatever the cause,
within 10 min of ischemia, contraction ceases
and the ischemic region becomes dyskinetic
during systole. Diastolic dysfunction is also
observed soon after occlusion and is the
result of decreased myocardial compliance
(41). Ischemic contracture of myocytes asso-
ciated with intracellular ATP depletion is pos-
tulated to be the cause. In addition to systolic
and diastolic dysfunction, transient mitral
regurgitation may occur if the hypoperfused
region includes the region of the LV overly-
ing the papillary muscles (42).

If coronary flow is restored within 20 min
of occlusion, all of the observed metabolic
derangements are reversed. Although com-
plete restoration of myocardial function does
occur, recovery is a slow process. After an
ischemic insult, systolic dysfunction may per-
sist for up to 24 h. Diastolic impairment has
an even longer recovery period, requiring up
to 2 d for return to normal filling rates (43).
The occurrence of this period of recovery is
termed “myocardial stunning,” and is thought
to explain the transient myocardial dysfunc-
tion observed after cardiac surgery and car-
diopulmonary bypass (44). The recognition of
myocardial stunning also has other important
clinical implications. For example, after an
ischemic event, stunned but viable myoc-
ardium may exist adjacent to a region of
infarction, making early assessment of resid-
ual ventricular function difficult.
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In addition to the episodic occurrence of
acute ischemia, coronary artery disease may
also result in a chronic reduction in coro-
nary flow that is not sufficient to cause
infarction. Although myocardial viability
may be maintained with as little as 15% of
normal perfusion, changes in ventricular
function do occur. A persistent state of
reduced perfusion results in chronic con-
tractile dysfunction, with the degree of dys-
function being proportional to the decrease
in flow. If adequate coronary flow is
restored, such as after coronary bypass graft
surgery, normal contractile function
resumes. This reversible ischemic dysfunc-
tion is termed “myocardial hibernation,” and
its pathophysiology is an active area of
research (45,46).

PATHOPHYSIOLOGY OF AMI
Vascular Pathophysiology

Plaque rupture with associated thrombus
formation can be demonstrated in most
patients with a crescendo pattern of unsta-
ble angina as well as those with AMI
(47-49). Accordingly, it is presumed that
the underlying pathophysiologies of these
different clinical entities are identical, and
therefore, myocardial infarction must also
be considered to be the result of a complex,
dynamic vascular process. The defining dif-
ference between the two entities is simply
whether the thrombus—plaque complex is
sufficiently occlusive to lead to identifiable
cell death within the hypoperfused region of
myocardium.

Analogous to the continuum occurring in
the degree of coronary artery thrombosis, it
is also apparent that the “downstream”
processes in AMI also occur in shades of
gray. On one end of the spectrum is the “clas-
sic” presentation of acute, uniform, full wall
thickness (transmural) necrosis resulting
from sudden, total thrombosis of a coronary
vessel. However, many variables may
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ultimately affect the level of myocardial cell
death and, subsequently, the patient’s clini-
cal manifestations. For example, even in the
presence of complete vessel occlusion, if
significant collateral flow to the affected
region is present, infarction may be reduced
or precluded. Another point on the spectrum
is the development of a subendocardial
infarction. Myocardial oxygen consumption
is higher in the subendocardium than in other
regions of the heart, and collateral flow is
relatively poor. Therefore, this region is the
most susceptible to an ischemic insult. If the
occlusion is incomplete or transient, or if
epicardial collateral flow is adequate, necro-
sis may be limited to the subendocardial
region (50,51). Further, if an intracoronary
thrombus is unstable, fragmentation and
distal embolization may occur, the result
being small, patchy zones of necrosis within
a larger region of viable myocardium. In
other cases, if the ischemic insult is even
less severe, the vast majority of myocardium
may remain intact, with only microscopic
areas of cell death occurring. Patients with
these “microinfarcts” are usually clinically
indistinguishable from those with unstable
angina and may be detected only by using
sensitive serum markers (52,53). Other fac-
tors affecting the extent and characteristics
of an ischemic lesion include the rapidity of
thrombus formation, the presence and timing
of antegrade flow restoration, and the con-
dition of the affected myocardium prior to
occlusion.

Mpyocardial Cell Pathophysiology

If oxygen is not restored to the cell within
10-15 min, cell death becomes inevitable.
When oxidative phosphorylation is not
rapidly resumed, continued dysfunction of
ATP-dependent ion channels leads to
increased intracellular levels of Na+.
Na+/Ca2+ exchange and dysfunction of ATP-
dependent Ca2+ transport then contribute to
increased intracellular Ca2+ levels. The
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increase of intracellular Ca2+ is associated
with, and may be the trigger of, a cascade of
processes that eventually result in irre-
versible organelle damage and loss of cell
membrane integrity. These events occur
reproducibly after a reduction in intracellu-
lar ATP content of 80% or more (32,54).

Hemodynamic Affects
Q-Wave vs Non-Q-Wave Infarction

As previously stated, a wide spectrum
exists in the degree and pattern of cell death
following coronary occlusion. However,
clinicians have traditionally classified AMI
into two broad categories based on electro-
cardiographic (ECG) findings. “Q-wave”
and “non-Q-wave” infarctions were initially
thought to correspond to transmural and
subendocardial patterns of necrosis, respec-
tively. Although pathologic studies have
since demonstrated that this is not reliably
true, the ECG designations are still used
because of significant clinical and prognos-
tic differences between the two groups. Pres-
ence of Q-waves on the ECG is still thought
to represent a more “complete” infarction of
the affected area (50,51). Conversely, a non-
Q-wave infarct seems to indicate that a sig-
nificant mass of viable myocardium still
exists in the ischemic region. Consistent
with this idea are the findings that infarct
size is larger in patients with Q-wave infarc-
tion and that early mortality is significantly
greater in these patients compared to those
with non-Q-wave infarcts. Conversely,
patients with non-Q-wave infarcts are more
likely subsequently to suffer reinfarction in
the affected region. The end result is that the
two groups have an equivalent 2-yr mortal-
ity. The term “myocardium at risk” is often
used to describe viable myocardium per-
fused by the culprit vessel following a non-
Q-wave infarct. Angiographic studies show
a higher rate of early patency in non-Q-wave
patients and have led to the suggestion that
non-Q-wave infarction may be the result of
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Table 2
Classification of AMI
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Subset Description

Measures

Clinical exam (Killip classification)

I No evidence of heart failure Rales and S3 absent

I Evidence of CHF Rales up to 50% of lung fields

I Pulmonary Edema Rales 50% of lung fields

Iv Cardiogenic shock Hypotension, hypoperfusion
Hemodynamic Pulmonary
measurements (Forrestec classification) Cardiac index  artery occl.

L/m2/min  pressure, (mmHg)

I Normal hemodynamics 27+0.5 <12
II Hyperdynamic state >3.0 <12
111 Hypovolemia <27 <9
v LV failure

A. Mild 2.5 >18,<2

B. Severe <1.8 222
v Cardiogenic shock <1.8 <18
VI Shock attributable to RV infarction <1.8 <18

aAdapted from refs. 63 and 64.

early, spontaneous reperfusion of the
occluded vessel. This theory is also sup-
ported by data demonstrating an earlier peak
in creatine kinase (CK) levels in non-Q-
wave MI, thought to represent “early
washout” of the enzyme owing to continued
perfusion of the infarcted area (48,51,55,56).

Infarct Size

The single most important determinant of
the clinical course of an AMI is infarct size.
Patients with a larger infarct are more likely
to have significant LV dysfunction, and the
degree of dysfunction is predictive of infarct
survival (57). This was recognized as early
as 1967 when Killip and Kimball developed
a system of classification of AMI patients
based on clinical signs of congestive heart
failure (CHF) that was able to predict prog-
nosis (Table 2) (58). Using this system,
patients were placed in one of four “Killip
classes.” Class 1 patients had the lowest
mortality (6%) and included those patients
without any physical signs of CHF. Class 4

represents patients in cardiogenic shock and
was associated with an 80% mortality rate,
whereas classes 2 and 3 had intermediate
levels of CHF and correspondingly interme-
diate mortality rates. More recently, more
precise classification systems have been
devised that categorize patients based on
results of invasive hemodynamic measure-
ments (Table 2) (59). Each of these systems
also demonstrates that mortality increases
according to the degree of LV dysfunction.

Infarct Location

The circulatory system of the human heart
is predominantly regional, with each coro-
nary artery branch perfusing a specific region
of myocardium. This is most dramatically
demonstrated by studies of AMI patients
undergoing early angiography, in which 90%
of patients exhibit a total occlusion of the
coronary vessel that anatomically corre-
sponds to the myocardial region identified
by ECG (60,61). However, it is important to
note that the myocardial regions perfused by
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the various coronary vessels are not uniform
with respect to either size or function. The
implication of this is that myocardial infarc-
tion is a regional disease, and the clinical
manifestations of AMI can depend on infarct
location as well as infarct size.

There are three main coronary trunks that
have a relatively constant pattern of region-
alization. The left anterior descending coro-
nary artery supplies the anterior wall of the
LV near the apex, the adjoining anterior wall
of the right ventricle (RV), and the anterior
two-thirds of the interventricular septum. The
right coronary artery supplies the posterior
wall of the LV, the posterior one-third of the
septum, and in most people, the remainder of
the RV. The left circumflex coronary artery
supplies the lateral wall of the LV. Occlusion
of the left anterior descending or one of its
branches is most common, occurring in
40-50% of AMIs. Right coronary occlusion
occurs in 30-40% of cases and left circumflex
occlusion in 15-20% of cases (62).

Acute anterior infarction is associated
with a relatively higher mortality compared
to other regions, primarily attributable to the
adverse hemodynamic affects of larger
infarct size and greater degree of LV dys-
function (63). Complications, such as acute
bundle branch block and high-grade atrio-
ventricular conduction blocks owing to
direct conduction system infarct involve-
ment, also contribute to the poorer progno-
sis (64,65).

Inferior infarctions are generally smaller
in size and have a correspondingly lower
mortality. Sinus bradycardia, the most
common arrhythmia in AMI patients, is
observed in 40% of patients with inferior MI
and is usually attributed to increased vagal
tone (66). Transient low-grade atrio-ven-
tricular conduction blocks are also common.
Papillary muscle dysfunction and/or rupture
causing acute mitral valve regurgitation is a
less common, but more serious complica-
tion of inferior MI (67).
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Right ventricular infarction occurs
uncommonly (3—-5%) in isolation, but can be
documented in up to 50% of patients with
acute inferior MI (68,69). In about half of
these patients, the extent of RV involvement
will be hemodynamically significant.
Although the presence of right-sided infarc-
tion is frequently overlooked, these patients
may demonstrate dramatic hemodynamic
changes in a characteristic pattern. The RV
becomes a passive conduit, with increasing
RV-filling pressures. Simultaneously, LV-
filling pressures remain normal and cardiac
output drops, leading to hypotension. The
importance of early recognition of RV
infarction has led to the recommendation
that right-sided ECG leads be recorded in
all patients presenting with inferior AMI.

THERAPY OF AMI

Overview

The goal of therapeutic intervention in
AMI is to reduce morbidity and mortality by
limiting infarct size and preventing or treat-
ing complications. The need for early inter-
vention has long been recognized. More than
half of AMI deaths occur within 1 h of the
onset of symptoms and prior to arrival at a
hospital (70). Furthermore, the effectiveness
of certain interventions, particularly reper-
fusion therapies, depends on their early
administration (71,72). Consequently, there
is increasing pressure to identify patients
with AMI rapidly and promptly initiate
therapy (73).

Acute myocardial ischemia represents a
continuum from unstable angina, through
non-Q-wave MI, to Q-wave AMI, collec-
tively referred to as acute coronary syn-
dromes (74). Although specific treatments
differ for these entities, distinguishing
between them on clinical grounds may be
difficult. Accordingly, certain baseline anti-
ischemic therapies must be started while
diagnostic strategies are being pursued.
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Current recommendations from the Amer-
ican College of Cardiology/American Heart
Association (ACC/AHA) Task Force on Prac-
tice Guidelines emphasize the use of the
12-lead ECG for the purpose of guiding ini-
tial decision making (75). Patients with ECG
findings of ST-segment elevation or new left
bundle branch block (LBBB) are considered
for reperfusion therapy. Those without ST-
segment elevation, but whose ECGs are
strongly suspicious for ischemia (ST-segment
depression or T-wave inversion) should be
admitted to the hospital for more aggressive
anti-ischemic therapy. Patients with normal or
nondiagnostic ECGs should receive contin-
ued evaluation in the Emergency Department
(ED) or an inpatient setting until ischemia/
infarction is either ruled in or out.

Routine Measures

The following interventions should be ini-
tiated in all patients with possible myocar-
dial ischemia/infarction. If the patient is
transported by prehospital personnel capable
of providing advanced cardiac life support
(ACLS), then certain of these measures may
already be in place. If not, they should be
started on arrival in the hospital ED.

Intravenous (iv) Access

All patients should have at least one iv
line begun. Volume infused must be care-
fully controlled to avoid precipitating pul-
monary congestion. Alternatively, a saline
lock may be used.

Oxygen

Oxygen by nasal prongs should be admin-
istered to all patients for at least the first
2-3 h. Beyond that time, there is no evidence
that oxygen is beneficial for uncomplicated
patients. Digital pulse oximetry may be used
to guide therapy, with the goal of maintain-
ing an oxygen saturation at >90%.

Continuous Electrocardiographic Monitoring

The primary cause of death in the first 2 h
after an AMI is arrhythmia, in particular ven-
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tricular fibrillation (VF) (76). ECG moni-
toring allows for early recognition of con-
duction abnormalities, and rapid response to
life-threatening events. By extension, imme-
diate availability of resuscitation equipment
and drugs is necessary.

Nitroglycerin (NTG)

NTG relaxes vascular smooth muscle,
thus producing vasodilatation. The mecha-
nism of action appears to be the conversion
of nitrate into NO, which is a potent regu-
lator of vascular tone (77). Vasodilatation
lowers preload by reducing venous return to
the heart and thus reducing cardiac filling.
Systemic arterial relaxation reduces after-
load, and coronary vasodilatation improves
the flow of blood to the heart muscle. Thus,
NTG lowers myocardial oxygen demand
while simultaneously improving oxygen
supply (78,79). In spite of its favorable
hemodynamic profile, clinical trials are
conflicting regarding the potential for NTG
to reduce mortality in AMI (80,81). Never-
theless, current practice dictates that every
patient with a possible acute coronary syn-
drome should receive NTG unless it is con-
traindicated. NTG can be easily given as a
sublingual tablet, but in unstable patients,
it is best given iv so its dosing can be
titrated to effect.

Most patients given nitrates develop a
headache, which generally is mild. Some
patients with pulmonary congestion will
experience worsening gas exchange
because of a redistribution of flow in the
pulmonary vasculature leading to ventila-
tion/perfusion mismatch. However, the
most clinically significant adverse effect of
NTG is hypotension, often accompanied by
reflex tachycardia, both of which will
aggravate myocardial ischemia. Hypoten-
sion can be particularly severe in patients
with RV infarcts and/or bradycardia. Thus,
NTG should be avoided in patients who are
hypotensive, bradycardic, or have RV
ischemia.
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Analgesics

The pain and anxiety that accompany
ischemic-type chest pain lead to stimulation
of the sympathetic nervous system. The
release of endogenous catecholamines
results in heart rate stimulation, increased
contractility, and elevation of blood pres-
sure. This causes increased myocardial
oxygen demand, which can worsen ischemia
and increase myocardial irritability (82).
NTG is effective in reducing ischemic-type
pain, but may not offer complete relief and
does not treat anxiety. Thus, the early use of
an analgesic is indicated. Although mor-
phine can produce respiratory depression
and hypotension, concerns are often over-
stated. Furthermore, respiratory depression
readily responds to naloxone, and hypoten-
sion usually responds to fluid administration
or postural changes.

Aspirin

Platelet aggregation plays an important
role in the pathogenesis of acute arterial
occlusion leading to ischemia. Aggregation is
triggered by the prostaglandins thromboxane
A3 in platelets and prostacyclin in endothe-
lial cells, both of which are produced by the
action of the enzyme cyclo-oxygenase
(83,84). Aspirin inhibits platelet aggregation
by irreversibly blocking the action of cyclo-
oxygenase. Platelets are unable to produce
more cyclo-oxygenase and thus are unable to
aggregate for the duration of their 10-d life-
span. Endothelial cells are able to generate
new cyclo-oxygenase, and thus, are able to
recover their ability to induce aggregation.

The use of aspirin in all patients with clin-
ical suspicion of AMI is currently considered
to be the standard of care (75). Unequivocal
support for the efficacy and safety of aspirin
is based on the Second International Study
of Infarct Survival (ISIS-2). In that study of
17,187 patients with suspected AMI, the
35-d mortality rate was reduced by 23%
(85). The total rate of stroke was also
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reduced by 42%. The beneficial effect on
survival remained significant after a median
survival of 15 mo.

Serious complications are rare, and are
related to allergic reactions, bleeding, and
gastrointestinal irritation (75). There is a
small increase in cerebral hemorrhage (86),
and there may be increased rate of bleeding
from surgical sites (87,88). Gastrointestinal
effects are the most common adverse events,
and can be minimized by the use of antacids,
histamine-2 receptor antagonists, and
enteric-coated or buffered aspirin prepara-
tions, or suppositories. When allergy to
aspirin prevents its use, the clinician can sub-
stitute dipyridamole, ticlopidine, or sulfin-
pyrazone, although these antiplatelet agents
have not been as well studied (89). A recent
trial reported that clopidogrel, a derivative of
ticlopidine, was more effective than aspirin
in reducing ischemic events, and was at least
as safe (90). Other promising antiplatelet
agents are also being studied.

Reperfusion Therapy

Beginning with the work of Herrick over
80 yr ago (91), the usual precipitating event
leading to AMI has been shown to be throm-
botic occlusion of a coronary artery (92,93).
Thrombosis is initiated at the site of a rup-
tured or fissured atherosclerotic plaque;
endothelial injury causes platelets to become
activated and trigger the coagulation cas-
cade, whereby fibrinogen is converted to
fibrin by the action of thrombin (94). Fibrin
deposition results in formation of a clot, or
thrombosis. Thrombin, which may be clot-
bound or circulating, in turn causes platelet
activation (which is not blocked by aspirin),
thus reinforcing fibrin deposition. However,
simultaneously with thrombosis, a natural
fibrinolytic system is activated, converting
plasminogen to plasmin, which degrades
fibrin and leads to clot lysis. The balance
between clot formation and dissolution is
complex, but suggests the basis for the
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current treatment strategy: prevention of
platelet activation (aspirin), prevention of
clot formation and extension (anticoagulants
and antithrombotics), promotion of clot lysis
(thrombolytics), and mechanical restoration
of coronary blood flow (angioplasty and/or
bypass surgery). Each of these therapies will
be summarized.

Antithrombotics| Anticoagulants

Heparin acts at multiple sites in the coag-
ulation system to inhibit the formation of
fibrin clots. Small amounts of heparin will
combine with antithrombin III to inactivate
activated factor X and inhibit the conversion
of prothrombin to thrombin. Larger amounts
of heparin can inactivate thrombin, prevent
the conversion of fibrinogen to fibrin, and
prevent the activation of fibrin-stabilizing
factor.

In spite of its theoretical value, there is
little current empiric evidence regarding the
value of heparin in AMI other than as an
adjunct to the use of thrombolytic agents
(see the section on thrombolytics). Previous
studies have shown a 17% reduction in mor-
tality and a 22% reduction in reinfarction
(95). However, these results predate the cur-
rent routine use of aspirin and other anti-
ischemic therapies, so it is unknown whether
heparin use has any added benefit. Never-
theless, its use is considered routine in
selected circumstances (75,96):

1. Patients undergoing angioplasty or surgical
bypass;

2. Patients not treated with a thrombolytic
agent; and

3. Patients treated with a nonselective throm-
bolytic agent who are at high risk for sys-
temic emboli (large or anterior MI, atrial
fibrillation, previous embolus, or known LV
thrombus).

Furthermore, subcutaneous heparin may
be useful to reduce the incidence of deep
venous thrombosis in the nonambulatory,
post-AMI patient (97).
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The major complication of heparin therapy
is bleeding, which can be from any site. The
risk of bleeding can be minimized by dosing
heparin based on weight and by following the
activated partial thromboplastin time. Fur-
thermore, heparin causes thrombocytopenia
in roughly 3% of treated patients (98). This is
because of irreversible platelet aggregation,
which can lead, paradoxically, to prothrom-
botic events (white-clot syndrome) (99).
Recent investigations have been made into
the use of fractionated, low-mol-wt heparins
(e.g., enoxaparin) and the direct antithrombin
agent hirudin in AMI (100,101).

Warfarin and other coumarin anticoagu-
lants interfere with the synthesis of vitamin
K-dependent clotting factors. Existing
thrombus is not affected. Warfarin is given
orally, thus providing a mechanism for long-
term anticoagulation. Although warfarin
anticoagulation of the post-AMI patient
makes sense on theoretical grounds, as with
heparin, its use is controversial because of
the lack of adequate randomized controlled
trials. The following indications are sug-
gested by the ACC/AHA (75):

1. For secondary prevention of MI in post-MI
patients unable to take daily aspirin;

2. For post-MI patients in persistent (or per-
haps paroxysmal) atrial fibrillation; and

3. For patients with LV thrombus or, possibly,
with extensive wall motion abnormalities.

Bleeding is the major risk of warfarin
therapy and requires close attention to the
prothrombin time (international normalized
ratio, INR).

Thrombolytic Therapy

Given that acute thrombosis of a coronary
vessel is the precipitating event in AMI, clot
lysis offers an effective therapy through
either intracoronary or iv routes (102). All
agents in clinical use are plasminogen acti-
vators, i.e., they convert plasminogen into
plasmin by enzymatic hydrolysis. Plasmin in
turn is a highly efficient fibrinolytic agent,
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capable of degrading both clot-bound fibrin
and circulating fibrinogen.

There are four thrombolytic agents
approved by the FDA for iv administration
in AMI: streptokinase (SK), anisoylated
plasminogen streptokinase activator com-
plex (APSAC or anistreplase), recombinant
tissue-type plasminogen activator (alteplase
or TPA), and a derivative of alteplase called
reteplase (r-PA). There are significant dif-
ferences between these agents with respect
to circulating half-life, systemic fibrinogen
depletion, antigenicity, rate of coronary
recanalization and reocclusion, risk of
intracerebral hemorrhage (ICH), dose, tech-
nique of administration, and cost.

SK is an enzyme produced by group C
B-hemolytic streptococci. It combines with
plasminogen to form an “activator complex”
that converts plasminogen to plasmin. SK
produces a systemic “lytic state” that persists
for several hours. Heparin use increases the
risk of bleeding without improving efficacy.
Given as a 1.5 million unit dose over 30—60
min, it has a recanalization rate of ~40%, an
ICH rate of ~0.3%, and results in ~2.5 lives
saved/100 treated (/03). Most patients have
had previous exposure to streptococci and
thus have circulating antibodies to SK.
Minor allergic reactions occur in up to 4% of
patients; anaphylactic shock is rare. SK costs
about $280 for the standard dose.

Anistreplase (APSAC) is a chemically
modified complex of plasminogen and SK
that is stable until reconstituted. When
injected iv, it immediately begins to produce
plasmin, both at the site of preformed throm-
bus and in the general circulation, thus pro-
ducing a systemic fibrinolytic state. APSAC
is given as a 30-mg bolus over 5 min, and
heparin anticoagulation is not needed. It has
arecanalization rate of ~63%, an ICH rate of
~0.6%, and results in ~2.5 lives saved/100
treated (103). The profile of allergic side
effects is similar to that for SK. A dose of
APSAC costs about $1700.
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Alteplase (TPA) is a tissue-type plas-
minogen activator that is synthesized by
recombinant DNA technology. The DNA
sequence used codes for the natural human
enzyme. Thus, allergic reactions are very
rare (<0.02%). The conversion of plasmino-
gen to plasmin by TPA is enhanced by the
presence of fibrin. Accordingly, the activity
of TPA is largely clot-specific, with much
less systemic depletion of fibrinogen than
with SK or APSAC. Consequently, the activ-
ity of TPA is enhanced by the addition of
heparin, which decreases the rate of reoc-
clusion. Using an accelerated dosing regi-
men (15-mg bolus, then 0.75 mg/kg to a
maximum of 50 mg over 30 min, then 0.50
mg/kg to a maximum of 35 mg over 60 min)
(104), TPA has a recanalization rate of ~79%,
an ICH rate of ~0.6%, and results in ~3.5
lives saved/100 treated (103). The cost of
100 mg of TPA is about $2200.

Reteplase is the newest thrombolytic to be
released for use in AMI. Reteplase is a dele-
tion mutant of wild-type TPA, and shares
TPA’s lack of antigenicity, clot-specific
activity, and enhanced performance in the
presence of heparin. Reteplase is given as
two 10-U boluses 30 min apart and costs
$2200. Clinical trials comparing r-PA to SK
and to TPA have shown it to be at least as
effective and safe, if not more so (105,106).
However, the number of subjects is small
(<7000), so further study is warranted. Nev-
ertheless, the ease of administration and
promising early results make r-PA an attrac-
tive choice.

Indeed, there have been a great many mul-
ticenter, international, randomized trials
(AIMS, ASSET, GISSI, GUSTO, ISIS,
LATE, TIMI, and so forth) comparing vari-
ous agents and adjuvants at different doses
and administration protocols in an attempt to
identify the optimum regimen; no doubt
there will be more. Furthermore, there are
new thrombolytics and adjuvants under
investigation. Consequently, specific rec-
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ommendations for choice of thrombolytic
protocol can rapidly become out of date. One
principle that is unlikely to change, how-
ever, is the repeated observation that the ear-
lier reperfusion is accomplished, the smaller
the area of myocardium in jeopardy and the
lower the rate of morbidity and mortality.
This has led to the concept of “door-to-
needle” time, referring to the interval from
when the patient arrives in the ED to when
the thrombolytic agent infusion is begun,
with the target being <30 min (1/07). Indeed,
making sure to use thrombolytic therapy in
every instance where it is appropriate and to
initiate treatment early in the course of AMI
is more important than the choice of throm-
bolytic agent actually used (108).
Eligibility criteria relate primarily to strat-
ifying patients in order to maximize poten-
tial benefit and minimize complications. The
most important risk of thrombolytic therapy
is bleeding, but fortunately 70% of bleeding
episodes occur at sites of vascular access
and can be managed without transfusion
(109). However, ICH is a more serious com-
plication with a ~66% mortality (110). The
risk of ICH is increased with hypertension,
either by history or on presentation. Thus,
thrombolytics are relatively contraindicated
in hypertensive patients with low-risk AMI
(inferior ST elevation or ST depression only)
(110). Table 3 summarizes the contraindica-
tions and cautions for thrombolytic use in
AMI. The AAC/AHA guidelines are (75):

1. Thrombolytic therapy generally beneficial:
(a) ST-segment elevation (>0.1 mV in two or
more contiguous ECG leads), or (b) LBBB
obscuring ST-segment analysis in a history
suggestive of AMI with 12 h or less from
onset of symptoms, and age <75 yr.

2. Thrombolytic therapy probably beneficial:
ST-segment elevation and age >75 yr.

3. Thrombolytic therapy possibly beneficial: (a)
ST-segment elevation and time-to-therapy
>12-24 h, or (b) presenting blood pressure
>180 mmHg systolic or 110 diastolic in high-
risk AMI (anterior ST elevation or LBBB)
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Table 3

Contraindications and Cautions

for Thrombolytic Use in Myocardial
Infarctiona

Contraindications

Previous hemorrhagic stroke at any time;
other strokes or cerebrovascular events
within 1 yr

Known intracranial neoplasm

Active internal bleeding (does not include
menses)

Suspected aortic dissection

Cautions/relative contraindications

Severe uncontrolled hypertension on presen-
tation (blood pressure >180/110 mmHg);
especially in low-risk AMI

History of prior cerebrovascular accident
or known intracerebral pathology not
covered in contraindications

Current use of anticoagulants in therapeutic
doses (INR = 2-3); known bleeding
diathesis

Recent trauma (within 2—4 wk), including
head trauma or traumatic or prolonged
(>10 min) CPR or major surgery (<3 wk)

Noncompressible vascular punctures

Recent (within 2—4 wk) internal bleeding

For SK/APSAC: prior exposure (especially
within 5 d) or prior allergic reaction

Pregnancy

Active peptic ulcer

History of chronic severe hypertension

aAdapted from ref. 80.

4. Thrombolytic therapy not beneficial—pos-
sibly harmful: (a) ST-segment elevation and
time-to-therapy >24 h; ischemic pain
resolved, or (b) ST-segment depression only.

Currently, accelerated-dose TPA with iv
heparin appears to confer the greatest reper-
fusion rates, but carries a higher risk of ICH
and substantially greater cost (/11,112). For
patients presenting early after onset of symp-
toms who have a high-risk AMI and are at
low risk for ICH, TPA is the agent of choice
(75). For patients where the cost-benefit
ratio is lower, SK is recommended. Ongoing
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research is likely to change these recom-
mendations in the near future.

Percutaneous Transluminal Coronary
Angioplasty (PTCA)

Angioplasty refers to the mechanical revi-
sion of the lumen (fluid path) of an artery in
order to relieve an obstruction (/13). For
AMLI, PTCA can either be primary (in place
of thrombolysis) or salvage (when throm-
bolysis has failed). In PTCA, a catheter is
inserted percutaneously (through the skin)
via needle puncture, into the femoral artery.
The catheter is then passed up the aorta and
into the opening of the blocked coronary
artery. Injection of radiographic contrast
media allows delineation of the anatomy via
X-ray fluoroscopy. A guidewire with a bal-
loon at its tip is then threaded through the
catheter and into the area of blockage within
the artery. The balloon is carefully inflated,
thus compressing the obstructing clot and/or
atherosclerotic plaque against the vessel wall
and enlarging the lumen. Other devices, such
as a scraper, drill, or laser, can also be used
to remove obstructing material. A semirigid
tube or stent can be placed into the artery to
hold it open. Maintenance of patency of the
angioplastied vessel is enhanced by the use
of anticoagulants.

Theoretical advantages of PTCA com-
pared to thrombolysis include direct reopen-
ing of the infarct-related vessel, avoidance of
systemic fibrin depletion, and delineation of
coronary anatomy. Disadvantages are cost,
need for sophisticated personnel and facili-
ties, and potentially longer time-to-patency.
A number of studies have been done to com-
pare PTCA to thrombolysis for primary ther-
apy of AMI, but to date they have been
small. A recent meta-analysis pooled 2023
patients from nine trials and showed a bor-
derline statistical benefit of PTCA over
thrombolysis when the end point was mor-
tality (174). When both death and rate of
AMI were considered, PTCA had a clear
advantage over thrombolysis (relative risk =
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0.2, p=0.001). However, considering that in
excess of 100,000 patients have been
enrolled in the various thrombolytic trials,
the data for PTCA are quite limited, and the
need for further study is apparent.
Complications of PTCA include bleeding
at the site of needle puncture, AMI precipi-
tated by balloon inflation, failure to relieve
obstruction, reocclusion, and rupture of the
coronary artery. The latter event can be cat-
astrophic and requires urgent open heart
surgery to repair. Thus, current guidelines
recommend that PTCA be performed by
experienced personnel (/15), and in facili-
ties where emergent access to cardiac
surgery is available (75). However, studies
are under way to evaluate the safety and effi-
cacy of PTCA in hospitals without cardiac
surgery, and broader guidelines may be
forthcoming. The current ACC/AHA rec-
ommendations for PTCA in AMI are (75):

1. PTCA generally beneficial: as an alternative
to thrombolytic therapy only if performed in
a timely fashion by skilled practitioners and
personnel at a high-volume center.

2. PTCA probably beneficial: (a) for reperfu-
sion candidates who have a risk of bleeding
contraindication to thrombolytic therapy, or
(b) patients in cardiogenic shock or with per-
sistent hemodynamic instability.

3. PTCA possibly beneficial: (a) for reperfu-
sion candidates who fail to qualify for
thrombolytic therapy for reasons other than
a risk of bleeding contraindication, or (b)
patients with evolving large or anterior
infarcts treated with a thrombolytic agent in
whom it is believed that the infarct-related
artery is not patent.

The role for PTCA in AMI will continue to
evolve as experience accumulates and newer
techniques and strategies are introduced.

Coronary Artery Bypass Graft
(CABG) Surgery

The first coronary bypass surgery was
performed in 1964 (116), and within a few
years, the surgical technique had been
refined and standardized (117). Prior to the
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advent of thrombolytic therapy and PTCA,
CABG was the only revascularization tech-
nique available for use in AMI (118). Cur-
rently, however, emergency CABG is
restricted primarily to circumstances where
thrombolysis and/or PTCA have failed or are
not appropriate (119). The ACC/AHA guide-
lines for emergency CABG in AMI that
follow presume that the coronary artery
anatomy is suitable for bypass.

1. Emergency CABG generally beneficial: (a)
patients with persistent pain or hemodynamic
instability who have failed or are not candi-
dates for PTCA, or (b) at the time of surgical
repair of postinfarction ventricular septal
defect or mitral valve insufficiency.

2. Emergency CABG probably beneficial: car-
diogenic shock refractory to other therapy.

3. Emergency CABG possibly beneficial: hemo-
dynamically stable patient with small area of
myocardium at risk who has failed PTCA.

4. Emergency CABG not beneficial—possibly
harmful: when the expected surgical mortal-
ity does not exceed the mortality rate for
medical management.

With the development of minimally inva-
sive, thoracoscopic techniques, there may be
a positive influence on the mortality rate of
CABG surgery in the setting of AMI (120).
Nevertheless, it is unlikely that CABG will
ever again be a first-line reperfusion tech-
nique in AML.

Anti-Ischemic Therapy and Mortality
Reduction

There are a number of pharmacologic
adjuncts that may be used to treat ongoing
ischemia or to reduce mortality in AMI. These
therapies are particularly useful in patients
who do not meet the criteria for, or who have
failed to respond adequately to thrombolysis
and/or revascularization. However, this rep-
resents a very heterogeneous group of patients
that has not been well characterized or stud-
ied, so recommendations are subject to revi-
sion as experience accumulates.
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B-Adrenoreceptor Blocking Agents

B-blockers have several effects on the heart.
Primarily they cause a decrease in the force
and rate of contraction, and slow the rate of
myocardial depolarization. These actions
serve to decrease myocardial oxygen
demand. In addition, the decrease in heart
rate prolongs diastole and can increase
myocardial oxygen delivery, particularly to
the penumbra of ischemic tissue surround-
ing an area of infarction. As a result, the use
of B-blockers in AMI reduces infarct size and
the incidence of complications in patients not
given thrombolytics (/21), and reduces the
rate of reinfarction in patients who are treated
with thrombolytics (/22). However, these
beneficial effects have only been seen in
patients given B-blockers early in the course
of their infarction (<12 h).

Complications from B-adrenoreceptor
blocking agents are common and can be
serious. Myocardial depression can lead
to hypotension, CHF, and heart block.
B-Blockers can produce bronchoconstriction,
and thus, worsen asthma or chronic obstruc-
tive pulmonary disease. In insulin-requiring
diabetics, B-blockers can mask the signs and
symptoms of hypoglycemia and delay the
recovery of normal blood glucose levels. The
contraindications and cautions to the use of
B-blockers in AMI are presented in Table 4.
Only about 25-50% of AMI patients qualify
for B-blocker therapy. The B-adrenoreceptor
blocking agents best studied for use in
AMI are atenolol (/23) and metoprolol
(124). Either agent is continued indefinitely.
The ACC/AHA recommendations for
B-adrenoreceptor blockade in AMI include
(75):

1. B-Blockers generally beneficial: (a) all
patients without contraindications who can
be treated within 12 h, (b) continuing or recur-
rent ischemic-type pain, or (c) patients with
tachyarrhythmias, especially atrial in origin.

2. B-Blockers possibly beneficial: non-Q-wave
AMIL
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Table 4

Contraindications/Cautions

to B-Adrenoreceptor Blocking Agents
in AMI

Heart rate < 60 bpm

Systolic blood pressure < 100 mmHg

Moderate or severe left ventricular failure
(Killip Class II or greater)

Signs of peripheral hypoperfusion

First-degree AV block with PR interval
>0.255

Second- or third-degree AV block

Severe chronic obstructive pulmonary disease

Wheezing or a history of asthma

Severe peripheral vascular disease

Insulin-dependent diabetes mellitus

aAdapted from ref. 80.

Angiotensin-Converting Enzyme
(ACE) Inhibitors

ACE inhibitors have been used for years
to control elevated blood pressure. More
recently, they have been studied for their car-
dioprotective effects in AMI. ACE inhibitors
have been shown to reduce the incidence of
CHF and reinfarction, and to prolong life
when given on a long-term basis following
AMI (125). The GISSI-3 study followed the
effects of oral lisinopril in >19,000 sus-
pected AMI patients (80), and ISIS-4 stud-
ied captopril in >58,000 patients (81). A
meta-analysis of these two large trials com-
bined with a number of smaller trials
(>100,000 patients) reported an absolute
reduction of 4.6 deaths/1000 patients treated
with ACE inhibitors (126). Subgroup analy-
sis suggests that the benefits are greatest in
those patients at highest risk of death (e.g.,
anterior MI, CHF, previous infarction), but
that all patients may benefit from early use
of ACE inhibitors in suspected AMI.

ACE inhibitors can precipitate profound
hypotension in patients with renal failure,
and can produce life-threatening angio-
edema of the oropharynx in sensitive indi-
viduals. Use should also be avoided when
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the systolic blood pressure is <100 mmHg or
when bilateral renal artery stenosis is pre-
sent. Furthermore, all agents should be
administered orally, since iv ACE inhibitor
produces high morbidity (127). There are a
variety of ACE inhibitors available for use,
including lisinopril (GISSI-3) and captopril
therapy (ISIS-4). Other agents should like-
wise be gradually introduced. The ACC/
AHA guidelines for ACE inhibitors to mor-
tality reduction are (75):

1. ACE inhibitors generally beneficial: (a)
within the first 24 h of suspected AMI with
anterior ischemia or CHF and without
hypotension, or (b) patients with AMI and
LV ejection fraction of <40%.

2. ACE inhibitors probably beneficial: (a) all
other patients within 24 h of suspected AMI,
without hypotension, not included in 1(a)
above, or (b) asymptomatic patients with old
MI and LV ejection fraction of 40-50%.

3. ACE inhibitors possibly beneficial: asymp-
tomatic patients with recent MI and normal
or near-normal LV function.

Magnesium

There is considerable experimental evi-
dence that magnesium may be beneficial in
cardiovascular disease (128). Nevertheless,
the role of magnesium for cardioprotection
in AMI has been controversial. Several small
studies, when taken independently and after
meta-analysis, suggested a decrease in both
short- and long-term mortality (129). How-
ever, the ISIS-4 trial, which at 58,050 sub-
jects was 20 times the size of the largest of
the smaller trials (LIMIT-2), did not reveal
any benefit to magnesium therapy (79). Nev-
ertheless, further analysis suggests that mag-
nesium may be beneficial if given early
(130), especially to the sickest patients (131)
and to those who do not qualify for throm-
bolysis (132). Until there is more clarifica-
tion, the ACC/AHA recommends the
following usage (75):

1. Magnesium probably beneficial: (a) correc-
tion of documented magnesium and/or
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potassium deficits, or (b) for treating poly-
morphic VT (torsades de pointes).

2. Magnesium possibly beneficial: for high-
risk patients and those not candidates for
thrombolytic therapy.

Calcium Entry Blockers

There are three commonly used calcium
entry blocking agents: nifedipine, verapamil
and diltiazem. The calcium entry blockers
are used extensively to treat hypertension,
and angina, and there was hope that these
drugs would reduce mortality in the setting
of AMI. However, after a number of studies,
there is no evidence that these agents reduce
mortality in AMI or decrease the rate of rein-
farction when used routinely (/33). Further-
more, several studies have suggested
increased mortality when these agents are
used, particularly immediate-release nifedip-
ine, and especially when LV dysfunction is
present (134,135).

The consensus of the ACC/AHA is that
calcium entry blockers are overused in the
setting of AMI and that B-blockers represent
a better choice (75). Calcium antagonists may
be considered in the following circumstances:

1. Calcium entry blockers probably beneficial:
iv use for relief of ongoing ischemia, or
control of rapid atrial fibrillation when [3-
blockers are ineffective or contraindicated.

2. Calcium entry blockers possibly beneficial:
diltiazem may be given in non-ST-segment
elevation MI when LV dysfunction is absent,
beginning at 24 h and continued for 1 yr.

3. Calcium entry blockers not beneficial, possi-
bly harmful: (a) immediate-release nifedipine
should be avoided in the setting of suspected
AMLI, or (b) all of these agents are con-
traindicated in AMI with LV dysfunction.

Treatment of Complications
Arrhythmias

As noted previously, VF is the most
important cause of death early in the course
of AMI (76). In response to ischemia, the
myocardium becomes electrically irritable.
This is worsened by the release of endoge-
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nous catecholamines associated with the
pain and anxiety of an MI, and further exac-
erbated by a number of metabolic derange-
ments, including acidosis, hypomagnesemia,
and hypokalemia (136). VF is usually, but
not always, preceded by VT. The mechanism
of VT/VF is thought to be micro-reentry
where an irritable focus of myocardium
depolarizes repeatedly in a short-circuit
effect (137). This spreads a wave front of
depolarization throughout the myocardium,
precipitating VT and/or VE. VT may be brief
(<5 beats), nonsustained (<30 s), or sus-
tained in duration, and may be regular
(monomorphic) or irregular (polymorphic)
in appearance. VF is a nonperfusing rhythm,
whereas pulse and blood pressure may be
maintained during VT.

Treatment is directed toward abolishing
the re-entrant electrical activity, and then
aggressively searching for and correcting
any aggravating factors. Unstable patients
should be treated with an electrical counter-
shock. If a regular, monomorphic VT is pre-
sent, then the countershock must be
synchronized to the ECG to prevent the dis-
charge from precipitating VF. Otherwise, the
countershock should be unsynchronized.
Stable patients should be treated with the
appropriate medication. More detailed infor-
mation is available (137). The ACC/AHA
guidelines are (75):

1. Treatment of VT/VF that is generally
beneficial:

a. for VF: unsynchronized countershock of
200 J, followed by 300 and 360 J if
needed.

b. For sustained polymorphic VT: treat as VE,

c¢. For unstable monomorphic VT: synchro-
nized countershock(s) beginning at 100 J.

d. For stable monomorphic VT: (i) lido-
caine, procainamide, or amiodarone, and
(iv) synchronized countershock(s) start-
ing at 50 J, after appropriate analgesia/
sedation.

2. Treatment for VT/VF that is probably bene-
ficial: (a) after an episode of VT/VF, antiar-
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rhythmic drugs may be infused for 6-24 h
and then reassessed, or (b) correction of
metabolic/electrolyte derangements.

3. Treatment for VT/VF that is possibly bene-
ficial: (a) polymorphic VT resistant to drug
therapy should be managed with aggressive
anti-ischemic efforts and/or amiodarone.

4. Treatment for VT/VF that is not beneficial
and may be harmful: (a) treatment for iso-
lated premature ventricular beats, couplets,
accelerated idioventricular thythm, and non-
sustained VT, or (b) prophylactic anti-
arrhythmic therapy.

In the setting of suspected AMI, atrial fib-
rillation (AF), atrial flutter, and supraven-
tricular tachycardia (SVT) can be addressed
together, since their hemodynamic effects
and initial treatments are similar. AF is by far
the most common of the three, occurring in
about 15% of all AMI patients (138). The
basic problem produced by these rhythms is
a rapid ventricular rate. This will increase
myocardial oxygen demand and therefore
worsen ischemia and irritability. Too rapid a
rate will also interfere with cardiac filling
and thus decrease cardiac output, again
worsening ischemia. Likewise, in AF, the
loss of a coordinated atrial contraction can
resultin decreased cardiac filling. Treatment
is directed towards controlling the rapid rate
of ventricular response. The ACC/AHA
guidelines are (75):

1. Treatment for AF thatis generally beneficial:

a. Electrical cardioversion for unstable
patients.

b. Rapid iv digoxin loading.
c. iv B-blockers.
d. Heparin anticoagulation.

2. Treatment for AF that is probably benefi-
cial: iv diltiazem or verapamil if B-blockers
are ineffective or contraindicated.

The rationale for cardioversion is straight-
forward: a patient with worsening ischemia
or failing blood pressure requires immediate
termination of the arrhythmia. Digoxin is
used to slow conduction through the AV
node, but its effects may not be seen for sev-
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eral hours. B-Blockers are problematic, in
that many patients will have some signs of
CHF. Small doses of propranolol may be
used, or else esmolol may be tried, which has
a very short half-life. Likewise, the calcium
entry blockers can be hazardous, especially
if B-blockers have already been used.

The treatment of choice for SVT in non-
AMI patients is adenosine, which briefly
interrupts impulse propagation through the
AV node and terminates a re-entrant arrhyth-
mia that involves the node. There are few
data regarding its use in the setting of AMI,
but some advocate its use in the stable
patient (74).

A slow heart rate, or bradyarrhythmia, can
be the result of an abnormally slow sinus
mechanism (sinus bradycardia) or can be the
result of a disruption of the conduction
system, i.e., heart block. Sinus bradycardia
is common early in AMI, especially when
there is inferior wall ischemia. The incidence
is up to 70% in the first 4 h and then tapers
off. The primary cause is increased parasym-
pathetic (vagal) tone, which directly sup-
presses the automaticity of the SA node and
slows conduction through the AV node. If the
rate is slow enough, the patient may be
hypotensive or have worsening ischemia.
Sinus bradycardia generally responds well to
treatment, and by itself does not appear to
indicate increased mortality (74).

Heart block is divided into first, second,
and third degree, with a few subtypes and
other conduction abnormalities. There is
increased mortality associated with heart
block, probably not because of the rhythm
disturbance itself, but is a reflection of more
extensive myocardial damage. Treatment of
the rhythm does not necessarily improve long-
term survival (139). The treatment protocols
for the various bradyarrhythmias are quite
involved (74,75); a brief summary follows:

1. Atropine—counteracts the effects of

increased vagal tone and is the first choice
for most bradyarrhythmias.
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2. Transcutaneous pacing—as a temporizing
measure, a slow rhythm may respond to
external pacing. This modality is particu-
larly suited to have prepositioned on high-
risk patients and subsequently activated as
needed.

3. Temporary transvenous pacing—a more
robust pacing method where the pacemaker
electrode is introduced percutaneously into
a central vein and advanced into the RV. The
pacemaker itself remains external.

4. Permanent implanted pacemaker—reserved
for those patients who have symptomatic or
high-grade conduction abnormalities that
persist beyond the acute infarction phase.

Pump Failure

There are a variety of conditions that may
develop as a result of AMI that can impair
the ability of the heart to deliver an adequate
cardiac output. Regardless of the cause,
these low-output syndromes have certain
clinical features in common. Pump failure
can be thought of as forward failure and/or
backward failure. In forward failure, the
heart is unable to deliver an adequate volume
of blood or maintain a satisfactory blood
pressure. Clinical findings include low blood
pressure, a weak pulse, cool and clammy
extremities, decreased urine output, anxiety,
and confusion. With backward failure, the
heart is unable to accommodate the volume
of blood being returned to it, so the blood
will pool in the venous system. Either or
both ventricles can fail, but most commonly
it is the left, since the LV must pump blood
at a much greater pressure than the right.

The LV receives its blood supply from the
RV via the pulmonary veins. When the LV
begins to fail, blood accumulates in the pul-
monary circuit, and pressure in that system
rises. As a result, fluid begins to seep across
the capillary walls and into the lung tissue.
This interstitial transudate interferes with gas
exchange and also makes the lung tissue
stiffer. Clinically, this results in shortness of
breath or dyspnea, as well as a drop in blood
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oxygen content and eventually a rise in
blood levels of carbon dioxide. In the worst
case, the lungs begin to fill up with fluid, or
pulmonary edema, and respiratory failure
will ensue. This in turn decreases oxygen
delivery to the myocardium, thus worsening
the heart’s already compromised ability to
pump, and precipitating or exacerbating
ischemia. This vicious cycle leads to car-
diogenic shock, a devastating complication
with an 80% mortality. LV failure in the set-
ting of AMI can be the result of infarction of
a substantial portion of myocardium, wide-
spread ischemia, rupture of a portion of the
heart weakened by infarction, or a rate that
is too fast or too slow.

The most common cause of RV failure is
failure of the LV, with a resultant increase in
pulmonary pressures and thus increased load
on the RV. However, in AMI, RV infarction
can precipitate RV failure. When the RV
begins to fail, blood accumulates in the sys-
temic venous circuit, producing fluid accu-
mulation in the skin and subcutaneous
tissues, or peripheral edema. Failure of the
RV to deliver adequate volume of blood to the
LV results in systemic hypotension, which is
often profound. RV infarction is generally a
complication of inferior wall infarction and is
associated with a substantially greater mor-
tality than inferior infarction without RV
involvement (31 vs 6%) (140).

When heart failure is precipitated by
myocardial ischemia or infarction, aggres-
sive use of anti-ischemic and reperfusion
strategies is indicated. Other specific thera-
pies may be indicated as well:

1. Diuretics—promote the formation of urine
and thus decrease overall blood volume.
This in turn reduces the return of blood to the
heart, and can ease the strain on a failing LV
and relieve pulmonary congestion. Furo-
semide and bumetanide are potent agents
that can be used intravenously to trigger
copious production of urine. Complications
include hypokalemia from urinary loss and
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possible hypotension from too rapid or
aggressive diuresis (75).

2. Inotropic and vasoactive drugs—inotropic
drugs improve the force and/or rate of car-
diac contractions, whereas vasoactive agents
modulate vascular tone and, hence, blood
pressure. There is a wide variety of these
agents, and many possess both actions to
varying degrees. Some are extremely potent
and must be given iv in exquisitely precise
doses, with constant measurement of clini-
cal parameters by invasive methods. Some
are naturally occurring compounds, such as
epinephrine and norepinephrine, and some
are synthetic, such as dobutamine and
aminone. Some agents are used to raise
blood pressure and thus promote coronary
perfusion, but others are employed to lower
blood pressure selectively and thus relieve
the strain on a failing heart (74,75,141).

3. LV assist devices—used to support a failing
heart mechanically. The best-studied tech-
nique is intra-aortic balloon counterpulsa-
tion. In this procedure, an elongated balloon
is inserted percutaneously into the femoral
artery and then advanced into the thoracic
aorta. The balloon is synchronized by the
ECG to deflate just before systole, and to
inflate just as the aortic valve closes and
diastole begins. Deflation creates a relative
low pressure into which the LV may eject,
thus relieving LV workload and strain. Infla-
tion may also improve coronary perfusion
(142). Intra-aortic balloon counterpulsation
is indicated as a temporary support for a fail-
ing heart. As a stand-alone therapy, it does
not improve the outcome of cardiogenic
shock. However, when used to buy time to
allow for revascularization or other surgical
interventions in appropriate patients, sur-
vival from cardiogenic shock can be as high
as 70% (143,144). Complications include
bleeding, hemolysis, thromboembolism,
intimal injury, and perforation of the aorta

4. Urgent surgical intervention—surgical
repair of an infarct-related mechanical
defect may be lifesaving. Clinical scenarios
include rupture of a papillary muscle lead-
ing to massive mitral regurgitation, ventric-
ular septal defect, and ventricle wall rupture
or pseudoaneurysm. Surgical mortality
varies depending on the exact nature of the
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defect and the condition of the heart and the
patient overall. However, the mortality rate
with medical management alone is >90 and
50% for surgical management (75).

Long-Term Evaluation and Treatment
Secondary Prevention of AMI

Patients who survive AMI are at increased
risk for a subsequent myocardial event
because of their coronary artery disease and
the complications of infarction. The goal of
secondary prevention is to modify any risk
factors amenable to intervention, in the hope
of reducing subsequent cardiac morbidity
and mortality.

The role for aspirin, 3-blockers, and ACE
inhibitors has already been noted. Hormone
replacement therapy (HRT) with estrogen
and/or progesterone for postmenopausal
women is controversial. HRT is associated
with a number of beneficial effects, includ-
ing a reduction in cardiovascular mortality
(145), but may increase the risk of breast
cancer: some investigators have found a pos-
itive association (146), and others none at all
(147). The overall effects of HRT may be
beneficial (/48), but there is no consensus
regarding its use.

There is general agreement that lowering
elevated serum lipids does have a favorable
influence on coronary heart disease (149).
Modification of diet and institution of regu-
lar exercise are effective strategies, and there
are a number of lipid-lowering medications
proven to reduce cardiovascular mortality.
Moderate alcohol consumption also
improves the lipid profile and lowers the
incidence of AMI (150), but because of other
adverse health effects, it is difficult to rec-
ommend alcohol as a therapy.

Cigaret smoking significantly increases the
risk of reinfarction, and abstinence from
tobacco following AMI is essential. Unfortu-
nately, the rate of compliance in post-AMI
patients is discouraging, with up to one-half of
patients returning to cigarets within 1 yr (151).
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Lifestyle Reintegration

It is important that AMI patients take part
in a cardiac rehabilitation program, as well
as a formal plan to address social and family
issues. Most AMI patients are able to resume
normal activities within weeks. However,
hospital discharge planning and follow-up
visits should explicitly deal with lifestyle
issues such as level of activity, return to
work, sexual activity, resumption of driving,
and so on. Strong family and social support
clearly reduces mortality after AMI (152).

ABBREVIATIONS

ACC/AHA, American College of Cardi-
ology/American Heart Association; ACE,
angiotensin-converting enzyme; ADP, ATP,
adenosine di- and triphosphate; AMI, acute
myocardial infarction; APSAC, anistreplase;
CABG, coronary artery bypass graft; CAD,
coronary artery disease; CHF, congestive
heart failure; CK, creatine kinase; CPR, car-
diopulmonary resuscitation; ECG, electro-
cardiogram; ED, emergency department;
EDREF, endothelium-derived relaxing factor;
FDA, Food and Drug Administration; GI,
gastrointestinal; ICH, intracerebral hemor-
rhage; INR, international normalized ratio;
ISIS-2, Second International Study of Infarct
Survival; iv, intravenous; LBBB, left bundle
branch block; LDL, oxLLDL, and HLD, low-,
oxidized low-, and high-density lipoprotein;
LV and RV, left and right ventricle; MPYV,
mean platelet volume; NO, nitric oxide;
NTG, nitroglycerin; PTCA, percutaneous
transluminal coronary angioplasty; SK,
streptokinase; SVT, supraventricular tach-
cardia; TPA, tissue plasminogen activator;
VF, ventricular fibrillation; VT, ventricular
tachycardia.
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Markers of Myocardial Injury in the Evaluation
of the Emergency Department Patient with Chest Pain

INTRODUCTION

In recent years, the approach used in the
evaluation of the emergency department
(ED)* patient with suspected myocardial
ischemia has undergone dramatic changes.
Data-gathering, treatment, and disposition
patterns that had been accepted for decades
are now being intensely scrutinized and
often abandoned in favor of assessment
protocols based on new diagnostic tech-
nologies (1). Foremost among these new
technologies are the many new methods for
the laboratory measurement of markers of
myocardial injury.

The recent advances in laboratory medi-
cine related to markers of myocardial injury
and the current “revolution” in the overall
approach to the ED patient with suspected
cardiac ischemia are directly linked. As each
technical advancement in marker assays
occurs, previously existing limitations on the
scope, accuracy, and availability of data are
removed. This improvement in information,
in turn, allows the emergency physician to
enact new protocols that surpass previous
limitations on the accuracy and timeliness of
decisions concerning patient care. At the
same time, ever-increasing pressures on EDs

Gary B. Green and Sol F. Green

to continue to improve the rapidity and qual-
ity of the care delivered further drives the
laboratory technology industry to generate
faster and more accurate assays. Owing to
this dynamic, the clinical chemist and the
clinician are increasingly interdependent.
Therefore, in order to provide the best care,
the emergency physician must maintain an
understanding of the capabilities and limita-
tions of the laboratory, including a working
knowledge of the currently available labo-
ratory techniques. Conversely, in addition to
knowing the physiologic processes occur-
ring within the patient during myocardial
ischemia, the clinical chemist will benefit
from an understanding of the unique envi-
ronment in which the initial evaluation and
treatment of the ED patient occurs, as well
as knowledge of the constraints on and the
priorities of the emergency physician.

THE ED ENVIRONMENT

Unlike most other clinical settings,
patients usually present to the ED soon after
onset of their symptoms and without previ-
ous medical evaluation. In many of these
patients, their symptoms represent slow or
moderately progressive disease states that

*See p. 87 for list of abbreviations used in this chapter.
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do not require immediate intervention. How-
ever, initially similar presentations in other
patients will represent manifestations of
rapidly progressive, catastrophic pathology
requiring immediate recognition and action.
Because the emergency physician is con-
stantly faced with patients with this wide
range of pathologies and variable rates of
disease progression, which are often difficult
or impossible to differentiate initially, every
patient must be approached with the assump-
tion that he/she is presenting with an imme-
diate life threat. Although physicians in other
clinical settings are able to rely on a differ-
ential diagnosis based on the probability of
the presentation representing a given dis-
ease, emergency physicians must always
first consider and rule-out those pathologies
that carry the greatest potential for early
morbidity and mortality, even if they are sta-
tistically improbable.

The necessity of this type of approach is
most apparent during the evaluation of the
patient presenting with chest pain. Chest
pain is one of the most common complaints
faced by the emergency physician, causing
five million visits a year and representing
approx 5% of all ED visits (2,3). Despite
this, caring for these patients remains one of
the emergency physician’s greatest chal-
lenges. Among the 1.5 million patients
admitted each year to coronary care units
(CCUs) for suspected acute ischemic heart
disease, the false-positive rate is exceedingly
high (35-70%) (4—6). Conversely, it is esti-
mated that from 2-10% of patients with
acute myocardial infarction (AMI) who
present to EDs with chest pain are inappro-
priately discharged or admitted to nonmon-
itored beds (7-9). These “missed AMI”
patients may have a higher mortality than
those admitted to the CCU (10-12). Addi-
tionally, missed AMI is the leading cause of
malpractice lawsuits and settlements in the
ED setting (13).

Green and Green

Many of the difficulties encountered are
attributable to factors inherent to the com-
plaint. There are a multitude of diverse
pathologies that may initiate an ED visit for
chest pain (Table 1). Confounding the physi-
cian’s evaluation is the fact that most inter-
nal thoracic structures are innervated by
visceral rather than somatic nerve fibers.
This results in the fact that pain caused by
many different intrathoracic pathologies is
poorly localized and can often be described
only in vague terms. Complicating matters
further is the fact that wide variations in the
perception and communication of pain exist
because of physiologic, cultural, and indi-
vidual differences. The result is a situation
in which patients with unrelated pathologies,
which require completely different assess-
ment and treatment strategies, frequently
present with similar or even identical signs
and symptoms. For example, the initial pre-
sentation of myocardial ischemia and
esophageal pain owing to acid reflux are
often indistinguishable. Conversely, patients
with identical pathology may present with
dramatically different symptoms. Although
many patients experiencing a myocardial
infarction will present with the “classic”
complaint of substernal chest pain, some
AMI patients will complain only of epigas-
tric, jaw, or arm pain, or will be completely
pain-free.

Because of these factors, when faced with
an ED patient with chest pain, the initial
stages of the evaluation must be spent
assessing the possibility of any immediately
life-threatening pathology, including but not
limited to AMI. Other pathologies that must
be considered that may require immediate
lifesaving action include pulmonary
embolism, aortic dissection, and tension
pneumothorax. Additionally, several other
disease processes commonly manifest as
chest pain, which, although not immediate
life threats, may place the patient at risk of
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Table 1
Common Causes of Chest Pain

Cardiac
Ischemic syndromes
Stable angina
Unstable angina
Variant angina
AMI
Valvular disease
Mitral valve prolapse
Aortic stenosis
Subaortic stenosis
Cardiomyopathy
Pericarditis
Pulmonary
Bronchitis
Bronchospasm
Empyema
Pleural effusion
Pleuritis
Pneumonia
Pneumothorax
Pulmonary edema
Aortic dissection
Pulmonary embolism
Pulmonary hypertension
Vascular
Aortic dissection
Pulmonary embolism
Pulmonary hypertension
Gastrointestinal
Esophageal spasm
Gastroesophageal reflux disease (GERD)
Mallory-Weiss tear
Esophagitis/gastritis
Gastric/duodenal ulcer
Biliary colic
Musculoskeletal
Costochondritis
Muscle strain/spasm
Cervical radiculopathy
Neurologic
Herpes Zoster

subsequent serious morbidity or mortality if
not recognized and treated in a timely
manner. Examples of these diseases include
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pneumonia, peptic ulcer disease, and neo-
plasm. Because of the possibility of imme-
diate life threats, initial diagnostic and
treatment maneuvers must often be based
only on a clinical suspicion rather than a
confirmed diagnosis. By necessity, more
detailed data-gathering and the determina-
tion of definitive diagnoses, treatment, and
disposition plans may not be the first con-
sideration. Accordingly, during the initial
evaluation of these patients, data that allow
assessment of prognosis will often prove
more valuable than that which aids only
in diagnosis.

It must be noted that there are several fac-
tors not directly related to the individual
patient that also influence the nature of the
ED evaluation. Unlike other areas of the hos-
pital, the entry of patients into the ED cannot
be controlled. New patients continue to arrive
at all times and must be evaluated with min-
imal delay. Therefore, in order to deliver
quality care to all patients, patient flow
through the department must be constantly
maintained. To do this, the emergency physi-
cian must manage multiple patients simulta-
neously, and must always keep in mind the
number and acuity of patients who are wait-
ing to be seen. The result is that significant
time constraints are placed both on the over-
all length of stay in the ED and on the time
the physician is able to spend in data-
gathering for a given patient. Additional fac-
tors indirectly but significantly influence the
nature of the ED evaluation as well. Aware-
ness of rising health care costs creates ever-
increasing pressure to limit the number of
diagnostic tests and to decrease admissions,
especially to the highest levels of care (i.e.,
the CCU). Simultaneously, the desire to avoid
adverse outcomes and the related fear of mal-
practice litigation have the opposite effect.

The overall result of these concerns, con-
straints and influences, is a constant drive to
improve the speed and accuracy of treatment
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and disposition decisions. Therefore, the
value of a diagnostic test must always be
weighed against the time added to the
patient’s ED stay while awaiting test results.
Any testing that is included as part of the ED
evaluation must be immediately relevant to
clinical decision making, and must improve
the ability of physicians to match the patient
optimally with the most appropriate therapy
and/or the required level of subsequent care.

THE TRADITIONAL APPROACH
TO THE CHEST PAIN PATIENT

The classic paradigm used for decades in
evaluation of a patient’s complaint is based
on the Oslerian belief that the most useful
data will always derive from an exhaustive
history and physical examination. Following
this, an inclusive differential diagnosis is
generated, succeeded by collection of addi-
tional data, if needed, through directed sup-
plementary testing. After all data are
collected, a definitive diagnosis is made
based on the clinician’s interpretation of
his/her findings, followed by the determina-
tion of a treatment plan. Applied to the ED
patient with chest pain, the standard evalu-
ation has traditionally consisted of eliciting
a detailed account of the presenting symp-
toms as well as determining the presence or
absence of “risk factors” for coronary artery
disease, such as smoking, hypertension, and
so forth. A thorough physical exam is then
followed by an electrocardiogram (ECG)
and chest radiograph.

Unfortunately, these traditional modali-
ties are unable to lead consistently to an
accurate diagnosis (AMI, unstable angina,
stable angina pectoris, noncardiac diagno-
sis) or to predict reliably the risk of subse-
quent untoward events. Although the
classical text’s declaration that the history is
“the single most important tool” in the ini-
tial evaluation of chest pain patients may be
true, it is equally true that patients often pre-
sent with atypical or even misleading symp-

Green and Green

toms (2,7). The physical exam and the chest
X-ray are sometimes useful to confirm the
presence of specific noncardiac causes of
chest pain and to identify certain complica-
tions of myocardial ischemia. However, in
the majority of patients, neither modality
will help the clinician to identify those
patients whose symptoms represent myocar-
dial ischemia or to differentiate myocardial
infarction from other acute ischemic syn-
dromes. Further, although the ECG is clearly
helpful when positive, it is initially nondi-
agnostic in up to 50% of AMI patients pre-
senting to the ED (12).

Analysis of cardiac enzymes has been the
gold standard for the in-hospital diagnosis of
AMI since the 1960s. Despite this fact, it
has not been a traditional part of the ED eval-
uation of chest pain patients. Publications as
recently as a decade ago dismissed the use
of cardiac isoenzyme determination in the
management of ED patients as being
“impractical” (14), “unhelpful” (15), and
even potentially dangerous (16). These state-
ments were based on the fact that previously
available assay systems were technically
complex and slow, often requiring several
hours. Test results were therefore not avail-
able for consideration within the initial hours
of the patient’s visit, when the emergency
physician is required to make major treat-
ment and disposition decisions. Further-
more, before the advent of immunochemical
and other modern laboratory techniques, the
diagnostic accuracy of available assays was
not sufficient to allow decision making to
be based on them. Additional concerns
were voiced by those who feared that mis-
interpretation of results by inexperienced
clinicians would lead to patients being
inappropriately discharged on the basis of a
single negative enzyme measurement.

During the 1980s, a gradual recognition
of these factors, as well as the high costs of
the “rule-out AMI” CCU admission and
increasing concern about ED patients being
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Fig. 1. (A) Conventional ED rule in protocol. (B) Cincinnati Chest Pain Emergency Unit protocol.

sent home with “missed AMI” led to scrutiny
of the traditional approach. This resulted in
a search for better diagnostic tools, includ-
ing a re-evaluation of cardiac enzyme use.
Simultaneously advances in laboratory tech-
nology rapidly removed many of the barri-
ers to real-time utilization of myocardial
marker assays in the ED and led to the avail-
ability of increasing numbers of unique
myocardial markers (/7). The result has
been a rapid evolution in both the laboratory
techniques and the ED applications of
marker assays. In recent years, the role of ED
measurement of markers of myocardial
injury has become firmly established and
continues to become increasingly important.
The most recent step in this process is the
incorporation of the available markers into
new cardiac assessment protocols, which
allow earlier and more accurate decision
making at lower costs. Today, it is typical for
cardiac marker testing to be conducted at
admission and at a frequency of every 8—12
h/d for the first few days (Fig. 1A) (18). A
decision to admit or discharge is made on a
combination of enzyme results, clinical
history, and ECG. Although serial measure-

ments are ideal for interpretation of results,
the pressures to move patients in and out of
the ED (either discharge or admit) often
necessitates making a management decision
prior to the establishment of a definitive
diagnosis (Fig. 1A).

COMPUTER PROTOCOLS

In an effort to achieve more appropriate
triaging of chest pain patients who present to
the ED, several investigators have developed
decision aids and computer-based triaging
protocols (11,19,20). These protocols were
designed to reduce the number of inappro-
priate admissions to the coronary care unit.
Perhaps the most well-known algorithm was
developed by Goldman et al. (/7). Figure 2
illustrates an abridged version of this algo-
rithm. When prospectively applied to 4770
patients presenting at six different hospitals,
the algorithm produced a reduction of
admissions to the CCU by 11.5% for non-
AMI patients, as compared to decisions
made by attending physicians. For chest pain
patients with AMI, there was no difference
in the sensitivity of detecting AMI, and there
were no adverse effects to those who
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Fig. 2. An abridged version of the Goldman algorithm for triaging ED patients with chest pain (11).

required intensive care. Although medical
informatics is an emerging discipline, com-
puter algorithms and intelligent (“expert”)
systems cannot replace clinical judgment in
individual cases, particularly those with
complications.

THE CHEST PAIN ED

Itis now widely recognized that physician
judgment alone is inadequate to differentiate
acute myocardial ischemia from nonis-
chemic causes of chest pain. This has led to
a growing trend to utilize written evaluation
and treatment protocols to guide the care of
these patients. These protocols, also referred
to as guidelines or critical pathways, are
being rapidly developed and applied at
departmental, institutional, and even

national levels in order to standardize the
assessment and treatment of chest pain
patients (21,22). Utilization of a protocol-
ized approach offers several advantages. The
protocols are generally developed by clini-
cians with acknowledged expertise in the
field, and are based on knowledge of the
most recent literature and therefore ideally
represent the “state of the art.” Protocols can
be developed using a multidisciplinary
approach with input from cardiologists, lab-
oratory medicine, and imaging specialists in
addition to ED physicians, assuring that all
available resources will be coordinated and
utilized to the patient’s greatest benefit. Most
importantly, compliance with the protocols
and the effect of their utilization on patient
outcomes can be monitored, easily allowing
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constant re-evaluation and improvement.
Because of wide variation in individual clin-
ician’s management style, resource utiliza-
tion, and decision patterns, this type of
systematic outcome analysis is difficult or
impossible under the traditional approach.

Although ED chest pain protocols take
many different forms, they can be broadly
classified into two groups: those governing
initial evaluation and those based on some
period of ED observation. The first protocols
developed were designed to reduce the time
delay for eligible acute AMI patients to
receive thrombolytics in the ED (22). The
recognition that earlier thrombolytic drugs
led to improved outcomes has led to contin-
ued attempts to reduce the “door to treat-
ment time” within the ED. Protocols were
therefore developed that single out chest
pain patients as a group requiring immediate
and intensive evaluation. Although the ini-
tial motivation and the primary goal of these
protocols have been to identify those chest
pain patients who require thrombolytic ther-
apy, it quickly became apparent that an early
systematic approach can benefit those
patients who do not receive lytic therapy as
well. These algorithms often call for the
triaging of chest pain patients into a distinct
geographic area within the ED where they
are treated by dedicated personnel. The per-
ception of earlier and improved disposition
decisions has led to increasing acceptance of
this approach as evidenced by the recent pro-
liferation of distinct ED chest pain units. In
1992, there were 116 such units in the US.
Today there are approx 700 ED chest pain
centers, and it is estimated that this number
will increase (23).

The second type of algorithm is more
comprehensive in scope. They encompass
the care of the patient beyond the initial
hours after presentation and aim to provide
a more definitive evaluation of chest pain
patients during an extended ED visit. During
a period of observation, patients are ruled out
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for AMI using serial myocardial marker
measurements. After AMI is excluded, fur-
ther diagnostic studies are performed to
assess whether the patient’s symptoms were
owing to acute ischemia or other patholo-
gies. By using this approach, patients are
able to undergo a complete cardiac evalua-
tion within 12-24 h as an outpatient in place
of the 2-5 d hospitalization previously typ-
ical for a rule-out AMI admission (24).

MYOCARDIAL MARKERS IN THE
INITIAL ED EVALUATION

The inclusion of myocardial marker mea-
surements in algorithms for the early evalu-
ation of ED chest pain patients is a relatively
recent occurrence. After the first descrip-
tions of CK-MB use in the early 1970s,
many investigators focused on legitimate,
but somewhat exaggerated concerns about
the dangers of misinterpretation of single
negative cardiac enzyme measurements in
the ED. This resulted in a common view
until the mid-1980s that stat enzyme tests
early in the patient’s ED course were con-
traindicated and established the widespread
belief that only serial enzyme measurements
(a full enzyme “curve” over 24-48 h) gave
clinically useful results (14—16).

In 1987, two independent studies demon-
strated that CK-MB measurement in the ED
could identify some chest pain patients with
myocardial infarction that would have been
otherwise missed (9,10). At about the same
time, several publications appeared describ-
ing rapid, immunochemical laboratory tech-
niques that would allow CK-MB testing to
be done on a stat basis so that results could
be available within the time frame required
for ED decision making (real time) (17).
These reports led many clinical investigators
to reconsider the role of myocardial marker
measurement in the ED, thus leading to the
recent proliferation of investigations in this
area. The resulting literature supports the
inclusion of myocardial marker measure-
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Table 2

Summary of Investigations of Myocardial Markers in ED Evaluation

Purpose Marker Hours from presentation n Reference

Initial ED evaluation CK-MB 0,3 183 25

Early MI diagnosis CK-MB 0,1,2,3 313 26
CK-MB 0,1,2,3 616 27
Myoglobin 0,3 59 28
Myoglobin 0,1,2 198 29

Identification of “missed” MI CK-MB Single sample 773 9
CK-MB Single sample 271 7
CK-MB 0,3 1042 30

Early risk stratification CK-MB 0,2 449 31
CK-MB 0,2 5120 32
Troponin T Single sample 113 33
Troponin T Single sample 131 34

Comprehensive ED evaluation CK-MB Variable 2684 35
CK-MB 0,8,16,24 512 36
CK-MB 0,3,6,9 1010 37

ments in protocols governing the initial ED
evaluation of chest pain patients for three
distinct purposes (Table 2): first, the ability
of myocardial markers to confirm or rule in
suspected AMI within the first hours after
presentation in patients with nondiagnostic
ECGs (25-30), second, the ability of mark-
ers to identify some patients with otherwise
unrecognized AMI from among the many
patients with atypical presentations and non-
diagnostic ECGs (7,9), and third, to risk
stratify patients early in their ED course, i.e.,
to identify those patients at particularly high
risk for subsequent adverse events (3/-34).

Ruling in AMI

In the past decade, the use of thrombolytic
agents has dramatically improved the prog-
nosis of AMI. Acute angioplasty, antithrom-
bin and antiplatelet drugs, and other new
treatments promise to reduce AMI mortality
further in the near future. However, the
effectiveness of these treatments is depen-
dent on their early initiation. It is therefore
imperative that patients with AMI are iden-
tified as soon as possible after presentation
to the ED. In those patients whose initial

ECG is diagnostic for AMI, no further test-
ing is required and appropriate therapy can
be initiated. However, as stated previously,
approximately half of AMI patients will
have an initially nondiagnostic ECG. The
release kinetics of currently available mark-
ers generally require 6 h or more after coro-
nary occlusion to exclude infarction, and
therefore AMI cannot be definitively ruled
out within the first few hours of the ED visit.
However, some AMI patients with nondiag-
nostic initial ECGs will have positive marker
tests on ED arrival, and many more will
develop positive tests soon after presenta-
tion. Therefore, early, rapid serial sampling
of myocardial markers can identify many
AMI patients with nondiagnostic ECGs
(rule-in AMI) and thus allow earlier utiliza-
tion of time-dependent treatments.

Studies of single CK-MB measurement
on ED presentation have demonstrated a
sensitivity for AMI of <60%, and single
measurements are therefore not considered
useful for this purpose (14-16). However,
several investigators have demonstrated
much higher sensitivity using rapid serial
sampling. In a 1987 pilot study, CK-MB was
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measured on presentation, and 3 h later using
three immunochemical assays and a sensi-
tivity for AMI of 92-96% was produced
(20). In a larger study, CK-MB measured on
presentation and every hour for 3 h in 313
chest pain patients resulted in a sensitivity
for AMI that increased with each subsequent
measurement, reaching a peak of 92% at 3 h
(26). In the largest investigation of CK-MB
use to date, the Emergency Medicine Car-
diac Research Group studied hourly CK-MB
measurement for the first 3 h after presenta-
tion in 616 patients from eight hospitals.
This protocol yielded a sensitivity for AMI
of 79.7% among patients with nondiagnos-
tic ECGs. The combined use of serial CK-
MBs and the initial ECG was able to identify
88.4% of AMI patients within 3 h after pre-
sentation (27).

Because of its earlier release into serum
after coronary occlusion compared to CK-
MB, the heme-containing protein, myoglo-
bin, has a potential advantage over CK-MB
for early diagnosis of AMI and has also been
studied for this purpose. In a study of 59
chest pain patients, myoglobin and CK-MB
were measured on presentation and at 3 h
after admission (28). A sensitivity of 62% for
myoglobin was produced at presentation,
compared to 14% for CK-MB. At 3 h, the
sensitivity for AMI increased to 90% for
CK-MB and to 100% for myoglobin (28). In
a subsequent similar study, CK-MB and
myoglobin were measured on presentation
and hourly for 2 h in 198 patients (29). In this
study, assays were considered positive if
they reached a specified threshold value or
if they doubled in value during subsequent
measurements. The sensitivities at 2 h were
82.1% for CK-MB and 100% for myoglobin.

Identifying Missed AMI Patients

As previously stated, single-sample
myocardial marker measurements have a
low sensitivity for AMI and therefore cannot
be used to exclude this diagnosis in the ED.
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However, several investigations have
assessed the use of early, single-sample CK-
MB measurement in the ED in order to iden-
tify patients with AMI that was clinically
unsuspected. These studies have aimed to
address the continued problem of patients
presenting to the ED with AMI being inad-
vertently sent home. Their results support
the inclusion of marker measurement into
patient care algorithms for low-risk patients
at the end of their ED evaluation in order to
identify patients with unsuspected AMI prior
to discharge.

In one early study, stored serum samples
were tested for CK and CK-MB from 482
chest pain patients discharged from the ED
(9). Of five discharged patients with a missed
AMLI, three were found to have had a positive
CK-MB in the ED. In a later investigation,
the potential utility of single-sample CK-MB
measurement was evaluated for identifica-
tion of unsuspected AMI among patients pre-
senting to the ED with chest pain as well as
with other symptoms consistent with possi-
ble ischemia (7). Among the 271 patients
studied, five discharged patients had positive
CK-MB values, with four of these having
clear evidence of an acute AMI on follow-up.
Additionally, two patients admitted to non-
monitored beds with noncardiac diagnoses
were identified by a positive ED CK-MB
value and were later determined to have had
a clinically unsuspected AMI. All seven of
these patients had nondiagnostic initial
ECGs, and three of them had presented with
symptoms other than chest pain. The results
suggest that ED patients to be sent home or
admitted to nonmonitored beds after pre-
senting with chest pain as well as with other
presentations of possible ischemia could ben-
efit from prerelease “screening” for AMI
using CK-MB (7).

The Emergency Medicine Cardiac
Research Group prospectively assessed the
effect of performing two CK-MB measure-
ments drawn 3 h apart on ED physician deci-



84

sion making (37). This has been the only
study to date that reported the actual clinical
use of CK-MB testing for this purpose. In
this investigation, of 265 enrolled patients
who had been slated for discharge by the ED
physician, three patients with unsuspected
AMI were identified and admitted solely on
the basis of a positive CK-MB (30).

Early Risk Stratification

The number and efficacy of treatment
modalities available to the physician caring
for the patient with an acute ischemic event
continue to grow rapidly. As use of these
newer therapies, such as early angiographic
interventions and antithrombotic drugs,
becomes common, it is expected that the
overall morbidity and mortality associated
with this condition will decline. However, it
must also be recognized that as physicians
become more aggressive in their utilization
of the various modalities, patients are put at
greater risk of therapy-related complica-
tions. Additionally, the high cost of these
interventions as well as the costs of the asso-
ciated higher level of in-patient care required
for their successful utilization necessitate a
selective approach to their use. It is therefore
imperative that methods be developed to aid
the physician in identifying those patients
who are most likely to benefit from a more
aggressive treatment approach and intensive
in-patient care. A tool that could select those
patients at high risk for subsequent morbid-
ity and mortality early in their presentation
would allow this group to benefit from more
invasive therapies while sparing low-risk
patients their associated increased costs and
potential complications. Several recent
investigations suggest that markers of
myocardial injury can successfully be used
for this purpose.

CK-MB testing was performed on pre-
sentation and 2 h later in a two-center study
of 449 chest pain patients without diagnos-
tic ECG changes (31). Ischemic events
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occurring within 1 wk of presentation were
recorded. Patients with a positive CK-MB
value were significantly more likely to have
a subsequent ischemic complication, regard-
less of diagnosis. The risk ratio for ischemic
events in those with a positive CK-MB test
compared to those testing negative was 5.2.
These findings have been subsequently
confirmed by a large multicenter study,
The National Cooperative CK-MB Project
Group (32). In this investigation, 5120
patients were enrolled from 53 EDs utilizing
similar methodology. In all patients, regard-
less of final diagnosis, the reported relative
risk of complications was 16.1 in those with
a positive CK-MB vs those patients with a
negative test.

Initial reports suggest that early testing of
troponin T (TnT) may also be of value for
this purpose. In a pilot study, single samples
were tested for cTnT for prediction of
adverse events within a 2-wk period among
113 patients presenting to the ED with chest
pain or other symptoms of potential
ischemia (33). The relative risk of a positive
troponin test for adverse events was 1.76
compared to a negative test. In a study of 131
unstable angina patients, cTnT was associ-
ated with major adverse events during the
subsequent 3 wk (34). Among this higher-
risk group, the relative risk ratio for an
adverse event of a positive cTnT vs a nega-
tive test result was 14 to 1. Several trials are
now being planned that assess the utility of
ED chest pain treatment protocols using
early ED testing of cTnT and troponin I
(cTnl) for identification of high-risk patients
who will then be targeted for various aggres-
sive treatment strategies.

MYOCARDIAL MARKERS IN THE
CHEST PAIN EVALUATION UNIT
From the development of the modern
CCU in the 1960s and well into the 1980s,
the accepted standard of care dictated that all
patients with suspected myocardial infarc-
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tion be admitted to the CCU for 24-48 h of
monitoring, serial ECGs, and completion of
a cardiac enzyme curve. The initial chal-
lenge to this dictum was motivated by the
need to control the skyrocketing medical
costs associated with intensive care unit
stays during the 1980s. Recognizing the
need to identify lower cost strategies for care
of ED patients presenting with chest pain,
the Multicenter Chest Pain Study Group was
formed in 1984. In 1991, this group pub-
lished the results of a seven-center study of
2684 patients admitted for chest pain and
reported that among those patients deemed
to be at low risk for AMI, the diagnosis of
infarction could have been safely excluded
within a 12-h observation period (35).
Shortly thereafter, the use of a two-bed,
monitored, nonintensive care unit adjacent
to the ED for admission of low-risk chest
pain patients was reported (36). A strategy of
admitting low-risk patients to such a unit
was recommended and resulted in an aver-
age length of stay of 1.2 d, significantly
shorter than standard in-patient care. Rou-
tine predischarge stress testing in order
reduce the risk of premature discharge of
patients who were ruled out for AMI, but
who may have unstable coronary syndromes
was recommended for consideration.

The new approach has been further
refined by investigators at the University of
Cincinnati (37). This group has published a
study on a series of 1010 patients who were
admitted to an ED based chest pain evalu-
ation and treatment unit over 32 mo. In this
protocol (Fig. 1B), patients with known
coronary artery disease (CAD), hemody-
namic instability, ECG changes diagnostic
of ischemia, or a clinical syndrome thought
to represent unstable angina were directly
admitted to the in-patient service. Other
patients with symptoms suggestive of
possible acute coronary ischemia were
observed for 9 h with continuous 12 lead
ST-segment ECG monitoring and serial

85

CK-MB measurements at 0, 3, 6, and 9 h
after presentation. During the observation
period, any signs of instability, ischemic
symptoms, ST changes, or a positive
enzyme measurement necessitated imme-
diate admission. Patients who had a
negative 9-h workup then underwent
echocardiography and, if normal, graded
exercise stress testing in the ED prior to
discharge (Fig. 1). Utilizing this approach,
82.1% of patients were able to be released
home from the ED unit. The group con-
cluded that their approach was an effective
and safe method for evaluation of low- to
moderate-risk patients. The same group has
also reported that this method results in sig-
nificantly lower costs when compared to a
group of similar patients being evaluated
using the traditional approach (38).

In the five years since the first reports of
accelerated AMI exclusion algorithms, many
institutions have embraced this basic strat-
egy. Most have chosen to relocate the focus
of evaluation of low-risk patients to the ED.
However, some continue to use an in-patient
unit for this purpose. Additionally, within
the ED, some centers have constructed dis-
tinct observation areas specifically for this
purpose, but others utilize a cardiac protocol
without physically separating chest pain
patients from the general ED population.
Further, although the basic concept of an
accelerated AMI rule-out during an extended
ED stay followed by diagnostic testing is
retained by all of these units, the protocols
used are not standardized with respect to
selection and timing of either myocardial
marker measurements or other diagnostic
tests. In an effort to clarify the role of ED
chest pain units, the American College of
Emergency Physicians has issued an infor-
mation paper listing the recommended com-
ponents of these units (39) (Table 3).
Evaluations of both the clinical and cost-
effectiveness of various cardiac evaluation
unit protocols continue to be a very active
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Table 3
Recommended Components of a Chest
Pain Evaluation Unit#

Emergency Chest Pain Area—Designated area in the
ED for immediate evaluation and treatment initiation
of patients with AMI

Rule Out MI Program—Protocol to exclude MI and
evaluate risk in chest pain patients

Unit Design—Appropriate space and equipment
including monitoring ability and availability of “real
time” myocardial marker testing

Unit Staffing—Adequate staffing of physicians,
nurses and technicians with specific experience and
training in emergency cardiac care.

Management System—Unit management based upon
a system of continuous monitoring of relevant clinical
and financial indicators

Outreach Program—Program of patient education
and public outreach aimed at reduction in treatment
delays and risk factor modification

aModified from ref. 39.

area of investigation and are likely to
demonstrate in the near future which algo-
rithms are most efficient.

THE FUTURE OF EMERGENCY
CARDIAC CARE

Currently, when establishing cardiac care
protocols, many institutions choose to focus
initially on either high-risk or low-risk
patients, depending on which group is more
prevalent in the population they serve. How-
ever, as the body of evidence supporting a
systematic approach for patients in all risk
groups continues to grow, it is likely that
increasing numbers of EDs will adopt a more
comprehensive approach, which integrates
aspects of the selective protocols already
described. These care plans will cover all of
the various subgroups of chest pain patients,
and will guide their management from
arrival at the triage desk through the initial
physician’s assessment and into the defini-
tive evaluation and treatment phase. A flow-
chart summarizing how myocardial marker
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use would be integrated into this type of care
plan is shown in Fig. 3.

This type of systematic approach can pro-
vide the framework necessary to maximize
the benefits offered by myocardial marker
testing. However, several important ques-
tions remain concerning the specifics of ED
marker use. Although the release kinetics,
cardiac specificity, and other properties of
each of the available markers offers a unique
profile, it is not yet clear what the optimum
role of each marker will be within such a
protocol. Further, although many investiga-
tors have evaluated the clinical utility of a
single marker, there are still few data avail-
able to aid in determining the usefulness of
measuring two or more of these markers
simultaneously during a patient’s ED visit.
Simultaneous measurements of various
markers may allow more accurate predic-
tion of patient outcomes and may therefore
be justified. This concept is currently being
marketed to EDs and diagnostic laboratories
in the form of a myocardial ischemia or chest
pain panel. Unfortunately, it remains
unknown whether there is a cumulative ben-
efit or only a cumulative cost when a second,
third, or fourth marker is added to such a
panel. Alternatively, the unique properties
of each marker may allow selective use of
multiple markers, allowing the maximum
diagnostic benefit of each marker within a
specific subgroup of patients while elimi-
nating the necessity of multiple tests yield-
ing redundant information.

Another problem that must be further
explored is to determine the optimal format
for incorporation of the additional data
derived from myocardial injury marker
assays into the physician’s decision-making
process. Most investigations currently report
on the predictive values of a single myocar-
dial marker in isolation. However, when
faced with the need to make rapid treatment
and disposition decisions, the ED physician
must consider data from multiple sources.
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Fig. 3. Use of myocardial markers in the Cincinnati Emergency Unit protocol.

Additional studies are needed in order to aid
the clinician in integrating marker results
with clinical and ECG data as well as data
from other new technologies (such as imag-
ing studies) to yield information that will
have a positive impact on decision making.
In response to this need, integration of
myocardial marker results into currently
existing computer-generated decision aides
for ED chest pain patients is currently
another active area of investigation.

ABBREVIATIONS

AMI, acute myocardial infarction; CCU,
coronary care unit; CK, creatine kinase;
cTnl, ¢TnT, cardiac troponins I and T; ECG,
electrocardiogram; ED, emergency depart-
ment; CAD, coronary artery disease.
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Ultrastructure of the Striated Muscle Cell

Robert G. McCord and Allen W. Clark

INTRODUCTION

The succeeding chapters deal with the
biochemistry and clinical utilization of car-
diac markers. This chapter deals with the
source of these markers as they are released
into the blood following injury. To appreci-
ate this, a knowledge of cell anatomy at the
ultrastructural level is necessary. Over the
past 50 yr, two technologies have evolved
that have enabled us to understand cell struc-
ture by providing details not possible with
the light microscope. These investigative
tools are the electron microscope (EM*) and
X-ray diffraction. The former has elucidated
the substructure of muscle fibers as seen
with routine histology (or polarizing optics),
whereas the latter has given us knowledge
about the molecular structure of the muscu-
lar contractile apparatus (1,2).

BASIC STRUCTURE
OF THE MAMMALIAN CELL

The shapes and staining of cells as seen in
the light microscope are actually manifesta-
tions of cell ultrastructure that can be seen at
the level of the EM. This instrument has
enabled us not only to see very tiny subcellu-
lar structures, but also to see images at

low magnifications (comparable to light
microscopy) with incredible clarity (1,3,4).

The two most obvious components of a
cell are the nucleus and the cytoplasm. The
nuclei of different cell types have varying
sizes and shapes as well as varying locations
within the cell cytoplasm. Likewise, the cyto-
plasm of the cell is variable in size, shape and
staining intensity. Because myocardial mark-
ers are found in the cytoplasm, we will only
consider the basic ultrastructure of this com-
ponent of the cell (Fig. 1).

The cytoplasm of the cell is separated from
the external environment by a plasmalemma,
more commonly referred to as the cell mem-
brane. Internal to the cell membrane is the
cytoplasm, which is comprised of a cyto-
plasmic matrix (cytosol) containing enzymes,
and soluble proteins and nutrients. Floating in
the cytosol are organelles and inclusions such
as mitochondria, rough and smooth-surfaced
endoplasmic reticulum (RER and SER), the
Golgi apparatus, secretory granules,
lysosomes, ribosomes, peroxisomes, micro-
tubules, intermediate filaments, microfila-
ments, and centrioles (1,3,4).

Mitochondria are the main site of energy
production for the cell. The external mem-

*See p. 100 for list of abbreviations used in this chapter.
The authors dedicate this Chapter to David B. Slautterback. What is presented in this Chapter represents a

mere shadow of his vast knowledge of the subject.
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Fig. 1. Components of the mammalian cell,
excluding the nucleus. (Reproduced and modi-
fied, with permission, from Fawcett: A Textbook
of Histology, Twelfth Edition, Chapman and Hall,
New York, 1994.)

brane has a smooth outline while the inter-
nal membrane is folded into shelf-like
cristae. In between the cristae is the matrix,
containing DNA, RNA, ribosomes, proteins,
enzymes of the Krebs cycle, lactate dehy-
drogenase, and mitochondrial creatine
kinase (CK).

Ribosomes are small dense particles com-
prised of RNA and protein. They are orga-
nized into clusters called polyribosomes and
participate in the synthesis of cytoplasmic
proteins.

The RER is associated chiefly with export
protein synthesis. RER is a system of inter-
connected membranous sacs called cister-
nae that represent a compartment separated
from the cytosol. Ribosomes are attached to
the cytoplasmic surfaces of these cisternae.
The SER also represents a compartment sep-

McCord and Clark

arated from the cytosol. SER is usually com-
posed of anastomosing tubules whose cyto-
plasmic surfaces are devoid of ribosomes.
This organelle is associated with synthesis of
lipids, the detoxification of drugs, and the
sequestration of calcium ions (1,3,4).

The Golgi apparatus plays an important
role in secretion because it modifies, pack-
ages, and distributes certain products. Lyso-
somes are membrane-bound structures that
contain various hydrolytic enzymes.

Within the cytosol is the cytoskeleton
consisting of microtubules and filaments,
which contribute to the structural framework
of the cell. Microtubules are long tubules
believed to provide structural support as well
as to contribute to the movement of compo-
nents within a cell. There are two classes of
cytoplasmic filaments: microfilaments such
as actin, and intermediate filaments such as
keratin, desmin, vimentin, fodrin, and glial
fibrillary acidic protein.

The cytosol also contains inclusions such
as glycogen and lipid droplets. Both are
energy depots: glycogen is the substrate of
the enzyme glycogen phosphorylase; lipid
droplets contain fatty acids, the major fuel of
the heart.

Centrioles are cylindrical structures the
walls of which are composed of highly orga-
nized microtubules. Centrioles duplicate
prior to cell division and migrate to opposite
poles of a dividing cell where they partici-
pate in the organization of mitotic spindles
that are also comprised of microtubules.

STRUCTURE OF STRIATED
MUSCLE

Skeletal Myofibers

A striated skeletal muscle fiber is a syn-
cytium (multinuclate giant cell) and is
referred to as a fiber because it is long and
narrow. On examination of hemotoxylin-
eosin- (H&E) stained, longitudinal sections,
myofibers are seen to have cross-striations
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Fig. 2. Electron micrograph of a skeletal
muscle fiber showing the I band, A band, H band,
M line (creatine kinase and myomesin),
sarcoplasmic reticulum (SR), Z lines, and triads
(terminal cysterns and T-tubule). (Micrograph by
A. W. Clark.)

that are alternating dark and light bands of
different refractile index. These are easily
seen in H&E stained material and can be
accentuated by using phosphotungstic acid
hematoxylin (PTAH) stain.

Figures 2 and 3 show the ultrastructure of
the skeletal myofiber. The dark staining
bands are referred to as the “A” (anisotropic)
bands because of their refractive index. The
light bands are the “I” (isotropic) bands. The
Abands have a midregion known as the “H”
(heller or bright) band. The “H” band, in
turn, is bisected by the “M” (middle) line or
band. The latter band is comprised of ultra-
thin filaments that connect the central por-
tions of the myosin thick filaments to one
another and keep them in register. These
“M” line filaments are largely comprised of
CK and myomesin (MM) (5).
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The “I” bands are interrupted by a dark
line referred to as the “Z” line (from the
German zwischenscheibe meaning “in
between”). The segment between one
“Z” line and another is referred to as the
sarcomere.

The sarcomere pattern is due to the pres-
ence of two different types of filaments: a
thick filament (composed chiefly of myosin
molecules) and a thin filament (composed of
actin, tropomyosin, and troponin) (1,6). The
myosin molecule is long and asymmetric,
about 200 nm in length and 2-3 nm in diam-
eter. It is comprised of two heavy chains and
four light chains. Myosin molecules self-
assemble into thick filaments that are about
1.5 um in length and 15 nm in diameter.

Each thin filament has an average length
of 100 nm and varies from 6 to 7 nm in diam-
eter. One end of each thin filament is
anchored to the Z line. The Z line is a woven
lattice that contains o-actinin, desmin,
vimentin, synemin, and filamin.

Thin filaments have an actin backbone, a
double helix of G-actin monomers (Fig. 4).
Tropomyosin is a long thin molecule that is
comprised of two parallel polypeptide chains
wrapped around each other in a coiled heli-
cal structure. Tropomyosin wraps around the
actin helix over its length. Located at 40 nm
intervals along the tropomyosin molecule
are groups of the troponin complex consist-
ing of three protein subunits: T, I, and C.
The letters of the complex relate to the func-
tion of each of its members, i.e., C for
the calcium-binding component, I for the
inhibitory component, and T for the
tropomyosin-binding component.

According to the Huxley sliding filament
hypothesis (7), contraction is brought about
when the thin filaments slide in between the
thick filaments during muscle contraction.
The myosin cross bridges move on the sur-
face of the actin in a manner similar to the
oars of a boat on the water. This rowing of
the myosin cross bridges moves the thin fil-
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Because muscle contraction depends on
the availability of cytoplasmic calcium ions
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Fig. 3. Schematic representation of a skeletal muscle fiber as seen at increasing magnifications. (Drawing by A. W. Clark.)
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and relaxation occurs during the unavail-
ability of cytoplasmic calcium ions, the
regulation of sarcoplasmic calcium ion
concentrations is of critical importance. The
organelle chiefly responsible for this regula-
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Actin / Tropomyosin / Troponin Complex Tnl

Fig. 4. Reproduced and modified, with per-
mission, from Junqueria: Basic Histology, Eighth
Edition, Appleton & Lange, Stamford, CT, 1995.

tion is a specialization of the smooth endo-
plasmic reticulum referred to as the sar-
coplasmic reticulum (SR) (1,3,4). In
mammalian skeletal myofibers, sleeves of SR
encircle the myofilaments, forming them into
long, cylindrical structures called myofibrils.
(A useful concept is to think of myofibers as
composed of myofibrils which are composed,
in turn, of myofilaments: see Fig. 3.)

At both junctions of the A band and the I
band (the A-I junction) in every sarcomere,
there are two expanded SR cisternae. These
lateral expansions, or terminal cisternae, of
the SR are rich in calsequestrin, a protein that
avidly and reversibly binds calcium (8). In
between the two terminal cisternae is a trans-
verse tubule also known as a “T” tubule.
T tubules are thin, tubular invaginations of
the sarcolemma that penetrate throughout the
myofiber cytoplasm. A T tubule surrounds
each myofibril at every A-I junction (two/
sarcomere). When properly sectioned, the
two terminal SR cisternae and T tubule form
a triple structure referred to as a triad. The
major role of the terminal cisternae of the SR
is the storage, release, and re-accumulation of
calcium ions.

As shown in Fig. 3, the SR between the
terminal cisternae anastomose extensively
over the surface of the myofibril. Since
glycogen phosphorylase is associated with
the SR (9,10) and glycogen particles can
easily be discerned in the sarcoplasm adja-
cent to the SR (Fig. 5), it can be inferred that
this organelle also plays a role in the metab-
olism of this important energy source.

During excitation—contraction coupling,
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an action potential originating at the neuro-
muscular junction sweeps over the sar-
colemma (plasma membrane) and into the
interior of the myofiber via the T- tubules.
This induces voltage-gated calcium chan-
nels located in the membrane of SR termi-
nal cisternae to open and permit the exit of
calcium ions into the sarcoplasm (/2—14)
(Fig. 6). These ions diffuse between the thick
and thin filaments. Calcium attaches to bind-
ing sites on troponin C with a resultant spa-
tial change in the configuration of the
troponin subunits. Tropomyosin is then
pulled away from myosin binding sites on
the globular actin, freeing the actin to inter-
act with the head of a cross bridge of the
myosin molecule (11,12) (Fig. 7). The
myosin head pulls the actin along with the
myosin filament, resulting in contraction.

Conversely, during relaxation, calcium is
vigorously transported back into the SR and
is removed from troponin C, allowing a
reconfigurational change, i.e., tropomyosin
is pulled into position to shield the myosin
binding sites on the actin filament. Calcium
is stored in the interior of the terminal cis-
tern until the next action potential. The
energy required for all these contraction
processes is derived from adenosine triphos-
phate (ATP) which, in turn, is derived from
the metabolism of glucose, glycogen, or free
fatty acids.

In addition to the system of contractile
filaments, the sarcoplasm also contain
glycogen, myoglobin, ribosomes and mito-
chondria. As already mentioned, glycogen is
usually associated with cisternae of the SR
and is visible in electron micrographs as
coarse dark granules. Myoglobin, a protein
that contains heme and therefore can bind
oxygen, subsequently releases oxygen to
mitochondria where o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>